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PREFACE

This report describes the results of research that explores new
approaches‘to understanding the behavior of firms that undertake tech-
nological innovation. In particular, attention focuses on the measure-
ment of product quality and its change over time--the extent, or success,
of technological innovation.

Two industries were chosen for initial exploration-~-computers,
characterized by rapidly changing sets of product lines; and machine
tools, characterized by more slowly changing sets of product lines.
The use of computers <7z machine tools (i.e., numerical control) has
increased the pace of product quality change in the latter. Under-
standing such changes requires a means for assessing product quality
and its change over time.

The research was conducted in 1974 and 1975; extenuating circum-
stances for the principal author have delayed the timely completion
of this report.l

The results presented here are intended to summarize the models
that are potentially useful to understanding technological innovation
and its outcomes in terms of improved product quality.

As a supplement to this report, the data bases developed as a
part of this research effort are described and reproduced under sepa-
rate cover.

This work was supported by a grant from the National Science

Foundation.

lA preliminary report of the research was presented to the Third
World Congress of the Econometric Society in Toronto, Canada in August
1975; see Harman (1975).

2See A. J. Harman, A. J. Alexander, M. R. Davis, and A. D. Lee,
Technological Innovation by Firms: Data Appendixes on Computers and
Machine Tools, R-2237/1-NSF, November 1977.
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SUMMARY

Technological innovation can yield changes in both the products
a firm produces and its production processes. These outcomes are
distinguishable conceptually but quite difficult to separate empiri-
cally. This research has been undertaken to refine our understanding
of the effects of technological innovation on product quality change
within a given product '"paradigm." That is, we are concerned with
change in an industry rather than with the creation of an entirely
new product (and consequently a new industry).

The several models of product quality proposed--which we related
to performance dimensions of a class of products——-must contend with
the fact that product quality change can result from '"technology push'
(supply) or "demand pﬁll” motivations. The availability of new or
improved products over time is probably a consequence of both influ-
ences. The first model assumes»product quality can be captured by
a scalar measure that is a function of performance dimensions alone.
If this is true, products must always be on the technological frontier
of tradeoffs among performance dimensions, and the interactions of
the supply and demand motivations for product quality change must
yield outcomes that exhibit unique quality levels independent of any
changes in production costs. The issue then becomes one of the choice
of the appropriate scalar; the one we explored is the vints<e ol Che
product (time itself). 1In short, this model has very restrictive
assumptions.

The second model is based on the hedonic price index,l which uses
all the performance characteristics to describe product quality. The
model makes additional assumptions about competition in the market-
place to use price rather than production cost of the product. Price
is a function of the performance dimensions and the vintage of the

product.

1For a definition of the hedonic price index, see, e.g.,
Griliches (1961).
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Quality can also be thought of as a vector of several underlying
dimensions of a product--e.g., an underlying materials and parts tech-
nology and one or more user-oriented product utility measures--that
are reflected in a set of observable performance dimensions of the
product. The observable measures would then be useful to estimate the
underlying dimensions. A variant of this model views product quality
change as occurring as the result of technological innovation by each
firm individually; then one would estimate the underlying quality
change dimensions by use of observable changes in a firm's product
line, taking into account the resources devoted by the firm to its
innovative activities. Finally, one could model product quality as
solely a measure of the utility to various types of users. The
utility, as a function of the observable performance dimensions of
a product, could be determined from information on the use of a range
of such préducts in various applications. Three of these five models
have been explored for computers and machine tools (specifically
milling machines).2 .

The computer industry is based on a product that can process in-
formation using a set of operating instructions stored in its own
memory. It has experienced rapid technological change since just
after World War II, when it was created. For the first decade, there
was a great deal of new entry both through diversification into the
market and by the creation of new corporate entities. There was also

"

a good deal of "exit'" from this highly competitive and technologically
sophisticated market. By the late 1950s, the general-purpose computer
market had become more concentrated; IBM gained and has kept a very
large market share. New firms successfully produced computers with
capabilities for extremely rapid calculations--e.g., Control Data
Corporation in the early years and more recently Amdahl Corporation.
Large and diversified firms achieved profitable positions (e.g.,

Sperry Rand, Honeywell, and NCR), but there have also been some very

A large portion of the research effort reported here was devoted
to the development of data bases on the performance characteristics
of these products. See Appendixes A and B of Harman et al. (1977)
for descriptions of these data.
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prominent failures (e.g., G.E. and RCA). Success is dependent on
shrewd (and, perhaps, lucky) decisiommaking in an enviromment fraught
with technological and market uncertainties.

The milling machine industry is a part of the machine tool in-
dustry that developed in the United States around the middle of the
nineteenth century. The entire machine tool industry is small and
unconcentrated; U.S. firms face a cyclical demand that is probably
in a secular decline because of competition from foreign sources,
from other processes (e.g., chemical milling), and from a greater use
of other materials (e.g., plastics) and designs by their traditional
customers. Milling machines have changed through slow improvement
over more than a century; they have incorporated more powerful de-
signs, greater structural rigidity, and increased flexibility in the
movement of cutter and workpiece. In recent decades, introduction of
computers for the control of these machines has both changed the need
for skilled labor and increased the number of functions that a ma-
chine (with automatically changeable cutting tools) can perform. Some
of the small firms in this industry have become divisions of larger
firms that can provide stable funding for product improvements not
otherwise undertaken because of the cyclical nature of the marketplace.

Some of the models of product quality have undergone empirical
analysis based on products from these two very different industries.

A few of the main performance characteristics for each of these prod-
ucts were used in the estimation of the first -three models described
above. Each of the models appears to have some explanatory power for
these two very different types of products. The "hedonic price index"
approach provides a better description than does the scalar model in-
volving time as a surrogate for quality. This may very well be because
the former can handle the influence of user preferences more readily
than the latter and involves less stringent assumptions about the
nature of technological innovation. The vector model of qualiﬁy also
shows promise.

But the choice of any of the models developed in this report is
probably best made on the basis of the objectives of the analysis for

which a measurement of product quality is required. In a society in
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which government purview extends to the technological change of the
economy, it may become very important to measure the separate effects
of a variety of government initiatives on the components of tech-

nological change--product quality change and cost reduction.
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I. INTRODUCTION

This study explores technological innovation and its embodiment
into the products of firms. The "output" of a process of technological
innovation may be characterized as cost reduction and product quality
enhancement. Much of the theoretical literature on technological change
has dealt with cost reduction for a given product, but past empirical
studies indicate that many of the resources and much of the effort de-
voted to technological change were directed toward the development of
new or improved products. Until we can appropriately account for the
change in quality of products, measurement of cost reduction is con-
founded. Moreover, the magnitude of changes in productivity cannot
be anticipated without controlling for change in product quality; some
products have been devised to have lower ''quality" than their predeces-
sors at a much lower price (e.g., early versions of the recently in-
troduced solid-state mini-computers).

Although innovative activities have been studied increasingly over
the past 15 to 20 years, knowledge of these issues remains imperfect.l
With a few notable exceptions, much of this past literature displays
a serious breach. Theoretical developments have generally concen-
trated on homogeneous products but neglected changes in product quality.
Empirical work dealing explicitly with quality enhancement has often
proceeded within meager theoretical frameworks or by means of ad hoc
empirical relationships. There have been theoretical and empirical
investigations of quality change, directed not toward analyzing the

innovative activities of firms but rather toward the incorporation of

1. . . . ; .

This expanding literature may be grouped into four categories:
theoretical development (e.g., Samuelson, 1965; Nordhaus, 1969, 1973;
R. Nelson and Winter, 1973a, 1977), econometric studies of firm or in-
dustry behavior (e.g., Mansfield, 1968; A. Harman, 1971; Mansfield et
al., 1971), case studies of innovation (e.g., Griliches, 1958; R.
Nelson, 1962; Comanor, 1965; Marschak et al., 1967; Jewkes et al.,
1969), and experiential commentaries by participants (e.g., Allison,
1969; Gerstenfeld, 1970; Archer, 1972).



quality changes into price indexes.2 Finally, although the user's
role in influencing the nature and direction of technological change
has been increasingly recognized, there has been little exploration
of the attributes of users and the circumstances that determine
whether and to what degree their influénce is on cost reduction or
quality enhancement.3 This study was initiated to address some of
these gaps in current knowledge. The specific objective is to devise
means for measuring product quality change and to apply some of these
to products from the computer and machine tool industries

There are some important policy implications for research of this
type. Much of the policy leverage over industrial activities--stimu-
lation of economic growth, fostering of competition, regulation of
behavior (e.g., worker safety), or raising of public revenue through
taxation--can have important (often inadvertent) implications for tech-
nological innovation.

General economic policies are likely to operate differently on
industries with differing scientific bases for product development
and differing opportunities for market diversification. Specific
policies, such as regulation of environmental externalities, may inad-
vertently divert firm activities from end-product quality enhancement
(among many other goals of firms and consumers). There has been little
progress on measuring these effects empirically, so it is impossible
to assess the magnitude of such policy influences. A better under-
standing of the "outputs" of technological innovation would permit
.measurement of both the productivity of the efforts to undertake such
activity and the effects of policies that influence it, directly or
indirectly.

In the next section we take up the theoretical setting into which
a better understanding of product quality change would fit and discuss
the various models of product quality change that appear to have theo-
retical and empirical promise. Sectien III describes each of the two
industries under investigation. The models are applied in Sec. IV,

and prospects for future research along these lines are discussed.

2See, for example, Griliches (1964), and Fisher and Shell (1972).

3See, for example, Schmookler (1966, 1972), Achilladelis et al.
(1971).
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II. PRODUCT QUALITY CHANGE

A THEORETICAL CONTEXT: TECHNOLOGICAL INNOVATION BY FIRMS

In this study we have adopted the standard definition of "innova-

tion'"--the introduction into an economy of a new or significantly
improved productl or a new or significantly improved production process.
These two types of innovations cannot be isolated from one another un-
less it is possible to measure the extenf of one in its pure form or

if we adopt an assumption that one of the two types is not taking

place at all. Moreover, process innovation will reduce production
costs, but its effect on the buyer's price will also depend on the
seller's monopoly power.

For either of these types of innovations, the underlying impetus
can be characterized by one of two broad categories--'"technology push"
or "demand pull." For a number of industries, there are scientific
fields whose new knowledge can be directly applied to the improvement
in either products emanating from the industry or the underlying pro-
duction processes. Why some scientific disciplines and technologies
yield more rapid advances than others, or more opportunities for com-
mercial exploitation, is an open question that this study does not
address directly. The case for society's support of basic sciences
and some fields of technology rests in part on the problems of captur-
ing the returns from commercial application.of.a scientific discovery
by a firm.

"Demand pull" technological innovation can be thought of either

as the evolution of customers’ needs and preferences (leading various

lThe objective of the analysis is not to analyze or characterize
processes leading to new product paradigms (such as those based on
xerography) or to technological "breakthroughs" (such as the transistor
itself), but rather to increase understanding of the efficiency and
performance improvements by which better products and even new product
lines can often be characterized. It is in this area that most R&D
resources are spent-and where the outcomes of most government policies
will be observed. For example, innovations leading to successive gen-
erations of computers are included, but the advent of the computer is
not. Product-oriented technological innovation is equivalent to en-
hancement of product "quality" as we use the term.
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companies to try to fill perceived market gaps), or more indirectly

as the perception that rivals are better able to meet market demand

for products of a given quality at lower prices. 1In that case, es-
pecially in the context of process innovation, the rival entrepreneur
needs little information from the market other than the prevailing
price and its trend to have a clear success criterion for his own tech-
nological innovation. In the context of product innovation, a number

of features of the market must be taken into account:

e To what extent is the consumer an "economizing buyer,' so
that he seeks product quality in a cost-effective manner?

e How well informed is the potential conSuﬁer as to his own
needs and what industry rivals offer?

° To what extent is market power exerted by -either buyer or

seller?

The answers to these questions require a reliable measure of product
quality in the context of the buyer(s) involved.2

The process of technological innovation can be directed at either
process or product change, and can be influenced by either technology
push or demand pull. For many firms, product-oriented technological
innovation requires the firm to commit its own resources to research
and development (R&D) and the start-up and sales efforts necessary to
market new products. But another way some firms may successfully
participate in such an industry is by imitating a rival's products, The
direct R&D cost will probably be lower, but the costs of information
and start-up can vary widely. The neoclassical approach is often not
well suited to analysis of this circumstance, because the assumption
may not be true that the best current technology is equally available
to all firms in the industry. If this assumption is not made, the

typical theoretical assumption is that firms are almost entirely

In some cases-it may be possible to characterize product quality
in the same way unambiguously for all potential consumers. However,
that quality means different things to different consumers cannot be
rejected a priori and is empirically verifiable.
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autonomous entities, with little inter-firm transfer of information.
Each firm must commit its own resources to R&D leading to new products.
The advantages of not being first in the development of new tech-
nologies may then show up as the firm finding it cheaper--e.g., has
a higher elasticity of R&D--to achieve product quality levels com-
parable to those of industry leaders.3

Nelson and Winter (1973a, 1977) have proposed an "evolutionary"
framework for analysis (thus far applied to process-oriented techno-
logical innovation) in which firms can move to greater and greater
levels of efficiency through eéither process innovation or imitation--
but the firm's future position is based on its current and past history
of productivity. This type of model captures some of the basic ele-
ments of technological innovation derived from other theoretical con-
structs, such as the fact that it reproduces sensibly induced tech-
nological change-—factor augmenting technical change based on relative
factor prices. It also poses some of the empirical questions that
can be resolved only by empirical verification: Is it the absolute
R&D expenditure level or an amount relative to firm size or diversifi-
cation that leads to the greatest advances in productivity for various
firms; does the number of projects the firm may undertake vary radically
and what is the relation of the number and size of these to various
firm characteristics (e.g., sales, profitability, capital stock, number
of production facilities per firm, '"critical mass™ for development
effort); what is the magnitude of investment costs to change production
techniques; what is the frequency with which (or probability that)
pilot activities lead to useful new production processes; and what
structures of the industry are conducive to more dynamic performance?

Such a model can provide a framework for integrating much of the
empirical evidence from case studies, describing the motivations for
decisionmaking by firms on technological innovation. This type of

model permits treatment of various policy instruments. For example,

3. . .

This point, that there may be "public goods" aspects of product
or process innovation, is not self-evident. For further elaboration
and empirical evidence, see A. Harman (1971, Chs. 3-4).
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to what extent should the government fund R&D and what rights, if
any, should be relinquished to the firms undertaking to exploit the
outputs of the R&D process? Another question has to do with govern-
ment policy on investment tax credit and its relationship to the need
for new investment to carry out changes in production techniques made
possible by process innovation.

The model for technological innovation under development by Nelson
and Winter has been applied mainly to technological change leading to
process change (cost reduction). We have observed, however, that pro-
cess innovation often takes place in the context of new product de-
velopments. This has been a particularly important objective in the
development of new computers, for example. Dealing with process
innovation in the context of new product development requires a broader
model,4 in particular, coming to grips with the measurement of product
quality change. As a general specification, development efforts can

lead to quality increases or cost reductions of a given type:5

F(D,,d,,c.) =0 (D)
1271774

where Di = resources devoted to technological innovation for good 1i;
9.

i

c,

i

1]

measure(s) of quality of good ij;

production cost of good i.

One crucial piece of information, which is likely to be extremely hard
to ascertain, is the proportion of R&D various firms devote to process
versus product R&D; even obtaining estimates or judgments of such re-
source allocation information may be difficult since development activ-
ities may be devoted to a whole range of products. This information

is necessary for estimating a model in which development costs, produc-

tion cost (and, with appropriate assumptions of a competitive product

4. . . . .
This framework is directed toward evolutionary changes in product
quality and not to new product paradigms.

5 , ,

We are assuming, for the moment, that the quality of a product
can be represented by one measure--a scalar. We return to this ques-
tion below.
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market, product price), and quality enhancement are related. But it
may be possible to estimate the effects of resource commitment to
technological innovation (e.g., R&D) if cost reduction and quality
enhancement for the product(s) involved can be independently estimated.
Then it will be useful to explore how much a firm diversifies its
product line and participates in a variety of closely related markets.
In general, such questions can be formulated in terms of a set of demand
functions in which the quantity demanded is a function not only of the
product's own price and quality level (as well as "income' influences)
but also of the price of closely substitutable products (by cross-
elasticity terms). How much the product is closely substitutable can
be characterized by the extent to which alternative products have
quality levels "close to" the product whose demand is being analyzed.
For example, a simple form of this type of demand function for com-—

puters might be the following:6

a. a, a,(9.,9.) a,
_ 1,92 T3M71°74 4
Q = agp, @i P I (2)

where Qi is defined as the quantity of the ith type of computer

demanded;
P equals the price of the ith computer;
@i is defined to be the quality level of the ith computer;
pj is defined as the price of the computer with the "closest"

quality level to the itk computer;
$®. is the quality level of the jth computer;
is an income (or a value added) term for the consumer group

in question.

6This formulation is an extension of the model explored in Harman

(1971). The question of a firm's marketing strategy (in the case of
marketing capital goods) with respect to sales versus rental are not
addressed in this formulation. But questions of analysis of demand
for rental equipment, of variation in such marketing strategies, and
of commitments by the firm to R&D, which may make current products
technologically obsolete, can be very important, especially where
there is one dominant firm in the industry.
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Thus the jtZ computer is selected such that [@i - Qj] is as small as
possible; the cross-elasticity coefficient could have a specific

form, e.g.:

a
3
a (0, ,0) = ——>— (3)
SR T
1 ]

in which the magnitude of the cross-price effect is higher the closer

the quality levels of the two machines.

MODELS OF PRODUCT QUALITY7

A central issue in understanding the outputs (from R&D) of tech-
nological innovation and their effects on’the demand for a firm's
products is the measurement of product quality and its change over time.
We have based measures of product quality on the capabilities--user-
oriented performance dimensions--of types of hardware. ﬁTechnology"
embodied in a product, as we have implicitly used the term, encompasses
cost as well as performance. Technological innovation is then an im-
provement iﬁ the attainable set of performance dimensions and cost of
production. Quality improvements can come about by either moving
along a cost-performance tradeoff surface (i.e., higher performance
at higher cost) at a given frontier of attainable "technology' (from
A to B on surface tO in Fig. 1), or by taking advantage of technological
innovation over time and moving from one surface to a "better' one (from
B to C in Fig. 1). We would like to make distinctions between the tech-
nical feasibility of various design configurations and the objectives
(explicitly or implicitly) demanded by the user. These can be char-
acterized roughly as the supply and demand sides of product quality
change, counterparts of technology push and demand pull technological

innovation.

7A principal objective of this research has been to develop better
ways of understanding quality change resulting from technological inno-
vation; other causes of quality change are ignored in the discussion
to follow.
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. Fig.1 — Relationship between cost and quality,
and shifts over time

In past Rand research, measurement of the 'technology content’
of a piece of hardware (defined here as '"quality'") has been sought from
performance attributes generally deemed of interest to the user. On
the supply side, it is reasonable to postulate that innovation (as

distinct from imitation) leading to a particular quality level for a

8See, e.g., Alexander and Nelson (1972), Harman (1972), Shishko
(1973); see also Lancaster (1971). In some cases, quality change takes
the form of enhancement of a "performance dimension' of a product in
a broader way than we explicitly discuss here--lower operating costs
or lower maintainability increases. Similarly, users value improve-
ments in reliability or durability that require R&D resources yet are
not strictly speaking 'performance enhancing." Where such quality
changes are important and have been over a period of time, we would
expect to capture these changes among the variables we describe as
performance dimensions.
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product can be decomposed into several "underlying technologies' that
enhance several performance dimeﬁsions. In aircraft, for example, we
would look to advancements in aerodynamics, in materials, and in pro-
pulsion as contributoré to the enhancement of a set of performance
dimensions. In computers, an advancement might occur in "underlying
technologies'" such as electronic components and system architecture,
and the performance dimensions affected might include speed of calcu-
lation and storage capacity. If each of these underlying technologies
steadily advances over time or if each underlying technology affects
all observed performance dimensions, we might expect a quality trade-
off surface among the observable performance dimensions (say Pl and
PZ) to be smooth and convex.9 Over time, because of the steady ad-
vances in each of the underlying technologies, the tradeoff surface
representing the quality level available at a given cost would move
outward from the origin so that more of all desirable performance
dimensions would be attainable, as illustrated in Fig. 2(a).

From the standpoint of enhancing performance capabilities useful
to the recipient (customer) of the equipment, we have to take an en-
tirely different perspective. In particular, we want to measure the
user's willingness -to give up a certain amount of one performance
dimension for more of another. Tradeoff relationships yielding equiva-
lent utility would implicitly tell us the relative prices the user is
willing to pay for one dimension relative to another, for a given
"budget" of c. For different end uses and the same generic type of
equipment, these preference tradeoff relationships differ (e.g., for
users "a'" and "b" in Fig. 2(b)). Such might be the case, for example,
with data processing versus scientific-computation applications of
general-purpose computers, in which speed and storage capacity are
used (and valued) quite differently. v

A difficulty arises for empirical research because these two in-

fluences on product quality, and both the quality and cost consequences

9The convexity would merely reflect the diminishing returns in
trying to push any one of the performance dimensions excessively while
giving up performance in the other dimension(s), for a given level of
achievement in the "underlying technologies."
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Fig.2 — Quality tradeoff surfaces: ‘Advances in underlying technologies

and preference sets

~ of technological innovation, are combined in the outcome of a par-
ticular development project.lo The five models outlined below require
additional assumptions about the effect of trends in user needs, for
example, to identify the shape and rate of movement of any technolog-

ical or utility tradeoff surface.

Model 1--Quality as a Scalar

The first model views the quality measurement problem as one of
finding the appropriate scalar proxy. One of two circumstances must
prevail. On the one hand, we assume that all underlying technologies
are improved "together" in the sense that they contribute to advance-

ment in a technically feasible frontier that moves outward and,

0 . . s .
In econometric parlance, there are "identification problems"
in trying to estimate the effects of these several influences.
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for any level of these underlying technologies, the frontier is smooth
andrconvex. Next we assume that users' choices are constrained to lie
on the frontier (i.e., tradeoff surface) made feasible by advancements
in the underlying technologies. If we allow different production costs
at any level of the underlying technologies, then a variety of products
may be observed corresponding to different "users' (perhaps also char-
acterized by different preference sets such as are represented in

Fig. 2(b)). Our measure of quality would be an index of the position
of the technically feasible tradeoff surface at any point, and could

be represented as:

® = £(P,...,P 50) , (4)
in which we now allow '"n'" user-oriented performance characteristics
of the product (Pl’PZ""’Pn)' .

On the other hand, we could assume a unique set of preferences
but many possible tradeoffs among subsets of performance character-
istics for particular leyels of each of the underlying technologies.
In this case our index of quality'wédld be the preference surface
attained, and various points on any one preference surface might be
observed with differing associated production costs (and, we assume
further, monotonically associated prices to the user). The same
Eq. (4) would be applicable and identifiable, but our interpretation
of ® would be quite different.

To derive a functional relationship between a single ¢ and the
Pi alone, we must assume both that there is a unique set of prefer-
ences for performance dimensions among all users of the products and
that the underlying technologies improve together. These two assump-
tions will assure that any observed point in the space of the per-
formance dimensions (Pl,Pz,...,Pn) of a product will have a uniquely
defined quality level--a point on the "expansion path'" of optimal
choices of combinations of the performance dimensions. The statis-
tical problem then becomes one of finding the appropriate weights for
mapping the various relevant performance dimensions onto our measure

of '"quality." We may then assume that there is a continuous function
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that relates all n performance attributes P P

1’ 2,-..,Pﬁ of a product

to its level of quality, ©:
d = f(Pl,...,Pn) . (5)

In this case, we have assumed that quality can change only if there
is an advancement in the underlying technologies so that the tech-
nically feasible frontier in Fig. 2(a) moves outward and a unique set
of preferences is used in the choice of Pi' Since the '"choice" of
quality at any point is determined by technical feasibility and the
unique utility map, there will be no observations involving trading
off quality for cost. With this formulation there is no tradeoff
surface in Fig. 1; there is only a point reflecting a specific cost-
quality combination at each moment. This formulation involves very
restrictive assumptions but has the advantage that if the assumptions
are plausible we can ignore cost in relating performance dimensions
to quality.

If we had a scale or index of the quality level of each product
in a sample, we could approximate the function f by a specific func-
tional form and use multiple regression analysis to estimate the co-
efficients. Of course, if ¢ is directly observable, there is little
need for regression on the Pi to understand firm activities related
to technological innovation (as reflected in Eq. (1)) or the market
response to it (in Eq. (2)). But o is presﬁmébly not directly
observable.

One proxy for the scalar measure of quality might be the vintage
of the product--the length of time t between an arbitrarily chosen
origin and some benchmark event when a particular bundle of performance

dimensions is successfully '"packaged" into a new product.ll For example,

llThis model has been used by Alexander and Nelson (1972, 1973),
Shishko (1973), J. Nelson and Timson (1974), and J. Nelson (1977) in
their analyses of aircraft turbine engines. The "benchmark event"
used in these studies was the date of successful completion of a par-
ticular 150 hour model qualification test used by the Department of
Defense as part of the acceptance procedures for a new engine. The
interpretation of this surrogate as a cardinal measure of quality



14—

t =a, + alZnP + azlnP2 + ... + anlnPn . (6)

0 1

This date might be the model introduction date (e.g., first installa-
tion) of a new computer with a specific set of Pi' In effect, this
surrogate involves the assumption that quality changes monotonically
with time. It implies that enhancement in quality occurs inexorably
with time perhaps because the funding for R&D is at the rate necessary
to yield continuing advances; for ¢ = ¢(t), D and c¢ in Eq. (1) would
simply respond to the exogenous changes in ®. Increasing quality over
time might be associated with Zncreasing production cost over time
(this is sometimes the way changes in military systems have been char-
acterized), with constant production costs (pure quality-enhancing
technological innovation), or with falling production costs (combined
product- and process-oriented technological innovation). In fact,

any of these can occur as long as pure quality change is occurring

at a uniform rate (as implied by Eq. (5) with t substituted for &).

In short, rather severe assumptions about the nature of techno-
logical innovation are required for a scalar measure of quality to be
identifiable. Its interpretation as a measure of changes in underlying
technologies or utility to users must be based on qualitative informa-
tion about the industry in question; such information is not derivable
from the empirical analysis of ¢, the Pi’ and c.l2 For ¢ to be a
function of the Pi alone (independent of c¢) even more restrictive
assumptions are required about the nature of the "technological-push"
influence on innovation and of the preferences for products by all
users. Because the points on different tradeoff surfaces in Fig. 2(a)
correspond to points with different & and the same c in Fig. 1, for @
to be a function of the Pi but independent of c, it must represent a

single point on each technically feasible surface. That is, it must

change is not accepted by all these authors (i.e., two years' differ-
erence between engines in the 1940s and the 1960s may not mean the
same in terms of the relative quality of the two sets of engines).

12 . . . . , P
This point is equivalent to a statement about the identifying
restrictions needed; for further discussion, see Fisher (1966).



~15-

be on the expansion path of those surfaces and a single map of user
preferences.13 Finally, for the scalar representation of ¢ to be
"t," we must know that quality 78 increasing over time at some uni-
form rate, presumably because the forces in control of the process

of technological innovation in such an industry view this result as
important and independent of the (R&D as well as production) costs of
such an outcome. This model is unlikely to be applicable to many

sectors of industry.14

Model 2--Price and Quality

The second model deals explicitly with price. It is similar to
the "hedonic price index" approach in that it assumes that price (p)

is a function of quality, which is represented by the entire set of

15

performance characteristics, the Pi' In this formulation, tech-

nological innovation could be assumed to yield only quality enhance-
ment, with associated cost increases. If there is a competitive product
market, cost increases would be reflected in price increases. In ef-
fect, a single price-quality tradeoff surface (as in Fig. 1) would
approach a vertical asymptote as quality levels approach the limit
inherent in the existing state of scientific and technological advance-
ment. As new advancements are achieved, the asymptotic frontier would
be shifted, permitting higher quality levels for an otherwise stable
price-quality tradeoff surface. On the assumption that profit-
conscious producers and price-conscious users with varying preferences

for price and quality combine in the market to choose sets of products

3
L Since some of the P; could be viewed as "inferior-good" per-

formance characteristics on this expansion path, we cannot be sure what
signs to expect for the coefficients on the P; from a regression of ¢
on them.

14 P R . . , . A
In fact, if its initial application to turbine engines for mili-

tary use satisfied these assumptions, it may have been one of very few
legitimate applications of model 1.

15The objective of most of the past studies using the '"hedonic

price index" approach has been to distill a "pure" price change over
time in an evolving product type; see Griliches (1961, 1964, 1967);
for application to computers, see Chow (1967); see also Sharpe (1969).
On the interrelated nature of price and quality decisions in an
oligopolistic enviromment, see Cowling and Cubbin (1971).
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that do not all approach the asymptote, performance advances over time
could be reflected as purely quality-enhancing technological change
(i.e., extensions of a stable price-quality tradeoff surface over time).
To allow for cost reducing as well as quality enhancing technological
innovation in this model, the vintage of the product must also be

introduced:
p=f(P,...,P ,t) . (7

In this formulation, there is presumed to be a tradeoff surface between
price and quality; technological innovation can be characterized as an
extension of the surface or as a downward shift over time, as in Fig. 1.
Choice among these characterizations is, of course, an empirical ques-
tion and will be addressed below.

In the above view of the quality dimension of technological inno-
vation, all performance dimensions could be freely traded for each
other along a continuous tradeoff surface. A less restrictive and per-
haps more realistic view is that tradeoffs are possible primarily be-
tween subsets of performance dimensions. From the supply side, an
advancement in a particular underlying technology provides a 'budget"
that can be spent in enhancing one of several--but perhaps not all--
observable performance dimensions of the equipment.” For example,
advancements in aerodynamics may increase range or maneuverability
but have little effect on the maximum speed of an aircraft of a given
weight and capacity. For the remaining models, the separate role of
user preferences‘(as well as technological feasibility) becomes more

pronounced.

Model 3--A Vector of Underlying Quality Dimensions

In the third model, quality is assumed to be more adequately

captured by a vector (¢ @m) than by a scalar. A model of this

100
might be expressed by



P. =b,,6. + ... +b. & + b.U
Im m

1 1171 11
P2 = b21®1 + ...+ b2m®m + bZUZ
(8)
P =b o, + ... +b & + b U ,
n nl'1 nm m nn
where (Ql,---,Qm)‘represent (perhaps unobservable) underlying tech-

nologies (such as achievements in solid-state electronics) or user-
preferred features (such as data-processing capability). In effect,
each Ql would capture the level of one of the technically feasible
surfaces or user-preference levels like those depicted in Fig. 2.

The Uk are statistical error terms.l6 If a particular underlying tech-

nology, say @2, does not affect a certain performance dimension, say

P = 0; identifying restrictions like

then we should expect that b
k 17

k’ %

this can be imposed on the estimation of this model.
With this model it would be possible to investigate (e.g., by

factor analysis) several questions not feasible with the two previous

8
models.l First, the number of tradeoff relationships among the per-

formance dimensions could be explored without restricting the answer

a priori to be "one'; if more than one, interpretation of what they

capture would be the first step in relating them to the '"demand pull"

and "technology push" aspects of technological innovation.19 Second,

the resulting ¢, could be related to the time when the products were

L

16Presumably m is considerably smaller than n, so that measure-
ments of the ¢g provide summaries of product quality reflected by the
performance dimensions. There is no impediment in what follows to any
(or all) the P, entering the model in a nonlinear fashion.

17For further discussion of this point, see Goldberger (1971).

18A factor analytic approach involves a model linear in the &y.

If the ¢y were directly observable, simultaneous-equation estimation
would be possible.

9Statistically, the approach to separating effects in a simul-
taneous system of relationships is through the use of "identifying
restrictions" (Goldberger, 1971).
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available. Thus, if the ¢ 6 can be determined, testing could be under-

L
taken of how much various elements of the vector of underlying tech-
nological or user-driven ''quality" had increased. 1If, as has been

presumed, the @

the &

are not directly observable, factor measurements on

2
3 could be generated for further analysis in Eqs. (1) and (2).

Model 4--Dimensions of Product Quality Change

Model 4 is formulated in terms of the average rates of advance
in input technologies and user preferences over the length of the

development program. A model comparable to Eqs. (8) would then be

rl = CllRl + ... + ClmRm + clVl

. . . (9

rn = canl + ...+ cnmRm + chn R
where T, = APk/L, Rl = A@l/L, L is the length of time between the
development of successive products (or perhaps the length of a develop-
ment program) necessary to achieve the vector of performance improve-
ments, and the Vk are the error terms. The APk are measured with
reference to a "benchmark'" system chosen from existing products. For
example, in Fig. 3 (which characterizes technically feasible quality
change in a manner very different from Fig. 2(a)), three off-the-shelf
products, A, B, and C, have three different mixes of performance attri-
butes, Pl and P2.20 To change the mix of Pl and P2 from these existing
systems, further development would be necessary. Small changes in the
performance dimensions from these three points are fairly cheap, but
the further away from experience, the more costly the objective, as
reflected by the relationship of Di to Rz (as a surrogate for @i) in

Eq. (1). This phenomenon might be represented by a set of iso-R&D

2OThe three products could be those from one or more firms in the

industry, depending on assumptions about the degree of diffusion of
product characteristics and development information among rivals in
an industry, as well as the ease of new entry.



-19~

Fig. 3 — Iso -development cost curves in a model
' of embodied technology

cost curves around each of the existing items.21 In this formulation,
if a new item is to be developed efficiently, developers of past
products would evolve their product lines from technology already in
hand that is "closest" to the objectives of the new item. In Fig. 3,
a new item Q would be developed from item A; this might be the outcome

"evolutionary model' of

of the search process in connection with the
firm behavior, but it is also compatible with a "vintage'" approach
within a neoclassical model. The rates of advancement (ri) for a new

22
product (such as Q) would be calculated using item A as a benchmark.

Model 5--Dimensions of User Preferences

The fifth (and last) model to be discussed here attempts to deal
explicitly with the preferences of the users as a measure of quality

appropriate to the product variation and product line issues the firm

lFigure 3 also captures the notion that developing a new product
that delivers a performance degradation is less costly than developing
one with greater amounts of that performance dimension,. holding other
attributes of the system constant; but even the degradation may not be
costless.

2 - .
This approach has been explored in a preliminary fashion by
Harman (1972).
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faces.23 The approach is to identify mutually exclusive market cate-
gories.24 These could be functionally specified "user stereotypes,"
such as "inventory control" or "automated reservation systems' appli-
cations of computers, or milling machines in the automotive or farm
tool industries. A measurement of quality of a product, then, is the
likelihood of using, in the mthZ market category (Qm), a particular
configuration of the product (as characterized by its performance
dimensions (Pi) and its production cost (or, with suitable assumptions

about the market, its price):

L= lm(P

o .,Pn,c) m=1,...,M. (10)

100
In this formulation, lm could be a dichotomous variable indicating
whether this product has ever been used in the application within a
specified period after introduction (and the estimation undertaken by

3 Additional knowledge of the uses of a particular

logit analysis).2
product permits development of a means of indexing the several user
preference sets (as in Fig. 2(b)) known to exist. There is no assump~
tion necessary about the rates of progress in the underlying tech-
nologies, nor for that matter in the enhancement over time in the
quality of a product for handling any particular functional or indus-
trial objective.

This formulation allows for other refinements. A particular func-
tion may not be well suited to handling by a particular product (e.g.,
payroll by computers) but the performance of the product may advance to
meet more demanding requirements (e.g., air traffic control). In this
case, the vintage (length of time between an arbitrarily selected origin
and the introduction date) of the computer could be entered as an addi-

tional explanatory variable, and its effect would be expected to be

3We are indebted to S. J. Press for ideas crucial to the con-
ception of this model.

24 . .
For the computer industry, a review and summary of attempts to

characterize computer users is contained in Ferrari (1972).

251f the data permit, %y could be measured as the proportion of
sales of the product in the mth market category.
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negative.26 Finally, corporate (supplier) effects could be measured--
either as "pure'" brand preferences (if all the relevant Pk are in-
cluded) or to capture the net effect of omitted variables (such as
manufacturer's product reliability or repair capabilities or other
aspects of customer service for computers) that may be quite difficult
to measure. Some of the weights associated with the Pi in this model
could be related to the rate of diffusion (resulting from advertising
or other mechanisms) of existing products over time as well as the

influence of demand pull or technology push on new products.

SUMMARY AND COMPARISON

These five models capture product quality and its change over time
in different ways, and the measures of quality have different uses in
the study of technological innovation by firms. Some of these dif-
ferences are summarized in Table 1.

' Part A compares some of the attributes of the quality measure(s)
for each model. Only models 3 and 4 allow for an empirically testable
number of quality dimensions. Models 2 and 5 are both amenable to
interpretations of user preferences among products, although the em-
pirical results from these models could be confounded by differential
effects on performance dimensions of the products by changes in under-
lying technologies. Conceptually, models 3 and 4 could separate these
effects, but only with extensive identifying information for the various
dimensions of product quality. Measurement of quality change over time
is conceptually feasible for all except model 1, in which the surrogéte
for quality change is assumed to be time.

Part B refers to a firm's innovative activities, succinctly char-
acterized by Eq. (1). One of the key questions, the returns from R&D
by the firm, would be susceptible to analysis (of differing sorts) in

all models but the first.27 In the fourth model, products evolve from

6 L . .

A positive effect would be expected if a particular market
growth area is outpacing the actual capabilities of the product to
perform the functions better.

7 . . . . .

Previous studies of aircraft engines have attempted to use this
model (1) of quality--called '"technological content''--to explain de-
velopment and production cost (J. Nelson and Timson, 1974; and J. Nelson,
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particular points based on previous experience; this model may be
particularly well suited to the estimation of returns from a firm's
own investment in R&D, which would fit into the conceptual framework
outlined above.28 Part C summarizes some of the uses of the models
of product quality in an understanding of market behavior, sketched
above in the discussion related to Egs. (2) and (3). Again, the first
model is not useful for this purpose if the time variable is viewed
only as an ordinal measure of quality. Model 2 could be cumbersome
with a large number of performance dimensions. The fifth model
attempts to distinguish types of uses and thereby focus on the trade-
off among performances (and the underlying technologies) to make par-
ticular uses of a product more likely. Such quality measurement may
be well suited to understanding the market performance of various
products. Of course, empirical testing for various research objec-

tives is probably the most effective guide to model selection.

1977) . These past studies have attempted to relate t, the estimated
value of t from Eq. (6), and the regression equation residual, (t - t),
to several other variables including development cost, D, and produc-
tion cost, c. Positive residuals have been variously described as
representing advanced engines or engines ""ahead of their time." Only
the residual has been a significant explanatory variable in the esti-
mation equation for D, and both t and the residual have been used to
estimate c¢. But if we are to use our conceptual framework consistently,
it is t that is an estimate of quality (&), not the residual. In fact,
if we have included all the proper P;, measured them properly, specified
the functional relationship between ¢ (or its proxy, t) and the Pj
correctly, etc., the residual will capture anything but the level of
advancement of the engine. Thus, it is E, not the residual, that
should be related to D and c¢. And even where t has a significant
coefficient in an equation for ¢, the interpretation could as easily

be that there is a pure time trend in c as that this is the relation

of quality to c--t and t are very highly correlated by construction.

The assumption inherent in the model is that & and c are independent.

28See also R. Nelson and Winter (1977). This model of product
quality might also be useful to an assessment of the effects of govern-
ment policies on the (private) returns to R&D.
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III. THE INDUSTRIAL SETTING

Section II set out some models that might increase understanding
of technological innovation by firms. It is important to gain some
insight into the functioning of the firms and the market activities
for the products for two reasons. First, none of the models, as ab-
stractions of reality, is likely to capture a large part of the pro-
cess, fraught with complexities and uncertainties, by which new products
are brought into being and evaluated in the marketplace. So a separate,
however brief, account of some of this process of technological innova-
tion may be useful. Second, several of the models call for a priori
information--insights not possible from the use of empirical data on
the products themselves--to formulate and fully identify an equation
for econometric estimation. Knowledge of the circumstances surrounding
the development of products of varying qualities may help to provide

such insights.

THE COMPUTER INDUSTRY

The térm "computer" refers to a machine that can store a program-—-
a set of operating instructions--in its own memory. Automatic calcu-
lators using electro—mechanical relays were developed in the late 1930s,
both in the United States and in Germany; but it was not until World
War II that Eckert and Mauchly devised the first practical proposal for
a fully self-contained computer that could handle different sets of
operating instructions. Their company produced the first commercial
computer, called the UNIVAC I; it was first delivered in early 1951.l

The underlying component technology is usually described as hav-
ing undergone four generations of changes: The first is associated
with the vacuum tubes characteristic of the UNIVAC I and in use until
about 1958. At that time, the Philco Corporation introduced its

PHILCO 2000, which used transistors as the basic electronic component.

lThis section draws heavily on A. Harman (1971) and Phister (1976).
See also, for example, Evans (1966) and Freeman (1965).
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The third generation technology was introduced in the early 1960s by
RCA--their SPECTRA 70 series used integrated circuits. The early
1970s ushered in the fourth generation with the use of large-scale
integrated circuits (LSI). These generations refer to the component
technology embodied primarily in the central processing unit (CPU) of
the computer system.

Over the life of this industry, firms have increasingly emphasized
the need to address a wide range of capabilities inherent in their
customers' information processing problems. The CPU, which is respon-
sible for undertaking calculations, was not the only important part of
a computer system. Over the years, improved auxiliary storage, data
entry, and communication (e.g., remote terminals) equipment became
important. Moreover, the facilities for devising and modifying the sets
of operating instructions that are the principal characteristics of a
computer system became much more elaborate; an important component of
the computer industry grew up to develop and supply computer software.

We will not deal in great detail here with the performance char-
acteristics that are important to a computer system.2 Basically, the
computer involves a central processing unit and its internal memories,
peripheral equipment including auxiliary memory, and facilities for
entering information and displaying the results of calculations. Also,
there are data communication links for both remote entry and remote
access to results. Computer systems have numerous performance char-
acteristics, such as calculation speeds for addition and multiplica-
tion, and access times for obtaining information from memory. There
are also characteristics of the computer system having to do with the
flexibility with which it can be applied, including such information
as the number of different types of user-oriented programming languages

that may be available.3 In fact, it has recently become clear to members

2
See, for example, Phister (1976, Part 1, Ch. 2).

3These are the sorts of performance characteristics referred to
as the P, in Sec. II and used in the empirical analysis in Sec. IV.
For more detailed discussion of the computer characteristics gathered
during this research for assessment of product quality, see A. Harman
et al. (1977, App. A).
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of the data processing industry that only about a quarter of the
resources devoted to information processing are consumed by the hard-
ware of a computer-based information processing system. Section IV
will deal primarily with the quality of the tangible product itself.
Our objective in this section is to describe some -of the char-
acteristics of firms that have tended to make them successful or not
in the industry. We will focus primarily on product developments and
technological innovativeness of the firms involved, although some of
the other business practices—-required of firms in any industry as
well as those (such as leasing vs. sales, and 'bundling" of products
and services) more peculiar to this industry--may have been even more
important to the long-term financial success of the firms. We will
then describe in more detail the approaches to product design, develop-
ment, and introduction into the marketplace used by the largest firm
in the industry--IBM--and one of the very smallest and newest--Amdahl

Corporation.

Industrial Structure

By the mid-1970s about 60 percent of the more than $15 billion
a year total revenues generated by the data processing industry came
from the hardware itself; the remainder went largely to services for
that hardware (including software), to supplies, and to data communica-
tions. It is useful to distinguish two elements of the computer
market--general-purpose (GP) and mini-computer systems. The distinc-
tion is that the mini-computers involve very small CPUs usually
dedicated to one or a very limited set of functions (that is, sets of
operating instructions in which the scope of application is very
limited). The vast majority of hardware revenue was for GP systems;
mini-computer systems have involved less than 10 percent of sales
since that segment of the industry first developed in the mid-1950s.
However, in the early 1970s the number of mini-computer systems over-
took the number of general-purpose computer systems. The difference,

of course, is in the price associated with these systems.

4See Phister (1976, Part 1, Sec. 1.2).
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Mini-Computer Segment of the Market

Mini-computers were available for about $100,000 in the 1950s
and early 1960s. One of the most successful of these computers was
General Precision Corporation's LGP-30. However, the original design
was not developed within the corporation but was obtained from the work
of a scientist at the California Institute of Technology. Since the
company had little experience in the development of computers, even
the opportunity to sell a very successful design did not provide it
with the capability to continue in an industry undergoing rapid'
technological change. General Precision eventually sold its computer
operation to the Control Data Corporation (CDC).5

Another of the more successful early "minis'" was the Bendix G-15.
In this instance also, the company did not develop a broad capability
for keeping its product line up with the cost-performance possibilities
inherent in the rapidly evolving technology. Eventually the computer
operations 4t Bendix were also sold to CDC. In both of these cases—-
and itvhas been a prominent feature in the computer industry generally--
diversified firms that entered the computer industry as one of their
many industrial activities have Had“very diffigult times and low success
rates in terms of long-term participation in the industry on a profit-
able basis.

By contrast, the Digital Equipment Corporation (DEC) entered the
computer industry at the beginning of the 1960s and developed some
very successful small machines. By 1965, DEC had shipped the first of
its PDP-8, a machine with a system price of about $20,000. DEC has
grown steadily since entering the mini-computer market and now holds
about 30 percent of the market (as measured by percent of minis in use
in the United States by the mid-l97OS).6

With its acquisition of the Bendix computer operations and the
Librascope division of General Precision, and with the introduction of
its own small computers, the Control Data Corporation had about 30

percent of the market by the mid-1960s. This market share has declined

5See A. Harman (1971, Ch. 2); and Phister (1976, Part I, Sec. 1.21
and 1.312).

®See Phister (1976, Part 1, Sec. 1.31).
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since then. Other firms in the market--with less than a 10 percent
share of total sales-—include IBM, Honeywell, General Data, Hewlett-
Packard, Varian Data, and General Automation, to name a few. In

short, the market is not highly concentrated or dominated by a single
firm and has been characterized by intense price competition and a
significant decline in price (for a given set of performance character-
istics) over time. C(learly, both quality-enhancing and cost-reducing

technological innovation has taken place in mini-computers.

General-Purpose Computer Segment of the Market

Within the general-purpose market, emphasis has also been placed
both on "pushing the frontier" of performance and on price reduction
for a given level of performance. Different firms in the industry
have pursued different strategies with respect to these two objectives.
IBM is by far the dominant firm in this portion of the industry. It
has annual revenues of about $10 billion, and has had as high as 80
percent of the total GP systems in use in the United States, although
the percentage as of the middle of the 1970s was somewhat under 70
percent of the value of systems in use. IBM has been subject to several
corporate lawsuits relating to its market power and policies, as well
as antitrust action by the U.S. Department of Justice.

A firm need not be large to have successfully entered the computer
industry. The Control Data Corporation was formed by a group that
had worked together at the Sperry Rand Corporation; they had had expe-
rience in design and development of computers since the late 1940s and
were highly competent technically.8 CDC has participated in the mini-
computer market, but they have focused their activities on very large
and high-performance machines.

Another small company, Scientific Data Systems, was formed in 1961
but ranked third in dollars-per-share profits behind IBM and CDC by

1965 when many firms in the industry had not achieved profitability

7See, for example, Carson and Wehrman (1975). We will consider
product development approaches by IBM below.

8A. Harman (1971, Ch. 2). See also Phister (1976, Part I, Sec.
1.312). :
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from their computer operations. This company concentrated on small
to medium sized GP computers for scientific, government, and indus-
trial markets (largely excluding business applications). After
further commercial success with its third generation SIGMA series,
SDS was acquired by the Xerox Corporation--the technologically
oriented copier/duplicator manufacturer--in 1969 and became known as
Xerox Data Systems. Perhaps because of the diversified nature of the
larger corporation into which it was introduced, as well as the
attempts of Xerox to enter the full spectrum of business data pro-
cessing (in which their copier lines had been successful), this divi-
sion of Xerox never did as well as the original SDS had. ZXerox
finally abandoned the computer Business entirely in 1975.

Two other large and diversified firms that stfuggled for years
(but unsuccessfully) to enter the GP computer market are G.E. and RCA.
The General Electric Co. is, of course, one of the largest companies
in the United States, has its own corporate research laboratory
largely for conducting basic and applied research in fields related
to their product lines, and by the early 1970s committed over half
a billion dollars to R&D. They have pursued technologies in many
areas, for application to such product lines as electric lighting,
aircraft jet engines, and large turbines for electric power generation.
G.E. entered the computer industry in the early 1950s and was thought
in the early days to be one of the more promising contenders for a
dominant position in the industry.9 But G.E. had costly technical
troubles in developing both hardware and software. It also had dif-
ficulties with its activities in the international market for com-
puters. Sales in non-U.S. markets have been an important element in

10 G.E. entered the European

the success of firms in the industry.
market through the acquisition of major European companies—-especially
the computer operations of Olivetti and, through an agreement with the
government of France, Compagnie des Machines Bull. These acquisitions

9See A. Harman (1971, pp. 16-17, 24-25).

10For_examp1e, early in the 1970s the profitability of the en-
tire IBM Corporation turned on its ability to make profits on sales
in Europe. For a more extensive discussion of this aspect of the
industry, see A. Harman (1971).
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compounded the problems G.E. faced in developing the kind of unified
product line required for success in the GP market. In 1970, Honey-
well took over the (still unprofitable) computer operations of G.E.

The RCA Corporation (formerly Radio Corporation of America) is
also a widely diversified company that entered the computer industry
in the early 1950s; it even attained profitability on its operations
from 1963 to 1965. For a time it was a "technology leader,'" with the
introduction of its Spectra 70 series of computers embodying fully
integrated circuitry. It designed these systems to be compatible
with the IBM System 360 series, so that IBM customers could easily
convert to the use of RCA products. However, RCA did have product
development difficulties, particularly with systems that offered time-
sharing--the capability for many users at remote locations to use the
processing capability of the central computer in an apparently simul-
taneous fashion. The RCA corporate laboratories conducted research
into computer technology as one of its areas of interest; a different
division engaged in the design, development, manufacture, and merchan-
dising of computer systems themselves. RCA had an extensivé but
tenuous set of arrangements for marketing its computer systems inter-
nationally. It conducted this marketing almost entirely through
licensing arrangements for the production of its systems abroad. When
a new series of computers was developed, the production and sales
abroad became the subject of a new set of license agreements to be
concluded with potential producers abroad. .By. 1971, the continuing
unprofitability of the computer product line led RCA to sell this
line to Sperry Rand.

To this point we have been discussing some of the evidence per-
taining to the difficulties of achieving successful (profitable) par-
ticipation in the GP computer market. We have examined size and
diversification of the firm. Smallness has not by itself become an
impediment to successful participation in the industry. Perhaps in
part because of the 'glamour" of a technology that has obvious exten-
sive applications in our society, venture capital has been available
for the creation of new firms. Many small companies have been formed

"based on the technical expertise of only a few individuals. These

companies have concentrated, at least in the initial stages, on a
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particular segment of the market in which their ideas for good per-
formance (e.g., CDC and SDS) or a low price (e.g., DEC in the mini-
computer market) have been important.

Many diversified firms have had severe difficulties participating
in the computer industry. It has been argued that association with a
larger and diversified firm would provide an advantage in terms of
greater R&D resources for potential application to any element of
the firm's product line. This has not been the case for computers.
Technology and customer needs have been changing very rapidly: It is
possible that the savvy of top management for making the strategic
decisions--with respect to what portion of the market and what type
of product should be offered--simply was not adequate to the task of
coping with the uncertainties of what change in the dnderlying tech-
nologies could provide and with formulating successful marketing (and
support) strategies.

Not all diversified firms that have entered the computer industry
have failed. Of the major producers,ll National Cash Register (NCR)
and Sperry Rand receive less than half of their annual corporate
revenue from their computer operations-—-about 15 pefcent and 40 per-
cent respectively, as of the mid-1970s. NCR had been in the data pro-
cessing business long before computers were first introduced, as a
producer of accounting machines and cash registers. It entered the
computer business by buying Computer Research Company in the early
1950s. NCR has generally devoted a smaller>péfcentage of its revenues
to R&D than any of its competitors and has generally not tried to be
a leader in computer performance. It has concentrated on the finan-
cial and retailing parts of the GP computer market. NCR has had an
extensive marketing network abroad from its other lines of business,
and its international revenues from corporate operations have in-
creased substantially during the late 1960s and early 1970s, cur-
rently exceeding 40 percent of total computer revenues.

llAs noted above, the dominant firm in the industry is IBM, which

will be discussed below. Other major producers include CDC, Burroughs,
Honeywell, National Cash Register, and Sperry Rand.
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Sperry Rand conducts its computer operations through its UNIVAC
division. The company's computer operations were formed by a series
of acquisitions, including the original Eckert-Mauchly Company in
1950, and Engineering Research Associates in 1952. The latter group
spun off from Sperry Rand to form CDC. This original computer develop-
ment and production capability produced the well-known "UNIVAC" line
of machines but has not been able to substantially increase its share
of the GP computer market, even with the acquisition of the (admittedly
unprofitable) line of RCA computers in 1971.12 But with a profitable
position and revenues of over a billion dollars a year from computer
operations, this firm is clearly a successful participant in the
industry.

Minneapolis Honeywell receives about half of its revenues from
its computer operations. This company was primarily a manufacturer
of industrial and commercial control equipment before entering the
computer business in 1957. 1In 1964, it was one of the first to suc-
cessfully compete with IBM through the development of machines com-—
patible with IBM's. Honeywell acquired a mini-computer company,
Computer Control Company, in 1966 and took over G.E.'s computer oper-
ations in 1970. The proportion of its revenues deriving from inter=-
national business has doubled between 1965 and 1975, reaching a level
of 40 percent of the total revenues, and it has generally devoted a
fgirly large percentage of its total revenues (8-9 percent) to R&D
activities.

Finally, Burroughs Corporation, like IBM and NCR, has been in
the data processing business since before the advent of computers. It
entered the GP computer market in the early 1950s and has continually
increased the proportion of its revenues coming from its computer oper-
ations, from a level of around 10 percent of the total revenue in
1955 to roughly 60 percent two decades later. The company has been
quite strong technically and has enjoyed profitability in the computer
industry with one of the highest net incomes from revenues of any of
the major companies-in the industry (with the exception of IBM).

12Phister (1976, Part 1, Sec. 1.31).
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In short, diversification by itself has not precluded success
in the computer industry. Many of the currently successful companies
have substantial interests in other markets, although several of
these involve activities related to information handling and process-
ing. Competition based on the quality of the product has been an
important consideration to the success of companies in the GP com-
puter market. But NCR's experience indicates that a successful com-
pany in the computer industry does not have to be at the forefront

of technology.

Product Development Perspectives for IBM

We will not attempt a comprehensive discussion of IBM here, as
this has been the subject of substantial comment over the years.13
This section describes the way a large and successful corporation in
the computer business has made the decisions on products to develop
and market. The details of corporation management change from year
to year, so we will deal with what we perceive to have been the basic
product development management strategy at IBM.14

The exploration of science and technology for use in computer
systems is undertaken within two separate organizations at IBM: its
Research Division and the System Development Division (SDD) of the
IBM Products Group (see Fig. 4a). IBM devotes about 8 percent of its
sales to R&D activities (research, development, test, and evaluation).
As of the early 1970s this amounted to about $600 million. Of that,
about $55 million goes to the research division; however, this is not
devoted solely, or even mainly, to very theoretical activities. Only
about 20 percent of its budget is used for research staff involved in
the academically oriented research. The remainder is used for such

activities as exploratory development and collaborative efforts with

13See, for example, Watson (1963), Wise (1966), A. Harman (1971),
and Phister (1976).

4The analysis-that follows is based on research conducted in
1973. For related information, see Thoroman (1971) and Business
Week (1973).
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.the SDD, before a transfer of new concepts from the Research Division
to full-scale development. Not only is there a separation between
basic research (and the early stages of exploratory development) and
full-scale systems development, there is also a separation between
development and production of systems and their marketing. Before
this change in structure it was felt that the perceived market needs
were not getting sufficient "hearing' within the corporation in terms
of decisions on product configuration and development.

The formal structure of the organization involves decisions on
the part of the Chairman of the Board and the President with respect
to research, and separately with respect to full-scale product de-
velopment and marketing. The Senior Vice Presidents for the Products
and Marketing Groups are expected to resolve as many of the differ-
ences of perception as to what products are to be developed and intro-
duced into the marketplace as possible, and resort to the Management
Review Committee, consisting of the Chairman and President, only as
a "court of last resort."

This is not to say that the only significant communication between
product development and the company's sales and service activity takes
place at the level of the senior corporate vice presidents. IBM has
emphasized organizational and planning arrangements in which various
elements of the divisional and corporate structure must take a posi-
tion on particular decisions. All of the principal staff (and as of
the early 1970s there were over a thousand such people) have to take a

"concurrence" or '"monconcurrence' on the elements of the

position of
corporate plan (see Fig. 4b). This plan is not generated from the
top, but comes from the various divisions. The process is intended
to force the major participants in the development process to review
and take a position on the marketing group's plan and world trade
activities, and vice versa.

IBM has a seven-year plan with two basic components. The budget-
ary plan is a detailed elaboration over two years. The second compo-
nent involves a plam over the full seven-year period of an outline

of major product programs. Not all of the major programs are required

to have detailed operations extending over the full seven years.
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Computers typically do have this time horizon.15 As a supplement to
the seven-year plan, IBM also uses what they call a total program
estimate (TPE). This is particularly important for use at the initia-
tion of new development activities, which often do not come to frui-
tion and yield the full return expected of them within seven years.
Extensive competition for resources surfaces in connection with the
adversary process devised through the refinement of the corporate
plan.

For product development, along with the TPE, there is a highly
formalized, phased review process to track the development of a new
system through to first customer shipment and beyond. The early re-
views involve the product's promise of technical feasibility, with
little emphasis on the financial considerations. However, by phase
"3," there is a major "go/no go' decision. At that time IBM expects
to be in a position to announce the product. Technical feasibility
of the product must have been demonstrated and the System Products
Division must confirm that they can produce the product for the cost
estimate made at this time. In all, there are eight identifiable
phases (called phases "0" through "7'") in the review process. Phase "0"
involves a new system concept as identified through paper studies.

By Phase "2," hardware is available (even if only in prototype form)
and cost estimates can be made with some precision. These, of course,
are refined even more by the completion of Phase ''3" when the announce-
ment of the product is imminent.

While a new system is in development, program managers for cur-
rent lines are encouraged to look for ways to expand the capabilities
of their products. Although few development resources are devoted to
this activity, IBM is careful not to cut off such competition. 1In
effect, this is a type of insurance activity--to have current programs
in contention with new development efforts. Also, program managers in
the development phase of new systems are responsible for the support
problems that come up after the system is marketed. If the person

lSBut punch cards and tapes, for example, usually have a four-

year time horizon.
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responsible during the development has moved to a different position,
he may very well be called back to solve or correct problems surfac-
ing later onmn.

Another method of inquiry into the adequacy of the coverage of
technology for application to computer systems involves IBM's Cor-
porate Technical Committee (CTC), chaired by the chief scientist.

The chief scientist is the only staff for the Chairman of the Board
of IBM, and he selectively reviews activities in the R&D divisions

of the corporation. The CIC has even taken action on occasion to
recommend abandonment of an approach thought to be too technically
conservative. Since IBM has nearly two dozen laboratories (and a
half dozen of those abroad), a great deal of top management and staff
attention is devoted to the utility of the activities of these labor-
atories. In fact, the President of the System Development Division,
who is in charge of these laboratories, spends roughly half of his
time directly reviewing the activities of the laboratory structure.

Finally, besides the formal planning apparatus with its adversary
arrangements, line managemeht responsibilities, competition among
products, and the CTC for internal revieﬁ of corporatevtechnical ac-
tivities, contacts with the outside technical community are encouraged
and used as a check on the effectiveness of the technical activities
within the corporation.

In an industry where technology is changing rapidly, and many
firms--whether with large or small resources available--have ideas for
new products to be pursued, the certainty of commercial success on any
new line of activities is not necessarily very high. Many management
resources are devoted to decisions on the basis of imperfect informa-
tion. So any theory that does not confront the issue of product
development under technological and market uncertainty is likely to
be seriously deficient. And the quality of the hardware of a computer
system is important but is not the only element of the firm's innova-

tive activities, let alone of its commercial success.

Product Development Perspectives for Amdahl Corporation

Dr. Gene Amdahl, former head of the IBM 360 development activ-

ities, started his own company in 1970 after his idea for a very
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powerful central processor unit for the top of IBM's line was re-
jected on the grounds that it didn't fit within the technologies
useful across the spectrum of IBM equipment.16 This endeavor is not
the first time a technically oriented entrepreneur with an idea formed
a company; in fact, the Eckert-Mauchly Company illustrates that the
industry itself began in that mode.

The major sources of funding for Amdahl were the venture-capital
firm Heizer Corporation, and the Japanese computer company Fujitsu
(Fuji Communication Apparatus). Fujitsu is both a financial backer
of the Amdahl Corporation (with the rights to purchase up to 20
percent of the common stock as of 1973) and one of the suppliers of
parts for the electronics components used in the Amdahl machine.
Collaboration with the Japanese firm seems to have been an effective
route to product development for Amdahl and is quite in keeping with
the Japanese computer industry's philosophy of developing their own
capability by collaboration in products involving advanced technology.l7
Other backers have been brought in as the enterprise continued, and
a public offeriné of stock was made in the summer of 1976. The hard-
ware being developed and offered by Amdahl is designed to be a direct
substitute for the central processing unit of IBM's system 370/168.

To aid in understanding the development and marketing approaches of
innovative firms, we believe it will be useful to describe the Amdahl
development effort in some detail.

Amdahl developed his "470V-6'" computer in three separate stages.
The first involved hardware called a "technology precursor." At a
cost of about $1.5 million, Amdahl developed a prototype in which
reliability, fabrication, and maintenance problems could be investi-
gated in hardware scaled to the planned final configurations. During
this stage, thousands of circuits operated for over a year to identify
problems, and this entire first phase took about two years. The plan
for this first stage allowed for a technology feasibility demonstration

16, . . . . . . . .
This discussion is based primarily on information obtained

directly from the Corporation in 1973, but also on several media
sources: The Wall Street Journal (1976, 1977); Barrons (1977).

17See A. Harman (1971, Ch. 2).



~39-

over a nine-month period, and Amdahl hedged the success of this
demonstration with an allowance for a second nine-month period for
refinements to resolve problems detected in the first demonstration.
In parallel with this phase, the system design was fully refined.
After the first nine-month demonstration, the firm found itself in
the fortunate position of not needing the second refinement period.

The second stage involved a "logic simulator'" that was in every
respect the final machine except that temporary wiring was used in-
stead of LSI technology. This machine also had the same memory as
the final machine. Amdahl was able to try out the IBM operating
system that was to be used on the final machine with this logic
simulator but did no testing of applications programs.

In the final stage, Amdahl developed the 'engineering model,"
iwhich involved LSI technology and was actually built by their manu-
facturing company. It was, in effect, the first production machine.
They used computer-aided design18 but deliberately decided to allow
about 15 percent of the wiring to be by discrete wires. It turned
out that this 15 percent used about 50 percent of the length of wire,
these connections involving considerable distance between end points
and providing extra speed for the machine. Thus there were advantages
to the deliberate accommodation of unforeseeable but expected engi-
neering changes.

Another important design feature involved the use of off-the-
shelf components for computer memory. In this area, the company's
strategy was to select only components available from more than one
source. In general, Amdahl kept two suppliers for each of the parts

in the machine; this was considered to be the only way to assure

8In programming for design automation, Amdahl used three top

programmers; they wrote about 400-500 lines per week per person. A
year after these were written, more than half of the programming was
still in use. They also used a very simple IBM 1130 Computer (a com-
puter with fairly slow speed and a ten-year-old technology) in their
design process. This computer-aided design effort was used both to
keep track of the full system design and the implications of design
changes, and to define the printed circuit cards as well as the LSI-
chip designs.
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adequate supplies at competitive prices.19 Amdahl intended to obtain
any special advantage (over competition) in their memory through the
efficient packing of these components. In effect, they set out to make
very shrewd engineering tradecffs with known technology and not to
consciously push the technology to an extreme; even the LSI technology
they chose was not the highest density then available (in the early
1970s) . '

Amdahl simplified its marketing requirements by designing a ma-
chine that simply replaces the CPU of an IBM 370/168 system; it thus
uses the same operating system (i.e., has identical functional arch-
itecture). Also, Amdahl adopted a unique approach for diagnostic
testing and repair, which can be done remotely by telephone connections.
Amdahl's best home office technicians can, by means of a console in
Sunnyvale and a telephone connection, operate and correct problems in
machines installed anywhere in the world. They also have field per-
sonnel, mainly handling software problems.

The Amdahl experience illustrates that in advanced electronics
technology, prototyping is feasible and, from Amdahl's standpoint,
mandatory.20 Prototyping of even very high-performance hardware is
not necessarily very costly. Although the full market test of their
products has not been completed, Amdahl's entry into the computer
industry will apparently be successful. It is still possible for
technically sound and innovative ideas to be the basis for new cor-
porate endeavors in the computer industry in the 19703.21 However,
the evidence is not entirely unambiguous; the entry of Amdahl Corpora-
tion into the computer industry comes when IBM is under some pressure
from an antitrust suit by the U.S. Department of Justice. Thus, to a

greater extent than usual in market competition, it is in IBM's

19This philosophy is typical of commercial practice, but rather
different from that practiced by prime contractors of the Department
of Defense. See Baumbusch and Harman (1977).

0
] For other evidence on the utility of prototyping in new prod-
uct development, see, for example, Perry (1972).

21This is not the only example. The chief designer of CDC's
products, Seymour Cray, has also formed his own company.
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interest for a small company to demonstrate the capability to compete
with it, even at the top of its product line. Moreover, Amdahl is
competing within an existing generation of technology; it is not clear
how well the firm will fare when the next generatioh of technology

(currently being pursued by IBM and others) is introduced.

THE MACHINE TOOL INDUSTRY

Machine tool production in the United States, as an identifiable

sector of the industrial economy, can be said to have begun around
1840. By 1860, a recognizable industry existed, Before that, most
machines were produced by their ultimate users. After 1840, a growing
number of firms specialized in machine production, each typically
concentrating on a narrow range of products. These early firms often
had built machine tools for their own use in manufacturing other items,
but they gradually recognized an external demand that eventually sur-
passed their original product line in importance. For example, Brown
& Sharpe, which invented the modern universal milling machine, the
grinding machine, and the screw machine, still had a larger share of
its sales coming from sewing machines in 1885 than from machine tools,
25 years after the development of the universal milling machine.

The demand for machine tools was stimulated by the production
growth of products requiring new and improved cutting ability--sewing
machines, arms, railroad equipment, bicycles, automobiles, etc. The
machine tool industry took on its present structure while responding
to these needs. This structure is characterized by a large number
of mostly small firms, specialized in a narrow range of products
(often a single type and size of machine tool).

According to the Census of Manufacturers, 800 firms are in the
metal-cutting machine tool industry (S.I.C. 3541). The largest four
firms account for 20 percent of sales and the largest 50 firms repre-
sent 74 percent of sales. The average sales of the largest four firms
were $50 million, and they employed approximately 3000 people each.

The average employmént of all but the 50 largest firms was 21. Total

22See McDougall (1966, p. 497 and Table A-1).
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sales of the entire metal-cutting machine tool Zndustry in 1967, the
best of recent years, was $1.4 billion--equaling only the 50th rank-
ing firm in Fortune's list of the 500 largest U.S. industrial
companies. ‘

The industry, then, is small and fragmented. Firms tend to be
highly specialized and have often made the same type of equipment for
more than 100 years. Yet this industry is the backbone of manufactur-
ing. Stimulated by the demands of other industries, its increasing
productivity has contributed to the growth of the world economy, and
machine tools have‘benefited in turn from the technology flowing
from that growth.

Another important characteristic of the industry, stemming from
its role as a producer of investment goods, is the wide swings in
production with changes in the state of the economy. During a business
expansion, machine tool companies work at full capacity with long
order lists. In a decline, machine tool orders and shipments dry up.

Operating in this classical "

accelerator' investment process, the ma-
chine tool industry has undergone swings in production of up to 50
percent from one year to the next.

These dramatic ups and downs in production in recent years have
affected industry structure, as several firms have either become more
diversified in their product line or have been taken over by larger
conglomerate firms who can more easily withstand the cyclical fluctua-
tions. This recent development has affected R&D practices and tech-
nological innovation because the R&D financing of a machine tool divi-
sion of a conglomerate firm can be fairly independent of short term
business fluctuations. Somewhat longer term as well as larger projects
can be contemplated with equanimity if it is the average long run rate
of return on R&D investment that enters into the investment decision
instead of what can be recouped before the next downturn. Thus, at
Pratt & Whitney, a division of Colt Industries, R&D is a budgeted
activity with a smooth time pattern, in sharp contrast to the produc-
tion side of the business.

The milling machine portion of the machine tool industry is con-

siderably more concentrated than the industry as a whole--largely a
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result of firm specialization.23 The four largest firms account for
62 percent of milling machine sales (S.1.C. 35416), and the eight
largest take 75 percent of the share. In this initial investiga-
tion we focus on the few largest producers in the ‘industry and, for
the most part, disregard the scores of other companies turning out
milling machines.

Machine tools compete against each other for the market of re-
moving metal, and such newer processes as chemical milling and elec-
trical discharge machining (EDM) have captured important portions of
the market. Various metal forming techniques that do not require
metal removal to shape a part—--such as casting, forging, pressing,
© or sintering of metallic powders-—can accomplish the same tasks. In
addition, such materials as plastics have gradually replaced metal in
many uses.

The gradual decline of old products has also influenced the de-
mand for machine tools. A good example of this last process is in
the cash register and mechanical calculating machine industry. Their
use of many small and precise metal pafts in the calculating process
created an important market for machine tools in the second half of
the nineteenth century. However, electronic circuits have recently
replaced mechanical devices and have caused that part of the market
to disappear. Trends are difficult to discern amidst the wider fluctu-
ations in machine tool sales, but some analysts see evidence that the
aggregate demand for metal removal tools is.in a state of secular
decline.

Imported machine tools constitute another source of competition
to the domestic U.S. industry.24 Since 1964-1965, when domestic
producers were operating at full capacity, imports of metal cutting
machines have climbed from 5 percent of domestic shipments to 15-20
percent. Many of the foreign machines are almost direct copies of

23If there were complete specialization of each type of machine

tool with only one firm producing each type, concentration in each of
the types would be 100 percent, even though concentration for the
industry as a whole could be quite low.

24This information is based largely on NMTBA (1974, Ch. 5).



L4~

older and smaller U.S. models. One piece of evidence that imports

are aimed at the lower end of the market is that the average unit cost
of imported milling machines is less than half of the unit cost of
U.S. exports. However, not all imports can be classified as older,
smaller, cheaper copies of U.S. machines. A solid and traditional
component of the foreign competition is in the specialized, high
technology end of the market. High precision machines have been a
mainstay of the imported products, and this pattern continues with the
importation of numerically controlled machines and machining centers.
With growing competition and a declining market, machine tool manu-
facturers are more than ever dependent on technological change to
improve their product, reduce the costs of manufacturing, and meet

the competition.

Milling Machines

The milling machine is a generalized machine tool that removes
metal by means of a rotary multiple-tooth cutter, The workpiece is
secured to a table whose motion relative to the cutter is controlled
in any combination of longitudinal, transverse, or vertical feeds,

In this study, we also include other possible motions of the workpiece

table and tool.25

Machining Costs

Before we proceed with a description of the progress made in
milling machines over the years, it will be helpful to show how ma-
chine characteristics affect the cost of manufactured products. It
is the change in these characteristics that we have defined as tech-

nological change. The average cost per piece of a machining operation,

25The table can rotate about all three axes--rotation in a hori-
zontal plane around the vertical axis being the most common. The
tool can also translate along all three axes and rotate around all
three. Of course, the normal mode of operation is for the tool to
rotate rapidly (to achieve its cutting action) around either the
vertical axis or a horizontal axis perpendicular to the long axis of
the table. The other motions are for positioning purposes. The
number, automaticity, simultaneity, speed, and accuracy of these
table and tool motions constitute some of the major avenues of tech-
nological change in milling machines.
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in simplest terms, is the sum of several cost elements: the prorated
cost of the machine tool (M), labor and other resources used with the

machine (L), setup costs (S), and part-specific costs (F).

AC

M(Xl,X Xn,ZQ,p) + L(Xl,X Xn,W) + S/Q + F(x) .

g2 g3

AC is the average cost per piece. Batch size (Q) is the number of

parts processed during a single setup of the machine for a particular
part. The prorated cost (M) of the machine tool over the useful life
of the machine (ZQ) depends on the original price of the machine tool

(p) and machine attributes (X "Xn) such as cutting speed, power,

l’XZ"'
machine size, accuracy, control features. Labor and other resources
must be used with the machine to make it work (for convenience here,

we assume a fixed coefficient production technology). These costs (L)
depend on the wage rate (W) for the required skill levels and the
machine characteristics. The greater the throughput (metal removal

per unit time), accuracy, automaticity, and convenience, the less will
be the labor cost per unit output. Fixed costs per batch (S) are gen--
erated by setup and teardown costs.

There are also costs associated with each particular type of part:
F(r). These costs arise from part complexity, fixture and tooling
requirements, programming of numerically controlled produced parts,
and--increasingly important--work-in-process inventory time between
operations. These fixed costs for each type of part are allocated over
the total production run (r) of that piece. (If only one part is pro-
duced on the machine, r = ZQ.)

Before numerical control, there were two main types of machine
tools~-—general-purpose machines and high-production machines. General-
purpose machines had low cost, low throughput, little automaticity,
high labor input, low setup costs, and inexpensive general-purpose
fixtures. They were useful for turning out small numbers (often only
a single copy) of parts. High-production-rate machine tools, in
contrast, are generélly quite expensive and require elaborate special-
purpose fixtures and tools to take advantage of the high throughput

and great automaticity. Consequently, they require little labor.
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Parts are often produced by the thousands at minimum cost. Numerical
control machines fall between the two extremes described above. Some
are used for one-of-a-kind production, and others may produce hundreds
of complex parts. They are more expensive than generai—purpose ma-
chines and require programming. Their operation is highly automatic
and, when equipped with a tool changer, they can substantially reduce
fixture and setup costs as well as work-in-process inventories.

Typical average cost curves, as a function of batch size, are
shown in Fig. 5. The fixed costs per batch are small for general-
purpose machines, so average costs are essentially constant. There
are few economies of scale for these machines. Numerically controlled
machine costs include a higher original machine price; fixed costs or
programming; and small tooling, fixtures, and setup costs. Average
cost therefore falls somewhat with greater quantity. In the midrange
of batch size these machines outperform both general-purpose and
special~-purpose production machines. Production machines are quite
inefficient at small lot production, but excel at high production
rates. '

Technological change in milling machines has affected all ele~
ments of the cost function for producing parts, In particular,
throughput at a given accuracy and machine tool price has increased
steadily over the years. Inventories are reduced because many opera-
tions can be made with a single setup on a single machine and parts

do not have to travel from one machine to another.

Milling Machine History

The first milling machines were invented by Eli Whitney and his
contemporaries around 1820 in Connecticut.26 These machines were built
for government arsenals and gun factories, Whitney's machine estab~
lished the paradigm for the milling machine. Many of its design
features--for example, the means for engaging the table power feed--
remained in use for the next hundred years. By 1830, the principal
elements of the modern milling machine had been introduced. The

26Much of this history is derived from Woodbury (1972).
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machine was '"capable of doing more rapidly and more precisely many
operations which had previously required tedious and highly skilled
handwork.”27

The next 30 years saw the milling machine taking on a larger
size and more robust construction for doing heavier work; attempts
were also made to introduce and improve controlled movement, par-
ticularly in the vertical direction. The usefulness of these early
milling machines was quickly recognized. The Lincoln miller of 1855,
for example, was built in the thousands and sold all over the world--
many of them built by the firm of Pratt & Whitney, founded by F. A.
Pratt, one of the machine's inventors.

A major innovation appeared in the universal milling machine,
invented by Joseph R. Brown of Brown & Sharpe in 1861. The design
was intended to solve a specific problem—-the machining of the grooves
on twist drills, to replace the slow and expensive process of hand
filing--although it had far wider application and embodied nearly all
the basic features of present day milling machines.28 The table of
this machine on which the workpiece was fixed rested on a knee that
moved in a vertical slide on the main supporting column. A screw
mechanism through the knee effectively controlled vertical motion.

The introduction of the column and knee principle provided the long-
awaited solution to the problem of vertical adjustment of the work-
piece relative to the tool. In addition to control in the three
translational axes, a head fitted to the table could impart two rota-
tional movements to the workpiece, and the entire saddle could be
rotated in the horizontal plane. The Brown & Sharpe universal miller
also incorporated increased power and rigidity. This machine, and a
larger version introduced in 1876, were the only two universal milling
machines on the market until the expiration of the original patent

issued in 1865.

2

7Woodbury (1972, p. 26); emphasis added to highlight those
dimensions considered important in the early development of this
machine. ’

28Woodbury (1972, p. 44).



~49-

A major change in the producibility (and hence, costss of mill-
ing machines came around 1900 with the introduction of modularity in
design. The ability to build up a required machine from a selection
of standard parts and modules permitted larger production runs of the
modules and encouraged designs for easier assembly,

As milling machines grew larger and the work done on them grew
heavier, structural rigidity became increasingly important. This was
solved partly by making the machines out of massive castings, and then,
in the first decade of the 1900s, by new structural techniques. For
example, a box arm to support the tool appeared in Cincinnati Milling
Machine designs. Various arrangements of braces were also used to
increase rigidity with new versions appearing well into the 1920s.

Electrical drive was introduced around 1900 and reached a mature
form by 1920. Combined with improved gearing and power transmission,
the application of power to the milling machine reached its modern
form by the end of World War 1.29

Until around 1900, feed control was mechanically linked to the
rotational speed of the tool. This feature was required for many
applications such as in cutting gears or spirals. But for other jobs,
independent feed and tool movements were desired. By 1910, most of
the milling machine companies had introduced independent speed and
feed mechanisms. Although these mechanisms made the milling machine
more complex in some ways, they also led to a large number of advances
in other parts of the machine by permitting-greater flexibility in
design. For example, this permitted fast return of the table to begin
a new cutting operation, speeding up the entire machining process.

By the turn of the century, the major U.S. milling machine pro-
ducers had stabilized their product lines around the proven machine
.types that had evolved over the previous five decades. European
designers and smaller American firms then became the sources of inno-
vation. For example, the vertical spindle milling machine (where the
tool revolves around a vertical axis) grew out of a number of British

and French inventions.30 Borrowing design ideas from the drill press

29Woodbury (1972, p. 72).
3OWOodbury (1972, pp. 86-87).
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(which the vertical millers much resembled), millers quickly evolved
into highly flexible machines with swiveling heads and tables, and
power feeds in several dimensions. These millers were especially
useful in machining large parts where the heavy loads arising from
the machining operation could be thrust downward in a vertical direc-
tion into the main supports of the workpiece.

As milling machines came to be used on high-production complex
parts, demand increased (especially from the automotive industry) for
greater automaticity in milling operations. Mechanical tripping de-
vices were the first successful means for controlling the feed's
stopping and starting, and for varying the feed rates for cutting and
quick return. Hydraulic controls and cam controls followed. By 1930,
servo-mechanical controls were used to trace complex shapes.

By the late 1930s, hydraulic systems linked to servo-mechanisms
could trace complex three-dimensional. patterns and duplicate these
patterns in the machined workpiece. Pratt & Whitney's Keller die-
sinking machine and Cincinnati's Hydro-Tel both appeared in the mid-
1930s and were used to cut the dies for stamping automobile body parts.
For less complex applications, banks of cams and tripping devices
brought increased automaticity to milling operations, but these
mechanisms--especially the cams--were costly to produce and set up,
and lacked flexibility. That is, changing the desired operations on
the workpiece could require redesign of the tooling and controls as
well as a new setup. Plug boards, similar to those used in data-
processing machines, were introduced to control a sequence of opera-
tions, but fuller control and greater flexibility of milling machines
required the growth of digital computers following World War II.

In the late 1940s, the U.S. Air Force contracted with the Servo-
Mechanisms Laboratory of M.I.T. to investigate how an electronic com-
puter could provide guidance to a machine tool. This was accomplished
by use of the M.I.T. Whirlwind computer and a modified Cincinnati
Hydro-Tel milling machine. As part of the total system, it was neces-
sary to describe the part to be machined and the machining operations
in terms the computer could understand and transform into control
signals for the machine tool. Out of this effort grew APT (Automati-

cally Programmed Tools)--a generalized programming language still in
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widespread use. The M.I.T. final report to the Air Force was pub-
lished in 1953; within 10 years, approximately 3000 numerically con-
trolled machine tools were installed in manufacturing plants. By
1973, production rates had reached more than 3000 per year, Despite
this exponential growth in the production of numerically controlled
machines, they still represent less than 5 percent of unit sales

(of machines valued at more than $1000) and a little more than 20
percent in value of all machine tool shipments.

Stimulated by the military demand for machining complex shapes,
the first generation of numerically controlled machines was designed
to high levels of performance; some of the early machines were con-
trolled in five dimensions and were consequently quite expensive. As
the machine tool manufacturers sought expanded markets for numerical
control, they simplified the machines and reduced the- levels of-per-
formance and costs to meet the demands of the civilian sector. For
exaﬁple, the first popular use of numerical control was in drilling
machines where simple, precise positioning of the drill in a two-
dimensional reference system had a great payoff.

Early experience with numerical control indicated that great
savings in manufacturing costs were attainable if a given part could
be machined with a minimum number of moves from one machine tool to
another. Studies of conventional machine tools had shown that the
machines were actually cutting metal less than 20 percent of the
time. Setting up the machine to produce a batch of parts, the posi-
tioning of each part on the machine, inspection time, adjustments,
etc. absorbed potentially available machining time. Much of this
noncutting time was eliminated by the development of the machining
center, a numerically controlled machine tool with an automatic tool
changer. With the capacity to do milling, drilling, boring, and other
machining operations with a single setup and part placement, machine
utilization climbed to over 75 percent. Introduced in the late 1950s,
multi-function machines now account for the greatest number of numer-
ically controlled machine tool shipments and have been displacing
sales of conventional millers. In l973,‘Brown and Sharpe stopped
manufacturing milling machines to convert totally to machining centers,

thus ending more than 100 years of continuous production.
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In addition to improvements in machine utilization, numerical
control in general and machining centers in particular substantially
reduce the need and costs for the jigs and fixtures to hold parts
while they are being machined. The cost of these jigs and fixtures
often amounted to a large percentage of the cost of the machine tool
itself. On simple numerically controlled machines, these costs are
reduced by about two-thirds, and on machining centers by up to 90 per-
cent. Work-in-process inventories are reduced as more operations can
be performed faster and on a single machine, thus eliminating waiting
and traveling time between operations. General practice in the in-
dustry indicates that inspection costs are reduced by at least 50
percent because fewer inspections per part, less frequent inspections,
and less detailed inspections are necessary.

In general, the more complex the part to be produced, the greater
the savings from numerical control. This applies to both high produc-
tion parts and one-of-a-kind items. For sufficiently complex parts,
the numerical control cost curve of Fig. 5 could dominate both the
general-purpose machine and the production machine.

The introduction of numerical control has encouraged technological
change elsewhere in the machine. This is seen quite strongly in the
tolerances and accuracies attainable in standard machining operations.
Although many of the improvements in accuracy would have come about in
any event, the demands of numerical control made such changes more
desirable. For example, a skilled operator- could achieve high levels
of precision on a general-purpose milling machine by various non-
standard techniques learned through experience, such as by leaning
on the table in a certain way to deflect the workpiece by a few ten
thousandths of an inch. Because the operator is largely out of the
machining cycle on numerically controlled machines, precision had to
be built into the machine itself. Greater rigidity of the machine
structure, resulting in reduced vibration and tool chatter, can be
attained by "tuning" the structure through the addition of weights
at vibrational nodes. The increased use of welded rather than cast
columns and beds has permitted greater flexibility in machine design.

The use of hydrostatic lubrication eliminates metal-to-metal contact
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of moving parts, reducing inaccuracies due to wear and permitting
movement without the initial sticking of conventional bearings and
lubricants. This has also permitted greater positioning accuracy
through use of inherently precise D.C. servo motors. Cooling of
machining structures near the workpiece and tool reduces distortion
due to heat generated in the metal-cutting process, Optical measur-
ing techniques, independent of such machine elements as lead screws,
permit easily read measurements finer than a ten thousandth of an
inch.

These and other techniques have increased accuracies to such an
extent that, where standard handbooks of the early 1960s described
high-precision machines as attaining .003-inch accuracy, machining
centers in 1975 advertise and achieve accuracy and repeatability that

is better by a factor of ten.

Measuring Productivity Change

Qualitative change in milling machines is clearly evident in
the above historical description, but quantitative measures of pro-
ductivity change over the years are rare. There are many examples
in the trade literature illustrating the rates of return attainable
from scrapping an old machine in favor of a new one, but those ex-—
amples do not yield estimates of increases in long-run productivity.
However, information described in a few articles allow the calculation
of some sample measures of labor, capital, and total factor produc-
tivity. One example described a 36-inch vertical boring mill, which
cost $1200 in 1890 and $20,000 in 1949. It took 50 of the old ma-
chines and 30 machine operators- to produce the same day's output of
the same part as a single 1949 machine and operator. From these figures
we can calculate that labor productivity increased 5.85 percent, capi-
tal productivity 2.76 percent, and total factor productivity 4.4 per-

31 . . .
cent. Similar results were obtained from other examples given for

lSee Tangerman (1949) for details of these examples, Produc-
tivity changes were calculated by the use of Divisia indexes for
inputs as described by Griliches and Jorgenson (1967). The 1890
prices were converted to 1949 prices by a price index for metals and
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the 1890-1949 period and for the 25-year span from 1924 to 1949.
Total factor productivities ranged from 4 to 6 percent per year, with
the productivity change for capital averaging about half that for
labor.

Tangerman (1949) described how this progress came about from
several sources. Power in one case was increased from 1 horsepower
to 30 as machine structure, rigidity, and cutting tool materials
improved to absorb the stresses. Faster carriage and table speeds,
fast traverse and returns, and improved speed control also increased
machine productivity.

This discussion demonstrates the continuous improvement in
machine tool productivity and highlights the sources of these improve-
ments. Although we have no standardized output measures for milling
machines in this study, we do have performance specifications; we
assume that the increase in measurable performance is directly related
to machine output, and this assumption is supported by the technical
literature.

One further assumption will assure that output is a function of
measured performance specifications. Advertised changes in performance
must not be frivolous and nonproductive, but must be valuable increases
in a machine's attributes. Review of the trade literature and discus-
sions with machine tool producers support our assumption. The industry
is highly competitive, so features are not added and costs increased
unless machine productivity is comparably increased by the change.

For example, it is not likely that a larger motor than the machine can
usefully accommodate will be used for advertising purposes only.
Larger motors are more expensive than smaller motors and an excessive
amount of horsepower could render the machine noncompetitive. It will
be our contention, therefore, that such measures as horsepower rating

are a good indicator of the metal-cutting ability of the machine.

metal products. The ratio (in 1949 prices) of the price of the old to
the new machine was then used as a multiplier of the ratio of old to
new machines required to produce equal output. This adjusted ratio

was the change in capital requirements over the 60-year period. Labor
quality was assumed not to have changed over the years. The two

factor productivities were calculated as the average compound rate of
change and combined in a weighted average for total factor productivity.
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IV. MEASUREMENT OF PRODUCT QUALITY

We have attempted an empirical analysis of the measurement of
product quality for computers and machine tools, which are outputs of
industries having very different characteristics., To reiterate, the
computer industry has experienced very steady and rapid growth in the
past 25 years and is characterized by a single firm capturing a large
portion of the market. Milling machines--that portion of the machine
tool industry to which our analysis has been devoted--are configured
very like those originally devised by Eli Whitney over a hundred years
ago. The industry is small, and business often exhibits severe cyclical
patterns. Since the early 1960s, an important factor in the evolution
of machine tools has been numerical control, in which computers take
over some of the process control activities of a highly skilled
operator.

Several limitations of the empirical analyses performed to date
should be mentioned. First, even after extensive efforts to develop
comprehensive data bases on prices and performance characteristics for
a large number of products, many gaps remain. In the interest of
contributing to future research in this area, we are publishing the
data bases and detailed descriptions of their contents.l Below we
describe some of the basic descriptions of the size of each data base
and what it covers.

Second, no results can be reported here on the utility of models
4 and 5. Both require different types of data than the others--model
4 requires detailed information from firms on the efforts necessary
to the development, expansion, and modification of their product lines;
model 5 requires detailed information on user categories and their
applicability to each of the products in the samples. We did not
obtain these kinds of information because of the limited resources
available for this research.

Third, rather than attempt a full factor analytic estimation of

model 3 with identifying restrictions, we adopted a preliminary

lSee A. Harman et al. (1977).
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approach using principal components. And finally, we have used
product price as a surrogate for production cost wherever necessary
to test the models. The assumption of competitive markets may be
fairly reasonable for milling machines, from what we have described
in Sec. III. However, price information is particularly restricted
in this industry, so samples using a price variable are particularly
small. The use of price information to reflect costs is tenuous for
the analysis of computers. .

Given these limitations, tests of the models must be considered

preliminary.

QUALITY MEASUREMENT FOR COMPUTERS

A number of characteristics have been sought for a data base of

some 536 general-purpose and mini-computers. These characteristics
include: central processor features such as speed for arithmetic
operations; memory characteristics, including size and speed of access;
input-output features relating to communication among computers and
channels between computers and users; processor architecture and
special features, such as the availability of floating point arith-
metic, logical operations, software compilers such as FORTRAN or
ALGOL; and time sharing or real time features, such as program inter-
rupt capability and memory protection. Along with this information

on some 40 computer performance dimensions, we have the date of intro-
duction of the machine and its purchase price and rental rate per
month.2 To keep sample sizes as large as possible, we decided not to
divide the data between the two basic types of computers discussed in
Sec. III--mini-computers and general-purpose computers. This decision
may have been undesirable for model 2, in which the valuation of the

same basic performance characteristics may be quite different for the

2Our data matrix for the computers is still somewhat sparse on
a number of these variables. The coverage of machines includes those
manufactured by 107 different firms, of which most of the data base
(and the analysis) relates to nine of the primary manufacturers:
Burroughs, Control Data, Digital Equipment, Honeywell (including G.E,),
IBM, NCR, Singer-General Precision, Univac (including RCA), and
Xerox Data Systems. For further details, see A. Harman et al. (1977),
App. A. '
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two markets. Model 3, however, should be more robust with respect
to coverage of a diversity of markets.

Model 1, in which the number of months between the beginning of
1951 and the introduction date (t) is used as a surrogate for a scalar

measure of quality level, yielded the following results:3

t = 250 - 2.47p, - 1.19P, + .202P, + .032P, (11)
(5.5) (5.3) (2.6) (1.1)

.32
188

2
- .290P5 + .029P6 5 R
(3.1) (1.5) sample size

where t = date of introduction (number of months since 1951)
= memory cycle time (microseconds)
P, =.word size (bits)
P3 = memory size (for minimum configuration--number of
words x 1000)
P4 = number of index rggisters
= number of selector channels (high speed interaction
with peripherals)
P6 = selector channel information flow rate (millions of

characters per second).

The interpretation of several of these coefficients is difficult for
the reasons described in Sec. II. As computers become more "advanced"
(in time since 1951, which is assumed to reflect higher quality), we

should expect P2 through P, to increase (or at least get no smaller),

and Pl’ our speed measure,eto decline. But both P2 and P5 have signs
the opposite from expectations.4 This outcome for word size (PZ) may
be understandable in that greater precision is possible when necessary
by the use of a double-precision capability, so the very large word

sizes of such earlier machines as the IBM Stretch or the CDC 6600 are

no longer necessary, and smaller word sizes provide greater versatility

3 . )
The numbers in parentheses below coefficient estimates are
t-statistics.

4 .
Such an outcome could also be the result of multicolinearity.
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(i.e., word size may very well have become an "inferior good" perfor-
mance dimension). The negative coefficient for both P2 and PS could be
a consequence of the trend of part of the market toward smaller com-
puters, so that assumptions of a relationship between quality and the
performance characteristics (without taking price into account) may
be wrong. And, in fact, much of the description of technological
innovation in the computer industry contradicts the assumptions in-
herent in the application of this model (e.g., all products on the
forefront of technology, a unique set of preferences for the products).
With model 2, we have obtained the following coefficient esti-
mates in the formulation excluding t, for some of the more modern

. . . . . 5
computers for which price information was available:

p =-22.9 + 1.05P2 + .451P3 - .194P4 + .168P5 4 (12)
(5.4) (7.6) (1.2) (1.0)

RZ

sample size

1]

.65
72

where p = the monthly lease rate of the computer (in $lOO),6

and

P2 through P5 are the same variables as defined above.

The signs of the significant coefficients in this equation are quite
appropriate, and only the insignificant variable indicating the number
of index registers (P4) has the wrong sign (possibly also because the
market is divided between users of ever larger and ever smaller ma-
chines). The speed variables (such as Pl and time for arithmetic
operations), which were also tried, were.insignificant explanatory

variables. -

Several other variables were explored but found to be completely
insignificant in this relationship--P1, Pg, binary add time (P7), and
availability of time sharing capability (df).

Lease rate at the time of introduction is the ''price" variable
used in this analysis.
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When t is introduced to account for cost-reducing technological
innovation, it enters negatively. (as expected) but is not statisti-
cally significant.7 If the model is reformulated with logs of the
variables, speed attributes play a stronger role and t becomes even

less significant:

fop = -3.83 + -2112nP, + 1.37%nP, + .628%nP (13)
(1.4) (5.3) (6.5)
+ ..1312nP‘5 - .180%nP, + .261dT - .003t .
(1.2) (2.1) (1.5) (.8)
R? = .85
sample size = 66

The only variable with an implausible coefficient sign is that for
memory cycle time (Pl)’ but all other coefficients (especially those
with t-statistics greater than 2.0) are quite plausible.

For model 3, a larger portion of the 536 computers--210 observa-
tions--could be used because our sparsest data are for the price
variables. A principal components analysis based on this model
yielded the factor pattern exhibited in Table 2. The four factors
capture three-quarters of the total variance of the ten performance
characteristics, the factors each capture a few of the variables, and
almost all of the variables have a high loading on only one factor.

Factor 1 appears to be related to size of the computer, reflected
in memory capacity (P3, Plo) as well as word size (PZ)' The second
factor mainly captures two hardware features—-number of index regis-
ters (Pa) and accumulators (P9)—-that contribute to machine versatility.
They provide sophisticated and elegant features in the software or
give the user a language of great convenience--for example, multipro-
cessing and real time operation. Factor 3 relates to the two speed

dimensions (Pl, P7); the larger ®3, the slower the computer. And the

- . . . ; .
This may be in part because the estimation is based on a combined
sample of general-purpose and mini-computer systems.
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Table 2

PRINCIPAL COMPONENTS FOR COMPUTERS: MODEL 3

Factor (9)
Variance
Variable 1 2 3 4 Explained
Pl -.01 .30 .74 .41 .81
P, .64 =.23 .23 .16 .55
P3 .81 -.35 .22 -.20 .86
P4 .42 .86 -.20 .04 .96
P5 A2 ~.24 0 -.37 .70 .71
P6 .16  -.25 -.38 .69 .71
P, -.08 .23 .76 .32 .75
Pg .48 .28 .04 .12 .33
P9 .41 .84 -.29 -.03 .95
PlO .80 =.37 .12 -.18 .83
Proportion
of variance .23 .21 17 14 .75

Variable definitions:

Pl - P6_ defined as in text

P7 binary add time (microseconds)

P8 operations per second

P9 number of accumulators

PlO memory size (for maximum configura-

tion--number of words x 1000).

last factor captures the computer's capability to handle Zmput-output—-
greater numbers and types of peripherals through selector channels
(PS’ P6). Only '"operations per second" (P8) is not well captured in
this set of factors; it enters primarily into the "size" factor (@l).
The main purpose of model 3 seems to have been accomplished by
this analysis--the number of useful dimensions of product quality has
been reduced to less than the original set of substantively relevant
and linearly independent performance dimensions in an interpretable

way. It is plausible that the first and third factors capture advances
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in several performance dimensions made possible primarily by advances
over the years in the underlying computer and electronic technologies.
The other two factors appear to be more closely related to particular
market demands for special capability (such as time-sharing capa-
bilities). However, such interpretations are conjectural at this
point; more information on the computers and their applications would

be ‘needed to directly test such possibilities.

QUALITY MEASUREMENT FOR MILLING MACHINES

The data base for milling machines is less extensive than we have
been able to develop for computers. In a sample size of 141 machines,
six of the principal companies in the industry are covered--Cincinnati,
Bridgeport, Brown & Sharpe, Pratt & Whitney, Giddings & Lewis, and
Sundstrand. The distinction between an altogether new design and a
product variant is much more difficult to identify in this industry
than in computers, but approximately a third of our sample includes
variants on the principal designs. Rates of quality enhancement are
likely to be significantly lower for such variénts.

Along with the introduction date and price for each of the mills,
we have collected information on machine capacity, including number
of spindles, horsepower, workpiece size; numerical control features
and the extent of control (as well as information on the manufacturer
of numerical control hardware and software if different from the
machine tool manufacturer); machining and positioning control, includ-
ing capability to control workpiece or tool in any of the three
dimensions of motion and rotation; such characteristics as feed rate,
positioning accuracy, repeatability, and rapid transverse; and informa-
tion on measurement and tracing techniques and type of tool changer.
However, the data available on some variables for these machines are

sparse.

8For research on this question based on aircraft turbine engines,
see Shishko (1973).

9For further discussion of the machine tool data base, see A.
Harman et al. (1977), App. B.
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Model 1 yielded estimates for the following equation:

.82 + 36;SPl - .14p, + .76P, (14)
. D" G2 (2.5)

T
[

i R% = .45

+ .066P, + 12.1P .
sample size = 111

(8 4 (1D’

in which t = date of introduction (number of months since the begin-
ning of 1938)

= number of axes under numerical control

= spindle power (horsepower)

= maximum travel in x-dimension (inches)

g ™ oowd
E VI

= maximum feedrate of workpiece, x~dimension (inches
per minute)

P5 = number of axes under power control.

If the vintage variable (t) is to reflect improvements in quality,
all coefficients should be positive.‘ Only the coefficient for the
spindle power variable (P2) is not, and it is insignificantly dif-
ferent from zero. It is surprising, however, that the only measure
of the power of the machine is insignificant, as this measure is
critical to the capability of the machine-~determining the types of
materials that can be machined as well as the speed of the machining.
The capability to use numerical control (Pl) is quite significant,
as is the size variable (P3).

For model 2, the sample was limited to 25 observations by the
small amount of price availability. For this sample, the following

. . . . 10
equation estimate was obtained when the formulation excluded t:

loln other estimates for equations of this type, P3 entered only

insignificantly (and with a negative sign), and introduction of Pg
into the equation caused the sign of Pl to become negative (although
still insignificant).
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p = 28,528 + 11,515Pl + 7992P2 + 157P4 . (15)
(1.4) (6.1)" (0.9
R? = .75
sample size = 25

All signs are as expected and the most significant coefficient of
the equation is that of the "spindle power' variable (Pz). With the
model reformulated to include a dummy for an automatic tool changer

(dTC) and the vintage (t), the following results were obtained:

fnp = 6.77 + 0.822,nPl + .842nP2 (16)
(1.8) (8.3)
) + .214nP, + .19d. + .004t
(1.1) (0.7) (0.9)
R2 = .92
sample size = 19

In this formulation also, the most significant coefficient is for the
spindle power variable, and no cost-reducing technological innovation
is discernible over time when we take account of changes in the
"quality" of the machines. However, these results for model 2 are
based on severely limited sample sizes.

Model 3 has been explored using a sample of 104 machines; the
results are displayed in Table 3. For this type of equipment, the
factors again provide a parsimonious description of the set of machine
characteristics--the three factors capture over three-quarters of the
total variance of the eight performance characteristics, at least half
the variation of each performance variable is captured by the first
three factors, each factor captures a few of the variables, and almost
all the variables have a high loading on only one factor.

The first factor has very large loadings on the. dummy variable,
indicating that numerical control is a standard feature (dNC), and

on the variable for the number of axes of numerical control (Pl), as
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Table 3
PRINCIPAL COMPONENTS FOR MILLING MACHINES:
MODEL 3
Factor (9)
Variance
Variable 1 2 3 Explained
Pl .93 .10 .10 .88
P2 -.37 .55 .52 .71
P3 -.09 .93 -.10 .88
P4 .64 .26 -.26 .55
P5 a4 -.20 .82 .91
P6 -.14 .92 .06 .87
dNC .94 .14 .05 .91
dTC .68 .18 -.20 .54
Proportion
of variance .37 .28 .13 .78
Variable definitions:
Pl - PS’ dTC defined above
P6 maximum workpiece area
(X X Y; square inches)
dNC numerical control as a

standard feature.

well as large loadings for an automatic tool changer (dTC). This
suggests that <I>;L captures automation with numerical control; the
high loading on maximum feedrate (P4) and axes under power control
(PS) are consistent with this description. The second factor is a
pure size index; the two most important variables it captures are
maximum travel in x-direction (P3) and workpiece area (P6). It also
captures a significant part of spindle power (P2), which would be
needed to mill large jobs. Finally, the third factor captures power
control (primarily PS) independent of numerical control.

We have carried the analysis a step further for milling machines.
The explanatory power of the vector of new quality measures generated

by model 3 can be assessed against the scalar representation of quality
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represented by time (model 1) and used in the hedonic price index
approach. We can estimate measurements of the factors for each of
the milling machines in the sample using the observable related per-
formance characteristics.ll After the measurements are obtained,
the factors can be used as composite indicators of product quality,
just the purpose for which they were generated.

The regression of the vintage variable (t) on the factors pro-
duced the following results:

t = 299 + 65.80. + 26.40, + 14.490 a7n

1 2 3

(7.6) (3.0) (L.7)
R? = .43
sample size = 97

All signs are as expected, and the first two factors' coefficients
are quite significant. Since the factors are (by their construction)
completely uncorrelated with one-another and standardized variables
(mean of zero and 0 = 1), the effects of each variable on vintage are
the same without regard for how many factors enter the equation, and
their importance in explaining variation in t can be determined from
the magnitude of the coefficients. The first factor, with the inter-
pretation related to automation with numerical control, has the
largest effect on the "vintage' characterization of quality.

The second factor, relating to size of machine, has a smaller effect.
This is completely consistent with the review of the history of mill-
ing machines above--over the time of this sample (i.e., largely since
World War II), numerical control has been the major innovation in a
machine that has had a stable basic configuration for the last century.
Another way in which the mill has evolved over the decades is that,
through changes in materials and design, mills have been both larger
and of acceptable accuracy for commercial application. The power

llIn effect, the principal components model can be inverted to

obtain a representation of each factor as a linear combination of the
variables. For further discussion, see H. H. Harman (1976, Ch. 16).
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control dimension (¢3) appears to have a very weak role in explaining
vintage of the machine, but greater power control is modestly asso-
ciated with a more recent vintage.

When the factors are used to "explain' price of a machine as an

indicator of quality, different results emerge:l

p = 96,446 + 17,275@l + 55,859@2 + 19,979<I>3 (18)
(1.4) (4.4) (1.1)
R2 = .68

sample size = 14

We‘can see that size (@2) alone has a large and important explanatory
influence on total price. The automation with numerical control (@1)
and power control (®3) aspects of the machine both have more modest
additional effects (which are, in a strictly statistical sense, not
significantly different from zero in this sample).

These results for milling machines reveal something very important
about our models. The first model, with time as a surrogate for
quality, places greatest emphasis on what is happening in the under-
lying technologies over the time span covered by the sample, as re-
vealed in the observable performance variables (as in Eq. (14)) or their
proxies with greater individual explanatory power (see Eq. (17)).

Price measures not only the '"demand' side of the quality issue, as has
often been argued, but also the "'supply’ side which reflects pricing
related to costs of production. Thus, the power and size proxies in
model 2 (P2 in Eq. (15) and @2 in Eq. (18)) dominate the models in
part because larger, more powerful machines cost more to build. Since
users may or may not require larger, more powerful machines, it is a
richer explanation of product quality to keep the several dimensions
of quality separate. The composite dimensions yielded by model 3

appear to be individually richer measures of product quality (e.g.,

12, i o . ' ' . .
Since the sample size is considerably smaller for machines with
both prices and factor measurements, the factors are now slightly
correlated with one another in this sample.



-67-
each with better explanatory power at least with respect to the
other models tested) than do the individual observable performance

dimensions.

CONCLUSIONS AND FUTURE RESEARCH

The research conducted thus far has helped to clarify models
relevant to the study of technological innovation by firms--particu-
larly product quality change. The first two models have been applied
in a variety of contexts. Neither can clearly separate the "supply"
and "demand" influences on product quality, and we have identified
some severe conceptual limitations in model 1. The other three models
promise to provide useful insights; only model 3 was tested here.

‘But the goal of this study has been to develop an intermediate,
not a final "product." There is not likely to be any unique measure
of quality. There may be a number of possible measures, each more
6r less appropriate to a furﬁhér research or policy 6bjective. If
the goal is to determine how the returns to R&D for the firm are
obtained, we must know more than the time profile of R&D expenditures
and changes in profits. We must begin to understand the outcomes of
firms' innovative activities in ;erms‘of cost reduction and quality
enhancement for its products.

There are a large number of desirable next steps. The .data bases
for computers and milling machines should be expanded and further
refined. Some of the limitations of our analyses noted at the begin-
ning of this section could be overcome. All the models could be
tested for other industries. But the real test would involve con-
fronting the results of the analysis of product quality change with
the evidence on firms' activities to achieve such changes, and the
market responses to change.

At the outset, we posed some policy issues related to technolog-
ical innovation. For example, we suggested that regulation of environ-
mental externalities might divert firm activities away from end-
product quality enhancement. We have presented models (3 and 4) in
which any affected performance characteristics of interest to the

user would be identified in the analysis. If the regulatory actions
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operate on the firm in a broader manner (e.g., stringent conditions
on waste disposal), the analysis would be based on the broader
considerations of investment portfolio management, but the outcome
of a diversion of resources away from technological innovation

could also be measured.
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