By JACK E. TRIPLETT

The Economie Interpretation of Hedonic Methods

Editor'’s Note—

This article and the ona following are parts of o three-part presentation
of the new price index for COMPUtErs Lcorpornied
of the national income and product serounds {NIPA 3J released in Decem.
sap in coping statetical-
nge prablam.” o zrodism

ber (985 The new index represents o sulbsigntial

Iy with what iz referred 20 oa the “quality cha
common (0 many products 1o one degree or another but patticularly pro-
sunced for compuler squipment becouse of rapid technological chaage,

The first griicle provides an introduction to hedonic methods, the econ-
ometricaily based approack io dealing with quality shange that underiies
the new price inder for computars. The sscond
graup from the ecomomics department of the [BM Corpornhon, descrber
the resulis of their work on developing price indes

ment. Loyt wear following circulation
BEA'r research on compuler prces.

LR tAe recised patimatey

£y for computing squip-
of o prefiminary descriprion af
IBM offered o make s resenrch
aveilabie to BEA and to astist n furthar development af a computar price

and IBM.

fions.

indev. BEA acknowiedges the generous contmburion made by the authory

The third amcle which will appear n a forthcoming sue of the
SURVEY, uil! describe the wee of the [BM compogile price (ndexes in the
deflation of current-doflar ependilure for computars 1 the NIPA © Cowr.
FECNGRa fo the currentdoliar stimater of business purchases of cOMpL tern
thal ware relesed in December will appear at the same ime Althaugn
uork an yuaniifying the error 0 not et rompiate, i iz [ikely that the cor.
rections will ralee che sstimates of Susiness purchanes of computers, pro-
dusery’ Furgble w~yuipment, and GNP for (984 by & io 35 Bullion ard the
extimales for years back to 1978 by smaliler amounts,

Draft versions of portions of the threepart prosentation were read by
Zuvi Grliches of Harvard Univerxity and Joei Popkin of Joe! Pophin and
Company. BEA ond the authors apprecinte their commanits ond rugges-

CONSTRUCI‘ING orice indexes for
computer equipment iy a chellenge
because thewe producta have exhibited
extremely high rates of quality
change, and quality change presenta
cne of the moat difficult problems en-
countered in price index construction,
Hedonic methods provide an advanta.
geous alternative to conventional
price index approaches for situations
where quality change is encountered.

The conventional method for con-
trolling for the eaffects of quality
change is designated the “matched-
modei” method in this article. In this
method, only prices for models, or va.
rieties, that are unchanged in epecifi-
cation between the twa pericds are
used in the index. Matching the
models assures that any difference be-
tween the prices collected for the twa
periods reflecta solely price change,
rather than a change in what was
bought.  Producer Price Indexes,
which are used for deflating many
compaenents of producers’ durabje
equipment, are constructed with the
matched-model method. !

For two reasons, price indexes cop-
structed  with the matched-model
method may not completely avoid

- 3ae US Bureau of Labor Scatistics, chapter T, for
A dewsmption of the mathodology for the Producer
Price Indezes. (Refartnces are st the end of Lhe wrti-
cle.)
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errors that are asscciated with qual-
ity change.

One error arises when the price
changes observeld for matched models
do not capture the price movement
that is taking plece for @l models,
When models embodying an improved
technology are introduced, pricea of
models embodying older technologies
are bid down: however, when the
older technology cannot successfu}ly
compete with the new, it may siumply
disappesr. By following prices of es
tablished models unti} they disappear,
the matched-model method misses
some of the price change that the new
technology engenders, particularly
when {as ia often the case) the fui}
pattern of discounting is not recorded
in the price information used for the
index. The potential errors from in-
ferring price change for unmatched
models from that observed for
matched models, particviarly when
the matched models become obsoles-
cent, have been discussed jn the price
index literature for many vears.

A second error oeours when modeis
that are not identical are neverthe-
less matched. Infermation on some of
the specifications of the models, or on
aspects of the terms of sale, may nat
be available, so that some models that
appear to be matches actually differ

A — ¥

in some respecra. Alternatively, the
pricing agency may know that twa
models are not truly identical, but
when the differences are amall, may
conclude that making the match in
preferable ta dropping the price infor-
rmation from the index. The possibility
that unlike models are compared has
mativated & good part of the price
index literature on quality change.
Notice that the stricter the rules for
accepting two models as 8 match, tha
greater ithe number of models that
will be excluded from the price index.
This means that, with the matched.
model method, the more one guards
against the second error, the meore
likely the index will contain the first
one.?

In the BEA price measures for com-
puter equipment. the matched-model
method has been supplemented with
hedonic  methods. Matched-mode)
comparisons are used whenever they
are available, and hedonic methods
are Used to impute missing prices far
newly introduced or discontinued
medels to capture price change that
accofpanies the turnover of modeis
availabie in the market. This article
intraduces hedonic methods and

2 Ses Prics Statislica Raview Committes and G-
lichas 119711 for a discuskion of the quality rusge
problem in moneouc ratstics, wnd Triplett 1975, for
8 sirvey of ampinca ressarch
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shows alternative ways for using hes
donic methoda in price indezes.

I. The Hedonic Function

The hedoni¢c nomenclature is quite
old, going back to the late 1930'y.3
The heart of the methodology ia a re-
gression equation, referred to as the
“hedonic function,” in which prices
from an array of different models, or
varieties, of a product are the depend-
ent variable and the cAgrocteristics of
that product are the independent, or
explanatory, variahles.

For examptle, in the [BM gtudy the
P *donic functions for computer equip-
v At took the specific form

FoAMP M=,

“here P represents the prices of
«odels of a particular kind of camput-
er equipment, M, and M, are two
characteristion of that item of aquip-
ment, and u is an ercor term. The co-
efficients A, b,, and b, are estimated
by the regression, and from the coeffi-
cients one can calculate dollar valy-
ations, or implicit prices, for charac-
teristics.

The number of characteristics in a
hedonic function, and accordingly the
number of implicit characteristics
prices, is a technicai matter that de
penda on the product being investigat-
ed. The functional form for the re

2ssion has usually been determined
empirically. The specific form used in
the IBM study is one of threa alterna-
tives frequently encountered in he-
donic studies.

“rerpreting the hedonic function

Hedonic methods were developed,
and indeed used in price indexes, long
before their conceptual framework
was understood. At one time, hedonic
methods were regarded as ad hoc ad-
Justments, which could not be related
te the conceptual basis for economic
meéasurement nor to the theory of
price index numbers and real output
measurement.

In the lagt 10 years or 30, an explic-
it conceptual framework for hedonic
methods has been developed. The

3. Ses Court for the firet use of the hedome wrmi
oclogy 1o the litareture,

4 Io the hedomic litersturs. the arm “impiiot
price” g oftan taed to demgnate the cowi¥iciante & and
B thamas!ves. wa well ma to 4 ote che pricw, +xp -3
in dollmre
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framework is derived from the idea
that production or consumption of
heterogeneous goods {(or services, for
that matter) can be analyzed by disag-
gregating them into more basic, or
elemental, units that better measure
the dimensions of what is bought and
sold—the characteristics. Severa] ex-
amples may help clarify the meaning
of the term “characteristic.”

Within the computer equipment in-
dustry, it 8 common to refer to s
piece of computer equipment as @
“box.” Although the sale is conven-
tionally denominated in terms of
"box" prices and “box” quantities,
meaningful economic units, to both
buyers and sellers, are the character-
istica ip the box—speed, capacity, and
other measures, as presented in the
IEM study. What it costa to build a
box, given a technology, depends an
the characteristica the builder puts
into the box; from the user's perspec-
tive ag well, what matters is not the
box, but the characteristics in it, For
an airline company, the transaction
unit is a flight, or an individual ticket
purchase for a flighi; but a better
measure of an airline's output is “'pas-
senger miles,” w0 pamsenger miles
could be thought of as one character-
istic of airline flights. Although a
builder sells houses, housing charac-
teristics (such as square feet of floor
space, number of rooms, number of
bathrooms, and whether the houss
has a garage or central zir<ondition-
ing) are a more meaningfu} definition
of what the builder produces, as weli
as what the home buyer purchases,

These examples illustrate three
principles that define the term “char-
acteristics,” Characteristics are homo-
genecus economic variables that are
building blocka from which heteroge-
nesus goods are, figuratively, assem-
bled—the characteristica are ‘“‘pack-
aged,” or “bundled,” inta a specific
model. Characteristics are valued by
both buyers and sellers {indeed, cne
might say this is whet makea them
economic wvariables), a key point in
the use of characteristics for measure-
ment purpodes.® Although the charac-

3. On tha buyer side. the ides that demands for bt
erogentous gocds could be snalyred through demands
far the cheractarstion embodied in them deveinpad
w Lancaster and Ironmonger, shough neilher ooted
that the hedonic function might ba used 1 enimate
pricas for the charmctersties. The extenmon to modsl-
g the Fupply of hevtrogeswous goods. aEplicitly n a
hadomue frampwork, appears i sevaral Plasa ot
actably Romer and in the rmpirical work of Spady a1d
Frisdlsericur,
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teTatica are generally not priced oD
rately, the prics for the modet repre-
senta the valuntion of all the charac-
teristics that are bundled in it—fop
each characterintic, the quantity of it
embodied in the model, valued by its
“implicit” price.

A simile clarifies, on the ona hand,
the relation between the price of a
model and the prices of the character-
istics embodied :n it and, g the
other, the role of the hedonic function
a8 a ‘disaggregator.”’® Suppose that
grocers, rather than placing their
wares on shelves with unit prices
marked on them, loaded various as-
sortmentd of groceries into grocery
certs, attaching prices to each of the
preloaded carta. Buyers would select a
prelcaded cart and pay the specified
price for the collection of groceries
that it containg. Suppose’ further that
a hedonic function were estimated on
the grocery cart data The dependent
variable (which in hedonic regressions
is normally the price of models of
some product, such as automobiles) in
this regreesion consista of tha prices
charged for the various preloaded
carts of groceries. The independent
variables (which in the usual hedonic
study are measures of characterigtics)
are hers the quantitics of various gro-
ceries iu the available preloaded
carta, Thum, groceries found in the
carts may be regarded as characteris-
tics of the “grocery bundle.” The esti-
rated regression coefficients provide
implicit prices for groceries. One can
therefore think of the hedoric fune-
tion as showing what prices of indi-
vidual groceries would have been, had
they been stocked on the sheives in
the customary way. Whether on the
shelf or in the carts, prices of individ-
uel grocery items will be determined
by the forces of supply and demand
that always determine prices in a
market economy.

A heterogeneous good is a bundle of
characteriatica, similar to those cart
loads of groceries. Once the character-
istica in the bundle have been identi-
fied and measured, the hedonic funec-
tion is interpreted as a function that
disaggregates the price of the good
inw the implicit prices and the quan-
tities of the characteristics, and it
provides estimmates of prices for the
characteristics. Because the prices

6. The following pemage u adapted *=om Trpiewt
1197K)
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must be estimated, rather than direct-
ly obeerved, they are usually termed
“implicit” prices.

Interpreting the implicil prices

Estimated implicit prices for char.
acterigtica are the most important em-
pirical results from a hedonic fune.
tion. Implicit prices have many prop-
erties that are similar to those of at-
dinary prices. As with ardinary
prices, an implicit prica Mmeéasures
what the seller receives for a charae.
teristic when it is sold as wel| ag what
the buyer pays for it. As with ordi-
nary prices, implicit prices for charge-
teristica are proportional ta marginal
aluations for users, and they are alsa
- foportional to marginai coats for pro-
ducers—but only a2 is so weil known)
when there is competition on the rele
vant side of the market.” The values
of implicit pricea will reflect the
aterplay of supply and demand for
characteristics, and ip the long run
competition will push each character-
istic price to the cost of producing
that characteristic,

Characteristics pricea also differ in
certain reapects from ardinary prices.
(1) Becauas of bundling, the character-
istics prices must be estimnated with
the hedonic function; they can seldom
be observed directly, as can ordinary
prices. (2} Because the characteristica
are purchased as part of a tied sale,
in bundled form, relatians ameng the
characteristics prices are maore com-

'ex than what ig usually assumed for
prices of goods.®

Economically meaningful character-
tstice. —If the characterstios prices es-
timated from the hedonic function are
o bDe ecencmically meaningful and
10t just a statistical artifact of a mui-
tiple regression, the variables chosen
as characteristics must themselves be
meaningful. The variables will be
meaningful if they represent what a
buyer desires in purchesing the prod-
uct and if they represent what ab-
sorbs resources in production. ? Alter-
natively, one can say that the varig-

—_—

" Rosen discusses # FOmpetitive equilibnum i
wiich buysrs and sellany exchange bundlas of charas
terstics and “ehave gy Charactarution prices e
senced priced for ndividuel charscteristion i che
bundle.

& Far sxample, when he hedonic function w not
linear, buyare 3f diffyrent bundies wll zay differunt
prices for charactenstion. and sellerw of different byg.
e Wil reerive diTerent Prices for them, evep n
cOMmMeLLUGh Sea Rosen and Tripiets (1976 and 1983
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bles in the regression are aconomical-
ly tmeaningful when they represent
the inputs used by buyers and the
outputs of producers.

Many hedonic srudieg have depart-
ed from the meaningfuiness rule, em-
ploying variables that ape directly in-
lerpretabie neither as producers’ out.
Puts nar aa buyers' inputs. For exam-
ple, early hedonic studies on autorno-
biles employed weight as a varigble,
even though weight haa little to do di.
rectly with the usefulness of an auto
mobile or with jts production cost. !0

the automobile studies, weight
stood as 8 proxy for the true charmc-
teristics, Use of a proxy variable,
however, introduces the possibility of
error whenever the reiation between
the proxy and the trua variables
changes, and one can never be entire-
ly sure whether such shifts have oc-
curred,

Determining the characteristics of a
particular product requires a great.
deal of tachnical information, am up-
derstanding of what is produced as
well as how it is used. It has not
always been easy to assemble the
technical knowledge. Neverthelesn,
good deaign of a hedonic investigation
requizes that the choice of variablea
be based on techpical considerations
about the production and use of the
product under investigation.

Resouree rost and user value

With hedonic methods, one inter-
prets the variables chosen to repre-
sent characteristics both as outputa
{which therefore absarh resources)
and as inputs (which therefore gener-
ate value to the user). What gssur.
ance can be cbtained that the theoret.
ical interprstation meshes with £m-
pirical reality?

Perhaps one can best explore the
question by asking: Under what cir.
cumstances would either input or
output interpretations of characteris-
tics—that is, either resource-cost or
user-value interpretations of charae.
taristics prices—be invalid?

A characteristic that represents re.
source cost, but not user volue.—The
major cases where a characteristic

% Thuis statemen: LY be somawhat too mtrang o
e sense thal vanabley that sre re:atad Lo, of 1o sOmA
way stand for, the trua ‘sonients of the boxr” might
alse yeld accepanle reduils undar some Eirctm-
stances. See the following paragrape.

14 Thews studies are ligted n *he hblisgraphy 1n
Grbiches 1971
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can only, or primarily, be associated
with the cost side of the market in-

volve government regulation. The in-
corporation of legally mandated $Imog
control devices (ag well ag analogous
noise suppression and safety equip-
ment} would in principle show upina
hedonic function as g characteristic,
with a characteristic price (in & com-
petitive situation) approximating its
resource codt. In this cage, hewever,
the characteristic cannot be tnterpret.
ed 88 an input. A smog control device
clearly does nat provide tranaporta-
tion services.!! Hence, the device 19
10t an input characteriatic when the
metor vehicla data are interpreted ag
investment, or as part of the capital
stock, or as conpumer durables, even
though it ia o characteristic of the
output of the industries that produce
transportation equipment. The implic-
it characteristic price i interpretable
as the resource ccat of the output
characteristic on the seller side, but
84 equivalent to a tax ag transporta-
tion on the buyer'side.

A characteristic price can be identi-
fied with uger valuction, but not re-
source coal.—Typically, markets are
more concentrated on the seller side.
If price differentialy among models
are set by sellers on the banig of their
estimates of demand elastisities for
characteristics, rather than on the
basia of cost, then estimated implicit
prices for characterigtics will reflect
user valuations, but not resource
coat.12

In this case, uplike the first one,
the presumption is that the character-
istic itsalf is both an cutput and an
input. It is only the interpretation of
the characteristic price that differs
from the one presented earlier. Note,
however, that the interpretation of
the charactaristica price under imper-
fect competition is exactly parallel to
standard treatments of goods prices
under imperfect competition.

A characteristic price that cgn be
dentified with neither user vetlie mor
resoirce cogl, —This case i3 the "Falge"
characteristic, a variable that is corre-
lated with price ‘and presumabiy

11. Some have arguad therw i a joint Erond et —
LIANSPOriAtion And clemn wir=-so thac the amount of
MO CONTA equIpment on the vehucls meARe 11
praduction of =lsan sir.

iZ Cme often hearw thu tonchumon stated backward
and incorrectlyr That devistions from ompetition Ja
the ssiiar side maan that hedon.c ML A nak reflect

buyers' marqine) vulustions
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therefore with the trye charscterig.
tics), but from the technical point of
view can be identified neither with an
cutput of the producing industry nor
with an input of the using industry.
As an example of such a variable, the
number of icecybe trays provided
Wwith a refrigerator wag among the
ftatisticaily best variables in one
analysis of refrigerator prices. The
number of icecube trays was acting
a3 a statistical proxy for the true
characteristics of g refrigerator, with
which it happened to be correlated.
Obvicusly, use of estimated implicit
prices for icecube trays ithe estimat-
ed implicit price of ice<cube trays was
- higher than what they sell for
v...8n purchased individually) wouid
yield wvalid ECONCMIC measurements
for refrigerators only by accident. The
use of weight as a variable in automo-
Nile hedonic studjes provides another
xample that hag already been noted.
Such variables typically have been in-
troduced into hedonic functions either
because the researcher ignored the
principle that variables in the hedon-
ic function should have g technical in-
terpretation, did not understand the
technology sufficiently to specify it
correctly, or perhaps lacked data on
the true characteristics. Such results
should, however, be regarded more as
errors in the application of hedonic
methods than ag limitations on the
TES0Urce-00st ar user-valye interpreta-
tion of hedonic resuits.

Sammary

The interpretation of hedonic fune.
tions is generated from the idea that
heterogeneous goods are a bundle of
rnaracteristics. The price of any

del of g heterogeneous good cap
tnus be disaggregated into prices and
quantities of characterigticy. A hedon-
ic function makes this disaggregation
explicit, and provides a set of estimat-
ed characteristicg prices.

The variables representing charae-
teristics in the hedonic function (if
they are properly chosen) and the im-
plicit prices estimatsd for characteris-
tics are—as are any quantities and
Prices—economic variables that have
tnterpretations on both sides of the
market. The characteristics represent
the economic units that are being ex.
changed in the transaction—that i,
they are at the same time putputs for
the producer and inputs for the
buyer. The implicit prices menaure
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value on both sides of the market, ag
do any prices.

I1. Using Hedonijc Methods to
Caleculate Price Indexes

Key data for constructing quality-
adjugted price indexes are the esti-
mated implicit prices for charsete s
tics. There are at least four ways to
use the information from a hedonic
function to construct a price index,

Making an explicie quality adjusy.
ment.—Suppose the oclasgic case of
quality change: An *“glq" model iz re-
placed by & “new" one, the two
models differ in the characteristics
quantities embodied in them, and a
comparison of the prices of the new
and the old is needed for a price
indexr. For any characterigtic, ;. the
difference in the quantity of the char-
atteristic embodied in “now” (Cin) and
“old” (G} models can be vaiued by
the implicit characteristic price, oy, to
vield the “adjustment”: p (Ca —
Go}.1? Thia adjustment cap be added
o or subtracted from either the price
of the new model or the price of the
old one, as appropriate, and the ad.
Justed price is then available for yuse
N & conventignal price index con-
structed by the matched-mode]
methed. An example of this appiica-
tien of hedonje functions to a compo-
nent of the Producer Price Index is
Triplett and McDonald.

Imputing o "missing” price.—The
hedenie function can be used 1w
impute a price in peried £ for 2 model
that existed ip period 3, but not in
period . The imputed Price permita a
synthetic match, 30 it ig then possible
Lo construct 4 Price index with
Matched-model methods. In the IBM
study, such an index is designated the
“composite.” An early example of the
composite index is the computer proe-
£ssor price index produced by Chow:
Fisher, Griliches. and Kaysen perform
2 similar imputation, although for a
different Furpose. Imputing a missing
price and “Omputing an explicit qual-
ity adjustment (the first method) are
similar in that the hedonic adjust-
ment or imputation is applied only to
models that exhibit quality change,
while the remajnder of the prices

A Witk wme forms of the hedon:e Funet:on, plac-
ing & value on the ratio 0, w the approprata cal.
sulation,
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gathered for the prica index are hp.
dled in the conventiona] Matehed-
model approgeh

Coleulating 4 “eharacteristics price
indez. "—Becayge the hedenic fuyng.
tion provides estimates of the implicit
prices of chn:acteristic:, it is natural
to think of price index numbers thag
are defined directly on the character-
istics and calculated from characterig-
ticd prices ang quantities. In the gro-
cery cart simile, far example, once
one had estimated the prices of gro-
ceries on the shejves, a grocery price
index could be constructed from shelf
prices, rather than frem the Prices on
the preloaded grocery carta. The Rrat
construction of a characteristics price
index appears in a study by Griliches
(19643, who computed Laspeyres and
Paasche price indexes for automobile
characteristica, as well as the azsoci-
ated charecteristics quantity indexes.
Characteristics price indexes for four
types of computer equipment are pre-
sented in the IBM study. The Price
Index of New One-Family Houges
Sold is constructed as a charactaris-
tics price index that edtimaten the
cot, in the current period, of the base
period’s quantities of housing charac-
teristica tsquare footage put in place,
and so forth), using characteristics
Prices from the housing hedonic fune-
tion. This ix the only other hedonic
price index used for deflation in the
national ncome and product ae-
opunta.

Estimating the price index directly
from thae regression. —Perhapa  the
most common hedonic price inder in
the literature is an index estimated
directly from a regression: Year, or
period, dummy variables are intro-
duced into a TEgTES8ION 0D two or
more pericds’ data. The resulting re-
gression coefficient ig an edtimats of
the residual (mean) price change be-
tWeen lwo periods that cannot be as-
sociated with changes in the quanti-
ties of characteristica, The implicit
prices are in effect used to factor out
the value of the change in character-
ISLICS quantities from the total change
in value. The IBM study presentg
direct regression indexes for four
types of computer equipment.

Sometimes the term “hedonic price
index” has been thought ta imply
that the price index must be calculat-
ed by the direct regression method.
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However, each of these four calcula-
tions provides a hedenic price index
in the sense that each uses hedonic

methods in the construction of the
index. The four calculations are alter-
natives that have differing practical

January 1988

advantages ang usuaily—bhut not
always—will produce price indexes
that show simjigr patterns of price
change.
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By ROSANNE COLE, Y.C. CHEN, JOAN A. BARQUIN-STOLLEMAN,

ELLEN DULBERGER, NURHAN HELVACIAN, and J

Quality-Adjusted Price Indexes

THIS article  summarizes [BM's
work on developing quality-adjusted
price indexes for Computer processors
and three types of peripheral equip-
It Disk drives, printers, and gen.
Slas purpcee displays.! The first see-
tion describes three isaues that arise
in the application of hedonic regres-
8ion  mathoda @ computing equip
=nt; The level of aggregation, the
-ecification of the -:haractemtica.
and the need to modify the hedenic
function to deal with the problems of
technologically induced diseguilibri-
um.? The second section discusses the
data; the third, the Tegreasion reaults;
and the fourth, the use of the results
%0 construct quality-adjugted price ip-
icle closes with a sum-
mary of the findings and their {imita-
ticna,

I. Issues in the Application of
Hedonic Methods to
Computers

Level of aggrepation

The first issue concerns the level of
aggregation at which the analysis
should be conducted—complete com.-

Dg systems or system <omponents.
The decision to develop regressions
and price indexes at the systen ¢om-
ponent level was based on two consid-

_— .

L. Resuils for processors mre from Ellen Dultwrger's
dimertacien preparation, “Tha Application of an
Hadanic Modet 10 & Ruality Adjusted Pricy Index of
Compurer Proosssors” for The City University of New
York. Rasulu for digh drves and printers ary fram
Lwo report in preparation: YO Chan and James H.
Hodgs, ‘Lsing Hedomas t0 Myasury Performanss: &
Study of Compyler Duh Drves” und Joug A, Barqu:n-
Stollemun, "Qualty Atjusied Price Indexes for Priat
e A Hwdonic Appmach.

L The kedonic eETEAion mathod way g named by
Andrww Court ‘wio apoliad it 1o utomshleg) st Gen-
eral Motor oy the 19307 It Pan ban deveitpmd wnd
appiimd mom fenernily by Zv1 Grilichas and othere,
Erampiss of appiications o
Ratcalord and Fopd: Stomeman;

AMES H. HODGE

for Computer Processors angd

Selected Peripheral Equipmex;

erations. Pirst, with the evolution of
3ystemn  modularity, moat purchases
are of system componenta, or "boxes,"
rather than of complete computing
Systema. Second, the problems of ob
taining appropriate measures of char.
acteristics are rmore tractable at the
box leval.

Although working at the box leve)
reduces many of the Problems of
measurement, it is important to rec.
ognize that bath the hardware and
software of j computing asystem
embody attributes—such ua ease of in-
stallation, reliability,
use—that are not easily measured,
Working at the box lave] is likely to
understate the improvements that
have occurred in computing systems
over the years.

Specification of charaeteristics

The second issue concerns the speci-
fication of the characteristics of the
gystem components; If the character-
1stics are not specified and measurad
correctly, the results of the regres-
sions may be hiased. The choice of
characteristica for each component
was guided by its role in a computing
system. The characteristics selected
reflect value to users; they aiso reflect
resource cost.

Computer processers,  hencefarth
called processops, execute instryc-
tians. They house the central process-
ing unit and main memory. The work
described in this article dealt with in.
termediate- and large-size general
purpose digital processors. Small com-
puUterm are nat ineluded; typically,

Notw.—~The Paper had benefited from discus-
siang with David W Cartwright and Jack E.
Triplett of the BEA star¥ It has bewn strength.
ened by A J, Kurchers's TECORTUTION many
Yeany ago that work in thj
multidisciplinary effort and his mezabiishmant
of 2 amail greup of aywem performance #xperta
winder Y.C. Chen wathin the IBM evonomica e

they are packaged with auxiliary stor-
age devices {disk drivey or cassettos),
and research thug far indicates that
their analysis FRquires a more compl;-
cated technique than the one de-
scribed here !

The two key characteristics of proc.
es80rs are the speed with which in-
structions are executed and main
memary capacity. The unit of meas-
urerment of memory capacity ia
straightforwarﬂ—megabyta.‘ Manu-
facturers, however, typically offer sev-
eral sizes of memory for a given proe-
easor. In such cases, both the largest
and smallest memery confiqurations
for a given processor were included in
the study. -

Obtaining an BPPropriate raessyre
of speed wan more difficult. Previous
studies have genernlly used the speed
of a aingle instruction—such ag add,
or multiply-that can be cempared
across models. However, the speed of
a processaor im not adequately repre-
sented by the rate of executing £
single instruction.® A weighted com-
posite of all of the instruction exacy-
ticn rates for 4 typical job mix (or
benchmark) is a better representa-
tion. A widely used measure of this

1. Wher two or more COPOnAntE R puckaged to
gether, other AFProachas=—such Al enalytic modely
‘waich are designad @0 cope with: the queunng wspects
of the intermctions AmShE the COMPOnMnLY— muy by
more aficient Ses Bard and Savar for a gecersl da
ription of asnlytic models & wail s other LyTwm of
SOMmPUtng syscan aeriormancy Todeling st [BM,

4 For IBM and manufwcturers of plug-compatible
ATCCEMMTS, gn# byts equals tight bith, and a bt u a
binary diprt that g, 0 or i For othar manufesturer,
MEMSry & often srpresssd .n words, where :he
PumMBer of bita par word muar be divided by eght to
tznvert to bytes,

5. Two conditions must e met 1o order for a mngle
IRSrUCHON eXeCUTION rata to be sdequate: The proces.
S6PY ioropared must have the sapy \ruction swta
and the relatrve ingtruction EYSCULICH =LtAd Tust oot
VAFY BCIOM Drocmsirs, conditiond rasely hoid.

in addition to the rute of HARCULIDG & Singie irptrie-
tien. sartier studies alao included DEMmory cysle time.
Cthery used anly machine mele fime or rsmory cycle
UM Sew Bisch and Calage for & Aretgrder ppromn-.
mation of the relationship of cvcle timem Lo Lhe rates
af executing inptructione
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kind is MIPS—milliona of instruction
executions per second, in which earch
instruction is weighted by its frequen.
2y of use in a specific job mix. Two
types of prablemas, however, arise with
regpect to the use of this measure,
The first problem concerns CoTn pAra-
bility. If twa processors have different
instruction formata or different logie
designe, the MIPS ratings are not
comparable. They can, however. be
made comparable. Assyme the MIPS
rating of a given processor equals
MIPS, and that N, equals the number
of ingtzuction executions in proceseing
the job mix. If some other processor
b3 a rating of MIPS, and its number

-nstruction executions equals N, for
the same job mix, then the “equiva-
ient MIPS” rating equals MIPS.N,/
Ny The second problem relates to the
choice of the job mix. It arises be-

use of the difficulty of defining a
truly representative benchmark. The
advantage of equivalent MIPS ag a
measure of processor speed is realized
only if the specified job mix is repre-
sentative of the jobs expected Lo be
performed by the processors being
compared.

Estimates of equivalent MIPS rat.
ings, expressed in terms of [BM 370-
equivalent MIPS, are publicly avail-
able for IBM and plugcompatibia
processors. MIPS ratings published
for the processors of other manufac-
turers may not be expressed in tha

me terms. To be masured of a con-
sistent and compareble measure of
speed, the work described here is
based on IBM and plug<ompatible
PrOCESsOry.

IHsk  drives—technically, direct

cesa storage devices (DASDl—are
uevices that write, store, and retrieve
data. They are now the dominant
auxiliary atorage device. Basicaily,
they consist of stacks of records or
disks. centered on a spindle. on which
data can be written or from which
data can be read. A disk drive may
possess one or more spindles. The
compenent that does the actual read-
ing and writing of data is known as
the read/write head; until recently,
there was one set of heads per spin-
dle. Disk drives are random access de-
vices—that is, they have the ability to
meve the head to any point on the
disk 5o that the stored data are direct-
ly accessible. Data stored on tapes—
the main competing siorage
medium-—can bs accessed only se-
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quentially.? The work described here
covered large and intermediate singie-
density drives that do not pPOSsesa ex-
plicit control functions,

The twe key characteristics for disk
drives are capacity and the speed
with which data can be transferred
between the device and main
memory. Unlike processors, the meas-
urement of both these characteristics
is relatively straightforward. Capecity
can be measured by the pumber of
megabytes that can be stored in a
device.

The measure of speed, in units of
kilobytes per second, consists of three
elements. (1} Average seek time (gsf)
is the average time for the read/write
head to locate and arrive at the cor-
rect track of the disk. (2) Average ro-
tation delay (orotd) is the time for the
disk to rotate so that the read/write
head is lined up at the correct point
on the track. (3} The transfer rate (tr)
is the time it takes to transfer the
data, once the correct position on the
disk has been locatad, between the
drive and main memory. The total
time to tranafer a kilobyte of data is
the sum of these three elements. The
calculations are made under the as-
sumption that the average amount of
data transferred at one time is two ki-
lobytes. Under this assumption, apead
per set of read/write heads is mens-
ured as the inverse of the time it
takes to transfer two kilobytes, or as:

Speed = 2/ iapt + grow + 2/¢r),
If there is more than one set of heads
per device, the speed of the device is
measured as the speed per set times
the number of sets.

Printers record the aystem’s cutput
on paper. There are two broad catego-
ries of printers: Impact and nonim-
pact. There are two classes of impact
printers: System line printers, which
can print an entire jine of characters
at once, and senal printers, which
Frint one character at a time. Serial
printers are used with personal com-
puters and other workstations. They
may use daisywheel ifor letter-quality
print) or dot matrix mechanisma.
There are also two classes of nonim-
pact printers: Page printers, which
are based on laser electrophotogra-
phic technology, and ink jet printers.?

i See Harker st al: Tngh; and Mulvany and
Thempacn for detaaled daarr ptyons of dink drves.

7 Sox Nickel and Kanin and Elangs of al. for de
tauled descriplions 3 arinting mechanismy snd tecs
rology,
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The study covered all of these classes
of printern.

The three key characteristics for
printers are speed. resolution, and the
number of fonts available on-line o
permit automatic variation of type
size, style, and boldness. Speed is
measured as characters per second.
Resolution is measured by the
number of dots per character s

Genaral purpose displavs, or termi-
nals, are inputcutput devices that
allow communication between the
processor and a user. They possess no
data processing capabitity. A unit con-
sists of a keyboard and 2 monitor—
the former to enter date, the latter to
display data. Two types of momtors
are available: Cathoede ray tube (CRT)
and gag panel. The study covered anly
CRT displays.

The four key characteristics for dis-
Plays are screen capacity, resolution,
the number of colors that can be dia-
played, and the number of program-
mable function keys. Screen capacity
in measured as the number of charac-
ters that can be displayed. Resolution
is measured as the number of picture
elements per character. Displays also
differ in various ergonomic attributes,
such as the feel and shape of the keys
or tilt positiona of the monitor: these
are difficelt t¢ quantify znd are as
sumed to be uncorrelated with the
measured characterigtica. In contrast
with processors and the other periph-
eral equipment, speed i3 not a charac-
teristic for displays. The speed with
which information is exchanged be-
tween the display and the host proces-
sor can be considered essentinily inde-
pendent of the type of display used.
The main determinants of speed, as
perceived by the user, are characteris-
tica of other components of the
System.

Modification of the hedonic funcHon

The use of hedonic regressions ig
based on the premise that differences
in the prices of goods offered in the
same market at the same time mainly
reflect differences .n the characters
tica of the goods. When the market

§ Rewolution messurss wara not puslished far soms
prislére and wers mputed unng data from s refer
exce prinuar. |n other cases, the pubiuhed measurea
were i tprma of dows per squarw inch. s from the
refrence printer were umed to convert dots per square
inch w dots per charscter. Sew Barquin.Sesllemas far
4 detailed descmniplion of the sst:mating and cocver-
1100 procesdures Laed 10 Taese Eaaee
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u T gtudy is not in long-run equilib-
num, and when the forces creating
the disequilibrium are correlated with
the characteristics, g statistical analy-
518 that fails to treat the issue explic-

ly risks producing bianed estimates.v

The market for computing eqQuip-
ment is characterized by disequilibri-
um caugsd by rapid technological
change. Existing products are leap-
fregged by products embodying im-
proved technology and manufactured
using improved processes. The intro-
duction of the new products induces
market disequilibrinm. An important
aspect of the disequilibrium is that
there is a period of time when two
sets of prices coexist for products pos-
sessing the same characteristics—one
price for the products based on the
ol technology and one for the prod-
L . based on the new. [n this study,
the hedonic function was expanded to
take this aspect of disequuibrium into
account for processors and disk drives
by introducing measures of embodied
*achnology into the regressions. The

:asures serve a3 proXies for technol-
ogy-associated differences in produc-
tion costs and for the attractiveness of
technologically superior subsetitutes.
The measures of techmology are de
scribed next; the ways in which they
are intreduted into the hedonic re-
Eressions are described in the third
section. (For printers and displays, it
was not feadible to allow for disequi-
vibrium.)

The measures used to represent
technology are based on density—that
18, the amount of information that
can be stored an a given surface area.

3. Sew Rosen and Fisher, McGowaa, and Greanwood
far discusnons of the tonditions under which 1t w [T
proprate to employ the traditional hedoow approach.

from Pugn n ac. tahig 1.

Semiconductor memory chip density
wad used for processors, and the re-
cording, or areal density, was used for
disk drives.

Semiconductor memory chip densi-
ty was used for processors because
much of the improvement of proces
sot8 has come from advances in semi-
conductor technology. Greater speed
and memory capacity have been
achieved by packaging increased
numbers of circuita closer together.
With increased densities, the distance
electrona travel is shortened; not only
can more informetion be stored, but
also instruction execution time is re-
duced. Improvementa in packaging at
higher levels (cards and boarda} have
enabled improvements in computer
meanufacturing (and reductiona in
codts) to parallel improvementa in
chip densities.'® The use of memary
chip density to represent logic tech.
nelogy (its proprietary nature pre-
¢ludea direet comparison) is appropri-
ate ooly to the extent that logic
design ix also improved by advances
in semiconductor technology. The unit
of measurement of memory chip den-
g1ty is kilobita per chip.

By reference to density, the study
established eight classes of technoiogy
for processors, shown in table 1. The
first class is magnetic core, the stor-
age material in use before the shift to
semiconductors during the early
1370's. Semiconductorn, aithough ini-
tially expensive, reduced by a factor
of 30 the space required to store a
given amount of information. This
new material provided the potential
for future improvements in densities.

10 Sea Sarsphim and Fainberg and Bloch and
Calage for dmcussions of e interrelalicnabups be
tween (Mprovenen a1 atTuconductar tachnoiogy and
the dewmgn and manyfacture of computars

The first semiconductors covered in
the sample were bipolar. Of these,
there are two ¢lasses: The first, intro-
duced in 1972, had a density of 0.128

kilobits per chip; the second had a
density of ! kilobit per chip. They
were replaced by field effect transis-
tor (FET} semiconductors, which wera
produced at substantially lower costs,
Of these, there are five classes, over
which densities increased from 1 to 64
kilobits per chip.

For disk drives, manufacturers
have improvel speed and capacity in
three ways By decrsasing the dis-
tance from the resd/write head to the
disk, by decreasing th- head-gap
length (that is, the distance between
the reading and writing elernents on
the read/write head), and by decreas-
ing the thicknesas of the recording
medium on the disk. Each of these
improvements takes it possible for
the head to 2¢ad information from a
smailer area on the disk. The unit of
mensurement of areal density is the
number of kilobytas per squarm inch.

The first two of tha nine technology
classen for disk drives consist of those
designed to handle disk packa that
could be removed (table 1). The first.
introduced in the mid-1960's, had an
areal density of 220 kilobytes per
square inch; the second, intreduced in
1¥72, had & density of 776.1! In the
mid-1970's, separate technologies were

{1 As notsd eariier. the study only included nngle
denuity driven. However, ciames 1, 5 2nd 4 also con.
tain  products kovwn s Soubledernity dnves 4
double-denmty drive is one 71 which the masafsctirer
humadcchm-ht]udwndouhhn(dthepmd-
uct's areal deoeity, bul has oot changed other pert.
Nl paramatary that affect Lha devies's overall per
farmance. drives were not included in tha rady
bwcause they do oot repremnt the wame tex-huological
voprovement as the wirsduction of & 1sw gensritiop
of daviom lur which Wl of the techoical parumuelers
have been changed
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introduced for intermediate and large
disk drives. The first intermediate
drives had a density of 1,691 kilobytes
per square inch. This type was called
the “Winchester,” and it had diskas
and read/write heads that were pack-
aged together in a removable unit.
Other intermediate drives, as well as
large drives, had fixed diska—that-is,
they could not be removed. The firgt
of the large drives, introduced in the
mid-1970's, had areal densities in
excess of 3,000 kilobytes per square
inch. The current generation of large
disk drivea, introduced in the early
138('s, has areal dendities in excess of
12,000 kilobytea per square inch—den-
* ‘ieg 36 tirea greater than the densi-
...8 of the devices introduced in the
mid-1960"a.

I1. The Data

The samples for all four system
companenta contain annual data for
1972-84. Each sample containa infor-
mation on pricea and characteristics
for each model used in the regres-
sions. Prices for IBM models in the
samples were taken from IBM sales
manuals. In general, prices for non-
[BM models and information on char-
acteristics for all models were drawn
from trade and general press sources,
as indicated in the descriptions of the
sample data that follow,'2

The processor sample consists of 67
different models from 4 manufactur-

1. Prices refer to the central elec-
wonic complex, which includes—in
addition ta the central processing unit
and main memory—the minimuom re-
quired gear, such as standard chan-
nels, the console, and the power
“upply unit. For non-[BM processors,

ices, main memory sizes, and infor-
mation on the minimem required
gear came from the trade and general
press. MIPS ratings for all models ap-
pearing prior to 1981 are from
“Tracking Those Elusive KOPS,” in
Datamation of November 1980: rat.
ings for models introduced after 1980
are from the annual “Hardware
Roundup,” in Computerwortd of July
2981 and August 1882, 1983, and 1984,

Average annual prices for proces-
sors were obtained by weighting the
different prices prevailing within a
vear by their respective durations.

<L The svauabuity of & package ol dats and a de
taiied lsting of the data soyrces will be acnounced a
the Surviey or Cumsant Busivew
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For non-IBM proceasors, dates of price
change were taken from the presa;
when no reports of change wers locat
ed, prices were asgumed unchanged,

The sample for disk drives consista
of 30 devices marketed by 10 vendors.
Characteristics and prices were com.
piled from a number of sources. The
main ones were the series of annual
reports for 1373-85 published by Da.
tapro Research Corporation and Disk
Trend Reports for 1976-84 published
by J. Porter,

The printer sample consists of 480
models from 126 vendora. Characteris-
tics and prices are from reports pub-
lished by Datapro Research Carpora-
tion for 1972-84 and from Electronic
Printer Industry Services, 8 series of
reports published by Dataquest, Inc.,
for 1983 and 1984. The display sample
consisw of 772 models from 115 vens
dors. Characteristics and prices are
from Datapres series of annual re-
ports, “All About Alphanumeric Dis-
play Terminals,” 1973-84,

[t was necessary to devise rules o
determine how long a model appeard
in the sample. In principie, a model
should appear as long as it is being
produced. For IBM models, it was pos-
sible to determine this directly: other
models were a problem. For non-IEM
processors, a model was entered the
first year it appeared in the annual
tabulationa of the stock of instatled
computers in the United States pre-
pared by the International Data Cor-
paration and published in EDP fndug-
try Heports, and it was deletad the
year after the stock peaked. A non-
IBM disk drive medel was entered in
the sampie in the vear in which it
was first shipped and deleted the
second year after a new generation of
technology was introduced. Non.IBM
printer and display models were car-
ried in the sample as long as they ap-
peared in annual Datapro reports.

The price data have serious limita-
ticns. First, they are list prices for a
quantity of one. Because discounting
Is a widespread practice in the jndus-
iry, particularly on multiple-unit
sales, the prices do not represent
transaction prices. Secend, prices for
non-IBM peripherals refer to a point
in time rather than the full year.
Point-in-time prices may distort esti-
mates of year-to-year change because
any price change occurring after the
survey date will not be reflected until
the following vear.
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II1. Regression Reaults

The authors had $lrong views wath
respect to the variables to be included
in the hedonic regressions and wesker
notions with regard to the functional
form. A double-log form was tried
first, and Box-Cox transformations
wera used to test alternatives. The re-
sults indicated that, for all product
types, the double-log form is preferred
to the semilog and linsar forms.

emsions were estimated for time
periods of varying lengths, including
singie years, groups of adjacent vears,
and the entire 1972-84 period. For the
sake af simplicity and ease of axposi-
tion, oniy the resulta for the regres.
sions estimated for the entire 1972-84
period are shown in table 2.

Results denoted “I" refer to a tradi.
tional hedonic regression of price as a
function of characteristics and year
dumnmies. The estimated coefficients
from these regressions suggest that
speed i8 more important than main
memory capacity for processors, but
that capacity is somewhat more im-
portant than speed for disk drives.
Speed is the most important charace-
teristic for printers, followed by reso-
lution and the number of on-line
fonta. The number of colors and resc-
lution are almost equally important
for displays; capacity and the number
of programmable function keys are
much less important.

Modifled regressions for processors
and diak drives

The information on techmology in
table 1 was used in the hedonic re-
gressions in two alternative ways. In
table 2, the resulta of thesa regres-
siong are dencted “II"” and “IL." In 11,
technology is represented by a set of
dummy variables for each vear for
the technology classes described earii-
er. For example, s processor with
memory using 4 kilobit (“4K" chips
was coded as belonging to technology
clasa 6 by entering “1" for that ciass
and "0" for the other classes.

In I, technology is represented by
a set of three technology variables:
Embodied, or “own,~ technology:
“best” technelogy; and age of awn
technology. (1) The own technology
variable is measured directly. For ex-
ample, the value of the variable for a
processor with memory using 4K
chips wes “4” in eacn yesr. The own
technology variable is an indicator of
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Table I, —Regression Coefficienis for [972-84 Pooled Regremalons
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the sophigtication of the technology
employed in manufacturing a given
processor or disk drive, Because em-
ployment of more advanced technol-
Ogies pertmits the same characterintics
0 produced at lower costs, this
vat.able can be considerad as an exog-
enous “supply shifter.” (2! The “best”
technology is a variable that takes
the value of the greatest density
available in each year. [t has the
ar = value for all processors within
a.. year. (In years during the transi-
tion 10 a new technology, the value of
the *best” technology variable was
taken as an average of the current
year and the preceding 2 years.) Thia
variable represents the competitive
pressure to lower prices that is exert-
ed by technologically superior substi-
tutes. (37 The age of own technology
variable i3 defined as the number of
years since introduction of the tech-
nolegy. In any year, it has the same
value for all models embodying the
same technclogy. Age is expected to
be important for at least two reascna,
One ig that lower costs and cheaper
prices are achieved with the efficiency
in preduction that comes with experi-
ence. The second reason is expected

obgolescence on the demand side. The
older a technology, the less buyers
will be willing to pay because the
probability increases that new prod.
ucts based on cheaper technology will
socn become avaiiable,

In addition, for disk drives. another
variable was added—a poriable drive
dummy. It was assigned ¢ velue of
“1" when the product has a remov-
able disk and a velue of “I" when it
has a fizxed disk Including this vari-
able permita the intercept of the re-
greamion equations to be different for
drives with removable disks and fixed
disks.

Comparisen of equations IT and III
with equation I shows that the tech-
nology information, in one specifica.
tion or another, can substantially
reduce the standard error of the tra.
ditional hedanic equation. For proces.
sors. the information on technology in
the form of technology ciass by year
dummies yields better results than in
the form of the set of technology vari-
ables: The standard error is reduced
from 0.062 in equation ! te 0.039 in
equation II; it is doubled to 0.129 in
equation [II. In contrast, for disk
drives, the information on technology
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in the form of the set of technology
variables yieldy better results: The

standard error is reduced from 0.051
in equation § to (,038 in equation I:
it is marginally reduced to 0050 in
equation 1. A likely explanation of
these differences is that areat denaijty
is a better memsure of technelogy for
disk drives than memory chip density
8 for processors. Improvements in
logic technology, though highly relat-
ed to memory chip denaity, may nat
be well measured by increases in den-
sities.!? Although significant for proc-
essors, the “best” technolegy variahle
was insignificant for disk drives. The
resuits without this variable for disk
drives are denoted equation [IT'.

For disk drives, aithough not for
processora, the inclusion of technology
variables in both apecifications has a
marked effect on the egtimated coeffi-
cients for speed and capacity. The
effect is to raise the estimated impor.
tance of capacity relative to- speed.
The inclusion of tha technology varia-
bies gives more plausible results; one
would expect capacity to be more im-
portant than spead for large- and in-
termediate-siza storage devices.

Table § shows the estimated coeffi-
ctenta for the technology class by year
dummies for processors for equation
[I. The ¢oefficients in the first column
are estimates of the logarithm of ratio
of the price of the products embody-
ing the 'best" technology in 1972
These coefficienta can be converted to
index numbers, with 1972 < 100, by
taking the antilog of each year's
value and multipiying by 100. For ex-
ample, the coefficient —0.746 in 1975
means that the price index for proces-
sors embodying the "best” technology
equals 47.4 after allowing for differ-
enced in speed and storage capacity.

The coefficients in each row to the
right of the double line are the esti-
mates of the logarithm of ratio of the
price of each “nonbest” technology to
the price of the “best” technology in
the same year. For any given year,
the coefficients can be stated relative
to the price of the "best” technology
in that year by taking the antilog of
the coefficients and muitiplying by
100. For example, the coefficient 0.524
on technology class 5 for 1975 means
that the price of preducta in this clasa

{1 The results may aise reflact the fact that by im-
provad packaping, manufacturars may incresse the ef-
fective zapabilitien of memory caips. For srample, 2K
2hips huve been packaped Lo have the sfective =ape-
Silities of 16 chupe
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wea 1689 percent of the ‘hest” in
1975 after allowing for differences in
speed and storage capacity. In mogt
cases, the coefficienta indicate that
prices tend to be higher for “nonbest”
fand usually alder) technotogies than
for the '"best.” Moreover, the ¢ statis-
tics indicate that 16 out of 24 of these
price differentials are significantly
different from zero.

Comparisons  across  technology
classes within a given year show cases
where the ccefficient for a “nonbest”
technology is not statistically differ-
ent from the coefficient of the "hest”
technology, of another “nonbest”
technology, or of both. Formal teata of
"'~ equivalence of regression coeffl-
¢....ta lead to a simplified version of
equation [I, denoted equation II', for
which results are shown in the lower
panei of the table. It involves twa
*inds of restrictions: (1} Coefficients

'@ set equal to zero if not statistieal-
ly different from zero (for example,
clags 4 in 1976) and (2) coefficients
within a given year were constrainad
to be equal if they did not differ sig-
nificantly from one ancther {for ex.
emple, ciasses 4 and 5 in 1977).'4 The
results of equation I" similarly indi-
cate the axistence of multiple
prices, 1%

The only “nonbest" technology that
scld for less was magnetic core
memory in 1972. The shift to semicon-
ducter memory took place during this
period, and—because it was clear that

ther improvements were much
more likely to ¢come from sersiconduc-
tors—care waa considered obsolets.

For disk drives, all except one of
the estimated coefficients for the tach-
nology class by year dummies in

*uation I1, shown in table 4, are poai-

‘¢ and are larger the older is the

i4. Because the indignificance of individusl ! etatis-
Lics 1 not sufficient lo permit the st of reetrictions
invelved in squation [ additional tests were neces-
sary ta support the we of squation I, An P tasg indi-
cates that oZm cannot reject tha hypothesis that the
sat of reatriclions m valid. A woond T et was neces-
sary ta junily pooling the cros-sections Lte ons
sampie. Single-ysa? regremions of pricy on charsctar
wizs and the same rewinctad technology ciase by year
dumrmim as 0 squation ' wers cajculated By the
siandard F tewt the Chow tast), ane camnct reject tha
aull hypothatia that all the sngleyear regremuon oo
eMCinta e the same

15. Other sudiew of processcrs have ahared the un.
derlying thresd of coexutung multiple priomc Stone
man; Fisher, McGowan. snd Grewowond: and US. Dy
partment of Commeron BEA The BEA study strati-
fias obwervations by whethar the madel number s oaw
of has sxwted @ Lhe semple previcusly. The BEA coul-
finenis for new models and the [BM :oefficients for
new wchnologes for 1975 and 1979, yaary 0 whick
new models alse embody 2aw wachnology. show mmaiar
prce duferunt:ais for new producta.
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Table 3.--Regrassion CoeMicients on Technology Clasa by Year Drummies for Proceasary
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technology, However, tha ; statisti

indicate that only four of the mt;:;:
ed coefficients are atatistically signifi.
cant. Similar but stronger resulty are
provided by the estimatad coefficienty
of the set of technology variableg in
equation III' of table 2, which Suggeat
that multiple prices exist and that—
because coefficients are negative—
older technalogies sell for fnoke than
newer ones. The hypothesis of multi-
Ple prices was further tested by an al-
ternative equation containing both
the technology variablea ang year
dummies. The appropriate F tegty in-
dicate that one cannot reject the hy-
pothesia that the coefficients an the
te. iclogy variables are 0§ when the
year dummies are included, Thus,
there {3 cross-aectional variation in
the sample beyend that captureq by
speed and capacity measures, and the

hnology variables capture it

In table 3, the information from the
lower panel of table 3 and from table
4 1s recast into the form of price in-
dexes having the 1972 “best” = 100,
This presentation makes it easy to see
the course of the price changes of a
given technelogy class. As seen by the
pattern of generally declining prices
reading dewn the columns, oider tach.
nology classes have continually and
rapidly falling prices in respense to
tompetitive presaure from newer tach-
nalogy classes.

In summary, the introduction of
P" ‘ucts embodying new technology
leaus initially to muitiple prices, with
the products based on “‘nonbest” tech-
nologies selling for more. The prices
for older products decline rapidly,
until they either match the quality-
atiusted price of products based on

new technology or the products
disappear. The claim that improved
technology leads to reduced cogts and,
hence, o a lower gquality-adjusted
price 13 consistent with a competitive
marketplace in which only one qual-
ity-adjusted price (the ‘best’) uiti-
mately prevails. It was found that in
many cases price reductions permit
an older technology to compete with a
newer one for a limited time, but ag
the new technology becomes diffused,
its own age-related cost and price re-
ductions eventually drive the older
technolagy out of production. The evi-
dence presented here suggests that
prices reflect this process of adjust-
ment and that equilibfium is not
reached within a period as short as 1
year.
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Table S.—Price Endexen by Technology Claus for Processory snd Disk [Hrives
U “Bam = 104]

Taar
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Dk Drives

Sou by 1

Prices for characteristics of
processors and disk drives

The hedonic equations can be used
o derive estimates of implicit prices
for characteristics. Such prices are
shown in table 6 for processors and
disk drives. Each estimate iz a mar-
ginal price, or price for an incremen-
tal unit, of capacity and speed. (The
spacific formula ia presented in the
footnote to the table.)

The estimated characteristics prices
fell sharply between 1972 and 1984

Tabie 8. —Estimated Characterislics Prices
Thouwmnd dollars per unit]

Precwmorn J Diak d riv
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The most dramatic drope occurred in
prices of capacity. In 1984, the price
of one megabyte of main memoery was

less than onetwentieth the 1972
price. The price of one megabyta of
auxiliary storage (in the disk drive)
was about one-ninth the 1972 price,
Main memory was aimoet twice as ex-
pensive as auxiliary atorage until
processors  embodying  the 64K
memory chip were introduced in 1979,
After that year, the price of data stor-
age was essentially the same, whether
in main memeory or in auxiliary stor-
age.

The estimated prices of speed fell
lesa rapidly. In 1984, the price of exe-
cuting one million instructions per
second was about one-ninth the 1972
price. The price of tranaferring one
kilobyte of data per second frem the
disk was about one-half the 1972
price.

Homogeneity

Further tests of the hedonic equa-
tions were conducted. The hypothesis
that the characteristics coefficienta
sum (o one could not be rejected for
any of the four types of equipment.
The finding that the implicit charac-
teristics prices for thess products are
probably homogenecus to the firet
degree is appealing. Homogeneity im-
plies that the valuation of character-
istics quantities equals the observed
price of the product.
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IV. The Price Indexes

The price index used as a deflator
ta convert current-dollar vaiuass g
constant<dollar vaiues is 8 Faasche
formula index,

TP
LE o

where, for model i, 2, and R, dencte
prices in the current and base peri-
ods, respectively, and @, denotes the
quantity purchased in the current
period. The problem encountered. in
congtructing such an index for prod-
v~*a experiencing rapid change is that
L. Jels purchased in the current
period may not have existed in the
base period.

Matched-model index

The moet frequently used approach
for dealing with the problem uses ob-
servations only for the models that
exist in both period ¢ gnd in period 0.
Models that exist only in the current
period are ignored. Such an index
may be referred to as a “matched-
model” index.

Because computing  equipment
changes sa rapidly, it was not possible
to calculate a matched-model index
using equation (1). Instead, matched
inodels for 2 adjacent years were used
1o calculate an index where the base
r=riod i8 the firgt of the 2 vears (that

t—1k

B9 iy =

LR, G

12} fieny = —
P @,

n index for the entire period is cal-
valated a8 a multiplicative “‘chain” of
the adjacent-vear indexes:

BNy =fa x ... % fi-r

This index is referred to as a
index of matched models.”
The assumption underlying the
matched-model procedure is that the
mean price change associated with
the introduction of new models tor
the discentinuance of old ones) equals
the mean price change cbserved [or
models that are comnmon to both peri-
ods. In terms of the analysis of tech-
nological disequilibrium™ presented
earlier in this article. one can state
this assumption in an alternative and
tlluminating way: TUse of the
matched-model procedure assumes
that pricea of models embodying old

“chain
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technology adjust instantanecualy, sg
that their quality-adjusted prices are
equal 1o those of the models embody-
ing improved technology, If the as-
sumption holds, the price change in
the matched models equals the uncb-
served price change impliicit in the in-
troduction of new models tor the dis.
continuance of old cnes..

Three hedonic indexes

Use of hedonic methods does not re-
quire the asgumption that the gb-
served price change in the matched
models equals the uncbserved price
change. Hedonic methods make uge of
ail the price information. They can be
employed in a number of ways. The
present atudy explored three alterna-
tives,

The composite inder.—The “compos-
ite" index uses prices from the
matched-model  approach whenaver
models exist in both current and base
periods and hypothetical prices for
the models that did not exist in the
hage period from hedonic equations. 1f
an “overiap” modal (one that exists in
both periods) is designated “i” and a
model present in period ! but not in
period 0 in designated 'j," then the
composite index is:

ZFNQr 'I-IP,;G

1 4

TP +Ida
4

In this formula, P, denotes the esti-
mate, taken from the hedonic equa-
tion, of the hypothetical price that
the “misaing” model would have com-
manded in the base pericd. Note that
when 1982 is the base (as it is for all
the present calculations) and a year
subsequent to 1982 is “year " then
£1o is the hypothetical price for a new
madel. When a year earlier than 1982
(such as 1977) ia “year 1, then P is
the hypathetical price for a discontin-
ued model,

When there are multiple prices in
the base period. some convention
must be adopted in estimating P+ be-
rause there is more than one price
prevajling for any specifled set of
characteristics, In this study, the
dominant technology—that 13, the
technology embodied by the majarity
of models shipped in the base period
(1982)—was used to determine the hy-
pothetical price P, In 1982, for proc-

4) In =
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essord, the majority of modais shipped
were from technology class 8; for disk
drives, the majority were from tech-
nology class 4.

The characteristics price index. —In
hedonic studies, one can identify more
than one kind of price. The conven-
tional concept is that of the price of
the model. A second concept ig that of
the prices of the “characteristics.”
One can use the estimated character-
atics prices—euch ms those shown in
table 6—ta construct a price index.

Given the formulation of the hedon-
ic functions, the implicit dallar price
of the kth characteristic possessed by
the ith model of the mth tachnology
class would be:

5 Bm = & D=

K,

where & is the regression coefficient
for the kth characteristic (estimated
as constant for all years of the study),
*yim denotes the quantity of the Ath
characteristic possessed by model i,
and Pim; i8 the price for model i, of
technology class m, at time ¢,
The characteristics price index is:

IXI 'Auu] i Q)
B fe o« R
%III Bomy) (Taom Qu-ul

[

Where Tem&hm: denotes the quantity
of the &th characteristic posgessed by
model ¢ of the mth technology class in
period &.

The regression indexr.—The regres-
sion index was created from the year
dummies in the regressions. The price
index number formula for the regres-
gion index is basec on the expresaion
for the regression coefficienta for the
year dummies.

Regression indexes may produce in-
dexes that differ from alternative in.
dexes that use hedonic methods *® (In
the present case, for example, the re-
gression index is unweighted, whereas
the composite and characteristics
price  indexes employ shipments
weights.) Several econometric shart-
comings of the regression index have
been pointed out.!'' However, because
the regression index is sg frequently
encountered in other hedonic studies
lincluding those for computing BQuUip-

14, Sae Trpigtt and McDonald.
17 Sew Gribche.
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ment), it wag caiculated in this study
for purposes of cornparison,

The four price indexes

In caiculating the three hedonic in-
dexes, the resulta from equation II'
were emploved for processors and the
results from equatian [ for printers
and displays. For disk drives, results
from equation III" were used for the
compoaite and characteristics price-in-
dexes; the regression index was basegd
on equation II results. It was neces-
sary to develop estimates of quantities
shipped for the products in which
models were distinguished by class.
F  processors, the quantity shipped
0. .ach model was approximated from
the annual tabulations af the atock of
installed computers prepared by the
International Data Corporation. For

sk drives, ne information on ship-
wuents by model was avajlable. Esti.
mates of shipments hy technology
clasa were developed from informa-
tion from International Data Corpora-
tion's studies and from Disk Trend
Reports, published by J. Porter, for
1976-84. For printers, estimates wers
developed by class from information
published by Dataquest, Inc. Except
for processors where shipments were
available by model, the prices for
models within a class were averaged
to ohtain the estimated price for the
rlass.

Table 7 shows the four price index-
« calculated for each of the four
products. The matched-model indexes
decline much less than the three he.
donic indexes. Far processors, the
matched-model index declines at an
=vnual rate of 85 percent from 1972

1984, compared with declines in the
hedonic indexes ranging from 17.6
percent to 19.2 percent. For disk
drives, the mawhed-model index de-
clines at an annual rate of 6.9 per-
cent, compared with declines ranging
from 12.6 percent to 16.9 percent. For
printers and displays, the matched-
modei indexes decline much less than
one-haif as much as the hedonic in-
dexes.

In the case of processors, the
matcked-model index does not reflect
the introduction of semiconductor
technology nor its subsequent rapid
price declines. [t also continued to
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Table 7.—Price Indexes
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misa the price declines associated
with major improvements in the semi-
conductor technology during the
1978-80 period. All four indexes move
raughly together in 1933-84, when no
new technologies were being intro-
duced. In the case of disk drives, the
matched-models index does not reflect
the adjustment to new technologies in
1973-78 and 1982-84. Al four indexesa
move similarly during 1972-75 and
1978-82. In the case of printers, the
four indexes move together through
1922. From 1982 to 1984, however, the
hedonic indexes dropped 70 to 80 per.
cent and the matched-mode! index
onty 10 percent. The latter misses the
surge of the low-priced serial printers,
the majority of which were imports.
The matched-mode] index for displays
shows little movement over the entire
period.'®

13 Only price ctwervatiora for three displey models
were avalahle for 1972 All four pres (ndezes, thery
fure, upe Lhe prce reatives or thess models to move
the nder from i¥72 1o 1370,

V. Coneiusioy,

Although there may be widespread
agreement that the present procedure
for deflating expenditurea on comput-
ing equipmeni is inadequate, & com-
Pletely satisfactery alternative is not
readily devised. Such a claim is cer-
ainly not made for the present study.
Rather, it is more in the nature of a
firat step.

One deficiency of the study, and
there are several, relates to its scope,
Price indexes for personal computers
and small disk drives were not pro-
duced. While work i3 underway on
these products, the resulta are too
tentative to report at this time. An.
other deficiency, and one less easily
corrected, relates to the use of list
rather than transaction prices. Ideal-
ly, a price index requires transaction
prices. In particular, a tharoughiy
cohvincing case for the presence or
absence of multiple prices requires
the use of transacticn prices.
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The study demonstrated the inap-
propriateness of & matched-model
index for computers. Even where
there are no major technological
shifts, such as for printers or dispiays,
the matched-model index understated
movements in prices. This understate-
ment occurs hecause the matched-

SURVEY OF CURRENT BUSINESS

model index misees the replacement
of old, higher priced models by new
models, manufacrured by improved
methods and introduced at lower
guality-adjusted prices.

In the authors’ view, hedonic meth-
ods—applied at the system-compaonent
level, employing appropriate meas

januery 1388

ures of characteristics, and expanded
to deal with the problem of techno-
togically induced disequilibrium—are
useful for construcring quality-adjuat-
ed price indexes and represent an im-
provement over the present procedure
for deflating expenditures on comput-
ing equipment.
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PRICE AND TECHNQOLOGICAL CHANGE iN A CAPITAL GOOD

A SURVEY OF RESEARCH ON COMPUTEARS

By

Jack E. Triglett
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{202y 523-Q785

Abstract

The first commercia) computars appmsarsd aroundg 1953-54, Three decaces
later, computer prices had fallen tp one tenth of cna parcent of thelr
introductory price lavel. The baals for thisg estimats s 2 raviaw of naarty
30 ssparate hadonie, or quasi-hadonic, studiss of computer precsssars and
peripheral equipment, The studles usa a variety ot differant data bases,
cover various periods, and apply hedonle mathode logy In scmewhat differant
ways. Thay offar a unlqua opportunity to assess the robustness of hegonic
methods,

in the emplirical portions of this survey, | first raviaw tha hadonm!e
fynct|ona that weras astimated by researchars. The AS5essmoent makas ugae of
the accnomic theory of hedomnlc functions {(summarized in thes papar) and a
rudimentary technolegical model of the production and yss of cemouters,
then present price Inderas covering 1953-84 and subper (ods for computar
krocessors, for peripharai saulpment, and feor computar “syatams. * Thase
Indexes are Intarpreted !n tha 11ght of the thecry of hadonlc pr.ca Indaxas,
alse summarized In the capar.

This paper I3 forthcoming In Dale W, Jorgenson and Ralpn Landau, ads.,
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5 Concepts of Quality in Input
and Output Price Measures:
A Resolution of the
User-Value
Resource-Cost Debate

Jack E. Triplett

5.1 Introduction

The appropriate treatment of quality change is a very old issue in the
analysis of productivity, the measurement of capital, and in many other
arcas of economic measurement.

Many economists have advocated a “user-value” criterion. Under this
concept, a new computer which does more catculations would be taken as
a higher quality machine (provided this aspect of performance is valuable
to the computer user). Price indexes would be adjusted for the value to
the user of the performance difference, regardless of what it cost to
produce the new computer. Because the performance difference has
been remaved from the price measure, it shows up in quantity measures.
Despite the wide acceptance of the user-value criterion (based on my awn
informal poll), to my knowledge no explicit theoretical justification has
ever appeared,

The alternative “production-cost” criterion is associated with Edward
Denison' and accepted in the national accounts. This concept requires
that quality differences among various computer models be evaluated
using data on the resource cost of building computers, regardless of their
relative performance in use.

Jack E. Tnplett is assistant commissioner lor research and evaluation, Bureau of Labor
Statistics.

Erwin Diewert, Edward Denison, Robert Gillingham, Dale Jargenson, and Roben
Pollak commented on an earlier draft of this papet, which was read ar the Summer 1979
meetings of the Econometric Society in Mantreal. Their helpful contributions are greatly
appreqiated, as are valuable conversations with colleagues B. K. Atrostic and Richard .
McDonald. The paper also benefiled substantially from seminar presemtations at the
University of Michigan, Michigan Staie University, University of QOregon, University of
Wisconsin, University of Washington, and Washington University. Views expressed ate not
istended a3 official policy statements of the Burcau of Labor Siatistics.
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270 Jack E. Triplett

One might suppose the conceptual issue to be of small practical impor-
tance. In equilibrium the two methods should yield similar numbers; and
whether at equilibrium or not, most practical quality adjustment propos-
als make use of market price information (hedonic methods and tradi-
tional "linking" methods share this property). Prices reflect, obviously,
both value and cost, rendering a distinction between them inoperative.

Yet counterexamples abound. Griliches (1964) and Jaszi (1964) dis-
cussed an example (birth-control pills) for which resource cost and user-
value treatment of a technical change gave different measures. More
recently, a controversy over the appropriate price index treatment of
legally mandated smog control and safety devices again showed that the
conceptual treatment of quality change has a perceptible impact on
economic measurements, and that resolving the conceptual and theo-
retical issues has clear practical importance. Such examples provide the
motivation for the present paper.

The approach followed combines theoretical specifications that have
been developed for input price indexes (among which are closely related
theories of the “true cost-of-living index” and the “‘true input cost in-
dex™) and for output price indexes (sometimes known as “true output
deflators™) with previous work of the author (Triplett 19715, 1973, 1976),
The latter argues that "quality,” in economics, can best be understood by
shifting the analysis from goods space to characteristics space, along lines
proposed by Lancaster (1971). The results show that the Denison-
Bureau of Economic Analysis production-cost criterion is correct if what
is wanted is a measure of the output of capital goods (as the numerator,
e.g., In a productivity measure for a machinery-producing industry).
However, the user-value criterion is correct if one wants to construct an
input measure—for example, a measure of capital services for Incorpara-
tion into a preduction function.

The pian of the paper provides separate treatments for input and
output price indexes. The distinction between the two is made in the first
section, along with some discussion that sets the stage. Section 5.3 sets
out the input price index case, with output price indexes discussed in
Section 5.4. Each of these two central sections is organized along parallel
lines—a first subsection which sets out the basic theory of input and
output price indexes (thesc sections could be skipped by readers who are
familiar with the technical index number literature), followed by a second
section which explains the concept of characteristics (done separately for
input and output price indexes because the characteristics concepts differ
according to their use). Subsections 5.3.3 and 5.4.3 contain the core of
the paper—the statements of input and output price index theory in
characteristics space and the demonstration that theory leads to two
different treatments of quality change. Section $.5 concerns two argu-
ments the protagonists of alternative approaches have made against each
other's positions; the characteristics-space price index theory developed

i
-
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in this paper shows that both are false, thus illustrating its utility for

clearing up many of the murky disputes that have so long dominated the

literature on quality change. The final Section 5.6 contains an overall ' :
perspective on the paper and its conclusions. L -
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Abstract

Ihis déper summarizes the economic theary of hedomic functions and of the
coqstapt-qua]ity” price indexes that are comouted from them. It is forth-
caming in the New Palgrave Dicticnary of Economic Theary.

Discussion papers are circulated to encourage exchange of information and
views among researchers. They should not be quoted without permission of
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ASSESSING THE QUALITY ERROR IN OUTPUT MEASURES: . /)’
THE CASE OF REFRIGERATORS®

BY JACK E. TRIPLETT AND RICHARD J. McDoNALD
U.S. Bureau of Labor Siatistics

This paper computes aew indexes of output for refrigerators, using hedonic methods to ndjust for
quality change. The hedonic technique is applied in » new way (it is used to make quality adjustments

lo prices before they are used in the index), and the results are compared with those from methods used
in previous hedanic investigations.

There are three major findings. (1) Overall (1960-1972), our hedonic deflated outpul series rise
mare rapidly than conventional measures, because the price indexes used for deflatian rise more
stowly. (2) The output measures Ructuate more than do output measures produced by conventional
methods, because adding hedonic quality adjustments to WP! indexes moves them up in 0me years
and down in others, and the resulting adjustments to the output series were positively correlated with
changes in output. {3) Applying methods used in previous studies produces larger adjustments to the
published indexes, suggesting that some of the differences noted in previous studies between hedonic

indexes and official published indexes are related to compautational methods, not to quality adjust-
menat. :

I. INTRODUCTION

Economists are accustomed to using output measures as if they corresponded to
the physical quantities dealt with in the theory of production. However, most
output data in the National Accounts and in other economic measutements are
not based on physical quantities, but rather are derived from value data (such as
value of shipments) through deflation by appropriate price indexes.

Under the deflation method for calculating real output, any error in the price
indexes causes an equivalent error (of opposite sign) in the output measures.
Quality change has long been acknowledged as a major potential source of price
index error,’ and may therefore bias measures of real output, The present paper
was stimulated, in part, by the U.S. Productivity Commission’s interest in deter-
mining whether official measures of output per employee hour were biased
because of quality error in the output figures.

We chose to examine output, output per employee hour, and price measures
for the major household appliances industry, partly because it is an important

*The research [or this paper was supported, in part, by the U.5. Productivity Commission. We
wish to acknowledge the contributions of David C. Lund and Dale A. Smith, who participated in the
research, research assistance by Mary Burns snd Susan G. Sammarco, and helplul comments from Zvi
Griliches and Owen Sauerlender. The project could not have been completed without sdvice and
guidance on construction of the original data series from the staffs of the BLS Office of Productivity
and Technology and Office of Prices and Living Conditions, Views ¢xpressed asc thase of the authors
and do aot reflect official positions by the U.S. Bureau of Labor Statistics or the U.S, Productivity
Commission,

"There is an extensive literacure on this subject. See the bibliography in Griliches, ed. (1971), and
also the survey by Triplett (1975).
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