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Skill heterogeneity and the
business cycle

ESWAR PRASAD International Monetary Fund

Abstract. This paper extends the real business cycle framework to incorporate ex ante skill
heterogeneity among workers. Consistent with the empirical evidence, skilled and unskilled
workers in the model face the same degree of cyclical variation in real wages, although
unskilled workers are subject to substantially higher procyclical variation in employment.
Systematic cyclical changes in the average skill level of employed workers are shown to
induce bias in standard aggregate measures of cyclical variation in the labour input, pro-
ductivity, and the real wage. The introduction of skill heterogeneity improves the model’s
ability to match the empirical correlation between total hours and the real wage, but the
correlation between total hours and labour productivity remains higher than it does in the
data.

Hétérogénéité des habilités et cycle d’affaires. Ce mémoire développe I’analyse du cycle
d’affaires réel pour tenir compte de 1’hétérogénéité ex ante des habilités des travailleurs.
Comme on l’observe empiriquement, les travailleurs spécialisés et non-spécialisés font
I’expérience du méme degré de variation cyclique de leurs salaires réels mais les travailleurs
non-spécialisés vivent des expériences de variation pro-cyclique beaucoup plus fortes dans le
niveau d’emploi. Il semble que des variations cycliques systématiques dans le niveau moyen
du niveau d’habilité des travailleurs employés engendrent un biais dans les mesures agrégées
traditionnelles de la variation cyclique de I’intrant travail, de la productivité et du niveau
de salaire réel. La prise en compte de I’hétérogénéité des habilités améliore la capacité du
modele a améliorer la co-relation empirique entre le nombre de heures travaillées et le salaire
réel mais la co-relation entre le nombre total d’heures et la productivité du travail demeure
plus élevée que ce que I’on trouve dans les données.
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I. INTRODUCTION

Real business cycle (RBC) theorists have attempted to construct equilibrium models
that can match important patterns in aggregate macroeconomic data in terms of the
relative cyclical variability and the co-movements with output-of a set of key eco-
nomic variables. Closed-economy RBC models have been successful at capturing
many important features of the U.S. economy. One major drawback with stan-
dard RBC models, however, as pointed out by McCallum (1988), Christiano and
Eichenbaum (1992), and others, is that RBC models require a strongly procyclical
real wage, operating through the intertemporal substitution mechanism, to match
the highly procyclical variation in aggregate hours in the U.S. economy. Further,
since the standard Cobb-Douglas production function used in these models implies
that the average product and marginal product of labour are proportional to the
real wage, labour productivity is implied to be strongly procyclical and highly cor-
related with total hours and output. Empirical studies using aggregate data have
found, however, that the average real wage is essentially acyclical. Economy-wide
measures of productivity have also been found to be weakly procyclical and not
highly correlated with total hours or output. These stylized facts appear to pose a
problem for RBC proponents.

One aspect that is not captured by standard homogeneous-agent models of the
business cycle is the possibility of cyclical variation in the average skill level of
the employed workforce. Labour force heterogeneity is an important issue for busi-
ness cycle theorists, since it could potentially lead to bias in aggregate measures of
macroeconomic quantities such as labour input, productivity, and the real wage. For
instance, labour market studies using micro survey data have revealed the impor-
tance of accounting for skill heterogeneity in obtaining accurate measurements of
wage cyclicality (see Stockman 1983; Bils 1985; Keane, Moffitt, and Runkle 1988;
Barsky, Solon, and Parker 1994). Much of this work indicates that a composition-
corrected measure of the real wage is more procyclical than an average measure of
the real wage. In a similar context, labour economists such as Heckman (1984) also
have argued that homogeneous-agent models of the business cycle do not capture
many important aspects of labour market fluctuations.

The objective of this paper is to construct a model that explicitly incorporates
skill heterogeneity of labour in order to determine if this feature improves the ability
of a standard RBC model to describe the stylized facts of the business cycle. The
model builds upon the earlier work of Kydland (1984) and Hansen and Sargent
(1988) and is similar in spirit to the papers by Cho and Rogerson (1988) and
Cho (1995). Cho and Rogerson (1988) examine how labour supply elasticities for
different types of labour are influenced by fixed costs at the household level. Unlike
the situation in the Cho and Rogerson paper, the quasi-fixity of skilled labour in the
present model arises from the effects of adjustment costs at the firm level on the
demand for different types of labour. Cho (1995) examines the effect of ex post skill
heterogeneity in a model where workers face temporary idiosyncratic productivity
shocks. The model in this paper differs from Cho’s model in that workers are
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assumed to be ex ante heterogeneous, although neither of these models captures
the endogenous element of skill formation over the business cycle.

The specific empirical observation that motivates the model in this paper relates
to the differences between skilled and unskilled workers in terms of employment
variability. It has long been recognized that skilled and unskilled workers exhibit
markedly different responses to the business cycle in terms of employment variation.
Various studies, using different proxies for skills, have documented that skilled
workers face considerably less fluctuation in employment than unskilled workers
(see Rosen 1968; Clark and Summers 1981; and Kydland 1984). Since skilled
workers have more stable employment over the cycle than unskilled workers, it
follows that the average skill level of the employed workforce is countercyclical.
In a downturn, as less-skilled workers are laid off, the average skill level of the
workforce starts rising. Similarly, as a recession ends and firms start hiring more
workers, the average skill level of the employed workforce tends to decline (see,
e.g., Hansen 1993).

The differences in employment cyclicality for workers of different skill levels
have implications for measurements of wage cyclicality. The cyclical variation in
the quality of the labour force implies that the average observed wage is likely to be
a biased measure of cyclical movements in the mean of the underlying offer wage
distribution (correcting for observed and unobserved worker heterogeneity). In a
recession, unskilled workers, who have lower mean wages than skilled workers,
are more likely to be laid off. This implies that the average observed wage could
have a countercylical bias. The empirical studies cited earlier use micro panel data
to control for variation in average worker quality over the cycle and generally find
at least a weak countercyclical bias in aggregate wage measures.

Cyclical changes in the composition of the workforce also have important im-
plications for the measurement of productivity over the business cycle. Measuring
productivity simply as aggregate output divided by aggregate hours worked could
potentially obscure the effect of cyclical variation in average worker quality. The
effect of heterogeneity in the labour force needs to be taken into account in mea-
suring the cyclicality of true underlying productivity. Further, even with a fairly
standard production function, the introduction of heterogeneity in the labour force
breaks the perfect correlation between average productivity and real wages that
exists in homogeneous-agent RBC models.

The results in this paper show that, for plausible parameter values, the ag-
gregation effects discussed above can be quite large. Although the introduction
of heterogeneity improves the model’s ability to match the empirical correlation
between total hours and the real wage, the correlation between total hours and
labour productivity remains higher than it does in the data. The model also does
not perform well in improving the match between the predicted and actual
ratio of the standard deviation of total hours relative to the standard deviation of
productivity. '

The paper is organized as follows. In section II the model is motivated by a
review of some of the measurement and aggregation issues. The model is described



Skill heterogeneity 913

in section III. Results from numerical simulations of the model are presented in
section IV. The main findings are summarized in section V.

1I. MEASUREMENT

The effect of aggregation bias on measurements of fluctuations in labour market
aggregates has recently received considerable attention. Much of this work has fo-
cused on addressing the conventional wisdom that average real wages are acyclical,
that is, uncorrelated with the business cycle. The very low correlation between the
average real wage and total hours in the postwar United States (table 1, first panel)
appears to confirm this notion. This stylized fact has long been used as a benchmark
for evaluating representative agent business cycle models. These models, however,
typically yield predictions for variations in the mean of the distribution of wage
offers for a homogeneous worker. The observed average real wage in the data could
be biased as a measure of this mean, because the average quality of workers is not
constant over the cycle. As noted in the introduction, an extensive body of liter-
ature has documented that skilled workers have more stable employment patterns
over the business cycle than unskilled workers. This implies that the average skill
level of the employed workforce is negatively correlated with the cycle, suggesting
that movements in the average wage tend to understate the cyclical variation in the
mean of the offer wage distribution.

An additional source of bias arises from the fact that unobserved (by the econo-
metrician) characteristics of workers could simultaneously affect their real wage and
their cyclical employment probabilities. Such selectivity bias could affect measures
of wage cyclicality obtained from micro panel data that control only for observed
worker characteristics. Controlling for aggregation as well as selectivity bias, the
general conclusion appears to be that there is significant procyclical variation in
the offer wage distribution (see, e.g., Keane, Moffitt, and Runkle 1988; Barsky,
Solon, and Parker 1994).

In related work, using data from the Panel Study of Income Dynamics, Kydland
and Prescott (1988) show that a human capital weighted measure of labour input
is much less cyclically variable than aggregate manhours. Since unskilled workers
have greater cyclical variation in employment, they account for a greater fraction
of the variance in aggregate manhours. Because unskilled workers have relatively
smaller human capital weights, however, the use of these weights dampens the
effect of fluctuations in unskilled employment on labour input variation. Kydland
and Prescott calculate the average hourly wage over the sample period for each
individual in the sample and use this as a measure of that individual’s human capital
weight. Over their sample period (1969-82), the percentage standard deviation of
the conventional measure of aggregate hours is 1.42 (similar to the U.S. aggregate),
while it is only 0.98 for a quality-adjusted measure of labour input. Both series
have a correlation of about 0.75 with detrended output. The empirical elasticity
with respect to output is also much higher for aggregate hours (0.45) than it is
for the quality-adjusted labour input measure (0.29). Compensation per manhour
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TABLE 1
Comparison of the stochastic properties of the models relative to postwar U.S. data

Heterogeneous-agent model

U.S. data Homogeneous-agent

1954:1-1994:4 model Average measures Efficiency units
sd(y) 1.60 1.60 (0.22) 1.24 (0.15)
sd(c)/sd(y) 0.75 0.34 (0.03) 0.38 (0.05)
sd(x)/sd(y) 3.46 3.09 (0.10) 3.83 (0.17)
sd(h)/sd(y) 1.15 0.76 (0.02) 0.57 (0.03) 0.47 (0.03)
sd(p)/sd(y) 0.64 0.33 (0.03) 0.52 (0.03) 0.60 (0.03)
sd(w)/sd(y) 0.57 0.33 (0.03) 0.41 (0.04) 0.47 (0.04)
sd(h)/sd(p) 1.81 2.30 (0.22) 1.10 (0.12) 0.79 (0.08)
corr (c,y) 0.88 0.81 (0.04) 0.62 (0.08)
corr (x,y) 0.90 0.98 (0.01) 0.96 (0.01)
corr (h,y) 0.88 0.96 (0.01) 0.93 (0.03) 0.91 (0.03)
corr (p,y) 0.49 0.80 (0.04) 0.91 (0.03) 0.95 (0.02)
corr (w,y) 0.37 0.80 (0.04) 0.73 (0.06) 0.86 (0.04)
corr (h,p) 0.08 0.61 (0.08) 0.69 (0.09) 0.74 (0.08)
corr (h, w) 0.18 0.61 (0.08) 0.44 (0.11) 0.60 (0.11)

NOTES: The term sd stands for standard deviation and ‘corr’ represents the correlation coefficient. The
variable definitions are as follows: y — output; ¢ — private consumption; x — gross fixed investment; 4 —
total hours; p — labour productivity; and w — real wage. Seasonally adjusted quarterly data for the United
States were taken from the U.S. Macroeconomic Database maintained by WEFA. Output (real GDP)
and its components are measured in 1987 constant dollars. Data on total hours, labour productivity, and
the real wage were obtained for the non-farm business sector. All statistics reported in this table are for
data logged and detrended using the Hodrick-Prescott filter with a smoothness parameter of 1600. The
model statistics represent the means of 100 stochastic simulations. Each simulation was 164 periods
long, matching the sample size for the U.S. data. Standard deviations of the sample distributions are in
parentheses.

has a percentage standard deviation of only 0.54, compared with 0.87 for the
wage per efficiency-hour. The latter is also much more highly correlated with
output deviations from trend (0.53) than is the former (0.14). In other words, when
correlated for cyclical variation in average worker quality, the labour input has lower
procyclical variation, while both the real wage and labour productivity are more
procyclical than is suggested by aggregate average measures of these variables.
The correspondence between model concepts and the measurement of stylized
facts is of considerable importance for business cycle theorists (Prescott 1986).
The micro evidence discussed above strongly suggests that aggregate measures of
employment, wage, and productivity fluctuations are contaminated by substantial
aggregation bias induced by systematic changes in the composition of the work-
force over the cycle.! Since it may not be possible to account for all sources of
aggregation bias in empirical measures, it appears worthwhile to model explicitly
heterogeneity in theoretical models of the business cycle and to assess the impact
of heterogeneity on improving the match between theory and stylized facts. Before

I In the remainder of the paper the term aggregation bias is to be interpreted broadly to include
selectivity bias and other sources of bias in aggregate relative to disaggregate data.
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I proceed to analyse labour market heterogeneity, it is useful to impose some dis-
cipline on such an exercise by relating the theoretical work to empirical results on
disaggregated measures of cyclical labour market fluctuations.

The relative cyclical variation of employment and real wages for skilled and
unskilled labour is of crucial importance for the issues addressed in this paper.
While it is well established that skilled workers have much less employment vari-
ability than unskilled workers, the evidence on relative wage variability is much
less conclusive. Reder (1955, 1962) concludes that unskilled workers have more
procyclical variation in wages than do skilled workers. Raisian (1983), on the other
hand, finds evidence that skilled workers may face more procyclical variation in
wages than unskilled workers do.

More recently, using data from the National Longitudinal Survey of Young Men
and correcting for various sources of aggregation and selectivity bias, Keane and
Prasad (1993) conclude that, at the aggregate level, skilled and unskilled workers
face essentially the same degree of cyclical variation in their offer wages.? That
is, the relative offer wage differential between skilled and unskilled workers is
acyclical. This result also mitigates the additional concern that differential patterns
of wage variation for skilled and unskilled workers may exacerbate the bias inherent
in average measures of wage cyclicality. The fact that skilled and unskilled workers
have the same degree of cyclical wage variation is useful in calibrating the model
developed in the next section.

I11. THE MODEL

Consider a closed economy with a continuum of identical households that are uni-
formly distributed along the unit interval [0,1]. Each household consists of two
infinitely lived agents, one skilled (type 1) and the other unskilled (type 2). All
agents are born at time zero and acquire their respective skill (or human capital)
endowments at birth. Households in this economy have utility functions that are
defined over consumption and leisure. While the household cares only about ag-
gregate consumption, it attaches different weights to the utility derived from the
leisure of skilled and unskilled workers. The household utility function is given by
the specification

Ulcr, Ly boy) = log ¢ + A log Iy + (1 — )A log L, 0<y <1, (D)

where ¢, represents household consumption and /;; represents the leisure of a type i
agent at time 7. Each agent has a unit time endowment in every period, which can be
either consumed as leisure or supplied as labour in return for a competitively deter-
mined real wage. Agents in this economy are restricted to work exactly 0 < h < 1
hours and consume the remaining time endowment as leisure. This assumption of
an exogenous fixed shift length is motivated by the observation that a substantial

2 Barksy, Solon, and Parker (1994) report a similar finding, using a different dataset.
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portion of the high-frequency variation in aggregate man-hours in postwar U.S.
data is attributable to fluctuations in employment rather than fluctuations in hours
per worker. I assume that skilled and unskilled workers work the same shift lengths
when employed.?

Since agents are restricted to work either zero hours or a fixed number of
hours, household consumption sets are non-convex. Following Rogerson (1988)
and Hansen (1985), the commodity space is convexified by expanding it to include
employment lotteries. Households now choose a probability of their agents working
in a given period, rather than a particular number of man hours that the agents will
supply. Hansen (1985) shows that, in an economy with homogeneous risk-averse
agents and separable preferences, the employment lottery implies complete unem-
ployment insurance. In the economy described here, households have the same
level of consumption whether both their members are employed or unemployed, or
only one of the two members is employed.

The model in this paper has two independent employment lotteries, one for
skilled workers and another for unskilled workers. The expected utility of each
household is then defined over total household consumption and the probability of
employment of each type of worker. The law of large numbers permits a one-to-
one mapping between probabilities at the household level and aggregate fractions
in this economy. Hence, the preferences of the representative household can now
be written more concisely as

log ¢, — any, — (1 — p)any,, 2)

where a = —A(log (1 — h))/h, and n;, = a; - h is the total number of hours worked
by type i workers.

The economy has a single firm in which all households have equal shares of
ownership. The firm hires labour and rents capital in each period to produce the
single non-storable consumption good using a production technology of the form

yr = 0,KFN; . 3)

Output at time ¢ is denoted by y,. The exogenous productivity or ‘technology’ shock
in the economy is given by 6. Physical capital, denoted by K, is assumed to be
fully utilized in all states of the world. The income share of capital is given by .
Labour input, N,, is given by the following CES function of skilled and unskilled
labour:

d 1—v ~ I—v
N, {w [’ln — E (ny — nl,!—l)z] + n%t } . )

3 The average length of the workweek is not very sensitive to skill level. In the NLS data (see
Keane and Prasad 1993 for a description of this micro panel dataset), the reported ‘usual weekly
hours’ for most workers tend to cluster around the figure of forty hours per week. About 60 per
cent of the observations for weekly hours lie between thirty-eight and forty-two hours.
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The parameter w > 1 captures the higher productivity of skilled labour relative
to that of unskilled labour. The real resource cost of adjusting the level of skilled
labour is given by the quadratic adjustment cost term embedded in the production
function.* This adjustment cost may be interpreted, for instance, as reflecting the
training cost involved in hiring new skilled workers. The hiring and firing costs for
skilled workers are assumed to be symmetric.’> The parameter d = 0 determines the
magnitude of this adjustment cost. With d = 0, the model would have the property
that the ratio of skilled to unskilled employment would remain constant over the
cycle.

The exogenous productivity shock 8 is assumed to follow a first-order autore-
gressive process of the form

01 = pb + €141, 0<p<l. )

The productivity shock innovation € is identically and independently distributed
across time and is drawn from a log-normal distribution with mean 1 — p and
standard deviation o.. Following Hansen (1985), this distribution is assumed to
have a positive support with a finite upper bound, in order to ensure that output
is always positive. Since the mean of € is 1 — p, equation (5) implies that the
unconditional mean of 8 is unity. In each period agents makes decisions after the
realization of the productivity shock is observed and is common knowledge.

The representative household in this economy takes the wage rates for the two
types of labour, w, and wy,, and the real interest rate r; as given. The household’s
problem is to choose a sequence {c,, ny,, nz,,x,};ﬁo to maximize, given Ky and 6,

(o9}
Eo Y B'{log ¢; —any, — (1 — p)any,}, 0<B<1, 6)
=0
subject to
C +Xx; = hnywi; + hngwy, + 1K, + Xt @)
and
KH—! = (1 —5)K, +.Xf. (8)

4 This specification provides a straightforward interpretation of output as a function of capital and
the effective units of labour. For instance, if a new worker must be trained, then it is natural to
assume that, of the hours supplied by that worker to the firm, some fraction is used to acquire
training and the remainder is available for the production process. Hansen and Sargent (1988)
use a similar adjustment cost specification to examine the relatively higher cyclical variability of
overtime relative to straight-time employment.

5 An alternative justification for the adjustment cost on skilled labour could be in terms of firm-
specific capital. For instance, the firm-specific capital embodied in skilled workers would be lost
each time a separation occurred between a firm and a skilled worker, implying a real resource
cost. Since the model does not keep track of the identities of individual workers, however, the
justification for these adjustment costs in terms of firm-specific capital would be tenuous. Also
see Oi (1962) for one of the earliest models where skilled labour is postulated to be a quasi-fixed
factor.
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Profits earned by the representative firm, if any, are distributed on a lump-sum
basis among households and are denoted above by x,. The evolution of the physical
capital stock K, is given by equation (8), with § being the constant depreciation rate
and x, representing gross investment.® Combining the representative household’s
first-order conditions for its labour supply choices yields the following relation
between wy, and wy, that must be satisfied for any optimal interior solution for n;,
and ny,:

Wi = W ©)

v
-9
This condition results from the specification of the representative household utility
function, which is linear in the leisure of both types of agents. The proportionality
between the two wage rates will play an important role later in the analysis.

Since there are no distortions in this economy, an extensions of standard welfare
theorems, drawn from Rogerson (1988), allows us to exploit the fact that the com-
petitive outcome in this economy corresponds to the solution of a social planning
problem. The social planning problem is to choose a contingency plan for (c;, ny,,
ny,, X;) to maximize

o0

Eo Y B'{log ¢c; — any, — (1 — plamy}, (10)
=0
subject to

d 1—v T—v
¢/ +x S 0,K*N/~*, where N, = {w [fln -3 (my, — nl,l—l)z] +”£7V} . (1D

K =0—-60K, +x, (12)
and
O = pb, + €141 (13)

The state vector for this problem is [K, ny,; 6,]'. The control vector is [¢, ny, n, x,1.
Assuming that the aggregate resource constraint (11) is binding in each period,
the analysis can be limited to the control vector [n), ny, x,1'. The solution to the
recursive problem described above is a set of time-invariant decision rules (or policy
functions) that express the optimal values of the choice variables as functions of
the state vector. Since it is not possible to obtain closed-form expressions for the
policy functions, the strategy adopted in this paper is to derive a linear-quadratic
model that approximates the social planning problem. Before we proceed to solve

6 Since all households in this economy are identical, in order to simplify the notation no distinction
is made between household and aggregate capital stocks.
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numerically for the policy functions, however, it is useful to desire some equilibrium
relationships that characterize the optimal policy functions.

As noted before, all agents of a particular skill level earn the same income in
any given period, whether or not they happen to be employed in that period (de-
pending on individual realizations from the employment lottery). Thus, the model
is not designed to explain variations in consumption patterns across employed and
unemployed workers or between skilled and unskilled workers.

While analytical expressions for the decision rules for employment cannot be
obtained, it is possible to analyse the main determinants of the relative variability
of skilled and unskilled employment. The adjustment cost on skilled labour leads
to a relatively higher degree of serial correlation in the employment of skilled
labour and makes it less sensitive to variations in output than unskilled labour.
The variation in skilled employment is, inter alia, a function of the adjustment cost
parameter d and the parameter p, which governs the persistence of the technology
shock. The ratio of the cyclical variation in skilled employment relative to unskilled
employment will tend to be positively related to the degree of persistence in the
technology shock process and negatively related to the size of the adjustment cost
parameter. The steady-state relationship between the levels of employment of the
two types of labour is given by

_cg(l—«b)]f
i I

Loosely speaking, the parameters w, 1), and v determine the relative levels of
employment of skilled and unskilled labour, while the parameters p and d determine
the relative cyclical variability of these two types of labour.

With positive adjustment costs, it is intuitive that skilled workers would face
much less cyclical variation in employment than unskilled workers. In a recession
skilled workers would be less likely to be laid off, thereby raising the average
skill level of the employed workforce. In an expansion, since it is more costly to
increase the level of skilled employment in the short run in response to transitory
productivity shocks, relatively higher numbers of unskilled workers are likely to be
hired. This would reduce the ratio of skilled to unskilled employment and thereby
lower the average skill level of the employed workforce. This discussion suggests
that the average skill level of the employed workforce is countercyclical in this
model. A more appropriate measure of labour input than aggregate manhours can
be calculated here using the definition of labour input in equation (4). This measure
controls for the systematic movement of low- or high-productivity workers into or
out of employment over the business cycle and, hence, provides an unbiased mea-
sure of the cyclical variation in labour input. If skilled workers have less variable
employment than unskilled workers, then the labour input measure is likely to have
much less cyclical variation than an unweighted measure of aggregate hours.

Turning next to labour compensation, spot wages in this model are determined in
a competitive labour market. From the production function, the marginal products
for the two labour inputs are given by

(14)

n =49 -ny, whereﬁ:[
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Py, = ,KEN,™ (1 — @) [w (nl, —~ g (1 — nl,,_,)2>_y]
X[1 —=d(ny; —ny )] (15)
and
MPy, = B,K*N,™ (1 — a)[n3"]. (16)

The marginal product of skilled labour, shown in (15), is evaluated only in terms
of current output. Skilled workers have an asset value to the firm that is not in-
corporated in this expression. This is subsumed in the social planning problem,
however, since the maximization over n|, would incorporate a term that can be in-
terpreted as the future value of the current stock of skilled labour. The household’s
maximization problem indicates that, in equilibrium, n;, and n,, will adjust to keep
the ratio of the two wage rates constant in every period. Hence, equilibrium wage
rates in this economy are calculated in the following manner:’

Wy, = MPy, and wy; = W 17)

v
1=
Unskilled workers are paid their marginal product in each period and equation
(9) is then used to pin down w),.% Note that, using equations (15) and (16), the
steady-state ratio of the skilled wage to the unskilled wage is given by

ﬂ:w.["_l]“ (18)

w2 n

Substituting equation (14) into equation (18) yields a ratio that is identical to the
equilibrium ratio of the two wage rates obtained from the household’s optimization
problem, confirming that w; and w, are market-clearing wage rates.

The average wage in this economy, obtained by dividing total earnings by ag-
gregate hours, is likely to be a biased measure of cyclical variation in the mean of
the offer wage distribution. As noted earlier, if unskilled (low-wage) workers have
more procyclical employment than skilled (high-wage) workers, then the average
observed wage would have a countercyclical bias. A measure of wage cyclicality
that controls for this source of aggregation bias can be obtained by dividing total
labour earnings by the labour input in this model, yielding a measure of compensa-
tion per effective unit of labour input. Similarly, efficiency-weighted productivity

7 The hourly wage rates are given by &~ 'w), and h~'wy,. Since the shift length 4 is fixed and
identical for skilled and unskilled workers, the distinction between the shift wage and the hourly
wage is not important here.

8 This suggests that profits may not necessarily be zero in every period. While the discounted
expected profit stream of the firm will indeed equal zero, profits may be non-zero away from the
steady state. This is not inconsistent with a competitive equilibrium, since the adjustment cost in
the model arises at the level of the firm. Profits, if any, are transferred in a lump-sum fashion to
households (which, as stated above, own equal shares in the representative firm).
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can be constructed as a measure of output per unit of effective labour input. If
labour input fluctuates less than aggregate hours, this definition suggests that, for
given variation in output, efficiency-weighted productivity may have greater cyclical
variation than an unweighted measure of productivity.

IV. RESULTS

In this section I present results from numerical simulations of the model developed
above, using the conventional strategy of calibrating the model by using param-
eter values that have been independently estimated in various studies. To solve the
model numerically, I implement a solution procedure proposed by Hansen and Sar-
gent (1988). First, a linear-quadratic approximation to the social planning problem
described in the previous section is derived. The approximating model is then
solved and the implied linear systems representation for the observables in the
model is obtained.

I begin by discussing the model calibration procedure. The first set of results
comes from simulations of a homogeneous-agent model, which is a special case of
the model in this paper. This provides a benchmark for a numerical assessment of
aggregation effects using the heterogenous-agent model. Finally, the sensitivity of
the results to the calibrated parameter values is examined.

1. Model calibration

I adopt the values for the parameters {8, 4, a, &, 8, p, } directly from standard papers
in the real business cycle literature, such as Hansen (1985) and Prescott (1986). The
standard deviation of the innovation to the productivity shock (o) is chosen such
that the mean standard deviation of output for the benchmark homogeneous-agent
model matches the standard deviation around trend of quarterly U.S. GDP over the
period 1954:1-1994:4. That leaves four parameters to be determined: d, w, v, and
.

The parameter 1) determines the steady-state ratio of the (hourly or weekly) wage
of skilled workers to the (hourly or weekly) wage of unskilled workers. In the NLS
data the average wage premium for workers with a college degree is about 40
per cent of the wage paid to workers without a degree. College-educated workers
represent only about 23 per cent of the person-year observations in the sample,
however, while the model in this paper divides the labour force equally into skilled
and unskilled categories. Using labour market experience as an additional proxy for
skill, I add enough workers (sorted by experience level) to the category of skilled
workers that this category comprises half of the sample. The average wage for the
skilled half (college-educated or more experienced) of the sample chosen in this
manner is roughly 43 per cent more than the average wage of the unskilled half
(non-college-educated and relatively less experienced) of the sample. This implies
a value of about 0.59 for 1.

The ratio of the level of employment of skilled to unskilled labour restricts
either w or v. When I choose the sample of skilled workers as described above,
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skilled workers are found to have about 45 per cent more average hours worked in a
year than unskilled workers.? Unfortunately, there is little direct evidence available
to restrict v, which determines the elasticity of substitution between skilled and
unskilled labour. Estimates by Halvorsen and Ford (1979) indicate a range from
about zero to 0.65 for industries in the manufacturing sector. Setting v equal to zero
and to the same value as the parameter alpha represent interesting special cases of
the model. The effects of using alternative values of v will be discussed below.
The choice of v pins down w, using equation (14).

The adjustment cost parameter d cannot be determined by a comparison of
steady-state values. In the NLS data college-education workers have much less
cyclical variability in employment than uneducated workers. A worker’s experience
level, however, does not appear to have much effect on the cyclical variability
of employment probabilities. I pick d to yield a ratio of the standard deviation
of skilled to unskilled employment of between one-third and one-fourth. This is
marginally higher than the variability of employment of college-educated workers
relative to workers without a college degree. Experiments with alternative values
of d will be discussed below.

To summarize, the parameter values used in simulations of the basic hetero-
geneous agent model are as follows: § = 0.99; h = 0.53; a = 2.85; ¢ = 0.59;
a =0.36; 6 = 0.025; p = 0.95; 0. = 0.0067; and d = 100. The choice of v (and
w) will be discussed below. The statistics reported in this section are for logged
and Hodrick-Prescott filtered versions of the simulated time series. The residuals
from this procedure are interpretable as percentage deviations of the series from
their respective trends.

2. The homogeneous-agent model

The model studied here can be specialized to Hansen’s (1985) homogeneous-agent
model with indivisible labour by setting ¥ = 0.5, w = 1, v = 0, and d = 0.
Numerical simulations of this model provide a benchmark for examining the effects
of incorporating skill-heterogeneity in an RBC framework. Results from stochastic
simulations of the homogeneous-agent model are presented in the second panel
of table 1. Aggregate hours are strongly procyclical and the ratio of the standard
deviation of total hours to that of productivity is 2.30, somewhat more than the
value of this ratio in the data (1.81). An important shortcoming of this model is
that it predicts a correlation of 0.62 between productivity and total hours, while
the empirical correlation is close to zero. Since the real wage and productivity are
proportional in the homogeneous-agent model, all relevant statistics are identical
for productivity and the real wage. This model also counterfactually predicts a high
degree of correlation between labour productivity and cyclical output.

9 It should be noted that this could potentially overstate the ratio of average hours worked for
skilled relative to unskilled workers. Workers are considered unemployed for the whole year if
they report a zero wage for the survey period. This would cause more unskilled workers to be
assigned zero hours in any year, since they have, on average, lower employment probabilities than
skilled workers.
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3. The heterogeneous-agent model

For the baseline heterogeneous-agent model I pick v = 0.4, which is roughly in the
middle of the range of estimates reported by Halvorsen and Ford (1979). Using the
ratio of steady-state skilled to unskilled employment, this implies that w = 1.67.
Results from simulations of this model are reported in the third panel of table 1.
Compared with the homogeneous-agent model, this model implies lower variability
in total hours relative to output, although both the variability of productivity and
the real wage relative to output are higher.!? This is attributable to the adjustment
cost for changing the employment level of skilled labour, leading to lower variation
in total hours. The ratio of the standard deviation of total hours relative to that of
productivity is lower in this economy than in the homogeneous-agent economy.

The correlation between productivity and hours is not very different in the two
models. A key difference, however, is that the correlation between total hours
and the real wage drops by almost 30 per cent, bringing this correlation closer
to the empirical correlation. This is largely attributable to the composition effect.
By construction, real wages for both types of labour move in proportion to each
other and, hence, have the same percentage standard deviation and correlations with
output and total hours. Skilled employment is much less variable, however, and is
not as highly correlated with cyclical output as is unskilled employment.'! Thus,
although both the skilled and the unskilled wage are highly positively correlated
with total hours (correlation of 0.85, with a standard deviation of 0.04), the cyclical
variation in the composition of the workforce reduces the correlation between the
average wage and total hours. Note that the real wage and productivity are not
perfectly correlated in the heterogeneous-agent economy. Although the predicted
correlation is still very high (0.93, with a standard deviation of 0.02), it is a little
closer to the empirical correlation of about 0.6 between these two variables.

A comparison of the raw aggregates and efficiency-weighted measures in this
economy provides an indication of the magnitudes of aggregation bias induced
by skill heterogeneity. Relative to the standard deviation of output, the standard
deviation of efficiency-weighted hours (i.e., the labour input) is less than that of
total hours. On the other hand, both productivity and the real wage have higher
cyclical variability relative to output when measured in efficiency units rather than
as economy-wide averages. The ratio of the standard deviation of the labour input
relative to productivity in efficiency units is substantially lower than the corre-
sponding ratio for total hours and average productivity. Another striking effect of
aggregation bias occurs in the case of the hours/real-wage correlation, which is
about 40 per cent higher when measured in efficiency units.

This model produces exactly the type of aggregation effects that have been found

10 Note that the standard deviation of output in the heterogeneous-agent economy is below that in
the homogeneous-agent economy, largely because of the lower cyclical variation in one of the
factor inputs — labour. To match the empirical standard deviation of output, the standard deviation
of the productivity shock would have to be increased to about 0.0080.

11 The percentage standard deviation of skilled (unskilled) employment is 0.35 (1.16) and its correla-
tion with output is 0.57 (0.92).
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by Kydland and Prescott (1988). Although the direction of bias is the same, the
magnitude of the aggregation bias in average measures of labour input, productivity,
and the real wage is smaller than the magnitudes reported by these authors. This
may be attributable partly to the very broad skill disaggregation of the labour force
used in this model.

An additional dimension in which one might evaluate the performance of RBC
models is their prediction for the elasticity of labour with respect to output.'? In
the U.S. economy, this elasticity is close to unity over the period 1954:1-1994:4.
The homogeneous-agent model produces a value of 0.73. In this dimension, the
heterogeneous-agent model appears to perform poorly, since it yields an elasticity
of only 0.53. The elasticity of quality-weighted hours with respect to output, ap-
proximately 0.43, is even lower than the elasticity for the aggregate hours measure,
however, which is exactly the finding reported by Kydland and Prescott.

Figures 1 through 4 show the impulse response functions of some of the observ-
ables in the baseline heterogeneous-agent model to a unit positive innovation in
the technology shock. Figure 1 shows that the cost of adjusting the level of skilled
employment causes it to respond sluggishly, unlike unskilled employment, which
takes a large upward jump when the shock to productivity occurs and then falls off
rapidly. Figure 2 reveals an interesting pattern. Total hours rise sharply when the
shock hits and then decline rapidly, while the skill-weighted measure of hours has
a much smoother response. Initially, total hours rise more than hours in efficiency
units, since unskilled workers are hired in a greater proportion. Skilled workers are
hired gradually but also are laid off more gradually as the shock wears off. Hence,
after a few periods, the impulse response for efficiency-weighted hours rises above
that of total hours. Figure 3 shows that the impulse response for productivity in
efficiency units rises faster and then falls off at a faster rate than that of average
productivity. This follows from the nature of the impulse responses for total hours
and skill-weighted hours. Finally, figure 4 indicates that the average wage has a
more subdued response to the shock than the efficiency-weighted wages does.

Table 2 reports the results of varying a few key parameters in the model. The
results reported in this paper do not, in most cases, appear to hinge on the partic-
ular values chosen from the calibration exercise for any of the key parameters. In
general, the direction of bias in average aggregate measures of the labour input,
the real wage, and productivity is not sensitive to the choice of the parameters
examined in this table, although the magnitude of bias is somewhat sensitive to
certain parameters. The cyclical variability of skilled employment relative to un-
skilled employment is, as expected, affected by the choice of certain parameters
such as the adjustment cost parameter d.

12 This elasticity is given by cov (hy, y,)/var (y;) or, alternatively, may be computed as corr (h;, y)
-Op / oy, where o represents the standard deviation of series i. Earlier discussion in the literature
has focused on the labour elasticity of output, which is simply the reciprocal of the measure dis-
cussed above. I work with the former measure, since it is the measure that Kydland and Prescott
(1988) report in their paper.
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