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ABSTRACT

The accumulation of new technological capabilities is of high empirical relevance, both for the development
of countries and the business success of firms. This paper aims to delineate strategies for the consideration of
processes of capability accumulation in comprehensive macroeconomic models. It comprises an interdisciplinary
review of the literature specialized on capability accumulation by analyzing both empirical as well as theoretical
literature on the firm and aggregated level. In doing so, it summarizes evidence on various determinants and
mechanisms of capability accumulation and aligns them with the current representation of capability accumula-
tion in macroeconomic models. Based on these results, it offers some suggestions on how macroeconomists may
integrate these determinants derived from the specialized literature into their models.
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1 Introduction

The relevance of fechnological capabilities for growth and development on the national and regional level, as well as
for the business success on the firm level has been documented by numerous empirical investigations (e.g. Baumol,
2002; Hidalgo and Hausmann, 2009; Romer, 1990). In the macroeconomic literature, it is argued “that countries tend to
approach the level of income associated with the capability set available in them” (p. 10570 Hidalgo and Hausmann,
2009), while on the firm level, “[...] technological capabilities are central to [a firm’s] identity, its strategies, and its
potential for success” (Aharonson and Schilling, 2016, p. 81).

Researchers working on macroeconomic questions, therefore, face both a challenge and an opportunity: on the one
hand, the literature shows that capability accumulation (hereafter CA) is an important determinant for macroeconomic
dynamics, therefore offering a possibility for more accurate models of growth and development and a constructive
interdisciplinary collaboration with researchers working on CA from a sociological, management studies or innovation
studies perspective. On the other hand, transferring the fine-grained results on CA into a comprehensive macroeconomic
model is difficult and often conflicts with the challenge of keeping the complexity of these models manageable. This
challenge is exacerbated by the fact that, notwithstanding a substantial body of research, there is no consensus about the
mechanisms underlying CA: while there are numerous empirical results on CA, a lot of authors remain silent on the
“variety of mechanisms by which economies and organizations learn” (Hidalgo et al., 2018, p. 452)”.

The prime objective of the present paper is to facilitate an interdisciplinary collaboration and to address the challenge of
considering CA within comprehensive macroeconomic models by (1) providing an overview over current strategies to
integrate CA into macroeconomic models, (2) reviewing the empirical literature on CA on the micro- and macroeconomic
level and (3) discussing specialized models dedicated to the investigation of CA processes and, thereby, delineating
promising channels for integrating results from the specialized literature into comprehensive macroeconomic models.
This would not only allow for the construction of more realistic macroeconomic models, but also to study how
mechanisms of CA interact with other macroeconomic processes. This way, such undertaking could also feed back
successfully into the research on CA as such.

Unfortunately, there is no unanimous and generally accepted definition of CA. This paper focuses on how agents —
comprising both firms and countries — accumulate capabilities, and where capababilities are understood broadly as “the
knowledge that goes into the making of products” (The Growth Lab at Harvard University, 2019). It is worth noting
that numerous similar — and partly synonymous — terms are used in the literature. First, the topic of CA is related to the
topics of collective learning and knowledge accumulation, which are particularly common in the organization science
literature. CA as understood in this paper can be interpreted as a special form of learning, i.e. learning new or better
ways to conduct certain economic activities. To avoid the more general and less precise notion of ‘learning’ we use the
term ‘capability accumulation’, well aware that the latter is a subset of the former.

Second, there is a close connection to the terms innovation and technological change, most commonly used in
management studies and economics, respectively. Innovation has been defined - inter alia - as “ways to exploit the
latent potential of ideas” (Francis and Bessant, 2005, p. 171) or, more elaborately, “the recognition of opportunities
for profitable change and the pursuit of those opportunities all the way through to their adoption in practice” (Baumol,
2002, p. 10). Thus, the term innovation tends to embrace all measures that transform an idea into a new approach to
doing things and, therefore, seems to include — but is not limited to — technological capabilities. For our review, we
considered papers studying innovation by deciding on a case-by-case basis whether the term is defined and used in a
way that comprises our definition of capabilities. We took the same approach when it came to the term technological
change, which is particularly common in economics. In a seminal paper, Romer (1990) defines technological change
as “improvement in the instructions for mixing together raw materials” (p. 72). Technology is, thus, understood as
the set of knowledge, actions and instruments available that can be used to transform input into output. The term is
most often used with regard to the production process and the creation of new products. In contrast to innovation,
which is mainly used in the context of firm and sector analysis, technological change is used both on the micro- and
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macroeconomic level and, thereby, in a broader sense. Again, we decided on a case-by-case basis whether authors use
the term technological change in a way that is consistent with our definition.

As indicated above, the aim of this paper is to facilitate the integration of insights on CA into more comprehensive
models of macroeconomic development. To this end, we proceed as follows: section 2 provides a description of the
status quo, i.e. an overview on how CA is currently considered in macroeconomic models. Then, central results on CA
of the more specialized literature are summarized in section 3. Section 4 contains a discussion of how these results can
be better integrated into macroeconomic models. Finally, section 5 offers a summary and conclusion.

2 CA in macroeconomic models

The challenge for macroeconomists is to take into account CA as an empirically highly relevant economic process, while
at the same time keeping the overall complexity of the model manageable. This comes with trade-offs: a more complete
depiction of the CA process makes it ceteris paribus more difficult to also include an adequate description of, for
example, the central bank, the government or household behavior.? This section reviews how this challenge is currently
addressed in different modeling frameworks. To keep the overview concise it focusrd on two representative modeling
frameworks: endogenous growth models, which in many ways also provides the building blocks for CGE and DSGE
models, and agent-based macroeconomic models. Together they account for a considerable share of macroeconomic
models concerned with topics related to CA.

Endogenous growth models (EGMs) are among the most common approaches to study macroeconomic dynamics and
development. Many central ideas related to the macroeconomic study of CA, such as the idea of directed technological
change (e.g. Acemoglu, 2002a) or innovation networks (e.g. Acemoglu et al., 2016a) either originated, or at least were
discussed extensively, within this framework. The historical motivation to develop these models was the desire to study
the role of CA for economic development endogenously, rather than treating it as an exogenous factor as common in
the previously prominent neoclassical growth models (e.g. Solow, 1956; for an early overview see Loschel, 2002).
Consequently, in EGMs CA is the outcome of the investment activities of (profit maximizing) agents, as well as the
assumed market environment (for an extensive overview see, e.g., Acemoglu, 2009). A concise summary is given in
table 1.

EGMs highlight different mechanisms according to which CA takes place and operates, most of which are related to
the R&D decisions of firms.* A number of standard treatments have emerged: in one of the first contributions to the
EGM literature, Rivera-Batiz and Romer (1991) subsume CA under a very general definition of fechnology which,
aside from technological capabilities, comprises machinery, process knowledge and the quality of physical inputs. Here,
CA takes place as an immediate consequence of firms investing into R&D or machines and reduces the marginal cost
of production for the firm — the process of production becomes more efficient and CA is conceptualized as a kind of
process innovation. A similar treatment dates back to Romer (1990), for whom the carriers of capabilities are skilled
workers who benefit from the knowledge accumulated by older generations. In effect, CA, which again gets triggered
by R&D investment, involves the process of inter-generational knowledge spillovers, and takes place in a cumulative
way, where current generations build upon, and expand the stock of technological capabilities accumulated by previous
generations. Weitzman (1998) introduces a variant of this setup by treating labor as a fixed factor in the production
function, but to endogeneize the level of knowledge (i.e. Y = F(K, A)). Knowledge expands as a consequence of
R&D investments and the re-combination of the existing set of ideas, thereby providing a different, yet complementary
view on how CA improves productivity.

*Models that do not face this trace-off since they are dedicated to the modeling of CA processes as such are dealt with in section
3.3 below.

*Here we focus on the mechanisms underlying CA. Therefore, important contributions that characterize the empirical implications
of these mechanisms, such as the skill biasedness of technological change, are not discussed explicitly. They can be thought of as
consequences of the mechanisms mentioned here.
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Building blocks of CA in macroeconomic models I: endogenous growths models (EGMs)

Consideration of CA

Effect of CA

Seminal papers

Firms invest into R&D to acquire better inputs, such as
machines, processes and skills

Reduction in production

costs

Rivera-Batiz and
Romer (1991)

Firms invest into R&D to develop new variants of

Temporary monopoly

Grossman and

products, which may come with temporary monopoly rents  rents Helpman (1991a,b)
due to consumers’ preferences for variety

Firms invest into R&D , but the carriers of CA (e.g. Increased productivity Romer (1990)
scientists) are ‘scarce’, so sustained growth is possible only

due to knowledge spillovers: CA happens cumulatively and

via interpersonal knowledge diffusion

Firms invest into R&D and recombine existing Increased productivity Weitzman (1998)
knowledge to advance productivity; CA happens

cumulatively and mainly via recombination of existing,

rather than the creation of new knowledge as such.

Entrant firms invest into R&D and replace incumbents, Temporary monopoly Aghion and Howitt
mostly by offering higher-quality versions of existing rents (for successful (1992)

products; in effect, CA is enforced by the danger of innovators)

creative destruction

An important set of growth models formalizes barriers to  Persistent differences in Howitt (2000),

technology adoption, (such as extractive institutions), and
focus on why CA does not take place

levels of income and
capabilities across the
world

Acemoglu et al. (2007)

People learn to use particular technologies, thereby closing

Slow or no CA taking

Atkinson and Stiglitz

the possible mismatch between knowledge and
technologies; in effect, CA happens cumulatively

place; this implies lack of
catch-up across countries

(1969), Acemoglu and
Zilibotti (2001),
Acemoglu (2002b)

Table 1: Implementation of the CA process in selected macroeconomic endogeneous growth models.

A slightly different perspective is offered by the models in the spirit of Grossman and Helpman (1991a,b), where CA is
also the result of investment into R&D, but where it leads to the production of new product varieties. Thus, for firms,
CA pays off not by the reduction of production costs but because of temporary monopoly profits on the market. This
mechanism is more similar to product innovation, although it is only about the development of new varieties of existing
products, rather than the invention of brand new products.’ Temporary monopoly rents are also the main implication of
CA in the models building upon Aghion and Howitt (1992), where R&D investments lead to the production of better
products, which then eliminate their predecessors. Because of the resulting competition between incumbent and entrant
firms as well as the resemblance of a process of creative destruction, these models are often labeled as ‘Schumpeterian
models’. Here, CA is something firms must strive for in order to survive in the market.

In much of the newer literature, the main interest of researchers has shifted to the explanation of uneven CA on the
global level. Starting with the contributions of Howitt (2000) and Acemoglu et al. (2007), the investigation of barriers
to CA, such as incomplete contracts, extractive institutions or social conflicts, is now an active area of research. While
these models are less concerned with the question of how CA takes place, their treatment of barriers to CA allows to

3This distinction has relatively little impact on the mathematical structure of the models, yet represents very different aspects of
the real world innovation and CA process, which is why we consider it important to highlight this difference.



WORKING PAPER - JUNE 11, 2020

derive conjectures on these processes as well. The same applies to models dealing with the mismatch between skills and
technology (e.g. Acemoglu and Zilibotti, 2001; Acemoglu, 2002b), which also consider processes of learning-by-doing.

While EGMs continue to be very successful in macroeconomics and have highlighted important systemic implications
of CA processes on the firm level, they necessarily take a birds eye perspective on the process of CA: they abstract away
most of the particular learning activities on the firm and employee level. This helps to focus on the macroeconomic
implications of CA, yet also shallows the concrete mechanisms underlying CA on the micro level. This is potentially
different in the case of agent-based models (ABM), which have grown in popularity over the previous years due to
their success in replicating a respectable number of stylized facts on the micro, meso and macro level (for a survey
see, e.g., Dawid and Delli Gatti, 2018; Dosi and Roventini, 2019). These models consist of an artificial population of
agents whose interactions are simulated directly and analyzed numerically without an a priori equilibrium assumption.
One of the main advantages lies in the straightforward consideration of agent heterogeneity (Hidalgo er al., 2007,
Syverson, 2011, which matters because agent heterogeneity affects diffusion of knowledge, and countries and firms
differ considerably in terms of their level of accumulated capabilities[) and out-of-equilibrium dynamics (which matter
in the context of innovation or technological change, seee, e.g., Dosi and Roventini, 2019), which is why ABM have
become a popular tool to study CA.

In contrast to EGMs, ABM necessarily contain explicit protocols for all processes taking place within the model. On
the one hand, this might entail the danger of ad hoc specifications of these processes. On the other, the flexibility of
ABMs and the required explicitness might facilitate the inclusion of results of the specialized literature on CA. In the
following, we ask to what extent this inclusion has already taken place. To this end we discuss five different models,
each representative for a particular ‘family’ of macroeconomic ABM.® An overview is given in table 2.

Macroeconomic ABMs usually distinguish between a production sector for consumption and for capital goods. Dosi
et al. (2019b, representative for the ‘Keynes-meets-Schumpeter’ models) and Caiani et al. (2019, representative for the
‘Benchmark’ models) locate CA processes only in the consumption good sector. Firms invest into R&D to increase the
probability of successful innovative or imitative activities. If the former is successful, the firm may discover better ways
to produce their final products, resulting in an increase of labor productivity. In case the latter is successful, the firm
copies the productive technologies of other firms’ production, which may also lead to increased productivity. Thus,
both processes refer to improved ways to produce the same product.

Other macroeconomic ABMs locate the CA process in both the consumption and the capital good sector: Ciarli ef al.
(2018) consider two types of CA processes: first, capital good firms invest into R&D to develop higher quality versions
of their capital good, which are more attractive to final good firms since they feature higher labor productivity. Then,
final good firms invest into R&D based on anticipated payoffs and, if successful, produce new products (or, in the jargon
of the paper, goods in higher quality). Thus, the model features a kind of CA similar to that in Grossman and Helpman
(1991b) with regard to product innovation.”

Hotte (2020), who extends the Eurace @ Unibi-eco model (Dawid et al., 2019), models the CA process both on the level
of employees and firms: the firm side is similar to the models discussed above: capital good firms invest into R&D
to increase the probability to invent more productive capital goods, which can then be sold more attractively to the
final good firms that produce a homogeneous consumption good. On the level of the individuals, employees improve
their abilities to work with particular capital goods on the job via a learning-by-doing process through which workers
acquire technology-specific skills. This has important implications: by representing the specificity of employees’ skills
and the mechanism of learning-by-doing, Hotte (2020) is able to study the co-evolutionary character of technological

SA ‘family’ is made up by several versions of the same underlying model. Since all instances of the respective families implement
CA similarly, we focus on the most recent instance or the one that pays most attention to the topic of CA.

"This also illustrates how the explicit event protocols in ABMs allow for a more explicit and diverse representation of CA
processes: in Ciarli ez al. (2018), for example, firms decide on their R&D expenses based on anticipated payofts, whereas in Dosi
et al. (2019b) it is a fixed share of past profits. This introduces more degrees of freedom, but also allows for a more fine-grained
alignment of the model specification with the existing empirical literature.



WORKING PAPER - JUNE 11, 2020

"SJUAWISOAUT (129 SuL1e)soy eiA AJuo v joedwir Aoy} uoym sa1o1jod, UORUIW JOU Op dM VD) JO SIOALIP djewn|n oy sIsI| A[UO ,SIUBUILINOD,
uwnjod 9y, *,UONBAOUUL, [2qB[ 9} Jopun passnosIp AJ[ensn sI J1 9I9YM ‘S[OpPOUl PIsEq-JUaSe SIOU0I0IOBW PAJI[s Ul ssa001d v 2yl Jo uonejuawedw] :g 9[qe],

ISIXQ SULIY
$s019® s19A0[[1ds ‘sar3ojouyo9)
yjoq 10y ‘uononpoid jo Aysuaur
Joqe[ Suronpar A30[ouyo9) K213
Je 1O ‘AJISuQlul uoqIed 3uronpal
A30[0uyo9) UIS Je PIIAIIP
29 OJUI ISOAUT 0} PTIOAP SULIL]

a®y ‘s1eaoqids

uononpoid jo
A)ISUSIUT J0ge] JO UONINPY

uononpoid jo
K)ISUSIUI UOQIRD JO UOIONPAY

suLy
poo3 uondunsuo)

(6107) v 12 s3uay

suLy
PooS IoWNSU0D 031 P[OS 2q

Y31 yorym ‘o3ejura Ayenb  s1oxIom pO[IIYs YIm payojewt suuy poo3 [eyde)
sosuadxo a2y I9y31y sppe A[Wwopuel Ssa9 J1 ‘spoo3 [endes jo A1an (spepowt
-ons {293 Ul 93e3uo SULIL] -onpoid 1oy31y A[[enuslod BED@MU@%DM
(SUwIY 140 03 Wy} PIM ay .How aaneyuasaidar
9Ye) Ued SISYIOM Jey) 93pa dmom.v A
-[MOwy J10') "D S[[IYS OYIO (6107) 0 12 ? meq
-ads sosearour yomym ‘surop wiy :
-£g-3uuipa] Jo paads ouruLIo) Surkoduwe oy ur ser3ojou
doudnadxg -ap 18y} S[[IS [BIoUa3 UdAIS  -Yo9) uononpoid Atanonpoad seokordurg
A[SNOQUIT0Xd 9ARY SIOYIOA Y31y jo uoneyofdxe 1o)0g
das
awn 1ad A31A108 UOHIBAOUUIL swuy poos uondwnsuoy
sosuadys Y 10J S[BLI) SOSBAIOUI SIY) Ayrenb jonpoid 1oy3rH : (8107) 1P 2 THETD

‘syjoAed paredionue uo paseq
(129 OIUT JSOAUT SULIL]

AKnanonpoid 1oqe]
I0yS1y P spoos reyde)

sway poo3d [ende)

Aanonpoid asearour

Aew ‘uIny Ul ‘yorym uorjeIul
IO UOT}BAOUUIL [NFSSOIINS

10j A)iqeqoad oy aseaIour
0) (29 OJUI JSOAUT SWIIL]

s1oAo[[ids ‘sesuadxo (293

Kanonpoid 1oqe] pasearou]

suy poo3 uondwnsuo))

(S[epou ,yrewryouay,

) 10§ eanejuasaxdar

‘610C “1v 42 Wuere)) ‘(s|ppouwt
Joredwnyog-s100u-soukay,
3 J0J aanejudsaxdar
‘a610C v 12 150Q)

VD Jo sjueuIuLIdQg ss900ad vy Jo uondrisa(

VI 30 19933H

VD Jo sndo

PPOIN

(SWEV) S1apout pasvq-juasdv :JT S|apout 31uou0220.90ul ul y,) fo sy201q Suipjing




WORKING PAPER - JUNE 11, 2020

change: the diffusion of technologies depends on the adoption decisions of the users and the solution of an underlying
coordination problem, which is why lock-in effects on inferior, but already widely adopted technologies, might occur.

Finally, Rengs et al. (2019) distinguishes between capabilities necessary for two aspects of production: firms can reduce
the amount of CO- emissions associated with production, or they can increase their labor productivity. When deciding
on which competencies to improve upon, firms compare themselves with their competitors and follow the strategy of
those firms that are making the highest profits, and they decide on the amount of funds allocated to the improvement of
their capabilities based on their past profits. The effect of these investments also depends on spillover effects from other
firms: the more firms focus on one particular way of improving their products, the more effective their investments
become.

In addition to the CA processes just described, many macroeconomic ABMs also study the effect of institutions and
government activity on the processes of CA. For example, Dawid et al. (2018) study the effect of innovation policy on
the speed of CA in less developed countries. Innovation policy here takes the form of (directed or undirected) subsidies
for the R&D investments of firms, thus serving as a second level determinant of CA operating through the channel of
R&D investment as explained above. Another example is provided by Dosi et al. (2018), where the authors study the
effect of an active government investing into R&D activities on its own. Via knowledge-spillovers these R&D activities
then affect the rest of the economy as well. Again, in this case the fundamental channels of CA are R&D activities and
knowledge spillovers, yet it is clearly acknowledged that since the government can engage in these activities itself, its
behavior affects CA in the overall economy. Finally, as evidenced by Caiani et al. (2019), different institutions of wage
determination may also affect CA. They show that coordinated wage growth in the long run can lead to a concentration
of firms and, via the channel of ‘Schumpeter Mark II’, to higher and more targeted investments into R&D activities.
As in the two examples above, the institutions determining wages here affect CA via the more fundamental channel
of R&D investments. Thus, while it is important to keep in mind that many current ABMs do investigate the role of
institutions and policy makers for CA, they do so via reference to the more fundamental determinants of CA explicated
before, i.e. mainly R&D investment.

When comparing ABMs and EGMs with regard to the consideration of CA we may conclude that — so far — in both
modeling paradigms relatively little attention is given to the precise mechanisms according to which CA takes place.
Moreover, in both approaches by far the most prominent determinant for CA is R&D investment (and, to a lesser extent,
knowledge spillovers) and the main effect is an increase in firm productivity. Relatively little attention has been given to
the role of CA for the invention of radically new products. Models that do feature product innovation consider CA as
means to leading to higher quality products.

3 Theory and empirics of CA beyond macroeconomics

We first describe the data used for our literature survey in section 3.1. Then we complement this information by
reviewing the empirical (section 3.2) and theoretical (section 3.3) literature directly concerned with the problem of CA .

3.1 Methods and Data

We conducted a bibliographic search to collect papers that focus on the mechanisms underlying CA rather than the
implications of these mechanisms. Our focus was on papers that consider CA either as a dependent or at least mediating
variable. Furthermore, we focused on CA in the context of manufacturing, not services. In a first step, we collected a
sample of papers by following two strategies. We started by searching the EconLit database for english papers published
between 2004 and 2019 (working papers published not later than 2018) containing both keywords capability and
accumulation, as well as the exact phrases knowledge accumulation, technological learning and product complexity.®

8We deliberately excluded the keyword innovation since the keyword ‘innovation’ is used in a much broader way. Moreover, most
relevant contributions focusing on innovation in a sense that is consistent with our definition of CA also use some of the keywords
that were used in our search strategy.
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This resulted in 570 papers. After deriving a sub-sample of the most relevant results via a content analysis, we divided
the papers into 1) theoretical contributions that describe a mechanism of CA, 2) empirical contributions that study a
mechanism of CA on the aggregate (mostly regional or national) or 3) the firm level. After conducting a thematic
analysis of the mechanisms described in this subset, we arrived at eight main fopoi that the literature was centered
around (see sections 3.2 and 3.3).

Then we searched the Web of Science database for papers published in the same period containing the exact phrases
listed above plus capability accumulation.’. This resulted in 764 papers. The additional results so obtained (especially
in the fields of engineering, business, management and organization science) let to a further refinement of our respective
topoi. Moreover, we applied purposive searching (‘snowballing’)!? and added further relevant literature referenced in
these papers to our overall sample. Finally, we consulted experts from theory and practice and added further literature
based on their recommendations. In sum, we selected the 75 representative empirical studies on CA as shown in Tables
3 and 4 and nine representative theoretical models that implement CA processes in specialized models (Table 5).

3.2 Empirical contributions
3.2.1 Empirical results on the aggregated level

Determinants of CA on the aggregated level can be clustered according to three main fopoi: (1) the cumulative and
path-dependent nature of CA, (2) the institutional environment, and (3) the relevance of government activity. Despite
the boundaries being not always clear-cut and because a separate discussion of each topos might be more helpful in the
development of comprehensive models, the fopoi are now examined one by one. The results are summarized in table 3.

Cumulative and path dependent nature of CA. New capabilities are accumulated step-wise, and new capabilities
are similar to existing ones. This means that the set of capabilities that is most likely accumulated in the present is
a function of the stock of capabilities that have already been accumulated in the past. Dubbed as the “Principle of
Relatedness” (Hidalgo et al., 2018, , hereafter PoR), this general claim has been examined on the basis of different
operationalizations that can be considered as different but related attempts to empirically test a rather abstract principle:

o Skill relatedness (e.g. Neffke et al., 2017) as measured by inter-industry labor flows: capabilities develop along
similar human capital or skill requirements.

o Technological relatedness (Acemoglu et al., 2016b; Alonso and Martin, 2019; Balland et al., 2019; Neffke
et al., 2011) as measured by plant-level product portfolios, country-level production baskets and/or patent data:
capabilities develop along regional paths of production.

e FExport relatedness (e.g. Bahar et al., 2014) as measured by the composition of export baskets: a country’s
capabilities converge to the capabilities of neighboring countries, i.e. there are information spillovers between
close regions.

Hidalgo et al. (2007) formalize this general idea of relatedness within the framework of the product space, a network
based on trade data in which the vertices represent products, and the edges represent the probability that two products
are co-exported by the same country. They make the PoR empirically tractable by making two major assumptions:
First, the products a country produces proxy the capabilities accumulated by the people in this country: if a country is a
producer of computer chips we can conclude that its inhabitants have the capabilities required to produce computer

“In contrast to EconLit, we used the exact phrase here since searching for the common occurrence of capability and accumulation
alone would yield more than 4.600 results.

10Snowballing often appears to be a more viable approach in identifying the relevant literature compared to conventional database
searching (Pawson, 2006).
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Empirical findings on the aggregated level

Findings on the CA process

Sources

Cumulative and path dependent nature of CA

Skill Relatedness: CA happens through worker migration flows

Technological Relatedness: CA builds on preexisting capabilities

Export Relatedness: Spillovers from neighboring regions lead to CA
(expressing themselves in more similar export baskets)

CA is determined by the “product space”
CA is determined by a country’s knowledge base focus

CA is hampered by structures causing institutional “lock-in”

Neffke et al. (2017)

Acemoglu et al. (2016b), Alonso and
Martin (2019), Balland et al. (2019), and
Neffke et al. (2011)

Bahar et al. (2014)

Hidalgo et al. (2007)
J.J. Lee and Yoon (2015)
Mirimoghadam and Ghazinoory (2017)

Institutional environment

CA is supported by securing and deepening intellectual property rights

CA is hampered by excessive intellectual property rights

CA is supported by protectionism

CA is supported by economic integration

CA is weakened by labor market flexibilization

CA may be supported by financial development but is negatively associ-
ated with financial liberalization (policies)

CA is linked with socio-political and socio-economic development:
inequality, education, health and public infrastructure

Ang (2010, 2011)

Dosi et al. (2006) and Fernandez Donoso
(2014)

Figueiredo (2008)

Alonso and Martin (2019), Castel-
lacci and Natera (2013), Figueiredo
(2008), Habiyaremye (2019), and Molina-
Domene and Pietrobelli (2012)

Vergeer and Kleinknecht (2014), Cetrulo
et al. (2019)

Ang (2010, 2011)

Castellacci and Natera (2013) and
Dutrénit et al. (2019)

Government activity

CA is fostered by public R&D investment

CA is fostered by public ownership, governance and procurement

CA is fostered by active industrial policies: training programs, coordi-
nation, mediation and collaboration

Ang (2011), Cai et al. (2020), Castellacci
and Natera (2013), T. J. Lee (2004), and
Mazzucato and Semieniuk (2017)

Castelnovo et al. (2018), Mazzucato and
Semieniuk (2017), and Yu et al. (2015)

Figueiredo (2008), Lebdioui (2019), J. J.
Lee and Yoon (2015), Mazzucato and
Semieniuk (2017), Mehri (2015), and
Perez-Aleman and Alves (2017)

Table 3: Central empirical findings on the determinants for well-functioning CA on the aggregated level.
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chips.!" Second, the products that a country exports are a good proxy for the products that a country produces. This
assumption is made because there are good data about imports and exports, but not so on actual production'?.

In effect, the product space can be seen as an empirical operationalization of the the PoR when applied to economic
activities related to the production of commodities. Although there is no elaborated theory of CA underlying the concept
of the product space, it implies that CA happens in a camulative fashion, with new capabilities being similar to those
that have already been accumulated. Hence, CA depends on local experimentation and thereby the exploration of
similar, or the re-combination of existing capabilities (see also Hidalgo and Hausmann, 2009; Vermeulen and Pyka,
2014, p. 10575). The framework thus bears much similarity to evolutionary theories of learning, including the idea of
technological capabilities as a solution for particular technological challenges (e.g. Silverberg and Verspagen, 2005).

Institutional environment. Numerous studies stress the relevance of regulatory measures and other institutions
for CA at the macro, meso and micro level. Determinants include the design of property rights, trade policy, labor
market legislation and the overall (public) infrastructure. All this can be summarized under the heading ‘institutional
environment’. While almost all studies agree on the relevance of the institutional environment, disagreements about the
relative strength and the direction of effects, as well as the underlying mechanisms of particular institutions remain.

A determinant of CA that has attracted much attention is the design of policies that foster economic integration. Various
studies find positive spill-over effects caused by trade liberalization and/or FDI-flows in developing (e.g. Habiyaremye,
2019) and particular in middle-income countries (Castellacci and Natera, 2013), where in the latter case a geographical
focus on the Americas stand out (e.g. Alonso and Martin, 2019; Figueiredo, 2008; Molina-Domene and Pietrobelli,
2012). However, there is no consensus on whether trade liberalization is generally beneficial to CA. For instance,
Castellacci and Natera (2013) argue that for the development of an economy’s innovation system, international trade is
important for middle-income countries, yet for advanced and less developed countries other determinants play a more
decisive role. Overall, the literature seems to suggest that the effect of openness depends on a countries’ development
stage and the maturity of the firms in the respective regions (see also, e.g., Radosevic and Yoruk, 2018). For example,
in an extensive case study on the “Industrial Pole” of Manaus in Brazil, Figueiredo (2008) finds that protectionist
policies triggered various knowledge flows from outside firms into Manaus. These flows led to an accumulation of
initial firm-level technological capabilities, which later served as a precondition for successful liberalization reforms in
the 1990s and which further boosted CA, but would not have been successful without earlier protectionist measures —
an interpretation that aligns well with the work of economic historians on the determinants of catch-up processes after
the Industrial Revolution (e.g. Allen, 2011; Chang, 2003).

However, not all contradictions regarding the institutional environment can be solved by taking a dynamic view.
For instance, although it is widely agreed upon that financial development generally benefits CA via inducing R&D
spending, financial liberalization policies tend to impede the CA process — particularly in developing countries (e.g.,
Ang, 2010). A reason for this may lie in the reallocation of human capital to the financial sector, resulting in a lack of
CA in the technology sector (Ang, 2011). Another example refers to the organization of intellectual property rights
(IPR): While, several empirical studies suggest a general positive effect of IPR institutions on CA (e.g. Ang, 2010,
2011), Fernandez Donoso (2014) finds an inverted U-shape relationship between patents and technological complexity.
Moreover, there is also literature that question the positive effect of IPR, arguing that institutions of open access are
essential for collective learning and, thereby, CA (Dosi et al., 2006; see also Heinrich, 2013; Marengo et al., 2012)

For other institutions results are less inconsistent, e.g. in the case of labor market institutions. The removal of rigidities
on the labor market has, for example, been found to create incentives for the creation of low-paid and low-skilled jobs —
at the expense of well-paid jobs with a higher innovative potential. Such liberalization policies also tend to discourage

"'This assumption might be violated whenever countries ‘produce’ products by only assembling parts that have been imported
from other countries.

2There are situations in which the assumption might not hold, e.g. if a country does not want to export for political reasons,
where a country is at the end of an international production chain or when a country has the capabilities to produce a product, but not
to sell it on the competitive world market.
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worker training and the accumulation of worker experience. Both of these factors harm an economy’s capacity for CA
(Cetrulo et al., 2019; Vergeer and Kleinknecht, 2014). Another example is public infrastructure, which has been found
to play a crucial role for successful CA, but mainly as an ‘absorptive capacity variable’ (see below) that mediates the
positive effect R&D investments, the accumulation of human capital and collaboration efforts among firms (see section
3.2.2 below), particularly in middle-income countries (Castellacci and Natera, 2013; Dutrénit et al., 2019).13

Government activity. Many authors stress the relevance of direct government action, with the entrepreneurial state
as described by Mazzucato (2014) being a recent example.'* Channels through which more direct government action
enhances CA include public R&D investment (Ang, 2011; Cai et al., 2020; Castellacci and Natera, 2013; T. J. Lee, 2004;
Mazzucato and Semieniuk, 2017), public ownership and governance of key sectors and enterprises (Mazzucato and
Semieniuk, 2017; Yu et al., 2015) but also public procurement in the context of large technology projects (Castelnovo
et al., 2018; for limited evidence in a developing context see Ribeiro and Furtado, 2014).

The possibilities for constructive government action beyond the fixing of market failures have been explored in numerous
case studies. Mazzucato and Semieniuk (2017) show for the case of greener technologies that public organizations may
not only rely on measures such as proactive financing of R&D or absorbing high risk levels and uncertainty often related
to exploring radical product innovation. They may also use well-crafted policies that provide incentives to meet quality
standards that go beyond what is currently demanded on the markets. Figueiredo (2008) illustrate this in the context of
Manaus, where government organizations acted as active development agencies in shaping capabilities of local firms by
forcing them to obtain quality standards or to introduce new management and organization techniques beyond what
has been demanded on the market. Further examples are provided by Lebdioui (2019), J. J. Lee and Yoon (2015),
and Perez-Aleman and Alves (2017) who explore a wide repertoire of active government policies aimed to facilitate
coordination, mediation and collaboration between relevant actors (e.g. domestic and foreign firms, universities,
research institutions) for triggering CA processes. In most of these cases, the government effectively supports the
mechanisms operating on the firm level, as described in section 3.2.2.

3.2.2 Empirical results on the firm level

Research on CA on the firm level has highlighted a broader spectrum of determinants than on the aggregate level,
with numerous firm-level studies suggesting a complex interplay of several distinct determinants and channels of CA.
These are often in-depth case studies that follow a qualitative approach. Since the main goal of the paper is to distill
determinants and channels of CA to integrate them into more comprehensive macroeconomic models, the determinants
will be clustered around around six fopoi: (1) absorptive capacities, (2) relatedness, (3) firm-level R&D spending, (4)
experience, (5) external learning, and (6) internal learning15 .

3Note that in these studies, public infrastructure encompass more simple indicators such as the degree of electrification and
telecommunication but also wider characteristics of socio-political systems such as educational and public health infrastructures, the
quality of institutions and governance (corruption).

“There is not always a clear line to draw between active government action and regulatory policy, e.g. when it comes to
incentive-based policies such as tax incentives for firms, investing a share of their revenues into R&D (Figueiredo, 2008).

'5The topoi external & internal learning were inspired by the framework of Bell and Figueiredo (2012, p.24-25)
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Empirical findings on the firm level

Findings on the CA process

Sources

Absorptive capacities

CA is positively moderated by a firm’s absorptive capacity

Chuang and Hobday (2013), Chung and K. Lee
(2015), Figueiredo and M. Cohen (2019), and
Forés and Camison (2016)

Relatedness

Skill Relatedness: CA is determined by the composition of human
capital

Technological Relatedness: CA is determined by preexisting ca-
pabilities

Neffke and Henning (2013)

Chuang and Hobday (2013), Laurens et al.
(2017), and Youn et al. (2015)

R&D spending

CA is fostered through R&D spending

CA achieved by anti-learning: higher R&D spending over time is
linked with quality upgrades of products
CA may be retarded by R&D over-investment

Caloghirou et al. (2004), Chung and K. Lee
(2015), Tsai and J. C. Wang (2007), and Wu and
Wei (2013)

Dosi et al. (2017)

L. Lietal (2018)

Experience

CA is moderated by firm size

CA is moderated by firm age
CA is accomplished by learning by doing: cumulative production
is linked with increasing production efficiency

Dosi et al. (2019a), Molina-Domene and Pietro-
belli (2012), and Villar et al. (2012)

Dosi et al. (2019a) and Villar et al. (2012)
Dosi et al. (2017)

External learning

CA is enhanced by alliances

CA through learning by licensing

CA through intra-industry spillovers: customers, competitors and
suppliers

CA through inter-/extra- industry spillovers: other industries, re-
search and government institutions

CA through informal spillovers: social interactions, trust and
identity

L. Li et al. (2018), Subramanian et al. (2018),
Vanhaverbeke et al. (2015), and Zheng et al.
(2013)

Chung and K. Lee (2015), Leone et al. (2016),
Y. Wang et al. (2013), and Li-Ying et al. (2013)
J. Chen et al. (2012), Dachs et al. (2014), Fas-
sio (2018), J. Li et al. (2013), Yap and Rasiah
(2017), and Zhai et al. (2007)

Cantwell and Zhang (2013), Figueiredo and
Brito (2011), Liefner ez al. (2019), and Y. Wang
et al. (2015)

Autio et al. (2008), L.-C. Chen (2009),
Ciravegna (2011), and A. A. Egbetokun (2015)
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Empirical findings on the firm level (continuation)

Findings on the CA process Sources

Internal learning

CA is enhanced through firm-level governance: local decision Collinson and R. Wang (2012), Figueiredo

making, autonomy and global value chain architecture (2008), Hobday and Rush (2007), and Marin
and Bell (2010)
CA is retarded by thick management bureaucracies Kleinknecht et al. (2016)

CA is activated by organizational routines that enable the (re)con- Aeron and Jain (2015), Bikfalvi et al. (2014),
figuration and (re)combination of internal and external knowledge Chuang and Hobday (2013), Forés and Camisén
(2016), Freitas (2011), Grigoriou and Rothaer-
mel (2017), Intarakumnerd (2017), Marion and
Meyer (2018), Nagle and Teodoridis (2020),
Paiva et al. (2008), and Zhou et al. (2019)
Table 4: Central empirical findings on the determinants for and functioning of CA on the firm level. Although the
referenced papers identified the factors listed here as a main determinant for CA, most of these factors are not discussed
in isolation.

Absorptive capacities. Various papers highlight the role of absorptive capacities (W. M. Cohen and Levinthal, 1990)
as an underlying mechanism of CA (e.g. Chuang and Hobday, 2013; Chung and K. Lee, 2015; Figueiredo and M. Cohen,
2019; Forés and Camisén, 2016).'¢ Originally, a firm’s absorptive capacity was defined as its ability “to recognize
the value of new, external information, assimilate it, and apply it to commercial ends” (W. M. Cohen and Levinthal,
1990, p.128). Many present studies have departed from the original definition, yetwith regard to the actual impact of
absorptive capacities, most of them agree that (1) they have a moderating effect on CA by positively influencing the
impact of other determinants (such as R&D investment or alliances) and (2) are important for the firm to absorb external
knowledge. Therefore, Chuang and Hobday (2013) define them as a “deeper level of capability” (p. 1062). This means
that any analysis of the effect of absorptive capacities on CA must include an analysis of those determinants that are
being moderated. Examples for such studies include Cantwell and Zhang (2013), Chung and K. Lee (2015), Figueiredo
and M. Cohen (2019), and Subramanian et al. (2018) who find that firm-level absorptive capacities are crucially affect
the impact of firm-level alliances, and different forms of internal and external learning.

Relatedness. As on the aggregated level, relatedness also appears as a relevant determinant of CA on the firm level.
In particular, Neffke and Henning (2013) show that firms are more likely to diversify into industries that are skill-related
with the firms’ core activities, i.e. with the human capital that the firm has already accumulated, and Laurens ef al.
(2017), find a robust positive association between knowledge capital accumulated in the past and the number of new
inventions in the field of clean energy technologies (for similar results see, e.g., Chuang and Hobday, 2013). Youn
et al. (2015) come to similar conclusions after studying a large-scale sample of patent records in the US. They identify
technology combination as a main driver of modern invention implying that technological change is in most cases
incremental. In all, the relevance of the principle of relatedness finds considerable empirical support and its save the
assume that CA takes place in a cumulative way on the firm level as well (see also Hidalgo et al., 2018).

R&D investment. Not surprisingly, the — mostly positive — link between R&D spending and CA has also been found
on the firm level (e.g. Caloghirou et al., 2004; Chung and K. Lee, 2015; Dosi et al., 2017; Tsai and J. C. Wang,
2007; Wu and Wei, 2013). But there are also more nuanced results: Dosi et al. (2017), for example, not only find for
Indian manufacturing firms that R&D also has a positive impact on the degree of learning-by-doing, but also that there

15Castellacci and Natera (2013) and Criscuolo and Narula (2008) introduce models that translate the idea on an aggregated level.
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are cases of a positive relationship between production costs (and prices) and produced quantities (experience), an
observation they label anti-learning. They rationalize this observation as a result of quality improvements and ongoing
product innovation rather than process innovation. Others even find adverse effects of R&D on CA: L. Li et al. (2018),
for instance, analyze U.S.-based small and medium enterprises (SMEs) in the biopharmaceutical sector and find that the
in-house R&D stock is initially conducive for the accumulation of intellectual resources. However, later R&D played
only a minor (or even negative role) for further CA. They argue that in a dynamic and complex global environment,
other factors such as strong alliances might, overall, play a much more important role for successful CA.

Experience. Another important set of processes underlying CA is the accumulation of experience, the precise effect
of which is often also dependent on firm size and age. While firm size appears to correlate with higher production
and linkage capabilities (Molina-Domene and Pietrobelli, 2012), a more nuanced result is given by the analysis of the
Spanish ceramic tile production sector (which mainly consits of SMEs) (Villar et al., 2012): Experience — as measured
by age — is a significant moderating variable for product innovation while firm size is a significant moderating variable
for the degree of complexity of an innovation, such that both relationships are stronger for larger firms. These findings
are supported and complemented by Dosi et al. (2019a) who analyze Indian manufacturing firms and that diversifying
in terms of product scope is a strategy which is pursued by big and mature firms. Moreover, Dosi et al. (2017) find
robust evidence for learning by doing — defined as the negative relation between cumulative production and production
costs — as a driver of CA, although mostly for industries in developed economies.

External learning. A major group of firm-level determinants of CA refer to the influence of external learning
mechanisms (Bell and Figueiredo, 2012) on CA. Depending on factors such as the institutional environment, sectoral
specifities and the firm type, firms interact with suppliers, customers, competitors, research institutions and other social
networks and are thus able to access external resources. The literature suggests various channels through which external
learning happens. Alliances and learning by licensing represent more active and deliberate forms of gaining access to
external resources, while spillovers are mostly understood as unintended knowledge transfers.

By forming alliances, a firm might achieve CA by drawing on “routines and arrangements embedded in a firm’s ties
to external parties” (Zheng et al., 2013, p.1209-1210). The positive effect of alliances, however, might also be not
uniform across firms and may depend on “alliance capabilities””(L. Li et al., 2018), the level of “knowledge base
homogeneity”'® (Subramanian et al., 2018) or the stage of the technology life cycle (Vanhaverbeke et al., 2015).

With regard to licensing, results are still diverse: Y. Wang et al. (2013) and Li-Ying ef al. (2013) found that Chinese
firms have successfully learned from licensing-in foreign technologies, yet Chung and K. Lee (2015) find that for
Korean manufacturing firms it in-house R&D activities, which were established as a reaction to “know-how licensing”
that subsequently lead to product innovation. Licenses may also serve as substitutes for the absorptive capacity of the
licensee firm (Leone et al., 2016).

Finally, a wide range of literature emphasize the pivotal role of knowledge spillovers, usually understood as the
involuntary transfer of knowledge, which may result from a firms interaction with its suppliers, customers or competitors
(e.g.J. Chen et al., 2012; Fassio, 2018; Zhai et al., 2007) or outside of the industry (e.g. Cantwell and Zhang, 2013;
Liefner et al., 2019; Y. Wang et al., 2015). These spillovers may take place more formally (e.g. service relationship
between firm and customer (Dachs et al., 2014)) but also informally (e.g. Autio et al., 2008; Ciravegna, 2011).

"Defined as “the abilities to shape and reconfigure firms’ resource base by accessing the resources of its partners”(L. Li ef al.,
2018, p.820).

8Knowledge base homogenity (KBH) refers to the similarity of a firms knowledge base, defined as the subset of knowledge a
firm is able to consider in the search process for new inventions (Yayavaram and W.-R. Chen, 2014). For partners who have a low
KBH, Subramanian et al. (2018) find an inverted U-shaped relationship between technological distance and CA, i.e. firms profit
from alliances most if they have a medium technological distance. For partners with a high KBH, on the other hand, they find a
positive relationship between the two factors, i.e. higher technological distance is associated with a higher level of CA — an intuitive
finding since greater similarity allows for the comprehension of relatively more advanced technology.
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Internal learning. In addition to external learning, the literature strongly emphasizes the complementary role of
internal learning mechanisms. More specifically, one may distinguish between mechanisms that can result either in a
(re)allocation of resources within the firm or mechanisms that link a firm’s internal and external knowledge in ways
conducive for CA. In the former case, the precise functioning of CA mechanisms still remains ambiguous: CA may
be triggered by both, decentralization (e.g. local decision making and autonomy of subsidiary firms) (Collinson and
R. Wang, 2012; Figueiredo, 2008; Hobday and Rush, 2007) or stronger integration within the (global) corporation
(Marin and Bell, 2010). In the latter case, there is a clear evidence regarding the pivotal role of organizational routines
that enable a firm to (re)configure and (re)combine internal or external knowledge. Since these routines strongly depend
on firm characteristics and its environment and can, thus, be operationalized in various ways, one has to refer to a
substantial body of literature (see table 4). Zhou et al. (2019) for instance argue that “intra-firm” spillovers (which shape
the “firm productive struture”) are a key source for firm diversification. However, it still remains unclear how these
spillovers may be triggered within the firm. Forés and Camisén (2016, p.844) conclude that “the creation of a diverse and
rich internal knowledge base through internal knowledge creation capability” is essential for a firms absorptive capacity.
However, the building of this capability is dependent on various factors (e.g. employee motivation and commitment, a
firms innovative culture, managerial strategies) which makes it difficult to distill a specific mechanism that represents
internal learning. On a more concrete level, these routines may be facilitated via human resource management (HRM)
practices as part of a firms “technological learning structure” (Freitas, 2011). Broadly speaking, HRM practices include
all activities that enable knowledge sharing, integration and codification (Figueiredo and M. Cohen, 2019) such as
team work arrangements, team meetings and internal training programs (see also Bikfalvi et al., 2014; Chuang and
Hobday, 2013; Marion and Meyer, 2018) but also the utilization of skill diversity and cross-disciplinarity within the
firm (Intarakumnerd, 2017; Nagle and Teodoridis, 2020; see also Freeman and Huang, 2014; Wuchty et al., 2007).
Conversely, and consistent with what has been discussed for the aggregate level, a deregulation of labor markets may
lead to higher rates of job turnover resulting in a destruction of mutual trust, loyalty and commitment (Kleinknecht
et al., 2016). In order to monitor and control such counterproductive behavior, bloated management bureaucracies
within the firm may evolve which in turn are detrimental to creativity and entrepreneurship.

3.2.3 Taking stock

The empirical literature reviewed in section 3.2 highlights a variety of factors contributing to CA on both the aggregate
as well as on the firm level. Noticeably, many papers analyze the determinants of CA in a very context-specific setting
(e.g. specific industries such as ceramic tile vs. electronics industry, specific firm types such as MNEs vs. SMEs
or specific countries such as catching-up vs. developed countries), and most papers discuss several determinants
simultaneously. Not surprisingly, this suggests that CA is a highly complex process, working on both the aggregated
and the firm level. This also means that is difficult to identify main channels of CA and that there seems to be no
catch-all solution for triggering and sustaining CA. Nevertheless, one may cluster the results of the literature into four
distinct aspects that are relevant for the construction of macroeconomic models. The first is a rather a general call for
caution when it comes to the use of models in general and stresses the contingency and context-dependency of CA.
Three topical areas — institutions, spill-overs and micro-macro mechanisms — may then serve as a more positive guide
for macroeconomic model construction.

Contingency and context-dependency of CA Numerous studies, particularly those employing a case study method-
ology, stress the contingency and context-dependency of CA processes, i.e. they highlight the relevance of factors
that are very specific to the particular place and time (e.g. Chuang and Hobday, 2013; Collinson and R. Wang, 2012;
Figueiredo and M. Cohen, 2019; Vanhaverbeke ef al., 2015) or stage of development (e.g. Castellacci and Natera, 2013;
Dutrénit et al., 2019; Figueiredo, 2008). In each stage, a firm has to pursue another strategy, ranging from the use of
preexisting, i.e. related capabilities, internal and external learning. Moreover, singular events often have an important
impact on CA: Chuang and Hobday (2013), for example, explain how the financial crises of 1997 has led Japanese
firms to enter cooperation agreements with Taiwanese firms, a strategy that has ultimately led to the establishment
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of numerous most successful transnational companies. It is hard (and maybe even counter-productive) to consider
such events in comprehensive macroeconomic models, but it is important to keep their relevance in mind and to take
seriously the limits of modelling when it comes to the explanation of CA processes.

The primacy of institutions. The literature clearly shows that institutions — here encompassing both the regulatory
environment as well as government activity — are crucial determinants of CA processes. This result is highlighted via
both case studies (e.g. Figueiredo, 2008; J. J. Lee and Yoon, 2015; Mazzucato and Semieniuk, 2017; Mehri, 2015) and
econometric analyses (e.g. Castellacci and Natera, 2013; Yu et al., 2015; Zhou et al., 2019). Many of these studies
also highlight the fact that implementing specific government policies preceded an ongoing and successful process
of CA." Institutions are not only relevant on the macro, but also on the firm-level. Considering this insight against
the macroeconomic models surveyed in section 2 one may conjecture that for macroeconomic modelers there is the
chance to harvest some long-hanging fruits: for example, in both ABM and EBM, institutional aspects of regulation or
direct government action are often merely considered in the context of barriers to technology (see 1), being reduced to
“Pareto-improving policy interventions” (Acemoglu, 2009, p.483) such as subsidies to research, subsidies to capital
inputs, anti-trust and patent policies. In ABMs, various forms of industrial policy (e.g. Dawid et al., 2019), implications
of labor regulations (e.g. Caiani et al., 2019) or state-led research (e.g. Dosi et al., 2018) have been considered, yet only
via their effect on R&D investment. This leaves room for further enhancement, e.g. with regard to the investigation of
the implications of public ownership and governance, the government as a facilitator of alliances among relevant actors
or the role of private property and open-access norms.

External learning as inter-organizational processes A second cluster of findings is operating mainly on the firm
level and involves inter-organizational factors and processes such as spillovers or alliances. These include both
processes by which resources are drawn from various sources outside the firm — such as other autonomous players — as
well as those from within the firm — such as internal R&D oder capacity building. From a methodological viewpoint, it
seems to be particularly attractive to study such processes in ABM since these models are by design well suited to study
direct interactions across heterogeneous actors.

The micro-macro links of CA A final lesson from the empirical literature is that the close interconnection of
aggregated and firm level determinants implies that any satisfactory analysis of CA — in particular, in a modelling
context — must take into account determinants on both the micro and the macro level simultaneously. Such a challenging
task seems to be a natural topic for ABM and outside this literature there are currently only few examples for models
taking this mutual interdependency of micro and macro seriously (e.g. Dosi et al., 2019b).

3.3 Specialized models of CA - theoretical contributions

As already discussed in section 2, modeling CA in macroeconomics comes with certain trade-offs regarding the models’
complexity. Models that are not macroeconomic by nature and that focus exclusively on the mechanisms underlying
CA do not face these trade-offs. One may, therefore, suppose that these models have already formalized a richer set
of mechanisms that macroeconomic models, and may, therefore, serve as a useful source of inspiration for the latter.
Therefore, this section presents mechanisms that have received particular attention in this more specialized literature
(see the summary in table 5).20

Figueiredo (2008) is representative for this when they state that “it is important to recognize the relevance of different government
policies that have been implemented over the past 40 years, especially since the 1990s in the context of Manaus. In the absence of
such government policies, all these firms and some supporting organizations would probably not even have been there in the first
place.” (p. 84).

2We focus on models that study the interplay of several mechanisms. For models focused on one particular form of CA see, e.g.,
Vermeulen and Pyka (2014), Tur and Azagra-Caro (2018) (alliances), Santos Arteaga et al. (2019) (internal learning) or Zhuang et al.
(2011) (external spill-overs).
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Specialized models of CA

Source Determinants Description of the CA process Model type
Marengo Patenting and By investing into (innovative and imitative) R&D, firms ABM
et al. (2012) external assemble products from different components, which can
spillovers, R&D  be patented such that other firms cannot produce them for
some time. Central result: if the product space is complex,
IPRs are an obstacel, rather than an incentive, to innovation.

Dasgupta Spillovers International worker mobility leads to knowledge spillovers  equilibrium
(2012) (Human Capital) among workers; CA is related to a reduction in inequality model
and an increase in individual income.

Wersching ~ R&D Investment, Aiming for a competitive advantage, firms invest into R&D ABM
(2010) Spillovers, in order to accumulate internal knowledge and into
Absorptive absorptive capacities in order to gain from knowledge
Capacities spillovers.
Savin and A. Alliances, Through alliances and absorptive capacity, firms (that aim ABM
Egbetokun Absorptive for a competitive advantage) acquire voluntary and
(2016) Capacities, R&D involuntary spillovers, respectively; R&D investment can
Investment lead to incremental innovation
Pyka et al. Alliances, Firms collaborate on the intra-regional and interregional ABM
(2019) Learning by level to acquire implicit and explicit knowledge,
Doing, R&D respectively. Also, they invest into R&D to expand internal
Investment knowledge. Knowledge that is used is intensified, leading
to CA (via a radical or incremental increase in product
complexity), whereas other knowledge is gradually
forgotten
Caiani R&D Investment, Firms, which aim for a competitive advantage, move on a ABM
(2017) Firm-Size, technology space. In order to reach certain points, they
Absorptive invest in imitative and innovative R&D with the probability
Capacities of successfull increases with firm size since larger firms
make higher investments. The probability of sucessfull
imitation increases with size of the target industry.
Criscuolo R&D, FDI, CA on the national level is determined by domestic R&D Differential
and Narula Absorptive investment, FDI and international spillovers. The speed of equations
(2008) Capacities, CA (i.e. individual and national knowledge accumulation)
Intra-industry is determined by absorptive capacities.
Spillovers
Landini and Absorptive Firms invest into R&D to extract new techniques from a ABM
Malerba capacities, technology space; the extraction gets facilitated by
(2017) spill-overs, R&D, spillovers from domestic competitors. Sometimes the

national policies

domestic technological frontier expands and firms can use
new techniques if their absorptive capacities are high
enough. Moreover, firms accumulate new capabilities
according to a pre-specified logistic function. National
policies can accelerate this process.

Table 5: Implementation of the CA process in selected specialized models.
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The fact that R&D activity fosters CA is taken to be self-evident in many models and the corresponding processes
will not be discussed in more detail; the basic mechanisms are similar to those discussed for macroeconomics models
(see section 2). Noteworthy are, however, models that enrich this mechanism in an additional dimension, such as
Marengo et al. (2012), who study the effect of patent systems on CA. In their ABM, firms invest into (innovative and
imitative) R&D to discover new products, which are assembled from different components. The overall performance of
a product depends on the quality of the single components, as well as how well they fit together. The space containing
all products is called a ‘product space’, and its complexity depends on the strengths of the interdependencies of the
components when determining the overall product performance. Marengo et al. (2012) then study the effects of different
degrees of IPR protection: the stronger the patent system, the more finely-grained can firms protect their innovations.
In the strongest case they can prevent other firms from using a single component they have discovered so far. The
model indicates that too strong IPR protection hampers overall innovation and welfare when the product space is more
complex since patents work as obstacles in the product space and the invention of new products gets aggravated. The
key underlying mechanism here is that of external learning and spill-overs across firms. Another determinant underlying
CA and often modeled in the specialized literature is the organization of human capital. In these models, the skills and
the knowledge embodied in each individual worker are the main driver of CA and, therefore, firms have to organize
their human capital strategically in order to achieve CA. In a general equilibrium model Dasgupta (2012) studies CA as
a learning process which is spurred by the mobility of workers from countries and firms with higher capabilities. By
moving to other firms, their knowledge is passed on to the latter firm’s workers, thus leading to CA in firms as well as
entire regions (as the knowledge is passed on further). Thus, CA is here understood as a social process, propelled by the
interaction of people with diverse knowledge.

Savin and A. Egbetokun (2016) introduce a model of CA in which they study the role of alliances, absorptive capacities
and R&D. They situate firms on a two-dimensional metric space which they call ‘knowledge space’ and where the
distance between two firms provides information on how similar their production technologies are. A firm’s ‘proximity
radius’, which can be extended via R&D investment, determines the knowledge the firm has potential access to. In
accordance with the empirical literature (see above) the authors assume that there there is an inverted U-shaped relation
between technological distance and CA, i.e. knowledge from technologically close and distant firms is less useful
than that of firms with medium proximity. However, to actually absorb the knowledge of other firms in the first place
firms must either engage in alliances (leading to voluntary spillovers) or invest into their absorptive capacities (leading
to involuntary spillovers). Involuntary spillovers are purely a function of absorptive capacities of a firm. Voluntary
spillovers emerge from alliances, which are formed profit maximizingly, based on the expected R&D investment of
the potential partner as well as the disadvantages in competitiveness that arise from the spillovers that go toward the
other firm. A partnership will only be formed if the alliance is mutually beneficial. Based on the alliance decision,
a firm will split up its (exogenously given) R&D investment, spending as much as needed to benefit from alliances
as well as involuntary spillovers. The rest will go to the expansion of internal knowledge. The model indicates that
what cooperation strategy is best in terms of competitiveness depends on the current stage of a firm and whether it is
currently more dependent on voluntary or involuntary spill-overs.

Pyka et al. (2019) model the interrelation of three different mechanisms of CA: R&D investment, alliances and learning-
by-doing, as well as the potential role of policies in fostering CA processes. In the model, each firm is endowed with
knowledge units that can then combined to invent new products that can then be sold on a market. CA processes are
modelled as the acquisition of new knowledge units. There are three options: first, firms can invest into R&D. With
a given probability, this creates a new knowledge unit that differs from the existing units only within a pre-specified
range, as suggested by the principle of relatedness discussed above. The second option is to copy a knowledge unit
from cooperation partners with whom the firm has formed an alliance. This copies only parts of the knowledge unit,
however: aspects related to the experience of the firm of applying this knowledge are not copied. Finally, firms improve
upon their knowledge by learning by doing if they apply their knowledge to produce products. At the same time, they
can also forget about knowledge that remains unused in practice. The authors then test various policy scenarios in

18



WORKING PAPER - JUNE 11, 2020

which firms are motivated to engage in new alliances of invest more into R&D. They find that CA happens best when
firms diversify their channels for CA and if they are supported by nuanced policy programs that provide firms to engage
in regional collaboration.

Landini and Malerba (2017) study the catch-up dynamics between technologically lagging latecomers and an advanced
incumbent country within a globalized industry. Their major research interest refers to the set of public policies that is
best suited to achieve convergence among the two countries. Firms in both countries produce goods, which they can
sell on the domestic and foreign market. Prices depend on quality and quality depends on the techniques used by, and
the capabilities existent in a firm.2! Firms invest a fixed share of their profits into R&D, which increases their chance to
extract new and better techniques from the technological space. There is also a country specific information effect,
which depends on the level of technological knowledge in the country and can be thought of as general spill-overs that
facilitate the identification of better techniques. The current technological space gets expanded by chance (a ‘radical
change’), in which case firms might adopt the enlarged space if they have enough capabilities absorptive capacities to
perceive the enlargement. They might decide against it, however, if too many specific capabilities for the old space have
been accumulated. Thus, lock-ins in inferior technologies are possible. Firms’ capabilities evolve according to a logistic
learning equation, which is set as a parameter. Learning can, however, be accelerated by national policies. Aside from
such policies that foster CA directly, i.e. speed up the accumulation of new capabilities or the initial level of capabilities
for firms, other policies are also helpful, but depend on the technological environment. If radical technological change is
relevant, facilitating the entry of domestic firms is highly complementary to other CA-enhancing policies, yet it remains
ineffective if radical change is absent. Protectionism on the other hand is found to be helpful only in the absence of
radical technological change and then in combination with other CA-supporting policies.

Caiani (2017) discuss an ABM in which CA occurs through innovative and imitative R&D with the firm size determining
the success of innovation and the extent of absorptive capacities. Firms move on a network-like technological space
where each node that is farther from the starting point is associated with a reduction of production costs via CA. In a
first step, each firm chooses a target node. In order to reach that node, firms can either innovate or imitate, whereby
costs of imitating are lower than those of innovating. The probability of successful innovation increases with the
amount invested into innovative R&D. Since larger firms invest more, they have an advantage. In order to imitate, a
firm collects a sample of firms. If any of them has the target node in their portfolio, imitation will be successful. The
number of firms that can be sampled depends — just as before — on the amount of R&D investment, giving larger firms
an advantage. However, success also depends on the size and structure of the industry, with a larger industry offering
a higher probability of success. The sample size represents the size of the region within which firms to imitate can
be sampled and can, therefore, be interpreted as its absorptive capacities. In the first instance, the sample is selected
randomly. However, if imitation was successful, the imitated firm will be a preferred choice in the next period. Thus,
industries have a different branch structure and they develop differently as firms move along, varying in size (i.e. number
of firms). Both of these factors influence the benefits that can be expected from innovation and imitation such that it
might me easier or harder for firms to become large and for large firms to stay successful.

A similar approach is put forward by Wersching (2010). Here, CA can occur both with respect to processes and products.
Firms move on a circular technological space where they take a new spot between two occupied spots if they innovate
incrementally and where they take a spot on an enlarged circle that is relatively farther away from the occupied spots if
they innovate radically. Firms can invest into internal R&D or absorptive capacities in order to accumulate capabilities.
Here again absorptive capacities enable firms to acquire spillovers from more distant points in the technology space.
However, it is assumed that the relationship between distance and productivity of new knowledge is inverted U-shaped.

Criscuolo and Narula (2008) take a different approach and propose a differential equations model in which they
generalize the original theory of absorptive capacities to the national level. Thus, in their model national CA is depends
on domestic and foreign R&D investment, inward FDI and international spillovers, all moderated via national absorptive

2IThis distinction does not fit neatly into our broad definition of capabilities above. Rather, both techniques used and capabilities
in the sense of Landini and Malerba (2017) would count as capabilities in the sense of the present paper.
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capacities. The latter depends on R&D expenditures, an institutional variable representing the ease of knowledge
diffusion, and the technology gap to most advanced countries. This way, the model replicates the stylized fact that
individual and national knowledge accumulation is fastest during an intermediate stage of catching-up. This way it also
provides a nice formal operationalization of the ambiguous concepts of absorptive capacities.

Finally, there are models that represent the processes underlying the emergence of new technologies and their diffusion,
but that are meant as rather abstract illustrations. Nevertheless, they deserve to be mentioned here because they highlight
aspects of technological change that themselves affect the way CA does actually take place. One example for such a
model is Silverberg and Verspagen (2005), who present a model in which new technologies are assembled from existing
technologies and thereby grow in complexity. The model is able to replicate a number of stylized facts of technological
change (e.g. that there are many small and few big innovations) and captures the idea of technological relatedness very
nicely, yet since it does not feature any concrete firm of market interaction it is more suitable to get a very general idea
of ‘technological change*, rather than illuminating the mechanisms underlying CA. A similar argument holds for Angus
and Newnham (2013). Their model consists of finite state automata that process bit-strings (which may be interpreted
as products) and that, via evolutionary selection and mutation, produce new bit-strings. This way, the model produces a
certain kind of ‘novelty’, which is currently lacking in most economics models. A slightly different approach is taken by
Desmarchelier et al. (2018), who propose an ABM where firms are located on the empirical product space of Hidalgo
et al. (2007) and try to maximize their export opportunities. There is, however, no actual production or consumption
taking place in the model and it remains unclear how the firms actually accumulate the capabilities necessary to move
to more central parts of the product space.

4 Discussion

The prime objective of this paper was to delineate promising channels for integrating results from the specialized
literature on CA into comprehensive macroeconomic models. Starting with a summary of current strategies to integrate
CA into macroeconomic models, the empirical literature on CA on the micro- and macroeconomic level and then a
selection of specialised models dedicated to the investigation of CA processes was reviewed. The results of this work
are summarized in table 6, which provides an overview on how empirical findings on CA have been implemented in
specialized and comprehensive macroeconomic models so far.

The first lesson from the table is that the clearest alignment of the empirical and theoretical literature is with regard to
the positive effect of R&D expenses on CA. This positive effect has not only been documented empirically, it has also
been considered in both specific and macroeconomic models various times. Of course, the empirical literature studies
R&D activities on a much more fine-grained level than is acknowledged in the models. Yet, in general there is a close
alignment between the empirical and theoretical literature in this dimension.

The second, maybe more surprising, insight is that there is no clear indication on whether specialized or comprehensive
macro models tend to implement empirical findings more conscientiously. Noticeably, the mechanisms listed which
are related to the government and institutions have received more attention in the macroeconomic models than in the
specialized models, most likely since the former include a government by definition. In taking a much narrower focus,
specialized models usually do not include a government sector. At the same time, it is easier to integrate more complex
processes such as firm collaboration or absorptive capacities into a model that has its main focus on CA, rather than
into an already complex macroeconomic model (for an exception see Hotte, 2020). Also, the empirically highly relevant
topic of the relatedness of CA has received more attention in the specialized literature. In these dimensions, there is
certainly potential in taking the existing specialized models and to think about how they could be integrated into a more
comprehensive macroeconomic framework.

Finally, there are also factors that — while having received considerable attention in the empirical literature — have
not been considered in the modeling literature at all. The contingency of CA processes (such as time- and space-
contingency) is the obvious example in table 6. Modelling contingency is difficult per se, since models are mostly used
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as a way to formalize general mechanisms. It would, however, be desirable if the mechanisms modelled allowed for the
distinct and non-linear development paths that are suggested by the empirical literature. This, obviously, represents a
greater challenge for analytical models, leaving the stage clear for simulation models.

Another lesson that is not directly evidenced in table 6 is the role of the modelling framework chosen. General
mechanisms such as R&D investment can be deployed in analytical models rather straightforwardly and very general
results are available. However, mechanisms that refer to some kind of heterogeneity and interaction among the entities
concerned, such as inter-firm or intra-firm functionalities are generally less commonly studied in analytical models.
These mechanisms often play an important role in ABMs, which, by construction, are geared towards modelling
interactions and heterogeneity - although one might also expect new innovative ideas to emerge in the recent HANK
literature (heterogeneous agent New Keynesian models, see, e.g., Kaplan et al., 2018). At the same time, unlike in
the analytical modeling literature, we cannot identify general benchmark models in the ABM literature, but rather a
number of distinct model ‘families’ — although the particular implementation of certain key mechanisms, such as R&D
investment is quite similar even across model families as well and some general building blocks seem to be emerging.

One crucial difference of how ABMs and analytical models study CA is due to the fact that ABMs include explicit
interaction protocols. When it comes to the integration of results from the empirical literature this is a potential
advantage that, however, can also turn into a source of ad hoc specification: on the one hand, the explicit interaction
protocols of ABM allow a more detailed alignment of the model with empirical evidence and expert knowledge. At
the same time, the need to be explicit can be a burden when there is no clear empirical guidance on how to build the
interaction protocols. Take Dawid et al. (2018) as an example: the authors study the effect of directed subsidies paid
to firms in poorer countries. In one scenario firms receive subsidies only when they invest money into R&D at the
technological frontier. The interaction protocol for the ABM requires them to define exactly when the supervision of
the firms takes place, i.e. when the authorities check whether the firms really invest at the technological frontier. Does
this takes place before or after granting the subsidies? Or before or after the paid subsidies have been invested? After a
particular time frame after granting the subsidies? Sometimes one can get good guidance by looking at the empirical
data, talking to decision makers or experts in the field. In other cases, the decision is necessarily ad hoc. At the same
time, in some instances such implementation decisions matter considerably, in other instances it does probably not
matter much. It is, however, hard to make a definitive decision on the precise implementation. This is not a problem if
one can easily test for the implications of distinct implementations, yet in larger models one usually faces numerous
such challenges, and testing for the implications of all of them becomes infeasible or, at least, very demanding and time
consuming. Thus, the enforced explicitness of interaction protocols in ABM can in principle be an advantage, but in
practice might also lead to potentially misleading ad hoc specifications. In any case it points to the principal possibility
to use ABM to test for the systemic relevance of such implementation details and thereby to develop very nuanced
policy advice.

5 Summary and conclusion

This paper comprises a comparative survey of CA-related literature in order to identify possibilities to align the
macroeconomic modelling literature more with recent insights from the specialized literature. The empirical literature
on CA is manifold and shows that CA is not the outcome of a single mechanism but that the determinants are highly
diverse. To consider this diversity in macroeconomic models is far from trivial and it is clear that there is a trade-off
for models that seek to provide a comprehensive macroeconomic representation of an economy when it comes to the
detailed representation of particular mechanisms. Nevertheless, given the high relevance of CA processes both on the
micro and macro level we believe that working on a closer integration of them into macroeconomic models is a fruitful
avenue for future research, which the present review has hopefully facilitated.
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Mechanisms in the literature

Mechanism Level Macro models Specialized
models

‘Principle of Relatedness’ (cumulative ac-  Aggregated, firm
cumuation of capabilities)

Institutional environment (regulations) Aggregated
Government activity (industrial policy) Aggregated
Government activity (public research) Aggregated
Government activity (other) Aggregated
Absorptive capacities Firms
R&D investment Aggregated, firm
Experience & learning-by-doing Firm
External learning Firm
Internal learning Firm
Governance Firm

Table 6: Mechanisms of CA in the sampled literature. (Red stands for nonexistent or rare, yellow for still under-explored
and green for frequent implementation in models.)
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