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Abstract

This paper examines computer adoption as a theoretical explanation for changes in the
US labor market in recent decades. When computers become cheap and competitive
compared to labor services, they diffuse more rapidly in the conventional mechanism
of capital-labor substitution. The model accounts for recent structural changes with
this trend of automation: employment shifts away from routine occupations and the
labor share of income declines. With hiring costs, firms entering a recession “front-load”
the destruction of routine jobs, which accounts for recent cyclical changes of the labor
market: routine job losses are concentrated in recessions and the ensuing recoveries are
jobless. This paper also tests this labor demand mechanism against the labor supply
mechanism of Jaimovich and Siu (2012b): computer adoption predicts job layoffs but

not job quits among the unemployed.
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1 Introduction

Since the 1980s, the US labor market has undergone three structural changes and two cyclical
changes. On structural changes, employment has shifted away from routine occupations since
1990. Routine occupations are middle-skill, repetitive jobs that follow explicit rules and are
easily automated, such as clerks, accountants, and auditors. Nonroutine occupations are
jobs intensive in creativity and personal interactions at both ends of the skill distribution:
high-skill cognitive jobs, such as managers and engineers, and low-skill manual jobs, such as
janitors and health aides.! Furthermore, the growth rate of labor productivity increased from
1.6% before 1995 to 2.5% after 1995,2 and the labor share of income declined by 7.5% between
1981 and 2007.2 Several authors suggested computers,® whose share of fixed investment
accelerated in the 1980s (see Appendix D), as a plausible explanation for these changes. On
cyclical changes, the secular decline in routine jobs is concentrated in recessions,” and the
ensuing recoveries have been jobless, i.e. employment recovers much slower than output (see

Figure 1).°

This paper provides a theoretical contribution with a simple model of capital-labor substi-
tution that reconciles the five facts—three medium-term changes over the last few decades
and two short-term changes over the business cycle. This paper bridges the gap between
growth and business cycles, between the literature on long-term technology adoption and

the literature on the “cleansing effects” of recessions.”

1See Autor et al. (2006); Goos and Manning (2007), Goldin and Katz (2007), Autor and Dorn (2009)
and Autor (2010).

ZSee Jones (2011).

3See Blanchard et al. (1997), and Rodriguez and Jayadev (2013).

4See Autor et al. (2003); Oliner et al. (2007); Brynjolfsson and Hitt (1994); Basu et al. (2001); Jorgenson
(2001); Karabarbounis and Neiman (2013) and Saint-Paul and Bentolila (2003).

®Jaimovich and Siu (2012b) find that 95% of the secular decline in routine jobs occurs in recessions.

6Figure 1 plots the recovery of employment for a given recovery of output of 5% and takes into account
that recent recoveries have been slower. Not accounting for this different speed of output recovery would
produce recoveries that are even more jobless. See also Gordon (1993); Andolfatto and MacDonald (2004);
and Schreft et al. (2005).

"See Helpman and Trajtenberg (1994); Bresnahan and Trajtenberg (1995); Caballero and Hammour



(%\’2

2

ployment

oll em

1

y in payr

0

Recover

-1

1948 1953 1957 1960 1969 1973 1981 1990 2001 2007
Average of first 7 recoveries: 1.8%. Average of last 3 recoveries: -0.0%.

Figure 1: Payroll employment is slower to recover after the last three recessions, for a given
recovery of output of 5%.

Source: Federal Reserve Economic Database (series PAYEMS and GDPCI, unfiltered). The recovery of

employment is log (L, /L), between the NBER trough T and the time 7' such that output recovers by 5%
(og (Y, /Y:) = 5%), with linear interpolation.

The model starts from the Ramsey growth model and adds three main assumptions: (1)
computer capital substitutes routine labor services more than nonroutine labor services,
(2) the price of computer capital decreases with time, and (3) recruiting labor services is

costly. Shocks to Total Factor Productivity and household preferences give rise to economic

fluctuations.

The paper shows that the first two assumptions of the model are sufficient to match the
medium-term changes in the US economy. Firms producing adjust their input mix and
substitute away from the expensive input of labor and into the cheaper input of capital. The

lower demand for routine labor services shifts employment away from these occupations—an

(1994); Aghion and Saint-Paul (1998).



endogenous routinization of production. Employment reallocates into nonroutine labor
services with higher marginal productivity and this compositional effects rises the growth
rate of labor productivity—an endogenous productivity speedup. Capital-labor substitution
raises payments to capital at the expense of labor—an endogenous fall in the labor share of

income.

The model also clarifies why the price of computers has been falling since 1950 but starts
affecting the labor market in the 1980s. Firms always adjust to the change in the price
of computers, but the adjustment is small when the price is too high: computers were so
expensive in the 1950s that firms produced output using routine labor services. Conversely,
when computers are too cheap, firms have already replaced routine labor services and a
further decrease in the price of computers is irrelevant for capital-labor substitution. The
substitution of technology capital for routine labor services is quantitatively important when

the price of the technology is in a specific range, a phase denoted as “technological upgrading.”

The model also clarifies that the substitutability between computer capital and routine labor
services needs to be high enough in order to match the structural changes. A Cobb-Douglas
production function has equal substitutability between all factors so the routine share of
employment, the growth rate of labor productivity, and the labor share of income are all

constant.

Combined with the third assumption of a hiring cost, the model also matches the cyclical
changes of the US economy. Firms know that they will dismiss routine labor services in
the medium-term during the technological upgrading phase. As computers complement
nonroutine labor services, firms also know that they will recruit more nonroutine labor
services. In a recession, forward-looking firms consider how to adjust the two types of labor
services. If firms dismiss nonroutine labor services, they will need to hire them back and pay

a hiring cost. So firms avoid destroying nonroutine labor services and hoard them during the



recession. In contrast, dismissing routine labor services does not entail future hiring costs
since their medium-term trend is declining. The burden of adjustment falls on routine labor

services, whose secular decline becomes concentrated in recessions.

Finally, the model can also account for jobless recoveries. As firms avoid dismissing nonrou-
tine labor services during recessions, they also refrain from recruiting them back temporarily,
i.e. they “dishoard” nonroutine labor services during the recovery. Firms also refrain from
recruiting routine labor services because of their secular decline. Employment is stagnant
even as output recovers, leading to a jobless recovery. In contrast, expensive computers
earlier in time imply that routine labor services have a constant trend and that employment

recovers to the pre-crisis level, leading to a “jobful” recovery.

A calibration of the model to fit the path of US GDP matches both the structural and the
cyclical changes of the US labor market: the model matches the drop in the labor share of
income in the data of 7.5% since 1981, the differential behavior of employment in routine
and nonroutine labor services during recessions, and the average recovery of employment of

0% in the last three recoveries in the US (for a given recovery of output of 5%).

The paper also tests the labor demand mechanism in this paper against the alternative labor
supply mechanism of Jaimovich and Siu (2012b) where workers use the recession as an oppor-
tunity to quit their jobs and invest in education (more details in the literature review below).
It uses the identification strategy of Andersen et al. (2012) with lightning flash density as
an instrument for computer adoption: lightning strikes cause power surges, damage micro-
computer chips, and predict computer adoption and labor productivity across US states after
1995. This paper tests whether unemployed workers in states that adopt computers were
laid off (a labor demand mechanism) or quit their job (labor supply mechanism). Lightning
strikes are a statistically and economically significant predictor of layoffs but not of quits

among the unemployed. Moving from the 90% to the 10% percentile of lightning flashes



raises the probability of having been laid off by 9 percentage points and suggests that the
labor demand mechanism in this paper is more empirically plausible than Jaimovich and

Siu.

Related literature. This paper relates to three strands of the literature: short-term
adjustments of the labor market, the recent routinization and polarization of the labor

market, and General Purpose Technologies.

On the short-term adjustments of the labor market, the closest paper is Jaimovich and
Siu (2012b), who also use a distinction between routine and nonroutine jobs to explain the
concentration of routine job losses in recessions and jobless recoveries. They assume that
the productivity of nonroutine jobs increases exogenously faster than the productivity of
routine jobs, so workers in routine jobs have an incentive to reallocate into nonroutine jobs.
Because of a period of retraining from routine to nonroutine occupations, workers prefer to
reallocate when the opportunity cost is low, i.e. during recessions if wages are procyclical.
Compared to the labor supply mechanism of Jaimovich and Siu, the model in this paper
uses a labor demand mechanism with hiring costs for firms, which Section 5 finds to be more
empirically plausible. A second explanation for recent cyclical changes of the labor market
is Berger (2012), who argues that the recent decrease in unionization allows firms to fire
unproductive workers more easily during the last three recessions. Berger also matches the
emergence of longer jobless recoveries after the 1980s by distinguishing between two types of
workers. A contribution of this paper is the emergence of jobless recoveries with a continuous
mechanism (the progressive decline in the price of computers) rather than a structural break
(the discrete switch from strong to weak unions). Another contribution concerns the short-
term predictions for other technologies and other time periods: the term “jobless recoveries”
was invented by the New York Times in 1938 to describe the weak recovery from the Great

Depression. Given that electricity was another General Purpose Technology adopted earlier



in the century (David, 1990 and Field, 2011), this paper suggests that jobless recoveries are

a recurrent issue in economic history, linked to the decrease in the cost of a new technology.

The second strand of the literature concerns the structural implications of the routinization
and polarization of the labor market—i.e., when routine, middle-skill jobs lose importance
in the employment structure and nonroutine jobs at either end of the skill distribution gain
employment share. Autor et al. (2008) documented the increase in upper-tail inequality since
the 1990s and related it to a model of job polarization where computers complement high-
education tasks and substitute middle-education tasks. Goos et al. (2014) explain the trend
of polarization over 1993-2010 with routine-biased technical change and offshoring. Barany
and Siegel (2014) relate the trend of polarization to the shift away from manufacturing and
into services. Relative to this literature, the contribution of this paper is two-fold: it explains
why the price of computers has been falling since 1950 but its effects on the labor market are
more pronounced since the 1980s; and it examines a single model that reconciles not only

these structural changes but also the cyclical ones.

Third, the literature on General Purpose Technologies defined them with three characteris-
tics: pervasive use in industry, decreasing cost for a given quality, and capacity to foster other
innovations (Jovanovic and Rousseau, 2005, page 1185). If the General Purpose Technology
is more substitutable to unskilled labor than to skilled labor, its adoption would increase
the skill premium (Jovanovic and Rousseau, 2005, page 1205). This paper departs from the
literature by studying the effects of the General Purpose Technology on the labor share of

income rather than on inequality.



2 A model of growth and business cycles

This section introduces a model to study the labor market consequences of computer adop-
tion. The model uses computers for clarity but it can also apply to other General Purpose
Technologies, such as electricity in the first half of the 20th century. Time is indexed as

t=1,2,.... All agents have perfect foresight.

2.1 The household

A representative household consumes output, supplies labor, invests in capital, and rents the

capital stock. It maximizes utility from consumption, net of disutility from labor supply:

° 14¢
max Zﬁtlog (Ct_thj—aLtE ) : (2.1)

t=0

where 6 is the discount factor, C; is consumption, X; is a labor supply shifter, ¢ is the
Frisch elasticity of labor supply, and L, is labor supply. The household has preferences as in
Greenwood et al. (1988) with no income effects on labor supply.® The labor supply shifter
X, has trend growth and serves only to ensure a balanced growth path with a constant trend

of employment.

Capital is either computer capital K¢, or non-computer capital Kyc. The household

accumulates capital with a perpetual inventory formula for each type of capital:

Keppn =1 —0¢) Koy + 1oy, (2.2)

Kncpr = (1= dne) Kncy + Incg (2.3)

8See Jaimovich and Rebelo (2009) and Schmitt-Grohe and Uribe (2012) who find small income effects
on labor supply in the short-term.



The household has access to a technology that transforms output into investment: one unit of
output becomes one unit of non-computer investment /y¢,; and one unit of output becomes

bt

e’ units of computer investment Ic;. Alternatively, the cost of non-computer investment is

1 and the cost of computer investment is e .

Considering consumption as the numeraire, the household has a budget constraint that

balances consumption and investment with labor income and capital income:

Cy+ Incy +exp (—=b) Ioy = wi Ly + rvci Koy + oK ey + profits,, (2.4)

where w, is the wage, r;; are the rental rates of capital (J = I, N), and profits, are the

firm’s profits in period ¢, which the household takes as given.

The first crucial assumption is the medium-term increase in the productivity b,:

Assumption 1. The logarithm b; of the productivity of the computer-producing technology

increases exogenously with time: by /* in t.

Alternatively, the cost of computers e~ decreases with time. Scholars disagree on the exact
rate of decrease in the cost of computers,” but agree that it was high—between 8% and 27%
per year.!% Figure 2, from the Bureau of Economic Analysis (BEA), illustrates this rapid
decrease: between 1960 and 2010, the cost of computers declined at a rate of 18% per year.
Computers are the only item in the BEA list whose price decreased—the overall price of
equipment increased 1.3% per year. These differential price trends support the distinction

between computer and non-computer capital.

9See Nordhaus (2007, Table 10, page 153) for a compilation of studies and methods.
10See Sichel (1997, page 122), Nordhaus (2007, page 142), and Berndt and Rappaport (2001, page 271).
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Figure 2: The cost of computers has an exponential decrease since 1960.
Source: Bureau of Economic Analysis, Price Indexes for Private Fized Investment in Equipment by Type

(Table 5.5.4U), line “Computers and peripheral equipment.”

2.2 Technology

The production function uses four inputs: two types of capital (computer capital Ke
and non-computer capital Ky¢;) and two types of labor (routine labor services Lp; and

nonroutine labor services Lypg;). The production function is:

el

o—1

-1 o—1
Vi=A %C’t L?VR,t MtVa M, = (KC;, + LRL,Tt ) ) (2-5>

where A; is Total Factor Productivity (TFP) and represents fluctuations driven by tech-
nology. The production function has constant returns to scale, with o + § 4+ v = 1. This

production function has Cobb-Douglas aggregation of three factors: non-computer capital

10



K ey, nonroutine labor services Lyg,, and a third factor M;, which is a Constant-Elasticity-

of-Substitution aggregation between computer capital K¢, and routine labor services Lg ;.

Krusell et al. (2000) use this production function to explain the increase in income inequality
with capital-skill complementarity, whereby an increase in capital investment contributes to
increasing the skill premium by increasing the marginal product of skilled labor faster than
that of unskilled labor. Autor and Dorn (2009, page 11) also use this function to explain the
recent disappearance of middle-gkill, routine occupations: as firms invest more in computer
capital, they increase employment of middle-skill routine labor services slower than low-skill

or high-skill nonroutine labor services.

The second crucial assumption is the gross substitutability of computer capital and routine

labor services:

Assumption 2. The elasticity of substitution between computer capital and routine labor

seruvices 1s at least greater than 1: o > 1.

Autor et al. (2003) find that computer investment is correlated with a decrease in routine
labor services and an increase in nonroutine labor services. The case o > 1 captures that dif-
ference: the elasticity of substitution between routine labor services and computers is greater
than the elasticity of substitution between nonroutine labor services and the Constant-
Elasticity-of-Substitution aggregate of computers and routine labor services.!! Intuitively, a
computer can more easily replace automated occupations, such as bank tellers or cashiers,

than nonroutine occupations, such as managers and engineers. The case 0 = 1 represents

the Cobb-Douglas benchmark.

HThis assumption is both a relative statement, with computers being more substitutable to routine labor
services than to nonroutine labor services, and an absolute statement, with the elasticity of substitution
between routine labor services and computers being greater than 1.

11



2.3 The firm

A representative firm demands labor and capital and produces output. It operates under

perfect competition and has profits

profits, = Y; — wi (Lngt + Lrt) — Z T — Z ¢y (Lyir1 — LJ,t>+ , (2.6)
I=NCC J=NR,R

where c;,J = NR, R is the unit cost of recruiting nonroutine or routine labor services and
2t = max (z,0) is the positive operator. Linear adjustment costs to labor are common in
the literature (Bentolila and Saint-Paul, 1994) as opposed to quadratic adjustment costs for
capital (Caballero and Hammour, 1994). The firm reverts profits to the household and uses
the household’s discount factor weighted by marginal utility from consumption to compute

the present discounted value of profits (see Appendix A).

The third crucial assumption bears on the adjustment cost:

Assumption 3. The costs of hiring are non-negative: cyg > 0, and cg > 0.

Hiring costs capture the firm-specific value of a match, such as a training cost paid by the firm
for a new worker. The extensive literature on hiring costs supports this assumption: Blatter
et al. (2012) estimate hiring costs around one quarter of wages using a dataset of Swiss firms,
which Del Boca and Rota (1998) confirm using a survey of Italian firms. Hamermesh (1993)
reports similar values for the United States: in 1980, the average employer spent 42 hours

and two quarters of wages recruiting and training a new hire.'2

12 Assumption 3 implies that hiring costs are larger than firing costs, which is consistent with Hamermesh:
“The [1965] study found separation costs to be much smaller.” For simplicity, the model assumes that firing
costs are zero.

12



2.4 Equilibrium

Labor market clearing requires that labor supply equal labor demand: L; = Lyg; + Lg,.
This condition, in combination with the utility function, implies that labor supply is perfectly
substitutable between routine and nonroutine labor services. This unrealistic assumption
allows the paper to examine the contribution of labor demand alone in explaining changes

of the US labor market, as opposed to the labor supply mechanism of Jaimovich and Siu.!

The clearing of the product market follows from the budget constraint, the definition of the
firm’s profits, and the clearing of the labor market. The clearing of the capital market is

implicit in the use of a single symbol for capital supply and capital demand.

An equilibrium of this economy is a set of quantities (consumption C;, investments I¢
and Iycy, capital stocks K¢, and Kncy, employment quantities L;, Lyr; and Lp;, and
output Y;) and prices (rental rates r¢; and ryc, and wages w;), conditional on exogenous
variables (TFP A;, the productivity b; of the computer-producing technology, and the labor
supply shifter X;), such that the household maximizes utility (2.1) subject to the capital
accumulation constraints (2.2-2.3) and the budget constraint (2.4); the firm maximizes the
present discounted value of profits (2.6) subject to the production function (2.5); and all
markets clear. This model nests the Ramsey growth model, which corresponds to a two-

factor production function (v = 0), no adjustment costs (cyr = cg = 0), and constant labor

supply.

The full characterization of the model is in Appendix A. This appendix proves existence

and uniqueness of the equilibrium and of a balanced growth path. The model is analytically

13With costly reallocation between the two types of labor services, the routine wage is lower than the
nonroutine wage and workers providing routine labor services remain competitive for a longer period of
time, which would attenuate the medium-term effects of the model, but would strengthen the short-term
effects of the model by a mechanism similar to Jaimovich and Siu, since the wage is the opportunity cost of
reallocation and workers prefer to switch jobs during a recession.

13



intractable and has no closed-form solution. The next section examines a simplified version
of the model to examine the structural changes of the labor market and Section 4 uses the

general version of the model to examine the cyclical changes.

3 Medium-term trends

This section simplifies the model as a first step to understand under which conditions capital-
labor substitution leads to the routinization of production, to a productivity speed-up, and

to a decline in the labor share of income.

Two simplifications render the model analytically tractable. First, hiring costs are zero, with
cyr = cg = 0, so the firm is free to adjust labor. Second, capital accumulates immediately
and depreciates fully after one period: Knyc: = Inc: and Koy = Icy. The firm has no
frictions and makes zero profits in all periods. Then the budget constraint of the household
becomes C; = w,L;.** The household cannot smooth consumption and the intertemporal
utility maximization is equivalent to a set of independent maximization programs, one for

every period.

3.1 Endogenous structural changes

This subsection describes how Assumptions 1 and 2, with the restriction ¢ > 1 and the
above simplifications, match the three structural changes of the labor market, but the Cobb-
Douglas case with o = 1 cannot. In addition, this subsection excludes TFP shocks (4; = A).
The time-varying exogenous variables are the labor supply shifter X; and the productivity

b; of the computer-producing technology.

1This equation follows the budget constraint, from the assumption that capital equals investment, and
the equilibrium in the capital markets, where the household sells capital to the firm at marginal cost with
ryce = 1 and roy = exp (—by).

14



Full depreciation of capital pins down the rental rates of capital as the prices of investment.
The missing price in the economy is the wage, which follows from the factor price frontier in

the next lemma. (Appendix C details all proofs in this subsection.)

Lemma 4. For o > 1, the wage is the unique solution to the factor price frontier:

~

SEEEE) .
A\« 5 v

The left-hand side of the factor price frontier is the marginal benefit of selling one more unit of
output, whose price is normalized to 1. The right-hand side is the marginal cost: the inverse
of Total Factor Productivity multiplied by the marginal price of each Cobb-Douglas factor
divided by its share and raised to that share. The marginal price of non-computer investment
is 1, the marginal price of nonroutine labor services is the wage w;, and the marginal price
of the third factor is a Constant-Elasticity-of-Substitution relationship between the rental

rate of computer capital and the wage.

The aggregation between the rental rate of computers and the wage is the key to the model’s
ability to match the structural changes. Consider the two limiting scenarios of expensive and
cheap computers. When computers are expensive, the term ré}" vanishes from the equation
and the factor price frontier is close to that of a labor-intensive production function with
three Cobb-Douglas factors of non-computer capital, nonroutine labor services, and routine
labor services:

: _ « B v
lim Y, = A, NC’tLNRtLRt.
btﬁfoo ’ ’

When computers are cheap, the term rlcj" gains importance, the term w; ° vanishes from

15



the equation, and the factor price frontier is close to that of a capital-intensive production
function with three Cobb-Douglas factors of in non-computer capital, nonroutine labor
services, and computer capital:

; _ @ B Y
lim Yy = A Ko, Lyp i Ké
bt—>oo ’

it

The transition between these two limiting production functions is a phase of “technological
upgrading” that matches the structural changes of the US labor market. Employment shifts
away from routine labor services, which have a share of + in the labor-intensive production
function and a share of 0 in the capital-intensive production function. Computers do not
contribute to output and labor productivity in the labor-intensive production function but
they do contribute in the capital-intensive production function, so labor productivity speeds
up. The labor share of income decreases from 5+ in the labor-intensive production function

to S in the capital-intensive production function.

The rest of this section shows these intuitive results analytically. The next proposition shows

that a decrease in the cost of computers causes a decrease in the routine share of employment.

Proposition 5. For o > 1, the routine share of employment decreases:

L L
m ZB_— T gy 2R

bt——o00 Lt /B—F’}/ bt—o0 Lt

Moreover, the productivity by, of the computer-producing sector impacts the logarithm of the

routine share of employment, s, =log (Lr+/L:), with increasing importance:

. Osp . Osp Y
W g, =0 &E%oa—bt—“—ff)(”g-
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The next proposition shows that progress in the computer-producing technology causes a

productivity speedup in the wider economy.

Proposition 6. For o > 1, b, impacts labor productivity m, = logY;/L, with increasing
importance:
0 0
lim St=0,  lim —t=21

bi——o0 abt bi—o0 a_bt - /8

The next proposition shows that a decrease in the price of computers causes a decrease in

the labor share of income.

Proposition 7. For o > 1, the labor share of income decreases from [+ v to B, linked to

the relative price of computer capital:

t t——00 }/; b—00 )/;

-1
L 1=o L L
wit/tzﬂJrV(H(@) > Nint, o lim D =By, lim =,
t w

The next corollary shows that ¢ > 1 is necessary to match the structural changes. In the
benchmark case of o = 1, the routine share of employment, productivity growth, and the

labor share of income are all constant due to the Cobb-Douglas structure.

Corollary 8. If 0 — 1, the effect of computers on labor productivity, the labor share of

income, and the routine share of employment are independent of computer productivity:

s
o,

6277',5

:a—bt2

o—1

_ 8 log (tht/)/:‘,)
oby

o—1 o—1

= 0.
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3.2 Illustration

To illustrate the mechanism numerically, this subsection calibrates the simplified model with
full capital depreciation and no hiring costs. It specifies the two crucial parameters (the path
of b, and the elasticity of substitution ¢), with the remaining parameters calibrated in the
full model in Section 4. The cost of computers decreases at rate ¢ = 18% per year (from
the Bureau of Economic Analysis). The value of o relates to a substantial literature on the
estimation of the elasticity of substitution between aggregate capital and aggregate labor.
Using cross-country variation in the price of investment, Karabarbounis and Neiman (2013)
estimate the elasticity of substitution at 1.25. Accounting for technological change that may
be biased toward some factors, Antras (2004) estimates elasticities of substitution that are
not statistically different from 1. Krusell et al. (2000) disaggregate capital and labor and
estimate the elasticity of substitution between unskilled labor and equipment at 1.67 from
time-series US data. Since the form of their production function is closest to this paper and

their estimation is from contemporary US data, this paper uses ¢ = 1.67.1

Figure 3 shows the behavior of the economy in the medium-term with fictional dates. Total
Factor Productivity is constant, with A; = A. The labor supply shifter X; grows and exactly
offsets the increase in the wage so the economy has constant employment (as in the balanced

growth path of Appendix B).

This example illustrates the labor-intensive phase that lasts roughly until the 1980s: com-
puters are too expensive, the firm relies on routine labor services, the share of computer

capital in total capital is near zero. The routine share of employment, the growth rate of

15 Further support for this value comes from the calibration of the general case of the model: Figure 11
in the Appendix shows that the model predicts a decline in the labor share of income that is similar to that

in the data.

18



labor productivity, and the labor share of income are all roughly constant.

This example also illustrates the technological upgrading phase that starts in the 1980s. The
firm starts replacing routine labor services with cheaper computers, employment reallocates
into nonroutine labor services Lygr with higher marginal productivity, and payments to

capital increase at the expense of routine labor.

This transition also explains why the price of computers has been falling since 1950 but
starts affecting the labor market three decades later in the 1980s. Firms’ adjustment to
the changes in the price of computers is quantitatively small in the labor-intensive phase
and becomes quantitatively important in the technological upgrading phase. Note that this

transition is continuous and has no threshold effects.
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Figure 3: The special case of the model matches the medium-term changes: a linear increase
in the productivity of the computer-producing sector causes a decline in the routine share of
employment, a speedup in labor productivity, and a fall in the labor share of income.

This illustration concludes the simplified model and the implications of Assumptions 1 and
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2 for the structural changes of the labor market. The next section examines the general
version of the model and its short-term implications, given that the literature on the “cleaning
effects of recessions” suggests that downturns are special times for restructuring production

(Caballero and Hammour, 1994 and Aghion and Saint-Paul, 1998).

4 Short-term predictions

This section considers the general version of the model, with positive hiring costs and accumu-
lation of capital. Compared to the special case of the model above, the main difference is the
firm’s choice of the optimal time to dismiss labor services. Firms know that nonroutine labor
services are expanding in the medium-term. Instead of dismissing nonroutine labor services
during recessions and paying a hiring cost in the recovery, firms hoard or retain nonroutine
labor services during the recession. In contrast, routine labor services are declining and
do not imply hiring costs in the recovery. The burden of adjustment falls on routine labor
services. The interaction between short-term hiring costs—a cyclical characteristic—and the
secular decline in the price of computers—a structural characteristic—implies that routine
job losses are concentrated in recessions during the technological upgrading phase.'® This
interaction explains why, if the price of computers has been falling since 1950, it is only in
recent decades that we see its effects on the cyclical behavior of the labor market with the

acceleration of the decline in routine jobs in recessions and jobless recoveries.

4.1 Calibration

The calibration of the model uses the same values for the elasticity o and the rate of decrease

16Nevertheless, investment in computer equipment is procyclical, as it is in the data (see Appendix D for
details).
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¢ as Section 3.2. The hiring costs are between zero and one quarter of wages initial wages
wiga7.!” The share of non-computer capital is o = 0.3, the standard share of capital in
aggregate income. The nonroutine share 8 = 0.39 of aggregate output is from the Current
Population Survey in 2007, identifying workers as nonroutine if they are below the median
of an index of routinization defined in subsection 4.3.!®* The quarterly discount factor is
0 = 0.99. The elasticity of labor supply is € = 1, consistent with Keane (2011, page 1042).
The depreciation of non-computer capital is dyc = 1.5% and the depreciation of computer
capital is 6¢ = 7.5% (6% and 30% in annual terms).!® Henceforth, the model considers only
TFP shocks. The labor supply shifter has no cyclicality and grows at a rate that ensures a

constant trend in employment.

Parameter | « 15} ~y o CNR,CR 0 || d¢c onc
Value 0.310.39|031]1.67|0,0.1, or 0.80.99 | 1] 7.5% | 1.5%

Table 1: Parameter values for the calibration of the model.

4.2 Acceleration of routinization in simulations

Since the model is analytically intractable, this subsection uses numerical simulations to
illustrate the following property: even with symmetric hiring costs, with cyg = cgr = ¢,

routine labor services are more responsive to a recession than nonroutine labor services.

17This value is consistent with previous literature: the adjustment costs in Berger (2012, page 23) are 7
months of wages. In the calibration with US GDP, spending on hiring costs is at most 0.2% of GDP.

18] compute B = 0.392 in two steps: I use the Current Population Survey to estimate the share of routine
labor income among all labor income of 56 percent in 2007, which I then multiply by the share of labor
income in value added of 70 percent.

19Gee Karabarbounis and Neiman (2014) for the implications of the fall in the price of equipment on
depreciation and the labor share of income.
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Each simulation is denoted i € {1..300} and has a path for TFP A that follows the standard
AR(1) process in Kydland and Prescott (1982): log A% = 0.95log A¢_; + 0.009 x N (0,1).
These simulations use a path for TFP with no trend growth. (Note that this calibration of
TFP shocks concerns only these simulations, while the fit of US data in the next subsection
computes the implied TFP shocks directly from the data.) The simulations solve two
models, without and with adjustment costs (¢ = 0 or ¢ = 0.1), whose solutions are denoted
{LNges> Lo} The elasticity of employment with respect to negative TFP shocks is the
coefficient of a regression of AlogL;., on AlogA;, for AlogA, < 0, J = NR,R, and
c=0,0.1.

The simulations confirm that the burden of adjustment of a TFP shock falls on routine
labor services more than on nonroutine labor services. The elasticity of employment with
respect to TFP shocks in the technological upgrading phase is similar without adjustment
costs: 0.71 for routine labor services and 0.72 for nonroutine labor services. With symmetric
adjustment costs, the elasticity decreases for both types of services, but is much higher for

routine labor services at 0.31 compared to 0.05 for nonroutine labor services, or six times

higher 202!

4.3 Acceleration of routinization in a fit to US GDP

An alternative to the numerical simulations is to fit the model with US GDP. The adjustment

costs are now cyr = 0.8, which correspond to one quarter of wages at the beginning of the

29Conversely, for positive technology shocks, it is nonroutine labor services that are more responsive at
an elasticity of 0.25 compared to 0.05 for routine labor services.
21 Subsection 4.4 uses positive hiring costs for the whole period of 1947-2010 and clarifies that recent

recessions are followed by jobless recoveries because the economy enters the technological upgrading phase

with cheaper computers, not because hiring costs are higher.
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period, and cg = 0. The simplifying assumption of zero routine hiring costs implies that no

cyclical force holds back the hiring of routine occupations in the recovery.??

The growth in the labor supply shifter X; requires delicate attention. Recent recoveries are
not only jobless but also slow (Gali et al., 2012): output recovers faster after early recessions
than recent ones. For a given recovery in output, recent recoveries last longer. A constant
growth in the disutility of labor supply would imply that the household is less willing to work
in recent recoveries than in earlier ones, which would bias in favor of jobless recoveries. To
remove this labor supply mechanism and decrease the chances of matching jobless recoveries,
the calibration specifies a growth rate for X; of 3.8% before 1985, larger than the growth

rate of 1.71% after 1985. Employment has no trend over the whole period.

The numerical solution computes the shocks to TFP A; that match US GDP exactly.
Specifically, the characterization of the equilibrium in Appendix A gives n equations with
n+1 unknowns for each time period, the extra unknown being the TFP shock. The numerical
solution pins down the model by using output as an additional series, which obtains n
equations in n unknowns. This approach matches output by construction and computes the
TFP shocks that are exactly consistent with output. It also avoids computing a nested fixed

point and allows an efficient calibration that solves in a few seconds.?

This calibration is similar to the growth accounting exercise of imputing the “Solow residuals”
as unobserved TFP shocks: the model and the regression fit the path of output perfectly by
computing the implied TFP shocks. This calibration is not a test of the model, since the
path of output is taken from the data, but illustrates the mechanism of nonroutine hoarding

during recent recessions in perfect foresight. Berger (2012) uses a similar approach and

227ero routine hiring costs also imply that aggregate employment responds to a recession, whereas routine
hiring costs with one quarter of wages would prevent dismissing routine labor services during early recessions
and imply a-cyclical employment. These values are also consistent with Hamermesh, who reports “an average
hiring cost for all occupations of $910, but an average for managerial and professional workers of $4,660.”
23See Conlon (2010) for using the AMPL software to solve constrained-optimization problems.
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computes the path of aggregate-level TFP shocks that are exactly consistent with output

during the 2007 recession.

The key mechanism in the model is the differential behavior of routine and nonroutine labor
services in recessions. Figure 4 illustrates this difference in the calibration of the model over
the last four decades. The firm hoards nonroutine occupations during recessions, rather
than firing them in a recession and hiring them again in a recovery. In recent decades, a
recession accelerates the secular decrease in routine labor services, which do not recover back

to peak.?*

To take this prediction to the data, I use the Current Population Survey matched to the
Occupational Information Network. For a measure of routinization, Autor et al. (2003)
classify routine jobs as high in automation, low in personal interactions, and low in creativity.

An index of routinization combines these three measures:

routinization; = automation; — assisting others; — level of creativity,

where j indexes occupations. I aggregate employment into employment quartiles by rou-

5

tinization index for each peak year, divide employment by working-age population,? and

normalize the employment share quartiles at 100 in the peak year.

Figure 5 is the empirical counterpart of Figure 4 and plots the time-series of each quartile
by decade.?® The least routinizable occupations, in the first quartile, represent nonroutine

and expanding jobs: they have the largest medium-term increase in all decades and never

24Figure 4 does not plot the recovery to facilitate comparison with Figure 5, which has breaks in the
Standard Occupational Classification in 1982, 1992, and 2003. Figure 6 details the behavior of total
employment in the recovery taking the differential speed of recovery into account.

25T use the series USAWFPNA from the Federal Reserve Economic Database.

26The occupational classification of the CPS changed every decade. The 2003-2010 panel uses the 6-digit
Standard Occupation Classification of 2000 (SOC2000). The remaining panels use the OCC1990 variable
provided by IPUMS.
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decrease during recessions. Occupations that are neither routine nor nonroutine, in the
second quartile, represent cyclical jobs: they increase during expansions and decrease during
recessions. The most routinizable occupations, in the third and fourth quartiles, represent
declining jobs, intensive in automation and with little scope for personal interactions or
creativity. Employment in these occupations follows a step function: flat or declining in
the 1990 and 2000 expansions and decreasing during recessions. Between 2007 and 2010,
employment in upper quartiles of routinization decreased by 5.8 million jobs, around 80% of

job losses over the period, a figure that is similar for the 1990 and 2001 recessions.

4.4 Jobless recoveries

The calibration of the model to fit US GDP also matches jobless recoveries. The intuition
for the mechanism comes from Figure 4: because the firm hoards nonroutine labor services
during a recession, it “dishoards” them during the recovery. That is, the firm refrains from
recruiting nonroutine labor services until the labor demand that would prevail without hiring
costs (which is the dotted line or the lower end of the inaction band in Figure 4) increases
and meets the current stock of nonroutine labor services. Routine labor services adjust
freely: they return to peak in early recoveries and to the declining trend in late recoveries.
The trajectory of routine labor services is V-shaped in early recessions and L-shaped in late
recessions. The implication is that after early recessions, the firm dishoards nonroutine labor
services and recruits routine labor services back to peak, leading to a “jobful” recovery. After
late recessions, the firm also dishoards nonroutine labor services but routine labor services
return to their declining trend, so aggregate employment is stagnant even as output recovers,

leading to a “jobless” recovery.
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Figure 6 shows the recovery of employment in two numerical exercises. The first exercise
solves a model where computers remain expensive and the productivity b; of the computer-
producing sector is constant at the 1947 level. The second exercise solves a model where
the price of computers falls at rate ¢ = 18%. When computers remain expensive, the
average recovery of employment is the same for all recessions and around 0.7%. When
computers become cheaper, the recovery of employment drops from an average of 0.71% for
early recessions (1948 to 1981) to an average of -0.04% for late recessions (1990 to 2007).
The model explains jobless recoveries in the sense that cheaper computers predict a weaker
recovery of employment after the last three recessions while expensive computers predict a

similar recovery for employment across all recessions.

The model over-predicts the joblessness of the recovery after the 2007 recession compared
to the data in Figure 1. One possible explanation is credit market disruptions caused firms
to lay off more workers (Chodorow-Reich, 2014). With the end of the financial crisis, firms
may have used their credit access to hire back laid off workers, a mechanism that is absent
from the model. Another possible explanation is that the model pools together nonroutine
labor services at the top and bottom of the skill distribution and both types of labor services
are hoarded during the recession. In reality, nonroutine labor services at the bottom of the
distribution may be fired during the recession and hired back in the recovery, causing the

model to understate the recovery of employment.

5 Testing the model: labor demand versus labor supply

This section tests the labor demand mechanism in this paper against the labor supply
mechanism of Jaimovich and Siu (2012b). It uses the identification strategy in Andersen et al.

(2012): a state’s density of lightning flashes causes power surges in the electricity network,
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Figure 6: The model with a falling price of computers predicts weaker recoveries of

employment after recent recessions compared to the model where the price of computers is
constant at its initial level.

Details: recovery of employment for a given recovery of output of 5%, as in Figure 1.

damages chips in micro-computers, and predicts computer adoption and productivity growth
after 1995 but not before. This section examines the effect of this instrument on the two

main reasons for unemployment—Ilayoffs or quits.

Unemployment data comes from the March supplement of the Current Population Survey
between 1988 and 2014, which asked workers if they were unemployed because they were
“job loser / on layoff,” i.e. a labor demand mechanism, or “job leaver,” i.e. a labor supply
mechanism.?" The probability of unemployment due to layoff or quit in state k and year ¢ is

the frequency count across workers indexed by :

# {i|reason; ; & unemployed, ; , }

P (reasonjunemployedy,) = St T
i,k t

, reason € {layoff, quit} .

2"The four other reasons are “Other job loser”, “Temporary job ended,” “Re-entrant”, and “New entrant.”
I use the person’s sampling weight wt finl to aggregate at the state- and year-level.
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The instrument of lightning flashes is the number of lightning strikes from US weather
stations by state, averaged across the years 1995-2000 and divided by area. Lightning flashes
hinder the adoption of computer technology, so this section uses flash’, = —flash, in the
right-hand side of the regressions so the estimated coefficient has the interpretation of the

causal effect of computer adoption.

The main specification is the following cross-sectional, reduced-form regression:
P (reasonm|unemployedk,7t) = ¢ + Sreasonflash’y + €4, reason € {layoff, quit}  (5.1)

estimated by OLS for the 49 mainland states (including Washington DC), for a given year
and reason for unemployment. The left-hand side conditions on unemployment and controls

for the aggregate state of the economy.

Figure 7 plots the time-varying coefficients Blayoff, . and standard errors from the regression
(5.1) with layoffs as the source of unemployment. The coefficient is always statistically
significant after 1994, implying that a state with lower cost of computer adoption has a higher
frequency of layoffs as the reason for unemployment. The coefficient is also economically
significant: at an average of 0.0028 across years, moving from the 10th percentile of (negative)
lightning density to the 90th percentile raises the probability of layoff by 9 percentage points,

conditional on unemployment.

In contrast, Figure 8 plots the resulting coefficients of regression equation (5.1) for quits as
the reason for unemployment. The coefficient is almost never statistically significant. When
the coefficient is statistically significant, the sign has the unexpected sign: higher computer

adoption costs decreases the probability of quits as the source of unemployment.?®

28 Elsby et al. (2009) document that quit rates are a third to a fourth smaller than layoff rates; accordingly,

the average coefficient is an order of magnitude smaller for quits compared to layoffs.
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These results are robust to alternative specifications, such as running the OLS regression
weighted by the number of unemployed workers in each year-state cell and to including
“Other job loser” in the layoff category. They are qualitatively similar when further condi-
tioning on routine-cognitive occupations.?? It seems intuitive that workers don’t quit into
unemployment when times are bad, i.e. a recession is not a good time for a worker to separate
from a firm. Overall, these results suggest that the labor demand mechanism in this paper

is a better illustration than the labor supply mechanism of Jaimovich and Siu (2012b) for

the forces driving unemployment in the data.

-
o

Coefficient & 95% interval
-.005

T T T T T T
1990 1995 2000 2005 2010 2015

Figure 7: Time-varying coefficients for the effect of lightning flashes on layoffs as the source
of unemployment: computer adoption increases the probability of layoffs, conditional on
unemployment.

Note: the coefficient is the OLS estimator from independent cross-sectional regressions by state of the
probability of having been laid off, conditional on unemployment, on the negative of lightning flash density.

The dashed lines are 95% confidence intervals. Source: see text.

29Routine-cognitive occupations are the most vulnerable to computer replacement, but the statistical
precision of the coefficients is smaller. A state-year cell contains, on average, 109 observations of unemployed
workers, with 16 job losers and 8 job leavers. Conditioning on routine-cognitive occupation, these numbers
drop significantly: each cell has on average 25 unemployed workers, with 2 job losers and 3 job leavers.
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Figure 8: Time-varying coefficients for the effect of lightning flashes on quits as the source
of unemployment: computer adoption does not affect the probability of quits, conditional on
unemployment.

Details: see Figure 7.

6 Conclusion

This paper studies the link between computers and the behavior of the labor market in the
medium-term and the short-term. The model matches three structural changes in the labor
market since the 1980s: a shift away from routine occupations, a productivity speed-up, and
a decline in the labor share of income. The model also matches two cyclical changes: routine
job losses concentrated in recessions and jobless recoveries. The labor demand mechanism

in this paper finds more support in the data than the labor supply mechanism in Jaimovich

and Siu (2012b).
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The model predicts that these labor market changes should occur in all countries, since the
decline in the price of computers was a global trend. Using industry- and country-level
data, Michaels et al. (2010) find that industries that invest more in computers also increase
demand for nonroutine, highly-educated workers. Furthermore, countries that invest more
in computers, such as the US, the UK, Sweden, and Japan, have also experienced jobless
recoveries since the 1980s. Countries may invest differently in computers because, as Bloom
et al. (2007) suggested, computers complement the managerial practices in the United States
but not in Europe. The model could capture these differences across countries ¢ with a
parameter A; in front of computer capital K¢, which would affect the relative price of
computers and could account for the distinct timing of computer adoption and labor market

changes. Using the model to fit the cross-country evidence is left for future research.

Are jobless recoveries the new norm? Jaimovich and Siu (2012a) think so, but this paper
suggests a qualified conclusion: if the decrease in the price of computers slows down before

the next recession, the following recovery may well be “jobful.”

If the next recession occurs before this slowdown, the recovery may be jobless and this paper
suggests a new tradeoff for monetary authorities during jobless recoveries. In a more general
model with sticky prices, the interest rate is the cost of present consumption and also the
cost of capital. If the monetary authority keeps interest rates low, it encourages firms to
invest in computer capital instead of recruiting routine labor services; if it raises interest
rates, there may be no recovery at all. An analysis of this tradeoff is also left for future

research.
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A Equilibrium of the model

Denote v¢; and vy, the Lagrange multipliers of the capital accumulation constraints
(equations 2.2 and 2.3), and p; the multiplier of the budget constraint (equation 2.4). Denote
Hyp, and Hp, the recruitment of nonroutine and routine labor services, with constraints
Ljiv1 <Ly + Hjyyand Hy, > 0 for J = NR, R. The first constraint implies that increases
in employment have to come from hiring. The second constraint implies that hiring is never
negative. (If hiring were negative, the firm would receive subsidies for dismissing labor
services.) Denote 1y the multiplier on the first constraint and ,; the multiplier on the
second constraint. Denote tc; and tyc the multipliers on the positivity constraint for
investment: Ic; >0, Inc: > 0.

The first-order conditions of the household’s program are:

€ e 7
Ct_Xt1+€Lt€ =

X,Lf = w

WTrNC = 971VNC,t71 —vneot (1 —dne)
Hrcs = 9_1V0,t—1 — Vo (1 - 50)
Uncit = Mt — UNCt

Vot = He €XP (_bt) —log

The household’s subjective discount factor, inherited by the firm, is Do; = 0"/ po. The
household’s program has four complementarity slackness conditions:

0= [NC,tLNC,t = IC,tLC,t,
0=vnce (1 —0ne) Kncr + Inct — Kncps1) = vor (1 —6c) Koy + Loy — Kogt) -

For ease of notation, this appendix uses p = (0 — 1) /o. The first-order conditions of the
firm imply:
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MPLng: = ﬂAth\é/C’th\/}{t (K&, + L%J)W'D = w; + YNRt-1 — UNRt

a — -1 1)07 -1
MPLgr, =4, NC’,tL?%,tlLI?VR,t (K&, + Ly, =w + R — YRy,
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MPKycy = O‘AtKJO\éf_C}tL]ﬁVR,t (Kg,t + L%,t)wp =TNC,
1 e T
MPKcy = 'VAtK(lj*,tl NC,tL]ﬁVR,t (Kg',t + L?%,t) Po=Treoy,

UNRt = CNR — UNR,
VRt = Ccr — YRy,

where M PF' is the marginal product of factor F'. The firm makes zero intertemporal profits
but it may make positive or negative profits in each period, reverted to or financed by the
household. The firm’s program has two complementarity slackness conditions:

InpitHNRt = YUNRt (LNrt + HNpt — Lrit1) = 0,

UpiHpt = Yrt (Lrt+ Hrt — Lrit1) = 0.

The set of equilibrium conditions also includes the physical constraints of the model (equa-
tions 2.2-2.5), the labor market clearing, and the following transversality conditions:

lim Dy Kncy = lim Dy Kcy = 0.
t—o00 ’ t—00 ’ ’

For computational reasons, the numerical solution truncates the horizon at T' < oco. An
equilibrium, solved by AMPL (A Mathematical Programming Language) is a set of 19 x
T variables (consumption C}, capital stocks K¢; and Kyct, investments Io; and Incy,
employment quantities L;, Lyr; and Lg,, output Y;, rental rates r¢; and ryc,, wages wy,
Lagrange multipliers ve s, Uncits i, UNRt, UNR, Lot Lnet) solving 19 x T equations (capital
accumulation constraints (2.2-2.3), budget constraint (2.4), production function (2.5), labor
market equilibrium, six optimality conditions for the household, five optimality conditions
for the firm, and three complementarity slackness conditions).

The numerical solution replaces some of these equations with boundary conditions. Eight
equations are intertemporal and involve quantities at times ¢t and ¢ + 1: the two capital
accumulation constraints, the two labor accumulation constraints, the two first-order condi-
tions for the firm on labor, and the two first-order conditions for the household on capital
accumulation. The equilibrium has T'— 1 of these equations, with 8 equations missing from
the total set. These eight equations are replaced with boundary conditions for the two types
of capital and the two types of labor at time 1 and time 7', equal to their values in the initial
or final steady-state. The steady-state is a set of time-independent variables solving these
equations when the outside variables (A, by, X;) or (b, Xy, Y;) are fixed at their level at time
1 or time 7T'. To ensure that these boundary conditions play a minimal role, the calibration
includes a buffer of 20 time periods at the beginning and 60 time periods at the end, where
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the outside variables equal their initial or final values, e.g. A; = A; for t < 20 and b; = by
for ¢t > T — 60.

B Characterization of the model

An equilibrium of this model exists as long as the labor supply of the household is bounded
above. This assumption is used only in the theoretical setting and never binds numerically.

Lemma 9. If the labor supply of the household is bounded above, Ly < L, an equilibrium
exists and it is unique.

Proof. Given that this model has no market failures, the market equilibrium coincides with
the optimum of a benevolent social planner who maximizes the household’s utility:

° 1+e
max Zetlog(Ct—thj_ Lf),
£

t=0

subject to the physical constraints in equations (2.3-2.2), (2.5-2.5), the labor market clearing,
and to the following resource constraint (implied by the definition of profits, the budget
constraint, and the labor market equilibrium):

Y, =Ci+ Incy +exp (=b) Icy + cnr (Lngis1 — LNR,t)+ +cp(Lpis1 — LR,t)+

The Bellman formulation for the planner’s problem uses seven control variables and five state
variables Sy = {Knct, Kct, LNrt, Lryt, t}:

Ct,HNrtHR t) ot INCt

\% (St> = max {log (Ct - th j_ gL;jE) + A% (St+1)}7

subject to the same physical constraints.

The contraction mapping for a Bellman operator requires three Blackwell conditions. First,
the set of controls is bounded: hiring variables are bounded above by maximum labor supply
L and quantity variables of consumption and investment are bounded by production Y;,
which is set by the four inputs as state variables. Both the disutility from labor supply
and the utility from consumption are bounded. The Bellman operator maps the space of
bounded functions into itself.

The remaining two conditions, monotonicity and discounting, follow from the Bellman
formulation of the problem with a discount parameter #. The contraction mapping theorem
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guarantees existence and uniqueness of the equilibrium of the model Stokey and Lucas (see
1989, page 54).

The model has an asymptotic balanced growth path, consistent with the “Kaldor facts” of
a constant interest rate and a constant capital-output ratio (Kaldor, 1961). The following
lemma characterizes the behavior of the asymptotic balanced growth path where employment
is constant and all other quantities, aside from employment, grow at the same rate.

Lemma 10. Consider the limiting economy, where TFP grows at rate g4 > 0, b; tends to
b, the marginal utility from consumption declines at rate 9y, the capital stocks grow at rate
kne and gi., and the labor supply shifter grows at rate gx = ga/B. Then employment is
constant and consumption, output, and all quantities other than employment grow at rate

ga/B.

Proof. In the limiting balanced growth path, where the capital stocks grow at constant rates,
investment is positive and the Lagrange multipliers on investment are zero: tycy = v = 0.

The Lagrange multipliers on capital accumulation are linked to the marginal utility u; from
consumption:

UNCt = [, vor = e exp (—by).

The equilibrium rental rates of capital are constant:

rnca = 9‘1“;1 4oy = 0 (14 g = 14 G
t
ros = Gl—ﬂ;_l exp (—=b_1) —exp (—b;) (1 — dc) — exp (—l_)) (671 (1+ gu)_1 -1+ (50) )
t

The firm’s limiting subjective one-period discount factor also converges: Dy, 1/Do; =
pi /O — 071 (1+ gu)fl. The factor price frontier, implied by the firm’s first-order
conditions, is:

- D (0 P
QBT A BB l1-o 1—0, _1—0\ 1% - 0t—1Yyi—1 Yy
a® By Ay = INCtWe TNRt (TC,t tw, “Tp ) ) Ty =1+ Dos  wr 0
9
—00

The left-hand side of the factor price frontier diverges. The wage cannot converge to zero,
otherwise the right-hand side of the factor price frontier converges to zero. So the wage is
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bounded away from zero. On the right-hand side, the two rental rates of capital and the
one-period discount factor converge. The multipliers {¢)nygr+, ¥r:} are bounded between 0
and {cyg,cr}, the wage is bounded away from zero, and the one-period discount factor
converges, so the terms 7;, are bounded. All terms on the right-hand side converge or are
bounded, except for wages w;. Therefore, wages also diverge and grow indefinitely at a rate
implied by the limiting factor price frontier: g, = ga/p.

Given constant rental rates of capital and unbounded wages, the limiting capital-output
ratios are constant:

—1
K K, 1o
Noy o« ’ C,t:l<1+<ﬂ> > X

Y: rNct  TNC Y, rcyt rCyt ro

1
The labor supply equation from the household is X;L; = w;. For a balanced growth path
with constant employment, the growth in the disutility of labor supply has to verify gx =

Guw = gA/B

As wages grow indefinitely, the relative cost of computer capital decreases to zero and
employment reallocates entirely from routine to nonroutine labor services Lyr: — L and
Lr; — 0. The limiting production function is a three-factor Cobb-Douglas:

Y, — AtK]o\[/C,tL?VR,tKZw

which implies the following equation between limiting growth rates gy = ga+agx . +59L+
Y9k, Using the constant capital-output ratios and the limiting growth rate of employment,
the growth rate of output is gy = ga + agy + vgy = ga/f5.

At the limit, the investment-capital ratios are constant:

I K
= = (1= 6)) = gk, + 0, =gy +65, T =C,NC.
Ky, Ky,

Therefore, the investment-output ratios are also constant and the two types of investment
grow at rate gy = ga/f. The resource constraint implies that consumption tends to a
constant share of output:

Cy Incy Icy
—:1— o _b 2
Y, y, oy
_q_ Inct Kncyt — exp (—by) Io: Koy
Kne: Y YKoy Vi
ga Q 7 ga\ 7
1= (Swe+94) % —oxp (=B) 60+ 92) 2L
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Therefore, consumption grows at the same rate as output, and all quantities grow at the

same rate, as well as the wage: gc = gy = gk, = grye = 91, = Jiye = o = 4

C Proofs in the special case of the model

Proof of lemma 4. This proof omits the time index t. For the equilibrium condition, note
that the resource constraint on the product market and the household’s budget constraint
imply zero profits for the firm. Denoting II; the indexed product operator (different from
the logarithm 7 of labor productivity), consider a multi-factor Cobb-Douglas production
function, Y = A [] ; Ff‘j , with constant returns to scale ) a; = 1. Denote the marginal cost
of each factor F; with mc;. Optimization of this production function implies constant factor
shares: F; = a;Y/mc;. Raising to the power a; and multiplying over j yields:

Y , a; \Y 1 me; \
—=1IF" = —L Yo — = —) =1
A 1;[ J 1:[ (m0j> 8 A ; < Q; )

The marginal cost of the first two factors, Kyc and Lyg, is 1 and w. The marginal cost of
the third Cobb-Douglas factor, the Constant-Elasticity-of-Substitution aggregate, requires
more detail. Consider a firm that is selling the third Cobb-Douglas factor at marginal cost
mcs to maximize profits:

1
max mcs (K{ + L)» —re Ko —w Lg.
KC7LR

The ratio of first-order conditions on capital Ko and labor Ly imply:

KC =1 Tc KC w 7

—_— _ — :> —_— = -

L R w L R rc
The first-order condition for labor implies mes (K2 + L%)%_l Lo~' = w. Rearrange this
expression, use op = o — 1 and the solution for computer capital relative to employment in

43



routine occupations to obtain:

py\ 1-1 po~ T
mC?):(l—l—(&)) pw:<1+<£) )1 w
Lr o
mez = (1+ w"_lrlc_")i (wl_")ﬁ = (rlo + w1—a)ﬁ

The zero profit condition of the three factor Cobb-Douglas production function is finally

1 Y
l l a g B (Téﬁa + wl—a)ﬁ .
A\a) \B v -

This equation is the equilibrium condition for the wage, where the marginal cost of produc-
tion equals the marginal revenue. The left-hand side is strictly increasing in w, equals 0 for
w = 0 and tends to infinity for w — oco. Therefore, the wage that verifies the equation is
unique.

]

Proof of proposition 5. The routine share of employment is:

- —o —o\ 1
Ly _ L, _ <1 N LNR,t) ! _ 1+ érlc,t + wtl
L, Lypt+ L 1o ’

where the third equality uses the first-order conditions for the firm. At the limit b, — —oo,
the wage tends to a lower bound w pinned down by the factor price frontier. At the limit
by — oo, the factor price frontier implies that the wage diverges. The limiting values of the
routine share of employment are

L L ! L L
lim LR mn_ﬁL:@+§) S - )

by——00 t TC,t—00 t ’y /6 + ’y by—ro00 Lt TC,t_>O Lt

To compute the impact of the change in the price of computers on the routine share of
employment, denote s; = log (Lg;/L:) the logarithm of the routine share of employment.
The elasticity of the routine share of employment, after accounting for the effect of b, on the
wage, is negative:

1 + (ebtwt) (1-0)

(5 -+ (8 +7) () =)

Osi
oby

=(1-0)B(B+7)
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This elasticity is negative: cheaper computers decrease the routine share of employment.
The limiting values of the elasticity are as in the text.

]

Proof of proposition 6. Labor productivity m; = log (Y;/L;) is:
Wi

Bty (1+rifwy )™

™ = log

where the rental cost of computer capital is r¢; = exp (—b;) (see the proof of Proposition 7
for details). The first derivative of labor productivity with respect to b; is:

om B+ (B+7)o (rw)
M (B4 (B (b))

At the limit b; — —oo, the wage tends to a finite value w, which solves the factor price
frontier (3.1) with r¢; — oo. The term (ebtwt)l_a tends to infinity. Factoring that term in
the numerator and the denominator, the numerator tends to (8 + 7) o and the denominator
tends to infinity, so the fraction tends to 0. At the limit b, — oo, the wage grows arbitrarily
large and the term (ebtwt)l_g tends to zero, so the derivative tends to /5.

O
Proof of proposition 7. The labor share of income is:
B+1—0 1—0 -0 1%_1 1—0o -1
w L wy L wy L w res +w 7 T
tt:tNR,t+tR,t:ﬁ+7t (C,t t )L =B+~ 1+(ﬁ) ‘
Y: Y, Y, wtﬂ (Té—tff + wtl—ff) o ;

The cost r¢+ of computer capital decreases with time, while the wage w; increases with time,
so the labor share of income unambiguously decreases with time. At the limit b; — —o0o, the
rental rate ¢, of computers becomes arbitrarily large while the wage converges to w, so the
labor share of income tends to 8+ . At the limit b, — oo, the rental rate r¢; of computers
becomes arbitrarily small, the wage becomes arbitrarily large, so the labor share of income
tends to [5.

O
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Proof of corollary 8. Take the limit ¢ — 1 in the expressions for the last three proofs.

D More aggregate predictions of the model in the data

This subsection relates other predictions of the model that holds in the data. The model
predicts that the decline in the labor share of income is entirely due to routine occupations:
Figure 9 shows the labor share of income for routine and nonroutine occupations and supports
this prediction. Figure 11 shows the path of the labor share in the data and in the model
fitting US data. In the data, the labor share decreased 7.5% between the trough of the
1981 recession and the trough of the 2007 recession. The magnitude is similar in the model.
Figure 10 shows the path of routine labor services in the model and in the data. The model
has a good fit after 2000.

Figure 12 shows that the behavior of computer investment is similar in the model and in the
data. The top panel shows the acceleration of the share of computers in fixed investment in
the data and in the model. In the data, this share increased 8 percentage points between 1960
and 1980 and 21 percentage points from 1980 to 2000. The bottom panel shows the behavior
of computer investment in the data and in the model. This paper explains the acceleration
of routinization during recessions and jobless recoveries with computers. Yet, it predicts
that computer investment is procyclical instead of accelerating in recessions. The absence of
adjustment costs to capital leaves computer investment free to adjust: it falls in recessions
and increases in recoveries. The model matches the behavior of computer investment: after
a recession, computer investment simply catches up with its trend, rather than accelerating
or increasing to a permanently higher level.
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Figure 9: The decline in the labor share of income is entirely due to routine occupations.
Source: Current Population Survey, Occupational Information Network, and Federal Reserve Economic
Database. Routine occupations are quartiles 8 and 4, nonroutine occupations are quartiles 1 and 2. The
labor share of income for routine occupations is the labor income of routine occupations as a share of total
labor income (held constant across the threshold years of 1982, 1992, and 2002), multiplied by the labor share
of the nonfarm business sector (series PRS85006173).
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Figure 10: The model matches the decline in employment of routine occupations in the data
since 2000.

Source: Current Population Survey, Occupational Information Network, and model simulations. See text for
details. Shaded areas are NBER recessions.
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Figure 11: The model matches the path of the labor share of income in the data.
Source: Federal Reserve Economic Database, with labor share of the nonfarm business sector. Shaded areas
are NBER recessions.
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Figure 12: Similar behavior of computer capital in the model and in the data: the share of
computers in fized investment accelerates upward in recent decades (top); after recessions,
computer investment returns to trend (bottom).

Data: investment in computers, peripheral equipment, and software, divided by nonresidential fized
investment in equipment (BEA series B935RC0O, BIS5RCO, and BO10RCO, from Table 5.5.5U, “Private
Fized Investment in Equipment and Software by Type”). The series in the model and in the data are in
nominal terms.
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