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The unusual combination of more rapid

growth and lower inflation in the United

States from 1995 to 2000 touched off a

strenuous debate among economists about

whether improvements in U.S. economic per-

formance could be sustained. This debate has now

given way to a broad consensus that the role of

information technology is the key to understand-

ing the American growth resurgence. Questions

persist about whether similar trends have charac-

terized the leading industrialized economies. The

answers to these questions are essential for resolv-

ing uncertainties about future growth that cur-

rently face decision-makers in both public and

private sectors in Canada. 

In this paper, we review the most recent evi-

dence on growth in the United States, Canada,

and the leading OECD countries and quantify

the role of information technology (IT). Despite

downward revisions to the gross domestic prod-

uct (GDP) and investment in the annual revi-

sions of the U.S. National Income and Product

Accounts (NIPA) by the Bureau of Economic

Analysis (BEA) in July of 2002, we conclude that

the U.S. productivity revival remains largely

intact and that IT investment is the predominant

source of this revival. The capital deepening

contribution from computer hardware, software,

and telecommunications equipment greatly

exceeded the contribution from all other forms

of investment to labour productivity growth after

1995. An increase in total factor productivity

(TFP) growth in the IT-producing sectors also

contributed to the resurgence of labour produc-

tivity, modestly augmented by a smaller increase

in TFP growth elsewhere in the economy. 

Colecchia and Schreyer (2002) have com-

piled detailed information on investment in

information technology and economic growth

in nine OECD countries in the 1990s. This has

two important advantages over previous inter-

national comparisons. First, the estimates of IT

investment are based on national accounting

data. Second, prices of information technology

equipment and software are comparable among

the nine countries. There is clear evidence of a

surge of IT investment in all nine countries,

even in Germany and Japan, both of which

experienced slowdowns in economic growth

during the period 1995-2000. New information

for Canada, generated by Industry Canada and

Statistics Canada, shows trends similar to those

in the United States, but in considerably atten-

uated form. This reflects the greater relative

importance of investment in IT-equipment and

software in the United States. 
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We next turn to the future of U.S. productiv-

ity growth for the U.S. economy, defined broad-

ly to include business, households, and the gov-

ernment. Our overall conclusion is that the pro-

jections of Jorgenson and Stiroh (2000), pre-

pared more than three years ago, are largely on

target. Our base-case projection of trend labour

productivity growth for the next decade is 1.78

per cent per year, below the average of 2.07 per

cent per year for the period 1995-2000. Our pro-

jection of output growth for the next decade is

only 2.78 per cent per year, compared with 4.07

per cent per year for 1995-2000.1 The difference

is largely due to a projected slowdown in the

growth in hours worked from changing demo-

graphics. We conclude that the American growth

resurgence of the late 1990s was not sustainable

because it depended on a growth rate of the work

force that cannot be maintained.

We emphasize that projecting growth for

periods as long as a decade is fraught with uncer-

tainty. Our pessimistic projection of labour pro-

ductivity growth is only 1.14 per cent per year,

while our optimistic projection is 2.38 per cent.

The range for output growth is from 2.14 per

cent in the pessimistic case to 3.38 per cent in the

optimistic case. These ranges result from funda-

mental uncertainties about future patterns of

investment and changes in technology in the

production of IT equipment and software.

Jorgenson (2001) has traced these uncertainties

to variations in the product cycle for semicon-

ductors, the most important component of com-

puters and telecommunications equipment. 

The starting point for projecting U.S. output

growth is a projection of future growth of the

labour force. The growth of hours worked of 1.99

per cent per year from 1995-2000 is not sustain-

able because labour force growth for the next

decade will average only one per cent. The slow-

down in the growth of hours worked would have

reduced output growth by 0.99 per cent, even if

labour productivity growth had continued unabat-

ed. We estimate that labour productivity growth

from 1995-2000 also exceeded its sustainable rate

due to exceptionally high rates of investment in

information technology equipment and software.

This implies an additional decline of 0.29 per cent

in the trend rate of output growth, so that we

project output growth at 2.78 per cent for the next

decade, precisely the same as the rate of growth of

output during the period 1973-1995, prior to the

growth resurgence of the late 1990s. The decom-

positions are quite different, however, with

stronger productivity growth offset by slower pro-

jected hours growth.

Section two reviews the historical record,

extends the estimates of Jorgenson (2001) to

include data for 2000 and 2001 and revises esti-

mates of economic growth for earlier years to

incorporate new information. We employ the

same methodology and summarize it briefly. We

compare IT investment and economic growth

for the nine OECD countries analyzed by

Colecchia and Schreyer (2002). Section three

presents our projections of the trend growth of

output and labour productivity in the U.S. for

the next decade and similar projections for

Canada based on the same methodology and new

data. Section four concludes the paper. 

Reviewing the Historical Record

Our methodology for analyzing the sources of

growth is based on the production possibility

frontier introduced by Jorgenson (1996, pp. 27-

28). This framework encompasses substitution

between investment and consumption goods on

the output side and between capital and labour

inputs on the input side. Jorgenson and Stiroh

(2000), Jorgenson (2001), and Jorgenson, Ho,

and Stiroh (2002b) have used this methodology

to measure the contributions of information

technology (IT) to U.S. economic growth and

the growth of labour productivity. 
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Production Possibility Frontier

In the production possibility frontier, output (Y )

consists of consumption goods (C) and investment

goods (I ), while inputs consist of capital services

(K) and labour input (L). Output can be further

decomposed into IT investment goods — com-

puter hardware (Ic), computer software (Is), com-

munications equipment (Im) — and non-IT out-

put (Yn). Capital services can be similarly decom-

posed into the capital service flows from comput-

er hardware (Kc), software (Ks), communications

equipment (Km), and non-IT capital services (Kn).2

The input function (X ) is augmented by total fac-

tor productivity (A). The production possibility

frontier can be represented as:

(1) 

Under the standard assumptions of competitive

product and factor markets, and constant returns

to scale, Equation (1) can be transformed into an

equation that accounts for the sources of eco-

nomic growth:

(2) 

where ∆x ≡ xt - xt-1 , denotes the average out-

put shares, the average input shares, and

.

The shares are averaged over periods t and t-1.

We refer to the share-weighted growth rates in

Equation (2) as the contributions of the inputs and

outputs.

Average labour productivity (ALP) is defined as

the ratio of output to hours worked, so that,

where the lower-case variable (y) denotes output

(Y) per hour (H). Equation (2) can be rewritten

in per hour terms as:

(3)

where .

Equation (3) decomposes ALP growth among

three components. The first is capital deepening,

defined as the contribution of capital services per

hour and allocated between non-IT and IT com-

ponents. The interpretation of capital deepening

is that increases in capital per worker enhance

labour productivity in proportion to the capital

share. The second component is labour quality

improvement, defined as the contribution of

increases in labour input per hour worked. This

reflects changes in the composition of the work

force and raises labour productivity in propor-

tion to the labour share. The third component is

total factor productivity (TFP) growth, which rais-

es ALP growth point for point.

In an inter-industry production model like

that of Jorgenson, Ho, and Stiroh (2002a), the

growth of TFP reflects the productivity contri-

butions of individual industries. It is difficult,

however, to create the detailed industry data

needed to measure industry-level productivity in

a timely and accurate manner. The Council of

Economic Advisors (CEA, 2001), Jorgenson and

Stiroh (2000), Jorgenson (2001), Jorgenson, Ho

and Stiroh (2002b), and Oliner and Sichel (2000,

2002) have employed the price dual of industry-

level productivity to estimate TFP growth in the

production of IT equipment and software.

Intuitively, the idea underlying the dual

approach is that declines in relative prices for IT

investment goods reflect productivity growth in

the IT-producing industries. We weight these

relative price declines by the shares in output of

each of the components of IT investment in

order to estimate the contribution of IT produc-

tion to economy-wide TFP growth. This enables

us to decompose aggregate TFP growth as:

(4) 

where represents IT’s average share of out-

put, is IT-related productivity growth,

and is the contribution to aggregate

TFP from IT-production. Non-IT productivity

growth includes productivity gains in

other industries, as well as reallocations of inputs

and outputs among sectors.
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We estimate the contribution to aggregate

TFP growth from IT production by

estimating output shares and growth rates of pro-

ductivity for computer hardware, software, and

communications equipment. Productivity growth

for each component of investment is the negative

of the rate of price decline, relative to the price

change of capital and labour inputs. The output

shares are the final expenditures on these invest-

ment goods, divided by total output.3 Finally, the

contribution of non-IT productivity growth 

is derived from Equation (4) as a residual.

Data

We briefly summarize the information

required to implement Equations (1) to (4); more

detailed descriptions are available in Jorgenson

(2001) and Jorgenson, Ho, and Stiroh (2002b).

Our output measure is broader than the GDP

concept in the U.S. National Income and Product

Accounts, the nonfarm business sector that is the

focus of many productivity studies (BLS (2002) or

Oliner and Sichel (2000, 2002)), or the private

sector measure used in Jorgenson, Ho, and Stiroh

(2002b). In particular, we include imputed capital

service flows from residential housing and con-

sumer durables, as well as the rate of return to

government capital as in Jorgenson (2001). Our

output estimates reflect the most recent revisions

to the U.S. National Income and Product

Accounts (NIPA), released in July 2002. 

Our capital service estimates are based on the

Tangible Wealth Study, published by the BEA

and described in Lally (2002). This includes data

on business, household, and government invest-

ment for the U.S. economy through 2001. We

construct capital stocks from the investment data

by the perpetual inventory method. We assume

that the effective capital stock for each asset

available for production is an average of current

and lagged stocks. The data on tangible assets

from BEA are augmented with inventory data to

form our measure of the reproducible capital

stock. The total capital stock also includes land

and inventories.

Finally, we estimate the service flow for each

component of capital stock by multiplying the

rental price by the effective capital stock, as sug-

gested by Jorgenson and Griliches (1996). Our esti-

mates of rental prices incorporate the asset-specific

differences in asset prices, tax rates, tax lifetimes,

and depreciation rates presented by Jorgenson and

Yun (2001). This is essential for understanding the

productive impact of IT investment because IT

capital inputs have dramatically higher rates of

decline of asset prices and depreciation rates.

We refer to the ratio of capital services to

capital stock as capital quality, so that: 

(5) 

where KQ is capital quality, K is capital services,

and Z is effective capital stock. The effective cap-

ital stock Z is a quantity index of 70 types of

structures and equipment, plus land and invento-

ries, using investment goods prices as weights.

The flow of capital services K is a quantity index

of the same stocks, using rental prices as weights.

The difference in growth rates is the growth rate

of capital quality. Capital quality increases as

firms invest relatively more in assets with higher

marginal products like information technology

equipment and software.

Labour input is a quantity index of hours

worked that takes into account the distribution

of the work force by sex, employment class, age,

and education. The weights used to construct the

index reflect the compensation of the various

types of workers. In the same way as for capital,

we define labour quality as the ratio of labour

input to hours worked, so that: 

(6) 

where LQ is labour quality, L is labour input, and

H is hours worked. Labour quality rises as firms

hire relatively more highly skilled and highly

compensated workers.
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Our labour data incorporate individual

micro-data on hours worked and compensation

per hour from the Censuses of Population for

1970, 1980, and 1990 and the annual Current

Population Surveys (CPS) for 1964-2001. We

take total hours worked for employees directly

from the NIPA (Table 6.9c), self-employed hours

worked for the non-farm business sector from

the BLS, and self-employed hours worked in the

farm sector from the Department of Agriculture.

Results

Table 1 and Chart 1 report our estimates of the

sources of economic growth from Equation (2).

For the period 1959-2001, output grew 3.38 per

cent per year. Capital input contributed 48.9 per

cent of this growth or 1.62 per cent per year.

Labour input followed in importance with 34.3 of

growth or 1.16 per cent per year. Less than 17.5 per

cent of output growth, 0.59 percentage points,

reflects growth in TFP. These results are consistent

with the other recent growth accounting estimates,

including CEA (2001), Jorgenson and Stiroh
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Chart 1
Sources of Economic Growth in the United States

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

1959-1973 1973-1995 1995-2000

Annual Contribution (%)

Labour Non-IT Capital IT Capital TFP

Table 1
Growth in GDP and the Sources of Growth in the United States, 1959-2001
Average annual rate of change

1995-2000 1995-2001
less less

1959-2001 1959-1973 1973-1995 1995-2000 1995-2001 1973-1995 1973-1995

Growth in GDP (Y) 3.38 4.18 2.78 4.07 3.55 1.29 0.77
Contribution of Selected Output Components

Other Output (Yn) 2.91 3.92 2.30 3.00 2.65 0.70 0.35
Computer Output (Yc) 0.14 0.06 0.17 0.32 0.28 0.15 0.11
Software Output (Ys) 0.09 0.03 0.10 0.30 0.24 0.20 0.14
Communications Output (Ym) 0.11 0.11 0.10 0.19 0.14 0.09 0.04
Information Technology Services (Yit) 0.11 0.07 0.11 0.25 0.24 0.14 0.13

Contribution of Capital and CD Services (K) 1.62 1.77 1.40 2.08 2.03 0.68 0.63
Other (Kn) 1.20 1.57 0.98 1.10 1.10 0.12 0.12
Computers (Kc) 0.20 0.07 0.20 0.53 0.49 0.33 0.29
Software (Ks) 0.10 0.03 0.10 0.28 0.27 0.18 0.17
Communications (Km) 0.12 0.10 0.12 0.17 0.17 0.05 0.05

Contribution of Labour (L) 1.16 1.24 1.12 1.37 1.12 0.25 0.00

Aggregate Total Factor Productivity (TFP) 0.59 1.16 0.26 0.62 0.40 0.36 0.14
Contribution of Capital and CD Quality 0.41 0.27 0.36 0.95 0.93 0.59 0.57
Contribution of Capital and CD Stock 1.21 1.51 1.04 1.12 1.11 0.08 0.07
Contribution of Labour Quality 0.28 0.33 0.27 0.21 0.22 -0.06 -0.05
Contribution of Labour Hours 0.88 0.91 0.85 1.16 0.89 0.31 0.04

Note: A contribution of an output or input is defined as the share-weighted, real growth rate. CD refers to consumer durables. 

Sources: Author's calculations based on BEA, BLS, Census Bureau, and other data.



(2000), Jorgenson (2001), Jorgenson, Ho, and

Stiroh (2002b) and Oliner and Sichel (2000, 2002).

Our data also reveal substantial acceleration in

output growth after 1995. The growth rate of out-

put increased from 2.78 per cent per year for 1973-

1995 to 4.07 per cent for 1995-2000, reflecting a

substantial acceleration in IT investment and a

modest deceleration in non-IT investment. For the

period 1995-2001, which includes the U.S. reces-

sion that began in March 2001, output growth was

3.55 per cent. This is considerably slower, and we

focus our attention on the period 1995-2000 to

avoid cyclical effects of the 2001 recession.

On the input side, more rapid capital accumula-

tion contributed 0.68 percentage points to the

post-1995 acceleration through 2000, while faster

growth of labour input contributed 0.25 percentage

points and accelerated TFP growth the remaining

0.36 percentage points. These estimates are all

smaller when 2001 is included. Finally, the contri-

bution of capital input from IT increased from 0.42

percentage points per year for 1973-1995 to 0.98

for 1995-2000, exceeding the increased contribu-

tions of all other forms of capital.

The last panel in Table 1 presents an alternative

decomposition of the contribution of capital and

labour inputs, using Equations (5) and (6). The

contributions of capital and labour inputs reflect

the contributions of capital quality and capital

stock, as well as labour quality and hours worked:

(7) 

Table 1 shows that the revival of output

growth after 1995 can be attributed to two

forces. First, the rising contribution of capital

quality reflects a massive substitution toward IT

ALQvL lnln ∆+∆+
HvKQvZvY LKK lnlnlnln ∆+∆+∆=∆
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Chart 2
Sources of Labour Productivity Growth 
in the United States
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Table 2
Sources of Growth in Average Labour Productivity in the United States, 1959-2001
Average annual rate of change

1995-2000 1995-2001
less less

1959-2001 1959-1973 1973-1995 1995-2000 1995-2001 1973-1995 1973-1995

Output Growth (Y ) 3.38 4.18 2.78 4.07 3.55 1.29 0.77
Hours Growth (H) 1.50 1.56 1.44 1.99 1.53 0.55 0.09
Average Labour Productivity Growth (ALP ) 1.88 2.63 1.33 2.07 2.02 0.74 0.69

Capital Deepening 1.00 1.13 0.80 1.24 1.39 0.44 0.59
IT Capital Deepening 0.37 0.19 0.37 0.87 0.85 0.50 0.48
Other Capital Deepening 0.63 0.95 0.43 0.37 0.54 -0.06 0.11

Labour Quality 0.28 0.33 0.27 0.21 0.22 -0.06 -0.05
TFP Growth 0.59 1.16 0.26 0.62 0.40 0.36 0.14

IT-related Contribution 0.19 0.09 0.21 0.45 0.41 0.24 0.20
Other Contribution 0.40 1.07 0.05 0.17 -0.01 0.12 -0.06

Note: A contribution of an output or input is defined as the share-weighted, real growth rate.

Sources: Author's calculations based on BEA, BLS, Census Bureau, and other data.



capital in response to accelerating IT price

declines; the growth of capital stock lagged con-

siderably behind the growth of output. Second,

the growth of hours worked surged, while labour

quality growth stagnated. A fall in the unemploy-

ment rate and an increase in labour force partic-

ipation drew more workers with relatively low

marginal products into the work force. 

Table 2 and Chart 2 present estimates of the

sources of ALP growth from Equations (3) and

(4). For the period 1959-2001 as a whole, growth

in ALP of 1.88 percentage points per year

accounted for 55.6 per cent of output growth,

due to capital deepening of 1.00 percentage

points per year, improvement of labour quality of

0.28 percentage points, and TFP growth of 0.59

percentage points. Growth in hours worked of

1.50 percentage points per year accounted for

the remaining 44.4 per cent of output growth.

Looking more closely at the post-1995 peri-

od, we see that labour productivity increased by

0.74 percentage points per year from 1.33 per-

centage points for 1973-1995 to 2.07 percentage

points for 1995-2000, while hours worked

increased by 0.55 percentage points per year

from 1.44 percentage points for 1973-1995 to

1.99 percentage points for 1995-2000. When the

recession of 2001 is included, labour productivi-

ty falls slightly, while hours growth falls consid-

erably for 1995-2001, which underscores the

remarkable strength of U.S. productivity growth

during this downturn.

The labour productivity growth revival

through 2000 reflects more rapid IT-capital deep-

ening of 0.50 percentage points, partly offset by a

decline in non-IT-capital deepening of 0.06 per-

centage points. It also reflects accelerated produc-

tivity growth in IT production of 0.24 percentage

points and in non-IT production of 0.12 percent-

age points. Finally, the contribution of labour

quality growth fell by 0.06 percentage points.

Colecchia and Schreyer (2002) have compiled

estimates of the contribution of IT investment to

the growth of output in nine OECD countries,
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Chart 3
Capital Input Contribution of Information Technology to GDP Growth
for Nine OECD Countrie
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including the four leading countries of Europe —

France, Germany, Italy, and the U.K. — as well as

Japan and the United States. An important inno-

vation in that paper was the introduction of “har-

monized” price deflators to incorporate compara-

ble quality adjustments for IT assets across coun-

tries. While one would ideally prefer country-spe-

cific deflators for each IT asset, the approach of

Colecchia and Schreyer is a useful proxy.

Chart 3 presents results for the sub-periods

1990-1995 and 1995-2000 for nine OECD coun-

tries. For all countries the contribution of IT

investment accelerated after 1995, even in

Germany and Japan, two countries that experi-

enced a slowdown in growth during the late 1990s.

The contribution of IT investment during the late

1990s exceeded that in the United States during

the early 1990s in four countries — Australia,

Canada, Finland, and the United Kingdom.

Colecchia and Schreyer (2002) also present

growth rates of output for all nine countries

before and after 1995 and we give the results in

Chart 4. The acceleration in economic growth

during the last half of the 1990s was most dramat-

ic for Finland, but both Canada and France also

experienced a larger increase in the rate of growth

of output than the United States. Unfortunately, a

detailed analysis of the sources of economic

growth for the nine OECD countries requires

information on the impact of non-IT investment,

as well as the contributions of labour input and

TFP growth. Until these data are available, it is

impossible to arrive at an assessment of the role of

information technology such as we have present-

ed for the United States. 

Projecting Productivity Growth

While there is no disagreement about the

resurgence of ALP growth in the United States

after 1995, there has been considerable debate

about whether this is permanent or transitory.

This distinction is crucial for understanding the

sources of the recent productivity revival and pro-

jecting future productivity growth. Changes in the
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Chart 4
Output Growth for Nine OECD Countries, 1990-1995 versus 1995-2000
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underlying trend growth rates of productivity and

the work force are permanent, while cyclical fac-

tors such as strong output growth due to extraor-

dinarily high rates of investment are transitory. 

This section presents our projections of trend

rates of growth for output and labour productivi-

ty over the next decade, abstracting from business

cycle fluctuations. Our key assumptions are that

output and the reproducible capital stock will

grow at the same rate and that labour hours and

the labour force will also grow at the same rate.4

These are characteristic features of the United

States and most industrialized economies over

periods longer than a typical business cycle. For

example, U.S. output growth averaged 3.38 per

cent per year for 1959-2001, while our measure of

the reproducible capital stock grew 3.55 per cent.5

We begin by decomposing the aggregate capi-

tal stock between reproducible capital stock and

land, which we assume to be fixed. This implies:

(8) 

where is the value share of reproducible cap-

ital stock in total capital stock.

We construct estimates of trend output and

labour productivity growth, conditional on the pro-

jected growth of the remaining sources of econom-

ic growth. More formally, if , then

Equations (3), (4), (7), and (8) imply that trend

labour productivity and output growth are given by:

(9) 

Equation (9) is a long-run relationship that

averages over cyclical and stochastic elements

and removes the transitional dynamics due to

capital accumulation. The second part of the def-

inition of trend growth is that the unemploy-

ment rate remains constant and hours growth

matches labour force growth. Growth in hours

worked was exceptionally rapid in the 1995-2000

period, as the unemployment rate fell from 5.6

per cent in 1995 to 4.0 in 2000, so output growth

was considerably above its trend rate.6 We esti-

mate hours growth over the next decade by

means of detailed demographic projections,

based on Census Bureau data.

In order to complete intermediate-term

growth projections based on Equation (9), we

require estimates of capital and labour shares,

the IT output share, the share of reproducible

capital stock, capital quality growth, labour qual-

ity growth, and TFP growth. Labour quality

growth and the various shares are relatively easy

to project, while extrapolations of the other vari-

ables are subject to considerable uncertainty.

Accordingly, we present three sets of projections

— a base-case scenario, a pessimistic scenario,

and an optimistic scenario.

We hold labour quality growth, hours growth,

the capital share, the reproducible capital stock

share, and the IT output share constant across the

three scenarios. We refer to these as the “common

assumptions.” We vary IT-related TFP growth,

the contribution to TFP growth from non-IT

sources, and capital quality growth across these

scenarios and label them “alternative assump-

tions.” Generally speaking for these variables, the

base-case scenario incorporates data from the

long expansion of 1990-2000, the optimistic sce-

nario assumes the patterns of 1995-2000 will per-

sist, and the pessimistic case assumes that the

economy reverts to 1973-1995 averages.

Common Assumptions

Hours growth ( ) and labour quality

growth ( ) are relatively easy to project.

The Congressional Budget Office (2002) proj-

ects growth in the potential labour force of 1.0

per cent per year, a slight decrease from earlier

projections. We project hours growth at 1.0 per

cent per year for 2002-2012. CBO does not

employ the labour quality concept. 
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We construct our own projections of demo-

graphic trends. Ho and Jorgenson (1999) have

shown that the dominant trends in labour quali-

ty growth are due to rapid improvements in edu-

cational attainment in the 1960s and 1970s, and

the rise in female participation rates in the 1970s.

The improvement in educational attainment of

new entrants into the labour force largely ceased

in the 1990s, although the average educational

level continued to rise as younger and better

educated workers entered the labour force and

older workers retired.

We project growth in the population from the

demographic model of the Bureau of Census,

which breaks the population down by individual

year of age, race and sex.7 For each group the pop-

ulation in period t is equal to the population in

period t-1, less deaths plus net immigration.

Death rates are group-specific and are projected

by assuming a steady rate of improvement in

health. The population of newborns in each peri-

od reflects the number of females in each age

group and the age- and race-specific fertility rates.

These fertility rates are projected to fall steadily.

We observe labour force participation rates in

the last year of our sample period. We then proj-

ect the work force by assuming constant participa-

tion rates for each sex-age group. The education-

al attainment of workers aged a in period t is pro-

jected by assuming that it is equal to the attain-

ment of the workers of age a-1 in period t-1 for all

those who are over 35 years of age in the last year

of the sample. For those who are younger than 35

we assume that the educational attainment of

workers aged a in forecast period t is equal to the

attainment of workers aged a in the base year.

Our index of labour quality is constructed

from hours worked and compensation rates. We

project hours worked by multiplying the project-

ed population in each sex-age-education group by

the annual hours per person in the last year of the

sample. The relative compensation rates for each

group are assumed to be equal to the observed

compensation in this sample period. We project

labour quality growth from our projections of

hours worked and compensation per hour.

Our estimates suggest that hours growth

( ) will be about 1.0 per cent per year over

the next ten years, essentially the same as the CBO

(2002) estimate. We estimate that growth in labour

quality ( ) will be 0.16 per cent per year

over the next decade. This is considerably lower

than the 0.28 per cent growth rate for the period

1959-2000, driven by rising average educational

attainment and stabilizing female participation.

The capital share ( ) has not shown any

obvious trend over the past 40 years. We assume

it holds constant at 40.9 per cent, the average for

1959-2000. Similarly, the fixed reproducible cap-

ital share ( ) has shown little change and we

assume that it remains constant at 83.7 per cent,

the average for 1959-2000. We assume the IT

output share ( ) remains at 4.5 per cent, the

average for 1995-2000. This is likely to prove a

conservative estimate, since IT has steadily

increased in relative importance in the U.S.

economy, rising from 1.7 per cent of output in

1970 to 2.3 per cent in 1980, 3.3 per cent in

1990, and 4.7 per cent in 2000.  

Alternative Assumptions

Productivity growth in IT production

( ) has been extremely rapid in recent

years with a substantial acceleration after 1995.

For 1990-1995, productivity growth for IT pro-

duction averaged 7.35 per cent per year, while for

1995-2000 growth averaged 9.31 per cent. While

these growth rates are high, they are consistent

with industry-level productivity estimates for

high-tech sectors. For example, Jorgenson, Ho,

and Stiroh (2002a) report productivity growth of

18.00 per cent per year for 1995-2000 in electron-

ic components, including semiconductors, and

16.75 in computers and office equipment. 
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Jorgenson (2001) argues the large increase in

IT productivity growth was triggered by a much

sharper acceleration in the decline of semicon-

ductor prices. This can be traced to a shift in the

product cycle for semiconductors in 1995 from

three years to two years, a consequence of inten-

sifying competition in the semiconductor mar-

ket. It would be premature to extrapolate the

recent acceleration in productivity growth into

the indefinite future, however, because this

depends on the persistence of a two-year product

cycle for semiconductors.

To better gauge the future prospects of techni-

cal progress in the semiconductor industry, we

turn to The International Technology Roadmap for

Semiconductors.8 This Roadmap, constructed every

two years by a consortium of industry associations

and updated annually, projects a two-year product

cycle through 2005 and a three-year product cycle

thereafter. This is a reasonable basis for projecting

the productivity growth related to IT for the U.S.

economy. Moreover, continuation of a two-year

cycle provides an upper bound for growth projec-

tions, while an immediate reversion to a three-

year cycle gives a lower bound.

Our base-case scenario projects IT-related

growth of 8.33 per cent per year, the average for

1990-2000, giving equal weight to the two-year

product cycle for 1995-2000 and the three-year

product cycle for 1990-1995.9 The optimistic

scenario assumes that the two-year product cycle

for semiconductors remains in place so that pro-

ductivity growth in IT production averages 9.31

per cent per year, as it did for 1995-2000. Our

pessimistic projection assumes a reversion to the

three-year semiconductor product cycle of 1973-

1995, when IT-related productivity growth was

6.93 per cent per year. In all cases, the contribu-

tion of IT to TFP growth reflects the 1995-2000

IT share of GDP of 4.5 per cent.

The non-IT TFP contribution is more diffi-

cult to project, so we present a range of alternative

estimates that are consistent with the historical

record. Our base-case projection uses the average

contribution from the 1990s and assumes a con-

tribution 0.11 percentage points. This assumes

that the myriad factors that drove TFP growth in

the 1990s — technical progress, resource realloca-

tions, and increased competitive pressures — will

continue into the future. Our optimistic case

assumes that the contribution for 1995-2000 of

0.17 percentage points per year will continue,

while our pessimistic case assumes that the U.S.

economy will revert back to the slow-growth peri-

od from 1973-1995 when this contribution aver-

aged only 0.06 per cent per year.

The final step in our projections is to estimate

the growth in capital quality ( ). The one-

sector neo-classical growth model has capital stock

and output growing at the same rate in balanced

growth equilibrium. We distinguish between IT

and non-IT capital and the historical record shows

that substitution between these two types of capital

is an important source of output and productivity

growth. For the period 1959-2001 as a whole, cap-

ital quality growth contributed 0.41 percentage

points to output growth as firms substituted toward

IT capital inputs with higher marginal products.

An important difficulty in projecting capital

quality growth from recent data, however, is that

investment patterns in the 1990s may partially

reflect an unsustainable investment boom in

response to temporary factors like Y2K invest-

ment and the NASDAQ stock market bubble,

which may have skewed investment toward IT

assets. Capital quality for 1995-2000 grew at 2.30

per cent per year as firms invested heavily in IT,

but there has been a sizable slowdown in IT

investment in the second half of 2000 and 2001.

Therefore, we must be cautious about relying too

heavily on the most recent investment experience.

Our base-case projection uses the average rate

of capital quality growth for 1990-2000, which

was 1.63 percentage points; this averages the high

rates of substitution of IT for non-IT capital

inputs in the late 1990s with the more moderate

KQln∆
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rates of the early 1990s. Our optimistic projec-

tion ignores the possibility that capital substitu-

tion was unsustainably high in the late 1990s and

assumes that capital quality growth will continue

at the annual rate of 2.30 per cent for the period

1995-2000. Our pessimistic scenario assumes that

the growth of capital quality will revert to the

0.88 annual growth rate for 1973-1995.

Output and Productivity Projections 
for the United States

Table 3 assembles the components of our pro-

jections and presents the three scenarios for the

2001-2011 period. The top panel of Table 3

shows the projected growth of output, labour

productivity, and the effective capital stock. The

second panel reports the five factors that are held

constant across scenarios — hours growth,

labour quality growth, the capital share, the IT

output share, and the reproducible capital stock

share. The bottom panel includes the three com-

ponents that vary across scenarios — TFP

growth in IT, the TFP contribution from other

sources, and capital quality growth.

Our base-case scenario puts trend labour pro-

ductivity growth at 1.78 per cent per year, and

trend output growth at 2.78 per cent per year.

Chart 5 presents our projection of labour produc-

tivity growth and its decomposition, while Chart

6 gives the corresponding projection of output

growth. Projected productivity growth falls short

of our estimate of 2.07 per cent for 1995-2000 and

even the 2.02 per cent for 1995-2001. Output

growth is considerably slower due to the project-

ed slowdown in hours growth. Hours grew at 1.99

per cent per year for 1995-2000 and 1.53 per cent

per year for 1995-2001, compared to our projec-

tion of 1.0 per cent for the next decade. Capital

stock growth is projected to fall in the base-case to

2.32 per cent per year.

Our base-case scenario incorporates the under-

lying pace of technical progress in semiconductors

embedded in the International Technology Roadmap

projection and puts the contribution of IT-related

TFP below that of 1995-2000 as the semiconduc-

tor industry eventually returns to a three-year
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Table 3
Output and Labour Productivity Projections, 
United States, Total Economy, 2001-2011

Projections
Pessimistic Base-case Optimistic

Projections
Output Growth 2.14 2.78 3.38
ALP Growth 1.14 1.78 2.38
Effective Capital Stock 1.79 2.32 2.83

Common Assumptions
Hours Growth 1.00 1.00 1.00
Labour Quality Growth 0.157 0.157 0.157
Capital Share 0.409 0.409 0.409
IT Output Share 0.045 0.045 0.045
Reproducible Capital Stock Share 0.837 0.837 0.837

Alternative Assumptions
TFP Growth in IT 6.93 8.33 9.31

Implied IT-related TFP Contribution 0.31 0.37 0.43
Other TFP Contribution 0.06 0.11 0.17
Capital Quality Growth 0.88 1.63 2.30
Implied Capital Deepening Contribution 0.68 1.21 1.69

Notes: In all projections, hours growth and labour quality growth are from internal pro-

jections, capital share and reproducible capital stock shares are 1959-2000 averages,

and IT output shares are for 1995-2000. Pessimistic case uses 1973-1995 average

growth of capital quality, IT-related TFP growth, and non-IT TFP contribution. Base

case uses 1990-2000 averages and optimistic cases uses 1995-2000 averages.

Chart 5
Range of Labour Productivity Projections, United States,
2001-2011

Annual Contribution (%)
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product cycle. Slower growth is partly offset by the

larger IT output share. Other TFP growth also

makes a smaller contribution. Although the slower

pace of capital input growth is partly offset by

slower hours growth, capital deepening is insuffi-

cient to raise the projected growth rate to the

observed growth rate for 1995-2001.

Our optimistic scenario projects labour produc-

tivity growth at 2.30 per cent per year, reflecting

our assumption of continuing rapid technical

progress in IT production. In particular, the two-

year product cycle in semiconductors is assumed to

persist for the intermediate future, driving rapid

TFP growth in IT production, as well as continued

substitution toward IT capital input and rapid

growth in capital quality. In addition, non-IT TFP

growth continues at the pace for 1995-2000.

Finally, the pessimistic projection of 1.14 per

cent per year growth in labour productivity

assumes that underlying trends in TFP growth and

growth in capital quality revert back to the sluggish

growth rates of the 1973-1995 period and that the

three-year product cycle for semiconductors begins

immediately. Even with the larger share of IT,

labour productivity growth in this scenario will fall

short of the rates seen in the 1970s and 1980s. 

Output and Productivity Projections 
for Canada.

Table 4 assembles the components of our pro-

jections and presents three scenarios for Canada

for the 2001-2011 period. During the past two

decades the growth experience of the United

States and Canada has been similar in many

respects. The rate of growth in Canada during

the 1980s was similar to that in the United

States, but with lower productivity growth.

However, this gave way to a more substantial

slowdown than in the United States during the

early 1990s, followed by a revival during the

period 1995-2000. Our base case scenario is that

the growth of the period 1990-2000 will contin-

ue, while the optimistic scenario is based on con-

tinuation of the relatively rapid growth of the

period 1995-2000. Our pessimistic scenario is

based on a continuation of the growth of the

period 1981-1995. 

The top panel of Table 4 shows the projected

growth of output, labour productivity, and the

effective capital stock for Canada. The second

panel reports hours growth, labour quality

growth, the capital share, the IT output share,

and the reproducible capital stock share — fac-

tors that are held constant across the three sce-

narios.10 The bottom panel includes TFP growth

in IT, the TFP contribution from other sources,

and capital quality growth — components that

vary across the three scenarios. 

Our base-case scenario puts trend labour pro-

ductivity growth at 1.15 per cent per year, and

trend output growth at 2.28 per cent per year.

Chart 7 presents our projection of labour produc-

tivity growth and its decomposition, while Chart

8 gives the corresponding projection of output

growth. The base case projection of productivity

growth of 1.15 per cent per year falls short of our

estimate of 1.59 per cent for 1995-2000. Output

growth is also slowed by the projected slowdown

in hours growth. Hours grew at 2.04 per cent per
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Range of Output Projections, United States, 2001-2011
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year for 1995-2000, compared to our projection

of 1.14 per cent for the next decade. 

Our optimistic scenario projects labour pro-

ductivity growth at 1.63 per cent per year, reflect-

ing the assumption of continuing rapid growth in

total factor productivity. Finally, the pessimistic

projection of 0.45 per cent per year growth in

labour productivity assumes that underlying trends

in TFP growth and growth in capital quality revert

back to the sluggish growth rates of the 1981-1995

period. The range between optimistic and pes-

simistic projections is almost identical to that in

the United States. Even with the larger share of

IT, labour productivity growth in this scenario will

fall well short of the rates seen in the 1980s. 

Conclusions

Our primary conclusion is that a consensus

has emerged about trend rates of growth for out-

put and labour productivity for the United

States. Our methodology assumes that trend

growth rates in output and reproducible capital

are the same, and that hours growth is con-

strained by the growth of the labour force along

a balanced growth path. While productivity is

projected below the pace seen in late 1990s, we

conclude the U.S. productivity revival is likely to

remain intact for the medium-term. Projections

for Canada are similar but somewhat less opti-

mistic, reflecting lower rates of productivity

growth projected for the future. 

Our second conclusion is that trend growth

rates for both the United States and Canada are

subject to considerable uncertainty. For the U.S.

economy this can be identified with the future

product cycle for semiconductors and its impact

on the production of other high-tech gear. The

switch from a three-year to a two-year product

cycle in 1995 produced a dramatic increase in the

rate of decline of IT prices. This is reflected in the

investment boom of 1995-2000 and the massive

substitution of IT capital for other types of capital

that took place in response to price changes. The
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Table 4
Output and Labour Productivity Projections, Canada,
2001-2011

Projections
Pessimistic Base-case Optimistic

Projections
Output Growth 1.58 2.28 2.76
ALP Growth 0.45 1.15 1.63
Effective Capital Stock 1.22 1.77 2.14

Common Assumptions
Hours Growth 1.14 1.14 1.14
Labour Quality Growth 0.689 0.689 0.689
Capital Share 0.445 0.445 0.445
IT Output Share 0.022 0.022 0.022
Reproducible Capital Stock Share 0.774 0.774 0.774

Alternative Assumptions
TFP Growth in IT 10.17 9.44 9.36
Implied IT-related TFP Contribution 0.22 0.21 0.21
Other TFP Contribution -0.51 0.11 0.45
Capital Quality Growth 0.70 0.37 0.31
Implied Capital Deepening Contribution 0.35 0.45 0.58

Notes: Hours growth is estimated to grow at the same rate as the labour force growth rate

supplied by Frank Denton. Labour quality growth is assumed to grow at the 1995-2000

rate. Capital and reproducible stock shares are 1981-2000 averages and IT output shares

are for 1995-2000. IT output shares exclude net exports. Pessimistic case uses 1981-

1995 average growth of capital quality, IT-related TFP growth, and non-IT TFP contribu-

tion. Base case uses 1990-2000 averages and optimistic cases uses 1995-2000 averages.

Chart 7
Range of Labour Productivity Projections, Canada,
2001-2011
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issue that must be confronted by policy-makers is

whether this two-year product cycle can continue,

and whether firms will continue to respond to the

dramatic improvements in the performance/price

ratio of IT investment goods.

The lessons for Canada from the American

growth resurgence are, first, that investment in

information technology equipment and software

has increased in relative importance in Canada

and in all the major OECD economies. The con-

tinuing sharp decline in IT prices is an important

source of the increased importance of IT invest-

ment in all countries. However, IT investment

also reflects the overall momentum of the econ-

omy in each country and there is no implication

that Canadian firms have invested too little in

IT-equipment and software.

Second, future trends in economic growth

depend on future labour force growth, as well as

future changes in technology. While trends in

labour force growth are relatively easy to project,

considerable uncertainty will continue to charac-

terize projections of new developments in tech-

nology. The growth of the Canadian labour force

during 1995-2000 was greater than that in the

United States, reflecting increases in labour qual-

ity due to rising levels of educational attainment

in Canada as well as more rapid growth in hours

worked. The growth of hours worked in Canada,

like that in the United States., was not sustainable. 

A complete understanding of the role of infor-

mation technology in Canada requires a full

accounting for recent economic growth like that we

have presented for the United States.  This requires

the successful measurement of quality-adjusted

prices for IT assets and the incorporation of invest-

ment in software into the Canadian national

accounts. The data for Canada that underlie our

projections contain important improvements in

both areas. These data will be reported more fully

by Harchaoui, Khanam, and Tarkani (2003) at the

2003 Annual Meeting of the Canadian Economic

Association in Ottawa this June.

Notes

* This paper was prepared for the Conference on Relative

Canadian-U.S. Productivity and Living Standard Trends, held at

the Canadian Consulate General, New York City, on April 16,

2003. The authors are grateful to Jon Samuels for excellent

research assistance and to Andrew Sharpe for valuable com-

ments on an earlier draft. The BLS and BEA have kindly provid-

ed data and advice for the U.S. Similar information for Canada

has been provided by Industry Canada and Statistics Canada.

The views expressed in this paper are those of the authors only

and do not necessarily reflect those of Industry Canada,

Statistics Canada, the Federal Reserve System, or the Federal

Reserve Bank of New York. Email: djorgenson@harvard.edu.

1 We focus on the period 1995-2000 to avoid the cyclical

effects of the 2001 recession.  We discuss estimates for the

period 1995-2001 later in the paper.  Note also that pro-

ductivity growth for our broad coverage of the U.S. econo-

my is somewhat slower than the nonfarm business sector.

2 Note that our output and capital service flow concepts

include the services of residential structures and consumer

durables, as well as government structures and equipment.

See Jorgenson (2001) for details.

3 Output shares include personal consumption expenditures,

gross private domestic investment, government purchases,

and net exports for each type of IT equipment and software.

Note that the use of the price dual to measure technologi-

cal change assumes competitive markets in IT production.

As pointed out by Aizcorbe (2002), the market for many IT

components, notably semiconductors and software, is not

perfectly competitive and part of the drop in prices may

reflect changes in markups rather than technical progress.

However, Aizcorbe concludes that the decline in markups

accounts for only about one-tenth of the measured decline

in the price of microprocessors in the 1990s.

4 The assumption that output and the capital stock grow at

the same rate is a property of balanced growth equilibrium

in the standard neo-classical growth model.
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5 Reproducible assets exclude land.

6 These unemployment rates are annual averages for the civil-

ian labour force, 16 years and older from BLS.

7 The details of the population model are given in the Bureau

of the Census (2000).

8 See International Technology Roadmap for Semiconductors

(2001), http://public.itrs.net.

9 Note that we explicitly exclude 2001 because the cyclical

declines associated with the 2001 recession obscure the

underlying trends.

10 The details of the population model for Canada are given in

Denton, Feaver, and Spencer (2000). We are indebted to

Professor Frank Denton for providing current projections of

the Canadian labour force for the period 2001-2011.
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