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ABSTRACT

Artificial Intelligence, Income Distribution
and Economic Growth

The economic impact of Articial Intelligence (Al) is studied using a (semi) endogenous
growth model with two novel features. First, the task approach from labor economics is
reformulated and integrated into a growth model. Second, the standard representative
household assumption is rejected, so that aggregate demand restrictions can be introduced.
With these novel features it is shown that (i) Al automation can decrease the share of labor
income no matter the size of the elasticity of substitution between Al and labor, and (ii)
when this elasticity is high, Al will unambiguously reduce aggregate demand and slow
down GDP growth, even in the face of the positive technology shock that Al entails. If
the elasticity of substitution is low, then GDP, productivity and wage growth may however
still slow down, because the economy will then fail to benefit from the supply-side driven
capacity expansion potential that Al can deliver. The model can thus explain why advanced
countries tend to experience, despite much Al hype, the simultaneous existence of rather
high employment with stagnating wages, productivity, and GDP.
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1 Introduction

The possible impact of automation technologies such as Artificial Intelligence! (AI) and
robotics on unemployment has become globally a hot topic. As pointed out by Acemoglu
and Restrepo (2018b, p.2) Al is the “most discussed automation technology.” Governments
and global development organizations have scrambled to respond to the expected new future
of work.? Concerns include fears that AI would accelerate the automation of jobs, causing
mass technological unemployment, and that its economic benefits would accrue to only a few,
driving up inequality (Frey and Osborne, 2017; Korinek and Stiglitz, 2017). The COVID-19
pandemic is expected to give a further impetus to the digitization and automation of the

global economy (Bloom and Prettner, 2020; Schrage, 2020).

To evaluate these concerns the main conceptual economic model that have been used by
economists is the so-called task approach - proposed and elaborated primarily by Autor
et al. (2003); Acemoglu and Autor (2011), Autor and Dorn (2013), Acemoglu and Restrepo
(2018a) and Acemoglu and Restrepo (2020). It has proven an useful framework from which
to evaluate the impact that an automation technology such as Al can have on labor markets.
The identification of various tasks, which differ in terms of whether they are susceptible to
automation, and the indirect effects of automation on labor demand through reinstatement
effects are important insights. It has shown that fears of mass technological employment
are exaggerated, and that moreover, that the net impact of Al on jobs can in principle be

positive.

There is however a shortcoming in the task approach, as applied to automation. In this

!There is no single generally accepted definition of AI. One typical definition is that Al is the “simulation
of human intelligence processes by machines, especially computer systems. These processes include learning
(the acquisition of information and the rules for using the information), reasoning (using the rules to reach
approximate of definite conclusions) and self-correction” - see the Tech Dictionary and IT Encyclopedia at
https://whatis.techtarget.com.

2See for instance the ILO’s Global Commission on the Future of Work, The WTO’s World Trade Report
2017 or the World Bank’s World Development Report 2019.


https://whatis.techtarget.com

paper we argue that this shortcoming is that the jobs impact from the reinstatement effect
is fundamentally uncertain, as also Agrawal et al. (2019) pointed out. This is because the
size of the reinstatement effect will depend on (i) the extent of economic growth created by
Al and (ii) the extent to which economic growth stimulates the demand for labor, which
in turn depends (iii) on growth in labor productivity, labor wages, and the income share of
labor. Because the task approach is not an an economic growth model, it is unable to model

these dynamic aspects.

This shortcoming means that an economic growth model is needed to provide better insights
on the impact of Al on growth and distributional issues. There have indeed been a number of
recent advances in economic growth models focusing on automation and artificial intelligence
- amongst other e.g. Benzell et al. (2018); Cords and Prettner (2019); Gries and Naudé
(2018); Hémous and Olsen (2018) and Prettner and Strulik (2017). While these provide
valuable insights, these models tend to suffer from two shortcomings of their own. First,
they lack the insights of the task approach into the distinction between tasks and jobs, and
typically do not allow for substitution between tasks to be taken into consideration. And

second, endogenous growth models are supply-driven, thus ignoring the role of aggregate

demand (Dutt, 2006).

The upshot is that the task approach is a valuable contribution to model the impact of Al.
However, it is not a growth model and cannot be used to analyze the dynamics of growth
and labor demand that results from the consequences of Al on income distribution. Ideally,
one would require an endogenous growth model with the task approach incorporated. The
contribution of this paper is to provide such an (semi) endogenous growth model with the
task approach incorporated, and moreover that can deal with demand constraints. The
model is used to explore the impact of Al on jobs, inequality, wages, labor productivity and

long-run GDP growth.

The rest of the paper is structured as follows. In section 2 the relevant literature related to the



impacts of Al and the task approach is discussed. In section 3 an (semi) endogenous growth
model is introduced that includes constraints from the demand-side, and is also consistent
with the task approach. In section 4 the dynamics of the model in terms of impact of Al on
jobs, inequality, wages, labor productivity and long-run GDP growth are traced. Section 5

concludes.

2 Literature Review

The task approach is a theoretical framework in labor economics wherein a distinction is
made between the skills that production factors have and the tasks that they perform. Key
references are Acemoglu and Autor (2011), Acemoglu2018a, Acemoglu2018b, Acemoglu2019,
Acemoglu2020, Autor et al. (2003); Autor and Dorn (2013) and Autor and Salomons (2018).

A task is “a unit of work activity that produces output” (Autor and Dorn, 2013, p.186).
A product or service is the result of skills applied to various tasks. Various categories of
tasks have been described in the literature. Autor et al. (2003) makes a distinction between
routine cognitive and manual tasks, abstract analytical and managerial tasks and non-routine
manual tasks. The manner in which various tasks results in an output of a final good can be
described by a Constant Elasticity of Substitution (CES) production function, as in Autor
and Dorn (2013, p.187):

=/ lyu')*?ldz] ()

Where Y is the output of a final good, y(7) the different tasks needed to produce the output Y,
and 7 the elasticity of substitution between tasks. It is often assumed in this literature that

7 = 1 in which case the production function has a Cobb-Douglas specification: Y = fol y(i)di



(Acemoglu and Autor, 2011). Because a task can be produced or performed by either low
(L), medium (M), high-skilled (H)labor or capital (K'), the production function for a task

can be written, following Autor (2013), as:

Where [(7), m(i), h(i) are respectively the number of low, medium and high-skilled laborers
doing task (i), and k(i) the capital used for task (i). The productivity of labor and capital
in a task (i) are expressed by ay, ay, ay and ax. The A represents a factor-augmenting

technology in the carrying out of tasks.

According to Autor and Dorn (2013, pp.188-189) “the most important innovation offered by
this task-based framework is that it can be used to investigate the implications of capital
(embodied in machines) directly displacing workers from tasks that they previously per-
formed”. For example, if improvements in algorithms (AI) occur (reflected in Ak ) the ax
would improve, not for all tasks, but say for a specific range (i) C [I’, I] of tasks - maybe
those than can be more easily codified, such as routine tasks, for example. Then, if some
of these tasks are done by medium-skilled workers, then some of the m(i) will be displaced
with capital (machines, robots and computers) taking over the performance of their tasks -

i.e. their tasks are automated.

When automation lowers the demand for labor performing routine tasks, as in this example, it
is described as routine replacing technical change (RRTC). It is often assumed that medium-
skilled labor is more subject to RRTC (Autor and Salomons, 2018; Gregory et al., 2019).
RRTC has been used to explain labor market trends including occupational polarization
(Autor et al., 2006), growing wage premia (Dastory, 2019), the declining share of labor in

total income (vom Lehn, 2018) and and offshoring (Goos et al., 2014).



The task approach has also become the model of choice in economics to study the impacts
of artificial intelligence (AI) on labor markets. Earlier versions of the task approach im-
plied a significant displacement effect of automation, through the mechanisms as described
above.? In a more recent elaboration of the task approach, Acemoglu and Restrepo (2018b)
introduces and model a “reinstatement effect which can counter the typical displacement”
effect of automation. With a reinstatement effect, the automation of tasks by AI should
not be assumed to automatically lead to net job losses over the longer-term - technological

unemployment should be due to short-term labor market frictions.

The essence of the reinstatement effect is that the automation technology (AI) can raise
labor productivity, wages, and through this aggregate demand - which then indirectly raises
the demand for labor. Autor and Salomons (2018, pp.12-13) describes three effects through
which this indirect demand for labor may increase, namely an Uber effect, a Walmart effect,
and a Costco effect. For more on these effects, see Autor and Salomons (2018) or the

discussion in Gries and Naudé (2018).

The net impact of automation on jobs will therefore depend on the relative strengths of the
displacement effect and the countervailing reinstatement effect. An underlying assumption
is that Al-driven innovation will be different from other types of automation (e.g. robots)
in being more likely to generate countervailing reinstatement effects. Agrawal et al. (2019)
differs however from this assumption. They explain that Al is essentially a prediction tech-
nology and that it will predominantly displace labor from tasks that requires prediction, and
that it will create (reinstate) jobs elsewhere only in tasks that can be done better with sup-
port of superior prediction technology, and tasks that will benefit upstream or downstream
from these new tasks. They provide the example of “an artificial intelligence that automates

translation on an online trading platform significantly enhances international trade” and

3Earlier estimates of the potential displacement of labor were alarming, for instance suggesting that up
to 47 % in the USA and 54 % of jobs in the EU could be automated in the near future, see e.g. Frey and
Osborne (2013, 2017) and Bowles (2017). Later estimates were much lower, see e.g. Arntz et al. (2016) and
Arntz et al. (2017).



thereby allow new jobs to be created in trade (Agrawal et al., 2019, p.3). However they also
point out that due to the nature of Al as prediction tool, it is very difficult in advance to
conclude whether or not net job creation will be positive, recognising that “The net effect is

an empirical question and will vary across applications and industries” [Ibid, p.4].

The task approach is fundamentally, as the above discussion implies, an extremely useful
framework from which to evaluate and think about the impact that an automation technology
such as Al can have on labor markets. The identification of various tasks that will differ in
terms of whether they are susceptible to automation (codification) and the indirect effects
of automation on labor demand through reinstatement effects are important insights. It has
shown that fears of mass technological employment are exaggerated, and that the impact of

Al on net jobs can in principle be positive.

There is however, a shortcoming in the task approach. This is that the impact of the
reinstatement effect is fundamentally uncertain - the point also made by Agrawal et al.
(2019). This is because the extent of the reinstatement effect will depend on (i) the extent
of economic growth created by Al and (ii) the extent to which this economic growth leads to
a rise in the demand for labor, which in turn depends (iii) on growth in labor productivity,
labor wages, and the income share of labor. Because the task approach is not an an economic

growth model, it is unable to model these dynamic aspects.

That the reinstatement effect will depend on the income share of labor and its dynamics are
recognised. For instance Acemoglu and Restrepo (2018b, p.33) are concerned about rising
income inequality if the growth generated by automation and Al is not inclusive, as it could
mean that “the rise in real incomes resulting from automation ends up in the hands of a
narrow segment of the population with much lower marginal propensity to consume than
those losing incomes and their jobs.” Such a redistribution towards households with a lower
marginal propensity to consume would cause aggregate demand to grow much slower and to

constrain GDP growth. With lower GDP growth there would in turn be less incentives for



entrepreneurs to innovate, and less growth in the productivity of labor and in the demand

for it (Gries and Naudé, 2018).

This shortcoming in the task approach to model dynamic aspects related to income distri-
bution and demand, suggests that an economic growth model is needed to provide better
insights on the impact of Al on growth and distributional issues. There have indeed been a
number of recent advances in economic growth models focusing on automation and artificial
intelligence. Both endogenous growth models and overlapping generations (OLG) models of
AT have been proposed, see e.g. Benzell et al. (2018); Cords and Prettner (2019); Gries and
Naudé (2018); Hémous and Olsen (2018) and Prettner and Strulik (2017). While these pro-
vide interesting insights, and generally confirm that the growth and distributional dynamics
of automation would matter for the size of any reinstatement effects, these models tend to

suffer from two shortcomings of their own.

First, they lack the insights of the task approach into the distinction between tasks and jobs,
and does not allow for substitution between tasks to be taken into consideration. And second,
most endogenous growth models are supply-driven, ignoring the role of aggregate demand
(Dutt, 2006). In standard endogenous growth models, aggregate demand is typically mod-
elled assuming representative intertemporal choices based on a representative household’s
Euler equation. The representative household assumption in standard endogenous growth
models assumes away differences in intertemporal decisions of rich and poor households and
their respective effects on aggregate consumption and savings. This, is not adequate when
asymmetries in factor rewards and potential changes in income distribution are key features
of interest - as is the case when considering an automation technology (Gries and Naudé,

2018).

The upshot is that the task approach is a valuable contribution to model the impact of Al
However, it is not a growth model and cannot be used to analyze the dynamics of growth

and labor demand that results from the consequences of Al on income distribution. Ideally,



one would require an endogenous growth model with the task approach incorporated.

The contribution of this paper is to rectify these shortcomings. Therefore, in the next
section a (semi) endogenous growth model that incorporates both the task approach as well

as demand constraints are set out.

3 A New Theoretical Model: Labor Tasks, Demand,

and Growth

This section proposes an endogenous growth model that incorporates an automation tech-
nology such as Al, changes in tasks, as well as aggregate demand constraints. The model
presented here builds on, extends, and refines our earlier work in Gries and Naudé (2018),

Gries (2019) and Gries (2020b).

We start off (in 3.1) by describing the production of final consumption goods by sales-
maximising firms who use labor, intermediate goods, as well as Al. In section 3.2 the nature
of the relationship between AI and labor is set out, in 3.3 intermediate goods production is
specified, and in section 3.4 the aggregate budget constraints, income and its distribution
is derived. Having dealt with aggregate supply, the paper turns to aggregate demand in
section 3.5. It introduces a particular novelty of this paper, namely the rejection of the
typical assumption in endogenous growth models of a representative household. In section

4 the model is solved and a stationary equilibrium solution provided.

3.1 Final goods-producing firms

Final goods for consumption are produced by firms using labor, Al services, and intermediate

inputs. Actual sales of output may fall short of potential sales due to market frictions and



shocks in final goods markets. To maximize sales, firms will incur marketing and R&D
expenses, buy labor and Al services in a competitive market, and purchase intermediate

goods. The following sub-sections elaborate this maximization problem.

3.1.1 Output of Final Goods

First we show how the output of a firm is produced. Let firm ¢ € F be a representative firm
that produces final goods using labor, Al services and intermediate inputs. Given that Al
services can substitute for or complement labor, we will refer to labor and Al together as
human service inputs. We lump labor and AI together as human services, because Al is
a software and information technology that human-related. The term “intelligence” already
suggests that non-physical, productive labor abilities are provided by this technology. We

denote these human service inputs by H;.

In addition to human services, the firm sources NV; (t) differentiated intermediate inputs
xj; (t) which are offered by N (¢) intermediate input-producing firms. Given this, we can

write @; (1), the potential output of final goods by firm i, as

= Hy; QZ% i (8) He; ' (¢) (3)

3.1.2 Market frictions, sales promotion, and expected sales

Next, we derive? the implications for firms who realize that, due to stochastic market fric-
tions, not all of their potential output will necessarily be sold. Assume that firm ¢ can only
38 < 1. The firm’s subjective interpretation

of ¢; (t) <1 is that this shortfall in sales is due to the fact that customers are insufficiently

sell @ so that its effective sales ratio is ¢; (t) =

informed about products, prices, qualities, and general market conditions. The extent of

4The modelling of mismatch and frictions here is close to the ideas developed in Gries (2020a).



this mismatch between potential and actual sales, d; (t) determines the effective sales ratio,
le.:

bi (t) =1-9; (t) (4)

As a response to a sub-optimal effective sales ratio, firms allocate human services Hy, to
promote sales so as to counter this mismatch (¢;) and improve the likelihood of selling all

potential output in the market. The match-improving mechanism can thus be represented

om; (t)
8H¢7; (t)

as m; = my;(Hyg;), with > 0. Given that 0] denotes the stochastic market frictions

which the firm perceives as exogenous, the total mismatch of potential and actual sales is

8; (t) = 0/ (t) — mi(Hy)

Each individual firm 7 observes that the expected effective sales ratio E [¢;] is monotonically

increasing with Hy;, and decreasing with ¢;,such that

OF [¢i]
OH,;

O [¢4]
06!

B¢ = E[6: (5, Hy))  with >0, > 0. (5)

3.1.3 Factor demands

Having described the firm’s output and expected effective sales ratio in the previous two
sub-sections, we can now derive the firm’s factor demands from its profit maximization. We
start by denoting the price of the human services factor as pg, and the price of intermediate
inputs x as p,. Now we can specify the firm’s profit maximization function as:

max : EII; ()] = E[¢: (t)] Qi (t) — Py (t) (Hyi (t) + Hai (1)) — Ni (t) pa (8) i (£) . (6)

Hgi Hyixq

For all firms, the procedure to maximize profits has two components: first, firms need to

organize an efficient sales process, and secondly, they need to determine optimal production.

10



First, the organization of an efficient sales process. Firm 1 allocates Hy; to the search and
information process and improves its effective sales. In order to sell all potential output, the
firm increases Hy; until all goods that have been produced and supplied can be expected
to be absorbed by the market. The firm’s total revenues E [¢;] Q); are determined by the
expected success rate of selling the produced output E [¢;] and the production of even more
goods ;. As each element depends on the respective human service input, we assume that
placing an already existing (but not yet demanded) output in the market is more effective
than producing a new unit of output. That is, until the point when all production in fact
finds a customer, the marginal revenue generated by human services in the matching process

is greater than the marginal revenue of human service in production, and zero otherwise

OE [¢i] Q;
8T¢¢Qi > Elg] (1 - a) Ho:

for E|¢p;] <1.

As a result, the firm will increase Hy; until the expected sales ratio becomes

El¢i] =1, (7)

and thus no unsold output remains. The firm will be in a sales equilibrium. Any time when
conditions (7) holds, (5) defines a function for the allocation of labor to each firm i’s sales

activities®
OH,,
959

Hy, = Hy (E[5), -0 (5)

Secondly, the firm needs to determine optimal factor inputs. Under the condition that

E¢;] =1, a firm’s profit (6) is

FE [HQ,] =Q; — Nipyz; — p;{ (H:;z + HQi) )

5See appendix A for the implicit function theorem.
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As p'y is the price payable to human services (also in production), the first-order condition

for the efficient use of labor in production gives

Hoi(t)=(1—a)Q; () ply ()", (9)

and the demand for intermediate goods can be derived as

1

xi(t):( < )I_QH@. (10)

Pz ()

3.2 Human services: Labor and Al

Having explained the production of optimal final output, given market frictions, and the
resulting demand for human services and intermediate inputs in section 3.1, in this section

we elaborate the human services input, and clarify the relationship between labor and Al.

3.2.1 The “production” of human services

Human services H;, as already indicated consisting of labor and Al, are produced following
the task-based approach. As such, H = H(Ly, Ar, A;r, L), where Ly is the number of
workers each providing one unit of “human intelligent activity”, Ay is an index of general
knowledge, A;7 is the total number of Al technology services (e.g., software programs) in
the economy, and Ly the IT-labor providing IT services. Further, Ly and Ly are different
groups of labor, allow us to have two separated segments in the labor market. The general

function H = H(...) can be specified as

H= (/NNlh(z)U;ldz)ool, (11)

12



where z denotes each task in a unit interval [N — 1, N], and h(z) is the output of task z. As
tasks range between N — 1 and N, the total number of tasks is constant. While formally
following the task-based approach, the slightly different interpretations of the variables as

specified here better reflects the nature of I'T and Al technologies.

Each task can either be produced only with labor, [(z), or only with Al-labor services, I;7(z),
if the task can be automated. Therefore, there are two sets of tasks. Tasks z € [N — 1, N7
can be produced by both labor and Al services, and tasks z € (N, N| can only be produced

by labor. Thus, the output of a task can be generated in two ways, namely

Ay (2)U(2) + Arryir (2)lr(2)  if 2z € [N — 1, Nr]
h(z) = : (12)

Ay (2)l(z) if z € (N7, N]

Here v () is the classic productivity of labor of task z and Ay generally available knowledge,

which is usable without rivalry and labor augmenting.

The Al service consists of three elements which reflects the fact that modern Al is the result
of combinations of software / algorithms and software expertise. Thus the first element is
l;r(z) which is IT-specific labor- in other words so-called IT specialists. The task-related
productivity or skills and expertise of these specialists is the second element and is given by
v17(2). The third element or ingredient in Al services is Al technology, denoted A;r. Ajr
could, for instance, indicate the number or quality of software programs/algorithms available
in the economy. As each software program has no rivalry in use the same program can be

applied in each task. Therefore, the property of a software technology is contained in A;r .

For an existing stock of Al technology the number and kind of tasks which are used and which
fully substitute for labor (automation) will be endogenous. The relative factor prices and
efficiency of these services will determine the extent of the use of automation technologies.

Thus the degree of automation in this model is endogenous. In the next subsection this

13



process is described in detail.

For now, it can be noted that if a task z with prize pn(z) is produced with pure labor
h(z) = Apvr(2)l(z), and labor rewards are calculated according to marginal productivity,
then pp(2)ArvL(z) = wp. Symmetrically, the same task could be produced with an Al
technology so that pp,(z)Aryir(2) = wyr. Given these two conditions, and given wages in the
market, for any particular task the firm will choose choose the kind of production (automation
or not) that results in the lowest unit labor costs. Thus, if the following condition holds, the

task will be automated:
wrr < wr,
pr(2)Arryr(2)  pr(2)Aryn(z)

This rule leads to condition (13) which identifies the switching point between automated

Arvr(2)

(AI) tasks and labor tasks. If tasks are ordered in such a way that
17yr7(2)

is increasing in
z and the tasks with lower numbers z € [N — 1, N;r| are the automated tasks, task Njr is
the switching point from an automation task to a labor task. Njr is the highest number in

this order for which
AL'YL(NIT) < wr,

13
AIT%T(NIT) wir ( )

holds. Apart from these automated (AI) tasks [N — 1, Ny7], all other tasks (N;r, N] are

produced with standard labor. Thus, the costs and respectively the price py(z) for any task

z is
L if z € [N — 1, Nyg)
ph(Z) — AIT'YIT( ) . (14)
#i(z) ifZE(N[T,N].

3.2.2 Human service firm’s optimization

The next step in modelling human services is to specify how and by whom the human service

is “produced”. Human services are produced by small firms who take the price for human

14



services, the price for each task, and wages for various labor inputs as given.

To do this, it is assumed that human services are provided by service firms in competitive
markets. These human-service firms will aim to maximize profits for a given price pg subject

to the production process in (11), such that

o—1

mn =puH — pr(2)h(2) = pu (/N h(2)3d2> o pu(2)h(z).

N—-1

From which the demand for task z can be derived to be:

h(z) = . (15)

Combining (14) and (15) we can derive the demand for automation and labor tasks z as
follows®

v H (M) yir(2)7  if 2 € [N — 1, Npg]

wrr

h(z) = (16)
v H (3—5) ve(2)”  if 2 € [N, N
Further, from (16) and (12) we can obtain the optimal demand for IT labor:
LHU (A]T)Uil ’)/IT(Z)Ufl if z € [N —1 N[T]
ZIT(Z) _ (wrT) (17)
0 if z € [N[T, N]
and standard labor:
0 ifZG[N—l,N[T]

I(z) = ) "
(e (AL ()7t iz € (N, N]

Relative labor productivity can be determined from factor abundance and technology- and

productivity-related parameters. Assuming that all types of labor are fully used in the

SFor details see Appendix B.
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various tasks, labor in all tasks add up to given total labor in each labor market segment

Nrr
L[T = / l[T(Z)dZ, and (19)

N-1

Nrr

By using (17), (18), (19) and 20) relative labor productivity is then obtained as:
1 O‘ 1 l
WL _ (@) ( ) 7 Sy )z (21)
wrr Ly A fN LY (2)7 7z

3.2.3 Optimal number of automated tasks

Combining relative marginal productivity (21) with condition (13) and applying the implicit

function theorem gives an expression for calculating the optimal number of automated tasks

in the economy, which are endogenous:”.

N N N
d T > 07 d IT < 0, d T
dL[T dLL dAIT

Nir = N1 (L]T,LL7A1T7 ), with > 0. (22)

This result indicates that the number of automated tasks crucially depends on the relative
availability of the production factors as well as the availability of AI technologies. If IT labor

is broadly available and hence its relative wage is low, more tasks will be automated.

Similarly, if IT knowledge and Al algorithms are readily available, relative wages -2 - increase
and make standard labor tasks relatively more expensive. This results in a higher share of
automated tasks. The clear implication is that if an economy is advanced in terms of IT

technologies and IT labor, this economy will be more automated.

“For details see the Appendix B
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3.2.4 Optimal human service supply

From the demands for the various tasks total human service production can be derived.

Aggregating automated tasks and labor, equation (11) leads to

Ny o1 N o 751
H= (/ h(z)vder/ h(z)odz) |
N-1 Nrr

Using (16), (84) and 85), respectively, and re-arranging gives the expression for total pro-

duction of human services as:®

0 ((/NNlT WT(Z)U_le); (ArrLir) ™ + ( /N JIVT n(z)“‘ldz) ! (ALLL)"UI)

In order to simplify this expression Acemoglu and Restrepo (2018a,b) and Acemoglu and
Restrepo (2019) propose two definitions that allow for a more compact expression. With the

definitions
0’ 1
f Nip V dz

anl" ’YIT O' 1dz+fNIT 7L(Z)U_1dz

I'(Nir,N) = (23)

and

(N, N) = (/NIT vir(2)7 "z + /N VL(Z)U_le) - (24)

N-1 Nir
one may substitute f]i/\iT v (2)?tdz = T'(Nyp, N)II(N;p, N)°~1 and L{{Vﬁ Yrr(z)?tdz = (1—
[L'(Nyp, N)II(Nyp, N)°~! and thus rewrite the aggregate optimal human service production

as

[ed

o—1

o=1 1 o—1
(ArrLir) @ +T (N, N)e (ALLyL)

al=

H =11 (N, N) |(1 =T (Nir, N)) (25)

This expression is similar to the familiar Constant Elasticity of Supply (CES) production

function.

8For details see Appendix B.
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3.2.5 Earning shares of laborers

From equation (25) the earning share of each group of L; and L;r can be deduced. After

rearranging these, the earning share of standard labor from revenues earned by human

services can be written as:’

L 1
b = WL _ - —  (non-IT labor), (26)
pHH 1 _|_ (I_F(NITaN)) o L[T A]T o
I'(Nyr,N) Ly, Agp
wrr L
= =1- IT labor).
orr onH oL ( abor)

3.3 Intermediate goods-producing firms

In our model we have final-good producing firms (whose final goods production under market
frictions was set out above in section 3.1), as well as small firms that produce human services,
described in the previous section (3.2). The third group of firms consists of firms producing
intermediate goods that are used by final goods-producing firms. In this sub-section we

describe these firms in greater detail.

3.3.1 Market entry of intermediate goods-producing firms

The intermediate goods-supplying firms in our model are monopolists because they each sell
an unique product which is the outcome of entrepreneurial (product) innovation. The costs
for the typical firm (denominated in units of final output) to produce one unit of x is ¢,,

and the profits this result in is 7, = (p, — ¢;) =.

9For details see Appendix B.
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Using the demand function (10) and plugging in p, = ozHé?_ax*(l*"‘) results in:

o (t) = aHyw ()" 2 (t) — ez (1) (27)

From the first-order condition!'® and using (10) and (29), the optimal price p, and optimal

production of intermediate goods x (t) are, respectively:

and

o (t) = (- - 1) (cz)T% aTa Ho, (30)

V(t) = ~m, () = /t T () e TN gy (31)

Here, %wx is the present value of profits per innovation and %foN are the total profits of
the intermediate goods producing firm (which is essentially a new firm) of introducing N (t)
new goods. In addition to the cost of innovation, the new firm also has to cover the costs

of market entry (e.g., commercialization costs) for the new intermediate good, which is v.

0The first-order condition is &= = o2 (1 — 6;) H'=*2%~! — ¢, = 0, thus ¢, = o (1 — ;) H' "2~ &
21 = (cg) 0 (1—0;) L
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Thus, the total entry cost of the start-up with innovation rate N and thus total investment

18

Nv=1. (32)

With competitive market entry, the net rents of a new firm turn to zero and the net present

value of the new firm just about covers its total start-up costs:

—m (N (E) — 1(t) = 0. (33)

With Nv = I the steady-state interest rate is:

2T
r= WV< ) (34)
3.3.2 Supply of innovative intermediate products
Innovation in the intermediate goods market is exogenously given as A (t) = %f) , which is

the number of innovative intermediate products invented at t. These innovative intermediate
products are not automatically successful in the market. The success or failure to find a buyer

can be modelled as an aggregate matching process.*!

In such a matching process, the number of new intermediate products successfully entering
the market N is a function of two elements: (i) the given number of new, innovative interme-
diate products A (t) potentially ready for market entry, and (ii) the number of opportunities

for market entry that entrepreneurs (start-ups) discover. These opportunities are determined

HFor a micro-foundation of this process see Gries and Naudé (2011).
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by the capacity of the market. Absorption capacity for intermediate goods is a function of

total effective demand for intermediate goods in the economy X (¢).

Through an aggregate matching function, these two elements can be combined and the
resulting process of market entry can be described as N = f (A, X¢P). For simplicity, it is
assumed here that the matching technology is subject to constant economies of scale, so that

the number of new products in the market will be given by

N(t) = (XP(t))" (A1) (35)

where ¢ is the contribution of market opportunities. Although the assumption of a macro-
matching process is basic, it represents the main idea behind the mechanism. Given (35), the
growth of new products in the economy is a semi-endogenous process because the number
of new products A is fixed but the number of new technologies implemented to establish

intermediate products N is endogenous.

3.4 Aggregate production and income distribution

Having specified final goods and intermediate goods production, and in having showed how
the task approach can be used to account for human service production in the preceding sec-
tions, this sub-section is concerned with the aggregate budget constraint and the distribution

of income to the various agents in the economy, starting with labor income (3.4.1).

3.4.1 Labor income

As we discussed in the preceding sections, human services H are allocated to two activities,

namely production Hg and sales promotion Hy, H = Hg + Hj. For the representative firm
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Hy, - ie. use in sales promotion - has already been determined by condition (7) and (8).

Thus, the allocation of human services to production must be

Hy = H — H,. (36)

From (9) we know that human service in production is paid according to its marginal pro-
ductivity with the price p; (). However, not only do firms have to pay human services used
in physical production Hg, they also need to pay human services used in sales promotion
H,. As factor rewards are paid in physical output goods at an amount (1 — )@, all human
services needs to be paid out of this amount. Also, with a homogeneous H in a perfectly
integrated human service market, only one price is paid to to H, irrespective of whether used

in production or sales promotion.

Finally, because total payment for H cannot exceed the contribution of H to effective pro-
duction (9), we obtain an average income that is paid to all human services. Thus, total or
aggregate human service income is py H = ply Hg = (1 — a)@'? and the price for H is

Q)

pr (t) = (1 - Q)T-

3.4.2 Wealth holders’ income

N (t) 7 (t) denotes total debt issued in the economy. All new products, results of innovation
(R&D), are financed by issuing new debt, N(t)v = F (). As wealth holders, profits accrue

to the owners of this debt - the financiers:

N (t) o () =7 (t) F (1) (38)
Q

H
R2p'yHo =pu (Hg + He) & py = p’H(HQ% =(1-a) o (ot hs) = (1— 04)%. Note that Q depends
on HQ.
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3.4.3 Production and income constraints

Effective output in the economy has to be divided amongst intermediate goods x, standard
labor Ly, and the IT technology service provider L;r. The budget constraint for effective

output is therefore

Q(t) = N(t)Hy *x*(t) = N(t)po(t)x(t) + wr(t) Ly + wir(t) Lyt (39)

Note that effective output is not the same as GDP or aggregate income. As x is produced

by using ¢, units of final goods, net final output and thus income is

Y(t) = Q(t) — N()z(t)cs. (40)

Further, (39) and (40) imply that @ — Nxc, = Np,x — Nxc, + wr Ly + wrrLip. With
the definition of profits in the intermediate goods sector (27), the income constraint then

becomes:

According to (41) total or aggregate income in the economy consists of profits, labour, and
technology income. Given equation (34) this means that Y = rNv, + wp(t) Ly + wir(t) Lip.
Value added generated by innovative intermediate firms therefore turns into the income
of financial asset owners r (t) F'(t). The growth process is thus essentially a process of
financial wealth accumulation through the financing of new products and (intermediate-good

producing) new ventures, which we label a Silicon Valley model of growth.

Finally, using (38) results in the familiar income decomposition of GDP:

Y (t) =T (t) F (t) + wL(t)LL + w[T(t)L[T. (42)
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In addition to income of financial wealth owners, value added generated by the human service

input is distributed to labour (w,(¢) L) and the providers of the Al technologies and services

(’lU[T (t)L]T) .

3.4.4 Income distribution

To allow us to eventually trace the distributional consequences of progress in artificial in-
telligence (AI), the income shares of the three input and resource providing agents in the
model need to be derived. These are the income of standard labor (wy ()L ), the Al service

providers (w;r(t)L;r), and the financial investors (r(¢)F(t)).

Wages and income share of labor: Using the expression for factor demand (37) and

(26), wages can be related to total income as follows:

pell ¢ Y(t)
LL 1+« LL .

wr, = ¢, (43)
Because ¢y, is constant, wy, is the standard wage rate in the economy. The income share of
standard labour can now be derived by using (43), (29) and (40) as:'3

wr, (t)LL oL

v  (G+a) (44)

Wages and income share of the AI provider: The factor reward, or wage rate, of the
economic agent that provides the Al at amount A;7 can be derived in a symmetrical manner
as in (43) and can thus be specified as:

pHH _ 1-— ¢L Y(t)
Lir 1+a Lir

Wrr = (1 - ¢L)

13Note that 11:—&"‘2 = ﬁ See also Appendix C.

24



The income share of providers of the Al service is accordingly:

wrr (1) Lir 11— ¢
Y(t)  1+a

< 1. (46)

Income share of financial investors: The income share of financial investors can be

calculated using (40), (38), and (27) as

(47)

3.5 Aggregate expenditure and income

To understand and analyze the role of aggregate demand it is necessary to specify the

consumption and savings behaviour of the agents in the economy.

In standard endogenous growth models, aggregate demand is typically modelled assuming
representative intertemporal choices based on a representative household’s Euler equation.!®
This, however, is not adequate when asymmetries in factor rewards and potential changes in
income distribution are key features of interest - as is the case when considering automation
technology. The representative household assumption in standard endogenous growth models
assumes away differences in intertemporal decisions of rich and poor households and their
respective effects on aggregate consumption and savings. In Appendix D examples are
provided for specific intertemporal choices at individual or group level. Moreover, if group
preferences are heterogeneous, they may lead to heterogeneous consumption and savings

behaviour which needs to be taken into consideration given that it specifies that effective

aggregate supply and demand for intermediate inputs depends on aggregate demand.

MDetails of the calculation are contained in Appendix C.
15C — TD=P with p denoting the representative agent’s time preference rate and 7y the intertemporal

c
elasticity of substitution.
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The novel model proposed here does not assume away the idea of rational intertemporal
choices, as is usually the case in endogenous growth models. However, what it does reject is
the idea of a simple aggregation rule like a representative household (Gries, 2019). Instead,
for present purposes the Keynesian tradition is followed by assuming that some households
only earn wage income wy L, and another group of households earn only financial income
from assets rF. A third group, providers of Al-services, is also regarded as its own group.
Each group has its own consumption preferences and patterns. Labor income accrues to
poorer households while financial wealth holders and Al service providers accrue income for

richer households.

3.5.1 Consumption and investment expenditure

From (44) we know that the share of labor income. We define group-specific intertemporal
choice models and assume plausible group-specific parameters for the choice problem, then
suggest that total wage income is fully consumed and that labor income is the only source
of consumption expenditure. This is a traditional assumption in Keynesian growth models
(Gries, 2019). Yet in Appendix D we show that motivating this assumption by suggesting
group-specific optimal intertemporal choices is not difficult. The important assumption is

that groups are different and have different expenditure behavior.

According to (44) the share of labor income is “’LYLL = (1?04)‘ As labor belongs to poorer
households, it is assumed here that total wage income will be fully consumed and that to-
tal wage income is the only source of consumption expenditure.’® Further, in an economy
with non-perfect matching, consumers also devote income to search and matching activities

whenever their desired consumption cannot find a suitable output. Searching for appropri-

ate consumption goods leads to the experience that investing fraction 6; of their income

16In Appendix D we show that once we depart from the representative household approach, motivating
this assumption by group-specific optimal intertemporal choices is not difficult.
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in the search and matching procedure would reduce the mismatch.!'” Therefore aggregate

consumption is:

Ct) = wp(t) Lp(1—0)+e=c(1-0)Y (t) +¢ (48)
. 9L
with ¢ = o) (49)

Note here that ¢ is the economy’s marginal (and average) rate of consumption. € denotes a

randomness in consumption demand with an expected value E [¢] = 0.

As far as investment expenditure is concerned, in our model the innovation by intermediate-
goods producing start-up ventures requires investment. It is assumed that such investment

v is identical for each innovation. Thus total start-up investments I(¢) are described by

I(t) = vN(t). (50)

3.5.2 The Keynesian income-expenditure equilibrium

Income Y can be used for consumption C' and investment /. Thus demand for GDP is
YP = C + I. While the consumption rate is determined by (48) and a constant fraction
of total effective income, investments are driven only by the market entry of new goods
(i.e.,innovation), N. With the consumption rate (49) a constant, the Keynesian income-
expenditure mechanism can be applied to determine effective total demand, Y”. Therefore,

in income-expenditure equilibrium, aggregate effective demand equals effective income

Y(t)=YP(t)=C(t)+ (1), (51)

"Tn section 4.2 when we introduce the aggregate match-improvement function ( 58) we will see, how 6
affects the matching process.
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and we obtain the well-known Keynesian income-expenditure multiplier for the effective

expected demand in aggregate goods market

Y@@)_-Kﬂ+€@)__vNU%+&

S l—c(1—0) 1—c(1-0) (52)

3.5.3 Expected aggregate demand for total production

To determine the total or aggregate demand for final output (), we begin with the demand
for GDP, YP(t) = C (t) + I(t). We also need to add the demand for input goods taken

from final goods sector N (t)z(t)c,. The Keynesian income-expenditure mechanism tells us

that effective aggregate demand for GDP is lfgffe), adding N (t)x(t)c, gives the effective

demand for total output ), namely

vN(t) + E [z (t)]
l—c(1-19)

QP = + N(t)z(t)c,.

Demand is hence an endogenous value in which investment expenditures are independent
from households’ savings decisions. Further, to determine the expected excess demand ratio
under current demand conditions, we need to divide by Q(t). As a result, the aggregate
effective demand ratio A(f) describes the ratio of effective aggregate demand to current

output

and in expected values we obtain the ratio of expected aggregate demand '

14

BRI = T (;>laagN+a2_ (53)
Q

Cx

— .
18E[8 | = = % + o2 and using (3) and (29) we obtain (53).

28



4 Solving the model

In this section, we depart from the perspective of individual firms and consumers who counter
their perceived frictions and move to that of an omniscient observer of the mechanisms. From
this angle, the driver of perceived friction is an aggregate market mismatch. This provokes an
adjustment that leads to a reallocation of resources. While this reallocation can neutralize
the mismatch, it also reduces human services used in production and thus output. The
mismatch is closely related to the demand side, so the demand side restricts the current
output and growth rate. The growth path is demand-restricted. Further, we also show that

this growth path is stationary.

4.1 Solving for technology growth

We start to solve the model by determining the semi-endogenous growth rate of new products

that successfully enter and remain in the market gy (¢) = % From Equation (35) we
know that the growth rate of implemented technologies depends on effective demand for

intermediate goods and thus depends on labor in effective production Hg, and is

Cx

gn (t) = x—(t) = ((a—2> a H@) (ga)' ¢ (54)

This process is semi-endogenous, as the exogenous g4 is an essential driver of gy. However,
the extent to which the exogenous innovative process g4 becomes usable and implemented

in the economy is endogenous.
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4.2 From perceived individual frictions to aggregate market mis-

match

In section 3.1 we introduced the notion of a firm facing market friction in selling its potential
output.'® From the perspective of an individual firm 7, we have discussed firm i’s perception
of market mismatch ¢; which they relate to their individual market conditions and their
counter-activities. They use human services Hy; for placement and reduce their individual
sales problems accordingly. Furthermore, in the preceding sections we explained that it
is not only firms that are affected by a market mismatch. In their search for the desired
consumption goods, consumers also face a mismatch and hence spend a fraction 6; of their

income on this search.

Further, in this section we suggest that individual (idiosyncratic) problems in the market
are not the only reason for firms’ sales and customers’ purchase problems. These problems
are in fact, also due to aggregate market conditions, even if individual decision-makers are

not aware of this fact.

What are the reasons for firms’ sales problems? From the perspective of firms, effective sales
are determined by stochastic market mismatch d;, [¢;(t) = 1 — 6; (¢) see 4]. Thus, to answer
this question we need to find out more about the random variable §; (t). Furthermore, what

is behind the firm’s perceived market frictions ¢, (t)?

We assume that the mismatch is determined by two components, (i) aggregate market condi-
tions and (ii) an idiosyncratic component for each individual firm. (i) The first component,
the aggregate component, is a current shortage of aggregate demand &% (t) as being the

difference between total supply and effective aggregate demand QP (¢)

6P (1) = T2 =1 - A(1). (55)

19This section is closely related to the modelling in Gries (2020a).
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(ii) Second, and in addition, while §” (¢) is the aggregate market component, we have to add
the idiosyncratic component for each firm. Sales problems are also firm-specific obstacles and
are described by the random variable ep;, with 1 > Elep;| > 0. For given aggregate market
conditions 07 (1), ep; is the element of the mismatch that is due to individual firm conditions.
Therefore, total individual friction perceived by each firm ¢ combines the aggregate market
and idiosyncratic component and can be described as

(S/- (t) = (SD (t) EFi- (56)

2

However, individual firms or consumer do not have this insight into the breakdown of the
friction. An individual firm only perceives an expected sales ratio E [¢; (t)] = 1 — E [6; (t)],

interpreting it as being caused by a friction that can be addressed by allocating more labor

towards the matching process [%@’j)] <0, a{ﬁ}i’:gg] > 0 see (5) section 3.1].

We have to aggregate to connect these individual activities with total and current market
conditions to determine aggregate market equilibrium. Assuming that ep; are i.i.d for ¢ € Z,
we can aggregate (ep; = £p,) and obtain as general or representative perceived friction ¢’ (¢);

and in expectations

E[§ ()] =(1—=E[N)E[er] —cov(e,ep), with cov(e,ep) <. (57)

This shows the full mechanism that leads to mismatches. However, we have not specified
how counter-measures by firms and customers affect the mismatch. To do this, we define
the aggregate match-improvement function m(t) for the aggregate market. We assume that
matching of the two market sides is determined by the firms’ allocation of human services

to combat mismatch Hy; (f) and of the fraction 6 (¢) of consumers’ income spent to find the

31



desired consumption good

B _ 1 .. dm dm
m=Ly(t)(1—0(t)  , with JH, > 0, 0 0. (58)

Thus, the rate of expected effective aggregate mismatch -after implementing counter-measures
- 1is

E[6 (1) = E[0" ()] —m. (59)

When the mismatch is completely eliminated, such that the aggregate expected mismatch

becomes zero, we obtain a perfect matching

E[5(t)] = 0. (60)

Further, and most importantly, equation (60) implies that firms are in sales equilibrium, and
also the aggregate market is in equilibrium. Specifically, (i) firms are in sales equilibrium as

the expected effective sales ratio turns to one,

1= E[6(1). (61)

(ii) For the aggregate market we know that effective sales require the respective effective
demand, E[®] = E [QP]. As the effective sales ratio is 1 — E [0 (t)], we obtain that the

mismatch E[J ()] also describes the gap between effective demand and production 1 —

D
E5(t)] =E[\t) = % Thus, whenever (60) holds and the mismatch is removed the

aggregate goods market, too, is in equilibrium, since

1=E[\t)]. (62)
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4.3 The aggregate model in two equations

Using (54) reduces the system to the following two simultaneous equations, namely (61a)

and (62a).

4.3.1 Firms’ sales equilibrium

From (7) in section 3.1 we know that a firm allocates human services in the market place-
ment process until all output is sold. On aggregate (59) and (61) tell us that producers
and customers allocate resources to improving aggregate matching until all production is
sold. Using the constraint for human service allocation (36) we can now state firms’ sales

equilibrium for the representative producer as?”

Hg = cov(e,ep) (1 —60)+ H. (61a).

4.3.2 Aggregate market equilibrium

In section 3.5 we determined aggregate demand and the aggregate effective demand ratio
(see 53). Aggregate goods market equilibrium requires that demand equals production and
supply, such that the effective demand ratio turns to one and plugging in (62) and (54)

gives?!

to = (T—am et 9)))m (a_)((g (6%2)

Two equations (6la) and (62a) hence remain to solve for the two endogenous variables,

namely human services used in production Hg and consumers’ spending on search and

20For details see Appendix E.
21For details see Appendix E.
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matching 6.

4.4 Current market equilibrium

We can now solve for equilibrium. Combining (61a) with (62a) we are left with only equation

(63) and one variable, Hg

2\ 1=a
0=F = HS‘V) — v — & (ga)'7. (63)
(1 —a?) <1 - c—fﬁy(ffFJ

As we cannot explicitly solve for Hg, we apply the Implicit Function Theorem to determine

the equilibrium I:IQ, and other interesting variables.

Proposition 1 Current market equilibrium: FEquation (63) implicitly defines a func-
tion for
(i) the equilibrium value of Hg

dHy

- dH,
Ho=Hg (v, g4, ce, A, ..., cov (€,ep)) , with —C 0, — > 0. (64)
dgA dv

Further, (64) leads to

(ii) the rate of consumers’ spending on improving the matching process

H — Hy

f=1—- —<_
—cov (g,ep)’

with  cov (e,ep) <0 (65)

(iii) total production of the final good

34



(iv) total income and hence the level of the growth path

2

Y(t)=N(t)(1-a?) Hy (O‘—> o (67)

Cx

(v) the growth rate of income (GDP) gives
Y (¢ N(t a?\ T o\ _
gy = Y _ gN = M) _ (—) (ch> (94)' 7, (68)

and (vi) the real rate of return on financial investment

(69)

el
I

Natl

T

For a proof, see Appendiz F.

With I:[Q and }~I¢ we have determined a current market equilibrium at a level below potential
output HQ < H. Further, as [:[Q depends on demand side parameters, e.g. v, the level of
the income path and the growth rate is restricted by the demand side. It is also interesting
to note that in this kind of economy, the return on investment is equal to the growth rate.
While (69) is a result that is also found in other mainstream models, causality is different.
In this model gy is the driver of r. As more products enter the market, profits improve
and the return on investments increases. In endogenous growth theory, r is the result of an

intertemporal choice and drives both the growth rate and the savings rate.

4.5 Stationarity of Equilibrium

Although market equilibrium for each period is described in section 4.4, two important
questions remain. First, how can the equilibrium output steadily remain below potential

output and represent a long-term stationary equilibrium? Second, how can aggregate demand
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become central and determine both the stationary level and the speed of the growth path?

The next two subsections provide the answers.

Why are these questions worth asking? Mainstream dynamic macroeconomics is based on the
idea that the path of potential growth - often regarded as the outcome of some kind (variety)
of neoclassical or endogenous growth model - is the only relevant process for economic growth.
After a temporary deviation from this path, the economy normally returns to it and continues
to grow as described in the fundamental growth model. There is no permanent deviation. We
would hence suggest that the equilibrium we just derived can indeed become a permanent,
stationary process. In other words, such a demand-restricted growth path (path level and
growth rate) is a stationary path. The economy will not necessarily return to the path of

potential growth.

4.5.1 The stationary no-expectation-error equilibrium

In this approach we suggest a different concept for a stationary equilibrium?? that is directly
related to stochastic modeling. We describe stationary behavior from the perspective of

individual decision-makers.

We assume that a systematic difference of expectations and planning with the average out-
come of a stochastic variable is perceived as an inconsistency of one’s own behavior and
reality that leads to an adjustment in behavior towards an experience of less inconsistency.
E.g if in a stochastic environment an individual plans and organizes a specific outcome -
according to their subjective expectations - and their plans and outcome do not coincide
with observed expected values, we refer to this difference as an expectation error. As a
consequence the individual learns from this error and changes their behavior by adjusting

their plans. Individual behavior becomes stationary if the planned and realized outcome is

22The equilibrium concept is close to the ideas introduced in Gries (2020b).

36



indeed the observed expected outcome. This condition defines a behavioral equilibrium such
that it implies no (need) for a change in behavior. Thus, we refer to this condition as the
no-expectation-error equilibrium (n-e-ee). It is an equilibrium in terms of a stationary

behavior.

In this approach, the general concept of a no-expectation-error equilibrium can be illustrated
by looking at the matching procedure. The mismatch E [d] defines the gap between planned
production @; () and the mean of effective sales E [®; (t)] = (1 — E[d (¢)]) Q; (t). Thus, as
long as firms and customers do not allocate sufficient resources to counter the mismatch
they cannot expect the mismatch to disappear, and E [0] = E[0'] — m (Lg,0) > 0. Thus,
individuals face an expectation error as their actions do not coincide with the observed
expected values. In other words, there is an error in their planning as their subjective expec-
tations are false. Thus, they continue to adjust their plans until they correctly expect and
plan their counter-activities, such that the expected mismatch is on average fully eliminated
0=FE[0]=FE[0] —m(Lg0). As a result, there is no expectation error with respect to the
final goods matching mechanism. Firms are in sales equilibrium (£ [¢] = 1) and we also

obtain equilibrium in the aggregate goods market E [\ (t)] = 1.

Definition 1: No-expectation-error equilibrium. Firms and customers are in no-
expectation-error equilibrium (n-e-ee) if (1) the expected mismatch is correctly predicted, such

that respective planned counter-activities fully eliminate the expected mismatch

E[8) =m (L, 0). (70)

and (ii) furthermore, firms and customers exhibit stationary behavior (no change in behavior

is necessary) as they expect what they plan and realize, such that firms remain in sales
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equilibrium and the aggregate market continues to remain in market equilibrium,

Elp] = 1, and

E[N = 1.

Using Definition 1 above we see that the equilibrium which is determined in proposition 1

is indeed a stationary equilibrium. Thus, we can state the following proposition.

Proposition 2 Steady state equilibrium: The market equilibrium derived in proposition

1 is a no-expectation-error equilibrium and thus a stationary equilibrium.?

This outcome, a demand-restricted stationary growth path below the level of potential
growth, is the most significant difference in our model from mainstream endogenous growth
models, and a fundamental contribution of this paper. Such as demand-restricted station-
ary growth path could not occur under the perfect market conditions of typical endogenous
growth models. There are two reasons why and how can this happen here. First, firms ob-
serve a market mismatch which provides incentives for firms and customers to act. Both can
respond to this perceived mismatch by allocating resources to reduce perceived frictions and
improve the match between demand and supply. In response, labor potentially available for
production is allocated to improve the matching process and expenditure that is potentially
usable for consumption demand is spent on the search. This resource reallocation leaves the

economy below the potential production level.

Having proposed an endogenous growth model with aggregate demand constraints and that

incorporates the task approach, the next section uses this model to analyze the dynamic,

ZProof: As (64) and (65) in proposition 1 satisfies condition (60), (61) and (62), respectively, conditions
of Definition 1 are satisfied. Thus, firms and customers are in a no-expectation-error equilibrium and exhibit
stationary behavior.
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long-run impacts of artificial intelligence.

5 The Dynamic, Long-Run Impacts of Al

The previous section of this paper proposed an appropriate endogenous growth model to
identify labor market and growth consequences of technological progress in Al In this section
the model is used to analyze the long-run impacts of Al. For simplicity we assume a once

and for all push in the availability of Al technologies indicated by the parameter Ajrp.

5.1 Impact on human service production

dAIT

Progress in Al ( ) will increase the supply of the human service input H

Arr
dH dA
- = WH,AITA—IT >0, with nga, >0, for o>1, (71)
IT
given that?*

o—1

LpBi(N N AN o—1 _1
[1 - <£‘TLTL,LT§2((1\;£)) (JILT((]\;ITT)) ) } (vir(Nrr))? " (B1 (N17)) ™ ONypoae + (00— 1)

N
ALL By(Nir) Y1\ 7
1+ (AI;LfT (Bl(NIT)> ) ]

NHAir =

(c—1)

(72)
This is an interesting, and perhaps counter-intuitive result result. In a standard constant
elasticity of substitution (CES) approach, as in Gries and Naudé (2018), H would grow
at rate dff for large values of A;r. The task-based approach incorporated in this model
however leads to the result that the growth rate of H depends on the elasticity of substitution

between Al and human labor. If the elasticity of substitution is high, i.e. ¢ > 1, more Al

24For calculations see Appendix H.
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will lead to an even stronger expansion in human service production and availability. From
the supply side a high substitution rate between Al and labor is favorable, as it means that
labor supply constraints will have less inhibiting effect on production. Easy substitution of
labor by the AI technology thus facilitates the extra expansion of tasks. On the other hand,
if Al is a complement to labor, i.e. (o > 1), this effect will be limited, and progress in Al

can lead to a reduction in the growth rate of human services.

5.2 Impact on inequality

To analyze the impact of Al (dAIT) on inequality, the changes it brings about in the income
share of labor, the income share of the technology providers, and the income share of financial

wealth holders will be determined.

Income share of labor: The income share of labor was described in equation (44). The

derivative of (26) shows how the income share of labor income changes as a result of new Al

technologies:?
d(’LULLL/Y) d¢L dA[T
= <0, for 1 < 73
wLLL/Y ¢L n¢L7AIT A or J ( )
ot S iz .
1 IT T NiT +(1—-0
Wlth 1’]¢L7AIT _ (F(NIT(AIT) ) 1 1)F(N]T(A]T)7N)2 _ < O (74)

(D(Nir (Arr) , N)™1 — 1)_% (%%)7? +1

and with -4 NéT < 0. For 1 < o (high elasticity of substitution) the income share of

Nyp dNir Aie (), However, if 1 > o the income share of

. . . dr
labor will decline since I'-%— N T A NS

labor will not necessarily increase, in contrast to what would be the case in a standard CES

approach. This shows that the integration of the task-based approach in the model means

25For calculations see Appendix H.
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that automation will decrease the share of labor income no matter the size of o. This is

_dl' Nyp dNip Arp
dNrr TI' dAjr Nir

Acemoglu and Restrepo (2019, p.9).

because I' is always negative. This effect is the same as that identified by

It can also be noted that A;r progress will not only depress the income share that labor
receives from providing human service inputs (for 1 < ), but that the share of labor income

in the total economy will also decline.

Income share of technology providers: Departing from (46) and taking the derivatives
shows that the income share of the technology providers increases when there is high elasticity

of substitution between Al and labour, as can be seen from:

d(wirLir/Y) 1 Moy Ay AALT '
= - —L >0 with <0forl<o. 75
dArr wITLIT/Y <L . 1) Arr WILD g p Arr or o ( )

oL

Income share of financial wealth holders: According to (47), the income share of

financial wealth holders is uj:_a) Hence this income share will not change with the technology

shock of Al progress, dA;r > 0.

5.3 Impact on demand and absorption

In the previous section we learned that a high elasticity of substitution leads to a shift in
income distribution in favor of technology providers and financial wealth holders. Further,
as argued in section 3.5 consumption demand is determined by standard labor. Thus, the
demand side - specifically the consumption rate c - is affected by this asymmetric partici-

pation in income benefits from Al technologies. The impact of progress in Al technologies
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(dA;r) on the consumption ratio and thus the ratio of market absorption is?

de (=) dArr
- nC,A[T A[T

<0, (76)
with 0,4, = Mg, 4,2 < 0, for o > 1. This shows that AI unambiguously tightens the demand
constraint when the elasticity of substitution between Al technologies and labor is high, i.e.

o> 1.

5.4 Impact on long-term efficiency

How close is an economy to potential output? How high is the current equilibrium output
compared to potential output? We measure this kind of foregone output by the utilization
or deployment rate which we define as w = Y / YP. Thus, 1 — w is a of measure of hidden
inefficiency. The economy is below its potentials but is not aware of it. With current
equilibrium output (67) and potential output [maximum possible output (ﬁQ =H),Y? (t) =
N@t)(1—-a?*)H (3—2>1aa] the deployment rate

T

w(t) = ;;(2) _ folt) (77)

As a reminder, @ is the result of optimal individual behavior in steady state. Thus, our

question is how does Al technologies affect this path of utilization or deployment of resources?

As we know from (71), changes in Al technology dA;r increase total availability of human
services H. This can improve potential and current production through an increase in H

(see 64). As effects on H and Hg are different, the effect on the deployment rate is not clear,

dw(t) _ dHg

0] o — %. While % is known from (71) we need to determine the equilibrium change

26For a proof and the respective conditions see Appendix H.
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of human service in production as result of Al improvements

dH, dApr
& _ 21 >0 78
HQ NHqg,Arr AIT < ( )
(i) <0 (i) >0
Nr,Arr T I%UH,AIT

<
H,
(1 '7) <(1_19)C 1> Hj

NHq,Arr

While the total effect % seems generally ambiguous, the first intuitive idea is that it
should be positive. However, there are two opposing effects. First, on the supply side, an
increase in technology which is quasi factor-augmenting should lead to more factors available
for production. However, in our demand constraint growth model, there are further effects.
Secondly, the term Hyny, 4,, < 0in (78) shows that the potential increase on the supply side
is countered by a negative effect through income distribution and a reduction in absorption on
the demand side. More inequality and a declining consumption rate restricts the total effect
of Al on factor utilization for production which otherwise had been solely Hny 4,, in (78).
We can even identify the conditions when ng,, 4,, turns negative. Broadly speaking, nm, 4,,
turns negative if A;p and o are sufficiently large, such that the effect on inequality becomes

so dominant that the declining demand suppresses the opportunity for more production.?”

Now we can turn back to the deployment rate. If we plug in and rearrange, for the change

of the deployment rate we obtain

dw (t) dArr (1—7)
= N — <0 f 1—0)c< 80
7] <0 + H 7] >0
oL, Arr H,HAT >0
N, Arr 2 NH A | < 0, (81)

_
(=) (ol = 1) + 52

Mu.A,- again is ambiguous in general. However, for 7, 4,,. we find a simple (sufficient) con-

27See Appendix H.
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dition, (1 —0)c < %::’{) for a an increasing gap between current equilibrium steady state
and potential steady state output.?® This condition also allows for further interesting inter-
pretations. In this comparative static analysis we look at a once-and-for-all increase in Al
technologies and obtain as result, that this increase may lead to a positive or negative effect
on deployment rate w (t). However, from (74) and (76) we know that inequality increases
and absorption declines if Al continues to change. As a consequence, with more inequality
and a declining consumption rate the economy will move towards a declining deployment

rate and increasing structural inefficiency, which may result in a long-term stagnating path

of growth.

Unlike in mainstream growth modelling, our model allows us to study long term station-
ary growth below the potential growth path. One reason for this is the fact that income
distribution matters for the demand side and the demand side is able to restrict economic
expansion. This hold true not only as a short-term disequilibrium phenomenon. Due to the
equilibrium concept for stationary behavior, it sustains. Therefore, in this model a path of
long-term stagnating growth has a simple narrative. If Al technologies lead to asymmetric
benefits mostly for financial wealth holders and technology owners, such that more inequal-
ity reduces labor share of income and the consumption rate, the demand side will grow less
than the supply side. Since this approach has no assumption such as Say’s law and market
adjustments are done through search and sales promotion decisions, the demand side can
become a constraint for the supply side. Resources that could be used for more production
and absorption are indeed used more and more to achieve a match between supply and de-
mand. The economy could produce more, but has to deploy increasing resources to find the

equilibrium.

28See Appendix H.
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5.5 Impact on wages and labor productivity

Changes in the expected ratio of market absorption df have implications for wages, labor
productivity, and GDP growth. Because wages are equal to marginal labor productivity, the
effects of Al on wage and labor productivity growth are:

dwr,(t) (i) <0 >0 (i) >0 | dArr
wL(t) = | NMe,Arr +77HQ,H7]H,A1T A—]T§O (82)

The result in (82) shows that there are two effects of Al on productivity and wages. First,
growth in human service input is driven by IT and Al growth and is described by (71).Thus,
this effect happens through the higher total human service input 7y 4,, which may improve
productivity and wages [see (i) in 82] and also increases human service in the production
sector np,, - Second, if the elasticity of substitution is high (¢ > 1) the ratio of market
absorption declines 7. 4,, < 0. This is a demand-constraint effect, due to the fact that

aggregate demand is not growing sufficiently to absorb additional supply [see (ii) in 82].

If the elasticity of substitution is high, i.e. (¢ > 1), wage income growth will be slower and
labor will not equally share in the benefits of % as its share of income will decline. Even
if I'T and AI technologies have both positive and negative impacts on labor productivity
growth, the on total marginal labor productivity and wage growth stagnate (are reduced).
Also, labor participation through wage growth is reduced. By how much is an empirical

question. The important message is that there will be an effect from the demand side.

5.6 Impact on long-term GDP growth

The implementation of I'T and Al technologies affect not only wages and labor, but also

the GDP growth rate. The same mechanisms that were discussed in section 5.4 are also
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responsible for a negative net impact on GDP growth. These mechanisms are again (i)
a positive productivity effect and (ii) a negative effect of a tightening demand constraint.

Overall, however, the net impact is ambiguous. From (68) we know that the GDP growth

2

= [~ \7
rate is gy = (“—) ' (HQ> (ga)'™". Taking the derivative

Cx

djy dArr

— Mg Ar—— S0 with 7y, 4, <0 for 1 <o, (83)
gy Arr
(i1) <0 (@) >0
N, Arr + %UH:AIT
NHoArp = — 20 see (79),
1) + 52

— L
(1=7) <(179)c ,

we see that the direction of this effect directly depends on the sign of 7y, 4,,. As section
5.4 provides an extensive discussion, we can conclude: If A;r is large and o is high enough,
the effect of Al growth on inequality with a declining demand becomes dominant, the GDP

growth rate is likely to be reduced even if the shock is a positive technology shock.

6 Summary and Conclusion

Artificial intelligence (AI) has become a significant automation technology, raising concerns
about rising technological unemployment and inequality. To understand these labor market
impacts of automation better, the task approach has been a valuable addition to the theo-
retical toolkit of economists. The task approach’s central contribution has been to make a
distinction between jobs and tasks, and moreover to distinguish various tasks which differ
in terms of whether they are susceptible to automation. For instance, a distinction is often
made between routine cognitive and manual tasks, abstract analytical and managerial tasks,
and non-routine manual tasks. If AI technologies, embodied in capital (machines, robots
and computers) do not automate all tasks, but instead only those that can be more eas-

ily codified, such as routine tasks, and if some of these tasks are done by medium-skilled
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workers, then these workers may be displaced by Al — leading to higher unemployment and

inequality at the same time.

This, however, is not the end of the story. In more recent elaborations of the task approach,
the possibility is recognised that, because Al can raise labor productivity and the wages of
some, that aggregate demand would increase and indirectly raise the demand for labor. This
has been labelled the reinstatement effect of AI. The implication is that the net impact of
AT (automation) on jobs and inequality will therefore depend on the relative strengths of

the displacement effect and the countervailing reinstatement effect.

Important as these insights are, the task approach as applied to Al has a shortcoming. In
this paper we argued that its shortcoming is that any jobs impact from the reinstatement
effect is fundamentally uncertain in the task approach. This is because the reinstatement
effect depends on the extent of economic growth created by AI and the extent to which
economic growth stimulates the demand for labor. This in turn depends on growth in labor
productivity, labor wages, and the income share of labor. Because the task approach is not

an economic growth model, it is unable to model these dynamic aspects.

While there have been a number of proposals for economic growth models focusing on au-
tomation and artificial intelligence, these have shortcomings of their own. First, they lack
the insights of the task approach into the distinction between tasks and jobs, and hence
does not allow for substitution between tasks to be taken into consideration. And second,
endogenous growth models are supply-driven, ignoring the role of aggregate demand. In
standard endogenous growth models, aggregate demand is typically modelled assuming rep-
resentative intertemporal choices based on a representative household’s Euler equation. The
representative household assumption in standard endogenous growth models assumes away
differences in intertemporal decisions of rich and poor households and their respective effects
on aggregate consumption and savings. This is not adequate when asymmetries in factor

rewards and potential changes in income distribution are key features of interest - as is the
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case when considering an automation technology.

Thus, both the task approach and endogenous growth models are currently limited in theo-
retically modelling key economic impacts of Al and automation. As such, the contribution
of this paper was to address these shortcomings of the task approach and endogenous mod-
els. We provided a (semi) endogenous growth model with a reformulated task approach
incorporated, and moreover that can deal with demand constraints. In our model, we de-
rived a demand-restricted stationary growth path below the level of potential growth. In
this our model departs the furthest from typical endogenous growth models. With such a
demand-restricted stationary growth path possible, our model suggests two novel impacts of

Al, which are not find in current models.

For one, by integrating the task-based approach in our growth model we showed that Al
automation can decrease the share of labor income no matter the size of the elasticity of
substitution between Al and labor — and increase the income share of financial wealth owners
and the owners of the technology. And two, when the elasticity of substitution between Al
technologies and labor is high, AT will unambiguously reduce aggregate consumption and thus
aggregate demand. As a consequence, with more inequality and a declining consumption
rate, the economy will move towards a declining utilization (deployment) rate and increasing

structural inefficiency.

The core contribution is to show that, if Al technologies lead to asymmetric benefits mostly
for financial wealth holders and technology owners, such that more inequality reduces the
labor share of income and the consumption rate, the demand side will grow less than the
supply side. Since our model has jettisoned the typical assumption of Say’s Law, and instead
model market adjustments through search and sales promotion decisions, the demand side
can become a binding constraint on the supply side. Resources that could be used for more
production and absorption are indeed used more and more to achieve a match between supply

and demand. The economy could produce more but has to deploy increasing resources to
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find the equilibrium. If the progress in Al is significant and the elasticity of substitution
between labor and Al high enough, the effect of Al to increase inequality and reduce demand
becomes dominant, so that GDP growth is likely to slow down, even if the progress in Al

amounts to a positive technology shock.

With a slow (-er) diffusion of Al (and slowing down of innovation in AI), there will be rather
slower growth in GDP and productivity, because the economy does not benefit much from
the supply-side driven capacity expansion potential that Al can deliver. Wages can however
stagnate in line with slower GDP and productivity growth in order to maintain employment
levels. Thus, in the model presented here we can explain why contemporary advanced
countries experience the simultaneous existence of high employment with stagnating wages,

productivity and GDP, all despite much Al hype.
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Appendices

A. Final-goods-producing firm

Implicit Function Theorem for optimal H,; Condition for applying the implicit func-

tion theorem hold: 0 = F' = E [¢; (0;, Hg;)] — 1, and d‘;f;, = 9EB] . For the effect of

OH ;(t)
dF  __ O0E[¢i(t)]
5] = ok < V-

E [6;] we use

B. The task-based approach

B1. The optimal allocation of tasks, and task production

Demand for tasks: Human service firms

max s =~ () = ([ 87 0) T =G

F.O.C. h
" (f ih(z)“cfdz) e ()T = (=) =0
oo ([ nea)" = =
pu ([ 7)ot = e

arriving at h(z) = %p}‘{, see (15).
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Demand for task z: Using marginal production and productivity rules

h(zir) = Arryir(2)r(2) production (12) h(zp) = Ay (2)lL(2)

marginal productivit
prArryir(2)lr(2) = L (2)wir & Y PrALYL(2)lL(2) = lL(2)wg
and factor reward

wr,

~ Arvi(zr)

pr (ziT) = iy g price = unit labor costs  py (21)

and plugging in gives (16) as being the optimal demand for h(z),

h(Z) = %p?{, h(Z) = %p}'{,
(AIT’YIT(Z)> - (AL’YL(Z>> .
M=) = 0 H (22) rp(2)7, h(z) = o H (26) (2)7.

Demand for each kind of labor In order to determine the marginal productivity for
each total labor input, the productivity for each kind of labor is derived from (16) and (12),

and we can obtain the optimal demand for IT labor :

A g
b = et (22 ey
- A\’ -
Arrvir(2)lir(z) = pyH (w—) Yrr(2)
IT

hr(z) = pH (Arr)" wifyir(z)7", see (17),
and standard labor:
I0(2) = p3 H (AL)" wp®yn(2)7", see (18).

To determine wages for each kind of labor we have to rearrange;further, as the next calcula-

tions are symmetric for each kind of labor, we look at details only for L;p
Lir(2) = p5H (Arr)” wig i (2)7!

Total IT labor is fully employed and allocates to all tasks using I'T labor.

N
L]T = / l[T(Z)dZ
I
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With the integral in (17) [l;7(z) = 5;’% Hryr(2)7" (Arr)” '] we obtain

N N po
/ Lir(2)dz = / T ()7 (Arr) ™ dz
I I

Wrp

P 1 N
L[T = i H(A[T)U / ’}/[T(Z>Uild2
I

IT

N
Wiy = Mg (Am)" / ver(2)° A

such that with full employed It labor we can determine the wages of I'T labor as

H % o1 Nrr %
wir = PH (L_IT> (Arr) < (/ ’YIT(Z)U_le) , (84)

N-1

P (Lﬂ) (0= ([ N mz)“—ldz)i | (85)

The resulting internal relative factor productivity for labor is:

w () W7 (R mee)

wrt % N %
( ) AIT ( Ny vr(2)° 1d2>

ﬂ;_<£J < )3 S 12)7 Nz \

wrr L Arr J, NIT1 yir(z)7tdz

Endogenously automated tasks NIT : From the discussion of (13) it is known that
7 (Z), and 87(2) > (. If it is assumed that task N is the

task that exactly separates the production mode, and if tasks are continued, the condition

tasks are ordered such that v (z) =
can be rewritten (13) as follows:
1 0
Apy(Nor) _ wn (L) o ( ) O
Arryrr(Nir) wrr Ly, Arr fjifV’Tl yrr(2)7tdz
1 _1 o—1 %
Lir\° (A g 2)° dz
0 = G=7{"r) - <£) <_L) fz]vVIITT ) (86)
Ly, A Sy (z)71dz
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f ;iV—GT # 0 , G implicitly defines a function Nyr = Ny (L7, Ly, Arp, ...). Thus, we need to

calculate the respective interesting derivatives.

Qe

1 (1 : A - I ()7 dz
o o N

o o | 4 (5)" () (70 0)

dNrr ONir [ YL (N17)°~ yrr (Nrr)° 1 :|

fNIT’YL(NIT ) 1ldz fN yrr(Nrr)o~1dz

>0

B2. Total supply of human service inputs

wrr

From (16) it is known that h(z) = pHH( IT) vir(2)? for z € [N — 1, Nrr., and h(z) =

Py H (é—i) ve(2)? for z € [Nyp, N]. Plugging this in (11) generates an expression for the
total value of H:

Nir . N o 721
H = (/ h(z)ader/ h(z)adz)
N-1 Nrr
Nrr A =1 N A \° =1 -1
— (/ (p H( IT) 71(2)"> dz+/ (p?{H (—L) "}/L(Z)U> dz )
N-1 wrr Nir wr,
Using (84) and (85) results in: w;r = py <LIT>; AIT (fN )7 1d2>;
Nyr o1 A o ggi N yi A - ggl
H - ( [ ety s (vt (5) ) Tk [ty s (st (5
N-1 wrr Nrr L

Nrr o A o—1 N . A o1\ 55T
[ oty (i) [t (—L)
N-1 wrr Nop .

o—1 o—1
[T () depl  H . Arr .
M " pH(%)é(AIT)U 1<fN T yrr(2)7- 1dz>‘1’

o—1
—l—fN fyL(z)"_ldzp"’lHUT_1 ( AL >
i " oo ()7 ()7 (13 2y =1dz) 7

Q-
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L1 1 o—1 o—1
Nir 1 o—1 yro=1 ptH o LS, AT
f o ,YI O' de H p ( H IT " IT %

fN 1T (2)7 1dz)

o—1
o Ag-trear
+f]\]>£T ,7L<z)crfldzpil—lHTl (( pgy H o L7 A7 (17>

fvaIT L(2)7~1dz)

o—1

RS e
- (fN 1’YIT )U ldz) 7
o N o o1 p o V=TS (1, AT
+INIT’)/L( 2)7 Ydzpl 'H Bt Q;l

(I, g 22y 1dz) 7

fyL (z)g 1d o—1

v ()

Yir(2)? Ldz
M (fN L r(2)7” 1dz>
N

o ( ( /NJ:T en(2)) dz)‘l’ (LirAm) = + < /N ) ”yL(Z)U_ldz); (LLALY’*)

B2.1 Earning shares

/NIT . (LirArr)e /N . (LpAL) "

a

o—1

To determine the contribution of standard labor to total service production one can start off

from (87)

o

N

NIT A -1 o—1 A o1 7t
H= (/ Yir(2) Y depS tH ( IT) +/ ve(2)7 Y depf T H o (—L) )
N-1 wrr Nir wr

Nrr A o—1 N A o—1\ o1
. (/ (s (S0) 4 [ ueras () ) o
N-1 wrr Nir wr,

1 = ((1 — (N, N)II(Nyp, N)7 1 (@)H + I'(Nyp, N)I(Nyp, N) <E>H> - Ph

g

wrr wr,
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Plugging in definitions (24) and (23),f]€£T vr(2)° tdz = T(Nrr, N)U(Ny7, N)7 L, fji,viTl Yir(z)7 dz =
(1 — F(N]T, N))H(N]T, N)U_l this turns into

(1 _ F(NIT7N)) ( wr AIT)U_1 ot o _ (AL)U
1=[1+ D(Nyp, N)a 3 (N, N [ =) p9
( F(NITaN ) wir Ar ( IT ) ( IT ) Pr

wr,

we can further rearrange this equation:

F(NITa N) wir Ar wr, Pr

(Vo )T Ngp, V) — (1+ (1 =T (N, N)) (wL AIT)01>U”1 (ﬁ)” .

F(N[T,N> wrrt AL wr,

(AL)(U_I) (p_H>(J_1) — 1
o—1
g (1+ S (2 4) ™) HWir, M) TN, )

I(Nyr, N7 ' T(Npr, N) = (1 (= T(Nor, N)) (wL AIT>”‘1>‘1 (4,) (12)—@(%

Further, from definition (20) and (18) the following expression can be derived:

N 7 H c H N
L = / (pH 7 (AL)U_I’yL(z)"’ldz — P (AL)U_I/ Y (2)° tdz
wr,

Nir (wL)U Ny

using the definition of labor share of income ¢, = ;"H% and using the definitions (24) and

(23), [y, 7(2)7 dz = T(Nyz, N)II(Nyp, N)°~! leads to:

L 1 pyH N
LWy, o wL_ P (AL)U—I/ ’}/L(Z)oildz

paH B p_HH (wL)J Ny
L;w w7 o _
pZHL — (;)_;) (AL)” ' D(Nyp, N)I(Nyp, N)o?

and combining with (88) gives labor’s share of income fully depending on relative labor
rewards ;-

p ['(Nip, N)II(Ngp, N)o 1
L

1-TI'(Nyp,N w o1 o—
(v 5t () ) movr N0 )

o (1—F(N]T7N)) wr, A[T ol -
= (H T'(Nir, N) (w;T AL) )
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Labor’s share of income in the human service sector is determined by relative factor abun-

dance and productivity parameters. Thus, plugging in the relative factor rewards (21) finally

results in:

o

Q=

AIT

1 (1- NIT> LIT Af )a"l ( I'(Nir, N) )
%_
I'(Nir, N A (1 =T(Nir, N))
1+ (1— NIT» LIT )i ((1—F(NIT>N))J
I'(Nip, N I'(Nir, N)
o—1 -1
1+ (1- NIT: (AIT LIT) ( ['(Nrr, )))”
N[T, AL LL NITa
o1y —1
1 (1 —=I(Ner, N ( ['(Nrr, ))) (AIT LIT) 7
%_
I'(Nir, N) (N, N) Ap Ly

and thus allows one to obtain expression (26).

C. Income distribution

1)(71

2

-1

Income Y (GDP) and total production ). Before determining the income shares it

is necessary to determine the relation between income Y (GDP) and total production Q.
According to (40)

Applying (29) gives

Nzxc,

Ne,

:(1_

Nzxc,
Q@

) 0]

o=

and for Y (¢) the result is:

Y(t)=(1-a)Q(t)

NHé’aa

—(1—a)2 — (1 aa)

1-a Cx
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Income share of labor If Ay is time depending )(i.e. Ay (f)) and continuously increasing

the long-term position is:

wrLp (1—a)dr 9L

Y 1-a2  1+a
L 1
lim SEZE oL = lim ¢, = - — =0 for o>1.
Arroo Y lta Ao 1 (A-C(Nir . N)\° (Liz Arr | 7
Uty ) A

Wages and income share of IT provider:

wir @) Lir _ 1-—a)(1—¢1) 1-¢5
Y () 1—a? 1+a

Income share of financial wealth owners: From (27), (29) an (40) it can be seen that:

N(E—1)(e) [alzac; @HQ]

N (t) m (t)
Y (t) B NH, 2 — Nac,
(é — 1) Nec,x
NHé?’a:ca — Nzc,
_ N@E-Dea
- Nxcg l—o,.q
Using % = o results in:
Nt)m(t) (1-a)za® (a—a?)  «
Y(t) — (1—-a2) (1—-a2 (1+4+a)

D. Intertemporal choices for labor and capital owners

In standard endogenous growth models, aggregate consumption expenditure and savings
are determined by a representative household conducting an optimal intertemporal choice
according to the Euler equation
r—p

o
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However, this assumption of a representative household is rather restrictive and is introduced
more for the sake of simplification. Therefore, in the new model proposed in this paper,
this assumption is replaced by assuming two groups of households differing with respect to

intertemporal choice behaviour.

(i) It is assumed in this paper that workers with wage income represent the “low per-capita
income” group. The second group, the owners of financial assets F', represents the “high
per-capita income” group. For these households returns r are the only source of income. (ii)
Households in each group make their own intertemporal choices. Both p and ny vary across
low- and high-income households. a) Low-income, wage-earning households: If it is assumed
that the time preference rate of low-income households is high, e.g. p; > r, and if household
debt is not allowed, then the Euler equation g—i = % implies that these households do not
intend to shift intertemporal consumption and simply consume what they earn from wage
income. b) High-income households: High-income households obtain their total income from

returns on financial assets F' (t) r.

Thus, the budget constraint of high-income, financial asset ownersis Sg (t) < F (t) r—Cg (t) .
As savings are used to purchase newly issued financial assets F (t) and these assets finance
investments, we obtain F (t) = F (t)r — Cp (t), and

F(t) F@) Cr()
F(t)y F@)  F@)

(A1)

Applying the Euler equation for financial investors g—i = ’;;Ui and using the fact that in
F
long-term steady-state growth of consumption cannot exceed the economy’s growth rate gy,
g—; = 7177_Ui. However, this group’s consumption growth remains below GDP
F

growth if gy > ’;Ui , and this holds for values of 7y, and pp that satisty ny, > r;];;F..
F

Further, if F'(t) grows equal to the economy’s rate of growth gy [which will be shown in
Cr(t) _ Cr) _ CrOr g g tlim Crl0) o ~(on—ger )t — .
— 00

we obtain gy >

appendix 6]we obtain for 75 = S5 = N5 N{0)

In appendix 6 it is shown that this condition fits the requirement of dynamic consistency

and allows us to determine the start value %.

When taking the limit, financial investors’ consumption rate turns to zero in steady state,

. -1 -
tlggocF = C;f(g) = N(t)(AL(f’jgia_xcx) - (ijé? (ALI_%EO‘ — :”écx> = 0, for steady state values A
and Z.

This illustrates the assumption that financial investors only save and do not consume - at
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least in the long term steady state.

E. Calculations to solve the model

1

Determine the growth rate gy From (35) and (29) we obtain X¢P = Nx = NQ%C;;QHQ.
. __1 v . . _1 v

and N = (alfacx e HQ> N7(A))'7. Rearranging gives % = (oalzacx e HQ> (%)1_7

for N(t) = A(t).

Firm’s sales equilibrium Combing (4) for the aggregate economy ¢ (t) = 1 — 0 (t) with
d(t) =6 (t) —m (see 59) leads to ¢ (t) = 1 — 4’ (t) +m , and with the definition of the firms
sales fretion friction 0’ (t) = (1 — A) e, and taking expectations gives
=1—Eler] + E[N Elep] +cov(e,ep) + Hy(1—0)""
Thus, in sales equilibrium described by condition (61) E [¢ (t)] = 1, leads to
Hy(1—60)" =FElep] — ENE[ep] — cov(e,ep).
Using (36) and (62) we obtain (61a)

Determine current aggregate market equilibrium According to (62) market equilib-
rium requires 1 = E'[A(¢)]. With (53)

and (62a)
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F. Proof of proposition 1

Implicit Function theorem: Function F' can be simplified:

Y—a

2 -«
F = 0=Hy " - Y (a—) (94)""
Q H—H
_ A2 _ T Cy
<1 a ) (1 C—cov(a,a;:))
y—a

H — HQ (1—7) 14 O[2 1-a 1—
= (1l—-¢c————= |H, V- —— | — v
( c—cov (5,5F)> Q (1—0a2) \ e (94)

1— cov (e,ep)v [(a?\ 1= _

= (ceon(e,2p) el — Ho)) Hy ™)+ “HEE (2) 7 gy
_ _ _ cov (e,ep)v (a2 7o _
oo o et ey S ()

To apply the Implicit Function Theorem to 7 7& 0:

coogio. dF
Derivative: g

dF
dHo
0 < —(1—9)cov(e,ep) —(1—7)cH + (1 —~)cHg+ cHg

0 < (1-7) {—cov(s,sp) cHy+ = W)HQ]

= Hy'[-(1—=7)cov(e,er) — (1 —7)cH +(2—7)cHg] >0

dF cov (€,ep) _

With cov (¢,er) < 0 and assuming H, < Hg the derivative -4 5 > Oand the implicit function
theorem (requiring dF # 0) can be applied.

q.e.d.

Other equilibrium values From (61a) and (64) we dictly obtain (65). From Production

function (3) and the optimal intermediate goods input (29) (z (t) = (‘;—j) = Hg) we obtain

(66). Using (89) in 6 we obtain the Y. Combining with (66) gives (89). Taking the time

derivative of (67) in equilibrium we obtain Y (t) = N () (1 — a?) Hg (‘;—j)lfa and thus
)

gy = % = ﬁ, and using (54) we arrive at (68). According to (50) investments are
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I(t) = N(t)v and from (34) we know r(t) = M(t . With all profits being saved we obtain
N({t)v=1I() =5 (t) =N (t) 7, (t). Plugging in (34) gives ( 69).

G. Dynamic consistency

Consistent start values of financial and technology stocks:

It can be shown that derived savings can finance the process from the start. According
to the discussion in section 3.4 financial wealth income is rF (t). As it is assumed that only
labor income consumes, the income of financial asset holders and technology owners only
serves for savings and these savings are financing investments for newly introduced goods.
Two version of the budget constraint can be derived: one that describes the real investments
and innovation which becomes possible (S = I) and the second that describes the finance

mechanism (S (t) = F (t))

(@) = N(O)me(t) +wrr (t) Lir = S () = L(t) = N(t)v,
(ZZ) : TF(t)+?U[T(t)L[T:S() F()

Equation (45) describes factor rewards for technology owners. wr (t) = lljr—‘z’;%, with

Y(#)=(1-a®)Qt)=(1—a?) N{t)alac, "HQ and (1 —a 2) = (a+1) (1 — «) the impli-

cation is that wyr (t) = N(t) (1 — ¢r) (1 — a) atoac, 0 QHQL . Defining Z;r = (1 — ¢1) (1 — ) atoac, T°

results in w;r (t) = N(t )%, and total income of technology owners is wyr (t) Ly =
N (t) Zyr.

Thus from (i) the implication is that:

(i) N{t)vy, = N()m(t)+N () Zir
N
N (D) v, = m,(t)+ 227
N(t) B _N(t)  Zr
N(t) = T+V_xZIT' or r—w— "

From (ii) the implication is that:

(74) F (t) = rF{t)+ N (t) Zir
F(t) N (t)
F—(t) T+ F—@)ZIT

61

o



plugging in from (i) r = NO _ 17, into (ii) results in:

N(t) Ve
F(t 1 N (t
F—Et; = gN—V—ZIT+ﬁ(t>>ZIT
N(0)ev 1
= —_— — | 7
9gr N+ [F(O) eIF VJ =

and this holds if in steady state growth gy = g and ZH& = —.

q.e.d.

H. Effects of automation

H1. Factor abundance and comparative advantages of tasks

Due to space limitations, detailed calculations are available from the authors on request.

Effects on human service H: Due to space limitations, detailed calculations are available

from the authors on request.

Effects on the income share of labor in the service sector and total economy:

¢L 9 w; (It/)L

Effects on labor share of income in service sector: ¢, Departing from (26) with

1
¢L = o—1

1+ ((Nir (Arr) , N)~H = 1) <%%)7

Q=
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; (%%) (O (Arg) , N) ™ = 1) (=) D(Npr (Agr) , N) 2 L b

dNIT dAIT
o—1
1 o
16, i + (D(Npp (Agr) , N) L = 1)7 (L—ZA—Z) rar
dAIT 1 cr;l 2
[1+(F(N[T(AIT)7N) t=1)° (L;LTA;LT ]
I A o=1 1 1 dﬁrr Z]XIT ( 1)
- ~1 G =
[( Ly A > (L(Nrr (Arr) , N)™H = 1) ((r(NszzT),N)E1)IFT(N1T<A1T>»N>2 A )}
= o—112
1 o
L (T () ) = 1) () |
<0
PR
o dl' Npr ANy
LﬂAi o (F(N (A ) N)—l_l %l dAI N
L;, Ap 1T 1T) > ) o dN]T F i IT
C(N1r (A1), N) =T (Nr7(Ar7),N)2
@ B —+ (1 — (7) AIT
oL 1+ (D(Nyp (App) , N)—1 L Ao A
+ (T(Nrr (Agr) , N)=t = 1) (L_LA_L>
dor Aqr
E = 77¢L AITA < O
e i e
' 1 ((F(N[T(A[T)yl}\})1—1)F(NIT(AIT)’N)2 + (1 N J))
with @ Mg, A = p \ e
(F(N[T (AIT) ) N)il - 1>_; (%%) +1

with 74, 4,, for 1 < o the share will clearly decline. If 1 > o the share will not necessarily

increase. Introducing more IT tasks I';— dF NéT fgf ﬁ” < 0 will decrease the share of labor

income and overcompensate the potentlally positive effect from complementarity, 1 > o.

Effects on labor share of income in the total economy: %

dw, L)Y

wrLp, _ or T dAr _ dor, _ dArr
Y  (I+a) wlp/Y o erhma

<0

Effect on income share of technology providers “’%l“
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wrr (t) Ly 1—¢r

Y (t) 1+a
deT(t)LIT
Y () _—1 1+4a 9¢p dAITA
—w”;/(Z)L’T l+al—a¢rdAr Arr "
_ -1 0¢r A dArr
¢LL —10Arr o Arr
If A;r is repeatedly increasing, the limit is:
t) L 1— 1
lim wIT( ) IT _ oL _ ~0
Air—oo Y(1) l+a 1+«
Effects on consumption rate: ¢
. o1 de — ¢ O¢r dArr Arr
(I+a) (1+a)0Arr Air é1
de A[T 6¢L AIT

?dAIT 0Arr E ~ Meder = N, Arr

Effects of human service in production: Hy We extend the discussion of the derivative

of the implicit function Hg (section 6) and derive the effect of a change of Ay

ar 1 (1—y) dor ¢ H(l—’y)ﬂ

dA[T (1—|—O{) ¢ dA[T (1—{—0[) Q AIT
_ {_ﬂ d¢r, Air dH AIT‘| ¢ H oy

H dA[T (bL A[T H (1 +Oé) A[T Q

1 1—
= - [H¢n¢L,AIT + HUH,AIT] ¢ Hé) R
AIT

dF cov (g,ep) _
B oy (2 ) H | eHSY
i = |0 (- ) g et

—_— 1—
Ay 34, _ —[Hensparr + Himapg] eH)

A g (=) (<28 - ) + Ho| ety
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using —cov (€,ep) = (IH—Q) see (61a) gives

dH, dArr

HQ NHoArr 4 A < 0

H
|:77¢L Ap T H_¢77H7AIT]

(=) (- ) + 2] ©

NHg,Arr

We want to show that [%L, A+ H%WH, AITi| turns negative, if A;p and o is sufficiently large:

We start with the general identification of ng 4,, and 7y, 4, : According to (72) and (74)

o—1
A; LpBi(N N 7\ o o—1 _1
P‘(z%ﬁﬁkﬁ%@ﬁ&%)) }(WﬂNﬁ» (B1 (Ni1))™ 2 vppae + (0= 1)

NHAfp = ! =
ALy (Ba(Npp)\ o1\ 7
(U - 1) 1+ (AI;LfT <B?(N§;)) > ]
1 IT,_ T Nir _|_<1_g)
and Moy A = — (N (Arr),N) " =D (Nyr(Arr),N)? —

T (O(Nir (Agr) , N)-L — 1) % (%%)_* +1

As these large terms cannot be easily analyzed we assume large values of A;pr, and in order

to obtain manageable terms we look at these expression at the limit for A;p — oo,

N -1 B N _%
im nga,, = (vir(Nrr) (By(N11)) 7 INpr Ar +1]>0.
i (0 —1)
1 nea Ny (1-0)
Y 4 T IT,4AIT
Allm Nor,Arr o (1 — F(N[T (AIT) N)) * o
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Now we need to show that sufficient large values of o turn ng, a,, + %UH, A, hegative.

o _1
0 (’VIT(NIT)) 1<Bl (NIT)) 7 NNy, Arp _’_1+£l "I, Are "IN, Arr _'_ﬂ(l _U>
(0’— 1) H¢O’(1—F(N[T (A[T),N)) H¢, g
> (r(Nir)”™ (By (Niz)) ™% mirage + (0= 1)
+£ (0 —1) N, A "IN, Arr £ (1-0)(c—1)
H¢> g (1 —F(N[T (A[T),N)) H¢> g

al=

0 > (1=T(Nir(Arr),N))o (yir(Nrr) ™ (By (Nrr) ™ vgpoase + (1= T(Niz (Arr) ,N)) o (0 — 1)

TN (Arr) . N)) (1= 0) (o — 1)

H
+0 (J - 1) N, Arr "INy, Arr + 7l
¢

H,

0 > o(1—T(Nir(Amr),N)) |0 (yer(Nir) ™ (Bi (Nir)) 7 NN, A 0 (0 —1) + H%s (1-0)(c—1)

+F¢ (0 = 1) M0, A N1 Arr

H
0 > cA+o(c—1)+—(1—-0)(c—1)
Hy
0 > |A 1+2H+ 1 H L
H¢ g H(z, O'H¢
H H
lim[...] = A—1+2—+oo<1——>—0——oo
g—r00 ¢ H¢

q.e.d.

Effects on deployment rate : w Due to space limitations, detailed calculations are

available from the authors on request.

Effects on wages: wy (t) Due to space limitations, detailed calculations are available

from the authors on request.

66



References

Acemoglu, D. and Autor, D. (2011). Skills, Tasks and Technologies: Implications for Em-
ployment and Earnings. In: Handbook of Labor Economics, Volume 4B, pages 1043—
1171.

Acemoglu, D. and Restrepo, P. (2018a). Artificial Intelligence, Automation and Work.
Working Paper no. 24196. National Bureau of Economic Research.

Acemoglu, D. and Restrepo, P. (2018b). The Race Between Man and Machine: Implications
of Technology for Growth, Factor Shares and Employment. American Economic Review,
108(6):1488-1542.

Acemoglu, D. and Restrepo, P. (2019). Automation and New Tasks: How Technology
Displaces and Reinstates Labor. Journal of Economic Perspectives, 33(2):3-30.

Acemoglu, D. and Restrepo, P. (2020). Robots and Jobs: Evidence from US Labor Markets.
Journal of Political Economy, 128(6).

Agrawal, A., Gans, J., and Goldfarb, A. (2019). Economic Policy for Artificial Intelligence.
(In Lerner, J. and Stern, S. eds. Innovation Policy and the Economy, Vol. 19. NBER.
Pp. 139-159).

Arntz, M., Gregory, 1., and Zierahn, U. (2017). Revisiting theRisk of Automation. Economic
Letters, 159:157-160.

Arntz, M., Gregory, T., and Zierahn, U. (2016). The Risk of Automation for Jobs in OECD
Countries: A Comparative Analysis. OECD Social, Employment and Migration Working
Paper no. 189. Paris: OECD.

Autor, D. (2013). The “Task Approach” to Labour Markets. Journal for Labour Market
Research, 46(3):185-199.

Autor, D. and Dorn, D. (2013). The growth of Low Skill Service Jobs and the Polarization
of the US Labor Market. American Economic Review, (103):1553-1597.

Autor, D., Katz, L., and Kearney, M. (2006). The Polarization of the U.S. Labor Market.
American Economic Review, 96(2):189— 194.

Autor, D., Levy, F., and Murnane, R. (2003). The Skill Content of Recent Technological
Change: An Empirical Exploration. Quarterly Journal of Economics, 118(4):1279— 1333.

67



Autor, D. and Salomons, A. (2018). Is Automation Labor-Displacing? Productivity Growth,
Employment and the Labor Share. Brookings Papers on Economic Activity, BPEA Con-
ference, 8-9 March.

Benzell, S., Kotlikoff, L., LaGardia, G., and Sachs, J. (2018). Robots are Us: Some Eco-
nomics of Human Replacement. Working Paper 20941. National Bureau of Economic

Research.

Bloom, D. and Prettner, K. (2020). The Macroeconomic Effects of Automation and the Role
of COVID-19 in Reinforcing their Dynamics. VOX CEPR Policy Portal, 25 June.

Bowles, J. (2017). The Computerization of European Jobs. Bruegel.org, 24th July.

Cords, D. and Prettner, K. (2019). Technological Unemployment Revisited: Automation
in a Search and Matching Framework. GLO Discussion Paper no. 308, Global Labor

Organization.

Dastory, L. (2019). Technological Change, Job Tasks and Wages. Mimeo: Royal Institute
of Technology, Sweden.

Dutt, A. (2006). Aggregate Demand, Aggregate Supply and Economic growth. International
Review of Applied Economics, 20(3):319— 336.

Frey, C. and Osborne, M. (2013). The Future of Employment: How Susceptible are Jobs
to Computerization?  Ogzford Martin Programme on the Impacts of Future Technology,
Unaversity of Ozford.

Frey, C. and Osborne, M. (2017). The Future of Employment: How Susceptible are Jobs to
Computerization? Technological Forecasting and Social Change, 114:254-280.

Goos, M., Manning, A., and Salomons, A. (2014). Explaining Job Polarization: Routine-
Biased Technological Change and Offshoring. American Economic Review, 104(8):2509 —
2526.

Gregory, T., Salomons, A., and Zierahn, U. (2019). Racing with or Against the Machine? Ev-
idence from Europe. IZA Discussion Paper no. 12063. I1ZA Institute of Labor Economics,

Bonn.

Gries, T. (2019). Income Polarization and Stagnation in a Stochastic Model of Stationary
Demand-Constraint Growth. Beitrage zur Jahrestagung des Vereins fir Socialpolitik 2019:
30 Jahre Mauerfall : Demokratie und Marktwirtschaft.

68



Gries, T. (2020a). Income Polarization and Stagnation in a Stochastic Model of Growth:
When the Demand Side Matters. CIE Working Papers, No 132, Paderborn University.

Gries, T. (2020b). A New Theory of Demand-Restricted Growth: The Basic Idea. The
American Economist, 65(1):11-27.

Gries, T. and Naudé, W. (2011). Entrepreneurship and Human Development: A Capability
Approach. Journal of Public Economics, (5):216-224.

Gries, T. and Naudé, W. (2018). Artificial Intelligence, Jobs, Inequality and Productivity:
Does Aggregate Demand Matter? IZA Discussion Paper no. 12005.

Hémous, D. and Olsen, M. (2018). The Rise of the Machines: Automation, Horizontal

Innovation and Income Inequality. Mimeo, University of Zurich.

Korinek, A. and Stiglitz, J. (2017). Artificial Intelligence and its Implications for Income
Distribution and Unemployment. NBER Working Paper no. 24174. National Bureau for

Economic Research.

Prettner, K. and Strulik, H. (2017). The Lost Race Against the Machine: Automation,
Education, and Inequality in an R&D-Based Growth Model. Hohenheim Discussion Papers

in Business, Fconomics and Social Sciences no. 08-2017.

Schrage, M. (2020). Data, Not Digitalization, Transforms the Post- Pandemic Supply Chain.
MIT Sloan Management Review, 29th July.

vom Lehn, C. (2018). Understanding the Decline in the U.S. Labor Share: Evidence from
Occupational Tasks. Furopean Economic Review, 108:191-220.

69



	Introduction
	Literature Review
	A New Theoretical Model: Labor Tasks, Demand, and Growth
	Final goods-producing firms 
	Output of Final Goods
	Market frictions, sales promotion, and expected sales
	Factor demands

	Human services: Labor and AI 
	The ``production" of human services
	Human service firm's optimization
	Optimal number of automated tasks
	Optimal human service supply
	Earning shares of laborers

	Intermediate goods-producing firms 
	Market entry of intermediate goods-producing firms
	Supply of innovative intermediate products

	Aggregate production and income distribution 
	Labor income
	Wealth holders' income
	Production and income constraints
	Income distribution

	Aggregate expenditure and income 
	Consumption and investment expenditure
	The Keynesian income-expenditure equilibrium
	Expected aggregate demand for total production


	Solving the model
	Solving for technology growth
	From perceived individual frictions to aggregate market mismatch 
	The aggregate model in two equations
	Firms' sales equilibrium
	Aggregate market equilibrium

	Current market equilibrium 
	Stationarity of Equilibrium 
	The stationary no-expectation-error equilibrium


	The Dynamic, Long-Run Impacts of AI
	Impact on human service production 
	Impact on inequality 
	Impact on demand and absorption 
	Impact on long-term efficiency
	Impact on wages and labor productivity
	Impact on long-term GDP growth

	Summary and Conclusion
	Appendix A



