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In this paper | analyse the directed search/matching problem in an economy with heterogeneous
skills and skill-biased technology. A unique symmetric equilibrium exists and is socially efficient.
Matching is partially mixed in the equilibrium. A high-tech firm receives both skilled and unskilled
applicants with positive probability, and favours skilled workers, while a low-tech firm receives only
unskilled applicants. The model generates wage inequality among identical unskilled workers, as well
as between-skill inequality, despite the fact that all unskilled workers perform the same task and have
the same productivity in the two types of firms. Inequality has interesting responses to skill-biased
technological progress, a general productivity slowdown, and an exogenous increase in the skill supply
elasticity.

1. INTRODUCTION

Wage inequality among U.S. workers has grown significantly in the last few decades. The log
weekly wage differential between the 90th and the 10th percentile of male workers increased
from 1.19 in 1963 to 154 in 1995' About only a third of this increase can be explained

by changes in workers’ observed skills including education, age and experience. The rest is
attributed to changes in “within-group” wage inequality. Moreover, within-group wage inequality
evolved differently from the college education premium—it kept rising in the 1970s, 1980s and
1990s, while the education premium fell sharply in the 1970s, rose sharply in the 1980s and
continued to rise at a slower pace in the 1990s. In this paper | construct a directed search model
to generate within-group inequality and analyse its joint behaviour with the skill premium.

The existing literature explains within-group inequality by exogenous differences between
workers’ innate ability or unobserved skills. This innate ability can affect workers’ capacity to
produce (Acemoglu, 1999), to adapt to new technologies (Galor and Moav, 2000), or to absorb
new technology-specific skills (Lloyd-Ellis, 1999)As criticized by Aghionet al. (1999) and
Violante (2000), such models cannot account for the wage volatility along individual workers’
employment histories, because the innate ability difference is fixed. As remedies, Violante (2000)
assumes partially transferrable skills, and Aghéairal. (1999) assume a two-step adaptation
process, to ensure that technological acceleration increases the variations in workers’ adaptation
to new machines, thus increasing the cross-sectional variance of skills and wages. However,
these results rely heavily on auxiliary assumptions like vintage- or match-specific productivity.

1. All numbers in this paragraph come from Katz and Autor (1999). See alsoelwin(1993) and Levy and
Murnane (1992) for the facts and the literature on wage inequality.

2. These models implicitly assume that unobserved skills are complementary with observed skills, because the
innate ability allows workers to use new technologies that increase the return to observed skills. In this way, within-group
inequality and the skill premium can rise simultaneously with technological progress.
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Eliminating such auxiliary assumptions, | show in this paper how within-group inequality arises
naturally in a directed search model and how it is related to the skill-biased technology.

The model constructed here has two types of firms, high-tech and low-tech, and two types of
workers, skilled and unskilled. Skills are observakelg.education attainment. A skilled worker
producesy amount of output in a high-tech job arydin a low-tech job, while an unskilled
worker performs the same task and produces the same amairdgutput in either job. With
6 > 1, the high technology is skill-biased and, controlling for skills and job types, productivity
is not match-specific. There is free entry of firms that determines both the total number and the
composition of firms. After firms’ entry, agents play a two-stage, directed search game. First, all
firms simultaneously announce the wages and selection criteria of workers. Then, workers decide
where to apply and each worker can apply to only one job in a period, which captures a search
friction in the market. After receiving the applicants, a firm chooses one for the job according
to the posted selection criterion. The search process is directed by firms, rather than random,
because a firm deliberately chooses the posted wage and the selection criterion with an intention
to affect the number and composition of applicants for the job.

| focus on symmetric mixed-strategy equilibria, where identical workers (or firms) use
the same strategy and workers randomize their applications over a large number of firms. The
directed search game has a unique equilibrium of this type, under the maintained assumption that
the skill-biased productivity is larger than the differential between the entry costs of the two
types of firms. In this equilibrium, matching is partially mixed. A high-tech firm receives both
skilled and unskilled applicants with positive probability, and favours skilled workers, while a
low-tech firm receives only unskilled applicants. The equilibrium attains the constrained social
optimum.

Wage inequality among unskilled workers, as well as a positive skill premium, arises in the
equilibrium. With the skill-biased productivit, it is optimal, bothex anteandex postfor high-
tech firms to select skilled applicants first before considering unskilled applicants. This priority
implies that an unskilled worker has a lower employment probability in a high-tech firm than
in a low-tech firm. However, the two jobs must provide the same expected wage to an unskilled
applicant. So, high-tech firms must compensate unskilled applicants for the low selection priority
by offering a higher wage to them than do low-tech firms. Therefore, wage inequality arises
among unskilled workers, despite the fact that all unskilled workers perform the same task and
have the same productivity. Clearly, this within-group inequality does not rely on the traditional
assumptions of workers’ innate ability differences or match-specific productivity.

The model provides suggestive answers to what shocks might have generated the patterns of
wage inequality in the U.S. First, when there is a skill-biased technological progress, the within-
group wage differential and the skill premium both rise, with the skill premium rising more
precipitously. This resembles the pattern in the 1980s and 1990s. Second, when there is a general
productivity slowdown, the within-group wage differential rises but the skill premium falls. This
resembles the pattern in the 1970s. Third, the effects of skill supply changes on inequality are
inconclusive. Within-group inequality rises when the skill supply elasticity increases moderately
but, when the skill supply elasticity increases sufficiently, within-group inequality falls and may
disappear altogether.

This paper makes important contributions to the theory of directed search and, more
generally, to matching theory. Directed search models, originated in Peters (1991) and
Montgomery (1991), have assumed that at least one side of the market is homogewéurs.

3. See Burdetet al. (2001), Moen (1997), Acemoglu and Shimer (1999b), Cao and Shi (2000) and a part of
Shi and Wen (1999). Carlton (1978) and Harris and Todaro (1970) also analyse the trade-off between price/wage and the
probability of obtaining it, but their analyses are non-strategic with an exogenous relationship between the two elements.
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there is heterogeneity on both sides, as in this paper, very little is known about the matching
patterns, matching rates and wage shares that arise endogenously. By analysing the equilibrium
explicitly, | obtain three new results. First, there is partially mixed matching in equilibrium, as
described before, and it is optimal for high-tech firms to favour skilled workers. These features
imply that skilled workers crowd out unskilled workers’ matches but not the reverse. Thus, the
typical matching functions in the literature are mis-specified, because they specify an agent's
matching rate as a function of the relative number of agents on the two sides of the market.
Second, the particular crowding-out between skills is a new source of within-group inequality,
relative to previous models such as Montgomery (1991) (see Section 4.1), and it allows me to
tie both within-group inequality and the skill premium to the skill-biased productivity. Third, the
equilibrium is socially optimal and, in particular, partially mixed matching and the ranking of
applicants are socially optimal.

Of course, none of these results can be obtained in the standard search theory of
unemployment, developed by Diamond (1982), Mortensen (1982) and Pissarides (1990). In the
latter theory, search is random, rather than being directed, and so the matching functions and
wage shares are exogenous, inefficient, and inconsistent with agents’ incémlivested search
reflects a fundamental belief that wages can play an impogtaanterole in resource allocation,
rather than being determined posts in the standard search theory. In this paper, directed search
is also critical for the within-group wage differential by keeping identical applicants indifferent
between different wages.

Finally, | contrast the model with the sequential search literature, surveyed by McMillan and
Rothschild (1994). In this literature, firms post wages but workers do not know such wages and
must search for them costly. When each worker discovers only one wage at a time after search,
sequential search models produce a degenerate wage distribution among homogeneous workers.
When each firm’s offer can reach two or more workers with positive probability (Lang, 1991)
or when workers search on the job (Burdett and Mortensen, 1998), there can be wage inequality
among homogeneous workers but such inequality has no apparent link to skill-biased technology.
Moreover, workers do not make tlesx antetrade-off between wages and matching probability
that is central to the within-group wage differential in this paper.

2. THE MODEL
2.1 The labour market with skill-biased technology

Consider a labour market wititN workers, who are distinguished by an observable skill
(e.g. education attainment). A fractios of workers are skilled and the remaining unskilled.
Use a subscrigt € {s, u} to indicate these two types of workers. There are distirms, where

a fractionh use a high technology and the remaining fraction use a low technology. A subscript
j € {H, L}indicates a firm’s type. The numbévsandh are determined endogenously by firms’
entry, buts and N are fixed (see Section 5.4 for an extension). Demote N/M. | focus on

the case where the market is large.(M, N — oo) and neither side of the market is infinitely
larger than the other sided. 0 < n < c0).% Agents within each type are identical and all agents
are risk neutral. Each firm has only one job opening.

4. An example is Blanchard and Diamond (1994), where firms rank job applicants and select workers of long
unemployment duration with lower priority. Despite this priority, the exogenous matching function forces workers to
apply to all firms randomly with the same probability. This is not optimal for workers and firms if search can be directed.

5. Burdettet al. (2001), Peters (2000) and Cao and Shi (2000) analyse directed search games with finite numbers
of homogeneous buyers/workers. An earlier version of the current paper (Shi, 1997) provides some steps to approach the
equilibrium here with heterogeneous agents as the limit of a finite economy.
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Firms obtain zero net expected profit from creating either job. A high-tech job Egsts
to set up and a low-tech job costg . A high-tech job is skill-biased, yielding outpay with
a skilled worker andy with an unskilled worker, where > 1. A low-tech job does not favour
skilled workers by as much as a high-tech job does and, to simplify, | assume that it does not
favour skilled workers at all, yielding outpytwith any worker. Note that a high-tech job filled
by an unskilled worker is identical to a low-tech job. (I relax this assumption in Shi, 1997).
Denote the productivity of a skilled worker in a tygeirm by ®;, where®y = 6 and® = 1.
| term 6 theskill-biased productivityandy the general productivityFor there to be any low-tech
firms, it is necessary tha€| < y. Also, the skill-biased productivity is sufficient to cover the
higher entry cost of a high-tech job, as assumed below:

Assumption 1. 6 > Ky/KL > 1land K. <.

To clarify the meanings of jobs and workers, consider an example where a high-tech job is
software design and a low-tech job data-entry, while a skilled worker is a programmer and an
unskilled worker a typist. A firm needs to purchase computers to set up the jobs but the computer
for software design is more expensive than the computer for data entryKthus Kp). A
programmer yields a higher value of product in software design than in data entry. But, when
no programmer has applied to a software design job, the firm can hire a typist to work with the
computer initially intended for software design. In this case the typist's task is data entry, no
different from the job with a computer intended for data eftry.

It takes time to match workers with jobs. | capture this friction by assuming that each worker
can apply to at most one job in a period. Unmatched jobs and workers produce nothing and get
0 payoff. The time horizon is one period (see Shi (1997) for a dynamic setting). After firms’
entry, agents play the following two-stage game. First, all firms simultaneously post and commit
to wages and selection criteria of workers, knowing that their decisions will affect workers’
application decisions. Second, after observing all posted wages and selection criteria, workers
choose which firm to apply tb.Then firms select workers according to the announced criteria
and production follows immediately. Given the large numbers of workers and jobs, it is natural
to focus on symmetric, mixed-strategy equilibria, whereanteidentical firms or workers use
the same strategy and workers randomize over a set of preferable jobs. This focus is justified
because it is difficult for agents to coordinate their decisions in a large nfarket.

A typed worker’s strategy is a vector of probabiliti® = (pni, ...; PpLi, - .), wherepj
is the probability with which a typéworker applies to each typgfirm. A type-j firm’s strategy
consists of the wageéwji )i—s.u, and a selection rulg; € [0, 1]. The selection rule applies only
when the firm receives both types of applicants, in which case the firm prefers a skilled worker
if xj = 1, prefers an unskilled worker jfj = 0, and is indifferent between the two types of
workers if xj € (0, 1). If the firm receives only one type of applicants, the firm randomly selects
one with equal probability. These selection criteria are announced before workers apply and, like
the announced wages, are committed to by the firm.

6. It should be clear from this example that the two job types and workers can be in the same industry. Similarly,
by allowing each firm to have more than one job opening, one can even interpret the two job types as jobs in the same
firm. Thus, the wage differential between different types of jobs in this paper can capture the differential within each
industry or each firm, not just the inter-industry wage differential.

7. One can assume instead that each worker observes only two independently drawn wages (see Acemoglu and
Shimer, 1999a) or that firms announce only reserve wages and hold auctions after receiving applicants (st¢@lulien
2000). These formulations complicate the analysis without changing the qualitative results much.

8. In a similar game, Burdett al. (2001) show that there are a continuum of asymmetric equilibria, some
of which are supported by trigger strategies, but the symmetric mixed-strategy equilibrium is unique. In asymmetric
equilibria, within-group inequality can even arise among homogeneous firms if the firms discriminate some subgroup of
workers.
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2.2 Queue lengths and agents’ strategies

Each worker maximizes the expected wage, making a trade-off between a wage and the
probability of obtaining it. WherM, N — oo, the application probabilities approach zero and

are inconvenient objects for the analysis. A convenient object igukeae lengthdefined as the
expected number of workers applying to a firm. kgt be the queue length of typeworkers

who apply to a typef- firm, wherei € {s,u} andj € {H, L}. Then,xjs = sNps andxj, =
(1-s)Npjy. These queue lengths are finite in the litdit N — ocoif n = N/M < (0, oo). I will

refer toX; = (Xni,...; XL, ...) as a type-worker’s strategy. Since each worker’s application
probabilities add up to one, the following restrictions must hold

hxys + (1 — h)X s = ns, (2.2)
hXpgy + (1 — )Xy =n(l —9). (2.2)

Letqj; be the probability with which a typeworker gets a typg-job when he/she applies
to this job. WhenM, N — oo, these probabilities are

djs = [xj + X — xj)e XM ]g(Xjs); (2.3)
Qju = (X — xj + xj€ 99)9(Xju), (2.4)
where
1l 2.5)
g(x) = X .

Because the explanations for (2.3) and (2.4) are similar, | explain (2.3) only. For a particular
skilled applicant to be selected by a typdirm, one skilled worker must be chosen and the
particular worker in discussion must be the chosen one. The firm chooses a skilled worker
either when no unskilled worker has applied to the firm, or when one or more unskilled worker
has applied but the firm favours a skilled applicant. The first case occurs with probability
(1 — pju)A9N, the second withy;[1 — (1 — pju)*~9N], and the sum of these probabilities is
xj + (1— xj)e *iv in the limit. Conditional on choosing a skilled applicant, the firm chooses the
particular one in discussion with probability— (1— pjs)SN]/(s N pjs), which is the probability
that the firm receives one or more skilled applicant divided by the expected number of skill
applicants for that firm. The limit of this probability g(X;s).
The functiong(-) is continuous, strictly decreasing and strictly convex, witB) = 1 and
g(oo) = 0. Thereforeq;; strictly decreases igji . That is, a type-worker who applies to a type-
j firmis less likely to be chosen if more tygeworkers apply to the firm. Alsa@j; decreases in
xji/, wherei’ # i, and strictly so if type} firms select typé‘ workers with positive probability.
To describe a worker’s decision, Ie be a type+ worker's expected “market” wage in
equilibrium, which is taken as given by individual agents wHdnN — oo (see Burdett
et al, 2001). A typer worker applies to a typg-firm with positive probability if and only
if the expected wage from that firn,j wji, is equal to or greater thdd;. That is,xji > 0
iff gjjwji > Uj. However, it can never be the case thgtwji > Uj. If a particular firm’'s
offer yieldsqji wji > Ui, all typed workers will apply to that firm with probability 1, yielding
Xji = oo whenN — oo. Thengj; = 0, which contradicts)jj wji > Uj. Thus, fori € {s, u} and
j e{H. L},
€ (0,00), if gjiwji =Uj,
Xji {: 0, if q}i w;i < U;. (2.6)
This is a typei worker’s strategy, which shows a worker’s trade-off between a wage and the
matching probability—a low wage job must be compensated by a high employment probability.
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Now | turn to firms’ decisions. A typg-firm’s expected profit 1%

mp=xj+ A= xj)e M1 —e ) O]y — wjs)
+ A —xj + xj€799)(A — e ) (y — wju), (2.7)

where®y = 6 and® = 1. Asin (2.3)[xj+(1—xj)e *iu]is the probability with which a type-
j firm selects a skilled worker. Since the firm gets one or more skilled worker with probability
1 — e™is and a skilled worker yields profi®;y — wjs, the first term on the right-hand side
of (2.7) is expected profit from getting one skilled worker. Similarly, the second term is expected
profit from getting an unskilled worker. A typgfirm’s matching rate is & e~ XistXjv) the sum
of the two hiring probabilities in (2.7).

A firm maximizes expected profit, taking expected market waldes\,,) and other firms’
strategies as given. That is, a typérm choosesjs, wju, xj) to solve:

(Pj) maxrj s.t. (2.6).

A firm does not take the queue lengths as given; rather, it takes the functional relationship (2.6)
as a constraint. Givelds andU,, the firm effectively chooses the queue lengths by choosing the
wages. In particular, a firm can offer a high wage to increase its matching probability. In contrast
to Bertrand competition, an individual firm’s wage offer affects the queue length smoothly rather
than discontinuously, because tke depend on the wage offer smoothly. That is, a marginal
wage increase can only attract a marginal increase in the expected number of applicants.

3. SYMMETRIC EQUILIBRIUM
3.1 Characterization, existence and uniqueness

A symmetric equilibriumconsists of the overall worker/job ratim), the fraction of high-
tech firms f), workers’ expected wages$)§, Uy), firms’ strategiegwiji, xj)i,j, and workers’
strategiesx;jj )i, j, wherei € {s, u} andj e {H, L}, that satisfy the following requirements:

(i) Given Us, Uy) and other firms’ strategies, each typéirm’s strategy solvesPj);
(i) Observing firms’ decisions, each worker’s decision obeys (2.6);
(i) Us andUy, by affecting(xji)i,j, satisfy (2.1) and (2.2),
(iv) The numbersr, h) are such that each firm earns zero net expected grefit,

T = KL, 7 = KH. (3.2)

The above requirements are self-explanatory. The definition requires that firms’ decisions
be optimalex ante, i.ebefore workers apply to firms. It is interesting to check whether a firm’s
selection rule is optimatx post, i.eafter workers apply to firms. The selection rylgis ex post
optimalif it satisfies:

=1, if @)y —wjs >y — wju,
xj{ =0, if @)y —wjs <y —wju, 3.2)
€[0,1], fO)y—-wjs=Yy—wju.

There are nine possibilities okis, X4u), @ priori. Under Assumption 1, however, the
following lemma significantly reduces the number of possibilities (see the Appendix A for a
proof).

9. The term “expected profit” in this paper refers to profit before deducting the firm’s entry cost. The term “net
expected profit” refers to profit after deducting the entry cost.
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Lemma 3.1. In all symmetric equilibria, xs = O (i.e. Xq4s = ns/h), Xqu > 0, xy =1
and U; > U,. Moreover,

T = (1 — e *H9)fy 4+ e *Hs(1 — e i)y — xpysUs — XHuUu, (3.3)
L= (1 —e )y —x yUy. (3.4)

This lemma states some important features of an equilibrium. First, skilled workers get a
higher expected wage than unskilled workerms, Us > Uy. This is because skilled workers
have a higher productivity in high-tech firms than unskilled workerlglf< Uy, in a supposed
equilibrium, the expected cost of attracting skilled workers would be equal to or lower than that of
attracting unskilled workers. Given the skill-biased productivity, high-tech firms could increase
expected profit in this case by attracting skilled workers through higher wages, upsetting the
supposed equilibrium.

Second, skilled workers apply only to high-tech firme, x4s = ns/h andx s = 0.
Because all workers have the same productivity in a low-tech firm, such a firm offers the same
expected wag¥, to all workers, regardless of the worker’s type. By applying only to high-tech
firms, a skilled worker gets a higher expected walge Thus, there is no mixed matching of
skills with low-tech firms.

Third, it is ex anteoptimal for high-tech firms to give skilled workers the priority in
selection,i.e. xy = 1. If x4 < 1, a high-tech firm can deviate to a marginally highgr
and, at the same time, redueg;s and increasevy, to deliver expected wagebls, Uy) to the
applicants and to maintain the same queue lengths, kHu) as before. This deviation does
not change the expected wage cost for the firm, but it increases skilled workers’ utilization rate
and reduces unskilled workers’ utilization rate, both(by- e *Hu)(1 — e *Hs). The net gain in
expected output i€l — e *Hu) (1 — e *Hs) (@ — 1)y (see (2.7) forj = H), and so expected profit
increases.

Fourth, unskilled workers apply to high-tech firms with positive probability, and so there is
mixed matching of skills with high-tech firms. To see why unskilled workers apply to high-tech
firms, suppose that they do not. Because the skill-biased productivity is more than compensating
for a high-tech firm’s additional entry cost, the queue of applicants for a high-tech firm must
be shorter than for a low-tech firm in order to ensure that the free-entry conditions hold for
both types of firms. That isxys < Xpy. In this case, however, a high-tech firm faces a
higher failure rate of filling the job and so it is profitable for the firm to attract some unskilled
applicants. If a high-tech firm deviates to attract an unskilled worker, the firm’s expected output
increases bye *Hs and the expected wage cost increasedJpy= ye *Lu, yielding a gain
y(e XHs — g XLu) > 0,

Finally, a firm’s expected profit is equal to the difference between expected output and
expected wage cost, as in (3.3) and (3.4). Take a low-tech firm, for example. Expected output
is (1 — e )y and the expected wage cosi(is— e *u)w, = Xy Uy. The latter expression
shows that the firm can calculate the expected wage cost as if it pays each expected applicant the
expected wag¥,,.

Lemma 3.1 indicates that an equilibrium is one of the following two types. Either unskilled
workers apply to both types of firms with positive probabilitg (0 < x4, < n(1—s)/h), which
| call equilibrium |, or unskilled workers apply only to high-tech firmse( x4y, = n(1 —s)/h),
which | call equilibrium 1I. Low-tech firms do not exist in equilibrium 1l. In both types of
equilibria, skilled workers apply only to high-tech firm®. xqs = ns/h. Under Assumption 1,
the two types of equilibria never occur under the same parameter values. To state this result and
others, define

BN =B tn)y=1-A+ne™". (3.5)
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Next, definen*, 3 andn** by the following equations:

n* = B(KL/y), (3.6)
s B((Kn — KpL)/[© — 1)Y])7 3.7)
B(KL/Y)
B(N**) + (6 — DB(sn*™) = Ky /y. (3.8)
Under Assumption In* € (0, ), § € (0, 1) andn** € (0, oo) are all well-defined. Moreovéf
ds/do < 0, limg ky/k S5=1 and lim_-sS=0; (3.9
dn**/ds < 0, n** < n*iff s > 8. (3.10)

The following proposition characterizes the equilibrium, whose proof is in Appendix B:

Proposition 3.2. There is a unique equilibrium. The selection ryle = 1is ex post (and
ex ante) optimal. Equilibrium | has k& (0, 1) and exists if0 < s < S. Its other features are as
follows:

h =s/5, XLy = N = n*, XHu = n* — n*s/h, XHs = N*s/h. (3.12)
Equilibrium 1l has h= 1 and exists iff s> 5. Some other properties of equilibrium Il are:
n = n**(< n%), XLu =0, XHuy = N**(1—9), XHs = SN™. (3.12)

With the corresponding solutions fam, h), the two cases both have:

mH/y = B) + (0 — LB(ns/h), (3.13)
U/y=e",  Usg/y=e"+@-1e """ (3.14)
whs = Us/g(ns/h),  wpy = €"Y"Uu/g(n — ns/h). (3.15)
In addition, equilibrium | has
m/y=pgM" and  wry = Uu/g(n"). (3.16)

The equilibrium is unique for any given parameter values that satisfy Assumption 1. In
equilibrium, the selection rulgy = 1 is not onlyex anteoptimal, as explained before, but also
ex postoptimal. The reason is that, if a high-tech firm announces a selection priority for skilled
workers in order to attract such workers, then the firm must have incentive to select skilled
workers when these workers come to the firm.

The job composition depends on the fraction of skilled workers in the labour farBeth
types of jobs exist if skilled workers are scarce.(whens < §), while only high-tech jobs exist
if skill supply is high {.e.whens > §). The explanation is as follows. When skilled workers are
scarce, a high-tech firm’s matching rate is low and its expected profit is not so much higher than a
low-tech firm’s, despite the skill-biased productivity. Because a high-tech job is more costly to set
up than a low-tech job, some firms choose to set up low-tech jobs. The situation is different when
skilled workers are plenty. In this case, it is easy to fill a job with a skilled worker. Because the
skilled biased productivity is high enough to cover the additional cost of a high-tech job, every
firm finds it optimal to set up a high-tech job, and so low-tech jobs do not exist. Furthermore, the

10. To verify these properties, note thé) defined in (3.5) is a strictly increasing function of Also, the
function has a value 0 when= 0 and a value 1 when — co.
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critical level of skill supply,S, decreases in the skill-biased productivityand increases in the
entry cost differential of the two job% 1 /K, as shown in (3.9}

Let me explain why expected wages and expected profits obey (3.14), (3.13) and (3.16).
Since (3.14) implies (3.13) and (3.16) under (3.3) and (3.4), it suffices to explain (3.14).
Expected wages obey (3.14) because firms equate a worker’s expected wage to the worker’s
expected marginal output. Consider the expected wage of an unskilled worker in a high-tech
firm, for example. A marginal increase in the number of unskilled workers for high-tech firms,
by increasing the queue length of such workets ), increases the expected wage cost in
a high-tech firm byU, and increases the firm’s expected outputywy *HstXHu) (see (3.3)).
Competitive entry of firms ensures that such marginal benefit and cost are equal to each other,
i.e. U, = ye XHutXHs) Similarly, U, = ye *tu for an unskilled worker in a low-tech firm.

If both types of firms exist, therys + Xqu = XLy = n. If low-tech firms do not exist, then
XHu = N(1 — s) and agairkys + Xqy = n. In either casely = ye ", as in (3.14). A similar
calculation yielddJs in (3.14).

3.2 Social optimality of equilibrium

It is interesting to consider the social optimum in this market. The social planner chooses
(Mj, xj, Xji)i,j» whereMj is the number of typg jobs, to maximize the sum of expected net
output:
| D+ A= xpe il —e M0y

ZJ‘=H,L Mi {+ (L= xj+xje )L —e Xy —Kjf’ (3.17)
subject to the feasibility constraints (2.1) and (2.2), together with > 0, x;; > 0 and
xj € [0,1]. Note thatM = My + My, h = My/M andn = N/M. Also note that the
matching rates in (3.17) are the same functions as those in (2.7), and so the social optimum is
constrained by the same search friction as is the equilibrium. The following proposition holds,
whose proof is straightforward and omitted.

Proposition 3.3. The social optimum is identical to the equilibrium allocation.

The market internalizes the matching externalities because firms organize the market
by setting wages and selection rules to “direct” workers’ search decisions. Such efficiency
of the equilibrium contrasts sharply with the inefficiency in the standard search theory of
unemploymenté€.g. Diamond, 1982; Mortensen, 1982; Pissarides, 1990), where search is not
directed. With the skill-biased productivity, it is easy to see why giving skilled workers the
priority for high-tech jobs is socially optimal. Equilibrium queue lengths are also socially
optimal because firms set a worker’'s expected wage to the worker's exmaxtiedimarginal
contribution, which takes into account an additional worker’s contribution to output and the
crowding-out on existing workers.

To see this, consider a skilled worker, for example. Suppose that, after match, an additional
skilled worker is made available to a high-tech firm. If the firm has already employed a skilled
worker, which occurs with probabilityl — e~*Hs), hiring the additional worker means replacing
the existing skilled worker, in which case the additional worker’s social contribution is zero. If
the firm has employed an unskilled worker, which occurs with probalgtity's (1 — e *Hv), the
additional skilled worker replaces the existing unskilled worker, yielding a social contribution

11. Wheng falls below Ky /K|, a case which is ruled out by Assumption 1 but which might occur in an
environment where there are a continuum of skill levels, the equilibrium may have low-tech firms employ workers
of all skill levels.



476 REVIEW OF ECONOMIC STUDIES

(6 — 1)y. If the firm has failed to hire a worker, which occurs with probabiéity*Hs+t*Hu) | the
additional skilled worker’s contribution &y. Multiplying the social marginal contribution of the
worker in each case by the corresponding probability, summing up and neting Xqy = n,

one obtaindJs in (3.14). Notice that a skilled worker crowds out unskilled workers’ employment
probability, as well as other skilled workers’.

Similarly, a firm's expected profit is equal to the firm’s social marginal contribution. For
example, adding a low-tech firm yields expected outfiut e *.u)y, but reduces the matching
rate of existing firms and hence crowds out existing firms’ expected outpgn&y'. The social
marginal contribution of the additional low-tech firmyg(n), which is equal tor| in (3.16).

The above discussion also helps us to see why it is socially optimal to have mixed matching
of skills with high-tech firms. If there is no mixing.€. x4y = 0), then the social marginal
contribution of an unskilled worker ige™*Hs in a high-tech firm ang/e *Lv in a low-tech firm.
Sincexys < h = XLy, expected output can be increased by allocating some unskilled workers
from low-tech to high-tech firm&

4. WAGE INEQUALITY AND MATCHING RATES

In the remainder of this paper | will focus on equilibrium | by assunsng 3. This is because
there is wage inequality among unskilled workers in equilibrium I, as | will analyse below, but not
in equilibrium 1. The term “equilibrium” will mean equilibrium I unless it is modified otherwise.

| will abbreviatexys asXs, QHs asQs, WHs aSws, andwy y aswy .

4.1 Skill premium and within-group wage differential

There is a positive skill premium in terms of expected wages, dikce U,. However, since a
skilled worker may have a sufficiently higher employment chance than an unskilled worker, the
skill premium in expected wages may or may not imply a skill premium in actual wages. The
latter require® to be large enough, as stated below (see Appendix C for a proof):

Proposition 4.1. Skilled workers obtain a higher expected wage than unskilled workers,
i.e. Us > Uy. In high-tech firms, skilled workers obtain a higher actual wage &> wyy, if
and only ifo > max{01, Ky /K}, whered; is defined in Appendik.

The model also generates a wage differential among homogeneous, unskilled workers, as
stated below (see Appendix C for a proof).

Proposition 4.2. wyy > wp. That is, an unskilled worker in a high-tech firm is paid a
higher wage than an identical unskilled worker in a low-tech firm.

Unskilled workers in high-tech firms earn higher wages than their peers in low-tech firms
not because they have match-specific productivity with high-tech firms, nor because they are
complementary with skilled workers in production, but because they bear a higher risk of failing
to get the job. That is, because high-tech firms give skilled workers the selection priority, an

12. This result contrasts with that in Shi (2001), where | show that the socially efficient assignment of machines
qualities to skills exhibits complete separation even in the presence of the search friction. The latter result arises from an
assumption on the form of mixed matches. There, the social planner is able to assign different subgroups of machines of
the same quality to different skills, and different subgroups of workers of the same skill to different machine qualities,
but is restricted to not assign each individual machine to different skills or each individual worker to different machine
qualities. That is, mixed matching is allowed at the aggregate level in Shi (2001) but not at the individual level. In contrast,
the current paper allows for both levels of mixing.



SHI A DIRECTED SEARCH MODEL OF INEQUALITY 477
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FIGURE 1
Unskilled workers’ trade-off between wage and queue length

unskilled worker who applies to a high-tech firm has a lower probability of getting the job than
does an identical unskilled worker who applies to a low-tech firm. To compensate for this lower
probability, high-tech firms must offer a higher wage to unskilled applicants than do low-tech
firms. Because these workers and jobs may belong to the same industry or even the same firm, the
within-group wage differential in my model is not necessarily an inter-industry wage differential
documented by Katz and Summers (1989).

Figure 1 illustrates the wage differential among unskilled workers. The iso-profit curve
w = ISR (x, 1) representsry = w1, wherer| = (1 — e ) (y — wy ) is expected profit
of a low-tech firm. The curvev = INDpy(x;U) representg(X y)w = U, which is the
indifference curve of an unskilled worker applying for a low-tech job. The phimns a low-
tech firm’s optimal offer to an unskilled worker. Similarly, a high-tech firm’s expected profit is
(1 — e XHu)(y — wpy), conditional on receiving only unskilled applicants. Such expected profit
is a constantr, along the iso-profit curvev = | SR (x; 2).13 The indifference curve of an
unskilled worker who applies to a high-tech jobuis= I N Dy (x; U, Xs), which comes from
the constraine™*sg(xyu)wHy = U. PointH is a high-tech firm’s optimal offer to an unskilled
worker. For the same queue lengthof unskilled workers, an unskilled worker is chosen with
probabilityg(x) if the job is a low-tech job and wite~*sg(x) if the job is a high-tech job. Thus,
the indifference curvé N Dy, lies above the indifference cunteN D| , for anyxs > 0. As a
result, a high-tech job must offer a higher wage than a low-tech job in order to deliver the same
expected wage to an unskilled applicant.

The within-group wage differential here is different from that in other directed search
models. In particular, Montgomery (1991) shows that identical workers can get different wages
from firms that differ in the worker’s value of marginal product (due to different product demand,
etc.). In my model unskilled workers in high-tech and low-tech firms have the same value of
marginal product; yet, they obtain different wages from these two types of firms. The skill-biased

13. Because a high-tech firm may receive skilled applicants, its expected profit also consists of a part generated
by successfully hiring a skilled worker. With the selection priority, however, the offers to unskilled workers do not affect
skilled workers’ application decisions, and so the offers to unskilled workers can be depicted under given offers to skilled
workers.
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technology is important for this wage differential, because it gives high-tech firms incentive to
rank the applicants. B = 1, there would not be a wage differential among unskilled workérs.

4.2. Matching rates and unemployment rates

The two types of workers experience different matching rates and unemployment rathls. Let
be the number of employed skilled workeh,, the number of unskilled workers employed in
high-tech firms, andN_ the number of unskilled workers employed in low-tech firms. Then,

Ns = Mh(1 — e ™'s/hy. Ny = Mhe "s/h — g, NL=M@A-h@a—e™™).
(4.1)
Let the average matching rate #gfor a skilled worker andy, for an unskilled worker. Then,

N 1— e—n*s/h

s _17¢ 7 4.2
*= SN n*s/h (4.2)
N N 1—e ™ —h@l—e™s/h

gy=HutSL _1-€ d-e ") 4.3)
(1-9s)N n*(1—s)

The unemployment rate is 4+ «; for type i workers. Using the equilibrium conditions in
Proposition 3.2, one can establish the following proposition (the proof is omitted):

Proposition 4.3.  Skilled workers have a higher matching rate than unskilled workers, i.e.
as > oy, and a lower unemployment rate. For giveh oy, is a decreasing function of h.

The matching rates for the two types of workers differ in magnitudes and functional forms.
Skilled workers’ matching rate is a nice decreasing function of the number of skilled workers per
high-tech firm (*s/ h). In contrast, unskilled workers’ matching rate depends separately on the
skill compoasitions, the firm compositio and the overall worker/firm ratio*. In particular, an
increase in the fraction of high-tech firms in the economy redugebecause it induces some
unskilled workers to switch to high-tech firms in which they are selected with low priority. Since
the matching rate for each worker depends on the compositions of skills and jobs, as well as the
aggregate worker/job ratio, the matching functions in standard search models are mis-specified.

Nevertheless, a standard search model captures well the overall matching rate per worker,
which is:

— e_n*

a=Sas+ (1—-9Say = - (4.4)

This average matching rate depends only on the overall worker/firm ratio and not on the job
composition or the skill composition. On the firms’ side, the matching ratg j§M (1 — h)] for

a low-tech firm andNs + Nyy)/(Mh) for a high-tech firm, both being equal to-le ™", Thus,

each firm’s matching rate depends only on the overall worker/firm ratio.

14. Note that unskilled workers face the same queue length in the two types of firms, brgapsgy, =
XLy = n. Thus, identical workers receive different wages here not because a high-wage job has a strictly longer queue
than a low-wage job, but rather because a high-wage job has a less favourable queue for unskilled workers. This might
explain the paradoxical finding in Holrtzet al. (1991) that jobs paying more than the minimum wage attract fewer
applicants than do minimum wage jobs, if jobs paying more than the minimum wage are intended for better workers.
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5. EQUILIBRIUM RESPONSES TO SHOCKS
5.1 Measures of relative wages and wage inequality

Use the letteR to indicate log relative wage${ high-tech jobs, and unskilled workers. Define

U
RE=In(==). RU=I[Z"). RH=mn[2=). RB=In[-2), 5.1
Uy wL WHu AU

where IAU) is the following weighted average of log wages of unskilled workers:

N N
__Hu_ ), WHuy + -t Inw.
NHu + NL NHu + NL
Following the common practice | define a wage differential as the standard deviation of log wages
of the corresponding group of employed workers, which takes into account of both the relative
wage and the employment distribution. The lefleindicates such wage differentials. Define

In(AU) =

N N 1/2

DU = %RU; (5.2)
NHu + N
NsNpu)/2 Ns(N Np)1Y/2

pH = NeNHW™ o pg = NsNuu + NUTTE o (5.3)
Ns+ NHu Ns+NHu+NL

DT =[as(1 — as)(RH)? + 2as(1 — h)RH - RU + h(1 — h)(RU)?1Y/2, (5.4)

whereas = Ns/(Ns+ Ny + Np). Here,DU is the wage differential among unskilled workers,
DH the wage differential in high-tech firm& B the wage differential in terms of average log
wages of the two worker types, aridT the overall wage differentialDU is within-group
inequality, whileDH and DB are between-skill inequaliypH is a narrower measure of the
skill premium thanD B.

To illustrate the quantitative responses of wage differentials to shocks in later exercises, | use
the following example. Normalizg = 10. To circumvent the difficulty of precisely defining skill
categories, | choose = 0-2, matchRU with the 50-10 percentile log relative wage and match
R H with the 90-50 percentile log relative wage in the U.S. data (see dudin 1993, Table 2).

The 50-10 percentile log relative wage i$0 in 1964 and ®4 in 1988, with an average value
0-57. The 90-50 percentile log relative wage id9in 1964 and &4 in 1988, with an average
value 049. According to the decomposition in Julhal. (1993, Table 4), about a third of the
changes in the 50-10 percentile log relative wage is due to skill changes, which the measure
RU does not capture. Thus, | maté&U with the remainden.e. RU = 0.57 x 2/3 ~ 0-38.

Also, about 42% of the changes in the 90-50 percentile log relative wage is due to factors
other than skills. Sinc&kH in the current model is generated solely by the skill difference, |
setRH = 0-49x 58%~ 0-285. Finally, the average wage/output ratio is set to the realistic value
0-64. The procedure yield¥| = 2.15, Ky = 3.51, andd = 1.91. These parameter values
satisfy Assumption 1.

5.2 Skill-biased technological progress

Consider an increase ifi as a skill-biased technological improveméntThe following
proposition summarizes the effects (the proof is straightforward and omitted):

15. Another way to model skill-biased technological progress is through a reduction in the relatiggast .
According to Greenwood and Yorukoglu (1997), the cost of skill-biased equipment like computers fell significantly
around 1974 before the rise of the skill premium. In this paper, a decredsg jiK| has similar effects to those of an
increase irf.



480 REVIEW OF ECONOMIC STUDIES

Proposition 5.1. An increase in the skill-biased productivity has the following effects:

dn* dh . dXs dXHu dXLu A dOls dO(u .
w23 % @%@ %@ =C a0 % <C
dUS dUu dU)L dU)Hu de
S0 —M_g  Bb_pg Hu_o s
o~ do d ~ " de " do

Let me explain these effects one at a time. For any given number of high-tech firms, the
skill-biased technological progress increases a high-tech firm’s profit. So, the number of high-
tech firms is higher in the new equilibrium and each skilled worker’s matchingaatéencreases.
However, the overall worker-job ratio* is equal to the queue length of workers for a low-tech
firm, as explained in Section 3.1. Because a low-tech firm’'s expected profit does not depend on
or s, the free-entry condition for such a firm does not change, and so the overall worker-job ratio
does not change. The increase in the number of high-tech firms is matched one for one by the
decrease in the number of low-tech firms.

Because there are now more high-tech firms, each gets a smaller expected number of skilled
applicantsXs). So, an unskilled worker’'s employment chance improves in high-tech firms, which
induces unskilled workers to increase their application to high-tech firesx{, increases).

This shift in the application reduces the average matching rate of unskilled workers and increases
their unemployment rate, because the shift puts more unskilled applicants in firms that give them
a low priority. The shift in application also keeps each low-tech firm's matching probability
unchanged.

Wages respond as follows. First, the increased demand for skilled workers increases their
expected wage. The higher expected wage comes from increased matching rates and increased
actual wages for skilled workers. Actual wages rise for skilled workers, despite the higher match-
ing rate, because firms smooth the higher expected wage cost using both the actual wage and the
matching probability. Second, actual and expected wages do not change for unskilled workers in
low-tech firms (see (3.14)). This is because the queue length of workers for each low-tech firm
is unchanged, implying that the trade-off between the wage and the matching probability is the
same as before for a low-tech firm and an unskilled worker applying to such a firm. Third, because
the employment probability increases for unskilled workers applying to a high-tech firm, such
workers’ actual wagéwyy) must decrease in order to keep the expected whgenchanged.

The fall inwyy can be illustrated in Figure 1 as a result of a falkinwhich shifts southeast the
indifference curve of an unskilled worker who applies to a high-tech filhDgy.

Becausews rises andwy falls, the relative wage between skills in high-tech firms
increases, which increases the between-skill wage differédtial Since more unskilled workers
are employed in high-tech firms now than before, the lower tail of the wage distribution in high-
tech firms fattens. This further increade$1, provided that there are more skilled workers than
unskilled workers employed in high-tech firms. Thus, the skill-biased technological progress
raises the between-skill wage differential sharply.

The wage differential among unskilled workef3lJ, responds t@ ambiguously. On the
one hand, the relative wage among unskilled workexs, /w, falls, which leads to a lower
wage differential among unskilled workers. On the other hand, some unskilled workers shift
from low-tech firms to high-tech firmg.e. from low wages to high wages. This shift increases
the wage differential among unskilled workers, provided that there are more unskilled workers
employed in low-tech firms than in high-tech firms. Analytically it is not clear which of these two
effects dominates. The response of the average log wage among unskilled waklers also
ambiguous analytically; for the fall imy, reducesAU but the shift in employment of unskilled
workers to high-wage jobs increasatl.
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FIGURE 2

Effects of an increase in skill-biased productivity

To illustrate the responses of wage inequality to skill-biased progress, consider the
numerical example in Section 5.1 and increas&om its base value -91 to 206, with a
step 0015, and compute the equilibrium for each step. Figure 2 depicts the responses of
wage inequality (panel A) and log relative wages (panel B). First, the skill-biased productivity
progress increases log relative wages between sklld,and R B, and widens between-skill
wage differentialsDH and D B, as analysed above. Second, the mean of the log wage level of
unskilled workers AU, not shown) and the standard deviatiddU ) both increase. Thus, the
effect of the shift in unskilled workers’ employment to high-tech firms dominates the fall in the
relative wage(RU). Third, between-skill wage differentials increase by much more than does
the within-skill wage differential. Finally, the overall wage differential increases. These results
indicate that a skill-biased technological progress can generate simultaneously the sharply rising
skill premium and the moderately rising within-group wage differential in the 1980s. The two
wage differentials rise concurrently despite the absence of match-specific productivity and the
complementarity between skilled and unskilled workers.

However, skill-biased technological progress alone fails to generate the opposite movements
between the skill premium and within-group inequality in the 1970s. In addition, the positive
response of unskilled workers’ average wage in the above numerical example does not accord
well with the U.S. data, although the response is ambiguous analytically; for example, Juhn
et al (1993, Figure 2) shows that the 10th percentile real wage fell steadily between 1974
and 1988. This is a failure shared by most models cited in the introduction that rely on skill-
biased technological progress as the driving force of inequality. Acemoglu (1999) shows that
skill supply shocks are important for explaining the behaviour of unskilled workers’ average
wage. For these reasons, | examine shocks other than the skill-biased progress below.
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5.3 A general productivity slowdown

Productivity growth in the U.S. economy slowed down significantly in the 1970s relative to the
1960s. For example, the annual growth rate of GDP per worker v285 i the 1960s but-@%

in the 1970s; the annual growth rate of total factor productivity wa$olin the 1960s but-@%

in the 1970s (see Jones, 1998, p. 42). Because the current model does not have a growth trend, |
capture such productivity slowdown by a decrease in the general produgtivitiie following
proposition summarizes the effectsyfsee Appendix C for a prooff

Proposition 5.2. Anincrease in y has the following effects:

dn* dh . dXs dXHu dXLu . das dau '
d—y<0,®<0, d—y<0,d—y<0,d—y<o, d—y>0,d—y>o,
% - d(Us/Uy) <0 dws -0 dwhy -0 d(wHu/wL) <0
dy ' dy ’ dy T dy ' dy '

A general productivity slowdown reduces entry of both types of firms by making them
less profitable than before. Since the supply of workers is fixed, the overall worker/job ratio
(n*) increases. So does the ratio of skilled workers to high-tech fimfis/f). All workers
have higher unemployment rates and lower expected wages than before. As indicated by (3.14),
the lower expected wages come from both the decreageimd the increase in queue lengths
(n*, n*s/h). Actual wages also fall for both types of workers.

The contraction is not uniform between the two types of firms. Low-tech firms contract by
more than high-tech firms do, and so the fraction of high-tech firms in the eco¢iorimcreases.

This is because, for the same decrease in the general productivity, a high-tech firm’'s expected
profit relative to the entry cost falls by less than a low-tech firm’s, due to the entry-cost differen-
tial. As net expected profit falls by a smaller proportion for a high-tech firm than for a low-tech
firm, the proportion of firms exiting from high-tech jobs is smaller than from low-tech jobs.

The non-uniform contraction affects matching rates and wages as follows. First, an unskilled
worker’s average matching rate and expected wage decrease by more than a skilled worker’s,
because unskilled workers apply mostly to low-tech firms which contract more severely. Second,
the relative wage among unskilled workersy, /w/ , increases because high-tech firms’ demand
for labour falls by less than low-tech firms’. Third, unskilled workers increase their application to
high-tech firms, and so the queue length of unskilled workers for each high-tech¥firm?s/ h,
increases more precipitously than that for each low-tech firmFinally, the relative wage of
skilled to unskilled workers in high-tech firmsg/wyy, may fall. As unskilled workers increase
application to high-tech firms, their congestion level increases relative to that of skilled workers.
To ensure the same expected wage for unskilled applicants as low-tech firms do, high-tech firms
may reduce unskilled workers’ waga, by less than skilled workers’ wages.

The wage differential among unskilled worke®) rises unambiguously, because the
relative wagewyy/w increases and the shift of some unskilled workers to high-tech firms
fattens the upper tail of the wage distribution of unskilled workers. In contrast, the skill premium
DH may fall or rise. The shift of unskilled workers’ application toward high-tech firms fattens
the lower tail of the wage distribution in high-tech firms and increases the standard defdi&tion
but the relative wages/wHy may fall and reduce the differentil H. Similarly, the analytical

16. The effects here should be more generally interpreted as those of uneven increases between productivity and
capital costsK| , Ky ). This interpretation is useful because capital costs in the 1970s might have increased more rapidly
than productivity, due to energy shocks and high inflation.
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Effects of an increase in general productivity

responses of the overall between-skill wage differentaBj and the overall wage differential
among all workersIDT) are ambiguous.

To see the quantitative responses, consider the numerical example in Section 5.1. Fix
¢ = 1.91 and reducey from 125 to 10, with a step @5. Figure 3 illustrates the responses
of wage inequality (panel A) and log relative wages (panel B) (read the figures backward). First,
the log relative wag&U and the wage differentiddU among unskilled workers both rise when
y falls, as discussed above. Second, the log relative wage in high-tecR jalfalls. This exerts
a negative effect on the wage differentiaH that dominates the effect of the change in the skill
employment distribution in high-tech firms, and so the wage differeitidl falls. Third, the
overall log relative wage between skilgB and the corresponding wage differentiaB both
rise, but the magnitudes are very small. Finally, the overall wage differddiiafises slightly.
These results suggest that a general productivity slowdown might be useful for explaining the fall
in the education premium and the concurrent rise in within-group wage inequality in the 1970s.

5.4. Response of skill supply: an extension

Exogenous changes in skill supply are considered to be an important cause for the changes
in wage inequality in the 1970s (see Katz and Murphy, 1992). In particular, the proportion
of educated workers increased sharply in the 1970s in the U.S. A part of this increase was
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exogenous, caused by the baby-boom generation entering the labour force and the compulsory
Vietnam draft. To examine the effects of skill supply changes, | now allow skill supply to respond
to wage differentials in the following way:

Us) _ Us

u u

This specification captures the following featuress(® 0 only if Us > Uy; (ii) a higher relative
expected wage for skilled workers attracts more workers to upgrade their Skilis@); and (iii)
this attraction diminishes as the relative wage increéSés< 0). An exogenous increase in skill
supply can be modelled by an increase in the skill supply elasticifyhe following proposition
summarizes the effecid:

Proposition 5.3. Under the specificatiofb.5), a small or moderate increase in b has no
effect on(xs, XHu, XLu), (N*, n*s/h), (Us, Uy), (ws, wHy, wr), or DH, butitincreases s and h,
and reducesg,,. If there are more unskilled workers employed in low-tech firms than in high-tech
firms, then DU, DB and DT increase. A sufficiently large increase in b reduces DU and may
eliminate DU altogether.

When the increase ih is small or moderate, the economy remains in equilibrium 1. The
worker/job ratios in the two types of firmg* andn*s/h, do not change, because the entry
conditions for these firms do not change (see (3.6) and (3.7)). Thus, the queue length, the
expected wage and the actual wages are all the same as before. However, skill supply increases,
as expected, which induces more firms to set up high-tech jobs. As the fraction of high-tech
jobs increases, unskilled workers increase their application to these jobs. This shift of unskilled
workers balances the increased skill supply and keeps the skill distribution in high-tech firms
unchanged. Since the relative wage of skilled workers in high-tech firms does not change either,
the wage differentiaD H does not change.

In contrast, the wage differential among unskilled workdpdJ( changes. As unskilled
workers increase application to high-tech firms, the wage distribution of unskilled workers shifts
toward high wages. This increase$) if more unskilled workers are employed in low-tech firms
than in high-tech firms, which occurs when skill supply is initially low. The increase in within-
group inequality relative to the skill premium is consistent with the evidence in the 1970s in the
U.S. When the skill supply elasticity increases sufficiently, however, more unskilled workers are
employed in high-tech firms than in low-tech firms, in which case the wage differential among
unskilled workers falls when skill supply increases further.

Sufficiently large increases of the skill supply elasticity can even switch the economy
from equilibrium 1 into equilibrium II by increasing skill supply beyond the critical legel
defined in (3.7). In this case low-tech firms and the wage differential among unskilled workers
vanish, and the skill premium starts to change with skill supply. The switch increases skilled
workers’ unemployment rate; meanwhile, the skill premium may rise as unskilled workers move
completely to high-tech firms and the lower tail of the wage distribution faftéAs. Acemoglu
(1999) argues, such concurrent increases in skilled workers’ unemployment rate and the skill
premium are an important aspect of the U.S. data in the 1970s.

17. To prove the proposition, one substitutes (5.5) into (3.6)—(3.16) and differentiates the equations with respect
to b. This exercise is straightforward and hence omitted. The equilibrium responses to shéakwdig are similar to
those obtained previously, with only slight changes in the magnitudes. The paréncetebe identified by setting the
initial value ofs to the number @ used in previous calculation, which resultsie= 0-27.
18. Skilled workers’ unemployment rate rises iff the ratio of skilled workers to high-tech firgis, increases.
To verify thatns/ h increases, sety = Ky in (3.13), differentiate the equation with respecst@nd note than falls
from n* to n** when the economy switches from equilibrium I to equilibrium I1.
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Here the equilibrium switches in a direction opposite to that in Acemoglu (1999), who
employs a standard search model. In my model, the increase in skill supply switches the
equilibrium from one in which skills are partially separated by jobs into one without separation.
In Acemoglu’s model, in contrast, the increase in skill supply switches the equilibrium from
one without separation into one with complete separation. The root of Acemoglu’s result is
the exogenous matching function and exogenous wage shares. When skill supply is low, low-
tech firms would like to attract unskilled workers by offering them a better employment chance
than high-tech firms do, but the exogenous matching function prevents this from occurring, thus
resulting in the pooling equilibrium. When skill supply is high, it is inefficient to create low-tech
firms, but the exogenous matching function assigns workers to low-tech firms nevertheless, thus
enabling those firms to survive by employing unskilled workers.

Because of the above fundamental difference, the current model also has the following
results that contrast with Acemoglu’s model. First, when the equilibrium switches from | to Il,
unskilled workers’ expected utility (wage) increases frgem™ to ye ™" (see Proposition 3.2).
Second, workers’ overall matching raté,— e ") /n, increases when the economy switches into
equilibrium 1, and so the overall unemployment rate falls. In contrast, unskilled workers are
worse off in Acemoglu’s model and the overall unemployment rate increases when the economy
switches into equilibrium II. Finally, there is wage inequality among unskilled workers in this
paper, even after controlling for all skills. In Acemoglu’s model, there is wage inequality among
workers with the same observable skill only if these workers differ in unobserved skills.

6. CONCLUSION

In this paper | analyse the directed search/matching problem in an economy with heterogeneous
skills and skill-biased technology. | show that a unique symmetric equilibrium exists and is
socially efficient. Matching is partially mixed in the equilibrium. A high-tech firm receives both
skilled and unskilled applicants with positive probability, and favours skilled workers, while a
low-tech firm receives only unskilled applicants. The model generates wage inequality among
unskilled workers, as well as between-skill inequality. Since high-tech firms favour skilled
applicants, they must compensate unskilled applicants for the low employment probability by
offering them a higher wage than low-tech firms do. This within-group inequality does not
rely on the traditional assumptions of innate ability differences and match- or vintage-specific
productivity, because unskilled workers in this paper perform the same task and have the same
productivity in the two types of firms.

The model produces interesting responses of wage inequality to three key shocks occurred
in the last three decades—a skill biased technological progress since 1974, a general productivity
slowdown in the 1970s, and an exogenous increase in skill supply in the 1970s. First, skill-biased
technological progress generates concurrent increases in within-group inequality and the skill
premium, with the latter rising more sharply. Within-group wage inequality among unskilled
workers rises because unskilled workers increase their application to expanding high-tech firms,
which fattens the upper tail of the wage distribution among unskilled workers. The skill premium
rises more sharply than within-group wage inequality because skill-biased progress increases
skill wages and also shifts employment of unskilled workers to high-tech firms, the latter of
which fattens the lower tail of the wage distribution across skills. Second, a general productivity
slowdown increases within-group wage inequality and reduces the skill premium. The wage
differential among unskilled workers increases because a general productivity slowdown makes
low-tech firms contract by more than high-tech firms. The relative contraction of low-tech firms
induces unskilled workers to increase application to high-tech firms, which fattens the upper tail
of the wage distribution among unskilled workers and increases wage inequality among these
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workers. In addition, the increase in unskilled workers’ application to high-tech firms increases
the relative congestion of unskilled workers to skilled workers in high-tech firms and calls for a
decrease in the relative wage of skilled workers to unskilled workers in these firms. The skill
premium thus falls. Third, an exogenous increase in the elasticity of skill supply generates
an expansion of high-tech firms, increases unskilled workers’ application to high-tech firms,
and flattens the upper tail of the wage distribution among unskilled workers. This increases
wage inequality among unskilled workers when the skill supply elasticity increases slightly
or moderately. When the supply elasticity increases sufficiently, however, low-tech firms can
disappear altogether, in which case wage inequality among unskilled workers vanishes. The
above responses of wage inequality suggest that a skill-biased technological progress is important
for the concurrent rise of the skill premium and within-group wage inequality in the 1980s and
1990s, while a general productivity slowdown or a moderate increase in skill supply is important
for their opposite movements in the 1970s.

Since the trade-off between wages and matching probabilities is critical to the within-
group wage differential in this paper, one might want to check whether it exists in the data.
To do so, one can think that the observed density of the wage distribution is proportional to the
matching probability in this model. Then the model predicts that such a density is a decreasing
function of wages among workers entering the market, controlling for Rilléote, however,
that the within-group wage differential does not imply a positive relationship between workers’
unemployment duration and observed wages. Rather, a dynamic extension of the current model
may imply a positive relationship between workers’ unemployment duration and the wages they
appliedto but failed to get.

I have abstracted from dynamics and wage inequality among skilled workers in order to
emphasize the result that homogeneous, unskilled workers can rationally choose to work for
different wages. It is feasible but more involved to incorporate dynamics (see Shi, 1997) and to
generate wage inequality among skilled workers by allowing the skill-biased produétitity
have different realizations across matches. The model has also abstracted from other important
sources of the within-group wage differential, such as the employer size. In a separate paper (Shi,
2001) | show that the size-wage differential can arise among homogeneous workers when there
is directed search in both the goods market and the labour market. It remains to check how the
size-wage differential interacts with a skill-biased technology.

APPENDIX
A. Proof of Lemma.1

First | establish the following lemma.

LemmaA.l. (i) If atype-j firm attracts only unskilled workers, i.e. ifsx= 0, then
y/Up=€" and  7j/y = B(Xju), (A1)

whereg(-) is defined in 8.5).
(i) If atype-j firm attracts only skilled workers in an equilibrium, i.e. jf;x= 0, then

@jy/UszeXJS and i/ (©;Y) = B(Xjs). (A.2)
19. Itisimportant to confine this test to market entrants. If all employed workers of the same skill are considered,

the actual wage density function is likely to be hump-shaped, because workers at the lower end of the wage distribution
are more likely to separate from the current jobs and look for higher wages.
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(i) Ifx s> 0and xy > 0, then

Us = Uy = ye Xty /y = B(xis + XLu). (A.3)
(iv) If xys > 0and x4y > 0,then U > Uy, xy = 1, and
= (1—eX"9)0y + e (1 — e M)y — xpsUs — XpuUu. (A.4)

Proof. Part (i) and Part (ii) are analogous to each other; so | prove Part (i) only. If ajtype-
firm attracts only unskilled workers in an equilibrium, the expected profit function of this firm is
mj = (1—eXiu)(y—wjy) and the constraint ig(Xju)wju = Uy, whereg(-) is defined in (2.5).
Substitutingw, from the constraint, | havej = (1 — e Xiv)y — xj,Uy. To maximizerj, the
first-order condition foi;y is y/Uy = €*iv. Substituting back into the expected profit function,
one getsrj as in (A.1).

Part (iii). If x,.s > 0 andx_y > O, thenw s = Us/qLs andwy = Uy/qLu by (2.6).
Substitute @s, wiy) in (2.7) with j = L, | haver| = [1 — e~ XstXw)]y — x JUs — X (Uy.

The first-order conditions fok s and x_y immediately lead to the expressions f@ss, Uy)
in (A.3). Substituting s, Uy), the above expression fai. becomes that in (A.3).

Part (iv). If Xxys > 0 andxyy > 0, thenwys = Us/gus andwpy = Uy/quu by (2.6).

Substituting(wys, wny) in (2.7) with j = H, | have

= [xH + (1= xn)e ™)1 — e Hs)gy
+(1— xH + xne M) (L — ey — xpysUs — XHuUu:

Then,dmry/dxy > 0 and soxyy = 1. Substitutingyy = 1 into the above expression of
Y, one obtains (A.4). To maximizey, the first order conditions faxys andxyy then imply
Us/y = (8 — 1) XHs 4 g XHstXHw) 5 e~ (XHstXHu) = U, /y. Thus,Us > Uy. ||

To establish Lemma 3.1, it suffices to show that case (iv) of Lemma A.1 applies in all
symmetric equilibria and that case (i) applies for= L (i.e. xs = 0 andxys = ns/h).
Lemmas A.2 through A.4 below establish these desired results. To economize on space, | only
sketch the proofs of these lemmas. Detailed proofs are available upon request.

LemmaA.2. Xys > 0in equilibrium.

Proof. Suppose thatys = 0 in an equilibrium. | derive a contradiction.
Case (i} 0 < Xny < N(1—s)/h. Consider a deviation by a high-tech fira%, ¢, wg,,, x8),

that satisfies the following conditiongdl = 1, w%¢ = Us + ¢, ande‘xsiswﬂ,u = wyu, Where

e > 0 is an arbitrarily small number an>q‘_’|$ is the queue length of skilled workers that the
deviator attracts. The queue lengtfi, satisfiesg(x)wd = Us. The deviator's expected
profit, denotedr &, is given by (2.7) with ¢% ¢, w,,, x%o) replacing @us, wu, XHs). Note that
78 = 7y whene = 0. The deviation is profitable dr{ /de > 0 whene — 0. Computation
yields
dnf_" N
4 8=0_2[(0 l+e )le 1]

Because Part (i) of Lemma A.1 applies to high-tech firms in the supposed equilityjiluy,=
e*Hu. Because Part (i) of Lemma A.1 applies in the supposed equilibriytdg = y/U,. Thus,
y/Us = e*Hu, Substituting this result, it is evident tmhﬁﬂ /de > 0 whene — 0.

Case (iiy Xy = n(1 — s)/h. Consider the same deviation as in Case (i). Since Part (ii) of
Lemma A.1 applies to low-tech firmg/Us = €*s, and so the deviation is profitable #f— 1+
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e XHu _e Xs > (O (see Case (i) faﬂnﬂ /del.—0). Sincerr| /y = B(XLs) andmy /Yy = B(XHy) in
the supposed equilibrium, the two free-entry conditions then yigld= B(K| /y) andxpyy =
B(OKy{/y). BecauseKy < 6K by Assumption 1xyy < B(@@K(/y). Thus, the following
condition is sufficient for the deviation to be profitable— 1 + e BEKL/Y) _ e=B(KL/Y) - 0,
This condition is satisfied for afl > 1, because its left-hand side is an increasing functiah of
and has a value 0 wheh= 1.

Case (iii): Xqy = 0. There is no high-tech firm in this case. Moreover, Part (iii) of Lemma
A.1 applies, yieldingy/Us = €" andK_/y = B(n). Consider a firm that deviates by setting
up a high-tech job and announcing the following offef}; > Us, x4 = 1, andw, = 0.
This offer attracts only skilled applicants and the queue length of such applicaxﬁg that
satisfiesg(xﬂs)wst = Us. Part (ii) of Lemma A.1 applies to the deviator and so the deviator's
best decisions obey (A.2) for = H, with xﬂs replacingxys and n,‘_’, replacingrzy. Since
Us/y = e, (A.2) impliesxd, = n+Ind andzl/y = 6 — (1 +n + Ing)e™". Then,
nﬂ > 0yB(n), i.e.(® — DA+ n) —In6 > 0. The latter condition holds, because its left-
hand side is an increasing functionéfor all 6 > 1, and is equal to 0 whefh = 1. Because
KL/y = B(n), the firm get:az,‘_’| > 0K > Ky. That s, the deviation is profitable.||

LemmaA.3. Xnys=ns/h (i.e. x s = 0) in equilibrium.

Proof. By Lemma A.2,xys > 0. To establish the current Lemma, suppose that O
XHs < nhs/h. | derive a contradiction. Note that the case with both<Oxps < ns/h and
0 < XHu < n(1 — s)/h cannot occur, because in such a case Parts (iii)) and (iv) of Lemma A.1
apply to both types of firms which yield contradicting results on the differéhce U,. So,
XHu =N(L —s)/horxyy =0,if 0 < Xys < ns/h.

Case (i} Xyu = n(1 — s)/ h. In this case, part (ii) of Lemma A.1 applies to low-tech firms
and Part (iv) applies. Consider that a low-tech firm deviates to Wag@-;}s (uﬁu) that satisfy

(L—xu + xee™ 9wl =Uy +s;
1= x+ xe g pwl, =Uu:
_yd
[xL + (1 — x0e *wlg(xLs)wls = Us;

wheree > 0 is an arbitrarily small number. Computing the deviator's expected prxﬂ‘itpne
can show thadnf/da|£:o > 0iff eXsy/Uy > 1. The latter condition holds in the supposed
equilibrium becausg/U, > y/Ug = €*ts,

Case (i} xyy = 0. In this case, only skilled workers apply to high-tech firms. So, Part (ii)
of Lemma A.1 applies to high-tech firms, yieldifig/Us = €*s. Also, Part (iii) of that Lemma
applies to low-tech firms, sp/Us = eXtstXw) Then,xys = XLs + XLy + N0 > Xis + XLu.
Using Parts (ii) and (iii) of Lemma A.1 to obtainy and s, the free-entry conditions and
Assumption 1 imphyB(XLs + XLu) = KL/Y > K /(@y) = B(Xys). Sincep’(x) > 0, this result
impliesx, s + XLy > XHs, contradicting the earlier result.||

Lemma A.4. Xyy > 0in equilibrium.

Proof. Suppose thaky, = 0. | derive a contradiction. Consider that a high-tech firm
maintainsyy = 1 and the wagevys for skilled workers but deviates to offar,‘qu to unskilled
workers, Wherazuﬁ|u sati:~:fies;a‘XHSwﬁ'|u = Uy+¢ (e > 0). Fore > 0, the offer will attract some
unskilled workers and the queue length of unskilled workers attracted, dexfjiedsatisfies
e‘XHSQ(xﬂu)wﬂ'u = Uy. Note that the deviation does not affect the queue length of skilled
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applicants. The deviator's expected profit is
nﬂ = (1l—e *Hs)py + e *Hs(1 — e‘XEiu)y — XpsUs — x‘ﬂ,uUu.

Then,dnﬂ/ds > 0 for sufficiently smalk iff e *Hsy/U, — 1 > 0, in which case the deviation

is profitable. To show that the latter condition holds in the supposed equilibrium, note that
XHu = 0 andx s = 0 (by Lemma A.3). Part (i) of Lemma A.1 applies to low-tech firms
and Part (ii) to high-tech firms. Sy,/U, = e*u. Moreover, the free-entry conditions imply
B(Xus) = Ky /(0y) < KL/y = B(XLu). Sincep’(x) > 0, this result impliexys < X_y. Thus,

e XHsy/Uy — 1 = eXu=XHs — 1 > 0, and so the deviation is profitable||

B. Proof of Propositior.2

Consider equilibrium | first, where , > 0. Under Lemma 3.1x.y > O if and only if
0 < h < 1. Maximizing 7y in (A.4), one can derive the first-order conditions»gfs and
XHu as follows:

Uu/y — e*(XHs+XHu); (Bl)
Us/y = (0 — 1)e~*Hs 4 g~ XHstXHu)., (B.2)

Since only unskilled workers apply to low-tech firms, Part (i) of Lemma A.1 applies to low-tech
firms, which yieldsU,/y = e *tu. Combining this with (B.1), | havey , = Xys + Xqu. With
this result andkys = ns/ h, the adding up condition (2.2) impliegs, = nandxyy = n—ns/h,
as (3.11) indicates. Substituting these expressions foxshato (B.1) and (B.2), | get (3.14).
The equations in (3.15) come from (2.6), applied to a high-tech firm for the two types of workers,
together withgys = g(XHs) andgyy = e *Hsg(xyy). The wageaw,  in (3.16) comes from (2.6),
applied to a low-tech firm for unskilled workers, with, = g(X_y). The expression fat| in
Part (i) of Lemma A.1 yieldsr = yB(n), asin (3.16). Then, the free-entry condition = K
yieldsn = n*, wheren* is defined in (3.6). Substitutingys = ns/h andxyy = n — ns/h
into (A.4) in Part (iv) of Lemma A.1, | havey as in (3.13). Sincg(n) = K /y, the free-entry
conditionty = Ky and the definition oh* in (3.6) implyh = s/5. The requirement for the
current equilibrium, O< h < 1, is then equivalent te < S.

To establish the existence of equilibrium | undek §, it now suffices to show that there
is no incentive for a low-tech firm to attract skilled workers. Consider a deviation by a low-
tech firm, %, wd , x%), that attracts a positive queue lengidl,, of skilled workers. Given
Us > Uy, this deviation is not profitable if it also attracts some unskilled applicants (see the proof
of Part (iii) in Lemma A.1). Suppose that the deviation drives away all unskilled workers. Then,
Part (ii) of Lemma A.1 applies to the deviator, which yields/y = e s andrd/y = B(x9)).
BecausaJs > U, = ye " in the current casegﬁs < n*and son,‘_’/y < B(n*) =mL/y,i.e.the
deviation is not profitable. This shows that equilibrium | existsiff S.

Now consider equilibrium II, wher&_, = 0. In this case, all workers apply to high-tech
firms and so low-tech firms do not exisg. h= 1. Thenxys = nsandxyy = n(1—s). Again,
(A.4) applies. To maximizay, the first-order conditions faixy s, XHy) Yield (3.14), with which
(A.4) yields (3.13). The wages in (3.15) come from (2.6). With (3.13) laael 1, the free-entry
conditionty = Ky yieldsg(n) + (0 — 1)B(ns) = Ky /y. By (3.8), this solves = n**.

For the outcomé = 1 to be consistent with equilibrium, there should be no incentive for a
firm to set up a low-tech job. Consider a possible entrant in the low-tech job. BedauséJ,,,
the best decision of the entrant should attract only unskilled workers (see the proof of Part (iii) of
LemmaA.1). Letwﬁu be the entrant’s offer wage to unskilled workers aﬁg the queue length
of such applicants to the entrant. Then, Part (i) of Lemma A.1 implies that the entrant’s maximum
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expected profit isr,‘_j = y,B(XEU), whereetu = y/Uy. For the entry to be not profitable, it is
necessary and sufficient thi,. > =8 = yg(x9 ). Becausex!, = In(y/Uy) = n** in the
current equilibrium and& | /y = B(n*), the entry is not profitable iffi* > n**. Sincen* > n**
iff s> §, atype Il equilibrium exists ifs > &.

Finally, the choicexy = 1 isex postoptimal if 0y — wys > Y — wyy. Abbreviatingns/ h
asxXs, | can use (3.14) and ( 3.15) to show thst— wys > y — wpy iff

Xs n— s Xs  _(n—xo)
—p(1- - 9). B.
0<@® )< eXs—1>+<e”—Xs—1 & 10 ) B3

Note thatx/(e* — 1) < 1andx — 1+ e * > Oforallx > 0. Sincen — xs = Xqy > 0, then

N=X % ,nx). "N=X%
=% -1 es—-1 en—x —1

Indeed, (B.3) holds angdy = 1 isex postoptimal. ||

—e ") 0.

C. Proofs of Propositiond.1, 4.2and5.2
For Proposition 4.1, substitute (3.14) into (3.15). Theg> wyy <

e"s/h 1 n* —n*s/h s
0>1+ *s/h v oms/h 1 € . (C.1)

The right-hand side of (C.1) is an increasing functiorsph and hence a decreasing function
of & (note thatn* is independent of ands/h (= 3) is a decreasing function &f, see (3.9)).
Denote this function byR H S0) temporarily. Wheré — oo, 5§ — 0 andd > RH S#0). When
6 — Knp/KL, 3 > 1andRHSH) — (€ — 1)/n*. If (" — 1)/n* > Ky /KL, thereis a
numberé; (> Kn/KL) such that > RHS0) iff 6 > 6. If (€ — 1)/n* < Kn /KL, then
0 > RHSO) forall§ > Ky/KL. Thenws > wyy if & > max{o;, Ky /KL}.

For Proposition 4.2, comparme in (3.16) withwyy in (3.15). Thenwyy > w <
(N* — xs)(1 — e ™) — n*(e — e ) > 0. Temporarily denote the left-hand side of the
inequality byL H S(xs) for givenn*. Note thatxs € (0, n*). SinceLH S(0) = LH S(n) = 0 and
LH S(:) is concave foxs € (0, n*), LH S(xs) > 0 for all xs € (0, n®).

For Proposition 5.2, temporarily drop the subscrpbn x and denoten*s/h by x.
Differentiating (3.6), (3.7) and the equation fgyin (3.11) with respect ty yields

dn*  B(n*) dax B dh  ng(x)p'(n*) — xB'(x)B(n*)

dy yB'(n*)’ dy yB'(x)’ dy n*g'(n*)xp’(x)y/h

Sincep’ > 0, thendn*/dy < 0 anddx/dy < 0, implyingdx_,/dy < 0,dU,/dy > 0 and
das/dy > 0. To showdh/dy < 0, temporarily denote the numerator of the expression for
dh/dy by RH Sn*) for fixed x < n*. Thendh/dy < 0 if and only if RHSn*) < 0. Using
n* > x, | can show thaRH S(n*) < (2— x)8(X) — x%e X = 2— x — (2+ x)e~*. The function
2—x— (24 x)e * has a value zero when= 0, a derivative-8(x) < 0, and hence is negative
for all x > 0. Thus,RHS(n*) < 0 for all n”* > x. BecauseRHSx) = 0, RHSn*) < O for
n* > Xx.

The matching rate for an unskilled workes;, can be shown to be a decreasing function
of (n*, h). Since (*, h) both fall with y, dey/dy > 0. The responses of wages stated in the
proposition can be verified directly.||
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