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I-B.  ABSTRACT

     This document describes the various types of roadmaps which

can be used to portray the structural relationships among science,

technology, and applications.  The paper starts with definitions of

roadmaps and principles for constructing high quality roadmaps,

summarizes the major categories of roadmaps and what has been done,

presents some examples of roadmap construction processes, and ends

with a bibliography of over 900 text references and references for

suggested further reading.  The paper shows that roadmaps can be

used for science and technology marketing; for science and

technology management including planning, executing, reviewing, and

transitioning; for enhancing communications among researchers,

technologists, managers, users, and stakeholders; for identifying

gaps and opportunities in science and technology programs; and for

identifying obstacles to rapid and low-cost product development. 

The central focus of all these potential roadmap uses is to place

the science and technology performed in a more global context, to

identify those science and technology areas that have high

potential promise, and to accelerate the transfer of the science

and technology to eventual products.    

II.  INTRODUCTION

     Technology transfer has become a very important and timely

topic of national and cross-national interest, both for the federal

and state agencies which sponsor substantial research and

technology development and for the United States companies which

compete in the global technology market.  In particular, there has

been substantial criticism that foreign countries, which fund far

less research than the U. S., are more effective and efficient than

the U. S. in converting the products of research into

commercializeable technologies.  The importance of efficient

technology transfer in general, and efficient science-technology

conversion in particular, can also be inferred from the federal

agencies and industrial organizations which have restructured their

science and technology development components in large part to

enhance technology transfer across all levels of development.

     Accelerating the transfer of technology from one level of

development to the next has three essential elements: 1)

Information about the present level of technology (or science) must

exist and be readily available to potential users; 2) The need for

the converted science, or further developed technology, must exist;

3) One or more entrepreneurs who recognize the need, who understand

the relationship between the need and the science or technology,

and who are willing to obtain the necessary resources and accept

the risks inherent in further development of the science and

technology, must be available to champion its further development.

     Large databases, which describe ongoing and completed science

and technology, are commercially available (e.g., journal paper and

conference proceedings 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, Market

Surveys, etc.).

     However, availability of science and technology and

requirements information is not sufficient to motivate potential

entrepreneurs to invest time and other resources in the high risk

science and technology conversion process.  Investors must be

convinced that the considerable front-end risk of science and

technology conversion is more than justified by the potential

payoff.  Placement of the science and technology 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

science and technology 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 science and technology systematically. 

     There are fundamental reasons why little progress has been

made on methodologies to identify the characteristics of these

linkages.  The pathways between science and technology and eventual

applications are many, are not necessarily linear, and require

significant amounts of data.  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 science and

technology-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 and technology conversion process is to promote, at all

phases of the roadmap development process, champion/ investor

interest in developing the science and technology 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 and technology conversion can be made with greater

understanding of the larger development context.

     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 and technology 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 science

and technology to proceed.  The third is influence: the greater the

influence of the champion(s), the more likely are the chances that

the 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 and technology toward the

objectives, either due to intrinsic lack of potential payoff or to

unawareness of payoff of those constructing the roadmaps, then the

science and technology may not proceed further.  Thus, the roadmap

can assist in filtering out the less promising technologies from

the more promising ones.  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. 

     The purpose of this paper is to address the specific role that

roadmaps can play in enhancing the efficiency of the technology

transfer process.  The paper will show how roadmaps have been, and

could be, used for science and technology marketing; for science

and technology management including planning, executing, reviewing,

and transitioning; for enhancing communications among researchers,

technologists, managers, users, and stakeholders; for identifying

gaps and opportunities in science and technology programs; and for

identifying obstacles to rapid and low-cost product development. 

The central focus of all these potential roadmap uses is to place

the science and technology performed in a more global context, to

identify those science and technology areas that have high

potential promise, and to accelerate the transfer of the science

and technology to eventual products. This paper will focus mainly

on the ideas, concepts and principles (for improving the science

and technology conversion process through the use of roadmaps)

which can be derived from past and present roadmap practices, and

will complement recent special journal issues on Research Impact

Assessment [Kostoff, 1994a], Performance Measures for Government

Sponsored Research [Kostoff, 1996c], and Accelerating the

Conversion from Science to Technology [Kostoff, 1997j].  

     The remainder of this paper is structured as follows. 

Roadmaps will be defined broadly, major categories of roadmaps will

be described, principles of high quality roadmaps will be

discussed, past efforts on roadmaps will be summarized, examples of

roadmap construction processes will be presented in detail, and an

extensive bibliography will be presented. 

III.  DEFINITIONS AND PRINCIPLES OF HIGH QUALITY ROADMAPS

III-A.  Overview

     In the first part of this section, roadmap will be defined. 

Then, the various types of roadmaps and the overall mechanics of

their construction will be described.  In the second part of this

section, some principles, or requirements, for constructing high

quality roadmaps will be discussed.

III-B.  Definitions of Roadmaps

     The term "roadmap' is used liberally by planners in many types

of communities, and appears throughout the published literature. 

It appears to have a multiplicity of meanings, and is used in many

different contexts.  The first step in attempting to draw some

perspective on roadmaps is to define this term.

     A search of three commonly used dictionaries produced no

definitions of roadmaps; they were not mentioned.  Webster's

Dictionary defined "map" as "a (usually) plane surface

representation of a region of the earth or sky".  Small [1997]

defined a map of science as a spatial representation of how

disciplines, fields, specialties, and individual papers or authors

are related to one another as shown by their physical proximity and

relative locations, analogous to the way geographic maps show the

proximity and relationships of political or physical features on

the Earth.  Lin [1997] provided a useful typology of the various

styles of representation ,including hierarchical, network, scatter,

and map displays.  

     Small [1997] states further that there is nothing inherently

two, three, or even N dimensional about how scientific topics or

papers relate to one another.  Rather, it is a structure which the

analyst imposes on a collection of objects.  Nevertheless, the

analyst finds arranging information in space a natural and useful

heuristic tool, perhaps because spatial relations play such an

important role in everyday experience.

     For present purposes, then, a science and technology 'roadmap'

(hereafter referred to as roadmap) will be defined most generally

as the representation in portrayable dimensions of the structural

and temporal relations among science and technology elements as

they evolve and metamorphosize toward products.  As in the case of

ordinary highway maps, a roadmap can be viewed as consisting

conceptually (if not always physically) of nodes and links.  These

roadmap nodes and links can have, in the most general case,

quantitative and qualitative attributes.  For example, in a highway

map, a link (road) has a direction, a length, and sometimes an

effective width (two lanes, etc.).  These are essentially

quantitative attributes.  However, sometimes a highway map will

show a dotted line next to a road, which denotes that road as

scenic.  This is a qualitative attribute.  Similarly, a link in a

roadmap could represent the qualitative attribute of the degree of

impact a science program could potentially have on a technology

program, or the quantitative attribute of the time estimated to

proceed from the science program to the technology program.

     The highway map consists of usually two, sometimes three,

dimensions in which the nodes and links are portrayed.  The node

locations, and the links, are vectors, and need both magnitude and

direction to be described fully.  The generic roadmap consists of

spatial and temporal dimensions.  The spatial dimensions reflect

the relationship among science and technology programs/ projects/

disciplines at a given point in time, and the time dimension allows

for the evolution and metamorphosis of science and technology.  As

in the highway map, the roadmap nodes and links are also vectors

which need both magnitude and direction for full description. 

Since technology evolution processes are usually non-linear, and

since roadmaps are used for both retrospective and prospective

studies in time, the link vectors can assume forward and backward

directions in time.

     Construction of a roadmap thus requires the following steps: 

     1) Identify the nodes;

     2) Specify the node attributes;

     3) Connect the nodes with links;

     4) Specify the link attributes.

     Conceptually, 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.   

     There have been many roadmap studies reported in the

literature, some of which are referenced in the bibliography at the

end of this document, and a few of which are summarized in sections

IV and V.  These studies seemingly employ tens of different

techniques for constructing the roadmap and arriving at the final

roadmap product, and it is easy for the reader to be overwhelmed by

the supposed diverse variety of potential methods.  However, with

minor variations, there are two fundamental approaches which are

employed, and the essential elements of these approaches will now

be presented.

     a) Expert-Based Approach

     In this approach, a team, or teams, of experts is convened to

identify and develop attributes for the nodes and links of the

roadmap.  This process 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. 

     Depending on the purposes for which the roadmap is being

constructed, the team can initiate the process at the earliest time

(basic research), middle time (technology development), or latest

time (final product), and fill in the remainder of the roadmap.  As

will be discussed in more detail later, most retrospective studies

start with a successful final product that has already been

achieved, and work backward in time to identify the characteristics

of successful research and development events.  Some retrospective

studies (looking backward in time from the present) start with

initial research grants, and fill in the remainder of the roadmap

to arrive at the product which exists today.  

     Some prospective studies (looking forward in time from the

present) start with existing research projects, and fill in the

remainder of the roadmap to identify the diversity of products to

which this research could lead.  These are known as technology-push

prospective roadmaps.  At the other extreme, some prospective

studies start with desired end products, and fill in the remainder

of the roadmap to identify the science and technology which is

necessary to arrive at these products.  These are known as

requirements-pull prospective roadmaps.  In the middle are

technology-push requirements-pull prospective roadmaps, which start

with existing science or technology development programs which may

be technology-driven or requirements-driven, and then identify both

the research gaps which obstruct forward progress and identify the

diversity of end products to which successful development could

lead.

     There are also combination retrospective-prospective roadmaps. 

These combine some historical development of a technology with a

vision of where the technology is headed.  The author has found

these roadmaps to be particularly helpful in reviews of ongoing

research programs.  The roadmaps provide a concise picture of the

program's origins and past development, as well as coordination

with and leveraging of the external science and technology

community, and give some indication of where the program is heading

according to the vision of its promoters. 

     In all these cases, the main focus of the expert based

approach is to draw on the knowledge and experience of the

participants to subjectively identify the structural relationships

within the network and to subjectively specify the quantitative and

qualitative attributes of the links and nodes.

b) Computer-Based Approach 

     In this approach, large textual databases which describe

science, technology, engineering, and end products are subject to

computer analyses.  These databases could include published papers,

reports, memoranda, letters, etc.  Through the use of generic

computerized methodologies including computational linguistics and

citation analyses, research, technology, engineering, and product

areas are identified; their relative importance is estimated and

quantified; their relationships and linkages to other areas are

identified and quantified.  Once all these node and link attributes

have been specified, the network is then constructed.

     In contrast to the expert based approach, the computer based

approach has more objectivity.  It does not have the preconceived

limitations, constraints, biases, and personal and organizational

agendas of the experts.  The computer based computational

linguistics approach does not start from one point in time (as does

the expert based approach) and evolve either forward or backward in

time.  It generates the network at all points in the time domain of

the source database simultaneously.  Temporal changes are usually

obtained by examining full spatial networks derived at different

points in time.  The citation approaches march forward in

historical time from the cited papers to the citing papers to

generate the temporal aspects of the citation network.

     Most of the computer based computational linguistics studies

have focused on the structural relationships among science and

technology disciplines and programs (spatial dimensions), because

this was their main objective and because the source databases

tended to contain mostly this type of information.  This focus is

not a conceptual limitation of the process, but rather an

implementational limitation which could be overcome through

different motivations and additional source material.  The computer

based approach is in its infancy, due to the only recent emergence

of large textual databases with the relevant information, and

recent development of computational linguistic approaches which can

extract and order the database material to provide useful

information. 

c) Hybrid Approach

     As in many cases of analysis, the most effective and efficient

approach to roadmap construction is some combination of the

computer and expert based approaches.  Both have value to offer,

and the best features of both processes should be identified,

extracted, and employed for optimal results.

III-C.  Principles of High Quality Roadmaps

     As shown by the Bibliography to this paper, there are hundreds

of documents which come under the broad umbrella of roadmap.  One

major problem in reading these documents is the inability to

ascertain the quality of the roadmap.  There is no Consumer

Reports, or Good Housekeeping Seal of Approval, which provides

independent tests of quality.  Unlike the physical and engineering

sciences, there are no primary physical reference standards against

which one can benchmark the roadmap product.

     Even the metrics of roadmap quality are unclear, as

illustrated by the following example.  Suppose a prospective

technology-push roadmap has been constructed for, say, high energy-

density batteries.  Suppose further that fifteen years after the

roadmap was developed, an assessment was performed of the roadmap 

predictions as compared to the battery state-of-the-art.  Suppose

even further that the assessment showed that the roadmap

development plan was followed religiously by the technical

community, and the long-range technical goals were achieved exactly

as predicted by the roadmap.  Does that mean the roadmap was of

high quality?

     Not necessarily.  The roadmap developers may have been very

conservative in their targets, and did not 'push the envelope' to

develop the field as vigorously as technology would have allowed. 

The developers may also have been very narrow in their outlook, and

may not have drawn from other disciplines sufficiently to develop

the batteries to the greatest extent.  It could be stated that the

roadmap was precise (in predicting the goals that were actually

achieved), but was not accurate (the best goals were not

predicted).

     On the other hand, the roadmap in this case may have been of

the highest quality.  The developers may well have had very

ambitious targets, and may have drawn from other discipline to the

maximum extent possible.  The point to be made here is that the

concepts of roadmap quality, and its associated metrics, are very

complex and diffuse, yet very important if roadmaps are to become

useful operational tools.

     In the first part of this section, a roadmap was defined as

"representation in portrayable dimensions of the structural and

temporal relations among science and technology elements as they

evolve and metamorphosize toward products."  A high quality

roadmap, then, requires the following conditions in addition to

simple representation in portrayable dimensions: 1) the

retrospective component must be an accurate reflection of the

evolution and relation of all critical sciences and technologies

which resulted in the technology of present interest; 2) the

present time component must be an accurate reflection of all

critical science and technology related to the technology of

interest; 3) the prospective component should reflect some degree

of vision by the planners and should incorporate all the critical

science and technology areas which relate to the technology of

interest and to the projected targets.  Thus, a high quality

roadmap is analogous to a high resolution picture of the evolving

relationships among science and technology areas related critically

to the focal roadmap technology, and incorporates especially the

concepts of awareness, coordination, vision, and completeness.

     More specific requirements, or underlying principles,

necessary for a high quality roadmap can be formulated.  The

author's experience, based on examining the roadmap literature,

evaluating many types of roadmaps, and developing different types

of roadmaps [e.g., Kostoff, 1994i, 1997d, 1997e], leads to the

following conclusions about the factors critical to high-quality

roadmaps (whether prospective, retrospective, expert-base, or

computer-based).  

     The most important factor is the commitment of the roadmap-

developing organization's senior management to high-quality

roadmaps, and the associated emplacement of rewards and incentives

to encourage such roadmaps. 

     The second most important factor is the roadmap development

manager's motivation to construct a technically credible and

visionary roadmap.  The roadmap manager sets the boundary

conditions and constraints on the roadmap scope, structures the

working groups, and selects the final roadmap elements from a

myriad of inputs.  In some organizations, the roadmap manager has

the latitude to select the complete roadmap development process and

criteria, and in all organizations presently has the latitude to

select the roadmap contributing technical experts by a non-random

process.  If the roadmap manager does not follow, either

consciously or subconsciously, the highest standards in selecting

these experts, the roadmap's final form could be substantially

determined even before the development process begins.  

     The third most important factor consists of the development

experts' competence and objectivity.  Each expert should be

technically competent in his subject area, and the competence of

the total roadmap development 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 commit

development along very narrow lines), but should be broadened to

disciplines and technologies which have the potential to impact the

overall roadmap's highest-level objectives (which would be more

likely to provide equitable consideration to revolutionary new

paradigms).

     For roadmaps which will be used as a basis for comparison of

science and technology programs or projects, the fourth most

important factor is normalization and standardization across

different roadmaps, development teams, and science and technology

areas.  For science and technology areas which have some

similarity, use of common experts (on the development 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 roadmaps for diverse programs

and projects.

     The fifth most important factor is criteria for roadmap

component selection.  For retrospective roadmaps, which tend to

focus on the critical science and technology events which led to

successful technologies/ systems, the definition of criteria for

'successful'  and 'critical' is of utmost importance for

establishing the credibility of the roadmap.  For prospective

roadmaps, which tend to focus on critical science and technology

areas necessary for accomplishing realistic goals, the definition

of criteria for 'realistic' and 'critical' is absolutely necessary

for roadmap credibility and acceptibility.  In all roadmaps, it is

crucial to define criteria for: selecting nodes; quantifying nodes;

quantifying links.   

     A factor of equal importance is reliability or repeatibility. 

To what degree would a roadmap be replicated if a completely

different development team were involved in its construction?  If

each development team were to construct a completely different

roadmap for the same topic, then what meaning or credibility or

value can be assigned to any roadmap?  To minimize repeatibility

problems, a large segment of the competent technical community

should be involved in the construction and review of the the

roadmap.  For government-constructed roadmaps, this does not

present a conceptual problem, although it might present a logistics

problem for sufficiently large community involvement.  For

industry-constructed roadmaps, where competitor advantage could

become a problem if the external community becomes involved, the

participation may have to be limited.  The recommendation should be

re-interpreted as 'to the degree possible within organizational

constraints'.

     A sixth critical factor for quality roadmaps is cost.  The

true total costs of developing a high quality roadmap with

substantial community input can be considerable, but tend to be

understated.  For high quality roadmaps, where sufficient expertise

is represented on the development team, the major contributor to

total costs is the time of all the individuals involved in

developing and reviewing the roadmap.  With high quality personnel

involved in the development and review process, time costs are

high, and the total development costs can be non-negligible.  Costs

should not be neglected in designing a high quality roadmap

development process. 

     The final critical factor, and perhaps the foundational

factor, in high quality roadmap development 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 as roadmap developers and reviewers.  The

roadmap development managers need to be vigilant for undue signs of

distortion aimed at personal gain.

     In the next section, summary examples of retrospective and

prospective analyses will be presented, to set the stage for the

more detailed roadmap construction processes which follow.

IV.  RETROSPECTIVE ANALYSES AND PROSPECTIVE ANALYSES

IV-A.  BACKGROUND

     From a temporal perspective, there are two major variants of

analyses which have examined the science-technology evolution

process, retrospective analysis and prospective analysis.  The

retrospective analyses cover the time frame from typically decades

past to the present, and the prospective analyses cover the time

frame from the present to typically a decade or more into the

future.  Since the retrospective analyses use existing data, they

obviously have a higher degree of certainty, reliability, and

credibility than the prospective analysis.  However, because of the

multiple interpretations possible of the existing data, and the

difficulties in allocating costs and benefits and sponsor credits

to specific development events, even the conclusions of the

retrospective studies have not been accepted unambiguously.  

IV-B.  RETROSPECTIVE ANALYSES - BACKWARD FROM PRESENT

     Retrospective analysis has been used mainly for portraying the

accomplishments and impacts of a specific sponsor's science and

technology investment, and for identifying the management and other

environmental factors that promoted the successful science and

technology results.  There have been two types of retrospective

analysis.  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 science and

technology funding, 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 science and technology;

and 2) the sponsors have little interest in examining science and

technology that may have gone nowhere.

     A few of the more widely known science-technology

retrospective case studies will now be reviewed, and the key

findings will be identified.  These retrospective studies include

Project Hindsight, Project TRACES and its follow-on studies, and

Accomplishments of the Defense Advanced Research Projects Agency

(DARPA).  In addition, the results of a recent workshop, which

validated most of the results from these classical studies, will be

summarized.  Appendix I contains a more detailed exposition of

these particular retrospective studies.  

IV-B-1.  Hindsight

     In the 1960s, a study named Project Hindsight was sponsored by

the Department of Defense [DOD, 1969].  This expert-based

retrospective study 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 [Kostoff, 1997o; Appendix I].  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.

IV-B-2.  TRACES

     In 1967, The National Science Foundation (NSF) instituted a

study [IITRI, 1968] called TRACES to trace retrospectively key

events which had led to five major technological innovations.  One

goal was to provide more specific information on the role of the

various mechanisms, institutions, and types of R&D activity

required for successful technological innovation.  Similar to

Project Hindsight, key 'events' in the R&D history of each

innovation selected were identified, and their characteristics were

examined.

     This expert-based retrospective study showed that non-mission

research provided the origins from which science and technology

could advance toward innovations.  For the cases studied, the

average time from conception to demonstration of an innovation was

nine years.  Most non-mission research appeared completed prior to

the conception of the innovation to which it would ultimately

contribute.  The tracings also revealed cases in which mission-

oriented research or development efforts elicited later non-mission

research which often was found to be crucial to the ultimate

innovation.

IV-B-3.  TRACES Follow-on

     In a follow-on study to TRACES, the NSF sponsored Battelle-

Columbus Laboratories to perform an expert-based retrospective case

study examination of the process and mechanism of technological

innovation [Battelle, 1973].  For each of the ten innovations

studied, the significant events (important activity in the history

of an innovation) and decisive events (a significant event which

provides a major and essential impetus to the innovation) which

contributed to the innovation were identified.  The influence of

various exogenous factors on the decisive events was determined,

and several important characteristics of the innovative process as

a whole were obtained.  The following important exogenous factors

for producing significant innovations were identified: 

     1. The technical entrepreneur (a major driving force in the

innovative process); 

     2. Early recognition of the need; 

     3. Government funding (more generally, availability of

financial support, from whatever source); 

     4. The occurrence of an unplanned confluence of technology

(confluence of technology occurred for some innovations as a result

of deliberate planning, rather than by accident); 

     5. Most of the innovations originated outside the organization

that developed them; 

     6. Additional supporting inventions were required during the

development effort for all the innovations studied to arrive at a

product with consumer acceptance.

IV-B-4.  Recent TRACES Derivative

     In the mid-1980s, the National Cancer Institute (NCI)

initiated an assessment to determine the effectiveness of different

research settings or support mechanisms in bringing about important

advances in cancer research.  The approach taken was analogous in

concept to the initial TRACES study, with the addition of citation

analyses to provide an independent measure of the impact of the

Trace papers (papers associated with each key 'event'), and by

adding control sets of papers.  This study can be viewed as an

expert-based retrospective study combined with a computer-based

citation approach, but not including a computational linguistics

component.  

     Thirteen important 'Advances' (key 'events') in cancer

research were defined by a senior advisory panel of experts, and

the key papers associated with these 'Advances' and in the

historiographic research streams were identified.  Both the support

source and the institutional setting of the papers were analyzed. 

In addition to the Trace papers, three other sets of papers were

developed to serve as comparison sets whose properties were

contrasted with the Trace papers.

     The study concluded that all the research settings, and all

the support mechanisms (small and large grants, contracts,

intramural NCI, etc.) contributed significantly to the 'Advances',

with no single mechanism or setting represented disproportionately. 

More specifically, NCI provided 37 per cent of the acknowledged

support for the Trace papers, there was a large amount of co-

operative, multi-sponsor support for the Trace papers, and papers

on the Traces, whatever the support mechanism, were extremely

highly cited - eight times as frequently as expected [Narin, 1989].

IV-B-5.  ARPA Accomplishments

     The Institute for Defense Analysis produced a document [IDA,

1991] describing the accomplishments of the Defense Advanced

Research Projects Agency (DARPA).  Of the hundreds of projects and

programs funded by DARPA over its then (1988) 30 year lifetime, 49

were selected and studied in detail, and conditions for success

were identified.  At the end of each project/ program description,

a roadmap of the program's evolution emphasizing ARPA's role in

accelerating its progress was presented.

     The qualities of DARPA-supported programs and projects that

contributed to success can be summarized: 

     1. A need existed for what the output could do; 

     2. There was a strong commitment by individuals to a concept; 

     3. Bright and imaginative individuals were given the

opportunity to pursue ideas with minimal bureaucratic encumbrance; 

     4. There was an ongoing stream of technical developments and

evolution; 

     5. DARPA management gave strong, top-level management support;

     6. There was explicit effort, taken early, to improve

acceptance by the user community.  

IV-B-6.  Summary of Retrospective Studies

     Hindsight, TRACES, and, to some degree, the DARPA

accomplishments books had some similar themes.  All these methods

used a historiographic approach, looked for significant research or

development events in the metamorphosis of research programs in

their evolution to products, and attempted to convince the reader

that: (1) the significant research and exploratory development

events in the development of the product or process were the ones

identified; (2) typically, the organization sponsoring the study

was responsible for some of the (critical) significant events; (3)

the final product or process to which these events contributed was

important; and (4) while the costs of the research and development

were not quantified, and the benefits (typically) were not

quantified, the research and development were worth the cost.  

     Six critical conditions for innovation were identified

implicitly and explicitly through analysis of these retrospective

studies.  The most important condition from the author's

perspective implicitly appears to be the existence of a broad pool

of knowledge which minimizes critical path obstacles and can be

exploited for development purposes.  The time required to overcome

deficiencies in the knowledge pool is the pacing item to initiate

the research exploitation process.  This condition is followed in

importance, from the author's perspective, by a technical

entreprenuer who sees the technical opportunity and recognizes the

need for innovation, and who is willing to champion the concept for

long time periods, if necessary.  While the technical entrepreneur

was viewed by some of the studies as most important to the

innovative process, it does not appear (to the author) to be the

critical path factor.  Examination of the historiographic tracings

which display the significant events chronologically for each of

the innovations shows that an advanced pool of knowledge must be

developed in many fields before synthesis leading to an innovation

can occur.  The entrepreneur can be viewed as an individual or

group with the vision and ability to both recognize the downstream

applications (need) for the research and to assimilate and/ or

enhance this diverse information and exploit it for further

development.  However, once this pool of knowledge exists, there

are many persons or groups with capability to exploit the

information, and thus the real critical path to the innovation is

more likely the knowledge pool than any particular entrepreneur. 

The entrepreneurs listed in the studies undoubtedly accelerated the

introduction of the innovation, but they were at all times paced by

the developmental level of the knowledge pool.  

     The third most important condition is early recognition of the

need, coupled with early efforts taken to improve acceptance by the

user community.  In many cases, these functions will be performed

by the entrepreneur.  Also valuable for innovation are strong

financial and management support, and occurrence of an unplanned

confluence of technology coupled with many continuing inventions in

different areas to support the innovation.

     One goal of all the studies presented was to identify the

products of research and some of their impacts.  The Hindsight,

TRACES, and DARPA studies tried to identify factors which

influenced the productivity and impact of research.  The following

conclusions about the role and impact of basic research were

reached: 

     1. The majority of basic research events which directly

impacted technologies or systems were non-mission oriented and

occurred many decades before the technology or system emerged; 

     2. The cumulative indirect impacts of basic research were not

accounted for by any of the retrospective approaches published; 

     3. An advanced pool of knowledge must be developed in many

fields before synthesis leading to an innovation can occur; 

     4. Allocation of benefits among researchers, organizations,

and funding agencies to determine economic returns from basic

research is very difficult and arbitrary, especially at the micro

level.

IV-B-7.  Technology Transfer Workshop

     A recent workshop validated the conclusions of these classical

studies [Isaacs, 1996], at least in the corporate environment.  The

moderators identified the following success factors:

1. Management and Organizational Infrastructure

     a. An organizational model that encourages coordination

between research activities and product projects

     b. Executive-level commitment to the transfer of ideas from

research groups to development groups

     c. Geographic and social proximity between research and

development groups

2. Technology Push

     a. Research projects that are aligned with corporate strategy

     b. Research projects with people highly motivated to see their

research transferred into products

     c. A high-level visionary who champions bringing the idea to

market

     d. Readily demonstrable improvements over existing or related

products

3. Demand Pull

     a. A product group motivated and poised to take the technology

     b. A significant customer with a strong need for the

technology

     c. An involved marketing group that tracks customers' needs

and markets the ideas throughout the company  

     These and similar studies also identified many other factors

important to the successful evolution of science to technology. 

Additional factors include: awareness of ongoing research through

diverse information sources; types of cooperative R&D agreements

between researchers and developers; intellectual property issues

such as disclosure, protection, marketing, negotiating and

licensing; Congressional incentives to collaboration; and other

legal, financial, cultural, and sociological incentives and

roadblocks.   

IV-B-8.  Author's Observations

     From the author's viewpoint, Project Hindsight, with all of

its limitations [Kostoff, 1997o; Appendix I], 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), 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 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.  

     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.  

     The author's general conclusion 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 extremely 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 irony is that the optimal transitioning research performer

environment, from a physical structure viewpoint, exists most

strongly (on average) today in two types of organizations: large

corporate R&D labs and large government or national labs.  Yet non-

government-financed basic research has essentially disappeared from

the large non-medical corporate labs [Kostoff, 1996c, 1997j]), and

the large government and national labs are being downsized.  

     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 experiences 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.  

IV-C.  PROSPECTIVE ANALYSES - FORWARD FROM PRESENT

     Prospective analyses have been used to elicit champions for

supporting science and technology, for identifying science and

technology gaps and opportunities in large development programs,

for enhancing communications among all the interested parties in

science and technology program development, and promoting a common

understanding of the more global context of science and technology

development.  The largest utilization of roadmaps in science and

technology today, and the general perception of roadmaps, are those

which portray the prospective evolution of science and

technology.    

     There have been two types of prospective analysis.  One type

starts with a desired technology or system or other end product and

works backwards to identify the critical research and development

required to arrive at the end product (requirements pull).  The

other type starts with science and technology projects/ programs

either funded presently or proposed to be funded, and traces

evolution forward to identify potential impacts (technology push). 

     Some sample prospective analyses (roadmaps) from the

literature will now be summarized.  The focus of most of these

studies tends to be on the roadmap application, with little efforts

on developing roadmap methodology.

IV-C-1.  Technology Foresight  

       A novel approach to Technology Foresight has been developed

by BP [Barker, 1995] and used to devise an R & D strategy 

embracing the core business areas of the company. It is based on

the use of Roadmaps which are visual descriptions summarizing the

outcomes of numerous discussions involving all the personnel

responsible for procuring, planning, fund, monitoring, and

implementing R & D. This emphasis on visual, easy-to-comprehend

descriptions of customer needs, technology responses, and R & D

programmes offers several benefits. It facilitates the structured

dialogue essential to the Foresight process; it also greatly aids

communication, both at the operational commercial and technical

level, and with senior management too, as well as providing a

practical means for ensuring R & D programmes are apposite,

correctly prioritized, and adequately resourced. The essential

differences from more conventional methods of developing strategies

and plans are that: 

     1. it places greater emphases on, and provides practical

assistance to facilitate the construction of the plan by enabling

all the participants, whether technically expert or otherwise, to

play by enabling all the participants, whether technically expert

or otherwise, to play a full part in the processes, 

     2. it enables the overall impact and relevance of individual

technology components of a business strategy to be assimilated

rapidly and reliably, and 

     3. it greater facilitates identification of gaps and/or

duplications of effort These advantages stem primarily from the

combination of logical analysis, widespread consultation and

discussion, and use of graphical techniques, all of which are key

features of this approach.

IV-C-2.  Wingship Plan  

     The Advanced Research Projects Agency (ARPA) has completed an

investigation of Wingship concepts and technologies to examine

their relevance and utility in future defense applications [ARPA,

1994]. A select team of technical experts from U.S. Government and

industry was formed by ARPA to assess Wingship-related technologies

and mission applications. The diverse group was comprised of

Western experts in Wingship-unique and related technologies,

including flight controls, aerodynamics, hydrodynamics, propulsion,

and advanced structures. Transportation specialists and other

mission analysts also participated. The Wingship Investigation

concluded that vehicles approaching the efficiency and capacity

required for strategic heavy lift are about 10 times larger (in

gross weight) than any existing Wingship or other flying

water-based craft, and about five-times larger than most

experienced Russian or American experts recommend building using

current technology. The study concluded that, while the cost and

technical risks of developing these very large Wingships are

currently unacceptable, there may be some promising military

applications for Wingships in the 400- to 1000-ton range.

Experience with these relatively smaller vehicles could also permit

a growth path for the technology.

IV-C-3.  Standard Generalized Markup Language/ Continuous

Acquisition and Life-Cycle Support (SGML/ CALS)

     This study presents a 'road map' of past and future use of

SGML within the CALS initiative [WPAFB, 1991]. It describes the

path from the current state of CALS through to full Tri-Service use

of SGML-based technology. A thorough understanding of the

historical and theoretical basis of using SGML, as well as an

understanding of the current status of SGML within the CALS

initiative, is required before the next step in the development of

CALS-based SGML usage can be competently planned. This document

therefore presents a summary of the relevant history and theory

behind SGML and CALS, as well as a discussion of its current

status, prior to presenting what has to be done next.

IV-C-4.  Prosperity Games 

     Prosperity Games are an outgrowth and adaptation of

move/countermove and seminar War Games. Prosperity Games are

simulations that explore complex issues in a variety of areas

including economics, politics, sociology, environment, education

and research. These issues can be examined from a variety of

perspectives ranging from a global, macroeconomic and geopolitical

viewpoint down to the details of customer/ supplier/ market

interactions in specific industries. All Prosperity Games are

unique in that both the game format and the player contributions

vary from game to game. This study [Berman, 1996] documents the

Biomedical Technology Prosperity Game conducted under the

sponsorship of Sandia National Laboratories, the Defense Advanced

Research Projects Agency, and the Koop Foundation, Inc. Players

were drawn from all stakeholders involved in biomedical

technologies including patients, hospitals, doctors, insurance

companies, legislators, suppliers/manufacturers, regulators,

funding organizations,univers ities/laboratories, and the legal

profession. The primary objectives of this game were to: 

     (1) Identify advanced/critical technology issues that affect

the cost and quality of health care. 

     (2) Explore the development, patenting, manufacturing and

licensing of needed technologies that would decrease costs while

maintaining or improving quality. 

     (3) Identify policy and regulatory changes that wouldreduce

costs and improve quality and timeliness of health care delivery.

     (4) Identify and apply existing resources and facilities to

develop and implement improved technologies and policies. 

     (5) Begin to develop Biomedical Technology Roadmaps for

industry and government cooperation. The deliberations and

recommendations of these players provided valuable insights as to

the views of this diverse group of decision makers concerning

biomedical issues. Significant progress was made in the roadmapping

of key areas in the biomedical technology field.

IV-C-5.  Space Station Power Supply Roadmap

     A six-month study sponsored by NASA Langley Research Center

and conducted by Boeing Defense and Space Group was initiated in

Aug. 1991. The purpose of the study was to prepare technology

development plans for cost effective advanced photovoltaic (PV) and

battery technologies with application to SSF growth, SSF upgrade

after its arrays and  batteries reach the end of their design

lives, and other low Earth orbit (LEO) platforms [Brender, 1993].

Study scope was limited to information available in the literature,

informal industry contacts, and key representatives from NASA and

Boeing involved in PV and battery research and development. Ten

battery and 32 PV technologies were examined and their performance

estimated for SSF application. Promising technologies were

identified based on performance and development risk. Rough order

of magnitude cost estimates were prepared for development,

fabrication, launch, and operation. Roadmaps were generated

describing key issues and development paths for maturing these

technologies with focus on SSF application.  

IV-C-6.  Systematic Measurement Roadmap

     This study provides the foundation for instituting a program

of systematic measurement that supports enhanced organizational

success [Cruickshank, 1993] . This success will occur because

management will have the information needed to: 

     (1) Improve the predictability of product and system

performance; 

     (2) Increase competitiveness; 

     (3) Improve the quality of delivered systems and products; 

     (4) Improve the quality of the processes used to develop these

systems and products; 

     (5) Increase customer satisfaction; and 

     (6) Improve profitability. 

     This report helps managers at  all levels of the organization

understand the need for and the mechanism of instituting a program

for measurements to support software-intensive development

projects. It shows how project information may be combined into a

corporate-level knowledge base. In short, this report is a road map

for adoption of a systematic measurement program at all levels of

an organization concerned with development of software-intensive

systems.

IV-C-7.  Power System Roadmaps

     A comprehensive scenario of future missions was developed and

applicability of different power technologies to these missions was

assessed [Gill, 1994]. Detailed technology development roadmaps for

selected power technologies were generated. A simple methodology to

evaluate economic benefits of current and future power system

technologies by comparing Life Cycle Costs of potential missions

was developed. The methodology was demonstrated by comparing Life

Cycle Costs for different implementation strategies of DIPS/CBC

technology to a selected set of missions.

IV-C-8.  Issue Assessment and Resolution Roadmap

     The 1993 Roadmap for the Uranium Mill Tailings Remedial Action

(UMTRA) Project office is a tool to assess and resolve issues [JEG,

1993]. The US Department of Energy (DOE) UMTRA Project Office uses

the nine-step roadmapping process as a basis for Surface and

Groundwater Project planning. This is the second year the Roadmap

document has been used to identify key issues and assumptions,

develop logic diagrams, and outline milestones. This document is a

key element of the DOE planning process. A multi-interest group

used the nine-step process to focus on issues, root cause analysis

and resolutions. This core group updated and incorporated comments

on the basic assumptions, then used these assumptions to identify

issues. The list of assumptions was categorized into the following

areas: institutional, regulatory compliance, project management,

human resource requirements, and other site-specific assumptions.

The group identified 10 issues in the analysis phase. All of the

issues are ranked according to importance. 

IV-C-9.  Future Fighter Force Roadmap  

     This report provides a framework for approaching

systematically certain issues pertinent to a future fighter force

roadmap [Lewis, 1995]. It presents alternative postures, based on

force and mission planning themes, and it discusses selected issues

associated with the operational, modernization, and other

implications of those alternative. While the ultimate USAF fighter

force may differ from the options presented here, the methodology

offered nevertheless highlights key planning issues and has

considerable value for that reason.

IV-C-10.  CFD Validation Roadmap for Hypersonic Flows

     A roadmap for computational fluid dynamics (CFD) code

validation is developed [Marvin, 1992]. The elements of the roadmap

are consistent with air-breathing vehicle design requirements and

related to the important flow path components: forebody, inlet,

combustor, and nozzle. Building block and benchmark validation

experiments are identified along with their test conditions and

measurements. Based on an evaluation criteria, recommendations for

an initial CFD validation data base are given and gaps identified

where future experiments would provide the needed validation data.

IV-C-11.  Roadmaps for Database Deficiencies

     A conceptual design trade study was conducted by McDonnell

Aircraft Company (MCAIR) and NASA LARC PAB to determine the impact

of inlet design features incorporated for reduced detectability on

inlet performance, weight, and cost, for both fighter and

attack-type aircraft [MCDAC, 1992]. Quality Function Deployment

(QFD) techniques were used to prioritize trade study issues, and

select 'best' air induction system configurations for each of two

notional aircraft, the Multi-Role Fighter (MRF) and the Advanced

Medium Attack (AMA) bomber. Database deficiencies discovered in the

trade study process were identified, and technology roadmaps were

developed to address these deficiencies. Finally, two high speed

inlet wind tunnel model concepts were developed for follow-on wind

tunnel investigations.

IV-C-12.  Roadmaps for Life Prediction

     This report contains a review of various existing life

prediction techniques used for a wide range of space mechanisms

[Murray, 1995]. Life prediction techniques utilized in other

non-space fields such as turbine engine design are also reviewed

for applicability to many space mechanism issues. The development

of new concepts on how various tribological processes are involved

in the life of the complex mechanisms used for space applications

are examined. A 'roadmap' for the complete implementation of a

tribological prediction approach for complex mechanical systems

including standard procedures for test planning, analytical models

for life prediction and experimental verification of the life

prediction and accelerated testing techniques are discussed. A plan

is presented to demonstrate a method for predicting the life and/or

performance of a selected space mechanism mechanical component.

IV-C-13.  Roadmaps to Enhance Competitiveness

     This report sets forth the major recommendations of the

Optoelectronics Industry Development Association (OIDA) to improve

the competitiveness of North American optoelectronics industry

[Nelson, 1994]. The report summarizes an effort to determine the

greatest market opportunities and key technical barriers, and to

identify the highest priorities for improving the competitiveness

of the industry.

IV-C-14.  Roadmaps for Environmental Remediation

     The Strategic Roadmap for the Oak Ridge Reservation is a

generalized planning document that identifies broad categories of

issues that keep ORNL outside full compliance with the law and

other legally binding agreements. Possible generic paths to

compliance, issues, and the schedule for resolution of the issues

are identified [ORNL, 1993]. The role of the Oak Ridge National

Laboratory Technology Logic Diagram (TLD) is then to identify

specific site issues (problems), identify specific technologies

that can be brought to bear on the issues, and assess the current

status and readiness of these remediation technologies within the

constraints of the schedule commitment. Regulatory requirements and

commitments contained in the Strategic Roadmap for the Oak Ridge

Reservation are also included in the TLD as constraints to the

application of immature technological solutions. Some otherwise

attractive technological solutions may not be employed because they

may not be deployable on the schedule enumerated in the regulato ry

agreements. The roadmap for ORNL includes a list of 46

comprehensive logic diagrams for WM of low-level,

radioactive-mixed, hazardous, sanitary and industrial. and TRU

waste. The roadmapping process gives comparisons of the

installation as it exists to the way the installation should exist

under full compliance. The identification of the issues is the goal

of roadmapping. This allows accurate and timely formulation of

activities.

IV-C-15.  Roadmaps for Improving Reliability

     As robotic technology is considered for use in extreme

environments, such as on-orbit and planetary exploration missions,

the availability of the robotic systems become of paramount

concern. Availability has two components: Reliability and

Maintainability (R and M). Modular robotic systems address the

maintainability portion of availability by minimizing repair time

and allowing for the optimal reconfiguration of the robotic system

for different tasks. The remaining portion availability is the

reliability of the modular robotic system. This dissertation

[Schneider, 1993] presents a review of robotic system reliability

technology and develops a technology roadmap outlining future

directions for research and technology application that will

improve the reliability of modular robotic systems. Also developed

and tested is a design index based upon a modular robotic system's

hardware and software reliability and the precision of the system.

IV-C-16.  PERT and GERT Roadmaps  

     The Program and Evaluation Review Technique (PERT) is an

advanced project plan management method, which can display the

sequence and relations between individual activities included in a

plan with standard network graphics, calculate the key path of the

plan, and control its implementation most rationally through

optimization and adjustment. The network planning technology is

widely used in planning and organizing scientific research,

engineering, production, and large-scale social activities, and

serves as a major component of management information systems (MIS)

and project management systems.  GERT (Graphical Evaluation and

Review Technique) is a network model capable of including

randomness in activity duration, probabilistic branching, feedback

loop, and multiple terminate node in a project planning. These

capabilities make it more suitable for modeling of research and

development projects than the previous approaches such as CPM and

PERT.  A few examples of PERT and GERT roadmaps follow.

IV-C-16-a.  Critical Path Roadmap

     The critical path method (CPM), project evaluation and 

review technique (PERT), and stochastic PERT, the most widely 

used tools for project management, each require different forms 

of activity duration information: fixed time, three-time 

estimates and an a priori distribution function, respectively. 

While PERT and stochastic PERT allow for uncertainty in activity 

durations unfortunately they require a number of strong 

statistical assumptions.

     In a recent paper [Arsham, 1993], uncertainty in project

activity duration was treated in a managerial context rather than

as random factors. A linear programming (LP) formulation of the

project activity network was constructed and a new simplex-type

tabular solution algorithm was developed to find a critical path

(CP). While the proposed approach requires a time estimate for each

activity duration, it provides the manager with the allowable 

simultaneous, independent or dependent changes of the estimates 

that will preserve the current CP. The results of these analyses 

empower the project planner and manager to assess and monitor 

various types of activity-duration uncertainties encountered in 

real life situations.

IV-C-16-b.  Stochastic PERT

     A stochastic PERT network is a directed acyclic network in

which the arc lengths are independent random variables with known

distributions. A fundamental problem in PERT networks is to

identify the activities which are critical to the achievement of

the project objectives. In an activity network if the duration of

each activity is not a random variable, then it is easy to identify

the criticality of each activity represented by its float time.

However, when the duration of any activity is a random variable, it

is not easy to identify critically of each activity. In this case

the criticality of an activity is known as the criticality index,

which is defined as the sum of the criticality indices of the paths

containing it. The criticality index of a path is the probability

that the duration of the path is greater than or equal to the

duration of every other path in the network. Clearly, the

criticality index of an activity can be obtained by determining the

criticality indices of the paths, which requires identifying all

the paths containing the activity. 

     A study [Dodin, 1985] developed a theory which leads to a

procedure to approximate the criticality indices of all the

activities without going through the above three steps. The

procedure has been applied to large size PERT networks generated at

random, and the results are found to be very close to those

obtained by extensive Monte Carlo sampling. 

IV-C-16-c.  Fuzzy PERT Roadmaps

     Network-planning techniques based on stochastic and fuzzy

models of the activity durations were considered in this study. The

stochastic versions of PERT are generally intractable, and cannot

be used to draw up tight plans for action. Fuzzy models are closer

to reality, simpler to use, but theoretically not well established.

The impact of a stochastic and a fuzzy version of PERT was

illustrated via a numerical example [Lootsma, 1988]. The

representation of uncertainty in network planning, when the

activity durations are estimated by human experts was discussed.

Stochastic models are unsuitable in PERT planning when the activity

durations are estimated by human experts. However, fuzzy

arithmetic, in its present form, is not sufficiently well

established to model the vagueness of human judgement. 

IV-C-16-d.  Generalized Activity Network Roadmaps

     For years network models have been used for the scheduling of

large projects. The deterministic version of network models CPM is

implemented extensively in industrial research and development

projects. Because of introduction of elements of chance in

duration, level of resource requirements, and structure of the

network models in an R and D project the implementation of such a

deterministic model has not been very successful. Even the PERT

Model, in which the element of randomness is introduced in the

activity durations, has not attracted widespread interest of

managers dealing with budgeting and planning of R and D projects.

     In an effort to cope with the shortcomings of CPM-PERT methods

in accommodating the special instances confronted in an R and D

project from a logical point of view, and in order to introduce the

element of uncertainty in duration, resource requirements and

structure of the network model GAN (Generalized Activity Network)

and its simulation language were introduced [Seyedghasemipour,

1985]. In this project, GAN and its simulation language were

adopted for planning of R and D projects conducted at Bartlesville

Project Office. In this manner the randomness which is the special

peculiarity of activities in an R and D project was considered. The

objective was to provide a more accurate and efficient tool to

management for planning their research activities and forecasting

the future progress path of their plans.

IV-C-16-e.  GERT for R&D Roadmaps

     This study describes a simulation approach to project planning

in an R and D environment by network model [Seyedghasemipour,

1987]. GERT (Graphical Evaluation and Review Technique), a network

model, was utilized for the modeling of a hypothetical research and

development project. GERT is a network model capable of including

randomness in activity duration, probabilistic branching, feedback

loop, and multiple terminate node in a project planning. These

capabilities make it more suitable for modeling of research and

development projects than the previous approaches such as CPM and

PERT. SLAM II simulation language is utilized for simulation of the

network model. SLAM II is a simulation language which heavily

relies on GASP IV and Q-GERTS with powerful modeling capability in

a single integrated framework. The simulation is performed on a

hypothetical ''standard'' research and development project. Two

cases of project planning are considered. In the first case, the

traditional simulation of network model of the hypothetical R and

D project is performed. In the second case, learning factor is

incorporated in the simulation process. Learning factor, in the

context of project planning, means the mean and variance of a

probability distribution representing an activity duration is

discounted (reduced) every time that activity is repeated. The

results and statistics of each case study concerning expected

duration of successful completion of the project, probability of

washouts, and realization time of milestones are presented in

details. The differences between two cases (i.e., with and without

learning factor) are discussed.

IV-D.  INFORMATION TECHNOLOGY-BASED ANALYSES 

     Two types of techniques will be described here, those based on

co-occurrence phenomena, and those based on citation analysis. 

IV-D-1.  Overview of Co-Occurrence Techniques

     Modern quantitative techniques utilize computer technology

extensively, usually supplemented by network analytic approaches,

and attempt to integrate disparate fields of science and

technology.  One class of techniques which tends to focus more on

macroscale impacts of science and technology 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 science

and technology policy analyst can develop a deeper understanding of

the interrelationships among the different science and technology

fields and the impacts of external intervention, and can recommend

new directions for more desirable science and technology

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, utilization of co-occurrence

techniques in assessing science and technology impact should

increase substantially.  These techniques will be summarized now,

followed by a more detailed discussion of the most widely used.

     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].  Co-authorship has been used to assess

collaboration among individuals, and institutional co-authorship

has been used to assess collaboration among institutions, through

construction of scientific networks [Melin, 1996].  

IV-D-2.  Co-Word Analyses for Structural Roadmaps

Background

     Because the computer-based computational linguistics

techniques (which have been used mainly for obtaining and

portraying the structural relationships among science and

technology disciplines) are not known as well as the expert-based

approaches described above, some of the linguistics approaches will

be described in more detail.  Also, more background material will

be provided for the interested reader.  In particular, co-word

analysis will receive the most detailed description, since a number

of the detailed roadmap examples presented later in this document

(in which the author was involved) have their origins in co-word

analysis.

Introduction

     In formulating and executing broad spectrum research policy,

it is important to understand how research thrusts have

interrelated and evolved over time, how they are projected to

evolve, and how different types of interventions from sponsors and

policymakers can affect the evolution and impact of research. 

While a panel of experts could provide an acceptable view of the

trends and interrelationships within a narrowly-defined research

area, identification of the connectivity of a broad range of areas

is well beyond the expertise of any one panel of experts, and

perhaps beyond a group of panels.  An integration of topics and

trends requires supplementation to the standard peer or analyst

group evaluation.  Much recent effort has been focused on

development of more objective quantitative approaches for analyzing

and integrating written and survey information to supplement

analysts or groups of peers in understanding research trends. 

     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 exploits the use of co-occurrence phenomena, and it

is one member of this class, co-word analysis, which will be

addressed now.  This section describes the motivations for co-word

analysis in support of science and technology policy formulation

and research implementation evaluation.  It then traces the origins

of co-word analysis in computational linguistics, and summarizes

the development of co-word analysis for research evaluation. 

Finally, it presents a new approach to co-word analysis which

requires no index or key words but deals with text directly and is

a useful tool for rapidly scanning large bodies of text to identify

pervasive thrust areas and their connections.

Origins of Co-word Analysis in Computational Linguistics

The origins of co-word phenomena can be traced back at least five

decades to the pioneering work in: 1) lexicography of Hornby [1942]

to account for co-occurrence knowledge, and 2) linguistics of De

Saussure [1949] to describe how affinity of two language units

correlates with their appearance in the language.  For the reader

interested in a detailed description of the evolution of co-word

phenomena in linguistics, lexicography, and computer science over

these past five decades, a dissertation on collocation phenomena

(sequences of words whose unambiguous meaning cannot be derived

from that of their components, and which therefore require specific

entries in the dictionary) is recommended highly [Smadja, 1991].

The remainder of this section will summarize information on the

seminal publications which have advanced these fields. 

     In early co-word studies, words were classified on the basis

of their co-occurrence with other words as well as their meanings

[Firth, 1957; Harris, 1968].  Chomsky [1965] added the observation

that the reasons for two words co-occurring in the same context are

not always relevant to a general linguistic description of a given

language.  Halliday [1966] related the well-formedness of sentences

to their lexical levels; i.e., how sensitive the meaning of a

sentence is to substitution for one member of a co-occurrence pair.

A more recent study included collocations as part of a linguistic

model, whose goal was to relate any given meaning and all the texts

that express it [Melcuk, 1981].  A combinatory dictionary, which

contained only general English collocations, was constructed

[Benson, 1986] 

     Computational linguistics interest in collocations has focused

on information retrieval, computer assisted lexicography,

stochastic language models, and natural language generation. 

Information retrieval research focused on designing more efficient

indexing tools using pairwise lexical affinities instead of

keywords [Sparck Jones, 1971; van Rijsbergen, 1979; Salton, 1983;

Maarek, 1989]. Computer assisted lexicography focused on making

tools for assisting lexicographers to compile data.  In Choueka's

works, methods were developed for locating interesting

collocational expressions in a large body of text [Choueka, 1983;

Cheouka, 1988]. At the same time, other approaches used

co-occurrence knowledge and statistical analysis of large bodies of

text to help in language generation, as a basis for indexing,

selection of lexical items, and generation of collocationally

restricted sentences [Smadja, 1988; Smadja, 1989; Church, 1989;

Maarek, 1989; Amsler, 1989]. Stochastic language models

applications built on previous work in speech recognition and text

compression, and treated collocations as statistical entities

[Bahl, 1983; Nays, 1990; Church, 1990]. Efforts in natural language

generation which account for collocational knowledge include

McCardell [1988], Nirenburg [1988], Kittredge [1986], and

Iordanskaja [I99O].             

     In the mid-l97Os, a study was performed to examine

relationships among themes in a Kierkegaard novel using

co-occurrence phenomena [McKinnon, 1977].  The methodology

represented a major step forward in extracting word relations from

text by their co-occurrences.

     An update of this method employed frequency of co-occurrence

to extract relatedness information from text, using the

sense-definition as the textual unit (entire definition of a sense

of a word). Co-occurrence frequency correlated significantly with

human judgements of relatedness, and the relatedness functions on

co-occurrences yielded even higher correlations [McDonald, 1990]. 

     While the methods described above were useful for showing how

relations among words and terms could be quantified and extracted

from text, none were applied to evaluating science and technology

trends or supporting science and technology policy.  The following

sections describe the development and employment of co-word

analysis techniques to extract relationships among science and

technology themes from large text databases. 

Development of Co-word Analysis for Research Evaluation

     Modern development of co-word analysis for purposes of

evaluating research originated in the mid-1970s, under Michel

Callon at the Centre de Sociologie de l'Innovation at the Ecole des

Mines de Paris [Callon, 1979; Callon, 1983; Callon, 1986]. The

initial motivation was to develop a method to help evaluate the

state of research which would have broader scope than, be more

objective than, and provide a supplement to, panels of experts

[Callon, 1979].

     The method would also have to overcome the limitations that

Callon viewed as inherent to co-citation analysis: The authors cite

and co-cite what has already been sanctioned; citations permit an

indirect access to a document's content and tend to respect

tradition and reinforce existing hierarchies; technical and

economic-industrial literature seldom use citations, but use other

forms of expression.

     The method developed initially by Callon focused on analyzing

the content of articles and reports, rather than their citations. 

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.  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].

     A study in the early 1980s was aimed at tracking the status of

biotechnology by performing a co-word analysis of articles in a

biotechnology core journal [Biotechnology and Bioengineering] over

a period of 10 years (Rip,1984). As in the Callon study described

above, the authors constructed a co-occurrence matrix based on

keywords of these biotechnology articles.  The authors introduced

indices (normalization factors) that measured the strength of the

co-occurrence linkage according to some formula and determined a

threshold below which co-occurrence linkages were no longer

considered to be interesting.  These indices were then used to

construct maps that portrayed the relationships among the keywords,

and showed the differences in emphasis among academia, industry,

and government research in selected fields.

     Another study aimed at identifying the impact of the French

government's efforts in creating a field of aquaculture [Bauin,

1986]. About 3,000 articles in this field were examined for the

years 1979-1981.  Maps using the indices were constructed to depict

the field of aquaculture at the beginning and at the end of the

time period of interest (1979-1981).

     The maps revealed the field of aquaculture to be very

dispersed. Only in a few cases did meaningful structures exist. 

The maps also revealed a very high degree of structuring in which

no one issue was totally disconnected from the rest of the field.

     The authors concluded that a unified field of aquaculture did

not exist outside the political influence of decisionmakers.

Aquaculture appeared to be more of a bureaucratic category, rather

than a scientifically unified and integrated field. Researchers

appeared to have remained local and locally connected and 

maintained their respective approaches.  No hierarchies appeared

that would enable other scientists or companies to use the

researchers' results for further research or product development.

     Another study aimed at improving evaluation of the contents of

a large number of patents [Callon, 1986].  In the field of

biotechnology, 268 patents were examined covering the years 1979-

1981.  Maps were generated to identify the main themes and the

hierarchical relationships in the patent database; other maps were

drawn to identify small linked groups of related areas.

     A new feature in this study was a 'zoom' about one of the

themes (enzyme). In this technique, attention is focused on a

limited region of a map and the threshold for inclusion of a word

is lowered significantly.  This allows more detail and consequently

higher resolution in the region around the word being 'zoomed.'  In

the specific case, all the words of the maps that were linked

directly or indirectly to 'enzyme' were included and the threshold

for inclusion was lowered by more than a factor of three. A much

more detailed analysis of the temporal evolution of 'enzyme' was

made due to the additional words and links in the 'zoom.'

     Callon concluded that co-word analysis provided a unique

capability of describing the mechanisins of innovations and the

dynamics of technological development resulting from the patent

literature.  Use of the 'zoom' technique around enzymes showed the

appearance of new centers of interest and reorganization of

existing relationships over the short timeframe of database

coverage.  The patents responsible for these changes were

identified easily. 

     The thinking and applications of the French group, which can

be viewed as the state-of-the-art in co-word analysis as of 1990,

is described in two major articles [Turner, 1988; Callon, 1991a] . 

The reader interested in applying co-word analysis should study

these articles carefully, as well as the text which describes the

state-of-the-art as of the mid-1980s, [Callon, 1986].

     The goal of the Turner study was to perform a co-word analysis

on industrial ceramics patents in order to determine priority areas

for Ireland in this field.  A computer-assisted indexing method,

the LEXINET system, was employed to reduce the 'indexer effect.'

The high frequency significant words extracted from the titles and

summaries of the 16,000 patent database were formed into clusters

of strongly related words.  Two quantitative figures of merit were

generated for each cluster, density and centrality.  Density was a

measure of the strength of the bonds between each word in a

cluster, and centrality was a measure of the strength of the ties,

or overlap, between a cluster and all the other clusters being 

considered.  The centrality and density measures were computed and

used as axes of a policy map to classify subject areas.  The

remainder of the document contained interpretation and discussion

of the subject areas and their locations within the policy map.

     In a study concerning the impact of public funding on the

development of polymer science [Callon, 1991], co-word analysis was

used to describe the interactions that exist between different

phases of the innovation process and to show if basic research or

applied research is the moving force.  Two databases were used for

the co-word analysis: one consisted of all the international

literature in the field of polymer science (basic and applied

research), and the second (a subset of the first) consisted of the

academic science (basic research) documents.  Co-occurrence

matrices and clusters were generated, and the policy maps of

density and centrality were constructed.  A feature of this study

was time plots of the evolution of cluster density and centrality. 

     A study at The Centre for Science and Technology Studies at

the University of Leiden used a unique two-step co-word analysis as

the basis for bibliometric maps which portray neural networks

embedded in the environment of related fields [Van Raan, l99l].  A

co-word analysis of the field of chemical engineering used a

combination of a clustering technique applied to the word

co-occurrence data matrix and multidimensional scaling of the

resulting word clusters to improve the mapping [Peters, 1991] .  A

third group of studies combined word frequency analysis of citing

articles with co-citation analysis [Braam,1991a; Braam,1991b]. 

This hybrid approach allowed more accurate portrayal of cluster

topics, and allowed separate research specialties to be delineated

more easily.  However, key/ index words were used, not full text. 

A New Approach to Co-word Analysis for Research Evaluation

     This section describes a co-word method developed in the early

1990s that relies on full-text analysis only and removes the

limitations of using any key or index words (Kostoff, 1991d;

Kostoff, 1992).  In dealing with written material, it is the most

direct method of extracting messages from large textual databases. 

The method in its entirety requires 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, and

associated results, will be described in the following sections.

Time evolutions of themes have not yet been performed.  

     Experiments on narrative documents at the Office of Naval

Research (ONR) showed that the frequency of appearance of words in

a corpus was an excellent method for obtaining the text themes. 

Kostoff [1991d] then obtained frequencies of appearance of all

single, adjacent double, and adjacent triple words (e.g.,

COMPOSITE, MATRIX COMPOSITE, METAL MATRIX COMPOSITE) in a ~6OOKB

text compendium of promising research opportunities for the Navy

(developed by National Academy of Sciences panels and Navy internal

experts).  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.

     The method was then applied to a much larger database (~15MB,

~8000 projects for FY88), the list and description of Industrial

R&D (IR&D) projects supported by the Department of Defense.  The

purpose of the application was to 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.  The results

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 frequency approach provides an excellent starting point. 

     Once the main themes of a body of text have been identified,

the second step in using the new co-word approach is determining

the quantitative and qualitative relationships among the main

themes and their secondary themes.  The basic hypothesis underlying

this step is that the closer words are to each other physically in

the text, and the more times they co-occur, the stronger are their

relationships.  Thus, unlike the other co-word (or co-citation or

co-nomination) approaches which exist, in which co-occurrence

frequency in a rather large domain (typically a published paper) is

the sole indicator of the strength of the relationship between two 

words, the present approach requires physical closeness of the

words in addition to co-occurrence.  It computes co-occurrences of

words in relatively small physical domains bounded by a specified

number of words M away from the theme word. 

     The high frequency words obtained from the multiword frequency

approach are input to an algorithm.  The algorithm computes

frequencies of occurrence of all words (above a preselected

frequency cutoff level) within a region of M words of each high

frequency word (a 'zoom' of the high frequency word).

     The new co-word analysis technique was applied to an expanded

version (~1.2MB) of the promising research opportunities database.

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.

     A multiword frequency analysis was performed on this database.

Zooms were performed about each one of its themes (highest

frequency technical words), and the resulting word frequency

dictionary from each zoom was called a cluster.  After each cluster

was analyzed thoroughly, cluster strings, or megaclusters, were

formed by combining clusters based on thresholds on the numbers of

their overlapping members.  The objective of effectively regrouping

themes, or even theme members, to form new types of clusters is to

maximize bonding of related words.  There was an interesting

pattern to observe in the five strings obtained.  Two strings could

be broadly categorized as Ocean Sciences, two strings as

Information Sciences, and one string as Materials.  ONR identifies

three areas of emphasis in its investment strategy, namely, Ocean,

Materials, and Information Sciences.  Thus, the three broad string

areas identified by an analysis of experts' recommendations to ONR

of promising research opportunities coincide with ONR's stated

areas of emphasis.

     A multiword frequency analysis of the updated FY9O IR&D

database showed at least three broad pervasive thrust areas:

Information Technology  (SIGNAL PROCESSING, NEURAL NETWORK,

ARTIFICIAL INTELLIGENCE, etc.); Materials Technology (FIBER OPTIC,

COMPOSITE MATERIALS, ADVANCED MATERIALS, etc.); and Aerospace

Technology (FLIGHT CONTROL, WIND TUNNEL, GAS TURBINE ENGINES,etc.). 

These pervasive thrust areas are not necessarily independent.

     Zooms around each of the sixty highest frequency theme words

were performed, and showed that, generally, the Materials

Technology themes seem to be much more closely related to the

Aerospace Technology application than are the Information

Technology themes. A preliminary 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.

     To summarize this section, a new co-word approach that deals

directly with text and requires no indexing or key words was

described in detail.  The first phase of this approach was

identification of thrust areas by multiword frequency analysis of

large text databases.  Applications of the multiword frequency

analysis to: 1) support identification of promising research

opportunities for ONR and 2) identification of R&D taxonomies for

the Industrial R&D database, were presented. 

     The second phase of this approach was identification of the

interrelationships among the thrust areas defined in the first

phase and identification of supporting research areas for each

thrust area.  The main technique described was creation of a

dictionary of high frequency words occurring in a physical region

of limited extent around each major thrust area identified by the

multiword frequency analysis.  Filter conditions based on closeness

of bonding between the words in the dictionary and the thrust area

were used to select important words from the dictionaries and form

finite-sized clusters of words around each thrust area.  The

cohesiveness of each cluster and its central (or isolated)

position, relative to that of the other clusters, were calculated

with the use of density and centrality measures.  Megaclusters, or

strings of clusters whose members have significant overlap, were

constructed for the promising research opportunities database, and

these megaclusters showed concisely the major themes of the total

database.  These megaclusters were shown to have a direct mapping

to ONR's core competency emphasis areas.

DISCUSSION

The potential use of co-word analysis for research impact

evaluation and research policy formulation involves a series of

steps.  First, the structural relationship among different

technical fields and extrinsic forces which impact these fields

(economic, application, political, etc.) must be developed.  The

techniques described in this section start with large text

databases (mainly compendiums of journal papers) which describe the

fields of interest.  Co-occurrence frequencies of words within

limited domains of the full text databases are obtained.  Figures

of merit, which are functions of the co-occurrence frequencies, are

used to quantify the relationships between different words.  The

relationships among these words are then displayed in two-

dimensional maps.

     The words are assumed to represent technical thrust areas,

applications, institutions, and other forces, and the maps are then

assumed to represent the dynamic relationships among these

different forces.  Theoretically, the maps can aid in research

policy formulation by identifying critical technical areas,

institutions, and applications, and helping the analyst and

decisionmaker redirect resources to overcome roadblocks and produce

more desirable structures.  The maps can aid in research impact

assessment by showing the dynamic restructuring of the

relationships among research and technology areas which occurred

after allocation of research resources, to ascertain whether

desired objectives were attained.

     The studies described in this section have focused on

developing methodologies for selecting key words, for quantifying

co-occurrence relationships, for clustering related fields, for

displaying the clusters and relationships among words in general,

and for interpreting the maps and structural relationships in terms

of research and technology trends.  There is little evidence from

the conclusions of these studies, or any studies generated by users

of these results, that these studies and methods have been used for

research impact assessment or research policy formulation so far. 

The main reasons are that the methods for data generation and

especially interpretation were insufficiently understood and

required development and maturation, computers were not

sufficiently large or fast to provide technical resolution at a

sufficient level of detail in a reasonable period of time to be

useful, and the appropriate combination of expertise (analyst,

technical expert, decisionmaker) was not brought to bear when the

analyses were performed. 

     However, the confluence of a number of events at this time

offers hope that that the approaches described in this section will

begin to support diverse aspects of research policy and analysis. 

Textual databases which cover many related research and technology

areas and which are too large for any one person, or even groups of

persons, to readily comprehend, are now available on electronic

storage media.  Personal computers have been developed to the stage

that they are able to store and manipulate these large bodies of

data such that sufficient resolution of technical areas to be of

utility can be obtained in reasonable periods of time.  The methods

described above are now available to be applied to the large

databases, and interpretation of the maps and other outputs is

better understood.  Experience has shown that the analysis process

should include policy analysts along with the technical experts in

the areas of interest.  In addition, the decisionmakers who will

ultimately use the results as a guide to policy should be brought

in at the earliest possible stage of the analysis.  The analysis

results, and the maps in particular, have been shown to facilitate

dialogue among these diverse groups.    

IV-D-3.  Citation and Co-Citation Analyses for Structural Roadmaps

     This section describes the background and issues of citation

analysis, and its application to mapping.  Then, the remainder of

the section discusses background, issues, and especially mapping

applications of co-citation analysis. 

Overview of Citation Techniques

     Publication citation and patent citation approaches are

potentially powerful tools for tracking the temporal evolution of

science and technology. 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].

     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.  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.  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].

     Use 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].   

     Two papers [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 (See section IV-B-4 for a summary of the NCI study). 

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 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.  

     A recent study of citations to scientific papers from the

front pages of U.S. patents has potentially important implications

for science and technology policy.  The 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, a recent paper [Kostoff, 1997b] summarizes a number of

cautions that must be observed when interpreting the output of

citation studies.

Citation Network for Citation Mapping

     The citation network is a directed graph of great size and

complexity, whose vertices can be chronologically ordered, and

whose edges connect earlier with later vertices.  The network

embodies the communication patterns of millions of scholars, both

living and dead.  These patterns show how researchers go about

embedding their work, both cooperatively and competitively, in the

work of prior authors [Small, 1997].

     One of the earliest attempts to pictorially represent

scientific development was Garfield's historiograph [Garfield,

1979].  This a diagram of citation patterns depicting the linking

of papers forward and backward in time to trace the lineage of

ideas over several generations.  In a landmark study [Garfield,

Sher & Torpie, 1964], an historical account of the discovery of the

genetic code was correlated with a citation network.  Decades

later,  these data were reanalyzed using sociometric network

analysis [Hummon & Doreian, 1989].

     The first computer visualization of citation networks was by

Yermish [1975].  This early system allowed forward and backward

navigation of citation links, and displayed historiographs on a

screen using a one-dimensional multidimensional scaling to fix the

positions of documents along the horizontal axis, and publication

year along the vertical axis.  The most recent development in the

graphic display of citation nets is the work of Mackinlay, Rao, and

Card [1995] called the butterfly [Small, 1997].

Co-Citation Analysis Overview

     Co-citation analysis is based on the principle that when a

paper X1 cites two earlier papers A and B, these latter papers are

'co-cited'.  The strength of such a co-citation link is determined

by the number of citing papers (X1, X2, X3...) each with the pair

(A, B) in their lists of cited papers (references).  Paper B can

also form a co-citation pair with a third paper C, et cetera.  Co-

citation linkage can be applied to all citing papers of a specific

field in one particular publication year.  The next analytical step

generates a structure in interlinked co-cited pairs creating sets

of (co-)cited papers, that is, clustering of co-cited papers

yielding aggregates of the size of scientific fields of

disciplines.  Finally, the network of co-citation linkages within

and between clusters is visualized by applying mulit-dimensional

scaling.

     Co-citation clusters represent research-front specialties, in

terms of related scientific work (i.e., based on the same

publication, as far as reflected by the cited literature). 

However, these clusters may reflect cognitive as well as social

networks.  Moreover, drawbacks of co-citation analysis are its

time-lag inherent to citation data in general; non-cited

publications are excluded from the analysis:  the cluster algorithm

may involve somewhat arbitrary setting of threshold values,

yielding less informative results in case of non-optimal

thresholds; and inadequate coverage of technology-related research.

     So far, co-citation analysis has been applied to scientific

fields.  For technology fields, the same technique could be applied

to patents.  Here, it is necessary to analyze to what extent two

patents are cited together in other patents.

Co-Citation Mapping

     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.

IV-D-4.  Co-Nomination Analysis for Structural Roadmaps

     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 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, 1992-Appendix I, 1994i], 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. 

IV-D-5.  Co-Classification Analysis for Structural Roadmaps

     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 are:

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

relation between 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.  

V.  SELECTED ROADMAP DEVELOPMENT PROCESSES

V-A.  Overview

     The following detailed descriptions represent roadmap

development processes with which the author had some involvement. 

The first two processes are expert-based, and represent advances in

roadmap quantitative analyses and roadmap information display.  The

second two processes are computer-based, and represent advances in

defining relationships among technical areas using full text

published literature.  Techniques used in both types of processes

are not mutually exclusive, and future efforts will be devoted in

part to developing hybrid methods which utilize the best techniques

of both processes for improved roadmaps.

V-B.  SPECIFIC EXAMPLES

V-B-1.  ROADMAP FOR RESEARCH IMPACT QUANTIFICATION

CONTRIBUTORS TO THIS SECTION ARE DR. RONALD N. KOSTOFF (OFFICE OF

NAVAL RESEARCH)

                            ABSTRACT

     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, which are summarized here.  

V-B-1-a.  NETWORK MODELING FOR DIRECT/INDIRECT IMPACTS

V-B-1-a-i.  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.  Recently, 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; GPRA, 1993].  In tandem with the increased

pressure to link research to goals is the need for some methods to

estimate how, and to what degree, research will impact the goals. 

     The process of estimating potential impact of basic research

is complex.  Most of the impacts of basic research tend to be

indirect.  To estimate these impacts requires tracking the

dissemination of the products of basic research for a long period

of time over many different pathways.  Neither the tracking

databases nor the tracking techniques exist to perform this

tracking and impact quantification.

V-B-1-a-ii.  Deficiencies of Retrospective Research Impact

Estimation

     Even the problem of estimating research impacts

retrospectively is extremely difficult.  A number of restrospective

studies have been performed to estimate the impacts of R&D, and to

identify the conditions which promoted successful R&D and resulted

in successful technologies and systems [DOD, 1969; IITRI, 1968;

Battelle, 1973; Narin, 1989].  These studies have used similar

approaches.  A system or technological innovation is used as a

starting point.  The critical R&D events which led to the system or

innovation are identified.  Patterns of intrinsic and extrinsic

characteristics of these critical R&D events which led to

successful end products are identified and integrated.  

     Analyses have identified the deficiencies in these

retrospective studies, and have shown that the majority of crucial

R&D events tend to be those which impact the end product directly

[Kostoff, 1993d].  The underlying research knowledge pool which

provides the basis for the critical R&D events receives little

credit in the retrospective studies.  Needed are methods which give

proper accounting to these indirect research impacts, and show

their importance to achieving the end product.

     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 [1983], 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.  

V-B-1-a-iii.  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.

V-B-1-a-iv.  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.

V-B-1-b.  METHODOLOGY

V-B-1-b-i.  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. 

V-B-1-b-ii.  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.

V-B-1-c.  PILOT STUDY OVERVIEW 

V-B-1-c-i.  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. 

V-B-1-c-ii.  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. 

V-B-1-c-iii.  Summary of Results

     The results from the pilot study are described in detail in

Kostoff [1994i], and are briefly summarized here.  Two types of

results are summarized.  The first type shows the integrated impact

which a given discipline can have on other research and technology

areas.  The perspective is essentially that of impact emanating

outward from a given discipline.  The second type shows the impact

on a given discipline from other research and technology areas. 

The perspective is essentially that of impact arriving at a given

discipline.  

1.  Outward Impact

     Some general observations of the different research discipline

impact results can be made.  The general results agreed with the

intuition of experts who were shown the results after the impacts

had been computed.  

     Physics, Chemistry, Mathematics, Computer Sciences,

Electronics, and Materials have similar impact characteristics, and

will be used as the 'generic discipline' baseline for comparison

with the other disciplines.  Their direct impacts on research and

technology tend to be large and broad.  In cases where the direct

impacts are very slightly more focused, such as Chemistry and

Electronics, the total impacts are still high and broad.  Probably,

the areas being impacted have high and broad impact themselves, and

tend to have an impact 'multiplier' effect on areas such as

Chemistry and Electronics.

     Radiation Sciences and Mechanics have similar impact

characteristics.  Their research impacts are moderate relative to

the research impacts of the generic disciplines, while their

technology impacts are stronger.  In Radiation Sciences, the

impacts broaden going from direct to total, suggesting that the

areas impacted are 'diffusers' of impact (generic research and

technology areas of modest impact) rather than magnitude

'multipliers.'  Also, the higher direct technology impact relative

to direct research impact suggests that the research area may be

slightly more focused in nature than the generic disciplines

described above.  In Mechanics, the relative impact decreases in

going from direct to total, suggesting that the areas impacted are

not 'multipliers' but rather impact 'dividers.'  The higher direct

technology impact relative to direct research impact suggests again

a slightly more focused research area and, coupled with the initial

observation, implies that the less generic and more system-oriented

technologies are being impacted.

     Ocean Sciences, Ocean Geophysics, Atmospheric Sciences, and

Astronomy/Astrophysics have somewhat similar impact

characteristics.  Total impacts tend to be relatively low compared

to those of the generic disciplines, and impacts on technology tend

to be broader than impacts on research.  

     In Ocean Sciences, direct impacts relative to those of other

disciplines are higher than total impacts relative to those of

other disciplines, but the technology impacts are somewhat broader

than the research impacts.  This suggests a fairly focussed, but

sizeable, impact on a few research programs, which themselves are

impact 'dividers', and a somewhat broader impact on technology

programs which themselves are the less generic impact dividers.  

Atmospheric Sciences is very similar to Ocean Sciences, with the

exception that its impacts tend to be slightly broader.  

     In Astronomy, all impacts are relatively low compared to those

of the generic disciplines, direct impacts are narrow and total

impacts are somewhat broader.  This suggests that the areas

impacted are generic, but not impact 'multipliers.'  The picture

that emerges is a research area which requires 'diffusion' through

more generic research and technology areas to impact research and

technology.

     In Ocean Geophysics, the impact on research appears low

relative to that of the generic disciplines.  The technology

results indicate that the technologies impacted directly have

little influence on the other technologies.  This implies that it

is the systems technologies being impacted rather than the generic

technologies.  

     Finally, similar impact characteristics may be perceived in

Energy Conversion, Biomedical Sciences, and Behavioral Sciences. 

Technology impacts are higher than research impacts.  In Energy

Conversion, direct impacts are narrow but total impacts are

broader.  Thus, the few research areas impacted are 'diffusers'

rather than 'multipliers', as are the technology areas impacted. 

These results suggest a moderately focused research program with

modest research impact but greater impact on the low-impact generic

technologies.  

     Behavioral Sciences has low research impact relative to that

of the generic disciplines.  Because of its large social science

component, low research impact is probably the result of a basic

social science area attempting to impact areas of natural science. 

Since some of the technologies require human factor enhancement for

successful development, in addition to results from the natural

sciences, the technology impacts are fairly respectable. 

Biomedical Sciences has moderate impacts and breadth in almost all

categories, including moderate total research impact.

     The impact results of this illustrative and very limited pilot

study should not be extrapolated into relative values of the above

disciplines to the Navy.  Naval Needs nodes were not included in

this study, and there are Navy mission areas where research and

development of the lower relative total impact disciplines are

absolutely crucial to any advances in these mission areas.

2.  Inward Impact

     Now, the second type of result will be discussed. The research

and technology areas required to advance Training technology will

be evaluated. In Kostoff [1994i], the research and technology areas

which have the highest total impact on Training technology were

listed in order of total impact (ranging from Computer Science to

Chemistry). The total impacts were listed as well. 

     These 11 areas listed can be considered as a Training

technology cluster, with the cluster being composed of three

subclusters. The top subcluster, defined as the four highest ranked

areas, (Computer Science, Information Handling, Behavioral Science,

Ergonomics/ Bio Tech) consists of the main drivers required to

advance Training technology. There appear to be two separate thrust

areas in the top subcluster, a life sciences thrust (Psychology/

Ergonomics/ Biotech) and a high-tech computer thrust (Computer

Science/ Information Handling). The total impact of the top

subcluster appears to come as a result of high direct impact,

although there is a substantial indirect component as well.  The

bottom subcluster, defined as the three lowest ranked areas

(Physics, Materials, Chemistry), has no direct impact, and its

modest total impact is therefore coming through indirect routes.

The middle subcluster (Electronics, Mathematics, Biomedical

Science, Electronic Device) has both modest direct and indirect

impact which contribute to its sizeable total impact. 

     To understand better the pathways through which the impacts

travel, which is especially important for understanding the nature

of the indirect impacts of the low subcluster, the members of the

different subclusters were examined more closely.  Although it was

not initially obvious how Physics, Materials, and Chemistry could

impact advances in Training technology, it became clear that these

fundamental research areas diffuse their products broadly through

many fields of research and technology to influence substantially

the high-tech drivers for Training technology.  It was their large

indirect impact which accounted for the large integrated total

impact.

V-B-1-c-iv.  Lessons Learned from Pilot Study

     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. 

     First, the research and technology nodes need to be subdivided

to improve resolution.  The second major improvement required over

the pilot study is the addition of missions nodes to the network.

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.  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.  The fifth improvement is that

the written material supplied to the respondents needs to be

sharpened, especially in the absence of an interviewer. 

V-B-1-c-v.  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. 

V-B-2.  ROADMAPS FOR MODELING SCIENCE AND TECHNOLOGY EVOLUTION

CONTRIBUTORS TO THIS SECTION ARE MR. ROBERT J. ZURCHER (OFFICE OF

NAVAL RESEARCH) AND DR. RONALD N. KOSTOFF (OFFICE OF NAVAL

RESEARCH)

V-B-2-a.  ABSTRACT

     Roadmaps can be used for science and technology marketing; for

science and technology management including planning, executing,

reviewing, and transitioning; for enhancing communications among

researchers, technologists, managers, users, and stakeholders; for

identifying gaps and opportunities in science and technology

programs; and for identifying obstacles to rapid and low-cost

product development.  The central focus of all these potential

roadmap uses is to place the science and technology performed in a

more global context, to identify those science and technology areas

that have high potential promise, and to accelerate the transfer of

the science and technology to eventual products.    

     This paper describes the Graphical Modeling System [Zurcher,

1997], a computer-based process for generating roadmaps.  The

system offers the following advantages and capabilities: 1)

Graphically portraying relationships between research and potential

applications; 2)  Helping accelerate science conversion by

promoting champion interest in further research development; 3)

Showing the node-link relationships of a project/ capabilities/

requirements network; 4) Treating nodes (projects/ capabilities/

requirements) as multi-valued (multi-attributed) quantities which

are allowed to exist in many different research-requirement

pathways simultaneously.  This multiple perspectives capability

provides a more accurate depiction of the multi-application nature

of most research and technology, and the software enables the user

to highlight just those specific node-link subnetworks of interest

(the desired research-requirement pathways) without being

overwhelmed by all possible node-links which constitutes the larger

network; 5) Promoting communications; 6) Identifying science and

technology gaps; and 7) Identifying obstacles to rapid and low-cost

technology development.

V-B-2-b.  INTRODUCTION

     The multiple values and applications of roadmaps have been

discussed above and in other sections of this compendium document,

and need not be repeated here.  This section describes 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, 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 «Mb 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;

or see the more extensive listing in section V-B-1-a-ii].  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.  

     In the classical matrix approach [Dean, 1972], impacts flow

monotonically upward in the development chain (research -->

technology --> capabilities --> requirements/end targets).  In a

typical case, Chemistry research would impact Laser technology to

produce a high power continuous Laser capability which would

satisfy the requirement of a high power directed energy weapon. 

     In the network/ directed graph approach summarily described in

the previous section [Kostoff, 1994i], impacts are allowed to flow

upward, downward, or laterally in the development chain (e.g.,

research --> technology --> research --> research --> technology --

> capabilities).  In a typical illustrative case for this example,

Chemistry research would impact Laser technology which could then

impact Fluid Mechanics research (particle velocity measurements)

which could then impact Acoustics research (wave refraction) which

could impact Sonar technology which could lead to improved Mine

Detection 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 than does the single perspective

capability of most roadmap display approaches.  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., þtop-downþ

requirements perspectives, or þbottom-upþ 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 applicationsþ 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 applicationsþ targets in a timely manner.

V-B-2-c.  METHODOLOGY

     The roadmap, or graphical model, which follows 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.

V-B-2-c-i.  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 here have four levels: research,

development, capability, requirements.  

     Figure 1 represents a roadmap for a hypothetical

organizational mission area of interest (the desire to develop a

more fuel efficient, non-polluting, automobile).  While it is an

extremely simplified diagram, with far fewer nodes and

interconnecting links than those that have been developed in

practice, it will be used as an illustrative example to amplify

points in the remainder of this paper.  The perspective of this

roadmap in Figure 1 is top-down, focused on the mission area or

system viewpoint.  As will be shown later, the GMS allows

roadmaps focused around any node in the network.  

     In Figure 1, the nodes in the research and development

levels represent existing or proposed research programs and

development programs, respectively.  The capability level nodes

represent target capabilities for which there is a consensus that

successful program development could result.  The requirement

level nodes represent existing or potential top level needs set

by the organization's top management.  Solid line nodes denote

existing programs; projected capabilities; existing requirements. 

Dotted line nodes denote non-existing but proposed programs;

proposed capability targets; proposed requirements.  

     Examples of solid line (SL) and dotted line (DL) node

combinations in Figure 1 include: 1) An existing research program

(SL - ENERGY ABSORBING MATERIALS) for which there is not yet an

established development program (DL - ENERGY ABSORBING

STRUCTURES); 2) An established development program (SL - FUEL

CELLS) for which there is not yet a research program (DL -

ELECTRO-CHEMISTRY); 3) An existing research program (SL - FOSSIL

COMBUSTION) for which there is an established development program

(SL - FOSSIL POWERPLANT); 4) A proposed research program (DL -

MICRO-MECHANICS) which would address a proposed development

program (DL - ENERGY ABSORBING STRUCTURES); 5) A capability

target (SL - DOUBLE CRASH PROTECTION) for which a requirement

does not yet exist (DL-INCREASE SAFETY); 6) An existing

requirement (SL - REDUCE CO2) for which a capability target does

not yet exist (DL - 10X LESS CO2).    

     Other node attributes can be quantified and depicted.  A few

are shown in Figure 1: 1) The risk level that the development

targets of an R&D program (node) can be achieved without using

results from other R&D programs (other nodes); 2) The cost level

of the R&D program (node); 3) The funding adequacy of the R&D

program (node) for achieving its objectives in a timely manner. 

Each node attribute can be displayed on separate screens, or all

the node attributes can be displayed together on one screen.

     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 in any of the above cases

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, and, for

statistical validity purposes, more than one expert would be

preferable), useful roadmaps can be constructed using fewer

contributors with 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.  For example, in Figure 1, FOSSIL COMBUSTION

research is assumed to be linked to FOSSIL POWERPLANT

development, since improved understanding of the combustion

process is projected to lead to improved powerplant operation. 

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.

V-B-2-c-ii.  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.

     For example, consider Figure 1, and assume the link and node

values are portrayed schematically according to the Code.  The

breadth of the available and potential R&D necessary to achieve

the required goals becomes obvious.  Paths of potentially high

impact are denoted by thick links and identified, such as

ELECTRO-CHEMISTRY --> FUEL CELLS --> 100 MPG --> IMPROVE FUEL

EFFICIENCY, and R&D areas necessary for acceleration and

requiring an infusion of resources can be discerned.  High risk

paths are displayed in red on the computer screen, and are

portrayed schematically in Figure 1 with the word RED next to the

link (such as the path ELECTRO-CHEMISTRY --> FUEL CELLS -->

100MPG).  The costs and benefits of additional ancillary

requirements, such as INCREASE SAFETY, can now be analyzed and

discussed.  For example, would the benefits of adding the

requirement of INCREASE SAFETY outweigh the costs of initiating

R&D programs in ENERGY ABSORBING STRUCTURES and MICRO-MECHANICS. 

Critical areas of R&D being performed external to the

organization, such as ENERGY ABSORBING MATERIALS, are identified,

and issues of patent protection and proprietary research are

surfaced as obstacles to be overcome.  Target capabilities which

need to be sharpened, such as 10X LESS CO2, will become focal

points for discussion and consensus.  If the roadmap contributes

to the consensus that the mission is desirable and achievable, it

provides a strong impetus for championing the accelerated

development of essential research.  This essential research

includes both the relevant focused research readily identified

with the target and the fundamental supporting research whose

relationship to the end target is less clear.

     Figure 2 illustrates the flexibility afforded by GMS, and is

a graphical example of the MP capability.  Whereas in Figure 1

the perspective was focused on the overall mission of developing

the fuel-efficient, safe (possibly), non-polluting car, in Figure

2 the perspective has shifted to a research-program centered

focus.  This Figure displays the potential technology evolution

and eventual impact on mission goals emanating from the research

program ENERGY ABSORBING MATERIALS.  One pathway is identical to

the ENERGY ABSORBING MATERIALS --> INCREASE SAFETY pathway from

Figure 1.  The other pathway, ENERGY ABSORBING MATERIALS -->

IMPROVE MOTORCYCLE SAFETY, is from a motorcycle improvement

mission roadmap assumed to also exist in the overall database. 

Thus, the variety of technologies and mission impacts that could

result from research in ENERGY ABSORBING MATERIALS is available

with a few keystrokes.  This type of display has the potential

for recruiting science conversion champions whose interests lie

in multiple applications of research to diverse mission areas.

     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. 

     Figure 3 is another illustration of a different perspective,

centered about the FUEL CELLS technology program.  Multiple

potential impacts from this technology are shown, as well as

multiple research programs required to advance FUEL CELLS

technology to accomplish both mission objectives shown.

     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.

V-B-2-d.  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.

V-B-3.  DATABASE TOMOGRAPHY FOR TECHNICAL INTELLIGENCE: PERVASIVE

RESEARCH THRUSTS IN THE FORMER SOVIET UNION (FSU)

CONTRIBUTORS TO THIS SECTION INCLUDE DR. RONALD N. KOSTOFF

(OFFICE OF NAVAL RESEARCH)

V-B-3-a.  ABSTRACT

     A revolutionary approach to identifying pervasive thrust

areas (and their relationships) in large textual databases was

applied to a compendium of assessments of applied research areas

in the Former Soviet Union (FSU) generated by the Foreign Applied

Sciences Assessment Center (FASAC).  Related thrust areas were

combined to yield the following major thrust groupings:

IONOSPHERIC HEATING/ MODIFICATION; IMAGE/ OPTICAL PROCESSING;

AIR-SEA INTERFACE; LOW OBSERVABLE; EXPLOSIVE COMBUSTION; PARTICLE

BEAMS; AUTOMATIC/ REMOTE CONTROL; FREQUENCY STANDARDS; RADAR

CROSS SECTION.  These represent a subset of FSU science of

military and strategic interest to the U. S.

V-B-3-b.  INTRODUCTION

     This section describes a revolutionary approach [Kostoff,

1993f, 1994h] for identifying pervasive thrust areas of FSU

applied science, the connectivity among these areas, and

sub-thrust areas closely related to and supportive of the

pervasive thrust areas (Database Tomography).  The approach

utilizes a computer-based algorithm to extract and order data

from a large body of textual material which describes a broad

spectrum of FSU science (35 reports generated by the Foreign

Applied Sciences Assessment Center).  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 the present study was

identifying 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.  The methodology

can be applied to any text database, consisting of published

papers, reports, memos, etc., which can be placed on computer

storage media.

V-B-3-c.  BACKGROUND

Foreign Applied Sciences Assessment Center 

     About a decade ago, the U. S. Federal Government established

the Foreign Applied Sciences Assessment Center under the

operation of Science Applications International Corporation

(SAIC).  The purpose of FASAC was to increase awareness of new

foreign technologies with military, economic, or political

importance.  The emphasis was placed on 'exploratory research'

(Department of Defense 6.1/ 6.2 equivalent) in the FSU, work

which seeks to translate developments in fundamental research

into new technology.

     One of the main products of FASAC has been reports on

different areas of 'exploratory research'.  FASAC would assemble

panels of expert consultants from academia, industry, and

government, typically six to eight members per panel.  Each panel

would assess the status and potential impacts of foreign applied

science in selected areas, and write a report of its findings. 

Periodically, an Integration Report would be generated that

described the trends in foreign research including pervasive

issues which affect research capabilities.  By early 1992, there

were about 40 reports on different aspects of FSU applied

science.  

Co-word Analysis

     Co-word analysis utilizes the proximity of words and their

frequency of co-occurrence in some domain (sentence, paragraph,

paper, etc.) to estimate the strength of their relationship

[Kostoff, 1993c].  When applied to the literature in a technical

field, co-word analysis allows a map of the relationship among

technical themes to be constructed.  A history of co-word

analysis applied to research policy issues, its origins in

computational linguistics, and its limitations due to previous

dependence on the use of key words and index words, was

summarized in section IV-D-2.   

     Over the past few years, a full text word association

technique (Database Tomography, a variant of co-word analysis)

has been developed to allow rapid scanning of large text

databases (Kostoff, 1991d, 1992, 1995d).  The initial purpose of

this development was to identify pervasive research thrusts

(thrusts which transcend disciplines) from those large text

databases which contain descriptions of many research programs or

areas of research.  Two initial applications were reported in

section IV-D-2: 

     1) Identification of pervasive research thrusts in a

database describing promising research opportunities for the Navy

(the database consisted of thirty reports produced by National

Academy of Sciences panels and Office of Naval Research (ONR)

internal experts on 15 technical disciplines); 

     2) Identification of pervasive thrusts in the 7400 project

Industrial R&D (IR&D) database.  Applications to other large

databases of (mainly) research program descriptions are ongoing.

     The reported studies, and the present study, have used the

following procedure.  First, the frequencies of appearance in the

total text of all single words, adjacent double words, and

adjacent triple words are computed (e.g., see Figure 1 for

examples from the FASAC study).  The highest frequency technical

content words are selected as the pervasive themes of the full

database (e.g., see Figure 2 for the 60 FASAC themes used in the

analysis).  

                            FIGURE 1

HIGH FREQUENCY SINGLE WORDS FROM FASAC

FREQ..WORD............FREQ..WORD.........FREQ..WORD

4170..SYSTEMS.........2611..PHYSICS......2351..OPTICAL

4139..INSTITUTE.......2587..WAVES........2314..TIME

2883..COMPUTER........2564..MOSCOW.......2268..MATERIALS

2764..DATA............2466..CONTROL......2248..SURFACE

             HIGH FREQUENCY DOUBLE WORDS FROM FASAC

FREQ..WORD....................FREQ..WORD

2982..SOVIET.UNION............0246..AKADEMII.NAUK

0634..SHOCK.WAVES.............0243..MAGNETIC.FIELD

0503..INTERNAL.WAVES..........0216..CONTROL.AVTOMATIKA

0461..QUANTUM.ELECTRON........0207..RADIO.WAVES

0425..PHASE.CONJUGATION.......0193..FREQUENCY.STANDARDS

0375..REMOTE.SENSING..........0176..CATALYSIS.KINETIKA

0374..IMAGE.PROCESSING........0171..PARTICLE.ACCELERATORS

             HIGH FREQUENCY TRIPLE WORDS FROM FASAC

FREQ..WORD.......................FREQ..WORD

0371..EXPLOS.SHOCK.WAVES.........0112..STIMULATED.BRILLOUIN.

.......................................SCATTERING

0159..CHARGED.PARTICLE.ACCELERATORS

.................................0095..ATOMIC.ENERGY.INSTITUTE

0134..VYCHISLITEL.NAYA.TEKHN-....0073..OPTICAL.PHASE.CONJUGATION

......IKA........................0071..FUELS.AND.OILS

0127..SPATIAL.LIGHT.MODULAT-.....0068..SPACE.RESEARCH.INSTITUTE

......ORS........................0064..SYNTHETIC.APERTURE.RADAR

0127..IZVESTIYA.AKADEMII.NAUK....0060..VYCHISLITEL.NOY.MATEMATIKI

0115..IMAGE.PATTERN.RECOGNITION..0054..SOVIET.ASTRONOMY.LETTERS

                            FIGURE 2

..................FASAC TECHNICAL THEMES

INTERNAL.WAVE...................SEA.SURFACE

SHOCK.WAVE......................COMPOSITE.MATERIAL

QUANTUM.ELECTRON................CROSS.SECTION.

PHASE.CONJUGATION...............INTEGRAL.EQUATION

REMOTE.SENSING..................SOLID.FUEL.

IMAGE.PROCESSING................BOUNDARY.LAYER

PATTERN.RECOGNITION.............PLASMA.PHYSICS

OCEANIC.PHYSICS.................COMPUTER.SOFTWARE.

RADIO.WAVE......................LIQUID.CRYSTAL

MAGNETIC.FIELD..................DATA.PROCESSING.

COMPUTER.SCIENCE................NEUTRAL.BEAM

HYDROGEN.MASER..................DIGITAL.COMPUTER.

REMOTE.CONTROL..................ELECTRIC.FIELD

FREQUENCY.STANDARD..............ELECTROMAGNETIC.WAVE.

SIGNAL.PROCESSING...............LOW.OBSERVABLE

ARTIFICIAL.INTELLIGENCE.........PARALLEL.PROCESSING.

LIGHT.MODULATOR.................AUTOMATIC.CONTROL

SURFACE.WAVE....................ATOMIC.ENERGY

RADIO.ENGINEERING...............WAVE.PROPAGATION

CONTROL.SYSTEM..................IONOSPHERIC.MODIFICATION

CHARGED.PARTICLE................FRACTURE.MECHANICS

DIFFERENTIAL.EQUATION...........CHEMICAL.PHYSICS

OPTICAL.PROCESSING..............HIGH-POWER.MICROWAVE

PARTICLE.ACCELERATOR............EXPLOS.SHOCK.WAVE

THIN.FILM.......................KINETICS.AND.CATALYSIS

PROGRAMMING.LANGUAGE............EXPLOSION.AND.SHOCK.

STRENGTH.MATER..................SPATIAL.LIGHT.MODULATOR

COMPUTER.VISION.................CHARGED.PARTICLE.ACCELERATORS

ELECTRON.BEAM...................ATMOS.OCEANIC.PHYS

DATA.BASE.......................MOLECULAR.ELECTRONIC

     Second, for each theme word, the frequencies of words within

+/- 50 words of the theme word for every occurrence in the full

text are computed, and a word frequency dictionary is

constructed.  This dictionary shows the words closely related to

the theme word.  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 words to the cluster theme (e.g., see Figure 3

for part of a typical filtered cluster from the FASAC study).  

                            FIGURE 3

........REMOTE SENSING CLUSTER - CLOSELY RELATED WORDS

Cij..Ci.......Ii.......Eij......CLUSTER.MEMBER

...........Cij/Ci...Cij^2/CiCj

022..0036...0.611....0.0359...THERMAL.INFRARED

056..0323...0.173....0.0259...ICE

070..0522...0.134....0.0250...SATELLITE

041..0228...0.180....0.0197...OCEANOGRAPHIC

012..0020...0.600....0.0192...ATMOSPHERIC.CORRECTIONS

109..1707...0.064....0.0186...SPACE

012..0024...0.500....0.0160...AEROSOL.OPTICAL

012..0025...0.480....0.0154...IMAGING.SYSTEMS

006..0007...0.857....0.0137...MICROWAVE.SENSORS

074..1072...0.069....0.0136...RADAR

012..0037...0.324....0.0104...VEGETATION

CODE:

Cij IS CO-OCCURENCE 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 INCLUSION INDEX BASED ON CLUSTER MEMBER, IS RATIO OF Cij

TO Ci; 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).

     These subsets of closely related words are combined into one

file, and words which are commom to more than one subset (cluster

overlaps) are identified.  Megaclusters, or strings of

overlapping clusters (based on a threshold of numbers of common

words or overlaps), are constructed, showing umbrella areas of

related research.

     The final results have been identification of the pervasive

themes of the database, the relationship among these themes, and

the relationship of supporting sub-thrust areas (both high and

low frequency) to the high-frequency themes.  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.).

Application of Co-word Analysis to FASAC Database

     The FSU was a major contributor to many areas of science and

technology, and the FASAC reports help document and provide

insight to these contributions.  There is present interest in

preserving the basic science capability of the FSU [NAS, 1992]. 

This task would benefit by improved understanding of the FSU

science and technology capability.  

     Application of full text co-word analysis to the FSU

component of the FASAC database has the potential of providing a

unique perspective on the FSU science and technology capability. 

Even though this database has a different structure from the

databases analyzed previously (FASAC contains topical area

assessments vs. program, project, or promising opportunity

descriptions which characterize the other databases analyzed), it

was felt that full text co-word analysis is sufficiently powerful

and flexible to be applicable to FASAC as well.  

     Only unclassified FASAC reports were used.  The topics of

the FASAC reports used in this study are contained in Figure 4.  

                            FIGURE 4

     FASAC UNCLASSIFIED REPORT TOPICS USED IN PRESENT STUDY

     *APPLIED INFORMATION SCIENCES

     *OCEANOGRAPHIC SYNTHETIC APERTURE RADAR

     *CHEMICAL PROPELLANT

     *COMBUSTION

     *OPTICAL PROCESSING

     *PRECISION TIMEKEEPING

     *SATELLITE COMMUNICATIONS

     *ATMOSPHERIC ACOUSTICS

     *IMAGE PATTERN RECOGNITION

     *LOW OBSERVABLE MATERIALS

     *MOLECULAR ELECTRONICS

     *PHASE CONJUGATION

     *RADAR CROSS SECTIONS

     *APPLIED DISCRETE MATHEMATICS

     *HIGH-STRENGTH STRUCTURAL MATERIALS

     *PHYSICAL OCEANOGRAPHY

     *MICROELECTRONICS

     *COMPUTER SCIENCE

     *APPLIED MATHEMATICS-MATHEMATICAL THEORY OF SYSTEMS,

CONTROL, AND STATISTICAL SIGNAL PROCESSING

     *ROBOTICS AND ARTIFICIAL INTELLIGENCE

     *EFFECTS OF EDUCATION REFORM ON THE MILITARY

     *SCIENCE AND TECHNOLOGY EDUCATION

     *HETEROGENEOUS CATALYSIS

     *SPACE SCIENCE

     *SPACECRAFT ENGINEERING

     *TRIBOLOGY

     *MAGNETIC CONFINEMENT FUSION

     *HIGH-POWER RADIO FREQUENCY

     *APPLIED SCIENCE

     *REMOTE SENSING

     *DYNAMIC FRACTURE MECHANICS

     *IONOSPHERIC MODIFICATION

     *EXOATMOSPHERIC NEUTRAL PARTICLE BEAM

     *SOVIET SCIENCE AS VIEWED BY WESTERN SCIENTISTS

     *SYSTEM SOFTWARE FOR COMPUTERS.

     The FASAC database has a moderate density of technical

terms, mostly scientific, but in addition has many institute

names, journal names, publishers, and people names.  This makes

the determination of the relationship among technical areas more

difficult than in some purely technically focused databases which

were analyzed previously, but does allow for analyses beyond

purely technical relationships not possible with the other

databases.

V-B-3-d.  RESULTS

Multiword Frequency Analysis

     One type of benefit from the output of the multiword

frequency analysis is the ability to construct a multi-level

taxonomy of the full database.  There is a major difference

between the taxonomy obtained by this approach and other

taxonomies.  The present taxonomy derives from the language and

natural divisions of the database (analogous to a natural

coordinate system of the database), and therefore database

entries are easily categorized.  Other taxonomies are usually

generated top-down and usually attempt to force-fit database

subjects into pre-determined categories.

     One of the advantages of the present full text approach,

relative to the index or key word approach, is that many types of

taxonomies can be generated: i.e., science, technology,

institution, journal, person name, etc.  Even within one of these

categories, such as science, many types of taxonomies can be

developed, depending on the interests of the analyst and the

reason for the taxonomy.  An example of one science taxonomy of

the FASAC database will be shown.

     The highest level taxonomy of science from the FASAC

database can be seen from the high frequency single words (the

following capitalized words are high frequency words from the

multiword frequency analyses): COMPUTER, DATA, PHYSICS, WAVES,

CONTROL, OPTICAL, MATERIALS, COMBUSTION, SPACE, INFORMATION,

ENERGY, SOFTWARE, PLASMA, IMAGE, LASER, OCEAN.  Broadly speaking,

these areas could be subsumed into an Information category

(COMPUTER, DATA, INFORMATION, IMAGE, SOFTWARE, ETC.), a Physics

category (PHYSICS, WAVES, OPTICAL, PLASMA, LASER, ETC.), and, to

a lesser extent, an Environment category (OCEAN, SPACE) and a

Materials category (MATERIALS).  

     The high frequency double words reinforce this

categorization: Information (REMOTE SENSING, IMAGE PROCESSING,

PATTERN RECOGNITION, COMPUTER SCIENCE, SIGNAL PROCESSING,

ARTIFICIAL INTELLIGENCE, OPTICAL PROCESSING), Physics (SHOCK

WAVE, QUANTUM ELECTRON, PHASE CONJUGATION, RADIO WAVE, MAGNETIC

FIELD, HYDROGEN MASER, ETC.), Environment (INTERNAL WAVE, OCEANIC

PHYSICS, SEA SURFACE, IONOSPHERIC MODIFICATION, ETC.), Materials

(THIN FILM, STRENGTH MATER, COMPOSITE MATERIAL, FRACTURE

MECHANICS, ETC.).   

     The high frequency triple words further amplify the

categorization: Information (IMAGE PATTERN RECOGNITION, DIGITAL

IMAGE PROCESSING, STATISTICAL PATTERN RECOGNITION, INTELLIGENCE

AND INFORMATION-CONTROL, ETC.), Physics (CHARGED PARTICLE

ACCELERATORS, RADIOPHYS QUANTUM ELECTRON, STIMULATED BRILLOUIN

SCATTERING, OPTICAL PHASE CONJUGATION, RADAR CROSS SECTION,

ETC.), Environment (ATMOSPHERIC AND OCEANIC, SPACE RESEARCH

INSTITUTE, SYNTHETIC APERTURE RADAR, RADIO WAVE PROPAGATION,

INTERNAL GRAVITY WAVES, ETC.), Materials (COMBUST EXPLOS SHOCK,

SOLID FUEL CHEMISTRY, METAL MATRIX COMPOSITES, MAGNETIC THIN

FILMS, ETC.).

     Caution should be exercised in relating the above taxonomy

based on FASAC to the actual taxonomy of all of FSU science.  The

FASAC reports represent selected areas of FSU science, and how

representative all the FASAC reports are of total FSU science is

unknown.  The FASAC reports tend to reflect the open FSU

literature; how well this open literature represents all of FSU

science, including classified work and other work unreported, is

unknown.  The above taxonomy reflects frequency of word usage,

and therefore represents the numbers of words written about

technical areas in the FASAC reports.  However, dollars spent on

these areas, or other measures of FSU priorities, were not taken

into account, and thus the taxonomy could be skewed relative to

FSU importance attached to these areas.  Nevertheless, the above

taxonomy does offer insight into areas of FSU science of interest

to the U. S.

Megaclusters

     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.  The following megaclusters (1-9), and their

component clusters (*), were obtained:

1.  IONOSPHERIC HEATING/ MODIFICATION:

     *RADIO WAVE;

     *WAVE PROPAGATION;

     *QUANTUM ELECTRON;

     *IONOSPHERIC MODIFICATION;

     *PHASE CONJUGATION.

2.  IMAGE/ OPTICAL PROCESSING:

     *PARALLEL PROCESSING;

     *PATTERN RECOGNITION;

     *IMAGE PROCESSING;

     *COMPUTER VISION;

     *DIGITAL COMPUTER;

     *ARTIFICIAL INTELLIGENCE;

     *DATA PROCESSING;

     *COMPUTER SCIENCE;

     *OPTICAL PROCESSING;

     *SPATIAL LIGHT MODULATOR;

     *SIGNAL PROCESSING;

     *LIQUID CRYSTAL;

     *LIGHT MODULATOR;

     *PROGRAMMING LANGUAGES;

     *INTEGRAL EQUATIONS.

3.  AIR-SEA INTERFACE:

     *SURFACE WAVE;

     *OCEANIC PHYSICS;

     *INTERNAL WAVE;

     *SEA SURFACE;

     *BOUNDARY LAYER;

     *ATMOS OCEANIC PHYS;

     *REMOTE SENSING.

4.  LOW OBSERVABLE:

     *LOW OBSERVABLE;

     *THIN FILM.

5.  EXPLOSIVE COMBUSTION:

     *KINETICS AND CATALYSIS;

     *SOLID FUEL;

     *EXPLOSION AND SHOCK;

     *SHOCK WAVE;

     *CHEMICAL PHYSICS;

     *EXPLOS SHOCK WAVE;

     *STRENGTH MATER;

     *FRACTURE MECHANICS;

     *COMPOSITE MATERIALS.

6.  PARTICLE BEAMS:

     *NEUTRAL BEAM;

     *PARTICLE ACCELERATOR;

     *ATOMIC ENERGY;

     *PLASMA PHYSICS;

     *ELECTRON BEAM;

     *CHARGED PARTICLE ACCELERATOR;

     *CHARGED PARTICLE.

7.  AUTOMATIC/ REMOTE CONTROL:

     *AUTOMATIC CONTROL;

     *REMOTE CONTROL.

8.  FREQUENCY STANDARDS:

     *FREQUENCY STANDARD;

     *HYDROGEN MASER.

9.  RADAR CROSS SECTION:

     *CROSS SECTION;

     *ELECTROMAGNETIC WAVE;

     *RADIO ENGINEERING.

     Of the 60 cluster themes, 52 were in one of the nine

megaclusters above.  The remaining eight cluster themes are:

ELECTRIC FIELD, MAGNETIC FIELD, HIGH POWER MICROWAVE, MOLECULAR

ELECTRONICS, CONTROL SYSTEM, DIFFERENTIAL EQUATION, DATA BASE,

COMPUTER SOFTWARE.  Most of these eight remaining themes could be

subsumed under the nine megaclusters.  ELECTRIC FIELD and

MAGNETIC FIELD could be placed in megacluster 6 (PARTICLE BEAMS)

or megacluster 1 (IONOSPHERIC HEATING/ MODIFICATION); HIGH POWER

MICROWAVE could be placed in megacluster 1 (IONOSPHERIC HEATING/

MODIFICATION); MOLECULAR ELECTRONICS could be placed in

megacluster 2 (IMAGE/ OPTICAL PROCESSING); CONTROL SYSTEM could

be placed in megacluster 7 (AUTOMATIC/ REMOTE CONTROL); DATA BASE

and COMPUTER SOFTWARE could be placed in megacluster 2 (IMAGE/

OPTICAL PROCESSING).

     From the multiword frequency analysis, the science

discipline taxonomy for the FASAC database was defined as

Information, Physics, Environment, and Materials.  In terms of

the megaclusters, Information would encompass IMAGE/ OPTICAL

PROCESSING and AUTOMATIC/ REMOTE CONTROL; Physics would encompass

IONOSPHERIC HEATING/ MODIFICATION, PARTICLE BEAMS, FREQUENCY

STANDARDS, and RADAR CROSS SECTION; Environment would encompass

AIR-SEA INTERFACE; and Materials would encompass EXPLOSIVE

COMBUSTION and LOW OBSERVABLE.  Categorizing the database with

the megacluster subcategories allows a re-interpretation of the

FASAC database.  FASAC can be viewed as a compendium of those

aspects of FSU science of interest to the U. S. for strategic and

military purposes rather than viewed as a microcasm of all of FSU

science

     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.  

Cluster Theme/ Member Relationships

     The final display, Figures 5 and 6, shows high technical

content words from two of the 60 clusters.  The selection cutoff

criterion was an Equivalence index (see Figure 3 for definition)

greater than or equal to .001.  Many different methods of

displaying the relationships of the cluster members to the

cluster theme and to each other were examined, including advanced

graphical packages.  It was concluded that a simple division of

word categories into quadrants based on Inclusion index values

was most appropriate for the present analysis.

     In Figure 5, the underlined line under the figure number,

ATMOS OCEANIC PHYS, is the cluster theme.  The cluster members

are segregated into quadrants.  The quadrants are headed by their

values of Inclusion indices.  Ij is the ratio of Cij to Cj, and

is the Inclusion index based on the theme word.  Ii is the ratio

of Cij to Ci, and is the Inclusion index based on the cluster

member. 

     The dividing points between high and low Ij and Ii were

selected after examining the distribution functions of numbers of

cluster members vs. values of Ij and Ii, and choosing the middle

of the 'knee' of the distribution functions as the dividing

points.  All cluster members with Ij greater than or equal to .1

were defined as having high Ij, and all cluster members with Ii

greater than or equal to .5 were defined as having high Ii.

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

appears in the text, there is a high probability that the cluster

member will appear within +/- 50 words of the theme word.  A high

value of Ii means that, whenever the cluster member appears in

the text, there is a high probability that the theme word will

appear within +/- 50 words of the cluster member.

     Thus, words located in the upper quadrant (high Ij high Ii)

are coupled very strongly to the theme word.  Whenever the theme

word appears, there is a high probability that the cluster member

will be physically close, and whenever the cluster member

appears, there is a high probability that the theme word will be

physically close.  Essentially, whenever either word appears in

the text, the other will be physically close.  

     For words located in the left quadrant (high Ij low Ii),

whenever the cluster member appears in the text, there is a low

probability that it will be physically close to the theme word,

but whenever the theme word appears in the 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 word Cj, but the cluster

member and the theme word have some related meaning.  As shown

previously [Kostoff, 1991d, 1992], single words have absolute

frequencies an order of magnitude higher than double words. 

Thus, the words in the left quadrant are typically high frequency

single words (but not always, as Figure 6 shows), related to the

theme word but much broader in meaning than the theme word.  A

small fraction of the time these broad single words appear, the

more narrowly defined double word theme will appear physically

close.  However, whenever the narrowly defined double word theme

appears, the broader related single word cluster member will

appear.  The words in the left quadrant can also be viewed as a

higher level taxonomy of technical disciplines related to the

theme ATMOS OCEANIC PHYS.  

     For words located in the right quadrant (low Ij high Ii),

whenever the cluster member appears in the text, there is a high

probability that it will be physically close to the theme word,

but whenever the theme word appears in the 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 word Cj, but the cluster

member and the theme word have some related meaning.   Thus, the

words in the right quadrant tend to be low frequency double and

triple words, related to the theme word but very narrowly

defined.  A large fraction of the time these very narrow double

and triple words appear, the relatively broader double word theme

will appear physically close.  However, a small fraction of the

time that the relatively broad double word theme appears, the

more narrow double and triple word cluster member will appear. 

This quadrant 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 words is this

illustrated ability to retain low frequency but highly important

words, since the key word approach must of necessity ignore the

low frequency words.

     The words in the bottom quadrant (low Ij low Ii) are the

remainder of the culled words.  They are related to and

supportive of the theme, but do not have the strong inclusions

based on theme or cluster member occurrence of the members of the

other quadrants.  Since the upper quadrant typically contains

very few or no words, the left quadrant contains very broad words

related to the theme, the right quadrant contains extremely

narrow words related to the theme, the bottom quadrant contains

words related to the theme of the same level of specificity as

the theme (on average).  

     Figure 5, ATMOS OCEANIC PHYS, has a null upper quadrant

(typical of the majority of clusters for the threshold values of

Equivalence index chosen).  The left quadrant, the broad taxonomy

of related areas, appears to describe two major thrusts.  One is

underwater related (SEA, INTERNAL WAVE, ACOUSTIC, SCATTERING),

and focuses on sound propagation through the sea.  The other is

atmosphere related (ATMOSPHERE, RADAR, SEA SURFACE, SCATTERING),

and focuses on radar propagation through the atmosphere.  The

thrusts have a common juncture at the sea surface, where both

acoustic and radar scattering occur on different sides.  The

right quadrant focuses on very specific subareas related to

acoustics (mainly), including acoustics applied to the atmosphere

(RADIOACOUSTIC SOUNDING), and other aspects of atmospheric

science (THEORY OF WIND).  The bottom quadrant provides the most

balanced view of the two thrusts, expanding on the underwater

propagation medium (STRATIFIED FLUID, SHEAR FLOW, INTERNAL

GRAVITY WAVES), the radar platform and issues (SATELLITE,

PROCESSING OF RADAR), and further amplifying the ocean surface

issues (WIND WAVES, TURBULENT, OCEAN SURFACE).  The integrated

picture presented by the three quadrants is the use of radar from

a space platform to view the ocean surface, and the research

problems arising from the wind and undersea flows governing the

conditions and structure of the ocean surface and impacting the

interpretation of the radar images.

                            FIGURE 5

....ATMOS OCEANIC PHYS CLUSTER - HIGH TECHNICAL CONTENT WORDS

................HIGH.Ij..HIGH.Ii

HIGH.Ij..LOW.Ii.............LOW.Ij..HIGH.Ii....

SEA.........................RADIOACOUSTIC.SOUNDING

INTERNAL.WAVE...............ACOUSTIC.SOUNDING

ACOUSTIC....................THEORY.OF.WIND

SCATTERING..................MODELING.OF.SURFACE

RADAR.......................WIND.WAVES.ATMOS

SEA.SURFACE.................INFRASOUND.AND.INTERNAL

ATMOSPHERE..................ATTENUATION.OF.SOUND

............................THEORY.OF.WAVE

...............LOW.Ij..LOW.Ii

WIND.WAVES...........SHEAR.FLOW............PROCESSING.OF.RADAR

SOUND.PROPAGATION....TURBULENT.............WAVE.PROPAGATION

OCEAN.SURFACE........SATELLITE.............WIND.VELOCITY

GRAVITY.WAVES........INTERNAL.GRAVITY.WAVES...POINT.SOURCE

STRATIFIED.FLUID.....SOUND.WAVES

     Figure 6, PATTERN RECOGNITION, has the quadrants shown

sequentially because of space limitations.  It has a null upper

quadrant.  The other three quadrants provide an example of the

potential of each cluster to relate the research, technology, and

applications for a selected theme.  This type of information

helps to overcome the problem of language changes as a research

area progresses through different phases of development.  It aids

the construction of forward-looking technology roadmaps, which

attempt to predict and display the metamorphosis of research to

technology to systems, and retrospective maps which show how

research evolved into technology and existing systems.  The

figure contains potential applications (IMAGE PROCESSING,

COMPUTER VISION, MACHINE VISION, SMART SENSORS, CLASSIFICATION OF

BLOOD, MAGNETIC RESONANCE IMAGING, MEDICAL IMAGING SYSTEMS,

BIOMEDICAL IMAGE ANALYSIS, BLOOD CELL COUNTING, ANALYSIS OF

INTERFEROGRAMS), supporting research areas (ARTIFICIAL

INTELLIGENCE, FUZZY SETS, DECISION RULES, FINITE ABELIAN GROUPS,

RANDOM PROCESSES, STOCHASTIC SYSTEMS), and technological issues

(INFORMATION TRANSMISSION PROBLEMS, ERROR RATES, CONVERTING

SEQUENTIAL ALGORITHMS).  If it is desired to widen the vocabulary

of terms relating research/ technology/ systems for a given

theme, then the threshold could be lowered for the numerical

filter which converts the raw data cluster into a cluster of the

type shown in Figure 6, and more applications- oriented words

could be included as well.

                            FIGURE 6

....PATTERN.RECOGNITION.CLUSTER.-.HIGH.TECHNICAL.CONTENT.WORDS

................HIGH.Ij..HIGH.Ii

................(UPPER.QUADRANT)

...............HIGH.Ij..LOW.Ii

...............(LEFT.QUADRANT)

IMAGE.PATTERN.RECOGNITION........COMPUTER.VISION

IMAGE.PROCESSING.................ARTIFICIAL.INTELLIGENCE

...............LOW.Ij..HIGH.Ii

...............(RIGHT.QUADRANT)

MACHINE.VISION...................PICTORIAL.INFORMATION

FUZZY.SETS.......................MAGNETIC.RESONANCE.IMAGING

THREE-DIMENSION.SCENES...........MASSIVELY.PARALLEL.PROCESSOR

IMAGE.CODING.....................MISSILE.MACHINE.VISION

OPTICAL.TRANSFORMS...............MEDICAL.IMAGING.SYSTEMS

PROBABILITY.DISTRIBUTION.ESTIMATION

OPTICAL.REPROCESSING.............IMAGE.INPUT.DEVICES

HOLOGRAPHIC.FILTERS..............IMAGE.CODING.PATTERN

IMAGE.PROCESSING.HARDWARE........IMAGING.AND.ULTRASOUND

LARGE.PROTEIN.MOLECULES..........INTEGRATED.CIRCUIT.ASSEMBLY

STATISTICAL.CLASSIFICATION.PROBLEMS

SMART.SENSORS....................TOMOGRAPHY.MAGNETIC.RESONANCE

DIGITAL.HOLOGRAPHIC.FILTERS......VIDEO.INFORMATION.INPUT

DIFFRACTION.PATTERN..............WHITE.BLOOD.CELL

DEDICATED.SYSTEMS................RECURSIVE.SCENE.MATCHING

DECISION.RULES...................SOLID-STATE.TELEVISION.CAMERAS

ERROR.RATES......................CIRCUITS.OPTOELECTRON.COMPONENTS

TRAINING.SETS....................BIOMEDICAL.IMAGE.ANALYSIS

SAMPLE.SIZE......................BLOOD.CELL.COUNTING

PHASES.OF.OPTICS.................CONVERTING.SEQUENTIAL.ALGORITHMS

OBJECT.ROTATION..................COMPUTER-GENERATED.DATA.SETS

ONE-DIMENSIONAL.SIGNALS..........ANALYSIS.OF.INTERFEROGRAMS

CLASSIFICATION.OF.BLOOD..........ALL-OPTICAL.DIGITAL.COMPUTERS

FINITE.ABELIAN.GROUPS............DIGITAL.DATA.ACQUISITION

DECISION.RULE.GENERATION.........INCOHERENT-TO-COHERENT.CONVERTER

REPRESENTATION.OF.KNOWLEDGE

...............LOW.Ij..LOW.Ii

................(BOTTOM.QUADRANT)

...

AUTOM.CONTROL....................INCOHERENT.ILLUMINATION

AUTOM.REMOTE.CONTROL.............CHARACTER.RECOGNITION

STATISTICAL.PATTERN.RECOGNITION..RANDOM.PROCESSES

SYSTEMS.OF.ROBOTS................OPTICAL.COMPUTING

INTELLIGENCE.AND.INFORMATION-CONTROL

IMAGE.ANALYSIS...................COMPUTER.TOMOGRAPHY

EXPERT.SYSTEMS...................LINEAR.RECOGNITION.MACHINES

CYBERNETICS......................DIGITAL.DATA.PROCESSING

HOLOGRAPHIC.MEMORIES.............STOCHASTIC.SYSTEMS

DIGITAL.IMAGE.PROCESSING.........DIGITAL.SIGNAL.PROCESSING

INFORMATION.TRANSMISSION.PROBLEMS

SPATIAL.LIGHT.MODULATOR..........OPTICAL.PROCESSING.

V-B-3-e.  DISCUSSION AND CONCLUSIONS

     The results of a multiword 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 co-word analysis on the 60 highest

frequency pervasive themes identified by the multiword frequency

analysis, and a subsequent (effective) renormalization of the

pervasive themes due to linkages among sub-themes allowed nine

'umbrella' themes 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 frequency

analysis and the co-word analysis, 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.

     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.

     In the future, full text co-word analysis could be used to

obtain even a more representative structure of FSU (or any other

country's) science.  If a large number of randomly selected

published FSU scientific papers were entered into a database

(optically scanned if not already on computer storage media),

then a multiword frequency analysis and co-word analysis could be

performed on this text database.  The algorithm used presently

requires about twice as much RAM as the size of the database.  If

a paper is assumed to occupy 20KB of storage, then 1000 papers

would require 40MB of RAM (well within today's microcomputer

capability), and 10000 papers would require 400MB of RAM (within

today's microcomputer capability).  Assuming that a paper

represents about $100K worth of effort, then a 10000 paper

database would represent $1B worth of effort, and would offer a

very representative sample of FSU science output.  The critical

path would be assembling this database, not analyzing it. 

     The major purposes of this report were: 1) to demonstrate

that full text co-word analysis could allow useful information to

be extracted from a large text database consisting of seemingly

heterogeneous reports, and 2) to apply the technique to a timely,

important body of information.  Both of these targets were

achieved.  Full text co-word analysis is in its formative stages,

and much development remains to be done to utilize its full

potential.  This potential includes understanding the breadth of

analyses which can be performed and the breadth of applications

which can be covered.  It is hoped that the initial techniques

and results reported in this study will motivate and stimulate

other organizations and researchers to develop and apply the

general technique of full text co-word analysis on a much broader

scale.  

V-B-4.  DATABASE TOMOGRAPHY FOR TECHNICAL INTELLIGENCE:

COMPARATIVE ROADMAPS OF THE RESEARCH IMPACT ASSESSMENT LITERATURE

AND THE JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

CONTRIBUTORS TO THIS SECTION INCLUDE DR. RONALD N. KOSTOFF

(OFFICE OF NAVAL RESEARCH), MR. HENRY J. EBERHART (NAVAL AIR

WARFARE CENTER), MR. DARREL R. TOOTHMAN, DSTI, INC), DR. ROBERT
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V-B-4-a.  ABSTRACT

     This section shows how Database Tomography can be used to

derive technical intelligence from the published literature.  As

shown in sections IV-D-2 and V-B-3, Database Tomography is a

patented system for analyzing large amounts of textual

computerized material.  It includes algorithms for extracting

multi-word phrase frequencies and performing phrase proximity

analyses.  Phrase frequency analysis provides the pervasive

themes of a database, and the phrase proximity analysis provides

the relationships among the pervasive themes, and between the

pervasive themes and sub-themes. 

     One potential application of Database Tomography is to

obtain the thrusts and interrelationships of a technical field

from papers published in the literature within that field.  This

section provides applications of Database Tomography to analyses

of both the non-technical field of Research Impact Assessment

(RIA) and the technical field of Chemistry.  

     A database of relevant RIA articles was analyzed to produce

characteristics and key features of the RIA field.  The recent

prolific RIA authors, the journals prolific in RIA papers, the

prolific institutions in RIA, the prolific keywords specified by

the authors, and the authors whose works are cited most

prolifically as well as the particular papers/ journals/

institutions cited most prolifically, are identified.  The

pervasive themes of RIA are identified through multi-word phrase

analyses of the database.  A phrase proximity analysis of the

database shows the relationships among the pervasive themes, and

the relationships between the pervasive themes and subthemes.  

     A similar process was applied to Chemistry, with the

exception that the database was limited to one year's issues of

the Journal of the American Chemical Society.  Wherever possible,

the RIA and Chemistry results were compared.  Finally, the

conceptual use of Database Tomography to help identify promising

research directions was discussed.

V-B-4-b.  BACKGROUND

     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.

     This section shows how Database Tomography [Kostoff, 1995d,

1997c, 1997e] can be used to derive technical intelligence from the

published literature.  One potential application of Database

Tomography is to obtain the thrusts and interrelationships of a

technical field from papers published in the literature within that

field.  This section originated with a benchmark application of

Database Tomography to analysis of the field of Research Impact

Assessment (RIA).  RIA was selected for this benchmark because of

the first author's familiarity with the field [Kostoff, 1995c,

1997o] and subsequent ability to validate and verify the results

from the computerized analysis.  

     RIA uses combinations of methodologies to ascertain the impact

of research on the same field of research, on allied research

fields, on technology, on systems, and on operations.  The main

approaches employed in RIA [Kostoff, 1997o] include qualitative

(e.g., Peer Review), semi-quantitative (e.g., Retrospective

Studies), and quantitative (e.g., Bibliometrics).  

     To execute the study reported in this section, a database of

relevant RIA articles is generated using a unique search approach

[Kostoff, 1997f], and the database is analyzed to produce

characteristics and key features of the RIA field.  The recent

prolific RIA authors, the journals prolific in RIA papers, the

prolific institutions in RIA, the prolific keywords specified by

the authors, and the authors whose works are cited most

prolifically as well as the particular papers cited most

prolifically, are identified.  In addition, the most highly cited

years, journals, and countries are also shown.  The pervasive

themes of RIA are identified through multi-word phrase analyses of

the database.  A phrase proximity analysis of the database shows

the relationships among the pervasive themes, and the relationships

between the pervasive themes and subthemes.  

     Based on the positive benchmark results for RIA, the

application of Database Tomography to a technical field, Chemistry,

was then performed, and the results from the two studies are

compared where practical.  To execute the Chemistry study, a

database of all papers published in the 1994 edition of a leading

Chemistry journal, the Journal of the American Chemical Society

(JACS), as abstracted in the Science Citation Index (SCI) is

generated, and the database is analyzed to produce characteristics

and key features of the Chemistry field as reflected in JACS.  The

recent prolific JACS authors, the prolific institutions in JACS,

the prolific keywords specified by the authors, and the authors

whose works are cited most prolifically as well as the particular

papers cited most prolifically, are identified.  In addition, the

most highly cited years, journals, and countries are also shown. 

The pervasive themes of JACS are identified through multi-word

phrase analyses of the database.  A phrase proximity analysis of

the database shows the relationships among the pervasive themes,

and the relationships between the pervasive themes and subthemes. 

     In the Attachments, selected results from other Database

Tomography studies are shown to display further capabilities of

this system.  One form of taxonomy from a Near-Earth Space study is

shown; and a method to help identify promising research directions

from computerized analysis of the published literature is

discussed.

     What is the importance of applying Database Tomography to a

non-physical science field such as RIA, or a physical science field

such as Chemistry?  Database Tomography provides a map of the field

of interest and, analogous to ordinary roadmaps, serves as a

structured guide to reach a specific destination efficiently. 

Suppose one wants to understand the limitations of the major RIA

techniques, and perhaps identify promising avenues for improving

these techniques.  One could start with hit-or-miss literature

searches or randomized personal contacts, or one could start with

Database Tomography.  

     Database Tomography would identify the main intellectual

thrust areas in RIA or Chemistry, and the relationships among those

thrust areas.  As part of the analysis output, the main RIA or

Chemistry techniques conceptualized and employed would be

identified.  The major journals associated with each thrust area

and technique would be identified, the major authors for each

technique and thrust area would be identified, and the major

institutions and countries associated with each technique and

thrust area would be identified.  The ancillary techniques and the

science and technology areas which could support and improve a

technique or thrust area would be identified, and conversely

techniques or thrust areas which could be impacted by a given

technique would be identified.  

     The map, then, provides a comprehensive overview of the full

picture, and allows specific starting points to be chosen

rationally for more detailed investigations into a topic of

interest.  It does 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

allows these detailed efforts to be executed more efficiently.

V-B-4-c.  DATABASE GENERATION

     The key step in the RIA literature analysis is the generation

of the database.  For the present study, the database consists of

selected journal abstracts (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 Social Sciences Citation Index (SSCI).

The SCI accesses about 3000 journals (mainly in the physical

sciences) and the SSCI accesses about half that amount (mainly in

the social sciences).  In the SCI and SSCI, the title, keyword, and

abstract fields were searched using keywords relevant to RIA.  The

resultant abstracts were culled to those relevant to RIA.

     The search was performed with the recently developed technique

of Simulated Nucleation [Kostoff, 1997f], which includes two

powerful Database Tomography tools: multi-word phrase frequency

analysis and phrase proximity analysis.  An initial database of

titles, keywords, and abstracts was created from a core of papers

known to be highly relevant to RIA.  A phrase frequency analysis

was performed on this textual database.  The high frequency single,

double, and triple word phrases obviously relevant to RIA were then

used as search terms in the SCI and SSCI databases.  The process

was repeated on the new database of titles, keywords, and abstracts

which was found.  A few more iterations were performed until

convergence was obtained.  Before the final iteration, a phrase

proximity analysis was performed on the database in addition to the

phrase frequency analysis.  This additional analysis provided

relevant phrases closely related to the main themes which may not

have had high frequency occurrence.  The value of this search

approach is that the search terms are obtained from the authors in

the SCI and SSCI databases, not by guessing on the part of the

searcher.  The resulting final database may be the most complete

RIA journal database in existence.  The titles of the papers in the

final RIA database are listed at the end of [Kostoff, 1997o].

     As stated in the background section, the JACS database

consisted of SCI abstractions of all the papers contained in the

1994 issues of JACS.

V-B-4-d.  RESULTS

     Two types of results are presented.  The first type is

bibliometric (prolific authors, prolific journals, etc).  The

seconf type is co-occurrence (pervasive technical thrusts,

relationships among thrusts).

PROLIFIC AUTHORS

     In both RIA and JACS, the author field was separated from the

database, and a frequency count of author appearances was made. 

The most prolific authors follow, in order of decreasing

publications.  Two caveats are in order here.  

     For RIA, the journals searched were limited to those in the

SCI and SSCI.  Relevant articles in other journals were not

included.  Books or major reports were not included.  The keywords

used were a finite set of the author's discretion, and undoubtedly

overlooked some relevant articles in RIA.  The time frame of the

articles was 1991-early 1995.  Thus, there may be excellent

researchers writing in the field of RIA who were omitted from the

following list due to the finite selection process, and the

author's apologies are extended to anyone who falls into this

category.  In particular, those authors whose work has been

referenced in the main body of [Kostoff, 1997o], and who do not

appear on the following list, should be considered as an ex officio

part of the list.

     For the Chemistry component of the study, only JACS was used. 

The time frame of the study is 1994.  Relevant Chemistry articles

in other journals were not included.  Books or major reports were

not included.  Thus, there are undoubtedly excellent researchers

writing in the field of Chemistry who were omitted from the

following list due to the finite selection process, and the

authors' apologies are extended to anyone who falls into this

category.

     There were approximately 2300 RIA papers retrieved and

approximately 2150 JACS papers.  There were approximately 2975 RIA

authors, and approximately 6535 JACS authors, which average to 1.3

authors per RIA paper, and 3 authors per JACS paper.  The ratio of

JACS authors per paper does not differ appreciably from the 3.37

authors per paper obtained in a recent study of the near-earth

space literature.  It appears that the RIA papers tend to be

individual efforts, while the JACS (and space) papers tend to be

team efforts.  The JACS (and space) studies could involve multiple

disciplines and potentially large experiments (certainly true for

the space studies), which would account for the difference in

authors per paper.

     87.3% of the RIA authors produced one paper and 7.3% produced

two papers, while 84.3% of the JACS authors produced one paper and

10.7% produced two papers.  Thus, in both cases, about 5% of the

authors produced three or more papers, although in each case the

mode author produced one paper.  However, as Table 1 shows, a few

authors in each field produced an order of magnitude more papers

than the average or mode author.  While the RIA numbers are spread

over four years, the JACS numbers are for a single year, and the

top JACS numbers are quite impressive.

              TABLE 1  MOST PROLIFIC AUTHORS - RIA

GARFIELD-E 91;   SCHUBERT-A 18;   VANRAAN-AFJ 17;   GLANZEL-W 14; 

 BRAUN-T 13;   GRILICHES-Z 11;   MCCAIN-KW 10;   LEYDESDORFF-L 10; 

 NARIN-F 9;   KOSTOFF-RN 9;   COURTIAL-JP 9;   BONITZ-M 9;  

VINKLER-P 8;   NEDERHOF-AJ 8;   MOED-HF 8;   EGGHE-L 8;  

ROUSSEAU-R 7;   WELLJAMSDOROF-A 6;   TIJSSEN-RJW 6;   TERRADA-ML 6; 

 PINERO-JML 6;   PETERS-HPF 6;   PERITZ-BC 6;   PAO-ML 6;  

MENDEZ-A 6;   MACZELKA-H 6;   LANCASTER-FW 6;   

             TABLE 1A  MOST PROLIFIC AUTHORS - JACS

SCHLEYER-PV 13,   RHEINGOLD-AL 13,   BOGER-DL 13,   TROST-BM 10,  

PAQUETTE-LA 10,   WHITESIDES-GM 9,   SPIRO-TG 9,   REBEK-J 9,  

MOROKUMA-K 8,   LIPPARD-SJ 8,   HROVAT-DA 8,   HAW-JF 8,   DIXON-DA

8,   BUCHWALD-SL 8,   BORDEN-WT 8,   ADAM-W 8,   KITAGAWA-T 7,  

HOUK-KN 7,   GELLMAN-SH 7,   BRAUMAN-JI 7,   WILLNER-I 6,  

SQUIRES-RR 6,   SCHREIBER-SL 6,   ROBB-MA 6,   OLIVUCCI-M 6,  

NICOLAOU-KC 6,   INGOLD-KU 6,   ECHEGOYEN-L 6,   CLARDY-J 6,  

BORDWELL-FG 6,   BERNARDI-F 6,   BERGMAN-RG 6,   ARDUENGO-AJ 6,   

CODE: THE NUMBER FOLLOWING EACH AUTHOR'S NAME REPRESENTS THE NUMBER

OF PAPERS AUTHORED OR CO-AUTHORED IN THE LITERATURE DATABASE.

PROLIFIC JOURNALS

A similar process was used to develop a frequency count of journal

appearances for RIA.  Similar limitations to those mentioned above

apply to the journals, and similar apologies are extended to

journals not listed.  The most prolific journals follow in order of

decreasing frequency.  While many disciplines are represented in

the RIA table, there seems to be large representation from the

Medical/ Psychological Sciences field and the Information/ Library

Sciences field.  There are 645 separate journals listed for RIA. 

While the average number of papers per journal is 3.57, the most

prolific journals contain one to two orders of magnitude more RIA

papers. 

              TABLE 2  MOST PROLIFIC JOURNALS - RIA

SCIENTOMETRICS 336;   CURRENT CONTENTS/LIFE SCIENCES 139;   CURRENT

CONTENTS 86;   CURRENT CONTENTS/SOCIAL & BEHAVIORAL SCIENCES 68;  

CURRENT CONTENTS/CLINICAL MEDICINE 68;   CURRENT CONTENTS/PHYSICAL

CHEMICAL & EARTH SCIENCES 44;   CURRENT CONTENTS/ENGINEERING

TECHNOLOGY & APPLIED SCIENCES 41;   SCIENCE 40;   NATURE 34;  

JOURNAL OF THE AMERICAN SOCIETY FOR INFORMATION SCIENCE 33;  

BRITISH MEDICAL JOURNAL 31;   JAMA-JOURNAL OF THE AMERICAN MEDICAL

ASSOCIATION 26;   BEHAVIORAL AND BRAIN SCIENCES 25;   SCIENTIST 20; 

 SCIENCES 20;   CURRENT CONTENTS/AGRICULTURE BIOLOGY &

ENVIRONMENTAL 20;   INFORMATION PROCESSING & MANAGEMENT 19;  

BULLETIN OF THE MEDICAL LIBRARY ASSOCIATION 17;   JOURNAL OF

INFORMATION SCIENCE 16;   AMERICAN PSYCHOLOGIST 16;   LIBRARY &

INFORMATION SCIENCE RESEARCH 15;   HIGHER EDUCATION 15; 

CODE: THE NUMBER FOLLOWING EACH JOURNAL REPRESENTS THE NUMBER OF

PAPERS IN THE LITERATURE DATABASE PUBLISHED IN THE JOURNAL

PROLIFIC INSTITUTIONS 

     A similar process was used to develop a frequency count of

institutional address appearances, and similar apologies are

extended to institutions not listed.  The most prolific

institutions follow in order of decreasing frequency.  It should be

noted, especially with regard to the universities, that many

different organizational components may be included under the

single organizational heading.  Lack of space precluded printing

out the components under the organizational heading.

     For RIA, 1125 institutions are represented (average 2 papers

per institution, and 2.64 authors per institution), and for JACS,

750 institutions are represented (average 2.9 papers per

institution, and 8.7 authors per institution).  The most prolific

RIA institutions are almost two orders of magnitude above the

average in papers generated, while the most prolific JACS

institutions are an order of magnitude above the average.  These

differences reflect the more concentrated nature of JACS papers in

teams and institutions relative to those of RIA papers. 

Interestingly, even though the RIA and JACS subject matter are very

different, a number of institutions rank as the most prolific in

both fields (HARVARD UNIV, UNIV OF ILLINOIS, YALE UNIV, UNIV OF

PENN, UNIV OF MINNESOTA, UNIV OF TEXAS, UNIV OF WISCONSIN).

            TABLE 3  MOST PROLIFIC INSTITUTIONS - RIA

INST SCI INFORMAT 109;   HARVARD UNIV 61;   UNIV OF ILLINOIS 39;  

HUNGARIAN ACAD SCI 35;   LEIDEN UNIV 32;   INDIANA UNIV 32;   UNIV

OF MICHIGAN 31;   YALE UNIV 25;   UNIV OF PENN 23;   UNIV OF N

CAROLINA 22;   UNIV OF MINNESOTA 21;   UNIV OF TEXAS 21;   UNIV OF

LONDON 20;   JOHNS HOPKINS UNIV 20;   UNIV OF WISCONSIN 19;   PENN

STATE UNIV 19;   CSIC 19;   UNIV OF SUSSEX 18;   OHIO STATE UNIV

17;   CORNELL UNIV 17;   UNIV OF PITTSBURGH 16;   UNIV OF CAMBRIDGE

16;   STANFORD UNIV 16;   UNIV OF MARYLAND 15;   UNIV OF CALIF SAN

FRANCISCO 15;   UNIV OF CALIF DAVIS 14;   DREXEL UNIV 14;   UNIV OF

IOWA 13;   UNIV OF SO CALIF 13;   UNIV OF INSTELLING ANTWERP 13;  

UNIV OF CALIF BERKELEY 12;   UNIV OF CALIF LOS ANGELES 12;     

           TABLE 3A  MOST PROLIFIC INSTITUTIONS - JACS

MIT  67;  UNIV-ILLINOIS  56;  UNIV-TEXAS     51; 

UNIV-CALIF-BERKELEY 51;  SCRIPPS-CLIN-&-RES-INST  49; 

STANFORD-UNIV  47;  CALTECH   46;  HARVARD-UNIV   43; 

NORTHWESTERN-UNIV   39;  UNIV-WISCONSIN 38;  DUPONT-CO-INC  37; 

UNIV-MINNESOTA 35;  EMORY-UNIV     35;  UNIV-TORONTO   32; 

UNIV-PENN 32;  PURDUE-UNIV    31;  CORNELL-UNIV   30;  YALE-UNIV 

30;  PRINCETON-UNIV 29;  TEXAS-A&M-UNIV 29;  COLUMBIA-UNIV  27; 

OHIO-STATE-UNIV     27;  MICHIGAN-STATE-UNIV 27; 

UNIV-GEORGIA   25;  INDIANA-UNIV   24;  UNIV-PITTSBURGH     23; 

HEBREW-UNIV-JERUSALEM    23;  UNIV-CALIF-SAN-DIEGO     22; 

UNIV-TOKYO     22;  UNIV-WASHINGTON     22;  UNIV-ROCHESTER 22; 

UNIV-DELAWARE  21;  TOKYO-INST-TECHNOL  21; 

PENN-STATE-UNIV     20;  UNIV-N-CAROLINA     20;  OSAKA-UNIV     

19;  KYOTO-UNIV     19;  CNRS 18;  RUTGERS-STATE-UNIV  18; 

IOWA-STATE-UNIV-SCI-&-TECHNOL 17;  UNIV-MICHIGAN  17; 

UNIV-CALIF-IRVINE   17;  UNIV-VIRGINIA  17; 

UNIV-CALIF-SANTA-BARBARA 16;  UNIV-ERLANGEN-NURNBERG   16; 

NAGOYA-UNIV    16;  UNIV-CALIF-DAVIS    16; 

UNIV-CALIF-LOS-ANGELES   16;  UNIV-FLORIDA   15;  UNIV-ALBERTA   

15;  UNIV-BRITISH-COLUMBIA    15;  NATL-RES-COUNCIL-CANADA  15;  

CODE: THE NUMBER FOLLOWING EACH INSTITUTION REPRESENTS THE NUMBER

OF TIMES A NAME OF A REPRESENTATIVE FROM THAT INSTITUTION APPEARS

AS AN AUTHOR OR CO-AUTHOR IN THE LITERATURE DATABASE 

                       PROLIFIC COUNTRIES

     A similar process was used to develop a frequency count of

institutional address appearances, and similar apologies are

extended to institutions not listed.  The most prolific countries

follow in order of decreasing frequency.

     For RIA, 56 countries are represented, and for JACS, 44

countries are represented.  The United States is about an order of

magnitude more prolific than its nearest competitor, and is as

prolific as its major competitors combined.  In the four studies

performed so far using the present approach (RIA, Chemistry [JACS],

Near-Earth Space, Hypersonic-Supersonic Flow), this dominant

relationship between the United States and its nearest competitors

is observed.  Generically, the western democracies tend to be the

most prolific.  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.

             TABLE 4  MOST PROLIFIC COUNTRIES - RIA

USA,1595;   UK,279;   CANADA,138;   NETHERLANDS,80;   GERMANY,79; 

 FRANCE,71;   AUSTRALIA,69;   SPAIN,58;   HUNGARY,46;   BELGIUM,45; 

 INDIA,32;   ISRAEL,30;   RUSSIA,29;   NORWAY,25;   JAPAN,23;  

ITALY,22;   SWEDEN,21;   DENMARK,16;   SOUTH-AFRICA,16;  

MEXICO,15;

            TABLE 4A  MOST PROLIFIC COUNTRIES - JACS

USA  2040;  JAPAN   276;  CANADA   168;  GERMANY  148; 

FRANCE    116;  UK  109;  ITALY    97;  SPAIN     58; 

SWITZERLAND    53;  ISRAEL    48;  NETHERLANDS    43;  SWEDEN    

40;  AUSTRALIA 35;  BELGIUM   18;  DENMARK   18; 

SOUTH-KOREA    18;  INDIA     12;  RUSSIA    12;  TAIWAN    8;  

CODE: THE NUMBER FOLLOWING EACH COUNTRY REPRESENTS THE NUMBER OF

TIMES A NAME OF A REPRESENTATIVE FROM THAT COUNTRY APPEARS AS AN

AUTHOR OR CO-AUTHOR IN THE LITERATURE DATABASE 

                       PROLIFIC CITATIONS

     The citations in all 2300 RIA papers were aggregated into a

file of over 37000 entries, and the citations in all 2154 JACS

papers were aggregated into a file of over 85000 entries.  The

authors most frequently cited, the specific papers most frequently

cited, the journals most frequently cited, and the years most

frequently cited were identified.  The highly cited authors,

papers, journals, and years are presented in order of decreasing

frequency.

     While the numbers of RIA and JACS papers are about the same,

there are more than twice as many citations per paper on average in

JACS relative to RIA.  However, many of the RIA articles were

editorials or editorial-like, and did not contain references, and

therefore no conclusions should be drawn about differences in

numbers of citations per journal research article based on these

data.

     For RIA, there are 30400 papers and 18140 authors cited

(average of 1.68 papers per author), and for JACS, there are 64800

papers and 32450 authors cited (average of 2 papers per author). 

Therefore, those RIA authors that do cite draw from a modestly

wider group of authors than the JACS authors that cite.  For RIA,

72% of authors cited are cited once and 14.5% are cited twice,

while for JACS 60% of authors cited are cited once and 16.7% are

cited twice.  For RIA, 89.7% of the papers that are cited are cited

once and 6.5% are cited twice, while for JACS, 83% of the papers

that are cited are cited once and 11% are cited twice.  Thus, the

authors cited distribution seems to follow the more classic inverse

hyperbolic Lotka's Law at low citations, while the paper cited

distribution follows a somewhat sharper trajectory closer to a

cubed law.

     For RIA, a number of the most highly cited authors are also

the most prolific (Garfield, Narin, Braun, Schubert).  These

particular authors are recognized leaders in the RIA field, and

their work also focuses on the quantitative aspects of RIA. 

Because of the time lag between papers and citations, differences

should be expected between the most prolific authors and the most

cited authors.  Authors who are new to the field and are prolific

may have relatively few citations.  Also, some established authors

who are highly cited may require substantial time to produce

seminal papers.  

     For JACS, some of the most highly cited authors are also the

most prolific (Boger, Trost).  However, some of the prolific

authors could have been highly cited in other journals, which would

not have been reflected in this single journal study.  Also, some

of the highly cited authors could have been prolific in other

journals.

     For RIA, the first tier of highly cited papers represents many

of the seminal quantitative approaches (Garfield, Schubert, Small,

Lotka), while the second tier reflects the more qualitative

approaches (Kuhn, Price, Cole).  This should not be surprising,

since with the advent of fast high-storage computers and massive

databases, technology enables the shifting of focus to more

quantitative data-intensive studies.

     For the JACS database, the most highly cited papers reflect

the evolution of metal-complex chemistry, with a continuing focus

on transition metals (d-shell especially) reactions.  There is a

clear, continued emphasis on the synthesis (i.e. first reported

formation) of a great variety of such complexes.  Also reported are

new and novel applications of instrumental techniques to

characterize the new complexes, especially those involving organic

moieties as ligands, especially application of such techniques as

nuclear magnetic resources (NMR), X-ray diffraction, and mass

spectrometry to determine the structure of new transition metal

complexes.  The body of literature analyzed (1994 JACS) clearly

shows an increasing utilization of computer-based techniques as ab

initio molecular orbital calculations, and molecular orbital

calculations, and molecular mechanistic approaches to elucidate

structure, and provide guidance in understanding mechanism of

formation and catalytic pathways mediated by an increasing body of

complexes.

     For RIA, the most highly cited journals are congruent with the

most prolific journals.  The top five cited journals

(Scientometrics, JASIS, Science, Nature, JAMA) are within the top

seven prolific journals (if Current Contents is treated as a single

journal).  One would expect more congruence between the highly

cited and highly prolific journals (and most highly cited and

prolific institutions, if the data were available) than between the

highly cited and prolific authors.  The time lags between

publication and citation are not insignificant relative to the span

of an author's productive career, whereas the time lags for

journals (and institutions) are relatively smaller compared to the

period over which a journal (or institution) has established a

reputation for publishing quality in given fields.

     The JACS authors cited 6725 different journals and other

sources, with an average of over 12.6 citations per journal. 

However, the most highly cited journal by far is JACS, receiving

25% of total citations, or three orders of magnitude higher

citations than average.  Its citations equal those of the next

seven most cited journals combined.  

                TABLE 5  MOST CITED AUTHORS - RIA

GARFIELD-E 870;   NARIN-F 181;   PRICE-DD 159;   BRAUN-T 142;  

SMALL-H 141;   SCHUBERT-A 139;   MORAVCSIK-MJ 105;   EGGHE-L 90;  

MERTON-RK 90;   MOED-HF 82;   MCCAIN-KW 78;   COLE-S 77;  

LEYDESDORFF-L 77;   ZUCKERMAN-H 77;   BROOKES-BC 72;   CALLON-M 71; 

 GRILICHES-Z 70;   ARUNACHALAM-S 69;   COLE-JR 66;   NEDERHOF-AJ

65;   SMALL-HG 65;   MARTIN-BR 64;   LINDSEY-D 61;   KOSTOFF-RN 60; 

 CRANE-D 58;   CRONIN-B 57;   ALLISON-PD 56;   FRAME-JD 54;  

CHUBIN-DE 53;   MACROBERTS-MH 53;   LINE-MB 52;   PAO-ML 52;  

CICCHETTI-DV 51;   IRVINE-J 51;   VINKLER-P 51;   KUHN-TS 50;  

VANRAAN-AFJ 50;   LONG-JS 49;   CARPENTER-MP 48;   ABT-HA 47;  

PERITZ-BC 46;   PRICE-DJD 46;   VLACHY-J 46;   HARGENS-LL 45;  

HAMILTON-DP 44;   NALIMOV-VV 43;   WHITE-HD 43;   COURTIAL-JP 42; 

 LOTKA-AJ 40;   

               TABLE 5A  MOST CITED AUTHORS - JACS

BOGER-DL 307;   FRISCH-MJ 225;   TROST-BM 175;   DEWAR-MJS 171;  

COREY-EJ 154;   COLLMAN-JP 127;   EVANS-DA 120;   HEHRE-WJ 119;  

BORDWELL-FG 116;   WIBERG-KB 116;   OLAH-GA 114;   JORGENSEN-WL

108;   COTTON-FA 106;   POPLE-JA 102;   NICOLAOU-KC 99;   ADAM-W

95;   LIAS-SG 87;   LEHN-JM 86;   MOSS-RA 86;   BAX-A 82;  

PAQUETTE-LA 82;   MARCUS-RA 73;   EVANS-WJ 71;   HOFFMANN-R 71;  

ALLINGER-NL 64;   CURRAN-DP 64;   BROWN-HC 63;   DUNNING-TH 62;  

BECKWITH-ALJ 60;   CRABTREE-RH 60;   SHELDRICK-GM 60;   BROOKHART-M

59;   TURRO-NJ 59;   DENMARK-SE 58;   GOULD-IR 58;   REED-AE 58;  

STILL-WC 58;   BERNARDI-F 56;   CRAM-DJ 56;   NEGISHI-E 56;  

NEWCOMB-M 56;   PAULING-L 56;   BALDWIN-JE 55;   KUBAS-GJ 55;  

HOUK-KN 54;   YAMAMOTO-Y 54;   BARTON-DHR 53;   JENCKS-WP 53;  

BECKE-AD 52;   DOYLE-MP 52;   GROVES-JT 52;   ARDUENGO-AJ 51;   

CODE: THE NUMBER FOLLOWING EACH AUTHOR'S NAME REPRESENTS THE NUMBER

OF TIMES THIS PERSON WAS FIRST AUTHOR OF A REFERENCE CITED IN THE

LITERATURE DATABASE

TABLE 6  MOST CITED PAPERS - RIA

GARFIELD-E-1979-CITATION-INDEXING  55

SCHUBERT-A-1989-SCIENTOMETRICS-V16-P3  40

GARFIELD-E-1972-SCIENCE-V178-P471  40

SMALL-H-1973-J-AM-SOC-INFORM-SCI-V24-P265  35

LOTKA-AJ-1926-J-WASHINGTON-ACADEMY-V16-P317  35

KUHN-TS-1970-STRUCTURE-SCI-REVOLU  33

PRICE-DD-1963-LITTLE-SCI-BIG-SCI  32

COLE-JR-1973-SOCIAL-STRATIFICATIO  29

NARIN-F-1976-EVALUATIVE-BIBLIOMET  27

SMITH-LC-1981-LIBR-TRENDS-V30-P83  25

CRANE-D-1972-INVISIBLE-COLLEGES  24

PETERS-DP-1982-BEHAVIORAL-BRAIN-SCI-V5-P187  22

MERTON-RK-1973-SOCIOLOGY-SCI  22

MARTIN-BR-1983-RES-POLICY-V12-P61  22

SMALL-HG-1974-SCI-STUD-V4-P17  21

HAMILTON-DP-1990-SCIENCE-V250-P1331  20

MORAVCSIK-MJ-1975-SOC-STUD-SCI-V5-P86  19

KING-J-1987-J-INFORM-SCI-V13-P261  19

HOWARD-GS-1987-AM-PSYCHOL-V42-P975  19

TABLE 6A  MOST CITED PAPERS - JACS

FRISCH-MJ-1992-GAUSSIAN-92,90

HEHRE-WJ-1986-AB-INITIO-MOL-ORBITA,65

DEWAR-MJS-1985-J-AM-CHEM-SOC-V107-P3902,50

FRISCH-MJ-1990-GAUSSIAN-90,39

HARIHARAN-PC-1973-THEOR-CHIM-ACTA-V28-P213,39

LIAS-SG-1988-J-PHYS-CHEM-REF-D-S1-V17,38

MOLLER-C-1934-PHYS-REV-V46-P618,38

STILL-WC-1978-J-ORG-CHEM-V43-P2923,28

HEHRE-WJ-1972-J-CHEM-PHYS-V56-P2257,24

LEHN-JM-1988-ANGEW-CHEM-INT-EDIT-V27-P89,24

MCMILLEN-DF-1982-ANNU-REV-PHYS-CHEM-V33-P493,23

REED-AE-1988-CHEM-REV-V88-P899,23

BECKE-AD-1988-PHYS-REV-A-V38-P3098,22

WEINER-SJ-1984-J-AM-CHEM-SOC-V106-P765,21

BONDI-A-1964-J-PHYS-CHEM-US-V68-P441,20

MOHAMADI-F-1990-J-COMPUT-CHEM-V11-P440,20

VOSKO-SH-1980-CAN-J-PHYS-V58-P1200,20

FRISCH-MJ-1992-GAUSSIAN-92-REVISION,19

JORGENSEN-WL-1983-J-CHEM-PHYS-V79-P926,19

POPLE-JA-1976-INT-J-QUANTUM-CHEM-S-V10-P1,19

WUTHRICH-K-1986-NMR-PROTEINS-NUCLEIC,19

HAY-PJ-1985-J-CHEM-PHYS-V82-P299,18

MARCUS-RA-1985-BIOCHIM-BIOPHYS-ACTA-V811-P265,18

PARR-RG-1989-DENSITY-FUNCTIONAL-T,18

               TABLE 7  MOST CITED JOURNALS - RIA

SCIENTOMETRICS,1343;   J-AM-SOC-INFORM-SCI,679;   SCIENCE,646;  

NATURE,388;   JAMA-J-AM-MED-ASSOC,387;   AM-PSYCHOL,346;  

SOC-STUD-SCI,324;   J-DOC,276;   NEW-ENGL-J-MED,268;  

RES-POLICY,251;   CURR-CONTENTS,245;   AM-SOCIOL-REV,222;  

J-INFORM-SCI,183;   COLL-RES-LIBR,141;   LANCET,138;  

AM-ECON-REV,123;   ANN-INTERN-MED,115;   ESSAYS-INFORMATION-S,114; 

 BRIT-MED-J,113;   J-PERS-SOC-PSYCHOL,113;   J-APPL-PSYCHOL,109;  

INFORM-PROCESS-MANAG,98;   PSYCHOL-BULL,98;   

              TABLE 7A  MOST CITED JOURNALS - JACS

J-AM-CHEM-SOC  17883; J-ORG-CHEM 3257 ;J-CHEM-PHYS 2916;

TETRAHEDRON-LETT  2593;J-PHYS-CHEM-US  2496 ;INORG-CHEM  2204 

BIOCHEMISTRY-US  1799 ;ANGEW-CHEM-INT-EDIT  1795 ;

J-CHEM-SOC-CHEM-COMM  1568 ; ORGANOMETALLICS   1312 ; SCIENCE     

    1226 ; CHEM-PHYS-LETT   1051 ; CHEM-REV 1039 ; TETRAHEDRON    

  997 ; ACCOUNTS-CHEM-RES 985 ; P-NATL-ACAD-SCI-USA  858 ;

J-BIOL-CHEM  813 ; NATURE   800 ; J-ORGANOMET-CHEM  721 ; UNPUB   

 681 ; J-CHEM-SOC 612 ; J-MOL-BIOL 525; CAN-J-CHEM 507; CHEM-BER 

472 ; J-MAGN-RESON 470; J-COMPUT-CHEM  418; BIOCHIM-BIOPHYS-ACTA 

379; ACTA-CRYSTALLOGR-B  361 ; B-CHEM-SOC-JPN  359;HELV-CHIM-ACTA 

  346 ; PURE-APPL-CHEM 342; CHEM-LETT   334; SYNTHESIS-STUTTGART  

328 ; CHEM-PHYS  283 ; MACROMOLECULES    278 ; J-ANTIBIOT  277 ;

ANGEW-CHEM  255 ; J-MED-CHEM  250 ; BIOPOLYMERS  242 ; LANGMUIR 

239 ; MOL-PHYS    233 ; PHYS-REV-B     232 ; ANAL-CHEM   225 ;

INT-J-MASS-SPECTROM  222 ; NUCLEIC-ACIDS-RES 222 ;

J-CHEM-SOC-DALTON 215 ; J-CHEM-SOC-DA     209 ;

BIOCHEM-BIOPH-RES-CO  204; THEOR-CHIM-ACTA  202; 

                 TABLE 8  MOST CITED YEARS - RIA

1990,3092;   1989,2826;   1991,2726;   1988,2580;   1987,2177;  

1992,2094;   1986,1942;   1985,1773;   1984,1436;   1983,1288;  

1982,1217;   1993,1122;   1981,1092;   1979,1023;   1980,981;   

                TABLE 8A MOST CITED YEARS - JACS

1992  8297; 1993  7764; 1991 7470; 1990 6265; 1989 5282 ; 1988    

  4742 ; 1987 4072 ; 1986  3499 ; 1985  3299 ; 1984  2757 ; 1983  

 2445 ; 1982  2372 ; 1980  1991 ; 1981  1874 ; 0  1711 ; 1994     

 1669 ; 1978  1625 ; 1979   1537 ; 1977  1380 ; 1976   1343 ;    

CODE: THE NUMBER FOLLOWING EACH PAPER REPRESENTS THE NUMBER OF

TIMES THE PAPER WAS CITED IN THE LITERATURE DATABASE

                        PROLIFIC KEYWORDS

     A similar process was used to obtain prolific keyword

appearances.  The paucity of RIA keywords is due to the fact that

relatively few authors submitted keywords to the database.  There

are approximately an order of magnitude more keywords from JACS.

     For RIA, the keywords, when viewed as an integral whole,

describe the following RIA scenario: Use of Peer Review and

quantitative Performance Indicators such as Citation Analysis and

Bibliometrics for the purpose of Quality Assurance of University

Publications from Medical and Educational Research.  

     For JACS, the keywords, when viewed as an integrated whole,

describe the following scenario of chemistry as reflected in JACS:

a continued focus on the synthesis of transition and heavy-metal

complexes, and the elucidation of formation pathways (mechanisms)

and structure of the various complexes.  There is a continued

emphasis on possible catalytic activity (especially redox

reactions) associated with the complexes, and an increasing

examination of the biological aspects at transition metal complex

chemistry.  Indeed, some cited work clearly examines the

interactions of such bio-molecules as proteins and metals, both as

metals catalyzing protein formation and/or controlling protein

conformations.  Also, the cited papers deal at length with

instrumental techniques associated with metal-complex structure

elucidation.  As only one metal-complex structure out of many

possible may prove to be active, structure elnsidation is clearly

of interest within the research community.

              TABLE 9  MOST PROLIFIC KEYWORDS - RIA

PEER REVIEW 19;   RESEARCH  13;   CITATION 7;   CITATION ANALYSIS

7;   CITATIONS 6;   PUBLICATION 4;   PERFORMANCE INDICATORS 4;  

BIBLIOMETRICS 4;   UNIVERSITIES  3;   QUALITY ASSURANCE 3;  

PUBLISHING 3;   PUBLICATIONS  3;   PREVENTION 3;   PERFORMANCE  3; 

 MEDICAL RESEARCH 3;   ITALY 3;   EDUCATIONAL RESEARCH 3;  

EDUCATION 3;   DECISION SUPPORT SYSTEMS 3;   

             TABLE 9A  MOST PROLIFIC KEYWORDS - JACS

COMPLEXES 220;  CHEMISTRY 146;  DERIVATIVES 120;  SPECTROSCOPY 110; 

MECHANISM 108;  MOLECULES 80;  CRYSTAL-STRUCTURE 77;  BINDING 68; 

ABINITIO 64;  REACTIVITY 63;  SPECTRA 61;  PROTEINS 59;  COMPLEX

56;  LIGANDS 56;  GAS-PHASE 54;  ACID 53;  1 51;  ENERGIES 47; 

WATER 46;  MODEL 43;  ORGANIC-SYNTHESIS 42;  RESOLUTION 40; 

SYSTEMS 40;  NMR 40;  BOND 38;  STRUCTURE 37; 

NUCLEAR-MAGNETIC-RESONANCE 37;  RECOGNITION 37;  CLEAVAGE 37; 

OXIDATION 37;  MOLECULAR-STRUCTURE 36;  PROTEIN 35;  IONS 35; 

ALCOHOLS 35;  GENERATION 35;  DESIGN 35;  DYNAMICS 33;  CARBON 32; 

KETONES 32;  DNA 31;  RESONANCE 31;  KINETICS 31;  ESTERS 30; 

ACTIVATION 30;  ELECTRON-TRANSFER 30;  ELECTRONIC-STRUCTURE 30; 

AQUEOUS-SOLUTION 30;  NUCLEAR MAGNETIC-RESONANCE 29; 

STEREOCHEMISTRY 29;  REDUCTION 29;  STATE 28;  EXCHANGE 28; 

ANALOGS 27;  CRYSTAL 27;  HYDROGEN 27;  PHOTOCHEMISTRY 26;  LIGAND

26;  REACTIONS 26;  COORDINATION 25;  DEPENDENCE 25;  

CODE: THE NUMBER AFTER EACH KEYWORD REPRESENTS THE NUMBER OF TIMES

THE KEYWORD APPEARED IN THE PAPERS OF THE LITERATURE DATABASE

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 phrases were identified as the

pervasive themes.  In this particular exercise, the databases for

RIA and JACS were each split into two parts (titles and abstracts),

and the analysis was done on each part.  The titles of the papers

were put into a separate database, and the multiword frequency

analysis was performed.  The abstracts of the papers constituted a

separate database as well.

     Following are the raw data outputs from these two sub-

databases for both RIA and JACS.  The number preceding the phrase

is the frequency of appearance of the phrase in the database. 

     Those phrases in RIA which are relatively specific are

underlined, and will be used for future literature searches as

keywords.  The major themes include quantitative RIA approaches

such as BIBLIOMETRICS/ SCIENTOMETRICS/ CITATIONS, qualitative

approaches such as PEER REVIEW, and more generic terms such as

(RESEARCH or SCIENCE) PRODUCTIVITY/ OUTPUT/ PERFORMANCE/ BENEFIT/

IMPACT.  

     The major Chemistry themes as reflected in JACS include study

of Reactions (RATE CONSTANTS, TRANSITION STATE, ELECTRON TRANSFER,

DIELS-ALDER) and Complexes (SPACE GROUP, TRANSITION-METAL,

MOLECULAR-HYDROGEN, CRYSTAL STRUCTURE) using both experimental

approaches (X-RAY DIFFRACTION, NMR SPECTROSCOPY, MASS SPECTROMETRY)

and computational approaches (COMPUTATIONAL QUANTUM CHEMISTRY, AB

INITIO MOLECULAR ORBITAL METHODS, MOLECULAR MECHANICS

CALCULATIONS). 

          TABLE 10  TITLE DOUBLE WORD FREQUENCIES - RIA

315 CITATION-CLASSIC COMMENTARY  116 CITATION- CLASSIC  115 CLASSIC

COMMENTARY   43 CITATION ANALYSIS   35 PERFORMANCE INDICATORS   24

RESEARCH PRODUCTIVITY   22 EVALUATION RESEARCH   20 BIBLIOMETRIC

ANALYSIS   16 RESEARCH PERFORMANCE   14 SCIENTIFIC PRODUCTIVITY  

13 PEER-REVIEW PROCESS   13 SCIENTIFIC LITERATURE   12 LITTLE

SCIENTOMETRICS   11 BIBLIOMETRIC STUDY   11 SCIENTIFIC PRODUCTION 

 10 CITATION IMPACT   10 PUBLICATION PRODUCTIVITY   10 RESEARCH

IMPACT    9 BIBLIOMETRIC INDICATORS    9 CHOLESTEROL LOWERING    9

CITATION INDEX    9 CITATION INDEXES    9 CITATION PATTERNS    9

LOWERING TRIALS    9 PEER REVIEWERS    9 REFORM OPTIONS    9

RESEARCH ASSESSMENT    9 SCIENCE CITATION    9 SCIENTIFIC

PERFORMANCE    8 BIG SCIENTOMETRICS    8 CITATION RATES    8

INTERNATIONAL SCIENTIFIC    8 QUALITATIVE EVALUATION    8 RESEARCH

METHODS    8 SCIENTOMETRICS BIG    7 ASSESSMENT EXERCISE    7

CITATION DATA    7 PEER- REVIEW    7 RESEARCH BENEFITS    7

RESEARCH EVALUATION    7 SCIENCE POLICY    7 SCIENTIFIC

COLLABORATION    7 UNITED-STATES SCIENCE    6 CITATION COUNTS    6

CONSUMER RESEARCH    6 EDITORIAL PEER-REVIEW    6 IMPACT ASSESSMENT 

  6 JOURNAL ARTICLES    6 LEDERBERG JOSHUA    6 MEDICINE VOL    6

NOBEL CLASS    6 PEER-REVIEWED JOURNALS    6 PEERLESS SCIENCE    6

QUANTITATIVE INDICATORS    

CODE: THE NUMBER FOLLOWING EACH WORD PAIR REPRESENTS THE NUMBER OF

TIMES THE WORD PAIR APPEARED IN ALL THE TITLES OF THE LITERATURE

DATABASE

          TABLE 11  TITLE TRIPLE WORD FREQUENCIES - RIA

115 CITATION- CLASSIC COMMENTARY   17 RESEARCH AND EVALUATION   11

EVALUATION AND RESEARCH   10 EVALUATION OF RESEARCH    9

CHOLESTEROL LOWERING TRIALS    9 CITATION AND OUTCOME    9

FREQUENCY OF CITATION    8 LIBRARY AND INFORMATION-SCIENCE    8

LITTLE SCIENTOMETRICS BIG    8 OPTIONS FOR PEER-REVIEW    8 OUTCOME

OF CHOLESTEROL    8 SCIENCE AND TECHNOLOGY    8 SCIENTOMETRICS BIG

SCIENTOMETRICS    7 INDICATORS IN HIGHER-EDUCATION    7 RESEARCH

ASSESSMENT EXERCISE    6 INTENT OF PEER-REVIEWED    6 PEER-REVIEW

AND UNITED-STATES    6 RELIABILITY OF PEER-REVIEW    6 REPRINTED

FROM SCIENCE    6 RESEARCH IMPACT ASSESSMENT    6 SCIENTOMETRICS

AND BEYOND    6 UNITED-STATES SCIENCE POLICY    5 APPLICATIONS FOR

RESEARCH    5 COMMENTARY ON STUDIES    5 COMMUNICATION AND

BIBLIOMETRICS    5 EVALUATION AND TEACHING    5 INQUIRY FOR

LIBRARY-SCIENCE    5 INTERNATIONAL SCIENTIFIC COLLABORATION    5

METHODS AND APPLICATIONS    5 QUALITY OF CARE    5 REPRINTED FROM

THEORETICAL    5 THEORETICAL MEDICINE VOL    

TABLE 12  TITLE SINGLE WORD FREQUENCIES - RIA

432 COMMENTARY  390 RESEARCH  317 CITATION-CLASSIC  273 PEER-REVIEW 

258 CITATION  158 SCIENCE  153 ANALYSIS  151 SCIENTIFIC  137

EVALUATION  121 CLASSIC  117 CITATION-  105 PERFORMANCE   87

INDICATORS   80 JOURNALS   72 BIBLIOMETRIC   72 CITATIONS   71

PRODUCTIVITY   70 IMPACT   66 LITERATURE   66 STUDY   61 ASSESSMENT 

 61 JOURNAL   54 DEVELOPMENT   54 PUBLICATION   53 REVIEW   52

QUALITY   49 INTRODUCTION   45 STUDIES   44 SCIENTOMETRICS   41

REPRINTED   41 VOL   39 INTERNATIONAL   38 METHOD   38 METHODS   37

PG   35 DATA   35 INFORMATION   35 PAPERS   33 STRUCTURE   33

THEORY   31 PATTERNS   31 POLICY   31 PROCESS   31 PUBLICATIONS  

30 PSYCHOLOGY   30 SYSTEM   29 CASE   29 PRODUCTION   28

COMMUNICATION   28 EVALUATING   28 INFLUENCE   28 REPLY   28

SYSTEMS   28 TECHNOLOGY   27 BEHAVIOR   27 BIBLIOMETRICS   27

COMPARISON   27 SCIENTOMETRIC   26 CLINICAL   26 MEDICAL   25

ARTICLES   25 EFFECTS   25 HUMAN   25  

        TABLE 13  ABSTRACT DOUBLE WORD FREQUENCIES - RIA

152 PEER REVIEW   54 EVALUATION RESEARCH   52 CITATION INDEX   44

HEALTH CARE   44 PERFORMANCE INDICATORS   38 CITATION ANALYSIS   38

SCIENCE CITATION   34 UNITED STATES   30 SOCIAL SCIENCES   29

REVIEW PROCESS   26 ARTICLES PUBLISHED   25 INFORMATION SCIENCE  

25 RESEARCH PRODUCTIVITY   23 IMPACT FACTOR   21 PAPERS PUBLISHED 

 21 SCIENTIFIC RESEARCH   20 RESEARCH PERFORMANCE   19 JOURNAL

ARTICLES   19 SOCIAL SCIENCE   18 HIGHLY CITED   18 RESEARCH

ASSESSMENT   18 TOTAL NUMBER   17 CITATION RATES   17 PAPER

PRESENTS   17 RESEARCH OUTPUT   17 SCIENTIFIC PRODUCTIVITY   16

CITATION PATTERNS   16 EVALUATIVE RESEARCH   16 MENTAL HEALTH   15

CHEMICAL ENGINEERING   15 HEALTH PROMOTION   15 INFORMATION

RETRIEVAL   15 PAPER DESCRIBES   15 SCIENTIFIC COMMUNITY   15

SCIENTIFIC LITERATURE   14 

CODE: THE NUMBER FOLLOWING EACH WORD PAIR REPRESENTS THE NUMBER OF

TIMES THE WORD PAIR APPEARED IN ALL THE ABSTRACTS OF THE LITERATURE

DATABASE

        TABLE 14  ABSTRACT TRIPLE WORD FREQUENCIES - RIA

36 SCIENCE CITATION INDEX   31 QUALITY OF CARE   24 NUMBER OF

CITATIONS   23 SCIENCE AND TECHNOLOGY   18 LIBRARY AND INFORMATION 

 18 RESEARCH AND EVALUATION   16 PEER REVIEW PROCESS   13 NUMBER OF

PUBLICATIONS   12 EVALUATION OF RESEARCH   12 NUMBER OF PAPERS   11

NUMBER OF AUTHORS   10 RESEARCH AND DEVELOPMENT    9 RESEARCH

ASSESSMENT EXERCISE    8 EVALUATION AND RESEARCH    8 JOURNAL

CITATION REPORTS    8 MAIN OUTCOME MEASURES    8 NUMBER OF ARTICLES 

  8 QUALITY OF LIFE    8 SCIENCES CITATION INDEX    8 SOCIAL

SCIENCES CITATION    7 CITATION INDEX SCI    7 CITING AND CITED   

7 PUBLISHED IN JOURNALS    7 QUANTITATIVE AND QUALITATIVE    7

SCIENTIFIC AND TECHNOLOGICAL    7 SCIENTISTS AND ENGINEERS    7

SOCIAL WORK JOURNALS    6 CORONARY HEART DISEASE    6 INSTITUTES OF

HEALTH    6 JOURNAL OF CLINICAL    6 NATURE OF SCIENCE    6

PUBLICATION AND CITATION    6 RESEARCH AND ASSESSMENT  

TABLE 15  ABSTRACT SINGLE WORD FREQUENCIES - RIA

1189 RESEARCH  386 CITATION  368 JOURNALS  359 STUDY  343 ANALYSIS 

338 DATA  319 SCIENTIFIC  313 SCIENCE  296 REVIEW  269 ARTICLES 

268 JOURNAL  262 INFORMATION  252 PAPER  246 CITATIONS  239 AUTHORS 

238 QUALITY  236 PAPERS  232 PERFORMANCE  228 NUMBER  226

EVALUATION  203 PUBLISHED  200 ARTICLE  196 STUDIES  195 SOCIAL 

193 PEER  190 TWO  188 HEALTH  185 IMPACT  185 LITERATURE  182

BASED  165 PROCESS  161 FIELD  160 CARE  154 INDICATORS  152 SYSTEM 

151 DEVELOPMENT  151 MODEL  148 PRODUCTIVITY  146 YEARS  145 CITED 

143 PUBLICATIONS  135 ASSESSMENT  133 METHODS  128 MEDICAL  124

PUBLICATION  120 POLICY  119 COUNTRIES  115 FOUND  115 INDEX  114

AREAS  111 CLINICAL  110 FINDINGS  109 GROUP  109 TECHNOLOGY  105

DIFFERENCES  104 FACULTY  103 MEASURES  100 LEVEL  100 

         TABLE 10A  TITLE DOUBLE WORD FREQUENCIES - JACS

56 TOTAL SYNTHESIS;    52 CHEM ENGN;    MOLECULAR RECOGNITION;   

38 PHYS CHEM;    35 RATE CONSTANTS;    34 MOLEC BIOL;    31 NUCLEAR

MAGNETIC-RESONANCE;    28 STRUCTURAL CHARACTERIZATION;    28

THEORET CHEM;    26 EXPTL STN;    26 TRANSITION-METAL COMPLEXES;  

 24 PHARMACEUT SCI;    24 RAY CRYSTAL-STRUCTURE;    24 USA

TRANSITION-METAL;    23 DIELS-ALDER REACTIONS;    22 RADICAL

CATIONS;    22 X-RAY STRUCTURE;    21 MOLECULAR-ORBITAL METHODS;  

 21 RESONANCE RAMAN;    20 ENANTIOSELECTIVE SYNTHESIS;    20

STEREOSELECTIVE SYNTHESIS;    19 AB-INITIO STUDY;    19 ANORGAN

CHEM;    19 BOND ACTIVATION;    19 IRON III;    19 MOLECULAR

MECHANICS;    19 USA NUCLEAR-MAGNETIC-RESONANC;    18 REDUCTIVE

ELIMINATION;    17 OXIDATIVE ADDITION;    16 ANTITUMOR ANTIBIOTICS; 

  16 CARBENE COMPLEXES;    16 II COMPLEXES;    16 MOLECULAR-

STRUCTURE;    16 POTENTIAL-ENERGY SURFACE;    15 DIELS-ALDER

REACTION;    15 ISOTOPE EFFECTS;    15 RUTHENIUM II;    14 CRYSTAL-

STRUCTURE;    14 ELECTRON-TRANSFER REACTIONS;    14 III COMPLEXES; 

  14 PHOTOINDUCED ELECTRON-TRANSFER;    14 SELF-ASSEMBLED

MONOLAYERS;    13 MOLECULAR CALCULATIONS;    13 RIBONUCLEOTIDE

REDUCTASE;    13 SOLID-STATE NMR;

         TABLE 11A  TITLE TRIPLE WORD FREQUENCIES - JACS

13 USA NUCLEAR MAGNETIC-RESONANCE;    13 USA TRANSITION-METAL

COMPLEXES;    11 COMPUTAT QUANTUM CHEM;    11 USA DIELS-ALDER

REACTIONS;    10 ABSOLUTE RATE CONSTANTS;    10 SYNTHESIS AND

CHARACTERIZATION;    10 USA CONVERGENT FUNCTIONAL-GROUPS;    9

EFFECTIVE CORE POTENTIALS;     9 SYNTHESIS AND STRUCTURE;     9 USA

MOLECULAR-ORBITAL METHODS;     8 PREPARATION AND CHARACTERIZATION; 

   7 KINETIC ISOTOPE EFFECTS;     7 POTENT ANTITUMOR ANTIBIOTICS; 

   6 C-H BOND ACTIVATION;     6 ENHANCED FUNCTIONAL ANALOGS;     6

USA METAL-PROMOTED CYCLIZATION;     6 USA MOLECULAR MECHANICS;    

6 USA RAY CRYSTAL-STRUCTURE;     5 ATOMIC BASIS SETS;     5 BASIS

SETS FIRST-ROW;     5 GAUSSIAN BASIS FUNCTIONS;     5 IRON III

COMPLEXES;     5 MARCUS INVERTED REGION;     5 MOLECULAR MECHANICS

CALCULATIONS;     5 NONCOVALENT BINDING SELECTIVITY;     5

PREPARATION AND PROPERTIES;     5 SETS FIRST-ROW ATOMS;     5

STRUCTURE AND REACTIVITY;     5 SYNTHESIS AND REACTIVITY;     5 USA

MOLECULAR-HYDROGEN COMPLEXES;     4 AB- INITIO CALCULATIONS;     4

AB-INITIO MOLECULAR-ORBITAL STUDY;     4 ALPHA BETA- UNSATURATED; 

   4 ANTITUMOR ANTIBIOTIC CC-1065;     4 ASYMMETRIC TOTAL

SYNTHESIS;     4 BRIDGED TETRAHYDROINDENYL LIGANDS;     4 CHIRAL

TITANOCENE CATALYST;     4 CONICAL INTERSECTIONS IDENTICAL;     4

DENSITY FUNCTIONAL THEORY;     4 ELECTROCHEMISTRY OF SPONTANEOUSLY; 

   4 ENGLAND POTENTIAL-ENERGY SURFACES;     4 ESCHERICHIA-COLI

RIBONUCLEOTIDE REDUCTASE;     4 EXPERIMENTAL AND THEORETICAL;    

4 EXPERIMENTAL AND THEORETICAL-STUDY;     4 INTERSECTIONS IDENTICAL

NUCLEI;     4 KINETIC AND MECHANISTIC;     4 MECHANISM OF ASSEMBLY; 

   4 MOLECULAR- STRUCTURE CRYSTAL-STRUCTURE;     4 OPENING

METATHESIS POLYMERIZATION;     4 OXYGEN ATOM TRANSFER;     4

PHOTOINDUCED CHARGE TRANSFER;     4 PHOTOSYNTHETIC REACTION CENTER; 

   4 PLATINUM II COMPLEXES;     4 SCANNING TUNNELING MICROSCOPY;  

  4 SOLIDE INORGAN MOLEC;     4 SPONTANEOUSLY ADSORBED MONOLAYERS;

TABLE 12A  TITLE SINGLE WORD FREQUENCIES - JACS

2218 CHEM;  2042 USA;   613 COMPLEXES;   393 SYNTHESIS;   274

JAPAN;   274 REACTIONS;   237 CHEMISTRY;   213 BIOCHEM;   195

STRUCTURE;   189 DERIVATIVES;   183 COMPLEX;   182 REACTION;   177

SPECTROSCOPY;   168 CANADA;   166 NY;   165 MECHANISM;   159 NMR; 

 153 BINDING;   153 MOLECULAR;   150 MA;   148 GERMANY;   146

MOLEC;   145 ORGAN;   138 ACID;   136 II;   132 IL;   129

GAS-PHASE;   127 CAMBRIDGE;   127 FAC;   126 BOND;   126 PHYS;  

124 DNA;   123 MOLECULES;   121 LIGANDS;   120 MODEL;   120

RESONANCE;   116 REACTIVITY;   115 FRANCE;   115 TX;   115 VOL;  

114 FORMATION;   114 IONS;   113 CO;   113 CRYSTAL-STRUCTURE;   111

STUDY;   110 WATER;   107 RECOGNITION;   107 SCH;   105

CHARACTERIZATION;   104 PROTEINS;   101 KU;

       TABLE 13A  ABSTRACT DOUBLE WORD FREQUENCIES - JACS

 356 KCAL MOL;   165 AB INITIO;   139 SPACE GROUP;   117 RATE

CONSTANTS;    84 TRANSITION STATE;    81 H-1 NMR;    80 KJ MOL;   

73 ELECTRON TRANSFER;    71 ANGSTROM BETA;    67 X-RAY DIFFRACTION; 

  64 NMR SPECTROSCOPY;    64 ROOM TEMPERATURE;    63 GROUND STATE; 

  62 AQUEOUS SOLUTION;    57 GROUP P2;    56 FREE ENERGY;    55

HYDROGEN BONDS;    55 INITIO CALCULATIONS;    55 MOLECULAR ORBITAL; 

  53 CHEMICAL SHIFT;    53 CRYSTAL STRUCTURE;    53 POTENTIAL

ENERGY;    53 PROTON TRANSFER;    53 RATE CONSTANT;    52 ANGSTROM

ALPHA;    52 DOUBLE BOND;    51 HYDROGEN BONDING;    50 DOUBLE

DAGGER;    49 DEGREES BETA;    49 GAS PHASE;    47 DEGREES GAMMA; 

  46 ISOTOPE EFFECTS;    44 EXCITED STATE;    43 CRYSTAL

STRUCTURES;    42 HYDROGEN BOND;    42 RADICAL CATION;    40 ACTIVE

SITE;    40 SOLID STATE;    40 TRANSITION STATES;    39 FE III;   

39 GOOD AGREEMENT;    39 MASS SPECTROMETRY;    39 MONOCLINIC SPACE; 

  39 NMR SPECTRA;    38 CHEMICAL SHIFTS;    38 FORCE FIELD;    38

MOLECULAR MECHANICS;    35 ISOTOPE EFFECT;    35 TEMPERATURE

DEPENDENCE;    34 BASE PAIRS;    34 C-13 NMR;    34 HYDROGEN ATOM; 

  33 ENERGY SURFACE;    33 EXPERIMENTAL DATA;    33 RADICAL

CATIONS;    32 ACTIVATION ENERGY;    32 AMINO ACID;    31 BASIS

SETS;    31 DNA CLEAVAGE;    31 ELECTRONIC STRUCTURE;    31 ET AL; 

  31 MOLECULAR DYNAMICS;    31 RING OPENING;    30 IRON III;    30

KINETIC ISOTOPE;    30 PREVIOUSLY REPORTED;    30 X-RAY

CRYSTALLOGRAPHY;    29 METAL IONS;    28 DELTA DELTA;    28 EPR

SPECTRA;    28 SIDE CHAIN;    27 ELECTRON DENSITY;    27 EXCITED

STATES;    27 ORBITAL CALCULATIONS;    27 RESONANCE RAMAN;    26

BASIS SET;    26 CRYSTAL DATA;    26 FREE ENERGIES;    26 SIDE

CHAINS;    26 VIBRATIONAL FREQUENCIES;    25 FE II;    25 INITIO

MOLECULAR;    25 INTERSYSTEM CROSSING;    

       TABLE 14A  ABSTRACT TRIPLE WORD FREQUENCIES - JACS

  57 SPACE GROUP P2;    53 AB INITIO CALCULATIONS;    38 MONOCLINIC

SPACE GROUP;    35 LEVEL OF THEORY;    29 POTENTIAL ENERGY SURFACE; 

  27 MOLECULAR ORBITAL CALCULATIONS;    25 AB INITIO MOLECULAR;   

23 KINETIC ISOTOPE EFFECTS;    22 H-1 NMR SPECTROSCOPY;    22

INITIO MOLECULAR ORBITAL;    21 TRICLINIC SPACE GROUP;    17 ION

CYCLOTRON RESONANCE;    17 MOLECULAR MECHANICS CALCULATIONS;    17

VAN DER WAALS;    15 AGREEMENT WITH EXPERIMENT;    15 H-1 NMR

SPECTRA;    15 INTERPRETED IN TERMS;    14 AB INITIO METHODS;    14

DETERMINED BY X-RAY;    14 ELECTRON PARAMAGNETIC RESONANCE;    14

EXPLAINED IN TERMS;    13 KCAL MOL RESPECTIVELY;    13

SINGLE-CRYSTAL X-RAY DIFFRACTION;    13 SPACE GROUP C2;    12

AGREEMENT WITH EXPERIMENTAL;    12 CP RH CO;    12 DENSITY

FUNCTIONAL THEORY;    12 DISCUSSED IN TERMS;    12 LASER FLASH

PHOTOLYSIS;    12 LEVELS OF THEORY;    12 NUCLEAR MAGNETIC

RESONANCE;    12 SECOND-ORDER RATE CONSTANTS;    11 DELTAH DOUBLE

DAGGER;    11 H-1 AND C-13;    11 HEATS OF FORMATION;    11 ORDERS

OF MAGNITUDE;    11 ORTHORHOMBIC SPACE GROUP;    11 SYSTEM SPACE

GROUP;    10 AB INITIO QUANTUM;    10 AMINO ACID RESIDUES;    10

CALF THYMUS DNA;    10 CHARACTERIZED BY X-RAY;    10 DELTAS DOUBLE

DAGGER;    10 FOURIER TRANSFORM ION;    10 HYDROGEN ATOM TRANSFER; 

  10 MOLECULAR DYNAMICS SIMULATIONS;    10 PREPARED AND

CHARACTERIZED;    10 SINGLE AND DOUBLE;    10 SINGLE CRYSTAL X-RAY; 

  10 TRANSFORM ION CYCLOTRON;    10 X-RAY CRYSTAL STRUCTURES;     

TABLE 15A  ABSTRACT SINGLE WORD FREQUENCIES - JACS

 792 REACTION;   710 ANGSTROM;   620 TWO;   617 DEGREES;   583

COMPLEXES;   526 BOND;   506 STRUCTURE;   500 ENERGY;   498

COMPLEX;   485 MOL;   479 OBSERVED;   465 CO;   444 GROUP;   424

STATE;   416 FOUND;   412 FORMATION;   398 REACTIONS;   371 KCAL; 

 367 NMR;   354 CALCULATIONS;   354 MOLECULAR;   346 BINDING;   344

DATA;   339 RATE;   332 ELECTRON;   331 ACID;   327 FORM;   321 II; 

 319 STRUCTURES;   306 ION;   297 RING;   297 TRANSFER;   293

RADICAL;   292 HYDROGEN;   290 EFFECTS;   288 DETERMINED;   288

SOLUTION;   287 SIMILAR;   285 SPECTRA;   283 DELTA;   278 MODEL; 

 267 TEMPERATURE;   264 ADDITION;   262 MOLECULES;   259 SPECIES; 

 258 DNA;   253 COMPOUNDS;   253 METAL;   251 TRANSITION;   250

BETA;   247 IONS;   246 ANALYSIS;   246 SURFACE;   237 VALUES;  

229 CONSTANTS;   229 LIGAND;   228 SOLVENT;   227 WATER;   226

EFFECT;   226 PRODUCTS;   225 PH;   223 GROUPS;   222 MECHANISM;  

221 CRYSTAL;   220 FE;   220 X-RAY;   217 STUDIED;   216

INTERACTIONS;   215 ENERGIES;   215 STUDIES;   214 CHEMICAL;   214

FORMED;   212 HIGH;   211 RESPECTIVELY;   210 EXPERIMENTAL;   209

INTERMEDIATE;   207 CALCULATED;   204 RELATIVE;   203

CORRESPONDING;   200 ALPHA;   

                       THEME RELATIONSHIPS

     To obtain the theme and subtheme relationships, a phrase

proximity analysis is performed about each theme phrase. 

Typically, forty to sixty multi-word phrase themes are selected

from a multi-word phrase analysis of the type shown above.  For

each theme phrase, the frequencies of words within +-50 words of

the theme phrase for every occurrence in the full text are

computed.  A phrase frequency dictionary is constructed which shows

the phrases closely related to the theme phrase.  Numerical indices

are employed to quantify the strength of this relationship.  Both

quantitative and qualitative analyses of each phrase frequency

dictionary (hereafter called cluster) yield those subthemes closely

related to the main cluster theme.

     Then, threshold values are assigned to the numerical indices. 

These indices are used to filter out the most closely related

phrases to the cluster theme (e.g., see the example (TABLE 16-

CITATION-ABSTRACT DATABASE) following this section for part of a

typical filtered cluster from the study).

     Because of space limitations in this document, only two themes

were chosen for the RIA phrase proximity analysis, and one theme

for the JACS phrase proximity analysis.  Peer review was one

obvious high frequency RIA theme.  Citation was chosen as the other

RIA theme because of its high frequency, although Bibliometrics

could have been an appropriate alternate theme.  Complexes was

chosen as the JACS theme, while Reaction could have been an equally

appropriate theme.

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

the abstract narrative, and it was hoped that performing the phrase

proximity analysis on this database would yield mainly topical

theme relationships.  The other database consisted of records (one

for each published paper) containing four fields: author(s), title,

journal name, author(s) institutional address(es).  It was hoped

that performing the phrase proximity analysis on this database

would yield not only topical theme relationships from the proximal

title phrases, but also relationships between technical themes and

authors, journals, and institutions.              

                            TABLE 16

Theme phrase "CITATION" - ABSTRACT DATABASE - SORT BY Eij

.Cij...Ci........Ii........Ij.......Eij.....CLUSTER.MEMBER

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

.150...386.......0.389.....0.389....0.1510...CITATION..

.137...368.......0.372.....0.355....0.1321...JOURNALS..

.106...246.......0.431.....0.275....0.1183...CITATIONS.

.107...268.......0.399.....0.277....0.1107...JOURNAL...

..94...236.......0.398.....0.244....0.0970...PAPERS....

..65...115.......0.565.....0.168....0.0952...INDEX.....

..70...145.......0.483.....0.181....0.0875...CITED.....

..91...269.......0.338.....0.236....0.0798...ARTICLES..

..93...313.......0.297.....0.241....0.0716...SCIENCE...

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).       

     In the following figures, the underlined topic is the cluster

theme.  The cluster members were segregated by their values of

Inclusion Indices (Ij and Ii), but due to space limitations, only

the summary relational results are presented.  Ij is the ratio of

Cij to Cj, and is the Inclusion Index based on the theme phrase. 

Ii is the ratio of Cij to Ci, and is the Inclusion Index based on

the cluster member.  The dividing points between high and low Ij

and Ii 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 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 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

text, there is a high probability that the theme phrase will appear

within +-50 words of the cluster member.

     Phrases in the category HIGH Ij HIGH Ii are coupled very

strongly to the theme phrase.  Whenever the theme phrase appears,

there is a high probability that the cluster member will be

physically close.  Whenever the cluster member appears, there is a

high probability that the theme phrase will be physically close. 

Whenever either word appears in the text, the other will be

physically close.

     Consider phrases located under the heading HIGH Ij LOW Ii in

Tables 17 and 18.  Whenever the cluster member appears in the text,

there is a low probability that it will be physically close to the

theme phrase.  Whenever the theme phrase appears in the 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 under

the heading HIGH Ij LOW Ii are typically high frequency single

words.  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 words 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 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 located under the heading LOW Ij HIGH Ii. 

Whenever the cluster member appears in the text, there is a high

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

Whenever the theme phrase appears in the 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

under the heading 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 phrasesappear, the relatively broader double word

phrase 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 words is this

illustrated ability to retain low frequency but highly important

phrases, since the key word approach ignores the low frequency

phrases.

                         TABLE 17 - RIA

                           PEER REVIEW

     The first grouping analyzed is the BLOCK database; low Ii high

Ij.  The words describe the more generic associations with PEER

REVIEW.  The major journals whose RIA articles tend to focus on

peer review are shwn to include SCIENCE, NATURE, and BEHAVIORAL AND

BRAIN SCIENCES.  The major countries associated with peer review

are USA and ENGLAND.  The major users of peer review in this

database tend to represent the medical community (MEDICAL; MEDICAL

ASSOCIATION; SCH MED; MD).  In summary, peer review has major

emphasis in America and England, is featured in the major journals

of Science, Nature, and Behavioral and Brain Sciences, and is

employed widely in the medical community.  

     The second grouping analyzed is the BLOCK database; high Ii

low Ij.  The words describe the more specific associations with

PEER REVIEW.  Authors who focus on peer review are shown to include

CHUBIN, HACKETT, CICCHETTI, RUBIN, TRACEY, LOCK, and DICKSON. 

Journals closely associated with peer review in this database

include JOURNAL OF CHILD NEUROLOGY, TECHNOLOGY REVIEW, JOURNAL OF

PSYCHIATRY, ANGEWANDTE CHEMIE INTERNATIONAL, and BEHAVIORAL AND

BRAIN SCIENCES.  Institutions which appear often with peer review

include JOHNS HOPKINS UNIV, YALE UNIV, SUNY-STONY BROOK, and NEW

ZEALAND UNIV.  Subthemes related to peer review include REFORM

OPTIONS, MANUSCRIPT AND GRANT SUBMISSIONS, INTERNAL AND EXTERNAL

STANDARDS, SCIENCE POLICY, PERFORMANCE REVIEW, REFEREES, QUALITY

ASSESSMENT, QUALITY ASSURANCE, and RELIABILITY.   

     The third grouping analyzed is the ABSTRACT database; low Ii

high Ij.  The generic related themes from this database include the

validity of the peer review process (PROCESS, CRITERIA, QUALITY,

OBJECTIVE, RELIABILITY), the journal focus of peer review

(MANUSCRIPTS, AUTHORS, JOURNALS, ARTICLES, EVALUATION),  and the

medical focus of peer review (HOSPITAL, HEALTH, MEDICAL, CLINICAL).

     The fourth grouping analyzed is the ABSTRACT database; high

Ii, low Ij.  Specific themes include those related to process

performance and quality (DEFICIENCIES, GRIEVANCES, BLINDED PEER

REVIEW, NON-BLINDED PEER REVIEW, FOG INDEX, CONTROL GROUP,

SHORTCOMINGS, READIBILITY), those related to the uses and purposes

of peer review (RESEARCH SELECTION, IMPACT EVALUATION, QUALITY

ASSESSMENT, OVERSIGHT, AUDIT, RESEARCH IMPACT), those related to

the focus on selecting journal publications (EDITORIAL PROCESSES,

SELECTION REVIEW, PUBLISHED IN JOURNALS, MANUSCRIPTS), and those

related to the medical focus (TRAUMA CENTER, AMBULATORY CARE,

CAESAREAN SECTIONS, MEDICARE, PRIMARY CARE, PERINATAL).

                            CITATION

     The fifth grouping analyzed is the BLOCK database; low Ii high

Ij.  The words describe the more generic associations with

CITATION.  The major countries appear again to be the USA and

ENGLAND; The major journal appears to be CURRENT CONTENTS, the

major author appears to be GARFIELD, and the major institution

appears to be INST-SCI-INFORMAT.  These results show the

sensitivity of the conclusions to the theme phrases chosen for the

proximity analysis.  The inclusion of citation classic commentaries

in the database gave heavy weighting to CURRENT CONTENTS in which

they appeared.  Had BIBLIOMETRICS been chosen as a theme word, then

in addition journals such as SCIENTOMETRICS would have appeared

prominently, as would institutions such as HUNGARIAN ACADEMY OF

SCIENCES and CHI-RES-INC, and authors such as NARIN and BRAUN. 

     The sixth grouping analyzed is the BLOCK database; high Ii low

Ij.  The words describe the more specific associations with

CITATION.  The authors closely associated with citations include

GARFIELD, BURCHINSKY, DUPLENKP, HARGENS, WELLJAMSDOROF, and BOTT. 

The journals associated with citations include AMERICAN

PSYCHOLOGIST, METEORITICS, CHEMICKE LISTY, SOUTH AFRICAN JOURNAL OF

SCIENCE, AMERICAN JOURNAL OF ROENTGENOLOGY, SCIENCE TECHNOLOGY AND

HUMAN VALUES.  Institutions associated with citations include INST-

SCI-INFORMAT, INST GERONTOL-KIEV, UNIV OF ILLINOIS, and UNIV OF

MICHIGAN.  Subthemes related to citation include COUNTS, RATES

FREQUENCY, RANKINGS, INDEXES, LINKS, HIGH IMPACT RESEARCH, IMPACT

FACTOR, JOURNAL ARTICLES, PUBLICATIONS, CHAPTERS.

     The seventh grouping analyzed is the ABSTRACT database; low Ii

high Ij.  The generic related themes from this database include

types of documents cited (PAPERS, ARTICLES, PUBLICATIONS),

characterization of material cited (RESEARCH, SCIENCE, LITERATURE),

and yields from citations (ANALYSIS, PATTERNS, INFORMATION, DATA). 

     The eighth grouping analyzed is the ABSTRACT database; high

Ii, low Ij.  Specific themes include those related to citation

focus areas (CITATION INDEX DATABASE, CITATION MATRIX, CITATION

STUDIES, CITATION RATE, CITATION COUNTS, JOURNAL CITATION REPORTS,

MEDIAN CITATION, CITATIONS PER ARTICLE, CITATION HISTORY, CITATION

PROCESS, CITATION RETRIEVAL, CITATION IMPACT, CITATION FREQUENCY),

citation analysis techniques (MEDIAN CITATION, MEAN CITATION,

AVERAGE CITATION, MEAN VALUE FUNCTION, BIBLIOGRAPHIC COUPLING,

ANALYSIS OF CITATIONS, LOGLINEAR, POISSON PROCESS, RELATIVE

INDICATORS, COUNTS, COCITATION), outputs of citation techniques

(RESEARCH FRONTS, HIGHLY CITED PAPERS, MAPPINGS), and specific

technical areas analyzed (DERMATOLOGY, RADIOLOGY, HEART DISEASE,

MARINE BIOLOGY, SAFETY SEATS, CAPITAL PUNISHMENT, AND ASTRONOMERS).

                         TABLE 18 - JACS

                            COMPLEXES

     The first grouping analyzed is the BLOCK database; low Ii high

Ij.  The words describe the more generic associations with

COMPLEXES.  The major countries associated with research into

COMPLEXES are USA, JAPAN, CANADA, ITALY, FRANCE, GERMANY, SPAIN,

ENGLAND, and SWITZERLAND.  The major states in the US associated

with research into COMPLEXES are NY, MA, CA, IL, MO, DE, GA, PA,

TX, NJ, MI, FL, and MN.  The major research institutions associated

with COMPLEXES are STANFORD, BERKELEY, EMORY, CALTECH, DELAWARE,

DUPONT, and NORTHWESTERN.  The major types of COMPLEXES researched

include TRANSITION-METAL, IRON, RUTHENIUM, MOLYBDENUM, RHODIUM,

TUNGSTEN, and PALLADIUM.  The major analytical techniques

associated with COMPLEXES include X-RAY, SPECTROSCOPY, NMR, and

MASS-SPECTROMETRY.  The major phenomena researched associated with

COMPLEXES include SYNTHESIS, REACTIONS, CRYSTAL STRUCTURE,

REACTIVITY, ELECTRON TRANSFER, ACTIVATION, POLYMERIZATION,

CLUSTERS, CATALYSIS,  OXIDATION, BINDING, and INSERTION.  

     The second grouping analyzed is the BLOCK database; high Ii

low Ij.  The words describe the more specific associations with

COMPLEXES.  Organizations closely associated with COMPLEXES

research include SEARLE, HOKKAIDO-UNIV, KYOTO-UNIV, UNIV-PARMA,

MERCK-SHARP, LOS-ALAMOS-NATL-LAB, UNIV-LAUSANNE, EMORY-UNIV, UNIV-

DELAWARE, BERKELEY, UNIV-BARCELONA, UNIV-STRASBOURG, UNIV-SYDNEY,

UNIV-MISSOURI, UNIV-ZARAGOZA, TEXAS A&M, UNIV-CHICAGO, UNIV-

FLORIDA, AND BROOKHAVEN-NATL-LAB.  Authors closely associated with

COMPLEXES include SOLARI-E, FLORIANI-C, HEINEKEY-DM, COLLMAN-JP,

and GOULD-IR.  This grouping clearly emphasizes an institutional

focus of where research is conducted.  Both industrial concerns and

academic facilities are emphasized, roughly equally.  Significant

themes seem to be, as expected, synthesis and characterization of

complexes, but with a curious attention to fixing gases (MOLECULAR

OXYGEN, HYDROGEN, OR CARBON MONOXIDE) within the complex, perhaps

as one step in a catalysis reaction.  Indeed, several of the papers

in this grouping focus on 'reactive' complexes which could clearly

be related to catalytic activity.  It is likely that this group

focuses heavily on catalysis as an overall theme.

     The third grouping analyzed is the ABSTRACT database; low Ii

high Ij.  The generic related themes from this data base include

understanding the actual structure of complexes, often by

application of instrumental techniques (NUCLEAR MAGNETIC RESONANCE,

X-RAY DIFFRACTION, ULTRA VIOLET OR INFRARED SPECTROSCOPY, others),

an apparent extended examination of copper and iron complexes, and

a weak reference to potential catalysis.  There seems to be less

emphasis on the actual formation (synthesis) of the complexes in

this grouping.

     The fourth grouping analyzed is the ABSTRACT database; high

Ii, low Ij.  Specific themes include those related to formation

(synthesis) of a broad spectrum of metal complexes (focus on metals

such as the platinum group, iron, nickel, copper) many of which

appear to include multi-metal atom centers, (e.g. Pt-Pt) and even

mixed multi-metal atom centers (e.g. Pt-Ir), and an emphasis on

metal complexes involving carbon monoxide as a ligand, as well as

some emphasis on unusual carbon-based ligands (e.g. per flourinated

species).  This version of the data base clearly seems to focus on

the chemistry (esp. synthesis) of metal complexes.  

     The data base shows that the most prolific JACS authors were

Schleyer, Rheingold, Boger and Trost, who published a total of 49

papers in 1994.  These authors published extensively on focused

themes, research topics their groups likely have pursued for

several years before, and after, 1994.  Specifically, Schleyer

examined in depth synthesis complexes of alkali metals (e.g.

sodium), a very unusual topic as alkali metals in general form

complexes only rarely, as well applied computer based technology to

elucidate the structure of such comples.  Rheingold's group

published extensivly on complexes involving metal-rutal bonds, and

multi-metal atom clusters in catatopic systems.  Boger, alone among

the prolific authors, focused on bio-active molecules and their

synthesis and reactivity as a function of structure.  Trost, and

his associates, appeared to examine transition metal catalysis of

traditional, well characterized organic system reaction such as the

Diehls-Alder reaction (which involves no metal species).  In

general, it is clear that the four authors are publishing heavily

in broad areas of contemporary organic metallic chemistry:

synthesis catalysis, structure and mechanism determination, and

metal-mediation of bio-active molecules.  Indeed, it is clear that

these authors are defining the direction of these themes by their

prolific research and publication programs.  

V-B-4-e.  CONCLUSIONS AND APPLICATIONS

     This section has provided maps of the RIA and JACS Chemistry

fields, although only a small fraction of the raw data has been

presented.  A Competitive Intelligence (CI) professional who has

interest in these fields has many options for proceeding further

from the map, depending on this person's specific interests.  For

example, if the analyst wanted to understand the intellectual

foundations of RIA or JACS Chemistry, then a reading of the most

highly cited papers would be an excellent starting point.  If the

analyst wanted to overview the current literature, then two

approaches are available.  The comprehensive literature survey used

as the database for the RIA analysis and reproduced in the back of

(8) is one avenue.  Another is to peruse the journals which contain

the highest frequency of recent publications.  This latter approach

is worthwhile since computerized search approaches don't always

identify the full scope of related articles to the topic of

interest, and journals which focus on such a topical area could

yield a cornucopia of useful information through browsing.  

     If the analyst wants to contact experts in a particular thrust

area or technique, then contact could be made with the specific

individuals or the institutions identified with given techniques in

the theme relationships section.  If the analyst wants to generate

a taxonomy of the S&T field based on the technical relationships

used by the research performers, then the approach described in

Attachment I, or in the previous section on FASAC, might prove

helpful.  If the analyst wants to utilize the literature to help

identify promising research directions, then the approach described

in Attachment II might prove useful.  The key conclusion is that,

starting from the raw data, the analyst can generate any cross-

cutting relationships desired to proceed further in specific

directions of personal interest. 

V-B-4-f.  ATTACHMENT I - GENERATION OF TAXONOMIES

                           TAXONOMIES

     The different types of Database Tomography outputs allow

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.  There

is a major difference between the taxonomy obtained by this

approach and other taxonomies.  The present taxonomy derives from

the language and natural divisions of the database, and therefore

database entries are easily categorized.  Other taxonomies are

usually generated top-down and usually attempt to force-fit

database subjects into pre-determined categories.

     One of the advantages of the present full text approach,

relative to the index or key word approach, is that many types of

taxonomies can be generated: i.e., science, technology,

institution, journal, person name, etc.  Even within one of these

categories, such as science, many types of taxonomies can be

developed, depending on the interests of the analyst and the reason

for the taxonomy.  Two separate types of taxonomies will be

discussed here.

                  I - PHRASE FREQUENCY TAXONOMY

     The first type of 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.  An example is presented from a study of

research papers related to the utilization of near-earth space.

         EXAMPLE 1 - NEAR EARTH SPACE RESEARCH TAXONOMY

     About 5500 research papers relating to utilization of near

earth space were drawn from the SCI.  Phrase frequencies were

generated from the abstracts, and the high frequency phrases were

arbitrarily categorized.  These relatively independent categories

consist of Space Platform (E.G., SATELLITE, SPACECRAFT), Satellite

Function (E.G., MAPPING, TRACKING), Satellite Type (E.G., GEOSAT,

LANDSAT), Measuring Instrument (E.G., RADIOMETER, MICROWAVE LIMB

SOUNDER), Region Examined (E.G., SEA, UPPER ATMOSPHERE), Location

Examined (E.G., NORTH ATLANTIC, SOUTHERN HEMISPHERE), Variable

Measured (E.G., TEMPERATURE, SOIL MOISTURE CONTENT), Variable

Derived (E.G., RADIATION BUDGET, GENERAL CIRCULATION PATTERN),

Analytical Tool (E.G., DATA PROCESSING, LEAST SQUARES), Products

(E.G., TIME SERIES, TOTAL OZONE MAPPING), Space Environment (E.G.,

SOLAR WIND, MAGNETIC FIELD).

                 II - PHRASE PROXIMITY TAXONOMY

     The second type of taxonomy derives from the phrase frequency

and proximity analysis, and was described in the previous FASAC

section.  From the phrase frequency analyses, fifty or sixty high

frequency technical phrases were identified as pervasive themes. 

The next step was to group these high frequency phrases into

categories of related themes.  A proximity analysis was done for

each of these high frequency phrases.  A phrase frequency

dictionary, or cluster, was generated for each 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.  Clusters which shared more

than a threshold number of common phrases were viewed as

overlapping.  These overlapping clusters were viewed as links in a

chain, with the different chains being relatively independent. 

Each chain was then defined as a category of the larger taxonomy. 

V-B-4-g.  ATTACHMENT II - IDENTIFICATION OF PROMISING RESEARCH

DIRECTIONS

                          INTRODUCTION

     This Attachment 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 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 in this paper.

                           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, 1996].

     Gordon and Lindsay used computer-based tools to replicate and

extend Swanson's work [Gordon, 1996].  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 authors believe 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 authors' 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 authors' analytic

approach requires the use of both phrase frequency and strong phase

proximity at every iterative step in the analysis [Kostoff, 1997f].

     The authors' 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

     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.

VI.  APPENDICES

VI-A.  APPENDIX I - CLASSICAL RETROSPECTIVE ANALYSES

VI-A-1.  OVERVIEW AND SUMMARY

     One goal of all the studies presented was to identify the

products of research and some of their impacts.  In addition, the

Hindsight, TRACES, and ARPA studies tried to identify factors which

influenced the productivity and impact of research.  The following

general conclusions about the role and impact of basic research

were reached: 

     1. The majority of basic research events which directly

impacted technologies or systems were non-mission oriented and

occurred many decades before the technology or system emerged; 

     2. The cumulative indirect impacts of basic research were not

accounted for by any of the retrospective approaches published; 

     3. An advanced pool of knowledge must be developed in many

fields before synthesis leading to an innovation can occur; 

     4. Allocation of benefits among researchers, organizations,

and funding agencies to determine economic returns from basic

research is very difficult and arbitrary, especially at the micro

level.

VI-A-2.  PROJECT HINDSIGHT

     Project Hindsight was established by the Defense Department in

1965 to identify those management factors important in assuring

that research and technology programs are productive and that

program results are used.  It also attempted to measure the overall

increase in cost-effectiveness in the current generation of weapons

systems compared with that of their predecessors assignable to any

part of the Defense Department's investment in research and science

and technology [DOD, 1969].

     The approach taken in Project Hindsight was retrospective. 

Twenty arbitrarily-selected recent weapons systems and major

military equipments were analyzed by (mainly DOD in-house) teams of

technical specialists.  Their task was to identify applications of

science and technology that were not utilized in predecessor

military systems designed to meet roughly the same requirements. 

The evolution of the new technology represented in each system was

traced back in time to critical points called "research or

exploratory development (RXD) Events".  The RXD Event was the basic

quantifying unit in the study and was defined as the occurrence of

a novel idea and the subsequent scientific and engineering activity

in which the idea was examined or tested.  There could be one or

two RXD Events, or an extended chain of them, culminating in a

device or component found in a particular system.

     The teams of specialists identified 710 unique RXD Events,

conducted the historical traces, and described and documented the

related activities in terms of the differential amount of knowledge

that accounted in part for the increased cost-effectiveness of the

systems analyzed (compared with their predecessors).  Project

Hindsight concentrated only on the post World War II contributions

of science and technology on the selected systems.  Each study team

was allowed about three months to complete its research on each

system.

     In treating the sciences, Hindsight distinguished (1) the

basic research done to solve a specific assigned problem from (2)

the basic research done to expand the frontiers of scientific

knowledge.  These were categorized as directed and undirected basic

research, respectively.  It was found that RXD Events from the

directed basic research category emerged in systems development

approximately nine years following their conception, while it took

twenty or more years for some events from the undirected category

to impact development.  The Hindsight study did not treat in any

depth the contribution from undirected basic research, since many

of those events predated the time span of the project [DOD, 1969].

     Before discussing the methodology further, some of the

critical findings will be summarized.  The identification of the

RXDs was found to be fairly simple, and time limitations permitted

only a fraction to be uncovered and examined.  The results of

research in science were most frequently exploited when the

investigator responded to recognized needs of the engineering

community.  A high probability of utilization involved awareness on

the part of the scientist concerning who in the engineering

community needed the knowledge, and on the part of the interested

engineers as to which specific scientist was working on the

problem.

     The greatest identified payoff in terms of ideas leading to

enhanced weapons systems resulted from research in technology - and

then, where the research scientist or engineer was intimately aware

of problems of the applications engineer.  The real difference in

performance between a weapon system and its predecessor was usually

not the consequence of one, two, or three scientific advances or

technological capabilities but was the synergistic effect of 100,

200, or 300 advances, each of which alone was relatively

insignificant.  These hundreds of diverse advances must then be

fitted and adjusted for a unified operational weapon system.  The

characteristics of each advance must be carefully interfaced with

those of other advances.  Project Hindsight data showed that

systems applications, rather than new science, inspired science and

technology for advanced systems.  

     While criticisms of a project of the complexity and scope of

Hindsight are possible, Hindsight was a reasonable first step in

assessing the impact of applied research and technology development

on weapons systems.  The question is whether the Hindsight approach

and conclusions were appropriate for evaluating the impact of basic

research on weapons systems, or whether the study groundrules and

constraints contained built-in biases against basic research.

     The most obvious limitation of Hindsight relating to basic

research is the time frame.  A reading of the Hindsight report

Appendices shows that most of the RXDs occurred in the 1950s, with

few in the '40s and '60s.  Since many fundamental research projects

could require more than two decades for their results to impact

systems (especially two decades ago when dissemination of results

did not have the benefit of today's communication channels and

systems), the cut-off on time span could have precluded the

inclusion of research impacts.  If an updated Hindsight study were

performed, the time problem could be alleviated by increasing the

retrospective time span allowed.  Thus, the time span problem is

not a flaw or limitation of the generic retrospective process, but

rather is associated with the particular Hindsight implementation.

     A more serious limitation relates to the RXD approach.  The

RXDs are identifiable advances which draw upon the pool of

technical knowledge in existence at that time.  But the pool of

knowledge is continually increasing, and the components of this

pool are highly interrelated, both directly and indirectly.  For

example, advances in basic materials understanding may be dependent

upon advances in physics, chemistry, mathematics, computer

technology, laser technology, computer algorithms, etc.  Some of

these impacts are direct, most are indirect.  

     Thus, any RXD could theoretically be shown to be impacted

directly or indirectly by small (or in some cases large) advances

in the component basic research of the knowledge pool.  While the

direct or indirect impact of any one basic research component on

any one RXD may be small (if it were large and within the time

span, it would have been identified as an RXD), the total direct

and indirect impact of this basic research component on all the

RXDs may not be small.  These cumulative indirect and direct

impacts of basic research are not accounted for by the Hindsight

methodology, and in fact are not taken into account by any of the

retrospective approaches published or in use today.  A study

[Kostoff, 1994i] which examined impacts of research on other

research and technology through direct and indirect paths using a

network approach showed that the indirect impacts of fundamental

research can be very large in a cumulative sense.  For Hindsight,

the indirect impacts would have been even larger if the actual

larger number of RXDs had been examined.  

     The Hindsight conclusions relative to the impact of basic

research have to be seen in perspective.  The conclusion to be

drawn from the study is that fundamental research had little direct

impact on selected weapons systems (whose degree of design

conservatism, which could impact implementation speed of

revolutionary concepts, was not stated or evaluated) in a time

period threshold two decades before weapon system implementation. 

Had the time period threshold been expanded, and indirect impacts

of the basic research been incorporated into the study, then a

conclusion could have been drawn about the total impact of the

basic research on weapon systems.  However, had the question about

impact been raised from the basic research component viewpoint, and

an appropriate study been done (of which Hindsight would have been

one part), then conclusions could have been drawn about total

impact of the basic research component on all technology and

systems, of which the Hindsight weapons systems were one part. 

VI-A-3.  TRACES

VI-A-3-a.  The Original TRACES Study

     In 1967, The National Science Foundation (NSF) instituted a

study to trace retrospectively key events which had led to a number

of major technological innovations (Technology in Retrospect and

Critical Events in Science - TRACES).  One goal was to provide more

specific information on the role of the various mechanisms,

institutions, and types of R&D activity required for successful

technological innovation [IITRI, 1968].  

     The study performers, Illinois Institute of Technology

Research Institute (IITRI), chose, in their view, a representative

cross section of research and development for study and treated all

cases uniformly.  The five innovations selected were: Magnetic

Ferrites, Video Tape Recorder, Oral Contraceptive Pill, Electron

Microscope, and Matrix Isolation.  Key 'events' in the research and

development history of each innovation were identified, an 'event'

being defined as the point at which a published paper,

presentation, or reference to the research was made.  The research

and development activities on the five tracings were grouped by

category of research (mission, non-mission), type of institution,

date of event, etc., to bring out some of the factors which entered

into the transition from non-mission research to innovation.

     The study showed that non-mission research provided the

origins from which science and technology could advance toward

innovations.  It also showed that, of the 341 key research and

development events judged to be important to the evaluation of

innovation, approximately 70 percent were non-mission research, 20

percent mission-oriented research, and 10 percent development and

application.  The number of non-mission events peaked significantly

between the twentieth and thirtieth year prior to an innovation,

while mission-oriented research events and those in the development

and application area peaked during the decade preceding innovation. 

For the cases studied, the average time from conception to

demonstration of an innovation was nine years.

     Ten years prior to an innovation, i.e., shortly before

conception, approximately 90 percent of the non-mission research

had been accomplished; most non-mission research appeared completed

prior to the conception of the innovation to which it would

ultimately contribute.  The tracings also revealed cases in which

mission-oriented research or development efforts elicited later

non-mission research which often was found to be crucial to the

ultimate innovation.

     There are a number of interesting comparisons to be made

between TRACES and Hindsight.  First, the TRACES time frame extends

back sufficiently far to include many basic research results, while

the Hindsight time span was able to include most development

events, but excluded most basic research results.  Hindsight traced

the impacts on weapons systems, whereas TRACES examined the impact

on single technologies.  Thus, the Hindsight starting point, a

weapons system, is one level higher (consists of many single

technologies) than the TRACES starting point.  Coupled with the

fact that the Hindsight weapons systems had, on average, 35 events,

and the TRACES innovations had, on average, 70 events, it is not

surprising that the Hindsight events tended to be applied research

or technology advances, whereas the TRACES events tended to be more

basic research.  In neither case were indirect impacts of basic

research given formal credit, although the TRACES study did allude

to non-mission research as "a fund of knowledge against which

withdrawals can be made to achieve innovation at a rate

satisfactory to society" [IITRI, 1968].

VI-A-3-b.  TRACES Follow-on Study 

     In a follow-on study to TRACES, the NSF sponsored Battelle-

Columbus Laboratories to perform a case study examination of the

process and mechanism of technological innovation [Battelle, 1973]. 

For each of the ten innovations studied (Heart Pacemaker, Hybrid

Corn, Hybrid Small Grains, Green Revolution Wheat,

Electrophotography, Input-Output Economic Analysis,

Organophosphorus Insecticides, Oral Contraceptives, Magnetic

Ferrites, Video Tape Recorder), the significant events (important

activity in the history of an innovation) and decisive events (a

significant event which provides a major and essential impetus to

the innovation) which contributed to the innovation were

identified.  The influence of various exogenous factors on the

decisive events was determined, and several important

characteristics of the innovative process as a whole were obtained.

     Based on frequency of occurrence of the highest rankings of

the exogenous factors on the decisive events, the following

rankings of importance were obtained:  

     1. Recognition of Technical Opportunity (motivation of the

timely improvement of an existing product or process) ranked first

among the exogenous factors; 

     2. Recognition of the Need (motivation for solving the problem

or meeting the need satisfied by the eventual innovation, rather

than any technological need) ranked second; 

     3. Technical Entrepreneur (an individual within the performing

organization who champions a scientific or technical activity)

ranked third; 

     4. Certain institutional factors, such as Internal R&D

Management, Availability of Funding, Management Venture Decision,

etc., ranked fourth collectively, indicating the importance of the

institutional environment to the innovative process.

     Based on examination of characteristics of the case histories

as a whole, rather than focusing on decisive events as above, the

following generalizations were drawn:  

     1. The technical entrepreneur is a characteristic important in

nine of the ten innovations, and is a major driving force in the

innovative process;  

     2. Early recognition of the need was characteristic of the

history of nine of the innovations;  

     3. Government funding was instrumental in direct support of

seven of the innovations.  More generally, availability of

financial support, from whatever source, emerged as an important

feature of the innovative process;  

     4. The occurrence of an unplanned confluence of technology was

characteristic of six of the innovations.  Confluence of technology

occurred for the other four innovations as well, but as a result of

deliberate planning, rather than by accident;  

     5. Most of the innovations originated outside the organization

that developed them;  

     6. Additional supporting inventions were required during the

development effort for all the innovations studied to arrive at a

product with consumer acceptance.

     Over the full time span of the innovation, nearly 34 percent

of the significant events were non-mission oriented research

(NMOR), 38 percent were mission oriented research (MOR), 26 percent

were developmental, and a few percent were nontechnical.  Of the

total events in the period prior to conception of the innovative

idea, over half were NMOR and one third MOR.  In the bounded

interval between first conception and first realization, 16 percent

were NMOR, with the remainder split among MOR (43 percent),

development (38 percent), and nontechnical events (3 percent). 

Many of the NMOR events in the bounded interval were in the nature

of feedback or spinoff basic research prompted by the innovation. 

In the post-innovation period, when diffusion and improvement take

place, 10 percent of the events were NMOR, 39 percent were MOR, and

45 percent were development.

     The number of NMOR events peaked in the period three to four

decades prior to the culmination of the innovation, whereas the

number of MOR and development events peaked in the decade preceding

the date of innovation.  Half of the NMOR events occurred 30 years

preceding innovation; half of the MOR events occurred in the 15

years prior to innovation, and half the developmental effort took

place within the ten years preceding innovation.

     The study authors recognized, to some degree, that the focus

on specific events did not allow sufficient credit to be allocated

to the indirect impacts of research.  As they stated: "this kind of

analysis tends to underplay the role of NMOR in the innovative

process, since it does not portray the importance of the general

background of science necessary for the other categories of

technical events.  For example, MOR and developmental activities in

insecticides would have been impossible without the antecedent

totality of organic chemistry.  Similarly, research on

contraception depended on the basic science background of

reproductive biology.  As a further example, in the case involving

grain improvement, Hybrid Small Grains and Green Revolution Wheat

show a low percentage of NMOR events (20 percent), but these

percentages would be higher if the early NMOR events credited to

Hybrid Corn were also counted in their totals".  They correctly

identified the absence of recognition given to specific supporting

fields of research.  However, they did not identify or attempt to

account for the impacts of the fundamental research from many

fields which resulted in the instrumentation, theoretical, and

computational capabilities necessary for these supporting research

fields to advance. 

     While the technical entrepreneur is viewed as extremely

important to the innovative process, it does not appear (to the

author) to be the critical path factor.  Examination of the

historiographic tracings which display the significant events

chronologically for each of the innovations shows that an advanced

pool of knowledge must be developed in many fields before synthesis

leading to an innovation can occur.  The entrepreneur can be viewed

as an individual or group with the ability to assimilate this

diverse information and exploit it for further development. 

However, once this pool of knowledge exists, there are many persons

or groups with capability to exploit the information, and thus the

real critical path to the innovation is more likely the knowledge

pool than any particular entrepreneur.  The entrepreneurs listed in

the study undoubtedly accelerated the introduction of the

innovation, but they were at all times paced by the developmental

level of the knowledge pool.

VI-A-3-c.  An Updated TRACES Study

     In the mid-1980s, the National Cancer Institute (NCI)

initiated an assessment to determine the effectiveness of different

research settings or support mechanisms in bringing about important

advances in cancer research.  The approach taken was analogous in

concept to the initial TRACES study, with the addition of citation

analyses to provide an independent measure of the impact of the

Trace papers (papers associated with each key 'event'), and by

adding control sets of papers.  

     Thirteen important 'Advances' (key 'events') in cancer

research were defined by a senior advisory panel of experts, and

the key papers associated with these 'Advances' and in the

historiographic research streams were identified.  Both the support

source and the institutional setting of the papers were analyzed. 

In addition to the Trace papers, three other sets of papers were

developed to serve as comparison sets whose properties were

contrasted with the Trace papers.

     The study concluded that all the research settings, and all

the support mechanisms (small and large grants, contracts,

intramural NCI, etc.) contributed significantly to the 'Advances',

with no single mechanism or setting represented disproportionately. 

More specifically, NCI provided 37 per cent of the acknowledged

support for the Trace papers, there was a large amount of co-

operative, multi-sponsor support for the Trace papers, and papers

on the Traces, whatever the support mechanism, were extremely

highly cited - eight times as frequently as expected [Narin, 1989].

     While indirect impacts of research on the 'Advances' were not

a goal of this study and were not evaluated, the additional

methodology (mainly citation and co-citation analysis) used in

performing the latest Traces incarnation could shed some light on

indirect impacts.  For example, one of the control sets of papers

used in the study was termed Augmentation papers and consisted of

closely related contemporaneous papers cited with the Traces papers

and identified through co-citation techniques.  Another of the

control sets was called Science base and consisted of papers cited

by the Trace papers, representing the precursor knowledge upon

which the selected major' Advance' was dependent.

     These two sets of papers provided some idea of the direct

impact of other science fields on the cancer fields of interest

('Advances').  If citation and co-citation analysis were done on

the Augmentation papers and the Science Base papers, combined with

word frequency and co-word analyses of these paper sets [Kostoff,

1991d, 1992, 1993f, 1994h], and the process repeated a few times,

then many of the pathways through which indirect impacts on the

'Advances' occur could be identified, and the magnitude of the

impacts perhaps quantified to some degree.  The amount of data and

analyses required would be large, but based on the results and

conclusions of a network-based approach to evaluating indirect

impact of research [Kostoff, 1994i], the computational/ analytical

problem is of necessity large because of the potentially large

number of pathways through which direct and indirect impacts of

research can occur.

VI-A-4.  Advanced Research Projects Agency (ARPA) Technical

Accomplishments

     The ARPA was established in 1958 in response to Sputnik. 

ARPA's initial primary focuses were: 

     1. The 'Presidential Issues' of space; 

     2. Ballistic Missile Defense (Project DEFENDER) and nuclear

test detection (VELA); 

     3. Avoiding future 'Sputniks' as its broader overall charter. 

     Over its lifetime, as its mission has been redefined and

refocused, it has sponsored a wide variety of thrust areas,

including the following major areas: 

     1. Defense Manufacturing; 

     2. Nuclear Test Monitoring; 

     3. Naval Technologies; 

     4. Materials and Components; 

     5. Sensors and Surveillance; 

     6. Command, Control, and Communications; 

     7. Information Processing; 

     8. Ground Systems and Weapons; 

     9. Air Systems; 

     10. AGILE (counter-insurgency R&D); 

     11. High Energy Systems; 

     12. DEFENDER and Space Defense; Space Systems.  

     Recently, the Institute for Defense Analysis (IDA) produced a

massive three-volume set describing the accomplishments of ARPA

[IDA, 1991].  Of the hundreds of projects and programs funded by

ARPA over its then (1988) 30 year lifetime, 49 were selected and

studied in detail.  Two criteria were used by the IDA project team

and the ARPA management collectively in selecting projects/

programs to be studied: 1) the importance of the projects, judged

on the basis of evidence in attestation and documentation; and 2)

the expected availability of data.  The focus of the 49

retrospectives documented was: 

     1. what were the origins of each project or program; 

     2. what did ARPA itself do; 

     3. what was the result, impact, and effect of the work ARPA

supported?

     The structure of the description of each accomplishment was:

     1. a brief overview of the history and accomplishment; 

     2. a detailed technical history of the project; 

     3. observations on its success.  

     At the end of each project description was a time evolution

chart, or roadmap, of the project.  The actions/ achievements of

the different organizations involved in the project's evolution

(preceding, paralleling, and succeeding ARPA's involvement) were

shown as a function of time.  The main ARPA involvement (ARPA

project track) was highlighted, related ARPA actions or ARPA

influence were shown, ARPA technology transfer was shown, and

related actions by other groups was shown.  At the end of each

project writeup, the ARPA costs over the project life (where known)

were identified and some estimate of the dollar benefits (where

possible) was presented.

     In general, the outcomes of ARPA projects have included: 

     1. development or initial demonstrations of new technology; 

     2. demonstrations of new applications of known technology; 

     3. development and demonstration of new concepts of

experimentation or operation; 

     4. integration of diverse technologies into new system

concepts for the first time.  

     Often, more than one of these kinds of payoff could be

achieved by the same project.  Most of the projects supported were

technology or systems development rather than basic research, but

many were fed by basic as well as applied research.  The qualities

of ARPA-supported programs and projects that contributed to success

can be summarized: 

     1. A need existed for what the output could do; 

     2. There was a strong commitment by individuals to a concept; 

     3. Bright and imaginative individuals were given the

opportunity to pursue ideas with minimal bureaucratic encumbrance; 

     4. There was an ongoing stream of technical developments and

evolution; 

     5. ARPA management gave strong, top-level management support; 

     6. There was explicit effort, taken early, to improve

acceptance by the user community.  

     The degree of success and impact is more difficult to measure. 

In some cases, the results of projects or programs, usually

expressed in hardware, were transferred fully to a user.  Other

transfers have been partial, limited, or indirect.  Given the

multifaceted nature of some projects, several of these

characteristics apply to the same project.  Finally, success in

transferring the hardware or knowledge gained in ARPA programs

often depends on timing and the relationship to other events and

programs.  The report provides an excellent example of the impact

of exogenous events on the fate of SLCSAT, a project which has had

some successful technology validation of satellite-submarine laser

communication.  Whether the Navy adopts the system for

communication with submarines will depend on the Navy's concepts of

submarine operation in the new tactical and strategic world that is

emerging in the aftermath of the cold war and the budget available

for such purposes in the new environment.

     The impacts of the more fundamental ARPA areas of support,

such as Materials Sciences and Information Processing, are more

difficult to measure than impacts of the development-oriented

projects, where transition to a defined user is somewhat clearer. 

The report defines ARPA's impact in these technology base areas as

having stimulated an infrastructure and new disciplines.  It

identifies programs established at universities, interdisciplinary

efforts initiated, projects in fundamental technologies accelerated

by ARPA funding, and hardware/ software products which resulted. 

     Similar to the other semiquantitative approaches described

above, the IDA report does not (in the author's opinion) account

sufficiently for benefits resulting from indirect impacts of

research.  In the time evolution charts at the end of each project

writeup, a few critical events/ technologies which preceded the

ARPA involvement are shown, and then the ARPA contribution is

highlighted.  The existing pool of scientific and technological

knowledge, which ARPA exploited very productively, was developed

over many years by many diverse organizations and was a necessary

condition for ARPA to achieve its successes and impacts.  The

people and organizations who developed this base of technology

complemented the ARPA effort, and should share in the benefits.  

     One of the major impacts of ARPA support, which could be

quantified by relating costs to benefits, is that projects were

brought to fruition earlier than they would have been without ARPA

support.  Areas such as gallium arsenide semiconductors, computer

architectures (RISC, systolic array, symbolic processing, parallel

processing, neural networks), the ADA language, for example, were

accelerated greatly because of ARPA's involvement and support. 

Future ARPA accomplishments reports could relate the ARPA program

(or specific project) expenditures (in a discounted sense) to the

earlier realization of benefits (in a discounted sense) due to ARPA

support to provide additional measures of the effectiveness of

ARPA's funding [Mansfield, 1991].

VI-A-5.  SUMMARY AND CONCLUSIONS OF CLASSICAL RETROSPECTIVE

ANALYSES

     A variety of approaches were presented which showed different

types of impacts of research, but little or no quantification of

impact was performed.  Hindsight, TRACES, and, to some degree, the

ARPA accomplishments books had some similar themes.  All these

methods used a historiographic approach, looked for significant

research or development events in the metamorphosis of research

programs in their evolution to products, and attempted to convince

the reader that: 

     1. the significant research and exploratory development events

in the development of the product or process were the ones

identified; 

     2. typically, the organization sponsoring the study was

responsible for some of the (critical) significant events; 

     3. the final product or process to which these events

contributed was important; 

     4. while the costs of the research and development were not

quantified, and the benefits (typically) were not quantified, the

research and development were worth the cost.  

     As the historiographic analyses (Hindsight/ TRACES) of a

technology or system have shown, if the time interval in which the

antecedent critical events occur is arbitrarily truncated, as in

the two-decade time interval Hindsight case, the impacts of basic

research on the technology or system will not be given adequate

recognition.  As Hindsight and the different TRACES studies have

shown, the number of mission oriented research events peaks about

a decade before the technology innovation.  However, these studies

have also shown that the number of non-mission oriented research

events peaks about three decades before the technology innovation,

and eight or nine decades, or more, may be necessary in some cases

to recognize the original critical antecedent events.  Over a long

time interval, the majority of key R&D events tend to be non-

mission oriented.  Thus, future studies of this type should allow

time intervals of many decades to insure that critical non-mission

oriented research events are captured.

     Even in those cases when an adequate time interval was used,

and critical non-mission oriented events were identified, the

cumulative indirect impacts of basic research were not accounted

for by any of the retrospective approaches published or in use

today.  A study [Kostoff, 1994i] which examined impacts of research

on other research and technology through direct and indirect paths

using a network approach showed that the indirect impacts of

fundamental research can be very large in a cumulative sense. 

Future retrospective studies should devote more effort to

identifying indirect impacts of research to enhance their

credibility.  While indirect impacts of research are much more

difficult to identify than direct impacts, and the data gathering

effort is much larger and more complex, neglect of indirect impacts

skews the results and conclusions relative to the value of basic

research significantly.  Use of some of the advanced computer-based

technologies available today, such as the network approach

referenced above or citation analysis [Narin, 1989], could identify

many of the pathways of the indirect impacts of research.

     While some of the studies concluded that the technical

entrepreneur was extremely important to the innovative process, it

does not appear (to the author) to be the critical path factor. 

Examination of the TRACES historiographic tracings which display

the significant events chronologically for each of the innovations,

as well as the ARPA and OHER case studies and those of the other

accomplishments books, showed that an advanced pool of knowledge

must be developed in many fields before synthesis leading to an

innovation can occur.  The entrepreneur can be viewed as an

individual or group with the ability to assimilate this diverse

information and exploit it for further development.  However, once

this pool of knowledge exists, there are many persons or groups

with capability to exploit the information, and thus the real

critical path to the innovation is more likely the knowledge pool

than any particular entrepreneur.  The entrepreneurs listed in the

studies undoubtedly accelerated the introduction of the innovation,

but they were at all times paced by the developmental level of the

knowledge pool.

     A detailed reading of some of the studies which attempted to

incorporate economic quantification showed the difficulties of

trying to identify, assign, and quantify costs and benefits of

basic research, especially at a micro level.  As TRACES and other

similar studies have shown, the chain of events leading to an

innovation is long and broad.  Many researchers over many years

have been involved in the chain, and many funding agencies, some

simultaneously with the same researchers, may have been involved. 

The allocation of costs and benefits under such circumstances is a

very difficult and highly arbitrary process.  The allocation

problem is reduced, but not eliminated, when the analysis is

applied at the macro level (integrating across individual

researchers, organizations, etc.).  

     While these approaches do provide interesting information and

insight into the transition process from research to development to

products, processes, or systems, the arbitrary selectivity and

anecdotal nature of many of the results render any conclusions as

to cost-effectiveness or generalizability suspect.  Supplementary

analyses using other approaches are required for further

justification of the value of the R&D. 

VI-B.  APPENDIX II - MODERN CO-OCCURRENCE ANALYSES

VI-B-1.  OVERVIEW AND SUMMARY

     This section presents some recent examples of different

applications of co-word and co-citation analyses.

VI-B-2.  Selected Studies

VI-B-2-a.  Database Filtering for Multidisciplinary R&D

     Eighty-nine journals were identified as potentially   

important journals supporting biotechnology R&D through the

analysis of journal citation networks (1991 Journal Citation

Reports).  Twelve research areas emerged:  one set of linked

intercitation clusters representing the central areas of concern- 

 biotechnology, microbiology, molecular genetics, food science and

technology, and plant science [McCain, 1995].  Organic chemistry

and natural products research comprised a linked pair, while the

remainder, horticulture, pharmaceutical science, chemical

engineering, biosensors, and water research remained single

clusters.  Mapping and clustering of cocitation data (1988-1992

SCISEARCH) displayed a similar structure, with the clusters

arranged along a basic (natural science)-applied research

(engineering) continuum.  A subject indexing profile analysis

(Biotechnology Abstracts, 1990-1992) showed that journals in

pharmaceutical science, organic chemistry, and natural products

rarely if ever published biotechnology-relevant research.  In a

productivity analysis, the two top categories (70% coverage-12

titles; 30%-69% coverage-14 titles) included 10 journals not

classed as biotechnology by Journal Citation Reports.  One of

these, Plant Cell Reports (88% coverage), has not been listed as a

biotechnology journal in any previous core lists.  This database

filtering approach, combining citation, indexing, and productivity

analyses, is an effective tool for identifying important non-core

journals supporting multidisciplinary R&D.  

VI-B-2-b.  Co-Citation Analysis for Intellectual Base

Determination.

       This study [Eom, 1996] is conducted to infer the

intellectual structure of the decision support systems (DSS) field

by means of an empirical assessment of the DSS literature over the

period 1971 through 1990. Three multivariate data analysis tools

(factor analysis, multidimensional scaling, and cluster analysis)

are applied to an author cocitation frequency matrix derived from

a large database file of comprehensive DSS literature over the same

period. The authors conclude that decision support systems are

grounded in several contributing disciplines, such as

organizational science, multiple criteria decision making, group

decision making, and strategic planning. The authors further

conclude that the DSS area is in the process of building its own

articulated theories in the subareas of foundations, group decision

support systems, model management, user interface/individual

differences, and decision support systems implementation, and that

organizational scientists have made important contributions to the

development of DSS research subspecialties.

VI-B-2-c.  Cluster Analysis for Thematic Mapping.

       The paper [Grivel, 1995] presents a coword-analysis-based

system called SDOC which is able to support the intellectual work

of an end-user who is searching for information in a bibliographic

database. This is done by presenting its thematical structure as a

map of keyword clusters (themes) on a graphical user interface.

These mapping facilities are demonstrated on the basis of the

research field Social History given by a set of documents from the

social science literature database SOLIS. Besides the traditional

way of analysing a coword map as a strategic diagram, the notion of

cluster relationships analysis is introduced which provides an

adequate interpretation of links between themes.

VI-B-2-d.  Discipline Relationships Using Co-Word Analysis

     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.  

VI-B-2-e.  Analysis of Citation and Cocitation in

Chemical-Engineering

     This paper presents the results of a citation study of 24  

leading journals on chemical engineering for 1987 [Milman, 1993]. 

The selective methodology and the analysis of co-citation limited

only to this discipline is based on relatively low thresholds of  

citation and co-citation.  The established research fronts refer  

mostly to basic research.  The flow of information and knowledge  

to chemical engineering is determined to the extent of 70-90% by  

the works in this specific field, as is indicated by the analysis

of citations.  The geography of research fronts was determined. The

USSR has a very low fraction of frontal papers. This can be

explained by the publication of papers in Russian and by a large  

amount of secondary and applied research.  This type of research  

is revealed by frequent citation of books and a small fraction of

highly cited papers.  

VI-B-2-f.  Intellectual Base Determination Using Co-Citation

Analysis.

       A citation analysis was applied to articles published in   

the Journal of the American Society for Information Science

[Perrson, 1994]. The document set consisted of 209 genuine articles

from the 1986-1990 SSCI(R) CD-ROM. To find the intellectual base of

these articles a cocitation analysis was made. A map of the most

cocited authors shows considerable resemblance to a map of

information science produced by other methods. Citation-based

bibliographic coupling was applied to the same set of documents in

order to define research fronts, i.e., clusters of articles using

similar parts of the intellectual base. It is also shown that the

research front map has a close correspondence with the map of the

intellectual base.

VI-B-2-g.  Research Trend Analysis Using Co-Citations.

     Detecting homogeneous areas in research networks is a very

common feature of bibliometric analysis, either for academic or

policy purposes. The method presented in this paper [Zitt, 1994]

combines structural analysis and trend detection, by operating on

a ''thick-slice'' of time, starting from co-citation or co-word

analysis (applications of either type have already been carried

on). Significance of ''trend'' of clusters is partially addressed,

through an analysis of publication delays. Examples are given on a

co-citation analysis in the field of astrophysics (1986-1989).

VI-B-2-h.  Co-Citation Maps for Research Tracking

       This paper [Ebihara, 1993] suggested using co-citation

mapping and citation diagrams to analyze a particular research   

specialty. The method consisted of two steps. The first step is

co-citation mapping to track the specialty. The second step is

making citation diagrams in each group to clarify the   

development process of research. The potential of locating

literatures on citation diagrams was proposed.

       The co-citation map was made on 59 literatures frequently  

 cited (beyond 10 times) by ''Knowledge Representation''   

literature in psychology which was published from 1988 to 1991.   

In the results, the ''Knowledge Representation'' study was divided

into 4 groups: memory, semantic memory and effects of context, text 

comprehension, and textbooks.  The citation flow of the citation

diagrams on each group, corresponded with contents of some major

textbooks. In addition, the co-citation map was evaluated by a

psychologist, who concurred with the results.
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