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Abstract

This paper studies multidimensional matching between workers and jobs. Workers differ in manual
and cognitive skills and sort into jobs that demand different combinations of these two skills.
To study this multidimensional sorting, I develop a theoretical framework that generalizes the
unidimensional notion of assortative matching. I derive the equilibrium in closed form and use this
explicit solution to study biased technological change. The key finding is that an increase in worker-
job complementarities in cognitive relative to manual inputs leads to more pronounced sorting and
wage inequality across cognitive relative to manual skills. This can trigger wage polarization and
boost aggregate wage dispersion. I then estimate the model for the US and identify sizeable
technology shifts: during the 1990s, worker-job complementarities in cognitive inputs increased by
15% whereas complementarities in manual inputs decreased by 41%. In addition to this bias in
complementarities, there has also been a strong cognitive skill-bias in production. Counterfactual
exercises suggest that these technology shifts can account for observed changes in worker-job

sorting, wage polarization and a significant part of the increase in US wage dispersion.
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1 Introduction

Technological progress has drastically changed the task composition of work and hence the structure of
labor demand. Across the board, workers spend less time performing manual tasks such as assembling
cars and more time performing cognitive tasks such as computer programming or selling products

and services.!

During the 1980s, a blue-collar worker in the car industry might have spent some
time on cognitive tasks such as reporting to his supervisor, but he mainly engaged in manual labor
on the assembly line. Ten years later, a newly-developed machine carries out his manual task.
Programming the machine requires more cognitive than manual skills, and thus a different skill mix
than the worker can offer. So, who operates this machine? What is the worker’s new job? And, how
does this technological shift affect wages and inequality? This is a multidimensional assignment
problem where workers with different bundles of manual and cognitive skills sort into jobs that
require different combinations of these skills.

This paper develops a general theoretical framework for multidimensional sorting that extends
the unidimensional notion of positive assortative matching. I derive the equilibrium allocation as well
as equilibrium wages in closed form. I use this explicit solution to analyze the impact on equilibrium
outcomes as cognitive (as opposed to manual) inputs become more important in production, capturing
one of the main recent technological shifts. I then take this model to the data to study technological
change in the US during the 1990s. Using this theoretical framework of multidimensional sorting, 1
can infer from data on observed equilibrium outcomes the degree to which underlying technological
determinants have changed over time, and I can study their effects on sorting and wage inequality.

A key insight from this model is that workers face a sorting trade-off. Whether to take a job that
better fits their cognitive or their manual skills depends on worker-job complementarities in cognitive
versus manual tasks.? Task-biased technological change, which increases the level of complementarities
between cognitive skills and skill demands (relative to those in the manual dimension), puts this trade-
off to work. Sorting improves along the cognitive dimension but the opposite is true in the manual
dimension, where matches are characterized by a poorer fit between workers’ skills and job demands.
In light of the previous example, the blue-collar worker who was replaced by a machine may now
be employed as a car salesman. This new job is tailored to his cognitive skills but a poor fit with
his manual abilities. The new allocation benefits workers with high cognitive abilities but harms
those with manual know-how. This makes wages more convex in cognitive but less convex in manual
skills, thereby fueling wage inequality along the cognitive dimension but compressing inequality in
the manual dimension.

I estimate this model for the US and identify sizeable technological shifts: I find that during
the 1990s, complementarities in cognitive inputs increased by 15% whereas complementarities in
manual inputs decreased by 41%, in line with cognitive task-biased technological change. Moreover,
there was significant cognitive skill-biased technological change that affected the productivity of skills

independent of the task, leaving worker-job complementarities unchanged.

'See Autor et al. [2003] for an empirical analysis of the changing skill content of tasks.
2The meaning of complementarities in this context is that workers with high cognitive skills are particularly produc-
tive in jobs that put significant weight on cognitive ability, and similar in the manual dimension.



The key findings are that these technological shifts may account for both observed wage polariza-
tion (i.e. stagnant lower tail but expanding upper tail wage inequality) and much of the increase in
wage dispersion. More precisely, counterfactual exercises show that task-biased technological change
can account for wage polarization. The reason this technology shift affects upper and lower tail wage
inequality differently is that winners (i.e. workers with high cognitive skills) are clustered in the up-
per part of the wage distribution while those adversely affected (workers with mainly manual skills)
are concentrated in the lower part. In turn, cognitive skill-biased technological change, which does
not affect the curvature of the wage schedule, fuels inequality across the whole distribution. It can
account for a significant part of the increase in US wage dispersion over the 1990s.

Biased technological change, and particularly task-biased change, is considered an important force
behind recent wage inequality trends in the developed world (Acemoglu and Autor [2011]). The idea is
that technological advances like the development of computers have replaced workers in manual tasks
but created stronger complementarities between skills and job attributes in cognitive tasks. However,
even though two intrinsically different skills are involved (manual and cognitive), the literature has
analyzed this technological change only in one-dimensional settings. In these frameworks, an adverse
technology shock reduces firms’ demand for medium-skilled workers (who presumably hold manual
skills). As a result, their relative wages drop and so do employment shares in medium-skilled jobs —
a phenomenon that is referred to as labor market polarization.3

One advantage of these one-dimensional models is their tractability. However, it is important to
note that collapsing agents’ multiple characteristics into a single index is not innocuous. A notable
study that rejects the single index model is by Willis and Rosen [1979]. They show that worker
performance depends on a bundle of different skills including intellectual and manual skills. Some
people are strong in both skills (e.g. mechanical engineers or surgeons) and others specialize. This
points to the main reason for requiring matching models with multidimensional heterogeneity: In the
data, characteristics are not perfectly correlated, which is why agents can only be partially ordered.
Thus, it is problematic to aggregate different attributes into a single one-dimensional index, according
to which agents are ranked and matched.*

To assess the (quantitative) importance of multidimensional matching in the labor market, one
needs a tractable theoretical framework. While the literature on optimal transport has studied the
existence and uniqueness of multidimensional assignments under transferable utility, existing studies
provide little insights into the characteristics of the equilibrium and comparative statics.> This paper
makes a first attempt at developing a tractable framework that allows for both.

Section 2 introduces the general theoretical framework. I develop an assignment model where

workers and jobs match in pairs. Workers possess manual and cognitive skills. Each worker performs

3See, for instance, Costinot and Vogel [2010] and Acemoglu and Autor [2011]. In the literature, task-biased techno-
logical change is often referred to as routinization, meaning that new machines replace those workers performing routine
tasks (e.g. Autor et al. [2003], Autor et al. [2006], Autor and Dorn [2012]). Routine skills also capture manual skills.
To fit their analysis more closely, the two skills here could be interpreted as routine and non-routine.

4More recently, results by Papageorgiou [2013] also favor the specialization hypothesis over a single index model.

5In non-technical terms, the optimal transport problem involves finding a measure-preserving map that carries one
distribution into another at minimal cost, relying on linear programming. See, for instance, Gretsky et al. [1992], Villani
[2009], Chiappori et al. [2010] and Ekeland [2010].



two tasks, a manual and a cognitive one. Jobs, in turn, differ in productivities or skill demands
for each task. Within this task-based framework, I propose a generalization of positive assortative
matching (PAM) and negative assortative matching (NAM) to the multidimensional setting. In non-
technical terms, my definition of PAM means that, ceteris paribus, workers with more cognitive skills
match with jobs whose cognitive task is more demanding, and similarly in the manual dimension.
This captures, for instance, that the best scientists usually work in the best universities (universities
put a lot of weight on intellectual skills but little on manual dexterity) whereas the best mechanics
often work in professional motor sports (which require manual skills more than intellectual abilities). 1
then state conditions on the production function such that the equilibrium is assortative. Intuitively,
if there are complementarities of skills and productivities within tasks but not across tasks, then
the optimal assignment satisfies PAM. These properties are shown in full generality without any
assumptions on the distributions or specific functional forms of the production technology.

To study biased technological change, one ideally has a closed form solution that is amenable to
comparative statics and estimation. Toward this goal, Section 3 specifies the environment to Gaus-
sian distributions and linear-quadratic technology. Using this notion of assortative matching, I develop
a technique to solve for equilibrium assignment and wage function in closed form.

It is important to note that notwithstanding many parallels to the one-dimensional setting, there
is also an important difference: with multidimensional heterogeneity, there is no complete order of
types. As a result, there is no unique PAM allocation that clears the labor market. This is why,
contrary to one-dimensional matching in Becker [1973], super or submodularity of technology is not
sufficient to pin down the output-maximizing PAM allocation. Instead, the parametric specification
of the production function (i.e. the relative level of complementarities across tasks and not only their
signs) is crucial to determine the unique equilibrium assignment.

This strong link between technology and assignment creates the main technical difficulty in solving
the model. But it also allows for a richer analysis than one-dimensional matching and offers a natural
framework to study task-biased technological change, which focuses on complementarities. Worker-job
complementarities determine the optimal PAM allocation from many existing ones. They range from
strong assortativeness to significant mismatch between worker and job traits in one or both task(s),
capturing a much richer set of assignments than one-dimensional PAM.

Section 4 uses the closed form to analyze task-biased technological change, which demonstrates
how these matching patterns (and ulitmately wages) are shaped by technology. I also contrast these
results with those for more standard skill-biased technological change. The latter only increases the
relative productivity of workers’ cognitive skills without affecting worker-job complementarities.

Section 5 brings this model to the data. I focus on the US economy during the 1990s. I first con-
struct bivariate skill and skill demand distributions, combining data from the National Longitudinal
Survey of Youth (NLSY) and the O*NET. I then estimate the model by Maximum Likelihood to
quantify technological change during this period and to decompose changes in wage inequality into
those driven by different technological and distributional shifts.

I also highlight in which dimensions the multidimensional model offers a richer interpretation of

the data than a similar model with one-dimensional traits. The one-dimensional model misses several



important margins: first, it misses the manual-cognitive sorting trade-off, and closely related, the
differential impact of biased technological change on manual and cognitive returns. Moreover, it fails
to account for a sizeable group of generalists (holding both types of skills) whose cognitive skills allow
them to buffer against adverse shocks to manual skills.

Section 6 places the main contribution of the paper into the literature. Section 7 concludes. The

Appendix contains all proofs, data details and estimation results.

2 Theoretical Framework for Multidimensional Sorting

Toward the goal of developing a theoretical framework for multidimensional sorting, this section
outlines the general model absent specific assumptions about underlying distributions or production
technology. To make the results most intuitive, I will focus here on two-dimensional heterogeneity.

Notice that this section fully generalizes to N-dimensional heterogeneity.%

2.1 Environment

Agents: There are two types of agents, firms and workers. All are risk-neutral. There is a continuum
of each type. Every worker is endowed with a skill bundle of cognitive and manual skills, x =
(zc,zm) € X C R%. Points in X represent worker types. Denote the joint c.d.f. of (z¢,zar) by
H(xzc,zpr), which is assumed to be absolutely continuous with respect to the Lebesgue measure. In
turn, each firm (which I use interchangibly with job) is endowed with both cognitive and manual
skill demands, y = (yo,ym) € Y C R2. yo (respectively yas) corresponds to the productivity or
skill requirement of cognitive task C' (respectively manual task M ). Points in Y represent firm types.
Denote the joint c.d.f. of (yo,yar) by G(yc, yar), which is also assumed to be absolutely continuous.
Assume that overall masses of firms and workers coincide.”

Production: Every firm produces a single homogenous final good by combining all inputs. Denote
the technology by F(zc,zn, yo,ynr)- 1t is assumed that F' is twice continuously differentiable.

Labor market: Firms and workers match pairwise and only once. The labor market is competitive.

2.2 Definitions

Matching Function: The sorting between workers and firms is described by a map x* = v(y), where
v(y) is the worker type that firm y optimally chooses to hire (**’ indicates an equilibrium object).
The focus here is on a bijective C' map v : Ri — Ri, which can be uniquely characterized by its
inverse p1 = v~1. I call u the matching function, which describes the assignment of workers to firms.

Assortative Matching: What makes assignment problems tractable in the one-dimensional world
is the concept of assortative matching: There, PAM (NAM) is defined by a monotonically increasing
(decreasing) matching function, denoted as y = u(x), meaning that better (worse) workers work in

better firms. This concept captures two aspects: (a) purity of matching (i.e. u(z) is one-to-one), and

SAll proofs for this section are given for N-dimensional heterogeneity.
"Otherwise, there is equilibrium unemployment or idle firms, which unnecessarily complicates the model.



(b) direction of sorting. Here, I aim to define a multidimensional version of assortative matching that
also incorporates these two features. As in the one-dimensional setting, here assortativeness involves

properties of the first derivative of the matching function (i.e. of its Jacobian), given by:
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I define multidimensional positive and negative assortative matching as follows:

Definition 1 (Assortative Matching with Multidimensional Types) The sorting pattern is
PAM (NAM) if Dyy* is a P-matriz (P~ -matriz), i.e. if

* * * 9% x o

] gxyg >(<) 0 [i] gi% > (<) 0 [i4i] Det(J,)= gig giﬁ - ggﬂi giﬂg >0 (1)
First, I will give the intuition and then the technical details. To illustrate most arguments in this
paper, I will focus on P-matrices and PAM.® In economic terms, PAM means that intellectual types
work in firms where workers need to perform complex intellectual tasks (part [i]). Similarly, workers
with strong manual skills work in firms that attach considerable weight to the manual task (part
[ii]). Moreover, inequality [iii] dictates that these within-task matching forces dominate between-task
matching forces. Otherwise, scientists would work in the best garages whereas the best mechanics
would work at leading universities. Hence, this definition captures the direction of sorting, which
under PAM is a positive relation between worker and firm traits along the natural sorting dimensions.

Definition 1 also captures the fact that the assignment is pure, defined as follows:
Definition 2 (Pure Matching) Matching is pure if u is one-to-one almost surely.

In economic terms, pure matching means that two firms of the same type choose the same worker.
Technically, purity is closely related to the properties of the Jacobian of the matching function and
particularly to the P-matriz property of the Jacobian.? Gale and Nikaido [1965] link the P-matrix
property of the Jacobian of a function to the function’s injectivity, giving a sufficient condition for
purity in the current setting: if D,y* is a P-matrix (or P~ -matrix), then the matching function is
globally one-to-one. The P-matrix property is also sufficient for global invertibility, justifying my
approach to consider ;i = v~! as the matching function instead of v.19

Definition 1 is a natural generalization of one-dimensional assortative matching, capturing the
same two aspects: the direction of sorting in each task dimension (given by [i] and [ii] in (1)) and
purity of the assignment (guaranteed by the determinant condition [iii]). In both the one-dimensional

and multidimensional settings, PAM implies purity.

8Generally, a matrix is a P-matrix if all its principal minors are positive. Hence, every positive definite matrix is a
P-matrix but the converse statement only holds for symmetric matrices. In turn, matrix M is P~ if —M is P.

9P-matrices have so far not been exploited in the matching literature but have been used in other fields of economics
to rule out multiple equilibria. See, for instance, Simsek et al. [2005].

10See Theorem 1.1 in Chua and Lam [1972] and the references therein for the equivalence of the class of globally
one-to-one and continuous functions from R™ into R™ and the class of globally homeomorphic functions from R™ to R"™.



The figure below provides a graphical illustration of multidimensional PAM, using a discrete 2x2
example: Each side of the market has two attributes that can be high (H) or low (L). Hence, there
are four worker and four firm types. In each subfigure, the left panel represents worker types and the
right panel firm types. Dots indicate types. Assume that all dots carry the same mass of agents, and
suppose worker and firm types of the same color match. In subfigure (a), matching is characterized
by PAM (which implies purity). In subfigure (b), matching is pure (i.e. every agent matches with
a single preferred type) but PAM is violated along the C dimension. In subfigure (c), matching is

neither positive assortative nor pure because agents are indifferent between several matches.
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(¢) No Purity, No PAM

2.3 The Firm’s Problem

A firm with given productivity bundle (yc, yar) chooses a worker with skill bundle (z¢, zps) in order
to maximize profits. It takes the wage schedule as given, meaning that wages are not a function of pro-
ductivities. In this section, I derive the firm’s problem and optimality conditions heuristically, taking
as given that the wage function (denoted by w(zc,xps)) is twice continuously differentiable. Below,

I show conditions under which w(xc,x ) satisfies this property. The firm’s problem is given by:

max Iz, zum,yo, ym) — w(ze, Tum) (2)
(:Ec,xM)EX

The FOCs of this maximization problem read
Fﬁc(xC’vayCayM)_wxc(xC7$M):O (3)

Fo (o, @, yo, ym) — Way, (zc, zar) =0 (4)

where subscripts denote derivatives. Equations (3) and (4) hold only at the equilibrium assignment.

6



2.4 The Equilibrium

I focus on a competitive equilibrium, which is defined as follows.

Definition 3 (Equilibrium) An equilibrium is characterized by a matching function p : X — Y,
and a wage function w: X — Ry, satisfying:

(i) Optimality: Price-taking firms mazximize profits (2) by choosing (xc,xar) for a given w(xe, xpr).
(ii) Market Clearing: Feasibility of p requires that when x ~ H then y* ~ G.

Optimality of the firm’s choice is a standard requirement of a competitive equilibrium. Market
Clearing requires that the amount of workers of type (z¢, zys) demanded across all firm types cannot
exceed the measure of such workers in the economy.

Existence of the equilibrium in the Walrasian assignment problem was proven in Gretsky et al.
[1992]. Since the focus of this paper is on the characterization of the equilibrium, the reader is
referred to their proof for general existence (Theorem 4 of their paper).!! In what follows, I focus on
a differentiable equilibrium where y is C' and w is C2. The differentiable equilibrium can be shown
to exist in various multivariate environments with absolutely continuous distributions. I will discuss

some of them below, with particular emphasis on the case with Gaussian distributions.

2.5 The Equilibrium Assignment

This section relates properties of the production technology to properties of the equilibrium as-
signment (y5,vy3,) = p(xc,xar), which I will explicitly denote by y& = yo(vc,zn) and yy, =
ym(zco,zpr). This assignment is only optimal if the second-order conditions of the firm’s problem,
evaluated at (y/,y}i), i.e. negative semi-definite Hessian, are satisfied. Using these necessary second-

order conditions for optimality, I show that if technology features the following complementarities

+

E 0
DI F=| e (5)
0 FCCIMZJM

then the equilibrium assignment satisfies PAM (i.e. D,y* is a P-matrix). For NAM, a similar
statement holds when replacing complementarities by substitutabilities.'?> Moreover, under the same

condition, the assignment is a global maximum:

Proposition 1 (Assortativeness and Global Maximum) If DgyF is a diagonal P-matriz (P~ -

matriz), then the equilibrium assignment satisfies PAM (NAM), and is globally unique.

The proof is in Appendix A.1. To gain intuition into the assortativeness result, consider PAM. If there

is complementarity between skills and productivities within both the cognitive task (Fi,y, > 0) and the

HClosely related existence results are given in Chiappori et al. [2010] and Ekeland [2010]. Their work extends
Gretsky’s existence result on the endowment economy where every seller is endowed with a given type of good to a
production economy where sellers can choose the type of good they want to sell.

12The presented condition is related to the twist condition from optimal transport but is not equivalent. See Section 6.
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manual task (Fy,,y,, > 0) and interfering between-task complementarities are absent (F: MY

TCcYm
= 0), then it is optimal that workers and firms match in a positive assortative way: Agents with strong
intellectual skills work in firms that value these skills (and similarly for the manual dimension).!3
This sorting result, which ensures a positive relation between skills and productivities along nat-
ural dimensions (i.e. within cognitive and manual tasks), is obtained under strong restrictions on
the complementarities in production. The intuition is that, in the multidimensional world, sorting
occurs along all skill and productivity dimensions, i.e. also between tasks; that is, between manual
productivity and cognitive skill, ?,yTXCl # 0, and also between cognitive skill demands and manual abil-

ity, gg%[ # 0. Allowing for complementarities between, say, manual skill demands and cognitive skills

(Froyy > 0) might render a positive relation between these two attributes Ot > (. This may come

' dxo
Oy

at the expense of negative sorting in the manual task, Ty < 0, especially when skills are negatively

correlated, violating PAM.

It is important to note that the stated sufficient condition for PAM is distribution-free. If one
is willing to impose restrictions on the distributions, this condition can be considerably weakened,
allowing for across-task complementarities or substitutatabilities (Fy.y,,, Fiyye 7 0). In Section D
of the Appendix, I show that a weaker version of (5) applies to settings where skills and productivities
are (i) uniformly distributed, (ii) identically distributed or (iii) normally distributed. For (i) and (ii),
the sufficient condition for PAM is that the matrix of cross-partials of F' is a symmetric P-matriz
(i.e. positive definite) and for (iii) a diagonally dominant P-matrix.

This section closes with a comparison to the one-dimensional setting. With one-dimensional traits,
the requirement of a negative definite Hessian collapses to the requirement on the second-order con-

dition, given by —Fy, 245 < 0. 1f F,, is positive, then matching is PAM. Purity is given by strict

monotonicity of matching function p and the sorting direction by its positive slope. Similarly in
this model, I impose conditions on the matrix of cross-partials chyF to obtain PAM. The differ-
ence is that with multiple dimensions not only the signs but also the relative magnitudes of different

complementarities need to be restricted in order to ensure assortative matching.

2.6 The Equilibrium Wage Function

This section derives conditions for the existence of a unique wage schedule that supports the equi-
librium assignment. The equilibrium wage is the solution of a system of partial differential equations
(PDEs), which are given by the first-order conditions of the firm, (3) and (4), evaluated at the equilib-
rium assignment. To solve a system of PDEs, integrability conditions of the system need to be specified
in order to make the system involutive (i.e. formally integrable). For the linear system of first-order

PDEs given above, there is only one integrability condition. It is given by the commutativity of mixed

13Similarly, in the case of NAM, assortative matching within tasks dominates assortativeness across tasks, only in
this case high productivity workers are matched with low productive firms.



partial derivatives and obtained by cross-differentiating (3) and (4), when evaluated at (y5,y3,):

Wroxpy = Wrpze
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This condition is equivalent to the requirement that the Hessian of the firm’s problem is symmetric.

The next proposition states the result on existence and uniqueness of the equilibrium wage function.

Proposition 2 (Existence and Uniqueness of the Wage Function) There ezists a unique wage
function (up to a constant) that decentralizes the equilibrium assignment if and only if the equilibrium

assignment satisfies (6).

The proof relies on Frobenius’ Theorem. Both theorem and proof are stated in the Appendix A.2.
Integrability condition (6) has technical and economic implications. Technically, given (6), there
exists a C? wage function w, justifying the differentiation-based approach above.

Condition (6) also carries an important economic message. It highlights a crucial difference
between multidimensional and one-dimensional settings. With multiple dimensions, there is a stronger
link between technology and assignment. The equilibrium assignment (i.e. the Jacobian of the
matching function) does not only depend on the signs of the cross partial derivatives, Fiy,,7,j €
{C, M}, but also on their strength. Changing the strength (but not the signs) of F,,. will induce
worker reallocation without necessarily violating PAM or NAM. Matching multidimensional types
thus generates something similar to an intensive margin even though firms and workers match in pairs.

In the one-dimensional setting, there is no integrability condition because the wage is the solution
to a single ordinary differential equation. In such a setting, the assignment depends only on the sign
of Fy,y,, not on its level: supermodularity (submodularity) of the technology implies PAM (NAM).
Given PAM (NAM), there exists a unique measure-preserving increasing (decreasing) map of skills to
productivities, which can be pinned down by labor market clearing alone. Under PAM, this map is
given by y = G~1(H(x)). However, with multiple traits, there is no complete order of types. Hence,
there is no unique measure-preserving positive (or negative) assortative map of skills to productivities.
The optimal assignment must be jointly determined by labor market clearing and the firm’s problem.

This is central to the closed form derivation below.

3 Quadratic-Gaussian Model

A main goal of this paper is to apply this multidimensional sorting framework to the empirically
relevant phenomenon of biased technological change. This section takes an important step toward
achieving this objective. It specifies the environment to Gaussian distributions and quadratic technol-
ogy and develops a technique to compute the multidimensional assignment and corresponding wage
explicitly. The closed form solution then allows me to focus on the economics of multidimensional

sorting, characterizing equilibrium properties and analyzing comparative statics.



PAM provides the crucial link between the previous general section on multidimensional sorting,
this section on the closed form and the next section on the application: First, PAM puts a useful
structure on the equilibrium assignment that helps to solve multidimensional assignment models
similarly to one-dimensional problems. Second, despite the imposed structure, PAM is flexible enough
to allow for a wide range of assignment patterns. I will show how technology and distributions generate

a rich set of positive assortative matchings, which is at the heart of the paper’s application below.

3.1 Environment

Let skills (x¢, xpr) and productivities (yco, yar) follow bivariate standard normal distributions:

G D Lol )

Denote the bivariate distribution functions of skills and productivities by ®,(zc, za) and @, (yc, yam),

respectively. Assume, p,, py € (—1,1). I focus on the bi-linear technology

F(xc,zm,yc, ym) = axcyc + Brmym = a(xcyc + dxarynr) (7)

where a and [ are task-weights that indicate the level of worker-job complementarities or substi-
tutabilities across tasks. Notice that § = g indicates the relative level of complementarities across
tasks. Without loss of generality, set « >  such that ¢ € [0, 1], meaning that worker-firm comple-
mentarities in the cognitive task are weakly stronger than in the manual task.

Technology (7) captures that there is within-task complementarity but between-task complemen-
tarity is shut down. Based on the results in Section 2, certain properties of the equilibrium assignment
are already known at this point without having to check second-order conditions of the firm’s prob-
lem.'> Under (7), DgyF is a diagonal P-matrix. Consequently, the equilibrium assignment is unique
and satisfies PAM. These properties will prove useful in the construction of the equilibrium.

Notice that this model can be generalized in various ways. It can be solved in closed form under

F(xc,zm,ye, ym) = axcym + Prayc +yrceyc + 0xmym (8)

allowing for non-zero between-task complementarity (Appendix D.0.1). Moreover, I can allow for
non-standard normally distributed variables or even arbitrary marginal distributions that are linked
via Gaussian copulas (see Online Appendix). However, here I focus on the simplest environment
that conveys the full intuition. I solve this assignment problem in two steps. First, I construct the

equilibrium assignment and then the wage schedule that supports it. Appendix B provides the details.

Nothing hinges on this restriction but it simplifies interpretation, and moreover, is in line with the data.
'% Analogously to the general model, the firm’s problem is given by: max(, . .,)ex ®(Tcyc + dxmynm) — w(ze, Tar).
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3.2 The Equilibrium Assignment Functions

The objective is to compute equilibrium assignment functions y5, = yo(zc, zar) and y3, = yu(xzc, vm)
in closed form. They must be consistent with both labor market clearing and the firm’s optimality.
Due to the incomplete order of types in the multidimensional setting, there are many possibilities of
how to match workers with firms in a positive assortative way. This is the main difficulty in solving for
the assignment. What matters for pinning it down is not only the sign but also the relative strength
of skill-productivity complementarities across tasks, captured by §. By temporarily converting the
two-dimensional problem to two separate one-dimensional problems, I make the model tractable. I
do the matching in the transformed space and then re-transform as follows :

I first apply a measure-preserving transformation that un-correlates the Gaussian variables. In

particular, let x be a p-variate random vector with mean p and nonsingular covariance matrix 3. Then,
1
z=Y 2(x—p) (9)

has mean 0 and covariance matrix I,. Matrix 373 is the inverse of any square root of the covariance
matrix, i.e. E%(E%)T = 3. Denote by ¥, (respectively X,) the covariance matrix of skills (resp.

productivities). Apply (9) to the standard bivariate normal skills and productivities

_1
2 = | “%C e and zy = e | = ¥, 2 ve (10)
Zxpr M ym Ym

where zy and zy, are the vectors of uncorrelated skills and productivities, respectively. The labor

:Ex

N

market clearing condition can now be specified in terms of uncorrelated variables, which is consistent
with labor market clearing in (x,y) because the applied transformation is measure-preserving. Since

the equilibrium assignment will satisfy PAM, I map skills to productivities in an increasing way

(1= ®(2y0)) (1 = P(zyy,)) = (1 = B(220)) (1 = B(22,)) (11)

where ® again denotes the standard normal c.d.f. The interpretation of (11) is that if firm (2, 2y,,)
matches with worker (24, 2z,,), then the mass of workers with better skills than (2, 2zz,,) must be
equal to the mass of firms that are more productive than (2, 2y,,) (due to PAM).16

The market clearing condition (11) implicitly defines the vector-valued matching function of trans-
formed variables, denoted by p* : R? — R2. The objective is to back out two real-valued assignment
functions of this vector-valued matching function. To do so, set equal the quantiles of the marginal

skill and productivity distributions within the cognitive and within the manual dimension
P(zy,) = (24,) vV ie{C,M} (12)

which gives a system of two equations. In principle, there are many possible ways to match up the

18T will verify below that market clearing in transformed variables (z, z;;), which is based on purity and PAM, gives
rise to an assignment in (z,y) that also admits purity and PAM.
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marginals in (11) but due to PAM (i.e. positive diagonal elements of D,y*), this is the only sensible
way. System (12) can be be retransformed into original variables, explicitly solving for productivities

yo and ys as functions of skills ¢ and x s, which constitutes the candidate equilibrium assignment

-]
Yur M

11
where D,y* = ¥7¥,? is the Jacobian of the matching function. System (13) is the candidate

NI

1
= N2%,

equilibrium assignment, mapping bivariate skills into bivariate productivities. By (11), it is measure-
preserving (i.e. in line with labor market clearing). Notice, however, that a covariance matrix has
an infinite number of square roots because it is a symmetric positive definite matrix. Hence, there
are many matchings that satisfy market clearing and that are potentially in line with PAM. How to
pick the optimal one? I use the degree of freedom in computing the square roots to take into account
a firm’s optimal choice, which depends on thle re%ative level of skill-productivity complementarities,
captured by 4.17 The Appendix shows how X2, ? can be parameterized by &, such that the resulting

assignment is consistent with the firm’s optimality for any level of complementarities across tasks.

Proposition 3 (Equilibrium) The equilibrium assignment p is given by

[ Yo ] :EEE;% [ xc ] _ [ Ji1(pz, Py 0)  J12(pzs py,0) ] [ xc ] (14)

yh M J21(p:£> Py 6) J22 (:017 Py 5) Tpm

Dgy*

where Ji1, J12, Jo1, Jog have closed forms. For § = 1: Ji1 = Jog and Jio = Joy. For § = 0: Jog #

Ji1 =1 and Jo1 # Ji2 = 0. For 6 € (0,1): the assignment lies in between these two polar cases. The
11

square roots, X7, X7, are obtained from a rotation of the spectral square roots. They range between

the spectral square root (for 6 = 1) and the Cholesky square root (for 6 =0).

See Appendix B.2 for the proof and explicit expressions. With symmetric technology (§ = 1), the
equilibrium assignment is fully symmetric across the two tasks. The spectral square root, which is
the unique symmetric positive definite square root of the covariance matrix, is used to compute this
assignment. In the completely asymmetric case (§ = 0), only the cognitive task matters for produc-
tion. The Cholesky square root is the unique lower triangular square root, and hence asymmetric. It
delivers an asymmetric assignment, which is optimal when technology exhibits extreme asymmetries.
Last, when there are some asymmetries in the production technology 6 € (0,1), then the assignment
is in-between these two polar cases (more intuition below).

There are two main messages from this proposition. First, the assignment can be computed in
closed form and is a linear map from skill bundles to productivity bundles. Second, there is a much

stronger link between technology and assignment compared to the one-dimensional case, where the

7This is done by taking into account the integrability condition (6), under which a wage schedule exists that induces
e _ 50
dzp O Ozco”

firms to choose this assignment. With this bilinear technology, (6) collapses to
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matching function only depends on underlying distributions (through skill correlation p, and produc-
tivity correlation p,). Unlike in 1-d, here also the relative level of skill-productivity complementarities

enters the assignment, which is captured by covariance square roots that adjust to the level of 4.

3.3 The Equilibrium Wage Function

I close the model by computing the wage function that supports the assignment found above. In this

quadratic-Gaussian model, the wage function admits a highly tractable closed-form solution.

Proposition 4 (Equilibrium Wage Schedule) The equilibrium wage function is given by
1 T jd
w(x) = 50X Jx + wo (15)

where wy is the constant of integration.

See Appendix B.3 for the proof and explicit expression. J is a matrix of parameters closely related to
the equilibrium assignment. It contains the assignment coefficients from the Jacobian of the matching
function, J,. For the special case of symmetric tasks (6 = 1), the two coincide, J= Ju, emphasizing
the tight link between allocation and wages, which is typical for assignment models. The wage function
is a quadratic form in standard normal variables, which allows me to compute the moments of the
wage distribution in closed form. The next sections extensively discuss the properties of the wage

function and how they depend on distributions and technology through the assignment.

3.4 Properties of the Equilibrium

This section discusses equilibrium properties of the benchmark case with symmetric tasks (§ = 1).
The next section on the application of task-biased technological change (task-biased T'C hereinafter)
examines in detail the case of asymmetric task weights (§ # 1). To analyze the sorting properties of

this equilibrium, it is useful first to define the concepts of perfect assortativeness and mismatch.

Definition 4 (Perfect Assortativeness and Mismatch) An assignment in task i € {C, M} is
perfectly assortative if x; = y;. An assignment is characterized by mismatch if |y; —x;| # 0. Mismatch

is said to be increasing in |y; — x;|.

Perfect assortativeness means that a worker’s skills perfectly match a firm’s skill requirements for
a certain task. The opposite of perfect assortativeness is structural mismatch, which I define as
the dissimilarity between skills and skill demands in a given match. Notice that mismatch in this
frictionless economy has nothing to do with inefficiencies. Instead, it refers to the misfit between

workers’ and firms’ traits. I can now state the following properties of the equilibrium assignment.

Proposition 5 (Equilibrium Sorting) (i) The equilibrium assignment is characterized by PAM.
(1) For a perfect fit of skill supply and demand (p, = py), sorting is perfectly assortative in both tasks,
i.e. yo = xc and yyr = xpr- In turn, for the poorest fit of skill supply and demand (i.e. mazimal

|pz — pyl), mismatch along both task dimensions is mazimized.

13



By construction, the equilibrium assignment satisfies PAM, meaning that workers with more
intellectual skills work in jobs that value them and similarly on the manual dimension. This stems
from the technology that features worker-firm complementarities in each task. Interestingly, the degree
of assortativeness depends on the underlying distributions. This is illustrated by two polar cases.
First, when skill supply and demand perfectly overlap (p, = py), then every worker matches with the
firm that needs exactly his skills. On the other hand, if there is a large discrepancy between skills
needed and skills supplied (|p; — py| — 2), then the labor market can only clear under considerable
mismatch, with every worker being in a job for which he is either under or overqualified.

These results are illustrated in Figure 1, which displays contour plots of two standard normal
distributions for various skill and productivity correlations. For the sake of illustration, assume that
workers are represented by blue contour lines and firms by red ones. In the middle panel, there is
a perfect fit of skill supply and demand distributions, which would lead to perfect matches between
workers and jobs. The panels at the left and right show the other extreme case, where skill demand
and supply are most misaligned. Focus on the left panel. In this economy, workers are specialists
(they are either good in the manual or in the cognitive task but not in both) whereas firms want
generalists. The labor market clears under PAM but matches are characterized by a poor fit between

workers’ and firms’ attributes.

p,08 e
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Figure 1: Contour Plots of Skill and Productivity Distributions

The Jacobian of the matching function offers an alternative graphical way of looking at equilibrium
sorting properties. In the graph below, I plot productivity in the cognitive task (left) and the manual
task (right) as a function of both skills. The constant slopes of the lines stem from the linearity of
the assignment functions. The slope of solid lines resembles the assortativeness of the match (they
show how strongly skills and productivities relate within tasks) and the slope of dotted lines indicates
the degree of mismatch in a pair (they show how strongly skills and productivities relate between
tasks). Assortativeness forces are given by the diagonal elements of the Jacobian J, (J11 and Jag),

and mismatch forces are given by the off-diagonal elements of the Jacobian, (Ji2 and Jaq).
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The assignment in the upper panel is perfectly assortative where only the right skill contributes
to the match: the straight lines have slope one and the dotted lines lie on the x-axis, i.e. yo = z¢
and yyr = xpr. This assignment results when underlying distributions are identical (p, = py). The
lower panel displays the other extreme. Here matches are characterized by maximum mismatch with
the wrong skill dimensions contributing almost as much to the match as the assortative dimensions:
the slopes of straight and dotted lines are similar. Such an assignment corresponds to the left and
right panels in the previous figure where the underlying distributions differ significantly. Notice that
despite considerable mismatch, PAM is satisfied ((i) positively sloped straight lines, (ii) straight lines
steeper than dotted lines). One advantage of my multidimensional notion of assortative matching is
that, despite the imposed structure, it is flexible enough to allow for a rich set of assignment patterns,

ranging from perfect assortativeness to significant mismatch.
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Figure 2: Perfect Assortativeness (upper panel) and Mismatch (lower panel) within PAM

The next result summarizes a selected set of properties of the wage function.

Proposition 6 (Equilibrium Wages) .

(i) Wages are convez in skills. (ii) The wage distribution is positively skewed.

The central idea of assignment models is that the allocation of workers to firms shapes wages, and hence,
wage inequality. Since sorting is positive assortative (implying that J in (15) is a symmetric P - ma-
trix or positive definite) wages are convex. Convex wages mean that workers with large (absolute)
quantities of skills earn disproportionally more than workers with small (absolute) quantities of skills.
Notice that skills are not the only force behind high earnings. Due to PAM, skill differences are mag-

nified because skilled workers are matched to more productive firms, convexifying the wage schedule.

15



On the other hand, if sorting were negative assortative, the wage function would be concave.'®

An alternative measure of wage inequality is the skewness of the wage distribution. In line with
many empirical wage distributions, the model’s wage distribution is positively skewed, indicating that
a large fraction of workers earns little while a small fraction earns disproportionally much. The force
behind positive skewness is again PAM, which is the driving factor of wage inequality in an economy.

It can also be shown that the average performance of an economy depends on the assignment
of workers to firms and thus on underlying distributions. The average wage (and also output) is
maximized when skill supply and demand are perfectly aligned (p, = py). Intuitively, at that point,
every worker obtains the perfect firm match in both tasks. In turn, the economy performs most
poorly on average when misalignment between skills and skill requirements is largest.

This section illustrated how sorting depends on an economy’s skill and productivity distributions
and how this feeds into wages. It was shown that PAM is the major force behind wage inequality.
The next section revisits the key message from Proposition 3 that the assignment not only depends
on distributions but also on technology (through the relative level of firm-worker complementarities
across tasks). I will use the closed form and the developed sorting framework to examine the central
application of this paper: How does task-biased technological change affect assignment and wages?

How are these effects mitigated or reinforced by the underlying distributions?

4 Biased Technological Change

This section uses the closed form to study the central economic question raised in this paper. 1
analyze the effects of task-biased TC and also contrast them with skill-biased TC.

4.1 Task-Biased Technological Change

Task-biased TC is viewed as an important force behind recent wage inequality shifts in the developed
world. The idea behind task-biased TC is that technological advances have replaced workers in
performance of manual tasks but created stronger complementarities between skills and job attributes
in cognitive tasks. The literature also refers to this technological change as routinization, where
workers performing routine tasks are increasingly substituted by computers and machines.' Notice
that task-biased TC does not imply that the prevalence of routine tasks in the production process
has diminished over time — quite the opposite (Acemoglu and Autor [2011]). What has changed is
the technology to perform them.

Even though two intrinsically different skills are involved (manual and cognitive), task-biased TC
is analyzed in the literature only in one-dimensional settings. Contrary to these models, my model
does not assume that manual skills are only used by medium-skilled workers. Instead, I make the

more natural assumption that both types of skills are used on every job yet in different proportions.2’

¥Even though this is not the focus here, it is worth mentioning that in this model, wage data is sufficient to determine
the direction of sorting. In several one-dimensional models, this is not the case (see e.g. Eeckhout and Kircher [2011]).

9See, e.g. Autor et al. [2003], Autor et al. [2006] and Autor and Dorn [2012]. There is a close mapping between
manual and routine skills on the one hand, and between cognitive and non-routine skills on the other.

20This is similar to the skill weights approach by Lazear [2009].
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In the presented model, task-biased TC can be captured by a relative decrease in skill-productivity
complementarities in the manual task. Recall the technology F(xc, xar, yo, ymr) = a(xoyc+o0xaynr)
where § = g indicates relative complementarities in the manual task. Consider a change from ¢ to
0’ such that ¢’ < 6 = 1. Then, ¢ is called task-biased relative to §, with the bias favoring the
cognitive task. Moreover, to obtain clean analytical results, I will focus on cases where p;, p, <0 or

Pxs Py = 0.2! The next result summarizes the effect of task-biased TC on the equilibrium assignment.

Proposition 7 (Task-Biased TC and Sorting) Suppose there is cognitive task-biased TC (0 <
§' <6 =1): (i) Sorting becomes more (less) pronounced in the cognitive (manual) task (i.e. |yc—xzc|
decreases, |ynr — x| increases). (ii) As § — 0, perfect assortativeness is achieved in the cognitive task
(yo = z¢) but manual mismatch becomes maximal. (iii) Given a perfect fit of supply and demand
(pz = py), task-biased TC has no effect on the assignment. For the poorest fit (mazimal |py — py|),

assignment changes are largest.

As long as 0 > 0, the equilibrium assignment will satisfy PAM. Hence, all matching patterns
discussed in this section can be analyzed in the proposed sorting framework.

For most underlying distributions, the equilibrium assignment will be such that workers do not
obtain their perfect job matches. This is because such a situation is simply not feasible. However,
in a multidimensional world, agents can decide in which dimension (cognitive or manual) sorting is
more important. This decision depends on technology and in particular on relative levels of worker-
firm complementarities across tasks. In the task with relatively large complementarities, perfect
assortativeness is strongly desired whereas in the task with weaker complementarities, mismatch is
tolerated. This trade-off is what I call mismatch-assortativeness trade-off across tasks.

Task-biased TC, which is defined as a change in relative complementarities, puts this trade-off
to work. Consider, for instance, the development and increasing use of computers, which makes
cognitive skills more productive in jobs that demand them. On the other hand, computers perform
several manual tasks, replacing workers with manual know-how. As a result, sorting becomes more
pronounced in the cognitive task at the expense of mismatch in the manual task (part (i)). The amount
of worker reallocation depends on both, the size of the shock (part(ii)) and underlying distributions
(part(iii)). How the size of the shock matters is illustrated in the figure below, which has a similar
structure to that in Figure 2. The upper panels plot cognitive sorting, i.e. y¢o as a function of z¢ and
xpr before (left panel) and after task-biased TC (as § goes to zero). The lower panels plot manual
sorting, i.e. yjs as a function of x;; and x¢ and have the same structure.

The slope of the straight lines indicates how strong the sorting forces are within tasks. The slope
of the dotted lines is an indicator of how strong sorting forces are between tasks. Due to the bilinear
technology, the within-force is desirable whereas the between-force is not (it reflects mismatch). Before
task-biased TC, cognitive and manual tasks receive identical weights in production (§ = 1), hence,

the left panels in both figures are identical. Going from left to right, relative complementarities in the

21This can be relaxed but I would have to rely more on simulations. Moreover, the restriction captures the empirically
relevant case for the US. See below.
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Figure 3: Effects of TBTC on Sorting in Cognitive (upper panel) and Manual Dimension (lower panel)

cognitive task increase: the economy converges to the perfectly assortative allocation in the cognitive
task. But this comes at the expense of significant misalignment between workers’ skills and firms’
skill needs in the manual task, with manual productivity responding even more strongly to changes
in the cognitive than in the manual skill.

Besides the size of the technological shock, what matters for the sorting response to task-biased
TC is the shape of the underlying distributions (part (iii)). If skill supply and demand are perfectly
aligned (p, = py), task-biased TC has no effect on the assignment. This is because sorting in
both tasks is perfectly assortative to start with (yo = x¢ and yyr = xp7). Thus, the worker-firm
On the other hand, the
amount of resorting in response to task-biased TC is maximized when skill supply and demand differ

assignment in the cognitive task cannot further improve as ¢ decreases.

considerably. In this situation, the initial assignment is convoluted by mismatch in both tasks. Hence,
there is much to gain from improving cognitive sorting in response to task-biased TC.

It follows from this discussion that there are two sources of structural mismatch in the economy,
technology and distributions. The first source stems from asymmetries in production technology
(Proposition 7). The second is due to discrepancy between skill and productivity distributions or, in
other words, between supply and demand (p, # py, Proposition 5). It arises because the frictionless
labor market must clear no matter how different skill and productivity distributions are.

Clearly, these assignment changes feed into wage changes, summarized by the next result.
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Proposition 8 (TBTC and Wages) Suppose there is cognitive task-biased TC (0 < § <§=1):
(i) Aggregate Wage Inequality: The effect on the wage variance is ambiguous.

(11) Wage Curvature: If |pz| < |py|, wages become more convex in cognitive but less convex in manual
skills. For a perfect fit of supply and demand (p, = py), changes in the curvature are smallest. In

turn, for the poorest fit (i.e. maximal |py — py|), curvature changes are largest.

Task-biased TC has ambiguous effects on the variance (part(i)). The wage variance is sensitive
to the level of technology. It increases in both technology parameters o and 8. Since cognitive task-
biased TC can either be driven by an increase in cognitive task-weight « or by a decrease in manual
task-weight 5, the overall effect depends on the relative magnitude of these two changes.

Task-biased TC also affects wage inequality by altering the curvature of the wage schedule (part (ii)):
Wages convexify in cognitive skills but become less convex in manual skills (for the empirically rel-
evant case |py| > |ps|, see below). Intuitively, this technology shift favors workers with high levels
of cognitive skills, driving up wage inequality in the cognitive dimension. On the other hand, man-
ual workers are adversely affected by task-biased TC. Those with many manual skills are hit most
severely, compressing wage inequality in this dimension. The magnitude of these effects depends on
the amount of worker-job reallocation in response to task-biased TC. If there is considerable misfit in
initial worker-job matches (which is the case when |p, — py| is large), then the reallocation response
is strong. These allocation shifts translate into larger wage inequality movements.

To the extent that manual specialists are medium-income earners whereas cognitive specialists
are high-income earners, the discussed (de)convexification fuels upper tail but compresses lower tail
inequality.?2 This is reminiscent of wage polarization from the one-dimensional literature, which refers
to expanding upper tail but compressing lower tail inequality, relevant for the empirics below.

Notice an important difference from the one-dimensional setting is that in my model, there exist
generalists. Generalists have a second (i.e. cognitive) skill, which offer them a shield against shocks to
manual skills. They gain over manual specialists, who additionally lose relative to low-skilled workers

and cognitive specialists in the economy (see Online Appendix for a formal statement).

4.2 Skill-Biased Technological Change

An important advantage of the specified technology is its tractability. On the downside, it generates
a non-monotonous wage schedule in skills, which would be difficult to reconcile with the data.?
To make the model more suitable for empirical analysis, I augment the production technology by

non-interaction skill terms and a constant, given by

F(xc,zam,yo,ym) = zo(aye +X) +zar(Bysv +n) + fo = a(royc +0xnpym ) + Moo +kxar) + fo (16)

where § = % is the relative manual task weight, A\, n are skill weights, kK = g is the relative manual

24

skill weight and fj is a constant.“* The assignment is unaffected by this new technology but the wage

221 think of manual (cognitive) specialists as workers who have manual (cognitive) but low cognitive (manual) skills.
ZUnder the previous technology, the wage is folded around (0, 0), e.g. workers (-1,-1) and (1,1) earn the same.
24Notice that including additional non-interaction productivity terms in the technology would not affect wages.
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becomes a non-homogenous quadratic form in standard normal variables,
1 T 1 2 1 2
w(ze,Tr) = ia(x—h) J(x—h)+C = « 5:]11330 + Jisxoxn + §5J221,‘B +A(xo+rxpr)+we. (17)

See Appendix C.2 for the derivation and expressions h, J, C'. Non-interaction skill terms can shift the
location of the minimum wage to the left, allowing for a wage schedule that is increasing Va o, xps >
T, Xy, Where o, x), are, for instance, the lowest observed skills in the data. Moreover, I include
a constant fy, which then translates into a non-zero constant in the wage function wg, guaranteeing
non-negative wages to all agents in the economy.?’

Technology (16) gives rise not only to a more realistic wage schedule, it also allows for a sensible
definition of skill-biased technological change (skill-biased TC hereinafter), independently of task-
biased TC that works through complementarities in production. Consider a change in relative manual
skill weight from « to x’ with kK’ < k. Then, «’ is called skill-biased relative to x, with the bias favoring
cognitive skills. This shift increases the productivity of cognitive skills independent of a job’s cognitive
skill demands. For instance, advancements in communication technology (e.g. google) benefit both

the secretary and the CEO even though their tasks require different levels of cognitive skill.

Proposition 9 (Skill-Biased Technological Change) Suppose there is cognitive skill-biased TC
(' < k). Then: (i) The assignment is unaffected. (ii) The curvature of the wage function is

unaffected. (iii) The effect on the wage variance is ambiguous.

Skill-biased TC has no impact on the assignment, reiterating that what matters for the assignment is
the relative level of complementarities across tasks. Moreover, from (17) it is clear that it also has no
impact on the curvature of the wage function, which solely depends on task-bias paramaters. Finally,
similar to task-biased TC, the effect of skill-biased TC on the wage variance is ambiguous. However,
for the empirically relevant case below with negative skill correlation (p, < 0) and relatively large
cognitive skill weight (—pzA > 1), wage dispersion unambiguously increases with skill-biased TC. In
this case, the decline in « affects the variance mainly through the increase in cognitive skill weight A,
shifting the wage schedule without affecting its curvature. Compared to task-biased TC, skill-biased
TC does not compress lower tail wage inequality but fuels inequality across the whole distribution.
The next section brings the model to the data, which will allow me (a) to quantify skill-biased and task-

biased TC over time and (b) to disentangle their roles in observed allocation and wage inequality shifts.

5 Quantitative Analysis

In this section, I first I estimate the model by Maximum Likelihood (ML), providing insights of
how technology in the US has evolved over time. Then I use various counterfactual experiments
to decompose wage inequality shifts into those driven by (i) task-biased technological change, (ii)

skill-biased technological change and (iii) changes in underlying distributions.

ZWith the previous technology, wages were always positive (see Online Appendix). However, when including non-
interaction terms, wages can become negative. Hence, the inclusion of the constant.
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5.1 The Data

I use the National Longitudinal Survey of Youth 1979 (NLSY) as the main data source. The NLSY
follows a (single) cohort since 1979, interviewed every year until 1994 and since then biennially.
The reason for using the NLSY is that it contains detailed information on respondents’ occupations,
training and degrees, which I will use to construct a skill supply distribution. I supplement the
NLSY by O*NET data to learn about occupational skill requirements. This data will be crucial for
constructing a skill demand distribution, where I interpret occupations as the empirical counterpart
of my model’s firms.?S The analysis in this paper covers the period 1992-2000.27 I restrict the sample
to employed male and female workers in non-military occupations who work more than twenty hours
per week and forty weeks per year. For the analysis, I consider hourly wages, computed as yearly
gross labor income divided by yearly hours worked and adjusted by the CPI. Additionally, my analysis
requires measures of workers’ cognitive and manual skills (z¢, zps) as well as occupations’ cognitive
and manual skill requirements (yc, yar)-

To construct these bivariate distributions, I rely heavily on the O*NET data, which provide
detailed information on skill requirements for a large number of occupations. This information can
be classified into two categories, manual and cognitive, and then aggregated to two task measures
for each occupation. They indicate the level of skills needed to perform manual and cognitive tasks,
which I interpret as the (yc, yar)-bundle from my model (see Table 3 in Appendix E for examples).?8 I
then merge these scores into occupations of employed workers in the NLSY, which yields the bivariate
skill demand distribution. Constructing the bivariate skill distribution is involved. Data on manual
skills are not readily available. Moreover, the literature provides little guidance on this issue.?? To
impute agents’ manual and cognitive skills, I use information on their college degrees, apprenticeships
and vocational degrees, degrees of government programs and training on-the-job paid for by firms,
provided by the NLSY.3? From this information, I can proxy a manual and cognitive skill for each
agent (see Appendix E.1 for details). After data cleaning and sample restrictions, I am left with
around 2700 yearly observations.

The Online Appendix provides summary statistics of bivariate skill and productivity distributions
in 1992. In order to align the data with the model, I transform empirical skill and productivity dis-
tributions into Gaussian copulas, which takes out marginal characteristics (means and variances) and
leaves the correlation as the only distributional parameter (see Online Appendix). The correlations

between the transformed variables are plotted below (standard errors in parentheses). Manual and

26The O*NET is the U.S. Department of Labor Occupational Characteristics Database.

2TThis period is chosen for two reasons: First, there is a consensus in the literature that task-biased TC started around
the beginning of the 1990s when computers and advanced technology became widely spread. I choose the starting year
1992 because this is when I begin observing task-biased TC in the data, i.e. a technological shift away from manual
and towards cognitive task inputs in production. Second, years beyond 2000 are excluded because NLSY occupations
are recoded in 2002, which complicates the measurement of sorting.

28This data as well as the crosswalk linking O*NET occupational codes to NLSY occupational codes come from
Sanders [2012]. Yamaguchi [2012] uses a similar approach to classify manual and cognitive occupational inputs.

Yamaguchi [2012] and Sanders [2012] estimate the bivariate skill distribution from their models. In turn, I aim to
provide information on the skill distributions that is independent of the model.

30T only consider training paid by a firm because it is presumably related to the occupation performed by the worker.
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cognitive skills are negatively correlated, indicating that a worker with high cognitive skills has little
manual dexterity and vice versa. Occupations’ skill requirements are more strongly negatively cor-
related than skills. The interpretation is that jobs in the US demand workers with higher degrees of
specialization than available workers can offer. In light of the model, it is crucial that these empirical
correlations are not equal as the model predicts a non-trivial effect of technological change on sorting

and wages, which will be analyzed below.

® x-bundles fitted values ® y-bundles fitted values

pe = —0.2079 py = —0.415
(0.0184) (0.017)

Figure 4: US Skill and Productivity Correlations in 1992

5.2 Estimation

I estimate the model by Maximum Likelihood (ML). The closed form solution is particularly useful for
this purpose since it allows me to specify an exact expression for the likelihood function. Denote the
parameter vector by 6 = ((Ji1, Ji2, Jo1, J22), (e, B, A\, m, wp), (8, t,u)), which is to be estimated. The
first set of parameters corresponds to the coefficients of the assignment functions (i.e. the Jacobian of
the matching function), the second set are technology paramaters, the last set relates to measurement
errors of the wage and assignment, respectively. The data vector is given by z = (21, ..., z,) where

Vo oi=1,..n,z; = (Wi, Yci, Yami, Tci, Tari)- The log-likelihood function for this model is given by:

n 1 2 1 2 2
lnL(0|z) _ Z (wi — (iaJuwCi + aJ1oT i T v —|2— g,@JQQCL‘Mi + Azoi + e + wo))
S

=1

n n

(yoi — (Juzei + Jivza))? (yari — (Jonwei + Joozar))? 3n

- Z : 2;2 S Z : 2152 Y2 —nln(stu) — —In27  (18)
i=1 =1

See Appendix E.2 for details. Notice that another advantage of this model is that all parameters are

identified.3! I estimate the model year by year. Appendix E.2 reports detailed estimation results.

31My model circumvents non-identification of similar linear-quadratic Gaussian models arising due to collinearity
(pointed out by Brown and Rosen [1982] and Ekeland et al. [2004]). There, the identification problem stems from an
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5.3 Technological Change in the US

Identifying unobserved worker-job/firm complementarities from observed equilibrium outcomes has
been of independent interest and the focus of a growing literature on the identification of sorting.3? Us-
ing my model as a measuring instrument, I can identify from data on wages and worker-job assignment

the underlying technological determinants of the US economy and how they changed over time. Recall

F(ze,zm, yo,ym) = axcyc + Bruym + Azc + nzar + fo

which is the specified production function, where «, 8 are complementarity weights, A, n are skill
weights, and fj is a constant. Table 1 contains the ML-estimates of these technology parameters for
the years 1992 and 2000. The estimation results suggest that production technology features comple-
mentarities between worker and job attributes in both tasks (a and [ are positive; see Appendix E.2
for the results of the remaining years). Moreover, the 1990s were characterized by task-biased TC in
favor of cognitive tasks: Complementarities between cognitive worker and job attributes have gone
up by 15% whereas complementarities in manual inputs have decreased by 41%. Relative manual

complementarities, § = g, dropped from 0.55 to 0.29 — a decline of 47%.

« B8 A n wo
1992 2.7291  1.5009 2.7962 0.2079 15.1680
(0.6090)  (0.7244)  (0.1668) (0.1677) (0.2380)
2000 3.1358 0.8954 4.7352 —0.1773 18.4752
(1.0472)  (0.8028)  (0.2641) (0.2632) (0.3792)

Standard errors in parenthesis.

Table 1: Maximum Likelihood Estimates of Technology Paramaters

Besides these shifts in relative task complementarities, there was also a change in the skill-bias of
technology, indicated by the skill weights n and A. Over the 1990s, the US economy was characterized
by a strong cognitive skill-biased T'C. The cognitive skill weight A increased sharply (+68%) whereas
the manual weight 1 decreased (however, n is statistically insignificant). In sum, these estimates
suggest that during the 1990s, the US faced two major technological shifts: first, a bias in favor of the
cognitive task and, second, a bias favoring cognitive skills. Additionally, there was a positive trend
(indicated by an increase in wg), which had an impact on all workers independent of their skills.

Notice that apart from technological change, there was a change in distributions: workers were
less specialized in 2000 compared to 1992 (p, = —0.2079 in 1992 and p, = —0.05 in 2000, see Online
Appendix). On the other hand, the change in skill demand was negligible.

5.4 The Role of Technological Change in US Wage Inequality Shifts

Observed wage inequality shifts in the data can occur for many reasons. The advantage of estimating

a structual model is that the effects of various sources can be disentangled. This section conducts

additional quadratic term in production technology. More generally, my model avoids such collinearity problem because
the curvature of w(x) in x is not the same as the curvature of technology F'(z,y) in x.
328ee Abowd et al. [1999] and also Eeckhout and Kircher [2011].
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counterfactual exercises to decompose the impact of task-biased TC, skill-biased TC and changes
in underlying distributions on wage inequality. For instance, to study how much of the change in
wage inequality is due to task-biased TC alone, I keep both skill-bias parameters A and n as well as
distributional parameters p, and p, at their 1992-levels and only feed the estimated changes in the

task-bias into the model (given by «, 3); similarly, for skill-biased TC and the change in distributions.

5.4.1 Wage Polarization

A growing literature documents wage polarization in the US. This phenomenon refers to a slow-down
in lower tail wage inequality and a boost in upper-tail inequality. Figure 5 plots hourly wages by
wage percentile for 1992 and 2000 (solid and dashed line, respectively), illustrating that inequality

disproportionally increased in the upper part of the distribution with little action in the lower part.
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Figure 5: Wage Polarization in the US (Data)

What might have caused this specific change in the wage distribution? Panels (a) and (b) in
Figure 6 analyze whether wage polarization can possibly be triggered by estimated technology shifts
in task and skill-bias. Panel (a) shows that task-biased TC matches fairly well the increase in upper
tail wage inequality and exactly matches the halt in lower tail inequality. Skill-biased TC can only
match the expanding upper tail inequality. It fails to account for stagnating inequality in the lower
part of the distribution, overpredicting the increase in lower tail wage inequality.

The model offers an explanation for why only task-biased TC can account for wage polarization.
Through an increase in cognitive input complementarities (a goes up) and a decrease in manual input
complementarities (8 goes down), task-biased TC affects the curvature of the wage schedule. Wages
become more convex in cognitive but less convex in manual skills. This fuels wage inequality in the
cognitive but compresses inequality in the manual dimension. Polarization occurs because differently
skilled workers are not uniformly distributed across the wage distribution. Instead, workers with
high cognitive skills are concentrated in the upper part of the wage distribution. This is why these

differential wage changes lead to a disproportionate increase in upper tail inequality.
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Figure 6: Wage Polarization 1992-2000: Data, Task-Biased TC and Skill-Biased TC

To see this, I plot the c.d.f.’s of the empirical wage distributions for low-skilled workers, manual
specialists, generalists and cognitive specialists in 1992 and 2000 (Figure 7).33 Cognitive specialists
and generalists form the group of high-income earners in the US economy. In 1992, the wage dis-
tribution of cognitive specialists first-order stochastically dominates the distribution of generalists,
which in turn dominates the distributions of manual specialists and low-skilled workers. Strikingly,
in the course of the 1990s, there is no increase in lower tail inequality (the difference between low-
skilled and manual wages remains nearly unchanged). In turn, the first order stochastic dominance of
wage distributions of cognitive specialists and generalists over distributions of low-skilled and manual
specialists has become more pronounced over time (compare panels (a) and (b)). This implies that

generalists and cognitive specialists gain significantly relative to low and medium income earners,

fueling upper tail wage inequality.3
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Figure 7: Wage Distributions by Worker Group (Data)

33 ow-skilled are defined as ¢ < E(xc),zar < F(zar), manual specialists as o < E(zc), zar > E(zar) etc.
34Figure 10 in Appendix E.2 makes the same point with wage densities.
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Recall from Proposition 8 that task-biased TC affects the curvature of cognitive and manual
returns (and hence polarization) through two channels. First, there is a direct effect through changes
in worker-job complementarities. Second, there is an indirect effect through re-sorting of workers to
jobs. Due to task-biased TC, sorting along the cognitive dimension should improve whereas sorting
along the manual dimension is expected to deteriorate. To evaluate these predictions, recall that the

sorting patterns are fully captured by the assignment coefficients of the matching function, given by:

yo | _ | Ju Jie o
Y Jo1 Jao M
| S——

Ju

J,, is estimated via ML. If it is a P-matrix (i.e. with positive diagonal elements and positive determi-
nant) then sorting satisfies PAM. In Figure 8, I plot the assignment estimates for the year 1992 in blue
(left panels). For the year 2000, I only plot the estimates whose change was statistically significant
compared to 1992 (in red, right panels). See Appendix E.2 for the estimates. The structure is as in
Figure 3: the slope of the solid lines indicates assortativeness (diagonal elements of J,, Ji1 and J22)

whereas the steepness of the dashed lines indicates mismatch (off-diagonal elements of J,,, J12 and Jo1).
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Figure 8: Maximum Likelihood Assignment Estimates 1992 and 2000: Cognitive Dimension (upper
panel), Manual Dimension (lower panel)
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Both in 1992 and 2000, sorting satisfies PAM with a positive relationship between skills and
skill requirements in both tasks (given by positively sloped solid lines). This is in line with estimated
worker-job complementarities (i.e. a, 3 > 0).3> Moreover, the sorting changes over time are consistent
with task-biased TC: assortativeness in the cognitive task significantly increased between 1992 and
2000, indicated by a steeper red solid line in the upper right panel. In turn, there is a statistically
significant deterioration in the manual fit, indicated by a steeper red dashed line (lower right panel).
Quantitatively small assignment changes were expected: given that skill supply and demand (i.e. p,
and p,) are fairly well aligned in 1992, my model predicts minor effects of task-biased TC on sorting.

In sum, task-biased TC leads to less convex manual returns but more convex cognitive returns
because of two effects, a direct one operating through the change in complementarities and an indirect
one through worker-job reallocation. Since cognitive (but not manual) workers are concentrated in
the upper part of the wage distribution, these wage movements trigger wage polarization. In turn,
for skill-biased T'C neither of the two effects is at work. Thus, skill-biased TC has no effect on the
curvature of the wage schedule but simply shifts it. As a result, skill-biased TC triggers an increase in

wage inequality across the whole wage distribution. For more analysis, see Figure 11 in Appendix E.2.

5.4.2 Wage Dispersion

The proposed model — despite being frictionless — does a decent job in matching the increase in US
wage dispersion during the 1990s. It generates an increase of 126%, compared to an increase of 145%
in the data. Moreover, the model matches well the shape of this shift. Only in terms of the level of
variance is the model off (the data variance in 1992 is 6.7 times higher than the model’s variance).
A possible reason is that the model is frictionless whereas search frictions are believed to play an
important role in wage dispersion (e.g. Uren and Virag [2011]). Moreover, in the data not only skills
but many other factors impact wage dispersion, which are not part of my model. To be able to make
a better comparison between the variance change in data and model, I normalize the model variance
so that it has the same level as the data variance in 1992 (Figure 9).

Notice that the driving force in wage inequality increase is the within-variance of manual workers,
E[Var(w|zp)], as opposed to their between-variance, Var(E[w|xp]). This multidimensional model
offers a natural way to think about these concepts since, for instance, every group of workers with
similar manual skills has a whole distribution of wages due to differences in their cognitive skills.
Technological change in favor of cognitive inputs exacerbates this within-group wage dispersion. In
contrast, between-wage dispersion of manual types contributes little to overall variance or its shift
(indicating that the driving force of wage inequality is the cognitive and not the manual skill).3

Table 2 reports a decomposition for the shift in wage variance. The results suggest that skill-
biased TC was the driving force behind the increase in wage dispersion, generating a boost of 119%.

Compared to skill-biased TC, the role of task-biased TC is moderate, only achieving an increase of

35Moreover, the solid lines are steeper than the dashed lines, fullfilling the requirement on the determinant of Jy.

36The within and between variance predictions of the model can be computed since closed forms are available.
Regarding the data, I first categorize workers into thirty bins depending on their manual skills, and then compute the
wage variance within and across bins. The results are robust using more or fewer than thirty bins.
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Figure 9: US Wage Dispersion over 1992-2000 (Data and Model)

7% over this period. The model offers two explanations to why task-biased TC played a minor role
for wage dispersion. First, over the 1990s, the increase in cognitive task-weight « is accompanied
but a strong decrease in manual task weight 5. The first force fuels wage inequality while the second
one compresses it, which is why the net effect of task-biased TC on wage dispersion is small. To
the contrary, the changes in the skill bias are mainly due to the increase in cognitive skill weight A,
which shifts the wage schedule (instead of impacting its curvature) and fuels inequality across the
whole distribution. The second reason for the minor impact of task-biased TC is that sorting shifts

are quantitatively small (see above). Stronger re-sorting would have triggered more inequality.

Data Model = Task-Bias (o, ) Skill-Bias (n,A) Distributions (ps, p,) Trend (wp)
AVar(w) + 145% +126% 7% T119% 1% =

Table 2: Change in Wage Variance over 1992-2000 (Data versus Model)

Besides technological progress, distributions also changed during the 1990s. There was a shift in
skill supply, with workers becoming less specialized, but skill demand remained constant (see Online
Appendix). At odds with the observed increase in inequality, the change in skill distribution had a
negative effect on wage variance. Finally, the TFP shifter does not affect wage dispersion because it
enters as a constant in the wage function.

In sum, this exercise shows that technological change rather than changes in distributions mattered
for US wage inequality shifts.3” Skill-biased TC accounts for a significant portion of the increase in
wage dispersion. On the other hand, task-biased TC played a critical role for wage polarization, being

particularly important for stagnating lower tail wage inequality.

37Notice that similar to the variance exercise, the change in distributions had little effect on the change in the curvature
of the wage function, which is why it is not included here.
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5.5 Comparison to the One-Dimensional Assignment Model

In what sense does the multidimensional model provide a richer understanding of the data than a
comparable one-dimensional model? In order to address this question, I specify the one-dimensional
analogue of my model and estimate it using cognitive skills and skill requirements only. I interpret
cognitive skills as a proxy for years of schooling, commonly the single worker characteristic in one-
dimensional settings.3

To ensure comparability of the two models, I assume standard normal distributions z¢,yc ~
N(0,1) and technology F(zc,yc) = axcyc + Axc + fo. It is immediate that the wage is given by

2

w(ze) = a% + Aze + wo (19)

where wy is the constant of integration. I estimate paramaters «, A, wp by OLS, using (19). During
the 1990s, « increased by 88% and A by 74% (see the Online Appendix for details), suggesting that
technological change favored workers with high cognitive skills.

The one-dimensional model captures well the convexification in cognitive returns, indicated by an
increase in . However, it misses that manual returns have become concave (see previous section).
As a result, this model overpredicts the change in wage dispersion during 1992-2000. It predicts an
increase of 220%, compared to an observed increase of 145%.

Moreover, the one-dimensional model misses the fact that not all workers with manual skills
suffer from cognitive-biased technological change. Looking at the data through a two-dimensional
lense suggests that generalists (who hold above average skills in both dimensions) experienced a
substantial real wage increase of 27% over the 1990s. Their second skill offers a buffer against shocks
to manual skills. Notice that generalists form a sizeable group, almost one fifth of the US workforce
in 1992 (see Online Appendix). This suggests that the distinction between generalists and specialists
is important. Yet it falls short of the one-dimensional model.

Finally, this model cannot account for reallocation of workers to jobs in response to technological
change unless technology shifts so drastically that negative instead of positive assortative matching
becomes optimal.3® For changing (but still positive) o, the model predicts no shift in assignment.
Moreover, since there is only one skill, the one-dimensional model entirely misses the assortativeness-

mismatch trade-off across skills, which was present in the US during the 1990s.

6 Literature Review

This work contributes to literature of two types: that concerning multidimensional matching under
transferable utility (including hedonic models and optimal transport); and that concerning task-biased

technological change. I will now discuss those papers that are most relevant to my research.?

38This is justified since I construct skills from educational attainment (i.e. degrees) and training data.
39This would be the case if a switches from positive to negative, which is according to the estimates not the case.
49T do not discuss papers with non-transferable utility because there is little relation.
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MULTIDIMENSIONAL MATCHING. Variations of the quadratic-Gaussian model have been studied
in several contexts. Building on Tinbergen [1956], Ekeland et al. [2004] analyze the econometric iden-
tification of hedonic models with focus on a quadratic-Gaussian setting. They discuss an identification
problem which arises in that model because wage function and production technology have the same
curvature in z. To address this collinearity issue, the authors propose a change of the environment,
for instance, by considering Gaussian mixtures. My model circumvents this problem by specifying
a production technology without quadratic loss terms. Additionally, to make my model suitable for
empirical analysis I include non-interaction skill terms in the technology such that marginal wages
can be positive over the whole observed skill support. Olkin and Pukelsheim [1982] solve a related
Gaussian example but in a symmetric setting (i.e. § = 1). Bojilov and Galichon [2013] extend the
quadratic-Gaussian setting to include unobserved heterogeneity.

My contribution to this literature is as follows. First, I develop a framework for multidimensional
sorting that extends the unidimensional notion of (positive) assortative matching (PAM). Second,
using this notion of PAM, I develop a technique for deriving the equilibrium in closed form, which
can be used not only for the quadratic-Gaussian model (as I illustrate) but also in other settings
(Appendix D.0.2). Third, I use PAM to characterize equilibrium sorting. Moreover, I study a new
application (i.e. technological change) in this setting. Last, I make the model amenable to empirical
analysis and bring it to the data.

This paper also relates to literature on multidimensional matching on the marriage market. Choo
and Siow [2006] propose a transferable utility model of the marriage market to estimate the mar-
riage matching function from observed matches in the US. Their model allows for multidimensional
(un)observed heterogeneity under the assumption that there is no interaction between unobservable
characteristics of partners (separability assumption).*! More recently, Galichon and Salanié [2010]
study optimal matching in a model with multidimensional (un)observed characteristics. Under the
same separability assumption, the authors show that optimal matching on observable characteristics
is non-pure. In related work, Dupuy and Galichon [2012] extend their set-up to continuous types.

These studies differ from my research in terms of objective and modeling choices. Choo and
Siow [2006] estimate the gains from marriage, i.e. their focus is empirical. In turn, Galichon and
Salanié [2010] and Dupuy and Galichon [2012] develop techniques to estimate complementarities in
the surplus function from observed matches. They pursue this objective without providing a closed
form. Conversely, my paper aims at developing a multidimensional sorting framework that allows
for closed form characterization and comparative statics. In the above-mentioned papers, modeling
devices are (un)observed heterogeneity and extreme value distributions of unobserved traits. I rely on
observed heterogeneity and Gaussian copulas. Notice, however, that there is an important conclusion
common to the papers by Galichon and Salanié [2010], Dupuy and Galichon [2012] and my own: With

multidimensional matching, there is a trade-off between matching along different characteristics that

“'Decker et al. [2013] analyze the existence and uniqueness of equilibrium, provide a closed form as well as comparative
statics of the Choo-Siow model. Chiappori et al. [2012] also provide a closed form of a multidimensional matching model
and then test predictions of how spouses trade off education and non-smoking. Their assumptions are as follows: (i)
Smoking status (binary) and education (continuously uniform) are independent. (ii) In the surplus, the disutility of
smoking is proportional to the surplus generated by the spouses’ skills.
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depends on complementarity weights in the surplus function.

McCann et al. [2012] develop a model of marriage, educational and occupational choices when
agents have both cognitive and social skills. This discussion focusses on their marriage market.*?
Under the assumption of complete overlap in distributions (i.e. equal male-female sex ratio by type)
and their specified technology they prove that matching is positively assortative in both dimensions.
When looking at this result through the lens of my model, it can be shown that it is captured by
Proposition 11 (b) in Appendix D.0.2. Similarly, this model would capture sorting results from the
environment specified in Eeckhout and Kircher [2012], if they extended their model to a fully bi-
dimensional setting where firms and workers not only sort on the quality but also on the quantity
dimension (Proposition 11 (a), Appendix D.0.2). This suggests that the developed sorting framework
is useful for deriving closed forms beyond the quadratic-Gaussian case.

Finally, this paper relates to the literature on optimal transport. In non-technical terms, the
optimal transport problem involves finding a measure-preserving map that carries one distribution
into another at minimal cost, using linear programming.*3 A tight link has been established between
the following two formulations of the assignment problem: a hedonic pricing problem with transferable
utility (like the problem in this paper) and an optimal transport problem. Shapley and Shubik [1971]
show this equivalence in a discrete and Gretsky et al. [1992] in a continuous setting.**

Different from Gretsky et al. [1992], in the multidimensional assignment problems of Chiappori
et al. [2010] and Ekeland [2010], sellers can also choose the characteristics of the good they sell.*> Apart
from providing existence and uniqueness results, both papers establish purity of the assignment:
Their sufficient condition for purity is the twist condition, which states that D,F(x,y) is injective
with respect to y. Notice that the P-matrix property of Din(x, y) from my paper is sufficient for
the twist condition to hold. Since DgyF (x,y) is the Jacobian of D,F(x,y), the P-matrix property
ensures that D, F'(x,y) is injective (by Gale and Nikaido [1965]). While this literature has developed
powerful general tools to study multidimensional matching problems, it provides little guidance on
how to solve them explicitly. This is what my paper seeks to address.

TASK-BIASED TECHNOLOGICAL CHANGE. Costinot and Vogel [2010] and Acemoglu and Autor
[2011] use one-dimensional assignment models to analyze (amongst other issues) task-biased TC. In
these frameworks, an adverse technology shock reduces firms’ demand for medium-skilled workers
and hence their relative wages. This fuels upper-tail but compresses lower tail wage inequality — a
phenomenon referred to as wage polarization.*S

Instead of implicitly assuming that manual skills are only used by medium-skilled workers, I make

“2In their paper, the marriage market is the only one in which choices are based on two characteristics on both sides
of the market, and hence, where a comparison to my set-up makes sense.

430ptimal transport has a long tradition in mathematical theory. See Villani [2009] for a recent reference book.

44 A dditionally, both show the equivalence to a third formulation, namely the market game. Notice that the examples
provided in Gretsky et al. [1992] are restricted to one-dimensional types. See also Dizdar and Moldovanu [2012] for recent
work on the intersection of multidimensional matching and mechanism design that makes use of the twist condition.

“*In that setting, Chiappori et al. [2010] establish a similar equivalence, namely between hedonic pricing, stable
matching and the optimal transport problem.

46Tn their frameworks, task-biased TC also leads to employment polarization, which is beyond the scope of my model
since jobs and workers match one-to-one in a frictionless and competitive labor market.
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the assumption that every worker has both skills, yet in different proportions. This makes it possible
to distinguish between generalists and different types of specialists, thereby capturing that generalists
can shield against adverse shocks to manual inputs. Moreover, by including a second dimension, I
can analyze the differential effect of task-biased TC on sorting and wage inequality in manual and
cognitive skills. I identify a new channel of how this technology shift affects wage inequality and
polarization: task-biased TC endogenously changes the allocation of workers to jobs, improving the
fit of worker-firm pairs along the cognitive task relative to the manual task dimension. It is noteworthy
that this assortativeness-mismatch trade-off across tasks takes place despite pairwise matching and
without violating positive assortative matching.*” Finally, my paper adds a unified framework of
task-biased TC and the more standard skill-biased TC to the literature, allowing me to distinguish
between their effects both theoretically and quantitatively.

There is plenty of empirical evidence on labor market polarization in developed countries but little
structural analysis into the causes of this phenomenon. An exception is Boehm [2013] who studies
wage polarization in an empirical Roy model where a variety of abilities determine three occupation-
specific skills (for low, medium and high-skilled occupations). Also using NLSY data, he finds that

the US has undergone a relative decrease in the medium-skill price and wage polarization.

7 Conclusion

Technological change has drastically changed the structure of production in favor of cognitive relative
to manual inputs in the developed world. How does this shift affect worker-job assignments, wages
and inequality? This is a multidimensional assignment problem where workers with different bundles
of manual and cognitive skills sort into jobs that require different combinations of these skills. To
make this issue tractable, this paper develops a theoretical framework for multidimensional sorting
that extends the unidimensional notion of assortative matching. I derive the equilibrium allocation
as well as equilibrium wages in closed form. I then analyze the impact on these equilibrium outcomes
as cognitive (as opposed to manual) inputs become more prevalent in production, capturing one of
the main recent technological shifts. Finally, I take this model to the data to study technological
change in the US during the 1990s. The empirical analysis reveals that technological change was
strongly biased toward cognitive inputs. Counterfactual exercises suggest that this technology shift
can account for observed changes in worker-job sorting, wage polarization and wage dispersion.

It is worth pointing out that the theoretical framework developed here is of independent interest
and can be used beyond this paper’s application to technological change. It could be applied to a va-
riety of matching problems that involve multidimensional heterogeneity, not only in the labor but
also in the marriage or education markets. To broaden the applicability of this theory even fur-
ther, it would be important to extend this framework to settings with search frictions (see the On-
line Appendix for first insights on sorting conditions in such an environment) and to settings where
the two sides of the market have different numbers of characteristics, preventing pure matching. These

are challenging problems that form part of my ongoing research agenda.

4TContrary to Costinot and Vogel [2010] and Acemoglu and Autor [2011], there is no intensive margin here.
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A Proofs General Model (Section 2)

A.1 The Equilibrium Assignment

In order to prove Proposition 1, the following Lemma and Corollary are useful. Notice that the proofs
will be given for N-dimensional heterogeneity where firm are characterized by y = (y1,...,yn) € Y C
RY (with abs. continuous c.d.f. G(y)) and workers are characterized by x = (z1...,zn5) € X C RY
(with abs. continuous c.d.f. H(x)).

Lemma 1 (P-Matrix Property) IfD:%yF(x,y) is a diagonal P-matriz (P~ -matriz), then J,,(x) =
D,y* is a P-matriz (P~ -matriz).

Throughout the proof I will make the following assumption:

Assumption 1 DgyF is a diagonal P-matriz.

Proof. It will be shown that under Assumption 1, optimality of the firm’s choice requires that the

2

Jacobian of the matching function, D,y*, is a P-matrix. The proof for the case when Dz

yF s a

P~ -matrix is analogous and therefore omitted. I proceed in several steps.

1. The Hessian evaluated at the equilibrium assignment, given by H* = D2 F(x,y*) — D2 w(x),

is negative semi-definite. These are the necessary second order conditions for optimality.

2. Det(H*) > 0. Differentiate the first order conditions, evaluated at the optimal assignment

*

y* = p(x), with respect to the skill vector x, which gives
H* = DixF(x’y*) - D:?:xw(x) = —(Din(X,y*))(ny*) (20)

where D,y* is the Jacobian of the matching function. Since D2 F is a P-matrix everywhere
(and, hence, also along the equilibrium allocation y*), it is non-singular and hence the inverse
(D‘,%yF(x,y*))_1 exists. From (20), it is given by

(D2, F(x,5")) " = —(Day" ) (D7 F(x,5") = Diw(e)) ™ (21)

It follows that (D2, F(x,y*) — D2, w(z))~! exists, and thus Det(H*) # 0. Then, by Step 1, it must
be Det(H*) > 0. Hence, —H* is a P-matrix.

3. If D.y* is sign-symmetric then it is a P-matriz. Suppose that D,y* is sign symmetric, i.e.
oy y;
ox; Tacjl
and stability are equivalent (see Theorem 2.6. in Hershkowitz and Keller [2005]). In the following,
I show that D,y* has positive eigenvalues, i.e. is stable. From (20) —H* = (D2, F(x,y*))(D.y"),
which has all positive eigenvalues (Step 2). Denote M = DgyF(x, v*), J = D,y*. Denote the eigen-

values of —H* by M. They must obey the characteristic equation det(M.J — A1) = 0. Since M

> 0,Vi,j5 € {1,2,...., N},i # j. For sign-symmetric matrices, positivity of principal minors



is a P-matrix (Assumption 1), it is invertible and the characteristic equation can be reformulated as
det(R— M M~1) =0, where A is the generalized eigenvalue of the square matrices (J, M~1). Given
(J, M~1), the generalized Schur decomposition factorizes both matrices J = QSZ and M~ =QTZ',
where (Q, Z) are orthogonal matrices and (S,T') are upper triangular matrices with the eigenvalues
of (J,M~1) on their diagonals.*® The (real) generalized eigenvalues can be computed as A\ = %1
Notice that T;; > 0 Vi because M is a diagonal P-matrix, which implies stability (i.e. positive real
part of eigenvalues) and AMTE o /\% For /\ZH > 0, it must be that S;; > 0, i.e. J = D,y™* has positive

eigenvalues, i.e. is stable.

4. Dyy™ is sign-symmetric. To see this, notice that by symmetry of the Hessian and F,,, = 0,4, €
{17 27 ) N}72 # j?

Ay y; . o
= inyia—xzj: xjyja—;i Y z,]€{1,2,...,]\7},z7$j, (22)
dy; 9y

and hence D,y™* is sign-symmetric, i.e. B Day 0 Vi,je{l,2,...,N},i # j. Moreover, D,y* is
stable (see Step 3). A sign-symmetric and stable matrix is a P-matrix (Theorem 2.6. in Hershkowitz
and Keller [2005]), which proves the result. m

Corollary 1 (Assortativeness and Local Maximum) .
If DgyF(x, y) is a diagonal P-matriz (P")-matriz), then (i) the assignment . satisfies PAM (NAM)

and (ii) it is a local mazimum.

Proof.

(i) Assortativeness: Follows from the definition of assortativeness (Definition 1) and Lemma 1.

(ii) Local Maximum: If the Jacobian of a function is a P-matrix (or a P(~)-matrix), then the function
is injective (one-to-one) on any rectangular region of R™ (Gale and Nikaido [1965], Theorem 4). Tt
follows from Lemma 1 and the Gale-Nikaido theorem that the solution to the firm’s problem a local

maximum. N

Proof of Proposition 1.

(i) Assortativeness: Follows directly from Corollary 1.

(ii) Global Maximum: It will be shown that the solution to the firm’s problem is a global maximum.
I proceed by contradiction. Consider a firm y which optimally chooses worker x, i.e. y = pu(x).4
Consider another firm y’, y’ # y, for which worker x’, x # x/, is an optimal choice, and hence
y' = pu(x’). Let y = pu(x) and y’ = u(x’) be the local optima from Corollary 1. Now suppose that

worker x’ is also an optimal choice for firm y, that is x’ satisfies the optimality (first-order) conditions

48If J has complex eigenvalue, S is quasi-upper triangular.
““More precisely, this is x = v(y). But recall that v™' = u is the unique inverse and hence the assignment can be
completely characterized by the inverse p.



of both firms:

Fo (X', y) = w.(x) (23)
Fo(x'y') = we(X). (24)

I will show that, under Assumption 1, (23) and (24) cannot hold simultaneously. It suffices to show
that the function F, = (Fy.,Fy,,) is one-to-one, ie. Fy(x,y) = Fy(x,y’) implies y = y’. By
Assumption 1, Din(x, y*) is a P-matrix. Moreover, Fy is defined over a rectangular region on R
It follows from the Gale-Nikaido Theroem (Gale and Nikaido [1965]) that F) is injective with respect

to y. Thus, (23) and (24) cannot hold simultaneously because
Fo(xy) = Fo(x,¥') (25)

only if y = y’, contradicting the assumption that y # y’. It follows that the singleton solution to the

firm’s problem found in Corollary 1 is not only a local but also a global maximum. m

A.2 The Wage Function

In technical terms, Proposition 2 states: Given a continuously differentiable assignment y* = u(x),
condition (6) is necessary and sufficient for the existence of a unique solution to the system (3) and

(4), given by w(x), such that w(x) = wg.?°

Proof of Proposition 2.
The proof is based on Frobenius Theorem. Consider a system of linear first-order partial differential

differential equations

ouP
ozt

=¢f(z,u) i=1,.,N;p=1,..,n (26)
where u : RY — R™. Consider the following theorem.

Theorem 1 (Frobenius Theorem) The necessary and sufficient conditions for the unique solution
u® = u®(z) to the system (26) such that u(zo) = ug to ewist for any initial data (zg,up) € RN is

that the relations

oy OYf iy <6¢? o3

vl - wf) =0 Vi,j=1,.,N, afB=1,..n. (27)

oxi 91t ouP oup

hold where wf = (89157 %@ = g%f'

Applying Frobenius’ Theorem to this model implies: u = w, x = (21, 22, ...xx) and

504 is the reservation wage of the least productive worker x, set s.t. he is indifferent between working and not working.



Yi(z,u) = Fy,(x,y(x)). Notice that n = 1 because w is a real-valued function. Then, (27) reduces to

Opi 9Py _

oxl  Oxt

which in the presented 2-dimensional model is given by

oy o 0y¢ dy;
Fucay + F. < + M — Foyoe = Foyye oo M . 28
TCTM Icyca C’/‘C’yMa TMTC TMYC a$c + TMYM 81‘0 ( )
(28) coincides with condition (6) from the main text since Fy.z,, = Fy,z. Hence, given (6), the

involutivity condition from Frobenius theorom is satisfied. A unique (local) solution to the system of

linear partial differential equations (3) and (4) exists. m

B Proofs of Quadratic-Gaussian Model (Section 3)

B.1 Labor Market Clearing under PAM (or NAM)

Having applied the measure-preserving transformation (9) to skills and productivities, the labor

market clearing of transformed variables under PAM reads
/ / ZyC’ ZyIVI dzy]\/f dzyC / / zzC ’ 211\4 )déxl\/f déxc (29)
2yo Y Pym 2z J 2z

where h and ¢ denote the standard normal p.d.f.’s of the uncorrelated skills and productivities,
respectively. Equation (11) follows immediately, taking into account that the z’s are independent

and standard normally distributed. Similarly, under NAM, the market clearing would read

[e'e] [e'e) Z.rC ZmM
/ / g(Zyc ) Yng )dZyM dzy, = / / h(zwc s By )2y, dZp.
Zye v 2y —o00 J—00

B.2 The Equilibrium Assignment

The following two lemmas are building blocks for the proof of Proposition 3.

Lemma 2 (Continuum of Square Roots) (i) There exists a continuum of square roots of the
covariance matriz X, denoted by S. Denote its elements by ¥ € S, where E%(E%)T =X.

(ii) The elements of S can be computed by applying an orthonormal transformation to any given
square root. In particular, let R be an orthogonal matriz, i.e. its columns are mutually orthogonal

unit vectors. Hence, R~ = RT. Then, 2 R(S2R)T = S RRT(S2)T = 02(x2)T = X,

Proof.

(i) The existence of an infinite number of square roots of the covariance matrix follows from its



symmetry. The following non-linear system

or,
A+ =1
A+d®=1
ac+bd =p

is underdetermined. Thus, it either has none or an infinite number of solutions. Since X is positive-

definite, one square root can be computed using the spectral square root decomposition

Y =CDC’
1 1,
& Yz =0D:z2C (31)
where D is a diagonal matrix with the eigenvalues of ¥ as diagonal entries and C' is a matrix of
orthonormal eigenvectors of 3. Since the spectral square root is one solution to (30), it follows that

the system has an infinite number of solutions.

(ii) follows directly from orthonormality of R, as stated in the Lemma. m

The next lemma states how the orthogonal transformation matrices R;,i € {x,y} can be parameter-
ized by 9.

Lemma 3 (Orthogonal Transformation Matrices) The system of equations to be solved is given by:

al+pr=1 (32)
2 2
02+ p2 =1 (33)
Y& O
_ 599Mm 4
ox orc (34)

where o, B, 0y, By are the elements of the orthogonal transformation matrices:

Oy _Ba:

R, =
Bm Qg

) Ry:

« —By]

Y
By ay



(i) For all 6 € [0, 1], the solution to system (32)-(34) is given by ayz = £1,8, =0 and

1 y 1-py
149 (Vg + i)
1+p 1—p 2 1+p 1—p 2
2 % —Py 2 ! —Py
9) ( 1+p: Y, l—pm> +(1+9) (\/ l—p; + V 1+pz)

—~

(i1) For py < py, set o; > 0. For pg > py, set a; < 0, where i € {z,y}.

Proof.
9y

To solve (32)-(34), first express the off-diagonal elements of D,y*, 5-< and

» Ozm
the unknowns. To this end, I compute a candidate equilibrium assignment from (13) where I use

0
y]g , as functions of

rotations of the spectral square root (given by (31)) to uncorrelate skills and productivities. They

are given by:

Y2 =

(2

(VI+pi+V1I—pi) (V1+Pr—¢1—p0] [ai —Bi

1 1
: : Ve {x,y}. 37
SWITFp - VI=p) §WIFp+vI=p) | | B ai] e{ey)  (37)

Using (37), the candidate equilibrium assignment can be computed from (13) as

[T

1
2
I+ 1 VIt V1= /T /=
e ﬁ o+ (Byos — o) \ VIR + VR (ayae + Byfz) JT::+ e ) = By = )

Day*

(38)
(i) The underdetermined system (32)-(34) has one degree of freedom. I exploit it by setting 5, = 0,
which immediately gives a, = £1 from equation (32). It remains to determine two unknowns, oy, 3y,
from two equations (33) and (34). From (33), 8, = +,/1—a2. Using this relation along with
ay = £1, 8; = 0 and candidate assignment (38), integrability condition (34) reads:

o - ) = (D) -
1+ pe 1—pg 1—pg 1+ pe
1+p 1—p 1+p 1—0p
§(a \/ y—\/ y>+,/1—a2(\/ Y+ z 39
(y( 1+p, V1—ps Y\Vi-p, Vi+p, (39)
Reorganizing terms and solving for «ay, yields:
1+ 1—p,
(140 (15 + 150
2 2
1 1— 1 1—
Ja-o2 (V2 - ) e (2 4+ E22)

a, =+ (40)




Using (40), 8, can be backed out from (33)5!

By = /1—a2. (41)
(ii) Rearranging (39) yields:
B L+py,  [T=py\ _ — \/1+py \/1—py
(1 =9) <\/1+px \/1—px>_ Vi-ey0+ T—pe NT¥p (42)

While RHS > 0,Ypg, py, LHS § 0 for p, § pz. It follows that oy > 0 for p, < p, and oy < 0 for
Pz > py. B

Proof of Proposition 3.

Computing the Assignment:

(i) For 6 =1, from (35)

ay = +1. (43)
The orthogonal transformation (37) delivers:
ST P+ VT=p) 3WTHp—vT=p) | [ £1 0 [ SWIFpi+VI=p) 3WTFp—VI=p) |
s(WTFpi = VT=p) 3(VTHpi+VT=pi) 0 =+l s(WTF0i=vT=p) 3(VTHpi+vVT=pi)
(44)

To see that these are the spectral square roots of the covariance matrix (or minus one times them), I

derive them below using the spectral square root decomposition, which is given by

& N2=CDz(C (45)

where D is a diagonal matrix with the eigenvalues of ¥ as diagonal entries and C is a matrix of
orthonormal eigenvectors of 3. The matrix S in (45) is called the spectral square root of 3. Notice
that for X2 to be positive—clieﬁnite, the positive square roots of the diagonal entries of D are used.
From (45) it follows that X2 is given by:

c_[VE V[V o PoVi | [ vImR) b )
N2 —
! 3 —\/g 0 V3I=py 3 —f sVt —1=py) 5(V/T+py+/1-py)

5!Notice that By = —4/1 — a2 is also possible but does not affect the result, which is why I focus on the positive
square root.

D=

i€ {z,y}.



Moreover, since

1
VA1

1
0 7%

S =CD:(C' =C ' (47)

where A1, Ao are the eigenvalues of ¥ and C' is a matrix of the corresponding orthonormal eigenvectors,

the matrix X, 2 is given by

) 11 1 0 \ﬁ \ﬁ 11 1 O |
w7 2 2 Vitrs 2 2 _ | 2\VTHee T Vieee ) 2 \VIitpa T—pa
r 1 1 0 1 1 1 1 11 1 1L, 1

2 V2 1—ps 2 V2 2 \VI+ps T—pa 2 \Vi+pz T—pa
(48)
It follows that the Jacobian of the matching function is given by:
1( vV 1+py + V1=py 1( vV 1+py vV L—py
1 1 1 2\ 1+pz V1—pg 2\ V1+pz VIi—pe
Dyy* = (iR, (Z3R,) 1 =557 = 49
zY (3§ Ry) (X3 Ry) Y S 1 N B VI-py 1 N n V1-py (49)
2 V1tps V1-ps 2 V1itpa V1=pe

The assignment is then computed using (13).

(ii) For 0 = 0, it follows from Lemma 3 that R, and R, are respectively given by

£5 (VO +p) T+ p0) + /A= p)) L= p2)) =5 (VT + )1 = pa) = /(L= py) (1 +p2))
5 (VO +p)0=p0) = VU =p) (T +p2) 15 (VA +py) (T po) + /(1= py) (1= p2))
(50)

+£1 0
0 =1

R, = : (51)

Qg —/1—a2
V1-a2 ay

1 1
Let ¥; and X7 be the spectral square roots of skill and productivity covariance matrices, given by

(46) and by the inverse of (48), respectively. Then,

3 (VI+py+VT=72) 3 (VItpy = VT=p2) }

L (VIT=paloy + /1= )+ VT paloy = /1= 03) 3 (VI=pal=py + /1= ) + VI F pulpy + /1= 12)

1
SR, =

I U
A4 1"1‘/)1 \V4 1_pz
1 o 1
V1+pe V1—pz

(E%Rx)_l = (52)

N= N[
NI—= NI
=
= |
)
B
=)
| =
e}
B
| I |



It can be shown that the Jacobian is then given by:

1 1 1 0
Dyy* = EﬁRy(Ea%Rz)_l = V1-p2  \/1-p3 (53)
Py = Pa V1-p2  /1-p2

In the following, it is shown that (53) is equivalent to L,(L,)"! where L;,i € {z,y}, is the Cholesky
square root of skill and productivity covariance matrices, which is the unique lower triangular matrix
L; such that L;(L;)T = %;,i € {x,y}. By definition, L; is a square root of ¥;. Under the assumption

of standard normality, L; is given by:

1 0
L; = Vo oie{x,y} (54)
pi \J1—p}

Hence,

L) 1 0 1 0 - 1 0 5
T = = /17p2 1*92 55
e Py \/1—03 Px \/1_P% py_px\/ﬁ 1_;

Pz

which coincides with (53). The equilibrium assignment is then given by (13)

* 1 1
[ Vo | _ (niry)siR) | O ]
Yur TM
4| zc
= (Ly)(Lx) ! ]
M
- -1
L 0 1 0 e
oy (/11 pr \/1—p? T

1 0 .
=| iz iz [ C] (56)

(iii) The equilibrium assignment is obtained by using the suitable rotation matrices from Lemma 3

for each value of § € (0,1) together with the candidate equilibrium assignment (13).

Consistency of the Assignment Functions from (i)-(iii) with the Equilibrium. Three properties have
to be verified: (a) Consistency with market clearing; (b) the assignment satisfies PAM; (c) the inte-
grability condition is satisfied. (a) Market clearing is satisfied by (11) and because the transformation
(9) is measure-preserving. (b) Verifying the PAM-property amounts to checking that D,y* is a P-

matrix. Using Lemmas 2 and 3 equilibrium assignment (38) can be simplified by substituting in the



expressions for a’s and f’s:

1+<57'l:p§ 6([),/—/1.1, \/%)
ve | _ Ji1(pzs py: 6)  J12(pa, py, ) zo | _ V1H20(pepy T8/ T2 402 \/1426(pnpy /T2 /1—p2) 452 zc (57)
Y J21(pa, py,6)  J22(pa, py, 9) M pyfp..:\/;—pg 6+% M
Day* V1H20(pepyt T8/ T2 402 \/1426(p0py+/ T2/ 1—p2) 452
Day*
Taking derivatives yields:
8 *
e g (58)
oo
a *
G (59)
oz
9ye Oy Oye Oyn 1—pj
- = 5 >0 for p, <<1 (60)
Oxc Oxpr Oz Oz 1—p?

where (58) and (59) follow immediately from (57). Hence, D,y* is a P-matrix. (c) The assignment

was derived under the integrability condition (34), i.e. it is satisfied. m

B.3 The Equilibrium Wage Function

Proof of Proposition 4. .
I proceed by guess and verify. The guess is that equilibrium wage function is given by the sum of

marginal products integrated along the assignment paths

Tc 1 xc 1 M TM
w(xc, J,‘M) =« (/ J11zodZo + 2$M/ Jiodz o + 25$c/ JordZpr + 5/ JggiMd:i‘M>
0 0 0 0
1 2 1 2
= 50( Jnl'c + Jlgme'C + §5J22$M + wo

where wy is the constant of integration, which I set to zero.’? Jii, Jia, Jo1, Jog are the elements of the

matching function’s Jacobian, which are given by (57). Using the assignment (57) explicitly, this is

\V1-rf B \1-0
1+6@ 3| py mm
5(pa — 2 1_p2) 162 5(pe “ 24 /1-p2)+42 To J J TC
w(zeo, za) = %a[:r;c 2] \/1+2 (Pzpy++/1 ;:Tz/l P2)+ \/1+2 (p py+\/1kpy2\/1 P2+ re | _ %a[xc ou] 11 12 7o}
5( py—ps Py 5| 6+ Y~ Py T 5J21 5J22 T
V1-p2 \V1-r2 ——
\/1+26(/’El’y+\/ 1‘[’%,\/ 1-p2)+62 \/1+25(pr,py+\ / 1—/)5\/1—[)%)-%—62 =J
=J
(61)

52Type (zc, zam) = (0,0) is the least productive worker. He produces zero output. wp is his reservation wage, making
the least productive worker, (x¢,za) = (0,0), indifferent between working and not working.



which is equivalent to expression (15) in Proposition 4, taking into account wg = 0. The guess needs

to be verified. Given (61), the partial derivatives of the wage with respect to skills z¢, 27 are given by

ow(xc, )

oo a(Juze + Jizzm) (02
w(ro,zm) _ < (Jo2xps + Jo1zc) o)
oz

which coincide with the first-order conditions of the firm,

ow(zeo, xar)

S — (64)
ow(rc,xy) .
T ore a0y (65)

evaluated at the equilibrium assignment (57). Moreover, the integrability condition

3210(930, Tr) _ 32w(fﬂc,fb’M)

axcal‘M al'MaxC
= J12 = 5J21 (66)

is satisfied by construction of the equilibrium assignment, which gives uniqueness of (61) by Propo-

sition 2. m

Proof of Proposition 5. .

(1) See Proof of Proposition 3 (last part, under Consistency of the Assignment Functions from (i)-(iii)
with the Equilibrium.).

(ii) For py = py, (35) yields

oy = *1

and hence, , = 0. Substituting this (along with o, = £1, 5, = 0) into the candidate assignment

. . . oyr oy oy} oy
given by (13) yields y;» = z¢ and y3; = xar and, hence, ﬁ = o =1l and 57¢ = 9o = 0. Hence,

there is perfect assortativeness according to Definition 4.

The second result is that the maximum mismatch is achieved at |p, — py| — 2, i.e. Jo =

\V1+p \V1-p _ \/1+p \/1—p
: \/1+p: \/l—p::) and abs(Jo1) = abs | 3 <\/1+p:: - \/1—pj>> have suprema at p, = 1,p, = —1

as well as p, = —1, p, = 1. I show this in two steps.




1. Step: No interior maximum:

1 <\/1+py+\/1—py>

max —
pery 2 \ V14 pz  V1—pz
1 1
Py - —0 (67)
Y <\/1+py\/1+px ¢1—py\/1—px>
1 T+ g
pz:2<—\/ oV py>:o (68)

(14+p:)2  (1—p)?

Solving the system of first order conditions (67) and (68) (necessary for an interior solution) yields
,o% + 1 =20. A contradiction. There is no interior maximum. Likewise, maximize Jo; with respect to

Pz and py:

max —
pery 2 \ 14+ pz  V1—pz

1 <\/1+py_\/l—py>

1 1
Pu: <\/1+py\/1+px+¢1—py\/1—px>:0 (69)

1(_ Vitr, \/1—/)@;)_0

2\ (+p0)7 (1—po)?

pa (70)
where it is immediate that (69) does not omit a solution for —1 < p, <1,—-1 < p, < 1.

2. Step: Suprema at the boundary. First, focus on Jos. Fix p, = 1 — €, > 0. Maximize Joo with
respect to py.

max

py 2 2—¢€

1(\/1+Py_|_\/1_f’y)

< 1 1 )_0
C—ey/ITtp, e/T=py)
(2 —¢€)? — €

Spy =
Py (2—€)2+¢€2

Now fix p, = —1+¢€,¢ > 0.




Morever, the same value of Joy is achieved at (pz, py) = (1 — ¢, —%) and (pg, py) = (-1 +

(2—5)2—62
& Gmerrer):
Then, focus on Jo;. In a similar way, fixing p, to (i) p, = 1 —€ and (ii) p, = —1 + ¢, and maximizing
2 2 2 2
with respect to p, gives (i) p, = —% ~ —1 and (ii) py = % ~ 1. Both points give the

same absolute value of Js;. Both steps together imply that mismatch in the manual task, defined as

lyv — x| = |y — cxe — dxpy| is maximal for [p, — py| = 2. =

Proof of Proposition 6. .

(i) Wages are convex in skills: Recall, the wage function is given by

w(fﬁc,ﬂfM)Zla[l’C zr) S e
2 0Jo1 0J2 TM

where J11, J12, J21, J22 are the elements of the matching function’s Jacobian given in (57). The Hessian

of the wage function is given by

1 -
H(w) = iaJ

Since the Jacobian of the matching function is a P-matrix, i.e. Ji1,Jog > 0, J11Jog — J12J21 > 0. By
assumption, § > 0,a > 0, so that §.Ja > 0 and Det(H(w)) = $ad(Ji1J22 — Ji2Jo1) > 0. Hence, the

Hessian is positive-definite and the wage function is convex.

(ii) The moments of the wage distribution are given by

~ 1 1
E(w(rc,rym)) = tr(JX;) = §J11 + Ji2pz + §5J22 (71)

~ o~ 1
Var(w(zc,znm)) = 2tr(JE,JJE;) = 5((J11 + J12p2)* 4+ 2(J11pz + J12)(J12 + 6 Ja2pz) + (J12ps + 0J22)%)
(72)

<w - E(w)>3 _ B(w?) - 3B(w)Var(w) — Bw)® _ 8r(JS,J5,J%,) -

Var(w) Var(w)? 2tr(J8,J5,))?
where Ji1, J12, Ja1, Joo are defined in (57), J denotes the Hessian of the wage function and where

tr(JEe Y0 8) =(J11 + Ji2p2) (J11 + Ji2pe)? + (Ji1pz + J12) (J12 4 6.Jo2p2))
+ 2(J12 + 0J220:) (J11p2 + J12)(J11 + 2J12p2 + 6J22)
+ (J12px 4 0J22) ((Ji2 + 6 J22p2) (J11pz + J12) + (J12pz + 6J22)%)



See e.g. Magnus [1978] for the derivation of moments of quadratic forms in normal variables. For the

symmetric case, § = 1, these expressions simplify to

Blutc. o)) = r(3,80) = 1 (\L+ p) (1) + = 0010

Var(w(ze,zm)) = 2tr(JuXeJu3z) = 1+ ppy
Ew?) = tr(J,35,)? + 6tr(J,2)tr(J, S0 1 50) + 8tr(J, 201,50, 50

3
2

<w - E(w))3 | E(?) - 3E(w)Var(w) — E@)®  8tr(J,SeySedySs)
Var(w)) | Var(w)? (]S, 5))

(VI + )T+ pa) + V(T = )1 = p2)) (24 2p0py = /(L= p2) (1 = 2)

3
(1 + papy)?

where, as before, J,, denotes the Jacobian of the matching function.

Skewness: J,3;J, and ¥,J, %, are two positive definite matrices. Since the trace of the product

of two positive-definite matrices is positive and since the variance is positive, the result follows.

Finally, a result mentioned in the main text is that the average wage is maximized at p, = p,
and has two infima at p, = —1,p, = 1 and p, = —1,p, = 1. To see this, maximize E(w(zc,zwm))
with respect to p, and p, yields:

1
max s (4 g5 ) 1= g1 = )
THFy
Pzt Pz =Py
Py Pz = Py

The Hessian of this maximization problem is given by:

_1<m+@>

8\ —pn)? ' (14pa)?

ool

1 1
<m\/1—py " m\/wy)

1 _1 ( V1—pz + VIitps >
8 ( 3

H(B(w)) = 1
<\/1pz\/1py + VIFpa\/1+py 1_py)% (1+py)2

Qo=

Notice that H11(E(w)) < 0 and Det(H (E(w))) simplifies to

Det(H(E(w))) = (1 = py)(1 + pz) = (1 = pz) (1 + py))* 2 0

Hence, the Hessian is negative semi-definite Vp,, py,. Hence, E(w(xc,znr)) is concave. At p, = py,
Det(H(E(w))) = 0, indicating that p, = p, are (degenerate) maxima. Due to concavity of E(w), its
infimum is achieved at the boundary of the domain —1 < p, < 1,—-1 < p, < 1. E(w) has two infima
at p, =—1,py=1land py=—-1,p, =1. ®



C Proofs on Technological Change

C.1 Task-Biased Technological Change (Section 4.1)

Proof of Proposition 7. .

Notice that I focus on the cases for which p., py, < 0 or pg, p, > 0. I will make explicit where this

assumption is needed to arrive at clean analytical expressions.

(i) Follows from proof of Proposition 5 part (i). Notice that for this result to hold, it is not necessary

to impose the restriction p;, py < 0 or pg, py > 0.
(ii) Mismatch-Assortativeness Trade-Off Across Tasks. It needs to be shown that as ¢ < 6 = 1,

lyc — x¢| decreases and |y — xps| increases. Recall that the Jacobian of the matching function is

given as in (57):

1+6

y/lfp%/ s -~ .\/1—p%/
/1—ﬂ§; Py—Pax ﬁlip%

Jll(Pmapy76) JlZ(P:mpya(S) o \/1+26(pzpy+,/1—p§\/1—p§)+62 \/1+25(Pxpy+ [T=p2/1—p2)+62

- 1/17;)% 1/17;)5
J21(pmvpy76) J22(p:rvpy7§) py—pxm 5+\/TT%
Day® | V1 20(pepy TN/ T-p2) 482 \/1420(papyt+/T- 72/ T—p2)+5% |
Dzy*
I will show this claim in two steps:
1. Step:
Jiu =1 for |[ps| = [pyl
Ji2 >0 for p, <py
Jo1 >0 for pg < py,
Jap 21 for |pe| = |pyl
This follows from (74), since
\/1—p2
1406 L
Ji = VP >1

L+ 20020, + 1= VT= ) + 67

2

V1-=p2

1—p2 ,
& <1+6y) Z1+26(pmpy+,/1—p§\/1—p§)+62

& 20

/1= P23 — pepy/1— p2

V1=p2

9 17;)32!
+4 —— — 1) =0 for [ps| = [pyl

1

x

(74)



\V1-p3
4 (py — Pz /ﬁ_pi)

\/1+25(pxpy+\/1—p§\/1—pi)+52
S pyV1=pi—pe\/l=pi>0 for p, <p,.

Notice that for § = 1, J11 = Joo and Jio = Jog.

>0

Ji2 =

2. Step: At 6 =1,

55 =0 for 2| = |pyl
%20 for  pz < py
%20 for pz > py
052 50 for |pal <

where

/1—p2 /1—p2
aJ11 \/%_5"'(5 1p§_1> (Pxpy+\/1_pg3\/1_pgzc)
& (1+20(prpy + (/1 — p2/T— pZ) +02)2

Vi-ry [ 2 /12
O ( T 1 (1—|—pxpy+ 1 —py/1 px)
e 10=1=

i 2+ 2(papy + /1 = P3v/T= £3)

1-pj 2 2
Y 14 papy + /1 — p2/T— p2
6J12 <py p. /1_p% ( p py py p )

= >0 for pz <py

& (1+20(prpy + (/1 — p2/T— pZ) +02)
_ o, Vih 11— 2 /1= 2
8.Ja1 (Py px\/@ (Pzpy + /1 pyv 1 pz +90)

= - >0 for PxZPy
& (1+26(pepy + /1 — p20/T— p2) +62)2
1oV 4 (5 VI ) (papy 11— 2T 2
OTm v e (Pzpy + Py P)
9 (1+20(prpy + (/1 — p2/T— p2) + 62)3

_ V1A _ 2 12
0.2 <1 i (14 pepy+ /1= VT=12)

-5 =0 for [pz] < |pyl

ls=1 =
& (24 2(papy + /1 — p2/T— 12))

which together with Step 1 establishes the result.

>0 for |pz| = |pyl

Njw

Njw



(iii) Sorting when 6 = 0. In the cognitive task, yo = x¢, follows from (53) in proof of Proposition 3.

In turn, in the manual task, there is maximal mismatch |yys — xp7|. To see this, notice that

\/]—_py o+ 2
Joos= 0—\/1_ > = Jaslszo for |[pa| = |pyl
\/1+25(px/0y 1—pi\/1—p3) +62

._.
|
i)
<

ﬁ
|
s
)

7

since

AT
V1-p2

\/1+25pacpy \/l_py\/l_px +52
(1= pp) (1 +20(pepy + (/1= p2\/1— p2) +6%) > (1= p2)6% + 264 /1 — p2/1 — p2 + (1 — p})
(1_py 26p$py+\/1_py\/1_px +52 2(1_/)3: 52+25\/1_py\/1_px
2(pepy(1 = py) — P/ 1 — P2/ 1= P2+ 6%(p2 — p3)) 2 0 for |pu| > |pyl.

Since Joals2o > 1 if |pz| > |py|, the result follows. Also,

\/1—p2
Vioa (e Y2)
Vi-s \/1+25(pxpy+\/l—pix/l—p%)+52

37

= Joilszo for p, <p,

Jotls=0 = py — pa

since for p; < py,

1—p
/1= P2 5<py px\/—pg)
P = >
VIi=r: \/1+25(pmpy+\/1—05\/1—p%)+52
< \/1+25(pxpy+\/l—pf,\/l—p%)+52>5
& 20(papy +1/1—py/1—p3) >0

Clearly, for p, = py, Jo1ls20 = Jo1|s=0- Since Jai|s20 > 0 if p, < py, the result follows.

Py —

(iv) Task-biased TC has no effect on sorting for p, = p,. Follows from (ii) in proof of Proposition 5.
Furthermore, task-biased TC has maximal effects on reallocation (i.e. , 8‘]“ ls=1, 8‘]12 ls=1, 8‘]21 ls=1
a‘]” |s5=1 are largest) when |p, — p,| is maximal. To see this I first show that these expressmns
2y 02|y = 20215, So, it

and
do not have an interior maximum. Notice that

ls=1 = |513L1fld



suffices to show this for two of the four expressions. Recall that

V1-p2 1
0J11 B V1-p2
r= 85 |5 1= 3 n (75)
22(2420(papy + /1 — Py 1 —p))?
Py~ e Y
- 87‘]12“ L= VAT (76)
a0 23 (24 20(papy + V1= 02/1—p2))%
Then,
Vi A—2./1— 1 (/e _ 1=ry
a{r (17 ) +pxpy + 1 p,I, 1 py 2 /17p:2E 1 Py Pz /1717?, (77)
Op: 25 (14 pepy + /1 — p2/T— p2)2
1 (VA _ VR

or _ ﬁm (L+ papy + /1= p2\ /1= p}) — 2(@ 1> (pm py‘/ﬁ) (78)

Py 25 (14 pupy + /1 = p2/1=p2)2

2
Vi-ry 2 / L0y

95 ~ i (1 + 1fPi> (L4 pepy + /1= p2, /1 —p2) +5(py— m (79

Opa 23 (14 papy + /1 — p2/1— p2)3

2
PyPa (1 1= 1 (Pay/1=p5 —py/1-03)

s ( e i py) +papy + /1 =21 = pf) + 2T i i )

apy 2%1+p1py \/1_pyV1_Pm%

Expression (77) is negative for all p;, p, < 0 and positive for all p,,p, > 0. At p, = p, = 0, the
expression is zero, indicating a minimum (i.e. no reallocation when p, = p,). Expression (78) is
positive for all p., py, < 0 and negative for all p,,p, > 0. At p, = p, = 0, the expression is zero,
indicating a minimum (i.e. no reallocation when p, = p,). Hence, (75) has no interior maximum.
Also, (80) is positive Vp,, py. Evaluating (79) at the corners p, — 1 and p, — —1 yields a strictly
positive and a strictly negative expression. Hence, (76) has no interior maximum. The supremum of
(75) and (76) must be in the corner. In a second step, it can be shown that (75) and (76) are most
positive or negative for p, = +1 and p, = 0 as well as p, =0 and p, = +1. m

Proof of Proposition 8. .
(i) The results follow from simulations of the closed forms (71) and (73). Available upon request.
(ii) Wage Curvature. Wages are convex in z¢ and x )/ since

O?w(xc,rar)
oxZ,
O?w(xc,rar)
&r%w

=aJ;;1 >0

= ﬂJQQ > 0.



Consider task-biased TC (§ decreases), triggered by an increase in « (one could additionally assume
B decreases). For |py| < |pyl, J11 < 1 and % < 0 as well as Joo < 1 and % > 0, where Jq1, Joo
are defined as in (74). It follows that for |p;| < |pyl,

aazw(xcﬂﬁM)

ox?, B 0Jy11 96
da s g 70
?w(xc,xnr)
9 ax% n . B&IQQ@ <0
Oa 798 da ’

Hence, due to task-biased TC, wages become more convex in x¢ but less convex in x ;. Notice that
additionally decreasing S reinforces the effects. Finally, the result that that the curvature changes

are largest follows from Proposition 7 part (iv). m

C.2 Skill-Biased Technological Change (Section 4.2)

The wage function under the augmented technology

F(ze,xar,yo, yum) = alzeye + 0y + Axe + dnzar) + fo (81)

is given by
1 /7 / 1 7
w(zo,xr) = §XJX+9X +w0:§a(x—h) J(x—h)+C (82)

where

jE Jll(pw7py76) Jl?(pxapya(s) , 9= A 7 x = rc ’ h:_j_le7 C:wo_lae/j_la
8J21(pay Py, 0)  6J22(pas Py 6) n Ty 2

Proof of Proposition 9. (i) It is immediate that assignment (57) satisfies the first-order conditions
of the firm under (81). (ii) (82) satisfied integrability condition (6), i.e. is the unique wage schedule
supporting the assignment. From (82), skill-biased TC parameters A and 1 do not affect the curvature

of the wage function. (iii) Under (82), the variance of the wage distribution is given by:

Var(w) = o®(1-p}) ((le +J11pe) + %121(1 - pi)) +(1=p) X +a”2 (J;/)i + podiz + (Sé”)z+(pmA+n)2

(83)
For py > 0, Var(w) positively depends on A and n (i.e. the effect of skill-biased TC on Var(w) is
ambiguous). For p, < 0 and —p A > 7, Var(w) positively depends on A and negatively on 7 (i.e. in
this case, the effect of skill-biased TC on Var(w) is unambiguously positive). To derive (83), notice
Ja2 o

1)
E(w]a:M) =« <E(JJ%|$M) + J12$ME(:Uc|xM) + 21‘M> +nxpr + )\E(mc\xM)

; o
—a (”(pix?w +(1—p2)+ 22295?\4> +parm(@dizn +A) + 0z



J 8.J22\ "
Var(E(w|zar)) = o*Var(z3,) (211/035 + prJi2 + 222> + Var(zar) (pa) +n)?

2 Ji1 2 d.J22 ? 2
=a?2 <2px +pehia+ =5 )+ (e A+ ) (84)

since cov(z3,,z0) = E(23,) — E(zp)E(23,) = 0. Moreover,

2J2
Var(w|zy) = Var(zo|zay) (o Jiazi, + \2) + Var(a;zcla:M)a 1 cov(zd, xolear) (@ T Jiaxar + N)
where
Var(zclear) = B(zglen) — (B(aglear))® = 4p503,(1 = p2) +2(1 — p3)°
cov(xg, xclen) = E(xélem) — Elaglen) E(zc|rm) = 2p0m(1 = p3).
Hence,
2 24(,.2 2, Jh 2 2 2
Var(wlzar) = (1 = p2) (@ (V2 + peJ11)” + 57) (1 = p2)) + (1 = p2) (poJuiAzar + X7)
J2
E(Var(wley)) = a®(1 = p3) (12 + pain)? + THL = p7)) + (L= p2)N%. (85)

2
(83) follows from adding (84) and (85), i.e. Var(w) = E(Var(w|zar)) + Var(E(w|xy)). =

D Relaxed Sufficient Conditions for PAM

Section 2 provides a distribution-free sufficient condition for assortative matching, under which be-
tween-task complementarities are shut down. In turn, this section makes assumptions on the skill
and productivity distributions, under which the sufficient conditions for PAM/NAM can be relaxed,
allowing for non-zero between-task complementarities. The first subsection deals with Gaussian dis-
tributions. The subsequent one with independent uniform distributions or arbitrary but overlapping

skill and productivity distributions.

D.0.1 Gaussian Distributions

Suppose the skill and productivity distribution are bivariate standard Gaussian and the technology

is given by:
F(xc,zm,yc,ym) = v(xcyc + axcym + Bravyc + 0xaynr) (86)

In this setting, with non-zero between-task complementarities, the sufficient condition for PAM/NAM

is stated in the following proposition.



Proposition 10 (Sufficient Condition for PAM in Gaussian-Quadratic Setting) Suppose that
(xc,zn) and (yo,yar) follow bivariate Gaussian distributions and the technology is given by (86). If

F,

D2 F(x,y) = zoyo  Froym _ 1 «a
w Forvrye Fryyu B

is a strictly diagonal dominant P-matriz (P~ -matriz) by row and column, then the equilibrium as-
signment satisfies PAM (NAM).

Proof. A matrix M is strictly diagonally dominant if [m;;[ > >°,; |mij|,i = 1,2,...,n and row
diagonally dominant if |mg;| > Zj# Imjs|,i = 1,2,...,n. In this setting, Dgy is strictly diagonally
dominant if 1 > § > |a| and 1 > § > ||, which is assumed to hold. The proof will be given for PAM
and standard Gaussian distributions. The proof for NAM is equivalent (just match up the marginal
cdf’s in a decreasing instead of increasing way). The extension to non-standard Gaussian variables

is given in the Online Appendix.

Under (86), integrability condition (6), which needs to be satisfied in order for a unique wage

schedule to exist, is given by:

32w($c,$M) _ 82w($Cva)

Oxcdry  OxyOzc
& Jio+ady = BJi +6Ju (87)

_ Oy¢ _ Oyg _ Oy, _ 9y3 . :
where Ji1 = ﬁ, Jig = ﬁ, Jo1 = 8:5]\01"]22 = ax% denote the elements of the matching function’s

Jacobian. Using (87), the equilibrium assignment follows Proposition 3. It is given by

4
J11:m((1+04py) 1= p2+ (6 +apz)y/1—p5)
4
J12:m((ﬁ"‘fspy)vl_fo%_(5)%"'04)\/1—05)
4
- - /T— 2 — [1_ 2
4

J22 =

m((6+ﬁpy) 1—p2+(1 +5pm)m)

where

’ 2
z;\J<(1+6)<\/W+\/ﬁ>+(a+5><\/mi\/ﬁ>> +<<176><\/W7\/§>+(a—ﬁ)<\/m+\/q>> |
1—pa 1+ pe 1—pz 1+ pe 1+ pg 1—pa 1+ pa 1= pu
PAM holds since Vp,, py,

J11>O if 126>|O¢|
Jog >0 if 125>|ﬁ|
Det(J,) = Jirdaa — Ji2J21 >0 if 1>6 >8], |al,



where determinant of the matching’s function Jacobian reads

Tiras — Jiadat =——0[(1— p2) (1 + apy) (6 + pyB) — (py + @) (pyd + 5))

271 — p2 ~
+ V1= p2y /1= pf (14 apy)(L + pzB) + (6 + apz) (0 + pyB) + (py + @) (0pz + @) + (pz + B)(pyd + B))

=Y

+ (1= p)) (6 + aps)(1+ poB) = (pa + B)(3ps + )]

=Z

where X and Z are positive under diagonal dominance and where Y can be expressed as:

Y =1+ a% 4 2+ 6% +28ps + 26(8 + pa)py + 2a(5px + py + Bozpy)

It remains to show that Y is positive. Notice that Y is linear in each of the correlations, p, and p,.
Hence, the infimum of Y must be in a corner. If Y is positive in all corners, then Det(J,) > 0. To
simplify this argument, I evaluate Y at p, =1 and p, £ 1 (since if Y is positive at the corners it is
also positive arbitrarily close to the corners)

¥lpoepyet = (140 + (@ +8))* > 0
Ylpmpyemt = (14+3) = (@ + B))? > 0
Ylpotpye1 = (1= 6) — (a— 8))* > 0
Ylpetpye1 = (1= 8) = (a = B))* > 0

which proves the result. m

D.0.2 Non-Gaussian Distributions
This section states the sufficient condition for PAM

Proposition 11 For (a) independent uniform skills x ~ U([z,Z]™) and productivities y ~ U([y,y]"V)
or (b) whenever G=H, if Din(x,y) is a P-matriz everywhere and, moreover, positive definite along

the equilibrium path, then the equilibrium assignment is PAM.

Proof. I prove this result in four steps:

1. Step: There exists a feasible PAM allocation. Consider (a). Denote by Hy, Hy,,, Gy., Gy,, the

marginal cdf’s of x¢, xyr, yo and ypr, respectively. Due to independence, the market clearing in line
with PAM can be specified as

(1= Hyo(20))(1 = Heyy(war)) = (1 = Gye (o)) (1 — Gy, (ym))-
Because of PAM, match up the marginals within each dimension

H:rc (:L‘C') = Gyc (yC)
Hg,, (xnr) = Gy (ynr)



which gives the assignment functions:

y—y y—y

Yyo=—"x0—Tx———+Y (88)
T—2x T—x
y—y y—y

Y = ———apy —T——+y (89)
T—2x T—2x

Both (88) and (89) are in line with PAM since ayc > 0 and 8yM > 0 as well as gg—ggg—ﬁ— %%—]‘g > 0.

Consider (b). A PAM allocation is given by yc =zc and yM = xp7, which is clearly feasible.

2. Step: The PAM allocation from Step 1 satisfies the firms’ necessary second-order conditions for
optimality under the P-matrix property of D2y. Recall from the proof of Lemma 1 that the Hessian
of the firm’s problem is given by:

H* = DL, F(x,y") — D3w(x) = —(D3,F(x,y")(Day”) (90)

In the PAM allocations from Step 1, D,y* is a diagonal matrix. Since D%yF is a P-matrix, the ma-
trix product (DgyF (x,¥"))(Dzy™) is positive-definite and, hence, the Hessian (90) is negative-definite.

3. Step: The PAM allocation from Step 1 satisfies the integrability condition (6). Hence, there exists
a unique wage schedule supporting this allocation. To see this, first focus on (a). Since D,y™* is
diagonal, (6) collapses to

7 oY ¢

TCYM dx s = Fzpyo drc (91)

which must hold at the equilibrium path. Using (88) and (89), this simplifies condition (91) to
y—y y—y

E IcyMﬁ - i

which holds under the assumption of positive-definiteness of DgyF (Froyy = Fapye) along the

equilibrium path.

Consider (b). Under the assignment yo = z¢ and yy = 2, (6) collapses to

F,

TCcYm

= Fayyo

which again holds under the assumption of positive-definiteness of DgyF (Froyn = Frpye) along the
equilibrium path. Hence, for both (a) and (b), there exists a unique wage schedule that support the
PAM allocation from Step 1.

4. Step. Since DgyF is a P-matrix everywhere, the equilibrium is globally unique (Proposition 1).

Hence, the PAM allocation from Step 1 is the unige equilibrium. m



E Quantitative Analysis

E.1 Construction of Skill and Productivity Distributions

As far as the productivity distribution is concerned (i.e. the distribution of y’s), I use the data
by Sanders (2012) who classifies occupational skill requirement into two categories, manual and
cognitive. He then aggregates this large amount of information, using Principal Component Analysis,
to get two task scores for each occupation (i.e. yc and yps). Using this procedure, task scores
are obtained for over 400 occupations. The scores have an ordinal interpretation and allow to rank
occupations according to their manual and cognitive skill requirements. I interpret these occupational
task scores as the (y¢,yar)-bundle from my model. I drop the observations whose (yc, yar)-bundles
are missing. Table 3 provides some examples of occupations and their manual and cognitive skill
requirements, starting with low-skilled jobs (requiring low amounts of both skills), followed by manual
jobs, generalist jobs (requiring a fair amount of both skills) and purely cognitive jobs. Summary

statistics of the (yc, yar)-bundles are given in the Online Appendix.

Occupation Cognitive score (yc) Manual score (yar)
Ushers, Lobby Attendants, and Ticket Takers .1846 .3149
Telephone Operators .2994 1383
File Clerks .3190 .3099
Legal Secretaries .3796 .0731
Brickmasons, Blockmasons, Stonemasons .1705 .8360
Helpers—Pipelayers, Plumbers, Pipefitters, Steamfitters .1759 6792
Helpers—Carpenters .1984 L7187
Dancers .3374 1
Radiologic Technicians 4280 .6470
Machinists 4303 7152
Physical Therapist Assistants 4758 .5494
Electricians 4879 .8146
Economists .6149 .0334
Public Relations and Fundraising Managers .6199 .0587
Judges, Magistrate Judges, and Magistrates 6752 .0517
Physicists 1 1113

Table 3: Examples of Occupations’ Manual and Cognitive Skill Requirements

To construct the skill distribution, I proceed as follows. College, apprenticeships and training
qualify workers for particular occupations. I match the data on college degrees and apprenticeships
to occupations, using standard cross-walks. Then, the (yc,yar)-bundles from the O*NET data can
be used to learn about the skills required for these occupations. I assume that if a worker is trained
in a particular occupation (through college, an apprenticeship or on-the-job training), then he also
holds the skills required for that occupation. For instance, if a worker holds a degree in economics
and the occupation economist has skill requirements (yo = 1.34,yp = —1.58), then he holds the
skills (z¢o = 1.34, zpy = —1.58).

To construct the skill distribution in a given year, I use each worker’s occupational training

experiences up to the previous year as well as his educational history, giving a vector of manual and



cognitive skills for every agent in the data.’® To obtain a single cognitive and a single manual skill
from the skill vectors, I take the mazimum skills from the vectors.?* For instance, if a worker who is
economist by training (with skills (xz¢c = 1.34, 25 = —1.58)) had a previous career as a dancer (with
skills (zc = —0.25, )7 = 2.2)), then he holds the skill bundle (z¢ = 1.34, 2); = 2.2), implying that
he is qualified for both jobs with high cognitive and jobs with high manual skill requirements.

In the NSLY, there are observations to whom I cannot assign any skills either because there is no
information on training or degrees. These agents might be educated and the information is simply
missing. Or they are low-skilled and do not have any degrees. In many cases, the latter is true:
Skills are missing for low-skilled workers who have never received a degree or training. The number
of observations that are not assigned any skills from education or training is non-negligible. During
the period considered (1992-2000), this affects 20%-30% of the NLSY observations.

If the skill information is missing but if the workers have received some education, I assign them
cognitive and manual skills through a random draw from the distribution of skills of similarly educated
people. For instance, if the skill data of a worker with high school degree in the US is missing, he gets
a random draw of cognitive and manual skills of the distribution of other high school graduates who
do have skill data.?® On the other hand, if the worker with missing skill information has no education
at all (high school drop out), then I assign to him the lowest cognitive and the lowest manual skill
from the data set.’® Finally, to reduce the discreteness of the skill distributions and better align them
with the continuous distributions of the model, I add random noise to each skill observation, which

is in size 5% of the variance of the corresponding skills. Similarly, for the productivity distribution.

E.2 Maximum Likelihood Estimation

The system of equations used for the ML-estimation is given by

1 1
w = 50&71137?; + aJiszcxy + §ﬁ.]22x?v[ + Axc +nxpr + wo + €

yo = Juixc + Jioxym + €c

ym = Jonxc + Jaox iy + €

where I assume measurement errors e, ¢, €37 with e, ~ N(0, 52), ec ~ N(0,t?), epr ~ N(0,u?). Then,

1 1
wlre, T ~ N(ﬁajllmQC +aJiexory + §ﬂJ22332B + Azc + naa + wo + €y, 5%) (92)
yelre,xm ~ N(Jnze + Jioww, t2) (93)
ymlre, o ~ N(Jo1xc + Joswar, u?). (94)

531 do not use the training received in the current year to avoid an extremely high correlation between skills and skill
requirements, which might be mechanical if a worker receives some training in nearly every job.

>4 Taking averages leads to similar results in the analysis.

551 might over-estimate the skills of those workers with missing data if their skills are missing because they have not
acquired any skills after high school. However, drawing the missing skills from the lower part of the distribution of
other high school graduates leads to similar results in the following analysis.

56To decrease the discreteness of the distribution, I let them randomly draw their manual and cognitive skills from
below the tenth percentile of the economy’s marginal skill distributions. Nothing in the analysis hinges on the tenth
percentile. The reason why I chose it is to assign low skills to low-skilled workers.



Denote the parameter vector by 6 = (Ji1, J12, Jo1, Jaz, a, B, A\, n, wo, s,t,u) and the data vector z =
(21, ...2zn) where Vi = 1,..n,z; = (w;, yci, Ymi, Tcoi, Tari); 7 is the number of observations. Due to
conditional independence of w,yc,yn given [xc,xar, @, 8, Ji1, Ji2, Jo1, J22, A, 0, wpl, the likelihood
function is given by

L(0)|z) = I, [wi, yoi, ymilxoi, ase, @, B, Ji1, Ji2, Ja1, Jaz, A, 1, wo) (95)
= H?:l[wi|xci7xMi7aw87 Ji1, Ji2, Jot, J22,/\,777w0]

x Iy [ycilres, aris Jiv, iz, Jor, Joo] X Iy [yari| e, ©aris Jit, Jiz, Jo1, J22)

From (95), one obtains (18) when using (92)-(94) and taking logs. The parameter estimates are
obtained by maximizing (18) with respect to 6.

a B A 7 wo J1 J12 Jo1 J22 s t u
1992 2.7291 1.5009 2.7962 0.2079 15.1680 0.3627 —0.0957 —0.1687 0.3309 8.6916 0.9150 0.9137
(0.6090) (0.7244) (0.1668) (0.1677) (0.2380) (0.0178) (0.0173) (0.0175) (0.0176) (0.1151) (0.0121) (0.0121)

1993 1.9176 0.6535 2.9093 —0.0327 15.7141 0.3824 —0.1125 —0.1954 0.3311 8.8081 0.9051 0.9025
(0.5815) (0.7168) (0.1685) (0.1677) (0.2405) (0.0175) (0.0172) (0.0173) (0.0172) (0.1163) (0.0120) (0.0119)

1994 1.1832 0.3048 3.0329 —0.0196 16.3309 0.4202 —0.1045 —0.2409 0.2957 8.8550 0.8929 0.9096
(0.5479) (0.8175) (0.1683) (0.1682) (0.2386) (0.0170) (0.0170) (0.0172) (0.0173) (0.1176) (0.0119) (0.0121)

1996 3.4585 2.6730 3.8010 —0.4512 15.9802 0.4238 —0.1342 —0.2573 0.2935 11.3905 0.8890 0.9088
(0.7968) (1.1946) (0.2396) (0.2379) (0.3398) (0.0188) (0.0182) (0.0190) (0.0192) (0.1670) (0.0130) (0.0133)

1998 3.3866 1.2076 3.8139 0.2278 17.2972 0.4680 —0.0773 —0.2756 0.3198 11.1818 0.8643 0.8931
(0.6682) (0.9832) (0.2173) (0.2170) (0.3117) (0.0168) (0.0164) (0.0173) (0.0173) (0.1515) (0.0117) (0.0121)

2000 3.1358 0.8954 4.7352 —0.1773 18.4752 0.4870 —0.0986 —0.2695 0.3675 13.4909 0.8624 0.8761
(1.0472) (0.8028) (0.2641) (0.2632) (0.3792) (0.0168) (0.0167) (0.0170) (0.0171) (0.1842) (0.0118) (0.0119)

Standard errors in parentheses

Table 4: Maximum Likelihood Estimates for Years 1992-2000
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Figure 10: Wage Densities by Worker Group (Data)
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Figure 11: (De)Convexification of Wages 1992-2000: Data and Model (TBTC and SBTC). This figure
displays the wage as a function of cognitive skills (upper panels) and manual skills (lower panels),
comparing data and model, where the model is simulated separately for task-biased TC and skill-
biased TC. To construct these figures, I use conditional wages. For instance, in the upper panels, the
plotted wage is the residual wage from regression wages on manual skills. Task-biased TC gets the
shifts in the curvature of the returns qualitatively right. In line with the data, task-biased TC makes
cognitive (but not manual) returns more convex. To the contrary, skill-biased TC causes cognitive
returns to become simply steeper (but not more convex) and manual returns to become more convex.
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