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Abstract

In this paper, we re-examine the recent evidence that technology shocks do not produce business
cycle patterns in the data. We firg extend Gali's (1999) work, which uses long-run regtrictions
to identify technology shocks, by examining whether the identified shocks can be plaushbly
interpreted as technology shocks. We do this in three ways. First, we derive additiona long-run
redrictions and use them as tests of overidentification. Second, we compare the qualitative
implications from the modd with the impulse responses of variables such as wages and
consumption. Third, we tes whether some standard “exogenous’ variables predict the shock
variables. We find that oil shocks, military huld-ups, and Romer dates do not predict the shock
labeled “technology.” We then show ways in which a standard DGE modd can be modified to
fit Gdi's finding that a podtive technology shock leads to lower labor input. Findly, we re-
examine the properties of the other key shock to the system.
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|. Introduction

Red business cycle theory assigns a centrd role to technology shocks as the source of
aggregate fluctuations.  As King and Rebdo (1999) discuss in “Resuscitating Red Business
Cycdles” when persigent technology shocks are fed through a standard red business cycle
modd, the smulated economy displays patterns amilar to those exhibited by actud busness
cycles. While the last decade has seen the addition of other types of shocks in these modds,
such as monetary policy and government spending, none has been shown to be a centra impulse
to business cycles.

A trio of recent papers has cdled into question the notion that technology shocks have
anything to do with busness cycdes. Although they use very different methods, Gali (1999),
Shea (1998) and Basu, Kimbal, and Ferndd (1999) dl present the same result: positive
technology shocks appear to lead to declines in labor input.! Gali identifies technology shocks
udng long-run redrictions in a dructurd VAR; Shea uses data on patents and R&D; and Basu,
Kimbdl and Fendd identify technology shocks by edimating Hdl-syle regressons with
proxies for utiliztion. In al cases, they find Sgnificant negative corrdaions of hours with the
technology shock.?

Gdi's paper dso dudies the effects of the nontechnology shocks, which he suggests

might be interpreted as demand shocks. These shocks produce the typica business cycle

! Thefall in labor input is along run responsein Shea. Labor risesin the short run and then eventually falls.

2 Shapiro and Watson (1988) uncovered this result a decade ago, but it apparently went unnoticed. (See Figures 2
and 5 of their paper.)



comovement between output and hours. In response to a positive shock, both output and hours
show arisein the typica hump-shaped pattern. Productivity also rises, but only temporarily.

We view the empirica results of these papers to be potentid paradigm shifters.  If these
results prove to be robugt, the idea of technology-driven business cycles loses dl of its apped. If
it is “demand” shocks that are producing the clasic business cycle patterns, then renewed
emphasis should be devoted to understanding the imperfections in the economy that alow these
shocks to have these types of effects.

In this paper, we re-examine the effects of shocks identified usng long-run restrictions.
Fird, we impose two additiond long-run redrictions, dlowing us to test formdly the over-
identifying redtrictions.  Second, we provide evidence on the plaushility of Gdi's identification
scheme by studying the effects of identified technology shocks on other economic varigbles. We
dso andyze whether the quditative effects of the shocks on other variables are economically
plausble by comparing the effects to those predicted by a standard growth modd.

We then sudy whether suitably dtered dynamic generd equilibrium models can explain
the facts. We present examples of two modes that can explain these effects of technology
shocks, without resorting to assumptions about gticky prices. One mode assumes Leontief
technology with variable utilizetion and the other modd includes habit formation in consumption
and adjustment codts in invesment. Despite ther ability to explan these effects, the modified
models do not resuscitate technology shocks as the driving force of business cycles. In that
sense, the origina technology-driven real business cycle hypothesis does appear to be dead.

In the last part of the paper we study the broader implications of Gai’s “demand shocks,”
which are identified as the shocks to labor that are uncorrdated with the technology shock.

According to Gali's work, these shocks are the ones that produce the standard business cycle



comovements and match well with NBER business cycles. We examine the effects of these

shocks on our broader list of variables, aswdll astheir corrdation with key exogenous variables.

. Effects of a Technology Shock in a Standard DGE M odel

To assess the plaughility of the interpretation of the shocks, we begin by highlighting the
predictions about how permanent technology shocks should affect other key variables in the
economy of a standard DGE (dynamic genera equilibrium) modd. We employ a modd that is a
ample extenson of the modd preserted in the working paper verson of King, Plosser, Stock
and Wason (1987). This modd produces two additiona long-run redrictions, as well as
qudlitative predictions for severd other variables.

Congder the following neoclassca modd with technology shocks:

Y, = AN3K;? Production Function

K., =@-d)K, +1, Capitd Accumulation
@

C+ILEY Resource Condtraint

U(G,N,) =f InC)+VN,) Utility

The variables have the dandard definitions Y is output, A is an exogenous process for tota
factor productivity, K is capitd, N is labor input, d is the depreciation rate, | is invesment, and C
is consumption. We assume that the production function exhibits congtant returns to scde, and
that v(N) is decreasng and quas-convex in N. The representative consumer maximizes the

expected present discounted value of utility, with discount factor b.



A key assumption in the Gai andyss is that the technology shock has a unit root. We

capture this feature in the modd with the assumption:
@  In(A)=m+in(A,) +h,

where h is a dationary shock. h corresponds to the shock that the structura VAR seeks to
uncover.

As discussed by King et d, since the economy has a stochastic Seady State, one needs to

transform the modd so that it has a dationary didtribution. In this case, we divide Ky, Iy, and C;
by AY® and modify the problem accordingly. Denoting the decison rules governing the

transformed (dationary) capita, invesment and consumption variables by lower case letters, it is

easy to show that the economy evolves according to:
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All of the terms involving functions of k; = KJ/AX® are, by congtruction, stationary. In this smple
modd, In A is the only source of stochadtic trend, and it is common to al varigbles, except for
[abor input.

Inspection of the equations reveds that a podtive shock h to the In A; equaion should
lead to permanent increases in labor productivity, output, consumption, investment, real wages,
and capitd. In contrast, such a shock has no long-run effect on hours because the specification
of preferences forces the wedth and subdtitution effects on labor supply to cance exactly.

To determine the features that distinguish technology shocks from other shocks, let us
compare these effects to those from other possible sources of permanent shocks or stochastic
trends in these kinds of modd. Two leading candidates that have been studied in the literature
are permanent changes in government purchases and shifts in preferences (eg. Baxter and King
(1991, 1993), Ahmed and Yoo (1995)). Both of these shocks work by shifting labor supply, and
they are predicted to have permanent effects on output, consumption, investment and capitd. In
contrast, they should have only temporary effects on labor productivity or red wages. If labor
supply rises, firms accumulate cepital until labor productivity and red wages return to ther
previous vaues. Thus, one of the diginguishing festures of a technology shock is its permanent
effect on labor productivity and real wages.

A third type of shock is a monetary shock. In most modes, a monetary shock has a
permanent effect only on the price level. Its effect on red variables such as output and
productivity is flegting.

Gdi usss the indght that only technology shocks should have a permanent effect on
productivity to identify technology shocks in the data Our discusson of the modd reveds two

more long-run redrictions implied by dandard theory. Firdt, analogous to the prediction for



labor productivity, only technology shocks can have a permanent effect on wages. Second,
while permanent government spending shocks and preference shifts will have a permanent effect
on hours per capita, technology shocks should have only a temporary effect on hours. All red
busness cycde modds, induding the one above, specify a utility function in which the income
and subgtitution effects of an increase in the red wage exactly cancd. This fegture is necessary
to mach the growth facts over the last century there has been a sgnificant increase in the red
wage accompanied by virtualy no change in hours per capita.  Thus, a complementary long-run
redriction for identifying a technology shock is that the technology shock should have no long-
run effect on hours,

There are no analogous long-run redtrictions with respect to the other variables. All three
kinds of shocks can have permanent effects on output, consumption, and invetment. We can,
however, check whether the response of these variables to an identified technology shock is
qudlitativey in line with the moddl’s predictions.

Vaious permutations of these long-run restrictions appear in the literature. Most papers
discuss long-run redrictions derived in the context of the traditiond aggregate demand and
agoregate supply framework. Table 1 shows the long-run redtrictions imposed by various
researchers. Many previous papers have assumed that aggregate demand shocks cannot effect
hours in the long-run. While monetary shocks satiffy this assumption in most modds, fiscd
shocks do not since they can have long-run effects on both output and hours in the neoclassica
modd. Thus it is uncdear how to interpret the aggregate demand shocks identified in these
models or how fiscal shocks would be classified.

The paper that imposes the widest range of available long-run redrictions is Heischman's

(2000) dudy of the cydlicdity of the red wage. As indicated in Table 1, Flesschman uses both



the Shapiro-Watson redtriction that technology shocks and AD shocks cannot affect hours in the
long-run, as well as Gdi's redtriction that only technology shocks have a long-run effect on
productivity. Heischman dso imposes the long-run redtrictions that only oil price shocks and
technology shocks have permanent effects on red wages.

Our andyss differs from FHeischman's in four ways. Fird, we do not impose the AD
redrictions derived from traditiond Keynesan modds, since we find them hard to interpret.
Second, we do not include oil prices directly in the model, dthough we study their correlations
with the identified shocks. Third, we show that some of the results are senstive to the type of
cointegrating vector used in the andyss.  Fourth, and most importantly, we study the response
of variables such as hours, consumption, and invesment, as well as the correation between red
wages and output that is the focus of Fleischman’s andyss.

In the next section, we invesigate how the results vary when we use different long-run
identification schemes.  We then impose dl of the avaladle long-run redrictions and formdly
use them as tests of overidentifying redrictions. Findly, we invesigae whether the other

variables react to the identified shock in the way predicted by the modd.

[I1.  Empirical Framework and Results
A. Econometric Framework

We begin by reviewing Gdi's basdine modd, and then extend it to incorporate more
redrictions and more vaiables. In this modd, the technology shock is identified as the only
shock that can have pemanent effects on productivity.  This assumption is rdativey

unredrictive as it dlows for temporary effects of nontechnology shocks on measured



productivity, through variaions in cgpitd utilization and effort. Gali's basc framework conssts

of the following bivariate mode of |abor productivity and hours:

e, ¢
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(4)

X; denotes the log of labor productivity, n; denotes the log of labor input, & denotes the
technology shock, and €" denotes the non-technology shock. C(L) is a polynomid in the lag
operator.  We invoke the usuad assumption that € and €" are orthogond. The assumption
identifying the technology shock implies that C?(1) = 0, which restricts the unit root in
productivity to originate solely in the technology shock. Implicit in this specification, but not
necessary for identification, is the assumption that the log of labor input has a unit root.

Another way to think about this redriction is through the estimation method suggested by
Shapiro and Watson (1988). To impose Gdi's long-run redriction, we estimate the following

equations.

d . ,
(59) Dx =a bxx,jDXt—j +é. bxn,jDZnt—j te.
i=1 j=0

(5b) Dnt 25 bnn,ant- j +§ bnx,jDXl-j +Cptz +qm .

j=1 j=1

As discussed by Shapiro and Watson (1988), imposing the long-run restriction is equivdent to
redricting the other variables to enter the equation in double-differences. Because the current

vaue of D’nwill be corrdated withe?in the firg equation, one must use instrumenta variables



to estimate the equation. Using lags one through p of Dx, andDn as instruments yields estimates
that areidentical to those obtained usng matrix methods.

The second shock to the system, €V, is identified by incuding the estimated resdua
from the first equation in the second equation, dong with the standard lags of the variables, as
shown in equation (5b). The edimated resduad from this equetion, €", is identified as the
“nontechnology” or “demand” shock.

Consder now the dternative long-run redtriction involving red wages. Andogous to the
case of labor productivity, only a technology shock should have a permanent effect on red

wages. Thus, an dternative way to identify the technology shock is to subdtitute red wages for

productivity to yield:

S Bt 5
63 Dw=gb,,Dw +3b,,Dn  +e.

j=1

(60)  Dn = g- b, ;Dn.; + g. b, DW_ | +j & +&™.

j=1 j=1

If technology shocks are indeed the sole shocks with long-run effects on wages and productivity,
then € axde& should have a corrdation of unity, and both should be uncorrdlated with
e ande™.

But we can go even father by consdering the third long-run redtriction that technology
shocks have no long-run effect on hours. We can thus create a shock that excludes permanent
technology shocks. We impose this restriction by constraining G1(1) = 0 in equation (4) above.

To impose this redriction in the IV (indrumentad varigble) framework, we edimate the hours



equation with double differences of productivity, and insert the identified shock in the

productivity equation as follows:

(7a)  Dx :5 b, DN +§ b, Dx.; +fel+e™.
= =

d 'Y
(7b) Dnt = a bnn,ant- j + a bﬂX,iDZX'('j +dﬂ¢.

=1 j=0

Note that Equation (7b) must be estimated before equation (7a) to creste the error term as a
regressor.  The resdud in equation (7b) should be orthogond to the technology shock since the
former can have a long-run effect on hours. Note, though, that in contrast to the previous
gysems, the resdud in the productivity equation, QZ", may include other shocks in addition to
the technology shock. For example, a monetary shock that has no long-run effect on hours
would be induded in €‘and not in €. There is not a perfect correspondence between the
shocksin system (7a) and (7b) and those from the previous systems.

The fird st of empirica results will be based on these bivariate models. Later, we will
adso andyze modds with more varigbles. We reserve the discussion of the larger modds for the

sections that do those analyses.

B. Data
We use quarterly data from 1947:1 to 2000:4 to edtimate the modd. For the serieson
labor productivity and labor input, we use the BLS series “Index of output per hour, busness’

and “Index of hours in business” respectivdy. These series are somewhat different from those

10



used by Gai, who used totd employee hours in nonagriculturd establishments for labor input
and GDP divided by this labor input measure for productivity. His labor input measure includes
only private employee hours, but his GDP measure includes government. Thus, a shift toward
more government output would appear to raise productivity because it would raise the numerator
and lower the denominator in the productivity measure. We beieve our measures to be more
accurate, athough as we show below, we obtain the same basic results as Gali. The red wage
messure is the BLS measure of nomina hourly compensation in privaete business divided by the
BLS deflator for private busness. The other series are chain-weighted 1996 dollar NIPA series
from the BEA Web dte. All rdlevant variables are put on a per capita kesis by dividing by the
population age 16 and above.

In the basdine specification of the model, we assume that dl varigbles have unit roots, an
assumption not regected by the data We include four quarterly lags of each varigble in the
estimation, based on aBIC criterion.

Before turning to the edimation of the models, it is ussful to remember the types of
unconditional corrdations displayed by the pos-WWII data These correations congtitute some
of the key dylized facts of busness cycle andyds. In growth rates, the corrdation between the
output and hours is 0.67; between output and productivity, 0.70; and between productivity and
hours, —0.046. The corrdation is 0.50 between red wages and productivity, and —0.23 between

real wages and hours (al in growth rates).
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C. Comparison of Different Identification Schemes

The first step is to determine how the effects of a technology shock differ across the three
long-run identification schemes. To this end, we edimate modds (5) - (7) separaely and
caculate the impulse responses.

Figures 1A-1C show the effects of the identified technology shocks on productivity (or
wages in sysem (6)) and hours® Figure 1A shows the impulse responses using Gaf's
identification scheme. Despite the changes in variables and the longer sample period, the results
ae vay dmilar to his results  An identified technology shock leads to an immediate and
permanent rise in productivity. In response to the same shock, hours worked declines and does
not return to near norma for ayear and a half.

Congder Figure 1B, which shows the effect of a technology shock identified as the only
shock that permanently affects red wages. These reaults are consgtent with the previous results.
a technology shock leads to an immediate and permanent rise in red wages and a decline in
hours. In this graph, hours show no tendency to return to their former levels.

Finaly, Figure 1C shows the effect of a shock that does not have a permanent effect on
hours. Recdl that a technology shock would meet this criterion, but so aso would a monetary
shock. Thus, this shock is potentidly a mixture of various types of shocks. Given this caved,
the results are surprisngly smilar to the previous ones productivity jumps immediady and
permanently and hours fal in the short-run. Hours do show a quicker tendency to return to

normal, taking about a year.

3 The standard error bands were computed using a bootstrap Monte Carlo procedure with 1000 replications.
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Given our initid Skepticdism concerning long-run redrictions, we were surprised to find
that technology shocks identified with three different long-run identification schemes produced
reactions of hours and productivity (or wages) that were smilar across the sysems.  In dl three
schemes, a positive technology shock appearsto lead to adecline in hoursfor at least ayear.

The next step is to gpecify a unified modd in which the additional redrictions can be
used as overidentification tests. The tests are a hit tricky because the two additiona restrictions
are incorporated in different ways. The first redtriction on wages, in conjunction with Gdi's
redriction on labor productivity, implies that productivity and red wages should share a common
gochadtic trend, which is identified as the technology shock. In other words, labor productivity
and red wages should be cointegrated (Engle and Granger (1987), Stock and Watson (1988)).
Thus, the test of the joint redriction that technology shocks are the only shocks that have
permanent effects on both productivity and real wages is a test of cointegration between the two
varigbles.

The first row of Table 2 tests for a unit root in (the negative of) labor share, x —w. As
shown in eguation (3) of the theoreticd modd, theory predicts that not only should labor
productivity and wages be cointegrated, but aso tha the cointegrating vector should be (1,-1).
In other words, the labor share should be dtationary. As the table shows, the test supports the
notion that labor share isindeed sationary; the p-vaue of the test of a unit root is 0.02.

The second row of Table 2 tests directly for cointegration between productivity and
wages and edimates the cointegrating vector. The results support the hypothess that the two
variables are cointegrated and that the cointegrating vector is (1, -1.03649). The standard errors

suggest that this vector is significantly different from (1-1).*  As we shdl show, the seemingly

* The coefficients are estimated using Dynamic OL Swith optimal lead and lag selection. The standard errors are
heteroscedastic and autocorrelation consistent standard errors based on a Bartlett kernel with 8 lags.
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gmdl switch from —1 to —1.036 in the congtruction of the error correction term has a noticesble
effect on its explanatory power, as well as some of the impulse response functions.

In sum, the evidence in favor of cointegration can be interpreted as evidence in favor of
the joint redrictions on the effect of technology on productivity and wages. —Wages and
productivity share a common stochastic trend. Technologica progress is a natura interpretation
of that trend.

To test the third redriction concerning hours, we specify a trivariate vector error-
correction modd (VECM) which incorporates the other two redrictions. This mode takes the

form:

(8a) y, =C(L)u,,

where y; is a3 x 1 vector congsting of labor productivity growth (Dx;), hours growth ([On), and

the error correction term between productivity and wages &: — b w;). u; consgts of the shocks

€,€', &, inthat order.

To edimate the system properly, we should include p lags of labor productivity growth
and red wage growth, plus one lag of the error correction term, or equivdently, p lags of labor
productivity growth and p+1 lags of the error correction term. We use the latter representation.”

The long-run redrictions are imposed by condraining the matrix of long-run multipliers,

C(1), asfollows:

® Theresults areidentical if we substitute real wage growth for productivity growth.
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€, 0 0

(8) CO=g ¢, Cuy

g, G CiH

The combination of setting the c¢3; = 0 for j = 2, 3 and estimating the system in error correction
form has the effect of imposng the two long-run congraints with respect to productivity and
wages. Conditiona on the assumption of cointegration, the overidentifying test for the third
regtriction is the test that the shock that has a long-run effect on hours is uncorrdated with the
technology shock.

In practice, the test must be peformed in two seps. The fird sep estimates the
permanent hours shock directly from the bivariate modd in equation (7b). The second step uses
Genegrdized Method of Moments (GMM) to edimate sysem (8). The separately estimated
nontechnology shock is used as an additiona indrument in the productivity equation, since it
should be uncorrdated with the technology shock.

The test of overidentifying redtrictions is based an Hansen's Jdaigtic with one degree of
freedom. For the edtimated modd in (8), Hansen's J-datistic is 0.117, with a pvaue of 0.73.
There is no evidence agang the overidentifying redtriction with respect to hours. The formd
test supports the reaults given in the impulse response functions from the bivariste modd: al

three identification schemes are mutualy consistent.

D. Exogeneity of Identified Technology Shocks
As argued by Hal (1988) and Evans (1992), the technology shock should not in principle
be correlated with other exogenous shocks that are not related to technology. Evans cast doubt

on the use of the Solow resdud as a measure of technology shocks by showing that money,
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interest rates and government spending Granger-cause the Solow residud. Thus, an additiond
means to test whether the identified shocks are redly technology shocks is to test whether other
exogenous variables (which should not be related to technology) are correlated with the shocks.

We condder three sets of dummy varigbles for shocks that have been used in the
literature.  Romer and Romer’s (1989) monetary indicators, Hoover and Perez's (1994) oil shock
dummies, and Ramey and Shapiro’'s (1998) war dates. Strong cases have been made for the
exogenety of the oil shocks and the war dates, but the exogeneity of the monetary indicators is
more controversd. All three of these variables, though, have been shown to have sgnificant
effects on GDP.°

Table 3 shows test datistics based on regressons of the identified technology shock
(estimated from equation (53) on each of the three sats of dummy variables. In each case, we
regress the technology shock on the current value as wdl as four lags of the dummy variable.
We do not include lags of the technology shock in the regresson since it is by congtruction not
seridly correlated.

As is evident from the p-values on the F-tests, none of the sets of dummy variables is
ggnificant in explaining the technology shock. The lowest p-vdue is for Ramey-Shapiro war
dates, but even then the pvaue is 0.12. Hence, there is no evidence that the technology shock
identified using long-run restrictions is correlated with any of these other three shocks.”

The identified technology shock thus passes the Evans test. This result povides further

support for the plaushility of the shock as a technology shock. The technology shock identified

® See Ramey and Shapiro (1998) for a comparison of the explanatory power of these variables for GDP.

" Hamilton's (1996) net oil increase variable does no better than Hoover-Perez's oil dummy variable in explaining
the technology shock.
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with these long-run restrictions appears to be a better candidate than the Solow residua for a true

technology shock.

E. Evidencefrom a5 -Variable M odel

We now sudy the quditative effects of these shocks on the wider st of variables
discussed in the context of the modd. The varidbles consst of labor productivity, hours, red
wages, invesment and consumption.

We firg conducted an andyss to determine whether there were any other cointegrating
relaionships in addition to the one between productivity and wages. We studied many possble
combinations of the five variables, and determined that the best description of the system was
one with two cointegrating vectors and three dochagtic trends. The results of the key
cointegration tests supporting this concluson are shown in rows (3) and (4) of Table 2. As row
(3) shows, there is strong evidence of a cointegrating relationship between tours, real wages, and
consumption. We could find no evidence of cointegration between other variables.

The Johansen test dso supports the hypothesis that there are three stochastic trends and
two cointegrating vectors in this five varidble system. As shown in row 4 of Table 2, one can
rgect the hypotheses that there are one or fewer cointegrating vectors, but not the hypothess that
there are less than or equa to two cointegrating vectors.

We therefore specify the five-variable modd asfollows

%) Yy, =C(L)u,
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Yt in equation (98) is a 5 x 1 vector conssing of the labor productivity growth (Dx:), hours
growth (Dny), the error correction term between productivity and wages &w), invesment growth
(Diy), and an error correction term involving consumption, hours, and wages (nwc;). U; conssts
of the shocks € ,€",6" g',€°, in that order. As a robustness check, we aso show results from a

system without any dlowance for cointegration. In the dternative sysem, we use only the
growth rates of productivity, hours, red wages, investment and consumption.

The zero redrictions in the firg row of the matrix of long-run multipliers are the naturd
extenson of Gdi’'s redrictions to the larger modd. We do not impose the additiona restriction
with respect to the long-run effect of productivity on hours, the results are smilar in elther case.

Figures 2A, 2B, and 2C show the effect of the identified technology shock on the logs of
productivity, labor input, privete output, real product wage, investment, and consumption. (The
log of output is Smply the sum of the log of productivity and the log of labor input.) Figure 2A
is produced from the VECM with the two estimated cointegrating &rms shown in Table 2. We
cdl this specification the “basdine VECM.” Figure 2B is produced from the VECM in which
we impose the theoretical cointegrating vector of productivity and wages of (1-1).2  We refer to
this specification as the “labor share VECM.” Figure 2C is produced from the system estimated

in firg-differences.

8 We continue to use the estimated cointegrating vector for the hours, wages and consumption.
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The results are mogly smilar across the three gpecifications.  Condgent with the
bivariate results, the shock raises productivity and rea wages permanently, and lowers hours in
the short-run. In the basdine VECM, the rea wage response lags the productivity response. In
the labor share VECM and the firg-difference specification, red wages and productivity both
jump immediately and follow very smilar pahs In dl specfications, output rises, but by less
than productivity in the short-run. The decline in labor is not enough to offst the rise in
productivity.

The invetment graphs shows the impact of a pogtive identified technology shock on
investment, defined as gross private investment, which includes nonresidentid, residentid and
inventory investment. Investment rises during the first year after the shock, with the rise being
gronger in the basdine VECM in Fgure 2A. This response is quditatively in line with the
theoreticd modd. The podtive technology shock raises the productivity of capitdl, inducing
firms to rase the leve of ther capitd stock. The duggishness of the short-run response seems to
suggest some type of adjustment cost.

A permanent positive technology shock raises wedth and thus should raise consumption
in the long-run. Basu, Kimbdl, and Fernad show that ther estimate of the technology shock
leads to no change in consumption on impact, and then a dow rise Here we find that
consumption jumps a smdl amount initidly and then rises to a permanently higher levd. This
response is consstent with a permanent technology shock. The dow adjustment of consumption

suggests some kind of adjustment cost and/or high redl interest rates.

To summarize, dl of the results shown in this section serve to support the plaushbility of

interpreting the shock as a technology shock.  The use of dternative long-run redrictions for
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identifying the technology shock leads to quditatively similar results. The shocks appear to be
uncorrelated with other key exogenous varidbles.  Furthermore, the effect of the technology
shock on key variables such as wages, consumption and investment is in line with those that we
would expect. The only result a odds with the sandard RBC moded is the negative effect of the
shock on labor input. The next section will examine whether the standard modd can be

modified to produce these results.

IV.  Two DGE Modelswith Negative Technology-Hours Correations

Gdi (1999) and Basu, Kimbdl and Fernad (1999) suggest that the negative corrdation
between the technology shock and labor input is evidence in favor of a sticky-price modd. In a
gticky-price modd, a podtive technology shock can lead to a decline in labor input if the
monetary authority is not too accomodative. Stickiness of prices implies that aggregate demand
cannot change immediately. Since demand does not increase, firms can meet demand with fewer
workers since their productivity has increased.

But sicky-price models are not the only types of models that can produce the negative
correlation. In this section, we offer two examples of DGE models with flexible prices tha dso
imply a negative corrdation between technology shocks and labor input. The firss modd uses
habit formation in consumption combined with adjusment costs in invesment. The second
model changes the production technology so thet it is closer to Leontief in the short-run. It is
interesting to note that the first of these models had been previoudy dismissed in the literature
because the implied negative corrdation between technology and labor was “counterfactud.”
The previous empirica results suggest that the mode’s predictions ae completdly in line with

the “facts.”
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A. Modd 1: Habit Formation in Consumption and Adjustment Costs on I nvestment

Previous work by Jermann (1998) and Boldrin, Christiano, and Fisher (2001) has used
models with habit formation in consumption and adjusment cods in invesment to study asset
pricing in production economies.  Jermann incorporates habit formation in preferences and
capitd adjustment codts in order to explain the equity premium and the average risk-free rate
obsarved in the data His modd assumes no utility from leisure, so employment does not
fluctuate. Boldrin, Chrigtiano and Fisher and Lettau and Uhlig (2000) criticize Jerman’s model
because once employment is dlowed to fluctuate, it produces a persstently negative response of
hours worked to a postive technology shock, which they argue is counterfactud. In light of the
previous empiricd results, this implication is not counterfactud. We will now explore how the
combination of habit perdstence in consumption and adjusment cods in investment produces
responses that are consistent with the empirica impulse response functions.

The modd takes the following form:

¥
E, & b'[log(C, - bC_,)- N,], 0<b<1, b3 0 Preferences
t=0
Y, =ANIK{®*, O<a<l Technology
Y, =C, +1, Resource condraint
el O : ,
K., =@ dK, +f (*;?+Kt Capital accumulation
e™g
,1-q
where fzelt - a1 ielt °
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In the fird equation, C; denotes consumption in period t, N; denotes hours worked, and the E
denotes conditiona expectations. The term bC; is the household’'s habit stock. In our
specification, setting b = 0 recovers the standard type of preferences.

The economy’ s technology and resource congraints are given by the standard equations:
where Y; denotes output, A; denotes technology, K; is the capitd at the beginning of period t, and
l; is invesment. In the capitd accumulation equation the function f, which is postive and
concave in the invesment-capitd ratio, captures the capital adjustment costs. If g = 0, then this
part of the model collapses to the standard equation of motion for capitd. If q is pogtive, then
there are adjustment costs to changing the capita stock too rapidly. In this case, Tobin's g can
deviate from unity.

In sum, this model deviates from the sandard DGE modd in two ways. habit brmation
in preferences and adjustment costs on capital. Otherwise, the modd is very standard.

We cdibrate the model dong the lines of Boldrin et d. (2001), who were trying to match

the assat pricing facts. We st the following vaues for the key parameters:

Calibrated Parameters

Parameter Value Parameter Value
b 0.99 b 0.9

d 0.021 q 4.348
a 0.64

We set a; and a; 0 that the baanced growth path is invariant to the vdue of g In paticular, we
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The parameters in the fird column represent standard parameterizations of an RBC
model. The parameters in the second column represent parameters specid to the modifications
we made. Following Jermann and Boldrin et d, we set he habit persstence parameter very high
a 0.9 and the adjustment cost parameter very high, at over 4.°

In order to compare the predictions of the modd to the results from the data, we
invedigate the effect of a permanent, unanticipated jump in the technology variable A.  We
compare the responses of key variables to this shock in our modd to those from a standard RBC
mode withb=0and g = 0.

Figure 3 shows the paths of the technology variable, output, hours, the rea wage,
consumption, and investmert. All varigbles shown are in logarithms and are normdized to be
zero in the pre-shock period. Congder first the responses of output and investment. As the
graphs make clear, the modified modd produces dower responses of these varigbles reative to
the standard modd. In the modified modd, consumption does not jump up & dl, but incresses
only gradudly. Thus, output, invesment and consumption al respond more duggishly than in
the standard modéd!.

In contrast, hours and wages respond more dramaticdly, and in different ways in the
modified modd. In the standard modd, hours rise temporarily in response to a postive
technology shock. This rise in hours occurs because the subdtitution effect due to higher wages
and red interest rates outweighs the wedth effect in short-run.  (In the long-run, they exactly
offset each other s0 the level of hours returns to its previous vaue) The oppodte is true in the

modified modd. The levd of hours fdls temporarily in response to a postive technology shock.

° Actually, both Jermann and Boldrin et al refer to an adjustment cost parameter x, which is equal to the inverse of
our g. They set xequal to 0.23, so we set g= 1/0.23.
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Thus, in the modified model consumption and hours move in the opposte direction. In both
cases, the red wage rises, but it rises more in the short-run in the modified modd.

The modified model produces responses that are broadly consstent with the empirica
results shown in the last section. In particular, both show a gradua, but permanent, rise in
output, invesment and consumption. Both show an immediate rise in productivity and red
wages. Finally, both show adrop in hours worked in response to a positive technology shock.*°

Why is the response of hours worked so different from the response in a standard RBC
modd? In the sandard modd, the wedth effect has an immediate impact on consumption; the
only reason consumption does not immediaidy jump to its new deedy-date leve is tha red
interest rates are temporarly high. In the modified modd, habit persstence induces a
duggishness in the response of consumption. Consumers prefer not to change their consumption
by too much. The naturd dternative would be to put the extra resources into investment.
However, the high adjusment cost on invesment makes invetment a relatively expensve good
in the short-run. Thus, the households “spend” the new wedth on the only remaining dterndive:
leisure. Leisure has dso become more expensive (because of the increased red wage), but with
our cdibration it isless expendve than investment.

To illusrate how important each modification is to obtaining the results, Figure 4 shows
the smulation results from three modds (1) Our modified modd (b = 0.9 and g = 4.348); (2) A
modd with just habit perastence (b = 0.9 and g = 0); and (3) A mode with just adjustment costs
on invesment (b = 0 and q = 4.348). Comparing results of the three models gives us a fed as to

how the negative impact of atechnology shock is generated.

10 The graphs show the responses out to 20 quarters. Not shown in the graphs is the fact that the labor supply
rebounds in the intermediate-run, so that labor supply rises temporarily above the long-run level.
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The gragph makes cdear tha it is the combined duggishness in invetment (due to
invesment adjustiment costs ) and consumption (due to habit persistence) that drives the decline
in labor. Without both effects, labor ether rises or declines very little. The differences in the
paths of rea wages are caused by the differentid labor supply response. Not surprisngly, red
wages rise the most when labor supply fals the most.

The high vaues of b and g are not necessary to generate the negative response of labor.
For example, a modd with b = 0.5 and g = 2 generates a fdl in hours for dmost two years. The
drop in hours on impact is 2.5 percent for afive percent positive technology shock.

Therefore, a modd with habit formation in consumption and adjusment cods in
investment can match the effects of a technology shock in the data. In particular, the modd can
explan the empirically observed drop in labor input after a technology shock. It does so with
types of frictions tha ae farly wdl supported in the literature, i.e. adjustment cods on
investment and habit persstence in consumption.

Before turning to a modd that festures a modification to the production technology, it is
important to note that there are other modifications to preferences that can lead to a negative
correlation between technology and hours. For example, Campbel and Ludvigson (2001)
present a modd with home production that alows a low intertempord eadticity of subdtitution in
consumption to be condgent with baanced growth. This low intertempord dadticity of
subdtitution combined with a highly perssent technology shock produces a negative corrdation
between technology and hours worked. Campbell and Ludvigson date that this prediction is a
fundamentd difficulty of the modd. Once agan, in light of the empirica results it should be

conddered a strength of the moddl.
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B. Modd 2: A Leontief Mode with Labor-Saving Technology Shocks

In this section, we explore the effects of labor-saving technology shocks when the short-
run production function features fixed proportions. Although the negative relaionship between
hours and technology is easily reproduced in a smple modd, we explore a dightly more generd
verson because of its improved predictions for wages. In particular, we use a one-sector verson
of the varigble-utilization modd employed by Ramey and Shapiro (1998) to study the effects of
military buildups

The modd takes the following form:

. aN K O , .
Y, =(1+§)minc—,—= Production Function
e, & g
K., =@-d)K, +1, Capital Accumulation
C+ILEY Resource Condtraint

V=E,& @+ r){log(C) +2400(T - L)- pNS7)
Utility
where L =(1+9)N,

The specification of technology implies that a any ingtant in time, workers (N) and machines (K)
must be combined in fixed proportions, for example, one worker is combined with one machine.
Thus, firms can increase output within the period only by increasing the workweek of cepitd.
The workweek of capitd is given by (1 + S), where the standard 40 hour workweek has been
normalized to unity, so that Sisthe proportion relative to the stlandard week.

The preferences we specify are standard, except for the addition of a term that involves

hours beyond the standard workweek. In this specification, hours worked outside the standard
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daytime hours generae disutility. In addition to the standard effects of a decline in leisure,
nongandard hours generate increesng margind disutility. Ramey and Shapiro (1998) discuss
the empirica judtification for these preferences.

We choose vaues of the parameters to match capital-output ratios and estimated overtime
premia In the production function, we st initid vaues 0 a, = ax = 8. In the preference
specification, we st q=0.05and T =50. The quarterly discount factor b is set equa to 0.99 and
the depreciation rate to 0.021. These vaues generate an overtime premium of 33 percent and a
vadue of S equa to 0.172 in the steady-state. Using this model, we explore the effect of an
unanticipated permanent five percent decline in the value of a, from 8 to 7.6. The decline in a,
impliesthat fewer workers are needed to operate each machine.

Figure 5 shows the results of the smulations. All variables shown are in logarithms and
are normdized to be zero in the pre-shock period. The path of technology shows the path of
Va.

Output shows a smdl amount of duggishness reaive to the RBC modd, wheress
consumption shows substantial duggishness.  In fact, consumption dips dightly on impact. The
source of the dow rise of consumption is the high red interest rate. The shock to labor saving
technology raises the margind product of capitd, leading to higher desred invetment. The
limited opportunities to extend the workweek of cepitd dampen the output response, o
consumption must rise by lessthan it would in the standard modd.

The behavior of hours is the key result. Tota hours fdl in response to the labor-saving
technology shock. To save space, we did not plot the components of hours. the number of

workers versus hours per worker. We find that the number of workers fals in response to the
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shock whereas hours per worker rises, through shift or overtime hours. For the given cdibration,
the first effect dominates the second effect so theat tota hoursfals.

How can red wages rise in the face of declining hours? The reason for the rise in wages
in the face of declining hours is the increased use of shifts or overtime in order to extend the
workweek of capitd. Because shift or overtime work demands a premium (owing to the nature
of the utility function), average wages per hour worked rises even though tota hours worked

fdls. Inthe smple Leontief modd with no shifts, red wages and consumption fall.

To summaize, the modds we have presented in this section demonsrate that
modifications to either preferences or the subdtitution possibilities between capitd and labor can
produce a negative correlation between hours and technology. None of these modds require

sticky prices or wages to produce the results.

D. Sticky Price Explanations ver sus Adjustment Cost and Habit Persistence Explanations

As mentioned earlier, Gali (1999) and Basu, Kimbal and Fernad (1999) suggest tha the
negaive corrdation between the technology shock and labor input is evidence in favor of a
sticky-price modd. Gdi (1999) presents a stylized static modd of sticky prices to illustrate how
that class of models can produce a negative correation between technology shocks and labor
input. In his verdon, in the face of a pogtive productivity shock but unchanged aggregeate
demand, firms need fewer workers to produce the same amount of output. Thus, labor demand
fdls

The results dso hold up in some more complete dynamic models with sticky prices, but

the mechaniam changes somewhat. King and Wolman (1996) and Dotsey (1999) dso obtain a
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negaive effect of technology shocks on labor in the short-run in cetan modds. King and
Wolman use Cavo-type (1983) random price adjustment, whereas Dotsey uses staggered price
contracts. Both papers show that if the monetary authority targets the money supply, a pogtive
technology shock causes labor input to drop. After a podtive productivity shock, firms markups
rise, s0 there is a greater wedge between the margina productivity of labor and the ied wage.
Because the wedge is expected to decrease over time, rea wages are expected to rise in the
future, so individuas reduce their labor supply in the short-run due to the intertempord
substitution effect.™

Both of our models and the dynamic dticky price modd predict a fadl in hours in the
ghort-run.  The mechanism by which this effect occurs is very different, though. In the dynamic
gicky price model, hours fal because current wages are low relative to expected future wages.
In the habit formetion—adjusment cost modd, hours fal because leisure is the only variable that
can respond dgnificantly to the wedth effect of the technology shock in the short-run. In the
Leontief modd, hours dso fal because current wages are low relative to expected future wages.

In the habit formation-adjustment cost mode, red wages jump so far on impact that they
actudly overshoot their long-run leved dightly. In contradt, in the sticky price mode (shown in
King and Wolman's Figure 6F) red wages do not adjust a dl on impact, and then rise steeply
during the ten quarters when labor input is below normd. There is a smilar pattern in the
Leontief model. It isthe steep rise of wages thet is the key to the reduction in labor supply.

Thus, the three types of modds differ in their predictions for the path of wages

Unfortunatdly, the empirica results are not precise enough to dlow us to digtinguish between the

M1t is important to note, however, that these papers find that labor input rises under all other monetary policy rules
investigated. For example, monetary rules based on inflation targeting, Taylor rules, and Clarida, Gali and Gertler’'s
estimate of the Volker-Greenspan rule all imply that labor input rises in response to a positive technology shock,
even in the face of sticky prices.
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models. The firg-difference specifications in Figure 1B and Figure 2B, as wdl as the VECM
labor share specification in Figure Al, show that red wages jump immediately and follow the
path of productivity, which is more consgent with the habit formationadjussment cost modd.
On the other hand, the impulse response functions based on the VECM with the edtimated
cointegrating vector in Figure 2A show a dower response of red wages, favoring the sticky price
model and Leontief model.

The responses of the other varidbles are quditatively smilar across the models and the
data'? Figure 6 of King and Wolman (1996) shows the responses of a variety of variables b a
postive technology shock. Mogt of the other variables responses from the model accord well
with our impulse responses shown above. For example, output, consumption, and investment
rise gradualy in response to a postive technology shock.

In sum, both a sicky price modd and modified DGE modes have dmilar implications
for the responses of labor input, output, consumption, and investment to a technology shock.
They differ in their implications for red wages. The sticky price modd and Leontief moded
predict a gradua response of wages, whereas the habit formation-adjustment cost model predicts

that wages jump immediately. The data do not give robust results on the latter response.

V. Non-Technology Shocks
In the last section, we showed that a DGE mode can be modified to replicate the
negative effect of technology shocks on labor input.  This modification does not, however,

resuscitate technology shocks as a source of business cycles.

12 The only exception isthe immediate jump in investment in the Leontief model. Addinginvestment adjustment
costs to the mo del would bring the response of investment closer to the data.
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Gai argues that it is the shock to the labor equation that produces results that look like
business cycles. He shows that this shock, which he cals a “demand shock,” leads to a rise in
output and labor, as well as a temporary rise in productivity, which is consgtent with the stylized
facts of busness cycdes. Mogt of the business cycle movements in output and labor over the
post-war are attributable to the demand shock rather than the technology shock.

Since this shock is potentidly “the business cycle shock,” we conclude this paper with a
brief analysis of its properties. Gdi identifies the demand shock in a bivariate modd as the
shock to the labor equation that is uncorrelated with the technology shock. As a dtart, we use the
labor shock edimated from the bivariate mode in equation (5), testing whether this shock is
correlated with the war, oil and monetary indicator variables.

Recdl that none of these variables was corrdated with the technology shock. The results
are very different in the case of the labor shock, as shown in Table 4. One can overwhemingly
rgect the hypothess that the Hoover-Perez oil dates and the Ramey-Shapiro war dates are not
correlated with the shocks. On the other hand, one cannot reject the hypothess that the Romer
monetary dates do not have any explanatory power.

The oil dates and war dates variables explain a surprisngly large fraction of the labor
equation shock. When both dates are included, the Rsquared of the regression is 0.19. Thus,
amost 20 percent of the variation in what appears to be a key business cycle shock is explained
by political events that affect oil prices and defense spending.

Findly, we investigate the effect of the labor shock in our five varigble basdine VECM.
For comparability with the bivariste model, we impose a Choleski decomposition so that hours
are ordered before the three error correction terms. That is, in sysem (9) we impose the

restrictions that C%(0) = O for j = 3, 4, 5in order to identify € asthe labor equation shock.
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Figure 6 shows the impulse response to a labor equation shock. The responses of
productivity, output and hours are very smilar to those from Gdi's work. In paticular,
productivity rises temporarily for less than a year, and output and hours rise with a hump-shaped
pattern. The new variables added in our system are red wages, consumption, and investment.
Investment and consumption rise, dong with output and hours. Red wages fdl, however, in
response to the labor shock. The labor shock appears to have only temporary effects, since all
variables return to close to pre-shock levels within ayear or two.

What kind of shock would lead to this pattern of responses? The patterns in the
responses implicate one particular type of shock: a shock to the margind rate of subdtitution
between consumption and leisure.  The rise in output, hours, consumption and investment in the
face of declining wages is consgent with a shock that decreases the margind utility of leisure.
The labor supply curve shifts out, rea wages fdl, and firms invest more. The temporary blip in
productivity could be accounted for by arisein effort or capitd utilization.

This interpretation is condgent with the conclusons of Shapiro and Watson (1988).
Usng somewhat different identifying assumptions they find that permanent shocks to labor
supply are a mgor source of business cycles, accounting for 40 percent of the 8 quarter ahead
varigbility in output. They do not include red wagesin their modd.

In his discussion of Shapiro and Watson, Hall (1988) expressed extreme skepticism about
this concluson. lronicaly, nine years later Hal (1997) uncovered a very smilar result. He
decomposed the driving forces of business cycles based on a didtinction between atempora and
intertempord effects of shocks. These reaults led him to conclude: “the prime driving force in
fluctuations turns out to be shifts in the margind rate of subgtitution between goods and work.”

Our findings lend further support to this concluson.
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VI.  Conclusons

When we initidly set out on this project, we were somewhat skeptical that the shocks
identified usng long-run redrictions could plausbly be interpreted as technology shocks. We
were surprised to find that further study of the data supported that interpretation. Indeed, what
appears to have dl of the right properties for a technology shock leads to very un-business cycle
like characterisics. Hours move in the opposite direction of output, productivity, consumption
and investment.

Faced with these dtrong facts, we then investigated whether other modeding devices
besdes gicky prices could produce these effects We found that the combination of habit
persstence and adjustment costs on investment closdaly replicate the responses found in the data
Changing the production function to Leontief dso led to predictions closer to those of the data.

Finaly, we dudied the characteristics of the other key shock in the system, the one that
produces podtive comovements between output, productivity and hours. We found that this
shock aso raises consumption and investment, but not rea wages. Almost 20 percent of the
vaiation in this shock can be explaned by smple dummy variagbles cgpturing oil events and

military events.
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Table 1: Long-Restrictions Used in the Literature

AD shocks AD shocks Technology Only Only
have no have no shockshaveno | technology technology
permanent permanent permanent shockshavea | shockshave a
effect on effectson effect on hours | permanent permanent
output or red wages effect on effect on red
hours productivity wages

Blanchard- v

Quah (1989)

Shapiro- v v

Watson (1988)

Gamber-Joutz v v v

(1993,1997)

Gai (1999) v

Helschman v v v v

(2000)

Francis-Ramey v v v

(2001)
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Table2: Cointegration Tests
(tests include constant and trend)

System P-valuefor hypothesistests
(optimal # of lagsincluded)

Cointegrating vector
(estimated viaDOLS)

1. x-w Ho: x —w has a.unit root
P=0.019 (4lags)

2. xandw Ho: No cointegration
p=0.017 (4lags)

(1,-1.03649)
(0.0090)

3. n,w,andc Ho: No cointegration
p=0.003 (7lags)

(1, 1.04581, -1.03093)
(0.062)  (0.067)

4. x,n,w,candi Johansen test: r = # of
cointegrating vectors

Ho: r=0, p=0.003
Ho: rE1, p=0.037
Ho: r£2, p=0.189

(2lags)

x = |abor productivity

w = red product wages

n = hours per capita

C = consumption expenditures per capita

i = grossinvestment expenditures per capita
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Table 3: Exogeneity Tests
Dependent Variable: Technology Shocks from Bivariate M odel

Romer & Romer Hoover-Perez Oil Ramey-Shapiro War
Monetary Dates Dates Dates
P-value of F-test 0.366 0.939 0.122
R-Squared 0.026 0.006 0.041

The F-test is based on a regresson of the identified technology shock on a constant and current

(Lagged vaues of the technology shock are
not included because the technology shock is by condruction seridly uncorrdated.) The F-test
corresponds to the test that all of the coefficents on the dummy varidble in question are jointly

and four quarterly lags of the varigble in question.

equal to zero.
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Table 4: Exogeneity Tests

Dependent Variable: Labor Shocks

Romer & Romer Hoover-Perez Oil Ramey-Shapiro | Oil and War Dates
Monetary Dates Dates War Dates
P-value of F-test 0.295 0.000 0.033 0.000
R-Squared 0.029 0.146 0.057 0.193

The F-test is based on a regresson of the identified labor shock on a congtant and current and

four quarterly lags of the varidble in question.

included because the labor shock is by condruction seridly uncorrelated.)
corresponds to the test that dl of the coefficients on the dummy variable in question are jointly

equal to zero.
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Figure 1. Comparison of Technology Shock Effects Across I dentification Schemes
(90 per cent confidence bands)
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Figure 2A: Impulse Response to a Technology Shock
5-Variable Basdline Vector-Error Correction Model
(90 per cent confidence bands)
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Figure 2B: Impulse Responseto a Technology Shock
5Variable VECM with Labor Share
(90 per cent confidence bands)
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Figure 2C: Impulse Response to a Technology Shock
5 Variable Modé, First-Difference M odel
(90 per cent confidence bands)
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Figure 3: Theoretical Effect of a Positive Technology Shock
RBC versus Habit Formation-Investment Adjustment Cost
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Figure4
The Role of Habit Formation in Consumption versus Adjustment Cost in I nvestment
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Figure5: Theoretical Effect of a Positive Technology Shock
L eontief Production with Variable Capital Utilization
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Figure 6: Impulse Responseto a Labor Shock: 5 Variable VECM

(90 per cent confidence bands)
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