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Energy Efficiency, User-Cost 
Change, and the 
Measurement of Durable 
Goods Prices 
Robert J. Gordon 

4.1 Introduction 

4.1.1 User-Cost Changes and the Quahty Change Debate 

Energy price increases in the 1970s have induced producers to supply 
more energy-efficient automobiles, appHances, aircraft engines, and 
structures. Technological advances in response to higher labor costs have 
resulted in reduced maintenance requirements for many types of durable 
goods. Other changes in efficiency, particularly those associated with 
environmental legislation, have had an adverse effect on user cost. Users 
value the savings in energy consumption and repair costs that new, more 
efficient models make possible, just as they would pay to avoid a shift to 
less efficient models. Yet the literature on price measurement has con-
centrated on the dimensional or performance characteristics of goods and 
contains httle explicit discussion of the procedures by which price changes 
should be measured when new models embody changes in operating 
costs. 

In price measurement the proper treatment of changes in energy 
efficiency and other aspects of user cost is related to the more general 
problem of adjusting for quality change. Data on the real output of 
consumer and capital goods, on real capital input, and on productivity at 

Robert J. Gordon is with the Department of Economics, Northwestern University, and 
with the National Bureau of Economic Research. 

This is a revised version of a paper presented at the Conference on Research in Income 
and Wealth, May 3, 1979, in Washington, D.C. This research is supported by the National 
Science Foundation and is part of the NBER's research on productivity. Any opinions 
expressed are those of the author and not those of the National Bureau of Economic 
Research. I am grateful to Gerald Goldstein, Zvi Griliches, Robert Hall, Dale Jorgenson, 
Sherwin Rosen, and especially Jack Triplett for helpful discussion, and to Ross Newman for 
research assistance. 

205 



206 Robert J. Gordon 

both the aggregate and industry level require accurate price deflators that 
are adjusted for changes in quality.^ Just as a price increase due solely to 
larger size or improved performance should not be allowed to raise the 
aggregate price index, but rather should be subject to a quality adjust-
ment, so a price increase due solely to an engineering change that 
improves fuel economy should be subject to a similar quality adjustment 
rather than being treated as an increase in the aggregate price level. 

Quality adjustments for changes in energy efficiency and other changes 
in user cost raise an important conceptual issue already familiar from the 
debate on quality changes in dimensional or performance characteristics 
of goods: should the criterion for quality adjustment bo production cost 
or user value? Under the production (or resource) cost criterion, goods 
are considered of equal quality if they cost the same to produce. A 
difference in price between two models of a product would be adjusted 
for any difference in quality by subtracting from the price of the more 
costly model the amount by which its production cost exceeds that of the 
cheaper model. Under the user-value criterion, goods are considered of 
equal quahty if they provide the same value to the user. A difference in 
price between two models would be subject to a quality adjustment based 
on the relative value of the two models to users, without regard to 
differences in the production cost of the two models. 

In many cases the production-cost and user-value criteria lead to the 
same result. A competitive market leads to the production of ''quality," 
for example, dimensional or performance characteristics, up to the point 
at which the real marginal cost of producing each characteristic is equal to 
the present value of its marginal product. A quahty change resulting from 
a shift in the marginal value product of a characteristic, due to a change in 
product price or in the quantity of other inputs, takes place up to the point 
where the higher marginal value product is balanced by a higher produc-
tion cost. In such cases quahty adjustments based on the production-cost 
and user-value criteria are identical, and either method yields the same 
price deflator. 

No new problems are posed for price measurement when there are 
changes in energy efficiency or other elements of user cost that take the 
form of proportional changes in production cost and in the present value 
of marginal product net of operating costs. A change in electricity prices, 
for example, tends to induce firms to produce more energy-efficient 
refrigerators, up to the point where the added production cost of insula-
tion and other energy-saving devices is balanced by the present value of 
energy savings to users. The adjustment of a price difference between old 
model A and a more efficient model B can be handled by comparing 
production cost, and this difference in cost represents the difference in 
user value as well. 
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In such cases the normal "specification pricing'' procedure of the U.S. 
Bureau of Labor Statistics (BLS) can handle changes in operating 
efficiency easily and routinely. If refrigerator model A is replaced by 
model B, which consumes less electricity but is otherwise identical, and if 
the manufacturer states that the entire price difference between the two 
models is due to the higher production cost of the better efficiency 
characteristics of model B, then the BLS would correctly record an 
absence of price change. What, then, justifies an entire paper devoted to 
the subject of the treatment of user-cost changes in price measurement? 

4.1.2 Nonproportional Changes in Cost and Value 

Numerous examples of quality change occur in which production cost 
does not change in proportion to user value, thus creating a difference 
between measures of quaUty change based on the production-cost and 
user-value criteria. In the past such quality changes have been mis-
leadingly labeled "costless" but in fact are better termed "nonpropor-
tional." As seen below, the best way to characterize a nonproportional 
quality change is as a downward shift in the supply curve of user-desired 
characteristics. Examples of such shifts include the increased calculation 
ability of electronic computers of given size and resource content, the 
superior performance of the jet aircraft engine compared to the propeller 
engine it replaced, improvements in the picture quality of color TV sets 
without increases in cost, and improved fuel economy of automobile 
engines of given size and performance characteristics. These examples of 
nonproportional quahty changes suggest that improvements in perform-
ance characteristics rarely occur without simultaneously involving 
changes in operating cost. The computer, jet aircraft, home appHance, 
and automobile industries all achieved savings in energy and mainte-
nance requirements at the same time that performance innovations 
occurred. 

The central issue in the quality change debate is the proper treatment 
of nonproportional changes in the construction of official price deflators. 
The "production-cost criterion" was originally set out by Edward Den-
ison: "If the cost of two types of capital goods were the same (or would 
have been the same were both newly produced) in the year in whose 
prices the measures are expressed, they are considered to embody the 
same amount of capital regardless of differences in their ability to con-
tribute to production" (1957, p. 222). The U.S. Department of Com-
merce has adopted the Denison production-cost criterion for purposes of 
deflating output.^ Thus, if there is an innovation in the computer industry 
that doubles the calculation capacity of a computer without changing its 
production cost, the Denison criterion would treat both computers as the 
same quantity of investment and capital. 
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The contrasting position has been that user value should be the crite-
rion for quality adjustment in those situations where quahty change 
occurs but production cost and user value do not change in proportion.^ 
Proponents of the user-value criterion often point to the computer indus-
try as an important example in which use of the production-cost criterion 
leads to an understatement of increases in quality, in real investment, and 
in real GNP, together with an overstatement of increases in the aggregate 
price level/ 

The distinction between the two criteria, however, is misleading. If the 
unit of measurement in the computer example were changed from ''one 
computer" to "one calculation," then the production-cost criterion 
would correctly capture the reduction in cost per calculation and would 
lead to the same answer as the user value criterion. Recently, Triplett 
(see Chap. 5 this volume), building on the earher work of Fisher and Shell 
(1972), has set forth a new analysis of quahty change in which the units of 
measurement are a good's characteristics, for example, "calculations." 
He concludes that the production-cost criterion is correct for the con-
struction of an output price index, while the user-value criterion is correct 
for the construction of an input price index. The effect of his analysis for 
the computer example is to yield a price index that accurately captures 
the reduction in the price of a calculation achieved by technical innova-
tion and which thus satisfies those who have previously criticized the 
production-cost criterion for missing such reductions in price. The ex-
position in this paper, based on Triplett's analysis, shows that in many 
practical applications there is no longer any need to distinguish between 
the production-cost and user-value criteria of quality measurement.^ 

4.1.3 Plan of the Paper 

A preliminary conceptual section sets the subsequent theory in the 
context of recent debates in the area of quality measurement. Among the 
topics treated are the meaning of the production-cost and user-value 
criteria, the distinction between input and output indexes that is central 
to the work of Fisher and Shell (1972) and Triplett (this volume), the 
conditions necessary for the prices of individual goods to be adjusted for 
changes in user cost, and the implications of the approach for productiv-
ity at the aggregate and industry level. 

The theoretical analysis of operating cost changes involves a simple 
model in which producers' durable equipment varies along two dimen-
sions, a composite performance characteristic, and a composite operating 
cost characteristic. Firms design each vintage of equipment to have a 
level of operating efficiency that is optimal, given the expected prices of 
operating inputs. Changes in specifications can respond to both changes 
in technology and changes in the expected prices of energy and other 
inputs and can lead to proportional or nonproportional changes in cost 
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and user value. The model is used to analyze problems of extracting 
information on ''true" price changes from observed changes in the price 
of a unit of equipment when changes in performance and operating 
efficiency characteristics occur. 

The model can be applied not only to the measurement of price 
changes for new models but also to the analysis of changes in the prices of 
used models. Changes in operating characteristics, and in the prices of 
operating inputs, can alter both the prices and the service lifetimes of 
used assets. As a result the relative price of used and new assets may 
change, an effect that must be taken into account in any attempt that uses 
price data on used assets as a proxy for the unobservable transactions 
prices of new goods. 

The ideas in the theoretical section are appUed to the detailed practical 
problems involved in measuring the prices of an important type of pro-
ducers' durable equipment—commercial aircraft. An apphcation of the 
theoretical index formula yields a new deflator for the commercial air-
craft industry that is radically different from the present official deflator. 
Although the new index mirrors the 6.2% annual rate of increase in the 
official index between 1971 and 1978, during the period 1957-71 its 
annual rate of increase is minus 7.5% annually, as opposed to the official 
increase of plus 2.6% per year. Among the implications of the new index 
is that as now measured productivity growth in the aircraft industry has 
been understated, and total factor productivity growth in the airline 
industry has been overstated. 

4.2 Central Conceptual Issues 

4.2.1 Input and Output Price Index Concepts 

Triplett (this volume) has made Fisher and Shell's (1972) distinction 
between input and output price indexes the centerpiece of his analysis of 
quality change. Measures of real capital used as a productive input should 
be calculated using an input price index, according to Triplett, and 
measures of the output of the capital-goods producing industry should be 
calculated using an output price index. The following exposition, based 
on Triplett's analysis and concepts, examines the input and output price 
concepts in the case of technical innovations like those in the computer 
industry. 

We begin by assuming that output (y) is produced by a vector of input 
characteristics (x). Since the primary focus of this paper is on the 
measurement of capital input and of the output of capital goods, hence-
forth we ignore labor input. One may think ofy as ton-miles per truck per 
year and of x as including horsepower and truck size, or of y as the 
calculation services provided by a computer and x as including its mem-
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ory size and abihty to perform multipHcations per unit of time. The flow 
of output that can be produced by a single unit of the durable good 
containing the vector of performance characteristics x can be expressed in 
a conventional production function: 

(1) y-yix). y.>o.y,,<o, 

where y^ represents the partial derivative of y with respect to x. 
The producers' durable good is manufactured under competitive sup-

ply conditions, according to a cost function that exhibits constant returns 
in the quantity of goods produced, and diminishing returns in the number 
of embodied units of the performance characteristic:^ 

(2) Vix) = Cc{x), c ,>0,c, ,>0. 

Adopting the convention that lower-case letters represent ' 'real" vari-
ables and upper-case letters ''nominal" variables, we use c to represent 
the real unit cost function, C to represent shifts in the cost of producing a 
given product due to changing profit margins and/or input prices, and V 
to stand for the total value of each unit produced. 

For any given level of technology, say that obtaining at time t, more 
inputs are required to produce more output. The input demand function 
depends on output and on the prices of inputs: 

(3) x, = x ( y „ Q . 

When the input demand function from (3) is substituted into the cost 
function of the supplying industry (2), it is seen that there is an indirect 
dependence of the cost of the good on the output produced by its user: 

(4) V{x,) = V(y,,Q) = Qc[x{y,,Cdl 

The criterion of comparison upon which the input price index (Pf) is 
based is that prices are compared holding constant output at a given level, 
say y*. The optimal set of input characteristics (jc*) is defined by the 
demand functions for the characteristics at the given output level (j*) 
and the differing input prices: 

(5) xf = x ( y * , Q and XQ* =x(y*,Co). 

The input price index can now be compared as the ratio of the cost (V) of 
obtaining the optimum (minimum-cost) combinations of the vector of 
input characteristics sufficient to produce output level j * in the reference 
and comparison-period input price regimes. Thus the input price index is 
simply the ratio of (4) for the two price regimes, evaluated at the constant 
output level y*: 

(6) px^ y(xr) Qc[x(j*,Q] 
V{x^) Coc[x{y^Co)] 

Because a change in input prices (C) between regimes can cause substitu-
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tion in the quantities of the various input characteristics, the input price 
index allows for such substitution. 

In this discussion the inputs into the production function are the 
individual characteristics of goods, the vector x, so that a quality change 
involves a change in the quantity of one or more productive characteris-
tics, which in turn must change the level of output. Since any such quality 
change would thus violate the criterion of constant output (>'*) on which 
the input price index is based, price measures must be adjusted ''for 
changes in input characteristics that result in changed output (or reduced 
cost to the user), and the correct quality adjustment is exactly equal to the 
cost change or the value of the output change that they induce. In the 
Hterature, this is known as the user-value rule'' (Triplett, this volume, 
p. 286). 

In contrast to the input price index, the output price index uses a 
standard that compares prices by holding constant the economy's endow-
ment of productive factors and its production technology. Now we write 
the output symbol (y) as representing a vector of output characteristics. 
Triplett defines the output price index P]' as the ratio of the revenue (/?) 
obtained from the optimum (maximum-revenue) combination of output 
characteristics in the reference and comparison-period output price re-
gimes, holding constant both input quantities (jc*) and production func-
tions [j*=y(x*)]: 

Note that the numerator and denominator of the output price ratio differ 
both in the price regime and in the quantities of output characteristics 
(y*) that are optimal, given the fixed input quantities (x*) and the fixed 
production functions that estabUsh the various output combinations that 
can be produced from those inputs. 

A quality change now implies an increase in one or more output 
characteristics.^ If we assume that the resources devoted to increasing 
quality are obtained by decreasing the output of some other good, in 
order to remain on the same production possibility frontier the output 
price index must be adjusted for the resource cost of the added output 
characteristics. 'The [quality] adjustment required is equal to the value 
of the resources required to move the set of output characteristics in-
cluded in the index back to the same production possibihty curve. This is 
precisely the resource cost quality measurement rule that has been 
argued in the literature" (Triplett, this volume, p. 299). 

4.2.2 Measuring the Input Price Index 
When Quality Change is Nonproportional 

Nonproportional technical innovations raise the performance of a 
good by increasing its built-in quantity of characteristics {x) relative to the 
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resources used by the supplying industry. Thus such innovations take the 
form of a downward shift in the real cost of producing a given quantity of 
characteristics, say computer calculations. 

The idea of nonproportional quality change can be brought into the 
measurement of the input price index by introducing a shift term X̂  into 
the cost function (4): 

(8) V(y,,CM = Qc[x(y,,C,)Xl 

It is important to note that there is no shift in the using firm's produc-
tion function (1), since a single calculation still produces the same amount 
of output in the using industry. Thus the units of characteristics to be 
defined as x must be those which directly enter the using firm's production 
function, for example, a computer's *'calculations per second" and not its 
dimensions. 

In this framework the total change in input cost consists of four terms: 

(9) dV = dC(c + Qc^xc) + Q{c^Xydy + c^dX). 

These terms represent, respectively, the direct and indirect substitution 
effect of changing prices of the inputs to the supplying industry, the effect 
of changing input requirements due to changing output (Xydy), and the 
effect of technical change in shifting the real cost function (c^dk). Since 
the input price index (Pf) is the ratio of (8) evaluated for the comparison 
period to (8) evaluated for the reference period—holding the output level 
constant aty*—the change in Pf can be written as the total change in cost 
minus the contribution to cost of the change in output: 

..^v dP^ dV - CfC^Xydy dC{c + CtC^Xc) + C^Cy^dX 

~P^^ V(y\CoM) V(y\Co^o) 

Here the middle expression indicates that the change in price would be 
measured by adjusting the observed change in cost of a new model for the 
change in its quantity of characteristics (Xydy) multiphed by the marginal 
cost of producing characteristics (QCj^). The right-hand expression shows 
that the price change can be caused either by changes in input prices or 
profit margins in the supplying industry (dC) or by a technical shift (dk). 
Because the middle expression is used in actual measurement, the tech-
nical shift itself (dk) does not have to be observed directly, 

Figure 4.1 illustrates the measurement of changes in the input price 
index in the presence of nonproportional quality change. The two upward 
sloping lines plot the unit cost function (eq.[8]) for two different values of 
the technical shift parameter X. Initially, output level y* is produced at an 
input unit cost of VQ at point A. The technological shift represented by the 
higher value of X improves quality by raising the quantity of input 
characteristics relative to their cost. This raises the demand for character-
istics and the level of output, depicted by yi in the diagram. The unit cost 
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v(y./xo) 

Fig. 4.1 Effects on input cost and output of a technological shift that 
raises the quantity of input characteristics relative to their cost. 

of the durable good (Vi) could be either higher or lower than in the initial 
equation (VQ)-

According to equation (10), the change in the input price index is equal 
to the change in unit cost (minus line segment AC) minus an adjustment 
factor equal to the change in output (CB) times the marginal cost 
(CD/CB) of building extra input characteristics capable of producing the 
extra output along a new supply schedule. Thus the change in the input 
price index is - ^ C - CD = -AD, that is, the vertical downward shift in 
the supply schedule itself. Note that the change in the real input quantity 
is measured by the change in output times the marginal cost of producing 
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extra output under the new supply conditions. The change in an index of 
the real quantity of input characteristics (dQ^) can be written formally as 
the proportional change in the number of units of capital {dulu), plus the 
change in cost per unit {dVIV), minus the input price index: 

...V dQ^ du dV dP^ du CfCj^x^dy 
(11) = + = + "" ^ -" 

Q" u V P' u V(y*,CoAo) 

Because it is the marginal cost of producing characteristics that is used 
to make the actual quality adjustment in (10), the distinction between the 
''user-value" and ''production-cost" criteria for the measurement of 
quality change is misleading, since both are used in (10) and in the 
corresponding figure 4.1. User value is the criterion used to define jc, that 
is, the choice of calculations rather than dimensions as the characteristic 
desired by the user. And production cost is the criterion used to make the 
actual quahty adjustment. The earlier literature (as exemplified by the 
Denison quote in Section 4.1.2, e.g.) did involve a meaningful distinction 
between the two criteria, because the production-cost criterion was being 
applied to units of goods (w) rather than user-desired characteristics (jc). 
Now, however, with the quality measurement procedure stated in terms 
of characteristics, we have a hybrid criterion in which both the user-value 
and production-cost criteria are integral parts. 

For the purpose of quality adjustment in practice several alternative 
methods of estimating the marginal cost {c^ are available. For instance, if 
an auto manufacturer were to make automatic transmission standard at 
no increase in price, and the BLS had information either on the price of 
automatic transmission when it was an option, or a manufacturer's esti-
mate of the cost of producing an automatic transmission, then the present 
BLS pricing methodology would be adequate to measure the marginal 
cost. Often, when quality change involves continuous rather than discrete 
change, for example, a change in automobile acceleration and dimen-
sions, or in computer performance, it is more convenient to use the 
hedonic regression technique to estimate the shadow price of a given 
characteristic, that is, its marginal cost. Clearly the proper technique to 
use in each case is independent of whether the nature of the quality 
change is "cost increasing" or "nonproportional." 

4.2.2 Measuring the Output Price Index 
When Quality Change is Nonproportional 

We now turn to the output price index and ask whether it gives a 
consistent treatment to an identical technological innovation. We imag-
ine that the input price reduction depicted in figure 4.1 occurs because of 
a cost-saving technological innovation in the electronic computer indus-
try. In this case, what happens to the output and price indexes for the 
value added of the computer industry, a component of real GNP? The 
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nonproportional quahty change can be introduced into the discussion of 
output price indexes by allowing the same shift term (\) to enter the 
production function of the computer industry. A vector of output charac-
teristics (y) is now produced in an amount that depends on the quantity of 
input characteristics (x), the relative prices of output characteristics (P), 
and the shift term (X): 

(12) y=y{x,P^), J.>0,>^x>0. 

The output price index is now the ratio of revenue in two periods when 
output prices are allowed to change, holding constant the level of re-
sources (inputs) and production technology: 

(13) py ^ Riyt.Pt) P,>'(A:*,P„X*) 

The total change in revenue between the reference and comparison 
periods is the total derivative of the revenue function: 

(14) ^/? ^ dPjy + P,yp) + Pjy.dx + y^d\) 

R " Poy(x\PoX) 

where the terms represent, respectively, the direct and indirect substitu-
tion effects of changes in the output price, the effect on real output of 
increasing input usage, and the effect on real output of the technological 
shift itself. 

The change in the output price index (13) consists of only two of the 
four terms in (14), since both input usage (x*) and technology (X*) are 
being held constant: 

(15) ^P^ dR- Pjy.dx + y^d\) ^ dPjy + P,yp) 

py "" Poyix^Po^"") ' Poyix^Po.k') 

The corresponding quantity index based on the output price index con-
sists of the residual change in revenue: 

(16) ^6^ _ Ptjy^dx + y^dX) 

Qy " Poyix^Po^'^) 

What is the relationship between changes in the output price index and 
input price index defined by (10)? Figure 4.2 illustrates the calculation of 
changes in the output price index and quantity index when there is a 
technological change represented by a shift from XQ to Xi. The increase in 
the output that can be produced by the initial resource endowment raises 
output directly by the termy^^^ ^^ equation (15), and indirectly by raising 
the marginal product of inputs and hence the demand for inputs (the term 
yxdx). If the higher level of output is to be sold, the output price (P) must 
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R(Po,y) 

R(P,,y) 

R(P,y) 

Fig. 4.2 Effects on revenue and output of a technological shift that 
raises the level of output relative to the quantity of input 
characteristics. 

drop, as indicated along the appropriate industry demand curve. The 
downward sloping total revenue line in figure 4.2 is drawn on the assump-
tion that demand is price inelastic. The upward sloping fines indicate the 
revenue that would be obtained from varying levels of output if the price 
level were fixed. Starting from an initial equilibrium at point ^ , the 
innovation-induced increase in output leads to a new equilibrium at point 
B, where the price level has dropped from PQ to Pi, and total revenue has 
declined from RQ to Ri. According to equation (15), the change in the 
output price index is measured by the change in revenue (minus the fine 
segment AC) minus the new price level {CDICE) times the change in 
output {CB), or the distance -AD. 

Now the connection between figures 4.1 and 4.2 becomes evident. 
When we consider the output of a capital good, for example, an elec-
tronic computer, a technological shift causes a decrease in price measured 
by the vertical distance AD in figure 4.2. We note that this vertical 
downward shift ^ D also appears in figure 4.1 as the change in input prices 
as viewed by the user of the electronic computer. Once again, the input 
and output price index concepts are equivalent and would include in both 
real GNP and in real capital input technological shifts that raise the 
output capacity of capital goods relative to their production cost. 
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The model is equally applicable to ''resource-using" or ''cost-
increasing" quality change. Imagine an upward shift in the demand for 
computers, without any change in technology. The previous equations 
are appropriate for measuring price and output change if we set the dX 
terms equal to zero. In figure 4.1, imagine an initial equilibrium at point 
D, where the lower supply curve meets an initial demand curve (not 
drawn). Then let the demand curve shift upward sufficiently to move the 
new equilibrium position to point B. The change in unit cost (dV) is 
exactly offset by the increase in the marginal cost of the additional 
characteristics, leaving the input price index as measuring shifts in the 
price of producing a given output; in this case there has been no such 
shift. The same conclusion applies to the output price index, which would 
be measured as unchanged, since the price of utilizing the initial level of 
resources has remained unchanged. 

The major conclusion of this section has been that in principle both 
input price indexes and output price indexes treat quahty change con-
sistently, and the user-value and production-cost criteria lead to the same 
measures of prices and real output. This has always been recognized as 
true for "resource-using" quality change, where an increase in quality 
requires an increase in production cost. The novelty in this section is the 
demonstration that "nonproportional" quality change is also treated 
consistently by properly defined input and output indexes. Thus a tech-
nological change that raises the user value of a durable good relative to its 
production cost will be measured in exactly the same way in indexes of the 
real output of the industry producing the durable good and of the real 
capital input of the industry using the durable good. 

4.3 A Model Incorporating Operating Costs 

4.3.1 Energy Embodiment and Separability 

Some recent research on the production technology of energy use, for 
example, Hudson and Jorgenson (1974), assumes that energy (e) enters 
the production function symmetrically with labor hours (/i) and capital 
input {x)\ 

(17) y = y{h,x,e), y;,>0, y^>0,3;,>0. 

Thus changing relative prices, in particular the rising relative price of 
energy observed during the 1970s, can cause substitution both between 
energy and capital, and energy and labor. Because the price of labor 
influences the amount of labor used per unit of capital, there is no 
presumption in this framework that changes in energy efficiency call for 
adjustments in the prices of capital goods. Indeed, in his Comment on 
this paper Triplett prefers that changes in energy efficiency be reflected in 
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measures of the user cost of capital (including interest, depreciation, 
energy, and labor usage), but not in price indexes needed to create 
estimates of the output and productivity of industries that produce capital 
goods. 

Yet Triplett's position appears to prevent the consistent treatment of 
performance-increasing and energy-saving technological change in the 
measurement of prices, output, and productivity. The previous section 
shows why a technological shift in the performance of a capital good per 
unit of resources used in capital-goods-producing 'Tirm A" should be 
treated as an increase in real investment and real GNP. Now let us 
assume that another capital-goods-producing "Firm B" achieves a tech-
nological improvement in one of its products, yielding energy savings to 
users of equal value to the performance improvement achieved by Firm 
A. Should not the criteria for price measurement be designed to treat 
both types of technological change symmetrically? 

In order to adjust the price of a capital good for changes in energy 
efficiency, it is necessary to assume that energy usage is ''embodied" in 
capital goods and that the production function (17) can be rewritten in the 
separable form: 

(18) y^y[hMx.e)l 

where k(x,e) is a subfunction with two inputs, performance characteris-
tics (jc) and energy (e), which produces capital input (k). Berndt and 
Wood (1979) describe the subf unction as follows: 

For example, consider the production of industrial process steam of 
given specified physical characteristics. In such a context utilized capi-
tal services (k) refers to the quantity of steam produced per unit of time 
using capital . . . and fuel inputs. This assumption of a separable 
utilized capital subfunction impUes that the optimal e/x ratios . . . 
depend solely on (the prices of x and e and not on the other input 
prices) or the level of gross output y.^ 

Is this assumption of separability, which is essential to the discussion of 
price measurement in this paper, a reasonable one or, as Triplett claims, 
arbitrary and ''unrealistic"? Three arguments can be presented to sup-
port the procedures proposed here: 

1. Berndt and Wood (1979) have reexamined previous econometric 
studies in an attempt to reconcile disparate findings regarding the degree 
of substitution or complementarity between capital and energy. In these 
reconciUations "separabihty has played a prominent role" (p. 350), and 
their own empirical (1975) appears to support the separability assump-
tion. 

2. The study below makes the assumption not only that the production 
function is separable but that technology is "putty-clay," so that energy 
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usage is ''designed in" when the capital good is built. In some industries 
the assumption that energy requirements are embodied in capital goods 
seems more reasonable than in others. The ability of a user to improve 
the energy consumption of an automobile, commercial airplane, electric-
ity generating plant, or appliance is relatively minor compared to the 
latitude available to the manufacturer. Thus, a Cadillac owner might 
improve his gas mileage from 14 to 15 miles per gallon by careful driving 
habits, but to achieve 40 miles per gallon he would have to buy a Chevette 
or Honda. 

3. Although users can alter energy consumption even when technol-
ogy is putty-clay, for example, an automobile driver can save gasoline by 
careful avoidance of sudden starts, the techniques described below in-
volve measuring an energy requirements function that holds constant the 
characteristics of users. In addition, performance characteristics are held 
constant, yielding a function translating energy into performance that 
fairly can be said to be under the control of the capital-goods manufac-
turer. 

4.3.2 Adapting the Input Price Index to Incorporate 
Nonproportional Changes in Net Revenue 

We now assume that the production of output (y) requires not only the 
acquisition of durable goods having productive input characteristics (x) 
but also involves a variable operating cost, the consumption of other 
inputs (e) times their price (S). In the present discussion e may be taken to 
represent the yearly consumption of energy of a capital good having 
performance characteristics x. The energy requirements function is taken 
as given by the equipment user, reflecting our assumption of a separable 
putty-clay technology: 

(19) e = e(x,a), e^>0,e,<0, 

where the parameter a represents a technological shift factor that can 
alter the energy consumption of a given set of input characteristics. 

The net revenue (A )̂ of the durable good user consists of gross revenue 
less variable operating cost. Gross revenue is the output price times the 
production function (eq. [1] above) that allows for technical change, and 
operating cost is the price of the operating input (S) times the consump-
tion of operating inputs (e): 

(20) N = Py(x)-Se(x,(j), 

An expression for real net revenue (n) can be obtained by dividing (20) by 
the output price: 

(21) n = y{x) - se(x,(j), 

where s is the real price of the operating input (s = S/P). 
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Recall that the input price index was previously defined as the ratio for 
two time periods of the nominal cost of inputs that are capable of 
producing a given level of output (>?*). A natural extension of this 
concept in the presence of variable operating costs is to hold constant 
between the two periods the level of real net revenue (n*). This criterion 
reflects the assumption that users of durable goods do not care about the 
gross output produced but rather about the net revenue that the durable 
goods provide. Thus a user is assumed to be indifferent between 10 units 
of real net revenue obtained from a situation with 15 units of output and 
five units of real operating cost, and an alternative situation with 16 units 
of output and six units of real operating cost, holding constant his invest-
ment in capital goods. 

The introduction of variable operating costs makes the demand for 
input characteristics depend on real net revenue (n), the vector of prices 
of input characteristics (C), the real price of operating inputs (s), and the 
technological shift parameter (a):^ 

(22) Xr = x(n,,C,,s,,(j,), x„>0, x,>0, x^<0. 

Comparing the arguments here to the previous input demand function in 
equation (3) above, we note that real output has been replaced by real net 
revenue and that the two parameters of variable operating cost have been 
added (s and a). The signs of the derivatives of (22) assume that the firm is 
operating in the region in which additional net revenue requires extra 
input to produce more gross output. ̂ ^ An increase in operating cost 
requires an increase in gross output (and hence capital input) to yield any 
fixed level of net revenue; hence the derivative is positive with respect to 
the relative price s and negative with respect to the technological parame-
ter a. 

When the new input demand function in (22) is substituted into our 
input characteristic cost function that allows for technical change (equa-
tion 8 above), we obtain an expanded equation for the cost function: 

(23) V{n,,Q,s,,GtX) = C,c[x(n„C„5„a,)\J. 

Now the input price index is defined as the ratio of the cost function in the 
comparison period to that in the reference period of producing the same 
real net revenue, holding constant the relative price of operating inputs: 

^24) px _ ^(^*.Q?'5'o,0-^Ar) 

y(AZ*,Co,5o.^oAo) 

The decision to hold constant the relative price of operating inputs (s) in 
the numerator and denominator reflects the desire to limit changes in the 
input price index to factors internal to the firm manufacturing the durable 
good—its input prices and profit margin (C) and the level of technology 
built into the good (o-,X). In this way changes in the relative price of an 
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operating input like energy are not treated as changes in the price of 
capital input. 

Now the change in the input price index can be written in two equiva-
lent ways: 

dP^ dV - CtCj^{Xndn + x^ds) 
(25) 

dC{c + CfC^Xc) + Cf(CxX^d(T + c^dX) 

y( / l * ,Co,5o ,CToAo) 

The extended model incorporating operating costs can be illustrated in 
figure 4.3, which repeats the axes of figure 4.1. The upward sloping 
schedule plots equation (23) and shows the increasing unit cost of input 
characteristics required to generate additional net revenue. The initial 
equilibrium position, where the quantity of output is chosen to make 
marginal net revenue equal to marginal cost, is shown at point A. 

We consider first the proper treatment in price measurement of an 
improvement in quality that occurs when an equiproportionate increase 
in the prices P and S relative to C leads users to demand higher quality 
capital goods. Because the higher prices P and S shift the nominal 
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marginal net revenue schedule upward, the equihbrium position shifts 
from ^ to 5. If the manufacturer reports to the BLS that the entire 
addition to the price of the good from VQ to Vi is due to the higher cost 
(CA) of raising the specification of characteristics embodied in the good, 
the BLS would correctly conclude that there has been no price change. 
We note that the manufacturer's cost estimate does not represent simply 
the effect of higher x holding constant operating cost but rather the net 
extra cost of raising x while allowing energy consumption to increase 
along the e(x) function. There is no danger that the substitution toward 
greater operating cost will be misinterpreted as a change in input price as 
long as the marginal cost (CA/CB) of the extra quantity of input charac-
teristics is correctly measured. 

Does the general formula (25) for the change in the input price index 
correctly conclude that there has been no price change? From the change 
in the cost of the durable good (CA) is to be subtracted the marginal cost 
(CA/CB) of the extra input characteristics required to raise real net 
revenue by the actual observed amount (CB). Thus the observed change 
in input cost (CA) minus the correction factor (CA) equals zero. 

A second case, a reduction in the relative price of energy, is illustrated 
in figure 4.4. A decrease in the price of energy from SQ to Si, while the 
product price is held constant at PQ, shifts the unit cost schedule right-
ward, since a smaller nominal operating cost must be deducted from gross 
revenue for any given quantity of the input characteristic jc, thus raising 
net revenue for any given value of V. The new equilibrium position is 
assumed to shift from point Ato B. The input price index subtracts from 
the observed change in price (CA) the marginal cost (CDICB) of the 
extra input characteristics required to raise real net revenue by the 
observed amount (CB) adjusted for the effect on input cost ( +AD) of 
lower energy prices (ds) when real net revenue is constant. Once again, 
the observed change in input cost (CA) minus the correction factor 
( - CD + AD) equals zero. 

As an example of this second case, we note that lower relative gasoHne 
prices in the 1950s and 1960s induced firms and consumers to shift to 
larger automobiles that consumed more fuel.̂ ^ But if an automobile with 
given horsepower had maintained its previous fuel consumption along a 
fixed e(x) schedule, then no change would be imputed to the price of 
automobiles as a result of this substitution toward greater fuel consump-
tion. (Wilcox [1978] has found, however, that during this period the fuel 
requirements function was not fixed.) 

As a third example, let us consider a technological innovation that 
allows a given quantity of the input characteristic (x) to be used with a 
smaller consumption of fuel. To simplify the illustration in figure 4.4, it 
will be assumed that the shift takes the special form of reducing the 
marginal energy cost of a change in input quantity by the same amount as 
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V(n,So,ob] 

V(n,S,,ao) or 

/ V(n,So,cr,) 

Effects on input cost and net revenue of (a) a reduction in the 
relative price of energy, and (b) an innovation that improves 
fuel efficiency. 

the decrease in the relative energy price examined in the previous two 
paragraphs: 

(26) Soe{x,(Ji) = Sie(x,(To). 

Now the lower schedule in figure 4.4 is relabeled to correspond to the 
new, more efficient consumption schedule in which ai replaces OQ. 

In this third case, as in the first two cases, the equiUbrium position 
moves from point A to point B. But now the input price index registers a 
decline in price instead of no change in price. From the change in the unit 
cost of the input characteristic (dV = CA) is subtracted the marginal cost 
{CDICE) of the extra input characteristics required to raise real net 
revenue by the actual observed amount {CB). Thus the observed change 
in input cost {CA) minus the correction factor {CD) equals the change in 
the input price index {-AD). 

4.3.3 Implementation of Operating Cost Adjustments 

In each of the cases considered in the previous section, the observed 
change in unit cost of a durable good was adjusted for changes in net 
revenue caused by a shift in either an exogenous price or technological 
parameter. In each case the adjustment involved determining the mar-
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ginal cost of whatever extra quantity of input characteristics would have 
been required to yield the observed increase in net revenue in the absence 
of the observed parameter shift. How is this adjustment factor to be 
measured in practice? 

The discussion of measurement can usefully be set in the context of a 
competitive firm that uses capital goods to produce net revenue. Its user 
cost of capital multipUes the unit price of a durable good (V) times the 
interest rate r (representing some combination of borrowing costs and the 
opportunity cost of the firm's own funds), plus a geometric depreciation 
rate 8 that measures the rate of decay with the asset's age of the stream of 
services that it provides. The capital market is assumed to set only a single 
interest rate that each firm takes as given.^^ 

Firms using the durable good are price takers in both input and output 
markets. They have no influence on the price of the durable assets they 
purchase (V), on the price of the output they produce (P), or on the price 
of operating inputs (5) or cost of ownership (r + 8) they must pay. They 
simply choose the level of output that maximizes yearly profit (TT), the 
difference between nominal net revenue (from eq. [20]), and the user 
cost of capital: 

(27) TT ^N-{r + h)V=Py{x) - Se{x,(j) - {r + h)V{x). 

The only choice variable in the simplified structure of (27) is the 
quantity of input characteristics (x). If all producers and users of the 
durable asset are identical, then there will be a single model produced 
that embodies enough of the durable input characteristic to equate its real 
marginal cost of production to the present value of its real marginal net 
revenue: 

(28) V u) _ >̂ x(̂ ) - se^{x,(j) ^ n^(x,s,(j) 

r + 8 r + 8 

where Vj^{x) = Vx(x)/P. The fact that the market usually provides numer-
ous varieties containing different quantities of input characteristics has 
been explained by Rosen (1974) as resulting from the different tastes of 
consumers and technologies of producers.^^ 

Figure 4.5 illustrates the equihbrium described in equation (28), with 
the real unit cost of durable goods on the vertical axis and real net 
revenue on the horizontal. As in figures 4.3 and 4.4, the purchase of 
additional input characteristics raises both unit cost (v) and net revenue 
(n), but the response of net revenue exhibits diminishing returns, both 
because of diminishing returns in the production function relating output 
to input characteristics, and also because of the increasing marginal cost 
of producing input characteristics. When the technical level of operating 
efficiency is represented by CTQ, the initial equilibrium occurs at point ^ , 
where the v(n,a) function is tangent to a straight line having the slope 
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l/(r+8). The v() function also depends on CIP and s, but these parame-
ters are held constant in the present discussion of adjusting capital input 
prices for changes in operating efficiency, du. 

If the level of operating efficiency were to shift to the improved level 
represented by <Ji, the firm would move to a new equilibrium position at 
point B, where the new v(n,(r) function again has the slope l/(r + 8).'* The 
change in the input price index, as in figure 4.4, is the observed change in 
unit cost {dv = line segment CA) minus an adjustment factor equal to the 
observed change in net revenue {dn = CB) times the marginal cost of 
producing input characteristics capable of providing that amount of net 
revenue, the slope CDICB. Although points A and B can be observed, 
and thus dv and dn can be measured, point D cannot be observed 
directly. How can the slope CDICB be calculated in practice in order to 
compute the quality change adjustment factor ADl 

As figure 4.5 illustrates, the problem of estimating point D arises 
because of the curvature of the v{n,a) function. If the function were a 
straight line, then the unobservable point D would coincide with point 
D', which lies along a ray from the origin to point B having the slope 

V(n,<r,) 

Fig. 4.5 The calculation of a quality adjustment when there is an in-
novation that improves fuel efficiency. 
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Vi/nj. But, as long as there are either (a) diminishing returns in producing 
net revenue in response to an increase in the quantity of input characteris-
tics or (b) an increasing marginal cost of producing input characteristics, 
then the curvature of the function will always make point Z)' lie above 
point D, and will make the segment AD' an underestimate of the re-
quired quality adjustment, segment AD. 

Since the exact form of the function is unobservable, and because data 
are unlikely to be available to estimate it in many cases, the estimation of 
the quality adjustment factor must inevitably be based on some assump-
tion about the function. Consider, for instance, the particularly simple 
relationship: 

(29) V = pn", 

where the curvature of the function depends on the parameter a. Tech-
nological changes that alter the position of the function are represented 
by shifts in the p parameter. 

To use this function in the estimation of changes in input price, we first 
rewrite the basic formula (25) for a comparison in which the price of 
operating inputs (ds) is held constant: 

(30) ^ _ ^v - Vndn 

where the real unit cost (v) of the capital input replaces nominal cost (V) 
on the assumption that the output price can be held constant while 
comparing the new and old types of durable goods. Converting (30) from 
continuous to discrete changes, we obtain: 

(31) ^P"" _ ^ v - [v(ni,ai) - v(no,ai)] 

v(no,ao) 

v(nQ,cTo) 
- 1 . 

When the assumed functional form (29) is substituted into the general 
formula (34), the resulting expression depends only on observable vari-
ables and the "curvature" parameter: 

(32) ^ ^ Pi^o'' _ _ l^i^o] / « o \ " " ' - 1 . 

To make sense of the right-hand side of (32), imagine first that the v{n,(j) 
function is linear, that is, that a = 1, so that the second term in paren-
theses becomes unity. Then the remaining expression states that the 
"real" price change will be zero if both unit cost and net revenue grow in 
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proportion in the shift to the new model, (VI/VQ) = (ni/no). This is the case 
of ''resource-using" or ''cost-increasing" quality change. A nonpropor-
tional quality change, as illustrated in figure 4.5, would raise net revenue 
relative to cost and would result in an estimated change in the "real" 
input price index that is less than the observed change in price of models 
that remain identical. 

When the v(/i,o-) function is nonlinear, then a > 1, and the second term 
in parentheses in (32) becomes a fraction less than unity, corresponding 
in figure 4.5 to the fact that the unobservable point D lies below point D'. 
There seems to be no alternative in the estimation of equation (32) to 
making an arbitrary assumption about the value of the a parameter, or to 
presenting results for several alternative assumptions regarding the cur-
vature of the v(n,a) function. 

It is important to note that (32) is to be used to calculate a quality 
adjustment when comparing two different models, while holding con-
stant output prices and the prices of operating inputs. Since this means in 
practice that the net revenue performance of two models must be com-
pared in a particular year when both are in operation, equation (32) must 
imphcitly be holding constant any factors that change the cost of manu-
facturing a given model in the given year of comparison, that is, changes 
in profit margins and/or the prices of inputs into the manufacturing 
process. Thus for practical measurement, equation (32), which computes 
the price change involved in the shift from one model to another, must be 
combined with an index of changes in the cost of producing identical 
models. Changes in the nominal input price index, then, are equal to 
changes in the real input price index plus changes in the cost of producing 
identical models: 

(33) AP- _ ^p^ ^ AC[Qc,(x*)] 

P^ /7^ Coc(jc*) 

Thus, if there is a 10% annual increase in the price of identical models, 
and all quahty change is resource using as in figure 4.3, the quality change 
adjustment in equation (32) will be zero, and the nominal input-cost 
index in (33) will be recorded to increase at a 10% annual rate. But if the 
real quality change adjustment were minus 5%, then the increase in the 
nominal input-cost index would be reduced to a 5% annual rate. 

4.4 A Case Study of Innovations in the 
Commercial Aircraft Industry 

4.4.1 General Procedures 

Most empirical work in the quality change literature in the past two 
decades has involved the estimation of hedonic regression equations in 
which the price (unit cost) of durable goods is the dependent variable. 
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More recently the appearance of new econometric studies has become 
less frequent, while the Hst of critical interpretations and survey papers 
has been growing/^ In none of this hterature, however, is there any 
significant discussion of the treatment in price measurement of changes in 
operating efficiency. 

This oversight is easily understood in the context of our present sim-
pHfied model of the production and operation of durable goods. At any 
given level of technology (a constant), operating cost and particularly 
energy consumption tends to be a function of the quantity of input 
characteristics (x) embodied in each durable good. Any given cross-
section hedonic regression of price on the quantity of input characteristics 
can provide no useful information about the effect on price of changes in 
energy efficiency, if the fuel consumption and input quantities are col-
Hnear, and if shifts in the level of fuel efficiency take place on all models at 
the same time. 

There is another and perhaps more fundamental reason why the tradi-
tional hedonic regression approach cannot identify the value of changes 
in fuel economy, even if shifts in the level of fuel efficiency do not take 
place simultaneously on all models. As we shall see in the aircraft exam-
ples below, the net revenue advantage of new, more fuel-efficient models 
has not been fully reflected in a higher price, but rather the small price 
differentials set by firms have transferred the benefits of the efficiency 
advantage to the airlines and ultimately to their customers in the form of 
lower prices and lower load factors. Thus the dependent price variable in 
the hedonic regression does not exhibit sufficient variation to allow the 
analyst to capture the full value to users of improvements in fuel econ-
omy. 

The aircraft example in this section is provided to suggest practical 
methods of implementing the rather general and abstract measurement 
framework outhned earlier in the paper. The basic formula for quality 
adjustment, equation (32), requires the comparison of the observed 
change in the price of a new model with the extra net revenue that the new 
model provides relative to the old model, holding constant the prices of 
output and operating inputs. Because data on changes in net revenue are 
required, ideal testing grounds for the methodology are regulated indus-
tries in which the government requires the publication of detailed in-
formation on the operating costs of given pieces of capital equipment. 

The case study of airlines presented below can be duplicated for other 
regulated industries, particularly for the generating plants used by elec-
tric utilities. Other types of capital goods, for example, automobiles, 
raise different problems of estimation, because no data are available on 
the output of automobile services to consumers, and thus the level of net 
revenue cannot be calculated. The conclusion to the aircraft case study 
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suggests means of deahng with the problems of quality adjustment in 
other industries. 

4.4.2 Index of Sale Prices of Identical Models 

The commercial aircraft industry has all the qualifications to be a 
perfect case study of our methodology. The major customers of the U.S. 
commercial aircraft industry are the U.S. airUnes, which have been 
subject to government regulation throughout the postwar period and 
have been required to make available to the public incredibly detailed 
information on traffic by route as well as operating costs by airplane type 
and station location. Further, the airline production function clearly 
meets the separability requirement discussed above; the predominant 
determinant of fuel consumption per airplane seat-mile is the basic design 
of the manufacturer, and the pilot has only minor latitude to alter fuel 
consumption by varying speed and shutting down engines while taxiing. 

Finally, the dramatic nature of the transition from piston airplanes to 
jet aircraft makes the aircraft example an interesting one. This innovation 
simultaneously increased gross revenue by raising aircraft size and speed, 
while reducing operating costs per seat-mile. In fact, any estimate of the 
value to users of the transition to jet aircraft will inevitably be too 
conservative if it concentrates solely on the net revenue of the airlines and 
omits the value to users of the time savings made possible by increased 
speed and the comfort value of reduced vibration. Yet this paper eschews 
these subjective areas in the behef that a careful treatment of objective 
revenue and cost data is sufficient to establish the presence of previously 
unmeasured quality change. 

The existing national income accounts deflator for the aircraft category 
of purchases of producers' durable equipment is compiled by the U.S. 
Civil Aeronautics Board (CAB), Bureau of Operating Rights.̂ ^ Since 
airUnes are required to report regularly the historic cost for each indi-
vidual aircraft in their fleet, and since these aircraft are identified on CAB 
form 41 by their month of acquisition and exact type (e.g., Boeing 
707-331-B), the CAB has been able to construct an aircraft price index by 
measuring the year-to-year change in the unit price for each type of 
equipment delivered in both of two adjacent years. Because only identical 
pieces of equipment are compared in adjacent years, the index ignores 
any ''true" price change involved in the transition from one aircraft type 
to another. As an example, the substantial price reduction involved in the 
switch by Douglas in 1958-59 from the manufacture of the DC-7 to the 
DC-8 is completely ignored, and the price index for the years of transition 
is based only on price changes for planes that were manufactured in both 
of the adjacent years. Thus the CAB index corresponds to the dC/C term 
in equation (33). Because the CAB methodology ignores technical 
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change, it is not surprising that from 1956 to 1977 the aircraft deflator rose 
97%, Httle different from the 117% increase of the aggregate GNP 
deflator over the same period. 

The methodology proposed above adjusts changes in prices of identical 
models by comparing changes in price per unit across model changes with 
changes in the net revenue provided. Unit prices of commercial aircraft 
are obtained from the same source as the official deflator, CAB form 41.^^ 
Because only a sample of prices has been collected for the period 1946-
78, rather than all of the information available at the CAB, we first 
display as the lower solid line in figure 4.6 an index constructed from our 
sample of price data using the CAB methodology. Because different 
airlines paid different prices for the same aircraft, our index compares 
only identical plane types purchased by the same airline in successive years. 
For the years 1957-77 our solid-Hne index tracks the CAB index (dashed 
line) extremely well, with respective annual rates of increase of 3.41% 
and 3.55%. Before 1957 our index exhibits a slower rate of increase than 
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the official deflator, which is extrapolated by the Bureau of Economic 
Analysis (BEA) for the earlier period when the CAB index is unavail-
able, by using a collection of producer price indexes that are unrelated to 
aircraft manufacture,^^ Thus our index indicates that during the interval 
1946-57 aircraft prices increased less than the prices of the products used 
by the BEA in its proxy index, with annual rates of increase of 3.55% and 
5.81%, respectively. 

4.4.3 Quality Adjustments Based on Net Revenue Data 

The technique of price measurement proposed in this paper adjusts 
price differences between models of a given product for changes in net 
revenue yielded by new models. Holding constant the prices of un-
changed models, if a 10% increase in the price of model B compared to 
model A is accompanied by a 10% increase in net revenue, no quality 
adjustment is required to an index of the prices of identical models. But a 
disproportionate increase in net revenue made possible by embodied 
improvements in technology is valued by users and should be subject to a 
quality adjustment. 

Table 4.1 presents the basic data required to compute the net revenue 
yielded by the most important types of commercial aircraft manufactured 
during the postwar period. Twelve comparisons appear in the table, 
involving 15 different aircraft models, including long-range, medium-
range, and short-range models. In size the aircraft range from the small, 
two-engine piston short-range Convair 440, with 44 seats, to the large 
wide-bodied long-range turbofan Boeing 747, with 317 seats and capable 
of providing 28 times the annual capacity. In chronological time the 
aircraft models span the entire period 1946-78, beginning with the staple 
of early postwar air travel, the Douglas DC-6, and continuing through the 
planes that have carried the vast majority of U.S. air travelers in the late 
1970s—the Boeing 747, Douglas DC-10, Boeing 727-200 and 727-100, 
and the Douglas DC-9-30. The major types of aircraft that are excluded 
(to limit the time devoted to the analysis) include planes that are virtual 
dupUcates of those analyzed here, and a few planes that had short 
production runs or have been used mainly by local-service carriers.̂ ^ 

Table 4.1 is divided into three sections, according to the range of the 
various plane models, to correspond with a central fact of aircraft operat-
ing economics—both revenue and cost per seat-mile are extremely sensi-
tive to the average ''stage length," or ''length of hop." A very short flight 
mainly consists of expensive take-off and landing operations, with a slow 
average speed, whereas a long flight amortizes the take-off and landing 
over a multihour flight segment at cruising speed. Thus every comparison 
in table 4.1 represents an attempt to compare the revenue and operating 
costs of planes flying the same stage length, in order to hold constant this 
crucial operating variable. 
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Our basic unit of measurement—the characteristic x in the above 
theoretical discussion— îs an aircraft's ability to produce "available seat-
miles per unit of time." Three basic figures are estimated in table 4.1 for 
the two planes in each comparison—total annual available seat-miles 
(asm), revenue per seat-mile, and cost per seat-mile. To control for the 
varying routes and operating practices of the airUnes using each plane, 
annual utilization (col. 2) is held constant for each pair of planes, and 
speed is held constant when both planes in a comparison are jets. The 
number of seats, of course, is allowed to vary, since this is a major 
determinant of the differing productivity of the various plane types. The 
product of columns 2, 3, and 4, is annual available seat-miles (col. 10). 

The fifth column displays the average stage length used for the calcula-
tion of revenue and operating costs. In the comparisons designated by the 
superscript ' 'b," the actual recorded stage length of the second-listed 
("newer") plane is chosen, and published cost curves are used to adjust 
the operating costs of the first-Hsted plane. For the comparisons desig-
nated by the superscript "e," arbitrary stage lengths of 250, 500, or 750 
miles are employed to allow the use of the careful comparative study of 
Straszheim (1969), which provides a detailed cost breakdown of several 
major plane types for these standard stage lengths. In all comparisons the 
revenue figures refer to the particular year and stage length selected, with 
column 6 recording gross revenue per revenue passenger-mile, and col-
umn 7 recording revenue per available seat-mile after deducting from 
revenue the "overhead" costs of aircraft and traffic service, sales, res-
ervations, advertising, administrative, and depreciation of nonflight 
equipment. 

The measurement of revenue for a particular stage length and year in 
column 6 must be handled with extreme care. Published fares overstate 
the true revenue received by the airline, because of various categories of 
discounts that are available. Further, each aircraft, stage length, and year 
differs in the fraction of first-class and coach traffic carried. The method 
of revenue estimation employed in the construction of table 4.1 takes as 
its point of departure a yield curve of 1971 constructed by Douglas and 
Miller (1974, p. 90) that is adjusted for the incidence of discount fares. 
Then the revenue yield for earlier years is based on changes in observed 
average first-class and coach yields, adjusted for changes in the slope of 
the yield curve (over time the price of short-haul flights has increased 
substantially relative to long-haul flights). The mix of first-class and coach 
fares is available for each plane separately from CAB records. 

The aircraft operating cost figures in column 8 exclude all capital costs, 
since our basic formula calls for the calculation of net revenue available to 
"cover" capital costs. The major categories of operating cost included are 
flight crew wages, fuel, insurance, and aircraft maintenance expenses. 
The operating cost estimates marked with the superscript "b" are based 
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on the actual recorded experience of the U.S. domestic trunk airlines, 
with the costs of the first-hsted plane type adjusted to correspond to the 
stage length of the second-listed plane type (thus the costs of the second-
fisted plane type are those actually recorded in CAB records). The 
operating cost estimates marked with the superscript ' 'e" are based on 
Straszheim's comparisons, in some cases adjusted for wage changes 
between Straszheim's year of study (1969) and the comparison year. 

Finally, adjusted revenue minus operating cost provides an estimate of 
net revenue per available seat-mile (col. 9), and this figure times annual 
seat-miles provides the basic computation of annual net revenue, needed 
for the comparison in equation (32) with the price of each plane type. We 
note that table 4.1 makes each pairwise comparison for a single year, thus 
holding constant output prices and the prices of operating inputs, particu-
larly fuel and the wages of flight crews and maintenance labor. The plane 
that appears to have provided the highest level of net revenue per 
available seat mile is the short-range Douglas DC-9-30, while the highest 
absolute level of net revenue is provided by the largest plane, the Boeing 
747. 

Table 4.2 combines these net revenue estimates with data on the sales 
price of the various plane types to aUow computation of the quality 
adjustments using equation (31) developed above. The prices are the 
same as those used in the development of the price index for identical 
models displayed as the lower sofid fine in figure 4.6. In most cases the 
"old" and ''new" models being compared were not actually constructed 
simultaneously, requiring the adjustment of the "old price" for changes 
in the price of identical models between the year of its disappearance and 
the first sales year of the new model. In this way the sales prices of the two 
planes in each comparison are computed for the same year, thus allowing 
the price of output and operating inputs to be held constant. 

One indication of the enormous profitability of the jet planes, com-
pared to the piston planes they replaced, is given in column 5, which 
shows the ratio of net revenue in the comparison year to the replacement 
price of the plane in the same year. Because most airlines depreciated 
their piston planes over short seven- or eight-year intervals, it is apparent 
that the DC-7B and the Convair 400 barely covered depreciation ex-
pense, much less any interest cost or allowance for profit. On the other 
hand, some of the jets appear to have been extremely profitable, espe-
ciaUy the "stretched" long-range DC-8-61 and short-range DC-9-30. 

An interesting pattern in column 5 is the deteriorating profitability of a 
given model over its fifetime. For instance, the niv ratio for the DC-8-61 
declined from as much as .475 in 1967 (line 4) to .238 in 1972 (fine 1). 
Similar declines occurred for the Boeing 727-100 (from .225 in 1963 to 
.173 in 1968), the Lockheed Electra L-188 (from .388 in 1959 to .243 in 
1963), and DC-9-10 (from .340 in 1965 to .314 in 1967). This pattern 
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makes sense if new models are continually introduced and allow the 
reduction of average operating costs and fares, while the costs of operat-
ing any given model are driven up by rising wages. 

As discussed above, these estimates of the quality adjustment factor 
require an assumption to be made regarding the curvature of the function 
Unking the price of the aircraft to their capabiHty of earning net revenue, 
holding technology constant. There appears to be no direct way of 
estimating this function by examining the cross-section of planes built at 
any given time, because the planes built in the long-range, medium-
range, and short-run categories are really separate products that defy 
comparisons. Further, at any given time, typically only the most ad-
vanced plane in each category is constructed. In Heu of any direct evi-
dence on the curvature of the v(n, a) function, the curvature parameter 
has been assigned a value of 1.2 in table 4.2, implying diminishing returns 
in the provision of net revenue from increases in aircraft size (the 
assumed elasticity of net revenue to increases in cost is 1/1.2 = .833). The 
resulting correction factor for curvature is Hsted in column 8; if the 
assumption of diminishing returns is incorrect, then the real price reduc-
tions in column (9) would be smaller. On the other hand, if the ''true" 
function were to have a greater degree of curvature, then the real price 
reductions would be correspondingly greater. 

Ironically the first comparison between the ''stretched" DC-8-61, 
manufactured during 1966-69 and in continued use today, indicates that 
the introduction of the controversial wide-bodied DC-10-10 represented 
a "quality deterioration," in the sense that the price of the new model 
increased substantially more than the net revenue it was capable of 
providing. Thus the quality adjustment formula indicates a "real" price 
increase of 10.8%. All of the other comparisons indicate a quality im-
provement in the transition from the old to the new model, requiring the 
downward adjustment in the inflation rate recorded by the CAB index 
recording the change in prices of identical models. 

It is not surprising that the largest indicated quality adjustments in 
column 9 are for two piston planes, the DC-7B and Convair 440. A 
considerably smaller adjustment is indicated for the transition from the 
medium-range DC-6B to the turboprop Lockheed Electra (L-188). It is 
well-known that the DC-7 series was a particularly inefficient airplane, 
representing the ultimate level of resources that could be usefully em-
ployed, given the obsolete piston-engine technology. The DC-7 may well 
have been incapable of making a profit at the time of the introduction of 
jets in 1959, only six years after the first commercial flight of the DC-7 in 
1953; this interpretation is consistent with the precipitous decUne in the 
prices of used long-range aircraft during the period 1958-62. 

Among the other transitions between models documented in table 4.2, 
we note that the medium-range piston DC-6B, although not as inefficient 
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relative to subsequent aircraft as the DC-7 and Convair 440, nevertheless 
was much less efficient than the ''transition" turboprop Lockheed Elec-
tra. Further, the Boeing 727-100 represented very httle further techno-
logical improvement over the Lockheed Electra, at least from the point 
of view of the airhne operators; thus the subsequent disappearance of the 
Electras must at least partially reflect the favorable verdict of passengers 
regarding the speed and comfort of the Boeing 727. 

We note that the transition from the first-generation to second-
generation jets has resulted in efficiency improvements that in some cases 
are almost as important as the earher transition from the pistons to 
turboprops and first-generation jets. Particularly important was the 
"stretching" of the DC-8, DC-9, and Boeing 727, yielding roughly a 
doubUng of net revenue at only 10%-25% additional resource cost. In 
contrast, the shift to the wide-bodied DC-10 and 747 does not appear to 
have represented a major breakthrough in operating efficiency, and this 
fact is reflected below in the failure of our aggregate quality adjustment 
for aircraft to exhibit a major decline in the final 1970-71 transition 
period. 

4.4.4 A New Deflator for Commercial Aircraft 

The changes in ''real" price in column 9 of table 4.2 can be used to 
create adjustment factors for each aircraft included in the comparisons. 
Because the current national income accounts deflator uses 1972 as its 
base year, the aircraft produced in that year are treated as having adjust-
ment factors of 1.00. These planes include the long-range DC-10-10, the 
Boeing 747, the "stretched" Boeing 727-200, and the ''stretched" DC-9-
30. Then earUer planes are attributed quality relatives based on the 
change in "real" price in column 9 of table 4.2 between them and their 
successors. 

How should these "quality relatives" for individual planes be com-
bined into a "real" price-change index to be combined (as in eq. [33]) 
with the existing index of price change for identical models? First, prices 
and numbers of units sold were obtained for every important type of 
plane produced by U.S. commercial aircraft manufacturers and sold to 
U.S. airlines (both domestic and international) during 1946-78.̂ ^ Then a 
method had to be devised for weighting together the changes in the 
"real" price index for individual planes when a transition was made from 
an old model to a newer model. Neither the conventional Paasche nor 
Laspeyres methods could be used to weight the relatives, since there were 
no years when all of the planes in a given group (long-, medium-, or 
short-range) were manufactured simultaneously. Instead, a variant on 
the Divisia index method was employed. Changes in quality relatives 
from one plane to a succeeding model were not weighted by sales in the 
transition year, because often sales of a discontinued model in its last 
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year, or sales of a new model in its first year, were too small to properly 
represent the importance of the particular plane. Instead, the weights for 
planes involved in the transitions were based on their nominal sales 
during time intervals spanning periods when a particular group of planes 
was manufactured simultaneously. As an example, in the long-range 
group the transition in 1969-71 between the DC-8-61, and Boeing 707-
100 and 707-300, on the one hand, and the Douglas DC-10-10 and Boeing 
747, on the other hand, was handled by weighting changes in quality 
relatives between the individual old and new models by sales of each of 
the three old models during the entire 1966-69 period when they were all 
manufactured simultaneously. The resulting average change in the qual-
ity relative was phased in partially in 1970 (when the B747 was first 
delivered) and partially in 1971 (when the DC-10 was first delivered), 
with the weight on each year in proportion to the relative sales of the two 
new models in the 1970^75 interval. 

The resulting indexes of changes in the quality relatives for the three 
major groups of planes were in turn weighted together to form an 
aggregate index of these changes, using as weights the nominal sales of 
each group in the three years surrounding the change.̂ ^ These methods of 
weighting help to smooth out the final index and protect it from spurious 
changes due simply to the fluctuating nominal sales of different types of 
planes. Any index based on weighting the levels of the quality relatives by 
current year sales, as opposed to weighting changes in the quality rela-
tives by sales over an interval, tends to give the appearance of marked 
year-to-year fluctuations in quality that in fact did not occur. 

Table 4.3 and figure 4.6 illustrate the final index that results from these 
calculations. In table 4.3 the two sources for the current official national 
income accounts deflator for aircraft are shown in columns 1 and 2, and 
our new index for identical models purchased by identical airlines is 
displayed in column 3. The aggregate index of the weighted average of 
changes in the quality relatives is added together with the changes in 
column 3 for 1946-57 and 1977-78 and column 1 for 1957-77, as in 
equation (33) above. When the resulting sum of previously unmeasured 
quality change (dp^/p^) and the price change of identical models (dC/C) is 
added together to create the nominal input price-change index (dP^/P^), 
we obtain the index displayed in column 4. The timing of the newly 
measured quality change is apparent in column 5, which displays the ratio 
of the new index based on equation (33) to the existing CAB index from 
column 1. 

As might have been expected, the most dramatic drop in the average 
adjustment factor in column 5 occurred in 1957-60, as a result of the 
replacement of the piston DC-6 and DC-7 series by the turboprop Lock-
heed Electra and pure jet Boeing 707 and 720, and the Douglas DC-8. 
Then the average adjustment factor remains essentially constant until 
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1966, when the first of the short-range DC-9-10 aircraft was phased in. 
Further rapid reductions occur in 1967-69, when the ''stretched" second-
generation jets replaced their earlier counterparts. Only a relatively small 
reduction in the adjustment factor is recorded in 1969-71, when the 
transition to the wide-bodied DC-10 and Boeing 747 occurred. 

4.4.5 Possible Biases in the New Index: Evidence from the Used 
Aircraft Market 

The new index in column 4 of table 4.3 is radically different from the 
official deflator. We naturally are led to ask. Which should we believe? 
The official deflator, based on the prices of identical models, excludes any 
comparison between successive models that are not identical. Implicitly 
this procedure involves treating successive models as differing in quality 
in exact proportion to their prices (adjusted for price changes in identical 
models). Thus if Douglas discontinued producing the $1.6 million DC-7 
in 1958 and began producing the $4.4 million DC-8 in 1959, and other 
identical planes sold in both years remained unchanged in price, then the 
official deflator treats one DC-8 as equal to 4.4/1.6 (or 2.75) DC-7s. In 
constrast, our index imputes a 76% reduction in price to the transition, 
based on the observation that the new plane yielded 7.89 times as much 
net revenue and on an assumption about the nonlinearity of the technol-
ogy relating net revenue to price. 

To choose between the indexes, we are aided by the ample data 
available on the prices of used aircraft. If users considered a new 1959 
DC-8 to be identical to 2.75 1958 DC-7s, we should see something hke 
that ratio between the price of the two planes on the used aircraft market. 
On the other hand, if our new approach is more appropriate, we should 
find that a DC-8 was valued at an amount equal to 10 or 11 DC-7s. The 
first year in which both planes were sold simultaneously on the used 
market was 1966, and the observed price ratio was not just 10:1 but rather 
22:1.̂ ^ In the same source the price spread between the Lockheed Electra 
and Douglas DC-6 is not the 1.7:1 dictated by actual prices, or the 3.5:1 
indicated by our quality adjustment, but rather 7.8:1. 

Scattered evidence is also available to indicate that users concurred in 
our evaluation of the poor operating efficiency of the first-generation jets 
relative to the second-generation jets. For instance, in 1971 Eastern was 
wiUing to sell a fleet of 15 Boeing 720s for $2.1 million each in order to buy 
the same number of Boeing 727-200 models for about $6.5 million each 
(note the comparison in table 4.2, hne 8). At the same time Eastern was 
able to sell its DC-8-61 aircraft at about 90% of the purchase price, while 
being forced to sell Lockheed Electras at 30% of the purchase price and 
Convair 440 aircraft at less than 10% of the purchase price.̂ ^ 

Quite recently a reasonably comprehensive report has compared prices 
of used aircraft in 1977. In table 4.4 are listed the ratios of used price to 
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the new price in the most recent comparison year as well as our ''quahty 
relatives" derived from column 9 of table 4.2. Several interesting features 
stand out in table 4.4. First, we note that the top-listed plane in each 
category has a used/new relative of about 1.38. In the case of the DC-10, 
where the new price refers to 1972, this used/new ratio corresponds 
closely to the 37% increase in the official deflator between 1972 and 1977 
(table 4.3 col. 1), indicating that used and new planes are regarded as 
perfect substitutes. For the other top-listed planes, the new prices refer to 
1968 and 1967; since the national income accounts deflator increased by 
about 60% between 1968 and 1977, the used market indicates that the 
used versions of the Boeing 727-200 and Douglas DC-9-30 were not 
regarded in 1977 as perfect substitutions for new planes. 

There is no reason why the ratios in the two columns of table 4.4 should 
correspond exactly. The year of the used price quotations is later than the 
year of the comparisons of successive models in table 4.2; the fact that the 
used market undervalues the older planes in comparison to our quality 
relatives may simply indicate that the older planes become progressively 
less profitable over time. A plane that the market overvalues in relation 
to our comparison is the DC-9-10; the source to table 4.4 indicates that 
this model is relatively scarce, due to the expansion of the local-service 
airlines. The DC-8-61 seems to be valued by the used market as much less 
efficient than the DC-10-10, in contrast to our conclusion. This verdict of 
the market appears to stem from the fact that, according to the source for 
table 4.4, this model has been affected adversely by U.S. government 
antinoise regulations, being '*one of the most difficult aircraft to hush." 

Passenger comfort is another factor that may explain why the used-
aircraft market tends to establish greater differentials between old and 
new models than our comparison. This paper expUcitly avoids any 
attempt to attribute dollar values to the value of consumer comfort or 
time. Nevertheless, one reason that the new wide-bodied jets may hold 
their value relatively well is the greater degree of comfort they offer. The 
seating configurations for the DC-10-10 and Boeing 747 used in table 4.1, 
column 4, allow for wider seats than for the ''narrow-bodied" jets. 
Subsequent to the date of our comparison, most U.S. airhnes have added 
an extra row of seats to all of their wide-bodied aircraft, thus reducing 
seat width to the narrow-bodied standard.̂ ^ And, of course, the greater 
speed and comfort of jet aircraft induced a shift of passengers in the 
1958--60 transition era that inevitably had to depress the used market for 
piston aircraft, independent of their operating cost disadvantage. 

The used-aircraft market seems to provide no evidence that our com-
parisons exaggerate the true quality difference among old and new mod-
els and, in fact, indicates that our comparisons may understate these 
differences. If we review our comparison techniques to ask whether there 
is any consistent tendency that might understate the differences among 
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old and new models, our attention is drawn to the amazingly high ratios of 
net revenue to aircraft price arrayed in table 4.2, column 5. Imagine that 
the real interest rate is 3%, and assume that aircraft are depreciated over 
10 years at a 10% straight-Hne rate (many airiines use lives of 14-18 
years). Then the cost of capital would be 13%, and yet the net revenue 
percentages for some of the newer models in table 4.2 range as high as 
50%. It is possible that the resources used in tables 4.1 and 4.2 may 
systematically overstate revenue or understate costs, leading to exagger-
ated estimates of net revenue. If this tendency were uniform, all net 
revenue figures would be squeezed and the older planes would be pushed 
closer to break-even status, thus increasing the relative net-revenue 
advantage of the newer models. One systematic source of bias in our 
estimates is imparted by our assumption that future prices and costs are 
assumed to be the same as in the present. This conflicts with the observed 
tendency of net revenue to decline over the life of a plane, as operating 
costs rise relative to revenue yield. A slightly different conceptual 
framework in which the input price index held constant discounted 
expected net revenue (over the life of the plane), rather than actual 
first-year net revenue, would yield narrower margins for all planes and 
thus increase the advantage in table 4.2 of the more profitable models. 

Another important source of conservatism in our estimates is the 
decision to use the same utilization rates for the old and new models (see 
source notes to table 4.1, col. 2). The actual utilization rates for piston 
aircraft were uniformly lower than for jets, allowing them to earn even 
less net revenue than indicated in table 4.1. Similarly, revenue yields on 
jets were higher than on propeller aircraft during the 1959-63 period due 
to the imposition of a ''jet surcharge" on fares, while table 4.1 conserva-
tively assumes that the propeller models had the same revenue yield as 
the jets that replaced them. 

4.5 Conclusion 

4.5.1 Potential for Application to Other Products 

My own previous research and that of others suggests that there is a 
considerable potential for applying the techniques developed in this 
paper, together with other related methods, to the construction of new 
price deflators for types of equipment other than commercial aircraft. 
Another regulated industry, the generation of electricity, creates many of 
the same opportunities for improved measurement as in the case of 
airlines, because of the detailed operating data available. A preliminary 
analysis (Gordon 1974) indicates that the manufacturers of generating 
equipment achieved improvements in operating cost during the 1947-70 
period that were extremely large relative to the value of the equipment, 
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although there was a marked deceleration in this form of technological 
innovation after 1962. Just as in the aircraft case, the new deflator 
declined markedly during the 1947-70 period, unlike the official deflator, 
which in the case of electric generating equipment increased by a factor of 
2.5. 

Another appealing field of application is the whole range of consumer 
durables, including appUances and automobiles. Just as the operating 
costs of commercial aircraft were reduced by innovations that lowered 
fuel consumption and real maintenance input per unit of output, so 
consumer appliance manufacturers have evolved new models with lower 
energy and maintenance requirements than their predecessors. Color 
television sets require less electricity and have drastically lower repair 
frequencies than previously. Refrigerators and air conditioners use less 
energy, while air conditioners have become Hghter and easier to install 
per unit of cooHng capacity.̂ ^ 

Econometricians have devoted more attention to quality changes in 
automobiles than in any other single product. At least two studies are 
now available that measure the extent of technical improvement in the 
level of automobile fuel consumption over time. Long ago Fisher, Gri-
liches, and Kaysen (1962, p. 446) created an index of the fuel usage of a 
constant-quality 1949 automobile and found a 12.8% improvement be-
tween 1949 and 1961. Using a different methodology to hold constant the 
quality attributes of automobiles, Wilcox (1978) has found an improve-
ment similar to that of Fisher, Griliches, and Kaysen for their 1949-61 
period (16.2%) and a further 12.5% improvement during the 1961-68 
interval. Subsequently there was a deterioration in fuel economy that 
Wilcox relates to federal environmental legislation. 

How can the value of the savings in operating cost in the appliance and 
automobile examples be converted into adjustments to the official price 
indexes for the same goods? Since no net revenue data are available, a 
different approach is required. In the above analysis we asked, ''How 
much was the change in the price of the capital good needed to yield the 
same net revenue?" Instead we could ask, ''How much would the price of 
the capital good have to be reduced to yield the same saving as the present 
value of the observed operating cost saving involved in the shift between 
the old and new model?" Wilcox's paper on automobiles estimates that 
improved fuel efficiency during the 1949-68 period was equivalent to a 
10% reduction in the price of new automobiles, enough to eliminate 
about one-third of the observed inflation in new automobile prices over 
that interval. 

4.5.2 Implications for the Measurement 
of Output and Productivity 

Since real output for an individual commodity is measured as a residual 
by dividing nominal product by the appropriate price index, any conclu-
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sions reached above regarding the prices of durable goods have their 
counterpart in symmetric conclusions regarding the real output of dur-
able goods as well as the productivity of those industries. The new 
deflator developed for the aircraft industry in table 4.3, column 4, can be 
applied to the official national income accounts figure on nominal pur-
chases of aircraft as producers' durable equipment to yield a new real 
output series. In contrast to a 1957-72 annual growth rate of the official 
real aircraft output series of 6.2% the new output series grows at an 
annual rate of 16.9%. Productivity growth in the aircraft industry would 
also be increased at a corresponding rate. And, while labor productivity 
in the airline industry would not be altered, any index of the growth of 
total factor productivity in the airhne industry would be much slower with 
a capital input series derived from the new deflator than with the existing 
official deflator. This shift of total factor productivity improvement from 
the airline industry to the aircraft industry makes sense, since it was the 
aircraft industry that invested the research and development resources to 
obtain the technological advances that made more modern aircraft possi-
ble (all these statements treat aircraft engine and fuselage production as 
occurring in a single industry). 

Since this paper contains only a single detailed case study, it is impossi-
ble to determine whether aggregate official figures on real investment or 
real GNP are subject to minor or major revisions. The aircraft industry is 
so small that acceptance of our new deflator would raise the 1957-72 
growth rate of real producers' durable equipment purchases from 4.52% 
only to 4.63% per annum. Any major impact on real investment data, not 
to mention real GNP data, would require a finding that corrections for 
nonproportional quality change apply to a broad range of industries. 
Thus a conclusion regarding the importance of potential revisions must 
await a more comprehensive study.̂ ^ 

While we are not yet in a position to assess the aggregate quantitative 
significance of the new measurement techniques proposed in this paper, 
nevertheless it is apparent from the aircraft example that the potential for 
revision in the official deflators for durable goods may be considerably 
greater than from the first round in the 1960s of econometric studies using 
the hedonic regression technique. Because improvements in operating 
efficiency by definition occur for durable goods, but not nondurable 
goods or services, a more comprehensive study would presumably yield 
the conclusion that the price of durable goods relative to other goods has 
declined in comparison to the relative prices registered in the national 
accounts. 

Critics may protest that the process of correcting for changes in operat-
ing efficiency is inevitably so subjective that the resulting deflators have a 
wide margin of error. The detailed analysis of the airline case does indeed 
confirm that the estimation requires numerous steps, any one of which 
might be wrong, and also requires an arbitrary assumption about the 
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shape of the function Hnking aircraft net revenue to capital cost. In 
contrast to our finding that the new 1972-base deflator in 1957 is about 
four times the official deflator, another investigator might find a ratio of 
three or six. Yet it would be unwise to reject the new index as subjective 
while chnging rigidly to the existing deflator, because the latter is based 
on the equally subjective evaluation that successive models of aircraft 
differ in quality in exact proportion to observed differences in price. 
Among the many pieces of evidence that deny the validity of this assump-
tion is the observed behavior of the prices of used aircraft. In fact, the 
existing national income accounts are riddled with subjective decisions, 
including the continuing adherence to the procedure of setting per-
manently at unity the price index for producer purchases of electronic 
computers. 

Finally, it must be recognized that any attempt to correct durable 
goods prices for changes in operating efficiency requires acceptance of 
the production separability assumption outlined at the beginning of Sec-
tion 4.3. It must be assumed that improvements in fuel efficiency are 
achieved by manufacturers of the durable good and not by their users. 
Yet some assumptions are required to perform any kind of measurement 
work, and the most crucial assumptions employed in this paper can be 
validated by various pieces of outside evidence. Berndt and Wood (1975) 
provide evidence to support the separability assumption. The notion that 
users care about operating efficiency seems to be validated by the be-
havior of prices in the used aircraft market, not to mention the response 
of the prices of various types of used automobile models to changes in the 
price of gasoline. Similarly, the verdict that electronic computer prices 
should be based on prices per unit of computer service, and not on the 
production price per computer, is validated by the rush of users to shift to 
new-model computers with higher performance/price ratios. It may now 
be appropriate for critics to drop the accusation that new techniques of 
measurement are inherently subjective and to admit that the Umited 
scope of quality adjustments in the present official deflators for durable 
goods conflicts with ample evidence that real-world users place a positive 
value on improvements in performance and operating efficiency. 



Table 4.1 Basic Revenue and Operating Cost Data for U.S. Aircraft Efficiency Analysis 

(7) 
Rev. (8) (11) 

(5) (6) after Aircraft Annual 
(1) (2) (3) Stage Gross Over- Operating (9) (10) Net 

Comparison Plane Rev. Speed (4) Length Rev./ head Cost/ Cols. Annual Revenue 
and Year Types HriYr (mph) Seats (miles) rpm asm asm 7-8 am ' s  ($million) 

Long Range 

1. 1972 DC-8-61 
DC-10-10 

2. 1972 B707-300B 
B747-100 

3. 1967 B707-100B 
DC-%61 

4. 1967 DC-8-50 
DC-8-61 

5. 1959 DC-7B 
DC-%50 

6. 1959 DC-7B 
B707-100B 

3073 463 
2836' 483b 
3457 485 
3146b 507b 
3599 489 
3990' 485' 
3836 479 
3990' 485' 

248d 
3325' 410d 

248d 
3084' 410d 

175.0 942" 
224.6 1067 
143.0 1429" 
317.1 1962 
124.6 1166" 
195.5 1223 
130.7 873" 
195.5 1223 
79.1' 750" 

120.8' 750' 
79.1' 750' 

121.9' 750" 

.0682 
,0682 
,0601 
,0601 
,0546 
,0546 
.0546 
,0546 
,0590 
,0590 
,0590 
,0590 

,0176 
,0176 
,0169 
,0169 
,0159 
.0159 
,0164 
,0164 
,0207 
,0207 
,0207 
,0207 

,0093" 
,0082 
.0106" 
,0087 
,0094" 
,0070 
.0086" 
,0070 
,0172' 
,0098" 
.0172" 
,0098' 

,0083 249 
,0094 320 
.0063 240 
,0082 532 
,0065 219 
,0089 344 
.0078 240 
.0094 359 
,0035 65 
,0109 165 
,0035 60 
,0109 154 

2.067 
3.008 
1.512 
4.362 
1.424 
3.062 
1.872 
3.375 
0.228 
1.799 
0.210 
1.679 

Medium Range 

7. 1971 B727-100 2537 
B727-200 2610b 

8. 1971 B720 2576 
B727-200 2610b 

9. 1963 L-188 2409' 
B 727- 100 c 

10. 1959 DC-6B 
L-188 2409" 

433 
429' 
45 1 
429' 
290d 
376d 
216d 
290d 

96.2 
124.3 
116.6 
124.3 
75.1 
96.2 
65.5' 
75.1' 

556" 
518 
847" 
518 
500' 
500' 
500' 
500' 

,0797 
,0797 
,0797 
,0797 
,0718 
,0718 
,0708 
,0708 

,0242 
,0242 
.0242 
,0242 
.0218 
.0218 
,0248 
,0248 

,0149" 
.0110 
,0169" 
,0110 
,0134" 
,0117' 
.0176' 
,0121' 

~ 

,0093 
,0132 
,0073 
,0132 
,0084 
,0101 
.0073 
,0127 

~ 

106 
137 
135 
144 
52 
87 
34 
52 

0.986 
1.808 
0.986 
1.901 
0.437 
0.878 
0.248 
0.660 



Table 4.1 (continued) 

(7) 
Rev. (8)  (11 )  

(5) (6) after Airwaft Annual 
(1)  (2) (3) Stage Gross Over- Operating (9) (10) Net 

Comparison Plane Rev. Speed (4) Length Rev./ head  Cost/ Cols. Annual Revenue 
and Year Types HrlYr (mph) Seats (miles) rpm asm asm 7-8 asm’s ($million) 

Short Range 
~ ... . 

11. 1%7 DC-9-10 2621 378 66.6 280” 4831 ,0290 .0157a ,0173 66 0.878 
DC-9-30 2047b 34gb 47.4 257 .0831 ,0290 ,0117 ,0173 96 1.660 

12. 1%5 CV-440 ‘ 165d 43.7 250’ .0848 ,0296 .0242‘ ,0048 19 0.091 
DC-+lO 2621‘ 37Sd 66.6 250” .0848 ,0296 ,0155’ ,0141 65 0.917 

Source by col.: 
(2) Revenue hours per year. From United States Civil Aeronautics Board, Aircraft Operating Cost and Performance Report for the year in question (U.S. 

Federal Aviation Agency for 1963 and prior years). No figures are shown for piston planes, which are allocated the same utilization as the jet plane 
used in each comparison. 

(3) Speed. All comparisons except those marked with superscript “d” are from the same sources as col. (2). Those marked with superscript “d” are from 
_ I  

Siraszheim (1969, p. 76). 
(4) Seats. All comparisons arc from thc samc sources as col. (2). For those marked with supcrscript “c,” hgurcs from thc 1963 FAA document were used 

for tYS9 as wcll. 
(5) Stage length. All comparisons except thosc markcd with superscript “e” are from the same sources as col. (2). For those marked with superscript “e ,”  

operating cost comparisons are taken from Straszheim (1Y6Y, p. 86) for the stage lengths indicatcd. 
(6) Fare data are based on a yield curve adjusted fordiscounts displayed in Douglas and Miller (1974, p. W). For earlier years, e.g. ,  1967, the 1971 dataarc 

multiplied by the following three ratios that, when multiplied together, adjust for the changing role of discounts and the gradually changing tilt of the 
yield curve: (a )  the ratio of the 1967 to the 1971 published fare for the stage length in question, from the Official Airline Guide; ( b )  the ratio of the 1971 
to the 1967 published coach fare for the 740-mile stage length; (c) the ratio of the 1967 coach yield to the 1971 coach yield, from the CAB Handbook of 
Airline Srat&tics (1973). First-class fare data are calculated by the same procedure independently and are weighted together with coach data using the 
ratio of first-class to coach-class revenue passenger miles for each year, from the Handbook of Airline Statistics. 



(7) Gross revenue data are multiplied by two ratios to provide figures on net revenue attributable to a given aircraft per available seat mile: ( a )  load factor 
for the given plane in the given year, from the same sources used for col. ( 2 ) ; ( b )  the ratio of direct cost to total cost. taken as a percentage (57.2) of the 
direct cost categories (Bying operations, maintenance, depreciation, and capital costs) to total costs (also including aircraft and traffic servicing, 
passenger service, promotion and sales, general administrative, and depreciation of nonflight equipment), as given for the year ending June 30,1971, 
in Douglas and MilIer (1974, table 2-1, p. 8). 

(8) Except for comparisons designated by the superscript “e,” cost figures (including flying operations and maintenance but excluding depreciation) were 
taken from the source of col. (2). Comparisons designated by superscript “e” were taken from Straszheim (1969, pp. 24%51), where the figures shown 
from 1965 were adjusted to the year shown by multiplying crew wages and maintenance expense by the ratio between the earlier year and 1965 of the 
BLS economy-wide nonagricultural average hourly earnings index. 

(9) Col. (7) minus col. (8). 
(10) &Is. (2) times (3) times (4) (expressed in millions of am’s per plane-year). 
(11) Cols. (9) times (10). 
Note: asm = available seat mile. 
aCost per asm was caiculated using the stage length of the other plane in the comparison, adjusting the stage length shown for this plane by the cost curves 
illustrated in Straszheim (1969, p. 86). 
bAnnual asm’s (col. 10) were calculated by using figures in cols. (2) and (3) for the other plane in the comparison. 
‘Seat totals used for 1950 are those listed for the particular plane in the USFAA volume for 1963. 
dSpeeds shown for the relevant stage length in Straszheim (1969, p. 76). 
=Costs per asm adjusted from 1965 figures listed in Straszheim (1969. pp. 24%51) using the BLS average hourly earnings index for the nonfarm private 
economy. 



Table 4.2 Comparisons of Purchase Price and Net Revenue for U.S. Aircraft Emciency Analysis 

Long Range 

1. 1972 DC-841 7.7 (1969) 
DC-1@10 

2. 1972 B707-300B 6.7 (1968) 

3. 1967 B 707-1OOB 5.7 (1967) 

4. 1967 DCXi-50 5.4 (1966) 

5. 1959 DC-7B 1.6 (1958) 

6. 1959 DC-7B 1.6 (1958) 

B747-100 

DC-8-61 

DC-8-61 

DC-8-50 

B707-100B 

8.7 2.M7 ,238 1.736 1.455 ,928 ,108 
1.5.1 3.008 .199 

19.7 4.363 ,221 
5.7 1.424 ,249 1.245 2.150 ,858 - ,503 
7.1 3.062 ,431 
5.6 1.872 .334 1.26s 1.803 .889 - .375 
7.1 3.375 ,475 
1.6 0.228 .143 2.750 7.890 ,662 - ,769 
4.4 1.799 ,409 

4.6 1.679 -365 

7.5 1.512 ,202 2.627 2.885 ,809 - ,263 

1.6 0.210 ,131 2.875 7.995 ,660 - ,762 



Medium Range 

7. 1968 B727-100 
B727-200 

8. 1968 B720 
B727-200 

9. 1963 L-188 
B727- 100 

10. 1959 DC-6B 
L-188 

4.6 (1968) 4.6 0.794 

3.7 (1961) 4.4 0.794 

1.7 (1959) 1.8 0.437 

5.2 

5.2 

3.9 

1.7 
1.1 (1958) 1.1 0.248 

.1?3 
1.455 
,180 
1.530 
,243 
0.878 
,225 
0.660 

1.130 1.832 ,886 - ,453 
,280 
1,  I82 1.927 .877 - ,462 
,294 
2.167 2.009 ,870 - ,062 
,225 
1.545 2.661 ,822 - ,523 
,388 

Short Range 

11. 1967 DC-el0 2.7 (1966) 2.8 0.878 ,314 1.107 1.891 ,880 - ,485 
DC-%30 3.1 1.660 ,535 

DC-9-10 2.7 0.917 ,340 
12. 1%5 cv40  0.6 (1957) .65 0.091 ,140 4.154 10.077 ,630 - .740 

Source by coi.: 
(2) USCAB form 41; 1967 and earlier observations from schedule 3-43 dated December 31. 1967. 
(3) Price in col. (2) for the first plane listed is multiplied by the change between the year shown in col. (2) and the year of the comparison of the CAB price 
index shown in table 4.3, col. (1). The price for the second-listed plane in each comparison is obtained for the comparison year from the same source as is 
listed in col. (2). 
(4) Table 4.1, col. (11). 
(5) CoI. (4) divided by col. (3). 
(6) The ratio of price in col. (3) for the second-listed pIane to the price in col. (3) for the first-listed plane. 
(7) The ratio of the net revenue listed in col. (4) for the second-listed plane to the net revenue listed in col. (4) for rhe first-listed plane. 
(8) The inverse of col. (7), raised to the .2 power. 
(9) Cols. (6)  times (8) divided by (7) minus 1.0. 



Table 4.3 

Year 

1946 
1947 
1948 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 

(1) 
CAB 
Index 

68.5 
69.6 
72.1 
72.3 
73.2 
75.5 
78.7 
77.1 
78.7 
80.0 
83.0 
85.6 
88.7 
94.0 
98.1 

100.0 
103.6 
108.5 
118.4 
129.3 
136.9 

Alternative Price Indexes 
for Commercial Aircraft, 1946-1978 
(1972 = 100) 

(2) 
BEA 
Extrapolation 

36.8 
41.9 
44.7 
46.5 
49.0 
55.9 
55.6 
56.8 
57.5 
59.8 
65.2 

(3) 
New Index 
for 
Identical Models 

48.0 
48.0 
48.0 
54.4 
60.9 
60.9 
60.9 
66.5 
68.3 
69.0 
70.1 
70.4 
70.4 
70.4 
70.4 
70.4 
68.8 
75.6 
75.6 
77.8 
78.6 
81.0 
84.2 
88.7 
94.0 
98.9 

100.0 
106.0 
109.0 
119.5 
122.1 
137.7 
151.2 

(4) 
New Index 
Based on 
Eq. (33) 

196.3 
196.3 
196.3 
222.8 
249.3 
249.3 
249.3 
272.5 
279.8 
282.6 
287.2 
288.1 
259.3 
133.0 
128.1 
128.6 
132.6 
136.9 
134.2 
137.1 
119.9 
116.4 
106.0 
105.4 
103.4 
98.1 

100.0 
103.6 
108.5 
118.4 
129.3 
136.9 
150.3 

(5) 
Cols. 
(4) 
^ (1) 

4.206 
3.726 
1.845 
1.772 
1.757 
1.756 
1.740 
1.740 
1.740 
1.499 
1.402 
1.238 
1.188 
1.110 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 

Source by col.: 
(1) and (2) CAB (1977). 
(3) and (4) See table 4.2 and text explanation. 



Table 4.4 Comparison of Used/New Price Ratios 
and Quality Relatives for Commercial Aircraft (1977) 

Aircraft 

DC-10-10 
Boeing 747-100 
DC-8-61 
Boeing 707-300B 
Boeing 707-lOOB 
DC-8-50 

Boeing 727-200 
Boeing 727-100 
Boeing 720B 
Lockheed L-188 

DC-9-30 
DC-9^10 
Convair 440 

(1) 
Used/New 

Long Range 

1.39 
1.19 
.67 
.51 
.35 
.31 

Medium Range 

1.38 
.65 
.27 
.23 

Short Range 

1.37 
.82 
.08 

(2) 
Quality Relative 

1.00 
1.00 
1.11 
.74 
.55 
.69 

1.00 
.54 
.54 
.51 

1.00 
.52 
.13 

Source by col.: 
(1) The used price is from Sweetman (1977). The new price is the second price shown for 
each aircraft in col. (3) of table 4.2. 
(2) Based on table 4.2, col. (9), 
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Notes 

1. For a general review of the central issues involved in the measurement of real output 
for productivity analysis, see the Panel to Review Productivity Statistics (1979, chap. 5). 

2. The Denison criterion is also addressed in the debate between Denison (1969; 1972) 
and Jorgenson and Griliches (1967, 1972). 

3. See Gordon (1971a, 1974). 
4. This criticism was first made in Gordon (19715). 
5. In some applications involving departures from free competition, e.g., smog control 

devices, the two criteria do yield different measures. This paper is entirely concerned with 
examples in which choices of quality characteristics are made freely by business firms, 

6. The assumption of costs that are constant in quantities, but increasing in quality 
characteristics, has been adopted by most previous papers in this literature, including Parks 
(1974) and Rosen (1974). 

7. The vector of output characteristics (y) might be imagined to consist of m-1 
homogeneous goods, plus an "mth" good having n separate characteristics: y = 
CVij2. • • • . >'m-ijmij'm2» • • • , ^mj-N^w quality changc Involvcs an Incrcase in onc of 
the characteristics of the '*mth" good. If resources and technology are fixed, this would in 
turn require a reduction in the output of one of the m-1 other goods. 

8. Berndt and Wood (1979, p. 344), with the notation of the present paper substituted for 
that of the authors. 

9. In what follows expected future values of the exogenous parameters are implicitly 
assumed to remain equal to their current values. 

10. If the firm maximizes profit, which consists of net revenue less the user cost of its 
capital stock of durable input characteristics, it must be operating on the upward sloping 
segment of the net revenue function. This is evident in fig. 4.5 below. 

11. During the two-decade period 1953-72, the nominal price of gasohne in the Con-
sumer Price Index (CPI) increased 34% compared to 56% for the all-items CPI, represent-
ing a reduction in the relative price of 14.4%. 

12. The depreciation rate should depend both on the built-in durabiUty characteristics of 
the good and the user-chosen intensity of repair and maintenance services. In the simple 
version of the model considered here, with only a single composite operating cost character-
istic, the depreciation rate is assumed to be fixed. 

13. For some quahfications, see Muellbauer (1974). 
14. Imagine that point B lies along an extension of the ray OA. Then the new level of net 

revenue per dollar of capital (ViB/OVi) would be the same as before (VQA/OVO)^ Since the 
percentage user cost per dollar of capital (r + 8) is constant, the rate of return on capital 
would remain constant. 

15. Among the most important are Griliches's (1971) notes on technical problems in the 
hedonic literature, and the debate between Gordon (1971a, 1974) and Triplett (1976) on the 
extent of a significant quahty bias in existing official price indexes. 

16. This description is based on the United States Civil Aeronautics Board (1977). This 
document was kindly provided to me by Don Eldridge of the Bureau of Economic Analysis. 

17. To minimize the burden of copying the required data, prices for all planes during 
1968-78 were based on form 41 dated December 31,1978, and during 1946-67 were based 
on schedule B-43 dated December 31,1977. Data for the following sample of airlines were 
collected: American, Braniff, Delta, Eastern, TWA, United. Price quotations were 
obtained for 802 separate aircraft from the 1978 form, for 767 aircraft from the 1967 sheet. 

18. Prior to 1957 the official deflator is based on a weighted average of the Producer Price 
Index component indexes for diesel engines, fabricated metal products, metalworking 
machinery, and electrical machinery. None of these indexes contains any components 
manufactured by the aircraft industry. 
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19. More specifically, the excluded Lockheed L-1011 duplicates the Douglas DC-10; the 
Convair 880 and 990 were high-cost jets that had short production runs and were phased out 
by their main users by the end of the 1960s; the short-range piston Martin 404 mirrors the 
performance of the Convair 440; and the Lockheed "Constellation" series (749,1049,1649) 
duplicates the Douglas DC-6, DC-6B, and DC-7 series. 

20. Major sources are Avmark (1976, and earlier issues) and Douglas Aircraft annual 
reports. 

21. If a change between models occurred in a group, say long-range aircraft, between 
1969 and 1970, this change was weighted together with the changes recorded for the two 
other groups (medium- and short-range) using the nominal sales in the respective groups in 
1969, 1970, and 1971. 

22. The source is Aircraft Exchange and Services, Inc., (1966, p. 1). The average price 
quotation on the two DC-8-30s listed is $4,000,000, and of the nine DC-7s listed $183,000. 
Of course the DC-7s were somewhat older, being manufactured between 1953 and 1959, but 
this age difference cannot account for the price spread. 

23. These price quotations are all from Watkins (1971). 
24. In 1979 the average seat width on United's DC-8 aircraft was 16.89 inches and on its 

747 and DC-10 aircraft 17.00 inches, from United brochure '*Great Seats in the Friendly 
Skies." 

25. Some crude adjustments to the prices of consumer appHances for savings in operating 
costs are contained in Gordon (1974, chap, 6). 

26. This study is underway. The draft monograph (Gordon 1974) is under revision to 
update the figures, to incorporate the measurement techniques discussed in this paper, as 
well as other improvements suggested by reviewers and critics. 
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C o m m e n t Jack E . Triplett 

In the section dealing with Input and Output Price Index Concepts, 
Gordon suggests that we have reached substantial agreement on the 
major issue: quality change should be accounted for by user value in input 
price measures, but by a resource-cost rule for output price indexes. Yet, 
in subsequent sections exploring what he refers to as ''nonproportional 
quahty change," he presents an alternative that would be employed for 
both input and output price measures. Actually, it corresponds closely to 
one method currently used by the Bureau of Labor Statistics (BLS)—the 
use of manufacturers' cost data to make quality adjustments for some 
kinds of durable goods. 

In this comment, I first describe briefly the BLS use of cost data for 
making quality adjustments and the rationale that has been used to justify 
it. The other sections address aspects of Gordon's paper. 

What Does the BLS Do and Why Does It Do It? 

It is well known that the BLS uses manufacturers' cost data to adjust 
prices of some goods for quality changes. This is documented for the 
Producer Price Index (PPI) in the Early and Sinclair paper in this volume. 
New cars are also handled this way in the Consumer Price Index (CPI), as 
are federal safety standards for a few other products. 

Jack E. Triplett is assistant commissioner for research and evaluation, Bureau of Labor 
Statistics. 
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It is important to emphasize that use of manufacturers' cost data is not 
the only method for handling quality change in the indexes and is not 
necessarily even the preferred way of treating quality change. If equilib-
rium selUng prices of new and old varieties were available in the same 
situation or time, one could Unk the index over from old to new varieties; 
in this case, the price ratio between the two becomes the impUcit quaUty 
adjustment. If equilibrium price data are not available (and as Early and 
Sinclair note, they seldom are) an appropriate alternative for input prico 
indexes would be measures of user value for the two varieties, again 
taken for the same situation. Gordon and I, as well as official BLS poHcy, 
all agree on this. 

Still considering input price indexes, what is done if neither equihbrium 
price relatives nor user-value information is available? In practice, a 
quality change may be handled in one of several ways. 

1. When there are no data available for making an explicit quahty 
adjustment (the majority of cases), one of two options is employed. 

a) Where quality change is deemed "small" (according to procedures 
adopted on a product-by-product basis) it is neglected.^ This leads to the 
so-called direct price comparison, which means that all of the observed 
price change will be recorded as pure price change, with no allowance for 
quality change. The usual presumption is that quahty changes are on 
balance improvements; if so, direct comparison imparts an upward bias 
to the indexes. 

b) On the other hand, if the BLS finds that the quality change is 
greater than the cut-off value and so therefore cannot be ignored, this 
leads to one of two forms of '"finking" procedure. The procedure used in 
the PPI takes the entire price differential between the new and old 
varieties as the measure of quality change.^ Obviously, when all of the 
observed price differential is counted as quality change, the BLS misses 
any price change that may have accompanied the introduction of a 
changed item. The error could in principle go in either direction. If price 
changes are more fikely to be made when new models are introduced, 
during an inflationary period the PPI linking procedure would tend to 
produce a downward error in the indexes; this downward error will occur 
regardless of whether quality changes are improvements or deteriora-
tions. This reasoning depends on the presumption that producers try to 
''mask" price increases by coupUng them with new model introductions, 
which may not be true even in inflationary times, and is even less likely 
when prices are faUing.̂  

2. In some cases, the BLS obtains the cost of the quahty change from 
the manufacturer who provides the price data to the BLS and uses cost as 
an explicit quality adjustment. The actual process involves two steps. 

a) The first is a rule or criterion for judging whether or not a particular 
change in specifications reported by the manufacturer is or is not to be 
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accepted as a quality change for the purposes of the index. The criterion 
used depends explicitly on whether the BLS index is interpreted as an 
input price index or as an output price index. In practice, both CPI and 
PPI indexes have been treated as if they were input price indexes; for 
input price indexes the quality criterion is user value. 

As an example of the operation of the quality criterion, several years 
ago an auto manufacturer submitted as quality improvements a change 
from conventional to digital clock faces and a redesigned speedometer 
which did not register extremely high speeds. Both were disallowed 
because the BLS commodity speciahst judged that neither change repre-
sented increased transportation value to the user of the automobile."* 

b) If it is determined that a specification change does represent in-
creased or decreased value to the user, the second step is to estimate that 
value. Using resource-cost data to estimate user value rests on the princi-
ple that in equiHbrium the marginal cost of any change will approximate 
its incremental value to the user. Where manufacturers' cost data are 
used as quahty adjustments in a BLS index that is interpreted as an input 
price index, they are explicitly regarded as an approximation to the 
user-value data that are considered theoretically appropriate for the 
index. 

Thus, in using manufacturers' cost data the BLS distinguishes between 
the quahty criterion and the quality adjustment estimator. The criterion 
for measuring quality change in a BLS input price index is always user 
value—the correct theoretical quality adjustment method for input price 
measures (see Sec. 5.3 of my paper in this volume). The estimator, on the 
other hand, is sometimes manufacturing cost because that may be the 
only information obtainable, and because cost should have an equilib-
rium relationship to the theoretical quahty criterion of user value. 

Any estimator may contain error, relative to the correct measurement. 
It happens that this particular estimator has some unique problems. One 
manifestation is the occasional manufacturer's report of increased quality 
at reduced cost, an obvious case where the estimator is in error (though 
one should not conclude that error is absent just because cost and 
user-value information move in the same direction). Second, "downsiz-
ing" and other complex changes in automobiles in recent years have 
caused the cost-based procedure to break down at times, so that some 
new automobile models have been handled in both CPI and PPI by 
imputation to quality adjusted price movements of cars which were less 
drastically changed. 

The preceding has concerned input price measures. Output price mea-
sures have only recently become operational. In the output price index 
case, the correct quahty criterion would be resource cost. Manufacturers' 
cost data do measure that.^ However, for this case a resource-cost rule 
must also be applied as a decision rule for judging whether a particular 
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product change is a quality change. One would not employ a user-value 
criterion to judge whether a particular specification change should be 
accepted as quahty change for an output price index. Thus, there is no 
reason for using a "mixed" quahty adjustment rule for output price 
measures. 

Hedonic techniques are an alternative method for adjusting for quality 
change. A full discussion of the merits and disadvantages of hedonic 
methods is beyond the scope of the present note (on this, see Griliches 
1971). No BLS index currently incorporates hedonic quality adjustments, 
despite extensive internal BLS research on hedonic methods over the last 
decade or so. That research suggests that they are probably best suited for 
products where conventional specification pricing is unworkable (com-
puters, e.g., or aircraft [see Archibald and Reece 1977,1979]), or to solve 
particular pricing problems (housing prices being an example [see Gil-
Ungham 1975]), or as a check on the vaHdity of conventional procedures 
(Triplett and McDonald 1977; and the Early-Sinclair article in the present 
volume). It is well estabhshed that hedonic methods may break down for 
the same reasons that conventional methods fail, with automobiles a 
major case in point (Triplett 1969; Ohta and Griliches 1976). 

Gordon's Alternative Method 

In his section on nonproportional quahty change, Gordon says that 
'*the distinction between the 'user-value' and 'production-cost' criteria 
for the measurement of quality change is misleading, since both are 
used. . . . User value is the criterion used to define . . . the characteristic 
desired by the user. And production cost is the criterion used to make the 
actual quality adjustment" (p. 214). This proposal matches almost ex-
actly what the BLS actually does with cost-based data in input price 
indexes—a user-value rule for defining quahty change, with resource-cost 
data used as an estimator. Gordon's proposal appears in conflict with the 
results of my paper, and with the BLS rationale for what it is doing, but 
does not really amount to that.^ 

To clarify the matter, consider the first two equations from my paper in 
this volume (Chap. 5): 

(1) G = G(C,Ko.L) 

(2) C=C(Kc.L) 

The objective is to compute an input price index for, say, computers, or 
for computer services (C)—that is, a measure of the price paid for 
computers by the using industry (which I named ''gadgets"). As an input 
price index, the computer index is one component of an index for the 
right-hand side of equation (1). An output price index for computers is a 
price index for the left-hand side of equation (2). 
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In my paper, the analytical technique for handling quality change in 
input price index numbers involves respecification of the right-hand side 
of equation (1), so that the input price index is defined in terms of input 
characteristics of computers rather than in terms of the good ''comput-
ers." For output price indexes, the left-hand side of equation (2) is 
similarly respecified so that the "computer" variable is replaced by 
measures of computer output characteristics. 

Essentially, respecification from goods space to characteristics space 
serves to transform the discussion from an argument over how to treat the 
computer "box" (the form the quality change Hterature has taken in the 
past) to an analysis of the properties of computers that are important in its 
own production function and in the production functions for using indus-
tries. However, even in characteristics space there remain two theories— 
input and output price indexes have separate theoretical justifications 
and require separate, and different, theoretical treatments of quality 
change (see Sees. 5.3 and 5.4 of my paper). It is a misunderstanding of the 
theoretical result to suppose that shifting the unit of analysis from 
"boxes" to the characteristics of boxes yields a single method of quality 
adjustment, applicable to both input and output price indexes. 

Consider the input case. Any input cost index (whether in goods space 
or characteristics space) depends only on the using industry's technology 
and the costs of acquiring inputs. To implement the theoretical quality 
adjustment method for input price indexes discussed in Section 5.3.3 of 
my paper, one would collect the following information from the gadget 
producer: (1) the list of computer characteristics important to gadget 
production; (2) the production function for transforming computer char-
acteristics and other inputs into gadgets; and (3) the costs or prices paid 
for all inputs, including computer characteristics. 

BeUeving that the second and third pieces of information are probably 
not available from the buyer of computer services, Gordon instead 
proposes to collect data from the seller. This can be justified by the same 
rationale that motivates the BLS introduction of production-cost data 
into the PPI and CPÎ —in equihbrium the marginal manufacturing cost of 
a computer characteristic will approximate its incremental value when 
used in the production of gadgets. This, then, is the basis for Gordon's 
equation (4)—^which was obtained by substituting the input demand 
functions from the using industry (here gadgets) "into the cost function of 
the supplying industry" (Gordon, this volume, p. 210). The same 
rationale underhes his input price index (computed as the ratio of two 
valuations of eq. [4]), and the "shift-term" analysis that culminates in an 
input price index for computer service characteristics that is "measured 
by adjusting the observed change in cost of a new model for the change in 
its quantity of characteristics (Xydy) multipUed by the marginal cost of 
producing characteristics ( Q O " (Gordon, this volume, p. 212). 
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The pure theory of an input cost index contains nothing on the technol-
ogy of the supplying industry. Gordon's use of production cost data in an 
input price index is best interpreted as an empirical approximation to 
what is wanted in theory, exactly the rationale that motivates the BLS 
empirical procedures. 

To be sure, a cost-reducing innovation in the computer-producing 
industry may be expected to reduce the cost of computations performed 
in the gadget industry. And an economist wants not simply to measure 
prices but also to analyze them. It is clearly true that a shift in the suppling 
industry, or an increase in demand from the using industry, will change 
the market prices for computers measured in computation units. But such 
shifts should not appear in the price index formula because that would 
tend to factor them out of the price measure. One wants to be sure that 
cost reduction in the computer-producing industry does show up as a 
measured reduction in the costs of computations performed in the gadget 
industry. 

In conclusion, it is not true that the theory specifies a single treatment 
for quahty change in both input and output price indexes. What Gordon's 
argument says is that under certain conditions the two theoretical quahty 
adjustments will give similar estimates, and for this case one can use 
either adjustment and obtain the same result. 

The "Resource-using" and ''Nonproportional" 
Dichotomy of QuaUty Change 

I have reservations about taxonomies of quality change. Most have not 
been very enlightening, primarily because they have often been con-
structed around examples that contained only part of the economic 
information needed to evaluate the cases being classified. 

A ''nonproportional" quality change is defined by Gordon as one 'in 
which production cost does not change in proportion to user value" 
(p. 207), or as a situation where there is ''a downward shift in the supply 
curve of user-desired characteristics" (p. 207). These two definitions can 
be inconsistent. 

On the ''supply shift" definition, a quahty change from A to either B or 
C in figure 5.3 of my paper involves a shift in the supply schedule (F^ to 
F2), and so is classified as "nonproportional." This is similar to points A 
and B in Gordon's figure 4.1. On the other hand, a quality change such as 
i? to C in my figure 5.3 implies an unshifted supply function; this change is 
classified as "resource using," or "proportional." 

However, neither my figure 5.3 nor Gordon's figure 4.1 contains 
information about user value. Accordingly, one does not know whether a 
downward shift in the factor requirements function, F, or in Gordon's 
unit cost function, V, does or does not create a situation where user-value 
and resource-cost rules diverge. One can read from my figure 5.3 two 
alternative resource-cost quality adjustments, dLi and dL2 (on Gordon's 
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fig. 4.1, the latter one is equivalent to the vertical distance on the F-axis 
corresponding to the movement from points Dto B). But the user-value 
measure cannot be obtained from resource-cost information, and there is 
therefore no way of knowing whether the user-value change corresponds 
to either dLi or dL2. 

Similarly, one cannot determine whether user-value and resource-cost 
rules agree solely from knowledge that the supply curve did not shift. The 
movement from point B to point C in my figure 5.3 might have been 
caused by a shift in the using industry's production function that raised 
the demand for characteristics. Thus, an unshifted supply curve could be 
consistent with deviation between resource-cost and user-value rules, 
creating inconsistency in Gordon's alternative definitions of ^'nonpropor-
tional" quality change. 

What we do know is that in equihbrium the incremental value to the 
user of a quality change equals the increment to the cost of producing the 
additional characteristics. Thus, for small changes around the point of 
equihbrium, and on the assumption of a competitive world where func-
tions are smooth and where government or other nonmarket forces do 
not intervene, one would get approximately the same values from re-
source-cost and user-value measures. 

Shifting functions, whether on the demand or supply side, represent 
one case where the two quality change criteria can yield different 
answers. Characterizing quality change by whether the supply curve has 
or has not shifted may be useful for some purposes. But it is not necessar-
ily the same thing as a situation where user-value and resource-cost 
quality adjustment rules diverge. Identifying the latter situation requires 
information on both the cost schedule for the supplying industry and the 
using industry's production function. 

Handhng Fuel-Efficiency Changes in Price Indexes 

There is no question that fuel efficiency changes should be reflected in 
some way in a measure of the using industry's input costs, or in a measure 
of the consumer's consumption costs. It is not true, however, that the 
fuel-efficiency effect must necessarily enter into the measurement in the 
form of an adjustment to the price of the durable good whose fuel 
efficiency changed.^ In fact, the theory of index numbers suggests just the 
opposite—that the theoretically appropriate method for incorporating 
fuel efficiency changes into the index normally involves an adjustment 
other than to the price of the durable good whose fuel efficiency changed. 

Suppose the manufacturer of a durable good introduces a fuel-saving 
innovation. That is, the new product provides the same service as the old 
but requires less fuel to do it. 

First consider the theoretical input cost index that encompasses all of 
the inputs used by a particular firm or industry (eqq. 4 and 4a from my 
paper in this volume). Recall that this index measures the change in cost 
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between two collections of inputs—one set of inputs represents the 
minimum-cost method of producing a particular output level in the initial 
period, the other is the minimum-cost input set in the comparison period 
that can produce the same output level. 

If a fuel-efficiency improvement occurs in the second period, then the 
cost of the collection of inputs necessary to produce a given output level 
will fall by the decrease in expenditure on fuel (net of any price increase 
charged for the new durable good). That is, an improvement in, say, 
aircraft fuel economy will be picked up in the airUne industry's input cost 
index in the form of a decrease in quantities of fuel. No additional 
adjustment to the price of aircraft is necessary. The reason lies in the 
nature of the theoretical input cost index: the theoretical index permits 
quantities to adjust to find a minimum-cost combination, and the cost 
saving from an improvement in fuel efficiency occurs precisely from an 
adjustment in quantity of fuel required for a fixed amount of output. 
Therefore, in the total input cost index, adjusting the price of airplanes 
for fuel savings would double-count the effect of increased fuel efficiency, 
for that saving already shows up in decreased quantities of fuel purchased 
by airiines. 

However, a measure of the total cost of all the airUne's inputs is not the 
only relevant price index. For some purposes, it may be appropriate to 
ask how prices of some components of the full set of inputs are moving. 
One may want a price index only for the airplanes used by airiines, or a 
price index for producer durable equipment used as inputs to the airiine 
industry. PoUak (1975) referred to indexes encompassing less than the 
full set of inputs as ''subindexes." 

If the objective is to produce a subindex (such as a price index for 
airplanes), then one must deal with the question. What subindex is 
justifiable in theory? Pollak (1975) distinguishes several kinds of subin-
dexes, but the kind most relevant to the present discussion depends for its 
justification on the theory of separability, as applied to production 
functions.* It is convenient to approach the subindex question by refer-
ence to Gordon's treatment. 

Gordon writes the production function (his eq. [18], p. 218): 

y = y[h,k{x,e)], 

where inputs h and e are labor and energy, respectively, and x is defined 
to be ''performance characteristics" (which also implies that x is to be 
interpreted as a vector). As the notation makes clear, Gordon is discus-
sing an input price index (a price index for jc) and not output price indexes 
(which would refer to the price of >̂ ). Thus, what is wanted is a subindex 
of the full input-cost index for the }^-industry's inputs. 

Gordon cites Berndt and Wood (1975) to confirm that capital and 
energy may be treated as an aggregate, separable from labor, as he has 
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written the equation. Realism, however, is not the difficulty with Gor-
don's use of equation (18). 

The theory of separability states that the assumption made in equation 
(18) permits constructing a consistent index of wages ̂  without worrying 
about capital or energy, or an index of some aggregate of capital and 
energy, without requiring data on labor. But equation (18) does not 
permit forming an index of capital goods prices, independent of energy— 
which is, of course, what Gordon proposes to do. For that, one would 
have to be able to write the vector of x's separable from e—that is, to 
maintain that marginal rates of substitution between aircraft characteris-
tics (such as between speed and fuel economy) were independent of fuel 
usage. That is not a plausible specification at all. Gordon seems to have 
misunderstood what separabiHty theory says about forming subindexes.^ 

Instead, the assumption embodied in Gordon's equation (18), and 
justified by Berndt and Wood's empirical work, specifies that the theoret-
ically appropriate subindex is an index for airplanes combined with fuel. 
An input subindex for airplanes alone is not theoretically justifiable. 
Treating fuel-efficiency changes in the airplane-fuel subindex gives a 
result similar to the one for the overall input cost index: because the input 
cost subindex is defined on airplanes combined with fuel, the effect of fuel 
efficiency improvement is again completely accounted for by the reduc-
tion in fuel quantities. No airplane price adjustment is called for. 

Thus, neither the overall input cost index nor the subindex implied by 
Gordon's equation (18) calls for a quaUty adjustment to aircraft prices for 
increases in fuel efficiency. The reason is that economic input cost in-
dexes (whether the full index or the subindex) are ratios of costs; the 
change in cost caused by increased fuel efficiency enters the cost calcula-
tion directly in the form of reduced expenditure on fuel. No additional 
quality adjustment to the price of the durable good is necessary.̂ ^ Fuel-
efficiency changes pose index number problems only when the objective 
is to compute fixed-weight approximations to input cost indexes, such as 
by use of Laspeyres or Paasche formulas. For these cases, fuel is entered 
with a fixed weight, and no quantity adjustments occur. 

Consider this problem within the context of the Consumer Price Index. 
The BLS now prices a durable good (cars) and also other inputs (gaso-
hne, repairs, etc.) necessary to use the car. Because the CPI is a Las-
peyres index, there are fixed expenditure weights that apply to all of these 
things. 

Suppose manufacturers introduced more fuel-efficient cars without 
reducing their size or performance characteristics. Any higher price 
changed for a more fuel-efficient automobile is offset by a decrease in the 
quantities of purchased fuel. 

The problem the index maker faces is that the fixed-weight index does 
not permit adjustment of any quantities. This reaUstic problem is the one 
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that concerns Gordon. It is important to understand, however, that the 
theory provides no guidance. The theory of index numbers is a theory of 
the exact or theoretical index, and in that index fuel-efficiency adjust-
ments to durable goods prices are not required. The problem arises in the 
fixed-weight index precisely because of the condition (fixed weights) by 
which the Laspeyres or Paasche formula differs from the true index of 
input costs. 

One could make the argument that in the fixed-weight framework 
adjusting the price of the durable good for increased fuel efficiency is at 
least going in the right direction and is better than no adjustment at all. I 
would not be unsympathetic to an argument along that line. 

I would strongly prefer, however, a different approach to the problem. 
It has long been established that a consumption measure should pertain 
to the services of durable goods and not to the quantities of durables 
purchased. In that context, the BLS would be pricing the cost per mile of 
a constant quality automotive service (constant quaUty being defined in 
terms of comfort, carrying capacity, and other use characteristics). If the 
BLS were to price the services of durable goods, then fuel efficiency 
changes would appear, appropriately, as simple changes in the cost of the 
service. In that context, they would not present themselves in the form of 
a "quality problem" at all (see Triplett 1971ft). One may rationalize 
Gordon's empirical work on fuel efficiency as an approximation to this 
alternative approach. The rationalization, however, is quite different 
from the one that appears in his paper. 

In summary, the theory of index numbers provides scant support for 
fuel-efficiency adjustments to the prices of durable goods, for the reason 
that the theoretical input price indexes (including the input cost index 
discussed in my paper in this volume as well as the cost-of-living index 
concept) already admit into the measurement adjustments in fuel quanti-
ties occasioned by increases in the fuel efficiency of durable goods. In 
fixed-weight indexes, quantity adjustments do not enter into the 
measurement. Consequently, anything done in the fixed-weight context 
amounts to an ad hoc procedure, quite outside index number theory, 
justifiable on the hope that the adjustment will go in the right direction, 
and is of approximately the right magnitude. That does not necessarily 
condemn the empirical work; measurement can sometimes be done 
without tight theoretical support. But the theoretical rationale for such 
work is not the one Gordon gives and, so far as I can determine, does not 
really exist. 

Conclusion 

These comments have been concerned exclusively with the theoretical 
sections of Gordon's paper, and the paper is primarily an empirical one. 
Because the empirical work does not stand or fall on the particular 
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formulations used in the theoretical section, my comments are not to be 
interpreted as strictures on the empirical work, which can stand on its 
own, and should be studied and absorbed by anyone interested in the 
empirical side of the quaUty measurement question. 

I am more concerned about the interpretation to be given to empirical 
work of this kind than I am with the numbers actually produced. To 
observe that most empirical work on quality change and on hedonic 
methods has proceeded with little or no reference to the theory of index 
numbers is no new insight. But it is also true that a good part of the 
theorizing on this subject served up to the empirical workers has been 
beside the point, or worse. We are a long way, as Gordon notes, from 
having a good empirical grasp of the magnitude of the quality problems in 
our economic measurements. But unless we have a better grasp of what 
we want to measure—that is, of the theory and the economic concepts— 
we will not be able to tell whether empirical work has improved the 
measurement. 

Notes 
1. The procedures imply a rule or criterion exists for specifying which product changes 

are to be accepted as quality changes. The criterion for this case is the same as the one stated 
in 2(a), below. 

2. In comparable situations, the CPI uses a different linking procedure that implicitly 
imputes to the good whose quality changed the price movement of similar goods whose 
quaUty did not change. As with the PPI procedure, one expects CPI linking to impart a 
downward bias when prices are rising, but this presumption has not been tested empirically. 

3. A more extended discussion is in Triplett (1971a). Empirical attempts to evaluate the 
PPI linking procedure are Triplett and McDonald (1977) and Early and Sinclair (in this 
volume). A survey of studies on quahty error in price measures is contained in Triplett 
(1975). 

4. That such judgments may sometimes be arbitrary is an unavoidable flaw with the 
procedure, but judgment always plays a role in the construction of price measures. The 
cost-based quaUty measures are not unique on that score. 

The complexity of the role of the automobile in modern society has required some 
controversial interpretations of the user-value criterion. For example, in 1971 Commis-
sioner Geoffrey Moore, responding to the recommendations of a U.S. Government Inter-
agency Committee, decided that legally mandated changes (smog devices, safety equip-
ment, fuel economy standards and the Uke) would be treated as quality changes in all BLS 
indexes on the grounds that Congress had made a political judgment that the value of these 
changes was worth their cost. The price index treatment of some of these items remains 
controversial, with arguments marshaled on either side, but that issue cannot be explored 
fully here. 

5. This does not say that they always conform precisely to the theoretical resource-cost 
rule. For a variety of reasons the data reported may be imperfect (see Triplett 1971a). 

6. Conversations with Prof. Gordon have been valuable in resolving points discussed in 
this section. 

7. This question was first raised by Fisher and Shell (1972). 
8. Blackorby and Russell (1978) subsequently argued that indirect separability or separa-

biUty of the cost function is the appropriate starting point for constructing input price 
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indexes. To preserve the notation of Gordon's paper, we merely note that fact, without 
incorporating it. 

9. On p. 242, Gordon identifies the separability assumption as having something to do 
with whether "improvements in fuel efficiency are achieved by manufacturers of the durable 
good and not by their users." Separability of a using industry's production function is simply 
a way of depicting technology in the using industry; it does not depend on the supplying 
industry's cost or production function, nor does it depend on the sector in which fuel 
efficiency changes originate. 

10. An additional effect may occur in the input cost index for changes in usage of other 
inputs that may be complements or substitutes with fuel. Also, we have not explicitly 
considered whether increased fuel efficiency of the durable good was a response to rising 
fuel prices, which would of course also be included in the input cost index. 
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Reply 

Triplett's constructive set of comments helps to clarify the relation of my 
new work on energy—efficiency adjustments to the traditional literature 
on index numbers. Our sole remaining disagreement concerns his doubt 
that energy-efficiency adjustments to the prices of durable goods are 
useful or appropriate in input indexes. But for my area of concern, the 
measurement of net investment in the national income and product 
accounts, changes in the service price of durable goods must be decom-
posed to determine the portion attributable to the manufacturer of the 
durable goods. This is achieved by my proposed quaUty adjustment 
procedure, which leads to a price index for durables that moves in 
proportion to Triplett's service price when the price of fuel is held 
constant. 

Criteria versus Estimators for QuaUty Change 

The first half of Triplett's comment provides a correct interpretation of 
my framework for quality adjustments. The approach that I advocate for 
input cost measurement is not the pure theoretical concept that Triplett 
develops in his paper. As Triplett states, the pure concept would require 
for its implementation a set of data collected only from purchasers of 
durable goods, including details on their production functions for every 
product and on the prices paid for all inputs. I reject the pure concept on 
grounds of practicality. The collection of price data from buyers has 
proven feasible only in selected pilot projects (esp. Stigler and Kindahl 
1970). Since the sellers' side of the market for most manufactured goods 
is so much more concentrated than the buyers' side, virtually all efforts to 
measure prices by both official agencies and outside investigators have 
involved the collection of data from the seller. This leads to my hybrid 
concept for input cost measurement. Here the quaUty criterion is user 
value (e.g., the characteristic valued by the computer user is its calcula-
tions rather than dimensions of the computer box); the estimator used to 
adjust computer price indexes for differences in characteristics across 
models is based on the seller's marginal cost. Because this distinction 
between the criterion and the estimator is identical to that used by the 
Bureau of Labor Statistics, my criticism of their price indexes does not 
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involve a theoretical dispute but rather concentrates on sins of omission 
(e.g., the failure of BLS to develop a price index for computers or 
commercial aircraft), and on detailed procedures (e.g., the BLS decision 
in 1970 to treat electronic calculators as a new product rather than as a 
price reduction for existing desk calculators). In fact my strongest criti-
cisms are directed not at the BLS but at the Bureau of Economic 
Analysis. 

It is the BE A that has chosen to deflate electronic computers by a price 
index (always equal to LO) that ignores the rapidly dechning price of 
computer calculations, and to deflate commercial aircraft by an index that 
ignores the improvement represented by the invention of the jet engine. 

Energy Efficiency Adjustments 

The main criticism in Triplett's comment concerns my proposal to 
adjust the price indexes of durable goods for nonproportional quality 
changes taking the form of improvements in energy efficiency. In prefer-
ence to my approach, Triplett prefers that the input service price of 
durable goods be measured, for example, the flow price per unit of time 
of the costs of capital, fuel, and maintenance ('The BLS would be pricing 
the cost per mile of a constant quality automotive service"). In this 
comment I make a two-step argument that, first, my proposed quahty 
adjustments lead to durable goods price indexes that move in proportion 
to Triplett's service price when the costs of other inputs (fuel, mainte-
nance labor) are held constant, and, second, that these other input costs 
must be held constant in performing quality adjustments if our national 
income accounts are to make any sense. 

In the case of a ''proportional" quality change taking the form of an 
improvement in energy efficiency, neither the service price nor my dur-
able goods price index would register any change. Consider a situation in 
which a change in relative prices leads a refrigerator producer to add the 
quality characteristic "energy efficiency" up to the point where its mar-
ginal cost equals its value in energy saving to the consumer. There will be 
no change in the service price of the new-model refrigerator compared to 
that of an old model in the new energy price regime, since the reduction in 
the annual value of energy consumption will offset the increase in the 
annual depreciation and interest cost of the higher quality refrigerator. In 
exactly the same way, my own procedure would find that there had been 
an increase in net revenue measured at constant fuel prices that was 
proportional to the higher unit price of the equipment, and consequently 
no quality adjustment would be called for. 

Now consider a "nonproportional" innovation that cut annual expend-
itures on energy by $20, while increasing the annual capital cost of a 
refrigerator by only $10. Triplett's service price of refrigerators would 
register a decline, as would my price index for refrigerators based on a 
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finding that net revenue had increased by more than equipment cost.̂  
Either measure of price would be adequate for a study of the demand for 
refrigerators in a period of constant energy prices and would be far 
preferable to an index that failed to register any decHne in price. In the 
case of commercial aircraft, the subject of the empirical study in my 
paper, a demand study for the 1950s and 1960s (a period of roughly 
constant fuel prices), would be highly misleading if it used the official 
BE A price index. 

Despite the equivalence of the service price concept and my quality 
adjusted price index in this example, for general purposes the two con-
cepts are not equivalent in periods Uke the 1970s when fuel prices have 
changed. The second part of my argument is that, while the service price 
measure must be used in demand studies to reflect the adverse impact of 
rising fuel prices on the demand for aircraft, the national income and 
product accounts must be based on a quality adjusted price index that 
holds the costs of fuel and maintenance labor constant. Since our basic 
measures of net national product and aggregate productivity include net 
investment as a major component, price indexes used for deflation in the 
national accounts should incorporate a quality adjustment procedure that 
decomposes changes in the service prices of durable goods into a portion 
''caused" by the manufacturer and a remaining portion (including chang-
ing fuel prices) that occurs after the equipment is acquired by the user. If 
we are only interested in an input index like the CPI, a comprehensive 
service price concept would be sufficient. But for the measurement of net 
investment in the national accounts, changes in service prices must be 
split between manufacturers and users. 

Why is it important to measure changes in energy efficiency achieved 
by the manufacturer? Consider a hypothetical nonproportional innova-
tion that doubled aircraft speed with no increase in aircraft price. This 
would represent a decline in the price of aircraft seat-miles per unit of 
time, an increase in the real capital represented by the new-model air-
craft, and thus an increase in net investment and net national product. 
Let us imagine instead that the same research expenditures in the aircraft 
industry were invested in lower fuel usage rather than in faster speed, and 
let us assume that a hypothetical energy-saving innovation yielded pre-
cisely the same increase in airiine net revenue as a doubling of aircraft 
speed, with no increase in aircraft price. The service price of aircraft 
(including capital cost and fuel expense) measured per seat-mile would 
fall by the same amount in either case, and a price index for aircraft 
services that held constant the price of fuel would fall in proportion. My 
justification for energy-efficiency adjustments is that changes in service 
price that occur with fixed input prices should be credited to the manufac-
turer of the equipment, reflecting the observation that major nonpropor-
tional shifts in both performance and energy efficiency tend to be ''em-
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bodied" in capital goods by their manufacturers rather than achieved by 
their users. When fuel prices are held constant, a service price criterion 
and my net revenue criterion lead to the same quahty adjustment, be-
cause they are two different methods of measuring the same thing. 

My quality adjustment procedure is essential not only to capture the 
higher level of net investment and the higher level of aggregate produc-
tivity resulting from energy-saving innovations, but also to allocate cor-
rectly the credit for the innovations to the industry achieving them—the 
airframe and aircraft engine industries in my example rather than the 
airline industry. The importance of a correct allocation is obvious for 
those who are attempting to trace the current U.S. productivity slow-
down to changes in capital and R&D input in particular industries (Gri-
liches 1980). Such studies will be hopeless failures if they credit the 
achievements of the research-intensive aircraft industry to the airUne 
industry, which does no research at all! 

Note 
1, Consider the following division of annual operating revenue: (a) annual labor cost, (b) 

annual fuel cost, (c) annual capital cost (interest plus depreciation), (d) annual profit. 
Triplett's service price includes b plus c. A nonproportional improvement in energy effi-
ciency by definition reduces b more than it raises c, thus reducing the service price. My ''net 
revenue" is c plus d. A nonproportional improvement in energy efficiency by my definition 
raises net revenue (c plus d) by more than capital cost (c) when calculated at fixed prices of 
output, labor, and fuel. Thus both criteria give the same answer; the reduction in service 
price parallels the decline in the equipment price index that results from my method. 
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