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Abstract

This study addresses the question: how efficiently do countries translate scientific and
technological excellence -- as expressed in various measures such as patent and
bibliometric indices-- into export comparative advantage? The use of science and
technology in generating exports is first modelled as a two-stage process. A variant of
linear programming known as data envelopment analysis [DEA] is then employed to
estimate empirically the relative efficiency of Israel and the European Community
countries in converting scientific and technological excellence into exports of R&D-
intensive products. It is found that Israel, together with Germany, are more efficient than
other European nations in the production of scientific and technological outputs, but Israel
is far less efficient than EC countries in utilizing its science and technology base of
excellence to create high-technology exports. Among the major R&D spenders in Europe,
France, Germany and Denmark together form the efficiency frontier in generating
comparative advantage from these inputs.



1. Imtroduction

World markets for high value-added products are becoming more and more competitive. In
an effort to gain competitive advantage in these markets, many countries invest costly
resources, from both private and public sources, in an effort to achieve scientific and
technological excellence.

Policymakers face two important questions: a) how efficiently are the resources invested
in science and technology being used, in terms of their "output" of scientific papers and
patents, for example, and in their output of high-quality products and processes? And
b) How efficiently is the scientific and technological excellence embodied in products and
processes being translated into export sales and market share?

New indicators have recently been developed for measuring quantitatively each aspect of
the innovation cycle, beginning with the production of knowledge, through basic and
applied research, industrial development, and finally innovation [Grupp, 1991]. These
indicators can be regarded as "inputs” and lend themselves to the construction of optimizing
economic models in which the efficiency of inputs in generating "outputs" can be
empirically estimated. Such models could be a useful guide to policymakers, by showing
which inputs are efficiently used and which are not.

Linear and non-linear programming immediately suggest themselves as appropriate tools.
However, many measures of scientific and technological excellence are non-monetary in
nature -- they do not represent labour-hours or capital dollars, but rather comparative
metrics. This makes conventional programming models unusable.

A version of linear programming exists, however, that was explicitly built to measure the
efficiency of "decision-making units” (which could be countries, or industries, or
individual firms), and that does allow qualitative inputs. This approach, devised by
Charnes and Cooper in 1978, is known as Data Envelopment Analysis. Essentially, it
examines which "DMU"s (decision-making units) are on their production possibilities
frontier, or isoquant and which are not. [Charnes, Cooper & Rhodes, 1978 1979, 1981;
Charnes, Cooper & Clarke, 1988].

In this paper, we propose to construct a two-stage model of the relation between
technological excellence and export sales, in which resources generate scientific and
technological "outputs" (such as patents, citations and publications), and then these
"outputs" in turn are used to generate comparative advantage in global markets for high-
technology products. The model exploits the existence of a correlated network of indicators
that provide quantitative measures of innovation dynamics from the earliest to the last stage
of the innovation process [Grupp 1991]. We then illustrate this mode! with a DEA-based
empirical study of this two-stage efficiency, for R&D-intensive products in European
Community countries and in Israel: those with R&D expenditures averaging above 3.5
percent of sales.



2. A Model of Technology-based Exports

Public goods tend to have one or both of two economic characteristics: non-rivalry in
supply -- consumption of them by one person does not in general leave less of them for
someone else -- and non-excludability -- it is inefficient (because of zero or low marginal
costs) and often unfeasible to exclude persons from consuming them. Examples are law
and order, roads, public health and defense or national security [Bator, 1958].

In many ways, the link between knowledge, research, industrial development and
innovation resembles the production of public goods. Knowledge itself is a kind of public
good. In particular, when proprietary knowledge is patented, patent law forces the inventor
to disclose the fruits of his or her research to the public (though the use of such knowledge
for profit-making purposes is limited).

Rather than consist of a direct link between one set of inputs and another set of final outputs
(exports), there is a set of chained functions linking basic inputs to intermediate inputs, to
final inputs, and ultimately to final outputs [Kline 1991]. Applied research may have among
its inputs, basic research; industrial development, in turn, has as one of its inputs, applied
rese?irch. At each stage, outputs from the previous stage become inputs of the current
one.

Grupp, Albrecht and Koschatzky [1992] have portrayed the knowledge-innovation cycle as
shown in Table 1, and developed a series of useful quantitative indicators to measure
performance at each stage, such as: 1. Theory and model development 2. Technical
realization 3. Industrial development 4. Innovation, and 5. Production and export of
products (diffusion)z. :

In a series of research papers, Grupp, Koschatzky and Hohmeyer. [Grupp, 1991;
Koschatzky, 1991; Grupp and Hohmeyer, 1986, 1988] have shown how such indicators
can be used to measure and compare performance, across countries, for individual
products, product groups, sub-industries or even entire industries.

1  Similar chained functions exist in other areas of public goods, for example, labor hours and patrol cars
can produce police patrols, which in wm serve as an input for the output of public safety, This
analysis is similar to that in Bradford, Maital and Qates (1969 ], who posit a two-stage input-output
function for public goods: a) stage one, where resource inputs produce "intermediate” public good
inputs, e.g. labor hours and patrol cars, as inputs, produce police patrois; and b) stage two, where
intermediate public good inputs, like police patrols, produce the public good itself, "public safety” or
"law and order".

2 Generally, because of difficulties in quantifying the public good, only stage-one efficiency is measured
and studied. They argue that because many public goods are highly labor-intensive, yet have not
enjoyed rising productivity owing to new technologies, their units costs have risen rapidly. Some of
these same arguments may also apply to Research and Development, which has experienced rapidly
rising unit costs and is in many cases highly intensive in skilled-labor.
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Table 1. Stages of Research, Development and
innovation, and corresponding Science and
Technology indicators
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The existence of such quantitative indicators makes possible a further advance in the study
of industrial policy -- the construction of quantitative models to measure the efficiency of
R&D resource use aimed at export markets. Such studies are required, because the public-
good nature of innovation dynamics does not validate the assumption that competitive
markets guarantee full or near-full efficiency. As Bator [1958] showed, provision of
public goods is subject to market failure. Lack of competitive markets implies that
allocative efficiency through the price mechanism cannot be assumed. Other systems rather
than self-regulation and market forces must be employed to attain efficiency. The question
then arises, how successful are such systems, in various countries, in attaining efficiency
of R&D resource use?  To answer this question, we begin by constructing a two-stage
model of innovation.

A Two-Stage Model of Innovation:

Let X be "R&D resources”, measured perhaps by the aggregate expenditure on R&D.
Let Y be "R&D output”, measured perhaps by the number of patents, publications and
citations. Finally, let Z be a measure of comparative advantage in exports of high-
technology products.

This suggests a two-stage model:

*  Stage 1: Research and Development efficiency:

(1} Y=FX)

where Y is a vector of variables that measure R&D success, and X is a vector of variables
that measure resources devoted to R&D. The function F(.) measures the efficiency in
~ converting resources into excellence in science and technology -- efficiency we might term

"Y"-efficiency.



* Stage 2: Export efficiency:

(21 Z=G(Y),

where Z is a vector of measures of comparative advantage in high-tech exports. The
function G(.) measures the efficiency in translating scientific and technological excellence
into exports: "Z" efficiency.

Presumably, policymakers charged with implementing industrial policy and with wisely
investing resources in basic scientific capability, with the objective of competing in global
markets, need to know the level of both "Y" and "Z" efficiency. It has long been claimed
that the United States’ overall lead in basic science -- as exemplified by the pre-eminence of
such Federally-funded laboratories as the National Institutes of Health -- is not efficiently
translated into new products. This implies high "Y" efficiency, but because of failings in
marketing  (and perhaps insulation of Federal labs from industrial companies and
consumers), the "Z" efficiency is very low.

This is parallel, for example, to high efficiency in converting police cars and labor hours
into police patrols, but low efficiency in transforming police patrols into reductions in
crime and high personal security [Bradford, Malt and Oates, 1969]. {Lately, police have
discovered, in New York City, Washington D.C. and elsewhere, that the "old" technology

of foot patrols has far greater "Z" efficiency in reducing crime}.

In the remainder of this paper, we model both "Z" and "Y"-efficiency through data
envelopment methods, and apply it illustratively to a comparison of Israel and the major EC
countries.

A Data Envelopment Model:

Let "X" be a vector of inputs measuring R&D resources, and "Y" be a vector of outputs

(say, technological excellence, in qualitative units), for a set of decision-making units (in



our case, countries

3). Efficiency is obtained by obtaining the maximum value of output

per unit of input. Hence the problem can be framed as;

[3]

and

where:

Max 8, = zs:u,ym /f’vixio

r=l i=l

s.t.iu,ym /ivixij <1

=] i=1

v. 21

* i

u

outputs, X = inputs
1-th output of DMU "j", Xy = ith input of DMU "j"
weights (i.e. shadow prices) of outputs,

weights (1.e. shadow prices) of inputs,

coefficient of rth ouput that maximize 0, ;

coefficients of ith input that maximize 0.

l1....n index of Decision-Making Units
l..m index of inputs

l..s index of outputs

This model seeks to maximize €, the ratio of weighted outputs to weighted inputs, for an

arbitrary decision-making unit (DMU) "0", subject to the constraint that the same ratio for

the other decision-making units should not exceed unity (which is maximal efficiency).

By solving this programming problem (n+1) times, each time with a different DMU serving

as the referent "0" unit, the efficient hyperplane can be identified and measured, and each

We leave open the question whether "invisible hands™ exist that make decisions at the national level of
aggregation. In most EC countries and Israel, the respective national governments claim to prosecute a
consistent research, technology and industrial policy. In other countries, like the U.S., this may not be
the case (e.g., compare Roessner, 1985},



DMU's distance from it can be measured in various ways.

The input and output weights chosen are those that minimize the distance between each DMU

and the efficient hyperplane. They have the economic interpretation of "shadow prices”.

The above equations are non-linear and therefore pose difficult computational problems.
However, Charnes, Rhodes and Cooper [1979] proved that [3] can be easily converted to
(n+1) ordinary linear fractional programming problems. This ingenious transformation

was the genesis of Data Envelopment Analysis (DEA).

DEA problems may be formulated in output-maximizing or input-minimizing variants, and
each DEA problem, however formulated, has a "dual". DEA provides a set of scalar
measures of inefficiency. These measures come in pairs -- one set for input-oriented (i.e.
input minimizing) measures, and one set for output-oriented (i.e. output maximizing)
measures.

The two main scalar measures of inefficiency, for input-minimizing models, are:

a) Theta: the proportional reduction in inputs possible in order to obtain the projected

input values.

b) Iota: an input efficiency score, interpreted as the proximity of the data point to the
facet of the piecewise linear envelopment surface, and equal to the total weighted distance
between observed and projected points, standardized by inputs.

c) Sigma: summed weighted value of the output slack (difference between actual and
- efficient output), weighted by shadow prices, and excess input values, also weighted by
the corresponding shadow prices.

Theta measures only that portion of economic inefficiency that could be eliminated by
proportional reduction of inputs. It is the proximity of the data point {Y,, X, ) tothe
facet of the piecewise linear envelopment surface. Even after reducing inputs by "Theta",

however, some inputs may still exhibit slack. Iota measures the total amount of

inefficiency, not just the proportional distance along a radius vector. Sigma measures the
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weighted Euclidean distance between the actual point (Yi Xi ) and efficient point
(Y* X*.).

A property of DEA that makes it particularly suitable for estimating and partitioning
inefficiency is that the inputs used in DEA analysis "may also assume a variety of forms
which admit of only ordinal measurements, e.g. psychological tests, arithmetic scores,
psychomotor skills." [Charnes, Cooper and Rhodes, 1979, p. 429]. In our case, this
allows the use of variables that relate to factors like patent and citation performance, not
solely to conventional inputs like labor hours or machine hours. The use of such variables,
in turn, may permit the partitioning of inefficiency among its proximate causes, including
those related to the performance of management Leibenstein and Maital, 1992; Sengupta
and Sfeir, 1988; Sherman, 1984]. DEA places no restrictions on the functional form of the
production relationships and makes no a priori distinction between the relative importance
of any two outputs or of any two inputs. While DEA is non-parametric, it is not free of the
necessity for further modelling and theory. For example, assumptions about the underlying
relationships will determine whether the efficient frontier is forced through the origin
(constant returns to scale) or allowed not 1o pass through the origin (variable returns to

scale).

While DEA is relatively insensitive to model specification (e.g. "input orientation” or
"output orientation"), it can be extremely sensitive to variable selection, and data errors
(Ahn and Seiford, 1990). Moreover, given enough inputs, all (or most) of the DMU's
are rated efficient. This is a direct result of the dimensionality of the input/output space

(m + s) relative to n, the number of DMU's (observations).

3. Description of Data

Table 1 in the previous section provides an overview of the various stages of Research,
Development and Innovation, along with the tnput and output indicators and variables that
serve to quantify and characerize each stage. This cognitive model (Grupp, Albrecht and
Koschatzky, 1992) is cerainly not sufficiently complex to fully cope with the cyclical
characteristics of the scientific and technological innovation process, but, without entering
into an extended discussion of the complexities of modelling the interrelated science and

innovation processes, the Table 1 model may serve to visualize available opportunities for
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quantifying each stage. At the same time, we note that in measuring the dynamics of
science-based innovation, one faces the problem that clear-cut measurement procedures are
often difficult to devise and to validate. The "indicators" approach -- construction of input
and output variables -- is capable of grasping only a part of the complex innovation-oriented
processes and their related feedback mechanisms [Grupp et al., 1992, p. 11].

In this paper, one input variable and four output variables are used for quantifying Stage 1
"R&D" efficiency ("Y" efficiency) is used, and one output variable and four input
variables, for Stage 2 "Export” efficiency ("Z" efficiency). The four output variables from
Stage 1 become the four input variables of Stage 2.

X variable: The single input variable for Stage 1 efficiency is taken as gross R&D
spending (GERD) expressed as a percentage of GDP, as defined and compiled by the
OECD [OECD, 1991]. These data are comparable to one another and in some cases are
adjusted by the OECD staff. The GERD data, when expressed as a percentage of GDP,
bypass the difficult problem of adequate conversion of national currencies. For Israel,
national sources (the Central Bureau of Statistics) replace the OECD data; thus, in the case
of Israel alone, there may not be full consistency with the R&D data of the remaining
countries. Annual averages are taken for the period 1981 - 1985 to overcome annual
fluctuations and some missing data. This R&D series includes only the commitment of
financial resources to innovation that funds formalized R&D activities, despite the fact that
there are many other, complementary ways to engage in research and development
activities, such as design improvement, learning by doing, and learning by using (see the
review of Dosi {1988] ). However, at present, no better quantification of innovation
TESOUTCes €Xists.

Y variables: These are "throughput" variables, that serve as outputs in Stage 1 and inputs
in Stage 2, and are a subset of existing, available bibliometric and patent indicators. They
consist of indicators of: Publications, Citations, Patents (single-year) and Cumulative

Patents.

a) Scientific publications: Bibliometric indicators are a common measure of research output
[van Raan, 1988]). The number of scientific publications is one of those indicators,
though admittedly a rather crude one. Only publications in the natural sciences and



12

engineering during 1981-85 are counted in our PUB variable. Biomedical research and
other parts of the life sciences are very important for human welfare and health, however
this type of research in the 1980's was far less likely to have an impact on technology and
on exports. Thus we have excluded publications and citations in the life sciences (though
medical technology has been included). Publications data are derived from the Science
Citation Index for the EC countries and Israel [Schubert et al., 1989]. We note that
Belgium and Luxemburg, which form an economic and monetary union, are treated as a
single country, in bibliometric, patent and foreign trade statistics. Publication counts are
normalized by dividing by Gross Domestic Product (GDP).

b) Citations: We do not consider the citations indicator as a measure of scientific quality,
but rather as a proxy for the degree that scientific publications are exploited. If the
publications of a country are frequently cited in the scientific literature, this indicates that the
scientific output of this country is recognized internationally. The issue then arises, does the
country itself exploit the knowledge it has created, or do scientists, engineers and firms in
general in other countries? In some ways, citations are a more important through-put
variable than publications, because they serve to measure the utility or impact of research,
rather than its gross quantity. Again, as with publications, the natural sciences and
_engineering are covered, but biomedicine and life sciences are excluded (frequency of
citation of papers publishing during 1981-85). The source of citations data is, as for
publications, the Science Citation Index, which covers research articles, notes, lettes,
meeting abstracts, book reviews, and so on. In our indicator, only articles, reviews, notes

and letters were counted as citable items.

c¢) Patents: Private or corporate research generally produces patents, rather than academic

publications [Grupp, 1990]. Patent statistics are an accepted output indicator for strategic

and applied research and industrial development.4 However, the question arises, do
publications and citations overlap, in validity, with patent data? It is true that some basic

4 Why not use a direct measure of technical performance level, such as the "technometric" indicator
{Grupp, 1991] -- a metric that quantifies the excellence of a product's specifications on a [0,1] scale --
rather than indirect indicators such as patents? The answer is that technometric data are difficult to
obtain and costly to compile, and are available only for a few selécted countries and products. No
comprehensive technometric data exist at present for all EC countries and Israel. In addition, there is a
problem of aggregation -- summing technometric indicators for individual products. Technometric
analysis is useful in selected areas of technology, but aggregate data are often not available. Patent
indicators are therefore used instead. For a discussion of the use of patent indicators to reflect the level
of technology, see Grupp [1991].
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research institutions, such as universities, take out patents, and some industrial laboratories
publish scientific papers. However, it has been found empirically that inventors tend not to
cite their own patents in their scientfic publications. Thus, the full picture of their work is
revealed only when the two interrelated indicators are used together -- patents and
publications [Grupp, 1990, p. 448]. As patent applications are legal documents that are
valid only in one country, many foreign "duplications” of domestic priority patent
applications are generated. The selection of patent data from only one patent office,
therefore, does not always yield an indicator that is representative of the world output of
inventions. Our study seeks to compare EC countries with Israel. Selection of the
regional European Patent Office (EPO) is inappropriate, since it would unfairly bias the data
in favor of EC countries and against Israel. Therefore, for purposes of this paper, United
States Patent and Trademark Office (USPTO) data are used. They represent the patented
invention output in the world's largest market for technology, the United States, which is
foreign both to EC countries and to Israel and hence has less bias than the EPO. Since
patent output tends to lag behind spending on industrial research and development, we
selected annual averages of granted patents for the invention years 1984 through 1986
{normalized by GDP). This patent indicator, PAT, measures the increment to the stock of
patented inventions from earlier years, and thus reflects the production of recent

technology.

The legal validity of a U.S. patent is for 17 years following its granting. Thus, it is
important to consider the stock of protected technology, or patent potential (PATPOT) and
not just its increment as measured by PAT. We therefore compiled the number of granted
patents for the period 1977 through 1986 (divided by GDP), PATPOT. We did not utilize
a full 17-year period, because of the obsolescence of technology due to quick product
cycles. Data sources are the same as for PAT.  All patent data were supplied by the
- USPTO on diskettes (version as of Dec. 31, 1990).

We exclude those patents that do not reflect technology important for R&D-intensive (high-
tech) exports (see description of Z variable). A patent-to-trade concordance is providedby
Grupp and Legler {1992]. Patents for the high-tech products we examine in this paper
cover somewhat more than 50 per cent of all patents, with some variation across individual

countries.
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Z Variable: The dynamic nature of "high technology" presents problems in defining
appropriate indicators of high-tech export sales. Many authors associate high technology
with R&D intensity. In this paper, we utilize a list of R&D-intensive products as defined
by the Standard Industrial Trade Classification (SITC revision III) [Grupp and Legler,
1992]. Products with R&D intensities above 3.5 per cent of gross sales are included. For
other purposes, we have distinguished between High-Level products (those with R&D
spending of between 3.5 and 8.5 per cent of sales) and Leading-Edge products (those with
R&D spending of 8.5 per cent of sales or more). For a list of high-tech products so
defined, see the Appendix.

We chose to measure the final Z-variable not as the absolute level of high-tech exports , as
defined by the SITC categories, but rather as the relation between exports and imports,
which we term "Revealed Comparative Advantage” (RCA). (See definition in the Legend of
Table 2). The RCA indicator answers two questions simultaneously:

- Do the domestic suppliers of a product have a solid footing in the marketplace compared
with foreign competitors and suppliers of other domestic sectors?

- Do they succeed in substituting domestic production for imports, compared with

suppliers in other sectors?

The comparative-advantage concept dates back as far as 1817, when David Ricardo first
enunciated the principle of comparative advantage in his famous wine and cloth example.
The West German Federal Ministry for Research and Technology -- among other actors in
technology policy - adopted it years ago to regularly report on West German technological
competitiveness [Legler, 1987; Grupp and Legler, 1992]. Recently it was revitalized in the
United States by Porter {1991]. Another, recent justification of this concept is given by
Dosi et al. [1990]. The data are drawn from the OECD's exports and imports statistics
("trade by commodities”), and relate to the year 1988. We chose this year, because the wade
effects arising from scientific and technological variables tend to lag by two to four years,
in the area of high technology [Grupp, 1991]. For Israel, rade data for 1987 were used, as
later data (classified by the Standard International Trade Classification IlI) were not yet

available.

See Table 2 for the data and precise definitions of the variables.
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Table 2. Data *

Countries PAT |PUB [CIT [PATPOT | GERD [RCA**
GERMANY (DEU) 16.07 | 82.59 |264.42| 5825 | 2.54 | 128.76
FRANCE (FRA) 6.74 | 74.89 |212.14| 2401 | 2.16 | 97.90
UK. (GBR) 721 1108.4 |340.3 | 26.63 | 2.34 | 109.07
NETHERL. (NDL) 9.37 | 82.57 [278.21] 3099 | 2.01 | 8878
BELG/LUX (BEL) 425 | 63.1 |157.6 | 15.2 1.53 | 109.47
DENMARK (DNK) 458 | 66.81 [279.17| 1521 | 1.18 | 83.45
ITALY (ITA) 285 | 3571 | 87.12{ 942 | 095 | 76.54
ISRAEL (ISR) 12.88 325.98 1967.19] 3559 [ 2.9 | 69.31
SPAIN (ESP) 061 | 31.86 | 4944| 162 | 045 | 7420
GREECE (GRC) 0.19 | 47.28 | 62.02] 059 | 027 | 1243
PORTUGAL (PRT) 0.04 | 1253 | 1859 0.14 | 038 | 2694
IRELAND (IRL) | 34 | 4915 [111.33| 839 | 075 | 111.84

* LEGEND FOR TABLE 2 (see next page)



16

PAT: number of patents invented between 1984 and 1986 matched to HL (high-level) and
LE (leading edge) products, U.S. Patent and Trade Office, as a ratio to GDP.

PUB: number of publications in both scientific and engineering publications, 1981-85 (not
including Life Science publications), as a fraction of GDP.

CIT: number of citations to scientific and engineering papers published in 1981-85
periodicals, as a fraction of GDP.

PATPOT: cumulative number of patents, USPTO, invented during1977-86, for both HL.
and LE goods, as a fraction of GDP.

GERD: Gross R&D Spending, annual average for 1981-85; converted to U.S. dollars using
Purchasing Power Parity index of O.E.C.D.; § billion.

Source: O.E.C.D., Scientific Indicators. For Israel: R&D data are taken from the Central
Statistical Bureau's Statistical Yearbook. Expressed as a per cent of GDP. Gross Domestic
Product: average for 1981-85.

RCA : revealed comparative advantage, for HL and LE goods, for the year 1988, defined

as:

RCA = 100 { (ES?-1)/(ES?+ 1) }, -100 s RCA £ +100

EX/IM

where Export Share ES =
EXTOT/IMTOT

EX is a country's total Exports of HL and LE products, IM is that country's Imports of HL
and LE manufactured products, EXTOT is the country's total exports of manufactures, and
IMTOT is the country's total imports of manufactures,

Country acronyms: are according to the three-digit ISO convention.

** n later analysis, the number of countries was narrowed to eight, with Spain, Portugal,
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Greece and Ireland eliminated.

In order to make the RCA variable non-negative -- a necessary condition 'f;)r conducting linear
programming analysis -- we added a constant (+ 100) to each country's RCA score, so that all
values should become non-negative. These shifted RCA values are shown in Table 2. (The
lowest possible RCA value is -100).

4. Empirical Results’
Stage 1 Efficiency

Partial Analysis: We begin our analysis of Stage 1 efficiency in converting R&D
resources into “outputs” -- patents, patent potential, publications and citations -- by
constructing some simple two-dimensional graphs, showing each of the four "outputs" as a
function of the independent variable for Stage 1, Gross R&D Spending as a Per Cent of
GDP. {SeeFigures 1 -4 }. These four graphs show partial production functions -- one
output as a function of one input -- but by their nature cannot reveal the aggregate picture
that DEA portrays. (See below).

Most countries are on the efficiency frontier, for Stage 1, for at least one of the four R&D
outputs. Israel's very high levels of publications and citations, relative to its GDP, places it
very high on the efficiency frontiers for these outputs, and even skews them to indicate
"increasing marginal product”, i.e. a rising gradient. Denmark and the U.K. also appear
on efficiency frontiers, indicating strong scientific infrastructure in those countries. With
regard to patents and patent potential, Germany, the Netherlands, Denmark and Italy

domtnate, with Germany enjoying a strong lead.

This initial analysis, therefore, suggests that when the full DEA study is conducted, the
efficient Stage 1 countries are likely to include Israel and Germany -- Israel, because of its
strong performance in publications and citations, and Germany, because of its strong

position in patents.

5 Weare indebted 1o Prof. Agha Igbal Ali, of the Univ. of Massachusetts - Amherst, MA., for providing

his IDEAS software - Version 3.0.0, Integrated Data Envelopment Analysis [Ali, 1990]. It is now
availablc commercially.
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Figure 3:Publications/GDP vs. Gross R&D Spending/GDP
EC Countries & Israel
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Reduced DEA Results: The four output indicators do not allow for two-dimensional
graphical representations of the DEA results. Two of the outputs are valid representaations
of "science" (PUB and CIT), and two are valid representations of "industrial development”
(PAT and PATPOT). It is therefore tempting to perform a DEA analysis with only two
outputs, say, CIT and PATPOT, in order to represent the two dimensions "academic R&D"
and "industrial R&D", in a preliminary analysis, and then to compare these "reduced" DEA
results to a full DEA analysis.

These reduced DEA results are shown graphically below (See Table 3 and Figure 5).

Table 3: Reduced "Stage 1" Efficiency in Converting R&D Resources Into
Scientific (CIT) and Technological (PATPOT) Outputs

Country Iota Theta Sigma
Germany 1.00 1.00 0
France 0.56 0.56 0
U.K. 0.65 0.65 0
Netherlands 0.79 0.79 0
Belg./Lux 0.53 0.53 0 -
Denmark 0.86 0.86 0
Italy 0.51 0.51 0
Israel 1.00 1.00 0
Spain 0.33 0.33 0.20
Greece 0.67 0.69 1.69
Portugal 0.14 0.15 0.54
Ireland 0.65 0.65 0




21

Figure 5: Schematic view of isoquants of DEA results reduced to two outputs
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As expected, Germany and Israel are seen as most efficient in Stage 1, but most of the other
countries are not overall very distant, according to the SIGMA measure: i.e. the weighted
Euclidean distance between their actual position and the efficient "envelope" vanishes.
Only the Mediterranean EC countries Spain, Greece and Portugal are more distant from the
envelope, and thus less efficient, from the two-dimensional perspective (see also Figure
5). As the DEA analysis was reduced to two outputs only, there is nearly no difference
between using the Iota (weighted distance) or the Theta (proportional projection) measures
for assessing the efficiency of inputs.

Full DEA Results: Tables_4 and 5 show the results of the data envelopment analysis
model, applied to the Stage 1 model of maximizing the ratio of the weighted sum of all four
outputs -- PAT, PATPOT, PUB and CIT -- 1o the single input, GERD, with weights
chosen to achieve the highest possible ratio. It will be recalled that "Tota" measures the
proportional reduction in inputs needed for a DMU to achieve efficiency (i.e. to be on the
efficiency frontier), "Theta" measures the total reduction in inputs for full efficiency, and
Sigma is the weighted Euclidean distance of a DMU's actual point from its fully efficient
one.
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Table 4: "Stage 1" Efficiency in Converting R&D Resources into
Scientific and Technological Outputs

Country Iota Theta - Sigma
Germany 1.0 1.0 0
France 0.57 0.58 16.63
U.K. 0.65 0.65 5.37
Netherlands 0.80 0.81 9.40
Belg./Lux. 0.54 0.57 33.29
Denmark 0.83 0.86 27.03
Italy 0.53 0.55 21.02
Israel 1.0 1.0 0
Spain 0.44 0.50 14.92
Greece 1.0 1.0 0
Portugal 0.20 0.20 0.20
Ireland 0.81 0.86 39.29

Table 5 : "Stage 1"

Output Efficiency: Ratio of Actual Output to Fully-

Efficient Output

Country PAT PUB CIT PATPOT
Germany 1.0 1.0 1.0 1.0
France 0.95 1.0 0.93 1.0
U.K. 0.88 0.96 1.0 1.0
Netherlands 1.0 0.91 1.0 0.96
Belgium/Lux. 0.91 1.0 0.81 1.0
Denmark 0.91 0.72 1.0 1.0
Italy 1.0 1.0 0.81 1.0
Israel 1.0 1.0 1.0 1.0
Spain 1.0 1.0 0.70 0.94
Greece 1.0 1.0 1.0 1.0
Portugal 0 1.0 1.0 0
Ireland 1.0 1.0 0.67 0.69
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The results indicate that for Stage 1, the three efficient "facets” are Israel, Germany and
Greece. Measured by Iota and Theta, Denmark is next, followed by Ireland, the
Netherlands, U.K., France, Belgium/Luxemburg, and finally Italy and Spain. Portugal is
last, largely because its relatively weak patent performance.

Table 5 shows the comparative efficiency in each of the four output dimensions, measured
by the ratio of actual output to efficient output, with "efficient” defined by the three facets,
Israel, Germany and Greece. Most countries are seen to be "Stage 1 efficient” for at least
two (and in some cases, three) of the outputs, In particular, Italy's low overall efficiency
score appears to be attributable to inefficiency in the "Citations" dimension alone. This may
be related in part to a language bias (as for Spain) and not solely to the low impact of Italian
and Spanish science. As for Greece, which was not judged as an efficient country in the
reduced DEA analysis, it must be noted that its performance in patents -- comparatively
low, as is R&D spending -- increased only recently. Therefore, the related PATPOT output
is considerably lower than the actual PAT output. By using only the potential indicator, as
was done in the reduced DEA analysis (see Figure 5), past patent performance is
emphasized.

. Table 5 further shows that the publication output differentiates a bit less between countries
than does the citation output. This is the reason we chose the citation data to represent
science for the reduced DEA analysis. The PAT and PATPOT data are about the same in
variation across countries. Yet, the patent potential indicator, measured over a ten-year
period, seems to be a more stable measure for the inventive power of countries, and was

thus chosen for the reduced analysis.
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Stage 2 Efficiency

Partial Analysis: Figures 6 and 7 show graphically the relation between the Stage 2
output, "Revealed Comparative Advantage”, a measure of relative success in high-tech
export markets, and two of the Stage 2 inputs, publications and patents. For both of
these two partial efficiency frontiers, Germany and Ireland are seen as fully efficient.

Reduced DEA results: Figure 8 portrays the same frontier in a different manner. Here, an
"RCA-isoquant" is calculated by means of a reduced DEA analysis, with the two other
inputs for science and technology only (analogous to Figure 5; for the reasons why we
selected these two data sets, see the discussion for Stage 1 efficiency), showing the values
of PATPOT and CIT needed to produce a single unit of RCA. Spain and Portugal seem to
form the isoquant, with other smaller countries scattering somewhat, and all the major R&D
players in Europe well beyond it. Figure 7 has been provided only because full DEA
analysis of Stage 2 is four-dimensional, in inputs, and does not lend itself well to a
graphical two-dimensional representation of isoquants. More information is certainly
provided by the full DEA analysis below (without Figures). However, we wish to make
the point clearly, at this stage, that the rather confusing numerical results need to be analyze
. carefully for their informational content, before any conclusions can be drawn from them.
Such a discussion follows in section 5. From this discussion, it is learned that RCA output
analysis should be limited to the major R&D spenders. The reduced DEA isoquants for six
major countries are also given in Figure 8. In this case, Denmark, France and Germany

form the efficiency frontier.
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Figure 6: Revealed Comparative High-Tech Trade Advantage (RCA) vs,
Scientific Qutput
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Figure 8: Schematic View of Isoquants of DEA Results Reduced to Two
Inputs (Stage 2)*
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Full DEA Analysis: Now we turn to a full DEA analysis of all four inputs, the two
"scientific” and the two "technological” ones. As before, Portugal and Spain seem to be at
the efficiency frontier, with the smaller countries following, whereas the major R&D actors
in Europe including Israel drop out (Table 6). For reasons discussed in the next section, it
is tempting to include only above-average R&D investors in the high-tech analysis.
Therefore, we perform the same DEA calculations with the more homogeneous sample of
those countries that invest more than 1 per cent of their GDP in R&D. This threshold is
arbitrary for the moment, but not without solid justification (see section 5). In addition to
this cutoff rule, Belgium and Luxembourg are excluded, for reasons mentioned later.
Therefore, in this "top 6" analysis, the remaining countries are: Germany, France, U.K.,
the Netherlands, Denmark and Israel. (The dashed envelope in Figure 8 includes these
same top 6 countries in the reduced DEA calculation).
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Table 6.
"Stage 2" Efficiency in Converting Science and Technology
Excellence into Export Advantage

Country Iota Theta Sigma
Germany 0.33 0.67 137.09
France 0.35 0.56 68.16
U.K. 0.25 0.43 85.69
Netherlands 0.25 0.46 85.25
Belg./Lux. 0.51 0.74 55.66
Denmark 0.26 0.54 102.23
Italy 0.63 0.92 38.17
Israel 0.06 0.09 44.46
Spain 1.00 1.00 0

Greece 0.13 0.14 0.78
Portugal 1.00 1.00 0

Ireland 0.73 . 0.98 42.41

The three countries (out of the top 6) that form the efficiency frontier for Stage 2 --
transformation of publications, patents and citations into revealed comparative advantage --
are Germany, France and Denmark. They are followed by the U.K., the Netherlands,
and finally Israel. The contrast between Israel's efficiency in Stage 1 -- generating
scientific and technological outputs from R&D resources -- and its inefficiency in Stage 2 --
generating exports from its scientific and technological excellence -- is striking. It should
be emphasized that this result is robust and does not depend on the number of countries
compared.

When the relative efficiency of utilizing each of the four inputs is analyzed separately (see
Table 8), it is seen that in approximate terms, no country lies along a radius vector that
crosses the efficient hyperplane, meaning that there is no major R&D investor in our sample
whose relative inefficiency in each of the four contributing inputs -- publications, citations,
patents and cumulative patents -- is approximately the same. The UK. is relatively
inefficient in utilizing scientific papers, while the opposite is true for the Netherlands,
which has inefficient utilization of patents for generating high-tech exports. Israel is
efficient in making her patent potential pay off (that is, her older technology), but is not
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fully efficient in utilizing recent patents or scientfic excellence.

This concludes our presentation of the empirical results. We now turn to a discussion of
our numerical findings.

Table 7.
Stage 2 Efficiency Measures for the top 6 R&D Investors, in Converting
Science and Technology Excelience into Export Advantage

Country Tota Theta Sigma
Germany 1.0 1.0 0
France 1.0 1.0 0
U.K. 0.90 0.92 15.4
Netherlands 0.80 0.80 0.5
Denmark 1.0 1.0 0
Israel 0.27 0.35 172.43
Table 8

Stage 2 Input Efficiency for the top 6 R&D Investors
Ratio of Efficient Input to Actual Input

Country PAT PUB CIT PATPOT

Germany 1.0 1.0 1.0 1.0
France 1.0 1.0 1.0 1.0
U.X. 1.0 0.87 1.0 0.94
Netherlands 0.95 1.0 1.0 1.0
Denmark 1.0 1.0 1.0 1.0
Israel 0.94 0.82 0.88 1.0
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5. Discussion and Conclusions

The conclusions reached with the aid of the Data Envelopment approach are essentially
evident in the data themselves. But there are doubtless many instances in which the final
result -- and degrees of inefficiency -- are far less obvious from simple inspection of the
data. There is a significant advantage in an objective, quantitative approach that yields
clearcut numerical estimates of inefficiency and also partitions that inefficiency among the

various input dimensions.

The main reservation we must discuss relates to the extent to which the input and output
variables reflect R&D processes under national control. For R&D expenditures, this
appears to be no problem, as the flow of funds from and to foreign sources is negligible in
the sample of countries studied. EC funds overall are low, compared with national
appropriations, and they are allocated in our statistics to the country where they are spent.
Bibliometric data are assigned by the affiliation of the first author (university, institute, or
company) and should reflect national activities quite well (with the exception of
multinationally co-authored papers, like this one, and the publication output of

supranational research centers).

The foreign trade indicator, RCA, is more problematic. It is by no means certain that high-
tech exports are built on technology and science indigenous to the exporting country. The
public good "R&D results” is highly mobile. In particular, large multi-national
corporations may produce and export from other countries than those where the scientific
and technological achievements originate. The degree of high-tech trade advantage will
thus depend not only on the existence of scientific or technology gaps but also on the
number and nature of high-tech firms that manufacture in that country, and thus on the
degrees of opportunity, cumulativeness and appropriability (i.e., interfirm technological
capabilities) of the local export sector.

The nature and intensity of economic -- though not technological -- stimuli, that stem from
the abundance of particular inputs, or alternately critical scarcities, specific patterns of local
demand, and levels of and changes in relative prices, generate a complex interplay between
export performance and technology-gap structures among various countries (as measured,
for example, by the four input variables used in the Stage 2 analysis above)) [Van Hulst et
al, 1991]. As a partial reaction to this interplay, we based our answer to the difficult
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question, how competitive are R&D-intensive product groups in given countries, not on
the level or size of export surpluses but on the relative position compared to all
manufactured goods. This is because the propensity to engage in international trade varies
widely across product groups for reasons other than technological ones. A high absolute
level of exports, for example, can in part be attributed to an undervalued or overvalued
currency (leading to decisions by corporations to conduct R&D and manufacturing at
cheaper sites abroad) [Grupp, 1991, p. 279]. Thus, it is the relative trde result in R&D-
intensive product groups that we chose to measure. Still, this is not a full remedy to the
above-mentioned difficulties. Theoretically, it is more correct to consider only bilateral
trade relations. After all, it is by no means certain -- indeed, there is some evidence to the
contrary -- that the advanced economies always supply products of the same high
technological content to the various regions of the world, or of Europe. That is why
consideration of trade relations within the most advanced economies is preferable [Grupp,
1991, p. 281].

Preliminary inspection of the data in Table 2 (and also of Figures 1 to 4) reveals that of the
dozen countries we analyze, five are clearly not major players in the global market for high-
tech products. They are Italy, Spain, Portugal, Greece and Ireland. All spend less than
one per cent of their GDP on R&D and have considerably lower levels of patents, citations
and publications than the other countries. Ireland does have respectable high-tech exports,
but much of that is done by foreign companies locating in Ireland to take advantage of
sizeable tax concessions and relatively inexpensive labor and land, and does not reflect local

high-tech capabilities.

For the four Mediterranean countries, it is often the case that foreign-owned multi-nationals
pursue local high-tech production (e.g. in consumer electronics in Portugal, or in electric
~cables in Greece, Italy and Spain, or in production of German cars in Spain).
Telecommunications equipment in Spain is manufctured by the French-owned Alcatel
company (earlier, by the U.S.-owned ITT). AT&T is also strong in joint ventures in
these countries [Grupp and Schnoering, 1992]. The "mobile" foreign technologies do
count on the output side of the Stage 2 model, but certainly not on the input side -- this is
our problem.

The above-mentioned countries seem to be very efficient in stage 2 precisely because they

are so weak in related inputs, where we are unable to take account of the imported and
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foreign-controlled technology. Therefore, we introduce a threshold for our final analysis,
excluding countries allocating below 1 per cent of their GDP to Gross R&D spending.

This cut-off rule appears arbitrary -- however, there is an additional argument supporting it.
Within the Commission of the European Communities, there exists the concept of "less-
favored" regions of the EC. These regions receive dedicated EC funds to foster their local
R&D, and there are special subsidies for increasing cohesion within the entire EC.

As "less-favored", the following regions have been specified:
- Portugal, Ireland and Greece (the entire country)

- the south of Italy, Sicily, Sardinia

- Spain, without Greater Madrid and the Barcelona Tegion

- in France, only Corsica

- in the U.K., Northern Ireland

Thus, our 1 per cent threshold for R&D spending corresponds well with the less-favored
EC regions as defined above.

In addition to the problems that globalization of technology causes for our analysis, the
assignment of patent indicators to various nations may also be disputed. Patents are sorted
by countries of origin, according to the residence of the first inventor. The reason not to
use the patent assignee's address is that in many cases, the headquarters of the company is
given but not the address of the R&D lab where the invention was made. With the
reasonable assumption that inventors live close to their lab, the selection of residential
addresses tends to reflect well the nation of origin -- with the exception of multi-national
inventor teams, guest researchers, commuters, and so on, difficulties we neglect here.

More problematic, however, is the strategic control of technology generated by patents. In
most cases, inventors do not decide when, to what extent, for which markets, and for
which products, their inventions are used. Nor to they have a say, in general, in licensing,

selling or abandoning of patents, insofar as they are employees of commercial firms.

Consider, for instance, Belgium, which spends 1.53 per cent of its GDP on Gross R&D
and is therefore well above the cutoff level. Belgian technology is strongly controlled by
non-Belgian companies. Patel and Pavitt {1992] reported that 39.7 per cent of national
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patenting in the United States is due to large foreign-controlled firms, whereas for Western
Europe the comparable figure is 6.2 per cent, on average. Belgium had the largest share of
national patents generated by foreign capital in their sample of 11 countries. This is a
different case from that reflected in the Mediterranean EC countries. Here, foreign-
controlled patents are registered in our input data, but we do not know whether the owners
of the patents make the related Belgian technology effectie for exports from Belgium. It is
known that the Dutch-speaking province of Belgium has traditionally close links with the
Netherlands, and the French-speaking province is closely connected with France. The
same istrue for the small German-speaking part of Belgium and its ties with Germany.
High-tech exports into these three neighboring countries alone comprise half of all Belgian
high-tech exports, and high-tech imports from the three countries amount to 60 per cent of
total high-tech imports! We thus decided to exclude this country from our analysis,
because of its foreign-controlled technology and extremely strong high-tech trade relations
with a few neighboring countries, for which large intra-firm trade exists. For these
reasons, we chose to confine our final analysis to six countries: Germany, France, UK.,

Denmark, and Israel.

Up to now, we did not differentiate between leading-edge technology and high-level
commodities (see section 3). These two segments of high technology are differentiated by
their R&D intensity. This may be somewhat controversial. A high percentage of sales that
is spent on R&D signifies low turnover expectations. Indeed, for every million dollars
spent on R&D in leading-edge technology, the average annual turnover is less than $12
million , while a typical figure for high-level consumer technology is $30 million or more
[Grupp, 1991, p. 279]. Leading edge technology includes many products subject to tariff
and non-tariff protection, such as civilian aircraft and parts, aecrospace, pharmaceuticals,
and telecommunications. The rleated markets may be subject to regulation, so that a
scientific and technological advantage may not easily be converted to trade advantages.

Table 9 provides a synopsis of Stage 1 and Stage 2 DEA results (Theta measures), along
with the RCA indexes for leading-edge and high-level product groups.  Qur conjectures
are confirmed in this table. Those countries that emphasize the less sales-effective, often
protected area of leading edge technology do not achieve full "Z" efficiency -- U.K., the
Netherlands, and Israel. On the efficiency envelope are only those countries with stronger
(or at least equal) performance in the high-level markets: Germany, France and Denmark.



33

Germany's high absolute performance may be related to the fact that it is fully efficient in
both stages of the R&D process, while the other nations are either efficient in stage 2 and
inefficient in stage 1 (France, more so than Denmark), or mediocre in both phases (UK,
and the Netherlands). As a major Mediterranean R&D nation, Israel does best in stage 1,
but is highly inefficient in stage 2. Through her scientific and technological achievements,
a relatively large amount of indigenous "Z" inputs originate in Israel. But far too little of
these inputs accrue to Israel herself, rather than to other countries. Obviously, war and
unstable political relations with neighbor countries are among the unfavorable conditions
that hamper the full exploitation of Israel's R&D excellence.

Table 9.
Synopsis of DEA Results and Structural High-Tech Competitiveness
Country Stage 1 Stage 2 Leading- | Structural High-level
efficiency efficiency | edge emphasis competi-
(Theta) (Theta) competi- tiveness
tivness
Germany 1.0 1.0 -14 < +49
France 0.6 1.0 -2 = -2
United Kingdom |0.7 0.9 +30 > +9
Netheriands 0.8 0.8 -4 > -17
Denmark 0.9 1.0 -25 < -11
Israel 1.0 0.4 -20 > -36




34

References

Ahn, T. and Lawrence M. Seiford. "Sensitivity of DEA to models and variable sets in a
hypothesis test setting: The efficiency of university operations.” In: Y. Jjiri, ed., Creative
and innovative approaches to the science of management. Forthcoming, 1990.

Ali, Agha Igbal, IDEAS, Version 3.0.0 - Integrated Data Envelopment Analysis System.
University of Massachusetts: Amherst, MA., Sept. 1990. Available commercially as:
Available as IDEAS Version 5.0.1, 1 Consulting, P.O. Box 2453, Amherst MA. 01004-
2453.

Bator, FM. "The anatomy of market failure". Quarterly Journal of Economics, 1958, 351-
379.

Bradford, D., S. Maital and W. Oates. "The rising cost of local public services: some
evidence and reflections.” Agtional Tax Journal, June 1969, 185-202.

Charnes, A., W.W. Cooper and E. Rhodes, "Measuring the Efficiency of Decision-
Making Units," European Journal of Operations Research, 1978, 2, 429-444.

Chames, A., W.W. Cooper and E. Rhodes. "Measuring the Efficiency of Decision Making
Units", European Journal of Operational Research, 2(4), 1979, 429-444,

Charnes, A., W.W. Cooper and E. Rhodes. "Evaluating Program and Managerial
Efficiency: An Application of Data Envelopment Analysis to Program Follow Through".
Management Science, 27 (6), 1981, 668-697.

Charnes, A., W.W. Cooper and R.L.Clarke. "An Approach to Testing for Organizational
Slack Via Banker's Game Theoretic DEA Formulations”, Research Report CCS 613, Center
for Cybernetic Studies, University of Texas at Austin ;: October 1988.

Dosi, G. "Sources, procedures and microeconomic effects of innovation". fournal of
Economic Literature, 1988 (26), 1120-1171.

Dosi, G., K. Pavitt and L. Soete. The Economics of Technical Change and International
Trade. Harvester, Wheatsheaf: New York, London, 1990.

Grupp, H. "On the supplementary functions of science and technology indicators".
Scientometrics, 1990 (19), 447-472.

Grupp, H. "Innovation dynamics in OECD countries: Towards a correlated network of R&
D-intensity, trade, patent and technometric indicators". In: OECD (ed.), Technology and
Productivity: the Challenge for Economic Policy. OECD: Paris, 1991, 275-295.

Grupp, H., E. Albrecht and K. Koschatzky. "By way of introduction: Alliances between
science research and innovation research”. In: Grupp, H., ed., Dynamics of Science-Based
Innovation, Springer Publishers: Heidelberg, 1992

Grupp, H. and O. Hohmeyer. "Technological Standards for Research-Intensive Product
Groups", in: A.F.J. van Rann, ed., Handbook of Quantitative Studies of Science and
Technology, Elsevier: Amsterdam, 1988,



35

Grupp, H. and O. Hohmeyer. "A Technometric Model for the Assessment of
Technological Standards”, Technological Forecasting and Social Change, 1986, pp. 123-137.

Grupp, H. and H. Legler. [Innovationspotential und Hochtechnologie, 'Physica—Springcr:
Heidelberg, New York, 1992,

Grupp, H., E. Albrecht and K. Koschatzky, "Alliances between Science Research and
Innovation Research”, in: Grupp, H. ed., Dynamics of Science-Based Innovation, 1992,
pp. 3-18.

Grupp, H. and Th. Schnoering. "Research and development in telecommunications:
National systems under pressure”. Telecommunications Policy, Feb. 1992.

van Hulst, N., R. Mulder and L.L.G. Soete. "Export and technology in manufacturing
industry”, Weltwirtschaftliche Archiv, 127, 1991, 246-264.

Kline, $.J. "Models of innovation and their policy consequences”, in: Inose, Kawasaki,
Kodama, eds., Science and Technology Policy Research. MITA: Tokyo, 1991, pp. 125-
140.

Koschatzky, K. "New Concepts of Measuring Technological Change". In: Blum, U.,

Schmid, J., eds., Demographic Processes, Occupation and Technological Change. Physica-
Springer: Heidelberg, New York, 1991, 104-121.

Legler, H. "West German competitiveness of technology-intensive products”, in: Grupp,
H., ed., Problems of Measuring Technological Change. Verlag TUEV Rhineland: Cologne,
1987.

Leibenstein, H. and S. Maital. "Empirical estimation and partitioning of X-inefficiency: A
Data Envelopment approach®, American Economic Association Papers and Proceedings,
forthcoming May 1992,

Patel, P. and K. Pavitt. "Large firms in the production of the world's technology: an
important case of "non-globalization". The Journal of International Business Studies, 1992.

Porter, Michael E. The Competitive Advantage of Nations. Macmillan: London, 1991,

Roessner, J.D. "Prospects for a U.S. national innovation policy”, Futures, 17, 1985, 224-
231.

Sengupta, J.K. and Sfeir, R.E. "Efficiency Measurement by Data Envelopment Analysis
with Econometric Applications," Applied Economics, 20, 1988, 285-293.

Sherman, H.D. “Improving the Productivity of Service Businesses", Sloan Management
Review, 25 (3), Spring 1984, 11-23,

Schubert, A., W. Glanzel and T. Braun, "Scientometric data files", Scientometrics, 1989
(16), 3-478.

OQECD. Basic Science and Technology Statistics. OECD: Paris, 1991.

Van Raan, A. ed. Handbook of Quantitative Studies of Science and Technology. Elsevier:
Amsterdam, 1988,



36

Appendix: List of R&D Intensive Products
No SITC III | Product group (non-official terms} R&D intensity
T 316 Advanced organic chemicals Leading-edge goods
2 525 Radio-active materials Leading-edge goods
3 541 Pharmaceutical products Leading-edge goods
4 575 Advanced plastics Leading-edge goods
5 591 Agricultural chemicals Leading-edge goods
6 714 Turbines and reaction engines Leading-edge goods
7 718 Nuclear,water,wind power generators. Leading-edge goods
8 752 Automatic data processing machines Leading-edge goods
9 764 Telecommunications equipment Leading-edge goods
10 774 Medical electronics Leading-edge goods
11 776 Semi-conductor devices Leading-edge goods
12 778 Advanced electrical machinery Leading-edge goods
13 792 Aircraft and spacecraft Leading-edge goods
14 871 Advanced optical instruments Leading-edge goods
15 874 Advanced measuring instruments Leading-edge goods
16 891 Arms and ammunition Leading-edge goods
)Y 260 Synthetic tibres High-level products
18 277 Advanced industrial abrasives High-level products
19 515 Heterocyclic chemistry High-level products
20 522 Rare inorganic chemicals High-level products
21 524 Other precious chemicals High-level products
22 531 Synthetic colouring matter High-level products
23 533 Pigments. paints, varnishes . High-level products
24 542 Medicaments High-level products
25 551 Essential oils. perfume, flavour High-level products
26 574 Polyethers and resins High-level products
27 598 Advanced chemical products High-level products
28 663 Mineral manufactures, fine ceramics High-level products
29 689 Precious non-ferrous base metals High-level products
30 724 Textile and leather machinery High-level products
31 725 Paper and pulp machinery High-level products
32 726 Printing and bookbinding machinery High-level products
33 727 Industrial food-processing machines High-level products
34 728 Advanced machine-tools High-level products
35 731 Machine-tools working by removing High-level products
36 733 Machine-tools without removing High-level products
37 735 Parts for machine-tools High-level products
38 737 Advanced metalworking equipment High-level products
39 741 Industrial heating and cooling goods High-level products
40 744 Mechanical. handling equipment High-level products
4] 745 Other non-electrical machinery High-level products
42 746 Ball and roller bearings High-level.products
43 751 Office machines,word-processing High-level products
44 759 Advanced parts:for computers High-level products
45 761 Television snd video equipment High-level products
46 762 Radio-broadcast,radiotelephony goods High-level products
47 763 Sound and video recorders High-level products
48 772 Traditional electronics High-level products
49 773 Optical fibre and other cables High-level products
50 781 Motor vehicles for persons High-level products
51 782 Motor vehicles for good transport High-level products
52 791 Railway vehicles High-level products
53 872 Medical instruments and appliances High-level products
54 873 Traditional measuring equipment High-level products
55 881 Photographic apparatus and equipment High-level products
56 882 Photo- and cinematographic supplies High-level products
57 883 Optical fibres, contact, other lenses High-level products
© FhG-IST 1990
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Abstract

"Technometrics” is a multidimensional index of technological excellence. Technometric
profiles permit objective comparisons of product and process quality between companies,
industries and nations. They are applicable to services as well as goods, to low-tech as
well as high-tech products, and provide basic quantitative indicators sometimes helpful in
constructing technology policy. The method of constructing technometric profiles is
outlined and a technometric case study of Israel's fledgling biodiagnostic industry is
presented, with emphasis on industrial policy.
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Introduction
"Policy begins with Measurement"

Lord Kelvin once said that "theory begins with measurement". While many theoretical
physicists might debate that point, it is difficult to deny that policy begins with
measurement. Public policy -- the attempt to bridge the gap between what is and what onght
to be -- is unlikely to succeed in either framing or implementing successful policy
decisions without a clear evaluation of the existing situation -- what is.

In discussing industrial and technology policy for a whole nation, or for particular firms or
industries, it is essential to have clear answers to the question: How good are our
products and processes, compared to those of competing countries? The
answers to the question, "what is our competitive situation?", must be objective, accurate
and quantitative.

A series of metrics for evaluating and comparing technological sophistication have been
developed at the Fraunhofer Institute for Systems and Innovation Research (FhG - ISI).
(Grupp, 1991; forthcoming). These quantitative indicators have proved useful in measuring
the technological level of products and processes and have served as a "yardstick” for

comparison with other firms or countries.

The purpose of this paper is to apply technometric indicators to evaluate biodiagnostic kits
produced by Israeli firms, and to draw policy implications from this anatysis.

The structure of the paper is as follows. Part I provides a brief description of the
technometric approach. Part II surveys Israel's biotechnology industry, in general, and the
biodiagnostic sub-branch in particular. Part III provides a technometric evaluation of
biodiagnostic kits produced in Israel, relative to leading products in Germany, the U.S. and
Japan, and Part IV draws the main technology policy implications,
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I. The Technometric Approach to Product Evaluation

The technometric approach originated with concern at the German Minisn'y for Research
and Technology in the early 1980's that Germany trailed Japan and the United States in
important high-tech areas -- concern that was aroused in particular by the influential book
by Nussbaum [1984].  One of the most important early links in the high-tech product-
development chain is the innovation stage, where the quality of new products brought to
market is evaluated, but well before market or price mechanisms provide any signals. To
quantify product quality at this stage, as a means of supplying data confirming or
disconfirming the Nussbaum study for the R&D Ministry, a method called "technometrics"
was developed by Grupp and associates at FhG-ISI [Grupp and Hohmeyer, 1986, 1988:
Grupp, 1990, 1991].

Technometrics is the quantitative measurement of the technological quality or sophistication
of a product or process, group of products or processes, or industry. This approach
produces a quantitative profile of a product or process, showing graphically its performance
characteristics for selected key attributes, in .cornparison to those of other firms or
countries. Such indices can be aggregated across groups of products, to permit
~ comparisons of the comparative technological level of subsectors or even entire industries.
Technometric studies, for example, showed Nussbaum's perception that Germany lagged
behind the U.S. and Japan overall was untrue, overall, but revealed important areas where
Germany was at a competitive disadvantage.

Other, complementary approaches to technological evaluation have been developed (see
Saviotti, Stobbs, Coombs and Gibbons [1982] and Saviotti [1985]). A possible
disadvantage of technometric studies, it should be noted, is that they rely heavily on
primary data collection and peer review and thus tend to be relatively costly and labor-

intensive,

Definition:

Every product or process has a set of key specifications or attributes that define its
performance, value or ability to satisfy customer wants. Almost by definition, every
specification or attribute can be quantified. For instance, in the case of diagnostic kits, a
key specification is "reliability” (the proportion of tests in which accurate results are
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obtained). For assembly robots, 14 key specifications are axes, maximum reach, minimum
reach, vertical velocity, horizontal velocity, repetitive accuracy, position acuracy, nominal
load, maximum load, drive, vertical reach, hand rotation, angular vciocity and lifetime.

[Grupp et al., 1990]. All are expressible in quantitative units.

It is always a subjective decision whether an item should be included or not [Grupp and
Hohmeyer, 1988]. However, as Clark [1985] and Stankiewicz [1990] have pointed out, as
development proceeds, technological diversity gives way to standardization. Particular
design approaches achieve dominance and performance criteria are clearly specified. Social
processes and patterns of communication between customers will influence the speed and
pattern of product (or process) design and broad categorizations are broken down into
related subcategories of the characteristics which are refined through experience.
Therefore, it is not surprising that (industrial) experts interviewed agree on proposed
characteristics and priorities [Grupp, 1990].

Each of these attributes has its own unit of measurement: mm. per second, years of
lifetime, etc. Problems then arise in aggregating attributes to build a single quality index.
The technometric indicator surmounts this difficulty by converting each measured attribute
into a [0,1] metric, enabling construction of weighted averages, etc., and permitting
comparisons across products, firms, industries and countries. The “0" point of the metric
is set as the technologically-standard attribute; the "1" point is set as the most
technologically-sophisticated attribute in existence.

Let subscripts 1, ] and k represent products, product attributes or characteristics, and

subgroup (company, industry or country), respectively.

Let K represent the measurement of an attribute for given i, jand k. The technometric
indicator, K*, is defined as:

1 Ky, = bhO= R () o)
Kmnx (1’J’kmax) - Kmin (I!J’ km‘m)
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where:

Knax(J-k) = the highest value of product characteristic "j" for product "i", for
subgroup k

K in(hik ) = the lowest value of product characteristic “j", among all members of
subgroup k

i

K nax(idKp,,) = the highest value of product characteristic "j", among all members of

subgroup k

Take, for instance, the product "diagnostic kits”. One attribute would be "test duration" --
the length of time needed to carry out the diagnostic test. The numerator of [1] would give
the difference between the "best" (i.e. shortest) test duration for an Israeli product,
compared to the "worst" (i.e. longest) test duration for any of the products under
comparison, for several countries. The denominator would give the difference between the
best, shortest test duration for the top state-of-the-art product, and the longest test duration
for a technologically standard (and probably, relatively inexpensive) product.

What results is a metric, K*, that ranges from zero to one, showing how a product stacks
up for that attribute, relative to the state-of-the-art level. Note that in some cases -- as in
this one -- lower attribute values represent higher levels of technology, requiring the
values in the technometric expression to be inverted (by replacing all "max” with "min",
and vice-versa, in Equation [1] ).

(For a diagrammatic presentation of K¥*, see Figure 1).
£r P g

- Once key product attributes have been determined from interviews and K* values calculated
for each, a technological "pi‘oﬁle" of the product can be constructed. It is possible to
aggregate K* across all key attributes -- for diagnostic kits, that would include sensitivity,
intra-assay precision, inter-assay precision, and handling, as well as test duration -- to
achieve an aggregate K* measure for the product or group of products. This aggregate
technometric measure can then be correlated with other variables to determine the link
between technological excellence and, for instance, market success. Comparisons with

economic data indicate that declines in the technometric quality of a product or process, K*,



43

Figure 1: A Diagrammatic Representation of the Technometric Index K*
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occur 2-3 years before such deterioration finds expression in declining market share or
export sales. [Grupp and Hohmeyer, 1988]. This indicates that K* can serve as a useful
"early warning indicator" -- ideally, one of a series of such indicators, in conjunction with
other market indicators, revealing problems with product quality in sufficient time to take
remedial action. Such indicators can be crucially important because generally, by the time it
is observed that market share is falling, it is too late to revamp the product and regain sales
from competitors. K* can also serve a positive role, indicating products or sectors where a
country has competitive advantage, technologically, hence worthy of investment to further
marketing and sales efforts in foreign markets and to further improve R&D and production
efficiency at home.

While the [0,1] metric permits aggregation of widely-differing product specifications (for
Instance, accuracy, in per cent, and sensitivity, in mgs.), it does introduce some distortion,
because product quality is generally not a linear function of a physical attribute.
Diminishing returns to accuracy, for example, are quite likely, implying that a technometric
score of 0.9 in accuracy may be less than 50 per cent more useful or helpful than a
technometric score of 0.60 .



Feasibility for policy analysis:

Technometric measures can be used at several levels. At the national level, they can be (and
have been) used to identify technology gaps in comparison to other nations, and to shape
industrial and R&D policy. At the sectoral level, technometric indicators can serve to
identify areas of comparative advantage. And at the firm level, they can be used to
construct competitive strategy, determine the optimal "mix" of product attributes, plan new
generations of products, guide R&D investment, and form part of feasibility studies.
[Grupp et al., 1990]. Since 1986, FhG-ISI has constructed technometric indicators for the
following products: enzymes (immobilized biocatalysts), biogenetically engineered drugs,
photovoltaic cells, lasers, sensors, industrial robots, diagnostic kits, and biological waste
water treatment facilities [Grupp and Hohmeyer, 1988; Reiss 1990].

II. The Biodiagnostic Industry in Israel

Recently, Frenkel and Maital conducted a technometric survey of eight companies in Israel
that manufacture biodiagnostic kits. The objective was to evaluate product quality and to
frame policy recommendations. Comparative technometric data on Germany, Japan and the
United States were supplied by Reiss (1990). The results of that survey follow,

The Biotech Industry:

Biotechnology is a branch of technology that seeks to harness biological processes and
systems, or living organisms, in order to create useful products and processes for industry,
medicine and agriculture. Using live organisms for the benefit of mankind is an old idea,
used long ago for making bread, wine and cheese. In recent years, genetic engineering has
permitted scientists to alter the building blocks of life itself. Advances in molecular biology
have opened new horizons in influencing cellular processes and have made possible, as a

result, development of entirely new products.

Scientists predict that toward the end of this century, biotechnology will be of major
importance in production of food for both human beings and animals, in treatment of illness
for humans and animals, in supply of new raw materials for the chemical industry, and in
treatment of industrial wastes and water. According to various estimates, the market for
biotechnological products will amount to between 40 and 100 billion doltars.
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There main applications of biotechnology are medicine, agriculture, food, and
environment. Within medical applications, there are three subsectors: production of drugs
and hormones with genetically-modified organisms; production of biosensors and
biocatalysts; and production of diagnostic products for determining the nature of illnesses in
humans and animals. In this paper, we choose to focus on the biodiagnostic industry.

Biotech Firms in Israel:

Twenty-eight biotechnology firms exist today in Israel. Most of them are small, and are
based on products or processes developed in research done in academic institutions. A
high percentage of their employees -- close to one-third -- are scientists and engineers.

Most of the biotechnology firms were set up as subsidiaries of research institutes or
universities, and some are subsidiaries of foreign companies. Only a minority are
entrepreneurial, established with venture capital. Most of them are based on technological

knowledge and skills of a single academic researcher,

Most of these firms are in pharmaceuticals; 19 are in this area, of whom 10 produce
diagnostic kits and 2 make materials used for diagnostic kits. Eight companies
manufacture drugs, hormones and enzymes. In addition, three small firms produce
materials used in research labs and in the biotechnology industry. Two companies are in

the chemical industry and three are in agriculture.

According to the Nov. 1988 report of the Katzir Committee, set up to determine sectors in
biotechnology that merit investment and development, six constraints limit development of
this industry: lack of venture capital for establishing new firms; lack of venture capital and
other forms of risk capital for existing companies; lack of academic research centers
specializing in biotechnology; lack of trained manpower in biochemical engineering,
production and management engineering; lack of technological infrastructure in existing
drug and chemical companies that use traditional technology; and the small size of the local
market in Israel for biogenetic products, coupled with the large distance from foreign

markets.
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In order to remedy some of these constraints, a National Biotechnology Program has been
established, headed by Prof. Max Herzberg, President of Orgenics Ltd. (one of the
companies in our survey). f

In the biotechnology industry, diagnostic kits is the market "easiest to enter, with the
shortest product life and highest risks" [Biotechinology Eurape, Oct. 1989, p. 40). Israeli
firms in this industry mainly produce products for human and veterinary diagnosis, based
on monoclonal antibodies. Our field survey of Israeli biodiagnostic firms was limited to
companies that produce complete kits. We did not include companies that produced only
components of such kits. Nor did we include companies that purchased foreign technology
under licensing agreements, but only companies with proprietary technology used in
developing their own unique products.

A total of 12 biodiagnostic companies were located, of which 8 complied with the above
criteria. Senior managers in all of those 8 firms were interviewed, and supplementary
material on each firm was collected. Managers were highly cooperative and gave
generously of their time. A key part of the interview was a detailed questionnaire, eliciting

information on the company and on technometric details of its products.

The nature of biodiagnostic companies in Israel: |

Analysis of the data from our field survey revealed that half of the 8 firms are independent,
while half are subsidiaries of foreign firms. Most of the companies are privately owned,
while some are public companies whose stock is listed on stock exchanges. The companies
owned by foreign firms largely began as independent firms but because of difficulties in
raising capital or the need to penetrate new markets, were bought out by larger companies
abroad. These companies became subsidiaries, but retain their independence in matters of
product R&D.

Seven of the eight companies were established after 1980, while one was established
during the 1970's. Despite their youth, all these companies have by 1990 succeeded in
producing and marketing their own products. The transition from R&D to production and
marketing was remarkably swift -- two years from the birth of the company. This contrasts
sharply with the 7-10 years needed to develop and test new drugs, and the estimated $50-
$100 million cost, as noted by the Katzir Committee. (According to the U.S.
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Pharmaceutical Manufacturers Association, this cost has risen to $230 million in 1990
[Moran 1991)).

Average plant size is small; the eight plants employed a total of 182 workers of all kinds, an
average of 23 per firm, with size ranging from 5 workers to 45. (In general, industrial
firms in Israel are very small ).

As expected, the proportion of workers in this industry comprising highly-skilled and
scientific manpower is very high. According to a 1987 Manpower Survey conducted by
the Ministry of Industry, biodiagnostics employs a high proportion of scientific personnel,
even in comparison to other high-tech industries. (See Table 1).

Table 1. Manpower Profile for Biodiagnostic Firms, High-Tech Firms and
' Industrial Firms in General in Israel ( Per Cent)

Engineers Techni- akailed Unskalied | Office ‘Toual
& Scientists !cians Workers { Workers | Workers
Biodiagnostic 43.4 13.7 27.5 4.4 11.0 100
Firms
High-tech 25.1 20.3 34.8 9.0 10.8 100
Firms
All Industrial 9.6 1.7 50.1 22.4 10.2 100
Companies

R&D: Our survey revealed that fully a third of employees are engaged in R&D, at least part
of the time. A third of the total outlays of the eight firms goes to R&D. This
proportionately-heavy spending on R&D is fairly typical of young companies in science-based
industries.

Sales and exports: All eight firms export at least part of their output. In aggregate, 75 per
cent of the biodiagnostic firms' sales are exported. The heavy reliance on exports stems from
the small size of the local market in Israel. Only two of the 8 firms rely principally on the local
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market; in the remainder, 90 per cent of total output is exported.

Europe is the main market. Two thirds of their exports goes to that market, while one third
goes to other destinations. Half of the 8 firms export diagnostic kits to Germany, which
absorbs between 10 per cent and 35 per cent of their exports. The United States is not a
principal market for Israel-made diagnostic kits, except for the two firms that are wholly-
owned subsidiaries of American companies. For the others, a maximum of 12 per cent of
total exports go to the U.S. market. For one of the companies, Japan stands second in
importance as an export market, next to Europe. Two firms export to Latin America and one
company has a small amount of export sales to Africa.

The survey asked managers to forecast future export sales. Most of the companies predicted a
rapid expansion in exports in the next five years, between threefold and sixfold growth.

Marketing and distribution: As in most high-tech products made in Israel, marketing is a
major obstacle for biodiagnostic kits. Most of the firms we surveyed sell their products
abroad through distributors, who acquire exclusive territorial rights. Some of those
distributors belong to large foreign companies. This approach to distribution is one important
way that Israeli biodiagnostic companies cooperate with foreign entities. One of the §
companies reported setting up its own marketing firm abroad, in order to achieve greater

control over distribution.

All the companies responded that their products are aimed at broad market niches where
some competition exists. None of the products compete on the basis of low price, but rather
value-added and quality.

Most of the managers interviewed in our survey emphasized marketing as the main difficulty

they face, rather than finance, R&D or technology.

The Single European Market in 1992: All 8 companies reported preparing for the 1992
Euromarket. Two have already set up companies in Europe, and three said they intended to do
so. Two other companies reported joint-venture agreements to this end with European firms.
Most of the companies felt that the main difficulties facing Israeli biodiagnostic firms, in

connection with the Euromarket, would come from product standards. The present situation,
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in which approval by Israel's Ministry of Health is recognized in, for instance, Germany,
will not continue after 1992. It is therefore vital that Israel adopt standards that are consistent
with, and comply with, those prevailing in Europe. {A major difficulty in doing this is that
European standards in many areas have not yet been agreed upon -- which some see as a

deliberate European strategy to hamper imports from other countries}.

III. Technometric Evaluation of Biodiagnostic Kits

Availability of technometric data on biodiagnostic kits for Germany, U.S. and Japan [Reiss,
1990] makes it possible to compare the relative technological quality of Israeli kits to those
abroad.

Characteristics: Earlier studies of biodiagnostics {Reiss, 1990] showed that there are six
main attributes of biodiagnostic materials, which together define the quality of those materials.

They are:

- sensitivity: the minimum amount of antibodies needed to product a chemical reaction,
or the "threshold". Units of measurement are generally thousandths of a gram per
milliliter.

- intra-assay precision: degree of internal (intra-assay) accuracy: if the same kit is
used 100 times, how many times will it correctly diagnose the presence of a hormone or

microorganism; expressed as the coefficient of variation.

- inter-assay precision: for a 100 randomly-selected kits, how many of them will give

precisely the same diagnosis results; expressed as the coefficient of variation.

- measurement: range over which diagnosis is possible. Units of measurement are the

same as with sensititivity.

- test duration: length of time needed for operating diagnostic test until result is

obtained, in minutes,

- handling: number of steps required.
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Diagnostic kits: Data enabled comparison of diagnostic kits for the following:

- hormonal deficiencies related to the thyroid gland (lack of hormones): FT-3 [free tri-
iodothyronin], FT-4 [free thyroxin}, T-4 [thyroxin], TSH - thyroid-stimulating
hormone], and T-3 [tri-iodothyronin]),

- the sex hormone Prolactin;

- infectious diseases: - HIV-1 (AIDS virus), Rotavirus Ag, Chlamydia IgG and IgM.

The technometric values for hormonal deficiencies are shown in Table 2, and technometric

profiles are drawn in Figures 2 and 3.

What emerges is that, as expected, the United States in general holds the lead in the quality of
its diagnostic kits. The U.S. pioneered in the field of biotechnology, and still enjoys a
technological advantage. This lead is especially pronounced for T-3, T-4, and FT-4. For
TSH, Japan enjoys a slight advantage over the U.S. and Israel, with the Germany trailing.

For prolactin, the German product is superior to that of Israel, with the U.S. in third place,

* T-3 tri-iodothyronin: The United States is far ahead of other countries in this
diagnostic kit, leading substantially in all characteristics except test duration. Only for
"sensitivity” does the Israeli product equal that of the United States. When the technometric
specifications are aggregated (Fig. 3), the United States' substantial lead for T-3 kits is clear.

* T-4 thyroxin: The situation is similar to that for T-3, with the U.S. well ahead of Israel
and Germany, but not Japan. (Data for Japan exist only for some of the six characteristics).
For T-4 sensitivity, the value of "Kmin(min) (the global minimum of the technometric
indicator) for all the kits included in the sample, and the Kmax for Germany, Israel and the
United States, were all equal to one another. This indicates a weakness of the technometric

approach, in cases where the "0" and "1" points of the {0,1] metric coincide.

* TSH thyroid-stimulating hormone: for this kit, quality gaps among the four
countries are smaller. Japan's product is superior overall, with Israel and Germany trailing
slightly. The lower scores for both intra- and inter-assay precision for Israel's product,
relative to the other countries, indicate a pressing need for improvement in accuracy, in order

for Israel's kits to become fully competitive.
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Table 2: Technometric Value for Hormonal Diagnostic Kits,
Germany, the United States, Japan and israel
by Type and Specifications

Kits §pecifications Technometric Value
Germany USA Japan Israel
T-3 Sensitivity 0.89 1.00 0.00 1.00
Intra-Assay Precision 0.89 1.00 0.44 0.00
Inter-Assay Precision 0.00 1.00 m.v 0.43
Measurement-range 0.00 1.00 mv 0.03
Test duration 0.68 0.68 1.00 0.00
. /:verage 0.51 0.94 0.48 0.29
T4 Sensitivity 0.00 0.00 1.00 0.00
Intra-Assay Precision 0.25 1.00 0.75 0.11
Inter-Assay Precision 0.75 1.00 mv 0.00
Measurement-range 0.28 1.00 m.v 0.03
Test duration 0.68 0.85 1.00 0.68
Handling 0.00 1.00 m.v 0.80
. Average 0.33 0.81 0.92 0.27
TSH Sensitivity 1.00 1.00 1.00 1.00
Intra-Assay Precision 1.00 0.82 0.90 0.54
Inter-Assay Precision 0.89 0.89 1.00 0.62
Measurement-range 0.97 0.42 0.56 1.00
Test duration 0.70 1.00 0.90 0.79
Handling 0.40 0.00 1.00 0.80
. Average 0.83 0.69 0.89 0.79
[FT-3 Sensitivity 0.00 0.88 m.v 1.00
Intra-Assay Precision 0.60 1.00 m.v 0.00
Inter-Assay Precision 1.00 0.00 m.v 1.00
Measurement-range 1.00 0.00 m.v 0.00
Test duration 0.33 0.00 m.v 1.00
Handling 0.00 0.00 m.v 1.00
Average 0.49 0.31 m.v 0.67
FT-4 Sensitivity 0.00 1.00 mv 0.78
Intra-Assay Precision 1.00 0.88 m.v 0.56
Inter-Assay Precision 1.00 0.86 m.v 0.60
Measurement-range 0.00 1.00 m.v 0.41
Test duration 0.61 1.00 m.v 0.61
Handiing 0.17 1.00 m.v 0.83
Average 0.46 0.96 m.v 0.63
PROLACTIN [Sensitivity 0.67 0.58 m.v 1.00
Intra-Assay Precision 1.00 0.74 m.v 0.48
Inter-Assay Precision 1.00 0.69 m.v 0.60
Measurement-range 1.00 0.00 m.yv 0.34
Test duration 1.00 0.62 myv 0.35
Handiing 0.40 0.60 m.v 1.00
Average 0.85 0.54 m.v 0.63

v.m=missing value
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Specifications
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Figure 3: Aggrggated Technometric Profile for Hormonal
Diagnostic Kits - Germany the United states,
Japan and Israel, by Specifications

Technometric Indicator
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tivity
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precision
Specifications

* FT-3 free tri-iodothyronin: Israel leads Germany and the United States. Israel's kit is
highly automated, leading to high technometric scores for test duration and handling.

Germany's strength here lies in its wide range of measurement,

* FT-4 free thyroxin: The U.S. product has a clear technological edge, with Israel
second and Germany third, trailing in sensitivity, measurement range and handling.

* Prolactin: Here, Germany leads, with clear technological superiority in all characteristics
except sensitivity and handling. Except for those two characteristics, in which Israel leads, the

Israeli kit is mediocre compared to its rivals.

Aggregated over the six diagnostic kits, the United States has an overall technometric lead; its
"score” is 0.72, compared with 0.58 for Germany and 0.52 for Israel. The German products
trail largely because of lower scores in sensitivity and handling, characteristics that could stand
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improvement. Israeli kits are outstanding in sensitivity and handling.

Some statistical incoherencies might occur because data collection for the U.S. and Germany
was completed in mid-1989, while Israeli data were collected in 1990. Nonetheless, Israel's
relatively small number of biodiagnostic firms, compared to the U.S., the relatively short
period of time in which these firms have been active in the industry, and their short time-to-
market, points to a notable, and somewhat surprising, technological achievement for that
country.

The attribute most in need of improvement in the Israeli kits is intra-assay precision, and to a
lesser extent inter-assay precision. Precision is apparently a characteristic that laboratories
place great weight upon in their decision which diagnostic kit to buy. For this reason, we
believe that if the technometric characteristics were weighted according to market preferences,
the gap between Israel and the U.S. might be even larger than shown in Figure 3.

Table 3 presents technometric values for diagnostic kits for the detection of several infectious
diseases: HIV-1 (AIDS virus), CMV, [Cytomegalovirus], Rotaviruses [a virus that attacks
the intestinal tract] and Chlamydia IgG and IgM (a venereal disease common in the West), for
Israel and Germany. It should be emphasized that for Israel, the technometric values are for

kits produced by a single producer, while for Germany there are in most cases more than one.

The technometric indicators for almost all of the kits include: Scnsitivity', Specificity, Inter-
Assay Precision and Intra-Assay Precision. For all of them, the units of measurement are per
cent. One hundred per cent sensitivity means that all the infected sample tested will yield a
positive result. (Sensitivity is for obvious reasons a highly important attribute, when the
presence of infectious diseases is being tested). One hundred per cent specificity means that
~ all of the samples that are not infected do not test positive. Sensitivity and specificity
correspond to what is known in statistics as Type I and Type II error (rejecting true

hypotheses, and accepting false ones, respectively).

* AIDS detection [HIV-1] -- this market amounts to hundreds of millions of dollars and
is certain to grow rapidly as the illness itself spreads. Data exist for only two parameters --
specificity and sensitivity. Kits made in Germany, Japan and Israel are essentially equivalent

in quality.
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Table 3: Technometric Value for Infectious-Disease Diagnostic Kits,
Germany the United States and Israel
by Type and Specifications

Kits Specifications Technometric Value
Germany USA Israel
HIV-1 Sensitivity 1.00 1.00 1.00
Specificity 0.87 1.00 0.84
Average 0.94 1.00 0.92
Chlamydia Sensitivity 0.76 m.v 1.00
Trachom. Specificity 0.00 my 1.00
lgG Intra-Assay Precision 1.00 m.v 0.78
Inter-Assay Precision 0.59 m.v 1.00
Averige 0.59 m.v 0.95
Chlamydia Sensitivity 1.00 m.v 0.67
Trachom. Specificity . 0.00 m.v 1.00
igM Intra-Assay Precision 1.00 m.v 0.80
Inter-Assay Precision 0.65 m.v 1.00
Average 0.66 m.v 0.87
Rotavirus Sen?it'i'vity 1.00 m.v 1.00
Ag Specificity 0.00 m.v 1.00
Intra-Assay Precision 1.00 m.yv 0.00
inter-Assay Precision 0.00 m.v 1.00
Test Duration 0.00 m.v 1.00
Average 0.40 m.v 0.80
CMV igM Sensitivity 1.00 m.v 1.00
Specificity 0.85 m.v 1.00
Intra-Assay Precision 0.58 m.v 1.00
Inter-Assay Precision 0.43 m.v 1.00
Average 0.72 m.v 1.00
CMV IgG Sensitivity 0.50 0.17 1.00
Specificity 0.72 1.00 0.98
Intra-Assay Precision 1.00 m.v 0.75
Inter-Assay Precision 0.83 m.v 1.00
Average 0.76 0.59 0.93

v.m=mmissing value
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- Rotavirus: while Israel appears to enjoy a technological lead over Germany in this area, the
technometric index in this case somewhat exaggerates the technological gap between them; the
Israeli kit enjoys a small advantage in "specificity” over Germany, but the arithmetic of the
{0,1} metric makes it seem bigger. In inter-assay precision and test duration, the Israeli
product does have a substantial lead.

- Chlamydia: Isracli kits lead, with demonstrable superiority in nearly all the key
parameters. We note, however, that the German kit is represented in this case by a single
product, and it is possible our survey failed to discover other kits of this sort made by German
producers.

- CMYV: Israeli kits lead those of Germany and the U.S. (For CMV IgG, we had only partial
results for the United States). The German products trail, particularly in intra-assay and
inter-assay precision. The American kit for CMV IgG led in specificity, but trailed in
sensitivity.

Figure 4 shows the comparative aggregated technometric profile for the six infectious diseases

diagnostic kits, by type.

Figure 4: Comparative Aggregate Technometric Profile of Selected Kits
Connected with the Diagnosis of the Infectious Diseases, by Type
(CMYV, Rotavirus, and Chlamydia), Germany and Israel
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Figure 5 shows the aggregate technometric profile for all six infectious-disease diagnostic kits
averages the technometric scores for each of four key parameters, for which data are available
- sensiti\)ity, specificity, and intra-and inter-assay precision. The profile indicates that Israel
enjoys a small but notable lead. Again, we note the fact that the Israeli kits appeared on the
market for the first time as late as 1988. Our interviews with top management of the Israeli
firms revealed the belief that sales will expand rapidly in future years, and second-generation
products are likely to appear soon.

Figure 5: Aggregate Technometric Profile for Six Infectious Disease Diagnostic
Kits: Germany and Israel, by specification
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Noteworth by its absence from our analysis, and from the technometric approach in general, is
data on prices and consumer preferences. Prices are not in general included as a product or
process attribute in technometrics, since the objective is largely to assess data that measure
product quality and relate that quality to its price; technometric specifications, thus, are in a
sense one input in a study of the determinants of price. For example, in the "hedonic price
index" approach, technometric scores can be used as explanatory variables in regression
equations that try to explain product prices by variables measuring, among other things,
quality. (See, for instance, Frenkel, Harel, Maital, Grupp and Koschatzky, [1993] for a
study of identifying the source of market value for industrial sensors).
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Consumer preferences can play a role, in providing information on the relative importance of
various technometric attributes. While in this study we have simply taken the simple average
of technometric scores, in aggregating, in some instances it is prcfcrablé' to use weights elicited
from surveys of product buyers. We note that in general, weighted averages are not very
sensitive to small changes in weights; when only the most important technometric attributes
are chosen from the outset -- a condition inherent in the method itself -- our experience has
been that altering the weights of the specification, during aggregation, has not altered the
overall technometric score significantly.

IV. Conclusions and Implications

These results suggest that for biodiagnostic products, Israel is in some cases at the frontier of
technological excellence, according to the technometric index, and in other cases is close to it.
This has occurred despite the fact that far less resources have been invested in biotechnology
in Israel, compared to the other countries in the survey, Japan, Germany and the United
States.

There is reason for concern that this area of proven technological excellence will not be
translated into market share and export sales for Israel. The eight participating firms in our
survey report a lack of risk capital, and difficulty in marketing and distributing their products.
Four of the eight firms are wholly-owned subsidiaries of foreign companies, suggesting that
much of the benefits of excellence at the R&D stage will accrue abroad.

Moreover, Israel's industrial and R&D policy has been siow to implement many of the Katzir
Committee recommendations and to support biotechnology, and biodiagnostics in particular,

as a promising area of excellence.

A primary reason for the failure of government ministries to provide adequate support for this
product area is that biotechnology companies are small, and the current size of their export
sales is also small, relative to other industrial branches.  Ministries prefer dealing with large
companies -- even when small science-based firms meet the key criterion of exporting a large
fraction of their output.
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Thus, the field of biotechnology is a particular case of a more general problem in Israel --
severe constraints facing nearly all high-tech startups as they make the difficult transition from
successful R&D projects to producing, marketing and distributing products and processes in
distant markets. There is a danger that Israeli expertise in this area will be recognized by
foreign firms , who will then purchase it, causing the employment, exports and profits to
accrue outside of Israel. Israel has already experienced a sizeable export of its knowhow --
in the area of agricultural technology, for example -- and later found its products were
competing with foreign ones built with original Israeli design and technology.

Policy issues in biodiagnostics, revealed in part by the technometric indexes, have also
appeared in other Israeli industries, including for example the plastics industry. This industrial
sector, studied by the S. Neaman Institute (see H.D. Frenkel, 1990) is characterized by
numerous small firms, which are secretive about their products and technologies (for
understandable reasons), and the firms in it are highly competitive in their business strategies.
Yet ironically, in order to compete abroad it is vital for them to cooperate with their
competitors, because few of them can alone mount successful marketing and distribution
efforts in distant foreign markets. {See Maital [1991] for a discussion of the role of joint

ventures}.

This is where government policy can play a major role, as mediator, initiator and peacemaker.
Joint marketing ventures could be established, in cases where technometric and other
quantitative indexes reveal favorable prospects for competing abroad. Investment in such
efforts are no less important than supporting Research and Development and providing
venture capital. Yet repeatedly, fruitful public investments and support at the initial stage of
the innovation cycle are frustrated by the lack of timely investments at the later stages,

production and especially marketing.

There is widespread awareness in Israel of her deficiencies in marketing skill, which result in
shares of world markets far below what the technological quality of Israeli products otherwise
would merit. That awareness has not yet led to decisive action or sizeable allocation of

resources to solve it.
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Abstract

What is the relation between the average level of complexity that characterizes a product's
technology, and the degree of diversity of that technology across rival firms? Evolutionary
theories of innovation and technical advance are consistent with either a direct or an inverse

relation. The issue thus becomes an empirical one.

This paper uses a unique database containing detailed quantitative data on the specifications
of 12 high-tech product groups for the U.S., Japan and selected European countries, for
1982, for both products and processes. It is found that the more complex the technology,
the less diverse is the technology of rival firms that produce the product. This is consistent
with the following evolutionary process: Economies of scale and scope inherent in high-
level technologies require firms who adopt them to dispose entirely of older technologies,
in order to remain competitive; at the same time, older, simpler technologies continue to

exist and permit wide diversities among firms who pursue "niche” market strategies.
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Introduction

For rival firms within a given industry or product-group, are pfoduct and process
technologies uniform in their level of complexity? Or in contrast, are such technologies
highly diverse?

Evolutionary theories of innovation are consistent both with models in which variations in
technological quality diminish as the technology ages -- through a kind of competitive
‘natural selection' — or with models in which such variations increase, as conservative
firms manage to co-exist with more innovative ones. The issue thus becomes an empirical

one.

This study proposes a new measure for the diversity of technology, based on the
technometric indexes of Grupp [Grupp, 1991, 1993; Grupp and Hohmeyer, 1985, 1988],
and applies that measure to the estimation and comparison of the relation between the
average level of complexity in technology, and its diversity across firms, principally those
in the United States and Japan. Use is made of a unique Japanese database that provides
detailed cross-country quantitative data on product and process specifications for 12 high-

tech product groups.

The structure of this paper is as follows, Part 1 surveys the relevant evolutionary theories
of innovation. Part 2 defines the technometric indexes that are used to measure the level
and diversity of technology. Part 3 describes the database that permits us to generate
empirical estimates of those indexes for the U.S., Japan and some European countries.
Part 4 presents the main empirical resuits and examines their implications. The concluding

section suggests some directions for future research.



66

1. Evolutionary Theories of Innovation

One of the most powerful paradigms for technological advance is Schumpeter's model of
the evolutionary process [Schumpeter, 1939, 1950, 1961] and the related interpretations
and extensions of the model [Nelson and Winter, 1982]. According to this model, ideas,
innovations and technologies compete for resources in a market environment. Basic and
applied research, like mutations, generate variations within "species” of products and
processes. These variations are then sorted by a process of "natural selection" -- in
economics, competitive rivalry for profits and market share. Ultimately, the technology of
products and processes most suited to the existing market conditions triumphs. This
evolutionary process may be long, time-consuming and somewhat inefficient in the short

nn.

Schumpeter perceived this dynamic process as the very essence of capitalism. He wrote:

"In dealing with capitalism, we are dealing with an evolutionary
process...The fundamental impulse that sets and keeps the capitalist
engine in motion comes from the new consumers' goods, the new
methods of production or transportation, the new markets, the new
forms of industrial organization that capitalist enterprise creates. ... The
opening up of new markets, foreign or domestic, and the organizational
development from the craft shop and factory to such concerns as U.S.
Steel illustrate the same process of industrial mutation -- if I may use that
biological term -- that incessantly revolutionizes the economic structure
from within, incessantly destroying the old one, incessantly creating a
new one. This process of Creative Destruction is the essential fact about
capitalism. It is what capitalism consists in and what every capitalist
concern has got to live in." (Schumpeter, 1950, pp. 82-83).

In his books and articles, Schumpeter repeatedly cautioned against embracing biological
evolution and natural selection in its entirety as a model for innovation. Nelson, too, has
noted that there are major differences between the biology of evolution and the evolution of

technology:
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"...the feature that most sharply distinguishes the evolutionary process
through which technology advances, from biological evolution, is that
new findings, understandings, generally useful ways of doing things, do
not adhere strictly to their finder or creator but are shared, at least to
some extent. In many cases, the sharing is intentional, in others despite
efforts to keep findings privy." [Nelson, 1990, p. 194].

One major difference between biological and economic evolution, as Nelson observes, lies
in learning and imitation. Economies, unlike ecologies, evolve in part when "firms watch
other firms and try to learn from their experience", Nelson wrote [ 1990, p. 211].

A somewhat different evolutionary theory, associated with Utterback, suggests that a wide
range of technological innovations ultimately leads to a dominant product design -- a new
product with a fairly standard, common set of features -- that enforces or encourages
standardization, and narrows the variety of possible new products down to a few "species”
or standard products. [Utterback and Abernathy, 1975].

Some of these Schumpeterian "learning” models posit that as a technology design
configuration ages, more and more firms gain the opportunity to learn and use it, as they
observe other firms and adapt and acquire their technology. This suggest the following
hypothesis:

"Firms learn with time": the older (and presumably, less complex) a
technology is, the smaller should be the degree of diversity in the level of
technology across rival firms.

However, while learning, diffusion and market forces operate to narrow technological
diversity over time, a different and opposing evolutionary force -- one that works to
broaden diversity in technological complexity and leads to product differentiation. In order
to meet customer wants, product differentiation often presents a do-or-die decision -- either
adopt costly new technologies and replace existing plants with new ones, [because the
new technology is optimally efficient at such high levels of output that it does not pay to
run old product variants and new ones in parallel] or remain solely with the old plant and
equipment. Once firms do begin adopting the new level of quality and complexity, it is
often so cost-effective or high-quality that competing firms face another fateful either-or
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choice: Either adopt the new technologies that competitors have implemented, or leave
the industry entirely.

In his book Scafe and Scope, business historian Alfred Chandler notes two examples in
which powerful economies of scale and scope led major companies to dominate their
industries through new technologies, in a very short space of time. In the U.S. in the
1880's, the Standard Oil trust built massive a massive new kerosene plant, whose
economies of scale slashed production costs by an order of magnitude and generated large
profits. In Germany, at the same time, Bayer, Hoechst and BASF built huge new chemical
plants capable of producing a large number of different dyes on the same chemical base.
The resulting economies of scope reduce production costs dramatically and gave the three

above-mentioned firms a dominant position in the market.

This particular evolutionary process, in which dramatic economies of scale and scope make
it imperitive to adopt new technologies, implies:

Do-or-Die Decision: the newer and more complex the technology, the

smaller the degree of diversity across different firms. Firms must either

adopt the new technology quickly, or "die" (leave the industry). Over-
time, diversity in technology increases, as firms find "niche” strategies

and exploit market segments that larger, more technologically-advanced

firms ignore.

The two contradictory hypotheses cannot in fairness be labelled "Schumpeter vs.
Chandler”, because Schumpeter's views themselves were somewhat ambiguous, and

changed and evolved over time.

As Heertje (1992) points out, Schumpeter's earlier writings emphasize the key role played
by small, new firms who act as technology pioneers. Thus, Schumpeter wrote in 1939
that "even in the world of giant firms, new ones rise and others fall into the background.
Innovations still emerge primarily with the "young" ones, and the "old" ones display as a
rule symptoms of what is euphemistically called conservatism.... [our model] explains
why innovations are not carried into effect simultaneously and as a matter of course ...by
all firms" [1939, p. 97). This is "firms learn with time".
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But in Capitalism, Socialism and Democracy, Heertje notes that Schumpeter "seems to have
lost sight of the relative importance of new, often small firms as the carriers of minor and
sometimes major innovations, not to speak of their role in the process of invention"
(Heertje, 1992, p. 10). There, the emphasis is on scale, and on "do-or-die".

In this sense, both hypotheses may be viewed as Schumpeterian. The evolutionary model
of innovation in capitalist development is thus consistent with either: a) diminishing
diversity in technological quality, as the technology ages, or b) increasing diversity. The
issue then becomes an empirical one -- appealing to data and facts to determine which
hypothesis is valid.

It is possible to point to specific technologies that fit either the "firms learn with time" or
the "do-or-die” hypothesis. For instance, Ray [1989] describes four process technologies,
for which the equipment incorporating them "is usually of large capacity, often large
enough to make the older technique wholly redundant...when built, the new plant takes
over huge quantities of output, in large indivisible chunks, from the earlier technology.
Thus diffusion is swift.”

* These four technologies are: oxygen steelmaking, continuous casting, the tunnel kiln and
the float glass process. Two newer technologies also belong in this category, he believes:

robots and automatic-flexible manufacturing systems.

Here, firms face all-or-nothing decisions. Those that adopt the technologies must replace
older ones completely. Those that will not, or cannot afford to, may quickly disappear.
This type of new technology does not leave much room or much time for differentiation in
technology or for "varieties of species”.

But not all technologies are of this sort. There are some more "divisible" technologies.
Ray cites as examples shuttle looms and numerically-controlled machine tools. In Europe,
about two-thirds of all cotton-type looms are shuttle looms of older vintage and shuttleless
looms, Ray observes; and the share of numerically-controlled machine tools is far lower.
Here, new and old technologies co-exist, leaving a wide variance or range across firms in

the level of technological advance.
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The precise nature of the process through which technology diffuses through an economy
and from one economy to another --and through which one firm learns from another -- is
very important, because it is a crucial determinant of competitive advantage. It has been
widely claimed and believed that the Japanese efficiency in exploiting and diffusing existing
technology gives that country an advantage over slower-moving competitors. Nelson has
argued that "the Japanese system is not of fundamentally different design from the
American but rather is a different and perhaps more effective model in the same broad
class" [1990, p. 211). Attaining a better understanding of the technology diffusion
process, in general, and empirically testing which of the above two hypotheses is correct,
may have important policy implications.

Empirical studies of evolutionary models in general, and the diffusion of technology in
particular, face severe measurement problems. Ray's studies of the life-cycle of several
technologies [1989] measure diffusion by "the proportion of the new machines [embodying
a new technology] in the total stock of productive equipment.” Ray notes that "lack of data
prevents measuring diffusion in another, perhaps more informative manner, namely the

contribution of the new technology to total production”.

The next section suggests a new, operational technique for measuring both the level of

best-practice technology and its degree of diversity across firms.

2. The Technometric Approach to Measuring Technological
Quality and Complexity

A technometric index of product and process quality has been developed by Grupp and
Hohmeyer (1985; 1988). Technometrics begins by observing that every product or
process has a set of key attributes that define its performance, value or ability to satisfy
customer wants. Most of these attributes can be quantified - for instance, in the case of
solar cells, such attributes as intrinsic cell efficiency, flash current, standard power,
voltage, bulk factor, module efficiency, power per unit of area, power per unit of weight,

and warranty time can all be defined and measured in physical units.
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Each of these attributes has a different unit of measurement. Problems then arise in
aggregating attributes to build a single quality index. The technometric indicator surmounts
this difficulty by converting each measured attribute into a [0,1] metric, enabling
construction of weighted averages, etc., and permitting comparisons across products,
firms, industries and countries.

Formally, let subscripts f, i, j and k represent firms, products, product attributes or
characteristics, and subgroup (industry or country), respectively. (For our purposes here,
the subscript "k" will represent different countries -- namely, the U.S., Japan, or selected

European countries). Let K(i,j,k) represent the measurement of an attribute for given f, i,

j and k.

The technometric indicator, K* , is defined, on the (0,1} metric, as the maximum
national performance of attribute j, product groupi:

" Km“ (I,J,k)“"' Kmi_n(i!j’kmi.n)

K ,=
[1] A Kmu (i?j’kmax) —Kmin (i’j’km'm)
where:
K . (k) =  the highest value of product characteristic "j" for prbduct "1", for country

k, achieved by some fir in that country.

nn

K . (,jk_.) = the lowest value of product characteristic "j", among all countries k,
min mm

produced by some firm in  country kmin.

nett

K .3k )= the highest value of product characteristic "j", among all members of

country k, produced by some firm in country k.

It is possible to aggregate K* across all key attributes of a product or process, in order to
achieve an aggregate K* measure for the product or group of products. This aggregate
technometric measure can then be correlated with other variables to determine the link
between technological excellence and, for instance, market success. K* can also contribute

to policymaking, indicating products or sectors where a country has a competitive
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advantage, technologically, and hence worthy of investment to advance marketing and sales
efforts in foreign markets and to further improve R&D and production efficiency at home.

Constructing technometric indexes, especially for cross-country comparisons, is costly
and highly data-intensive. Fortunately, a database exists containing technometric
specifications for some 42 different product groups and processes. The data were compiled
in 1982 in Japan. [Agency for Industrial Science & Technology, 1982].

We shall now describe these data and then use them to test our two hypotheses.
(Unfortunately, like so many costly databases, this one was not updated; like an

unsuccessful mutation, its brief but useful lifetime begins and ends with 1982),

3. The JATES/AIST database

In a survey sponsored and funded by the Japanese Agency for Industrial Science and
Technology, Japanese experts were asked in 1982 to evaluate specifications for 42
different product groups, for the United States, Japan, and selected European countries.
(For an early analysis of these data, see Grupp and Hohmeyer, 1986). These product
groups included high-technology, medium-technology and low-technology products. The
data include 984 specification items and 5,584 data points -- experts were asked to estimate
maximum, minimum, and model values for each specification, for Japan and the United

States, and for some foreign countries as well.

Of the 42 product-groups, twelve were in the high-tech realm. High-tech was defined as a
product group within a 3-digit industry {(according to the Standard Indusirial Classification)
characterized by Research and Development expenditures amounting to at least 3.5 per cent
of sales turnover. The twelve high-tech product-groups selected for study were: 1. optic
fibers. 2. industrial assembly robots. 3. ultra-high-tension transformers. 4. video tape
recorders. 5. large computers. 6. digital x-ray equipment 7. LSI memory 8. semi-conductor
lasers. 9. passenger cars. 10. general ships. 11. civilian aircraft. 12. LSI probers (large-
scale integrated circuit probers, or sensor, designed to determine whether LSI microchips
are defective).
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The experts provided their quantitative estimates of technical specifications K(i,j.k) ,

including, for each, Kma , K for each

x min’ and Kmo de (the modal value of Ki‘j_

Kk
specification, for firms in each country). They also indicated whether the specification was
"standard" (coded S, in column D), or "key" (coded K, in column D), meaning of major
future importance.

Detailed descriptions of a sample of the raw data (for optic fibers), and the manner in
which K*range and K*mode were computed, are shown in Table 1. All told, we
extracted and analyzed 844 data points.

K .4 Was converted to the [0,1] technometric index K* 4. through:

[2] K*mode(i’j’k) = [Kmode(i’j’k)— Kmin(i’j’kmin)]/[Kmax(i’j’kmax)- Kmin(i’j’kmin)]

That is, K* was put into the [0,1] metric for each country by expressing it as a fraction

of the difference between the global state-of-the-art value (the highest value of the
specification available anywhere) and the value for the lowest-performing (and presumably,
least costly) specification anywhere.

The measure of the degree of diversity in technological specifications across firms in the

same product-group and country, Kmmge , was taken as the difference in the K value across .
firms in the same country, K .3k - K . (i,jk), expressed as a fraction of the global

range in the K value for all countries, within the given product specification:

Kmax (i!js k) —' Kmin (iija kmin )
Kmnx (i’j’ kmax ) - Kmin (i$j’ kmm)

[3] K:mge (,.k)=

The two competing hypotheses could then be tested statistically by examining whether the

relation between K*mge and K*__ is direct or inverse, for the 12 product groups, for the

U.S., Japan, and such European countries as the UK. and Germany.
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Tablel. Data on product and process specifications, optic fibers, for U.S., Japan and Great Britain, 1982
Source: Agency for Industrial Science and Technology (1982).

Specifications Units Type Product Expert Agg- Max Min Mode Max  Min Mode
Key weight regate Japan Japan Japan USA USA USA
weight
A B c D E F G H I ] K L
Altenuation{.85um) dvkm product S* 0.505 0.039 3.00 240 2.50 3.50 2.50 3.00
_Auenuation(1.3pm) db/km product S 0693 0.053 1.00 0.40 6.70 1.00 0.50 0.70
Attenaution (1.3pm) db/km product S 0815 0063 050 040 050  0.70 0.60 0.40
Bandwidth (6db. 0.85um) MHz/kmproduct S 0.725 0.056 1000.00 50000 1000.00 1000.00 500.00 800.00
Bandwidih (6db. 1.3um) Mhz/km product S 0.845 0.065 2000.00 100.00 1500.00 1300.00 20.00 1000.00
Transmission range(100mbits) km  product § 0.69 0.053 300.00 15.00 1500 2500 1000 1500
Transmission range(400mbits) km  product S 0690 0053 4000 20.00 20,00 30,00 2000 2000
Power loss (0.85 ytm) db/km product S 0.560 0.043 0.20 0.10 0.10 0.20 0.1 0.10
Breakdown force (50%,1.25um)kg/mm2 product § 0.715 0055 600,00 50000 550.00 60000 50000 500.00
Lifetime (standard conditions)  years product S 0690 0.053 100.00 30.00 50.00 100.00 50.00 50.00
Purity ppb*** process K** 0435 0.034 3.00 0.00 OO 100 0.00 0.20
De-Off process (water quantity) ppb*  process K 0930 0072 2000 020 100 1500 100 1000
Control of refraction 01%  process K 1000 0.077  13.30 0.10 1.00 1.00 1.00 1.00
Control of diameter (1.254m) pm  process K 0505 0039 200 0.50 i.00 200 0.50 1.00
Control of diameter (501m) pm process K 0.505 0.039 2.00 1.00 1.00 2.00 1.00 2.060
Loss from nonhomogeneity db/km process K 0.780 0.060 0.20 0.05 0.10 0.10 0.10 0.10
Control of temp. gradients indexed process K 0.780 0.060 10000 100.00 100.00 10000  90.00 90.00
Control of impuritics indexed process K 0430 0.033 10000 100.00 100.00 100.00 90.00 100.00
Flame Method indexed process K 0360 0028 10000 10000 10000 100.00 10000 100.00
Eiching indexed process K 0215 0017 10000 10000 10000 10000 10000 100.00
Color coaiing indexed process K 0360 0028 10000 10000 10000 10000 80.00 100.00
Conirol of micro-marginal losses indexed process K 0425 0.033 100.00 90.00 100,00 10000 80.00 90.00
*S - Standard; +K - Key; **+ paris per billion
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Tablel. Data on product and process specifications, optic fibers, for U.S., Japan and Great Britain, 1982
Source: Agency for Industrial Science and Technology (1982) - continued

Specifications Max Min Mode Max  Min Range Range Range
GBR GBR GBR Max Min Japan USA GBR
A M N 0 P Q "R S T

Attenuation(.85um) 4.00 2.50 3.00 4.00 240 060 1.00 1.50
Atienuation( .ut:&. 1.00 0.70 1.00 1.00 040 0.60 0.50 0.30
Auenaution (1.3um) 0.60 040 0.50 0.70 .40 0.10 0.10 0.20
Bandwidih (6db. 0.85ptm) 1000.00 400.00  500.00 1000.00 40000 500.00 50000 600.00
Bandwidth (6db. 1.3pm) 1300.00 100000 100000  2000.00 80.00 1900.00 1220.00 300.00
Transmission range(100mbits) 30.00 1500 2000 3000 1000 1500 1000 1500
Transmission range(400mbits) 30.00 20.00 20.00 40.00 2000 20.00 10.00 10.00
Power loss (0.85 pm) 0.20 0.1 Q.10 0.20 0.10 0.10 0.10 0.10
Breakdown force (50%,1.25)m) 550.00 50000  500.00 600.00 500.00 100.00 10000  50.00
Lifetime (standard conditions) 100.00 50.00 50.00 10000 3000 70.00 5000 50.00
Purity 1.00 0.00 020 3.00 0.00 3.00 1.00 1.00
De-Off process (water quantity) 18.00 1.00 10.00 20.00 020 19.80 14.00 17.00
Control of refraction 1.00 1.00 1.00 13.30 010 13.20 0.00 0.00
Control of diameter (1.25um) 2.00 0.50 2.00 2.00 0.50 1.50 1.30 1.50
Control of diameter (501Lm) 2.00 1.00 2.00 2.00 1.00 1.00 1.00 1.00
Loss from nonhomogeneity 0.10 0.10 010 0.20 0.05 0.15 0.00 0.00
Control of temp. gradients 100.00 950.00 100.00 100.00 90.00 0.00 10.00 10.00
Control of impurities 100.00 90.00  100.00 100.00 90.00 0.00 10.00 10.00
Flame Method 100.00  100.00  100.00 100.00  100.00  0.00 0.00 0.00
Etching 100.00 100,00 100.00 160.00  100.00 0.00 0.00 0.00
Color coaling 100.00 80.00 90.00 100.00 80.00 10.00 2000 10.00
Control of micro-marginal losses 90.00 80.00 90.00 100.00 80.00 10.00 2000 10.00

P=MAX({GIM) Q-MIN(HKN) R=G-K S=JK T=MN
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If "firms learn with time" is valid, then K"‘nmge should
vary inversely with K* . If "do-or-die" is valid,
then K"‘l_ange should vary directly with K* . .

All told, the part of the database we extracted, for the 12 high-tech products, comprised

data points including a value for K*mge and K* . . for each particular specification. for

the twelve abovementioned product groups.

Thus, for each product group, and each country, a value of K* and K* was

range mode

computed, by taking the simple average of K* and K* .. values for all of the

range
specifications given for the specific product group. (It was found that weighting each
specification by a coefficient indicating its relative importance did not affect the results, but
simply added more complexity, we therefore used a simple average).

The data for K* and K* are shown below, in Table 2.
range m

ode

In addition to K*range and K*mo de We extracted from the database five additional

variables that characterized each specification:

1. the product group, described with a 2-digit code, from 1 to 12;

2. product or process specification;

3. future importance of the specification: yes, if judged by experts to be of likely
future importance, coded K; no, coded S;

4. the relative importance of the specification (a weight, given by the experts,
normalized to add to one).  (As noted above, these weights were found to have
virtually no effect on the empirical results, and hence were not used for the final
computations as presented here; aggregation was done by taking simple arithmetic

averages).
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Table 2. Values of K*range and K*mode, 12 Technology-Intensive Product Groups,
U.S., Japan and other Countries, 1982

Product All All Japan Japan U.S. U.S.  Other  Other No. of No. of
range mode range mode range mode  range  mode experts Specs
Optic fibers 0.638 0553 0.668 0575 0.644 0534 0603 055 9 22
Indust. robots 0.284 0.56 0.669 0521 0.095 0739 0089 0422 5 8
Ulra High-tension mansformers 0.288  0.788  0.232  0.855 0.25 0.743  0.381 0766 8§ 15
video tape recorders 0.517 0517  0.537 0.697 0.497 0338 7 19
large computers 0.443 0527 0514 0573 0372 0.481 5 16
digital radiography 0.259 0.644 0234 0522 0264 0.825 0.277 0584 3 20
LSI memory 0.566 0464 0.668 0.46 0.463 0.469 5 44
Semiconductor lasers 0.457 0.53 0.537 0666 0457 0.53 0.46 0.45 5 46
Cars 0.444  0.577 0453 0.717 0429 (G513 0453 05 6 35
Ships 0.352 0712 0.401 0857 0356 0746 0298 0.534 7 23
Civ. aircraft 0.449 0.627 0.59 0366 0.221 0.883 0.534 0631 11 36
LSI probers 0.383  0.58 0.638 0.456 0.128 0.703 6 21

Source: A.LS.T. (1982) and own calculations (see table 1)
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4. Empirical Results

Figures 1, 2 and 3 plot K"‘nmge against K¥ . for the U.S., Japan and selected European

countries; Japan alone; and the United States alone, respectively. Figure 1 shows a
statistically-significant negative relation between the level of technology and its range or
variance, for all of the countries in the database taken together.

This result is replicated when Japan (Figure 2) and the United States (Figure 3) are

examined in isolation,

This suggests that the "do-or-die” (economies of scale and scope) hypothesis is more
compatible with the data than the "firms- learn- over-time" hypothesis. That is, the higher
the modal level of technological excellence across firms, the less likely it is that firms will
differ widely. This appears to be the case in all the countries included in the database.

Figure 1
Relation between Average Complexity of Technology, and its Diversity,
U.S., Japan, Europe: 12 High-Tech Products, 1982

y=0.91747-0.83764x R2=0.422

K* - Range

0'20,4 Y- 06 07 0.B

K* - Mode Value

1. optic fibers. 2. industrial assembly robots. 3. ultra-high-tension transformers. 4. video
tape recorders. 5. large computers. 6. digital radiography 7. LSI memory 8. semi-
conductor lasers. 9. passenger cars. 10. general ships. 11. civilian aircraft. 12. LSI
probers
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Figure 2
Model Level of Technology vs. Diversity, 12 High-Tech Products, 1982
United States

y=0.83454 - 0.76764x R2=0.496
0.7
0.6 1.
0.5 -
Q
2 0.4
[0
o
« 0.3 1
¥
0.2
0.1 1
0'050.4 " 05 | 08 07 | o8
K* - Made Value
Figure 3
Modal Level of Technology vs. Diversity, 12 High-Tech Products, 1982
Japan
y=0.86475 - 0.58307x R2-0.339
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1. optic fibers. 2. industrial assembly robots. 3. ultra-high-tension transformers. 4. video
tape recorders. 5. large computers. 6. digital radiography 7. LSI memory 8. semi-
conductor lasers. 9. passenger cars. 10. general ships. 11. civilian aircraft. 12. LSI

probers
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Process vs. Product:

We performed a t-test on the average values of both K*mge and K* for product

mode °
specifications vis a vis process specifications, to see whether there were significant
differences across the whole database (i.c. all 844 data points, divided into 657 product
specifications and 187 process specifications):

MEAN VALUES of K*mode and K*range
K*mode K*range
product process product process

.585 618 410 500 *
N= 657 187 657 187

* significant at p < 0.01

For the whole sample, while the modal level of technologies did not differ significantly for
products compared with processes, the technometric range across firms did differ
significantly, with substantially higher variation existing for processes than for products.

Interestingly, the inverse relation between K* . ode and K¥ noted above in Figures 1-3

range
held well for product specifications, but not for process specifications, as shown in the two

regression equations below (the t-values of slope coefficients are shown in brackets below
the coefficient):

PRODUCTS (N = 657 specifications):

- 2 i =
K* nge = 0497 - 0.150 K* ., R? adj. = 0.021
(3.88)
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PROCESSES (187 specifications)

= 2.4 =
K* nge = 0:550- 0.077K* ., R adj. = 0.006
(1.05)

While the coefficient of K* noger Was statistically significant for the "product” regression, it

was not statistically significant for the "process” regression, This implies that the "either-
or" hypothesis holds more strongly for product technology than for process technology,

where presumably "firmns-learn-with-time" dominates.

Future importance:
Another t-test comparison was conducted for specifications judged to be of future
importance, against those which the experts thought would not be important in the future.

The difference in K* ge between the two groups was not statistically significant --

implying the experts foresaw no substantial rise in the degree of variation across firms.

However, expectedly, there was a statistically significant difference in K* hodes With

specifications perceived to have future importance being technologically more advanced

than those thought important now but less important in future:

MEAN VALUES of K* ode and K*

range

K K

mode range
Future importance?: NO YES NO YES
454 687* .403 448
* significant at p<.01
We then chose to regress K* range o1 K* - oder first for the 344 specifications adjudged

"important now but not likely to be important in future”, and then on the 500 specifications

adjusted "important now and in future"”.
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For the first "unimportant in future” group, there was no significant correlation between

* * LM 3 n .
K range and K* ... But for the second, "important in future” group, t‘hc slope coefficient

was negative and strongly significant statistically (t-value in brackets):

K* inge = -60753- (0.20576) K*_ .., R¥%(adj) = .040;
(4.69) N=500

This result suggests that much of the inverse relation between the range and modal value of
technological quality stems from "forward- looking" specifications -- those which are likely
newer, more technologically-advanced, and hence have had less time for evolutionary
processes to work themselves out.

In a sense, then, the data support foth seemingly-contradictory hypotheses. The “do-or-

die" hypothesis is supported by the inverse relation between K* range and K* but the

mode’
"firms learn with time" hypothesis is supported by the fact that the inverse relation holds
only for "future-important” specifications, not for those unlikely to be important in the

future.
Japan vs. the U.S.:

An interesting result is obtained when the diagram for Japan is overlaid on the diagram for
the United States. (See Figure 4). This indicates that:

a) in 1982, for the dozen high-tech product groups, the United States appears to enjoy

technological parity with Japan, in the sense that the values of K* for the U.S. and

mode

Japan seem roughly equal; and

b) the values of K"‘mnge in technological specifications across firms appeared to be

significnatly higher for Japan than for the United States.

To test this statistically, a t-test comparison was done for Japan and the U.S., for the

whole sample of 844 specifications. K¥* did not differ significantly for Japan vs. the

mode



83
KRANGE

Fig. 4. Relation Between Level of
Technology and its Diversity,
U.S. vs. Japan, 1982, 12 High-tech groups
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U.S. However, K* (technometric range) for Japan was significantly greater than that

range
for the United States -- which runs counter to impressions of Japan's allegedly ubiquitous
high-quality technology:

MEAN VALUES of K* .. and K*

range

K K

mode range
Japan United States Japan  United States
.600 .624 .529 356 *
* significant at p < .01

Between 1982 and 1990, Japan experienced rapidly growing trade surpluses with the
United States. Though it is likely that Japan's technological deficit with respect to the U.S.
narrowed during this period -- for instance, in industrial robots -- nonetheless the data
appear to confirm the well-known conclusion that Japanese skill in marketing and
distribution explains more of that country's export success than underlying technological

excellence.

At the same time, Figure 4 reveals an interesting fact about the structure of Japanese
industry. Many large Japanese manufacturing firms -- especially those in the automobile
industry -- rely on a large network of small-scale parts suppliers. While these suppliers are
held to rigorous quality standards, they are often not technologically advanced. This may
in part explain the larger across-firm range of technological excellence in Japan than in the
United States, even though the American economy is more than twice the size of Japan's,
and has more than twice the number of firms.
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Spurious correlation?

The Japariese database was constructed by canvassing experts, and asking each to supply
values for specifications, for each product group, including their modal values, and
maximum and minimum levels. The number of experts varied across the 12 different
product groups, from 5 for product groups 2, 5, 7 and 8, to 11 for product group 13. (See
Table 1). It could be argued that a product group with a larger number of experts
supplying data would naturally have a larger range or variance in those estimates -- the
more persons supplying responses, the greater the likelihood of extreme values.

To test for this source of bias, we correlated the K* n g with the number of experts, for all

countries, for the U.S. and for Japan. In each case, the correlation was very close to zero
and, of course, statistically insignificant. This implies that there was no systematic relation

between the number of experts for each product group and the size of diversity for that
group.

5. Conclusion

Our main finding is this: For a dozen high-tech product groups, there is a consistent,
inverse relation between the feve! of technological quality -- measured quantitatively by
product attributes --and its diversity, measured by the range of values those attributes take
on, across firms. This relation exists both in Japan and in the United States. The degree of
diversity of technology in Japan is as great as, or greater than, that of the United States.

This inverse relation is consistent with the evolutionary view of technical change that
~ emphasizes the economies of scale and scope inherent in new, costly technology, and
which downplays the importance of learning effects through which firms become more
homogeneous in their technologies over time, at least with regard to significant future
technologies. T hus, our results support the variant of the evolutionary model of technical
progress that is based on the "do-or-die" notion of technology adoption.

The policy implications of this result are unclear. One might conjecture that in some sense,
a larger "variety of species” in technology may be preferable to a larger degree of
uniformity among firms. The market is thus provided with a greater degree of choice
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between costly state-of-the-art products and simpler, cheaper ones. The marketplace itself
can then "vote" for different technologies, as they compete for survival, and work
efficiently to ensure the "survival of the fittest”. What becomes significant, then, for
industrial policy, is not that there exist plants that are relatively backward, technologically,
but whether there are at the same time plants that are at the global, state-of-the-art frontier.
Encouragement of technological excellence may work to increase the range of technological
excellence across firms, because many firms may choose not to strive for the frontier but
rather remain in the relatively cheap and safe hinterland. This heterogeneity may in fact be
desirable, just as the wide variety of species serves a function in biology by efficiently
filling all the available biological spaces and niches.
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Abstract

A two-stage model of innovation is presented, in which: . economic inputs (such as R&D
spending) generate science and technology outputs (such as publications, citations, and
patents), and II. these science and technology outputs in turn serve as inputs, that generate
knowledge-based exports. An integrated system of science and technology indicators, built
on a "stages" model of the innovation process developed by Grupp (1992b), is used to
measure and compare Israel's efficiency in: a) utilizing R&D resources to generate
scientific and technological "outputs” (citations, patents, and publications), and b)
employing these scientific outputs to generate export sales, relative to the leading
European countries. It is shown that Israel is more efficient than Europe in producing
scientific and technological outputs, but far less efficient in utilizing its excellence in
scientific and technological outputs to generate science-based exports. In the so-called
"value-added chain™ in high-technology products -- R&D, production, marketing,
distribution -- the farther one moves along the chain toward final output, the greater are the
economic benefits in terms of export sales revenue, employment, and market share, An
inverse empirical relationship emerges between Israel's relative performance in each stage
of innovation, compared to European countries, and the economic benefits that stage
confers. It is argued that Israel must adopt policy measures, both at the micro- and
- macroeconomic level, to transform scientific excellence in R&D and innovation into export

performance in the later stages.
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Introduction

The purpose of this paper is to utilize quantitative indicators of scientific and technology
performance, available for a number of European countries as well as for Israel, to examine
empirically the link between scientific and technological excellence and export performance.
Specifically, we propose to analyze (a) whether Israel's investment of resources in applied
and basic research -- as measured by spending on Research and Development -- are as
productive as similar investments in European countries, in terms of their technological and
scientific "output”, and (b) whether Israel's scientific "output” is as productive in
generating exports as in comparable European countries.

The structure of our paper is as follows. The first section presents a "stages" model of
innovation, together with an operational, integrated network of indicators that serve to
quantify each stage. In the next section, we construct a two-stage model of comparative
advantage, in which two types of types of efficiency are defined: Stage I, efficiency in
translating Rey'D resources into scientific output, and Stage I, efficiency in translating
technological and scientific output into export sales of ReyD-intensive products. In section 3,
we define and describe our data set. Section 4 presents our regression results, and in
Section 5, we conclude and summarize, and list some policy implications of our findings.

1. A "Stages" Model of Innovation

Grupp et al. (1992a) have constructed a "stages” model of the innovation process, in
which six different phases or functions are defined: theory and model development,
technical realization, industrial development, innovation and imitation, diffusion, and
finally utilization. The model is accompanied by a comprehensive, operational set of
indicators that quantify each stage and enable researchers to examine its relation with
succeeding and preceding stages. (See Table 1). While, as Grupp noted, "...the well-
known approach by indicators...grasps only parts of the complex and cyclical (feedback)
innovation-oriented processes”, nonetheless, such indicators "offer an opportunity to
speak a common language in science and innovation research.”

The model takes a somewhat "economic” perspective, in the sense that each of the stages is
characterized by "inputs” and "outputs”. The model is highly recursive, or "feedback”, in
nature, because the outputs of one stage become the inputs of succeeding stages.

As Grupp (1992a) notes,

"..the description of the knowledge transfer between science
and technology and within technology seems to be
quitecomplex so that the definition of simple quantitative
procedures is not possible. Nonetheless, a network of
indicators, which are based partly on sample patents, partly
on the respective references, can be established, giving an
interesting insight into the interface processes. " (p. 39).
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Table 1. Stages of Research, Development and
Innovation, and corresponding Science and
Technology indicators
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The initial stage, theory and model development, uses R&D spending as its inputs or
resources, and generates scientific outputs: publications, and citations of publications. The
field of scientometrics - the quantitative measurement of scientific output -- is by now well
developed, and comprehensive databases of publications and citations, by subfield, are
now widely accessible. The second and third stages of the innovation process build on
scientific expertise, as expressed in publications and citations, to generate patent
applications, citations and stocks of patents. Here, t00, data are widely available for a wide
range of products, services and processes. At the innovation and imitation stage,
technology -- as expressed in patents -- is used to generate products, processes and
services, whose quality or level of sophistication can be measured by the "technometric”
approach (Grupp, 1990). In the technological diffusion stage, product and process quality
is transformed into export sales and global market share. Detailed data are available on
exports, according to standard industrial product classifications, by country of origin and
by country of destination.

It should be emphasized that this model is not necessarily linear or rigidly sequential; for
some products and processes, some stages may be skipped, while for others, the precise
sequence may differ from that in Table 1 (for instance, patents may precede publications

and citations).

Since each stage of the innovation process is characterized by empirical indicators, the
"integrated network model" is an operational one; using it, it is possible to test hypotheses

and to conduct cross-country comparisons,

The focus of this paper is on the extent to which inputs are used efficiently to generate
outputs. In order to examine this important issue, it is first necessary to model the process
through which nations acquire comparative advantage in high-technology products, and
then utilize that comparative advantage in achieving high levels of exports and export

market share. This is the task of the next section.
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2. A Two-Stage Model of Cdmparative Advantage

A nation's export value-added can be partitioned according to the soﬁrccs of that value
added: Research and Development -- value added accruing from R&D spending, leading to
goods and services that perform well in global markets; production of those goods and
services, at minimum cost and maximum quality; and marketing and distribution. This is
the so-called "value-added chain", used effectively by Porter (1980).

It is possible to model the innovation process as a two-stage one. In the first stage,
economic resources -- physical and financial capital, and skilled manpower -- expressed as
Research and Development spending are invested, in order to generate scientific and
technological outputs (publications, citations, patents, etc.). In the second stage, the
scientific and technological outputs become inputs, that generate new products and
processes, of which some are exported. Presumably, comparative advantage in high-
technology products (where science and technology play important roles) can arise either
from excellence in generating scientific outputs (stage one), or from excellence in utilizing

scientific outputs, or both.
Stage One:

Let X be a vector of variables x,, x,, .., x measuring the magnitude of resources

invested in R&D, and let Y be a vector of variables y,, y,, ..., y, measuring the

resulting scientific and technological outputs (citations, publications, patents, etc.). Then
there exists a "production function™ F( ), that maps from R&D inputs X to scientific output
Y:

[1] Y = F(X)

This production function can be subjected to the same types of economic analyses as
conventional production functions, that map from, say, labor and capital, into value-added.
In particular, the efficiency of translating R&D resources into scientific outputs can be
measured. Grupp, Maital, Koschatzky, and Frenkel, 1991, for example, adopt a linear-
programming approach to measuring efficiency in transforming scientific excellence into

exports. Or, alternately, using regression analysis, the empirical relation of Y and X can be
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examined, and individual countries’ performance compared with the wend line -- an

approach that we take here.

Equation [1] i1s a measure of Stage I efficiency -- the degree to which resources invested in

research are efficiently utilized to achieve scientific excellence.
Stage Two:

The second stage in the export process involves the translation of scientific excellence into
R&D-intensive goods and services that capture export sales. This stage encompasses the

production, marketing and distribution components of the value-added chain.

Let Z be a measure of export performance, and Y be, as above, the measure of scientific
excellence. Then a production function G( ) exists that maps from scientific excellence to

export pcrformaﬁcc:
[2] Z= GY)

~ As with F( ), G() can also be analyzed empirically, and used for comparing various

countries with one another,

Availability of adequate data for X, Y and Z makes it possible to study Stage I and Stage
II efficiency for a sample of countries. Such analysis makes it possible to partition causes
of superior or inferior export performance between Stages I and II, and as a result, to

construct policies for stimulating exports that attack the root of the problem.

For many years, it has been argued that Israel has indeed achieved a high degree of
excellence in its scientific and technological capabilities, but that it has not been efficient in

translating that capability into strong export sales of science-based products.

We propose to test this hypothesis, using data for X, Y and Z that include 12 EC countries
as well as Israel. Before presenting our empirical results, we first describe the extensive

data set itself.
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3. Scientometric and Economic Indicators

The variables used in this study are listed below, together with a description of their nature
and their sources. For our purposes, high-technology products are defined as those with
R&D spending above 3.5 per cent of sales. A complete list of high-tech product groups
according to the three-digit SITC code is given in Appendix 2.

A, "X" Variables:

GERD: Gross R&D Spending, annual average for 1981-85; converted to U.S. dollars
using Purchasing Power Parity index of O.E.C.D.; $ billion. Source: O.E.C.D., scientific
indicators. For Israel: R&D data are taken from the Central Statistical Bureau's Statistical

Yearbook,

GDP 81/85: Gross Domestic Product, average for 1981-85, $ billion, converted to U.S.
$ using Purchasing Power Parity index as for variable 1.

GERD/GDP: ratio of GERD to GDP, as per cent.
B. "Y" Variables:

For our measures of scientific excellence, we used indicators in three different areas:
patents, citations, and publications.

a) Patent Indicators:

For patents, we measured the number of patents granted, for the 12 EC countries, at the
United States Patent and Trademark Office (USPTO), as a measure of a country's
aggressiveness in seeking global protection for its intellectual property. We computed the

sum total of patents invented in 1977-86, as an expression of cumulative patent activity, at

the USPTO, and expressed them as a fraction of GDP for each cOuntry.1
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PAT - number of patents, matched to product groups, USPTO, 1984-86
PAT/GDP - PAT, as a ratio to GDP,

PATPOT - cumulative no. of patents, USPTO, 1977-86.
PATPOT/GDP - PATPOT as a fraction of GDP.

b) Publications and Citations: .
These indicators measure, for each country, the number of scientific publications by
scholars who cite that country as their primary address in their publications, as listed by the
databases of the Institute for Scientific Information (L.S.1.), in Philadelphia, Pa. The
publications are for articles in scientific and engineering journals. Citations are similarly

drawn from the 1.S.1. databases.

For publications, we used the listings of the Science Citation Index, for engineering and
science journals separately, and then added the two. We also expressed this indicator as a
fraction of GDP.

For citations, we used similar listings from the Science Citation index, also divided
between engineering and scientific periodicals and then summed, and also expressed as a
fraction of GDP.

PUBSCIENG: number of publications in both scientific and engineering publications.
(not including Life Science publications), 1981-85.

PUBSCIENG/GDP - PUBSCIENG as a fraction of GDP.

CITSCIENG - number of citations in both scientific and engineering periodicals, 1981-
85.

CITSCIENG/GDP - CITSCIENG as a fraction of GDP,
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C. "Z" Variables:
EXPHI - Science-based (high technology) exports, total $, 1988; for 2-digit industrial
branches included, see Appendix 2

TOTEXP - total manufactures exports, $, 1988.
EXPHI/TOTEXP - high-tech exports as % of total manufactures exports, 1988.

The data based on trade figures were derived from Grupp and Legler (1991), for EC
countries, and for Israel, from Israel's Statistical Yearbook. It is important to note that
high-tech exports are compared to total exports (and imports) of manufactured goods only.
Hence, Israel's relatively large imports of raw materials, and exports of agricultural
products, do not figure in the calculations. The trade variables therefore serve as a measure
of the extent to which trade in manufactured products is high-tech.  (See Grupp, 1990, and
Grupp and Legler, 1991.)

The data themselves are given in Appendix 1.

4. Empirical Results

Regression equation estimates for the Stage | Model are shown in Table 2. For purposes
of this analysis, we chose to combine the "leading-edge" and "high-level” products.
Disaggregation does not substantively alter our conclusions. In general, the level of
government intervention in leading-edge products is much greater, and hence exports of

such products are less influenced by pure market forces.?

a) Stage I: translating R&D into scientific excellence:

Figures 1, 2, 3 and 4 show the relation between four measures of scientific output --
publications, citations, patents, and cumulated patents -- expressed as a fraction of GDP,
and Gross R&D spending, also as a fraction of GDP, for 12 European countries and Israel.

The European countries chosen are: Germany, France, UK, Netherlands, Belgium/
Luxemburg, Denmark, Ireland, Spain, Italy, Greece, Portugal.



99

For each Figure, the regression line for the "Y" (dependent) variable regressed on the "X"
(independent) variable is shown.

In general, the results confirm our basic hypothesis that international commercial success
in high-technology products exports is basically determined by R&D spending as a fraction
of GDP, and by the resulting outputs of scientific and technical knowledge and patents.

Table 2.
Regression Equations for "Stage 1" Model:
Israel and Selected European Countries

Scxemlﬁc and Technological Output Indicators as a Function of Gross R&D Spending/GDP:
( Independent Variable: Gross R&D Spending As % of GDP )

Dependent Intercept | Coefficient of Independent | R%adj |P N
Variable Variable (GERD/GDP)*
PUBSCIENG/GDP -10.41 63.379 0.46 10.009 |12
(19.61)
CITSCIENG/GDP 1197 211.344 0.54 0.004 | 12
(56.41)
PAT/GDP -1.66 5.053 0.82 0.000 | 12
(0.70)
PATPOT/GDP -5.72 16.879 0.79  10.0007] 12
(2.63)

* (standard error of slope coefficients in brackets)

These results show that for Publications and Citations, Israel is substantiaily more efficient
than the 12 European Community countries in generating scientific outputs from R&D
resources; for these indicators, Israel falls consistently above the trend line for Y regressed

on X.
The slope of the two regression lines can be interpreted as:

d(PUBSCIENG / GDP) and d(CITSCIENG / GDP)
d(GERD / GDP) d(GERD / GDP)
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meaning, the increase in publications and citations, respectively, normalized by GDP, for a
one per cent increase in R&D spending (as a percentage of GDP). The respective slopes
are, approx., 67 and 220,

For recent patents, Israel falls right on the regression trend line. (See Figure 3). And for
Cumulative Patents, Israel falls somewhat below the trend line (though the gap is not
statistically significant). (See Figure 4).

This result obtains, despite the fact that for Israel's R&D spending of nearly 3 per cent of
GDP, a substantial portion of it is military in nature and therefore less likely to result in
patent applications, or in publications or citations (limited for reasons of national security).

This result confirms the general view that despite its small size, Israel has attained a notable
position in the scientific world, and that in proportion to its size, its base of science and
technology is equal to or perhaps even superior to that of the European Community

countries.

Stage Ib: Translating Publications into Patents: Qur empirical analysis suggested to us
" that Stage I -- transforming R&D resources into scientific and technological "intellectual
property” --is really comprised of two substages: la -- use of R&D resources to generate
research results, expressed as publications and citations; and Ib -- use of scientific and
technological knowledge (which find expression in publications and citations) in order to

generate patentable inventions.

To test this hypothesis, we computed two additional statistical regression lines, in which
Patents/GDP was the dependent variable, and Citations/GDP and Publications/GDP each
served as the independent variables, respectively. The results are shown below in Table 3,
and in Figures 5 and 6. |
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Figure 1

Publications in Science & Eng. per GDP As a Function of Gross

R&D Spending (as % of GDP 1981-85) in 12 EC Countries
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Figure 8
Patents Per GDP (At USPTO 1884-86) as a Function of Gross
R&D Spending (as % of GDP 1981-85), in 12 EC Countries
and Israel
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of Gross R&D Spending (as % of GDP 1981-85), in 12 EC
Countries and Israel
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The results clearly indicate a) that there is a strong trend line between patents/GDP and
citations and publications; and b) that Israel's patent efforts in the U.S. fall somewhat
below the trend line that characterizes the dozen countries taken together. However, the
extent to which Israel's Patent/GDP ratio falls below the trend line appears to be neither
statistically significant, nor practically significant (in terms of its magnitude). Anticipating
our later results, this suggests that Israel's weak export performance, relative to her
scientific and technological expertise, is only in small part due to weakness in patenting
activity abroad.

Table 3

Regression Equations for Stage "Ib" PAT/GDP as a Function of
CITSCIENG/GDP and PUBSCIENG/GDP 12 European Countries and Israel

Independent Intercept | Slope* R? adj P N

Variable

CITSCIENG/GDP 243 0.014 0.43 0.013 13
(0.00)

PUBSCIENG/GDP 243 0.039 0.35 0.025 13
(0.020)

* (standard error of slope coefficients in brackets).
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Figure &
Patents Per GDP (At USPTO 1984-86) as a Function of Citations

in Science & Eng. per GDP 1881-85, in 12 EC countries and Israel
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b) Stage II: translating scientific excellence into export sales.

Figures 7 and 8, and Table 4, show regressions of our export performance measure,
EXPHI/TOTEXP, on Patents/GDP and Cumulative Patents/GDP.

The results indicate that Israel performs substantially more poorly in transforming its
technical skills, as expressed in current patents and in cumulative patents, into comparative
advantage in export markets. For both measures, Israel falls substantially below the trend

line that forms the basis of comparison.

Tabie 4
Regression Equations for Stage II (Dependent Variable: EXPHI/TOTEXP)

Independent Intercept | Slope* R? adj P N

Variable

PAT/GDP 247 1.31 0.24% 056 12
(.607)

PATPOT/GDP 24.6 0.399 0.276 046 12
(0.175)

* (standard error of slope coefficients in brackets)
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Figure 7
High-Tech Export as % of Total Mfg. Export 1988, as a Function of

Patents per GDP (at USPTO 1984-86), in 12 EC Countries and
Israel
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In general, the farther along the innovation stages one moves, the less efficient Israel becomes
in exploiting the relevant inputs and converting them into export performance. (See Figure 9).
At the same time, the main economic benefits conferred by innovation accrue mainly toward
the end of the value-added chain, in the production, marketing and distribution stages. There
is relatively little macroeconomic benefit to the national economy of Israel, when superior
products and processes are conceived and designed in Israel and then taken elsewhere to be
produced. The result is that jobs, income, profits and investment, stemming from Israeli
scientific knowhow, accrue largely to foreign lands.

Figure 9: Israel's Achievement Level in Basic Science, Patents and Exports
Relative to European Countries; and the relative economic benefits
each stage confers (This is a schematic, rather than empirical

diagram)
Level of A .
Achievement Economic
Benefits
Average
o
for Europe

* * *

SCIENCE PATENTS EXPORTS
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5. Conclusions and Policy Implications

The above results, while they will come as no surprise to anyone familiar with Israel's
science base and economy, perhaps show more quantitatively than before -- with the aid of
scientometric indicators -- the extent to which Israel has failed to fully convert its scientific
achievements in export-led growth. In proportion to its Gross Domestic Product, Israel
outpaced European countries in patents, publications and citations, yet lagged in R&D-
intensive exports.

A vivid illustration of this result is the eagerness of global high-tech companies to locate
R&D and design centers in Israel -- including DEC, IBM, National Semiconductor, and
Intel -- yet produce much of their microchips, computers, etc. elsewhere.

The implications of this failure to transform scientific excellence into export dollars have
become particularly serious with the influx of highly-trained Soviet immigrants. According
to the Ministry of Absorption, of every 100 Soviet adult immigrants possessing an

occupation, 41 had academic degrees, and of these, half were scientists and engineers.

In its 67-year history, Israel's leading school of engineering, the Technion, graduated
about 35,000 engineers. It is estimated that a greater number have arrived in Israel from the
U.S.8.R. in the wave of some 400,000 immigrants during the past two years.

The value of the human capital embodied in this high-level immigrant manpower, that
arrived in Israel at a rate of about 200,000 a year for over two years, between mid-1989
and end-1993 -- has been estimated at about $50 billion a year (taking the discounted
present value of lifetime value added). [Maital, 1990].

This influx of human capital will further strengthen Israel's comparative advantage in R&
D-intensive exports. But in order to fully exploit this advantage, it is vital that conditions
be created that enable Israel not only to produce world-class Research and Development,
but also to produce at low cost and high guality the goods and services that emerge from
this R&D. Only in this fashion will Israel gain jobs, income and exports that it requires,

and that its scientific excellence can make possible.
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Porter (1990) has argued that global competitive advantage springs from a healthy national

environment.

"...I developed a strong conviction that the national
environment does play a central role in the competitiv
success of firms. With striking regularity, firms from one
or two nations achieve disproportionate worldwide success
in particular industries. Some national environments seem
more stimulating to advancement and progress than
others.” ( p. xil.)

Apparently, while some aspects of Israel's "national environment” are highly favorable for
global competitiveness-- those related to production of science and technology inputs --
other aspects, related to the economy, are far less favorable. Through its scientific and
technological achievements, a relatively large amount of value added originates in Israel's
science base. But far too little of it accrues to Israef, rather than to other countries. Israel

must act to recapture its own value added and retain more of it at home.
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Apendix 1: DATA

STATE GERD GbpP GERD/ PUB- PUB- CIT- CIT- PAT PAT/ PATPOT- || PATPOT/
81-85 81-85 GDP SCIENG [ SCIENG/ || SCIENG || SCIENG/ 84-86 GDP 77-86 GDP
% 81-85 GDbP 81-85 GDP 84-86
Germany 16.66 655.91 2.54 54169 82.59 173437 264.42 12461 16.07 38205 58.25
France 12.48 576.7 2.16 43190 74.89 122344 212.14 4370 6.74 13871 24.05
LK. 12.69 54217 2.34 58774 108.41 184502 34030 4472 7.21 14443 26.64
Netherland 2.98 147.97 2.0 12278 82.98 41167 278.21 1527 9.37 4595 31.05
Belgium/Lux. 1.49 97.48 1.53 6151 63.10 15363 157.60 461 4.25 1480 15.18
Denmark 0.65 55.23 1.18 3690 66.81 15418 279.16 288 4.58 838 15.17
Ireland 0.16 21.57 0.74 1060 49.14 2401 111.31 &3 3.40 181 8.39
Spain 1.15 257.83 0.45 8215 31.86 12748 49.44 181 0.61 413 1.60
laly 5.28 556.79 0.95 19845 35.71 48420 g7.12 1777 2.85 5235 242
Greece 0.15 53.93 0.28 2550 47.28 3345 62.02 11 0.18 33 0.61
Poriugal 0.18 49.64 0.38 622 12.53 923 18.589 2 0.04 7 .14
israel 0.7 24.21 2.89 7892 325.98 23416 967.20 326 12.89 859 35.48
STATE EXPH! IMPHI TOTEXP  [[TOTIMP EXPHI/ (EXPHI-  JEXPHI/ EX-IMhif RCA
1988 1988 1988 1988 [GDP IMPHI)/ TOTEXP  EX-IMiot 1988
GDP
Germany 150.000 76497 | 315.731 216.489 22.87 11.21 47.51 74.06 28.76
France 55.344 59.976 149,206 158.323 9.60 -0.80 37.09 50.81 -2.10
UK. 58.207 69.711 130.837 171.556 10.74 -2.12 44 .49 28.25 9.07
Netherland 29.42 30.375 93.825 86.618 19.88 -0.65 31.36 -13.25 -11.22
Belgium/Lux. 27.043 21.928 86.348 77.005 27.74 525 31.32 54.75 9.47
Denmark 6422 7.503 23.341 23.072 11.63 -1.96 27.51 -401.86 -16.55
Ireland 7.889 5.804 17.106 14.172 36.57 9.67 46,12 71.06 11.84
Spain 13.761 25.693 40.039 58.696 5.34 -4.63 34.37 63.95 -25.80
Italy 43.554 49.398 136.613 126.34 7.84 -1.05 31.88 -56.89 -23.46
Greece 0.323 3.106 4.383 10.842 0.60 -5.16 7.37 43.08 -87.57
Portugal 1.694 6.165 10.783 15.488 3.41 -9.01 15.71 85.03 -73.06
israel 2.808 4.996 8.935 11.676 11.60 -9.04 31.43 82.85 -30.69




Appendix 2: List of R&D Intensive Products
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No SITC III Product group (non-officlal terms) R&D intensity
1 516 Advanced organic chemicals Leading-edge goods
2 525 Radioc-active materials Leading-edge goods
3 541 Pharmaceutical products Leading-edge goods
4 575 Advanced plastics Leading-edge goods
5 591 Agrnicultural chemicals Leading-edge goods
6 714 Turbines and reaction engines Leading-edge goods
7 718 Nuclear,water,wind power generators. Leading-edge goods
8 752 Automatic data processing machines Leading-edge goods
g 764 Telecommunications equipment Leading-edge goods
10 774 Medical electronics Leading-edge goods
11 776 Semi-conductor devices Leading-edge goods
12 778 Advanced elecirical machinery Leading-edge goods
13 792 Aircraft and spacecraft _ Leading-edge goods
14 871 Advanced optical instruments Leading-edge goods
15 874 Advanced measuring instruments Leading-edge goods
16 891 Arms and ammunition Leading-edge goods
17 266 Synthetic fibres High-level products
18 277 Advanced industrial abrasives High-level products
19 515 Heterocyclic chemistry High-level products
20 522 Rare inorganic chemicals High-level products
21 524 Other precious chemicals High-level products
22 531 Synthetic colouring matter High-level products
23 533 Pigments. paints, varnishes High-level products
24 542 Medicaments High-level products
25 551 Essential oils. perfume, flavour High-level products
26 574 Polyethers and resins High-level products
27 598 Advanced chemical products High-level products
28 663 Mineral manufactures, fine ceramics High-level products
29 689 Precious non-ferrous base metals High-level products
30 724 Texiile and leather machinery High-level products
31 725 Paper and pulp machinery High-level products
32 726 Printing and bookbinding machinery High-level products
i3 727 Indusirial food-processing machines High-level products
34 728 Advanced machine-tools High-level products
35 731 Machine-tools working by removing High-level products
36 733 Machine-tools without removing High-level products
37 735 Parts for machine-tools High-level products
38 737 Advanced metalworking equipment High-level products
39 741 Industrial heating and cooling goods High-level products
40 744 Mechanical. handling equipment High-level products
41 745 Other non-electrical machinery High-level products
42 7146 Ball and roller bearings High-level.products
43 751 Office machines,word-processing High-level products
44 759 Advanced parts:for computers High-level products
45 761 Television snd video equipment High-level products
46 762 Radio-broadcast,radiotelephony goods High-leve! products
47 763 Sound and video recorders High-level products
48 772 Traditional electronics High-level products
49 773 Optical fibre and other cables High-level products
50 781 Motor vehicles for persons High-level products
51 782 Motor vehicles for good transport High-level products
52 791 Railway vehicles High-level products
53 872 Medical instruments and appliances High-level products
54 873 Traditional measuring equipment High-level products
55 8§81 Photographic apparatus and equipment High-level products
56 882 Photo- and cinematographic supplies High-level products
57 883 Optical fibres, contact, other lenses High-level products
© FhG-IST 1990
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Appendix 3. Definitions

The following is a description of the entire database, from which we extracted selected
variables for our analysis.

Definitions of Variables

GERD - Gross R&D Spending, annual average for 1981-85; converted to U.S. dollars
using Purchasing Power Parity index of Q.E.C.D.; $ billion. Source: O.E.C.D., scientific
indicators. For Israel: R&D data are taken from the Central Statistical Bureau's Statistical

Yearbook.

GDP 81/85 - Gross Domestic Product, average for 1981-85, $ billion, converted to
U.S. § using Purchasing Power Parity index as for variable 1.

GERD/GDP - ratio of GERD to GDP, as per cent,

PAT- number of patents matched to high-tech products, U.S. Patent and
Trademark Office, invented between1984-86.

PAT/GDP - PAT as a ratio to GDP.

PATPOT - cumulative number of patents at USPTOQ, 1977-86, for high-tech goods.

PATPOT/GDP - PATPOT as a fraction of GDP.

PUBSCIENG - number of publications, in both scientific and engineering publications,
as measured by the Science Citation Index, for the period 1981-85. .

PUBSCIENG/GDP - PUBSCIENG as a fraction of GDP.

CITSCIENG - number of citations received, listed in Science Citation Index, in both

science and engineering periodicals, for 1981-85.

CITSCIENG/GDP -: CITSCIENG as a fraction of GDP.
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EXPHI - Science-based (high technology) exports, total $, 1988; for 2-digit industrial
branches included, see Appendix 2 |

IMPHI - Science-based (high technology) imports, total $, 1988.

TOTEXP - total manufactures exports, $, 1988.
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Endnotes

| )

This variable measures not only patent activity in the U.S., but also the degree of
willingness of firms and inventors to apply for patents at the United States Patent
Office. For many reasons, the eagerness to patent inventions in the U.S. is not
identical across all countries. Hence, this variable reflects not only some measure of
scientific output, but also the extent to which firms and inventors are prepared to
create a "footprint” of this output in the form of patents.

..there are two hemispheres in the world of R&D intensity. One (the high-level

consumer products with expectations of a relatively good turnover per R&D
investment), in which technical performance by patents does play a role and is a
decisive factor for international competitiveness alongside with R&D activities by
industry. Scientific achievements are not so important here. The other hemisphere
(the leading-edge technologies with moderate expectations in turnover per R&D
investment) in which factors other than technology guarantee international success, is
characterized by stronger government intervention both on the side of R&D and also
in terms of procurement and regulation. Here, scientific excellence is indispensable. "
Grupp (1991, p. 26).

Grupp adds:  "Business-financed R&D governs the high-level commodities and
thus ali high technologies, whereas international success in leading edge products
must be nurtured from somewhere else. ...the financial means of governments
poured into the business R&D system largely explains where the position of a
country in leading-edge products is. ...Governments in EC countries are the
drafthorses in very R&D intensive fields and provide financial means for the

pioneering of possibly less effective new leading-edge technologies.”



117

The Relation between Scientific and
Technological Excellence and Export
Performance:

Theoretical Model and Empirical Test for European

Community Countries

Hariolf Grupp* Knut Koschatzky* Amnon Frenkel**  Shlomo Maital**

Forthcoming Science and Public Policy

*  Fraunhofer-Institute for Systems and Innovation Research, D-7500 Karlsruhe
GERMANY

**  The S. Neaman Institute for Advanced Studies in Science and Technology, Technion-
Israel Institute of Technology, Haifa 32000 ISRAEL



118

Abstract

A two-stage model of innovation is presented, in which: I. economic inputs (such as R&D
spending) generate science and technology outputs (such as publications, citations, and
patents), and II. these science and technology outputs in turn serve as inputs, that generate
knowledge-based exports. An integrated system of science and technology indicators, built
on a "stages" model of the innovation process developed by Grupp (1992), is used as the
basis for testing the model for 12 European Community countries, through statistical
regression. It is shown that a systematic empirical relationship exists between inputs and
outputs, for both Stage I and Stage II.

Introduction

The purpose of this paper is to utilize quantitative indicators of scientific and technology
performance to examine empirically the link between scientific and technological excellence
and export performance, for 12 European Community countries. Specifically, we propose
to analyze (a) whether, among these countries, investment of resources in applied and
basic research -- as measured by spending on Research and Development -- is related
empirically to technological and scientific "output”, and (b) whether scientific "output” is

empirically related to generation of exports.

The structure of our paper is as follows. The first section presents a "stages" model of
innovation, together with an operational, integrated network of indicators that serve to
quantify each stage. In the next section, we construct a two-stage model of comparative
advantage, in which two types of types of efficiency are defined: Stage I, efficiency in
translating RerD resources into technological and scientific output, and Stage II, efficiency in
translating scientific output into export sales of ReyD-intensive products. In section 3, we
define and describe our data set. Section 4 presents our regression results, and in Section

5, we conclude and summarize, and list some policy implications of our findings.
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1. A "Stages" Model of Innovation

Grupp et al. (1992a) have constructed a “stages"” model of the innovation process, in which
six different phases or functions are defined: theory and model development, technical
realization, industrial development, innovation and imitation, diffusion, and finally
utilization. The model is accompanied by a comprehensive, operational set of indicators
that quantify each stage and enable researchers to examine its relation with succeeding and
preceding stages. (See Table 1). While, as Grupp noted, "...the well-known approach
by indicators...grasps only parts of the complex and cyclical (feedback) innovation-oriented
processes”, nonetheless, such indicators "offer an opportunity to speak a common
language in science and innovation research."”

The model takes a somewhat "economic" perspective, in the sense that each of the stages is
characterized by "inputs” and "outputs”. The model is highly recursive, or "feedback”, in
nature, because the outputs of one stage become the inputs of succeeding stages. As Grupp
(1992) notes,

“..the description of the knowledge transfer between science and
technology and within technology seems to be quite complex so that the
definition of simple quantitative procedures is not possible.

Nonetheless, a network of indicators, which are based partly on sample
patents, partly on the respective references, can be established, giving
an interesting insight into the interface processes. " (p. 39).

The initial stage, theory and model development, uses R&D spending as its inputs or
resources, and generates scientific outputs: publications, and citations of publications. The
field of scientometrics -- the quantitative measurement of scientific output -- is by now well
developed, and comprehensive databases of publications and citations, by subfield, are
now widely accessible. The second and third stages of the innovation process build on
scientific expertise, as expressed in publications and citations, to generate patent
applications and stocks of patents. Here, too, data are widely available for a wide range of
products, services and processes. At the innovation and imitation stage, technology -- as
expressed in patents -- is used to generate products, processes and services, whose quality
or leve] of sophistication can be measured by the "technometric” approach (Grupp, 1990).
In the technological diffusion stage, product and process quality is transformed into export
sales and global market share. '
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Table 1. Stages of Research, Development and
Innovation, and corresponding Science and
Technology indicators
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Detailed data are available on exports, according to standard industrial product
classifications, by country of origin and by country of destination. It should be emphasized
that this model is not necessarily linear or rigidly sequential; for some products and
processes, some stages may be skipped, while for others, the precise sequence may differ
from that in Table 1 (for instance, patents may precede publications and citations).

Since each stage of the innovation process is characterized by empirical indicators, the
"integrated network model" is an operational one; using it, it is possible to test hypotheses

and to conduct cross-country comparisons.

The focus of this paper is on the extent to which inputs are used efficiently to generate
outputs. In order to examine this important issue, it is first necessary to model the process
through which nations acquire comparative advantage in high-technology products, and
then utilize that comparative advantage in achieving high levels of exports and export
market share. This is the task of the next section.

2. A Two-Stage Model of Comparative Advantage

A nation's export value-added can be partitioned according to the sources of that value
added: Research and Development -- value added accruing from R&D spending, leading to
goods and services that perform well in global markets; production of those goods and
services, at minimum cost and maximum quality; and marketing and distribution. This is

the so-called "value-added chain”, used effectively by Porter (1980).

It is possible to model the innovation process as a two-stage one. In the first stage,
economic resources -- physical and financial capital, and skilled manpower -- expressed as
Research and Development spending are invested, in order to generate scientific and
technological outputs (publications, citations, patents, etc.). In the second stage, the
scientific and technological outputs become inputs, that generate new products and
processes, of which some are exported. Presumably, comparative advantage in high-
technology products (where science and technology play important roles) can arise either
from excellence in generating scientific outputs (stage one), or from excellence in utilizing

scientific outputs, or both.



122

Stage One:

Let X be a vector of variables x,, X, , ..., X, , measuring the magnitude of resources

invested in R&D, and let Y be a vector of variables Yi» Yp s «s ¥, measuring the
resulting scientific and technological outputs (citations, publications, patents, etc.). Then

there exists a "production function" F( ), that maps from R&D inputs X to scientific output
Y:

1] Y = F(X)

This production function can be subjected to the same types of economic analyses as
conventional production functions, that map from, say, labor and capital, into value-added.
In particular, the efficiency of translating R&D resources into scientific outputs can be
measured. Grupp, Maital, Koschatzky, and Frenkel, 1991, for example, adopt a linear-
programming approach to measuring efficiency in transforming scientific excellence into
exports. Or, alternately, using regression analysis, the empirical relation of Y and X can be
examined, and individual countries’ performance compared with the trend line -- an

approach that we take here,

Equarion [1] is a measure of Stage I efficiency -- the degree to which resources invested in

research are efficiently utilized to achieve scientific excellence.
Stage Two:

The second stage in the export process involves the translation of scientific excellence into
R&D-intensive goods and services that capture export sales. This stage encompasses the
production, marketing and distribution components of the value-added chain.

Let Z be a measure of export performance, and Y be, as above, the measure of scientific
excellence. Then a production function G( } exists that maps from scientific excellence to

export performance:

21 Z=G{)
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As with F('), G() can also be analyzed empirically, and used for comparing various

couniries with one another.

Availability of adequate data for X, Y and Z makes it possible to study Stage I and Stage
II efficiency for a sample of countries. Such analysis makes it possible to partition causes
of superior or inferior export performance between Stages I and II, and as a result, to
construct policies for stimulating exports that attack the root of the problem.

We propose to test this hypothesis, uéing data for X, Y and Z for 11 EC countries.

Before presenting our empirical results, we first describe the extensive data set itself.

3. Scientometric and Economic Indicators

The variables used in this study are listed below, together with a description of their nature
and their sources, For our purposes, "high-technology" products are defined as those with
R&D spending equal to or greater than 3.5 per cent of sales. A complete list of product
groups that meet this criterion, according to the three-digit SITC code, is given in Appendix
2.

A. "X" Variables:

For our measure of R&D inputs, we simply used gross spending on Research and
Development, expressed as a fraction of GDP. Data were all converted to U.S. dollars
using purchasing power parity indexes, that measure the buying power of currencies rather
than existing market exchange rates.

GERD: Gross R&D Spending, annual average for 1981-85; converted to U.S. dollars
using Purchasing Power Parity index of O.E.C.D.; $ billion. Source: O.E.C.D., scientific

indicators.

GDP 81/85: Gross Domestic Product, average for 1981-85, $ billion, converted to U.S.
$ using Purchasing Power Parity index as for variable 1,

GERD/GDP: ratio of GERD to GDP, as per cent.
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B. "Y" Variables:

For our measures of scientific excellence, we used indicators in three different areas:

patents, citations, and publications.

a) Patent Indicators:

For patents, we measured the number of patents granted, for the 12 EC countries, at the
United States Patent and Trademark Office (USPTOQ), as a measure of a country's
aggressiveness in seeking global protection for its intellectual property. We computed the

sum total of patents invented in 1977-86, as an expression of cumulative patent activity, at

the USPTO, and expressed them as a fraction of GDP for each coum:ry.1
PAT - number of patents, matched to product groups, USPTO, 1984-86
PAT/GDP - PAT, as a ratio to GDP.

| PATPOT: cumulative no. of patents, USPTO, 1977-86.

PATPOT/GDP: PATPOQOT as a fraction of GDP.

b) Publications and Citations:

These indicators measure, for each country, the number of scientific publications by
scholars who cite that country as their primary address in their publications, as listed by the
databases of the Institute for Scientific Information (1.S.L), in Philadelphia, Pa. The
publications are for articles in scientific and engineering journals. Citations are similarly
drawn from the 1.S.1. databases.

For publications, we used the listings of the Science Citation Index, for engineering and
science journals separately, and then added the two. We also expressed this indicator as a
fraction of GDP.
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For citations, we used similar listings from the Science Citation index, also divided
between engineering and scientific periodicals and then summed, and also expressed as a
fraction of GDP. '

PUBSCIENG: number of publications in both scientific and engineering publications.
(not including Life Science publications), 1981-85.

PUBSCIENG/GDP: PUBSCIENG as a fraction of GDP.

CITSCIENG: number of citations in both scientific and engineering periodicals, 1981-
85.

CITSCIENG/GDP: CITSCIENG as a fraction of GDP,

C. "Z" Variable:

RCA : revealed comparative advantage, for product groups; 1988, defined as:

RCA = 100 { (ESZ-1)AES?+ 1) },

EX/IM

where Export Share ES =
EXTOT/IMTOT

EX is a country's total Exports of high-tech products, IM is that country's Imports of such
products, EXTOT is the country's total exports of manufactures , and IMTOT is the

country's total imports of manufactures.?

The data based on trade figures were derived from Grupp and Legler (1991). It is
important to note that high-tech exports are compared to total exports (and imports) of
manufactured goods only. The trade variables therefore serve as a measure of the extent to
which trade in manufactured products is high-tech.  (See Grupp, 1990, and Grupp and
Legler, 1991.) The data themselves are given in Appendix 1.
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4. Empirical Results

Regression equation estimates for the Stage 1 and Stage 2 Models are shown in Table 2.
For purposes of this analysis, we chose to combine the "leading-edge" (goods for which
R&D spending equals 8 per cent or more of sales) and “high-level" products (between 3.5
per cent and 8 per cent). Disaggregation does not substantively alter our conclusions. In
general, the level of government intervention in leading-edge products is much greater, and

hence exports of such products are less influenced by pure market forces.3

a) Stage I: translating R&D into scientific excellence:
Figures 1, 2, 3 and 4 show the relation between four measures of scientific output --
publications, citations, patents, and cumulated patents -- expressed as a fraction of GDP,

and Gross R&D spending, also as a fraction of GDP, for 12 European countries.

The European countries chosen are: Germany, France, UK, Netherlands, Belgium/

Luxemburg, Denmark, Ireland, Spain, Italy, Greece, Portugal.

For each Figure, the regression line for the "Y" (dependent) variable regressed on the "X"

(independent) variable is shown.
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Table 2:
Regression Equations for "Stage 1" Model:
Twelve European Countries

Scientific and Technological Output Indicators as a Function of Gross R&D Spending/
GDP: (Independence Variable: Gross R&D Spending as percentage of GDP)

Dependent Intercept | Coefficient of Independent | R%adj | P N

Variable Variable (GERD/GDP)

PUBSCIENG/GDP 21.15 29.02 0.75 00031 11
(5.18) '

CITSCIENG/GDP 16.42 115.34 0.73 .0005] 11
(21.82)

PATH/GDP -1.68 | 5.066 | 0.78 |.0002| 11
(0.85)

PATPOT/GDP -7.28 18.59 0.79 0001] 11
(2.97)

* (standard error of slope coefficient in brackets)
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Figure 1

Publications in Science & Eng. per GDP As a Function of Gross
R&D Spending (as % of GDP 1981-85) in 12 EC Countries
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Figure 3

Patents Per GDP (At USPTO 1984-86) as a Function of Gross
R&D Spending (as % of GDP 1981-85), in 12 EC Countries
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Figure 4

Cumulative Patents Per GDP (At USPTO 1977-86) as a Function
of Gross R&D Spending (as % of GDP 1981-85), in 12 EC Countries
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The United Kingdom lies above the 12-country trend line both for publications and for
citations, suggesting considerable Stage I efficiency in that country in generating scientific
outputs from R&D resourcess, while Germany lies somewhat below the trend line. (See
Figs. 1 and 2). Itis 'possible that the IS] database used for publications and citations,
which comprises mainly English-language periodicals, biases the results in favor of
English-speaking nations (like the U.K.). However other studies suggest that irregardless
of this bias, the U.K. does achieve a very high level of publications and citations, relative
to other countries.

The slope of the two regression lines can be interpreted as:

d(PUBSCIENG / GDP) and d(CITSCIENG / GDP)
d(GERD/GDP) d(GERD / GDP)

meaning, the increase in publications and citations, respectively, normalized by GDP, for a
one per cent increase in R&D spending (as a percentage of GDP). The respective slopes
are, approx., 30 and 115.

A different picture emerges for patents. Here, Germany lies well above the trend line, both
for Patents per GDP and for Cumulative Patents per GDP (see Figs. 3 and 4). This
suggests that German firms in large part follow an aggressive patenting policy at the United
States Patent Office, to a greater extent than that practiced by firms in other European

countries.

Apart from the German "outlier”, the regression-line fit between R&D spending (as a
percent of GDP) and patents/GDP is a relatively close fit for the 12 EC countries. Here
again, the slope of the regression line is a measure of the incremental rise in patents /GDP

for a one percentage point increase in R&D spending/GDP.

Stage Ib: Translating Publications into Patents: Our empirical analysis suggested to us that
Stage I -- transforming R&D resources into scientific and technological "intellectual
property" --is really comprised of two substages: Ia) use of R&D resources to generate
research results, expressed as publications and citations; and Ib) use of scientific and

technological knowledge (which find expression in publications and citations) in order to
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generate patentable inventions.

To test this hypothesis, we computed two additional statistical regreséion lines, in which
Patents/GDP was the dependent variable, and Citations/GDP and Publications/GDP each
served as the independent variables, respectively. The results are shown below in Table 3,
and in Figures 5 and 6.

The results clearly indicate a) that there is a strong trend line between patents/GDP and
citations and publications; and that the two major outliers in the data are Germany, which
lies well above the trend line in terms of its energetic patenting activity, and the U.K.,
which lies well below the trend line in its patenting activity. The U.K.'s weak patenting
performance may explain in part the relative weakness of the U.K.'s performance in
knowledge-based exports, relative to its comparatively strong scientific and technological

achievements.

Table 3
Regression Equations for Stage "Ib" PAT/GDP as function of
CITSCIENG/GDP and PUBSCIENG/GDP in 12 European Countries

Dependent Intercept | Slope R? adj |P N
Variable
CITSCIENG/GDP 0.76223 | 0.21577 0.534 ]0.0064 | 11

PUBSCIENG/GDP 0.74245 | 0.22330 0.501 |0.0089 | 11




USPTO Patents per 1 Billion of GDP

USPTO Patents per 1 Billion of GDP

132

Figure &
Patents Per GDP (At USPTO 1984-86) as a Function of Citations

in Science & Eng. per GDP 1981-85, in 12 EC countries
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b) Stage II:

Translating scientific excellence into export sales, Figures 7 and 8 and Table 4 show the
statistical regression lines for the Stage II equation, which expresses relative comparative
advantage RCA) as a function of patents and cumulative patents. Here too, the statistical
fit is relatively good, confirming the close empirical link between knowledge-based export

performance, in terms of an index of world market share, and patent performance.

The goodness of the regression fit is diminished because of the inclusion of Portugal and
Greece. These two countries have very little patenting activity at the USPTOQ and are not
yet really players in the global knowledge-based export market. Excluding these countries

would substantially increase the value of the multiple correlation coefficient.

For Germany, success in translation of patenting activity into exporting success is not
impressive. While the distance between the point signifying Germany, and the 12-country
trend line, is not significantly different from zero, nonetheless Figures 7 and 8 do indicate
that resources invested in Germany in activities related to patenting may not be used with

full efficiency.

Table 4
Regression Equation for Stage II: Revealed Comparative Advantage as a
Function of Scientific Inputs (Dependent Variable: RCA)

Dependent Intercept | Slope* R? adj |P N

Variable

PAT/GDP -43.72 5.43 0.46 0126 11
(1.75)

PATPOT/GDP -41.58 1.45 0.43 01661 11
(0.49)

* (standard error of slope coefficients in brackets)
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Figure 7
Revealed Comparative Advantage Index 1988, as a Function of

Patents per GDP (at USPTO 1984-886), in 11 EC Countries

140+

120

""" -

100

Revealed Comparative Advantage Index
[@0)
o

160

O 2 4 6 8 10 12 14 18 18

USPTO Patents per GDP

Figure 8
Revealed Comparative Advantage Index 1988, as a Function of

Cornulative Patents per GDP (at USPTO 1977-86), in 12 EC
Countries

140+~

120+

100~

Revealed Comparative Advantage Index
0}
Q@

T |

O T T T
0 10 20 30 40 50 60

Cumulative Patents per 1 Billion of GDP

"""" Germany

Germany



135

5. Conclusion and Implications

Our empirical results have confirmed the posited link between inputs and outputs, in both
stages of our two-stage innovation model: a) between R&D resources and scientific
outputs, and b) between scientific outputs and export performance, among 12 EC
countries. The Stage I link between R&D resources and scientific and technological
outputs (publications and citations) is much stronger, in terms of the least-squares fit, than
the Stage II link between scientific and technological output and export performance. The
model's performance is somewhat improved by introducing an intermediate stage, in which
patents are expressed as a function of citations and publications.

In general, the results confirm our basic hypothesis presented at the start of this paper, that
international commercial success in high-technology products exports is basically
supported by R&D spending as a fraction of GDP, and by the resulting outputs of scientific
and technical knowledge and patents.

One straightforward policy implication is this: There is no free lunch. Achieving larger
export shares in knowledge-based products requires investment of substantial resources in
Research and Development. At the same time, there is still considerable variation among
countries in the efficiency with which they exploit scientific and technological excellence.
Great Britain is a case in point -- that country's sizeable output of publications and citations
is rather inefficiently converted into high-tech exports and market share, compared to other
EC countries. While the reasons for this are not clear, they may be related to passive

patenting policy abroad and insufficient skill and investment in marketing.
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Apendix 1: DATA

STATE GERD GDP GERD/ PUB- PUB- CIT- CiT- PAT PAT/ PATPOT- | PATPOT/ RCA
81-85 81-85 GDP SCIENG SCIENG! | SCIENG SCIENG/ 84-86 GDP 77-86 GDP 1988
% 81-85 GDP 81-85 GDP 84-86

Germany 16.66 655.H 2.54 54169 82.59 173437 264.42 12461 16.07 38205 58.25 28.76
France 1248 576.7 2.16 43190 74.89 122344 212.14 4370 6.74 13871 24.05 2.10
UK. 12.69 54217 2.34 58774 108.41 184502 340.30 4472 7.21 14443 26.64 9.07
Netherland 2.98 147.97 2.01 12278 82.98 41167 278.21 1527 9.37 4595 31.05 -11.22
Belgium/Lux. 1.49 97.48 1.53 6151 63.10 15363 157.60 461 4.25 1480 15.18 9.47
Denmark 0.65 55.23 1.18 3690 66.81 15418 279.16 288 4.58 838 15.17 -16.55
Iretand 0.18 21.57 0.74 1060 43.14 2401 111.31 83 3.40 181 8.39 11.84
Spain 1.15 257.83 0.45 8215 31.86 12748 49.44 i81 0.61 413 1.60 -25.80
{taly 5.28 555.79 0.95 19845 3571 48420 87.12 1777 2.85 5235 9.42 -23.46
Greece 0.15 53.93 0.28 2550 47.28 3345 62.02 11 0.18 33 0.61 -87.57
Portugal 0.19 49.64 0.38 622 12.53 923 18.59 2 0.04 7 0.14 -73.06
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Appendix 2: List of R&D Intensive Products

No SITC III Product group (non-official terms} R&D intensity
1 516 Advanced organic chemicals Leading-edge goods
2 525 Radio-active materials Leading-edge goods
3 541 Pharmaceutical products Leading-edge goods
4 575 Advanced plastics Leading-edge goods
5 591 Agricultural chemicals Leading-edge goods
6 714 Turbines and reaction engines Leading-edge goods
7 718 Nuciear,water,wind power generators. Leading-edge goods
8 752 Automatic data processing machines Leading-edge goods
9 764 Telecommunications equipment Leading-edge goods
10 774 Medical electronics Leading-edge goods
11 776 Semi-conductor devices Leading-edge goods
12 778 Advanced electrical machinery Leading-edge goods
13 792 Aircraft and spacecraft Leading-edge goods
14 871 Advanced optical instruments Leading-edge goods
15 874 Advanced measuring instruments Leading-edge goods
16 891 Arms and ammunition Leading-edge goods
(17 266 Synthetic fibres High-level producis
18 277 Advanced industrial abrasives High-level products
19 515 Heterocyclic chemistry High-level products
20 522 Rare inorganic chemicals High-level products
21 524 Other precious chemicals High-level products
22 531 Synthetic colouring matter High-level products
23 533 Pigments. paints, varnishes . High-level products
24 542 Medicaments High-level products
25 551 Essential oils. perfume, flavour High-level products
26 574 Polyethers and resins High-level products
27 598 Advanced chemical products High-level products
28 663 Mineral manufaciures, fine ceramics High-level products
29 689 Precious non-ferrous base metals High-level products
30 724 Textile and leather machinery High-level products
31 725 Paper and pulp machinery High-level products
32 726 Printing and bookbinding machinery High-level products
33 727 Industrial food-processing machines High-level products
34 728 Advanced machine-tools High-level products
35 731 Machine-tools working by removing High-level products
36 733 Machine-iools without removing High-level products
37 735 Parts for machine-tools High-level products
38 737 Advanced metalworking equipment High-level producis
39 741 Industrial heating and cooling goods High-level products
40 744 Mechanical. handling equipment High-level products
41 745 Other non-electrical machinery High-level products
42 746 Ball and rolier bearings High-level.,products
43 751 Office machines,word-processing High-level products
44 759 Advanced parts:for computers High-level products
45 761 Television snd video equipment High-level products
45 762 Radio-broadcast,radiotelephony goods High-level products
47 763 Sound and video recorders High-level products
48 772 Traditional electronics High-level products
49 773 Optical fibre and other cables High-level producis
50 781 Motor vehicles for persons High-level products
51 782 Motor vehicles for good transport High-level products
52 791 Railway vehicles High-level products
53 872 Medical instruments and appliances High-level products
54 873 Traditional measuring equipment High-level products
55 881 Photographic apparatus and equipment High-level products
56 882 Photo- and cinematographic supplies High-level products
57 883 Optical fibres, contact, other lenses High-level products

© FhG-ISI 1990
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Appendix 3. Definitions

The following is a description of the entire database, from which we extracted selected
variables for our analysis.

Definitions of Variables

GERD - Gross R&D Spending, annual average for 1981-85; converted to U.S. dollars
using Purchasing Power Parity index of O.E.C.D.; $ billion. Source: O.E.C.D., scientific
indicators. For Israel: R&D data are taken from the Central Statistical Bureau's Statistical

Yearbook.

GDP 81/85 - Gross Domestic Product, average for 1981-85, $ billion, converted to
U.S. $ using Purchasing Power Parity index as for variable 1.

GERD/GDP - ratio of GERD to GDP, as per cent.

PAT - number of patents matched to high-tech products, U.S. Patent and Trademark
Office, invented between1984-86.

PAT/GDP - PAT as a ratio to GDP.
PATPOT - cumulative number of patents at USPTQ, 1977-86, for high-tech goods.
PATPOT/GDP - PATPOT as a fraction of GDP.

PUBSCIENG - number of publications, in both scientific and engineering publications,
as measured by the Science Citation Index, for the period 1981-85.

PUBSCIENG/GDP - PUBSCIENG as a fraction of GDP.

CITSCIENG - number of citations received, listed in Science Citation Index, in both

science and engineering periodicals, for 1981-85.
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CITSCIENG/GDP - CITSCIENG as a fraction of GDP.

RCA - revealed comparative advantage, for high-tech goods, for 1988, defined as:

RCA = 100 { (ES?-1/(ES?+ 1) ),

EX/IM

here Export Sh ES=
where Export Share EXTOT/ IMTOT

and EX is a country's total Exports of high-tech products, IM is that country's Imports of
high-tech products, EXTOT is the country's total exports of manufactures , and IMTOT is

the country's total imports of manufactures.
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Endnotes

W

This variable measures not only patent activity in the U.S., but also the degree of
willingness of firms and inventors to apply for patents at the United States Patent
Office. For many reasons, the eagerness to patent inventions in the U.S. is not
identical across all countries. Hence, this variable reflects not only some measure of
scientific output, but also the extent to which firms and inventors are prepared to
create a "footprint” of this output in the form of patents.

Grupp (1992, p. 11) explains that RCA (Revealed Comparative Advantage)
answers two questions simultaneously, a) Do the domestic suppliers of high
technology products have a solid footing in the international market compared with
foreign competitors and suppliers of other domestic sectors? And b) Do they succeed
in substituting domestic production for high technology imports, compared with

suppliers in other sectors?

..there are two hemispheres in the world of R&D intensity. One (the high-level

consumer products with expectations of a relatively good turnover per R&D
investment), in which technical performance by patents does play a role and is a
decisive factor for international competitiveness alongside with R&D activities by
industry. Scientific achievements are not so important here. The other hemisphere
(the leading-edge technologies with moderate expectations in turnover per R&D
investment) in which factors other than technology guarantee international success, is
characterized by stronger government intervention both on the side of R&D and also
in terms of procurement and regulation. Here, scientific excellence is indispensable, "
Grupp (1991, p. 26).

Grupp adds: "Business-financed R&D governs the high-level commodities and thus
all high technologies, whereas international success in leading edge products must be
nurtured from somewhere else. ...the financial means of governments poured into
the business R&D system largely explains where the position of a country in leading-
edge products is. ...Governments in EC countries are the drafthorses in very R&D
intensive fields and provide financial means for the pioneering of possibly less
effective new leading-edge technologies."”
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Abstract

This paper presents an integrated model for evaluating consumer perceptions of science-
based products or services. The model combines a new approach to benchmarking, known
as technometrics, that provides a quantitative profile of a product's key attributes, with
direct and indirect methods for measuring buyers' perceptions regarding the relative
importance of product attributes as a source of value. A new measure, called the "index of
appropriateness”, is proposed, which shows the extent to which a product’s "supply" of
characteristics or attributes matches the "demand"” for them in the marketplace. The model
is illustrated using several types of industrial sensors.
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"You can't say it often enough: Don't lose touch with the
customer"”,

"The New Computer Revolution”, Fortune, June 14, 1993, p. 20

This paper outlines a comprehensive, integrated method for identifying and quantifying the
sources of market value for science-based high-technology products. The objective is to
determine and quantify the extent and nature of differences between a product's "supply” of
customer value, and the demand for such value. The theoretical basis of the model is the
notion that consumers do not buy goods or services but rather the attributes of those goods
or services; hence, marketplace success rests on creating products whose attributes match
what the market wants and needs. An operational system for evaluating the
"appropriateness” of a product's (or service's) attributes -- its ability to satisfy consumer

needs -- is constructed and illustrated, with reference to several types of industrial sensors.

1. An Integrated Model for Quantifying Sources of Value

Marketing expert Theodore Levitt ( 1993 ) stressed the importance of a market-oriented
competitive strategy by advising managers to ask continually: "What business am I in?"
He offers many examples of businesses (such as American railroad companies, or
Hollywood movie studios) that went bankrupt because they failed to heed the voice of their
markets by asking that question often enough.

Another way to phrase Levitt's question is:  How do I create value for my customers? That

question, in turn, leads to several others:

*  Who are my customers?

*  What particular aspects or characteristics of my products are especially important in
creating value ?

*

How can I best enhance those value-creating properties?

Knowledge of the market value that attaches to each of the most important attributes of a
technology-based product is important information for managers. Many businesses are

built on products that have a single outstanding characteristic that none of the competing
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products can match, while satisfying minimal standards in other characteristics.

For instance, Wellfleet Communications tops the list of America's 100 fastest growing
companies, with annual growth in sales of 243 per cent during the past 3-5 years.
Wellfleet produces local and wide area computer networks (LAN's and WAN?'s)., Ina
highly-competitive industry, “"Wellfleet's Backbone Node routers were designed to limit
downtime to only one sector of the network during a failure” and "would be easy to
upgrade”. [Fortune, Aug. 9, 1993, p. 42]. Those two key characteristics -- limited
downtime and ease in upgrading -- gave Wellfleet the edge. “They were just what -
consumers wanted," Fortune reported.

Quantitative detailed information on perceived product quality can provide important "voice
of the market" data to managers, who seek to improve their products, revise their pricing
policies, or shape a competitive strategy.  Rapidly-changing market conditions make it
vital for managers to track the quality of their products and services on an ongoing basis.
This paper suggests a new approach to quantifying the relative importance of product
characteristics, in satisfying customer needs. It proposes a way to "triangulate” product
quality by comparing two different perspectives: the market (through price regressions) and
direct surveys of customer preferences, and the objective quality of products through
benchmarking. The result is a finely-detailed picture of a product's strengths and
weaknesses, one that reacts quickly to changing market conditions, and enables managers

to make early decisions long before declining market share signals a crisis situation.

Our model has three main components. The first is Lancaster's new approach to consumer
theory; the second is the "technometric” approach to measurement of product quality; and
the third is the "hedonic price index" technique. We now proceed to describe each of these

components in turn.

Lancaster"s new consumer theory: The basis of the model is a new approach to
consumer demand developed by Kelvin Lancaster (1991). According to this theory,
"consumers are not interested in goods as such, but in their properties or characteristics."
(p. 5). The theory addresses such issues as the optimal "basket" of characteristics, for a
given set of consumer preferences and the relative value that consumers attach to each

characteristic.
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- In conventional consumer theory, consumer utility is posited to be a function of the

quantities of a product purchased. This has very limited application, as it fails to address
the underlying reasons people purchase products -- to satisfy wants and needs or to solve
specific problems.

In Lancaster's New Consumer Theory, utility is posited to be a function of the
characteristics of a product. Utility functions, therefore, instead of mapping from
“quantities” into "utility”, map from "product characteristics” into utility. This theory is
more appropriate as a conceptual basis for responding to Levitt's "sources of value”
question than conventional consumer theory. According to the theory, products will array
themselves according to the characteristics or attributes from which consumers derive utility
or satisfaction. Those goods that offer such attributes in the combinations that match
buyer's utility functions will find buyers, at a price that reflects those goods' want-

satisfying power.

In markets that are competitive and efficient -- that is, producers compete with other
producers for sales, and consumers are well-informed about the nature of the competing
products and their attributes -- we should therefore expect to find an empirical relation
between the quantitatively-measured attributes of a product and the product's price. By
methods of linear regression, it should be possible to estimate equations where the
dependent variable is market price and the independent variables are product attributes.
The absolute value of the atiributes’ coefficients will indicate how valuable the market
perceives that attribute . The relative value of the coefficient, in comparison to other
attributes’ coefficients, will show the relative market importance of the attribute compared

to the product's other characteristics. This is sometimes known as a hedonic price index.

To make Lancaster's new consumer demand theory more operational, we need to find a
way to a) quantify product characteristics, in a way that permits ready comparisons across
products and aggregation across characteristics within given products, and b) measure the
statistical relation between the level of product characteristics and the prices of those
products. Quantifying product characteristics, and benchmarking them against their
competitors, can best be done through the so-called technometric approach to

benchmarking, which satisfies (a), and the hedonic price index approach, which satisfies

(b).
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Technometrics: The "technometrics” (Grupp, 1992; 1993; Grupp & Hohmeyer, 1986,
1988) method profiles a product's comparative strength in relation to its leading
competitors, by selecting the product's key attributes and quantifying them on a zero-one
scale, where zero represents the lowest level of that attribute in the product class, and one
represents the state-of-the-art in the highest-quality competing product. The zero-one
metric enables ready aggregation and comparison of these attributes.

Technometrics begins by observing that every product or process has a set of key attributes
that define its performance, value or ability to satisfy customer wants. Most of these
attributes can be quantified -- for instance, in the case of industrial sensors that measure
pressure, such attributes as range, accuracy, maximum and minimum operating
temperatures, weight, linearity, hysteresis, overpressure, diameter, and thermal properties

are important.

Each of these attributes has a different unit of measurement. Problems then arise in
aggregating attributes to build a single quality index. The technomerric indicator surmounts
this difficulty by converting each measured attribute into a [0,1] metric, enabling
construction of weighted averages, etc., and permitting comparisons across products,

firms, industries and countries.

Formally, let subscripts i, j and k represent product brands, product attributes or
characteristics, and subgroup (industry or country), respectively. Let K(i,j,k) represent
the measurement of an attribute for given i, j and k.

The technometric indicator, K*, is defined, on the {0,1] metric, as the relative

performance of attribute j, product brand i :

* — K(i’j’k)—ijn(i!j!kmm)
K= T
Kmlx (I’J’kmu) Kmin(l’.]! kmm)
where:
K(i k) = the value of product characteristic "j" for product brand "i", for

industry k,
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K . (Ljk . )= the lowest value of product characteristic “j", for industry k, produced

min
by some firm in that industry

nere

K 3k, ) = the highest value of product characteristic "j", among all firms in

industry k, produced by some firm in that industry

It is possible to aggregate K* across all key attributes of a particular product or process, in
order to achieve an aggregate K* measure. This aggregate technometric measure can then
be correlated with other variables to determine the link between technological excellence
and, for instance, market success. K* can also be readily portrayed graphically, as a

product "profile”, in comparison with its main competitors.

An example of a technometric product profile is shown in Figure 1. The particular product
is industrial sensors used to measure pressure, made by Israeli firms, and based on piezo-
resistance. The zero value on the scale represents the lowest value of the attribute for firms
producing this product, in eight countries: Germany, Israel, Switzerland, U.S., Japan,
Great Britain, Netherlands and Luxembourg, and the one value, the highest value of that
attribute for sensors in those same countries. The actual value shows the "score” of each
attribute for Israeli pressure sensors, on the zero-one metric. Note that unlike the particular
use of the technometric profile suggested here, for a particular "brand-name" sensor, this
profile is for a type of sensor produced by all firms in a nation. In principle, however,

such profiles can be constructed on a "brand-name", rather than national, basis.
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Figure 1: Technometric Profile for Pressure Sensors: Israel vs. Other
Countries
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Hedonic Price Indexes: The computation of technometric indexes of product quality
provides only one part -- perhaps, the least important part -- of the overall picture. We
must next ask: How much value to consumers attach to various attributes of the product,
and to what degree does a particular product match those values? One approach to
answering this question is the so-called hedonic price index approach.

The notion that much valuable information could be obtained by statistically relating a
product's price to its characteristics is the basis of a large and useful literature [ Griliches,
1961, 1971; Saviotti, 1985; Chow, 1968 ]. The main purpose of the hedonic price index
literature, however, was not as a marketing or technology-policy tool. Generally, the
objective was to find a way to standardize rapidly-changing technology-based products for
quality changes, in order to measure the product price for a "standard” unit of the product.
Once such a price index is constructed, one can derive standard units of output. This, in

turn, can permit construction of equations to forecast demand for the product.

Chow [1968] constructs such a hedonic price index for computers, expressing the price (or
"rental value" ) of .computers as a function of their memory, access time and speed. He

then fits a logistic demand function to the "quality-constant" units of output of computing
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power, and finds that it provides a reasonable fit to actual demand. (One of the most
interesting findings in Chow's paper was not the well-fitting demand function, but the fact
that the main attribute that seemed to drive demand for computers at that time (1950's and
1960's) was memory. The coefficient of memory in the hedonic price equation was by far
the largest, indicating that it was memory that constrained computing operations at that
time, and hence was the attribute buyers were most willing to pay for in proportion to its
magnitude).

Saviotti (1985) notes that product quality can be portrayed as a weighted average QJ., such
that:

Qj = X a Xij J = j-th good, i= i-th characteristic
He proceeds to note that if there is a relationship between product quality and price, then it

can be hypothesized that market price Pj depends on product characteristics, along with

other factors "aO":

P=a+2 aX +u
i 0 I Bl }

where U, represents the random statistical error term. By means of statistical regression, the
values of the "a." coefficients can be estimated, and interpreted as the relative importance of
property X, in influencing the price of the product. "Price equation coefficients," Saviotti

notes, "can therefore be considered an approximation for users' judgment of the relative

value of the various characteristics.” (p. 312).

What emerges, therefore, is this: a) the use of technometric profiles enables managers to
benchmark their products, with reference to highest-quality competitors, and identify key
characteristics that offer competitive advantage or are sources of disadvantage in the market;
this provides an objective profile of a product's want-satisfying ability, across a range of
key characteristics; and b) hedonic price equations provide information about which of
the product characteristics are most important in the determination of market price, with

price serving as a measure of customer value,
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Questionnaire Surveys: Another approach exists to determining consumer value apart
from the hedonic price indexes -- direct market surveys. In this approach, consumers are
shown lists of product characteristics or specifications, and are asked to give each
characteristic a weight between "1" and "10", that reflects its importance to the customer.
This information can provide a useful, additional perspective to statistical regressions.
Moreover, the same survey can be given to sellers -- producers, sales managers, etc. -- to
examine their perceptions of their product and the aspects of that product that are most
important in creating value.

An example of this approach is shown in Table 1 - a questionnaire used to survey opinions
about the importance of a set of characteristics describing civilian airliners. By checking
the appropriate box, respondents indicated whether an attribute had zero importance, or
weights ranging from "1" through "10". We canvassed buyers of sensors in a similar
manner, for example, to determine their subjective perception of the importance of sensor
attributes.

A three-way comparison is thus possible, among price regressions, consumer perceptions,
and producer perceptions. This method in a sense "triangulates” the sources of market

value by collating different sorts of information. (See Figure 2).



153

Table 1: Questionnaire
Please indicate the relative importance that you place on the following factors when evaluating aircraft for
purchase.
Low High

LLLI I T IX ] Crew Costs: (e two member crew, common type ratings for
multiple products)

LTI T T TP T PXI T ] Fuel Efficiency: {eg., weight)

LiLI T 11T 1X 1] Dispatch Reliability: (e.g., system complexity, robustness of design,
failure tolerance, structural design)

LITT T i1 170X 1] Maintainability: (eg., mean time between maintenance, engine
maintenance, centralized maintenance recording system)

LIIVPTT I 1TV ] Payioad/Range Capability

LLLL L L L LT IX] I ] Block-Time Performance, Function of Dispatch Reliability

LLIE LT T IXI [ 1 11 Airport Factors (eg. runway capability, ramp space, field length,
Slexible interface with ground support, airport noise, emissions)

LITITIDIITTTT Customer Support (eg., AOG, technical support, spare parts

availability)

LIT I IV T UL 111X Safety (e, emergency exits, windshear annunciation, flight envelope
fimits)

EIT LT TITT L] Technology leadership (eg., avionics, fly by wire, heads up display,

glass flight deck, advanced wing design, advanced materials)

LLELI LT LI IXI ] Passenger capacity, goes with payload-range

LITTITITIITT] Cargo (eg., cargo weight/volume, standard cargo containers, interline
container flexibility, mechanized cargo loading, bulk, forward pallets)

LI LIX LI LI 1 Cabin Interior Flexibility (e, class potentiaf, seating flexibility,

vacuum lavatories)

LI L LIV LIIX ] Comfort Level of Interior (eg., number of middle seats, legroom,
seat width/pitch, stowage compartment size, cabin noise, air quality)

LET T T A P11V Service Life

LLII T TIXET T I E] Features Availability

LITT I FPTIVXTT1 Market Flexibility (e.g., family concept, engine choice flexibility)

CITITIAIITITT] Non-Airplane Issues (e.g., existing customer base, delivery time,

manufacturer financing, pofitical alignment)
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Figure 2: Triangulating the sources of value: a) Market price regressions,
with specifications as independent variables; b) surveys of
producers' perceptions; c¢) surveys of consumers' perceptions

hedonic price

producer consumer

The final step in applying the method is to test the match, or appropriateness, of the
attributes that a product supplies to its buyers, with the demands of those buyers. Since
both the audit of preferences , through the questionnaire, and the technometric profile are

quantitative indexes, they can be correlated, in what we term an "index of appropriateness”.

This is a measure of the "goodness of fit" between what the product offers and what the
market demands. A high value for this index indicates the product suits its market; a low

value indicates the opposite.
Figure 3 shows a schematic view of the overall model.
We now proceed to a case-study application of the method, for industrial sensors. Our

objective is to analyze several kinds of industrial sensors made by firms in Israel,
Germany, Austria and the United States.
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Fig 3.An integrated Model for Quantifying Sources
of Market Value
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2. Quantifying the Sources of Value:
The Case of Industrial Sensors

We conducted a comprehensive survey of various types of industrial sensors produced by
companies from several different countries. Initial data collection took place at the major
international sensor-industry trade fair in Nuremberg, Germany, in May 1991. At this
trade fair, some 450 companies displayed their wares. Preliminary data were collected
there and contacts were made with producers of sensors in the five specific areas of interest

to us: pressure, force, temperature, acceleration, and relative humidity.

We then contacted producing companies and requested their catalogs, which provided
technical specifications in fairly precise detail. Some 107 catalogs were acquired. We then
wrote to some of those 107 producers and asked for their price lists.

We ended up with 19 such detailed price lists for some 150 different industrial sensors, and
some 27 different physical characteristics. Represented in this sample are companies from

seven different countries: Germany, U.S., Japan, Switzerland, U.K., Italy and France.

We begin with results for pressure sensors. The data comprise 80 observation points,
where each is a different sensor, and 19 different physical characteristics. Companies from

five countries are included: Germany, U.K., U.S., Japan and Switzerland.

For some of the 80 sensors, data were not available for some of the characteristics. We
eliminated from the data those sensors with extensive missing data. We also did "box
plots” of each of the attributes, and redefined as "missing data" those values that were in the
upper or lower 5 per cent of the attribute's distribution.

This procedure left us with 68 data points, or sensors, where each point consisted of a
price, the physical principle on which the sensor measurement is based, and data on a
dozen physical characteristics. (See Table 2). The characteristics that were measured for

each pressure sensor were:

1. RANGE - Measuring range, the range of values over which the sensor is able to
measure optimally, subject to the accuracy level specified by the producer.
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. ACCURACY - the degree of accuracy with which the sensor performs its
measurements, measured as maximum % of deviation from measured, accurate values,
within the permitted range. There is generally a tradeoff between RANGE and
ACCURACY - the larger the RANGE of the sensor, the smaller the degree of
ACCURACY.

. MAX-TEMP - the maximum temperature at which the sensor can operate, The higher
this value, the wider the range of environments under which the sensor can operate, and

hence the wider its range of uses.
. MIN-TEMP - the lowest temperature at which the sensor can operate.
. WEIGHT - the weight of the sensor, measured in grams.

. LINEARITY - the maximum deviation of the sensor from a straight-line reaction curve
(% FSO).

. HYSTERESIS - the maximum error, induced by the tendency of the sensor to remain at
its existing value; measured by starting at the sensor's lowest measurement-value,
raising it to its highest value, then lowering it back to the initial value; measured as %

deviation from the initial starting value,

. OVER-PRESSURE - maximum pressure that can be exerted on the sensor without

causing damage, measured as a multiple of the sensor's maximal range.

9. SENS-DIAM - the diameter of the sensor's operating element, measured in mm.

10. THERM-ZERO - Thermal effect on zero, the error induced when measurements are

conducted at the lowest end of the sensor's operating range, as % FSO/ degrees C.
This is the percentage deviation from zero, for each degree C.. The lower this value,

the more accurate the sensor is.

11. THERM-SPAN - Thermal effect on span, the thermal effect on the final measurement

range of the sensor, measured as per cent deviation from the maximal operating range.
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The lower this value, the better the sensor.

12. MAX-VOLT - maximum input voltage, the highest permissible input voltage for the
SENSor.

Initially, we conducted a factor analysis of the largest data set (that included 80 different
sensors) to try to identify whether the data set could be reduced, by grouping together
some of the 12 different physical attributes.

We found that much of the common variance among the variables could be explained by
two predominant factors, that could be characterized as "range" (with high loadings on
max-temp and min-temp) and "accuracy” (including such variables as hysteresis, accuracy,
therm-zero and therm-span). These two factors alone accounted for close to half of the total
common variance, and provided an early clue that many of the attributes would likely not

figure in the analysis as contributors to market price.

At this stage, we chose to drop the factor-analysis approach and proceed with standard
least-squares regression, with price as the dependent variable. Factor analysis is useful
when there is a degree-of-freedom problem (large number of explanatory variables relative
to observations), but this problem did not face us. Moreover, our objective was to identify
the contribution of each attribute to price, and combining attributes in weighted averages or

factors would obscure this individual contribution.
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Table 2: Pressure Sensors: Basic Data

Specifications

Country | Company Measurin| Accu{ Operating { Weight|Linea Over  |Sensor| Termal Effe [Max | Price(*) for
Name Range |racy |Temperiu -rity Pressurd Diam. | Zero Span jInput fone specimen
(bar) (%) © (g} _{(%FSO) (%FS0) | (mm) | (%/C)(%/C)| Voliag] (%)
USA KISTLER 1034 260 195 7 .0 1.2 | 5.5 {0.03 |0.03 340
USA KISTLER 689 120 | -55 7 1.0 1.5 5.5 10.06 | 0.06] 30 450
USA KISTLER 34 120 | -55 7 1.0 5.0 | 5.5 10.06 |0.06] 30 450
Usa KISTLER 248 350 195 1. 0.8 1.4 5.6 10.01 | 0.0t 1500
Usa KISTLER 14 120 | -55 7 1 5 5.5 10.06 |0.06] 30 450
usa KISTLER 1034 260 }195 | 12 1 2 6.4 10.03 |0.03 325
USA KISTLER 200 350 F195( 30 0.8 1.2 | 12.0 |0.01 |0.01 1820
USA KISTLER 5171 260 1195 | 20 1.5 1.1 9.5 |0.03 |0.03 495
USA KISTLER 1999 240 | -50 9 1.0 1.5 6.0 |0.01 Jo.01 1280
USA KISTLER 600 240 p195 | 10 0.5] 0.5 1.7 9.5 |0.03 {0.03 1080
UsA KISTLER 200 350 F195| 10 1.0] 0.8] 1.5 6.2 |0.01 j0.01 1650
USA KISTLER 9997 2001 -50] 18 1.0] L.0] *t.1|10.5|0.03]0.03 2375
UsA KISTLER 6895 260 (195 12 1.0 1.1 | 10.5 |0.03 ]10.03 660
USA KISTLER 4826 260 1195 12 2.0 1.4 6.4 10.03 10.03 315
USA KISTLER 4826 1201-551 12 2.0 1.4 6.4 10.06 10.06 310
GER JuMO 1.6 | 1 |120]-30]255 0.6 0.1 2.0 0.02 10.02} 30 373
GER JUMO 400 1 [120]-30[255 0.6 0.1 1.5 0.02 |0.02] 30 373
GER JUMO 6 1 80 0}100 0.5 0.1 2.0 | 54 §0.03|0.04} 20 221
GER JUMO 16 1 80 0100 0.5 0.1 1.3 | 54 0.03 10.04] 20 221
GER JUMO 1.6 1 1 120 -30}200 0.3 2.0 |52 (0.02{0.02} 10.3 256
GER JUMO 400 1 | 1201-30f200 0.3 1.5 )52 j0.02 (0.02} 10.3 256
GER JUMO 6 0.6] 60| -30|350 0.5 0.1 2.0 126 10.03]0.03}1 10.3 633
GER JUMO 250 0.6] 60| -30]3i0 0.5 0.1 1.5 26 {0.03{0.03] 10.3 633
GER JUMO 1 0.6 50| -30 0.1 2.0 }25 (0.03]0.03] 10.3 424
GER JUMO 16 .61 50| -30 0.1 2.0 125 10.03]0.03} 10.3 424
GER JUMO 400 061120 -3¢ | 14 0.3 0.1 1.5 119 }0.03 10.03} 10.3 209
GER UNIMESS 300 100 | -20 0.5 0.1 1.3 | 40 30 326
USA | KULIE | 1379 |1 [120]-20 13 0.1] 1.8 0.05 [0.05} 15 460
USA KULITE 1379 1 260 | -551 13 0.1 1.8 0.05 |0.03} 15 648
USA KULITE 1379 i 120 | -55| 33 0.3 3.0 0.03 |0.03] 32 812
USA KULITE 345 051120 -401110 0.3 4.0 0.05|0.05] 12 375
USA KULITE 345 0.38 120 -40 1110 0.1 4.0 0.03 |0.03] 12 397
UsA KULITE 345 0.35 120 | -40{ 150 0.1 4.0 0.03 |0.03} 12 900
USA KULITE 345 1 120 ] -40 | 150 0.1 4.0 0.05 10,05} 32 1000
USA KULITE 69 0.5f120]-551100 0.1 3.0 0.01 |0.01] 12 158
SWS PEWATROM] 13 100 | -20 i 0.3 1.5 7.4 10,06 |0.05 18
SW§ PEWATRON] 1 100 ] -30 6.0} 2.0 0.06 |0.01 20
SWS PEWATRON| 100 801 -30 | 170 58 [0.03 ]0.03 112
SWS PEWATRON| 25 80 | -30 0.5 0.2t 1.5 0.04 |0.04 58
GER JUMO 50 0.5)120 ] -55 | 120 0.1] 2.0 0.02 10.03} 10 522
GER JUMO 1000 0.5]120 | -55 | 120 0.1 2.0 0.03 0.03] 10 522
GER JUMO 50 1 |400|120 0.3 0.1 1.5 p45  0.02 |0.02] 8 2025
GER JUMO 2000 1 1400|120 0.3 0.1 1.2 P45 (0.02 |o.02] &8 2227
GER RMP 16 0.5} 50 01500 0.3 0.1 3.0 0.03 [0.03] 26.5 513
GER RMP 250 0.5] 50 0 }500 0.2 0.11 3.0 0.03 10.03] 26.5 513
GER RMP 1400 0.5] so0 0500 0.2 0.1 1.5 0.03 10.03] 26.5 513
GER RMP 16 0.2] 50 0500 0.2 0.1l 3.0 0.01 |0.011 26.5 752
GER RMP 250 0.2] 50 01500 0.1 0.1] 3.0 0.1 |0.1 | 26.5 752
GER RMP 1400 0.2{ 50 0 |500 0.1 0.1 1.5 0.01 |0.01] 26.5 752
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Specifications
Country | Company|Phys. | Measurin| Accuq Operating |Weight|Linea |Hyste |Over | Sensor| Termal Effe | Max Price(*) for
Narne Prin |Range Jracy |Temperatu -tity |-rez  |Pressurd Diam. | Zero Span {Input |one specimen

_ -ciple ] (bar) (%) (€ (gr)  |(%FS0)| (%F30) | (%F30) | (mm) | (%/C)(%/C)| Voltzge (%)
ITL AST S.G. 400 140 | -55 5 0.3 0.3 1.5118 0.03 ]0.01] 30 53
ITL AST 5.G. | 400 0.5] 80| -25 0.5 0.5 18 1.00 |0.01] 32 154
ITL AST S.G. | 400 125 | -55 0.5 0.5 1.3 {30 (0.04 |0.01] 30 61
ITL A§T S.G. 350 150 | -55 0.1 0.1 30 0.01 Jo.01| 30 67
IAP KYOWA [S.G. 2000 -0.5] 80| -20]200 0.2 0.2 1.5 127 0.02]0.01] 15 444
JAP KYOWA |S.G. 1 70)-20] 40 0.5 0.3 1.5 119 0.02 10.03]| 5 569
JAP KYOWA |S5.G. 1 60 0] 80 1.0 1:0 1.2 4.5 10.10 | 0.5 3 132
JAP KYOWA |8.G. 560 180 196 | 530 0.4 0.4 1.2 | 46 0.03 ]0.03] 15 93
JAP KYOWA S.C-i. 200 300 ] 80 ) 180 1.0 1.0 1.3 | 26 701
ENG | IMO SG. | 400 |0.29 sof-20] 87 ] &3 ] 0.3] 1.5 ]25 |0.0210.02] 15 118
ENG MO S5.G. 400 0.2 BCG{-20|100 0.3 0.3 1.5 | 27 0.0210.02} 36 145
ENG MO 8.G. 400 0.23 80| -20]100 0.3 0.3 1.5 | 27 0.02 10.02} 36 172
ENG MO S.G. 400 0.2] 80| -20 0.2 0.2 1.5 0.02 j0.02] 36 243
ENG MO 8.G. 400 0.13 80| -20 0.2 0.2 1.5 0.01 10.01] 36 462
GER JUMO MECH 1.6 50 63 10
GER JUMO MECH| 40 1.6 50 63 10
GER JUMO MECH 1 1.6 50 160 34
GER JUMO MECH| 40 1.6 50 160 34
GER JUMO MECH 0.1 | 1.6 100 1.3 |100 209
GER JUMO MECH| 25 1.6 100 1.3 |160 133
GER JUMO MECH 0.1 1.6 100 1.3 100 190
GER JUMO MECH| 25 1.6 100 1.3 |160 114
[GER  |JUMO  IMECH| 0.01| 2.5] 80|20 1440 | 251 2.51 33 0.10 |0.10] 24 188
GER BECK MECH 1 2 60 0| BG 0.5 0.1 1.5 0.01 |0.01} 24 104
GER JUMO IND. 0.4 | 0.2 50 10 1.0 0.1 2.0 0.02 10.03] 31 484
GER JUMO IND. 1.6 |1 80| -30 {330 0.1 1.3 0.02 10.03] 31 367
GER. JUMOQ IND. 16 1 801 -30 {330 0.1 1.3 0.02 |0.03] 31 367
GER JUMO IND. 25 1 80 | -30 | 330 0.1 1.3 150 10.02]10.03] 31 367
e eininlbod A
GER WAILDSEE|IND. 0.03] 2.5] 60 10 1 1.5 ] 53.2 0.12] 13 50
I.'S.WS PEWATRON CAP. 1 85 0250 0.5 0.1 2.0 {44 0.01 |]0.01] 24 219
SWS PEWATRON CAP. 1 60 0] 8o 0.5 0.1 1.5 {13 0.01 ]0.01] 24 119

5.G. = STRAIN-GAUGE

* = PRICE IS IN AMERICAN DOLLARS AT THE EXCHANGE RATE ON 13.12.1991

MECH. = MECHANICAL PZE. =PIEZOEL. PZR.=PIEZO-RESISTIVE IND.=INDUCTIVE
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Table 3 presents results of our linear regressions. All coefficients are expressed as "Beta"
coefficients, which are normalized by the units of measurement and hence permit

comparison across different coefficients.

TABLE 3. Regression Results, for Price as Dependent Variable
and Physical Attributes as Independent Variables: 68 Sensors *

Intercept Accuracy Min Temp  Linearity Overpress.  Thermal-s  Maxim.inp

Reg. Range Max Temp ~ Weight Hysteres Sensitiv.  Thermal-z R squarred
1| -81 p.oo13 - |823*%| 0.0264279*4-0.182 0.078] 0.201] -0.1 |-0.516,465** -0.05 0.50
2| -244 - 904> .300%4-6.179 L20% -0.5% M. 478> 0.53
31-185 . |s12%x [ 360%4 -0.3341 386~ 0.47
4 |-144 I VLAl 359 % 0.00 0.45
s | 138 781w 357 0.46

* coefficients are "Beta"” values

** Significant at p < 0.05

We note first that accuracy was not used as a dependent variable, because too many of the

68 sensors did not have data for this characteristic.

Our initial regression (#1) used all 11 attributes as explanatory variables (excluding
accuracy, as noted above). Overall, the fraction of the variance in Price explained by the
independent variables was relatively high, exactly half. Depending on one's perspective,
this can be interpreted as either: fully half of the variation in price is explained solely by
physically-measurable attributes of the product; or fully half of the variation in price is not
explained by its attributes, and must be found elsewhere, in the reputation of the firm, its

marketing efforts, servicing, etc.

In regression #1, only four explanatory variables were statistically significant at p < .05
level: MAXTEMP, WEIGHT, THERMZERQO and THERMSPAN.
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We next chose to apply stepwise regression, in which explanatory variables are entered in
order of their ability to increase the proportion of explained variance (according to the F-
test). The results are shown as regression #2. Five significant independent variables
emerged, the same four as in regression #1, with OVERPRESSURE joining as the fifth.
The 6th variable that entered the regression, LINEARITY, was not statistically significant.
In terms of their magnitude, the coefficient of MAXTEMP was nearly twice as large as the
next-largest coefficient, THERMZERO and THERMSPAN. The fraction of the variation
in price explained by the independent variables remained approximately one-half.

We then eliminated the Linearity and Overpressure from the explanatory variables,
slimming the list down to only four. Of the four, THERMZERO became only marginally
statistically-significant. (Regression #3). A statistical difficulty emerged, owing to the
high correlation between THERMZERO and THERMSPAN, creating multicollinearity and
resulting biased estimates of the variables' standard deviations. Moreover, the direction of
the THERMSPAN coefficient was perverse -- positive (indicating a direct relation), rather
than negative (indicating an inverse relation).

We therefore chose to drop THERMSPAN from our independent variables and retain
THERMZERQO, in Regression #4. THERMZERQG was no longer statistically significant,
even marginally, leaving WEIGHT AND MAXTEMP.

In the final regression equation, #5, only MAXTEMP and WEIGHT remained as
statistically-significant dependent variables, with MAXTEMP more than twice as large in
magnitude as WEIGHT. The proportion of explained variance remained very close to one-

half (R%adj = 0.46).

We conclude, therefore, that only two attributes of pressure sensors are capable of
explaining almost half of the total variance in those sensors' prices -- the maximum
temperature under which the sensor can operate, and its weight. The positive relation
between price and weight is probably a reflection of the higher cost incurred in producing
larger (and presumably, stronger and more durable) instruments. It suggests that for this
particular group of sensors, buyers are not very interested in weight-saving or

miniaturization (as might be the case for space applications, for instance).
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These results echo findings in a considerable number of other studies of this type -- often, it
is a very small number of product attributes that have a disproportionately large impact on
market price. The reason for this is clear. As products mature, a dominant design
emerges. Such a design consists of a standard set of attributes, whose values must attain at
least minimum values in order for a product to be marketable. Above this standard,
dominant design, products achieve premium prices and high sales by attaining excellence in
a small number of characteristics that consumers perceive as important, For instance,
Wellfleet attained outstanding success by designing network hardware, equivalent to its
competitors in most respects but far ahead of them in its robustness, or resistance to
crashes. Heeding the "voice of the market” often requires producers to alter their own
perceptions about their product and to listen carefully to what consumers are saying,
regarding the true sources of product value. We now turn to this topic.

Consumer and Producer Perceptions: We conducted a survey of buyers of
pressure and temperature sensors, to determine how important they regarded each of the
sensor's specifications, on a scale of one to ten. Some 50 buyers of pressure sensors

responded, and 50 buyers of temperature sensors. The results are shown in Table 4.

At the same time we asked the same question of producers, with the objective of
determining whether sellers' perceptions matched those of their buyers. Seven pressure-
sensor producers responded, and nine temperature sensors. We correlated the average

weights of consumers and producers, for both temperature and pressure sensors.

For pressure sensors, with a total of 22 specifications, the correlation coefficient between
weights assigned by consumers and producers is statistically insignificant. Consumers
tended to weight highly such properties as linearity, repeatability and hysteresis. Producers
placed greater emphasis on overpressure and accuracy. The degree of correlation for
temperature sensors was higher, though still relatively low. (See Figure 4). Only for
measurement range did all three producers agree, scoring it a "10". (See Figure 5, on page
167).
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Table 4 . Consumer Preferences:
Average Preference Weights for Pressure and Temperature
Sensors And Standard Deviations *

A. Temperature Sensors (N=50)

Specification Average Wt. Std. Dev.
1 6.2 4.12
2 Y 1.51
3 7.28 1.92
4 6.74 2.47
5 3.53 2.08
6 3.53 2.08
7 8.43 1.82
8 5.92 2.89
9 2.79 2.78
10 8.87 1.42
11 %.09 1.04
12 7.15 3.28
13 4.56 3.17
14 2.89 2.69
Pressure Sensors (N = 50)
Specification Av. Wt Std. Dev.
1 7.15 3.70
2 8.94 1.51
3 7.02 2.26
4 6.92 2.33
5 3.34 2.08
6 3.34 2.08
7 4.17 2.76
8 8.43 1.79
9 4.17 3.39
10 7.64 2.56
11 8.68 1.57
12 9.09 1.02
13 9.15 1.14
14 7.11 3.12
15 6 2.72
16 6.56 3.45
17 5 2.83
18 4.83 2.88
19 5.56 3.44
20 3.38 2.83
21 3.29 3.07
22 4.64 3.06
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Figure 4. Pressure Sensors: Spec. Weights for
Consumers vs. Producers
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We were also interested in learning to what extent producers agreed amongst themselves on
which attributes were relatively more important. For both pressure and temperature
sensors, we compared the relative weights given by two producers from Germany and one
from Austria (see Figure 5). The results show considerable variation across the producers.
For temperature sensors, for the 14 specifications selected for study, only for the first
attribute -- measuring range -- did all the producers agree, in assigning it the maximum
weight of "10". While the general direction for the other specifications was similar, there
was substantial variation among the three respondents. This was the case for pressure

sensors as well (Figure 5 B).

We also found that the higher the degree of importance given to the particular specification,
by buyers, the greater was the degree of agreement, as measured by the coefficient of
variation (standard deviation of the weight across respondents, divided by the mean
weight). Figure 6 shows the correlation between the average weight assigned to a
specification, and its coefficient of variation, for both temperature and pressure sensors.
The negative relation is strong and statistically significant. This implies that for these two
products at least, consumers seem to agree more on the important specifications than on the

unimportant ones.
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Figure 5. : A. Specification Weights: Three producers -
# 21, #23 (Germany), #22 (Austria) Temperature Sensors
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1 Measuring range, 2 Accuracy, 3 Max. ambient temperature, 4 Minimum ambient
temperature, 5 Maximum Storage temperature, 6 Minimum storage temperature,

7 Response time, 8 Sensor size, 9 Output impedance, 10 Linearity,

11 Repeatability, 12 Temperature dri, 13 Input voltage, 14 Input 1mpedance



168

B. Specification Weights: Three producers -
# 21, #23 (Germany), #25 (USA)
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specification *

1 Measuring range, 2 Accuracy, 3 Max. ambient temperature, 4 Minimum ambient
temperature, 5 Maximum Storage temperature, 6 Minimum storage temperature,

7 Weight, 8 Response time, 9 Resonant frequency, 10 Sensitivity, 11 Linearity,

12 Repeatability, 13 Hysteresis, 14 Overpressure, 15 Sensor size, 16 Thermal effect,
17 Minimum supply voltage, 18 Max. supply voltage, 19 Output Signal, 20 Bridge
resistance, 21 Output impedance, 22 Insulation resist.
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Figure 6: Pressure sensors: Av. Wt. for Specification vs. Coefficient
of Variation - Consumers
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Finally, given both objective information on the product's atributes, and subjective
information on the importance buyers attach to each attribute, it is possible to measure
objectively the index of appropriateness: the extent to which the product's profile conforms
to the "voice of the market”. This is done by simply correlating the technometric scores for
each attribute with the weights assigned by consumers, in the questionnaire survey.

An example of such an index is shown in Figure 7. This example is illustrative - we have
contrived technometric scores for an imaginary sensor for a particular firm, though it would
be straightforward to compute such scores for any given product. The consumer -

preference data are real, and are drawn from the preceding table.

This example shows, for instance, that there is no correlation between excellence in
attributes and the importance consumers attach to those attributes. High technometric
scores in attributes 1, 2, 3 and 4 correspond to only moderate weights for consumers,
while, for instance, a middling technometric score for attributes 11, 12 and 13 corresponds
to relatively high consumer weights. This is an example of a relatively high-quality
product (one which would gain a high aggregate technometric score) that is somewhat out
of step with its market.  Managers who possessed this information would be better
equipped to make important decisions, regarding marketing efforts or, for example,
second-generation R&D investments to improve the product and adapt it to its customers'

needs.
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Figure 7: Illustrative Example: Pressure Sensors -
Product "Profile" vs. Consumer Preferences
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Abstract

"Technometrics” is a multidimensional index useful for assessing technological
performance levels, sophistication and complexity of products, processes and services.
Technometric profiles permit quantitative comparisons of the quality of products between
companies, industries and nations, and have proved helpful in constructing corporate

innovation strategy and technology policy.

The method of constructing technometric profiles is outlined, and accompanied by a
technometric benchmarking case study of Israel's sensor industry in comparison with
parallel products in the United States, Europe and Japan. It is found that even such small
players as Israel -- whose GDP is only one per cent that of the U.S. -- are able to establish
a competitive sensor industry with quality comparable to that of their much larger

competitors.

Technometric assessment of product performance is a useful tool for identifying market
niches -- customers whose needs are not met by existing products -- and hence can help

avoid fruitless, costly rivalry with firms who enjoy superior human and capital resources.
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Introduction

Quantitative measures of technology are vital ingredients for decision-making on R&D and
innovation at all levels, from the individual firm through an entire industry or even nation.
Several different approaches for assessing technology have been suggested in the literature
(see, for instance, [13], [14]).

In this paper, a relatively new approach to technology assessment -- known as
technometrics [6] -- is outlined, and applied to a study of Israel's sensor industry, in
comparison with that of Europe, United States and Japan.

The structure of the paper is as follows. The first section provides a brief overview of the
global sensor industry. Next, a description of the technometric methodology is outlined
and applied to evaluating several types of industrial sensors, including sensors that measure
pressure, temperature, acceleration, force and relative humidity. The final section draws

conclusions.

1. Sensors: An Overview of Technology and Markets

Sensor technology is a key technology for nearly all products in the industries of
metrology, analytics, automation, and transportation. It is estimated that the civil sensor

market will grow by annually 7.8% up to a volume of US$ 43 billion in the year 2001 [1].

The sensor market is highly heterogeneous -- many different measuring principles and
types of sensors can be found. Sensors can measure temperature, pressure, acceleration,
force and other physical conditions. Measurement principles range from extensometers

through optical, infrared or biochemical principles.

Due to the wide variety of sensors there is no clear-cut sensor industry. Manufacturers can
be found in different branches, that produce different kinds of sensors. Biosensor
production is more closely related to the chemical or biotechnological industry, optical
sensors is closer to optics and electronics and other principles are more related to machinery
and mechanics. Also the size of companies varies greatly. There are many small companies,

each of which produces a very specific type of sensor (e.g. glucose sensor). On the other
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hand big international companies like Honeywell, Bosch, Siemens, ABB, Ginsbury, Fasco
or Endeveco are major world-wide producers and suppliers of a wide and diversified range
of sensors.

Occasionally, in the "sensor industry”, companies do not produce the sensing element
(which is the measuring unit), but combine an element supplied by another company with
an electronic device and put it in 2 box which matches the requirements for the specific
measuring conditions (e.g. measuring water, air, or acid environment). This raises the

question: what is a sensor?

Generally, distinctions are made between a sensing element, a sensor and a sensor sysiem.
A sensing element (or transducer) is the first member in the measuring chain and converts
the measured value into an electric signal. The sensor often incorporates processing of the
signal. The sensor system permits full information processing, i.e. a computer and
software for analysing the measuring values. Whether sensor systems are still sensors, or

rather belong to measuring instruments, is a controversial issue.

In this study sensors are defined as sensing elements and sensor components including

electronic devices for signal processing, microprocessors and A/D transformers.

According to a study made by Intechno market research institute in 1991 nearly 35% of
world wide sensor demand results from process technology and mechanical engineering
([1]. Some 14% of the world's sensor production is being used in car manufacturing.
Some years ago it was estimated that this sector would grow much faster. In 1991 the
market volume for car sensors only reached US$ 2.7 billion. Demand grew slower than
expected, especially in products related to car safety and car comfort. But market estimates
now show an increase in demand (e.g. for automatic tire pressure control, automatic shock
absorption or airbags) which will be further stimulated by new environmental laws in the
USA during the 1990's.

Although car manufacturing is already the second most important application field of
sensors (after process automation and machinery construction), the difference in market
volume between both fields will decrease until 2001. With an average growth rate of 12.4%
the market volume in sensors used in car manufacturing will reach around US$ 9 billion in
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2001 whereas process automation sensors’ demand is estimated to rise to nearly US$ 14
billion.

The third most important application field is machinery (US$ 2.2 billion in 1991, US$ 4.5
billion in 2001). Most important are machine tools, packaging machinery, handling and
robots. The most dynamic market segment is conveyor equipment with an annual growth
rate of 9.8%. Other important application fields are information and communication
technology, building and security technology, medical engineering and environmental
technology.

The world market share for the United States ranges around 34%. Japan ranks second
(23.6%) and Germany third (13.5%). Between these three countries only minor changes
will occur till 2001. The market share of the US will decrease slightly to 34.1%, and
Japan's and Germany's shares will increase to 24.3% and 14.1% respectively. France
holds a share of 7.1% (2001: 7.0%), Great Britain of 5.9% (2001: 5.5%) and Italy of
5.7% (2001: 5.5%).

Pressure sensors are the most common type of sensor, Their market volume will reach US$
7.2 billion in 2001 after US$ 3.2 billion in 1991. Flow and temperature sensors rank
second and third. They are followed by: binary position sensors (proximity switches),
filling level sensors, chemical sensors, position sensors, speed and revolution sensors,
ultrasonic image sensors, and flue gas sensors. The highest annual growth rates of 10%
and above characterize sensors for measuring distance, acceleration, vibration, speed and

revolution, as well as optical and biosensors.

Sensor Survey: Out of the above mentioned sensor types, five were chosen for an
international comparison. Selection criteria were market importance, along with data
accessibility and comparability. According to these criteria, sensors measuring pressure,
temperature, acceleration, force and relative humidity were selected. A detailed technical
description of these sensor types and also of the underlying measurement principles can be
found in the technical literature (see for example [11] [15]).

A previous technometric study on sensors carried out by FhG-1SI in 1986/87 was based on
data supplied by the SENSOR database hosted by STN [8]. However, another method of
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data collection had to be chosen for this study, because regrettably, the SENSOR database
was not updated after 1986. (Market reports could be an alternative source, although they
are mostly biased towards national manufacturers and suppliers, are ciuite expensive and
have the same updating problem as electronic databases.)

For that reason "primary" data collection was selected. During the SENSOR exhibition of
May 1991 in Nuremberg, Germany, the world's largest exhibition of its kind, alt
exhibiting firms producing or supplying types of sensors under investigation were asked

for catalogues containing descriptions and technical specifications.

Not all companies could be approached during the exhibition. Those not approached were
asked afterwards to submit relevant catalogues and data sheets. Qut of 286 companies from
whom information was requested, 151 answered and were included in the sample.
Together with 10 Israeli companies interviewed directly, data from 161 sensor firms were
analysed. The technical information represents the state of the art in sensor technology, as

of spring/summer 1991, with some supplemental updates as of autumn 1991,

The country distribution of companies reflects participation of countries in the SENSOR
exhibition, since the official catalogue was used as address database. Some 86 (or 53%) of
the companies or suppliers are of German origin. 34 (or 21%) are from the US and 10 (or
6%} are from Israel (which mostly not attended the exhibition). Other countries included are
Switzerland (8 companies), Great Britain (5), the Netherlands (5), Japan (3), France (2),
Italy (2), and Austria, Denmark, Finland, Ireland, Luxemburg, and Norway (one company
each). It should be noted that this survey is biased towards Germany and Europe.
Nevertheless, 21% of the companies are U.S. in origin.

It should be emphasized that the country distribution in the survey is more dependent on
the variety of the sensor principles found in the different catalogues, than on the number of
companies. If, for example, a German company distributes sensors from a Swiss
company, these sensors were regarded as Swiss in origin. For that reason, the bias is
mitigated by the different size structure of the companies and by selling sensors of parent or

other companies.
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2. Technometric analysis
Methodology

Technometrics is the quantitative measurement of the technological quality or sophistication
of a product or process, group of products or processes, or industry. This approach
produces a quantitative profile of a product or process, showing graphically its performance
characteristics for selected key attributes, in comparison to those of other firms or
countries. Such indices can be aggregated across groups of products, to permit
comparisons of the comparative technological level of subsectors or even entire industries

(31151 (6] {7] (8] [10] .

Every product or process has a set of key specifications or attributes that define its
performance, value or ability to satisfy customer wants. Almost by definition, every
specification or attribute can be quantified. Each of these attributes has its own unit of
measurement: mm. per second, years of lifetime, etc. Problems arise in aggregating
attributes to build a single quality index. The technometric indicator surmounts this
difficulty by converting each measured attribute into a [0,1] metric, enabling construction of
weighted averages, etc., and permitting comparisons across products, firms, industries and
countries. The "0" point of the metric is set as the technologically-standard attribute; the

"1" point is set as the most technologically-sophisticated attribute in existence.

According to the sensor study performed by FhG-ISI in 1986 (see Grupp, Hohmeyer
1988) six key technical specifications were selected for describing the performance of a

sensor. These are:

¥ measuring range

*  lowest measurable value

*  highest measurable value

*  sensitivity

¥ minimal operating temperature

*  maximal operating temperature.
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This selection also reflects the accessability of data. Although there is a group of
specifications given in each catalogue or data sheet, only a few are comparable and can be
found for most types of sensors.

It is obvious that the decision to buy a sensor for very specific purposes is made according
to criteria other than the ones used in this study. Often it is a question of size, of linearity,
of hysteresis, or of stable measuring results, under critical conditions, or just a matter of
the price. In an initial stage of this study, more specifications were included in the
analysis, but it soon emerged that international comparison was only possible by using the
above-mentioned six specifications. Nevertheless, the selected specifications represent

well-established characteristics of different types of sensors.

To sense a signal, different physical principles may be used. It is only possible to measure
pressure not only by using a strain gauge, but also piezoresistive, piezoelectric, inductive,
capacitive or mechanical principles can be found. The same is wue for the other groups of
sensors. Those physical or measurement principles have been included in the study where
data from at least two countries were available. This makes it possible not only to compare
the technological level of pressure, temperature, acceleration, force and relative humidity
sensors, internationally, but also the ability to use different physical principles to measure

and convert the measured value into an electric signal.

For that reason the technometric analysis not only indicates the single [0,1] metric values
(K*, in technometric terminology) for six specifications, but also for different
measurement principles under one measurement parameter (e.g. pressure). Single K*
figures are shown in tables 1 through 6. A graphical example of technometric profiles is
given for pressure sensors. Here single technometric figures are linked by lines which
generate a technometric plane. This plane should not suggest homogenity but should enable
the reader to have a better look on the ups and downs in the technometric profile. It was not
possible to calculate values for all countries over all measurement principles because of data
heterogenity. For that reason only countries with complete or nearly complete sets of data

will be reviewed.
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Pressure sensors

The most common principles among pressure sensors are mechanical extensometers (strain
gauge), piezoresistive (strain gauge on an electrical/electronical basis) and inductive
principles. Pressure sensors are for example used in motor-management control, in airbags,
airconditioning equipment and in all industrial production processes where pressure in
tanks, vessels and pipes needs to be controlled. K* values for these principles are shown in
figure 1.

For Germany, Israel and Switzerland data were available for all three principles, whereas
profiles for the USA, Japan and the United Kingdom could only be drawn on the basis of
two principles. The Netherlands and Luxemburg were included with piezoresistive pressure
sensors only. Respective data can be found in table 1 (page 185), which contains figures

for piezoelectric and mechanic pressure sensors as well.

The profiles reveal a strong position for Germany (DEU), especially in the case of strain
gauge sensors. US pressure sensor technology is also well advanced although there are
some weaknesses in strain gauge sensors (highest measurable value and maximal operating
temperature). Israel (ISR) does well in inductive pressure sensors and to a lesser extent also
in piezoresistive pressure sensors. Switzerland's (CHE) performance over all specifications

is diverse with some strong positions in piezoresistive and strain gauge sensors.

When all pressure sensor principles are combined into a single aggregate index -- made
possible by the [0,1] technometric index -- Germany attains an overall technometric
indicator of (.84, which emphasises her leading international position in pressure sensors
(figure 2, page 186). The United States (USA) ranks second at 0.78, followed by Great
Britain (GBR) with 0.63. Israel is in fourth position (0.62), ahead of Switzerland (0.59).
Since only a few Japanese (JPN) companies were included in the survey the technometric

indicator for Japan (0.38) should be regarded as a only a rough indicator.
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Figure 1. Technometric profiles for pressure sensors
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TABLE 1: TECHNOMETRIC INDICATOR VALUES FOR PRESSURE SENSORS

Lowest Highest Minimal |Maximal
Average [Measuring|measuring|measuring|Sensiti- |operatinglloperating
Principle Country [K* range value value vity temperat. [temperat.
K* K* K¥ K* K#* K*
Piezoresistive DEU 0.90 0.90 1.00 0.48 1.00 1.00 1.00
ISR 0.65 0.90 0.00 G.48 0.99 0.73 0.80
JPN 6.27 0.23 0.00 0.00 ¢.89 0.36 0.12
NLD 0.31 0.76 0.00 0.19 ¢.81 0.00 0.08
LUX 0.24 0.18 0.00 0.00 06.20 0.55 0.48
NOR 0.36 0.49 0.00 0.03 nfa 1.00 0.30
CHE 0.62 0.90 0.00 0.48 0.97 1.00 0.40
Usa 0.80 1.00 0.00 1.00 0.97 1.00 0.84
GER 0.54 0.84 nfa nfa 0.81 0.36 0.14
Strai DEU 1.00 1.00 1.00 1.00 0.98 1.00 1.00
train gauge GBR 0.62 0.66 1.00 0.12 0.98 0.74 0.19
ISR 0.26 0.00 1.00 0.00 0.54 0.00 0.03
ITA 0.67 0.83 1.00 0.33 0.82 0.75 0.26
FRA 0.66 0.72 1.00 0.17 0.98 0.82 0.26
JPN 0.50 0.83 1.00 0.33 0.54 0.27 0.03
CHE 0.65 0.72 1.00 0.17 1.00 0.75 0.26
USA 0.66 0.83 i.00 0.33 0.82 0.78 0.19
Inductive DEU 0.70 0.85 1.00 0.25 1.00 0.73 0.40
ISR 0.95 1.00 1.00 1.00 0.97 1.00 0.73
CHE 0.73 0.83 1.00 0.20 0.60 0.73 1.00
Piezoelectric DEU 0.61 0.78 0.00 0.14 1.00 0.81 0.91
UsA 0.87 1.00 1.00 1.00 0.22 1.00 1.00
. DEU 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Mechanical CHE 0.35 0.76 0.00 0.16 0.95 0.22 0.00
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Temperature sensors

Tcmperafurc sensors are mainly based on thermoelectric, resistive and infrared principles.
Thermoelectric and resistive sensors measure temperature through an electric or resistive
change induced by temperature variation. Thermoelectric sensors can be found in
temperature measurement in gases or liquids and can also be utilized for calibrating
measurement equipment. Resistive sensors are used for several industrial applications
where temperature needs to be measured under different conditions concerning pressure or
flow. Infrared sensors belong to the group of contactless measuring equipment. Their
application field is high temperature measurement for example in metallurgical engineering.
Beside these major principles fibre-optic, electro-optic and mechanical temperature sensors

can also be found.

Table 2 presents technometric data for five major principles. Again, Germany reaches the
highest scores in nearly all specifications. Compared to Israel and the USA there are only a
few weak points in thermoelectric sensors (i.e. highest measurable value and maximal
operating temperature). Israel's temperature sensor technology is also quite strong, with
some slight weaknesses in lowest and highest measurable value (both for thermoelectric
and resisitve sensors). Data for the USA and Switzerland reveal a standard performance
only in some specifications of infrared and thermoelectric sensors, but show high K*

figures otherwise.

Combining individual K* figures for all analysed temperature sensors, Germany reaches
again the highest technometric indicator (0.96). Israel takes the second position (0.76)
slightly ahead of the USA (0.72). Switzerland ranks fourth (0.61) whereas Japan's rather
low figure is due to technological weaknesses in fibreoptic temperature sensors (and in

addition, the low number of companies included in this study).
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TABLE 2: TECHNOMETRIC INDICATOR VALUES FOR TEMPERATURE SENSORS

Lowest Highest Minimal |[Maximal
. Aversge [[Measuringmeasuring|measuring|Sensiti- [loperatingfoperating
Principle Country K* range value value vity temperat. |temperat.
K* K#* K* K* K* K*

Thermoelectric DEU 0.94 0.95 1.00 0.86 1.00 1.00 0.85
ISR 0.96 0.96 0.89 .90 1.00 1.00 1.00

CHE 0.58 0.89 0.89 0.77 0.95 0.00 0.00

Usa 0.81 1.00 0.80 0.99 0.99 0.25 0.84

FRA 0.75 0.65 0.89 0.44 0.97 1.00 0.51

ITL 0.63 0.98 0.53 1.00 0.00 nfa nfa

Resistive DEU 0.99 1.00 1.00 1.00 1.00 1.09 0.94
GBR 0.58 0.72 0.28 0.57 0.90 0.32 0.69

ISR 0.91 0.90 0.80 0.84 1.00 0.91 1.00

JPN 0.52 0.71 0.20 0.57 0.60 n/a nfa
CHE 0.75 0.92 0.80 0.84 0.80 0.91 0.20
UsaA 0.91 0.92 0.80 0.84 1.00 0.91 1.00
Infrared DEU 1.00 1.00 1.00 1.00 0.99 1.00 1.00
CHE 0.49 0.92 0.09 0.84 1.00 0.00 0.08
UsA 0.64 6.98 0.00 1.00 0.92 0.72 0.23
DEU 0.92 1.00 1.00 1.00 1.00 0.50 1.00
Mechanical ISR 0.42 0.23 0.36 6.00 0.95 1.00 0.00
Fibreoptic JPN 0.08 0.00 0.25 0.00 nfa nfa nfa
Usa 0.50 1.00 1.00 1.00 0.00 0.00 0.00
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Acceleration sensors

Acceleration sensors are needed for motorcar development (crash analysis) and are used in
aircraft and space technology. Two major physical principles can be found: piezoelectric
and inductive sensors. Other types of acceleration sensors are based on piezoresistive,

capacitive, fibre-optic and strain gauge principles.

As the measurement of acceleration is closely linked with aircraft and space technology the
United States reaches the highest scores in the technometric analysis, although the K*
figures for sensitivity and the lowest measurable value in piezoelectric sensors represent
only standard technology (table 3).

Switzerland as well as Israel are strong in some specifications of piezoelectric sensors.
Here sensors from Israel are internationally ahead in sensitivity. Acceleration sensors from
Germany only represent standard technology. Only one high score is reached for the
minimal operating temperature at inductive sensors. No figures could be found for lowest
and highest measurable value for these sensors in the catalogues. For that reason no
technometric figures have been calculated. ( Norway also shows some strong positions in

~ the field of inductive acceleration sensors).

The combined technometric indicator values underscore the advanced position of the United
States, which could already be seen from the previous figures. The U.S. reaches a K*
figure of 0.89, far ahead of Switzerland (0.40) and Israel (0.38). Compared to these three
countries German acceleration sensor technology is not very well advanced. Combining all

available single K* figures Germany reaches an overall indicator of only 0.35.
Force sensors

Force sensors can measure traction and pressure forces and are used in control eqﬁipmcnt
as well as in tool machinery, feed presses or robots. Sensors included in this study are
based on inductive and strain gauge principles. Piezoelectric and mechanic force sensors
can also be found but due to missing figures for certain specifications, they were not

included in the technometric analysis.
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Table 3. Technometric indicator values for acceleration sensors
Lowest Highest Minimal |Maximal
Average [[Measuring|measuring|measuringffSensiti- foperatingljoperating
Principle Country [K* range value value vity temperat. [temperat.
K* K* K* K* K+ K* -
Piezoelectric DEU 0.27 0.65 0.00 0.05 0.00 0.60 0.30
Usa 0.80 1.00 0.00 1.00 nfa 1.00 1.00
ISR 0.26 0.00 0.00 0.00 1.00 0.54 0.00
CHE 0.61 0.97 1.00 0.50 0.00 0.59 nja
Inductive CHE 0.09 0.53 0.00 06.00 0.00 0.00 0.00
usa 0.89 1.00 0.34 1.00 1.00 1.00 1.00
NOR 0.69 0.90 1.00 0.26 nfa 1.00 0.27
DEU 0.42 0.00 nfa nla n/a 1.00 0.27
Piezoresistive USA 0.98 1.00 nfa nfa nj/a 1.00 0.93
GBR 0.75 0.00 n/a nf/a 1.00 1.00 1.00
Capacitive ISR 0.50 0.00 nfa n/a 0.00 1.00 1.00
CHE 0.50 1.00 nfa nfa 1.00 0.00 0.00
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Inductive sensors are supplied by German, American and Israeli companies, whereas force
sensors based on strain gauge principle are also produced by French (FRA) and Japanese
companies (table 4). German force sensors never reach a low K* figure but show some
weaknesses in sensitivity and operating temperatures (inductive principle). Inductve force
sensors are a competitive Isracli product, although the highest measurable value is higher
among German sensors. In strain gauge technology, where German products always
shows good performance, Japanese sensors rank second despite their comparatively low
figures for operating temperatures. France, the USA and Israel follow in the third to fifth
positions.

Germany's advantages in strain gauge technology are responsible for an overall
technometric indicator of 0.81. Israel's strong position in inductive force sensors put her on
a second rank at 0.68 whereas the USA reaches 0.53. Japan is not included in this ranking
because data were available for inductive sensors only. For these only, Japan reaches an

indicator value of 0.73.
Relative humidity sensors

Relative humidity can be measured by capacitive, resistive and also optic principles. Only in
German catalogues, both capacitive and resistive relative humidity sensors were offered.
From other countries mentioned in table 5, either capacitive or resistive sensors were
found. For this reason no overall indicator values were calculated for relative humidity

SENSOrS.

As with many other measurement parameters, German technology is also well advanced in
relative humidity sensors. For all but one specification (maximal operating temperature)
Germany reaches K* figures of 1 for both sensor types. Nearly the same state of
technology can be observed for Finnish (FIN) capacitive sensors. The only weak point is
the low sensitivity. France, Switzerland and Austria (AUT) also reach quite high K*
figures with 0.75 for Austria as the lowest for capacitive sensors. In the case of resistive
sensors Great Britain ranks second behind Germany, followed by Israel. Here no
specification was recorded for maximum K* figures. Japan does not reach the forefront of

technology in this technical area, as can clearly be seen from the low scores in the table.
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Table 4: Technometric indicator values for force Sensors

Lowest Highest Minimal |Maximal
.. Average [Measuring|measuring||measuring|Sensiti- [operatinglloperating
Principle Country |K* renge value value vity temperat. |jtemperat.
K* K* K* K* K* K#
Inductive DEU 0.70 1.00 1.00 1.00 0.53 .29 0.40
ISR 0.83 0.85 1.00 0.40 1.00 0.74 1.00
Usa 0.60 0.13 1.00 0.00 0.95 i.00 0.52
) DEU 0.93 0.94 1.00 0.61 0.99 1.00 1.00
Strain gauge FRA 0.47 0.73 1.00 0.10 1.00 .00 0.00
ISR 0.53 0.81 1.00 0.20 0.99 0.00 0.16
JPN 0.73 1.00 1.00 1.00 0.98 0.18 0.21
UsSA 0.47 0.30 1.00 0.00 0.93 0.31 0.28
Table 5: Technometric indicator values for relative humidity sensors
Lowest Highest Minimal {Maximal
. Average |Measuring|measuringlmeasuring{Sensiti- joperatingjoperating
Principle Country [[K* range value value vity temperat. [temperat.
K* E#* K* E* E* Kx
Capacitive DEU 0.97 1.00 1.00 1.006 1.00 1.00 0.81
AUT G.75 1.00 1.00 1.00 0.00 1.00 0.52
FIN 0.92 1.00 1.00 1.00 0.51 1.00 1.00
FRA 0.86 1.00 1.00 1.00 0.61 0.75 0.81
CHE 0.79 1.00 1.00 1.00 0.91 0.50 0.33
Resistive DEU 0.93 1.00 1.00 1.00 1.00 1.00 0.60
GBR 0.93 0.92 0.93( 0.80 0.92 1.00 1.00
ISR 0.61 G.56 0.50 0.50 0.71 1.00 0.40
JEN 0.20 0.00 0.00 0.00 0.00 1.00 0.20
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Technometric indicators according to measurement principles

It was mentioned above that it is possible to compare the technological level of countries in
sensor technology, not solely by measurement parameters, but also by measurement
principles. According to table 6, Germany takes the lead in six out of nine analysed
physical principles employed in sensors -- strain gauge, resistive, piezoresistive,
capacitive, mechanical and infrared. For the last three principles data for only three
countries are available, which makes the results less significant than for the first three
principles, for which five countries can be compared. Israel performs surprisingly well in
thermoelectric and inductive sensors, reaching the top position for each. The United States
ranks first in piezoelectric principles, mainly because her good performance in acceleration

S€nsors.

As was noted earlier, the method of data collection produced a bias towards those countries
represented by sensor producers at the Nuremberg SENSOR exhibition. For that reason it
is not possible to compare directly the results of the FhG-ISI 1986 technometric study with
the results derived in this one. Not only is the database is different, but also the variety of
measurement principles. Three of the six principles analysed in 1986, piezoelectric,
resistive and strain gauge (extensometers) sensors, can only be compared roughly. For
piezoelectric sensors Germany lost considerable ground compared to the USA. Both
countries reached an indicator value of around 0.8 in 1986. In this study, the United States
retained this value. Germany reached only 0.44, mainly because only a few companies
still offer this type of sensor.

In resistive sensor technology Germany improved its position significantly from (.55 in
1986 to 0.96 in 1991. The United States is stable at around 0.9 for both years. Japan's K*
figure decreased from 0.55 to 0.36 in 1991; this might be a statistical artifact because of
lack of data, hence we offer no analysis or interpretation of these data.

In strain gauge sensors Germany already ranked first in 1986 at 0.85 and still holds this
position in 1991 (0.96). The USA reached 0.65 in 1986 and 0.56 in 1991. Israel was not
included in the 1986 study so no comparison with recent results can be made.
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Table 6

Technometric indicators for sensors according to measurement principles

Principle DEU| USA| ISR | CHE|JPN | GBR|FRA
Strain gauge 0.96 | 0.56 |1 0.39 | 0.65 {0.61 | 0.61 |0.56
Resistive - 0.96 1091 |0.76 [0.74 }0.37 | 0.75
Piezoresistive 0.90 | 0.89 10.65 { 0.62 |0.27 | 0.64
Thermoelectric 0.94 | 0.81 | 0.96 | 0.58, 0.74
Inductive 0.61 10.74 [ 0.89 { 0.41

Piezoelectric 0.44 | 0.83 [ 0.26 | 0.61

Capacitive 0.97 0.50 |0.65 0.86
Mechanical 0.96 0.42 10.35

Infrared 1.00 | 0.64 0.49

This short comparison reveals a quite advanced but also quite stable position for US sensor
technology and a technological push in resistive sensors for Germany. During the five
years after 1986 Germany was able to extend her solid position in strain gauge sensors, not
only because Germany's competitors lagged but also due to improvements in German
technology.

Technometric position of countries

The aggregation of all average K* figures per country according to sensor types makes it
possible to calculate an overall K* figure for each country (figure 3). What can be observed
is a very small advantage of Germany over the USA (0.74 and 0.73 respectively). Nearly
close figures were obtained in 1986 when Germany reached 0.75 and the USA 0.74.
Although Germany improved her sensor technology in selected areas (e.g. resistive
sensors), the small distance between the two countries nearly diminished. As these overall
figures are based on different sets of data they can only indicate that both Germany and the
USA were and still are the international pacemakers in sensor technology. This
technometric based result is also supported by the Intechno market study. According to that
survey the United States produce leding-edge sensor technology for application in car and
aircraft manufacturing, building and security technology, medical engineering and

environmental technology. Germany is especially strong in applying sensors to machinery.
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Technometric Indicator K*

Figure 3 : Technometric Indicators for Sensor Technology According to Countries
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Taking all European countries together, they hold the technological lead in machinery ahead
of Japan and the United States. The same is true for process technology and mechanical
engineering [1]. |

Although Japan reached relatively low technometric scores in this analysts, it seems
justifiable to put Japan in the third position behind Germany and the United States, because
of its strong international market position. According to Intechno, Japan holds the
world's strongest position in sensors for household appliances and electronic products, as
well as in information and communication technology. This is a mass market for cheap

sensors where Japan and the US have strong advantages over Europe.

Compared to Switzerland (K* 0.53) where some well-established sensor producers are
located, Israel's overall indicator of 0.61 is unexpectedly high. It can be concluded that
Israel possesses an advanced sensor industry, although not much of its activities are
known abroad. In contrast to Switzerland, Israel's sensor variety is smaller which makes it
possible to concentrate technological knowhow in specific fields.
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3. Conclusion

We have applied the technometric technology assessment approach, in order to evaluate
relative performance levels of sensors, across different types, physical principles, and
countries. Overall, technometric indicators provide an in-depth portrait of the relative levels
of the major players' sensor technologies.

An important result of this study is that nipping at the heels of the "Big Three" (U.S.,
Germany, Japan) are not only such well-known players like Great Britain, France,
Switzerland and Italy, but also smaller countries like Israel, who proved itself able to
establish a competitive sensor industry, at least in certain parts of the market. Israel -- and
some other smaller countries as well -- not only produce high-performing competitive
sensors, but in some cases sensors that represent the most advanced technology which can
be purchased internationally at the present time. The market performance of these
countries -- including Israel -- often falls short of what the performance of their products
could justify, because of shortcomings in their marketing skills.

By collecting readily-accessible data on product specifications, often obtainable in large part
from material distributed at major trade fairs, and by organizing that data in a coherent and
systematic fashion, using technometric methods, it is possible to generate an up-to-date
audit of the state of technology in a given industry. The results of that aud:t can provide
highly valuable data for plotting both corporate-level innovation strategy (such as R&D
plans for second- or third-generation products) and country-level science, innovation and

industrial policy.
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Introduction

Perhaps one of the most critical and difficult decisions faced by senior managers, venture
capitalists, and others engaged in R&D funding, is this:

* When should an improved “second-generation" product, service or process be
introduced, to replace an existing product, service or process?

* How large an investment in Research and Development should be made in  this

second-generation project?

*  Which characteristics or attributes of the product merit R&D investment, in order to

improve them?

*  What fraction of total R&D funds should be invested in improving
each "attribute?

The model proposed here aims at producing a concrete, applied decision-support tool able

to supply answers to the above questions, based on appropriate data and information.

The model integrates several different strands of thought in the large literatures on R&D,
project evaluation, benchmarking and consumer behavior. Emphasis is placed on
integrating technological and engineering data with the "voice of the market" [data drawn

from surveys of buyers, expressing their subjective evaluation of product attributes].

Background:

Three different bodies of knowledge will be pulled together in this model. They are: the
"new consumer theory” developed by Lancaster, together with the new approach for
measuring product quality, known as "technometrics”; the technique for evaluating product
quality, relative to competing products, known as "benchmarking"; and a mathematical

programming technique for optimization, known as linear programming.
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a) Technometrics and the "new consumer theory":

"Consumers are not interested in goods as such, but in their properties or characteristics”.
(Lancaster, 1991, p. 4). In his so-called "new consumer theory", Kelvin Lancaster
abandons the relatively vacuous and sterile conventional economics approach to consumer
theory, and replaces it with a theory based on the "properties” of goods and services.
Consumer preferences are assumed to be defined over "preferences” rather than over

goods.

While this new approach to consumer theory yields richer and more rigorous theoretical
propositions regarding consumer behavior, it has so far not generated much empirical
research. One reason is that the data required for such research -- detailed information on

product characteristics -- is not widely available.

This deficiency is remedied by the new approach to measuring product quality developed
by H. Grupp et al. (1986, 1988, 1990, 1992), known as "tecAnometrics”.

Technometrics is the quantitative measurement of the technological quality or sophistication
of a product or process, group of products or processes, or industry. This approach
produces a quantitative profile of a product or process, showing graphically its performance
characteristics for selected key attributes, in comparison to those of other firms or
countries. Such indices can be aggregated across groups of products, to permit

comparisons of the comparative technological level of subsectors or even entire industries.

Definition: Every product or process has a set of key specifications or attributes that
define its performance, value or ability to satisfy customer wants, Almost by definition,
every specification or attribute can be quantified. For instance, in the case of diagnostic
kits, a key specification is "reliability”" (the proportion of tests in which accurate results are
obtained). For assembly robots, 14 key specifications are axes, maximum reach, minimum
reach, vertical velocity, horizontal velocity, repetitive accuracy, position acuracy, nominal
load, maximum load, drive, vertical reach, hand rotation, angular velocity and lifetime.

[Grupp, 1990]. All are expressible in quantitative units.

It is always a subjective decision whether an item should be included or not [Grupp and
Hohmeyer, 1988]. However, as Clark {1985] and Stankiewicz [1990] have pointed out, as
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development proceeds, technological diversity gives way to standardization. Particular
design approaches achieve dominance and performance criteria are Clearly specified. Social
processes and patterns of communication between customers will influence the speed and
pattern of product (or process) design and broad categorizations are broken down into
related subcategories of the characteristics which are refined through experience.
Therefore, it is not surprising that (industrial) experts interviewed agree on proposed
characteristics and priorities [Grupp, 1990].

Each of these attributes has its own unit of measurement: mm. per second, years of
lifetime, etc. Problems then arise in aggregating attributes to build a single quality index.
The technometric indicator surmounts this difficulty by converting each measured attribute
into a [0,1] metric, enabling construction of weighted aVerages, etc., and permitting
comparisons across products, firms, industries and countries. The "0" point of the metric
is set as the technologically-standard attribute; the "1" point is set as the most

technologically-sophisticated attribute in existence.

Let subscripts i, j and k represent products, product attributes or characteristics, and
subgroup (company, industry or country), respectively.

Let K represent the measurement of an attribute for giveni, jand k. The technometric
indicator, K* , is defined as:

K' — Kmax(i’j’k)—-Kmin(i’j’kmin)
P K (5 K ) = K (K )

[1]

where:

K . (1J:K) = the highest value of product characteristic “j" for product

it
1

for subgroup k

K (k. ) = the lowest value of product characteristic "j", among all members of
subgroup k

Kmin(i,j k .} the highest value of product characteristic "j", among all members of

subgroup k
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Take, for instance, the product "diagnostic kits”. One attribute would be "test duration" --
the length of time needed to carry out the diagnostic test. The numerator of [1] would give
the difference between the "best” (i.e. shortest) test duration for an Israeli product,

compared to the "worst" (i.e. longest) test duration for any of the products under
comparison, for several countries. The denominator would give the difference between the
best, shortest test duration for the top state-of-the-art product, and the longest test duration

for a technologically standard (and probably, relatively inexpensive) product,

What results is a metric, K*, that ranges from zero to one, showing how a product stacks
-up for that attribute, relative to the state-of-the-art level.  Note that in some cases -- as in
this one -- fowerattribute values represent Aigher levels of technology, requiring the values
in the technometric expression to be inverted (by replacing all "max" with "min", and vice-

versa, in Equation [1] ). {See Figure 1. }

Figure 1: Diagrammatic Representation of Technometric Index K*
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During 1990-92, technometric evaluation of the following products (for Israel, Japan,
U.S., and Germany) was conducted in a joint research project between Fraunhofer-ISI, in
Karlsruhe, Germany, and the S. Neaman Institute, Techion, Israel:

i) biodiagnostic kits. (See Frenkel, Reiss, Maital, Koschatzky and Grupp, 1992). ii)
sensors that measure temperature, pressure, etc,

b) Benchmarking:

"Benchmarking" is the systematic comparison by one company or products and processes
of another company, considered to be "best in class" or “state of the art”. In the past seven
years, the application of benchmarking has become extremely widespread across the U.S.
and Europe.

In response to the increasingly competitive global economy, companies have made use of
benchmarking to examine their products and services with critical eyes. Many firms have
found this approach to be a powerful way to raise their standards of quality and excellence.
A key reference is the book by Robert C. Camp, manager of benchmarking competency at
Xerox Corp.: Benchmarking: The Search for Industry Best Practices that Lead to Superior

Performances.

The basic assumption that people buy "attributes” of products (that is, properties that enable
goods and services to create value for buyers), the essence of the new consumer theory, is
the foundation of technometrics; and technometrics, in turn, is a valuable quantitative
approach to benchmarking, enabling construction of graphic profiles of a company's

products, which permit managers to determine at a glance the product's strength and

weaknesses.
¢) Linear Programming:

The quantative nature of technometric benchmarking indicators points to a natural extension
of this method -- the development of quantitative analytical models for optimal investment
in R&D, with the aim of improving existing products through optimal investment of labor,
capital and time. The mathematical programming technique known as linear programming
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provides an initial starting point, in view of the linear nature of the technometric indicators.
A Preliminary Programming Model:

As a first approximation, consider the following formulation of one of the difficult
questions posed at the outset of this proposal: Which of the many attributes of a product
should managers seek to improve, in an R&D program, when faced with dificult
constraints on skilled manpower, financial capital and time?

Such a model could be formulated as follows:

Objective:
Choose the most valuable feasible combination of improvements in product (or process)
specifications, that meets a) cost; b) skill; and ¢) time constraints,

Terminology:
i- product or process characteristic, i =1, N

x; - technometric specification for characteristic "i", based on {0,1} metric {0 is least
sophisticated, 1 is most sophisticated )

Ax, - change in x, through R&D investment

¢, - cost of making incremental change in x,

t, - time to make incremental change in x,

1. - skilled labor-hour needed to make an incremental change in x,

w, - market value of an incremental change in technometric specification x,

C - total R&D budget ($ million)
L - total number of skilled labor-hours
T - time available for completing R&D
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Model:

l\ilzx{EWiAxi}
subject to:

a) Lc Ax, £ C
b) Eli Ax, < L

<) Z‘.tiAxi £T

Note: There may also be feasibility constraints on Ax,, e.g. Ax,Sv,, where V. is the

largest feasible change in specification x; under the existing circumstances.

The cost, skill and time constraints may well be non-linear.

An example of such a mode, applied to optimization of the attributes of second-generation
civilian jet aircraft, is shown in Table 1 (page 209). This example, constructed by
Anderson, Lundstrom and Smith, was based on estimates of cost-performance curves and
"voice of the market” surveys. (see below). The last column shows the optimal budgeting
of funds, and the second column from the left shows the optimal improvement in each

technometric specification,
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Table t

Attributes of second-generation civilian jet aircraft

Quality Factor Ax, c, Budgeted Funds
Crew Costs 0.40 | 18,870.773 7,548.309
Fuel Efficiency 0.10 12,580.515 1,258.052
Dispatch Reliability 0.30 6,290.258 1,887.077
Maintainability 0.23 | 37,741.546 8,680.556
Payload/Range Capability 0.25 | 12,580.515 3,145.129
Block Time Performance 0.20 12,580.515 2,516.103
Airport Factors 0.00 | 44,031.804 0.0
Customer Support 0.30 | 25,161.031 5,032.206
Technology Leadership 0.30 | 18,870.773 5,661.232
Passenger Capacity 0.30 6,290.258 1,887.077
Cargo 0.00 1§ 50,322.061 0.0
Cabin Interior Flexibility 0.25 6,290.258 1,572.564
Comfort Level of Interior 0.40 6,290.258 2,516.103
Service Life 0.00 | 56,612.319 0.0
Market Flexibility 0.25 | 12,580.515 3,145.129
Non-Airplane Issues 0.50 | 12,580.515 6,290.258

The last column of the above table represents the allocation decision in dollars among each

of the various quality factors (manpower allocation is omitted). The column was computed

by taking the product of the desirable technometric improvement, Ax, , and the marginal

cost of making such an improvement, ¢, , as estimated from the cost-performance curve.

Voice of the Market:

In the above model, the objective function is the weighted average of improvements in each

product attribute, with weights determined in some fashion to represent the "importance” of

each improvement.
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One approach to determining the weights -- which can play a crucial role in decidin g which
atributes of the product should be improved -- is through conducing "voice of the market"
surveys among customers, who indicate on a questionnaire the relative importance of each
of the product attributes.

An example of such a survey is shown in Table 2, in which chief flight engineers for
airlines were asked to indicate their evaluation of the importance of various aircraft
characteristics.

There are several competing approaches to evaluating "voice of the market", apart from the
"voice of the market" questionnaire, including the technique known as "hedonic price
indexes” (in which product price is the dependent variable of a statistical least-squares
regression, with product attributes as the independent, explanatory variables; Beta

coefficients then become the relative "weights” for the programming model's objective

function),
Table 2
Customer Weightings of Quality Factors
Quality Factor Customer Weighting
Crew Costs 7.0
Fuel Efficiency 7.9
Dispatch Reliability 5.6
Maintainability 6.7
Payload/Range Capability 9.5
Block Time Performance 6.3
Airport Factors 5.7
Customer Support 5.2
Technology Leadership 5.1
Passenger Capacity 9.8
Cargo 8.0
Cabin Interior Flexibility 4.2
Comfort Level of Interior 7.9
Service Life 5.0
Market Flexibility 4.7
Non-Airpiane Issues 5.0

(See questionnaire in Appendix A)
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Decision-Support System:

The advantages of the decision-support model outlined above are: a) it is objective, based
on physical measurements of product or process attributes; b) the process of data-gathering
which it requires encourages quantitative benchmarking, in itself an important aspect of R&
D decision-making, and ¢) it is an optimizing model, and thus seeks to make the most
effective use of scarce resources.  While based in part of technological data, the model
also makes explicit use of "voice of the market" data, in the form of weights attached to
each Dxi (product-attribute improvement), and thus also encourages explicit attention to
customer preferences.
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Appendix A: Please indicate the relative importance that you place on the following factors when
evajuating aircraft for purchase.

Low High
L b i1 b1 ey Ix )]
ERENENEERREEN
Lt e 1L IxXL L]
COITTTTTT 1]
N I I A
BN EEEEREREEEN
 INERNRNEENER
 HEEEEE AR
HNEEEEREREEE
HEERENE'EEEENE
HEESEEREENEE
i1t PV iIxi]3
LI IxXE T T T1]
LET i b1 ixi]
HENNNEEEEEE
MEEEER EERER
EREEEREREEEN
INEEREEENREE

Crew Costs: (eg. two member crew, common type ratings for

multiple products)
Fuel Efficiency: (e.g., weight)

Dispatch Reliability: (eg., system complexity, robustness of design,
failure tolerance, structural design)

Maintainability: (e, mean time between maintenance, engine
maintenance, centralized maintenance recording system)

Payload/Range Capability
Block-Time Performance, Function of Dispatch Reliability

Airport Factors (e.g., runway capability, ramp space, field length,
Sflexible interface with ground support, airport noise, emissions)

Customer Support {eg., AOG, technical support, spare parts
availability)

Safety (eg., emergency exits, windshear annunciation, flight envelope
fimits)

Technology leadership (e.g., avionics, fly by wire, heads up display,
glass flight deck, advanced wing design, advanced materials)

Passenger capacity, goes with payload-range

Cargo (e.g., cargo weight/volume, standard cargo containers, interline
container flexibility, mechanized cargo loading, bulk, forward pallets)

Cabin Interior Flexibility (e.g., class potential, seating flexibility,
vacuum {avatories)

Comfort Level of Interior (eg., number of middle seats, legroom,
seat width/pitch, stowage compartment size, cabin noise, air quality)

Service Life
Features Availability
Market Flexibility (eg., family concept, engine choice flexibility)

Non-Airplane Issues (e.g., existing customer base, delivery time,
manufacturer financing, pofitical alignment)
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Summary

Objective, quantitative measures of product and process quality are essential both for
optimal management decision-making and for optimal public policy. At Fraunhofer-1.S.1.,
Dr. H. Grupp and associates have developed a series of metrics for evaluating technological
sophistication and quality, stretching through all stages of product development from
"knowledge" through R&D, innovation, marketing and distribution. (Grupp, 1991; Grupp
& Hohmeyer, 1986; Grupp & Hohmeyer, 1988).

One of those metrics, "Technometrics”, is a multidimensional index of technological
excellence. Technometric product profiles permit objective comparisons of products
between companies, industries and nations. Such profiles can reveal weaknesses long
before such shortcomings result in declining sales or market share. They are applicable to
services as well as goods, to low-tech as well as high-tech products, and provide graphic
answers to the question basic to both management and industrial policy:

"How good are our goods?"

The method of constructing technometric profiles is outlined, and global empirical profiles
of several types of products are described, including industrial robots, photovoltaic cells,
lasers, sensors and biogenetically-engineered drugs. A technometric case study of Israel’s
fledgling biodiagnostic industry is presented, together with the policy conclusions that

emerge.

I. Introduction
"Management begins with Measurement"

Focused decision-making is the artempt to bridge the gap between what is and what ought
to be. It follows from that definition that framing or implementing decisions without a
clear evaluation of the existing situation is unlikely to succeed. Lord Kelvin once said
that "theory begins with measurement”. While many theoretical physicists might debate
that point, few managers or policymakers would deny that management -- whether at the

corporate or government level -- does start with measurement.
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In discussing industrial and technology policy for a whole nation, or technology strategy
for firms or industries, it is essential to have clear answers to the question:

* How good are our products and processes, compared to those of competing firms or countries?

The answers to this question, "what is our competitive situation?", must be objective,

accurate and quantitative.

A series of metrics for evaluating and comparing technological sophistication have been
developed by Dr. Hariolf Grupp and his team, at the Fraunhofer Institute for Systems and
Innovation Research (FhG - ISI). These quantitative indicators have proved useful in
measuring the technological level of products and processes and can serve as a "yardstick"
for comparison with other firms or countries. This work originated with concern at the
German Ministry for Research and Technology in the early 1980's that Germany trailed
Japan and the United States in important high-tech areas.

The FhG-ISI approach views technical performance as a multistage input-output process.
Each stage has its own characteristics, and hence can be portrayed by quantitative

indicators that reflect its achievements. (See Figure 1).

From the earliest stage of basic research -- where citations serve as a measure of output --
through applied R&D -- measured by patents -- and finally new products themselves, FhG-
ISI has pioneered a comprehensive set of metric indicators that together make it possible to
determine precisely where firms, industries and whole countries stand in the global
technology race. At the end of the technology chain is exports and world market share,
one of the ultimate goals of technological excellence.



Figure 1. Science and Technology Indicators
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Among the FhG-ISI technology indicators are:

a)

b)

d)

II.

Relative world market share (RWS), showing, for a given pfoduct or group of
products, the world market share held by a country, relative to that country's share of
the world market for all industrial exports.

Relative comparative advantage (RCA), which measures the country's export surpfus

for a product or group of products, relative to its overall export surplus.

Patent indicators: several metrics were developed to measure intensity of patenting
activity, again relative to other countries. Among them: Preferential patent factor
(PPF), which measures the relative intensity of patenting activity in one foreign patent
office compared to another; International technological performance (ITP), a measure
of worldwide patent output, and Revealed technological performance (RTP), which
integrates PPF and ITP to provide a "bandwidth" of technological positions in
patenting, worldwide. In addition, Relative patent advantage (RPA) expresses
patenting intensity for a given product or process, compared to overali patents for all -
products and processes, for a given country. (For fuller descriptions of these
indicators, see Grupp [forthcoming, 1991}, Koschatzky [1990], and Grupp and
Hohmeyer [1988]. )

The technometric indicator, in many ways the centrepiece of all the quantitative

metrics, which measures product quality at the stage of innovation.

Technometrics -

Definition:

One of the most important links in the product-development chain is the innovation stage,

where the quality of new products brought to market is evaluated. Grupp and associates

developed a method they call " technometrics” to quantify product quality at this stage.

Technometrics is the quantitative measurement of the technological quality or sophistication

of a product or process, group of products or processes, or industry. [Grupp and

Hohmeyer, 1986, 1988; Grupp, 1991].  This approach produces a quantitative profile of
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a product or process, showing graphically its performance characteristics for selected key
attributes, in comparison to those of other firms or countries. Such indices can be
aggregated across groups of products, to permit comparisons of the comparative
technological level of subsectors or even entire industries.

The technometric indicator has important advantages over other quantitative indicators in
existence, being muitidimensional, quantitative and susceptible to comparison across
countries and products. (For other approaches, see Saviotti, Stobbs, Coombs and Gibbons
[1982] and Saviotti [1985]). Every product or process has a set of key attributes that
define its performance, value or ability to satisfy customer wants, Many of these attributes
can be quantified -~ for instance, in the case of diagnostic kits, "reliability” (the proportion
of tests in which accurate results are obtained).

Each of these attributes has a different unit of measurement. Problems then arise in

aggregating attributes to build a single quality index.

The technometric indicator surmounts this difficulty by converting each measured attribute
into a [0,1] metric, enabling construction of weighted averages, etc., and permitting

comparisons across products, firms, industries and countries.

Let subscripts i, j and k represent products, product attributes or characteristics, and
subgroup (company, industry or country), respectively. Let K represent the measurement
of an attribute for giveni, j and k.

The technometric indicator, K* , is defined as:

Soo= Kmﬂ(i’j’k)_Kmm(i’j'kmm)

K. =
- T R 3K ) ~ Ky (k)
where:
K, x®hk) = the highest value of product characteristic "j" for product “i*,
for subgroup k

"

K_. (i,jk _.) = the lowest value of product characteristic "j", among all members of
min min

subgroup k
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K ik ;)  the highest value of product characteristic "j", among all members of

subgroup k

Take, for instance, the product "diagnostic kits". One attribute would be "test duration” --

the length of time needed to carry out the diagnostic test. The numerator of [1] would give

the difference between the "best” (i.e. shortest) test duration for an Israeli product,

compared to the "worst” (i.e. longest) test duration for any of the products under

comparison, for several countries. The denominator would give the difference between the
best, shortest test duration for the top state-of-the-art product, and the longest test duration

for a technologically unsophisticated (and probably, relali'vely inexpensive) product, What

results is a metric, K*, that ranges from zero to one, showing how a product stacks up for

that attribute, relative to the state-of-the-art level.

Note that in some cases -- as in this one -- lower attribute values represent higher levels of

technology, requiring the values in the technometric expression to be inverted.
For a diagrammatic presentation of K*, see Figure 2.

Figure 2. A diagrammatic representation of the technometric index K*
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Once key product attributes have been determined and K* values calculated for each, a
technological "profile” of the product can be constructed. It is possible to aggregate K*
across all key attributes -- for diagnostic kits, that would include sensitivity, intra-assay
precision, inter-assay precision, and handling, as well as test duration -- to achieve an
aggregate K* measure for the product or group of products. This aggregate technometric
measure can then be correlated with other variables to determine the link between
technological excellence and, for instance, market success. Results in study by Grupp and
others indicate that declines in the technometric quality of a product or process, K*, occur
2-3 years before such deterioration finds expression in declining market share or export
sales. [Grupp and Hohmeyer, 1988]. This indicates that K* can serve as a useful "early
warning indicator", revealing problems with product quality in sufficient time to take
remedial action; generally, by the time it is observed that market share is falling, it is too
late to revamp the product and regain sales from competitors. K* can also serve a positive
role, indicating products or sectors where a country has competitive advantage,
technologically, hence worthy of investment to further marketing and sales efforts in
foreign markets and to further improve R&D and production efficiency at home.

Technometric measures can be used at several levels. At the national level, they can be (and
have been) used to identify technology gaps in comparison to other nations, and 1o shape
industrial and R&D policy. At the sectoral level, technometric indicators can serve to
identify areas of comparative advantage. And at the firm level, they can be used to
construct competitive strategy, determine the optimal "mix" of product attributes, plan new
generations of products, guide R&D investment, and form part of feasibility studies.
[Grupp, 1989].  Since 1986, FhG-ISI has constructed technometric indicators for the
following products: enzymes (immobilized biocatalysts), biogenetically engineered drugs,
photovoltaic cells, lazers, sensors, industrial robots, diagnostic kits, and biogenetic water

treatment facilities,
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Technometrics in Action: '"How Good is our Industrial Robot?"

One of the high-tech products for which Grupp and associates constructed technometric
profiles was assembly robots used on production lines. To do this, they consulted experts
in the field and defined fourteen key specifications of assembly robots, such as: maximum
load, position accuracy, lifetime and minimum reach. These characteristics must
necessarily be stated in quantitative terms: lifetime (in years), maximum load (in
kilograms), etc. By studying catalogues, visiting trade shows and interviewing production
and R&D personnel, a value was assigned to each specification, for a) Company "X", b)
all other Germany companies, and c) companies in the U.S. and Japan, Germany's leading
competitors. Then, K* values (each specification's value in the 0,1 metric, where "0" is

"

the lowest value and "1" is the highest) were assigned for Company X, for each

specification, and for all German companies taken together.

The results are shown in Figure 3a. Company X's robot is shown to be technologically
inferior, relative to the world "state of the art”. It is, in fact, a fairly simple one, priced
relatively cheaply. Its relative strengths are in axes, repetition accuracy, position accuracy,
and hand rotation. German robots are seen to be "state of the art" except for three or four

specifications, including "horizontal velocity", "position accuracy", "drive" and "lifetime".
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Figure 3a. A Technometric Comparison of Assembly Robots
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Photovoltaic Cells:

Grupp originally developed his method in response to concern at West Germany's Federal
Ministry of Research and Development over reports that Japan's technology had outpaced
Germany's. Grupp's 1988 study with Olav Hohmeyer (Grupp and Hohmeyer, 1988),
"Technological Standards for Research -Intensive Product Groups and International
Competitiveness", showed that contrary to the beliefs of some, German industry had kept
pace overall. While the United States was shown to dominate research-intensive products
such as gas turbines, aircraft and communication satellites, and Japan ruled consumer
electronics, West Germany was positioned squarely in the middle between the technological
leader and follower in both markets.

Still, the Grupp-Hohmeyer study laid bare some alarming gaps many managers and
government officials were not fully aware of. One of the products Grupp studied was solar
cells: large-surface semiconductors that convert light into electric current. The world
market for photovoltaic systems is estimated at $300 million and is growing by 50-70 per
cent a year. Germany was widely considered to be a world power in photovoltaic ceils
because such batteries are based on chemical processes; Germany's chemical industry has
long been topflight. Germany, for instance, supplied the first solar cells for America's
space program,

But Grupp's study revealed that Germany lags in a new area of technology in which
photovoltaic cells are no longer made from crystalline silicon but rather from so-called thin-
film materials, such as amorphous (non-crystalline) silicon, cadmium sulphide and gallium
arsenide. The giant German coﬁglomerate Siemens AG has since formed a joint venture
with Arco Solar Inc., a subsidiary of Adantic Richfield and a leader in the new photovoltaic
technology. The joint venture has already set up a new production facility in Bavaria. The
gap was perceived and steps were taken to close it. (See Figure 3b).
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Technometric Indicators for Photovoltaic Cells,
by Type of Materials

Figure 3b.
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Finally, data were assembled to show the relative technometric levels of six key products --
biogenetically engineered drugs, lasers, robots, enzymes, solar cells, and sensors -- in the
U.S., Japan and Germany. Figures 3d, 3e and 3f show the technometric indexes for each
country, and for all six products, ranked in descending order,

Figure 3d: Technometric Indicator Values for the State of the Art in Six
Selected Areas in the U.S.A. (1986)
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Figure 3f: Technometric Indicator Values for the State of the Art in Six
Selected Areas in West Germany (1986)
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Recently, Frenkel and Maital conducted a technometric survey of eight companies.in Israel
that manufacture biodiagnostic kits. The objective was to evaluate product quality and to
frame policy recommendations. Comparative technometric data were supplied by

Koschatzky and Grupp. The results of that survey follow,

II1. The Biodiagnostic Industry in Israel

The Biogenetic Industry:

Biotechnology is a branch of technology that seeks to harness biological processes and
systems, or biological organisms, in order to create useful products and processes for
industry, medicine and agriculture. Using live organisms for the benefit of mankind is an
old idea, used long ago for making bread, wine and cheese. In recent years, genetic
engineering has permitted scientists to alter the building blocks of life itself. Advances in
molecular biology have opened new horizons in influencing cellular processes and have

made possible, as a result, development of entirely new products.
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Scientists predict that toward the end of this century, biotechnology will be of major
importance in production of food for both human beings and animals, in treatment of illness
for humans and animals, in supply of new raw materials for the chemical industry, and in
treatment of industrial wastes and water. According to various estimates, the market for
biotechnological products will amount to between 40 and 100 billion dollars annually
[Source: Katzir Committee Report, 1988].

There are four main areas of biotechnology: medical, agricultural, industrial, and
ecological. Within medical applications, there are three subsectors: biogenetic
engineering of drugs and hormones; production of biosensors and biocatalysts; and
production of diagnostic products for determining the nature of illnesses in humans and

animals.
In the first stage of this project, we chose to focus on the biodiagnostic industry.
Biogenetic Firms in Israel:

Some 30 biotechnology firms exist today in Israel. Most of them are small, and are based
on products or processes developed in research done in academic institutions. These firms
employ between 800 and 1,000 workers, of whom 30 per cent are scientists or engineers.
Most of the biotechnology firms were set up as subsidiaries of research institutes or
universities, and some are subsidiaries of foreign companies. Only a minority are
entrepreneurial, established with venture capital and based on technology of an academic

researcher and entrepeneur.

Most of these firms are in pharmaceuticals; 19 of the 30 are in this area, of whom 10
produce diagnostic kits and 2 make materials used for diagnostic kits. Seven companies
manufacture drugs, hormonés and enzymes. In addition, four small firms produce
materials used in research labs and in the biotechnology industry. Two companies are in

the chemical industry and two are in agriculture.

According to the November 1988 report of the Katzir Commiitee, set up to determine
sectors in biotechnology that merit investment and development, the sales volume of
Israel's biotechnology firms amounts to about $20 million. The Katzir Committee
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identified six constraints that limit development of this industry: lack of venture capital for
establishing new firms; lack of venture capital and other forms of risk capital for existing
companiés; lack of acaemic research centers specializing in biotechnology; lack of trained
manpower in biochemical engineering, production and management engineering; lack of
technological infrastructure in existing drug and chemical companies that use traditional
technology; and the small size of the local market in Israel for biogenetic products, coupled
with the large distance from foreign markets.

In order to remedy some of these constraints, a National Biotechnology Program has been
established, headed by Prof. Max Herzberg, President of Orgenics Ltd. (one of the
companies in our survey).

In the biotechnology industry, diagnostic kits is the market "easiest to enter, with the
shortest product life and highest risks" [Biotechnology Europe, Oct. 1989, p. 40]. Israeli
firms in this industry mainly produce products for human and veterinary diagnosis, based
on monocional antibodies. Qur field survey of Israeli biodiagnostic firms was limited to
companies that produce complete kits. We did not include companies that produced onlyh
components of such kits. Nor did we include companies that purchased foreign technology
under licensing agreements, but only companies with proprietary technology used in

developing their own unique products.

A total of 12 biodiagnostic companies were located, of which 8 complied with the above
criteria. Senior managers in all of those 8 firms were interviewed, and supplementary
material on each firm was collected. Managers were highly cooperative and gave
generously of their time. A key part of the interview was a detailed questionnaire, eliciting

information on the company and on technometric details of its products.
The nature of biodiagnostic companies in Israel:

Analysis of the data from our field survey revealed that half of the 8 firms are independent,
while half are subsidiaries of foreign firms. Most of the companies are privately owned,
while some are public companies whose stock is listed on stock exchanges. The companies
owned by foreign firms largely began as independent firms but because of difficulties in
raising capital or the need to penetrate new markets, were bought out by larger companies
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abroad. These companies became subsidiaries, but retain their independence in matters of
product R&D.

Seven of the 8 companies were established after 1980, while one was established during
the 1970's. Despite their youth, all these companies have by 1990 succeeded in producing
and marketing their own products. The transition from R&D to production and marketing
was relatively swift. This contrasts sharply with the 7-10 years needed to develop and test
new drugs, and the estimated $50-$100 million cost, as noted by the Katzir Committee.

Average plant size is small; the eight plants employed a total of 182 workers of all kinds, an
average of 23 per firm, with size ranging from 5 workers to 45. (In general, industrial

firms in Israel are very small ).

As expected, the proportion of workers in this industry comprising highly-skilled and
scientific manpower is very high. According to a 1987 Manpower Survey conducted by
the Minisiry of Industry, biodiagnostics employs a high proportion of scientific personnel,

even in comparison to other high-tech industries. (See Table).

Manpower Profile for Biodiagnostic Firms, High-Tech Firms and
Industrial Firms in General in Israel

Engineers | Technicians] Skilled |Unskilled |Office [Total
& Scientists{ Workers Workers| Workers | (%)
Biodiagnostic 43.4 13.7 27.5 4.4 11.0 100
Firms
High-tech 25.1 20.3 34.8 9.0 10.8 100
Firms
All Industrial 9.6 7.7 50.1 22.4 10.2 100
Companies




232

R&D: Our survey revealed that fully a third of employees are engaged in R&D, at least
part of the time. A third of total outlays of the 8 firms goes to R&D.

Sales and exports: All eight firms export at least part of their output. In aggregate, 75
per cent of the biodiagnostic firms' sales are exported. The heavy reliance on exports stems
from the small size of the local market in Israel. Only two of the 8 firms rely principally on
the local market; in the remainder, 90 per cent of total output is exported.

Europe is the main market. Two thirds of their exports goes to that market, while one third
goes to other destinations. Half of the 8 firms export diagnostic kits to Germany, which
absorbs between 10 per cent and 35 per cent of their exports. The United States is not a
principal market for Isracl-made diagnostic kits, and only about 5 per cent of total exports
of this product go to that couantry. In contrast, Japan stands second in importance as an
export market, next to Europe. Two firms export to Latin America and one company has a

small amount of export sales 1o Africa.

The survey asked managers to forecast future export sales. Most of the companies
predicted a rapid expansion in exports in the next five years, between threefold and fivefold

- growth,

Marketing and distribution: As in most high-tech products made in Israel, marketing
is a major obstacle for biodiagnostic kits. Most of the firms we surveyed sell their products
abroad through distributors, who acquire exclusive territorial rights. Some of those
distributors belogn to large foreign companies. This approach to distribution is one
important way that Israeli biodiagnostic companies cooperate with foreign entities. One of
the 8 companies reported setting up its own marketing firm abroad, in order to achieve

greater control over distribution.

All the companies responded that their products are "unique", aimed at either narrow market
niches where no similar product exists, or broad market niches where some competition

exists. None of the products compete on the basis of low price, but rather value-added and

quality.



233

Most of the managers interviewed in our survey emphasized marketing as the main

difficulty they face, rather than finance, R&D or technology.

The Single European Market in 1992: All 8 companies reported preparing for the
1992 Euromarket. Two have already set up companies in Europe, and three said they
intended to do so. Two other companies reported joint-venture agreements to this end with
European firms. Most of the companies felt that the main difficulties facing Israeli
biodiagnostic firms, in connection with the Euromarket, would come from product
standards. The present situation, in which approval by Israel's Ministry of Health is -
recognized in, for instance, Germany, will not continue after 1992. It is therefore vital
that Israel adopt standards that are consistent with, and comply with, those prevailing in
Europe. (A major difficulty in deing this is that European standards in many areas have not
yet been agreed upon -- which some see as a deliberate European strategy to hamper
tmports from other countries).

Technometric Profiles:

Availability of excellent technometric data on biodiagnostic kits for Germany, U.S. and
Japan, assembled by FhG-ISI researchers, makes it possible to compare the relative

advancement of Israeli kits to those abroad.

Characteristics: Earlier studies of biodiagnostics showed that there are six main attributes

of biodiagnostic materials, which together define the quality of those materials. They are:

- sensitivity:
the minimum amount of antibodies needed to product a chemical reaction, or the

"threshold", Units of measurement are generally thousandths of a gram per milliliter,

- intra-assay precision:
degree of internal (intra-assay) accuracy: if the same kit is used 100 times, how many times

will it correctly diagnose the presence of a hormone or microbe?
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- inter-assay precision:
for a 100 randomly-selected kits, how many of them will correctly diagnose the presence of

a hormone or microbe?

- measurement:
range over which diagnosis is possible. Units of measurement are the same as with
sensititivity.

- test duration:

length of time needed for operating diagnostic test until result is obtained, in minutes.

- handling:
number of steps required.

Diagnostic kits: Data enabled comparison of diagnostic kits for the following:
hormonal deficiencies related to the thyroid gland (lack of hormones FT-4, T-4, and T-3),
and the sex hormone Prolactin; and tests for presence of the AIDS virus HIV-1.

The technometric profiles are shown in Figures 4, 5 and 6.

What emerges is that, as expected, the United States in general holds the lead in thé quality
of its diagnostic kits. The U.S. pioneered in the field of biotechnology, and still enjoys a
technological advantage. This lead is especially pronounced for T-3, T-4, and FT-4. For
TSH, Germany enjoys a slight advantage over Japan and Israel, with the U.S. wrailing. For
prolactin, the U.S. product is superior to that of Israel, with Germany in third place.

(See Figures 4 and 5). |
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Figure 4. Technometric Profiles of Diagnostic Kits,
Israel, U.S., and Germany

A: Comparative Technometric Profile of Selected Kits Connected with the Diagnosis
of the Thyroid Gland (T3, T4, TSH)
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B: Comparative technometric Profile of Selected Kits Connected with the Diagnosis
of the Thyroid Gland (FT3 and FT4), and the Sex Hormone (PROLACTIN)
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Aggregated Technometric Indicators for Immunoassay
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For AIDS detection [HIV-1], a product for whom the market already amounts to hundreds

of millions of dollars and is certain to grow rapidly as the illness itself spreads, kits made

in Germany, Japan and Israel are essentially equivalent in quality. (See Figure 6).

Technometric Indicator

Figure 6: Technometric Protlles for HIV-1 Kits,
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Figures 7a, 7b and 7c present comparative technometric analyses of diagnostic kits for the
detection of several infectious diseases: CMV, Rotaviruses and Clamidia, for Israel and
Germany. It should be emphasized that for Israel, the technometric profiles are for kits
produced by a single producer, while for Germany there are in all cases more than one.

Figure 7a: Comparative Aggregate Technometric Profile of Selected
Kits Connected with the Diagnosis of the Intectlous Diseases
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Figure 7b: Comparative Technometric Profile of Selected Kits Connected with the
Diagnosis of the Infectious Diseases (CMV, ROTAVIRUS, CHLAMYDIA)

GER ISR

o
p—
o
—t

MV IgM Sensitivity

Specificity

Intra-Assay Precision

A\

Inter-Assay Precision -

ROTAVIRUS
Ag

Sensitivity

Specificity

Intra-Assay Precision

Inter-Assay Precision

Test Duration -5

CHLAMYDIA
IgG

Sensitivity
Specificity

Intra-Assay Precision

A\

Inter-Assay Precision

CHLAMYDIA
IgM

Sensitivity
Specificity

Intra-Assay Precision

Inter-Assay Precision




241

Figure 7¢c: Comparative Aggregate Technometric Profile of Five Selected Kits
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Preliminary Conclusions and Implications:

These results suggest that for biodiagnostic products, Israel is in some cases at the frontier
of technological excellence, according to the technometric index, and in other cases is close
to it. This has occurred despite the fact that far less resources have been invested in
biotechnology in Israel, compared to the other countries in the comparison, Japan,
Germany and the United States.

There is reason for concern that this area of proven technological excellence will not be -
translated into market share and export sales for Israel. The eight participating firms in our

survey report a lack of risk capital, and difficulty in marketing and distributing their

products. Four of the eight firms are wholly-owned subsidiaries of foreign companies,

suggesting that much of the benefits of excellence at the R&D stage will accrue abroad.

Moreover, Israel's industrial and R&D policy has been slow to implement many of the
Katzir Committee recommendations and support biotechnology, and biodiagnostics in
particular, as a promising area of excellence. It is estimated that about 80 per cent of budget
of the Ministry of Industry's Chief Scientist goes to R&D in electronics, an industry facing
ever fiercer competition from newly industrializing countries in the Far East, in particular.
The Chief Scientist professes to pursue a "neutral” policy, which examines applications for
funds on their merits, rather than initiate or encourage applications in selected areas. Given
the predominant weight of Israel's electronics industry, this policy of "neutrality” explicitly
favors existing industries like electronics over fledgling industries like biogenetics. As a

result, Israel's comparative advantage in biotechnology is not being fully exploited.

Evidence of the decline in interest in the general area of "drugs and medicines" in Israel is
given in an interesting chart produced by FhG-ISI. (See Figure 8). This diagram shows
the Relative Patent Intensity (RPA) for Israel and Germany, for drugs and medicine. RPA
reflects the number of patents in products related to drugs and medicines, compared to the
overall number of patents for all products and processes; zero would indicate that patenting
intensity for drugs and medicine is the same as for other products. The falling curve since
1972-4, with a brief upturn in 1981-83, suggests that less R&D effort is being expended in
this area in Israel (though relatively more than in Germany, where RPA has also been in
decline), despite its promise as an export market.
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Another reason for the failure of government ministries to support this area is that
biodiagnostic companies are small, and the current size of their export sales is also
relatively small. Ministries prefer dealing with large companies. .Thus, the field of
biotechnology is a particular case of a more general problem in Israel -- severe constraints
facing nearly all high-tech startups as they make the difficult transition from successful R&
D projects to producing, marketing and distributing products and processes in distant
markets. There is a danger that Israeli expertise in this area will be recognized by foreign
firms than by , who will then purchase it, causing the employment, exports and profits to
accrue outside of Israel.

Figure 8.

Figure 8. Relative Patent Advantage, Drugs and
Medicines, Germany and Israel, 1972-4 to 1984.86
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IV. Further Applications of Technometrics

Our ongoing research on the technometric approach focuses in part on developing it as a
quantitative tool for both public policy and managerial decisions.

Linear Programming;:

The quantitative nature of the FhG-ISI indexes can be exploited by placing them in the
context of a linear programming model. This model uses as outputs total exports, and as
inputs: technometric quality; current patenting activity (in a recent period); and cumulative
patent activity for all periods. A version of linear programming known as data envelopment
analysis is used, which can incorporate qualitative as well as quantitative variables, and
which measures "Farrell efficiency” -- the degree of efficiency for a given firm or country

in producing a unit of output, compared to other firms or countries. (Charnes, Cooper and
Rhodes, 1978, 1981; Sherman, 1984).

For illustrative purposes, the photovoltaic cell industry is used. Two technologies are
. examined: cells based on crystalline silicon (an older type), and on amorphous silicon (a
newer technology). Efficiency in Japan, Germany and the U.S. in generating exports, as a
function of technological quality and patent activity, is computed using the model and

compared.

What emerges from this study's preliminary results is the following: the Japanese are
relatively more efficient at converting technological excellence into experts than the U.S.
and to some extent Germany. Moreover, by intense patent activity in new fields (like
amorphous silicon photovoltaic cells), they are able to neutralize U.S. and German
headstarts in traditional crystalline silicon cells.

Diffusion and Diversity:

A 1982 data set containing technometric attributes for some 42 different products and
processes, for Japan, Germany, United States and in some cases other countries, made
possible a study of the empirical relation between the level of technological specifications
and their variance across firms, for high-tech products and processes. We used these data

to attempt to answer the following question:
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What is the empirical relation between technological excellence, as measured

by the technometric index X', for a given country, and the variance of K*
across different firms, for that country?

Our finding is that products characterized by a high value of K* have a smaller degree of
variance in K* among firms in the industry. This is consistent with a technology-diffusion
process, in which new products come to the market with state-of-the-art technology; as the
product matures, some firms update and improve their technology, while other companies
fail to do so. Contrary to our expectation, Japanese products are characterized by a high

degree of technological diversity, as measured by the relatively large range of K* values for
most products.

Technometrics as a Managerial Tool: Case Studies for Israel

Two case studies were conducted on high-tech products in Israel, using the technometric
approach.

1. A Technometric Study of Electromagnetic Compatibility Labs (EMC)

Several competing laboratories for evaluating electro-magnetic compatibility (the ability or
inability to operate several types of electronic equipment, without emissions from one of
them interfering with the operation of the others) were evaluated and compared, by
constructing a technometric index for each. The study served as a basis for analyzing the
competitiveness of one company's facilities compared to competing ones available in the

market. (See Figure 9).

2. A Technometric Study of a Hydrogen-based Air Conditioning System for
Buses

Generally, construction of technometric quality indexes requires existence of a marketable
product on the market or about to be marketed. . However, in principle, the approach can
be used to evaluate the marketability of a prototype or working model. This study examined
a new product under development, under the auspices of the Technion R&D Institute -- a
non-freon hydrogen-based air conditioning system for trucks and buses. The technometric
index for the product showed graphically its superiority over conventional freon-based
products, and proved useful for measuring and portraying these advantages as part of a
business plan. (See Figure 10).
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Figure 9
Technometric Comparison of Electromagnetic Compatibility Testing Labs

Specifications: I. Physical Characteristics: A. Size. 1. Volume. 2. one-room or two-
room. 3. number of cells. B. Performance. 4. cell analysis. 5. internal echo. 6.
broadcast power. 7. frequency range. C. Reception. 8. spectrum. 9. sensitivity. 10.
frequency range. D. Auxiliary equipment: 11. computerization. 12. computerization of
broadcast. 13. computer printout. 14. TV portrayal. II. Lab Services: A. Kinds of Tests.
15. military standard MIL-461; 16. civilian standard FCC: 17. civilian standard VDE; 18.
waiting time. 19. waiting time for test. 20. production of final report. IIl. Reliability . 21.
preliminary consultation. 22. consultation during test. 23. reliability of results. IV.
Efficiency 24. maintenance time. 25. exploitation of cell. V. Cost. 26. price per test day.
27. price per consultation hour.
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Figure 10
Technometric Profile of Non-Freon based Hydrogen Air Conditioner for
Buses (HACB) In Comparison with Best Conventional
Freon-Based Product

Specifications: 1. weight of air conditioner. 2. external dimensions of upper unit. 3.
additional fuel consumption due to air conditioner. 4. additional horsepower demanded of
motor. 3. cooling capacity at 43 degree exterior temperature. 6. temperature differential due
to conditioner. 7. lifetime. 8. quantity of freon.
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Introduction
Professor Daniel Weihs:

This study -- a technometric study of comparative advantage in selected high-technology
industries in Israel-- was funded by the German-Israel Foundation. Its director, Dr. Amnon
Barak, will attend this symposium.

This project is a good example of the kind of research that the GIF can and should support.
It resulted in a fruitful, direct contact between two working groups and hopefully, as far as [

understand from the researchers, may ultimately generate as many as ten published papers.

Professor Shlomo Maital:

Our lecturer today is Dr. Hariolf L. Grupp. His topic is: From Basic Research to Knowledge
Based Exports: An Integrated System of Quantitative Indicators for the Technological Innovation

Process.

Dr. Grupp is not a stranger to Israel. He was a student wrainee here as a Physics student from
Gemmany. He came here to work with Professor Zeev Levi at the Hebrew University in 1971.
Dr. Grupp got his Ph.D. in Solid State Physics from Heidelberg University, served for two
years as an assistant professor in Heidelberg, and then for four years was a senior researcher

at the Bundestag, the Parliament of West Germany, in the office of Technology Assessment.

In 1985 he joined Fraunhofer-Institute for Systems Analysis in Karlsruhe. Fraunhofer, as
you know, is a chain of independent Research and Development institutes or laboratories. Dr.
Grupp's branch, in Karlsruhe, does evaluative research and Dr. Grupp is head of the
technological change group. He is also the vice-chairman of the scientific council of all 49
Fraunhofer labs.

Dr. Grupp tells me that as vice-chairman of this scientific council, he has learned a great deal

about the process of technological change and ongoing trends in this area. We are very
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pleased to have Dr. Grupp as the guest of the S. Neaman Institute for Advanced Studies in
Science & Technology.
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From Basic Research to Knowledge-Based Exports:
An Integrated System of Quantitative Indicators for the
Technological Innovation Process

Dr. Hariolf Grupp

Thank you very much, ladies and gentlemen, for this very warm welcome. It is really my
pleasure to speak today at the Technion after several years of joint work and I would like to
thank cordially the Neaman Institute, in particular the director, Professor Weihs, for the
invitation to speak here today. I also say this on behalf of my colleague, Knut
Koschatzky, who participated in this project but was unfortunately unable to attend the
workshop this week.

In this symposium, we will devote the next few hours to discussing the results of our joint
research with Shlomo Maital and Amnon Frenkel of the Technion. As has already been
indicated by Prof. Weihs, the original proposal submitted to the German-Israeli Foundation
was drafted by myself and by Prof. Zehev Tadmor, who was then Director of the S.
Neaman Institute, and although he is absent and very busy, I would like to- thank him as
well for stimulating this research. It was a great help that in both countries, Israel and
Germany, there was keen interest from the very beginning of this project. But in order to
bring it to fruition, one has to have people actively working in each country. I would like
to thank all those who were involved in the preparation and in the research itself.

Now I would like provide a introduction describing our methodology. In order to convince
you about the usefulness of technometrics, I would like to give you an example -- an
historic case. In fact it is not very "historic" -~ it related to the year 1987 -- and for this
example I can show you what the economic impact of innovation was, from 1987 until

now,

Before I start I would like to give you my “coordinates”. This is a map of the unified
Germany, together with the old borders. You can see that Fraunhofer is a research

organization for applied research, private, and non-profit, which is decentralized.
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Its headquarters are in Munich and there are branches in many cities all around the
Germany, dedicated to special fields of applied science and engineering. In the past two
years, we have taken over several institutes from the former Academy of Sciences of the
German Democratic Republic. My own institute is close to the border with France.

We are very much oriented towards European projects; the share of our collaboration with
non-German partners is increasing, and already amounts to about 30% of our work, with
only 70% focused solely on Germany. The cooperation with an Israeli institution is always
something special and therefore I very much enjoyed and appreciated this cooperation from
the very beginning,

The baseline of our work comes from economics, from innovation research, therefore I
would like to start with a very short evolutionary perspective on innovation, how it comes
about in theoretical models, then I would like to speak about bench-marking, and as
Shlomo informed me that this does not translate well into Hebrew, I can also assure you
that it does not translate into the German, so it is "bench-marking", in German, Hebrew
and in English. My third topic will be an introduction to the so-called "technometrics"
approach, and fourth, a case study on photovoltaics which was done earlier in 1987, and
not in the framework of this cooperative research. Fifth, I will give you an historic
evaluation of the utility of technometrics as a tool for policy and evaluation, and then I
conclude with our general recommendations for innovation strategy,

What we do, principally, is to try to understand the often invisible mechanisms for creation
or acquisition of technological knowledge to bring about innovations. While this is very
much a central concern to economists, it is not a central concern to administrators and
managers, nor to many scientists and engineers -- they consider others as responsible for
innovation and the marketing of innovations. Therefore this is a non-typical research field
lying somewhere inbetween several disciplines. Now, we all know that core disciplines
develop faster than side-disciplines and this applies here, to our project as well. It is always
very difficult to say to which faculty or part of the sciences it belongs to.

In very general terms -- and here everybody agrees -- technological innovation is problem
solving. It is nothing special -- you have a problem and you have to solve it. Companies do

the innovation. Of course there are other institutions to support it, but without companies,
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without the intention to achieve revenues or sales or turnover, innovaton will not be occur,
simply for its own sake.

This is different from other fields of research, which are done for reasons of curiosity or
for medical care, or for defence, to have a safer world. Innovation is done for company

revenues. Without companies, it is impossible.

So companies pursue innovative activities -- but we know relatively little of what goes on
inside companies. Because of competition and rivalry between companies, researchers
often cannot learn very much of what is going on inside of companies. So we are dealing
with processes which are not as easy to study as processes in the public realm. The private
world is private and therefore the right to keep important information confidential is widely
accepted.

Statistics collected and published by governments are generally anonymous, in that they do
not permit attribution to individual firms. They are aggregated by branches of the industry
but not by single companies; whenever fewer than three companies fill one element of the
statistics, then the data are not published, so that one cannot attribute them to one company.
So we are dealing with a special research problem -- difficulties in data access.

Companies pursuing innovative activities are strongly selective. They do not try to do
everything, in all fields. Some innovations come from new companies. But mainly, they
come from the really effective companies with good productivity -- input to output relation -
- that accumulate knowledge, already have products and revenues and they try to improve

them, introduce new ones and so on. So innovation occurs in cumulative steps.

How does one define "innovation?" I will stick to the definition of the OECD, the 24-
member Organization for Economic Cooperation and Development, which says innovation
is a certain type of research and development activity which results in a product that is
introduced on the market. We have invention, we have discovery in research, this is very

important. But only if an invention is introduced on the market, we do speak of innovation.

What comes before that are innovative activities, but innovation essentially requires that a

product is introduced on markets for the first time. For some companies, their innovation
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is really imitation, because their product aiready existed, they put green instead of blue

color on it, and that is fine, but it is not innovation in our terms,

I know that business people say that innovation is what is new to us, to my company, I
don't care what is going on in American and Japan, when it is new for us it is innovation.
We have to live with these different uses of the word, but the OECD says innovation is
R & D processes which lead to the first introduction of new products, services, and
processes, in interational markets.

What we have to study is not just the appearance of innovation on the market, but how the
production of new products occurs. The question that is most interesting to researchers is,
how do innovations come about? How do companies manage to get the relevant
knowledge, and is it from internal or external sources, or maybe from university sources,
in order to bring about an innovation. The problem is well known. But analytc instruments

to study it are not so widespread.

I would like to read a sentence from a publication of 1962, There an American economist
wrote: "The production of knowledge is an economic activity.” In 1962 people said, that
is not right. The production of knowledge is indeed an economic activity, an industry if you
like, but economists have largely neglected to analyze the production of knowledge. In
* mainstream economics, capital and labor are most important and what you cannot explain
with labor and capital, you may explain, as a residual, as the influence of technology. As a

result, economists never put the question of technology at the center of their interest.

After that introduction, [ begin my presentation by describing what we wanted to
accomplish in this project --to illuminate this process of knowledge generation and its
conversion into innovative products. And above all we wanted to measure this process.
That is our starting point. We are modeling, in a very simple and quantitative way, the
innovative process.

There is theory and model development, mostly in universities. This is very important, but
not every theory and not every model leads to an innovative product. Some of them are of
such a nature that they can be realized in technological artifacts and prototypes. Some
cannot. This is neither good nor bad, just a matter of fact. ‘
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Some of the technically realized effects are suitable for industrial development but not
everything which is possible is suitable for industrial development. For instance, it may be
too expensive, too dangerous, and so on. Among those items susceptible of industrial
development, some are realized on the market -- this is innovation in the strict sense, and
other companies then try to imitate, it which is a very difficult task. But a follower should

not be regarded as an innovator,

Utilization is a very important part of innovation. some problems are created by utilization.
To cite one example -- waste disposal. Sometimes only when you think of how to get rid
of products, do you ask new questions for research, such as recycling, how can you
recycle cans and so on, Utilization as a source for innovative activities is very important and

is of growing importance.

What is writien in scientific papers is mostly oriented towards more basic work. A
company planning to introduce a new product will not disclose it in a scientific paper. There
are of course patent applications, sometimes basic ones, but often more applied knowledge -
is protected as intellectual property through secrecy. Certainly imitation is impossible to
protect by patents because when something is already known, any further patent application
will be rejected by the patent offices. At the end of the process, there is diffusion of

knowledge.

In studying innovation, we found that a key, vital piece of information is missing, between
data on scientific papers, citations and patents, and economic statistics from statistical
offices on exports and output -- information which throws some light on the direct ocutcome
of innovation. Therefore we started in the mid-'80s to develop the technometrics method in
order to get some information directly on the outcome of the innovation process before it

wends its way through the economic system and finds expression in the marketplace.

The data on inputs in innovation are far better known than data on outputs-- statistics on
persons, on money, on technical consultants, on expenses for know-how fees, royalties
and so on, on investment. All these are input figures. They are good but not good enough,
because in statistics they are anonymous, you cannot attribute them to a specific company,

so therefore these input data are important but do not tell you what is the result of
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innovation but only what resources were invested in it.

This is not intended to mean that innovation works like a pipe-line, outputs flowing from
inputs. That is not the intention. The intention is to say, if we want to create understanding
about what is going on, we need certain tools for observation, for monitoring, and the tools

should throw light on selective parts of the whole process. Technometrics is such a tool.

The Case of Photovoltaic Cells:

Let us take the case of photovoltaic cells -- cells that convert solar energy into electricity --
in order to explain technometrics.

First of all, we have to outline what types of innovations occurred in the last 10 years, Here
I must say that there are many technological solutions and only a few of them are realized.
These are called dominant configurations, or some say, trajectories. In photovoltaics there
is a lot of laboratory work going on, and many ideas and discoveries and inventions. But
in the market-place only three principal types of products have appeared as of now. They
are, first, cells based on mono-crystalline silicon, very durable but quite expensive to
produce. It is a wasteful product. You have to cut a lot of silicone and this is wasteful and

expensive.

The second of the three principal solutions to the problem is poly-crystalline modules,
with high durability, somewhat cheaper, somewhat less wasteful. Then, third, there are
the amorphous silicone modules. There are a lot of other materials -- thin films for instance
-- but they are not successful in mass applications, they are less durable, and the material
degrades after some years of use. These are the three principle technological solutions to

the problem of how to generate electricity from solar energy.
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The case of photovoltaics

(solar cells)

Distorted markets while governments intervene by subsidies.
Societal interest since oil price adjustments 1973.

(Z[ ning technological )

Mono-crystalline modules (space).
Poly-crystal modules (high durability).

Amorphous modules (thin films; mass applications).

Peak power (W)

Power variety (W)
Voltage (standard conditions; V)
Voltage stability (Uoc Isc/P)
Area-specific power (cm cm/W)
Weighf—specific power (kg/W)
Life time (warranty time; a)
Production technology (DM/W)
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Table I: World's Photovoltaic module production by dominant design
configuration (in percent)

Monocrystal Polycrystal Amorphous Others
1983 50.2 14.3 14.3 21.2
1988 37.2 22.4 39.5 0.9
1989 42.5 25.5 31.1 0.9
1990 353 32.9 31.6 0.2
1991 35.6 37.8 249 1.7
1992 37.1 34.9 25.6 2.4
Breakdown
1990: 100 100 100 100
[SRY:N 439 ' 353 14.3 100
Europe 18.9 38.6 §.2 0
Japan 15.2 22.9 73.5 0
Other 22.0 3.2 4.0 0
than triad

There are many more feasible solutions to the problem, but on the market we have just these
three basic ones. Table 1 shows world production of photovoltaic cells, according to the three
principle types. First came the monocrystalline silicone. That was the early market. The
polycrystalline modules came later. The amorphous materials for mass application of
consumer products, pocket calculators and in watches and so on, came even later, had a very
strong increase, but now the problem is diminishing consumer markets, there are fewer
products sold, so this type of phovoltaic cell its going down in terms of its share. And what
is very interesting, the companies in the principal countries have different strengths. All
companies in the world can draw from on the same science and technology , but although
they can, there is obviously something like a national system or tendency --in the United
States, the most important share of photovoltaic cells is the mono-crystalline type now,
Europeans are in the poly-crystalline field and the Japanese did most of the production in the

amorphous technology.
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This is somewhat astonishing -- the distribution of principal solutions of companies in
different parts of the world is very different. So the selection processes of the companies,

what to market, apparently function very differently. Among many technologically feasible
solutions, only a very few come to the market.

These data refer to production, not to exports. For exports there are no precise export figures
because of original equipment manufacturing. Some of the photovoltaic cells produced are
then exported as part of other equipment, so there are no good data. But in principal we have
no indication that the export shares depart from the production figures. The Japanese export
their photovoltaic products as part of their pocket calculators and watches and the customs
officials say: thatis a watch, that is not a solar cell, and then you have lost the track of it .
By the way, this is measured in mega-watts, not in dollars or yen because it is hard to know
how to convert yen into dollars at an appropriate rate of exchange . So the unit for the

percentage is megawatts of electricity to be produced.

Technometrics involves collecting detailed data on the principal specifications of those three
types of solar cells. By consulting export experts in various countries, we were told that the
most important specifications are: Peak Power, Power vanety, Voltage, Voltage stability,
Area-specific power, Weight-specific power, Lifetime, and Production technology. All can
be measured quantitatively, in physical units.

There are more specifications than that but those are the relatively few specifications which
matter for the customer. That is power, small for a watch, large for a central electricity
producing station; the variety, how can you tune it or not; voltage conditions, you have
different conditions for a watch than for a satellite; stability and so on. Then there are

questions of weight and size when you want to mount the equipment.

So these are the most important specifications of these types of cells and the problem remains
to collect data on the photovoltaic products. This is a time consuming task but not so difficult.
The next problem is, how to compare the data. In economics we are used to quantities like
dollars or labor hours but here we have watts, voltage, something like voltage under normal

conditions, power, cm?, kg and so on,and you can not compare them one to another. Fraction
mathematics does not allow us to calculate any index from properties which are measured in

different units.
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Here the technometrics model comes in, this is not a metrics in a mathematical sense, but it is
an n-tuple for the mathematicians. So one has to have a recipe in order to transform the
original technical data into a metrics, in terms of mathematics, that we can calculate and
compare. These are the details of the special technometrics used here which converts original
data and physical units into zero-one intervals of data. In effect, without formula, the
following happens. We have here, physical or technological specifications for many
products, a distribution and a mean value. Some are above the mean, some are below. We
cannot compare them as the units are difference. The technometrics converts them into a type

of index, without units, normalized on a scale of zero to one.
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TECHNOMETRIC MEASUREMENT CONCEPT

(Or: tacit judgements by indicator measurement)

Evoiutionary principle: Derive norms for goodness from existing variety.
Avoid introduction of externally given norms (as for self-regulated systems)
Little variety (i.e., small variance in technical specifications) means
stronger distinction in metric values.

EXAMPLES
Standard case:
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Question: As I understand it, you must have a variety of products in order to compare them.
Dr. Grupp: Yes.
Question: So these are all actually imitations ?

Dr. Grupp: If there is only one product developed, we cannot use the technometric index.
We need several products that can be compared.

Question: So a product has to be in the market for several years.

Dr. Grupp: In principal yes, but think of substitution. There already exists, for several
years, an older product, and it performs all the customer wants to a sufficient degree. Then
an innovation occurs. You can compare one innovation in ail its aspects to the older,
substituted technology. Therefore you can always measure one innovation in comparison to

an earlier product used before for the same purpose.

The question, for any given technology, is whether the experts for this technology can define
you a set of basic specifications which are sufficiently detailed to really define the new
technology.

Question: If there is no existing product how can we check if the new product fits the new

demand, when it is simply not in the same frame of reference?

Dr. Grupp: Yes. That is a basic consideration. Can we define such a set of specifications in
order to compare the new product vs. the old one or is it impossible. If it is impossible, then I

must say yes, the method fails.

This was an explanation with artificial data. Now let us take a a real case. We compared for
the year 1987 photovoltaic solar ceils based on mono-crystalline technology for three leading
companies. Hoxan Company from Japan, Arco Solar from the United States and Siemens

from Germany and what you see here in Figure 4 is this technometric index.
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So the value "1" is world level specifications, and "0" is the lowest marketed specification --
this might have good reasons, it might be cheaper and so on. It is not bad, but just lower in
sophistication and probably in price.

What we can learn from this technometric profile? First of all, the Siemens productis strong
and is leading only in some specifications -- that is power, voltage, voltage stability and the
variance, can you tune it. Here it is most sophisticated. The rival products are less
sophisticated here, in these specifications, but on the other side, in electricity rate, life-time
and so on, this Siemens product is less sophisticated and the others are leading. These are the

facts. Now we have to explain them.

The explanation goes in the following direction. Siemens aimed its products at central grid
electricity production because it was done by an affiliate of the company active in nuclear
power and they wanted to offer, aside from nuclear products, also renewable products, so
they aimed at central grid applications -- so here you have to have voltage stability and so on,

while other specifications were not so important.

The other companies aimed at mobile stations for isolated houses and so on, where the
stability and voltage factors are not so important, but failure, rate of output and life-time, if
the site is remote, matter a lot. So because they aimed at different applications, their products

were designed from the same technology with different emphasis.

The interesting question then shifts to markets -- which are the more interesting and significant
marKets, which are the growing markets? If the mobile electricity generator markets are more

important than the other ones, how can a company with Siemens' specifications compete
there?

The market information is available to everybody. But what we would like to fill in is
information on the quality of the product and on this there is little objective, quantitative
information. Cur method addresses exactly this point. Later, I will come back and explain
how this race between different types of photovoltaic cells was ultimately decided.

Question: These properties or specifications -- are they the result of innovation or not? I

mean, you have a basic innovation of the multi-cell. Now these properties that you are
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talking about, can you define them in terms of some innovation within the area? Because then
your distribution would make sense.

Dr. Grupp: Yes I can. First of all, you have the information that the products which were on
the market in 1987 were introduced less than two years earlier, later than 1985, not at the
beginning of the 1980s. Not all of those products are introduced in 1987, but all were
introduced between 1985 and 1987.

We now come to the next piece of information which is information about inventions, via
patents of those three companies. Patents are theoretical intellectual property, so when we
look at the U.S. market, compared with the European market, you get different figures. That
is normal -- that is, scientific publication is always world wide, you publish once, and it is

forever.

Patents have to be duplicated because the legal validity is just for one market. So US and
European rankings are different. But what is interesting, the companies listed here, that is the
top five in each case, are different from the innovators. Now I take out my red pen and cross
out some. First of all the leading US corporation, RCA -- a lot of inventions, a lot of work
done, but the result does not appear on the market. Why? RCA as a company did not go for
marketing its products, but its photovoltaic activities were taken over by Solarex; so

acquired, the technology was marketed by this company.

Next, energy conversion devices. This company was strongly engaged in amorphous
technology but the firm performed contract research for others, not for its own marketing:
contract research for IBM, Arco Solar, which is not in here, but it was on the market, and
even the Japanese Sharp Company, so own products were never marketed, the company did
contract research for others.
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Next is Exxon. Exxon intended to supplement its oil business by a solar business but then
gave up and sold its technology inventory in its laboratories to Solarex, here, so Exxon is
also gone. The US Government did not go for commercial products but was active in
researching and developing the technologies. And I can go through the list for the Japanese
and German companies. This is a chemical company for basic materials, not for solar
products, they have a lot of technology but don't manufacture solar cells; this an affiliated
company of Hertz, the same -- silicone substrate but no final products. Finally, AEG was
taken over by NVB.

So the inventors of the technology and the company holding the rademark of the product are
different. There always has to be a conversion of this type, a transfer from the one who holds
the technology and generated the technology, to the one who markets it, this is innovation,

not imitation, and by which means technology becomes effective in the markets.

Therefore, the information on products through technometrics and the information on
inventions and scientific activities, which universities are active, are all important
information, but they are not the same, they are complementary. Each piece of information -
contains a different part of the picture.

Now I come to the conclusion -- What happened to all of those companies? I will first show

you a correlation which failed.

Here on the ordinate turnover the world wide turnover, 1985-1988, by those same three
companies and here on the abscissa are their patents. The patents are in all of the trial
countries. You see that this is the "Milky Way". There is nothing like a clear correlation,
because some companies have patents but no products and others have products but patents

from another side. So you get nothing like a simple correlaton.

We expect however, that the technometrics data do give a real correlation, because there you
have good products, good specifications, you should have pay-off from the markets. And
indeed this was true for most of the companies. Here again is the turnover in '85, plotted
against the technometric indicator value. The higher the index, the more sophisticated the
product. For most of the companies there is a correlation between more sophisticated
products and larger market shares. But then there are some cases which fall apart. This
applies to AEG, Siemens, and Kyocera.



25

— Pt
= o 8

World-wide turnover 1985-88 (MW)
th

SARCO

15 20 25
Triad patent stocks 1975-85 ‘

®Sanyo
|Solarex
=Kyocera mKanegafuchi
wHo¥an< Fuji
sTaiyoY®Pholowait ESharp WAEG-Telefiken
®Chronar
mSolec
wNEC sSiemens
, @Mobil Solar . ) ! ! '
T T ) T ¥ T
5 10 30 as

02



[} o] fad
[=] th o

Turnover (1985-89) in MW
= &

sARCO
-~
-
P -
P
-
-
-
~uSplarex
-
-
-
-
~ -
\ . -
-7 sKyocera
- sHoxan y
7 wPhGtowatl wAEG-Telefunken
..\Q:o:m_. aSolec .
- \lgbrz. Solar ; . . " " iemens

0.5 0.6 0.7 0.8 0.9

Technometric indicator (1987)

ILC



Technometric measure to turnover 1985-89

0.4

0.3

0.2

0.1

.’Ilmmmawnm.

Patents to tumover 1985-89

” wMobil Sqlar
> #Solec L P
B
2 g
g 2
c,
o .
” 8AEG-Telefunken
” sChronar —_—ip
rﬁMoooS wPhotowatt
*#Hoxan
mSolarcx
MARCO - - =+ == s s smmms e
0.2 04 0.6 0.8 1

<Le



273

Siemens was a company with excellent technology for central grid application, but
unfortunately this market did not expand. Nobody wanted to have it. There were so many

nuclear and coal plants in Germany and nobody wanted solar plants; lack of space was also
played a part.

AEG-Telefunken company, now part of an aerospace company, was dedicating its product
towards space application. That is the original space-solar company, even for the US satellites
in their early phases, and it was successful there. But as compared to the terrestrial
applications of photovoltaics this was just a dead end market. The number of satellites did not
increase to the same amount as the number of pocket calculators. So that is good technology
but the market did not increase to such a size.

Kyocera, a Japanese company, has excellent technology but not like other Japanese
companies, not for the consumer markets, but for street lamps, which is also good
technology, but also this part of the market did not expand to such an extent as the consumer
market. So most of the Japanese were in the amorphous silicone technology, but in
consumer products, while this company was different. They went for mono-crystalline
products, for street lamps and so on, and safety calls and highways and so on, and this is a

good business, but it is not as powerful, in terms of the past 5-6 years, as the others.
Questdon: Were your weights for the technometric indicators equal?

Dr. Grupp: Yes the weighting can be constant or specifications can be wighted differently

according to priorities. We used equal weights.
Question: Equal weights, even for different products?

Dr. Grupp: Yes. Because I want to show that precisely this point matters. If you go for one
market then another part of technology is more important than for another market. But for
most of the companies it does not matter. For most of them which are not so specifically
tuned to a market need, it is right that more sophisticated technology correlates positively with

a larger share of the market, however you weight the specifications.
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Question: How will this analysis change if you put in non-technological specifications, such
as price, or kind of supply, availability, things like that. That might be a big influence.

Dr. Grupp: Lets say for those three companies, 1 speak now based on statistics, the variance
is explained only by the technometrics specifications to such a large extent that there is little
room for other explanations. You put in a dummy variable for the rest of non-technological
factors and it is very small. Most of the problems companies had are explained by the

technological factors.

Photovoltaics is perhaps a special market because of the government programs and the
government interference in those markets; delivery times are not-so important as in a very
competitive market. But in this case I think technological factors and market size here are
sufficient for the explanation, then there might be some third order effects also. You will hear

of other examples today where the result is different.

So I would like to conclude from this analysis of an historic case: I tend to show that
traditional information on markets combined with relatively new information on the
sophistication level of products -- technometrics -- can provide some new pieces of

information to explain phenomena which are difficult to explain otherwise.

Some people we talked with stated their opinions in a very general way. But when they are
forced to provide data, quantitative information, things become clearer for both sides -- the
expert talking about things and the researcher trying to understand things. Of course I will not
deny that one can do a very intelligent study on what is going on in an industry, market or

product, without any data. But it is much more difficult.

How can you assure that you mean the same thing, when you speak the same words.
Whether the meaning of what you are saying is the same. So the compulsion to quantify
makes information which may be acquired otherwise, more reliable, or at least it can be
checked by others. When you speak to a company in terms of technometric or patent data,
you can understand that company much better than if you use only words and elicit only

opinions.
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I do not want to say this is the solution to every problem, but this type of approach, based on
data, looking for qualitative explanations, of course, makes understanding of innovation a
bit easier or a bit more reliable. Some of this work is done for government, some is done for

companies. For companies the advantage is that they can take action more precisely --
. knowing precisely where a competitor is better in technology is good.

For a company it is important to have general information, of course, but "harder”
quantitative information is easier to transfer into action, into operational measures. I do not
want to say this is a method which beats everything else - that is not true. But we think that
the quality of assessment in terms of more objectivity is more improved if you try to
supplement your qualitative findings -- which are always important --by quantitative type
of data.

This was just the introduction to our method, and the data were not part of our cooperative
study. [ wanted to start with an historic case that was easy to understand, and that served to
explain the technometric methodology that was used in our joint research on Israeli products.
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