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The resurgence of the American economnmy since 1995 has outrun all but the
nost optim stic expectations. Econom c forecasting nodels have been seriously
off track and growth projections have been revised to reflect a nore sanguine
outl ook only recently!. It is not surprising that the unusual conbination of
nore rapid gromh and slower inflation in the 1990's has touched off a strenuous
debat e anong econom sts about whether inprovenents in Anerica's econom c
performance can be sustai ned.

The starting point for the economic debate is the thesis that the 1990's
are a mrror imge of the 1970's, when an unfavorable series of "supply shocks"
led to stagflation -- slower growth and higher inflation? In this view, the
devel opnent of information technology (IT) is one of a series of positive, but
tenmporary, shocks. The conpeting perspective is that I T has produced a
fundamental change in the U S. econony, leading to a pernmanent inprovenent in
growt h prospects®.

The relentless decline in the prices of information technol ogy equi pnent
has steadily enhanced the role of IT investnent as a source of Anerican econonic
growth. Productivity growth in | T-producing industries has gradually risen in
i mportance and a productivity revival is now underway in the rest of the

econony. Despite differences in nethodol ogy and data sources, a consensus is



buil ding that the remarkabl e behavior of |IT prices provides the key to the surge
in econonmic growth.

In the follow ng section | show that the foundation for the Anerican
growth resurgence is the devel opnent and depl oynent of seniconductors. The
decline in IT prices is rooted in devel opnents in sem conductor technol ogy that
are wi dely understood by technol ogi sts and econom sts. This technol ogy has found
its broadest applications in conputing and conmuni cati ons equi pnent, but has
reduced the cost of a wide variety of other products.

A substantial acceleration in the IT price decline occurred in 1995,
triggered by a much sharper acceleration in the price decline of sem conductors
in 1994. Although the decline in sem conductor prices has been projected to
continue for at |east another decade, the recent acceleration could be
tenporary. This can be traced to a shift in the product cycle for sem conductors
fromthree years to two years that took place in 1995 as the consequence of
intensifying conpetition in markets for senmi conductor products.

In Section Il I outline a framework for analyzing the role of information
technology in the American growh resurgence. Constant quality price indexes
separate the change in the performance of |IT equi pnent fromthe change in price
for a given |evel of performance. Accurate and tinmely conputer prices have been
part of the U S. National Income and Product Accounts (NI PA) since 1985.
Unfortunately, inportant information gaps renmain, especially on trends in prices
for closely related investnments, such as software and conmuni cati ons equi pnment.

The cost of capital is an essential concept for capturing the economc
i rpact of information technology prices. Swiftly falling prices provide powerfu
econom ¢ incentives for the substitution of IT equi prment for other fornms of
capital and for |abor services. The rate of the |IT price decline is a key
conmponent of the cost of capital, required for assessing the inpacts of rapidly

growi ng stocks of conputers, comuni cations equi pnent, and software.



In Section Il | analyze the inpact of the 1995 acceleration in the
i nformati on technol ogy price decline on U S. econonmic growth. | introduce a
production possibility frontier that enconpasses substitutions between outputs
of consunption and i nvestnment goods, as well as inputs of capital and | abor
services. This frontier treats IT equipnent as part of investnent goods output
and the capital services fromthis equi pment as a conponent of capital input.

Capital input has been the nopbst inportant source of U S. econom c growh
t hroughout the postwar period. Mre rapid substitution toward information
technol ogy has given nmuch additional weight to conponents of capital input with
hi gher margi nal products. The vaulting contribution of capital input since 1995
has boosted growth by nearly a full percentage point. The contribution of IT
accounts for nore than half of this increase. Conputers have been the
predom nant inpetus to faster growh, but conmunications equi pment and software
have made i nportant contributions as well

The accel erated information technol ogy price decline signals faster
productivity growth in |IT-producing industries. In fact, these industries have
been the source of nobst of aggregate productivity growth throughout the 1990's.
Before 1995 this was due to the decline of productivity growth el sewhere in the
econony. The | T-producing industries have accounted for about half the surge in

productivity grow h since 1995, but faster growh is not linmted to these

i ndustries.
I conclude that the decline in IT prices will continue for sonme tinme. This
wi |l provide incentives for the ongoing substitution of IT for other productive

inputs. Falling IT prices also serve as an indicator of rapid productivity
growmh in IT-producing industries. However, it would be premature to extrapol ate
the recent acceleration in productivity growh in these industries into the
indefinite future, since this depends on the persistence of a two-year product

cycle for sem conductors.



In Section IV 1 outline research opportunities created by the devel opnent
and diffusion of information technology. A volum nous and rapidly expanding
business literature is testinobny to the massive inpact of IT on firns and
product markets. Highest priority nust be given to a better understandi ng of the
mar kets for sem conductors. Although several nodels of the narket for
sem conductors al ready exi st, none explains the shift froma three-year to a
two-year product cycle.

The dramatic effects of information technology on capital and | abor
mar ket s have al ready generated a substantial and grow ng economic literature,
but many inportant issues remain to be resolved. For capital markets the
rel ati onship between equity valuations and growth prospects nerits nuch further
study. For |abor markets nmore research is needed on investnent in informtion

technol ogy and substitution anong different types of |abor

I. The Informati on Age.

The devel opnent and depl oynent of information technology is the foundation

of the Anmerican growh resurgence. A mantra of the "new econony" -- faster
better, cheaper -- captures the speed of technol ogi cal change and product
i mprovenent in senmconductors and the precipitous and continuing fall in

sem conductor prices. The price decline has been transmtted to the prices of
products that rely heavily on sem conductor technol ogy, |ike conputers and
t el ecomruni cati ons equi pnment. This technol ogy has al so hel ped to reduce the cost
of aircraft, autompbiles, scientific instrunents, and a host of other products.
Modern information technol ogy begins with the invention of the transistor
a sem conductor device that acts as an electrical switch and encodes information
in binary form A binary digit or bit takes the values zero and one,
corresponding to the off and on positions of a switch. The first transistor

made of the sem conductor germani um was constructed at Bell Labs in 1947 and



won the Nobel Prize in Physics in 1956 for the inventors -- John Bardeen, Walter
Brattain, and W/ Iiam Shockl ey*

The next mmjor milestone in information technol ogy was the co-invention of
the integrated circuit by Jack Kil by of Texas Instruments in 1958 and Robert
Noyce of Fairchild Sem conductor in 1959. An integrated circuit consists of
many, even mllions, of transistors that store and mani pul ate data in binary
form Integrated circuits were originally devel oped for data storage and
retrieval and seni conductor storage devi ces became known as menory chi ps®.

The first patent for the integrated circuit was granted to Noyce. This
resulted in a decade of litigation over the intellectual property rights. The
litigation and its outcome denonstrate the critical inportance of intellectua
property in the devel opnment of information technology. Kilby was awarded the
Nobel Prize in Physics in 2000 for discovery of the integrated circuit;
regrettably, Noyce died in 19908

A. Moore's Law

In 1965 Gordon E. Moore, then Research Director at Fairchild
Semi conductor, made a prescient observation, |ater known as More's Law'.
Plotting data on nenory chips, he observed that each new chip contained roughly
twice as many transistors as the previous chip and was rel eased within 18-24
nonths of its predecessor. This inplied exponential growth of chip capacity at
35-45 percent per year! More's prediction, made in the infancy of the
sem conductor industry, has tracked chip capacity for thirty-five years. He
recently extrapolated this trend for at |east another decade®

In 1968 Moore and Noyce founded Intel Corporation to speed the
comrerci al i zati on of menory chips® Integrated circuits gave rise to
m croprocessors with functions that can be programmed by software, known as
logic chips. Intel's first general purpose m croprocessor was devel oped for a
cal cul at or produced by Busicom a Japanese firm Intel retained the intellectua

property rights and rel eased the device comercially in 1971



The rapidly rising trends in the capacity of nicroprocessors and storage
devices illustrate the exponential growth predicted by More's Law. The first
logic chip in 1971 had 2,300 transistors, while the Pentium 4 rel eased on
Novenber 20, 2000, had 42 mllion! Over this twenty-nine year period the nunber
of transistors increased by thirty-four percent per year. The rate of
productivity gromh for the U S. econony during this period was slower by two
orders of nagnitude.

B. Semi conductor Prices.

Moore's Law captures the fact that successive generations of
sem conductors are faster and better. The economni cs of sem conductors begins
with the closely related observation that sem conductors have becone cheaper at
a truly staggering rate! Chart 1 gives sem conductor price indexes constructed
by Bruce T. Grinm (1998) of the Bureau of Econom c Anal ysis (BEA) and enpl oyed
in the U S. National |Income and Product Accounts since 1996. These are divided
bet ween menmory chips and | ogic chips. The underlying detail includes seven types
of menory chips and two types of |ogic chips.

Bet ween 1974 and 1996 prices of nenory chi ps decreased by a factor of
27,270 tines or at 40.9 percent per year, while the inplicit deflator for the
gross domestic product (GDP) increased by alnost 2.7 tines or 4.6 percent per
year! Prices of logic chips, available for the shorter period 1985 to 1996,
decreased by a factor of 1,938 or 54.1 percent per year, while the GDP defl ator
increased by 1.3 tines or 2.6 percent per year! Sem conductor price declines
closely parallel More's Law on the growth of chip capacity, setting
sem conductors apart from other products.

Chart 1 also reveals a sharp acceleration in the decline of sem conductor
prices in 1994 and 1995. The microprocessor price decline |leapt to nore than
ni nety percent per year as the semi conductor industry shifted froma three-year

product cycle to a greatly accel erated two-year cycle. This is reflected in the



2000 Update of the International Technol ogy Road Map for Sem conductors?',
prepared by a consortium of industry associations.

C. Constant Quality Price |Indexes.

The behavi or of seniconductor prices is a severe test for the nethods used
in the official price statistics. The challenge is to separate observed price
changes between changes in sem conductor performance and changes in price that
hol d performance constant. Achieving this objective has required a detail ed
under st andi ng of the technol ogy, the devel opnent of sophisticated neasurenent
techni ques, and the introduction of novel nethods for assenbling the requisite
i nformati on.

Ell en R Dul berger (1993) of IBMintroduced a "matched nodel" index for
sem conductor prices. A matched nodel index conbines price relatives for
products with the sanme performance at different points of tine. Dul berger
presented constant quality price i ndexes based on index numnber fornmulas,

i ncluding the Fisher (1922) ideal index used in the in the U S. nationa
account s, The Fisher index is the geonetric average of the faniliar Laspeyres
and Paasche indexes.

W Erwin Diewert (1976) defined a superlative index nunber as an index
that exactly replicates a flexible representation of the underlying technol ogy
(or preferences). A flexible representation provi des a second-order
approximation to an arbitrary technol ogy (or preferences). A A Konus and S. S.
Byushgens (1926) first showed that the Fisher ideal index is superlative in this
sense. Laspeyres and Paasche indexes are not superlative and fail to capture
substitutions anong products in response to price changes accurately.

Gimm (1998) conbi ned mat ched nodel techni ques with hedoni c nmet hods, based
on an econonetric nodel of sem conductor prices at different points of tinme. A
hedoni ¢ nodel gives the price of a semi conductor product as a function of the

characteristics that determ ne performance, such as speed of processing and



storage capacity. A constant quality price index isolates the price change by
hol di ng these characteristics of semiconductors fixed.

Begi nning in 1997, the Bureau of Labor Statistics (BLS) incorporated a
mat ched nodel price index for sem conductors into the Producer Price |Index (PPIl)
and since then the national accounts have relied on data fromthe PPI
Refl ecting | ong-standi ng BLS policy, historical data were not revised backward.
Sem conduct or prices reported in the PPl prior to 1997 do not hold quality
constant, failing to capture the rapid sem conductor price decline and the
accel eration in 1994.

D. Conputers.

The introduction of the Personal Conputer (PC) by IBMin 1981 was a
wat er shed event in the deploynent of information technology. The sale of Intel's
8086- 8088 mi croprocessor to IBMin 1978 for incorporation into the PC was a
maj or busi ness breakthrough for Intel?. 1In 1981 IBMIlicensed the M- DOS
operating systemfromthe Mcrosoft Corporation, founded by Bill Gates and Pau
Allen in 1975. The PC established an Intel/Mcrosoft relationship that has
continued up to the present. In 1985 Mcrosoft released the first version of
W ndows, its signature operating systemfor the PC, giving rise to the Wntel
(W ndows-1Intel) nonenclature for this ongoing coll aboration

Mai nframe computers, as well as PC s, have cone to rely heavily on logic
chips for central processing and nmenory chips for main nmenory. However,
sem conductors account for |less than half of conputer costs and conputer prices
have fallen much | ess rapidly than sem conductor prices. Precise neasures of
comput er prices that hold product quality constant were introduced into the N PA
in 1985 and the PPl during the 1990's. The national accounts now rely on PP
data, but historical data on conputers fromthe PPlI, |ike the PPl data on
sem conductors, do not hold quality constant.

Gregory C. Chow (1967) pioneered the use of hedonic techniques for

constructing a constant quality index of computer prices in research conducted



at I BM Chow documented price declines at nore than twenty percent per year
during 1960-1965, providing an initial glinmpse of the remarkabl e behavi or of
computer prices® In 1985 the Bureau of Econonic Analysis incorporated constant
quality price indexes for conputers and peripheral equi pment constructed by
Rosanne Cole, Y.C. Chen, Joan A. Barquin-Stolleman, Ellen R Dul berger, Nurthan
Hel vaci an, and Janes H. Hodge (1986) of IBMinto the NIPA. Jack E. Triplett
(1986) discussed the economic interpretation of these indexes, bringing the
rapi d decline of conputer prices to the attention of a very broad audi ence.

The BEA-I1BM constant quality price index for conputers provoked a heated
exchange between BEA and Edward F. Deni son (1989), one of the founders of
nati onal accounting nmethodol ogy in the 1950's and head of the national accounts
at BEA from 1979 to 1982. Denison sharply attacked the BEA-1BM nmet hodol ogy and
argued vigorously against the introduction of constant quality price indexes
into the national accounts'* Allan Young (1989), then Director of BEA
reiterated BEA' s rationale for introducing constant quality price indexes.

Dul berger (1989) presented a nore detailed report on her research on the
pri ces of conputer processors for the BEA-1BM project. Speed of processing and
mai n nenory played central roles in her nodel. Triplett (1989) provided an
exhaustive survey of research on hedonic price indexes for conmputers. Robert J.
Gordon (1989, 1990) gave an alternative nodel of conputer prices and identified
conput ers and conmmuni cati ons equi pnent, along with conmercial aircraft, as
assets with the highest rates of price decline.

Chart 2 gives BEA's constant quality index of prices of conputers and
peri pheral equi pment and its components, including mainframes, PC s, storage
devi ces, other peripheral equipnent, and term nals. The decline in conputer
prices foll ows the behavior of semi conductor prices presented in Chart 1, but in
much attenuated form The 1995 acceleration in the conputer price decline
parallels the acceleration in the sem conductor price decline that resulted from

the changeover froma three-year product cycle to a two-year cycle in 1995.
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E. Commruni cations equi pnment and sof tware.

Conmuni cati ons technology is crucial for the rapid devel opnment and
di ffusion of the Internet, perhaps the nost striking manifestation of
i nformation technology in the Anerican econonmy'®. Kenneth Flanm (1989) was the
first to conpare the behavi or of conputer prices and the prices of
comuni cati ons equi pnent. He concl uded that the comuni cati ons equi pnent prices
fell only alittle nore slowy than conputer prices. Gordon (1990) conpared
Flamm s results with the official price indexes, revealing substantial bias in
the official indexes.

Conmuni cati ons equi pnent is an inportant market for sem conductors, but
constant quality price indexes cover only a portion of this equipment. Sw tching
and ternmi nal equipnent rely heavily on sem conductor technol ogy, so that product
devel opnent reflects i nprovenents in sem conductors. Gimids (1997) constant
quality price index for digital tel ephone switching equipnment, given in Chart 3,
was incorporated into the national accounts in 1996. The output of
comruni cati ons services in the NIPA also incorporates a constant quality price
i ndex for cellular phones.

Much comruni cations investnent takes the form of the transm ssion gear,
connecting data, voice, and video termnals to swi tching equi pment. Technol ogi es
such as fiber optics, mcrowave broadcasting, and commruni cations satellites have
progressed at rates that outrun even the dramatic pace of sem conductor
devel opnent. An exanple is dense wavel ength division nultiplexing (DADM, a
technol ogy that sends nultiple signals over an optical fiber sinultaneously.
Installati on of DWDM equi pnment, beginning in 1997, has doubled the transm ssion
capacity of fiber optic cables every 6-12 nonths?S.

Both software and hardware are essential for information technol ogy and
this is reflected in the |arge volune of software expenditures. The el eventh
conprehensi ve revi sion of the national accounts, released by BEA on October 27,

1999, re-classified conputer software as investment’. Before this inportant
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advance, business expenditures on software were treated as current outlays,
whi | e personal and government expenditures were treated as purchases of
nondur abl e goods. Software investnment is growing rapidly and is now nuch nore
i mportant than investnent in conputer hardware.

Robert P. Parker and Gri mm (2000) describe the new estimtes of investnent
in software. BEA distingui shes anong three types of software -- prepackaged,
custom and own-account software. Prepackaged software is sold or licensed in
standardi zed formand is delivered in packages or electronic files downl oaded
fromthe Internet. Custom software is tailored to the specific application of
the user and is delivered along with analysis, design, and progranmmi ng services
required for custom zation. Om-account software consists of software created
for a specific application. However, only price indexes for prepackaged software
hol d perfornmance constant.

Par ker and Gri mm (2000) present a constant quality price index for
prepackaged software, given in Chart 3. This conbines a hedonic nodel of prices
for business applications software and a matched nodel index for spreadsheet and
word processing prograns devel oped by Steven D. Ainer and Daniel D. Siche
(1994). Prepackaged software prices decline at nore than ten percent per year
over the period 1962-1998. Since 1998 the BEA has relied on a matched node
price index for all prepackaged software fromthe PPl; prior to 1998 the PP
data do not hold quality constant.

BEA' s prices for own-account software are based on progranmmer wage rates.
This inplicitly assunes no change in the productivity of conputer progranmers,
even with growi ng investnent in hardware and software to support the creation of
new software. Custom software prices are a wei ghted average of prepackaged and
own-account software prices with arbitrary weights of 75 percent for own-account
and 25 percent for prepackaged software. These price i ndexes do not hold the
sof tware performance constant and present a distorted picture of software

prices, as well as software output and investnent.



F. Research Opportunities.

The official price indexes for conputers and senmi conductors provide the
par adi gm for econom ¢ nmeasurenment. These indexes capture the steady decline in
IT prices and the recent acceleration in this decline. The official price
i ndexes for central office swi tching equi pnent and prepackaged software al so
hold quality constant. BEA and BLS, the |eading statistical agencies in price
research, have carried out much of the best work in this area. However, a
critical role has been played by price research at IBM long the domnant firm
in information technol ogy®.

It is inportant to enphasize that information technology is not linited to
applications of sem conductors. Switching and term nal equi pnent for voice,
data, and video comrunications have conme to rely on sem conductor technol ogy and
the enmpirical evidence on prices of this equipnent reflects this fact.
Transmi ssi on gear enploys technologies with rates of progress that far outstrip
those of sem conductors. This inportant gap in our official price statistics can
only be filled by constant quality price indexes for all types of communications
equi pnment .

Investnent in software is nore inportant than investnent in hardware. This
was essentially invisible until BEA introduced new neasures of prepackaged,
custom and own-account software investment into the national accounts in 1999.
This is a crucial step in understanding the role of information technology in
the American econony. Unfortunately, software prices are another statistica
blind spot with only prices of prepackaged software adequately represented in
the official systemof price statistics. The daunting challenge that |ies ahead
is to construct constant quality price indexes for custom and own-account

sof t war e.
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I'l. The Role of Information Technol ogy.

At the aggregate level IT is identified with the outputs of conputers,
communi cati ons equi pnent, and software. These products appear in the GDP as
i nvestments by busi nesses, househol ds, and governnments along with net exports to
the rest of the world. The GDP al so includes the services of |IT products
consumed by househol ds and governnents. A methodol ogy for anal yzi ng econonic
grow h nmust capture the substitution of IT outputs for other outputs of goods
and services.

Wi |l e senmi conductor technology is the driving force behind the spread of
IT, the inmpact of the relentless decline in semiconductor prices is transmtted
through falling IT prices. Only net exports of semi conductors, defined as the
di fference between U. S. exports to the rest of the world and U. S. inports appear
in the GDP. Sales of sem conductors to donestic manufacturers of I T products are
preci sely of fset by purchases of sem conductors and are excluded fromthe CGDP

Constant quality price indexes, like those reviewed in the previous
section, are a key conponent of the methodol ogy for anal yzing the American
growt h resurgence. Conputer prices were incorporated into the NIPA in 1985 and
are now part of the PPl as well. Mich nore recently, semniconductor prices have
been included in the NIPA and the PPI. Unfortunately, evidence on the prices of
conmmuni cati ons equi pnent and software is seriously inconplete, so that the
official price indexes are seriously nisleading.

A. Qut put.

The output data in Table 1 are based on the npbst recent benchmark revision
of the national accounts, updated through 1999'°. The output concept is simlar
but not identical, to the concept of gross donestic product used by the BEA
Bot h neasures include final outputs purchased by busi nesses, governnents,
househol ds, and the rest of the world. Unlike the BEA concept, the out put
nmeasure in Table 1 also includes inputations for the service flows from durabl e

goods, including IT products, enployed in the household and governnent sectors.
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The imputations for services of I T equi pment are based on the cost of
capital for IT described in nore detail below The cost of capital is nultiplied
by the nom nal value of IT capital stock to obtain the inputed service flow from
I T products. In the business sector this accrues as capital income to the firns
that enploy these products as inputs. In the household and governnment sectors
the flow of capital income nust be inputed. This same type of inputation is used
for housing in the NIPA. The rental value of renter-occupied housing accrues to
real estate firns as capital incone, while the rental value of owner-occupied
housing is inmputed to househol ds.

Current dollar GDP in Table 1 is $9.8 trillions in 1999, including
i mput ati ons, and real output growth averaged 3.46 percent for the period 1948-
99. These magni tudes can be conpared to the current dollar value of $9.3
trillions in 1999 and the average real growh rate of 3.40 percent for period
1948-99 for the official GDP. Table 1 presents the current dollar value and
price indexes of the GDP and IT output. This includes outputs of investnent
goods in the formof conputers, software, comrmunications equi pnent, and non-1T
i nvestment goods. It also includes outputs of non-1T consunption goods and
services as well as inputed IT capital service flows from househol ds and
gover nnents.

The nost striking feature of the data in Table 1 is the rapid price
decline for conputer investnent, 17.1 percent per year from 1959 to 1995. Since
1995 this decline has al nost doubled to 32.1 percent per year. By contrast the
relative price of software has been flat for nmuch of the period and began to
fall only in the late 1980's. The price of conmunications equi pment behaves
simlarly to the software price, while the consunption of capital services from
conputers and software by househol ds and governnents shows price declines
simlar to conputer investnent.

The top panel of Table 2 summarizes the growth rates of prices and

quantities for mmjor output categories for 1990-5 and 1995-9. Busi ness
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i nvestments in conputers, software, and conmuni cations equi pment are the | argest
categories of IT spending. Househol ds and governments have al so spent sizable
anounts on conputers, software, conmunications equi pment and the services of

i nformati on technol ogy. Chart 4 shows that the output of software is the |argest
I T category as a share of GDP, followed by the outputs of conputers and

conmuni cati ons equi pnent.

B. Capital Services.

This section presents capital estimates for the U S. econony for the
period 1948 to 1999%°. These begin with BEA investment data; the perpetua
inventory method generates estimates of capital stocks and these are aggregated,
usi ng service prices as weights. This approach, originated by Jorgenson and Zvi
Giliches (1996), is based on the identification of service prices with nargina
products of different types of capital. The service price estinmates incorporate
the cost of capital?.

The cost of capital is an annualization factor that transforns the price
of an asset into the price of the corresponding capital input?. This includes
the nom nal rate of return, the rate of depreciation, and the rate of capita
| oss due to declining prices. The cost of capital is an essential concept for
t he econonmics of information technol ogy?®, due to the astonishing decline of IT
prices given in Table 1.

The cost of capital is inportant in many areas of economics, especially in
nodel i ng producer behavi or, productivity nmeasurenment, and the econonics of
taxation?. Many of the inportant issues in measuring the cost of capital have
been debated for decades. The first of these is incorporation of the rate of
decline of asset prices into the cost of capital. The assunption of perfect
foresight or rational expectations quickly energed as the nobst appropriate
formul ati on and has been used in alnost all applications of the cost of

capi tal %,
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The second enpirical issue is the nmeasurement of economi c depreciation
The stability of patterns of depreciation in the face of changes in tax policy
and price shocks has been carefully documented. The depreciation rates presented
by Jorgenson and Kevin J. Stiroh (2000b) summarize a | arge body of enpirica
research on the behavior of asset prices®. A third enpirical issue is the
description of the tax structure for capital incone. This depends on the tax
| aws prevailing at each point of time. The resolution of these issues has
cleared the way for detailed neasurenments of the cost of capital for all assets
that appear in the national accounts, including information technol ogy?.

The definition of capital includes all tangible assets in the U.S.
econony, equi pment and structures, as well as consuners’ and gover nment
durabl es, land, and inventories. The capital service flows from durable goods
enpl oyed by househol ds and governnments enter neasures of both output and input.
A steadily rising proportion of these service flows are associated with
investments in IT. Investnents in IT by business, household, and governnent
sectors nust be included in the GDP, along with household and governnent |IT
capital services, in order to capture the full inpact of IT on the U S. econony.

Tabl e 3 gives capital stocks from 1948 to 1999, as well as price indexes
for total donestic tangible assets and IT assets -- conputers, software, and
conmuni cati ons equi pnent. The estimate of donmestic tangi ble capital stock in
Table 3 is $35.4 trillions in 1999, considerably greater than the $27.9
trillions in fixed capital estimted by Shel by W Hernman (2000) of BEA. The npst
i mportant differences reflect the inclusion of inventories and |and in Table 3.

Business IT investnments, as well as purchases of conputers, software, and
communi cati ons equi pnment by househol ds and governnents, have grown spectacul arly
in recent years, but remain relatively small. The stocks of all |IT assets
combi ned account for only 4.35 percent of donmestic tangible capital stock in
1999. Table 4 presents estimtes of the flow of capital services and

correspondi ng price indexes for 1948-99.
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The difference between growh in capital services and capital stock is the
i mprovenment in capital quality. This represents the substitution towards assets
wi th higher margi nal products. The shift toward IT increases the quality of
capital, since conmputers, software, and communi cati ons equi pment have rel atively
hi gh margi nal products. Capital stock estimates fail to account for this
increase in quality and substantially underestimate the inpact of |IT investnent
on grow h.

The growth of capital quality is slightly less than twenty percent of
capital input growh for the period 1948-1995. However, inprovenents in capita
qual ity have increased steadily in relative inportance. These inprovenents
jumped to 44.9 percent of total growh in capital input during the period 1995-
99, reflecting very rapid restructuring of capital to take advantage of the
sharp acceleration in the IT price decline. Capital stock has becone
progressively less accurate as a nmeasure of capital input and is now seriously
deficient.

Chart 5 gives the IT capital service flows as a share of gross donestic
i ncome. The second panel of Table 2 sunmarizes the gromh rates of prices and
quantities of capital inputs for 1990-5 and 1995-9. Growth of IT capita
services junmps from 11.51 percent per year in 1990-5 to 19.41 percent in 1995-9,
while growth of non-1T capital services increases from1l.72 percent to 2.94
percent. This reverses the trend toward slower capital growth through 1995.

C. Labor Services.

This section presents estimates of |abor input for the U S. econony from
1948 to 1999. These incorporate individual data fromthe Censuses of Popul ation
for 1970, 1980, and 1990, as well as the annual Current Popul ation Surveys.
Constant quality indexes for the price and quantity of |abor input account for
the heterogeneity of the workforce across sex, enploynent class, age, and

education levels. This follows the approach of Jorgenson, Frank M Gollop, and
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Barbara M Frauneni (1987). The estimtes have been revi sed and updated by Min
S. Ho and Jorgenson (2000)%.

The distinction between | abor input and | abor hours is anal ogous to the
di stinction between capital services and capital stock. The growh in | abor
quality is the difference between the growth in |abor input and hours worked.
Labor quality reflects the substitution of workers with high marginal products
for those with | ow margi nal products. Table 5 presents estinmates of |abor input,
hours worked, and |abor quality.

The val ue of |abor expenditures in Table 5 is $5.8 trillions in 1999, 59.3
percent of the value of output. This share accurately reflects the concept of
gross donestic income, including inputations for the value of capital services
i n househol d and governnent sectors. As shown in Table 7, the growth rate of
| abor input accelerated to 2.18 percent for 1995-9 from 1.70 percent for 1990-5.
This is primarily due to the gromh of hours worked, which rose from1.17
percent for 1990-5 to 1.98 percent for 1995-9, as | abor force participation
i ncreased and unenpl oynent rates plummeted.

The growt h of |abor quality has declined considerably in the |late 1990's,
dropping from 0.53 percent for 1990-5 to 0.20 percent for 1995-9. This sl owdown
captures well-known denographic trends in the conposition of the work force, as
wel | as exhaustion of the pool of available workers. Growth in hours worked does
not capture these changes in |abor quality growh and is a seriously m sl eading

measure of | abor input.

I11. The Anmerican Growth Resurgence

The Anerican econony has undergone a remarkabl e resurgence since the md-
1990's with accelerating growth in output, |abor productivity, and total factor
productivity. The purpose of this section is to quantify the sources of growth

for 1948-99 and various sub-periods. An inportant objective is to account for
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the sharp acceleration in the I evel of econonmic activity since 1995 and, in
particular, to document the role of information technol ogy.

The appropriate framework for analyzing the inpact of information
technology is the production possibility frontier, giving outputs of IT
i nvestment goods as well as inputs of IT capital services. An inportant
advantage of this framework is that prices of IT outputs and inputs are |inked
t hrough the price of IT capital services. This framework successfully captures
the substitutions amobng outputs and inputs in response to the rapid depl oynent
of IT. It also enconpasses costs of adjustment, while allowi ng financial narkets
to be nodel ed i ndependently.

As a consequence of the swift advance of information technol ogy, a nunber
of the nost fam liar concepts in growh econom cs have been superseded. The
aggregat e production function heads this list. Capital stock as a neasure of
capital input is now | onger adequate to capture the rising inmportance of IT.
This compl etely obscures the restructuring of capital input that is such an
i nportant wellspring of the growth resurgence. Finally, hours worked must be
repl aced as a neasure of |abor input.

A. Production Possibility Frontier

The production possibility frontier describes efficient conbinations of
out puts and inputs for the econonmy as a whol e?®. Aggregate output Y consists of
out puts of investment goods and consunption goods. These outputs are produced
from aggregate i nput X, consisting of capital services and | abor services.
Productivity is a "Hicks-neutral" augnmentation of aggregate input.

The production possibility frontier takes the form

@ Y Cp Co) = AXX(K,, Ko, K, Ky, L),

n’lc’ls’lﬂ
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where the outputs include non-IT investnment goods 1, and investnents in
computers |, software |Ig, and comrunications equi pment I, as well as non-I1T
consunption goods and services G, and I T capital services to househol ds and
governnments C.. Inputs include non-I1T capital services K, and the services of
conmputers K;, software Ks, and tel ecomruni cati ons equi pnent K, as well as | abor
input L.3% Total factor productivity (TFP) is denoted by A

The nost inportant advantage of the production possibility frontier is the
explicit role that it provides for constant quality prices of IT products. These
are used as deflators for nonminal expenditures on IT investnments to obtain the
quantities of IT outputs. Investnents in IT are curmul ated into stocks of IT
capital. The flow of IT capital services is an aggregate of these stocks with
service prices as weights. Simlarly, constant quality prices of IT capita
services are used in deflating the nonminal val ues of consunption of these
servi ces.

Anot her inportant advantage of the production possibility frontier is the
i ncorporation of costs of adjustnent. For exanple, an increase in the output of
I T i nvestment goods requires foregoing part of the output of consunption goods
and non-1T investnment goods, so that adjusting the rate of investment in IT is
costly. However, costs of adjustnent are external to the producing unit and are
fully reflected in IT prices. These prices incorporate forward-I|ooking
expectations of the future prices of IT capital services.

B. Aggregate Production Function.

The aggregate production function enployed by Robert M Sol ow (1957, 1960)
and, nore recently, by Jereny G eenwood, Zvi Hercowitz, and Per Krusell (1997
2000), Hercowitz (1998), and Arnold C. Harberger (1998) is a conpeting
nmet hodol ogy. The production function gives a single output as a function of
capital and |l abor inputs. There is no role for separate prices of investnent and
consunption goods and, hence, no place for constant quality IT price indexes for

outputs of IT investnent goods.
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Greenwood, Hercowitz, and Krusell enploy a price index for consunption to
deflate the output of all investnent goods, including information technol ogy.
Confronted by the fact that constant quality prices of investnent goods differ
from consunpti on goods prices, they borrow the concept of enbodi nent from Sol ow
(1960) in order to convert investment goods output into an appropriate formfor
measuring capital stock®. Investment has two prices, one used in the neasuring
out put and the other used in neasuring capital stock. This inconsistency can be
renoved by sinply distinguishing between outputs of consunption and investnent
goods, as in the national accounts and Equation (1). The concept of enbodi nent
can then be dropped.

Per haps i nadvertently, G eenwood, Hercowitz, and Krussell have revisited
the controversy acconpanying the introduction of a constant quality price index
for conputers into the national accounts. They have revived Denison's (1993)
proposal to use a consunption price index to deflate investnent in the N PA
Deni son found this appealing as a neans of avoiding the introduction of constant
quality price indexes for conputers. Denison's approach |eads to a serious
underestimate of GDP growth and an overestimate of inflation

Another limtation of the aggregate production function is that it fails
to incorporate costs of adjustment. Robert E. Lucas, Jr., (1967) presented a
production nodel with internal costs of adjustment. Fum o Hayashi (2000) shows
how to identify these adjustnment costs from Janes Tobin's (1969) Qratio, the
ratio of the stock nmarket value of the producing unit to the nmarket value of the
unit's assets. Inplenentation of this approach requires simultaneous nodeling of
producti on and asset valuation. If costs of adjustment are external, as in the
production possibility frontier (1), asset valuation can be nodel ed separately
from production®,

C. Sources of G owth.

Under the assunption that product and factor markets are conpetitive

producer equilibriuminplies that the share-weighted growmh of outputs is the



sum of the share-weighted growh of inputs and growh in total factor

productivity:

(2) WI,nDIn In +W| ,CDIC +W|,SDS +W| ,t[]t +WC,I"ICI'] +WC,CDIn CC =

Vi DINK_ +V, DInK_ +V, DInK +V, DInK,+V DInL+DIn A

where W and V denote average val ue shares. The shares of outputs and inputs
add to one under the additional assunption of constant returns,
WI,n +W|,C +Wl,s +WI ,t+WC,n+WC,c = \_/K,n +\_/K,c +\_/K,s+\_/K,t+\7L = 1

Equation (2) makes it possible to identify the contributions of outputs as
well as inputs to U. S. economic growh. The gromh rate of output is a weighted
average of growth rates of investnment and consunpti on goods outputs. The
contribution of each output is its weighted growh rate. Simlarly, the growh
rate of input is a weighted average of growth rates of capital and | abor
services and the contribution of each input is its weighted gromh rate. The
contribution of TFP, the growth rate of the augnentation factor Ain Equation
(2), is the difference between growh rates of output and input.

Tabl e 6 presents results of a growth accounting deconposition, based on
Equation (2), for the period 1948-99 and vari ous sub-periods, follow ng
Jorgenson and Stiroh (1999, 2000b). Econonmic growth is broken down by output and
i nput categories, quantifying the contribution of information technology to
i nvestment and consunption outputs, as well as capital inputs. These estinates
identify conputers, software, and conmuni cations equi pment as distinct types of
i nformati on technol ogy.

Rearrangi ng Equation (2), the results can be presented in terns of average
| abor productivity (ALP), defined as Y =Y /H , the ratio of output Y to hours
worked H and K=K/H is the ratio of capital services K to hours worked:

(3 DIny=v,DInk+V, (DInL - DInH )+DInA.
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Equation (3) allocates ALP growh anmong three sources. The first is capita
deepening, the growth in capital input per hour worked, and reflects the
capital -1 abor substitution. The second is inprovenent in |abor quality and
captures the rising proportion of hours by workers with higher nmargina
products. The third is TFP growth, which contributes point-for-point to ALP
gr owm h.

D. Contributions of IT Investment.

Chart 5 depicts the rapid increase in the inportance of |IT services,
reflecting the accelerating pace of IT price declines. 1In 1995-9 the capita
service price for conputers fell 24.81 percent per year, conpared to an increase
of 36.36 percent in capital input fromconputers. As a consequence, the val ue
of conputer services grew substantially. However, the current dollar val ue of
conputers was only 1.6 percent of gross donestic inconme in 1999.

The rapid accunul ation of software appears to have different sources. The
price of software services has declined only 2.04 percent per year for 1995-9.
Nonet hel ess, firnms have been accunul ati ng software very rapidly, with rea
capital services growi ng 16.30 percent per year. A possible explanation is that
firms respond to conputer price declines by investing in conplenmentary inputs
li ke software. However, a nore plausible explanation is that the price indexes
used to deflate software investment fail to hold quality constant. This |eads
to an overstatenent of inflation and an understatenent of growh.

Al t hough the price decline for conmmuni cati ons equi prrent during the period
1995-9 is conparable to that of software, investnment in this equipnment is nore
inline with prices. However, prices of communications equi pnent also fail to
hold quality constant. The technol ogy of switching equi pnent, for exanple, is
simlar to that of conmputers; investnent in this category is deflated by a
constant-quality price index devel oped by BEA. Conventional price deflators are

enpl oyed for transm ssion gear, such as fiber-optic cables. This |leads to an
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underestimte of the growth rates of investnent, capital stock, capita
services, and the GDP, as well as an overestimate of the rate of inflation
Charts 6 and 7 highlight the rising contributions IT outputs to U. S.
economic growh. Chart 6 shows the breakdown between |IT and non-1T outputs for
sub-periods from 1948 to 1999, while Chart 7 deconposes the contribution of IT
into its conponents. Although the inportance of IT has steadily increased,
Chart 6 shows that the recent investnment and consunption surge nearly doubl ed
the output contribution of IT. Chart 7 shows that conputer investnent is the
| argest single IT contributor in the late 1990's, but that investnents in
sof tware and communi cati ons equi pnent are beconing increasingly inportant.
Charts 8 and 9 present a simlar deconposition of IT inputs into
production. The contribution of these inputs is rising even nore dramatically.
Chart 8 shows that the contribution of IT now accounts for nore than 48.1
percent of the total contribution of capital input. Chart 9 shows that conputer
hardware is the largest IT contributor on the input side, reflecting the grow ng
share and accelerating growh rate of conputer investnent in the late 1990 s.
Private business investnent predominates in the output of IT, as shown by
Jorgenson and Stiroh (1999, 2000b) . Househol d purchases of |T equi pment and
services are next in inportance. Government purchases of | T equi pment and
services, as well as net exports of |IT products, must be included in order to
provi de a conplete picture. Firnms, consuners, governments, and purchasers of
U.S. exports are responding to relative price changes, increasing the
contributions of computers, software, and communi cati ons equi prment.
Tabl e 2 shows that the price of computer investnment fell by nore than 32
percent per year, the price of software 2.4 percent, and the price of
communi cations equi pnent 2.9 percent, and the price of IT services 11.8 percent
during the period 1995-9, while non-I1T prices rose 2.2 percent. In response to

t hese price changes, firms, households, and governnments have accunul at ed
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conmput ers, software, and communi cati ons equi pnent much nore rapidly than other

forms of capital

E. Total Factor Productivity.

The price or "dual" approach to productivity neasurenent nekes it possible
to identify the role of IT production as a source of productivity growth at the
industry level **. The rate of productivity growth is neasured as the decline in
the price of output, plus a weighted average of the gromh rates of input prices
with value shares of the inputs as weights. For the conputer industry this
expression is dom nated by two terns: the decline in the price of conputers and
the contribution of the price of sem conductors. For the sem conductor industry
the expression is domnated by the decline in the price of seniconductors®.

Jorgenson, Gollop, and Frauneni (1987) have enpl oyed Evsey Domar's (1961)
nodel to trace aggregate productivity gromh to its sources at the |evel of
i ndi vi dual industries®. Mre recently, Harberger (1998), WIliam Gullickson and
M chael J. Harper (1999) and Jorgenson and Stiroh (2000a, 2000b) have used the
nodel for simlar purposes. Productivity growmh for each industry is weighted by
the ratio of the gross output of the industry to GDP to estinmate the industry
contribution to aggregate TFP grow h.

I f sem conductor output were only used to produce conputers, then its
contribution to conputer industry productivity growh, weighted by conputer
i ndustry output, would precisely cancel its independent contribution to
aggregate TFP growh. This is the ratio of the value of sem conductor output to
GDP, nultiplied by the rate of sem conductor price decline. In fact,
sem conductors are used to produce tel econmuni cations equi pmrent and nmany ot her
products. However, the value of sem conductor output is dom nated by inputs into
I T production.

The Domar aggregation forrmula can be approxi mated by expressing the

declines in prices of conputers, comruni cations equi pnent, and software relative
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to the price of gross domestic incone, an aggregate of the prices of capital and
| abor services. The rates of relative IT price decline are weighted by ratios of
the outputs of IT products to the GDP. Table 8 reports details of this TFP
deconposition for 1990-5 and 1995-9; the IT and non-1T contributions are
presented in Chart 10. The IT products contribute 0.50 percentage points to TFP
growth for 1995-9, conpared to 0.25 percentage points for 1990-5. This reflects
the accelerating decline in relative price changes resulting from shortening the
product cycle for sem conductors.

F. Qutput Growt h.

This section presents the sources of GDP growh for the entire period 1948
to 1999. Capital services contribute 1.70 percentage points, |abor services
1. 14 percentage points, and TFP growth only 0.61 percentage points. |nput
growh is the source of nearly 82.3 percent of U S. growth over the past half
century, while TFP has accounted for 17.7 percent. Chart 11 shows the relatively
nodest contributions of TFP in all sub-periods.

More than three-quarters of the contribution of capital reflects the
accunul ati on of capital stock, while inprovement in the quality of capita
accounts for about one-quarter. Sinmlarly, increased | abor hours account for 80
percent of |abor’s contribution; the remainder is due to inprovenents in |abor
quality. Substitutions anong capital and | abor inputs in response to price
changes are essential conponents of the sources of econom c growh.

A |l ook at the U. S. econony before and after 1973 reveals famliar features
of the historical record. After strong output and TFP growh in the 1950's,
1960's and early 1970's, the U. S. econony slowed markedly through 1990, with
output growth falling from 3.99 percent to 2.86 percent and TFP growth declining
fromO0.92 percent to 0.25 percent. Gowth in capital inputs also slowed from
4.64 percent for 1948-73 to 3.57 percent for 1973-90. This contributed to

sluggi sh ALP growth -- 2.82 percent for 1948-73 and 1.26 percent for 1973-90.
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Rel ative to the early 1990's, output growth increased by 1.72 percent in
1995-9. The contribution of IT production al nost doubled, relative to 1990-5,
but still accounted for only 28.9 percent of the increased growth of output.

Al t hough the contribution of IT has increased steadily throughout the period
1948-99, there has been a sharp response to the acceleration in the IT price
decline in 1995. Nonethel ess, nore than 70 percent of the increased out put
gromh can be attributed to non-IT products.

Bet ween 1990-5 and 1995-9 the contribution of capital input junped by 0.95
percentage points, the contribution of |abor input rose by only 0.24 percent,
and TFP accel erated by 0.51 percent. Gowth in ALP rose 0.92 as nore rapid
capital deepening and gromh in TFP of fset slower inprovenent in |abor quality.
Growth in hours worked accel erated as unenploynent fell to a 30-year |ow. Labor
mar ket s have tightened consi derably, even as |abor force participation rates
i ncreased. ¥’

The contribution of capital input reflects the investnent boomof the |ate
1990' s as busi nesses, househol ds, and governnments poured resources into plant
and equi pnent, especially conputers, software, and conmuni cati ons equi pnent. The
contribution of capital, predomnantly IT, is considerably nore inportant than
the contribution of |abor. The contribution of IT capital services has grown
steadily throughout the period 1948-99, but Chart 9 reflects the inpact of the
accelerating decline in IT prices.

After maintaining an average rate of 0.25 percent for the period 1973-90,
TFP growth fell to 0.24 percent for 1990-5 and then vaulted to 0.75 percent per
year for 1995-9. This is a major source of growmh in output and ALP for the
U. S. econony (Charts 11 and 12). Wiile TFP growth for 1995-9 is |ower than the
rate of 1948-73, the U S. econony is recuperating fromthe anem c productivity
growt h of the past two decades. Although only half of the acceleration in TFP
from 1990-5 to 1995-9 can be attributed to IT production, this is far greater

than the 4.26 percent share of IT in the GDP
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G. Average Labor Productivity.

Qut put growth is the sumof growth in hours and average | abor
productivity. Table 7 shows the breakdown between growth in hours and ALP for
the sane periods as in Table 6. For the period 1948-99, ALP growth predom nated
in output growth, increasing just over 2 percent per year for 1948-99, while
hours increased about 1.4 percent per year. As shown in Equation (3), ALP growth
depends on capital deepening, a |labor quality effect, and TFP growt h.

Chart 12 reveals the well-known productivity slowdown of the 1970's and
1980's, enphasizing the acceleration in | abor productivity gromh in the late
1990's. The slowdown through 1990 reflects reduced capital deepening, declining
| abor quality growth, and decelerating growth in TFP. The growth of ALP slipped
further during the early 1990's with a slunp in capital deepening only partly
of fset by a revival in labor quality growmh and an up-tick in TFP growth. A
sl owdown i n hours conbined with slowi ng ALP growth during 1990-5 to produce a
further slide in the growh of output. In previous cyclical recoveries during
t he postwar period, output growth accel erated during the recovery, powered by
nore rapid growmh of hours and ALP.

Accel erating output growth during 1995-9 reflects growth in |abor hours
and ALP al nost equal | y®. Conparing 1990-5 to 1995-9, the rate of output growth
jumped by 1.72 percent -- due to an increase in hours worked of 0.81 percent and
anot her increase in ALP growmh of 0.92 percent. Chart 12 shows the accel eration
in ALP growth is due to capital deepening as well as faster TFP growh. Capita
deepeni ng contributed 0.60 percentage points, offsetting a negative contribution
of labor quality of 0.20 percent. The acceleration in TFP added 0.51 percentage
poi nts.

H. Research Opportunities.

The use of conputers, software, and comuni cati ons equi pnent nust be
careful Iy distinguished fromthe production of 1T®. Mssive increases in

computi ng power, like those experienced by the U S. econony, have two effects on
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growh. First, as |IT producers beconme nore efficient, nore IT equi pnent and
software is produced fromthe sane inputs. This raises productivity in IT-
produci ng i ndustries and contributes to TFP growth for the econony as a whol e.
Labor productivity also grows at both industry and aggregate |evels.

Second, investnment in information technol ogy |eads to growth of productive
capacity in IT-using industries. Since |labor is working with nore and better
equi pnment, this increases ALP through capital deepening. If the contributions
to aggregate output are captured by capital deepening, aggregate TFP growth is
unaf f ect ed*®. Increasing deploynent of IT affects TFP growth only if there are
spillovers from | T-producing industries to |IT-using industries.

Top priority must be given to identifying the inpact of investnent in IT
at the industry level. Stiroh (1998) has shown that this is concentrated in a
smal | nunber of | T-using industries, while Stiroh (2000) shows that aggregate
ALP growt h can be attributed to productivity growh in |IT-producing and | T-using
i ndustries. The next priority is to trace the increase in aggregate TFP growth
to its sources in individual industries. Jorgenson and Stiroh (2000a, 2000b)

present the appropriate nethodol ogy and prelimnary results.

I V. Economics on Internet Tinme.

The steadily rising inportance of information technol ogy has created new
research opportunities in all areas of econom cs. Econom c historians, |ed by
Alfred D. Chandl er (2000) and Paul A. David (2000)*, have placed the
informati on age in historical context. The Sol ow (1987) Paradox, that we see
conput ers everywhere but in the productivity statistics*, has provided a point
of departure. Since conputers have now left an indelible inprint on the
productivity statistics, the remaining i ssue is whether the breathtaking speed
of technol ogi cal change in sem conductors differentiates this resurgence from

previous periods of rapid growh?



Capital and | abor markets have been severely inpacted by informtion
technol ogy. Enornmous uncertainty surrounds the relationship between equity
val uations and future growh prospects of the Anerican econonmy*. One theory
attributes rising valuations of equities since the growmh accel eration began in
1995 to the accumrul ati on of intangible assets, such as intellectual property and
organi zational capital. An alternative theory treats the high valuations of
technol ogy stocks as a bubble that burst during the year 2000.

The behavi or of |abor markets al so poses inmportant puzzles. Wdeni ng wage
differentials between workers with nmore and | ess educati on has been attri buted
to computerization of the workplace. A possible explanation could be that high-
skilled workers are conplenentary to IT, while | ow skilled workers are
substitutable. An alternative explanation is that technical change associ ated
with IT is skill-biased and i ncreases the wages of high-skilled workers relative
to | owskilled workers®.

Finally, information technology is altering product markets and busi ness
organi zations, as attested by the large and grow ng business literature®, but a
fully satisfactory nodel of the sem conductor industry renmains to be
devel oped*®. Such a nodel woul d derive the demand for seni conductors from
i nvestment in information technology in response to rapidly falling IT prices.
An inportant objective is to determ ne the product cycle for successive
generations of new sem conductors endogenously.

The sem conductor industry and the information technol ogy industries are
global in their scope with an el aborate international division of |abor%. This
poses inportant questions about the American growh resurgence. Were is the
evi dence of a new econony in other |eading industrialized countries? An
i mportant explanation is the absence of constant quality price indexes for
sem conductors and information technology in national accounting systens outside

the U.S.“8. Another conundrumis that several inportant participants -- Korea
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Mal aysi a, Singapore, and Taiwan -- are "newly industrializing" econom es. Wat
does this portend for devel oping countries |ike China and India?

As policy-makers attenpt to fill the w dening gaps between the information
required for sound policy and the avail able data, the traditional division of
| abor between statistical agencies and policy-naking bodies is breaking down.
In the mean tinme nonetary policy-nmakers nust set policies w thout accurate
nmeasures of price change. Simlarly, fiscal policy-mkers confront on-going
revi sions of growmh projections that drastically affect the outl ook for future
tax revenues and government spending.

The stagflation of the 1970's greatly underni ned the Keynesi an Revol ution
| eading to a New Cl assical Counter-revolution |led by Lucas (1981) that has
transforned macroecononics. The unantici pated Anerican growth revival of the
1990's has simlar potential for altering econom c perspectives. In fact, this
is already foreshadowed in a steady stream of excellent books on the econom cs
of information technol ogy*®. W are the fortunate beneficiaries of a new agenda
for econom c research that could refresh our thinking and revitalize our

di sci pli ne.
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Table 1: Information Technology Output and Gross Domestic Product

Computer Software Communications IT Services Total IT Gross Domestic Product
Y ear Value Price Value Price Vaue Price Value Price Value Price Value Price
1948 18 0.81 04 3.26 23 247 307.7 0.19
1949 17 0.81 0.4 219 2.0 2.29 297.0 0.18
1950 1.9 0.83 0.6 2.38 25 2.38 339.0 0.19
1951 2.2 0.86 0.8 2.30 3.0 243 370.6 0.19
1952 2.7 0.84 11 2.50 39 243 387.4 0.19
1953 3.0 0.80 15 2.56 45 2.38 418.2 0.20
1954 2.7 0.81 13 1.86 39 215 418.3 0.20
1955 3.0 0.81 18 2.25 4.7 2.30 461.3 0.20
1956 3.7 0.82 20 227 57 233 484.7 0.21
1957 4.3 0.85 19 1.79 6.2 2.22 503.6 0.21
1958 338 0.86 21 1.84 5.9 225 507.2 0.22
1959 0.0 662.98 4.7 0.86 2.7 214 7.4 2.37 551.9 0.22
1960 0.2 662.98 0.1 0.58 51 0.84 2.8 1.99 8.2 2.28 564.9 0.22
1961 0.3 497.23 0.2 0.59 5.6 0.82 2.8 1.88 9.0 219 581.8 0.22
1962 0.3 350.99 0.2 0.59 6.2 0.82 33 1.99 100 220 623.3 0.22
1963 0.8 262.69 0.5 0.59 6.2 0.81 33 181 10.8 2.08 666.9 0.23
1964 1.0 218.30 0.6 0.57 6.9 0.79 3.6 1.76 121 201 726.5 0.24
1965 13 179.45 0.9 0.58 8.1 0.78 4.7 1.99 15.0 2.03 795.1 0.25
1966 1.9 126.16 1.2 054 9.7 0.76 5.2 1.85 180 1.88 871.3 0.25
1967 21 102.41 15 0.58 10.7 0.76 5.0 1.50 19.3 1.75 918.2 0.26
1968 21 87.48 1.6 0.58 116 0.78 54 1.40 207 171 973.0 0.26
1969 2.7 79.16 23 0.63 13.0 0.79 5.8 131 23.8 1.70 1,045.8 0.27
1970 30 71.13 31 0.70 14.4 0.81 6.7 1.34 271 1.73 1,105.2 0.29
1971 31 54.17 3.2 0.69 14.7 0.83 8.1 147 29.0 1.73 1,178.8 0.30

1972 3.9 43.67 3.7 0.70 156 0.85 9.0 1.48 322 172 1,336.2 0.32
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Table 2: Growth Rates of Outputsand I nputs

1990-95 1995-99
Prices Quantities Prices Quantities
Outputs
Gross Domestic Product 1.99 2.36 1.62 4.08
Information Technology -4.42 12.15 -9.74 20.75
Computers -15.77 21.71 -32.09 38.87
Software -1.62 11.86 -2.43 20.80
Communi cations Equi pment -1.77 7.01 -2.90 11.42
Information Technology Services -2.95 12.19 -11.76 18.24
Non-Information Technology Investment 2.15 1.22 2.20 4.21
Non-Information Technology Consumption 2.35 2.06 231 2.79
Inputs
Gross Domestic Income 2.23 2.13 2.36 3.33
Information Technology Capital Services -2.70 11.51 -10.46 19.41
Computer Capital Services -11.71 20.27 -24.81 36.36
Software Capital Services -1.83 12.67 -2.04 16.30
Communications Equipment Capital Services 2.18 5.45 -5.90 8.07
Non-Information Technology Capital Services 1.53 172 2.48 2.94
Labor Services 3.02 1.70 3.39 2.18

Notes: Average annual percentage rates of growth.




Table 3: Information Technology Capital Stock and Domestic Tangible Assets

Total Domestic
Computer Software Communications Tota IT Tangible Assets
Y ear Value Price Vaue Price Vaue Price Value Price Vaue Price
1948 4.7 0.81 4.7 137 711.7 0.13
1949 59 0.82 59 1.37 750.5 0.13
1950 7.3 0.84 7.3 141 824.5 0.13
1951 9.0 0.87 9.0 1.46 948.1 0.14
1952 10.6 0.84 10.6 141 1,017.5 0.14
1953 12.2 0.81 12.2 1.36 1,094.9 0.15
1954 137 0.81 13.7 137 1,146.9 0.15
1955 152 0.81 15.2 1.36 1,238.4 0.15
1956 175 0.82 175 1.38 1,373.2 0.16
1957 20.7 0.86 20.7 1.44 1,494.1 0.17
1958 225 0.86 225 1.45 1,562.3 0.17
1959 0.2 752.87 0.1 0.54 24.7 0.86 25.0 1.45 1,655.7 0.18
1960 0.2 752.87 0.1 0.54 26.5 0.84 26.8 142 1,755.3 0.18
1961 0.5 564.66 0.3 0.55 28.8 0.83 295 1.39 1,854.8 0.18
1962 0.6 398.58 04 0.55 317 0.83 32.7 1.38 1,982.7 0.19
1963 11 298.31 0.8 0.56 338 0.81 35.7 1.34 2,088.5 0.19
1964 16 247.90 11 0.55 36.4 0.79 39.1 131 2,177.3 0.19
1965 22 203.79 16 0.55 40.0 0.78 43.8 1.28 2,3154 0.20
1966 29 143.27 23 0.52 445 0.76 49.7 122 2,512.1 0.20
1967 37 116.30 32 0.56 50.8 0.77 57.6 1.22 2,693.3 0.21
1968 4.3 99.34 38 0.56 57.7 0.79 65.7 1.23 2,986.0 0.22
1969 53 89.90 51 0.61 65.4 0.80 75.7 1.25 3,319.1 0.24
1970 6.2 80.77 7.0 0.68 74.4 0.83 875 129 3,595.0 0.25
1971 6.3 61.52 79 0.67 82.1 0.84 96.3 1.28 3,922.6 0.26
1972 7.3 49.59 9.1 0.67 90.6 0.86 107.0 129 4,396.8 0.28



1973 8.6 47.00 10.7 0.69 99.9 0.88 119.2 131 4,960.3 0.31

1974 9.1 38.38 13.2 0.75 112.8 0.91 135.0 1.35 5,391.6 0.32
1975 9.7 3551 16.3 0.80 128.7 0.98 154.6 143 6,200.5 0.36
1976 10.4 29.66 18.3 0.82 142.1 1.01 170.7 1.45 6,750.0 0.38
1977 12.4 2581 20.4 0.84 152.3 0.99 185.1 142 7,574.4 041
1978 141 17.46 235 0.87 171.8 1.02 209.4 1.42 8,644.9 0.46
1979 19.3 14.47 28.7 0.91 195.0 1.04 243.0 143 9,996.7 0.51
1980 24.2 11.27 353 0.97 225.7 1.09 285.2 1.47 11,371.0 0.56
1981 336 9.90 43.6 1.04 260.9 1.15 338.1 153 13,002.5 0.63
1982 424 8.84 52.0 1.08 290.0 1.19 384.3 155 13,964.7 0.66
1983 52.6 7.32 60.6 1.09 314.3 1.20 4275 153 14,526.0 0.68
1984 66.2 5.95 72.3 111 344.8 1.20 483.3 1.50 15,831.0 0.71
1985 77.7 5.08 84.2 111 375.0 1.20 537.0 1.46 17,548.6 0.77
1986 86.0 4.34 94.9 1.10 404.3 1.18 585.1 141 18,844.3 0.80
1987 94.1 371 108.5 111 434.8 117 637.4 1.37 20,216.2 0.84
1988 107.2 3.45 125.2 112 467.7 1.16 700.0 1.35 21,880.1 0.89
1989 121.0 3.23 144.4 111 499.7 1.15 765.1 133 23,618.7 0.93
1990 122.3 2.89 165.2 1.10 527.1 114 814.5 1.29 24,335.1 0.94
1991 124.6 2.58 189.9 1.10 548.3 1.13 862.8 127 24,825.7 0.95
1992 128.2 2.17 203.8 1.04 569.7 111 901.7 121 25,146.8 0.95
1993 135.6 1.82 2318 1.05 589.5 1.10 956.9 117 25,660.4 0.95
1994 150.4 161 255.8 1.02 612.8 1.07 10190 113 26,301.0 0.95
1995 170.3 1.33 286.7 1.03 634.1 1.03 10911 107 27,858.4 0.98
1996 181.6 1.00 318.1 1.00 659.3 1.00 11589 1.00 29,007.9 1.00
1997 198.7 0.76 365.2 0.97 695.8 0.98 12597 094 30,895.3 104
1998 210.0 0.55 431.2 0.95 730.9 0.94 13721 087 32,888.5 1.07
1999 2324 0.41 530.6 0.95 7785 0.90 15415 081 35,406.9 111

Notes: Values are in billions of current dollars. Prices are normalized to one in 1996. Domestic tangible assets include fixed assets and
consumer durable goods, land, and inventories.




Table 4: Information Technology Capital Servicesand Gross Domestic Income

Computer Software Communications Total IT Gross Domestic Income
Y ear Value Price Value Price Value Price Value Price Vaue Price
1948 1.7 1.20 17 431 307.7 0.14
1949 13 0.79 13 2.83 297.0 0.14
1950 18 0.91 18 327 339.0 0.15
1951 21 0.90 21 3.21 370.6 0.15
1952 26 0.94 26 3.36 387.4 0.15
1953 3.2 0.96 3.2 3.46 418.2 0.15
1954 27 0.70 27 249 418.3 0.15
1955 3.6 0.85 3.6 3.05 461.3 0.16
1956 4.2 0.87 4.2 312 484.7 0.17
1957 3.7 0.68 3.7 244 503.6 0.17
1958 4.1 0.68 4.1 245 507.2 0.17
1959 0.2 444.36 0.1 0.63 52 0.80 55 2.87 551.9 0.18
1960 0.2 433.59 0.1 0.62 54 0.75 5.6 2.68 564.9 0.18
1961 0.3 637.21 0.1 0.58 5.6 0.71 6.0 2.59 581.8 0.18
1962 04 508.68 0.2 0.62 6.6 0.76 7.2 271 623.3 0.19
1963 0.6 31181 0.3 0.58 6.5 0.67 7.3 2.34 666.9 0.20
1964 0.8 211.28 04 0.60 71 0.67 8.3 2.26 726.5 0.21
1965 13 182.17 0.6 0.59 9.1 0.78 11.0 2.52 795.1 0.22
1966 22 173.57 1.0 0.64 9.6 0.73 12.8 240 871.3 0.23
1967 2.3 110.97 11 0.50 9.8 0.66 13.2 2.01 918.2 0.23
1968 2.6 87.05 1.6 0.60 10.2 0.61 145 1.86 973.0 0.24
1969 2.8 68.23 17 0.52 11.3 0.61 15.8 1.76 1,045.8 0.25
1970 3.6 65.38 23 0.56 133 0.65 19.1 1.83 1,105.2 0.26
1971 5.2 72.48 3.7 0.77 14.9 0.67 239 1.99 1,178.8 0.27

1972 4.9 48.57 4.0 0.71 16.6 0.69 254 1.85 1,336.2 0.30
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Table5: Labor Services

Labor Services Weekly Hourly Hours
Y ear Price Quantity Value Quality Employment  Hours Compensation Worked
1948 0.08 1,924.6 156.1 0.75 61,536 39.1 12 125,127
1949 0.09 1,860.0 1715 0.75 60,437 385 14 121,088
1950 0.09 1,961.0 179.2 0.76 62,424 38.5 14 125,144
1951 0.10 2,133.0 214.4 0.78 66,169 38.7 1.6 133,145
1952 0.10 2,197.2 227.2 0.79 67,407 38.5 17 135,067
1953 0.11 2,254.3 241.8 0.80 68,471 38.3 18 136,331
1954 0.11 2,190.3 243.9 0.81 66,843 37.8 19 131,477
1955 0.11 2,254.9 256.7 0.81 68,367 37.8 1.9 134,523
1956 0.12 2,305.0 275.0 0.82 69,968 37.5 2.0 136,502
1957 0.13 2,305.1 295.5 0.83 70,262 37.0 22 135,189
1958 0.14 2,245.3 309.1 0.83 68,578 36.7 24 130,886
1959 0.14 23221 320.1 0.84 70,149 36.8 24 134,396
1960 0.15 2,352.2 344.1 0.84 71,128 36.5 25 135,171
1961 0.15 2,3785 355.0 0.86 71,183 36.3 26 134,451
1962 0.15 24741 376.7 0.87 72,673 36.4 2.7 137,612
1963 0.15 2,511.4 386.2 0.88 73,413 36.4 238 139,050
1964 0.16 2,578.1 417.6 0.88 74,990 36.3 3.0 141,447
1965 0.17 2,670.6 451.9 0.89 77,239 36.3 31 145,865
1966 0.18 2,788.5 500.3 0.89 80,802 36.0 33 151,448
1967 0.19 2,842.4 525.5 0.90 82,645 35.7 34 153,345
1968 0.20 2,917.0 588.3 0.91 84,733 355 3.8 156,329
1969 0.22 2,992.1 646.6 0.91 87,071 354 4.0 160,174
1970 0.23 2,938.6 687.3 0.91 86,867 349 44 157,488
1971 0.26 2,924.9 744.5 0.90 86,715 348 4.7 156,924
1972 0.27 3,011.7 817.6 0.91 88,838 34.8 51 160,873
1973 0.29 3,135.0 909.4 0.91 92,542 348 54 167,271



1974 0.31 3,148.2 988.5 0.91 94,121 34.2 59 167,425

1975 0.35 3,082.9 1,063.9 0.92 92,575 33.8 6.5 162,879
1976 0.38 3,174.4 1,194.0 0.92 94,922 33.9 7.1 167,169
1977 0.41 32774 1,334.5 0.92 98,202 33.8 7.7 172,780
1978 0.44 3,430.3 1,504.2 0.92 102,931 338 8.3 180,842
1979 0.47 3,554.7 1,673.2 0.92 106,463 33.7 9.0 186,791
1980 0.52 3,535.7 1,827.9 0.92 107,061 333 9.9 185,591
1981 0.55 3,563.8 1,968.8 0.93 108,050 33.2 10.6 186,257
1982 0.60 3,519.7 2,096.3 0.93 106,749 32.9 115 182,772
1983 0.63 3,586.7 2,269.8 0.94 107,810 331 12.2 185,457
1984 0.66 3,786.7 2,499.1 0.94 112,604 33.2 129 194,555
1985 0.69 3,882.9 2,679.0 0.95 115,205 331 135 198,445
1986 0.75 3,926.3 2,931.1 0.95 117,171 32.9 14.6 200,242
1987 0.74 4,075.1 3,019.7 0.96 120,474 32.9 14.6 206,312
1988 0.75 4,207.7 3,172.2 0.96 123,927 32.9 150 211,918
1989 0.80 4,348.4 3,457.8 0.97 126,755 33.0 15.9 217,651
1990 0.84 4,381.5 3,680.8 0.97 128,341 32.9 16.8 219,306
1991 0.88 4,322.0 3,800.2 0.98 127,080 325 17.7 214,994
1992 0.94 4,353.9 4,086.9 0.98 127,238 32.6 19.0 215477
1993 0.96 4,497.4 4,297.7 0.99 129,770 32.8 19.5 221,003
1994 0.96 4,628.3 4,453.1 0.99 132,799 32.9 19.6 226,975
1995 0.98 4,770.7 4,660.5 1.00 135,672 33.0 20.0 232,545
1996 1.00 4,861.7 4,861.7 1.00 138,018 32.8 20.6 235,798
1997 1.03 4,987.9 5,122.0 1.00 141,184 33.0 211 242,160
1998 1.08 5,108.8 54915 1.00 144,305 33.0 222 247,783
1999 112 5,204.8 5,823.4 1.00 147,036 32.9 231 251,683

Notes: Vaueisin billions of current dollars. Quantity isin billions of 1996 dollars. Price and quality are normalized to one in 1996.
Employment isin thousands of workers. Weekly hoursis hours per worker, divided by 52. Hourly compensation isin current dollars.
Hours worked are in millions of hours.




Table 6: Sources of Gross Domestic Product Growth

1948-99 1948-73  1973-90  1990-95  1995-99
Outputs
Gross Domestic Product 3.46 3.99 2.86 2.36 4.08
Contribution of Information Technology 0.40 0.20 0.46 0.57 1.18
Computers 0.12 0.04 0.16 0.18 0.36
Software 0.08 0.02 0.09 0.15 0.39
Communications Equipment 0.10 0.08 0.10 0.10 0.17
Information Technology Services 0.10 0.06 0.10 0.15 0.25
Contribution of Non-Information Technology 3.06 3.79 2.40 1.79 291
Contribution of Non-Information Technology Investment 0.72 1.06 0.34 0.23 0.83
Contribution of Non-Information Technology Consumption 2.34 2.73 2.06 1.56 2.08
Inputs

Gross Domestic Income 2.84 3.07 261 2.13 3.33
Contribution of Information Technology Capital Services 0.34 0.16 0.40 0.48 0.99
Computers 0.15 0.04 0.20 0.22 0.55
Software 0.07 0.02 0.08 0.16 0.29
Communications Equipment 0.11 0.10 0.12 0.10 0.14
Contribution of Non-Information Technology Capital Services 1.36 177 1.05 0.61 1.07
Contribution of Labor Services 114 1.13 1.16 1.03 1.27
Total Factor Productivity 0.61 0.92 0.25 0.24 0.75

Notes: Average annual percentage rates of growth. The contribution of an output or input is the rate of growth,
multiplied by the value share.




Table 7: Sources of Average Labor Productivity Growth

1948-99 1948-73  1973-90  1990-95  1995-99
Gross Domestic Product 3.46 3.99 2.86 2.36 4.08
Hours Worked 1.37 1.16 159 117 1.98
Average Labor Productivity 2.09 2.82 1.26 1.19 211
Contribution of Capital Deepening 113 1.45 0.79 0.64 124
Information Technology 0.30 0.15 0.35 0.43 0.89
Non-Information Technology 0.83 1.30 0.44 0.21 0.35
Contribution of Labor Quality 0.34 0.46 0.22 0.32 0.12
Tota Factor Productivity 0.61 0.92 0.25 0.24 0.75
Information Technology 0.16 0.06 0.19 0.25 0.50
Non-Information Technology 0.45 0.86 0.06 -0.01 0.25

Addendum

Labor Input 1.95 1.95 1.97 1.70 2.18
Labor Quality 0.58 0.79 0.38 0.53 0.20
Capital Input 4.12 4.64 357 2.75 4.96
Capital Stock 3.37 421 2.74 1.82 2.73
Capital Quality 0.75 0.43 0.83 0.93 2.23

Notes: Average annual percentage rates of growth. Contributions are defined in Equation (3) of the text.




Table 8: Sourcesof Total Factor Productivity Growth

1948-99 1948-73 1973-90 1990-95 1995-99

Total Factor Productivity Growth 0.61 0.92 0.25 0.24 0.75

Contributionsto TFP Growth:

Information Technology 0.16 0.06 0.19 0.25 0.50
Computers 0.09 0.02 0.12 0.15 0.32
Software 0.02 0.00 0.02 0.05 0.09
Communications Equipment 0.05 0.03 0.06 0.05 0.08

Non-Information Technology 0.45 0.86 0.06 -0.01 0.25

Relative Price Changes:

Information Technology -6.16 -4.3 -7.4 -7.2 -11.5
Computers -23.01 -235 -21.1 -18.0 -34.5
Software -3.29 -3.0 -3.2 -39 -4.8
Communications Equipment -3.71 -3.1 -4.2 -4.0 -5.3

Non-Information Technology -0.41 -0.9 0.0 0.1 -0.1

Average Nominal Shares:

Information Technology 2.07 1.09 2.60 3.46 4.26
Computers 0.40 0.10 0.61 0.81 0.94
Software 0.51 0.08 0.60 1.30 184
Communications Equipment 1.16 0.91 1.39 1.34 148

Non-Information Technology 97.20 98.46 96.55 95.35 94.35

Notes. Average annual rates of growth. Prices are relative to the price of gross domestic income. Contributions
are relative price changes, weighted by average nominal output shares.




Chart 1: Relative Prices of Computers and Semiconductors, 1959-1999
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Chart 2: Relative Prices of Computers, Communications, Software, and Services, 1948-99

10,000
1,000 -
< 100 |
>
3
@
S
)
& 10 -
N = ey = o
A ~a—5 8- .
1 _ B -
0
1948 1953 1958 1963 1968 1973 1978 1983 1988 1993 1998
—®Computers —®-Communications —®Software —®Services

Note: All price indexes are divided by the output price index.



Chart 3: Relative Prices of Computers, Communications, and Software, 1959-1999
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Chart 4: Output Shares of Information Technology by Type, 1948-99
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Chart 5: Input Sharesof I nformation Technology by Type, 1948-99
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Chart 6: Output Contribution of Information Technology
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Note: Output contributions are the average annual growth rates, weighted by the output shares.



Chart 7: Output Contribution of Information Technology by Type
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Chart 8: Capital Input Contribution of Information Technology
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Note: Input contributions are the average annual growth rates, weighted by the income shares.



Chart 9: Capital Input Contribution of Information Technology by Type
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Note: Input contributions are the average annual growth rates, weighted by the income shares.
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Chart 10: Contributions of Information Technology to Total Factor Productivity Growth
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Note: Contributions are average annual relative price changes, weighted by average nominal output shares from Table 8.

1995-99




Chart 11: Sources of Gross Domestic Product Growth
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Note: Input contributions are average annual rates of growth, weighted by average nominal income shares from Table 6.
Productivity contributions are from Table 8.



Chart 12: Sources of Average Labor Productivity Growth
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