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ABSTRACT

In this paper we examine qudity-adjusted price indexes for persona computers (PCs)
from 1976, the year in which PCs were firg introduced, through 1999, usng hedonic price
regresson methods.  We focus in paticular on the egudity of coefficients across mobile
(luggable, 1aptop, and notebook) and desktop PCs, and on the stability of coefficients over time.

Using 1976-1999 annua PC data on prices and characterigtics, we find qudity-adjusted
PC prices have fdlen by about a factor of about 1600 for desktop models, implying an AAGR of
about -27%. Until about 1994, quaity-adjusted prices of mobile modds did not fal as rapidly as
those of desktop PCs, but since then trends have been smilar. Price declines have been larger in
the 1990s than in the 1970s and 1980s, and have been larger in the late 1990s than in the early
part of the decade.

Beginning about 1987 and continuing theresfter, the relationship between prices and PC
characterigtics differs between desktop and mobile models. Moreover, for desktop models,
coefficient estimates on characteridics differ sgnificantly by year beginning in 1987, and for
mobile PCs, by 1993. There does not appear to be a monotonic trend in coefficient estimates on
Characterigtics over time.
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PRICE AND QUALITY OF DESKTOP AND MOBILE PERSONAL COMPUTERS:
A QUARTER CENTURY OF HISTORY
by Erngt R. Berndt, Ellen R. Dulberger and Nea J. Rappaport
INTRODUCTION

The year 1976 marked not only the 200th birthday of the United States, but it was dso
the year in which persond computers were firgt introduced commercidly into the US market. In
the quarter century since then, there has been enormous technologica progress and quaity
improvement?  For example, IBM-compatible desktop PCs were launched in the early 1980s;
luggable, then portable, laptop and eventualy notebook PCs came on the scene in the late 1980s
and early 1990s. By the late 1990s PCs had evolved with multimedia capabilities, connectivity
to the Interngt, dl in ever samdler physica szes, and for prices sometimes less than $1000.
Today's PCs typicadly embody megabytes of random access memory, gigabtyes of hard disk
memory, and process commands at speeds up to 1000 megahertz. In 1976, PCs had only severa
kilobytes of RAM, had no hard disk a dl, processed commands at snail-like speeds of less than
one MHZ, yet cost severa thousand dollars?

For government economic datisticad agencies publishing measures of price change and
red output growth, the tasks of rdiably tracking the computer industry and its suppliers, and
adjusting prices for qudity changes, are formidable ones. Until 1986, the Bureau of Economic
Anadyss computed red output growth in the computer industry assuming that the implicit price
deflator for mainframe computers was congtant at 1.000. Following on a collaborative research
project with researchers a the IBM Corporation, in 1986 the BEA began adjusting mainframe
computer prices for quality change, using hedonic pricing methods® Four years later in 1990,
the Bureau of Labor Statidics published its fird experimenta qudity-adjusted producer price
index for the mainframe computer industry, aso based on hedonic price methods* Today the
BLS publishes separate producer price indexes for computers and for semiconductors that

incorporate estimates of quality change, and athough the BLS consumer price index does not
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publish a separate price index for computers, PCs are a component of its CPI item category
entitled "Information Processing Equipment”.®

The hedonic regresson methods employed by researchers and government datisticians to
adjust PC prices for qudity change typicdly rely on pooled cross-section and time series data,
and necessarily assume a certain amount of parameter equdity across various models, as wel as
parameter dability over time.  When technological progress is extremey rapid, however, the
assumption of parameter stability over time on, say, PC characterigics such as megahertz (MHZ)
gpeed, random access memory (RAM) sze and hard disk storage capacity may plausibly be
cdled into question. Smilaly, one might expect that the price effects of changes in
characteridics over time, such as those involving hard disk memory capacity, might differ for
desktop and notebook PCs.

In this paper we report on results from an initid examination of the dability of PC
hedonic price coefficients over the past quarter century, and on the equdity of the hedonic price
coefficients between desktop and mobile models. Using 1976-1999 annua PC data on prices
and characterigtics, and building on a hedonic aggregation method that gpparently was first
discussed by Triplett [1990b], we find that beginning in 1987 the reationship between prices and
PC characteridics differed between desktops and mobiles, suggesting that based on the Triplett
criteria, since 1987 they could not be reliably aggregated. Moreover, by 1987 parameter
edimates on desktop PC characteridtics differed significantly from each other in adjacent year
regressons, implying that parameter edimates varied annudly; for mobile PCs, annud variaion
was dgnificant beginning in 1993. Thus the issues of parameter equdity across modds, and
dability over time, are goparently empiricdly dgnificant. We discuss implications of parameter
indability for price index congruction, and consder dternative ways of incorporatiing the
hedonic price measures into price indexes for desktop and mobile PCs.  We begin with an

overview of data sources and trends.
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1. PC DATA SOURCES AND DATA TRENDS

Our 1976-1999 data set covers a remarkable period of technologica changes in the PC
industry and encompasses revolutionary changes in how individuds use PCs. Our basc unit of
observation is a diginctly identified persona computer mode avalable in the US. Over the 24
years, we have 9042 observations, an average of about 375 modes per year. Although
undoubtedly an incomplete data set, we are reasonably confident that it is representative of
trends in the overal maket. Most of the data covers machines produced by the larger
manufacturers, implying that the modds in our data set conditute a large percentage of overdl
PC market sales.

Our data gathering project has condsted of three separate efforts over the last decade.
For the 1976-88 time period, our data come primarily from mail order magazine and newspaper
advertisements listing a vendor, modd, and computer attributes such as speed, memory, and
storage  capacity.® Although these daia sources provided useful information on actud
transactions (not just lit) prices, the amount of technica information avalable was limited.
Over the 1982-88 time period, proprietary sdes data from the Internationa Data Corporation was
available for about 950 of the 1,265 models in the estimation sample. The 1976-81 and 1982-88
data are described in greater detail in Berndt and Griliches[1993].

From 1989 through 1999, we rely on a more standardized source of information, namely,
Datapro and the Gartner Group. Details on the 1989-92 data are given in Berndt, Griliches and
Rappaport [1995]. Briefly, the 1989-92 data come from the Data Information Services Group,
then a divison of McGraw-Hill. The price data are list prices of te particular base modd, rather
than transactions prices. However, a consderable amount of data on technicd characterigtics is
avalable. For a subset of the models, we have proprietary quantity sales data available from the
International Data Corporation.” From 1993 through 1999, we employ data from the Gartner
Group. These data are comparable with the 1989-92 Datapro series. We have not yet been able
to gain access to 1993-99 proprietary sdes data at the leved of individud modes, dthough we
are currently invedtigating the feeshility of employing sdes data a the modd-processor type
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level of aggregation.

Although the coverage spans the entire 24 year history of PCs, our data set has a number
of limitations. Fird, the 1982-88 observations capture transactions rather than list prices, while
1989 onward represent list prices. The rapid growth of mall order in the 1990s suggests that the
gap between list and transactions prices has likely closed. To the extent this has occurred, it is
likey that our price series will overstate price declines snce 1989. However, it is widdy known
that in 1992 mgor brand manufacturers changed pricing drategies to bring lig prices down
consderably to match others transactions prices. Thus, while price declines might be overdated
for 1989-92, dnce then any bias is likdy to be much smdler. Moreover, snce the principa
switch from transactions to list prices occurs between 1988 and 1989, it is likey tha we
understate any price decline occurring between 1988 and 1989.

A second limitation of our data is that for 1976-81 and since 1993, we do not have access
to quantity sdes data.  Thus in the price index computations we report here, we implicitly weight
al modds equdly. To the extent the demand curve for PCs is downward doping, we expect that
competitive forces would favor PCs with lower qudity-adjusted prices, and tha leading-sdling
models would be those experiencing the largest quality-adjusted price declines compared to the
previous year's models. To the extent this has occurred, one might expect use of unweighted
model data to result in understated price declines. It is worth noting, however, that in Berndt,
Griliches and Rappaport [1995], price indexes based on unweighted adjacent year regressons
yidded dmogt identical 1982-88 average annual growth rates (AAGRS) as those based on
Divisa indexes employing quantity sdes daa the AAGRs were -23.22% and -23.90%,
respectively, for mobile PCs, and -31.15% and -31.93% for desktop PCs.

Findly, implementation of hedonic regresson methods requires making a decison on
what types of variables one should include as regressors to measure the most sdient price-
determining charecterisics.  This is paticulaly problematic when one covers a time period
encompassing dramatic technologicd change, as has occurred in the PC market. To facilitate
comparability over time, in this paper we sdect a limited number of characteridics, but as
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discussed in the next section, we dlow parameter edtimates on these characterigtics to vary
annudly, thereby permitting a reaively unrestricted impact of the edimated changes in
characteriics on price.  The characterigtics we focus on here include hard disk memory (in
megabytes -- MB), processor speed (in megahertz -- MHZ), the amount of RAM memory (MB),
and dummy varigbles for whether the modd included a CD-ROM. To accommodate possible
brand effects in a parsmonious manner, we include a dummy varigble for computers made by
Apple, and another combining many of the "name-brand” 1BM-compatible computers (Compaq,
Ddl, Gaeway, HP, IBM, NEC, Toshiba and Zenith). All other brands are therefore in the
referenced intercept term.

There are many ways in which one could describe price and qudity change in the PC
market. Sample means, by year, for prices and a number of characteristics, separately for mobile
and desktop models, are given in Appendix Table 1. In Figure 1 we aso present a very smple
decription.  On the left vertical axis we plot mean PC modd price for each year, on the right
vertical axis we plot the mean vaue of the logarithm of MHZ speed. While mean prices rose
from 1976 to about 1989 and then fell again after 1989, over the entire 1976-99 time period there
has been a steady increase in mean INMHZ -- a linear regression of mean INMHZ on time has a

dope coefficient estimate of 0.2362 (R2 of 0.9558), implying an AAGR of about 27% per year.

1. ISSUES IN SPECIFYING AND ESTIMATING PC HEDONIC PRICE EQUATIONS

We now briefly discusson various specification and edtimation issues. Let the price of
PC model i in year t be P, let the vaue of the jth characterigtic for that model be let, and let T,

be a time dummy varigble having the vaue of unity in yeer t, ese being zero.
A. PARAMETER EQUALITY ACROSS DESKTOP AND MOBILE PC MODELS
To examine parameter equdity across classes of modds, we digtinguish desktop PCs

from mobile PCs, desgnating desktops with the first subscript being D, and for mobile PCs, M,

i.e, thevaue of thejth characterigtic for desktop (mobile) mode i inyear tis xDijt (XMijt).

In an unredricted dngle cross-section specification, separate  hedonic  regression
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equations are specified for desktop and mobile PCs:

NPy =ap + (')J.:}DjtxDijt + &y, for desktop PCs, and D
NPy = 4, * OjBthxMijt + €. for mobile PCs 2

where In denotes natura logarithm, the e's are random disturbance terms, and the s and &s are
parameters to be estimated. Note that éDjt (éth) represents the margind price effect of a smdl
change in desktop (mobile) characteridtic j in time period t, other things equa. We employ the
log-log hedonic price equation functiona form, since based on Box-Cox criteria, in previous
rescarch Berndt, Griliches and Rappaport have found it to be the preferred functiona form.
Hence, when | is a continuous varigble, éDjt and élvut are patid eadticities of price with respect to
characteridtic j.

In a patidly redricted cross-section specification, al "dope' coefficients are equd
across desktop and mobile PCs, but the intercept term is allowed to differ between desktop and

Here the margina effects of a change in each characterigtic are the same for desktop and mobile
PCs. In this partidly redtricted yearly specification, the hedonic price equation to be estimated
takes the form

NP, =4,D, + 4§, M, + 03X, +8& 3
where Pijt and X”.t are "stacked" vectors of desktop and mobile PC observations, ﬂ‘t is a stacked
vector of random disturbances for desktop and mobile PCs, D, is a dummy variable equa to one

only if mode i is a desktop model, ese it is zero, and M, is a dummy variable equa to one only

if modd i isamobile modd, dseit is zero.

In a fully redricted cross-section specification, in addition to the condraint that Igptop
and mobile dope coefficients are equd, it is assumed that intercept terms are equd, i.e, éDjt =

price indexes are identicd for desktop and mobile PCs. The corresponding fully redtricted yearly

hedonic price equation to be estimated takes the form
NP, =4 + 03X, +4, (4)
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B. PARAMETER STABILITY OVER TIME

An dterndive dimenson of parameter equdity involves gability over time. To abdract
from isuues involving lack of parameter equaity across classes of modes, assume for the
moment that based on results of hypothess tests, we are deding with a set of models over which
the null hypothesis of ether partid or full parameter equdity has not been rgected, or, if partid
parameter equality has been rgected, we are separately estimating cross-section hedonic price
equations for desktop and mobile PCs. To keep our notation managesble, however, we now omit
the D and M initid subscripts.

In the unredtricted adjacent time period regressions for time periods t and t1, separate
equations are specified for each time period:

Ink, =84, ojéj,t-lxij,t-l + ‘F’l'] .» @nd Q)

Inp, = 4+ C')jé\]’txij't + 6|‘]t (6)

In the common and widdy used partidly redricted adjacent time period regressons, it is
assumed that each dope coefficient is equal (stable) in adjacent years, but that the intercept terms
differ, i.e, é},t = é}'t_l = é}for dl j=1,..Jbutg?* § . These paameter redrictions are frequently
imposed by estimating adjacent time period hedonic price regressions having the form

InB,=4,,+t3T+ Ojé]xijc") + al]O (1)
where F?i 57 Xij 5 and %ﬁ are stacked vectors of observations for time periods t1 and t, and since T,
is a dummy variable taking on the vaue of one if the observation is in time period t (dse it is
zero0), g isthe differentid intercept for time period t relativeto time period t-1, 1., 8,° g - 4 ;.

With this partidly redricted adjacent year regresson specification, frequently the quality-
adjusted price index for year t reative to year t-1 is computed smply by exponentiating q.g
When dope coefficients of more than two adjacent time periods are congtrained to be identica
while intercept terms are permitted to differ, quality-adjusted price indexes relative to the base
time period are often computed usng the sequence of exponentiated time period-specific
intercept differentials, i.e., the sequence of exp(a), exp(a,,, ). exp(a, ), etc.
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Findly, in the fully temporaly redricted hedonic price specification, it is assumed that
not only are al dope coefficients in the adjacent time period regressons nvolving Egns. (5) and
(6) identical, but so too are the intercept terms, i.e, éh = é},t-l = é} fordlj=1,Jandg =4, =
& which implies tha g = 0. The corresponding fully tempordly restricted hedonic price
equation is of theform

Inp,=a+ quxij6+é}]6. (8)

When the condraints in Egn. (8) hold, the quaity-adjusted hedonic price index for time period t
isthe same as that for time period t-1.

One way of interpreting parameter inequdity over time is in terms of neutrd and non
neutra technologica progress, as in the theory of cost and production.  Specificdly, in
exponentiated  (non-logarithmic) form, one can re-write Egn. (6), dlowing for time-varying

dadicities, as

P, =4 - DXy %t . 9)

If the reationship between characteridtics and price is time-invariant, i.e, if the % eadicities are
congtant, or if technologica changeis characterigtic-neutral, then one can rewrite Egn. (9) as

P

ijt

=4, - DXt ‘4, (10)

which is andogous to the familiar Cobb- Douglas functiona form
C. HYPOTHESIS TESTING AND THE COMPUTATION OF QUALITY-ADJUSTED
PRICE INDEXES
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Hypothesis tests involving these various specifications can be caried out using the wdl-
known Chow test under the assumption of i.i.d normdity of the disturbance terms. Aterndively,
one can compute standard errors using the White procedure that alows for heteroskedadticity,
and then use as an edimate of the (X'L‘J_1X) matrix that estimate obtained from the regresson
invalving the null hypothesis™*

Consgent with the hedonic aggregation approach outlined in Triplett [1990b], we
implement the sequence of hypothess tests by firg running yearly regressons separately for
desktop and mohile PCs as in Egns. (1) and (2), and testing whether the regtrictions in Eqgn. (3)
are vdid. If these redrictions are not rgected, we impose them, and continue on with various
tempord dability tests. If the restrictions in Egn. (3) are rgected, we do not impose them, and
ingtead continue on with various tempora stability tests, separately for desktop and mobile PCs.

To assess parameter stability over time for the desktop and mobile PCs, we first estimate
cross-sectiona hedonic price equations for each pair of adjacent time periods, as in Egns. (5) and
(6), and then test whether the redtrictions in Egn. (7) are vdid. If these redrictions are not
rgected, we compute quality adjusted price indexes by chaining the sequence of edtimated
exponentiated &'s, as discussed above. If, however, the parameter redrictions in Egn. (7) are
rgected, we compute various quality adjusted price indexes for successve time periods by
employing parameter esimates from the separale adjacent time period cross-sectiond
regressons and computing predicted vaues based on dternativey the mean vaues of
characterigtics from time period t-1 (analogous to the base period quantity weights used in the
Laspeyres index), from time period t (analogous to the current time period quantity weights used
in the Paasche index), or their geometric mean (the Fisher Ided index).

D. OTHER ISSUES REGARDING SPECIFICATION AND INTERPRETATION OF

HEDONIC PRICE EQUATIONS

How one interprets estimated coefficients from hedonic price regressons has been the

focus of consderable discussion in the literature®®  Here, following Griliches, we envisage the

hedonic price equations as being reduced form rather than Structurd, and therefore we do not
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interpret  coefficients on characteridics as diginct measures of ether consumers margind
evauaions or producers margnd codsts, but rather as the outcome of consumer and producer
optimization in the context of a differentisted product market. We note, however, that if
characteridtic quantities are viewed as being jointly determined, then even our reaively agnostic
reduced form interpretation can be called into question.

At least since Ohta and Griliches [1986], there has been a literature comparing use of
technicd measures of characteristics (e.g., megahertz speed, hard disk capacity, and random
access memory for computers, horsepower and weight for automobiles) with performance
measures (eg., millions of indructions executed per second for computers, or miles per galon
and accderation for automobiles). In the context of computers, due in part to rapid technologica
progress, it has proven to be somewhat difficult to obtain system performance measures tha are
valid across models and over time,

A recent sudy by Chwelos [1999] is of particular interest in this context. Using a Delphi
procedure, Chwelos firs surveyed "power usars' of PCs such as information system managers
and business users concerning attributes of computer systems that provide value to users. He
then developed an index of sysem performance measures based on data from published
performance benchmarks. Chwelos also developed a set of technical proxy measures of system
performance. Using data on IBM-PC compatible mobile and desktop systems, Chwelos found
that both performance measures and technica measures yielded satisfactory explanatory power
in hedonic price regressons and more importantly, that they yieded very smilar estimates of the
rate of quality-adjusted price change in PC sysems. Hence in this study we will employ a set of
technica characterigtics as regressors in the hedonic price equations. However, since we alow
the coefficients on these technical characterigtics to vary across mobile and desktop PCs, and
over time, we believe they provide an adequate proxy measure of varying PC system
performance as well. 1

V. SUMMARY OF EXISTING RELEVANT LITERATURE

Chow's classc study of mainframe computers reported that qudity-adjusted renta prices
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fdl a an average annud growth rate (AAGR) of about -21% between 1960 and 1965. As
regressors to adjust for quality change, Chow used a mix of performance and technical measures
-- multiplication time, memory sze and access time.  Triplett [1989] reviewed a number of other
hedonic studies on mainframe computers, and formed a "best practice’ quality-adjusted price
index; over the 1953-1972 time period, the AAGR of thisindex was about -27%.

In 1986 the IBM researchers Cole et a. [1986] published results of hedonic price
andyses in which the individud components or "boxes' of a computer sysem were examined,
rather than the system as a whole. For computer processors, Cole et a. found that over the 1972-
84 time period, the AAGR based on hedonic prices was -19.2%, while that based on a "matched
moded" procedure in which one only compares prices on identicd models observed in adjacent
years was only -85%. The large discrepancy between matched mode and hedonic measures
reflects the inability of the maiched modd procedure to link in the effects of new modes in the
fird year of ther being on the market. Using similar procedures but aggregating over separate
hedonic price equations involving computer processors, intermediate and large hard disk drives,
printers and generd-purpose displays, Cartwright [1986] reported an AAGR of -13.8% from
1972 to 1984; Cartwright's estimates, as wel as the Ph.D. dissertation by Dulberger [1986],
formed the bass of the BEA's new officid price index for manframe computers. Taking a
longer historica view, Gordon [1989] edtimates that a quality-adjusted mainframe price index
for computers declined at an AAGR of -22% from 1951 to 1984.

To the best of our knowledge the firs hedonic dudies involving PCs were the
unpublished analyses by Cohen [1988] and by Kim [1989]. Cohen originaly gathered price and
characteristics data covering the 1976-87 time period; these data, which he updated to include
1988, were then examined further by Kim. Characteristics data collected by Cohen included
RAM, MHZ, hard disk capacity, humber floppy drives, number of dots available for expanson
boards, and the age of the modd. As reported in Berndt and Griliches [1993, Table 2.1], based
on hedonic regressons, both Cohen and Kim found AAGRs ranging from -25% to -27% over the
1982-87 time period, while a BEA measure based on list prices and matched models declined at
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a condderably dower AAGR of about -17%. Interestingly, when Gordon [1990] used matched
model procedures for 21 models observed between 1981 and 1987, based on transactions prices
as advetised in Busness Week and PC Magazine rather than list prices, he obtained a
comparable AAGR of -23%.

Other hedonic price studies of PCs include those by Berndt and Griliches [1993] covering
the 1982-88 time period, and by Berndt, Griliches and Rappaport [1995] over the years 1989-
1992. Berndt and Griliches reported that athough there was datistica support for parameter
dability over time on characterigtics regressors within the 1982-84, 1984-86 and 1986-88 time
periods, between these time periods the null hypothess of paameter dability on the
characteristics regressors was typicaly regected. Based on the hedonic price regressons,
AAGRs of PCs over the 1982-88 time period ranged from about -23% to -25%, and were
remarkably smilar for lig and discounted prices.  When ingead of using unweighted averages
based on the hedonic regressons Berndt-Griliches used a Divisa index tha incorporated
quantity weights based on propritary sdes data sources, virtudly identicd AAGRs were
obtained. However, the Divisa index revedled a smoother and less eratic decline than did the
direct hedonic price indexes. Moreover, price declines of incumbent modes were typicaly
larger on average than those on entering and exiting modds (about -27%, -22% and -17%,
respectively).

In Berndt, Griliches and Rappaport [1995], a different data source is employed for the
charecteridics data, namely, DATAPRO, aong with its ligt price datla When smple aithmetic
means of prices are caculated over the 1989-92 time period, an AAGR of about -11% is
obtained; this increases to about -19% when matched mode procedures are employed. Berndt,
Griliches and Rappaport digtinguish mobile (trangportable, notebook and lgptop) modds from
desktops, but based on the limited number of mobile modd observations and adjacent year
regressons, they are not able to rgect parameter Sability (except for the intercept term),
dthough the 1991-92 inference is margind. For mobile models, the 1989-92 AAGR is -23.2%

based on adjacent year regressions, and -23.9% based on a Divisa index with yearly parameters.
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For desktop regressions, parameter dability on the characteristics regressons is decisvey
rgected in two of the three adjacent year regressons, and is margina in the other (1990-91).
Qudity-adjusted price indexes have raher dSmilaa AAGRs across various specifications,
however, ranging from about -31% to -32% between 1989 and 1992. Findly, when price
indexes are firs computed separately for desktops and mobile PCs, and then aggregated using
Divisa weighting procedures, the combined desktop-mobile quaity-adjusted price index
declines a an AAGR of between 29-30% per year 1989-92, with a particularly large decrease in
1992.

Another PC hedonic price study is that by Nelson, Tanguay and Patterson [1994], based
on IBM-PC compatible desktop-only models over the 1984-91 time period. Usng lig-price data
and a number of technicd characteristics variables, Nelson et a. report that yearly and adjacent-
year regressons yidd somewhat erratic results, dthough coefficients on characteridtics varigbles
typicdly decline in vaue over time, with a paticularly large drop occurring in 1985-86. Using a
nonlinear specification involving interactions between characteridics coefficients and  time,
Nelson et a. report qudity-adjusted AAGRs for mgor manufacturers of about -17.5% between
1984 and 1991, and alarger -24.6% for mail order firms.

The fina PC price study reviewed here is that by Chwelos [1999], which was mentioned
and briefly discussed earlier.  For mobile/laptop PCs, over the 1990-98 time period, no PC model
was observed in more than one year, thus making the matched mode procedure infeasible.
Usng benchmark measures of performance (based on Ziff-Davis Benchmark Operations and
published in PC Magazine), Chwelos reports that laptop dope coefficient estimates were stable
over time, suggesting that in terms of price/performance, these performance characteristics have
been evolving a approximately the same rate, and that this rate was adequately captured by the
time dummy varigbles. Exponentiating the time dummy variables Chwelos obtained a qudity-
adjusted AAGR for laptops of around -39.6%. When Chwelos regressed his laptop processor
performance index on a number of laptop technicd characteridtic varigbles (microprocessor,

RAM, and cache dummy variables), he obtained an RZ of 0.9819. It is not entirely surprising,
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therefore, that when Chwelos used as regressors the technicad characterigtic variables rather than
the performance measures, the AAGR of the quality-adjusted price index was virtudly identica
at -40.0%.

For desktops, Chwelos PC data are for the years 1992-98. The R2 from a regression of
desktop peformance on technica characteristics variables was 0.9925, implying a very srong
relaionship between them. However, when performance measures were utilized as regressors,
the AAGR of the quaity-adjusted hedonic price index was about -32%, whereas that based on
technica characteristics was dightly larger a about - 35%.

V. ECONOMETRIC FINDINGS ON PARAMETER EQUALITY AND PARAMETER

STABILITY

With this as background, we now report on econometric findings obtained from
estimation of avariety of hedonic regression equations.

A. PARAMETER EQUALITY BETWEEN MOBILE AND DESKTOP MODELS

Mobile modds have evolved consderably since their introduction in the early 1980s.
Ealy mobile modds were essentidly suitcase-szed versons of desktop machines with a smaller
screen replacing the desktop monitor, and as ther "luggable’ nickname implied, they could be
lugged from pace to place but only with some difficulty. With the advent of laptop computers in
the late 1980s and notebooks in the 1990s, true computing portability was achieved. But this
portability came with a cos. In exchange for lighter weight and smdler footprint came dower
processor gpeeds, less memory, and less storage cepacity, dl at typicdly a premium price
relaive to a desktop with otherwise smilar characteristics.

Nine luggable models first appear in our data set in 1983, increasing to 16 mobile modds
in 1984, 22 in 1985, 32 in 1986 and 73 in 1987; by 1999, we observe 1,165 distinct mobile
models.

We edimate parameters in yearly regressons for 1983-99, firg dlowing for common
dope coefficients for mobile and desktop models but a different intercept, as in Eqgn. (3), and
then dlowing both for different intercepts and different dope coefficients, as in Egns. (1) and
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(2. Although the difference in 1983 intercept terms is indgnificant, beginning in 1984 the
difference between mobile and desktop intercepts is podtive and datidticaly sgnificant (p <
0.05), with the magnitude of the difference increasng over time. From 1984 through 1989, the
mean difference in intercept terms is about 0.31, for 1990-93 it increases to about 0.43, then in
1994-96 it increases sharply to about 0.71, and in 1997-99 the mean difference in the mobile vs.
desktop PC increases again to about 0.92. This implies tha, when one condrains the
characteristic coefficients (peed, hard disk capacity, memory, CD-ROM, Apple, and IBM-
COM) to be the same across mobile and desktop PCs, in 1997-99 the price of a notebook
computer was about 2.5 times that of desktop having the same technical characterigtics.

For each year from 1983 onward, we then test the null hypothess that the dope
coefficients are equa across mobile and desktop models, againg the dternative hypothess that
both dope and intercept terms differ. Ordinary least squares p-vaues from this test are plotted in
Figure 2; the results dlowing for heteroskedadticity are very smilar.  As is seen in Figure 2,
except for 1983, beginning in 1987 and for each year thereafter (except 1997), we rgect the null
hypothesis of dope parameter equaity between mobile and desktop PCs at p-vaues less than
0.05; for 1984-86, however, the null hypothess is not regected a this Sgnificance levd. The
generd pattern, therefore, is tha beginning about 1987 and continuing thereafter, the effects of
changesin characterigtics on prices differs between desktop and mobile models.

It is dso of interest to examine which characteristic coefficients appear to differ between
mobile and desktop models. To conserve space we do not report detailed results, but instead
offer a brief summary. We find that in the mid to late 1990s, the estimated dadticity of price
with respect to hard disk capacity is larger for mobile than desktop PCs, but the price dadticity
with respect to speed is larger for desktops than mobile PCs.

In summary, the proportiond price premium charged for mobile vs. desktop models has
increased consderably from 1983 to 1999, and this price premium reflects in pat a larger
positive price dadticity with respect to hard disk capacity for mobile vs. desktop modes, but a
gnadler price impact of speed.  Coefficient edimates on charecteridics differ sgnificantly
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between mobile and desktop models, generdly beginning in 1987 and continuing annudly
thereafter.

B. PARAMETER STABILITY OVER TIME

The null hypothesis of dability of dl dope coefficients over time is decisvely regected,
both for desktop and mobile PC modeds (p-vaue <0.001). Although it is possble to examine
parameter ability over various lengths of time, separately for mobile and desktop models, we
amplify the analysis here by assessng stability in successve pairs of adjacent year regressons.

As discussed above, because estimated dope coefficients for desktop and mobile PCs do
not generdly differ sgnificantly until 1987, we fird examine parameter dability for the pooled
sample (but with a digtinct mobile intercept) for years up to 1987. We find that up through 1987,
in eight of the ten adjacent year pairs (dl pairs except 1978-79 and 1983-84), we cannot reject
the null hypothesis of al dope coefficients being equd in adjacent years.

Since mobile and desktop coefficients differ beginning in 1987, from 1987 onward we
assess parameter stability separately for mobile and desktop PCs.  For desktop PCs, as shown in
Figure 3, in the twelve pairs of adjacent years between 1987 and 1999, the null hypothess of
dope coefficients being equa in adjacent years is rgected in dl but one case (1990-91).
However, as is seen in Figure 4, for mobile models the evidence on adjacent year dope
coefficient gability is more mixed. Usdng a 0.05 dgnificance level for each test, parameter
gability is not rgected in five pairs of adjacent years (1988-89, 1989-90, 1990-91, 1992-93 and
1997-98), but is rgected in seven pars of years, with a clear predominance in the later years
(1987-88, 1991-92, 1993-94, 1994-95, 1995-96, 1996-97 and 1998-99). The pattern of inference
is essentidly unaffected when a heteroskedadticity-consstent disturbance variance-covariance is
employed instead of that based on OL S estimation.

We interpret these findings as suggedting that in the desktop PC segment, particularly
sgnce the late 1980s there have been dramatic non-neutra changes in the reationships among
technicd characterigtics and price.  While there has adso been enormous technological progress
in the mobile PC market segment, gpparently the naiure of reationships among technicd
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characteristics and prices has tended to have been a bit more neutral across characteristics than in
the desktop PC segment, at least until recent years, and these changes are adequately captured by
differentid time intercepts.

Since presentation of al parameter estimates would take an enormous amount of space,
in Table 1 we briefly summarize patterns of parameter change over time, separately for desktop
and mobile PCs, over selected timeintervals. In the firg column of Table 1, we present
parameter (eladticity) estimates based on the pooled over al years (1976-99 for desktops, 1983-
99 for mobile) regressons, in which dope coefficients are condrained to be condant. The
remaining columns of Table 1 are aithmetic means of parameter (dadticity) edimates from the
adjacent year regressons over selected time intervals.

As seen in the top row of Table 1, the eadticity of price with respect to hard disk capacity
was very high a about 0.38 when hard disks initidly appeared on desktop PCs in the early
1980s, this eadticity dropped in half to about 0.19 in 1984-89, it dropped even further to about
0.05 in 1990-9%4, but particularly for mobile PCs it has increased sharply aain during 1995-99.
Recdl that in the 1980s the early mobile PCs were luggable, in the later 1980s and early 1990s
sndler but 4ill rather heavy and cumbersome portables and laptops appeared, and finaly the
very thin and light notebooks have come to predominate in the late 1990s. In recent years space
for hard disk capacity gpparently commands a hefty premium in price in mobile PCs -- from
1995-99 the mobile eadticity of 0.36 is three times that for desktops at 0.12.

Trends in processor speed are quite different, asis seen in the second set of rowsin
Table 1. Since 1980 for desktop PCs, the eladticity of price with respect to speed has been larger
than that for hard disks, and by the end of the 1990s the desktop dasticity of 0.72 is about twice
that for mobile PCsat 0.34. The pooled regression estimate of 0.53 for desktops is considerably
larger than the 0.33 estimate for mobile PCs.
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Tablel

Mean Vaues of Eladticity Estimates on Characterigtics Variables
Over Sdected Time Intervals

Pooled Means from Adjacent Y ear Regressons

Characterigtic Regresson 1976-79 1980-83 1984-89 1990-94 1995-99
Hard disk memory

(Inmb)

Desktop 0.09 na 0.38 0.19 0.05 0.12

Mobile 0.12 na na 0.18 0.06 0.36
Processor speed

(Inmhz)

Desktop 0.53 0.19 0.40 0.69 0.53 0.72

Mobile 0.33 na na 0.64 0.40 0.34
Active Memory

(Inmb)

Desktop 0.34 0.45 0.69 0.34 038 020

Mobile 0.26 na na 0.32 008 021

Notes: Based on authors regresson andysis. nais not applicable.

Findly, in terms of RAM, asis seen in the bottom set of rowsin Table 1, except for
1990-94, dadticities for mobile and desktop modes are generdly smilar, and have falen over
time. For desktop PCs, the 1995-99 dadticity at 0.20 is less than 30% of its 0.69 value in 1980-
83.
VI. ALTERNATIVE QUALITY-ADJUSTED PRICE INDEX CALCULATIONS

The econometric findings reported above for parameter equdity between mobile and
desktop PCs, and parameter dability over time, have implications for the congtruction and



A QUARTER CENTURY HISTORY OF PC PRICESAND QUALITY  -PAGE 21 -

interpretetion of qudity-adjusted price indexes. We have condructed dternative price indexes
that vary in the way they accommodate parameter inequaity across desktop and mobile PCs, and
ingability in parameter estimates over time. Alternative results are presented in Table 2.

The smplest and mogt redrictive procedure is smply to pool observations across dll
years, redrict dl dope coefficients to be condant over time, dlow for a time-invaiant dummy
vaiable for mobile modds, and specify yearly time dummy variables Results from this smplest
way to adjust PC prices for quality change are presented in Column 1 of Table 2. Under these
assumptions, adjusted for quality changes, PC prices have falen by a factor of 1000 from 1976
through 1999, implying an AAGR of -25.94%. Moreover, prices have declined at about twice
the annud rate in 1994-99 redive to 1977-83 and 1983-99 (-38.72% vs. -18.00% and -17.68%,
respectively).

A dightly less redrictive st of price index cdculations involves mantaning the
assumption of ability of al dope coefficient parameters over time, but separately edimating
modds for desktop and mobile PCs. Results from these cdculations are given in Columns 2 and
3of Table 2.

For desktop PCs, the 1976/1999 ratio of quality-adjusted pricesis 1661:1, and over
the shorter 1983-99 period it is396:1. Over the entire 1976-99 time period, the AAGR is
-27.46%, but this masks considerable intertempora heterogeneity. From 1976 through 1989 the
AAGR isabit more than -18%, but this accelerates to about -34% from 1989 to 1994, and even
further to -41% from 1994 to 1999.

Quiality-adjusted price declines are consderable smdler in magnitude for mobile
than desktop PCs, as one sees by comparing Columns (2) and (3). The 1983/99 ratio of quality-
adjusted prices for mobile PCsis 40:1 (about one-tenth of that for desktops), reflectingan AAGR
of -20.59%. Although mobile PC price declines were rather modest in the 1980s (around -8%),
they picked up from 1989 to 1994 (-23%), and even more so0 in the late 1990s (-32%).
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Alternative Price Indexes Adjusted for Quality Change
(1983 = 1.0000)

«y ) ©) 4 ®) (6) (7
DESKTOP DESKTOP MOBILE MOBILE
ALL DESKTOP MOBILE ADJYEARLY ADJYEARLY ADJYEARLY ADJYEARLY
YEAR POOLED POOLED POOLED LASPEYRES PAASCHE  LASPEYRES PAASCHE
1976  4.0100 40671 na 6.7666 6.7666 na na
1977 2.2819 2.2420 na 43807 4.3807 na na
1978  1.9327 1.8969 na 3.7084 3.7084 na na
1979 2.0035 1.9611 na 3.2008 3.2008 na na
1980 19858 1.9440 na 3.0398 3.0398 na na
1981 1.7825 1.7388 na 2.6154 2.6154 na na
1982  1.4549 1.4040 na 1.8300 1.8300 na na
1983  1.0000 1.0000  1.0000 1.0000 1.0000 1.0000 1.0000
1984  0.9967 09689 1.2390 0.8425 0.8425 0.8425 0.8425
1985 0.6757 0.6650 0.9490 0.5696 0.5696 0.5696 0.5696
1986 04773 04604 0.7363 0.3816 0.3816 0.3816 0.3816
1987 0.3624 0.3456 05878 0.2739 0.2865 0.2928 0.2928
1988  0.2658 0.2469  0.4633 0.1744 0.1957 0.2093 0.2093
1989 03111 0.2897 0.6084 0.1795 0.2165 0.2388 0.2388
1990 0.2631 0.2380 05231 0.1341 0.1735 0.2095 0.2095
1991 0.2315 0.2147 04780 0.1193 0.1627 0.1932 0.1932
1992  0.1069 0.0937 0.2426 0.0520 0.0682 0.1094 0.1094
1993  0.0843 0.0677 0.2558 0.0385 0.0568 0.1158 0.1158
1994 00464 0.0365 0.1664 0.0214 0.0445 0.0832 0.0907
1995 0.0328 0.0253 0.1188 0.0152 0.0425 0.0522 0.0702
1996 0.0206 0.0147 0.0932 0.0099 0.0335 0.0430 0.0462
1997 0.0135 00101 0.0651 0.0063 0.0202 0.0253 0.0343
1998 0.0055 0.0037 0.0327 0.0022 0.0113 0.0070 0.0096
1999 0.0040 0.0025 0.0250 0.0016 0.0113 0.0055 0.0064
AAGRs
76-99 -2594 -27.46 na -30.44 -24.29 na na
839 -29.17 -31.19 -20.59 -33.13 -24.45 -27.76 -27.07
76-83 -18.00 -18.16 na -27.29 -271.29 na na
83-89 -17.68 -18.66 -7.95 -24.89 -22.51 -21.23 -21.23
89-94 -31.65 -33.93 -22.84 -34.65 -27.13 -19.01 -17.60
94-99 -38.72 -41.38 -31.56 -40.47 -24.02 -41.92 -41.15
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Notes. Calculations based on authors regresson models. nais not applicable.

While provocative and intriguing, these price indexes adjusted for qudity change depend
on assumptions regarding parameter gability over time.  Recal from our earlier econometric
findings discusson tha for dope coefficdents in yealy regressons, dgnificant differences
between desktops and laptops generaly began to appear n 1987, and continued thereafter. For
desktops prior to 1987, the null hypothess of parameter equdity in pars of adjacent year
regressons was generdly not rgected, and thus from 1976 to 1987 use of time dummies from
desktop adjacent year time dummies is acceptable.  However, the null hypothesis that desktop
dope coefficients in pairs of successve adjacent year regressons from 1987-88 through 1998-99
were equal was rgected in deven of twelve cases. To accommodate this parameter ingtability,
we condruct the andogs of Laspeyres and Paasche desktop price indexes beginning in 1987,
usng results from yearly desktop regressons. In paticular, to condruct a Laspeyres-type
quaity-adjusted price index between adjacent years t and t+1, we use parameter estimates from
the separate year t and t+1 desktop regressons, we employ as "weghts' the means of the
desktop regressors in the "basg' year t, and then take the ratio of predicted desktop prices in
years t+1 and t. The andogous Paasche-type qudity adjusted price index employs as quantity
weights ingead the means of the desktop regressors from the "current” year t+1. Results from
these desktop caculations, linking adjacent year time dummies with Laspeyres and Paasche-type
predicted priceratios, are given in Columns (4) and (5) of Table 2.

Comparing the desktop pooled (Column (2)), adjacent year/yearly Laspeyres (Column
(4)) and adjacent year/yearly Paasche (Column (5)) price indexes, we observe a number of
subgtantid differences.  From 1976 through 1983, for example, use of adjacent year rather than
pooled across year regression coefficients yields a considerably greater rate of price decline
(AAGRs of -27.29% vs. -18.16%). This generd differentid pattern continues over the 1983-89
time frame, but the differences are not as dramétic.

Although there is a modest difference in 1983-89 AAGRs between the Laspeyres (-
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2451%) and Paasche (-22.89%) adjacent year/yearly indexes, the difference between them
increases subgtantidly in 1989-94 (-34.65% vs. -27.13%), and then diverges dramaticdly in
1994-99 (-40.47% vs. -24.02%). These differentid estimates of quality-adjusted price decline
ae based on the same yearly regressons, and thus smply reflect the difference in "quantity”
weights, weights that are changing very rapidly. Coincidentally, we believe, the AAGRs of
Laspeyres adjacent year/yearly estimates in 1989-94 (-34.65%) and 1994-99 (-40.47%) are much
closer to those of the temporaly pooled desktop only indexes (-33.93% and -41.38%,
respectively).

We now turn to evidence regarding qudity-adjusted price declines for mobile PCs.
Recdl from above that econometric evidence on parameter stability over time indicated that use
of adjacent year regressions is acceptable up through 1992-93, after which parameter estimates
from yearly regressons are required. We have congructed Laspeyress and Paasche-type mobile
PC price indexes adjusted for qudity change, with linked adjacent year and yearly mobile
regressons, analogous to those for desktops. Results are given in the find two columns of Table
2.

The firg griking finding is that when one compares the mobile Laspeyres and Paasche
measures in Columns (6) and (7), unlike the case with desktops, the differences in AAGRs are
reaivey smdl. For 1989-94, the Laspeyres and Paasche prices have annud price declines of
-19.01% and -17.60%, respectively, while in 1994-99 they are -41.92% and -41.15%. The
second clear trend result is that, from 1983 to 1989, and 1989 to 1994, price declines are
generdly smdler for mobile than for desktop PCs, from 1994 onward, however, price decline
trends are more amilar. Third, it is dso griking that when one compares qudity-adjusted price
indexes for mobile PCs usng a tempordly pooled mobile-only hedonic regresson (Column (3)
of Table 2), one genegdly obtans much smdler annud average price declines than when
adjacent year/lyearly regresson equations are employed (Columns (6) and (7)); this is not adways,
the case, however, asis seen for the 1989-94 time period.

One clear lesson that emerges from this comparison, both for desktops and mobile PCs, is



A QUARTER CENTURY HISTORY OF PC PRICESAND QUALITY  -PAGE 25 -

that the assumption of parameter dability over time on the characteridics variable is one that is
empiricaly questionable a best, and has a very large and meaningful impact on the edimated
rate of declinein quality-adjusted PC price indexes.

VIl.  CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

In this paper we have documented a quarter-century of technologica progress in the US
market for desktop and mobile PCs. Adjusted for qudity change, we find that prices of PCs
have fdlen by about a factor of one thousand between 1976 and 1999, implying an AAGR of
about -25%. Price declines have been larger in the 1990s than in the 1970s and 1980s, ad have
been larger in the late 1990s than in the early part of the decade.

The task of atempting to track qudity-adjusted prices of goods when technologica
progress is 0 rgpid and dramatic is a mogt difficult one.  While hedonic methods are being
employed increasingly by government datistical agencies, they frequently rely on assumptions
regarding parameter stability over time, and equality across various sets of models. For PCs, we
find tha edimates of market price dadicities with respect to characterisics began to differ
ggnificantly in 1987 between desktop and mobile modes, and continued to differ theredfter.
Moreover, for desktop models, these eadticities differed even by year beginning in 1987, and for
mobile PCs, beginning in 1993. For quality-adjusted price indexes to be reliable, such parameter
variability needs to be accommodated. Unfortunately, parameter values do not appear to change
monotonicaly with time, or across modds, and thus it is not obvious how one might adapt
parameter estimates based on data and hedonic price regressons that are severd years old. Since
parameter estimation of hedonic regresson models is unlikely to be able to be done in red time,
a leet in the near future, an implication is tha qudity-adjusted price indexes for high-tech
products such as PCs will likely only be available on atime-delayed basis.

It is worth noting that there are a number of important limitations to this research. Fird,
list price data are used from 1989 onward, whereas from 1976 through 1988 a mix of lig and
transactions price data were avallable. Not surprisingly, in dmost al our regressons we find a

rather smal and uncharacterigic quaity-adjusted price increase between 1988 and 1989, which
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we beieve likdy reflects this price data trangtion, rather than a true price increase.  Hence,
"true" rates of price decline between pre- and post-1989 ae likely to be even larger than
estimated here.

Second, while a limited amount of quantity sdes data for PCs was available from 1982-
92, we have not been able yet to gain access to reliable sdes data post-1992. Currently we are
invedtigating posshilities of obtaning sdes daa that quantify sdes by manufacturer and
processor.  While such a level of aggregation is less than ided (numerous modds from a
manufacturer may have the same processor), it may provide some additiond useful information.
However, based on earlier research, we doubt use of sdes data would fundamentaly change our
findingsin any materid manner.

Third, in an atempt to baance the benefits of additiona technologica detall with the
posshility of somewhat erdic and volatile parameter estimates over time, we have limited our
hedonic andyss here to a raher parsmonious set of specifications. In future research, we
beieve it will be important to examine the implicaions of rdaxing the parsmonious

parameterization assumptions.
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APPENDIX TABLE 1

MEAN PRICES AND VALUES OF SELECTED TECHNCIAL CHARACTERISTICS
VARIABLES
ANNUALLY, 1976-1999, SEPARATELY FOR DESKTOP AND MOBILE MODELS

NUMBEROF DOLLAR HARDDISK RANDOM ACCESS PROCESSOR
YEAR OBSERVATIONS PRICE CAPACITY - MB MEMORY - MB  SPEED - MHZ

DESKTOP MODELSONLY
1976 10 1897 0 0.00975 1.35
1977 17 1337 0 0.01245 2.06
1978 14 1136 0 0.01027 214
1979 26 1890 1.36 0.02093 2.29
1980 36 2025 1.44 0.02658 1.94
1981 38 2243 1.50 0.02948 241
1982 50 2388 1.53 0.05525 2.63
1983 76 2629 2.39 0.09912 4.07
1984 114 3015 4.30 0.17600 5.19
1985 92 3034 7.07 0.31443 5.89
1986 156 2757 10.79 0.48821 7.21
1987 324 2916 21.63 0.71086 9.43
1988 298 2992 40.46 0.93662 12.66
1989 173 4615 49.96 1.25225 15.63
1990 457 4426 61.89 1.79204 19.44
1991 322 4436 55.25 2.06353 21.18
1992 505 3399 132.48 5.19604 29.03
1993 943 2527 167.95 4.00502 34.15
1994 362 2031 721.99 5.45304 53.38
1995 476 2150 476.44 8.59644 78.04
1996 202 2593 1390.90 17.27418 140.50
1997 408 1985 1971.50 22.21414 184.28
1998 209 1466 5080.47 52.75000 337.00

1999 1247 1255 7105.97 69.75540 413.68
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NUMBEROF DOLLAR HARDDISK RANDOM ACCESS PROCESSOR
YEAR OBSERVATIONS PRICE CAPACITY - MB MEMORY - MB  SPEED - MHZ

MOBILE MODELSONLY

1983 9 1961 3.00 0.10400 4.11
1984 16 2460 1.00 0.12950 3.70
1985 22 2159 1.86 0.16473 4.24
1986 32 2489 391 0.35125 5.62
1987 74 2416 7.74 0.44649 7.42
1988 58 2807 14.47 0.72166 9.87
1989 52 4616 29.10 1.14508 13.15
1990 118 4325 33.57 1.25278 14.37
1991 131 4037 33.44 1.25145 14.87
1992 125 3295 83.12 2.97312 22.75
1993 287 3303 99.56 3.06983 25.29
1994 248 3072 150.57 4.80460 40.75
1995 269 3317 365.18 5.88848 66.01
1996 123 4107 1012.44 11.64228 114.79
1997 79 3490 1383.92 15.64557 137.32
1998 131 3176 444504 45.06870 257.66

1999 263 2753 5545.20 55.98021 326.19
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Footnotes

Moore'slaw, originally enunciated by Intel cofounder Gordon Moore in 1965, postulated that
the logic dengity of silicon trangstors would double every year (he later changed thisto 18
months). Although observers have often questioned the extent to which such progress can
continue indefinitely without running into technologica barriers, Moores law is dill widdy
thought to apply today. For recent discussions, see John Markoff [1999] and Charles Mann
2000].

LOf the ten 1976 PC modelsin our data set, one model had a speed of 0.5 MHZ, seven had 1
MHZ speed, one had a2 MHZ speed, and the fasted a speed of 4 MHZ. Pricesranged from
$375 to %5037. For other discussions of price and quality change in the PC market, see Cohen
[1988], Kim [1989], Berndt and Griliches [1993], Nelson, Tanguay and Patterson [1994], and
Stavins [1995].

3See Cartwright [1986], Cole et al. [1986], Dulberger [1989], Gordon [1989], and Triplett
[1986]. For historical discussions, see Baily and Gordon [1988], Berndt [1991, Chapter 4],
Griliches[1971, 1988] and Triplett [1990a].

“Sinclair and Caton [1990.

®See Fixler, Fortuna, Greenlees and Lane [1999] for further discussion; also see Armknecht,
Land and Stewart [1997].

®Specifically, prices and modes were taken from PC Magazine and New Y ork Times, bothin

June of that year. Additiona technicd information came from Byte Magazine.

"Unfortunately, Datapro data are not available prior to 1989.

8For hard disk memory, the Sope coefficient esimate is even larger a 0.4012 (R2 of 0.9579),
implying an AAGR of about 49% per year.

9Aslong as one is comparing ratios of predicted prices from adjacent year log-price regressions
under the assumption of homoskedasticity, one can ignore the exponentiation of 0.5s2, where sis
the standard error of the regression. Under heteroskedasticity, however, adjustments for the error
variance are gppropriate. See Berndt [1991], ch. 4, for further discussion.

19There are of course other more complex ways in which quality-adjusted price indexes can be
computed based on estimated hedonic price equations. See Armknecht, Lane and Stewart
[1997], Berndt [1991, Chapter 4], Berndt and Griliches [1993], Berndt, Griliches and Rappaport
[1995], and Fixler, Fortuna, Greenlees and Lane [1999] for further discussion.

1Here U isthe variance-covariance matrix of the disturbances. See White [1980]; also see
Berndt [1991, Chapter 4].

1250, for example, Griliches [1971, 1988, 1990], Rosen [1974], Epple [1987], Triplett [19904],
Feenstra[1995] and Berry and Pakes [2000].

13For discussions of performance vs. technical measuresin the context of semiconductors, see
Holdway [2000] and Sliker [2000].



Figure 1
Personal Computers--1976-1999
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Figure 2
P-Values for Test of Slope Parameters for Portables
Ho: Slope Parameters Same as for Desktops
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Figure 3
Desktop Computers: 1987-99--Adjacent Year vs. Yearly
Ho: Slope Parameters Equal Across Adjacent Years
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Figure 4

Portable Computers: 1987-99--Adjacent Year vs Yearly
Ho: Slope Parameters Equal Across Adjacent Years
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