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Dr. Eliezer Geisler, a Professor of Organizational Behavior at the Stuart Graduate School of Business, Illinois Institute of Technology, has written a book entitled “The Metrics of Science and Technology” (1).  This 380 page document begins with a historical overview of technology’s evolution as a major social force, then provides the theoretical background of the concepts and approaches for evaluating science and technology (S&T), and finishes with applications related to the evaluation of technology.  The focus is on quantitative metrics (economic and financial, bibliometrics, co-analysis and mapping, and patents), but there is a section on qualitative metrics (peer review) as well.  The innovation continuum addressed spans the range from fundamental science/ research to advanced technology development, and the subsequent transformation of technology into products. 

What a monumental effort!  This book should be on the shelf of every person involved in the performance, management, administration, acquisition, evaluation, and oversight of S&T.  It starts from the fundamentals of measurement and metrics, addresses specific metrics from multiple perspectives, shows the benefits of aggregation of metrics into integrative indices, describes how these indices fit into the strategic management of S&T, and finally shows how S&T should be evaluated and treated as part of the overall organization’s business strategy.

After an excellent discussion of inputs, outputs, and outcomes from S&T, the book presents an exhaustive evaluation of the strengths and weaknesses of each metric.  Many of these different types of metrics are integrated spatially and temporally in a process-outcomes model.  This multi-temporal stage dynamic model links the S&T process with the social and economic systems, and allows tracking of the innovation process from inputs/ activity to outputs, impacts, and outcomes.

The book is very eclectic; it draws from a variety of global references and experiences.  While much of the analysis relates to United States experiences, both European and Asian experiences are highlighted as well.  The three relatively standardized frameworks of scientific indicators for multi-country multi-parameter evaluation (OECD, U. S. National Science Board, Japanese Science Indicators System) discussed in the book reflect this national diversity. 

In the last section of the book, a variety of applications to the academic, industrial, and public sectors are reviewed.  The differences in the metrics used for each application, and particularly the context and larger processes in which they are used, are emphasized.  Because the book’s scope includes both science and technology, and because the scientists and technologists in these respective segments of the innovation continuum have different objectives and responsibilities, the differences in metrics applied to these two groups are also emphasized.

For academic institutions, Geisler distinguishes between teaching institutions (universities and colleges) and research institutions.  Further, Geisler also includes academic institution spin-offs, such as research parks and cooperative programs with industry, in this metrics applications section.  For industrial institutions, Geisler describes metrics used in the evaluation of S&T projects, followed by industries and sectors.  The purpose here is to provide a framework for metrics classification as implemented operationally.  For public-sector institutions, Geisler discusses the relation of evaluation processes and their component metrics with the objectives of the multiple stakeholders that oversee and control the institutions.  The relationship of The Government Results and Performance Act of 1993 (GPRA) to stakeholder interests is discussed with an excellent illustrative example.  

Throughout the book, multiple perspectives are examined for each metric, each dynamic process, and each application.  In this respect, the book is not only of the highest levels of academic scholarship, but is eminently practical for use as an operational handbook.  However, the reader should not expect to be spoon-fed with fixed protocols for employing metrics.  Much thought and judgement will be required to decide among the cornucopia of metrics presented, and the dynamic models in which they should be imbedded, given the breadth of strengths and weaknesses presented for each measure/ indicator/ metric.

The reader should pay particular emphasis to the following issues when reading the book, and when considering the implementation of metrics.

1) GLOBAL VS LOCAL OPTIMA

There are two fundamental incompatibilities of metrics with S&T, especially science.  First, the main product of science/ research is understanding of fundamental phenomena.  This understanding is not amenable to metrics.  Only the expressions of understanding on the physical plane, such as science/ research documents, hardware, software, etc., are amenable to metrics.  Thus, metrics will intrinsically be incomplete in describing the performance and progress of science/ research.

For this reason, metrics have not been used extensively in the evaluation of science/ research.  Only recently, when laws such as GPRA were passed in the U. S., has there been more intense interest in metrics for science/ research evaluation.  There is concomitantly a major concern that metrics could be mis-applied to science/ research as a result of these external pressures for accountability.

The second incompatibility applies to the economics of science/ research, and derives from the difference between global and local optimization.  For the most part, fundamental science/ research is not cost-effective for industrial sponsors, because of their short-term time horizons for financial returns, and the type of locally-optimized economic analyses they use to compute these returns.  There are three intrinsic reasons for this statement.

a) True fundamental science/ research is very risky, with many failures and few payoffs.  This effect is masked today, because much science and technology as well has been classified as fundamental science/ research, and consequently the large failure rate is not observed with this much less risky applied science/ research and technology.

b) For the few science/ research projects that do succeed, the benefits may not necessarily accrue to the sponsor of the science/ research.  In many cases, it is difficult to identify a single sponsor for a successful science/ research product, or even to allocate benefits to particular sponsors.

c) Even if the benefits accrue to the sponsor, there historically has been a long time lapse between the expenditures of funds for science/ research, and the revenues from the commercial applications.  This severely degrades benefit-cost ratios that are based on the time value of money.  With some of the more recent information technology disciplines that have characteristically shorter development times, the time lapse may not be as large as the more imbedded physical and engineering science disciplines.

Because of these reasons, true fundamental science/ research has not been supported extensively by industry.  While some so-called industrial research centers were created to provide short- and mid-term results to offer the company a competitive advantage, many existed for public relations purposes.   When economic downturns occurred (e.g., the aerospace industry in the early 1970s), these research centers were the first organizational components to be eliminated.  Some pockets of industrial research may exist today in a few selected disciplines (e.g., biotech, information science), but for the most part, it is government that supports basic science/ research.  In this case, the metrics are quite different.  The government metrics tend to be derived using global optimization over space (many beneficiaries) and time (longer horizons are acceptable).  Other measures than standard benefit-cost analyses tend to be used.  In plain language, what is good for society may not be good for a firm, and vice versa.

2) PURPOSE AND MOTIVE OF METRICS EVALUATIONS

While the specific metrics and dynamic models used, and their operational mechanics, are important in S&T evaluation and monitoring, much more important are the purpose behind the evaluation and the manager of the full evaluation.  It is critical that the organization that selects the metrics and evaluation processes, and performs the analyses, be as independent and objective as possible.  

In the recent Departmental reviews for which I have been responsible, I have contracted with an arm of the U. S. National Research Council, the administrative unit of the National Academies of Science and Engineering, and the Institute of Medicine, to conduct the evaluations.  I consider having this independent unit, the Naval Studies Board (NSB), as the most important component of the evaluations, more important than any specific metrics chosen, or any agenda structure.  The benefits of the NSB go beyond the strictly measurable.  The panel has the flexibility to make subjective judgements, and arrive at unpopular conclusions and recommendations.  Dr. Geisler addresses different types of evaluation organizations in this book, but should have emphasized the potential for strong deficiencies and inherent biases of self-evaluation (for purposes other than operational monitoring) more emphatically.

3) INTEGRATION INTO STRATEGIC MANAGEMENT

Most organizations use metrics today in isolation from dynamic models, from other management decision aids, and from effective decision-making.  As such, metrics contribute more to public relations than public policy.  Under such conditions of isolation, operational data derived from normal business practices is all that is available to quantify the metrics.  This restricted data in turn limits the universe of goals and objectives whose progress can be gauged by the metrics chosen.  When metrics and the other complementary management decision aids are fully integrated into the strategic management process, the organizationally-appropriate objectives and goals can be selected first, the best metrics to gauge progress toward these objectives can then be chosen, and the data to quantify these metrics can be generated finally.  Thus, data gathered for monitoring tactical and strategic business operations will correctly derive from objectives, and not the converse situation that exists in practice today. If metrics are to play an effective role in evaluation and monitoring, they need to be integrated into the strategic management of the organization.

Geisler correctly points out the need for fully integrated organizational behavior models, where key variables can be identified, and selected as the metrics for effective monitoring.  It is imperative that every S&T metric, and its associated data, presented in a study or briefing have a decision focus.  It should contribute to the answer of a question that in turn would be the basis of a recommendation for future action.  Metrics and associated data that do not perform this function become an end in themselves, offer no insight to the central focus of the study or briefing, and provide no contribution to decision‑making.  They dilute the theme of the study, and, over time, tend to devalue the worth of metrics in credible S&T evaluations.  Because of the present political popularity and subsequent proliferation of S&T metrics, the widespread availability of data, and the ease with which this data can be electronically gathered/ aggregated/ displayed, most S&T metrics briefings and studies are immersed in isolated data geared to impress rather than inform  

4) INTEGRATION INTO STRATEGIC GOAL SELECTION

In some cases, the process of metrics development can be of equal importance to the final metrics developed.  The following strategic goal selection example illustrates this point.  In 1998, I placed a document on the Web entitled Science and Technology Metrics (www.dtic.mil/dtic/kostoff/index.html).  Immediately, I was deluged with requests from S&T sponsor and laboratory managers to discuss the selection of metrics for strategic goal progress measurements.  These requests derived from the burgeoning interests of the technical community in metrics as a result of the impending requirements from the newly-instituted GPRA legislation.  

I found that the process of relating metrics to strategic goals offered substantial insight into the objectives formation process, and in most cases drastically revised the number and structure of the goals themselves.  A very different perspective of an organization’s response to its mission can result when quantifiable goals are the target.  It was instructive for me to see how many organizational goals, across many government agencies, were more public relations statements than targets amenable to quantified evaluation.  The main value that eventually results from GPRA may very well be the restructuring of organizational goals to a form where they can be evaluated with some degree of quantification, and identifying the metrics that will help perform this function.

5) PUBLIC SECTOR S&T SPONSOR RESPONSIBILITIES

In Geisler’s chapter on public sector S&T evaluation, there is an illustrative example on metrics that the National Institute for Occupational Safety and Health (NIOSH) could use to evaluate progress towards its strategic goals.  This example and its accompanying discussion impinge upon the mission and goals of an S&T sponsor, and the types of metrics needed to evaluate progress made toward these goals.  However, the goals and accompanying metrics in the illustrative example address only part of the broader goals and metrics applicable to all S&T sponsors. 

I view public-sector S&T sponsors as having two major responsibilities: a) to sponsor high quality S&T that has high potential for eventually being used to improve systems and operations of the sponsor’s stakeholders/ customers for national benefit, and b) to make the downstream developers/ acquisitioners of these final products aware of global S&T being performed that could impact their downstream development and acquisition.  These S&T sponsors have little control over the fate of their sponsored S&T after the S&T is completed, and especially after the S&T transitions to other organizations for further downstream development and acquisition.  Some of the many external factors that determine the eventual fate of S&T other than technical quality include geopolitical, local political, economic, financial, legal, environmental, cultural, etc. The only control the S&T sponsors can actually exert over potential applications is to produce a high quality product that has positive transitionability characteristics (e.g., affordable, maintainable, reliable, addresses stakeholder and customer need, high technical quality, etc).  Succinctly, S&T sponsors control outputs, not outcomes.

Yet, present metrics systems for evaluating public sector S&T sponsors do not address the reality of the two responsibilities described above.  Public sector S&T sponsors are held accountable for both outputs and outcomes.  Many public sector S&T sponsor evaluations contain metrics that address downstream outcomes.   Public sector S&T sponsors are held accountable, to some degree, for S&T products that do not transition for further development, or that do not eventually result in envisioned outcomes. This is an example where the appropriateness of the metric is perhaps more important than its measurement capability.

Conversely, public sector S&T sponsors, for the most part, are not held accountable for providing their acquisition partners/ stakeholders with information about global S&T that could impact final operational systems.  This is particularly egregious for two reasons: a) any public sector agency is financially limited to funding only a small fraction of global S&T, while many agencies’ stakeholders have eclectic S&T needs that span many technologies being developed globally; b) of all public sector organizations, the S&T sponsors (and their associated performers) have the technical personnel who are most qualified to interpret global S&T developments, and identify those that offer the most potential.  Yet, metrics to evaluate S&T sponsors for their performance on the crucial awareness responsibility have not even been conceived.  Geisler’s book (nor anyone else’s) does not address this latter metrics group.

6) BIBLIOMETRICS DEFICIENCIES

While Geisler identified many strengths and weaknesses related to bibliometrics, there were a few issues that were understated, or not stated at all.  Bibliometrics are document-based; they make sense only when adequate documentation exists.  However, as pointed out in a recent paper (2), much of S&T performed globally is not documented, and of the portion that is documented, much of the information does not reach the analyst in usable form.  While there are many reasons for lack of documentation, basically there are far more disincentives to publishing than incentives.  Thus, in areas that: a) relate to national security; b) involve proprietary material; or c) have a strong base external to academia, bibliometrics could provide a false impression of the discipline.

Along the same lines, bibliometrics tend to be employed in a passive operational mode.  Lotka’s Law, the distribution function that relates the number of authors to the number of papers they publish, shows that most researchers publish very little.  Why haven’t these results been used to increase the population of the lower tail of the distribution function?  While there will always be differences between the prolific producers and the remainder of the researchers, why does it have to be so large?  Much of the difference may be due to the lethargy of the bulk of the research community for documentation, and the absence of mandates and requirements for documentation of sponsored research.  This is an example of how metrics could be used in an active feedback mode to influence what is being measured.  The passive bibliometrics operational mode is a direct result of the non-integration of metrics into the strategic management process!

Finally, much bibliometrics is used in a comparative mode.  One group’s outputs, or citations, are compared to those of another group.  But what happens if neither group is particularly efficient or productive?  Specifically, what if an entire sub-discipline is not overly productive, or impactful?  Bibliometrics does not address these cases.  Bibliometrics needs to be supplemented with a capability to address absolute impacts, or outputs.  A recent study (3) suggested one possible approach for citations, based on an analog to Carnot efficiency in thermodynamics.  This approach related citations actually achieved to citations that could have been achieved, and went well beyond the relatively ineffectual comparison-only mode that has been the bibliometrics standard for generations.  More absolute output metrics need to be developed for science/ research and technology, as exist for many other human endeavors.

7) INTEGRATIVE METRICS MONITORING

Geisler has an excellent chapter describing process outcomes, based in large extent on his outstanding work in this area.  He generates integrated metric indices that cover many different metrics (weighted) over different time segments in a dynamic model.  Such an approach lends itself to semi-automated organizational S&T-activity based monitoring.  The index values would serve as warning flags for large-scale organizational performance problems.  These indices could then be easily de-convoluted to the specific metrics that identify the key problem areas.  This allows for monitoring at many different hierarchical levels in the metrics aggregation structure, and in a parallel sense in the organizational hierarchy as well.

In summary, Professor Geisler has produced a seminal work in science and technology metrics, and anyone directly or peripherally involved in science and technology would be well-advised to read this volume.
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