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Abstract

I develop an economic framework to evaluate the impact of a technologi-
cal innovation on labor demand and inequality, decomposing the effects into
five channels that are quantified using data that corporations routinely collect
in their accounting and financial planning and analysis departments: (i) the
direct channel captures how the innovation changes factor inputs for given
output; (ii) the demand channel reflects how pricing decisions affect product
demand; and (iii) the factor reallocation effect captures how redundant fac-
tors are redeployed in the economy. When supply chain effects matter, (iv)
the vertical channel traces the effects on factor demand along a firm’s value
chain. Moreover, when there are significant within-industry demand effects,
(v) the horizontal channel analyzes how factor demand among competitors
and providers of complements is affected. The framework informs compa-
nies, policymakers, and civil society about what types of innovations and pol-
icy environments are desirable to deliver shared prosperity. I also provide
a sample application of how an automation tool introduced in the fast food
industry would generate a redistribution from unskilled to skilled workers.
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1 Introduction

Recent advances in artificial intelligence (AI) and related emerging technologies
(ET) have led to widespread concerns about job displacement and increases in
inequality. In prior decades, there was a widely-held belief among economists that
technological progress will ultimately lift all boats. However, the experience of the
most recent decades has led to a rethinking and a recognition that workers may
in fact be made worse off by some technological advances (see e.g., Acemoglu
and Restrepo, 2018; Berg et al., 2018; Korinek and Stiglitz, 2019). This raises the
question of how to distinguish innovations that would benefit workers by increas-
ing their marginal products versus innovations that would reduce the competitive
market wages of workers. The question is complicated by the fact that a significant
part of the effects of an innovation depends on general equilibrium effects that are
not immediately obvious to innovators who develop a new technology.

I develop an economic framework to evaluate the impact of technological ad-
vances on the equilibrium demand for different types of labor, and to analyze how
these effects depend on both the pricing strategies of innovators and the insti-
tutional structure of the economy, including its market structure and intellectual
property regime. The labor market effects of an innovation are decomposed into
five distinct channels: a direct channel, a demand channel, vertical effects along
the firm’s value chain, horizontal effects among competitors and providers of com-
plements, and a factor reallocation effect that captures how redundant resources
are redeployed in the economy. The objective of the framework is to help to inform
companies, policymakers, and civil society about what types of AI/ET innovations
are desirable from the perspective of avoiding excessive worker displacement and
to contribute to economic growth with shared prosperity rather than growing in-
equality.

The framework distinguishes the effects of a technological innovation on factor
demand and by extension on inequality into the following channels:

1. The direct effects capture how an innovation changes an organization’s fac-
tor demand for a given level of output. It reflects that under a new technology,
the composition of factor inputs may change. For example, the organization
may need less labor input or more energy input to produce the same amount
of output. In general, an innovation implies that the same amount (or the
same quality-adjusted amount) of output can be produced with fewer inputs,
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thereby increasing efficiency. When an innovation reduces the amount of a
factor that is demanded, it is frequently labeled a “displacement” effect.
Keeping track of this direct effect is important because it reflects the most
tangible impact of an innovation without relying on economic modeling as-
sumptions – it is therefore most immediately accessible to innovators. How-
ever, it is definitely not a full guide to the labor market effects of a given
innovation.

2. The demand effects of an innovation reflect that an innovation generally
triggers an increase in demand, either because it leads the innovating orga-
nization to lower its prices or because it leads to better products (i.e., lower
prices per efficiency unit of product). The demand effect depends crucially
on the firm’s pricing strategy, which is in turn influenced by the competitive
landscape in which the organization is operating, its market power, and the
prevailing intellectual property (see e.g., Furman and Seamans, 2019).

3. The factor reallocation effect captures what happens as the economy re-
equilibrates to clear factor markets after all of the other described effects
have taken place. It reflects that innovation-induced changes in factor de-
mand necessitate changes in factor prices. For example, when one type of
labor is made redundant by an innovation, wages for type of labor need to
decline so it can be reallocated to other sectors of the economy in the short-
to medium term. Likewise, increases in factor demand are met by reallocat-
ing the factors from elsewhere in the economy and correspondingly reducing
output in the sectors from which the factors are drawn.1 For example, if one
organization hires more AI engineers, then in the short term, they are drawn
from other sectors in the economy, reducing output there.

These three channels capture the full effects of a technological innovation that
is contained to a given sector in general equilibrium. In some applications, it is
furthermore desirable to break out two additional channels that are relevant in
specific circumstances and that we analyze in two extensions.

4. The vertical effects of an innovation include how changes in an organiza-
tion’s demand for inputs feed through the organization’s supply chain and in

1For factors that are in variable supply, including elastic labor, demand changes will also result
in a supply response, e.g., some of the workers who are in less demand will reduce hours worked
or will drop out of the labor market altogether.
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turn lead to changes in factor demand among the organization’s suppliers.
For example, if the new technology requires fewer inputs of a labor-intensive
intermediate input, then it will lead to less labor demand among the organi-
zation’s suppliers. These effects can be captured in an “all-in” factor demand
function of the organization.

5. Horizontal effects capture that an innovation and the resulting demand ef-
fects at one organization will also affect the producers of competing prod-
ucts that are substitutes as well as the producers of complementary prod-
ucts. Typically, an innovation at one organization will shift demand away
from competitors to the innovating organization as consumers move their
demand there to take advantage of lower prices or higher-quality products.
This means that competitors typically reduce their all-in factor demands.2

Moreover, the increase in demand for the products of the innovating firm
also frequently leads to an increase in the market for complements, e.g., ac-
cessories or services for the products, who will therefore expand their all-in
factor demand.

Together, these channels account for the full general equilibrium impact of a tech-
nological innovation for given factor supplies.

As a sample application of the described framework, I consider a fast-food
chain that employs an AI-assisted robot technology that replaces 10% of the un-
skilled workforce but requires additional skilled engineers to operate the technol-
ogy. Working through all five channels described above, I find that the technology
would reduce the wage bill of unskilled workers by more than $200m while in-
creasing the wage bill of skilled workers by more than $100m.

In the longer term, the effects analyzed so far may be complemented by a factor
accumulation (or factor deepening). This effect may capture that in the longer
term, changes in factor demand may affect the accumulation of those factors that
can be accumulated, such as physical or human capital. For example, greater
demand for capital will lead to what is called “capital deepening” – an increase
in the amount of capital per capita that is accumulated. Similarly, changes in

2For example, Acemoglu et al. (2020) and Koch et al. (2021) document that the adoption of
industrial robots led to increases in employment at adopting firms but decreases in employment at
competing firms, suggesting that the latter are losing business to the innovating firms that adopted
robots.
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the demand for human capital will lead to the accumulation or decumulation of
specific types of human capital. These factor accumulation responses may over
time undo some of the adverse effects of technological innovations on specific
factor earnings.

An additional interesting question is how a given innovation today will affect the
future path of innovation. There are competing effects at work. On the one hand,
a “stand on the shoulders of giants” effect captures that an innovation allows for
future follow-up innovations that build on it. On the other hand, the “fishing out
the pool” effect captures that whenever one innovation is developed to solve one
problem, the next problem will be more difficult to solve. Moreover, these effects
are largely external to the organization under consideration, implying that they
represent externalities. These questions are of a more technological nature and
are beyond the scope of the given economic framework.

An observation about the role of uncertainty in the described framework: The
effects of an innovation are rarely foreseeable with certainty since innovation is
inherently about something novel. In an ex-post evaluation of the impact of an
innovation, this does not matter. But if the framework is used to evaluate the fu-
ture effects of an innovation, there will always be uncertainty about the described
effects. Depending on the application, it is important to properly take this uncer-
tainty into account. For example, if the framework is employed with an eye towards
ensuring that an organization’s innovations do not hurt workers, a risk-averse so-
cial welfare function that weighs potential losses for workers more heavily than
potential gains would be appropriate.

Literature There are three strands of economic literature that are closely related
to the topic of this paper.

One of these strands provides a rich positive analysis of the effects of technol-
ogy on labor and goes back all the way to Keynes (1930). More recent prominent
examples include Autor (2015, 2019), Bessen (2016), Acemoglu and Restrepo
(2018, 2021), Autor and Salomons (2018), Acemoglu et al. (2020), among others,
who focus on documenting the effects of past technological changes at the sec-
toral or economy-wide level. Our contribution is to lay out a framework that allows
us to evaluate the macroeconomic effects of one specific technological innovation.

A second strand of literature provides predictions for how artificial intelligence
and related technologies will affect labor demand in the future, focusing on how
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easy to replace different jobs in the economy are. Examples include Frey and
Osborne (2013, 2017), Manyika et al. (2017), Brynjolfsson et al. (2018), Lund
et al. (2019) or, with a more futuristic focus, Bostrom (2014), Tegmark (2017) or
Korinek and Juelfs (2022).

A third strand of literature calls for efforts to steer technological advances to
be more labor-friendly, for example Costinot and Werning (2018), Acemoglu and
Restrepo (2019), Klinova (2022) and Korinek and Stiglitz (2021b); this paper com-
plements their calls with a careful analysis of how to do so. The contribution of this
paper is to provide a tangible framework that innovators can employ to evaluate the
implications of specific technological innovations on factor demand and that relies
on data that corporations routinely collect in their accounting and financial plan-
ning and analysis departments. Moreover, the framework does not impose para-
metric restrictions on innovators’ production technologies and is therefore flexible
enough to account for the wide range of production technologies that companies
and other organizations may employ.

2 General Model

2.1 Environment

Consider an economy with a representative agent who is endowed with h =

1, ..., H factors of production L = (L1, . . . , LH) that are in fixed supply. These fac-
tors include the traditional factors labor and capital but may be differentiated into
as many subcategories as is useful for the impact analysis performed. For exam-
ple, it will frequently be useful to distinguish different segments of the labor market,
differentiated e.g., by skill level, skill category, or geographical location. What mat-
ters is that each defines a separate market segment of factors that are imperfectly
substitutable. When useful, capital may be differentiated into reproducible capi-
tal like machines, or into land, natural resources, energy, etc. Additionally, it will
frequently prove useful to include a fixed factor E to which any profits accrue, as
these play an important role in the distributive analysis that we conduct.

Aggregate Production Technology The agent derives utility from a final good,
which is an aggregate of j = 1, . . . J differentiated intermediate goods (C1, . . . , CJ)
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that are combined using a production function

C = G (C1, . . . , CJ) (1)

which is increasing in each element and quasi-concave and satisfies constant
returns to scale.

Example 1 (CES Aggregator). A commonly used production function that satisfies
the assumption is a CES aggregator with elasticity of substitution σ

C =

[∑
j

ajC
σ−1
σ

j

] σ
σ−1

for σ ̸= 1 or C =
∏
j

C
aj
j for σ = 1 (2)

where the weights aj determine the importance of good j in final output and satisfy∑
j aj = 1.

Intermediate Goods Technologies An intermediate good j is produced by em-
ploying a vector of factor inputs ℓj = (ℓj1, . . . , ℓjH) ≥ 0 in a production function
Fj (ℓj, Aj), which is quasiconcave in ℓj, and where Aj reflects technological char-
acteristics. This production function is indexed by j since it will generally differ
across different intermediate goods. A simple example is a Cobb Douglas func-
tion, F j (ℓj, Aj) = Ajℓ

αj1

j1 · · · ℓαjH

jH , which combines production factors with differ-
ent weights αjh ≥ 0 at overall productivity Aj. Another example is a production
function requiring fixed cost ℓ̄j before output can be produced using a function
F̃ j

(
ℓj − ℓ̄j;Aj

)
so that F j =

{
0 if ℓj < ℓ̄j; F̃

j
(
ℓj − ℓ̄j;Aj

)
if ℓj ≥ ℓ̄j

}
. Below in Sec-

tion 4, we also consider an extension that allows for inputs of other intermediate
goods and therefore allows us to capture production networks.

Discussion The model structure is intentionally kept simple to focus the anal-
ysis on how technology affects factor demands. Although we do not do so in
the present article, there are several dimensions in which the framework could
be extended and that may be relevant in certain situations. First, assuming con-
stant returns for the final goods aggregator and a representative consumer implies
that there is a single consumption basket and that the demand for intermediate
goods is independent of the level of income and of who receives the income in
the economy. This may be a useful first approximation, but it is well known that
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consumption baskets differ by income levels and geographical location. By im-
plication, redistributions of factor income may give rise to changes in the relative
demand for intermediate goods. Second, endogenizing the factor supplies, which
are currently exogenous, would introduce another dimension of adjustment that
could mitigate the price effects of changes in factor demand. Whereas labor sup-
ply is relatively inelastic, this matters a lot for factors that are supplied relatively
elastically.

2.2 Market Structure

Taking final goods as the numeraire, denote by w = (w1, . . . , wH) the vector of
factor prices at which the factors of production L = (L1, . . . , LH) trade, and by
(P1, . . . , PJ) the vector of goods prices at which the intermediate goods (C1, . . . , CJ)

trade in the market. The representative consumer supplies all her factor endow-
ment, earning factor income I = w · L, and chooses a consumption bundle of
intermediate goods C = (C1, . . . , CJ) by solving

max
C

G (C1, . . . , CJ) s.t. P · C ≤ I

which can be solved for the Marshallian demand functions

Cj = Dj (P ; I) (3)

In the CES example above, the demand function for good i is Dj (Pj; I) = aσj I/P
σ
j .

Intermediate goods producers We consider several scenarios for intermediate
goods producers and do not restrict our analysis to a specific setting among these:

A representative competitive firm i in sector j takes both the goods price
Pj and factor prices w as given. Denoting by Aj the technology parameters of the
firm, it solves

max
ℓi

PjF
j (ℓi;Ai)− w · ℓi (4)

where the inner product w · ℓi =
∑

h whℓih reflects the total factor expenditure. The
vector of factor bills bi = (bi1, . . . , biH) is given by the element-by-element product
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bi = w◦ℓi = (w1ℓi1, . . . , wHℓiH) and reflects the total amount that the representative
firm spends on each factor h.

The dual to this problem is the representative firm i’s cost minimization prob-
lem, which defines an H-dimensional factor input demand function to produce
output level Yi for given factor prices and technology,

Li (Yi, w;Ai) = argmin
ℓi

w · ℓi s.t. F j (ℓi;Ai) ≥ Yi (5)

Using the partial derivative LY = ∂Li/∂Yi of this function, the solution to the firm’s
profit maximization problem can be written as

Pi = w · Li
Y (·) (6)

A monopolistic firm i in sector j under CES final demand takes factor
prices as given but internalizes the consumer’s demand function for intermediate
good j. The consumer’s optimization problem when the aggregator function G (·)
takes the CES form (2) with elasticity σ > 1 gives rise to the demand and inverse
demand functions

Cj (Pi; I) =

(
ai
Pi

)σ

· I P j (Ci; I) = ai

(
I

Ci

) 1
σ

The monopolistic firm i with technology Ai solves

max
Yi

P j (Yi; I)Yi − w · Li (Yi, w;Ai) (7)

which gives rise to the optimality condition(
1− 1

σ

)
Pj = w · Li

Y (·) (8)

Compared to a competitive firm’s optimality condition (6), a monopolistic firm
charges a markup of 1

σ−1
over its marginal cost and earns profits πi =

1
σ
PjYi.

Observe that the behavior of the described monopolistic firm is isomorphic to
that of a representative competitive firm i that combines output from production
function F j (ℓi;Ai) with a fixed factor Ej ≡ 1 in a Cobb-Douglas aggregator with
shares σ−1

σ
and 1

σ
. Defined this way, the fixed factor Ej earns a competitive factor
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rent wEj = πi equaling the profits earned by the monopolistic firm.
In the following, we will assume w.l.o.g. that there is a representative competi-

tive firm in each sector j, and that we label any firm profits as factor returns on the
fixed factor Ej in the described manner to simplify notation.

2.3 Equilibrium

Definition 1 (Equilibrium). The equilibrium of the described economy consists of a
collection of factor and goods prices (w,P ) as well as factor allocations and inter-
mediate goods production levels {ℓi} and {Yi} as well as final goods consumption
C that satisfy the maximization problems of the representative consumer and of
the representative firm in each sector, and that clear factor and goods markets,∑

i ℓi = L and Ci = Yi∀i.

Since there are no market imperfections in the representative intermediate
goods producer version of the model, the first welfare theorem holds and we can
equivalently consider the competitive equilibrium or the planner’s allocation. For
our analysis below, it will be helpful to define the aggregate production function
when factors are optimally allocated to intermediate goods producers as

F (L) = maxG
(
{F j(ℓj;Aj)}j

)
s.t.

∑
j

ℓj ≤ L (9)

This function represents the maximum amount of final good that can be produced
for given factor inputs L and prevailing technology levels {Aj}.

3 Effects of Technological Change

At the center of this paper’s analysis is to assess the impact of a technological
change at a firm i on factor demand and earnings. For simplicity of notation,
we assume in this section that firm i is the representative firm in intermediate
goods sector i. This analysis is useful to introduce the described framework and
sufficient to describe either innovations by firms that are the sole producer in a
sector or innovations that affect all firms in a given sector. We will extend our
analysis to alternative sectoral structures in Section 5.
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Assume an economy that is in equilibrium as defined above, and consider the
effects of a technological change at firm i on the economy. In the following, I will
trace these effects step-by-step in a manner that builds on the data that is typically
available in the accounting and financial planning and analysis departments in a
corporate setting. For each step, I will first analyze the implications of a marginal
technological change dAi within our theoretical model. Building on this, I will an-
alyze how to measure the effects of technological change in practice, taking into
account that technological changes are discrete so that the findings of the theo-
retical model apply to a first-order approximation. Appendix 7 complements this
analysis by providing an analytic example of an economy with Cobb-Douglas final
goods production and constant-returns intermediate goods production function, in
which the described effects can be solved for explicitly.

3.1 Direct Effect

Denote by the direct (or partial-equilibrium) effect of an innovation how it affects
firm i’s factor demand and factor bill, profits, and productivity, taking as given all
goods and factor prices in the economy. Since all goods prices are unchanged,
demand for the firm’s output is also unchanged at Yi. For clarity of notation, I use
Roman numerals to label the different steps of our procedure, with the direct effect
carrying the superscript Roman I. Accordingly, I denote the direct effect on factor
demands by

dℓIi = Li
A (Yi;w,Ai) dAi (10)

where we use the notation Li
A = ∂Li (·) /∂Ai for the respective partial derivatives.

The direct effect on the factor bill of firm i (excluding effects on the fixed factor
capturing profits) is

dbIi = w · dℓIi

An innovation is desirable for firm i if it reduces its factor bill, so in most situations
we would find dbIi < 0. (In some cases, the cost savings may only kick in once
demand for good i has expanded sufficiently.) This captures that the innovation
allows the firm to produce its output with fewer inputs, although demand for some
factors may go up as long as the additional cost is offset by savings on other
factors. For example, automation may increase demand for capital at the expense
of labor, or demand for AI engineers at the expense of unskilled workers. The
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direct effect on the firm’s profits is dπI
i = −dbIi which is generally positive. In other

words, there is a redistribution from regular factor income to profits in the amount
of dbIi . The direct effect on the firm’s total factor productivity growth is −dbIi /bi,
which captures by what percentage the firm becomes more efficient in converting
factor inputs into output.

Discussion Capturing the direct effects of an innovation is useful for an impact
assessment since it provides a picture of the most immediate changes that an
innovation may result in. If consumer demand and factor markets take time to
adjust to the innovation, it may also describe the economy’s allocation in the very
short run: there is a redistribution from factor earnings to profits, and there are
unemployed factors. However, since the direct effects describe partial equilibrium
effects, it goes without saying that the resulting allocation would not be an equi-
librium, and equilibrating effects will arise that push the economy in the directions
discussed below.

Measurement The direct effect of an innovation is easy to measure as the
change in factor inputs of firm i for given output Yi. This data is readily available to
a firm conducting an impact assessment. The direct effects on labor demand and
the factor bill are given by ∆ℓIi as well as ∆bIi = w ·∆ℓIi < 0 and ∆πI

i = −∆bIi > 0.
A first-order approximation of the direct effect on firm i’s total factor productivity
growth is −∆bIi /bi > 0.

3.2 Demand Effect

The demand effect of the innovation captures how much the effective demand for
intermediate good i changes in response to firm i’s price changes in a partial equi-
librium in which factor prices and consumer income are still taken as given. For the
following analysis, assume that we can translate any quality improvements due to
an innovation into increases in efficiency units of the intermediate good produced
so we do not need to separately keep track of quality effects. We consider how
price changes of good i depend on the magnitude of the direct effect as well as
on the demand elasticity for intermediate good i. We use the superscript Roman
II to denote changes associated with demand effects. In Section 5 below, we
analyze how to account for richer market structures.
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In our theoretical model, prices are determined by market forces (for competi-
tive firms) or by optimal pricing decisions (in the case of monopolistically compet-
itive firms). For both a representative competitive firm i, as described in problem
(4), and for a monopolistically competitive firm i, described in problem (7), the
market price Pi therefore falls in proportion to the decline in factor bill, dP II

i /Pi =

dbIi /bi, or equivalently
d logP II

i = d log bIi

For given income, the resulting effect on the change in demand Ci of good i is
given by

d logCII
i = ϵid logP

II
i

where the demand elasticity ϵi = ∂Di/∂Pi · Pi/D
i of intermediate good i derives

from the demand function (3). In the case of the CES aggregator for intermediate
goods (2), the demand elasticity is simply ϵi = σ.

The change in demand for good i entails an increase in firm i’s factor input
demand of

dℓIIi = Li
Y (Yi;w,Ai) dC

II
i

which is additive to the direct effect dℓIi , as well as an associated increase in the
firm’s factor bill dbIIi = w · dℓIIi which is additive to dbIi . Moreover, profits decline in
response to a lower price but may increase because of the expansion in demand.

Discussion For firms, an important aspect of our technological impact assess-
ment is that their pricing strategies play a crucial role in delivering broadly shared
increases in prosperity. At one extreme, if a firm leaves prices unchanged after en-
gaging in a cost-saving innovation, demand effects are zero – the firm increases
its profits but will not deliver greater prosperity to other factor owners. By con-
trast, in a perfectly competitive market, prices are competed down in parallel with
any cost reductions, and firm output expands and induces more efficient firms to
increase their factor demand.

For policymakers, this emphasizes the importance of competition in ensuring
that the welfare benefits of innovation are shared broadly among society. Poli-
cies such as antitrust rules, intellectual property regimes, and data regimes have
important effects on how much competition a firm will face after engaging in an
innovation.
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Measurement In measuring the demand effect, firm i can take the price change
∆P II

i that results from its optimal pricing strategy as exogenous to the described
impact assessment or, alternatively, it can treat the price reduction ∆P II

i as a
choice variable that will affect whether and to what extent the productivity gains
from an innovation are shared with other factor owners. In either case, the price
changes need to be adjusted for changes in product quality in order to correctly
measure the impact of an innovation on consumer demand and welfare – see for
example Nordhaus (1998) for a detailed discussion.

The effects of the price change on demand are determined at a first-order
approximation by the demand elasticity for good i,

∆CII
i

Ci

∼= ϵi
∆P II

i

Pi

Given the firm’s production technology, it can determine the effects of how much
factor input it needs to produce the additional output, and by how much this will
increase its factor bill as

∆ℓIIi
∼= Li

Y (Yi;w,Ai)∆CII
i and ∆bIIi

∼= w ·∆ℓIIi

Both are additive to ∆ℓIi and ∆bIi . Moreover, the change in the firm’s profit is
given by the difference between increases in revenue and factor costs, ∆πII

i =

∆
(
P II
i Y II

i

)
−∆bIIi .

3.3 Factor Reallocation Effect

The direct and demand effects that we have described so far represent partial
equilibrium responses but do not fully describe the new equilibrium that the econ-
omy would reach after an innovation at firm i has taken place. In particular, in-
termediate goods producers need to adjust their production so as to absorb the
factors made redundant by sector i, dℓIi + dℓIIi , as a result of the innovation, while
also satisfying the changes in consumer demand that result from the innovator’s
price change.

We assume that the aggregate production function F (·) for the economy in
which the direct and demand effects of the innovation have already taken place
is given as described in equation (9). In that economy, final output is given by
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F
(
L+ dℓIi + dℓIIi

)
but the factors dℓIII = −

(
dℓIi + dℓIIi

)
need to be redeployed.

When they are reallocated to the economy, final output goes up by

dC = FL (·) · dℓIII = w · dℓIII > 0

This reflects that re-employing redundant factors increases output.
Similarly, the effect on factor returns is given by

dw = FLL (·) dℓIII (11)

which is equivalently captured by the elasticity dw/w = εw,Ldℓ
III/L. Generally

speaking, the returns on factors that are made redundant by the innovation de-
cline, and the returns on factors that are in increasing demand go up. The effect
on the total factor bill is given by d (w · L) = dw ·L+w ·dℓIII = (w + LFLL (·)) dℓIII .

Measurement Since the detailed structure of each intermediate goods producer
of the economy is not accessible to researchers, the most promising avenue for
estimating the factor reallocation effect of a given innovation is to resort to the
best available parameterizations of aggregate production functions. In general,
the factor reallocation effect from absorbing labor ∆ℓIII = −

(
∆ℓIi +∆ℓIIi

)
can be

captured as

∆Y ∼= w ·∆ℓIII

∆w ∼= FLL (L)∆ℓIII (12)

3.3.1 Transition Costs in Factor Reallocation

The above analysis performed a comparison between two equilibria – before and
after the innovation – without considering the transition. If it takes time to reallocate
redundant factors, then it may be desirable to take into account the associated
transition costs.

We focus our analysis on the unemployed factors h that need to be redeployed
so ∆ℓIIIh < 0 and exclude any factors h that are in greater demand, ∆ℓIIIh > 0, for
which adjustment is likely to be swift. Therefore we consider solely the reallocation
of the vector of unemployed factors U0 = max

{
0,−∆ℓIII

}
.
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Let us parameterize the rate at which unemployed factor h is redeployed by
γh, i.e., each instant of time, a fraction γh of the unemployed factor pool Uh finds
employment again, implying a a half-time of factor unemployment of 1/γh.3 The
associated law of motion is given by the differential equation U̇t,h = −γhUt,h, which
can be solved for the path

Ut,h = U0,he
−γht

Valuing the unemployed factor h at factor price wh and assuming time discount
rate r per time unit, the present discounted value of the transition cost Th is given
by the integral over this path

Th = wh

∫ ∞

0

e−rtUt,hdt = whU0,h

∫ ∞

0

e−(γh+r)tdt =
whU0,h

γh + r

This is the opportunity cost of temporary unemployment for the owners of factor
h that arises from the transition to the new equilibrium. This a present discounted
value; it can also be translated into a flow cost rTh per time period to be compara-
ble to the losses for factor owners analyzed above, e.g., in equation (12).

4 Supply Chains and Vertical Effects

When a firm draws on significant inputs of intermediate goods so that an innova-
tion also affects factor demand along the firm’s supply chain, it is desirable to also
consider how an innovation at the firm will propagate through its supply chain. We
label these “vertical effects” and employ the superscript Roman numerals IV to
describe them.

To capture the vertical effects of a technological innovation dAi, we expand
the baseline model by accounting for the fact that some inputs are themselves
intermediate goods. In this version of our model, we add each firm j’s intermediate
good inputs xj ∈ RI to the sector j intermediate goods production function so

Yj = Fj (ℓj, xj, Aj)

3A richer analysis of the transition in the spirit of Mortensen and Pissarides (1994)would also
take into account how the incentives of employers to create factor vacancies and by extension the
matching probability for unemployed factors are affected by the size of the unemployed factor pool.
However, as long as the firm under consideration is small in the factor market, these considerations
are exogenous, and the constant redeployment rate that we assumed is a good approximation.
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The associated input demand function Nj (Yj, w, P ;Aj) contains H + I elements
for the H factors and I intermediate goods of the economy, reflecting the cost-
minimizing way of producing output Yj at prevailing factor and intermediate goods
prices. Denoting by ∇YN = (∂Nj/∂Yi) the matrix of marginal intermediate input
requirements of each intermediate good i, we find that any change in final demand
for intermediate goods dCi requires a change in the production of intermediate
goods dYi satisfying

dYi = dCi +∇YNdYi

A change in consumption demand for intermediate goods of dCi thus requires a
change in total production of intermediate goods of dYi = (I −∇YN)−1 dCi as
given by the Leontief inverse of the production network. The total change in factor
input demand arising from this change in consumption demand is then given by

dℓIVi = ∇YNdYi = ∇YN (I −∇YN)−1 dCi

This defines an all-in factor input demand function Lj (Yij, w, P ;Aj) that accounts
for the factor inputs along the organization’s supply chain.

Measurement In practice, capturing changes to the all-in factor input demand
resulting from an innovation is quite simple if the supply chain of firm j can be
collapsed in the sense that firm j and its intermediate good inputs can be analyzed
as if they were produced by a single firm. By contrast, if intermediate goods
production affects other production processes than firm j, for example because it
gives rise to significant synergies or returns to scale, then measurement requires
sufficient knowledge about all the production processes involved. The example in
section 7 considers a case in which the supply chain can be collapsed.

5 Market Structure and Horizontal Effects

Horizontal effects arise whenever there are significant effects on the producers of
complements or substitutes, for example when firm i operates under monopolistic
competition. The horizontal effects of a technological innovation are a function
of the organization’s industry structure and arise when the innovation and the
resulting demand effects also impact the organization’s competitors or producers
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of complementary goods and services.
We describe evaluate the horizontal effects of a firm’s innovation by building

on Example 1 of our framework in which intermediate goods entered final goods
production as a CES aggregate with elasticity of substitution σ. We assume that
the intermediate goods created by sector i are in turn a CES aggregate of the
output of K different firms operating in monopolistic competition, with elasticity
of substitution η. The case η > 1 captures the case that the firms in sector i

are competitiors; the case η < 1 reflects that the products of two different firms
produce complementary goods. For simplicity of language, we will refer to firm
k ̸= j as a “competing” firm in the following, although our analysis covers both
cases.

Denoting the prices and quantities of each firm k in sector i by Pik and Yik

and the relative size by aik where
∑

k aik = 1, the sector i price index is P 1−η
i =∑

k a
η
ikP

1−η
ik , and demand for firm k output is

Yik =

(
Pik

aikPi

)−η

· Yi =

(
Pik

aikPi

)−η

·
(

Pi

aiP

)−σ

· Y (13)

We observe that firm k’s revenue share in sector i is given by

λik =
PikYik

PiYi

=
P 1−η
ik aηik
P 1−η
i

=
P 1−η
ik aηik∑

h a
η
ihP

1−η
ih

where
∑

k λik = 1 holds by construction.
We now consider the effects of an innovation at firm j that induces the firm to

lower its price by d logPij = dPij/dPij. For simplicity, we assume that competing
firms k ̸= j keep their prices unchanged in response to the innovation at firm j

– this is in fact their optimal behavior under a CES structure when the technol-
ogy and costs of competing firms are unchanged, although it is straightforward to
employ alternative assumptions on pricing strategies. The effects of firm j’s price
change on the price index of sector i goods is

d logPi

d logPij

=
aηikP

1−η
ik

P 1−η
i

= λij

In other words, the decline in the price index is proportional to firm j’s revenue
share of sector i. The effects on demand for the output of firm j itself and its
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competitors k ̸= j is

d log Yij

d logPij

= − (1− λij) η − λijσ := ϵj
d log Yik

d logPij

= (η − σ)λij (14)

The intuition is that lowering Pij by 1% reduces the relative price Pij/Pi by (1 −
λij)%, whereas the relative price of Pik/Pi for k ̸= j goes up by λij%. The demand
responses given in (14) then result directly from equation (13). If firms within
sector i are competitors, then we generally expect that η > σ so competing firms
lose demand.4

These quantity effects give rise to changes in factor input demands of the com-
peting firms that are captured by the sector-wide factor input demand function

Li = Lj (Yij, w;Aj) +
∑
k ̸=j

Lk (Yik, w;Ak)

When firm j engages in an innovation, the changes in the second term of this
expression correspond to the horizontal effects of firm j’s innovation on factor
demand,

dℓi = Lj,Y dYij︸ ︷︷ ︸
demand effects

+
∑
k ̸=j

Lk,Y dYik︸ ︷︷ ︸
horizontal effects

The first term in this expression corresponds to firm j’s own-demand effects dℓIIi ,
as already described in section 3.2.

Measurement Measuring the horizontal effect of an innovation requires the firm
j’s own reduced-form demand elasticity ϵj that we considered in section 3.2 as
well as the firm’s sectoral revenue share λij and the reduced-form elasticity of
competitors’ demand (η − σ)λij – or the underlying structural elasticities η and σ.
Given these parameters, we employ the first-order approximation for other firms
k ̸= j in the sector

∆Yik

Yik

∼= (η − σ)λij
∆Pij

Pij

4To square the results in equation (14) with the demand response we found in section 3.2,
note that the reduced-form elasticity ϵi that we identified there corresponds to the full elasticity
(1− λij) η + λijσ that we identified here once we account for the differences in the structure of
demand.
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and find the effect on firm k’s factor input demand

∆ℓik ∼= Lk,Y (·)∆Yik

The total horizontal effects of firm j’s innovation are

∆ℓVi =
∑
k ̸=j

∆ℓik ∼=
∑
k ̸=j

Lk,Y (·)∆Yik

If the competing firms have the same production technologies and pricing strate-
gies so the marginals Lk,Y (·) and prices Pik are identical across k ̸= j, then we
can simplify this to

∆ℓVi
∼= Lk,Y · (η − σ)λij

∆Pij

Pij

·
∑
k ̸=j

Yik

The interpretation of the three factors in this expression is that the total hor-
izontal effects ∆ℓVi consist of how much a unit increase in output impacts factor
demand, Lk,Y (·), times the percentage change in demand resulting from firm j’s
price change, (η − σ)λij∆Pij/Pij, times the total quantity of output of all the com-
peting firms,

∑
k ̸=j Yik.

6 A Sample Application

This section introduce a sample application to demonstrate how to apply the
framework more tangibly. Consider the fictional case of a large fast-food chain
that introduces a new technology that allows it to automate a crucial task involved
in burger-flipping. Pre-innovation, assume that the company earns $8bn in annual
revenue and employs 200,000 unskilled fast-food workers at an average wage of
$20,000 as well as 2,000 workers with a college degree at its headquarters at an
average wage of $100k each. Moreover, it pays $1bn for food materials (variable
costs) and $2bn for the rent and user cost of its restaurants (fixed costs). Au-
tomating the burger-flipping allows the company to produce and sell its food with
10% less labor in its restaurants, although it needs to increase its headcount at
headquarters by 500 to develop and maintain the technology. As a result of the
cost savings, we assume that the company decides to lower its prices by 4% to
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Figure 1: Adding up the effects on unskilled jobs in our sample application

increase its market share, and it projects that this will increase sales by 1/9th =
11.1%.

Figure 1 illustrates the five described effects for unskilled workers. Note that
the factor reallocation effect, captured by the last bar, reflects the sum of the other
effects to ensure that the market clears once all adjustments have taken place.
We keep track of the calculations behind the described numbers as well as the
ensuing analysis in Table 1.

1. In the given example, the direct effects of the innovation for the given level
of production reflect the displacement of 10% or 20,000 workers of the com-
pany’s unskilled workforce as well as the increase in college-degree workers
by 500 at headquarters.

2. The demand effects that result from the company’s 4% price reduction in
our example amount to an increase in sales by 11.1% to a total of $8.89bn.5

The greater product demand also increases its need for unskilled fast-food
workers by 20,000, undoing the direct effects and enabling the company to
increase productivity without laying off workers – in Figure 1, this implies that
the sum of direct and demand effects brings us back to zero.

3. The vertical effects reflect that the higher demand for the company’s prod-
5This corresponds to a reduced-form demand elasticity of ϵj = 2.77.
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ucts will induce it to increase its spending on food materials. Before the
increase in product demand, the company’s $8bn revenue led to $1bn in
spending on food materials. Given the labor intensity of the agricultural sec-
tor of α = .46 (Valentinyi and Herrendorf, 2008) and assuming that the sec-
tor employs largely unskilled workers with an average wage of $20,000, this
generated $460m expenditure on 23,000 unskilled workers pre-innovation.
The 11.1% increase in product demand leads to an 11.1% increase in the
demand for unskilled workers along the company’s supply chain, amounting
to 2600 extra workers.

4. To evaluate the horizontal effects, we analyze the industry structure in
which the company is operation. We assume that the fast-food chain un-
der consideration holds one third of the US market share and operates in
monopolistic competition with its competitors. Based on an analysis of the
competition, the company expects that two thirds of the increase in its de-
mand are drawn from its competitors, and one third represents new demand
for fast-food products. Competitors will therefore experience a revenue de-
cline of approximately $600m. This will reduce the all-in demand for unskilled
labor at the company’s competitors by about 16,500 workers.

5. The factor reallocation effects require that the economy needs to provide
an extra ∆S = −500 college-degree workers and needs to absorb an ad-
ditional ∆U = 16,500 – 2600 = 13,900 unskilled workers to equilibrate the
labor market, as illustrated in the last column of Figure 1. This leads to ad-
ditional output of 13,900 × $20k – 500 × $100k = $228m. To determine the
effects on factor bills, we calibrate Cobb-Douglas factor shares of (1) skilled
and (2) unskilled workers from the 2018 CPS March Supplement to aS = .34

and aU = .26. Rewriting the vector equation (12) line-by-line, we obtain the
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overall effect on the unskilled and skilled wage bills

U ·∆wU = − (1− aU)wU ·∆U + aSwS∆S

= − (1− .26)× 13, 900× $20k − .34× 500× $100k

= −$206m− $17m = −$223m

S ·∆wS = − (1− aS)wS ·∆S + aUwU∆U

= (1− .34)× 500× $100k + .26× 13, 900× $20k

= $33m+ $72m = $105m

In words, both the reallocation of 13,900 unskilled workers away from the
innovating firm and of 500 college-workers to the firm put pressure on the
wages of unskilled workers, and both effects increase skilled wages.

We also conduct two experiments to study how the institutional setting in which
the innovation is deployed affects the outcome of our analysis. First, we assume
greater competition in the sector. In our baseline analysis, two thirds of the rev-
enue gains of the innovating firm were at the expense of competitors. We in-
crease the elasticity of substitution between competing firms in the sector so that
five sixths of the revenue gains come from competitors while holding the reduced-
form demand elasticity of the innovating firm fixed. As a result, the innovating
firm’s demand effects are unchanged but the horizontal effects of the innovation
increase, generating revenue losses for competitors of $741m and job losses of
20,600 instead of 16,500 workers.6

Second, we assume a change in the structure of intellectual property rights
so that the innovation by firm j is freely copied by all competing firms within the
sector, reducing unit costs, prices, and employment of all firms in the sector pro-
portionately to what we assumed in our baseline analysis for firm j above. As
a result, the direct effects of the innovation on the sector are to displace 60,000
unskilled workers and create 1500 skilled jobs; the demand effects (assuming a
unitary demand elasticity for the sector as a whole) create 21,600 unskilled jobs,

6An alternative experiment would be to hold the elasticity of substitution σ of different sec-
tors fixed and increase solely the elasticity of substitution η of competing firms. In that case, the
reduced-form demand elasticity ϵj of the innovating firm would increase, generating greater posi-
tive demand effects, which would be mostly offset by more negative horizontal effects, as captured
by equation (14). At the margin, revenue would move from less-automated competing firms to a
more-automated innovating firm, generating more modest employment losses.
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and the vertical effects generate an additional 2800 jobs, giving rise to a total of
35,600 unskilled jobs destroyed instead of 16,500 in our baseline analysis. In-
tuitively, since the intellectual property regime considered here implies that the
worker-saving innovation is rolled out across a larger part of the economy, the job
impact is correspondingly larger.

7 Conclusions

This paper develops an economic framework to evaluate the effects of a techno-
logical innovation on economy-wide labor demand. I show that such an evaluation
can be performed in five steps: direct effects, demand effects, vertical effects,
horizontal effects, and factor reallocation effects. The described methodology is
flexible so it can be easily adapted to a wide range of applications using data
that is generally available in the accounting and financial planning and analysis
departments of corporations.

An interesting question going forward is how a given innovation will affect the
path of future innovation. There are competing effects at work. On the one hand,
a “stand on the shoulders of giants” effect captures that an innovation allows for
future follow-up innovations that build on it. On the other hand, the “fishing out
the pool” effect captures that whenever one innovation is developed to solve one
problem, the next problem will be more difficult to solve. Moreover, these effects
are largely external to the organization under consideration, implying that they
entail significant spillovers.
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A Analytic Example

This appendix provides a full analytic derivation of the different effects of a tech-
nological innovation in a version of our baseline model from Section 2 that can be
solved analytically.

Assume that the production technology for final goods is given by the Cobb-
Douglas production function in (2), and there are competitive intermediate goods
with a constant-returns production function AjFj (ℓj). Each sector can thus be
described by a representative firm j, and the set of firms is J = {1, . . . I}. The
production function reflects that there are no intermediate goods, and the produc-
tivity parameter Aj is Hicks-neutral and scales the output generated by the factors
of production proportionately.

The optimization problem for the production of final goods is to maximize (1)
subject to the budget constraint

∑
i PiCi ≤ I, where final goods are the numeraire.

This results in demand functions for intermediate good i of

Di (Pi, I) = aiI/Pi (15)

The optimization problem of a competitive intermediate goods producer j in
sector i is to choose factor inputs to maximize profits

max
ℓj

Πj = PiAjF (ℓj)− w · ℓj

and results in the vector of optimality conditions

PiAjFℓ (ℓj) = w (16)

Since the production function Fj exhibits constant returns, its derivative Fℓ is ho-
mogenous of degree 0 – this implies that if condition (16) is satisfied for a vector of
inputs ℓj, it is also satisfied for the vector λℓj for any λ > 0. The vector of optimal
factor input requirements Lj (Yj, w;Aj) as defined in (5) results from the dual of
this maximization problem, and is given by

Lj (Yj, w;Aj) = YjL
∗
j/Aj

where we define by L∗
j the optimal unit factor input requirement, i.e., the combi-
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nation of inputs that produces one unit F
(
L∗
j

)
= 1 for unit productivity and that

is optimal according to condition (16). Given constant returns, it is easily verified
that AjF (Lj (Yj, w;Aj)) = Yj.

Equilibrium An equilibrium in the described economy with sectoral productiv-
ity levels (Aj)j=1...I consists of a level C of final goods consumption, intermediate
goods outputs (Ci)i=1...I , factor inputs (Lh)h=1...H as well as intermediate goods
prices (Pi)i=1...I and factor prices (wh)h=1...H that solve the optimization problem of
final goods producers and intermediate goods producers and that clear interme-
diate goods markets and factor markets

∑
j ℓj = L.

Effects of Innovation Consider an equilibrium with productivity levels (Aj)j=1...I

and let us denote organization j’s factor inputs before the innovation by

ℓ0j = Lj (Yj, w;Aj)

and let us consider an innovation in sector j that leads to a new productivity level
A′

j > Aj.
The Direct Effect capture the factor input savings from Hicks-neutral produc-

tivity growth: to produce the original level of output Yj at given prices, the organi-
zation’s factor inputs can be scaled down by Aj/A

′
j to

ℓIj = Lj

(
Yj, w;A

′
j

)
=

Aj

A′
j

ℓ0j

The same amount of sectoral output can now be produced with fewer factor inputs.
The Demand Effects capture that lower prices grow sector i demand. For

given factor prices, higher productivity in sector i implies that competitive firms
will reduce their prices in proportion to the productivity gains to P ′

i = Pi · Aj/A
′
j.

The price reduction leads to an increase in sector i goods demand that is directly
proportional to the productivity gain as captured in (15), i.e., C ′

i = Ci ·A′
j/Aj. Given

that the production function is constant returns, the new factor input requirements
scale up ℓIj by the factor A′

j/Aj,

ℓIIj = ℓIj ·
A′

j

Aj

= ℓ0j
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In summary, while the direct effects reduce the inputs required to produce a given
amount of output, the demand effect expands demand and the inputs required to
produce the new level of output.

In this version of our framework, horizontal and vertical effects are not present
because we assumed a simple production structure without input-output linkages
and with perfect competition in each sector. The factor reallocation effect is not
present because the elasticity of demand for intermediate goods under Cobb-
Douglas is unity so productivity increases generate demand effects that precisely
offset the direct factor-saving effects. Total factor employment in each of the dif-
ferent sectors of the economy is therefore unchanged.

The higher productivity in sector j scales up the aggregate factor input de-
mand for all factors in the economy by

(
A′

j/Aj

)ai > 1 – since one of the sec-
tors has become more productive, it can produce more output for given inputs,
which raises demand for all the factors across the economy in equal proportion.
The described Cobb-Douglas economy with constant-returns intermediate inputs
that exhibit Hicks-neutral progress is thus a knife-edge case in which technolog-
ical progress does lift all boats in equal proportion and does not redistribute be-
tween factors. The proportional increase in factor prices implies that the prices
of all the other intermediate goods i ̸= j in the economy also rise by the factor(
A′

j/Aj

)aj > 1 since Pi = w ·L∗
i /Ai∀i and w rises. The overall change in the sector

j intermediate goods prices is
(
Aj/A

′
j

)1−ai < 1.
Let us summarize these findings in the following statement:

Proposition. Consider an equilibrium of the described economy with productivity
levels (Aj)j=1...I . An increase in productivity in sector j to A′

j > Aj scales up the
output produced in the sector by A′

j/Aj and scales down the sector j goods price
by Aj/A

′
j. Moreover, it scales up all factor prices by

(
A′

j/Aj

)ai > 1. It leaves the
allocation of factors across intermediate goods sectors unchanged.
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