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The purpose of the paper is to describe and explain sectoral
patterns of technical change as revealed by data on about 2000
significant innovations in Britain since 1945, Most technologi-
cal knowledge turns out not to be “information” that is gener-
ally applicable and easily reproducible, but specific to firms
and applications, cumulative in development and varied
amongst sectors in source and direction. Innovating firms
principally in electronics and chemicals, are relatively big, and
they develop innovations over a wide range of specific product
groups within their principal sector, but relatively few outside.
Firms principally in mechanical and instrument engineering are
relatively small and specialised, and they exist in symbiosis
with large firms, in scale intensive sectors like metal manufac-
ture and vehicles, who make a significant contribution to their
own process technology. In textile firms, on the other hand,
most process innovations come from suppliers.

These characteristics and variations can be classified in a
three part taxonomy based on firms: (1) supplier dominated;
(2) production intensive; (3) science based. They can be ex-
plained by sources of technology, requirements of users, and
possibilities for appropriation. This explanation has impli-
cations for our understanding of the sources and directions of
technical change, firms’ diversification behaviour, the dynamic
relationship between technology and industrial structure, and
the formation of technological skills and advantages at the level
of the firm, the region and the country.

* The following paper draws heavily on the SPRU data bank
on British innovations. described in J. Townsend, F.
Henwood, G. Thomas, K. Pavitt and S. Wyatt, Innovations
in Britain Since 1945, SPRU Occasional Paper Series No.
16. 1981. The author is indebted to Graham Thomas and to
Sally Wyatt who helped with the statistical work, to numer-
ous colleagues inside and outside SPRU for their comments
and criticisms, and to Richard Levin and two anonymous
referees for their detailed and helpful comments on a longer
and more rambling earlier draft. The research has been
financed by the Leverhulme Trust, as part of the SPRU
programme on innovation and competitiveness.
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1. Introduction
1.1. Purpose

The subject matter of this paper is sectoral
patterns of technical change. We shall describe
and try to explain similarities and differences
amongst sectors in the sources, nature and impact
of innovations, defined by the sources of knowl-
edge inputs, by the size and principal lines of
activity of innovating firms, and by the sectors of
innovations’ production and main use.

It is recognised by a wide range of scholars that
the production, adoption and spread of technical
innovations are essential factors in economic de-
velopment and social change, and that technical
innovation is a distinguishing feature of the prod-
ucts and industries where high wage countries
compete successfully on world markets [55]. How-
ever, representations of the processes of technical
change found in economics are in many respects
unsatisfactory. According to Nelson:

In the original neo-classical formulation,
new technology instantly diffuses across total
capital. In the later vintage formulation, tech-
nology is associated with the capital that em-
bodies it and thus adoption of a new technique
1s limited by the rate of investment. [29]
Whilst such assumptions may be convenient or
useful in macro-economic model building and
analysis, they have - as Nelson [29] and Rosen-
berg [42] have pointed out — two important limita-
tions. First, they make exogenous the production
of technology and innovations. Second, they do
not reflect the considerable variety in the sources,
nature and uses of innovations that is revealed by
empirical studies and through practical experience.

Such formulations of technical change are not
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therefore very useful for analysts or policy makers
concerned with either the nature and impact of
technical change at the level of the firm or the
sector, or with R&D policy at the level of the
firm, the sector or the nation. Hence, the impor-
tance, we would argue, of building systematically a
body of knowledge — both data and theory — that
both encompasses the production of technology,
and reflects sectoral diversity. The following paper
is a contribution to this objective.

1.2. The data base

What makes is possible is data collected by
Townsend et al. [60] on the characteristics of about
2000 significant innovations, and of innovating
firms, in Britain from 1945 to 1979. The methodol-
ogy, results and limitations are spelt out fully in
the original publication. Suffice here to say that:

(1) Innovation is defined as a new or better
product or production process successfully com-
mercialised or used in the United Kingdom,
whether first developed in the UK or in any other
country.

(2) Significant innovations were identified by
experts knowledgeable about, but inrdependent
from, the innovating firms; information about the
characteristics of the innovations was collected
directly from the innovating firms.

(3) The sample of innovations covers three and
four digit product groups accounting for more
than half the output of British manufacturing. At
the two digit level, the sectoral distribution of
innovations is similar to that measured by num-
bers of patents, but is not to that measured by
expenditures on R&D activity. In concrete terms,
this reflects a slight over-representation of innova-
tions in mechanical engineering and metals; a
considerable over-representation in instruments
and textiles; a slight under-representation in chem-
icals and electronics; and a considerable under-
representation in aerospace. '

(4) Experts in different sectors defined the
threshold of significance at different levels. which
means that our sample of innovations cannot be
used to compare the volume of innovations

' For the number of innovations produced in each two digit

sector, see table 2, column 3. For the three to four digit
sectors included in the sample, see table 1.

amongst sectors. However, it can be used to com-
pare patterns of innovative activity within sectors,
where the results are consistent with other inde-
pendent sources of data on innovative activities in
the UK and elsewhere (see [36]).

(5) The data measure significant innovations
introduced into the UK. They do not measure
significant world innovations, nor do they capture
the incremental and social innovations that often
accompany significant technical innovations. We
shall assume that the data on significant innova-
tions are the visible manifestations of deeper
processes, involving incremental and social, as well
as significant, innovations. We shall also assume
that, although the pattern of innovative activities
in the UK does have some distinctive features 2,
what we are measuring on the whole reflects pat-
terns in most industrial countries, rather than the
specific characteristics of the UK.

1.3. Approach and structure

Given the nature of the problem as posed in
subsection 1.1, and of the large data base as de-
scribed in subsection 1.2, the reader might legiti-
mately expect a paper that is largely econometric
in nature: an alternative model of technical change
to neoclassical ones would be proposed and for-
malised, and a series of statistical tests would be
carried out, that discriminate between the explana-
tory powers of the competing models. However,
this will not be the approach followed, for reasons
that go beyond the intellectual propensities and
professional limitations of this particular author.
Although the statistical data are more comprehen-
sive and systematic than any others previously
assembled on innovations, the sample still has a
number of limitations. As we have seen, it covers
just one half of manufacturing, so important gaps
remain. For purposes of statistical analysis. it can
be grouped into 11 sectoral categories at the two
digit level, and into 26 categories at the three and
four digit level. Statistical data on other sectoral
properties often cannot be conveniently assemb-
pled into the same categories and for the same
time periods. We were therefore faced with a choice
between “creating” data to make any regressions
econometrically more convincing, or making for-

2 See, for example [34:35].
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mal statistical analysis a minor part of the paper.
We chose the latter approach, although tentative
econometric analysis is described in the Appendix
to this paper, and discussed in section 4.

This approach has the advantage of allowing
the patterns of the statistical data to be compared
to the mind’s eye with the rich range of sectoral
and firm studies of technical change that have
accumulated over the past 25 years. Given that no
obvious model of sectoral patterns of technical
change emerges from previous theoretical writings,
such direct and visual comparisons turned out to
be particularly useful.

We present and discuss the main features of the
data in section 2, and compare them with some
prevailing theoretical assumptions. In section 3. we
suggest a taxonomy of sectoral patterns of innova-
tive activity, and a theoretical explanation, that are
consistent with the data. In section 4, we explore
some of the analytical implications of such a the-
ory, and in section 5 we suggest further research
that should be done.

2. Sectoral patterns of innovation
2.1. Analysis of the data

The information contained in the data bank
describes characteristics of significant innovations
and of innovating firms. In this paper, we shall be
using information on the institutional sources of
the main knowledge inputs into the innovations,
on the sectors of production and of use of the
innovations, and on the size and the principal
sectors (or product groups or lines) of activity of
the innovating firms.

Sources of the main knowledge inputs into the
innovations were identified by asking the sectoral
experts and the innovating firms to identify the
type of institution that provided up to the three
most important knowledge inputs into each in-
novation. This information provides a basis for
assessing the relative importance in providing such
knowledge, of the innovating firms themselves, of
other industrial firms, and of institutions provid-
ing public knowledge, such as universities and
government laboratories. This is done in subsec-
tion 2.2.

Information on the sectors of production of
innovations comes from the sectoral experts, and

on sectors of use from the innovating firms *. We
define innovations that are used in the same sec-
tors as those in which they are produced (e.g.
direction reduction of steel) as process innovations,
and those that are used in different sectors (e.g.
the Sulzer Loom) as product innovations. Such
information provides what can be considered as
the technological equivalent of an input/output
table. It shows how intersectoral patterns of pro-
duction and sale of goods is reflected in intersec-
toral transfers of technology. It is strictly equiva-
lent in purpose, if not in method, to the table
compiled recently for the USA by Scherer [51]. It
is discussed in subsection 2.3.

Information on the size and principal sector of
activity of innovating firms was provided by the
firms themselves, and sometimes checked through
other sources. Size is measured in terms of total
world employment, and (for the innovations in the
period from 1969 to 1979) also of employment in
the UK. Such information allows comparisons of
the size distribution of innovating firms amongst
sectors, over time, and in comparison to other
indices of economic activity.

Information on the principal activity of in-
novating firms allows comparisons, amongst sec-
tors and over time, of the degree to which firms
produce innovations outside their principal sector
of activity, and to which innovations in sectors are
produced by firms with their principal activity
elsewhere. Such comparisons can be seen as the
equivalent for technology of comparisons of firms’
diversification in output, employment or sales.
Patterns of size and of “technological diversifi-
cation” of innovating firms are analysed in subsec-
tion 2.4.

It is to be noted that each innovation in the
data base is attributed three numbers in the Stan-
dard Industrial Classification, or Minimum List
Heading, as it is called in the UK: (1) the sector of
production of the innovation: (2) the sector of use
of the innovation; (3) the sector of the innovating
firm’s principal activity. We are therefore able to
construct an (as yet incomplete) three-dimensional
matrix encompassing links amongst sectors in the
production and use of innovations, and in the
sectoral patterns of “technological diversification”
of innovating firms. Such a construct enables us to

3 . . .
© When an innovation found a use in more than one sector,

we defined the main user sector as the sector of use.



346 K. Pavitt / Sectoral patterns of technical change

compare sectors in terms of:

(1) The sectoral sources of technology used in a
sector: in particular, the degree to which it is
generated within the sector, or comes from outside
through the purchase of production equipment
and materials.

(2) The institutional sources and nature of the
technology produced in a sector: in particular, the
relative importance of intramural and extramural
knowledge sources, and of product and process
innovations.

(3) The characteristics of innovating firms: in
particular, their size and principal activity.

Such comparisons have been made systematically
by the author, at the two and the three to four
digit level, in the preparation of this paper. They
were essential for an evaluation of the empirical
validity of prevailing models of technical change,
and a fortiori for working out the sectoral taxon-
omy and theory proposed in section 3. However,
they will not be reproduced in comprehensive de-
tail since they are long, tedious and sometimes
potentially confusing. We shall instead present
statistical material mainly at the two digit sectoral
level, although we shall also refer to some patterns
at the three to four digit level.

Suffice to say here that a central feature in our
search for a taxonomy and an explanatory theory
was the classification of innovations in each sector
according to whether or not the sectors of produc-
tion, of use, and the principal activity of the
innovating firm, are the same. There are five possi-
ble combinations:

Category [: sectors of production, use, and
principal firm activity are all the same: e.g. a
process innovation by a steel making firm. (MLH *
311)

Category 2: sectors of production and principal
firm activity are the same, but different from
sector of use: e.g. a specialised firm making textile
machines (MLH 335), designing a new textile mac-
hine (MLH 335) for use in the textile industry
(MLH 411).

Category 3: sectors of principal firm activity
and of use of the innovation are the same, but
different from the sector of production of the
innovation: e.g. a shipbuilding firm (MLH 370)
develops a special machine tool (MLH 332), for
use in building ships (MLH 370).

Category 4: sectors of production and use of
the innovation are the same, but different from
that of the firm’s principal activity: for example, a
firm principally in general chemicals (MLH 271)
develops a process innovation in textiles (MLH
411).

Category 5: sectors of production of the in-
novation, of its use, and of the firm’s principal
activity are all different: for example, a firm prin-
cipally in electronic capital goods (MLH 367) de-
velops and produces an innovation in instrumenta-
tion (MLH 354.2) for use in making motor vehicles
(MLH 381).

In the particular examples given above, the cate-
gories are the same at the two digit as at the three
to four digit level. But in some cases they are not.
For example, a firm in general chemicals (MLH
271), producing an innovation in pharmaceuticals
(MLH 272), for use in medical services (MLH 876)
will fall into category 5 at the three digit level, and
category 2 at the two digit level.

2.2. Institutional sources of main knowledge inputs

As we have already pointed out, experts could
allocate up to three institutional sources of knowl-
edge inputs for each innovation. All provided one
such source, about 40 percent provided two
sources, but only 3 percent provided three sources.

The results at the three to four digit level are
summarised in table 1. Only about 7 percent of the
knowledge inputs comes from the public techno-
logical infrastructure (higher education, govern-
ment laboratories, and research associations). The
highest proportion is reached in a number of elec-
tronics sectors, but even here it is never as much as
25 percent. On the other hand, 59 percent came
from within the innovating firms themselves, and
about a third from other industrial firms.

These data have a number of imperfections.
Given that they were collected mainly from in-
dustrial experts, and that only about 1.5 sources
were identified for each innovation, they under-
estimate the contribution made by the public tech-
nological infrastructure to person-embodied
knowledge and to essential background knowledge
for the innovations. > More generally, the distribu-

4 MLH = Minimum List Heading.
> See Gibbons and Johnston [14] for an excellent analysis of
these sources.
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Table 1

Distribution of knowledge inputs into significant innovations, according to institutional source

Sector * Source of knowledge inputs (%) ® Number of observations
Intra-firm Other firm Public
Infrastructure

Food (211-229) 53.4 44.6 2.0 101
Pharmaceuticals (272) 62.8 37.2 0 129
Soap and detergents

(275) 60.0 40.0 0 30
Plastics (276) 40.4 552 44 114
Dyestuffs (277) 68.1 30.5 1.4 69
Iron and steel (311) 47.7 44.9 7.4 149
Aluminium (321) 68.0 28.0 4.0 50
Machine tools (332) 64.1 29.8 6.1 231
Textile machinery

(335) 612 36.6 22 278
Coal-mining machinery

(339.1) 523 31.6 16.1 199
Other machinery

(339.4+339.9) 59.1 36.6 4.3 115
Industrial plant

(341) 51.6 41.9 6.5 31
Instruments (354.2) 61.6 25.2 13.2 440
Electronic components

(364) 48.2 37.1 14.7 170
Broadcasting equipment

(365) 64.4 339 1.7 59
Electronic computers

(366) 50.6 333 16.1 81
Electronic capital

goods (367) 67.2 9.7 23.0 113
Other electrical

goods (369) 60.8 353 3.9 51
Shipbuilding (370) 479 43.8 8.2 73
Tractors (380) 78.7 21.3 0 47
Motor vehicles (381) 69.3 29.7 1.0 101
Textiles (411-429) 67.3 327 0 110
Leather goods and
footwear (431 /450) 44.4 48.1 74 54
Glass (463) 48.2 44.6 7.1 56
Cement (464) 62.5 333 42 24
Paper and board (481) 66.7 28.2 5.1 39
Other plastics (496) 55.8 41.9 2.3 43
Other - - - 56
Total 58.6 34.0 7.4 3013

* Numbers in brackets refer to the appropriate Minimum List Heading,

® Each row adds up to 100 percent.

tion of knowledge sources in this kind of study
depends heavily on the definitions and time per-
spectives of the data collected. ® In spite of these
imperfections, the distribution of knowledge

¢ See, for example, the classic US controversy at the end of
the 1960s: the Hindsight and Traces studies arrived at very
different conclusions about the contribution of basic re-
search to industrial innovation. For a comparison, see
Pavitt and Wald [39].

sources in table 1 is not dissimilar to that found in
other studies. 7.

Given that innovating firms evaluate their own
knowledge contributions at nearly 60 percent of
the total, we cannot realistically assume that there
exists a generally available and applicable stock or
pool of knowledge, where each firm - being very

7 See Langrish et al. [21], and Gibbons and Johnston [14].
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small in relation to the total stock or pool — can
gain much more from drawing on the pool, rather
than by adding to it. The concept of the general
“pool” or “stock™ of knowledge misses an essen-
tial feature of industrial technology, namely. the
firm-specific and differentiated nature of most of
the expenditures producing it. In Britain and
elsewhere, about three-quarters of all expenditures
on industrial R& D is on “D”, and an equivalent
sum is spent on testing and manufacturing start
up. * The purpose of these expenditures is to
mobilise skills, knowledge and procedures in the
firm in order to commercialise specific products
and production processes, with the characteristics
of operation, reliability and cost that satisfy user
needs. Specificity is an essential feature of innova-
tions and innovative activity in capitalist firms —
both in terms of functional applications. and of
the ability of the innovating firm to appropriate
the relevant knowledge for a period of time.

This feature is missed in any simple equation of
“technology” with “information.” Whilst it may
be reasonable to describe research and invention as
producing “information” that is quickly and easily
transmitted, ? it is grossly misleading to assume
that development and innovation have similar prop-
erties. Given their specific characteristics, the costs
of transmission from one firm to another can be
high. even in the absence of legal protection or
secrecy in the innovating firm [7:33;57]. As Nelson
[30] has recently argued, technological knowledge
has both proprietary and public aspects, although
table 1 and other studies suggest that the former
outweigh a latter.

These features are missed in some representa-
tions of technology in a production function.
According to Salter:

...the production function concept ... could
refer either to techniques which have been
developed in detail, or to techniques which are
feasible in principle but have not been devel-
oped because the necessary economic pressures
are absent. [48, p.26]

Salter plumps for the latter and, in doing so,
makes exogenous to his analysis most of the
innovative (i.e. development and post-develop-

¥ For a recent review of empirical findings on the total costs
of innovation, see Kamin et al. [19].
? See the classic paper by Arrow [3].

ment) activities of industrial firms. As Rosenberg
[42] has pointed out, most firms do not (and in the
light of the above discussion cannot) have infor-
mation on a full and complete range of alternative
techniques. The assumption that most technologi-
cal knowledge is or could be publicly available and
generally applicable has little foundation in real-

ity.

2.3. Sectoral patterns of production and use of
innovations

As already described above, the innovation data
base compiled by Townsend et al. [60] describes
sectoral patterns of production and use of innova-
tions in the UK. On the basis of a different
method, Scherer [51] has compiled similar infor-
mation for the USA. He obtained detailed data on
the sectoral allocations of R& D resources in more
than 400 large US firms in the 1970s. On the basis
of examination of the patenting activity of these
firms, he was also able to attribute the “output” of
this R& D to sectors of use. Scherer’s work covers
more than 40 US sectors of production and use.
The data collected by Townsend et al., on the
other hand, cover small and medium sized, as well
as large firms, but not all sectors. Most important
for the purposes of this paper, both studies show
comparable results in sectoral patterns of produc-
tion and use of technology. '’

Following Scherer, we define as product
innovations those innovations that are used outside
their sector of production, and process innovations
as those that are used inside their sector. '' Both
studies confirm the prevalence of product innova-
tions which accounted for 73.8 percent in the
USA, according to Scherer, and 75.3 percent in the
UK. when sectors are defined at the three to four
digit level, and 69.6 percent when defined at the
two digit level.

1 See Pavitt [36].

"' This definition is not strictly the same as product or process
innovation at the level of the firm. Thus. what is a product
innovation for the firm will be a process innovation for the
sector, when the firm’s innovation is purchased and used in
the same sector; conversely, a process innovation in the
firm will be a product innovation for the sector. when the
firm produces and uses its capital goods. However, for the
firm, as well as the sector, product innovation bvre-
dominates. See Townsend et al. [60, tables 9.1 and 9.2].
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Table 2
Innovations produced and used in two digit sectors

Innovations used in sector Sector *

Innovations produced in sector

Percentage produced Number Number Percentage that are
in sector product innovations
(1) 2) (3 (4) (3)

529 68 IIT Food and drink 65 447

60.5 71 V Chemicals 251 82.9

60.7 130 VI Metal manufacture 137 423

68.1 169 VII Mechanical engineering 662 82.7

384 60 VIII Instrument engineering 332 93.1

80.8 107 IX Electrical and electronic engineering 339 60.1

322 90 X Shipbuilding 52 44.1

37.6 221 X1 Vehicles 128 352

16.2 377 XIII Textiles 91 329

60.0 45 XIV&XV Leather and Footwear 34 26.5

46.1 63 XVI Bricks, Pottery, glass and cement 72 85.0

na 823 Other 61 na

419" 2224 Total 2224 69.6

! Roman numerals refer to the appropriate Order Headings.

" For the 1401 innovations in the sample that are attributed a sector of use.

Scherer’s more complete and comprehensive
data for the USA show a clear difference in the
production and use of innovations between
manufacturing and the other sectors of the econ-
omy (i.e. agriculture, mining, service industries,
private and public services). For manufacturing as
a whole, the ratio of production to use of technol-
ogy is about 5.3 to 1. Outside manufacturing it is
about 0.1 to 1, and the proportion of all the
technology used outside manufacturing that is
generated there amounts to less than 7 percent. In
other words, manufacturing produces most of the
innovations that get used in other parts of the
economy.

However, manufacturing itself is far from
homogeneous in patterns of production and use of
innovations. Table 2 shows at the two digit level,
the relevant characteristics of those sectors of
British manufacturing for which we have a satis-
factory sample of innovations. Column 5 shows
the percentage of all innovations produced in each
sector that are purchased and used in other sec-
tors: in other words, the percentage of product
innovations. These are relatively most important
in instruments, mechanical engineering, chemicals,
building materials (mainly glass and cement) and
electrical and electronic engineering, whilst process
innovations predominate in leather and footwear,
textiles, vehicles, metal manufacture, shipbuilding
and food and drink. Data at the three to four digit

level show that all the mechanical engineering
product groups covered in the survey are strongly
orientated towards product innovations whilst,
within the chemical and the electrical /electronic
sectors, there are two product groups with high
percentages of process innovations: soaps and
detergents, and broadcasting equipment.

Column 1 in table 2 shows the percentage of
innovations used in each sector that are produced
in the same sector: in other words, the degree to
which each sector generates its own process
innovations. '* They show that most two digit
sectors of manufacturing in the sample make a
significant contribution to developing their own
process technologies. The main exception is textiles,
which is heavily dependent on innovations from
other sectors.

Finally, a comparison between columns 4 and 2
of table 2 shows the differences between produc-
tion and use of innovations in each sector. Produc-
tion is greater than use in chemicals, mechanical
engineering and instruments, and electrical /elec-
tronic products. The two are roughly in balance in
industries characterised by continuous process

2 Column 2 shows 823 innovations produced in the identified

sectors of manufacturing but used elsewhere. Unlike
Scherer, we cannot in this context usefully allocate these
innovations to user sectors, since we do not yet have a
sample of innovations produced by these sectors of use.
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technology (i.e. food and drink. metal manufac-
ture, bulluxﬂg materials), whilst more innovations
are used than produced in sectors characterised by
assembly operations (i.e. shipbuilding and
vehicles). These assembly industries also draw on a
wider range of sectors for their process technolo-
gies than do those characterised by continuous
process technology.

How does this pattern of

production and use of
innovations compare with the *“ vintage™ model of
technical change, which assumes that all technol-
ogy is capital-embodied and enters the economy
through investment? In his original formulation of
this model, Salter [48] was very well aware of its
limitations. He recognised the importance of
innovations in capital goods, and of product
innovations, but made them exogenous. He also
stated that other assumptions made it ‘““highly
simplified” (p. 64): for example, that technical
change involves no cumulative effects from one
generation of capital equipment to another, or that
“best practice” performance is clearly defined and
msianily reached.

Nonetheless, Salter’s assumptions do reflect the
reality of most of the economy, namely non-
manufacturing, where technical change comes
mainly through the purchase of equipment,
materials and components from manufacturing.
Within manufacturing, it also reflects accurately
ihe sSourees 0] pfOLCbb lllﬂ()\:clll{)l]b Hl Ub {CXLHC
industry. However, his characterisation of the
sources of technical change at the more modern
end of manufacturing industry is less satisfactory,
in three respects.

First, whilst it may be conceptually correct in
certain economic models to assume - as Salter
does — that improvements in the performance of
capital goods (i.e. product innovations) are equiva-
lent to the relative cheapening of capital goods (i.e.
process innovations), such an assumption is mis-
leading about the directions and sources of techni-
cal change in the capital goods sector. Innovative
activities are in fact heavily concentrated on prod-
uct innovation: no amount of proces
in, for example, the production of mechanical
calculators would have made them competitive
with the product innovations resulting from the
incorporation of the electronic chip.

Second, Salter’s model assumes that process
innovations come to user sectors already devel-

oped. However. w
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proportion of the innovations used in modern
lllallu1auu11115 are ucvcwpc:u and plUUULCU in the
innovating sectors themselves. It is worth dwelling
a bit on one of the possible reasons why. We know
from the research of Gold {15], Sahal [47] and
others that two of Salter’s simplifying assumptions
are false: in continuous process and assembly in-
dustries, there is in fact cumulative learning, and
“best practice” performance is rarely easily de-
fined or quickly reached. The same design, en-
gineering and operating skills that enable rapid
learning are also capable of making innovations,
particularly in production equipment. In other
words, sectors with complex and expensive process
technologies devote considerable technical re-
sources to ensuring that equipment is used effi-
ciently and continuously improved.

Thirdﬁ and more generally, the production of all
innovations is made exogenous to Salter’s model.
Before suggesting in section 3 a framework that
makes such production endogenous, we shall de-
scribe characteristics of innovating firms in differ-
ent sectors.

2.4. Characteristics of innovating firms: Size and

rechnological diversification

Table 3 summarises the main features of the
size distribution of innovating firms in different
sectors. Columns 7-9 classify them according to
the principal sector of activity of the innovating
firm. This classification shows a relatively big con-
tribution by small firms (1-999 employees)
mechanical and instrument engineering, textiles,
and leather and footwear; and by large firms
(10,000 and more employees) in the other sectors.
This sectorally differentiated pattern is very simi-
lar to that emerging from a study of significant
innovations and innovating firms undertaken for
the USA. 1

Columns 1-3 of table 3 show the size distribu-
tion of innovating firms according to the sector of
the innovations, rather than the principal sector of
the innovating firms’ activity. In sectors where
large firms predominate, the two size distributions
are very similar. However, in mechanical and in-
strument engineering and in textiles, both the
number of innovations and the relative contribu-

'* See [20]. A comparison between the two sets of results is

made in lf\[\ tabhle S ’ll

Aot 2.
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Table 3
Distribution of [nnovations by firm size * and by sector
By sector of innovation Sector ° By sector of firm activity
Percentage distribution©  Number Number Percentage distribution ©
10,000+ 1000- 1-999 f)r . f)f . 10,000+ 1000- 1-999

9999 innovations innovations 9999
(99 2) (3) (4) 5) (6) (7 (8) &)
723 10.8 17.0 65 1T Food and drink 78 79.5 7.7 12.8
74.9 16.8 8.4 251 V Chemicals 290 82.4 7.9 9.6
63.5 314 5.1 137 VI Metal manufacture 143 62.9 32.8 4.2
35.2 30.5 343 662 VII Mechanical engineering 536 243 36.9 38.8
41.0 16.6 42.4 332 VIII Instrument engineering 187 24.6 214 54.0
66.4 15.9 17.7 339 IX Electrical and electronic engineering 343 65.9 12.2 220
57.7 38.5 38 52 X Shipbuilding 89 61.8 34.8 33
70.3 18.0 11.7 128 XI Vehicles 158 72.2 20.3 7.6
56.0 30.8 13.2 91 XIII Textiles 77 351 40.3 24.7
11.8 20.6 67.6 34 XIV&XV Leather and footwear 50 44.0 18.0 38.0
70.8 18.1 11.1 72 XVI Bricks, pottery, glass and cement 87 74.7 16.1 9.1
- - - 112 Other 227 - - -
53.2 219 249 2265 Total 2265 53.2 21.9 249

* Measured by number of employees.
® Roman numerals refer to the appropriate Order Headings.
¢ Rows add up to 100 percent.

tions of large firms are bigger when classified by
sector of innovation, than when classified by the
principal sector of activity of the innovating firm.
In other words, a relatively large number of in-

novations are produced in these sectors by rela-
tively large firms with their principal activities in
other sectors.

Table 4 shows that for the sample as a whole,

Table 4

The distribution of innovations produced outside innovation firms’ principal two-digit activities

Innovations in other Sector * Innovations in the
sectors by firms with sector by firms with
principal activities principal activities
in the sector In other sectors
% Number Number %
(1) (2) 3) 4) (5)
30.8 78 I11 Food and drink 65 17.0
26.5 290 V Chemicals 251 15.2
343 143 b 137 314
(37.0) 119) VI Metal manufacture 93) (19.4)
16.0 536 VII Mechanical engineering 662 321
19.8 187 VIII Instrument engineering 332 54.6
23.8 343 IX Electrical and electronic engineering 339 23.0
58.4. 89 X Shipbuilding 52 289
335 158 XI Vehicles 128 18.0
24.7 77 XIII Textiles 91 36.3
50.0 50 XIV&XYV Leather and footwear 34 26.5
324 87 XVI Bricks, pottery, glass and cement 72 18.1
- 227 Other 102 -
315 2265 Total 2265 315

* Roman numerals refer to the appropriate Order Headings.
b Percentages between brackets refer to Iron and steel only.
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31.5 percent of the innovations are produced by
firms with their principal activities in other two
digit sectors. Column 5 shows that a relatively
large proportion of innovations in mechanical and
instrument engineering and textiles are produced
by firms with their principal activities elsewhere
(32.1, 54.6 and 36.3 percent respectively), whilst
column 1 shows that firms with their principal
activities in mechanical and instrument en-
gineering and in textiles produce a relatively small
proportion of innovations in other sectors {16.0,
19.8 and 24.7 percent respectively).

Column 1 also shows the sectors where firms
principally in them produce a proportion of in-
novations in other sectors that is above or round
about the average: food and drink, metal manu-
facture, shipbuilding, vehicles, leather and
footwear, and building materials. This is in con-
trast with firms principally in chemicals, or in
electrical and electronic products, neither of which
produce relatively high proportions of innovations
beyond their two digit sector (26.5 and 23.8 per-
cent respectively). Similarly, a relatively small pro-
portion of innovations in these two sectors are
produced by firms principally in other sectors
(15.2 and 23.0 percent respectively).

This pattern suggests, amongst other things,
that a relatively high proportion of innovations in
mechanical and instrument engineering are pro-
duced by firms typified by continuous process and
assembly production, such as metal manufacture,
shipbuilding and vehicles. A more detailed ex-
amination of the data base confirms that this is the
case. Innovations in two fundamentally important
sectors of production technology - mechanical
and instrument engineering ~ are therefore made
both in relatively small specialised firms in these
sectors, and in relatively large firms in continuous
process and assembly industries.

One question springs to mind, when examining
the data in tables 3 and 4: to what extent are the
intersectoral differences in the size distribution of
innovating firms, and in their patterns of techno-
logical diversification, similar to those found in the
size distribution and patterns of sectoral diversifi-
cation, in terms of sales, output and employment?
Given the gaps in the data in the UK censuses of
production, it is not possible to provide a
straightforward answer to this question. Certainly,
there are similarities: small firms makes a rela-
tively greater contribution to net output and em-

ployment in mechanical and instrument en-
gineering than in the other two digit sectors in our
sample; and over time, both the increasing contri-
bution to the production of innovations of firms
with more than 10,000 employees and the constant
share of firms with less than 200 employees, are
reflected in trends in both output and employ-
ment.

The similarities are at first sight far less ap-
parent in patterns of diversification. A comparison
with Hassid’s analysis [17], based on data from the
UK census of production, shows that diversifica-
tion at the two digit level is considerably less in
net output than it is in the production of innova-
tions: 14.0 percent in 1963 and 16.9 percent in
1968, compared to 31.5 percent for the whole
period from 1945 to 1979. Neither is there any
close relationship across sectors between the de-
gree to which firms principally in them diversify
into other sectors in net output, and in the produc-
tion of innovations.

However, there is a similarity in the sectors into
which firms diversify: a comparison of table 4
above with Hassid’s data {17, table 3] shows that,
in terms of both the production of innovations and
the net output, mechanical and instrument en-
gineering are sectors where relatively large contri-
butions are made by firms principally in other
sectors, whilst relatively small contributions are
made in food, chemicals, electrical and electronic
engineering, and vehicles by such firms.

Taking these comparisons further will need
much more time and space, and will not be done
in this paper. Our contribution here hopefully will
be to enrich the ways in which such comparisons
will be interpreted and explained. In particular, we
intend to go beyond explanations of sectoral pat-
terns of production of innovations simply in terms
of sectoral industrial structures. Even if there
turned out to be perfect statistical correlations
across sectors between firm size and sectoral pat-
terns of output, on the one hand, and firm size
and sectoral patterns of production of innovations,
on the other, it would be wrong to interpret the
latter simply as causal consequences of the former.
This would neglect the causal links running from
the latter to the former: that is, from diversifica-
tion in the production of innovations to diversifi-
cation in output. and from the production of
innovations to firms growth and firm size.

Most of the empirical studies of patterns of
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diversification do in fact refer to the notion of
“technological proximity” in explaining diversifi-
cation in output [4;16:17;46:62}; our analysis and
explanation will try to give some additional em-
pirical and theoretical content to this notion. Simi-
larly, a number of writers have recently stressed
the causal links running from innovation to firm
size [23,32]; we shall begin to explain, amongst
other things, why high rates of innovation do not
necessarily lead to heavily concentrated industries.
Before doing this, however, we propose in section
3 how and why patterns of technological develop-
ment and innovation differ amongst sectors.

3. Towards a taxonomy and a theory
3.1. The ingredients

Two central characteristics of innovations and
innovating firms emerge from section 2. First,
from subsection 2.2 it is clear that most of the
knowledge applied by firms in innovations is not
general purpose and easily transmitted and repro-
duced, but appropriate for specific applications
and appropriated by specific firms. We are there-
fore justified in assuming, like Rosenberg [42],
that, in making choices about which innovations
to develop and produce, industrial firms cannot
and do not identify and evaluate all innovation
possibilities indifferently, but are constrained in

their search by their existing range of knowledge

and skills to closely related zones. In other words,
technical change is largely a cumulative process
specific to firms. What they can realistically try to
do technically in future is strongly conditioned by
what they have been able to do technically in the
past.

The second characteristic 1s, of cource, variety.
From subsections 2.3 and 2.4, it emerges that
sectors vary in the relative importance of product
and process innovations, in sources of process
technology, and in the size and patterns of techno-
logical diversification of innovating firms. Non-
etheless, some regularities do begin to emerge. In
subsection 2.3, we can see a whole class of sectors
where — as in vintage models — technical change
comes mainly from suppliers of equipment: non-
manufacturing and traditional sectors of manufac-
turing like textiles. We also ssee that the other
manufacturing sectors make a significant contribu-

tion to their process technology. However, whilst
firms in assembly and continuous process in-
dustries tend to concentrate relatively more of
their innovative resources on process innovations,
those in chemicals, electronic and electrical en-
gineering, mechanical engineering, and instrument
engineering devote most of these resources to
product innovation.

In subsection 2.4, we see that sectors making
mainly product innovations can be divided into
two categories. First, firms principally in the chem-
icals and electronic and electrical sectors are rela-
tively big, they diversify relatively little beyond
their two digit category in producing innovations,
and they produce a relatively high proportion of
all the innovations in the two sectors. Second,
firms principally in mechanical engineering and
instrument engineering are relatively small, they
diversify technologically relatively little beyond
their two digit category, and they make a smaller
contribution to all the innovations in the two
sectors, given the important contribution made by
relatively large user firms, particularly those in
sectors typified by assembly and continuous pro-
cess production.

In subsections 3.2-3.5 below, we shall try to
categorise and explain these characteristics: in
other words, to propose a taxonomy and a theory
of sectoral patterns of technical change. Ideally,
these should be consistent with the data so far
presented. They should also be capable of further
empirical refinement and test, given the inade-
quacies of the data at present available, and in
particular of using what is mainly static, cross-sec-
tional data as the basis for a theory that is essen-
tially dynamic.

In our proposed taxonomy and theory, the basic
unit of analysis is the innovating firm. Since pat-
terns of innovation are cumulative, its technologi-
cal trajectories will be largely determined by what
is has done in the past in other words, by its
principal activities. Different principal activities
generate different technological trajectories. These
can usefully be grouped into the three catogories,
that we shall call supplier dominated, production
intensive, and science-based. These different
trajectories can in turn be explained by sectoral
differences in three characteristics: sources of tech-
nology, users’ needs, and means of appropriating
benefits. The three categories, the differing techno-
logical trajectories, and their underlying causes are



Table 5

Sectoral technological trajectories: Determinants. directions and measured characteristics

Determinants of technological
trajectories

Technological

trajectories

Measured characteristics

Source of Relative Relative Intensity and
Sources Type Means of process balance size of direction of
of of appropriation technology between imnovating technological
technology user product firms diversification
and
Category of firm Typical core process
sectors imnovation
(1) (2) 3) (4) (5) (6) (N (8) 9 (10)
Agriculture: Suppliers Price Non-technical Cost-cutting Suppliers Process Small Low vertical
housing: Research sensitive (e.g. trademarks.
private extension marketing,
Supplier dominated services services: advertising.
traditional big users aesthetic
manufacture design)
Scale Bulk PE Price Process Cost-cutting In-house: Process Large High vertical
intensive materials suppliers: sensitive secrecy and (product suppliers
(steel, glass): R&D know-how: design)
assembly technical
(consumer lags:
durables & patents;
Production p autos) dynamic
intensive learning
economies;
Specialised Machinery; Design and Performance design know- Product In-house: Product Small Low concentric
suppliers instruments development sensitive how; design customers
users knowledge of
users;
L patents
Electronics / R&D Mixed R&D know- Mixed In-house: Mixed [ Low vertical
electrical; Public how; patents; suppliers
chemicals science; process
PE secrecy and Large 4
Science based know-how;
dynamic
learning
economies \_ High concentric

? PE = Production Engineering Department.
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summarised in table 5. Before discussing them in
greater detail, we shall identify briefly the three
traditions-of analysis on which the taxonomy and
the theory are based.

First, there are analysts who have deliberately
explored the diversity of patterns of technical
change. In particular, Woodward [69] has argued
that appropriate organisational forms and mixes
of skills for manufacturing firms are a function of
their techniques of production, which she divided
into three: small batch production and unit
production, large batch and mass production, and
continuous process production. Qur proposal is in
the same spirit but, whilst it has some common
elements, its focus is different: encompassing
product as well as process changes, and linkages
with suppliers, customers and other sources of
technology. Already in the 18th century, Adam
Smith was aware of diversity in the sources of
technical change, and of its dynamic nature; as we
shall soon see, he identified many elements of our
proposed taxonomy in Chapter One of The Wealth
of Nations [54].

Second, there is the work of Penrose [41] on the
nature of firms’ diversification activities, and the
importance of their technological base. Recent
French writings, exploring the notion of filiere, are
in the same tradition [58], as is the work of Ansoff
[2] and others on business strategy, and the recent
contribution by Teubal [59] on the nature of tech-
nological learning.

Third, a number of analysts have explored the
cumulative and dynamic nature of technical
change: for example, Dosi [8], Freeman et al. [12],
Gold [15] Nelson and Winter [31;32], Rosenberg
[42;43] and Sahal [47]. From their research has
emerged the notion of “technological trajectories,”
namely, directions of technical development that
are cumulative and self-generating, without re-
peated reference to the economic environment ex-
ternal to the firm.

Nelson has gone further and suggested a frame-
work for explaining technological trajectories [20}].
He has argued that it any institutional framework,
public or private, market or non-market, technical
change requires mechanisms for generating techni-
cal alternatives; for screening, testing and evaluat-
ing them; and for diffusing them. In the Western
market framework, the rate and direction of tech-
nical change in any sector depends on three fea-
tures: first, the sources of technology; second, the

nature of users’ needs; third, the possibilities for
successful innovators to appropriate a sufficient
proportion of the benefits of their innovative activ-
ities to justify expenditure on them.

For our purposes, there can be a number of
possible sources of technology. Inside firms, there
are R& D laboratories and production engineering
departments. Outside firms, there are suppliers,
users, and government financed research and ad-
vice. Similarly, users’ needs can vary. For standard
structural or mechanical materials, price is of major
importance one certain performance requirements
are met. For machinery and equipment used in
modern and interdependent systems of produc-
tion, performance and reliability will be given a
higher premium relative to purchase price. In the
consumer sector — as Rosenberg [41] and Gershuny
(15] have pointed out — modern equipment is used
extensively for “informal” household production.
However, compared to their equivalents in the
formal economy, purchase price will have a higher
premium relative to performance, given that
household systems of production are relatively
small scale, with little technical interdependence,
and with weak pressures of competition from al-
ternative production systems.

The methods used by successful innovators to
appropriate the benefits of their activities
compared to their competitors will also vary. '
For example, process innovations can be kept
secret; some product innovations can be protected
by natural and lengthy technical lags in imitation
(e.g. aircraft), whilst others require parent protec-
tion (e.g. pharmaceuticals); and both product and
process innovations may be difficult to imitate
because of the uniqueness of the technological
knowledge and skills in the innovating firm.

These ingredients are summarised in table 5,
where column 1 defines the categories of firm,
column 2 enumerates typical core sectors for such
firms, columns 3-5 describe the determinants and
the nature of the technological trajectories of the
firms, and columns 7-10 identify some of the
measured characteristics of these trajectories. We
shall now go on to describe and discuss them in
more detail.

14 For more detailed discussion, see Taylor and Silberston
[46], Scherer [50] and von Hippel {64-66].
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3.2. Supplier dominated firms

Supplier dominated firms can be found mainly
in traditional sectors of manufacturing, and in
agriculture, housebuilding, informal household
production, and many professional, financial and
commercial services They are generally small. and
their in-house R&D and engineering capabilities
are weak. They appropriate less on the basis of a
technological advantage, than of professional skills,
aesthetic design, trademarks and advertising.
Technological trajectories are therefore defined in
terms of cutting costs.

Supplier dominated firms make only a minor
contribution to their process or product technol-
ogy. Most innovations come from suppliers of
equipment and materials, although in some cases
large customers and government-financed research
and extension services also make a contribution.
Technical choices resemble more closely those de-
scribed in Salter’s vintage model, the main criteria
being the level of wages, and the price and perfor-
mance of exogenously developed capital goods.

Thus, in sectors made up of supplier dominated
firms, we would expect a relatively high propor-
tion of the process innovations used in the sectors
to be produced by other sectors, even though a
relatively high proportion of innovative activities
in the sectors are directed to process innovations.
According to Scherer’s data on the sectoral pat-
terns of production and use of technology in the
USA [51, table 2], the following sectors have such
characteristics: textiles; lumber; wood and paper
mill products; printing and publishing; and
construction; in other words, precisely the types of
sectors predicted by our taxonomy and theory. '°

With our data on innovating firms in the UK,
we are able to identify these and other characteris-
tics of supplier dominated firms (as well as those
of production intensive and science-based firms,
described in subsections 3.3 and 3.4 below). Table
6 shows clearly the supplier dominated character-
istics of textile firms. Before describing them, we
shall define precisely the content of each of the
columns of table 6. since tables 7, 8 and 9 present
similar figures for the other categories of firms:

15 Scherer's data are incomplete for agriculture and for

services, which we would predict to have similar character-
istics.

Column | defines the principal two digit sector
of activity of the innovating firms.

Column 2 gives the percentage of innovations
used in the sector that are produced by innovating
firms principally in the sector. '* It shows the
degree to which firms in the sector develop their
own process technology.

Column 3 shows the percentage of innovations
produced by firms principally in the sector that
are used in other sectors: in other words, the
percentage of product innovations. '’

Column 4 shows the size distribution of in-
novating firms principally in the sector. These
figures are identical to those in columns 7, 8 and 9
of table 3.

Column 5 gives more detail on the nature of
innovating firms’ innovations outside their prin-
cipal sector of activity. It breaks down the figures
of column 1, table 4 between *“ vertical” and “con-
centric /conglomerate” technological diversifica-
tion. These terms are taken from the writings of
Ansoff [2] on business strategy. The * vertical”
figure is the percentage of the innovations pro-
duced by innovating firms, that are outside the
innovating firms’ principal sector of activity, but
used within the innovating firms’ sector: it reflects
the relative importance of technological diversifi-
cation into the equipment, materials and compo-
nents for their own production. The “‘concen-
tric /conglomerate™ figure is the percentage of the
innovations that are both produced and used out-
side the principal sector of the innovating firms’
activities: it reflects the relative importance of
technological diversification into related and unre-
lated product markets.

Column 6 shows the origins of all the innova-
tions in the sector, broken down between those
produced by firms principally in the sector, those
both produced and used by firms principally pro-
ducing outside the sector (i.e. users of the output
of the sector), and those from other sources. The
figure in the first sub-column of column 6 adds up
to 100 percent with the figure in column 5 of table
4.

This percentage is not identical to the one in column 5 of
table 2, since the former is based on the sector of the
innovation, whilst the latter is based on the sector of
principal activity of the innovating firm.

This percentage is not identical to the one in column 1 of
table 2, for the reasons given in footnote 16.
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In the case of textile firms, table 6 shows a high
degree of dependence on external sources for pro-
cess technology (column 2), a relatively small pro-
portion of innovative activity devoted to product
innovations (column 3), a relatively small average
size of innovating firm (column 4), technological
diversification mainly vertically into production
technology with very little movement into other
product markets (column 5), and a relatively big
contribution to innovations in the sector by firms
with their principal activities elsewhere, but not
from sectors using textiles (column 6). More de-
tailed data show the considerable importance to
textile firms of machinery firms in supplying pro-
cess technology, and of chemical firms in supply-
ing process technology and in making innovations
in the textile sector itself.

Table 6 also shows that innovating firms prin-
cipally producing in leather and footwear do not
fall so neatly into the category of supplier
dominated firms. Certainly they are relatively small
(column 4), and their users make a relatively small
contribution to innovation in their principal sector
of activity (column 6). However, they also produce
a sizeable proportion of product innovations (col-
umn 3), as well as making a strong contribution to
their own process technology (column 2), and they
have a high degree of concentric/conglomerate
technological diversification (column 5).

Close examination shows that all this techno-
logical diversification is into textile machinery in-
novations that find their main use in the textile
sector. This pattern reflects the coding practice
used by Townsed and his colleagues in their survey
[60]. However, it does not reflect the fact that there
is no separate SIC category for leather working
machinery, that innovations in textile machinery
have applications in the manufacture of leather
goods, and that — although the main uses of the
identified innovations in textile machinery were in
the textile sector - they also found uses in the
manufacture of leather goods. In other words,
firms principally in leather goods were in fact
making a major contribution to the development
of their own process technology. In this case, they
begin to join the production intensive category,
which we shall now describe.

3.3. Production intensive firms

Adam Smith described some of the mechanisms
associated with the emergence of production inten-

sive firms, namely, the increasing division of labour
and simplification of production tasks, resulting
from an increased size of market, and enabling a
substitution of machines for labour and a conse-
quent lowering of production costs. Improved
transportation, increasing trade, higher living
standards and greater industrial concentration have
all contributed to this technological trajectory of
increasing large-scale fabrication and assembly
production. Similar opportunities for cost-cutting
technical change exist in continuous processes pro-
ducing standard materials. where the so-called
two-thirds engineering law means that unit capac-
ity costs can potentially be decreased by 1 percent
by every 3 percent increase in plant capacity.

The technological skills to exploit these latent
economies of scale have improved steadily over
time. In fabrication and assembly, machines have
been able to undertake progressively more com-
plex and demanding tasks reliably, as a result of
improvements in the quality of metals and the
precision and complexity of metal forming and
cutting, and in power sources and control systems.
In continuous processes. increased scale and high
temperatures and pressures have resulted from
improvements in materials, control instrumenta-
tion and power sources. '*

The economic pressure and incentives to exploit
these scale economies are particularly strong in
firms producing for two classes of price-sensitive
users: first, those producing standard materials;
second, those producing durable consumer goods
and vehicles. In reality (if not in various models of
technical change), it is difficult to make these
scale-intensive processes work up to full capacity.
Operating conditions are exacting, with regard to
equipment performance, controlling physical inter-
dependencies and flows, and the skills of opera-
tives. In such complex and interdependent produc-
tion systems, the external costs of failure in any
one part are considerable. If only for purposes of
“trouble-shooting,” trained and specialist groups
for “production engineering” and ‘ process en-
gineering” have been established. As Rosenberg
[42] has shown, these groups develop the capacity
to identify technical imbalances and bottlenecks
which, once corrected, enable improvements in
productivity. Eventually they are able either to
specify or design new equipment that will improve

18 See Levin [22] for well documented examples.
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productivity still further. Thus, one important
source of process technology in production-inten-
sive firms are production engineering departments.

Adam Smith also pointed out that process in-
novations are also made “... by the ingenuity of
the makers of machines when to make them be-
came the business of a pecular trade™ {54]. The
other important source of process innovations in
production-intensive firms are the relative small
and specialised firms that supply them with equip-
ment and instrumentation, and with whom they
have a close and complementary relationship.
Large users provide operating experience, testing
facilities and even design and development re-
sources for specialised equipment suppliers. Such
suppliers in turn provide their large customers
with specialised knowledge and experience as a
result of designing and building equipment for a
variety of users, often spread across a number of
industries. Rosenberg [42] describes this pattern as
“vertical disintegration” and *technological con-
vergence”. He draws his examples from metal-for-
ming machinery; the same process can be seen at
work today in the functions of production moni-
toring and control performed by instruments.
These specialised firms have a different techno-
logical trajectory from their users. Given the scale
and interdependence of the production systems to
which they contribute, the costs of poor operating
performance can be considerable. The technologi-
cal trajectories are therefore more strongly ori-
ented towards performance-increasing product in-
novation, and less towards cost-reducing process
innovation.

The way in which innovating firms appropriate
technological advantage varies considerably be-
tween the large-scale producers, and the small-scale
equipment and instrument suppliers. For the
large-scale producers, particular inventions are not
in general of great significance. Technological leads
are reflected in the capacity to design, build and
operate large-scale continuous processes, or to de-
sign and integrate large-scale assembly systems in
order to produce a final product. Technological
leads are maintained through know-how and
secrecy around process innovations, and through
inevitable technical lags in imitation, as well as
through patent protection. For specialised sup-
pliers, secrecy, process know-how and lengthy
technical lags are not available to the same extent
as a means of appropriating technology. Competi-

tive success depends to a considerable degree on
firm-specific skills reflected in continuous im-
provements in product design and in product relia-
bility, and in the ability to respond sensitively and
quickly to users’ needs.

The characteristics of large-scale producers and
of specialised suppliers in the production intensive
category are reflected in tables 7 and 8. Table 7
shows that, in our sample of innovations, firms
with their principal activities in five of the two
digit sectors in our sample have the characteristics
of scale-intensive producers in the production in-
tensive category: food products, metal manufac-
turing, shipbuilding, motor vehicles. and glass and
cement. In these categories, innovative firms pro-
duce a relatively high proportion of their own
process technology (column 2), to which they de-
vote a relatively high proportion of their own
innovative resources (column 3). Innovating firms
are also relatively big (column 4), they have a
relatively high level of vertical technological di-
versification into equipment related to their own
process technology (column 35), and they make a
relatively big contribution to all the innovations
produced in their principal sectors of activity (col-
umn 6).

Table 8 shows the very different pattern in
mechanical and instrument engineering firms. They
also produce a relatively high proportion of their
own process technology (column 2), but the main
focus of their innovative activities is the produc-
tion of product innovations for use in other sectors
(column 3). Innovating firms are relatively small
(column 4); they diversify technologically rela-
tively little. either vertically or otherwise (column
5); and they do not make a relatively big contri-
bution to all the innovations produced in their
principal sector of activity, where users and other
firms outside the sectors make significant contri-
butions (column 6).

A more detailed examinations of the data at the
three digit level shows that, within mechanical
engineering, firms in all the product groups in the
sample have a high proportion of their innovative
resources devoted to product innovation, are tech-
nologically relatively specialised, and (with the
exception of firms principally producing industrial
plant) are relatively small. However, about 20 per-
cent of the innovations are made by general en-
gineering firms that produce in a range of mecha-
nical engineering products, and the size distribu-
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tion of which is bigger than other mechanical
engineering, being close to the average for the
sample of innovations as a whole. In instrument
engineering, innovations are produced by firms in
a wide range of user sectors. as well as by firms
principally in mechanical engineering and in elec-
tronic capital goods.

3.4. Science-based firms

The third category, namely science-based firms.
was also foreseen (if not observed) by Adam Smith
who spoke of the contribution ot technical of “. ..
those who are called philosophers or men of specu-
lation, whose trade it is not to do anything, but to
observe everything; and who, upon that account,
are often capable of combining together the powers
of the most distant and dissimilar objects.” From
the data on innovations described above, science-
based firms are to be found in the chemical and
the electronic/electrical sectors. In both of them,
the main sources of technology are the R&D
activities of firms in the sectors. based on the rapid
development of the underlying sciences in the uni-
versities and elsewhere.

As Freeman et al. [12] have shown, the develop-
ment of successive waves of products has depended
on prior development of the relevant basic science:
in particular, of synthetic chemistry and biochem-
istry for the chemical industry; and of electromag-
netism, radio waves and solid state physics for the
electrical /electronic industry. Synthetic chemistry
has enabled the development of a wide range of
products, with useful structural, mechanical, elec-
trical, chemical or biological characteristics, rang-
ing from bulk materials replacing wood, steel and
natural textiles, to specialised and expensive chem-
ical and biological agents for medical or other
uses. Post-war advances in the fundamentals of
biochemistry are enabling the extension of these
skills and techniques into biological products and
processes.

Advances in electromagnetism, radio waves and
solid state physics have enabled products and ap-
plications related to the availability of cheap, de-
centralised and reliable electricity, communica-
tions and (now) information processing, storage
and retrieval. Applications in electricity vary from
huge transformers to small motors within mecha-
nical systems, in communications from expensive
radar and satellite tracking systems to cheap tran-

sistor radios, and in information from huge com-
puters to electronic wristwatches.

This pervasiveness has dictated the technologi-
cal trajectories of firms in the science based sec-
tors. The rich range of applications based on un-
derlying science has meant that successful and
innovative firms in them have grown rapidly, '
and have had little incentive to look for innovative
opportunities beyond their principal sector. Given
the sophistication of the technologies and underly-
ing sciences, it has been difficult for firms outside
the sectors to enter them. The pervasive applica-
tions have also meant a wide variance in relative
emphasis on production and process technology
within each of the sectors, reflecting the different
cost/performance trade-off for consumer goods,
standard materials and specialised professional ap-
plications.

Firms appropriate their innovating leads
through a mix of methods (i.e. patents. secrecy,
natural technical lags, and firm-specific skills).
Patent protection is particularly important in fine
chemicals, with specific high grade applications,
where the predominant product innovations can
be quickly and cheaply imitated without it. ** In
addition, dynamic learning economies in produc-
tion have been an important barrier to the entry of
imitators in continuous process technology. large-
scale assembly and — over the past 25 years — in
the production of electronic components. Accord-
ing to Dosi [8], the particularly rapid rate and the
form of technical change in electronic components
involved a * paradigm shift.” New firms have been
able to enter the electronics industry, and to grow
rapidly by aggressive product innovation coupled
with the exploitation of steep dynamic economies
of scale.

In the data on innovations in the UK collected
by Townsend and his colleagues, characteristics of
science-based firms emerge most clearly for those
principally in chemicals, Table 9 shows that they
produce a relatively high proportion of their own
process technology (column 2), as well as a high
proportion of product innovations that are used in
other sectors (column 3). They are also relatively
big (column 4), most of their technological
diversification is concentric/conglomerate rather
19 See, for example, the research of Rumelt [56] on the growth
and diversification of US firms.

See, in particular, the empirical studies of Taylor and
Silberston [56].

20
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than vertical (column 5), and they produce a rela-
tively high proportion of all the innovations made
in their principal sector of activity (column 6).
More detailed data also show that, within the two
digit chemical sector, the detergent product group
has a relatively high proportion of process innova-
tions; and that the technological diversification of
chemical firms outside their principal two digit
sector is mainly into instruments, machinery and
textiles. According to table 9, firms principally in
electronic and electrical engineering also have most
of the predicted characteristics of science-based
firms: a relatively high contribution to own pro-
cess technology (column 2), relatively big innovat-
ing firms (column 4), mainly concentric/con-
glomerate diversification *' (column 5), and a rela-
tively big contribution to all innovations in their
principal sector of activity (column 6).

However, the proportion of product innova-
tions,.although absolutely large, is relatively small
(column 3); more detailed data show that this
cannot be explained simply by the preponderance
of process innovations in broadcasting equipment,
but also reflects a high proportion of innovations
in electronic components that are produced and
used by firms principally producing electronic
capital goods. Furthermore, the relatively big con-
tribution to the production of innovations made
by firms with less than 1000 employees (table 9,
column 4) reflects the increasing contribution made
in the 1970s by such firms in the computer prod-
uct group.

Finally, more detailed data suggest that large,
diversified firms make a bigger contribution to
innovations by science-based firms, than to those
by specialised equipment supplies. As we saw in
subsection 3.3, general engineering firms produced
20 percent of all the innovations in mechanical
engineering. In chemicals, firms principally in gen-
eral chemicals produced about 40 percent of the
whole; and in electronics /electrical products, firms
principally in electronics capital goods produced
about 50 percent.

3.5 Technological linkages and changing trajecto-
ries

Linkages amongst the different categories of
firm go beyond those described in the production

21

21 More detailed data show that this is mainly into the mecha-
nical engineering and scientific instruments sectors.
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Fig. 1. The main technological linkages amongst different cate-
gories of firm.

intensive category (subsection 3.3. above). Figure 1
tries to represent the main technological flows
emerging from our taxonomy and theory. Supplier
dominated firms get most of their technology from
production intensive and science-based firms (e.g
power tools and transport equipment from the
former; consumer electronics and plastics from the
latter). Science-based firms also transfer technol-
ogy to production intensive ones (e.g. the use of
plastics, and of electronics, in the automobile in-
dustry). And, as we have seen, science-based and
production intensive firms both receive and give
technology to specialised suppliers of production
equipment.

We have also argued that technological linkages
amongst sectors can go beyond transactions in-
volving the purchase and sale of goods embodying
technology. They can include flows of information
and skills, as well as technological diversification
into the main product areas of suppliers and
customers. Examples include the contribution of
scale-intensive firms to the technology of their
equipment suppliers and of chemical and electron-
ics firms to innovations in textiles, scientific in-
struments and mechanical engineering.

Our data do not yet enable us to analyse if and
how patterns of technical change in specific sec-
tors change over time. We have hinted in subsec-
tion 3.3 that sectors can shift from the supplier
dominated to the production-intensive pattern as a
result of access to larger markets by individual
firms, and of autonomous and induced improve-
ments in capital goods: a contemporary example
might be certain commercial and financial services,
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given producer concentration and rapid technical
progress in information processing equipment. On
the other - hand, analysts like Utterback and
Abernathy [70] would predict on the basis of their
“product cycle” model that, where process tech-
nology has matured, sectors may shift from the
production intensive to the supplier dominated
pattern: for example, in bulk synthetic chemicals
today, it is said that this focus has shifted from the
chemical firms to their specialised suppliers of
process equipment [6]. Whatever regularities in
such change are eventually observed the above two
examples suggest that trends in the rare of techno-
logical change will be an important explanatory
variable. Of particular interest will be a systematic
exploration of the effects of radical technological
changes (e.g. solid state electronics) on prevailing
paths and patterns of technical change. *

4. Some analytical implications

Our proposed taxonomy and theory have a
number of implications for analysis of the nature,
sources, determinants and economic effects of
technical change. We shall now identify some of
the most obvious ones, without pretending to be
comprehensive in either breadth or depth of dis-
cussion.

4.1. Science and technology push versus demand pull

There is the continuing debate about the rela-
tive importance of “science and technology push”
and “demand pull” in determining patterns of
innovative activity, and in triggering innovative
activity. As Mowery and Rosenberg [26] and others
have pointed out, both technology push and de-
mand pull are necessary for any successful innova-
tion, and much of the debate about the relative
importance of the two has been ill-conceived.
Nonetheless, according to Schmookler [53], “de-
mand-pull” has been a stronger influence than
“science and technology push” on patterns of
innovative activity, both across industry and over
time. Across industry, he found a stronger statisti-
cal association between the volume of innovative

22 For further discussion on the automobile industry see

Anderson et al. [1]). More generally see Ergas [9].

activity in capital goods (as measured by patents)
and the volume of investment activity in user
industries, than between the volume of innovative
activity and of output in the supplier industries.
Over time, he found that changes in the volume of
innovative activity followed changes in the volume
of investment activity. Using a more comprehen-
sive data base, Scherer [52] has recently confirmed
the former of Schmookler’s findings. but could
find no evidence of a lag between investment and
innovative activities.

In our taxonomy, the close relationship between
investment in user sectors and innovative activities
in upstream capital goods comes as no surprise.
Investment activities in supplier dominated and
production intensive firms are likely to stimulate
innovative activities in both the production en-
gineering departments of user firms, and the up-
stream firms supplying capital goods. > To the
extent that these investment activities are planned
in advance, and co-ordinated with the activities of
production engineering departments of investing
firms and with firms supplying production equip-
ment, we would also expect — as Scherer found -
that the lag between investment and innovative
activities would tend to disappear.

However, we would not expect in our science-
based firms a similarly neat and lagged correspon-
dence between the volume of investment in user
sectors, and of innovative activities. Recent re-
search by Walsh [68] has shown that the emergence
of major new product families in the chemical
industry in the twentieth century has been pre-
ceded by an upsurge of scientific and inventive
activities. Furthermore, Scherer [52] found that in
materials sectors, in contrasts to capital goods, the
statistical relationship between the volume of in-
novative activities and of investment in user sec-
tors is much weaker; given the role of the chemical
industry in developing synthetic substitute materi-
als, this should not surprise us. Finally, Scherer
[52] found that the relationship between the volume
of innovative activities and the output of the supply
industry becomes much stronger when account is
taken of difference amongst sectors in scientific
and technological opportunity - the relationship
between the two being particularly strong in the

23 User sectors covered in Schmookler's analysis included

petroleum refining, synthetic fibres, glass, sugar, tobacco,
railroads, textiles and apparel, and timber and paper.
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ities to be particularly strong.
2. Product versus process innovation

Qur proposed theory also offers an explanation
of the balance in different sectors between product
and process innovation, We would expect the rela-
tive importance of product innovation in a sector
to be positively associated with its R&D and
patent intensity; and negatively associated with
proxy measures of the scale and complexity of its
process technology. such as its capital /labour ratio.
average size of production plant, or sales con-
cenir dUU“ ail()\

The reasoning behind such an expectation runs
as follows. In product groups with a high propor-
tion of science-based firms, we would expect a
relatively high R& D intensity, and a high propor-
tion of product/market opportunities generated
outside the product groups. The relationship should
be even sironger beiween pateni intensity and
product innovation, given that — in addition to
R&D activities — patent statistics reflect the in-
novative activities in small firms, and the produc-
tion engineering departments of large firms, both
of which are particularly important sources of
product innovation in mechanical and instrument
engineering. On the other hand, in sectors with a
relatively high proportion of production intensive
firms, we would expect both a realtively high
proportion of resources to be devoted to process
innovations, on the one hand, and relatively high
capital intensities, size of plant and industrial con-
centration on the other.

As can be seen in the Appendix to this paper,
the regression based on our (very imperfect) statis-
tics are consistent with our Pxne(‘tatmnc (E1, E2,
E3). * The signs are correctly predicted and, in
some equations, explanatory variables are signifi-
cant at the 1 percent and 24 percent level. Only
the capital-labour ratio has a low explanatory
power in all of the Cqudli(}ﬂb that we tried, which
may say as much about the problems of measuring
capital as about the predictive powers of our the-

4.3. The locus of process innovation

Our taxonomy and theory also lead to expec-
tations about the degree to which firms develop
their own process innovations, or buy them from
“upstream’” suppliers of production equipment. In
sectors with supplier-dominated firms, we would
expect firms and production plant to be small in
size, and innovations to come u_y definition from
suppliers. In sectors with production intensive
firms, we would expect firms and plant to be large
in size, and a high proportion of process tech-
nology to be generated in-house. The same will be
the case in science-based firms, especially in prod-
ucts involving continuous process and assembly
technologies. In other words, we would expect a
positive relationship between the proportion of a
sector's process technology generated in-house, on
the one hand, and the size of firms and of plant in
the sector on the other.

Other writers have made related but somewhat
different predictions namely, that upslream
equipment suppliers became relatively more im-
portant sources of process innovations as the abso-
lute size of the market for the production process
equipment grows. For Rosenberg [42], this reflects
a greater division of labour in production resulting
from a larger size of market. For Utterback and
Abernathy [70], it reflects the large size and tech-
nological stability in firms at the later stages of the
product cycle.

Von Hippel [67] and Buer [5] make predictions
from a dnfferent basis, arguing that the balance
between in-house development and recourse to
upstream suppliers depends on the prospective
benefits to be appropriated by the user of the
production equipment. They argue that the be-
nefits of appropnation by the user -~ compared to
those of the annher — increase with the degree of
concentration in the user sector. The proportion of
process technology developed in-house will there-
fore increase with the degree of user concentration.
The data at present at our disposal does not
enable an authoritative statistical test of these
various hypotheses. Our measure of the proportion
of process technology developed in-house is some-
what shaky, and we do not have comprehensive
data on sources of process technology for sectors
outside manufacturing. However, we can explore
the relauonshlp across sectors between the propor-
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the one hand, and a range of variables reflecting
the different hypotheses described above: average
size of innovating firms, capital-labour ratio and
average plant size (this writer’s hypothesis); volume
of investment in plant and equipment in equip-
ment-using sectors (Rosenberg; Utterback and
Abernathy); five firm concentration ratios in
equipment using sectors (von Hippel; Buer).

This author’s explanatory variables perform
least well. Although the signs are all corectly pre-
dicted, none is statistically significant. However,
the other hypotheses receive strong statistical con-
firmation (E4). The proportion of process tech-
nology developed by firms in the sector is nega-
tively related to the absolute size of the market for
process equipment, and positively to the degree of
concentration of sales in the user sector.

4.4. Diversification

On the economic impact of technical change,
our taxonomy and theory may also offer some
insights into mechanisms of diversification,
whether in terms of R&D and technology, or in
terms of economic activity. Nelson [27] once sug-
gested a positive relationship between the perfor-
mance of basic research by firms and the diversity
of their output, given that the uncertain results of
basic research are more likely to find a use in a
diversified firm than a specialised one. According
to Scherer, however, the results of statistical analy-
sis of the relationship between spending on basic
research, and total R&D, on the one hand, and
diversification, on the other “... have been mixed
and to some extend contradictory” [49, p. 422].

According to our taxonomy, those related to
total R& D are likely to be so, since we postulate a
different causality, and predict an indeterminate
and messy relationship between the variables. It is
indeterminate (or, at least, non-linear), given that
we predict relatively low levels of technology-based
two digit diversification in sectors that are both
R &D intensive (chemicals, instruments, and elec-
trical /electronics), and low R&D spenders (sup-
‘plier dominated). It is messy, given that the poten-
tial for technology-based diversification in
science-based firms is much higher at the three
digit than at the two digit level.

Furthermore, in both production intensive and
supplier dominated firms the links between tech-
nology and production diversification may be

weak. This emerges from a comparison of Hassid’s
data on production diversification [17] in British
firms with those for technology in table 4. Produc-
tion intensive firms diversify less in production
than in technology, possibly because they do not
exploit themselves all the opportunities open to
them for technology-based diversification up-
stream into equipment supply. Textile firms, on
the other hand, diversify more in production than
in technology, possibly because of non-technologi-
cal complementarities with other sectors.

However, we can, on the basis of our taxonomy,
make some predictions about the factors de-
termining potential technological paths of diversi-
fication in innovating firms, as a function of their
principal activity. The relative importance of up-
stream (i.e. vertical) technological diversification
into sectors supplying equipment is likely to be
negatively associated with R&D intensity (which
tends to provide technological opportunities con-
centrically or downstream), and positively associ-
ated with the scale and complexity of production
technology (which induces innovative activities on
production techniques and upstream equipment).
Using the capital-labour ratio, and average plant
size as proxy measures for scale and complexity of
production technology, we find none of the ex-
pected statistical relationships at the three digit
level. However, at the two digit level, and using the
20 firm concentration ratio as a proxy for scale
and complexity of process technology, the statisti-
cal relations are as expected, and significant at the
1 percent level (ES).

Our taxonomy and theory may also help us
better understand the links at the level of the firm
between firm strategy and R&D strategy. Al-
though much study has been devoted to the “tacti-
cal” problems of the management of activities
necessary for innovations, 2* relatively little atten-
tion has been devoted to the “strategic” question
of the role of technology in determining the future
activities of the firm, and in particular its future
product lines.

We propose a model that identifies the ““techno-
logical trajectories” of firms as a function of their
principal activities, and that enables us to predict
possible paths of technological diversification
across product lines and sectors. Given the wealth
and detail of statistical data now becoming availa-

25 See the survey by Rothwell [45].
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ble on individual firms’ technological activities, it
will be possible to put our predictions to the
statistical test by answering two questions. First,
do firms with the same principal activities have
statistically similar distributions of technological
activity across product groups and technical areas?
Second, are the distributions those predicted from
our taxonomy and theory? Whilst we should not
claim to be able to predict the specific competitive
strengths and weaknesses of particular firms, we
would at least be able to identify and explain the
technological opportunities and constraints that in
part govern their behaviour and choice.

However, we can predict with greater certainty
that, at the level of individual firms, the degree of
technological diversification will be positively as-
sociated with its size. This will reflect three mecha-
nisms in our taxonomy and theory: first, large-scale
production intensive firms procuding innovations
upstream, principally in mechanical engineering
and instruments; second, the possibilities open to
small and specialised firms producing production
equipment to remain small, competitive and tech-
nologically dynamic; third, the possibilities open
to science-based firms for technological diversifi-
cation beyond their principal three digit (but within
their principal two digit) sector. Given these pat-
terns of technological diversification in science-
based firms, we would expect this relationship to
be stronger at the three digit than at the two digit
level.

Our data on innovations confirm these predict-
ions. The size distribution of firms producing in-
novations outside their principal three digit sector
is more skewed than average innovating firms
towards large size: 69.9 (53.2) percent with 10,000
and more employees; 14.0 (23.2) percent with be-
tween 1000 and 9999 employees; 16.1 (23.7) per-
cent with fewer than 1000 employees. ** Across
three digit sectors, we find a positive and statisti-
cally significant relationship (at the 5 percent level)
between the degree to which innovating firms di-
versify technologically outside their three digit sec-
tor, and their average size in each sector.

Finally, we would predict on the basis of our
taxonomy that, amongst science-based firms, rela-
tively high levels of basic research will allow more
innovations, more diversification beyond three to

26 Numbers in brackets refer to the percentage for all innova-
p 8

tions: see table 4.

four digit sectors and more growth. In a recent
study, Link and Long [24] found that the two most
significant factors explaining differences amongst
250 US manufacturing firms in the proportion of
sales spent on basic research were diversification
at the four digit level, and having principal activi-
ties in science-based sectors. Although our pro-
posed causality runs the other way, our results are
consistent with those of Link and Long. Similarly,
in a study of US firms in the petrochemicals
industry, Mansfield [25] recently found a positive
relationship between basic research as a per-
centage of value added. on the one hand, and the
rate of growth of total factor productivity on the
other hand. If one assumes further that growth of
total factor productivitiy is positively associated
with growth of output, then Mansfield’s results are
consistent with our taxonomy and theory.

4.5. Firm size and industrial structure

The causal links running from innovation to
firm growth and to firm size are central to the
recent research on the dynamics of Schumpeterian
competition by Nelson and Winter {32]. They pre-
dict that, in industry with rapid rates of technical
change, with uncertainty in the outcomes of
investments in innovative activities, and with the
strong possibilities for innovative firms to ap-
propriate their innovative advantage, there are
powerful tendencies over time towards the con-
centration of both production and innovative ac-
tivities.

Our data and theory are consistent with these
assumptions and outcomes for our science-based
category of firms, but not for our supplier
dominated or production intensive categories. In
supplier dominated firms, any increase in firm size
usually cannot be attributed to innovation, given
that not much of it is generated in the sector,
although increased size may enable (as described
by Adam Smith) the introduction of more efficient
process technology. In production intensive firms,
innovation is associated with large and increasing
size not, as Nelson and Winter [32] suggest, through
the uneven exploitation amongst firms of a rich
crop of new product/market opportunities, but
through the search for increasing static scale econ-
omies in production. '

27 See, for example, Levin [22].



K. Pavitt / Sectoral patterns of technical change 369

The most important difference between Nelson
and Winter’s and our proposed model is the stable
existence of small firms making innovations in
production equipment and instrumentation. Ro-
senberg’s description of textile machinery firms in
the first half of 19th centry [42] is not very differ-
ent — apart from the state of the technological art
- from Rothwell’s description of textile machinery
firms in the second half of the 20th century [44].
As we have been in subsection 2.4, small, special-
ised and technologically dynamic equipment sup-
pliers in mechanical and instrument engineering
continue to live in symbiosis with even larger
production intensive and science-based firms, and
to confound trends towards Schumpeterian con-
centration. This is puzzling given that, as Rosen-
berg [42] has pointed out, common skills, tech-
niques and know-how underlie all mechanical
engineering products, just as they do in chemical-
based and electrical /electronic-based firms. Why,
then, have firms in these science-based sectors
typically diversified and grown big on the basis of
their accumulated skills, whereas those in mecha-
nical and instrument engineering typically have
not?

No definite answer can be given in this paper.
Suffice here to suggest that explanations probably
lie in sectoral differences in technology sources,
users’ requirements and appropriability. % Com-
pared to chemical and electronic firms, those in
mechanical and instrument engineering depend
more on their customers for information and skills
related to the operating performance, and to the
design, development and testing of their products;
they therefore can afford to remain small, but do
not accumulate the same range and depth of tech-
nological skills. They also sell in markets that do
not have such pronounced product cycle character-
istics, and therefore have less market pressure to
diversify. Finally, they find it more difficult to
appropriate the benefits of their innovations, given
the overwhelming importance of produce innova-
tion, and relatively low barriers to entry, resulting
from relatively small scale expenditures on prod-
uct development, and the existence of many inde-
pendent sources of skills and know-how in the
production engineering departments of large firms.

28 For a more detailed exploration of this question, see Ergas

[10}.

Innovative small firms are now to be found not
only in instruments and mechanical engineering,
but also in electronics: according to Townsend et
al. the share of firms with up to 1000 employees
increased in electronics in the 1970s. There has
been one essential difference between innovative
firms in instruments and mechanical engineering
innovations, and those in electronics. Whilst the
former have on the whole remained relatively small
and specialised, a few of the latter became very
large through precisely the mechanism of innova-
tion and growth described by Nelson and Winter.

According to Dosi [8]. new small firms can
become big in a sector when there is a *paradigm
shift” in technology, which alters radically the
rate, direction and skills associated with a techno-
logical trajectory. However, whilst this might serve
to explain the entry of new firms in the US
electronics industry from 1950 to 1970, based on
advances in solid state technology, it cannot ex-
plain the relative stability of structure of the world
chemical industry over the past 60 years, in spite
of successive waves of radical innovations — or
“paradigm shifts” growing out of synthetic
chemistry.

The reasons for this difference must probably
be sought once again in the nature of the scale
barriers facing new entrants. In electronics (espe-
cially solid-state components and related equip-
ment), static scale barriers are low, but there are
very steep dynamic economies in production. This
means that a small and successful innovator can
quickly become very big, since imitators are chas-
ing the innovator down steeply declined cost
curves. In chemicals, on the other hand, there are
high static scale barriers to new entrants: in bulk
chemicals, there are big static economies of scale;
in fine chemicals, there are systems of public regu-
lation and control for new products that require
heavy expenditures on testing and screening.

This discussion suggests that formal models of
the dynamics of Schumpeterian competition, like
those developed by Nelson and Winter, would
more accurately reflect a varied reality in techno-
logical trajectories, if they were to explore a range
of assumptions about new entrants and static and
dynamic economies of scale; about pressures for
market diversification; and about complementary
relations between producers and users of capital
goods.
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5. Future perspectives

We began this paper with some dissatisfaction
with existing conceptualisations of technical
change. Based on systematic empirical data, we
have tried to show why; and we have proposed
another conceptualisation which, we hope, more
accurately reflects the cumulative and varied na-
ture of the technical change to be found in a
modern economy. It is not necessary here to sum-
marise the main conclusions of our analysis, since
this is done at the beginning of the paper. Suffice
to suggest some directions for the future.

First, our proposed taxonomy needs to be tested
on the basis of complete sectoral coverage of the
characteristics of innovations in Britain, of accu-
mulated case studies, and of other data on innova-
tive activities that become available. Our analysis
suggests that R& D statistics do not measure two
important sources of technical change: the produc-
tion engineering departments of production inten-
sive firms, and the design and development activi-
ties of small and specialised suppliers of produc-
tion equipment. For reasons that are discussed
elsewhere [37], 1t is probably that statistics on
patenting activity capture innovative activity from
these sources more effectively than do R&D sta-
tistics. The detailed information now becoming
available on patenting activity by company should
therefore enable a considerable step forward. As
Rosenberg has observed [42], theoretical and prac-
tical advances have depended on good systems of
measurement, and on accurate and comprehensive
data. US patenting statistics could eventually ena-
ble the thorough econometric analysis that we
considered and rejected at the beginning of this
paper.

Second, our taxonomy itself needs to be mod-
ified and extended. Greater emphasis should be
given to the exploitation of natural resources in
the use of large-scale production equipment and
instrumentation, 2° and therefore included in our
production intensive category. And a fourth cate-
gory should be added to cover purchases by
government and utilities of expensive capital goods
related to defence, energy, communications and
transport.

Third, our taxonomy may have a variety of uses

2% See, for example, Townsend [61].

for policy makers and analysts. At the very least it
may help to avoid general and sterile debates
about the relative contribution of large and small
firms to innovation, and the relative importance of
“science and technology push” compared to “de-
mand pull.” It may also increase the value and
effectiveness of micro-studies and micro-policies
for technical change, by suggesting questions to
ask at the beginning, and by putting results in a
broader perspective at the end.

Fourth, the taxonomy and the theory may turn
out to have more powerful uses. As we have seen
in section 4 of this paper, they cast a different and
perhaps fresh light on a number of important
aspects of technical change: for example, the
sources and directions of innovative activities; their
role in the diversification activities of industrial
firms and in the evolution of industrial structures;
and the accumulation of technological skills and
advantages within industrial firms. They may also
give us a firmer understanding of the determinants
of the sectoral patterns of comparative technologi-
cal advantage that have emerged in different coun-
tries. *° Nelson and Winter [31] have rightly ob-
served that analysis of technical change has been
“balkanised”; perhaps the concepts in this paper
will help towards re-unification.

Fifth, our taxonomy and theory contain one
obvious and important warning for both practi-
tioners of policies for technical change, and
academic social scientists concerned with is con-
ceptualisation. Given the variety in patterns of
technical change that we have observed, most gen-
eralisations are likely to be wrong, if they are
based on very specific practical experience, how-
ever deep, or on a simple analytical model, how-
ever elegant.

For policy makers — many of whom come from
the hard sciences and engineering — this means
accepting that personal experience and anecdotal
evidence from colleagues are an insufficient basis
for policies that cover a range of technical activi-
ties. It also implies a need for sympathy towards
systematic data collection on scientific and techno-
logical activities. Such data may be flawed in
precision, but they do have the advantage of being
comprehensive.

For the academic social scientists, one implica-

3¢ For further discussion, see [38;40].
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Table 10
Definition and description of variables
Symbol Description Source
Prop 3 Proportion of innovations used outside Data bank on innovations
their 3 digit sector of production
Prop 2 Proportion of innovations used outside Column 1. table 2
2-digit sector of production
Inhouse 3 Proportion of innovations used in sector Data bank on innovations
that are produced by sector /firms in the
sector (3 digit)
vertical Proportion of innovations by firms prin- Table 6-9, column 5
cipally in sector that are vertical
diversification (2 digit)
R/Y Total R&D in manufacturing firms as Business monitor, M014,
a percentage of net output in 1975 (2 and 1979, table 20, (HMSO)
3 digit) ’
PSU Average plant size (3 digit) Information supplied
by Dept. of Industry:
based on industrial
census, 1977
Cs Proportion of sales in first five firms Business monitor,
in 1970 (3-digit) PA1002, 1975, table 9
(HMSO)
T/Y Patents granted in the UK as a percentage Same as R /Y; Townsend
of net output in 1975 (2 digit) et al., table 11.1
D, Proportion of sales in first 20 firms in Same as PSU
(2 digit)
I Expenditure on plant and machinery, 1970 Same as Cs
(3 digit)

tion is that analytical models of technical change
are likely to become more complex and more
numerous *' Salter’s vintage model of technical
change [48] may be an accurate reflection of what
happens outside industry and in traditional
manufacturing; but in mass assembly and continu-
ous process industries, the emphasis placed on
investment and production as sources of technical
change by such writers as Schmookler [53], Gold
[15], Sahal [47] and even Kaldor [18] and Verdoorn
[63] may be more appropriate; whilst the
Schumpeterian dynamics of innovation, growth
and concentration in science-based sectors are
better reflected in the models and analyses of
writers like Freeman [41;42], Nelson and Winter
[32] and Dosi [8]. As we have seen in this paper,
the variety in sectoral patterns of technical change
was recognised by Adam Smith. Perhaps his is a
tradition to which we should return.

3 This same point is made by Gold [15].

Appendix
Some exploratory statistical analysis

As we pointed out in section 3 of this paper,
inadequacies in data are one set of reasons why
this paper is not econometric in nature. Some of
the main inadequacies are as follows:

® The data bank on UK innovations, together
with the other available data on industrial char-
acteristics, allow at the most 11 data points at the
two-digit level, and 26 points at the three-digit
level;

® Whilst the data bank on UK innovations covers
the period from 1945 to 1980, other systematic and
detailed data on UK industrial activity began to
emerge only at the end of 1960s;

® Some industrial statistics are not readily availa-
ble in the degree of detail that suit the purposes of
our analysis: for example, the patent intensity
measure (T/Y) is not readily available at the
three-digit level.
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Table 11
Results of selected regressions

K. Pavitt / Sectoraf patterns of technical change

Equation Dependent Independent variables: R~ d.f. F
variable sign and significance statistic
El Prop 3 +R/Y® ~PSU® 022 22 4432"
F2 Prop 3 +R/Y - ° 0.23 15 3.475
E3 Prop 2 - Dy +T/Y " 0.54 R 6.872°
E4 Inhouse 3 +C " -1 0.56 15 11.786 *
ES Vertical —-R/Y " +Dag -K/L 0.71 7 9.013*

® Significant at 1% level.
" Significant at 2} % level.

Thus a proper statistical exercise, using the UK
data base on innovations, will probably have to
await the completion of sectoral coverage, and will
require considerable statistical efforts to compile
matching data from other sources. In the mean-
time, our statistical analysis can be only explora-
tory. The results discussed in section 4 of the
paper are described in more detail in tables 10 and
1.
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