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general equilibrium models with two-stage skill formation. We

show that for an economy with full employment, a public educa-

tion subsidy will increase the wage differential in the first stage of . o .
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1. Introduction

The race between education and technology has shaped the distribution of earnings
for at least the last 100years (Acemoglu & Autor, 2012; Goldin & Katz, 2008).
Through much of the 20th century, rapidly rising education levels were an important
equalizer: Although technological change usually raised the demand for skills, the
average years of schooling also increased continuously, countervailing against the skill
premium (Goldin & Katz, 2008). However, since the early 1980s, the education levels
have grown much more slowly and failed to keep pace with technological progress.
Autor (2014) shows that the rate of intercohort increase was around 1%, while after
1982, the rate fell by almost half from 0.87% to 0.47%." The deceleration in the
skilled labor supply notwithstanding, the past three decades of computerization have
greatly raised the demand for college-educated workers, resulting in rising wage
inequality (Autor et al., 2006).2

More recently, the remarkable advances in automation technology (e.g., 3D print-
ers, artificial intelligence, robotics) have raised concerns that the lack of educational
attainment for many workers will be a major challenge in the labor market (Autor,
2015; Levy & Murnane, 2013). Although automation cannot replace all the tasks, it
tends to take over repetitive and routine tasks performed by labor on a scale not
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previously observed, and gives rise to the employment polarization in the sense that
unskilled labor is reallocated into service occupations and undertakes manual tasks
(Autor et al., 2006, 2008). Although the wage in low-skill service occupations can out-
perform other low-skill occupations, it has still grown sluggishly compared to the
skilled wage in recent decades (Autor & Dorn, 2013, p. 1556). In the presence of
automation, unskilled labor would be less likely to find jobs paying decent wages if
they cannot update their skill levels in time (e.g., Brynjolfsson & McAfee, 2014;
Lankisch et al., 2019; Levy & Murnane, 2013).

This paper aims to explore the impacts of a public education subsidy on skilled-
unskilled wage inequality in an economy with automation. We examine such relation-
ships in the canonical specific-factor framework that is widely adopted in the literature
on wage inequality (e.g., Anwar, 2006, 2008; Beladi et al., 2010; Chaudhuri et al., 2018;
Marjit & Kar, 2005; Pi & Fan, 2019; Pi & Zhou, 2012; Pi & Zhang, 2018, 2020; Tawada
& Sun, 2010). Similar to Prettner (2019) and Zhang (2019a), we model robots as auto-
mation capital, which is a perfect substitute for unskilled labor in the robot-using sec-
tor. Skill formation consists of two stages: In the first stage, unskilled workers can
decide whether to acquire skills; in the second stage, workers that finished an education
in the first stage will acquire skills and will not be replaced by robots, and they can
now find jobs in high-skill occupations. We find that a public education subsidy can
decrease the wage differential conditionally. In the presence of automation, when we
want to ensure full employment, a public education subsidy can only decrease the wage
differential in the second stage. When we allow unemployment, wage inequality may
be reduced in both stages.

On the one hand, there exist many studies paying attention to the challenge of
automation. For example, Acemoglu and Restrepo (2018b) hold that the jobs creation
can go hand-in-hand with automation if the long-run return to capital is not too
low. Prettner (2019) introduces automation into a standard growth model, and finds
that it can explain the decline of the U.S. labor share. Lankisch et al. (2019) estab-
lish an R&D driven model of automation to explain the coexistence of increasing
per capita output, declining unskilled wage rate, and rising skilled wage rate. Zhang
(2019a) argues that automation does not necessarily deteriorate wage inequality.
Okada (2020) finds that an equilibrium without automation can be achieved if the
government invests enough resources in education. Bentaouet Kattan et al. (2021)
construct an overlapping-generations model with automation to investigate how
education impacts inequality. Prettner and Strulik (2020) hold that using standard
policy suggestions to battle against the challenge of automation may engender unin-
tended side effects. For example, they find that an education subsidy can slow down
growth and redistribute income to the rich, thereby raising inequality. However,
this paper is different from Prettner and Strulik (2020) and Bentaouet Kattan et al.
(2021) who investigate how education can impact inequality in the presence of
automation in three aspects. First, we adopt a different analytical framework, and
concentrate on the wage differential between the skilled and unskilled. Second, we
consider the case with unemployment, which enables us to compare the effect of a
public subsidy policy in the full employment economy and that in the economy
with unemployment. Third, we use comparative static analysis, and thus, what we
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focus is the effect of a marginal increase in the education subsidy on wage inequal-
ity, rather than the aggregate effect.

On the other hand, rising wage inequality has attracted great attention of schol-
ars, and the existing literature has put forward different theories to explore the
determinants of wage inequality. There are two strands of the literature using gen-
eral equilibrium approach to study wage inequality that are mostly related to our
study. The first strand of the literature emphasizes the role of education in affect-
ing wage inequality in the general equilibrium framework (e.g., Beladi et al., 2011;
Chaudhuri et al., 2018; Gupta & Dutta, 2010; Kar & Guha-Khasnobis, 2006; Pan,
2014; Yabuuchi & Chaudhuri, 2009; Zhang, 2019b). This strand of the literature
also takes international factor mobility,” trade liberalization, upstream-down-
stream linkages, capital adjustment cost, and environmental pollution into consid-
eration when investigating how education affects wage inequality, but this strand
of the literature does not take the role of automation into consideration. The
second strand of the literature holds that technological change is a crucial deter-
minant of rising wage inequality (e.g., Pi & Zhang, 2018; Zhang, 2019a), but this
strand of the literature fails to consider the interaction between technology and
education. This paper contributes by incorporating the interaction between auto-
mation and education into two-stage general equilibrium models to explore the
distributional effect of a public education subsidy.

We show that in the presence of robotic automation, a public education subsidy
can narrow down the wage differential conditional on different stages of skill
formation, and on the ratio of unskilled labor to skilled labor. To provide an
economic explanation, we compare our results of the basic model with
Chaudhuri et al. (2018), who investigate the distributional effect of an education
subsidy in a two-stage setup, albeit in the absence of automation. In the first
stage, Chaudhuri et al. (2018) find that unskilled workers withdrawing from the
labor market will raise both the skilled and unskilled wage rates, an implication
similar to ours, but how the wage differential will change is indefinite. In our
model, however, the first stage of skill formation will widen the wage differential
definitely, because in the presence of automation, a higher unskilled labor cost
will also drive up the price of robots, resulting in a higher revenue of the robot-
producing sector, and consequently a higher skilled wage rate. We find that
although the first stage of skill formation increases both the skilled and unskilled
wage rates, the wage differential will be widened unconditionally. Similarly, in
the second stage, skilled workers entering the labor market will reduce the wage
differential unambiguously. This is because a lower unskilled labor cost will also
drive down the price of robots, resulting in a lower revenue of the robot-produc-
ing sector, and consequently a lower skilled wage rate. When we consider both
effects of the unskilled labor supply and the skilled labor supply, the wage differ-
ential in the second stage will be improved if the ratio of unskilled labor to
skilled labor is large enough.

The rest of this paper is organized as follows. Section 2 establishes the basic
model, which is further analyzed in Section 3. Section 4 extends the basic model
by incorporating unemployment into the labor market. Section 5 concludes.



ECONOMIC RESEARCH-EKONOMSKA ISTRAZIVANJA @ 6853

2. The basic model
2.1. The production sectors

There are three sectors using technologies characterized by constant returns to scale
in the economy: a robot-producing sector, a robot-using sector, and a non-automat-
able sector (see e.g., Zhang, 2019a).

The robot-producing sector utilizes skilled labor (denoted by Lgg) and capital of
type K (denoted by Kg) to produce robots (denoted by R). The production function
of the robot-producing sector is characterized by:

R = F'(Lsg, Kg). (1)

The robot-using sector utilizes unskilled labor (denoted by Lx), robots (denoted by
R), and capital of type K (denoted by Kx) to produce good X. Following Prettner
(2019) and Zhang (2019a), we interpret capital of type K as traditional capital, and
robots as automation capital.* Traditional capital such as assembly lines can only
imperfectly substitute for unskilled labor, while automation capital in the sense of
robots acts as a perfect substitute. Since this sector uses both robots and unskilled
labor, we can define the amount of effective labor Lyx as follows:

Lux = Lx + R. (2)
The production function of the robot-using sector is characterized by:’
X = F*(Lyx, Kx). (3)

The non-automatable sector utilizes unskilled labor (denoted by Lyy) and capital
of type N (denoted by Ny) to produce good Y. This sector is introduced to reflect
the phenomenon that the work in some industries cannot be easily automated.® As is
pointed out by Levy and Murnane (2013, p. 14), building and grounds cleaning, food
preparation, and personal care and services are jobs that cannot be easily automated.
The production function of the non-automatable sector is characterized by:”

Y = F*(Lyy, Ny). (4)

Profit maximization of the above three sectors can be characterized by:

PR = asgWs + agrt, (5)
px = auxwu + akxt, (6)
1 = ayywy + any7, (7)

where pr and px are the prices of robots and good X, respectively. The good of the
non-automatable sector Y is regarded as the numeraire. a; (i=S,U,K,N;j=
R, X,Y) denotes the amount of factor i necessary for the sector to produce one unit
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of product j (e.g., ask = Lsg/R). ws, wy, r, and 7 stand for the skilled wage rate, the
unskilled wage rate, the rental rate of capital of type K, and the rental rate of capital
of type N, respectively.

The unskilled wage rate can also be regarded as the unskilled labor cost, and thus,
the robot-using sector will compare the unskilled wage rate and the price of robots
when it decides the usages of unskilled labor and robots. In equilibrium, we
have pr = wy.

2.2. The public education subsidy policy

The government implements a public education subsidy policy for unskilled labor.
Similar to Chaudhuri et al. (2018) and Zhang (2019b), we assume that there are two
stages of skill formation. In the first stage, unskilled labor can decide whether to get
an education and receive the government’s subsidy. If an unskilled worker gets edu-
cated in the first stage, then in the second stage, the worker will become skilled and
will not be replaced by robots. After finishing the education, the worker can be
employed by the robot-producing sector.

We assume that the economy has Ly numbers of unskilled families, and each fam-
ily has one unit of unskilled labor. In the first stage, the government provides a sub-
sidy s for each unit of unskilled labor that plans to have an education.® Hence, if an
unskilled family decides that Is units of its unskilled labor should get an education,
then the family can receive sls amount of subsidy from the government to compen-
sate the loss of wage income. The rest of unskilled labor in the family, 1-Js, goes to
work and earns the unskilled wage rate. Thus, in the first stage, the family’s income
is Vi =sls +wy(1 — ls).9 In the second stage, Is units of labor become skilled. Now,
they can be employed by the robot-producing sector, and earn the skilled wage rate.
The rest of labor in the family is still employed by the robot-using or the non-auto-
matable sectors, and earns the unskilled wage rate. Thus, in the second stage, the
family’s income is V, = wgls + wy (1 — Is).

The representative unskilled family maximizes the total income in the two stages:

max V=InVi+ fInV,, (8)
S

where f# € (0,1) is the time discount factor. We assume that the public subsidy on
education s will not be too large or too small, ensuring that there exists an inner
solution [{ € (0,1). By solving the problem, we have [ = I(wy, ws,s).10 Then, the
total amount of unskilled labor available in both stages can be given by:

L(WU, ws, S) = iU(l — l;), (9)

where we can calculate that OL/Owy>0, OL/Ows<0, and OL/0s<0. With these
results, we define e,, = (wy/L) - (OL/Owy)>0, e,, = —(ws/L) - (OL/Ows)>0, and
es = —(s/L) - (OL/0s)>0 as the (absolute) elasticities of the unskilled labor supply
with respect to wy, ws, and s, respectively.
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These elasticities show that when the public subsidy on education or the skilled
wage rate increases, unskilled workers will be encouraged to engage in skill formation,
and thus the unskilled labor supply will decrease, while when the unskilled wage rate
increases, skill formation will be impeded, and thus the unskilled labor supply
will increase.

2.3. The market-clearing conditions

In both stages, the unskilled labor supply is L(wy, ws,s), among which Ly amount is
utilized by the robot-using sector, and L(wy,ws,s)—Lx amount is utilized by the
non-automatable sector. For the robot-using sector, the demand for effective labor is
ayxX, which includes unskilled labor and robots, while for the non-automatable sec-
tor, the demand for unskilled labor is ayyY. Hence, the unskilled labor market clear-
ing conditions yield:

aUXX = LX + R, (10)
aUyY = L(Wu, Ws,S)—Lx. (11)

Denote Lg as the endowment of skilled labor. Then, in the first stage, the skilled
labor supply is exactly Ls. In the second stage, since Ly—L(wy,ws,s) amount of
unskilled labor acquires skills, the skilled labor supply will become Lg+
Ly—L(wy, ws,s). For the robot-producing sector, the demand for skilled labor is
asgR. Thus, the skilled labor market clearing condition in the first stage is described

by:
asgR = Lg. (12)
In the second stage, the above condition becomes:
asgR = Ls + Ly—L(wy, ws, s). (13)

The capital market clearing conditions in both stages are the same, which are char-
acterized by:"'

agrR + axxX = K, (14)
anyY =N, (15)
where K and N are the endowments of two types of capital.

3. Comparative static analysis

Section 2 has completed the establishment of the basic model characterizing a full
employment economy. In the first stage, Eqs. (5)-(7) (10)-(12) (14), and (15) deter-
mine ws, wy, 1, T, Lx, R, X, and Y. In the second stage, Eq. (12) should be
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replaced by Eq. (13), and Egs. (5)-(7) (10) (11), and (13)-(15) determine the same
variables. The public education subsidy (i.e., s) is regarded as an exogenous variable
decided by the government.

3.1. Comparative static analysis on the first stage

We use the matrix form to characterize the economic system in the first stage. We
totally differentiate Eqgs. (5)-(7) (10)-(12) (14), and (15), substitute the results of Egs.
(10) (12) (14), and (15) into the result of Eq. (11), and rearrange Eqs. (5)-(7) and
(11). Then, we have:**

—0Okr 0 —0Osr 1 r 0
—0Okx 0 0 —0Oux T 0 |-
- _;u i 5 16
0 —Ony 0 —Ouy Ws KXAULE L | (16)
Ay Jkxduvoy —A,  —A;s wy 1

where  Ayx =auxX/(L+R), Ayy =auyY/(L+R), Auyw=L/(L+R), Apr=
R/(L+R), Ay = OxrAkx AUROR + AkrAUXOR + AkxAuxOx, Ay = OxrAkxAUROR +
/’{KR/ALUXO'R—QWS/"LKX/IUL, and A3 = iKX/lUXGX + ;MKXiUYaY + GWU/ALK)(AUL. Similar to the
notations adopted by Jones (1965, 1971), we denote 0;; (i = S,U,K,N;j =R, X,Y) as
the cost share of factor i utilized by the sector producing good j (e.g,
Oxx = auxwu/px)> Akj (j = R,X) as the allocative share of capital of type K utilized
by the sector producing good j (e.g., Axx = axxX/K), and ; (j = R, X,Y) as the elas-
ticity of substitution between the related factors utilized by the sector producing good
j (e.g. ox = (akx — aux)/(Wy — 7)). We also use the hat notation to denote the rela-
tive change (e.g., ws = dws/ws).

Proposition 1 summarizes the first stage results of how a public education subsidy
policy can affect the skilled and unskilled wage rates, and the wage differential in the
presence of automation.

Proposition 1: For a full employment economy with automation, a public education
subsidy will increase both the skilled and unskilled wage rates, and widen the wage
differential in the first stage.

Proof: See Appendix A.

A public education subsidy policy will encourage unskilled labor to have an educa-
tion in the first stage, which will reduce the unskilled labor supply. The fall in the
unskilled labor supply will increase the unskilled wage rate, but as the unskilled labor
cost increases, the sector that uses robots will want to increase the input of robots in
order to dampen the negative impact of the reduction in the unskilled labor supply.

Moreover, the fall in the unskilled labor supply can also reduce the capital prod-
uctivity in the sector using robots, which will then reduce the payment for capital, as
a result of which a part of its capital will flow into the sector that produces robots.
The reallocation of capital will raise the capital-labor ratio of the sector that produces
robots, and thus increase the skilled labor productivity, resulting in a higher skilled
wage rate."”
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Although both the skilled and unskilled wage rates will increase, in the presence of
automation the skilled wage rate will be higher than the unskilled one, and thus con-
tribute to the expansion of the wage differential.'"* The reason is that the sector that
uses robots needs to increase the usage of robots to offset the relative shortage of
unskilled labor. The higher unskilled wage rate will drive up the price of robots,
resulting in a higher revenue of the sector that produces robots. More robots will be
produced, which suppresses the unskilled wage rate, leading to the expansion of the
wage differential.

3.2. Comparative static analysis on the second stage

We use the matrix form to characterize the economic system in the second stage. We
totally differentiate Eqgs. (5)-(7) (10) (11), and (13)-(15), substitute the results of Egs.
(10) and (13)-(15) into the result of Eq. (11), and rearrange Eqs. (5)-(7) and (11).
Then, we have:

—0Okr 0 —0Osr 1 7 0
—Okx 0 0 —Oux T | _ 0 |.
0 —Ony 0 —0Ouy ws | Ces 0 > (17)
A1 ;LKX;LUYGY *A4 7A5 1/AVU 1

where C = ;qu)LUL—()VUX;LKR + iKX;LUR)/lLS, A4 :_HKRJV_KX/ALURGR + )yKR},UXo'R—CGWS,
As = JgxAux0x + AkxAuyoy + Cey,, and Aps = L/(Ls+ Ly — L), which is the ratio
of unskilled labor to skilled labor.

Proposition 2 describes the second stage results of how a public education subsidy
policy can affect the skilled and unskilled wage rates, and the wage differential in the
presence of automation.'”

Proposition 2: For a full employment economy with automation, when the ratio of
unskilled labor to skilled labor is small enough (i.e., 115< %)’ a public edu-
cation subsidy will increase the skilled and unskilled wage rates, and widen the wage

differential in the second stage. When that ratio is large enough (i.e.,

AKXAUL .
ALs> Toies—), then the opposite occurs.

Proof: See Appendix A.

In the second stage, labor that had an education in the first stage can be regarded
as skilled labor, and thus will not be replaced by robots. They can now be employed
by the robot-producing sector. On the one hand, a public education subsidy will
decrease the unskilled labor supply in the second stage as in the first stage, and its
economic mechanism behind has been analyzed in Proposition 1. On the other hand,
the skilled labor supply will increase in the second stage, and its economic explan-
ation is given as follows.

More skilled labor available for the sector that produces robots will decrease the
skilled wage rate paid by this sector. More skilled labor available for the sector will
also increase the capital productivity in this sector. Thus, the sector will increase the
payment for capital, and it will make a part of capital utilized in the sector that uses
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robots move to the sector that produces robots. The less usage of capital in the sector
that uses robots will reduce the unskilled labor productivity, resulting in a lower
unskilled wage rate. Since a lower unskilled wage rate will make the sector that uses
robots to employ more unskilled labor, the price of robots will also become lower.
Thus, the unit revenue of robots will fall, which will decrease the skilled wage rate,
resulting in an improvement in the wage differential.

When taking both economic mechanisms in the second stage into consideration,
we find that if the ratio of unskilled labor to skilled labor is small enough (i.e.,

Ars< %), then both the skilled and unskilled wage rates will be increased,

and the wage differential will be expanded. If instead that ratio is large enough (i.e.,

AKXAUL : :
ALs> oy P inim)’ then the opposite will occur.

4. The extended model

In this section, we introduce unemployment among unskilled labor into the model.
When the price of robots falls, replacing unskilled labor with robots may generate
unemployment if the unskilled wage rate cannot be downwards adjusted. To reflect
this situation, we assume that a regulated unskilled wage rate wy exists in the robot-
using sector, which is downwards rigid and higher than wy determined by the labor
market. The gap between wy and wy suggests that in equilibrium, there must exist
unemployment among labor who plans to work in the sector that uses robots.

Denote the Harris-Todaro type unemployment rate (Harris & Todaro, 1970) as u,
and let Lx represent the amount of unskilled labor aiming to work in the sector that
uses robots. Then, Eq. (10) should be replaced by:

Lx
I+ u

aUXX = + R, (18)

Here, robots will not become unemployed because the price of robots can be
adjusted flexibly. However, since wy>wy, the sector is willing to use more robots as
long as the price of robots pr is lower than wy. In equilibrium, this
implies pr = wy.

The existence of unemployment also reduces the expected payoff for working in
the robot-using sector. In equilibrium, the expected return to working in either the
robot-using sector or the non-automatable sector should be the same. This implies:

wu
1+ u

= Wy. (19)

Profit maximization of the robot-using sector is now described by:
Px = aUXwU —+ agxr. (20)

The establishment of the extended model with unemployment has been completed.
In the first stage, nine equations, Egs. (5) (7) (11) (12) (14) (15), and (18)-(20),
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determine nine endogenous variables, namely, ws, wy, 7, T, 4, Lx, R, X, and Y. In
the second stage, Eq. (12) should be replaced by Eq. (13), and nine equations, Egs.
(5) (7) (11) (13)-(15), and (18)-(20), determine the same variables. The public educa-
tion subsidy (i.e., s) is still considered as an exogenous variable decided by
the government.

We can easily find that the average unskilled wage rate is exactly equal to wy.
Thus, wy that is determined by the labor market can also be used to explore the
wage differential in the presence of automation.

4.1. Comparative static analysis on the first stage

We use the matrix form to characterize the economic system in the first stage. We
totally differentiate Eqs. (5) (7) (11) (12) (14) (15), and (18)-(20), substitute the
results of Eqs. (12) (14) (15) (18), and (19) into the result of Eq. (11), and rearrange
Egs. (5) (7) (11), and (20). Then, we have:

—0Okr 0 —0Osr 0 7 0
—0Okx 0 0 0 T o , 0 |-
0 —Ony 0 —Ouy e | T THRcAmes | o) (21)
Ay kxduyoy —Ay  —Ag wy 1

where A6 = B/IKX + eU;LKX;LUL + /IKX}vaO'y and B = /ALUx—/IUR.
Proposition 3 gives the impacts of a public education subsidy on the skilled and
unskilled wage rates, and the wage differential in the first stage.'®

Proposition 3: For an economy with unemployment and automation, a public educa-
tion subsidy will not change the skilled wage rate, but it will increase the unskilled
wage rate, and narrow down the wage differential in the first stage.

Proof: See Appendix A.

A public education subsidy will reduce the unskilled labor supply. However, since
there exists unemployment among unskilled labor, the sector that uses robots can still
maintain the same employment level of unskilled labor as before at wy. This suggests
that the sector can also maintain the same usage level of capital. As a result, the sec-
tor that produces robots can maintain the same levels of inputs. Thus, the skilled
wage rate will be unaffected. However, the unemployment rate will become lower,
and thus, the expected payoft for unskilled labor will increase. The non-automatable
sector will also need to increase the unskilled wage rate so as to attract unskilled
labor. In sum, the wage differential will be narrowed down.

When unemployment is taken into account, one can find that Proposition 3 is in
contrary to Proposition 1. In Proposition 1, the robot-using sector will use more
robots to offset the fall in the unskilled labor supply. Thus, the robot-producing sec-
tor will increase the supply of robots. In Proposition 3, however, the robot-using sec-
tor will not alter its input levels of unskilled labor and robots. Thus, it will not affect
the robot-producing sector. In particular, the skilled wage rate will be unaffected,
resulting in an unconditional improvement in wage inequality.
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4.2. Comparative static analysis on the second stage

We again use the matrix form to characterize the economic system in the second
stage. We totally differentiate Eqs. (5) (7) (11) (13)-(15), and (18)-(20), substitute the
results of Egs. (13)-(15) (18), and (19) into the result of Eq. (11), and rearrange Egs.
(5) (7) (11), and (20). Then, we have:

—Okr 0 —0Osr 0 r 0
—0Okx 0 0 0 T 0 |-
= —Ce S, 22
0 —Ony 0 —Ouy Ws 'l o @2
Ay Ikxduyoy —As  —A; wy 1

where A; = Bixx + AxxAuyoy + Cey.
Proposition 4 concludes the impacts of a public education subsidy on the skilled
and unskilled wage rates, and the wage differential in the second stage.

Proposition 4: For an economy with unemployment and automation, a public educa-
tion subsidy will not change the skilled wage rate, but it will increase the unskilled
wage rate and reduce the wage differential if the ratio of unskilled labor to skilled

. . Aexd . ..
labor is small enough (i.e., Ars< m) in the second stage. If that ratio is large

. , Jx UL .
enough (i.e., Apg> T — ZUR)’ then the opposite occurs.

Proof: See Appendix A.

In the second stage, the unskilled labor supply will decrease, while the skilled labor
supply will increase. The former has also appeared in the first stage and has been
explained in Proposition 3. Here, we provide economic intuition for the latter.

The higher skilled labor supply for the sector that produces robots will make the
skilled wage rate decrease, while more skilled labor used in the sector will raise the
capital productivity. Thus, the sector will tend to increase the payment for capital,
resulting in the inflow of capital from the robot-using sector. Less capital utilized in
the sector that uses robots will encourage the sector to cut down the usages of
unskilled labor and robots. This will in turn reduce the capital productivity in this
sector, resulting in lower demand for capital. Then, capital is further channeled
towards the robot-producing sector. Owing to the existence of the regulated unskilled
wage rate, the capital reallocation will alter the return to capital so that this return
can finally remain unchanged. More capital used in the sector that produces robots
will increase the skilled labor productivity, and will finally alter the skilled wage rate
so that it can still remain the same level as before. As for the unskilled wage rate,
since more unskilled labor are reallocated to the non-automatable sector, the
unskilled wage rate will decrease. As a result, the wage differential will be expanded.

When taking both effects in the second stage into consideration, we find that if

the ratio of unskilled labor to skilled labor is small enough (ie., 1s< %),

then the wage differential will be decreased. If instead that ratio is large enough (i.e.,

AKX AUL : :
ALs> yR = Amiu;z)’ then the opposite will occur.

Note that under the same conditions of Propositions 1 to 4, we obtain the opposite
results regarding wage inequality. We summarize this observation in Proposition 5.
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Proposition 5: For an economy with full employment (resp. unemployment) and
automation, a public education subsidy will expand (resp. narrow down) the wage
differential in the first stage. In the second stage, a public education subsidy will
expand (resp. reduce) the wage differential if the ratio of unskilled labor to skilled
labor is small enough, and it will narrow down (resp. expand) the wage differential if
the ratio is large enough.

The proof of Proposition 5 is straightforward.

Proposition 5 implies that whether there exists unemployment in the economy
with automation plays a crucial role in how a public education subsidy can affect the
wage differential.

5. Concluding remarks

By establishing general equilibrium models with two-stage skill formation, this paper
examines the impacts of a public education subsidy on the wage differential in the
presence of automation. A public education subsidy will reduce the unskilled labor
supply in both stages, and will raise the skilled labor supply in the second stage. For
a full employment economy, the wage differential will be widened in the first stage.
In the second stage, if the ratio of unskilled labor to skilled labor is small (resp. large)
enough, then the wage differential will be expanded (reps. narrowed down). For an
economy with unemployment, the wage differential will be reduced in the first stage.
In the second stage, if that ratio is small (resp. large) enough, then the wage differen-
tial will be narrowed down (reps. expanded). We can find that when there exists
unemployment, the wage differential may be reduced in both stages.

There are several possible extensions for this paper. First, we could consider the
ownership of robots, and investigate how an education subsidy can affect wealth
inequality in the presence of automation. Second, the robot-using sector might also
employ skilled labor. In this case, automation capital might complement skilled labor
although it displaces unskilled labor (Acemoglu & Restrepo, 2018a; Prettner &
Strulik, 2020). Third, unskilled labor might have heterogeneous innate ability, which
might determine whether they would acquire skills. Fourth, rising inequality may also
in turn impede skill formation (Taresh et al., 2021).

Notes

1. Although in 1990s the demand for skilled labor has slowed, the race between education
and technology as a simple but powerful supply-demand framework can still be
warranted by the data (Autor, 2014).

2. In addition to technological change, there exist other factors that may contribute to the
rising skill premium, such as rising international competition, declining bargaining power
of labor unions, and inadequate redistribution policy.

3. International factor mobility is an important cause of skilled-unskilled wage inequality.
Wang (2019) investigates the impacts of international factor mobility on wage inequality
when there exists a public sector in the economy.

4. There are also other ways modeling automation. For example, we can distinguish
between automatable tasks and human tasks (Acemoglu & Restrepo, 2018a, Acemoglu &
Restrepo, 2018b).
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5. Prettner (2019) adopts the Cobb-Douglas form (e.g., X = (Lx + R)l_“K}‘). In this paper,
we do not require a specific production form.

6. Workers replaced by robots usually go to the service sector (Autor & Dorn, 2013). In
this sense, the non-automatable sector may be regarded as a service sector. In principle,
the existence of Polanyi’s paradox limits the range of technologically automatable tasks
(Autor, 2015).

7. We can hold that the sector mainly provides unstructured services (e.g., Levy &
Murnane, 2013). Thus, following Chaudhuri (2014) and Chaudhuri et al. (2017), we
assume that the sector employs another type of capital.

8. It is identical to assume that the government increases education investment so that the
unskilled family can reduce its opportunity cost when part of unskilled labor exits from
the labor market in order to receive an education in the first stage.

9. Here, we follow Chaudhuri et al. (2018) and assume that unskilled families do not save.

10. Chaudhuri et al. (2018, p.173) present the detailed results.

11. Here, we have shut down the impact of capital accumulation.

12.  According to the linear homogeneity property of production functions, we can simplify
a;. Take the robot-producing sector as an example. R = F'(Lg,Kg) implies 1=
F'(asg, agr). Totally differentiating 1 = F'(agg, axr) yields Ospasg + Oxraxr = 0, which
can be used to simply the differentiating result of Eq. (2).

13. A higher unskilled wage rate does not imply that capital will withdraw from the robot-
producing sector and be employed in the sector that uses robots, then leading to a higher
return to capital. Actually, totally differentiating Eq. (6), we have Oxxwy + Oxu? =0,
which shows that a higher unskilled wage rate will accompany a lower return to capital.
It is because that a higher unskilled wage rate raises the production cost for the sector
using robots. Although the sector can substitute capital for labor, the production scale
will shrink, which will reduce the demand for capital aggregately, resulting in a lower
return to capital.

14. Chaudhuri et al. (2018) do not consider automation, and they find that wage inequality
changes conditionally in the first stage. Different from Chaudhuri et al. (2018), we obtain
an unconditional result in the first stage when considering automation.

15. Following Chaudhuri et al. (2018) and Zhang (2019b), we compare the skilled and
unskilled wage rates in the second stage with those in the initial stage. If we compare the
wage rates with those in the first stage, then this analysis can be conducted by replacing
Eq. (11) with ayyY = L—Ly, where L is exogenous in the second stage.

16. Although our focus is on wage inequality, the impacts of a public education subsidy on
unemployment can be easily investigated. From Eq. (19), we can find that the
unemployment rate changes reversely with the unskilled wage rate.

17. We do not display the matrix here in order to save space.
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Appendix A: Proofs

Proof of Proposition 1: We denote the determinant of the coefficient matrix of Eq. (16) as
A;. According to Appendix B, A; should be positive in order to ensure the local stability of
the economic system. Then, by solving Eq. (16), we have:

ws  AxxturesOny (Oxx + OxrOux)
5§ A

>0,
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wu _ AkxAuresOxxOnyOsr
s Ay

>0.

Wage inequality is expressed as follows:

Wws—wy _ AxxAuvresOxrOny

5 Ay

>0.

Proof of Proposition 2: We denote the determinant of the coefficient matrix of Eq. (17) as
A;. The adjustment processes that are similar to Appendix B show that A, should be positive
in order to ensure the local stability of the economic system. Then, by solving Eq. (17), we
have:

ws _ Ce;Ony (Oxx + OxrOux)
S A, ’

wu _ CesOxxOnyOsr
s A, ’

Accordingly, wage inequality can be described as follows:

Ws—wuy Ce,OxrOny

5 A,
1 ) . Arex A N
Recall that C = /LKX},UL—(),UX}NKR + )vKX/LUR))LLS- Hence, if /1L5<m, then % >0,
W We—W . ) v We W We—w
>0, and 572 >0; and if /IL5>M£<’:‘W, then %5 <0, ® <0, and <" <0. Note that
ALs = ﬁ represents the ratio of unskilled labor to skilled labor.

Proof of Proposition 3: By calculating the determinant of the coefficient matrix of Eq. (21)
(denoted as Aj), we have:

Az = OxxOspxx (BOny + evOny v + Auyoy)>O0.

Then, by solving Eq. (21), we have:

§>

— =0,
s

wu _ Axx AuresOxxOnyOsr
s As

>0.

Furthermore, wage inequality can be described as follows:

ws—wu _ AkxAuresOxxOnyOsr
; As

<0.

Proof of Proposition 4: We denote the determinant of the coefficient matrix of Eq. (22) as
A4. The adjustment processes similar to Appendix B show that A4 should be positive in order
to ensure the local stability of the economic system. Then, by solving Eq. (22), we have:




6866 (=) P.ZHANG

wuy Ce,OxxOnyOsr

§ Ay
Accordingly, wage inequality can be described as follows:
ws—wu _ CeOgxOnyOsr
§ Ay '
Hence, if )»L5<%, then %>0 and @<0; and if ALS>W, then %<0

and w >0. Note that A;5 = ﬁ represents the ratio of unskilled labor to skilled labor.

Appendix B: The adjustment processes

Similar to the methodology used by Beladi et al. (2008) and Zhang (2019b), the adjustment
processes of Egs. (2) (5) (7) (10)-(12) (14), and (15) can be specified as follows:

R = d\[pr — (asgws + axzr)), (B-1)

X = dy[px — (auxwy + axr))s (B-2)

Y = ds[1 — (auywu + any1)], (B-3)

Ly = dy[ayxX — (Lx + R)], (B-4)

wy = ds{auyY — [L(wu, ws,s) — Lx] }, (B-5)
ws = dg(asrR — Lg), (B-6)

i = d7(akeR + axxX — K), (B-7)

t = dg(anyY — N), (B-8)

where d;>0 (i=1,2,...,8) represents the adjustment speed, and the dot over a variable
denotes the time derivative (e.g., R = dR/d¥).

We solve for linear approximations of Egs. (B-1)-(B-8), and denote the corresponding
Jacobian matrix as J.'” J is an 8 X 8 matrix. Since J has even rows, |J |>0 is required for the
local stability. By calculation and rearrangement, we can obtain |J| = ¢A;, where ¢ is a positive
parameter. Hence, to ensure that the economy system is locally stable, A; should be positive.
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