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Abstract:

Gravity models of foreign direct investment (FDI) have until now been based on
the attraction power each country's market size. This paper presents and test a new
structural gravity model that explains international FDI patterns from two separate
attractors, market size and national knowledge characteristics. The model allows
to separate and measure the gravity push and pull forces per country pair. The
model is tested using a data panel with 150 indicators for firm-based and public
knowledge activities, and bilateral FDI for about 200 jurisdictions over the full
period 2001-2022. We find that knowledge-based comparative advantages have a
separate impact on bilateral FDI, alongside the impact of market size. The impacts
differ between partner countries, quantitatively and qualitatively (type of national
knowledge assets). Knowledge factors often have a stronger impact than a
country's gross domestic product. We have subjected these results that are new to
the literature to severe robustness tests, but the results remain standing. The FDI
Knowledge-Enriched Gravity (FKEG) model can become a powerful new tool for
international economics.

Keywords: knowledge-enriched structural gravity model; foreign direct investment; proprietary knowledge;
gravity push and pull factors; Multilateral resistance terms; empirical test.

JEL codes: C33; F21; O3; H41; O34; F23

1. Introduction

This paper presents and tests a new structural gravity model that explains international patterns
of direct investment (FDI) from the interplay of market size, comparative knowledge
advantages and investment barriers.

The paper makes five contributions to the literature. The first contribution of the paper is a
structural gravity model that embeds knowledge factors into a setting that thus far only held
indicators for market size and friction factors for bilateral FDI. The model allows to quantify,
simultaneously, the gravity forces derived from market size and knowledge characteristics, and
also their relative strength. The model allows for asymmetric gravity forces between origin and
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destination country. Endogenizing the knowledge factors in a gravity setting is new in the
literature. The second novelty is an input/output model that quantifies the dynamic interactions
between public and firm-based knowledge creation within a country. It yields a production
function for the proprietary knowledge assets of multinational firms that includes public
knowledge inputs. As third contribution to the literature, this paper presents a large dataset of
about 150 indicators for national knowledge systems (public and firm-based, input-oriented and
output-oriented). All indicators are made scale-free, by expressing them per unit of GDP or as
a relative abundance (normalized by the world mean). The database covers over 200
jurisdictions and the period 2001-2022.2 The indicators in this dataset makes it possible to
quantify, by country pair, the knowledge-related push and pull gravity factors that affect
bilateral FDI. As a fourth contribution, our paper calculates the relative strength of GDP-based
and knowledge-based gravity forces. The gravity force exerted by knowledge indicators are in
many cases stronger than the gravity force of GDP. This result is new to the literature, so we
have checked it in several ways. This has led us to a fifth innovation, the use of the multilateral
resistance (MR) terms as a robustness check. The seminal work by Anderson and Van Wincoop
(2003) developed the concept of multilateral resistance terms as a concept that summarises all
unobservable general equilibrium effects that affect world trade patterns, such as such as
expectations, reservation prices, information asymmetries, reputations, risk assessments, and
anticipating behaviour. A recent advance in econometric estimation (Correia et al., 2020)
allows to derive the value of MR terms from a high-density dummy structure that is used in
gravity analysis of panel data for international transactions like trade and foreign direct
investment.> We calculate the inferred MR terms for world FDI traffic, and use it as a
benchmark for testing the robustness of our main results, alongside other robustness checks.

The paper has the following structure. Section 2 reviews the relevant literature on the
knowledge-capital theory of foreign direct investment to which our paper is related. Section 3
introduces knowledge assets to structural gravity model. The FDI Knowledge-Enriched Gravity
(FKEG) model explains FDI patterns from country size (GDP), economic frictions, and
knowledge-related comparative advantages. Section 4 analyses the production structure of
proprietary knowledge assets, using an input-output framework that distinguishes between the
knowledge activities of private firms and the public sector (universities, tax-paid research and
education activities). Section 5 describes the dataset of national knowledge indicators and
bilateral FDI stock data. Section 6 presents the empirical strategy and gives the main empirical
results based on the knowledge-enriched structural gravity models. Section 7 investigates the
robustness of the earlier results. One test uses the multilateral resistance terms as benchmark. A
further test 'shocks' the country sample. We use research results by Terslov et al. (2023) in which
the authors identify countries that actively support tax avoidance constructions, thus attracting
bilateral FDI that is not driven by market size or knowledge factors. Removing these countries
from the full country sample, greatly improved our earlier results. Section 8 summarises the
main findings, discusses the added value of the FKEG model for international economics, and

2 The dataset will be made publicly available upon publication of this paper.

3 It distinguishes between inward and outward multilateral resistance. MR terms control for everything that is not
specified in the baseline regression. Sections 2 and 3 provide more details.



the implications of our findings for public policy. Section 9 concludes and looks forward to
follow-up research potential.

2. Knowledge capital and foreign direct investment: a conceptual history

The role of knowledge capital in the foreign investment decisions gets particular attention in
papers (co-)authored by Markusen (Markusen, 2002; Carr et al., 2001; Ekholm et al., 2007;
Markusen and Strand, 2009). A few others also pay attention to knowledge capital (e.g. Yeaple,
2003; Bergstrand and Egger, 2007; McGrattan and Prescott, 2010; Arkolakis ez al., 2018).* The
perspective in most of these papers is micro-economic. They explain the role of knowledge
capital in the choice between FDI and exports as entry mode in a foreign market. Only Anderson
et al. (2019), and to some extent Arkolakis ef al. (2018), widen the scope of analysis to the links
between foreign direct investment, domestic capital accumulation, domestic innovation and
economic growth.

Large models may offer a coherent and often inspiring overview of current research areas, but
they have a big problem. Methodologically, these models analyse complex processes with
sometimes a quagmire of nested causal relations. Their comprehensiveness, however, makes
their empirical falsification problematic. Lewbel (2019) argues that the identification of the
causal mechanisms is a key problem for large models. Pearl (2009) stresses that integrated
model structures are difficult to falsify, because they rest on many parameters and behavioural
assumptions for which no direct measurement or other empirical data are available. This makes
it difficult to design and implement unambiguous empirical falsification tests. An increasingly
common practise is to render such large models some plausibility by running calibrated data
exercises. This is found, for instance, in Anderson et al., (2019); Ramondo and Rodriguez-Clare
(2013) and Arkolakis et al. (2018). Because such calibration exercises offer ample opportunity
to over-fit the data, the results of calibration exercises must be regarded with substantial caution.

An exception is the structural gravity model for FDI by Kox and Rojas (2020) which is testable
with real data. We will use it as a starting base for integrating knowledge capital into a structural
gravity model that explains international patterns of bilateral FDI. Like the FDI module in
Anderson et al. (2019), it is based on the knowledge-capital interpretation of FDI. This type of
models assumes that multinational firms have proprietary knowledge that can, at low or zero
costs, also be used on a non-rival basis in other countries. Firms increase the value of their
proprietary knowledge capital by ‘leasing’ it to other countries in the form of FDI. Because
flows of knowledge capital are often intangible and therefore difficult to measure, Kox and
Rojas (2020) use the stock of bilateral FDI as a proxy for the flow of knowledge (technology)
capital between two countries. They use a stand-alone, partial equilibrium model, with a simple
and intuitive structure as depicted in Figure 1. The model has been tested with real, world-
coverage FDI data.

4 Several other theories explain the relations between FDI and international trade without a role for knowledge
capital (cf. Bergstrand and Egger, 2010; Ramondo and Rodriguez-Clare, 2013; Baldwin and Okubo, 2014;
Ramondo, 2016).



The basic driver of the gravity structure is formed by economic mass (GDP size) of both partner
countries. A larger economy has a bigger market, more firms, more product variety, and often
larger absolute investment by firms. The volume of bilateral FDI (FDI;;;) is hampered by two
types of economic frictions. The first category is formed by absolute FDI restrictions like legal
and statutory barriers that a country imposes on the access of foreign FDI capital. Such policy
restrictions on bilateral FDI traffic can be imposed by one or both partner countries. The
extreme form of absolute restrictions is a full or partial ban on certain types of FDI (red tape).
Most absolute frictions stem from destination country policies, e.g. to keep out foreign firms
from some strategic industries or to protect 'national champions'. Absolute FDI restrictions may
also stem from origin country policies, e.g. in defence industries, telecom, infrastructure or high-

Figure 1 Basic structure of structural FDI gravity model
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Legend: The symbols are explained in the text below.

tech industries (cf. Camacho et al., 2025; Choi et al., 2025). Lighter forms of absolute restrictions
are partial restrictions for the activity of multinationals in specific industries, rules for foreign
personnel, or any other access-related policy measures. The common characteristic of absolute
restrictions is that they are non-negotiable and therefore form a negative constraint on economic
decision options for private firms.

The second type of FDI frictions refer to the relative operational costs of bilateral FDI. For a
multinational firm from country i these are the costs of operating a subsidiary in country j,
relative to the rest of the world. Viewed from the perspective of destination country j, these are
the costs of attracting FDI from country i, relative to the costs of attracting such FDI from any
other country in the world. Relative costs or opportunity costs belong to the domain where
marginalist optimization by individual agents is possible. This separates them from absolute
FDI frictions. Anderson and Van Wincoop (2003) developed a consistent aggregation procedure
for the concept of relative costs in international trade. They coined the name inward multilateral
resistance (IMR) for the relative friction costs from the perspective of the origin country, and,



similarly, the name outward multilateral resistance (OMR) to represent the relative friction costs
from the perspective of (potential) host countries. Both concepts are here used for the relative
FDI costs.> The FDI gravity model of Kox and Rojas (2020) stands in a 'classic' tradition of
gravity models with Newtonian structure (mutual attraction between two countries and a
squared friction factor). It reads as follows:

Ve Y

jt
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The inward and outward MR terms (IMR;; and OMR;;) may seem pure theoretical constructs,
but that perception is incorrect. They reflect collective market behaviour by a large mass of
individual agents (firms, multinationals, government authorities), each with maximizing targets
(profits) and minimizing strategies (costs), and often with a limited information horizon. The
MR terms also account for market characteristics that are largely unobservable by standard
statistics, such as expectations, reservation prices, information asymmetries, reputations, risk
assessments, and anticipating behaviour. The functional form of equations (2,3) looks
somewhat frightening, but it is less complicated than it seems. The variable IMR ; uses the
perspective of origin country i to measure the average costs (z;;) of operating in any destination
country j, weighted by the relative market size of that destination country (v,/v,). Conversely,
variable OMR); uses the perspective of destination country j to measure the average costs (z;,) of
attracting FDI from any origin country i, weighted by the economic size of that origin country.®
Different symbols for relative FDI friction costs (z;, z;;) are used to express that these costs are
likely to be direction-specific. Some cost elements might be symmetric on both sides of the
border, like the effects of distance, or the business costs related to having a different language
and culture. Other costs elements are non-symmetric like the business costs that arise from
different legal systems or the costs of complying with specific national policies. The parameter
0>1 in equations (2,3) expresses that countries prefer more foreign FDI. For instance, in
equation (2) the exponent (1 — g) will be negative, and firms therefore accept some additional
costs (z;;/OMR;,) to make that possible, and this willingness increases if weighting factor (¥}, /Y;)
is higher. In equation (3), where we deal with the viewpoint of the destination country, the
mechanism is comparable, but valuation weight (Y;./Y;) is here probably a proxy for the

5 Anderson et al. (2019) use for FDI identical IMR and OMR terms as those for trade and for FDI. This not at all self-
evident and probably incorrect.

6 Equations (2,3) are each other's mirror image and refer to each other, which means that OMR;, and IMR,, could be
undetermined. To solve that issue, it is normal practice to choose one numeraire country, thus fixing all N-1 other
OMR; and IMR, variables as relative value compared to the numeraire country.



technological status of the origin country, so that the thing that really matters, is the origin's
country knowledge performance.” The variable w;j; in equation (1) measures bilateral FDI
openness in terms of absolute FDI restrictions of both countries. It can be compared to a tap that
may be closed, partly open, or fully open, and thereby regulates bilateral FDI traffic. Without
the wj;; parameter, the gravity model would implicitly assume complete networks, implying
that any tiny and remote Pacific island would still have non-zero FDI with all other countries.®
So far for the model that we use as initial start.

3. Adding knowledge capital in a structural gravity model

Our aim is to investigate the role of knowledge capital as a separate driver of bilateral FDI
traffic, alongside economic mass (GDP). This begs the question of whether and why this would
be a necessary or even useful step. At least five arguments suggest that introduction of
knowledge assets as separate attractor, would be good step. Firstly, GDP (Y ,Y;) only has a
single, homogeneous dimension in the economic gravity model. It means that the same amount
of GDP always generates the same amount of attraction power,” no matter how technologically
or commercially (dis-)advantaged each of the partner countries is. A second reason is that
knowledge cannot in a consistent way be reduced to GDP value, nor can GDP consistently be
derived from knowledge assets, thus indicating that there is complementarity between both. A
country's relative abundance of knowledge capital arguably has a separate impact on the volume
of bilateral FDI. Thirdly, knowledge assets may have many dimensions, so that a country's
abundance in knowledge assets may generate (or explain) a richer pattern of bilateral FDI
pattern and richer economic dynamics.!° Fourthly, asymmetric distribution of knowledge assets
between partner countries can explain bi-directional FDI traffic, which otherwise cannot be
explained from their GDP sizes.!! Origin countries that are rich in knowledge capital will
radiate larger amounts of outward FDI to other countries (a gravity 'push' force) than can be
explained from their GDP size only. Destination countries with limited knowledge assets will
have a stronger gravity 'pull' force than can be explained from their economic mass only.
Finally, the integration of gravity forces related to proprietary knowledge assets makes it
possible to have a consistent interpretation of policies related to intellectual property rights and
their impact on absolute and/or relative FDI frictions costs.

7 We return to this issue later in this paper (discussion of Table 7), where we can test and discuss this guess
empirically.

8 Squartini and Garlaschelli (2014) correctly criticize the first economic gravity model by Tinbergen (1962) for its
implicit assumption of international trade as a complete network. The same critique still applies to many current
gravity models that explain bilateral trade and FDI. The complete-network assumption for FDI is clearly at odds
with the facts. As the data section will show, most non-empty data cells in the world matrix of bilateral FDI are
confirmed zeros. The {0,.,1} value of the wy, parameter makes it possible that data cells in the international FDI
network have full zeros.

9 In Newton's gravity model, a particular mass quantity, ceteris paribus, always generates the same acceleration
rate (change of an object's velocity with respect to time).

10 In the standard economic gravity model, the dynamics are only driven by changes in economic mass (GDP) and
changes in friction factors.

" Each country may simultaneously be an exporter and importer of technology via FDI. There is an analogy with
the role of intra-industry trade for explaining bi-directional trade.



Extending the FDI gravity model with knowledge assets as separate driver of gravity forces can
be done in a straightforward way. In Figure 1, the positive gravity forces on both sides of the
border are Y;; and Y;;. We simply add a second positive gravity force on both sides of the border,
ie. Yi + KCj¢ and Yj; + KCj;. The additive functional form underlines that both drivers are
complementary. The alternative, a multiplicative expression (Yji. KCj;) would imply that the
combined force product tends to zero if only one of both forces goes to zero. This is undesired,
and it would violate the complementarity property. The additive form (Y;, + KC;;) assumes that
knowledge assets and economic mass can be expressed in a common value dimension, which
will be expounded in Section 4. Implementing the changes, equation (1) changes into:
Vie + KCie Yo+ KCyy

FDI; = w;; .
ye = QUt TIMR, " OMR,

The variable for FDI openness (w;j;) is still rather vague and might suggest that the country
source of the absolute FDI restrictions would not matter. Asymmetry between the absolute FDI
restrictions of the two partner countries should affect bilateral FDI patterns. We define the
bilateral openness indicator as a function of absolute frictions in the origin country (z;,) and the
destination country (zj,). If both are defined in the {0,1} interval, they together yield the bilateral

openness indicator wy, = (1-7) (1- 7;). In this way we obtain:
Yie + KCyy Y;e + KCjy
T)

FDIjy = (1— 1) o (1 g2t It 4

IMR;, summarizes what an individual firm does when considering alternative countries for
setting up a subsidiary. In equation (2), relative friction costs (z;;,/OMR;,) in all potential
destination countries are weighted against a country's share in world markets (Y;,/Y;). It stands
to reason that the introduction of knowledge capital then should also affect the weighting of
relative friction costs in the MR terms. Adding a country's knowledge assets as weighting factor
adds an extra dimension to the trade-offs that are possible: higher costs of operating in country j
might be compensated if country j has a higher abundance of knowledge assets and/or a larger
market. This wider trade-off must be added in the new versions of equations (2, 3). Here we get:
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The relative market size of each country (¥}.,¥;) is indicated with a tilde above the variable
symbol. For the relative knowledge performance of a country (KC;,,KC;,) we do the same, but
here we compare each country's knowledge performance with the annual maximum score for
all countries (KC,). The relative attractiveness scores for both gravity drivers thus get a common

scale {0,..,1}. FDI decisionmakers on both sides of the border may render more weight to market



size than to knowledge abundance of the potential partner country, or vice versa. To allow such

preferences, we add the weight preference 0 < 1 < 1 to the equations:!?
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The relative rankings are used to weigh the acceptability of operational FDI costs (zi it zﬁt).
The 2 factor could well be different by industry; in knowledge-intensive industries we expect a
low A, whereas in mass consumer goods we expect a high 2. This is in fact an empirical issue.

The full FDI Knowledge-Enriched Gravity (FKEG) model consists of equations (4), (5) and
(6). The main gravity equation (4) holds nominal values of economic mass (GDP) and
knowledge capital assets, while the equations (5,6) hold relative rankings for both quantities.

4. Quantifying proprietary knowledge assets

Reliable and internationally comparable data on proprietary knowledge assets of individual
countries are very sparse in supply. Without such data, it will be difficult to subject the FKEG
model to a real empirical test. Separate data on market values of foreign subsidiaries and their
parents are not available, not even for the USA (McGrattan and Prescott, 2010). Commercial
datasets with company-level data are handicapped by international comparability issues and by
the divergence in national disclosure and reporting rules for proprietary knowledge assets. For
quantifying the relative abundance of proprietary knowledge assets by country, we propose a
different approach. The production of proprietary knowledge assets by firms requires inputs
from the public knowledge-creating sector as well as inputs of foreign (public and private)
knowledge. We regard domestic knowledge production as an input-output process with real
inputs and measurable outputs. This allows to formulate a production function for proprietary
knowledge assets in a country. Statistics on public knowledge-creating activities and on cross-
border trade in knowledge products are generally better richer than firm-level data on
proprietary knowledge assets. Companies themselves are often reticent to reveal the true value
of strategic knowledge assets.!? The present section will first model the production of proprietary
knowledge assets as an input-output process. Afterwards we will discuss the empirical
implementation of this framework.

2 In most regressions we will assume that decision agents have no specific preference, i.e. A = 0.5. However, we
will also show that the latent, unobservable A-factor can be derived empirically.

13 Keller and Yeaple (2013) stress that the volume of intangible knowledge is difficult to assess. Uncertainty
surrounds assessment of the contant value of intangible knowledge assets (cf. Chan and Cheung, 2022; Foster et
al., 2012; Corrado et al., 2009; Lev, 2001; Ali and Hwang, 2000; Hall, 2000; Morck and Yeung, 1991). These
obstacles made Acemoglu et al. (2007), Rajan and Zingales (2001) and Malenko (2023) remark that incorrect
management assessment of the real value of knowledge assets is a source of sub-optimal firm decisions.



According to Romer (1990), the distinction between public and firm-based knowledge creation
depends on two concepts, excludability and rivalry. A knowledge product is called rival if it is
embodied in a particular technical installation, or in some staff of specialists. Both types of
'knowledge containers' tend to be scarce. Technically, it is difficult then to share the use of this
rival knowledge, unless one has a copy of the required equipment, or an equivalent group of
specialists. Knowledge is called non-rival if it is not tied to such scarce resources. For instance,
when a blueprint, a codebook or a full description are available, any firm with sufficient
financial resources can enter the same technology. Within a multinational firm, non-rival
knowledge can be used to set up a foreign subsidiary with the same technology, often at low
costs. At firm level, non-rival knowledge can therefore be source of positive scale economies.
The second property, excludability, defines the possibilities for preventing others to use
particular knowledge. Property rights, patents, fast technological turnover, or secrecy are means
to ensure the exclusive use of a particular technology. Firms often use exclusion rights to
protect their knowledge assets (property rights, patents, trademarks). Confirmed ownership is a
bundle of legal rights that gives the owner the exclusive right to use, name, and exchange the
proprietary knowledge (cf. Schifer et al., 2023).!* Knowledge produced in the public sector is
mostly non-rival and non-excludable. Some advanced public research can be highly specialist
or require dedicated laboratory equipment, which can generate short-term rivalry, but the results
of basic research in the public domain are mostly non-exclusive and available to all at limited
costs.

The public knowledge sub-system tends to be generous with its products; it forms a source of
free knowledge externalities, also for firms (Stiglitz, 1999, Tirole, 2014). Public knowledge
institutes hardly protect their knowledge products with patents and licenses.!> In the 'eclectic’
theory of the multinational firm, this property of the public sector constitutes one of the key
location advantages for multinational firms (Dunning, 1988).

Despite their larges differences, knowledge creation by the public and the firm-based sector are
intricately connected. National knowledge creation may be considered as one input-output
process with two analytically distinct compartments, the public and the firm-based sub-system.
We model a small dynamic input-output framework, with behavioural parameters that may differ
by country. Knowledge-development activities are regarded as economic processes. Each sub-
system has an input side, which accounts for the human and material input resources that are
dedicated to creating new knowledge and to the re-activation of previously created knowledge.'¢
And each sub-system has an output side, where knowledge products, educational achievements,
technologies, learning-oriented institutional environments or private knowledge assets 'pop out'.
Each input-output activity has a throughput and processing phase where transfer efficiency,

14 Also, a stable political system that enforces intellectual property rights, makes it worthwhile to invest in long-horizon
proprietary research (e.g. Park, 2008, 2024).

15 Public patents are sometimes, even before expiration, given away or transferred to domestic firms at favourable
conditions. Cf. Fleming et al., (2019); Sterzi et al. (2019); Mazzucato (2014); Arundel et al. (2013); Escalona Reynoso
(2010); Maskus and Reichman (2004); Boyle (2003); Carlsson and Fridh (2002); Cohen et al. (2000); Henderson et
al. (1998); Stephan (1996).

6 Active knowledge requires constant actions by the current generation, in the sphere of documentation,
refreshment, re-education, dissemination, re-appropriation, otherwise it decays and becomes dead knowledge.



productivity, focusing, and incentives for creativity matter (Akcigit and Goldschlag, 2023). A
knowledge-throughput indicator parameterizes the intensity and efficiency of knowledge
circulation within a country, striking a balance between openness and appropriation. Inputs and
outputs for the firm-based sector are in most cases valued at market prices. In the case of the
public sector, the valuation of knowledge inputs and outputs is at cost prices, as is the case for
the entire public sector in the system of national accounts.

Modelling the structure of national knowledge creation. The knowledge input-output system
is dynamic, with the composition of knowledge stocks changing over time. Assume that M;,is
the active knowledge-capital stock of country i at time #. "Active" emphasizes that knowledge
from the past is perishable. M;, is a cumulative product of current and past knowledge
development. Knowledge has no self-evident dimension of measurement; it is complex and
multi-dimensional. But we may express input costs and the value of outputs as a fraction of
national GDP (Y;,) This approach is like the valuation of public economic activities in the system
of national accounts.

We assume that a national economy has a public sector and a firm sector. Both interact with
foreign countries. The public sector produces all public, non-proprietary knowledge, while the
firm sector accounts for all proprietary or private knowledge. The national knowledge stock of
country i in period ¢ consists of a public component (Mpit) and a firm-based component (Grit):

M = My + Gy (7)

Both components are decomposable. We start with the public sub-system and its sub-
processes:

Myir = Mgie + Mpie + Meie + Mgyt 8)

in which M;; is newly created public knowledge in the current period; M,;; is newly acquired
foreign public knowledge.M,;,is foreign proprietary knowledge, obtained through attracting
foreign direct investment and its knowledge spillovers, import of knowledge-intensive services,
or direct cooperation with foreign researchers. The largest part of public knowledge
activities, My;, ,is the process of reactivating, re-learning, educating, and documenting of
knowledge stocks from the past. It reflects the historical continuity in the public knowledge
system. Let Mg, be the accumulated stock of old public knowledge consisting of annual
cohorts of the period {t-1, ..., t-N}."”

All sub-processes require real inputs of resources (labour, equipment, premises) which can be
expressed as a fraction of GDP (Y;;). The outputs of four sub-activities M;, are valued at cost
price as is usual in national accounts:

Y Y Y .Y
_ ,BLt it M _ lplt it _ Pit it M ittit

ait = » Mpit = sy WMeje = 77—, Mgije = dio (9)

M

7 The older knowledge cohorts are subject to a depreciation rate §;and a phase-out after N years. The My;, stock
has a vintage structure: Mg, = [ a; M},{_"l +a, Mﬁ{j’z + .. +ayq Mil_[j'(N_l)] (1/1—cr), as proposed by Benhabib
(2019). In period t-N, the cohort M,_,, is discarded. Parameter ¢ > 1 is the elasticity of substitution and {a,...ay_}
represent the size shares of the annual knowledge cohorts, summing up to one. For details, see Annex .
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in which 8,19, ¢, e are the (strictly positive) activity parameters, for each of the public sub-
activities, expressed as net GDP expenditure fraction. 3, is the GDP fraction dedicated to new
domestic knowledge creation (university research, other R&D, basic research). i, represents
the input costs of accessing foreign public knowledge, e.g. through cooperation with foreign
universities. Parameter ¢;, quantifies the public costs for attracting foreign proprietary
knowledge, e.g. through attracting inward FDI and foreign knowledge-intensive services.
Parameter ¢;; represents all current public costs for reactivating 'old knowledge' (My;,). Public
knowledge output is positively influenced by national knowledge throughput efficiency v;; (a
mix of general efficiency, labour productivity and institutional quality). For modelling
transparency, we assume that v, is the same for all sub-processes.!® Though it is a simple
model, it allows to grasp key elements of public innovation efforts, such as creative
destruction.!

The model of firm-based production of proprietary knowledge assets has a similar setup, with a
few differences. Valuation in the firm-based sector is mostly in market prices, including a profit
margin. This also holds for most inputs, except for the knowledge inputs from the domestic
public sector, which are either free or valued at cost price.?’ A second difference is that the
decision centres in the firm-based knowledge sector are much more independent than those in
the public sector, with large and persistent intra-group heterogeneity, hardly any coordination,
and with substantial duplication of activities. What is new knowledge for an individual firm
needs not be new to the market. Knowledge spillovers between firms occur because property
rights on knowledge assets can never attain full excludability. Knowledge spillovers occur
through staff mobility in the labour market,?! but also through patents (the patent applicant must
fully reveal and describe the newness of the patented product or technology). The firm-based
knowledge sector must be seen as an aggregate over all S firms in a country. The heterogeneity
in terms of creativity, management capabilities, and productivity is expressed by a firm-specific
fixed effect (z; > 0) for all S firms.??> The heterogeneity of the national firm population is
embodied in their knowledge throughput efficiency and in the sub-activity parameters of their
knowledge process.

The four firm-based knowledge sub-activities are as follows. G, represents internal, new-
created private knowledge (internal R&D, product development, commercial innovation, new
business model). G, refers to the encapsulation of fresh public knowledge inputs that are new
to the firm and that are combined with firm-internal expertise. This may include activities like
networking, setting up common open-innovation learning projects, or the hiring of specialists to
master new public knowledge areas. It may also include the costs of turning firm-modified

'8 It is a strong assumption. For instance, Cutler and Glaeser (2026) show that academic freedom at universities
creates room for both breakthrough innovations, but also for gross local inefficiencies.

' In this model, the term [(B; * ¢ * @, )/ 6;] describes the main dynamics of annual knowledge rejuvenation. A
higher depreciation rate reduces the weight of older knowledge stocks.

20 We do not regard corporate taxes as a price for inputs, because there is no proportionality involved, and because
taxes are also paid by those who work in the public sector.

21 E.g. Chandra and Xu, 2025.

22 The micro-economic underpinning for a setting with heterogeneous firms is elaborated in Kox (2022). See also
Bloom et al. (2020).
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public knowledge inputs into excludable proprietary assets. G, is formed by the combination
of internal expertise with newly acquired foreign proprietary knowledge (licensed, copied, or
purchased via import of knowledge-intensive services). These activities dealt with knowledge
creation that was new to the firm. However, firms also must maintain and reactivate their old
internal knowledge stock. This happens in sub-activity G, which may hold activities like
training, internal knowledge refreshment, or the costs of developing company protocols and
standard procedures. The activity G, reflects the reactivation of the path-dependent knowledge
of firm s, i.e. the older knowledge cohorts (G,;,) that are subject to depreciation rate §;;, and a
full phase-out after N years, comparable to the public knowledge system.?®> Aggregated for all S
firms, the production of proprietary knowledge assets of country i in period ¢ amounts to:

S
Gfit = Z 1Gaist + Gpise T Geise + Geise (10)
S=

To achieve consistency between equations (8, 10), all values are expressed as a fraction of
domestic FDI. At firm-level this yields:

ist Yit Wist Yit

Qist Yit Eist Yit
Gpise = Myii—q, Gogt =———, G =—0(; 11
1—(zsvir) ) bist 1-(zsvir) pi,t—1 cist so ( )

G = =
ast 1-(zsvir) © ST 1-(zewy)

in which a;y, Wi, @i, €15 are activity parameters, expressed as fraction of GDP to ensure
compatibility with the activity parameters for the public knowledge activities. All behavioural
parameters have a time suffix. Activity Gy, represents the net firm-level result of processing,
appropriating and encapsulating public knowledge stocks (M, .;, one year lagged).* Activity
parameter w;, is the main link between public and firm-based knowledge activities. Activity
G4is¢ 18 comparable but is only concerned with reactivating older knowledge stocks of the firm
itself (G;,). Note that firms do not use the very latest public knowledge 'cohort', but a recent
knowledge cohort (t-1). This is plausible and it prevents endogeneity loops within the model.
The lag structure embodies some historical inertness of knowledge stocks with respect to real-
time GDP changes (hysteresis).

The dynamic pattern of proprietary knowledge assets may thus become very complex. Without
a loss of generality, we take out the time variance of the behavioural parameters. This allows to
clarify the basic time dynamics of national knowledge systems. It allows to arrive at two
important propositions, for which the mathematical proofs are provided in Annex I.

Proposition 1 With time-invariant behavioural parameters, the time dynamics of public
knowledge stocks are:

23 The Y, G4+ aggregate is more problematic than holds for M;,, because all firm-specific G4;,; cannot be added
up in a simple way. Their valuation could contain a substantial double-counting. Firm-level knowledge assets may
hold firm-specific knowledge, but they may be based, to a considerable extent, on common public knowledge assets
(cf. Arora et al., 2022). In that case, they are 'variations on a theme' rather than original innovations that are new
to the market (cf. Crouset et al., 2022), and their aggregation should contain a nested sub-system that distributes
these variations. The current paper is not the place to delve further into this topic.

24 This is not only plausible, but it also prevents endogeneity loops within the national knowledge activity model.
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in which A;.abbreviates the amortization and re-activation efforts for older vintages of public
knowledge assets: A;; = {g; (1-6;) Xy}, where Xy is a chain index that links GDP changes over
time.

The time pattern for the development of proprietary knowledge stocks of firms (Gg,) is slightly
more complicated. The term after w,represents the firm's absorbing of public knowledge inputs.
This sub-process adds an additional time lag to the dynamic cycle.

Proposition 2 If behavioural parameters are time invariant, the dynamics of a country's
aggregate proprietary knowledge stocks are as follows:

o Bi + i + ) Y;
Grie = Z ) [ais + @i + wis {; Ajt. Yi,t} + Bist] <—lt> (13)
s=

1—v; 1—v;z

in which B;s; = [sis (1-8;) Gy, t-1)] Xy, abbreviates the historic continuity of building on older
firm-level knowledge stocks.

The input-output approach to the national knowledge-creating processes creates a blueprint for
possible future knowledge modules in the system of national accounts. G;;.and its components
would be excellent for calculating the relative KC abundance indicators in empirical
applications of the F'DI Knowledge-Enriched Gravity (FKEG) model. The problem is that such
national account statistics do not yet exist. Neither at the national level, nor at the level of
individual companies. Nonetheless, we use the model for structuring the selection of
quantitative proxies for KC abundance, by sub-activity in the public and the firm-based
knowledge sector. Equation (13) holds all theoretical elements that constitute the core of
proprietary knowledge assets. The activity parameters a;q , @ist, Wist and €;g are all relevant
sub-activities for understanding the national production of proprietary knowledge assets, even
though we are still missing the corresponding price vectors.?® Similarly, activity parameters
Bit» ®it, Wi and g, are the relevant sub-activities of public knowledge production, for which
quantitative proxy indicators may be found.

5. Data

We used a broad spectre approach for constructing a database of quantitative indicators for
national knowledge production, using the activity parameters of the knowledge model as
guidance tool. Our search yielded a longlist of 150 different indicators for national knowledge-
creation activities. We have first attributed all indicators as referring primarily to either the

25 The price vectors for these activities are missing. Unit labour costs per type of knowledge creation sub-activities
may strongly differ. The creation of new knowledge in basic research will typically be much more expensive than
reproduction, collection or recombination of existing knowledge, due to the required level of expertise and creativity,
but also because it requires trial and error with unavoidable 'dead alleys' (cf. Carnehl and Schneider, 2025).
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public or the firm-based knowledge systems. The Annex gives a full list of the indicators, their
coding and their sources. For developed countries (especially OECD), a large scala of
knowledge indicators is available. This does not hold for developing countries. To some extent,
that may reflect the relative size and diversity of national knowledge-creating activities. From
a total list of 150 potential knowledge indicators, we discarded indicators with less than 25,000
observations.?® We also removed knowledge variables that did not have a significant positive
correlation with the country's own outward or inward FDI stocks; this was tested using OLS
and a panel estimator with country fixed effects. Table 3 describes the structure and
composition of the remaining set of 128 national KC indicators; it follows the analytical setup
of the knowledge model.

Table 3 Relative abundance indicators for national knowledge performance )

knowledge inputs knowledge outputs

Public sub-system P, 40 variables PO, 31 variables
P1. Creating new public knowledge 22 6

P2. Acquiring foreign public knowledge 1 0

P3. Obtaining foreign proprietary knowledge 5 0

P4. Reactivating existing (old) public knowledge 10 12

P9. General indicators public knowledge (non-attributable) 2 13
Firm-based knowledge sub-system F, 26 variables FO, 22 variables
F1. Internal creation new proprietary knowledge assets 10 10

F2. Absorbing public knowledge inputs 4 0

F3. Obtaining foreign proprietary knowledge 6 0

F4. Reactivating existing (old) proprietary knowledge 1 0

F9. General indicators propr. knowledge (non-attributable) 2 12
Productivity and domestic knowledge circulation V, 9 variables

V1. Productivity performance 3

V2. Efficiency of domestic knowledge circulation 6

Note: ®)Theinitial screening of 150 potential knowledge indicators focused on the presence of a positive and
statistically significant correlation with the outward FDI stocks of countries using OLS regressions and panel
regression with country fixed effects. It reduced the set of KCindicatorsto 128.

Annex Table II-1 provides a full list of all tested knowledge indicators, with their model-based
coding. The data have been sourced from international organizations like the World Bank's
Entrepreneurship Database and World Development Indicators, OECD Science and
Technology Indicators, ILO labour statistics, World Intellectual Property Organization, Total
Economy Database of The Conference Board, Human Development Report (UNDP), and

26 With some 200 jurisdictions over a period of 22 years, one country already has 4400 potential bilateral contacts.
Variables with less than 25,000 observations make it more likely that the performance of only a few countries could
bias our results.
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World Services Trade Matrix (KVL). For variables describing the national business
environment characteristics, we used the Economic Freedom of the World data of the Canadian
Fraser Institute (cf. Gwartney et al., 2021). Auxiliary indicators came from IMF, UNCTAD,
WTO and the Larch Regional Trade Agreements database.

Annex Table II-2 gives a numerical description of each indicator, with its distributional
characteristics. It will be noted that many KC indicators have a right-skewed distribution, which
is not surprising given the heterogeneity among the 200 plus jurisdictions that are represented
in the dataset.

Testing the FKEG model requires that knowledge capital (KC) variables have a consistent
interpretation in the structural gravity regressions. If the KC variables are somehow a function
of GDP, a multicollinearity problem would arise, making it difficult to interpret the results. So,
KC variables should be independent from GDP, which is already used to measure economic
mass. About one-third of the KC indicators is already expressed as knowledge performance per
unit of GDP, so that their remaining cross-section variation is independent of GDP. All other
knowledge variables are expressed in terms of other national aggregates (e.g. total domestic
employment, total number of research personnel, total number of firms, total R&D
expenditure). Most of these aggregates are an implicit function of national GDP. To solve this
potential collinearity issue, we express KC indicators as a relative abundance indicator (ABE),
by normalizing the value of indicator & with its annual worldwide mean. The indicators thus get
the structure ABj; = KCl /(2X, KC), with k€ {1,2,..K}. This makes them much less dependent
on GDP. Relative abundances can be used for cross-country comparison between countries of
different size. A country for which holds that ABE < 1 has a relative knowledge disadvantage
against the world average for KC indicator & in year z. Conversely, a country with ABE > 1 has
a comparative advantage with respect to knowledge indicator £.

Bilateral FDI stocks have been sourced from the KVL dataset that is available from the Harvard
Dataverse.?’ It covers 230 jurisdictions over the period 2001-2022, it holds 537,000 numeric
bilateral FDI stocks. The data are sourced from all main providers of international FDI statistics
(OECD, IMF, Eurostat, UNCTAD, ASEAN) and national statistics. The dataset is unique by
offering consistent bilateral data series over a long period. During the 2008-2011 financial
crisis, OECD and IMF caused a systemic break in FDI data by changing the definition of FDI.?®
The KVL dataset largely corrects this systemic break in FDI statistics. The result is a large,
time-consistent dataset of bilateral FDI over almost a quarter century. Figure 2 shows the
structure of the bilateral FDI data over time. The KVL FDI database makes a sharp distinction
between affirmed zeros and missing bilateral data. The number of confirmed zeros is about
30%, slightly falling over time. A zero in bilateral FDI traffic is a strong statement. It expresses
that absolute and/or relative friction costs in a (potential) destination country are too high for

2" The data are downloadable from Harvard Dataverse (https://dataverse.harvard.edu/dataverse/worldbilateral).
The dataset's structure, sources and methodology are documented in Kox (2025).

28 Both Damgaard et al. (2025) and Kox (2025) show that this has caused massive double-counting and quality
loss in FDI statistics. The definition change meant that intra-company loan traffic was put on the same footing as
hierarchical control of foreign firms by means of equity acquisition, i.e. finance traffic was equated with firm
ownership, which is at odds with the IMF's FDI definition before 2009.
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all firms from the origin country. The importance of zeros must have consequences for the
choice of the econometric estimator.

Figure 2  The role of zeros in bilateral outward FDI stocks

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

m Positive values Confirmed zeros  m Empty cells

Source: Composition of UIFS4 database of bilateral FDI stocks, downloadable from
Harvard Dataverse (https://dataverse.harvard.edu/dataverse/worldbilateral).

6. Empirical strategy and estimation results

To test FKEG model, we build up from a very general and broad specification to a version that
allows more specific factors. The baseline version explains the volume of bilateral (outward)
bilateral FDI between all partner countries, using two variables for international cooperation
and for the rest a large set of dummy variables (origin*year; destination*year;
origin*destination). The dummies absorb most of the remaining variance in the data. That
includes the effects of market size (GDP), knowledge abundance patterns, absolute FDI
frictions (red tape), and the effects of FDI-related opportunity costs.

We apply best practices for testing the gravity model, following the suggestions in the recent
literature (e.g. Larch ef al., 2025; Anderson et al., 2019; Yotov et al., 2016; Head and Mayer,
2014). One suggestion is to include domestic firm-specific investment, because it provides
context for foreign direct investment, but also because it implicitly informs about the effects of
non-discriminatory domestic policies for investing firms. A further suggestion is that the gravity
equation should be estimated in multiplicative form, so that the many zeros in world bilateral
FDI data get the weight they should have. The so-called Pseudo-Poisson Maximum Likelihood
estimator (PPML) deals effectively with zeros in the data. We use the ppmlhdfe estimator,
developed by Correia et al. (2020). It can handle large amounts of dummies to control for
unobserved fixed effects. A useful property of the ppmlhdfe estimator is that it calculates
multilateral resistance terms from the estimates of the fixed effects and allows to save these as
a value side product. We return to that later.
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The baseline structural gravity model for explaining bilateral outward FDI stocks is as follows:

FDIjj, = EXP[ POLjj v1 + Wi + 1yje + 15 ] Eijt (14)

where POL;,
and shared participation in a preferential trade agreement. The parameter of interest is y;. The

is a vector of time-variant multilateral policy variables, such as EU membership

remaining variables between the square brackets are dummy variables: p; represents time-
varying fixed effects for origin country, y; denotes time-varying destination-country fixed
effects, and y;; represent fixed effects per country-pair. The dummy structure may have vast
proportions.?’ The dummies absorb almost all variation in the dataset, so that the explanatory
power of the model is mostly close to 100 percent (R’=I), which is normal for this type of
gravity equations. The country fixed effect estimates are only identified relative to a chosen
normalisation, by taking a reference country, for which we took Norway. Finally, & is a
combined error term that inter alia absorbs measurement and dimension errors in the data.
Standard errors of the explanatory variables are clustered by country pair.

Table 4 gives the results for the baseline structural gravity estimation. In the first data column,
the pattern of bilateral (outward) FDI stocks is explained only by dummies and by two
multilateral policy variables.*? The policy dummy 'Both partners EU members' has the value of
1 if both partner countries are member of the European Union, and zero otherwise. The other
policy variable 'Non-EU Regional Trade Agreements' has the value of 1 if both countries
participate in a regional trade agreement other than the European Union. The latter variable has
a significant and positive effect on bilateral FDI, while EU membership has a positive but non-
significant impact.>! All remaining variation in worldwide bilateral FDI patterns is absorbed
variation in the dataset, so that the explanatory power of the model is mostly close to 100
percent (pseudo R? = 1), which is normal for this type of gravity equations. An econometric
issue in models with large numbers of pairwise dummies is the incidental parameter problem.
It occurs in particular, if the number of time observations is small, and it may bias the standard
errors. With 22 years of data, we expected the issue to be of minor importance. However, the
Stata ado test ppml_fe bias (Weidner & Zylkin, 2021) suggests that the estimated parameter
for non-EU regional trade agreements in the BASELINE column is overstated by 12.9%, while
the estimated parameter for both partners EU members is underestimated by 1.4%. It shows
that structural gravity regressions with three sets of fixed effects (s, Hj» ,u,/-) should be treated
with some caution. Eventually, the challenge is to distil as much as possible economic
information from the fixed-effect dummies, but meanwhile preserve their information about
unobservable FDI determinants.

29 With 210 jurisdictions and 22 years it results in potentially 44,100 pairwise dummies (u3), while the number of
time-variant country dummies (p; , p;) could be up to 4620 (if all data cells are filled).

30 The baseline policy variables have been selected from six alternatives that are depicted in Annex Table Ill-1. The
selection criteria were (1) having a high explanatory power, and (2) being a parsimonious regression model. The
last criterion is judged by the Akaike information criterion (lowest value).

31 A plausible reason for the non-significance of EU membership is that the European Union has lowered its internal
trade barriers to such extent that bilateral FDI is the less-preferred form of cross-border market access.
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Table 4  Baseline gravity results

With Absolute FDI frictions

BASELINE by country pair by origin by destination
countries countries
non-EU reglonal trade agreements 0.434%¢¢ 0.602%** 0.672%** 0.552¢¢¢
{0.0632) {0.075) (0.069) {0.077)
both partners EU members 0.145 0.251*¢ 0.369%¢* 0.0201*
{0.123) {0.119) (0.118) {0.119)
Absolute FDI restrictions origin -0.756 =2.275%%¢
{0.659) (0.587)
Absolute FDI restrictions destination ~1.525¢%¢¢ ~2.270%%*
{0.534) {0.583)
Constant 14.40%** Ly 14.90%** 14.96%**
-0,0074 {0.083) {0.075) {0.078)
Dummy structure:
originttyear 4508
destinationttyear 4890 .
originttdestination 14845 6767 .
origin . . 10172 .
destination . . . 10936
year . 22 22 22
No. of observations 293016 86,102 172,799 172840
Akalke information criterion 1.70e408 2.40e408 2.98e408 2.82e408
Pseudo R2 0,9952 0,9910 0,9904 0,9909

Legend: Robust standard errors (clustered by country pair} in parentheses. Coding of confidence intervals: *** p<0.01, **
p<0.05, * p<0.1. Sources: Estimations by the author using a PPMLHDFE estimator (cf.Correla et al., 2020). Data on
muitilateral policles are from the CEPII Gravity Database, WTO, and Larch's Regional Trade Agreements database. Data on
outward FDI stocks are derived from the UIFS4 database (https://dataverse harvard.edu/dataverse/worldbilateral). Data
for absolute FDI restrictions are from OECD.

Absolute FDI restrictions. As a first step we add available information on absolute FDI
restrictions (in equation 4: 7, 7;). The restrictions are imposed by national governments, and
they set the constraints for FDI decisions by multinational firms. The OECD FDI
Restrictiveness Index is nowadays probably the best available proxy for absolute FDI
restrictions.*? It is available for 38 OECD member states and over sixty other countries, so that
it covers a substantial share of bilateral FDI. We use the most comprehensive OECD index. The
second data column of Table 4 presents the impact of the absolute FDI restrictions in the cases
where the OECD index is available for both partner countries. If the restrictions index value
rises by 1%, bilateral FDI falls by 0.78% (cf. last data row in table). Pairwise data on absolute
restrictions are not always available. The two last columns give the separate results for,
respectively, the origin and destination countries, based on more observations. The price for
that is that the dummy structure has to be trimmed down (no use of pairwise dummies). The
marginal impacts of restrictions imposed by origin and destination countries appear to be about
equal. Because of their powerful impact, the absolute FDI restrictions will be part of all further
gravity regressions.

32 Itis documented in OECD Investment Committee (2021). They offer three more detailed indices: for equity-related
FDI restrictions; for employment-related FDI restrictions; and for economic screening and approval restrictions.
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Full gravity model before adding the knowledge indicators. The next step is adding the GDP
variables (in logs) for the gravity impacts of economic mass. Table 5 shows the results for four
dummy configurations. Based on the pseudo R? and the Akaike information criterion, the
MOD2pair model has the highest explanatory power; it is the most efficient model in terms of
required variables. It also has the lowest (non-explained) constant. A drawback is that standard

Table 5 Choice of model before introduction of KC variables

MOD2pair MOD2lowdum MOD2dest MOD2orig

VARIABLES (1) (2) (3) (4)
log(GDP), origin 0.102 0.447%¢ 5 0.160
{0.193) {0.198) . {0.107)
log(GDP), destination 0.470%** 0.4974¢* 0.528%**
{0.179) {0.182) (0.0911) i
Absol. FDI Restr., origin -0.221 0.970%+* 5 -0.0513
{0.684) {0.358) . {0.327)
Absol. FDI Restr., destination -0.523 -0.8214%* 0.130
{0.669) {0.353) (0.284) R
non-EU regional trade agreement 0.623%** -2.585%¢¢ -0.459%¢ -0.455%*
(0.0734) {0.340) {0.183) {0.184)
Both partners in EU 0.198* -0.982 -0.0977 -0.09%94
{0.119) (0.813) {0.223) {0.223)
log(physical distance) 5 5 -0.675%** -0.675%+¢
. . (0.0181) (0.0181)
shared language " X 0.880*** 0.8774**
. X {0.212) {0.213)
shared religion/culture 5 . 0.9474¢* 0.9474¢*
. . {0.254) (0.255)
Constant 6.503%+¢ -0.960 7.609%** 13.03%**
(2.232) (5.520) (1.357) (1.594)
Dummy structure
origitdest 6591 . .
origityear . . 1353 .
destityear 3 5 3 1353
year 22 22 .
orig . 104 . 98
dest i 104 98
Akalke IC 1.98e408 1.35e+10 9.79e408 9.67e408
Pseudo R2 0,9919 04783 0,9613 09618
Observations 74,037 93,168 85827 85827

Legend: The 4 alternative modelstructures differ in their dummy structure. (1) uses paiwise dummies
plus year dummies; (2) uses only dummies per origin, destination and year; (3) uses origityear
dummies plus destination dummies; and (4) applies destinationityear dummies, plus origin dummies.
The Akaike infomation criterion plus the pseudo R2 suggests that MOD2pair (1) has the highest
explanatory power and is most efficlent/parsimonious. Sources: structural gravity regressions using
PPM Lhdfe estimator. Data sources are the same as indicated in the legend of Table 4.

control variables for gravity models (physical distance, having a shared language, or a shared
religion/culture) are left non-specified. The columns (3) and (4) show that these control
variables have the expected signs and significance. In column (1), these results remain implicit
in the dummy structure. The multilateral policy variables in (3) and (4) display weird values,
mainly because their dummy structure hardly accounts for non-observed pair-specific effects.
Overall, MOD2pair (first data column) forms the best choice for introducing the KC variables.

33 Compared to the baseline model, it probably has less drawbacks in the form of IPP-related biased standard
errors, because it is based on a more compact set of fixed effects (pairwise, by year) compared to the baseline
model, and because it is built on fully specified asymmetric parameters for absolute FDI restrictions and GDP size.
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Introducing the knowledge variables. We extend MOD2pair with the knowledge indicators of
both partner countries. This yields the main regression equation for FKEG model:

FDIijt = exp I:Bl KClt + ﬁz KC]t + Kq Yit + Ky Y]t + 91’L'l-t + ngjt

+ POLj; v1 + 1w + K¢ ] - Ejjt (15)

in which (KC/,KC/) represent knowledge indicator k of partner countries, expressed as a
relative abundance. Further, (7; ,7,) represent GDP in log form, and (z;,, 7;;) are the absolute FDI
frictions of bilateral partners. Note that other operational FDI costs (z;;,, z; in equations 5 and
6) are not specified in this equation. Their impacts will be absorbed in the estimated befa and
kappa parameters, and in the fixed effects of this regression equation. Knowledge variables of
a particular country may be correlated, and because it is not a priori clear what type of
knowledge indicators will have a significant gravity effect on the worldwide patterns of bilateral
FDI, we test them consecutively, one by one (all 128 KC indicators of Table 3). Afterwards, we
drop all KC variables that have no significant impact or a negative impact on bilateral FDI. We
continue only with KC indicators that have a significant positive impact on bilateral FDI
between countries.

The FKEG model allows to distinguish between gravity pull and push forces that result in a
particular level of bilateral FDI. Table 6 summarises the results for knowledge-related gravity
push forces in FDI origin countries. Eleven KC indicators have a positive and statistically
significant impact on bilateral (outgoing) FDI. Six of them are proxies for proprietary
knowledge outputs/assets of firms (FO), and two of them are proxies for knowledge inputs of
firms (F). This result can be seen as a support of the knowledge-capital theory of FDI. But there
is more. In terms of impact on outward FDI, the strongest impact comes from the two public
KC variables (P). The eleventh significant factor (Iabour productivity per hour worked, Vprod)
relates to the overall knowledge environment of origin countries. The knowledge production
model (v; in equation 13) predicts that labour productivity in the origin country should have a
positive impact on both firm-based and public knowledge production.

Table 7 presents the results the destination countries. Ten KC indicators exert a positive and
significant gravity pulling force on bilateral FDI. Nine of these indicators are different from
those found for the origin countries. Remarkable is that eight of them refer to knowledge
activities in the public domain (P, PO), varying from educational qualification of the working
population to the quality and quantity of domestic research activities. Table 7 shows that the
GDP variable for the origin country is nowhere statistically significant. This is a salient result.
It shows that --for the destination countries-- only the origin country's knowledge performance
matters, not its market size.
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The betas and kappas of equation (15) measure the strength of gravity forces on bilateral FDI.
Forces do not only have a strength, but also a direction. Origin countries typically have gravity
forces that are bound outwards, forming a gravity push force. In destination countries, most
gravity forces are directed inwards, i.e. representing a pulling force. Bilateral FDI is the joint
product of push and pulling forces. Annex Tables III-2 and III-3 convert the estimated betas
and kappas of Tables 6 and 7 into gravity forces, which allows to compare the relative strength
of gravity force per type of KC indicator.** This allows to express the interplay of forces
geometrically.

Figure 3 shows for destination countries all positive and significant force interactions (Kc¥/ ¥,),
and Figure 4 does the same for origin countries. The arrows indicate both the direction
(inclination) and the strength of the force. The y-axis indicates the strength of the KC indicator.
The x-axis (left of point 0,0) gives the GDP attraction score in the destination country,*® while
the right-hand side (right of point 0,0) measures the GDP attraction score of the origin country.*¢
Figure 3 shows that the gravity force exerted by destination country's KC indicators F, PO and
P are all stronger than the gravity force exerted by the origin country's GDP. On the left side of
point 0,0 where the x-axis measures the pulling force of the destination country's GDP, only the

Figure 3 Relative strength of gravity forces: KC indicators of destination countries
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34 Annex Table 111-2 converts the estimated betas and kappas into a percentual impact on bilateral FDI after a 1%
increase of, respectively, KC} and ?t (Vi, j). The generalisation by type of KC indicator (FO, F, PO, P, V) is an
approximation; it measures the average performance for the countries for which data are available.

35 To allow its presentation in one graph, the GDP-related gravity force of destination countries has been given a
negative sign, but what matters is the absolute value of that strength.

36 Figure 3 can be considered as a collection of virtual triangles: point 0,0 and the dot at the end of each arrow form
a virtual triangle with the x-axis plane. Say that a triangle's angle at point 0,0 is Zq. The tangent of angle q is the
gravity force balance in which we are interested. If £q > 45°, the knowledge-related force dominates, and with Z/q
< 45°, the GDP force is dominant. On the right-hand side of the KC-axis in Figure 3, the x-axis measures the gravity
push force of the origin country's GDP.
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firm-based F indicators (of the destination country) have a pulling force that is stronger than the
force exerted by local GDP. Summarising, incoming FDI in destination countries is mostly
attracted by market size (GDP), with one exception: firm-based knowledge inputs in destination
countries exert an even stronger attraction power on foreign FDI. The pushing force of GDP in
the origin country is weaker than attracting force of the F, PO and P knowledge performance of
the destination country.

Figure 4 describes the power interactions that drive outgoing FDI from the origin countries. It
was already mentioned that none of the public knowledge activities has a statistically significant
impact on outgoing FDI. Outbound FDI is only driven by firm-based (proprietary) knowledge
assets (FO and F). However, the force exerted by FO and F knowledge performance is weaker
than the pushing power of the origin country's GDP and also weaker than the attraction power
of the destination country's GDP. There is one exception: labour productivity per hour worked
(Vprod) in the origin country's knowledge system dwarfs all other characteristics as driver of
outgoing FDI. To keep Figure 4 readable, this productivity variable is expressed in log format.
Annex Table I1I-4 ranks the strength of relative gravity forces of KC indicators versus GDP, by
type of KC indicators.

Figure 4 Relative strength of gravity forces: KC indicators of origin countries
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The upshot of this empirical evidence is that knowledge-based gravity forces not only exist, but
they are often stronger than those based on market size. The gravity results from the FKEG
model display a quantitative picture with several interesting nuances that is completely new in
the literature.

Biased preferences. The last empirical issue refers to the possibility of quantifying biased
preferences in the multilateral resistance terms of the FKEG model. Equations (5,6) of the
FKEG model hold a parameter 0 < A <1 that affects the evaluation of relative FDI costs
(zije; zjie) by FDI deision makers. The regressions in this section have assumed that FDI
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decision agents are indifferent in the preferences for both economic weight factors (market
size/GDP versus national KC performance), which is equivalent to A=0.5. This seems a
plausible default assumption, given the fact that bilateral FDI is an aggregate that depends on a
very large and heterogeneous community of decisionmakers (all industries, all multinational
firms, all governments of destination countries). However, once we go to a lower aggregation
level (e.g. industry level, specific origin countries, specific destination countries, firms
operating vertical supply chains, or producers of mass-consumption goods), the A=0.5
assumption gets untenable. Preferences either will be biased towards a better knowledge
performance or towards a larger market size. So, the question is justified whether the 'true' value
of the unobservable A can be inferred from the structural gravity regressions. It can, and with
reasonable accuracy, using a simple heuristic procedure.

Biased preferences means that the regression data of GDP and the KC variable are in fact pre-
multiplied with, respectively, Aand (1-4), in which A4 # 0.5. Because A is bounded between 0
and 1, it is easy to repeat a regression m times in using a proxy pre-multiplication value of A™
that each regression run is increased by 1/m. Then compare all m regression results for XC,
andY, and their standard errors. It will be seen that all control variables remain the same, and
the same holds for the pseudo R? and the Akaike information criterion. Only the parameters for
the KC indicators and GDP size (and their standard errors) change. Then choose the version in
which the standard errors for both the variables Y, and KC, are lowest. This yields the proper
value of ', which is the best approximation of the latent preference variable.”’

7. Robustness tests

We perform two robustness tests to our knowledge-related gravity results. The first test uses
the information that is contained in the multilateral resistance (MR) terms, a side product of the
structural gravity analysis. The second test investigates the impact of a shock in the country
sample by taking out jurisdictions that are known as fiscal paradises and/or attract large sums
of FDI by facilitating tax avoidance constructions.

Impact of KC variables on the multilateral resistance terms. The structural gravity model
regards the world as a closed system, in which FDI costs and FDI obstacles of one country have
an impact in all other countries, no matter how small this impact may be. Shocks in a big
economy tend to create powerful gravity waves worldwide, while policy changes in a remote
island economy will at most cause local ripples in bilateral FDI traffic.

Sections 3 and 6 of this paper already discussed multilateral resistance (MR) terms. They are
calculated from the dummy structure in the baseline regression (equation 14, Table 4, first data
column). The baseline uses three types of dummies (origin*time, destination*time,
origin*destination), while POL;; is the only economic component, controlling for the presence
of multilateral policies. Hence, the MR terms account for everything else, from changes in

37 An example of this procedure is given in Annex Table 1V, using four KC indicators (type FO) that are calculated
for three pre-multiplied values of 4 (0.25, 0.5, 0.75). It is easy to make the procedure more accurate using smaller
incremental steps.
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economic mass, economic frictions, wars, national policies, exchange rates, anticipation
behaviour, opportunity costs, and local changes in knowledge and technology. The MR terms
even reflect the micro behaviour of firms that decided not to start with FDI due to the perceived
friction costs. In short, the MR terms measure all non-specified barriers and drivers for bilateral
FDI, and this with a worldwide perspective. If a country changes nothing in its economic
policies, their annual MR terms may still change if other countries did change their policies.
Taken together, the MR terms form a relevant statistic for explaining international patterns of
foreign direct investment.

Because MR terms embody so many different impacts, it is by no means certain that national
knowledge indicators could have any measurable and statistically significant impact on the MR
terms. Inward MR terms (IMR;,) reflect the viewpoint of multinationals head quarters and their
selection of a destination country for their investments. The local knowledge environment in a
potential destination country is only one element that will be considered, alongside productivity
conditions, local market size, wage levels, government policies, and the FDI opportunity costs
in all other countries. Outward MR terms (OMR;;) reflect the perspective of a FDI destination
country: from which origin country is it most effective to obtain inward FDI given their
technology, productivity, red tape conditions and further FDI acquisition costs?

We test for the effect of KC indicators on both types of estimated MR terms. The empirical
exploitation of information contained in the MR terms is new in the literature.’® The earlier
results suggest that the KC impacts could well be asymmetric. Both regression models are as
follows:

IMth :BI If(VCJ';+{]t Y}t-l_ 51 T]t+P0L1]tY1+Cl]Y1+ €it vk € (1,,K) (16)
OMR;e = B, KCli + (it Vie+ 8, 1y + POLy yo + Cijvo + €, VkE€(1,..,K)  (17)

in which the Y, indicators are the only new element; they refer to relative GDP (country m
relative to the annual world mean). GDP here gets the same format as the relative abundance
expression of the knowledge indicators.? The other elements are time-invariant pairwise
factors C;; (physical distance, common language, common religion/culture), multilateral
policies (POLy;,), and absolute FDI frictions (z;). Both regression equations will be tested with
a simple OLS estimator with White-robust standard errors. Before introducing the KC
indicators, we test for the impact of the control variables (Table 8). Some of the estimated
impacts are quite intuitive. Absolute FDI restrictions increase the MR terms, just like physical
distance. A country pair that shares a common language has lower MR terms. Other outcomes
are less intuitive. The fact that being part of multilateral trade coordination (EU membership,
other regional trade agreements) increases MR terms for FDI can only be understood by
substitution effects. These policies make the export mode of entry in foreign markets relatively

38 The only papers that we know with a somewhat related approach are Freeman et al. (2025) and Kox and Rojas
(2020). Freeman et al. explore ways of deriving trade elasticities from estimated country-by-time fixed effects. They
establish a positive correlation between R&D and trade.

39 |t is important to realise that here we are testing equation (5) and (6), where GDP has the function of a (relative)
valuation weight. This is different from the regressions of equation 15 in the preceding section, which test the gravity
force exerted by the absolute mass of GDP (corresponding with equation 4 of the FKEG model).
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Table 8 Explaining the FDI-related MR terms of the baseline gravity
model: only the control variables

Variables Inward MR terms  Outward MR terms
Absolute FDI restrictions, origin ctry. 2.027%%*
{0.0445)
Relative GDP size, origin ctry. 0.0974%**
{0.000472)
Absolute FDI restrictions, destination ctry. 0.133%*¢
(0.0158)
Relative GDP size, destination ctry. 0.0261***
(0.000138)
RTA, non-EU 0.0515%** -0.0268***
(0.00363) (0.00881)
Both partners in EU 0.117%%¢ 0.206***
(0.00773) (0.0145)
International distance (log) 0.00142 0.184%**
(0.00204) (0.00478)
Common language -0.0459%** -0.219%**
(0.00593) {0.0113)
Common religion (culture) 0.122%4¢ 0.234%**
(0.00694) {0.0150)
Constant -0.451%** -3.726%**
(0.0181) (0.0422)
No. of observations 144926 147,535
Ad). Rh2 0.142 0.348
Akalke information criterion 269,385 519,715

Legend: This table explains the FDl-related multilateral resistance terms that are
obtained as a side result of the baseline gravity regression (Table 4, first data column,
derived via the PPMLhdfe estimator of Correla etal ., 2020). Before adding the KC
indicators as independent variables (in Table 10), we show the overall results of all
control variables.

more attractive than the FDI entry mode.*® GDP size also has a (small) positive impact on MR
terms; this can be explained from the fact that GDP size is used as a weight factor for
operational FDI operating costs in a destination country (equations 5 and 6 of FKEG model).

It is not a priori clear that KC indicators will have a significant effect on MR terms, nor what
the sign of their impact will be. Knowledge indicators that are directly linked to productivity,
product development, product variety or economies of scope could lower inward MR terms.
However, input-related knowledge indicators will in the short term only raise costs without
immediate results. There can be a trade-off between short- and long-term gains.*! Anderson
and Van Wincoop (2003) predicted that such general equilibrium effects could pop up from the
MR terms. Vested interests and 'national champion' firms (in the destination countries) are

40 Elaborating on this requires comparing the impacts of regional trade agreements on bilateral trade and bilateral
FDI. This issue is addressed in Kox and Rojas (2020).

4! In neo-Austrian economics, this gestation process is considered as 'roundabout investment (Hicks, 1973). The
'knowledge pipeline' (lead time before economic results become feasible) of basic research looks like a fruitful
domain for further exploration with dynamic econometric analysis. An actual case in point is formed by the giant
business investments (datacentres, energy) in training artificial intelligence software.
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inclined to protect their domestic market positions derived from their proprietary knowledge
assets; they could lobby for higher FDI barriers. If so, the indicators for proprietary knowledge
(patents, trademarks, knowledge-intensive exports) could then have a significant positive
impact on inward MR terms. Once a country has a mature industrial structure and a well-
developed public knowledge sector, local public knowledge indicators might contribute to
lower inward MR terms. Countries with policies that protect intellectual property rights and
allow cross-border staff mobility may have lower inward MR terms.*?

For outward MR term, the knowledge-capital theory of FDI predicts that proprietary
knowledge assets in multinational firms often have a non-rival character and thus allow
geographical separability (Markusen, 2002). This creates positive firm-level scale effects that
are likely to lower outward MR terms, also at the national level (bilateral FDI). At least some
knowledge indicators of origin countries could thus generate a negative impact on outward MR
terms. Outward FDI that is associated with vertical supply chains or export platforms may look
for countries with a well-educated working population and skill-rich local suppliers, which
creates a cross-link between outward and inward MR terms. In short, the impact of KC
indicators on MR terms could yield a hybrid and sometimes contradictory impact pattern, so
that partial effects of KC indicators could even cancel out each other and yield non-significant
impacts.

The sequential introduction of all knowledge indicators, one by one, brought two real surprises.
Firstly, almost al/l knowledge indicators have a significant impact on the MR terms, often in
the 1% confidence interval. Secondly, the impact force of KC indicators on MR terms is in
most cases stronger than the impact of relative GDP size. Both effects show the robustness of
the results in Section 6. It should be recalled that the MR terms were derived from the fixed
effects in the baseline regression (Table 4) in which not a single knowledge indicator was
included. It means that the impact of knowledge factors for bilateral FDI patterns must be very
strong. The regressions per KC indicator yield a lot of numerical outcomes, and for brevity we
opt for a summary presentation. Table 9 presents, in condensed form, the main impacts on MR
terms by type of KC indicator, and the relative strength of their impact compared to the impact
of market size (GDP).

The outward MR terms are increased by 38 KC indicators. They are lowered by no less than
78 KC indicators. For inward MR terms, the corresponding figures are 56 and 53. The largest
positive impacts on MR terms are caused by input-related KC indicators, both in terms of mean
impact and in terms of relative force (KC/GDP). This hints in the direction of the short-term
cost-raising effect of building a national knowledge infrastructure. In both righthand-side
panels of Table 9, we do not find a clear dominance of either input- or output-related KC
indicators. When we look at the relative gravity forces of KC and GDP factors (last data
column), the largest decreases in inward MR terms come from public knowledge outputs (PO,
P), whereas PO- and F-activities cause the biggest downward effects on outward MR terms.
Overall, the results of this robustness test fully confirm our earlier results.

42 This depends on the preference factor (A) in equations (5,6) of the FKEG model. We return to that shortly.
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Table 9 Impact of knowledge variables on FDI-related MR terms: summary results

KC variables with positive impact on KC variables with negative impact on
outward MR terms (origin countries) outward MR terms (origin countries)
no. of KC no. of KC Relative
mean Relative mean
vars. with vars. with force
impact. min max force impact. min max
sign.pos. $) (KC/GDP) sign.neg. $) (KC/GDP)
Type of KCindicator ~ impact impact &)
P :public inputs 13 0,29 009 051 31 17 022 0% -0,02 21
PO: public outputs 8 023 008 422 25 23 030 -093 0,00 30
F : firms, inputs 7 035 013 096 35 16 0,19 068 -0,01 35
FO: firms, outputs 9 0,20 007 601 20 15 011 035 -0,02 11
V : throughput effic. 1 0,11 011 011 30 7 033 086 -0,04 33
ALL 38 024 010 236 2,81 78 023 072 -0,02 2,58
s
KC variables with positive impact on KC variables with negative impact on
Type of KC indicator inward MR terms (destination countries) inward MR terms (destination countries)
P :public inputs 15 0,18 001 046 7,7 12 013 078 -0,02 50
PO: public outputs 18 0,07 001 810 25 10 01 078 0,21 a0
F : firms, inputs 9 0,16 005 048 6,0 15 009 034 -0,01 35
FO: firms, outputs 11 0,07 0,01 3,76 26 11 004 011 0,00 14
V : throughput effic. 3 0,02 001 004 08 5 006 012 -0,01 21
ALL 56 0,10 002 257 392 53 008 043 0,03 321

Legend: This table summarises the results of the KCindicators in equations 16 and 17, which explain the multilateral resistance
terms of countries. All 117 individual KC indicators have, consecutively, been added to the control variables (cf Table 8), and this
table presents the condensed results. More detailed regression results are on request available from the author. Notes: $) Impact
force cakculated as [exp(beta)-1], then averaged per KC type. &) In this data column, the KC impacts have a negative sign, while
the sign for the relative GDP size Is always positive. To allow a comparison, we took the absolute value of the KC force, thus
ignoring the different signs that mark the trade-off between both weight factors that matter in country selection.

Less heterogeneity of the country population (second robustness check). Taxation issues are
known to have an impact on bilateral FDI patterns. Tax benefits and fiscal paradises may
operate as a magnet for international holding constructions. This tax-magnetic force has little
to do with market size or knowledge factors. Seen from the FKEG model, it is therefore a
distortionary impact. The tax haven bias affects the FDI statistics that we use as data input. This
may overstate the impact of economic mass and knowledge factors for the tax havens, while
understating it for most other countries. Because many tax paradises are small countries with
feeble public knowledge institutions, we expect that --in the complete data sample-- the 'true'
impact of economic mass and knowledge factors will be understated. Our hypothesis for the
second robustness test is: Deleting the tax paradises from the country sample should increase
the effect of both explanatory variables. The corresponding null hypothesis says that there is
no significant impact or a negative impact. The test uses the main econometric specification of
the FKEG model (equation 15). The seminal paper by Terslov et al. (2023) uses a list of 40
jurisdictions with corporate tax haven facilities. We split this group in two parts. Group 1
includes 33 non-OECD jurisdictions with mostly tiny economies that attract disproportional
amounts of FDI.# The exclusion of this group goes along with the loss of some 1000

43 Andorra, Anguilla, Antigua and Barbuda, The Bahamas, Bahrain, Barbados, Belize, Bermuda, the British Virgin
Islands, the Cayman Islands, Cyprus, Gibraltar, Grenada, Guernsey, the Isle of Man, Jersey, Lebanon, Liechtenstein,
Macau, Malta, Marshall Islands, Mauritius, Monaco, the Netherlands Antilles, Panama, Puerto Rico, Samoa,
Seychelles, St. Kitts and Nevis, St. Lucia, St. Vincent & Grenadines, Turks and Caicos, and Vanuatu.
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observations. The second group includes Singapore, Hong Kong and five OECD economies
(Netherlands, Switzerland, Belgium, Ireland, Luxembourg). This Group 2 consists of hybrid
economies, facilitating corporate tax avoidance constructions, but large enough to attract FDI
by the size of their markets and knowledge economies. It is also important to assess that all
members of Group 2 are knowledge-intensive economies themselves. So, what impact had the
exclusion of both groups on the gravity results for knowledge indicators? The exclusion of this
country group means an average loss of 10,000 bilateral observations, what is about 23% of
total observations.**

What happens? The exclusion of Group 1 increased the estimated parameters for the KC
indicators by 2.9% on average, while four additional KC indicators now became statistically
significant. This result confirms the robustness of our main model results. The biggest impact
came, however, from the exclusion of tax-haven Group 2. Despite the large loss of observations,
their exclusion increased the estimated parameters for KC indicators by on average 9.4%. On
top of that, their exclusion had as consequence that the number of statistically significant KC
indicators doubled (net 19 additional indicators). This forms strong evidence that tax-related
distortions of bilateral FDI patterns blurs economic gravity patterns based on economic mass
and knowledge factors. It shows also that it is important to use control variables for tax-related
heterogeneity in the country population. Overall, this second robustness test provides further
support for the explanatory strength of the FKEG model. The estimation results based on the
exclusion of Group 2 tax havens are superior to those in Table 6 and 7. In the Annex, we present
these detailed regression results without distortionary fiscal impacts.*®

8. Discussion and policy implications

This paper has developed a consistent FDI Knowledge-Enriched Gravity model (FKEG) that
explains bilateral FDI patterns from national market size, knowledge development and FDI
barriers. Testing the model requires that the multi-dimension knowledge concept is made
economically measurable. We propose a simple and feasible input-output methodology for that.
Measuring the economics of the national knowledge economy can become a regular module of
national account statistics. It may still require a few decades for this to become reality. In the
meantime, we created second-best data in the form of a database with some 150 worldwide
indicators for different aspects of national knowledge-creation activities, covering a period of
more than 20 years. This allowed to test the FKEG model empirically.

The results unambiguously support that a country's abundance of proprietary knowledge assets
forms a comparative advantage in international direct investment traffic. Proprietary knowledge
assets form a significant push factor for outgoing FDI by multinational firms. In gravity terms,
it is a push force. The second main finding is that knowledge factors also have a significant
positive effect as pull factor, even at the high aggregation level (national FDI) that we dealt

44 For this group of countries most knowledge indicators and other variables are available, which explains the large
loss of bilateral observations.
45 The gravity results without the fiscal bias are presented in Annex Table 11I-5 (origin countries) and Annex Table

11I-6 (destination countries). For completeness of the picture after removing tax haven Group 2, Annex Table 11I-7
also provides the recalculated relative strength of gravity forces, by type of KC indicator.
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with. We find strong evidence that this pull force affects the location decisions by multinational
countries. A third finding, somewhat to our own surprise, is that the gravity forces exerted by
knowledge factors are often stronger than those that are derived from economic mass or market
size. All three results kept standing after being subjected to two tough robustness tests. Further
research and critical analysis will be necessary to test our outcomes, but if found correct, a
knowledge-enriched structural gravity model would become an important new tool for
international economics.

The estimated impact of knowledge indicators on outward FDI stocks is strong, but it does not
yield a simple message. We find that proprietary knowledge assets (represented by the FO
indicators) are important for outward FDI (cf. Tables 6, 7 and Annex III). Such knowledge
assets (patents, trademarks, tacit knowledge, technical blueprints) tend to be separable and non-
rival within the firm, and therefore a source of positive intra-firm scale effects. This supports
the micro-economic theory of market-seeking foreign direct investment by multinationals (cf.
Markusen, 1984, 2001, 2002). However, our results also show that vertical or resource-seeking
FDI is subject to gravity pulling force from the destination countries, and in that way also affects
the location choice of multinationals. The latter type of vertical-FDI companies go for other
knowledge assets, like having a well-educated working population, a strong local knowledge
infra-structure, sophisticated local suppliers, local efficiency, good communication
infrastructure, and an effective government. Often, such knowledge-based pulling forces in
destination countries are based on public knowledge activities.

The empirical results of this paper may have policy implications. Proprietary knowledge assets
of international firms are based on a fundament of public knowledge-creation and knowledge-
preservation activities (cf. Stiglitz, 1999; Stephan, 1996; Yin ef al., 2021). Public knowledge
development is based on taxpayer's money. Without it, the exclusively firm-based proprietary
knowledge assets could be flimsy and erratic. Business groups with foresight would be wise to
oppose shortsighted governments that trim down basic science research,*® forgetting the old
saying "Never bite the hands that feeds you", in this case with knowledge that must support
future economic welfare. Public knowledge institutes accept to take prime risks and so finance
the development of new fundamental knowledge, and the education of professionals and
engineers. Public knowledge institutes hardly protect their knowledge products with patents
and licenses. They do not bring knowledge products to the markets and hardly earn any direct
revenues from it. This role is left to private firms; they are appropriators and marketeers. This
is OK, as long as these firms remain aware that this system is based on an unwritten social
contract that requires responsible and reciprocal behaviour. It happens too often multinational
firms try to hide the revenues of knowledge-based products (at least partly based on public
inputs) in tax paradises, rather than paying a decent tax rate in the country where they operate
and where they are allowed to privatize public knowledge inputs.

46 Cf. Kozlov et al. (2026).
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9. Conclusions

The micro-economic distinction between horizontal (market seeking) and vertical (resource
seeking) types of FDI reflects the perspective of a multinational's headquarter. It has only
limited relevance for understanding bilateral FDI patterns, because horizontal and vertical
motives are all playing at the same time. The FDI knowledge-enriched gravity model (FKEG)
does not look at the private motives of individual firms. What really matters at world scale are
the national endowments that --on both sides of the border-- operate as attractor for FDI: relative
market size and comparative knowledge advantages. For a horizontal investment strategy, the
gravity force is about seeking foreign markets where the multinational can exploit its
proprietary knowledge assets. In this case, relative market size and comparative knowledge
advantages of the origin country operate as a FDI gravity push force. In the vertical investment
strategy, the knowledge advantages of potential host countries (e.g. well-educated labour force,
efficient suppliers, effective governance) operate as a gravity pull force. Both processes are
running at the same time, and both are reflected in the same FDI statistics.

The FKEG model offers a unique bird’s eye view of both processes, allowing to separate both
forces and to estimate their relative strength, based on real FDI data. Once using industry-
specific data, the model may add new insights for explaining international FDI patterns,
allowing for separating the drivers of horizontal and vertical FDI. With limited adaptations, the
FKEG base model can be applied for explaining international trade patterns, with further
potential at lower aggregation level (explaining specific parts of goods and services trade).
Another promising step is to investigate the relation between trade-derived MR terms and FDI-
derived MR terms and use these as a yardstick for evaluating domestic economic policies.

Acknowledgements. The author thanks Peter Egger and especially Tom Zylkin for their
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Annex I Proof of propositions 1 and 2

Proof of Proposition 1

Model for public knowledge stocks production:

Mpit - Mait + Mbit + MCit + Mdit (8)
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Old vintages of public knowledge stocks are fully discarded after N years (Mg;.n=0).
Vintages from younger annual cohorts (B<N) are depreciated by §;, hence:

(A1) My; .o = (1-6)) My;, r-o-1) vV <N
Let behavioural parameters (f3;, €;, ¢;, ¥; and 9;) be time-invariant. The time dynamics of
public knowledge stocks are then as follows. The dynamics of new knowledge stocks are:
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Let the build-up of public knowledge stocks starts in year t-(N-1), where My; .y = 0.
(A6) then yields: Mp; . (n.1) = AMy; ¢ (n-1)- The year after, AM,; ..y becomes the first old
vintage knowledge stock that has to be depreciated like in (A1), and re-activated like in
(A6), so that at the end of the year t-(N-2) we have:

(A7) Mp; - n-2)= AMp; -2y + & (1-8;) AMp; ¢ (n-1)
Because of (A5) that gives:
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This same pattern repeats itself for all younger cohorts of knowledge assets, so that we
may by analogy obtain:
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Proof of Proposition 2

Model for firm-based knowledge stocks production:

S
Gfit = Z 1Gaist + Gpise + Geise + Geise (10)
s=
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Old vintages of firm-level knowledge stocks are fully discarded after N years (Gg;s +.y=0). Vintages
from younger annual cohorts (6<N) are depreciated by §;, hence:
(A1l) Gig .o = (1-8;) Gig, r-6-1) vV <N
Let behavioural parameters (o5 @js, Wis, €5 ) and ;5 be time-invariant. The dynamics of new
knowledge stocks are:
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Let the build-up of firm-level knowledge stocks starts in year t-(N-1). The term
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becomes the first old vintage knowledge stock that has to be depreciated like in (A11), and re-
activated like in (A13), so that at the end of the year t-(N-2) we have:
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From (A10) in the proof of Proposition 1 we get the reduced form of Mp; ¢_1), so that:
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47 We assume that public and firm-level knowledge accumulation are independent processes with separate time
scales, so that M, ,_y exists.
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Annex Table II-1 List of tested national knowledge indicators (alfabetically)

No. variable name description Type subcat
1 advter_gdp Employees with advanced/tertiary educ. per unit of gdp PO 4
2 B_RS_gdp Business researchers per unit of GDP F 1
3 B_TT_gdp Business research personnel per unit of gdp F 1
4 berd_brs Business R&D expenditure per bus. sector researcher F 1
5 berd_btt Business R&D expenditure p. bus. sector R&D personnel F 1
6 BERD_gdp Business Enterprise Expenditure on R&D (BERD) as % of GDP F 1
7 BERD_gerd Business Enterprise Expenditure on R&D (BERD) as % of GERD F 9
8 BFIN_goverd GOVERD financed by the business sector, as % of GOVERD F 2
9 BFIN_herd HERD financed by the business sector, as % of HERD F 2
10 BFINberd_berd BERD financed by the business sector, as % of BERD F 1
11 BFINgerd_gdp GERD financed by the business enterprise sector, as % of GDP F 1
12 BFINGERD _gerd |[GERD financed by the business enterprise sector, as % of GERD F 1
13 biopat_grs No.of filed biotech patent applic. p. gov. sector researcher PO 1
14 biopat_hrs No. of filed biotech patent applic. p. university researcher PO 4
15 biopatr_brs No.of filed biotech patent applic. p. bus. sector researcher FO 1
16 brdp_rdp Business enterprise R&D personnel, as % of total dom. R&D personnel F 9
17 bres_res Business enterprise sector researchers, as % of total dom. researchers F 1
18 busgerd_gdp Busin.-financed GERD per unit of curr. GDP F 2
19 civrd_gvall Civil Budget R&D, as % of annual government allocations p 1
20 defrd_gvall Defence Budget R&D, as % of annual government allocations P 1
21 econpap_r Mean ctry rank score in economic papers (no+cit+impact), 2010-2024 PO 9
22 edu_gvall Civil GBARD for Education and Social programmes_% of tot p 1
23 efw_index Economic Freedom of the World EFW summary index, 0 (low)-10(high) Vv circ
24 expharm_wex Export of pharmaceutical industry_Percentage of world exports FO 9
25 fempop_se % of female population (>25yrs) with some secondary education, PO 4
26 finisrv_gdp Financial services imports as % of GDP F 3
27 finxsrv_gdp Financial services exports as % of GDP FO 9
28 forgn_move Freedom of foreigners to visit, O(low)-10(high) \% circ
29 G_RS_gdp Government researchers per unit of GDP P 1
30 G_TT_gdp Government research personnel per unit of gdp p 1
31 ghard_gdp Government allocations for R&D (GBARD) per unit of curr. GDP P 1
32 gdp_energy GDP per unit of energy use (PPP S per kg of oil equivalent) Vv prod
33 GERD_gdp Gross Domestic Expenditure on R&D (GERD), as % of GDP P 1
34 gerd_grs Govt. sector R&D expenditure per gov. sector researcher P 1
35 gerd_gtt Govt. sector R&D expenditure p. gov. sector R&D personnel p 1
36 GFINberd_berd BERD financed by the governm. sector, as % of BERD p 3
37 GFINgerd_gdp GERD financed by government, as % of GDP p 1
38 GFINGERD_gerd |GERD financed by government, as % of total GERD P 1
39 GFINGERD_gerd |GERD financed by government, as % of total GERD P 1
40 gii_main Annual ctry score on Global Innovation Index, 0-100 (highest) PO 9
41 GOVERD_gdp Government Intramural Expenditure on R&D (GOVERD) as % of GDP P 1
42 GOVERD_gerd Government Intramural Expenditure on R&D (GOVERD), as % of GERD P 1
43 govgerd_gdp Government-financed GERD as fraction of curr. GDP p 1
44 govrp_trp Government R&D personnel, as % of total dom.R&D personnel p 1
45 gres_res Government sector researchers, as % of total dom. researchers p 9
46 H_RS_gdp Higher education researchers per unit of gdp P 4
47 H_TT gdp Higher-education research personnel per unit of gdp P 4
48 hec_gvall Civil GBARD for Health and Environment programmes_%_of tot p 1
49 herd_gdp Higher educ sector R&D expend. (HERD) per unit of curr. GDP p 1
50 HERD_gdp Higher Education Expenditure on R&D (HERD), as % of GDP p 1
51 herd_gdp Higher-education R&D expenditure as % of GDP P 4
52 HERD gerd Higher Education Expenditure on R&D (HERD), as % of GERD p 4
53 herd_hrs Higher educat. R&D expenditure per university researcher P 4
54 herd_htt Higher educat. R&D expenditure per unit of R&D personnel P 4
55 heve_rd_gdp Gouvt. civil health/environm. R&D expend. per unit of curr. GDP P 1
56 HFINberd_berd BERD financed by higher educ. sector, as % of BERD p 4
57 HFINgerd_gdp GERD financed by the higher educat. sector, as % of GDP P 1
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Annex Table II-1

List of tested national knowledge indicators (alfabetically), continuation

No. variable name description Type subcat
58 HFINGERD_gerd GERD financed by the Higher Educat. sector, as % of total GERD P 4
59 hrdp_rdp Higher educat. sect. R&D personnel, as % of total R&D personnel P 4
60 hres_res Higher educat. sector researchers, as % of total dom. researchers P 4
61 hskil2_emp High-skill employed as % of annual total employment PO 4
62 hskill_gdp Employees with advanced/tertiary educ. per unit of gdp PO 4
63 HT_mfgexp High-technology exports, as % of manufactured exports FO 9
64 ictisrv_gdp ICT services imports as % of GDP F 3
65 ictpat_brs No. of filed ict patent applications per bus. sector researcher FO 9
66 ictpat_grs No. of filed ict patent applications per gov. sector researcher PO 9
67 ictxsrv_gdp ICT services exports as % of GDP FO 9
68 ictxsrv_hsk Value of ICT services exports p. worker with skill level 3 or 4 (ILO) PO 9
69 igoverd_gdp Intramural govt. R&D expenditure (GOVERD) per unit of curr. GDP P 1
70 impartcourt Impartiality of legal courts, O (low)-10(high) \ circ
71 iprisrv_gdp Int. Prop. rights services imports (royalties) as % of GDP F 3
72 iprxsrv_brs IPR services exports (royalties) per busin. sector researcher FO 9
73 iprxsrv_gdp Int. Prop. rights services exports (royalties) as % of GDP FO 1
74 iprxsrv_grs IPR services exports (royalties) per university researcher PO 9
75 iprxsrv_hrs IPR services exports (royalties) per government sector researcher PO 9
76 judicialindep Judicial independence of govt, O (low)-10(high) \' circ
77 kibisrv_gdp Knowledge-inte nsive bus. services imports as % of GDP F 3
78 kibs_srvexp Knowl.-intensive services (ebop 262-286) as % of tot. serv. exports FO 9
79 kibs_srvimp Knowl.-intensive services (ebop 262-286) as % of tot. serv. imports P 3
80 kibsxsrv_hsk Knowl.-intensive busin.serv.exports p. worker with skill level 3 or 4 (ILO) PO 9
81 kibxsrv_gdp Knowledge-intensive bus. services exports as % of GDP FO 9
82 lab_prodl GDP PER HOUR WORKED: min GDP per hour worked v prod
83 lab_prod2 GDP / WPOP , min. GDP per worker of 15-65 year \' prod
84 legalenforc Effectiveness legal enforcement, O(low)-10(high) v circ
85 malepop_se % of male population (>25yrs) with some secondary education, PO 4
86 mCAP_gdp Market capitalization of listed domestic companies (% of GDP) FO 1
87 mfgisrv_gdp Mfg. services imports as % of GDP, processing non-owned products F 3
88 mfgxsrv_gdp Mfg. services exports as % of GDP, processing non-owned products FO 1
89 myrs_schoolf Mean Years of Schooling, female (years), UNDP, Human Dev. Report PO 4
90 myrs_schoolm Mean Years of Schooling, male (years), UNDP, Human Dev. Report PO 4
91 newcom_wpop Annual no. new-registered lim.liab.corp. per 1000 working-age populat. F 9
92 OCS_srvexp OCS services (computers, communication) as % of comm. serv. exp. FO 9
93 OCS_Srvexp Oth. Comm. Serv [ebop(205+236+245))/ebop201] as % of tot.serv. exp. FO 9
94 ocs_srvimp Oth. Comm. Serv [ebop(205+236+245] as % of tot.serv. imp. F 3
95 OCS_srvimp Communications, computer serv.(OCS) as % of total service imports P 2
96 pat_lcomp No of resid. patents p.listed company, IP_PAT_RESD p. listed comp. FO 1
97 pat_TTcap IP_PAT_RESD/T_TT_FTE, Resid.pat.per.researcher PO 1
98 patr_brs No. of resid patent applications (PCT) per bus. sector researcher FO 1
99 patr_grs No. of resid patent applications (PCT) per gov. sector researcher PO 1
100 patr_hrs No. of resid patent applications (PCT) per university researcher PO 4
101 patr_mcap No. of resid patent applica.p. unit of market capitalisat.dom.listed comp. FO 9
102 pharmexp_brs Value of pharmacutical export per per bus. sector researcher FO 9
103 pharmexp_grs Value of pharmacutical export per per gov. sector researcher PO 9
104 prot_propr Protection of property rights, O(low)-10(high) \ circ
105 rd_firms % of firms that spends on R&D F 1
106 rdp_emp Total no. of R&D personnel, per 1000 employed PO 1
107 RDtech_pop R&D Technicians, per million people P 9
108 res_emp Total no. of researchers, per 1000 employed PO 1
109 rowgerd_gdp Rest-of-World financing of domestic GERD per unit of curr. GDP P 3
110 rpat_herd Resid. patent application p. USD HERD (R&D higherd-educat. instit.) PO 1
111 RWFINgerd_gdp |GERD financed by the Rest of the World (RoW), expressed as % of GDP P 3
112 scartc_grs No. of scientif. & technic. journal articl.p.gov.sector researcher PO 4
113 scartc_hrs No. of scientif. & technic. journal articl.p.university researcher PO 4
114 SVberd_berd Service industry BERD as % of total BERD F 9
115 T_RS_10P3EMP Researchers per 1000 employed persons PO 9
116 T_RS_gdp Total number of researchers per unit of GDP PO 9
117 T_TT_10P3EMP R&D personnel per 1000 employed persons PO 9
118 T_TT_gdp Total no. of research personnel per unit of gdp PO 9
119 terted_wpop % of working age population with tertiary education PO 4
120 TMK_brs No. of resident trade mark applications p. bus.sector researcher FO 1
121 TMK_grs No. of resident trade mark applications p. gov.sector researcher PO 9
122 tmk_lcomp No. of trademarks per listed company, TM appl p. listed company FO 1
123 train_firms % of firms that offers formal training to employees F 4
124 tripat_wpat Triadic patent families_Percentage of world triadic patent families FO 1
125 TStocks_gdp Traded stocks (both dom. and foreign) as % of GDP FO 1
126 WFINberd_berd BERD financed by the rest of the world, as % of BERD F 2
127 WFINGERD_gerd [GERD financed by the rest of the world (RoW), as % of GERD P 3
128 wres_bres Business enterprise female researchers as % of researchers F 9
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Annex Table II-2  Distributional characteristics of KC indicators (alphabetically)

Variable name : COUNT MEAN STDEV MIN  MEDIAN MAX

2500

..continued..
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Annex Table 11-2 Distributional characteristics of KC indicators, continued

COUNT MEAN STDEV MIN.  MEDIAN
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Annex Table Il 1

Selection of Baseline for multilateral policies, PPMLhdfe gravity results

Multilateral Policy

BASELINE  Combina-  Regional BITtreaty, Economic  Both part- Currency  FreeTrade
combi tion Trade enforced Integrat. ners EU Union Agreem.
EURTAL)  RTA4EIA  pgreem. Agreem. member  (Art.XXIV.8a, (Art.XXIV.8b
VARIABLES (Art. Vof GATT 1994) , GATT 1994)
RTA without EU. &) 0.434%+*
(0.0632)
both EU members 0.145
(0.123)
Regional Trade Agreem. 0.431%** 0.428%**
{0.0633) {0.08631)
Econ. Integration Agreem. -0.223%¢
{0.106)
BIT treaty, enforced -0.102
{0.132)
Economic Integrat. Agreem. -0.231**
(0.107)
both EU members -0.283**
(0.116)
Currency Union -0.746%**
(0.234)
Free Trade Agreem. -0.0608
{0.107)
Constant 14.40%** 14.39%¢* RS TE 14,424+ 14,424+ 14.43%%* 14.41%** 14.41%**
{0.007) {0.008) {0.008) {0.004) {0.005) {0.005) {0.0004) {0.002)
Dummy structure:
Dummies originityear 4908 5167 5190 5190 5190 5190 5190 5190
Dummies destin.ftyear 4890 5151 5174 5174 5174 5174 5174 5174
Dummies originftdestination 14845 15659 15794 15794 15794 15794 15794 15794
No. of observations 293016 307,566 309,852 309,852 309,852 309,852 309,852 309,852
Akaike Information Criterion 1.70e+08 1.73e4+08 1.77e+08 1.79e+08 1.78e+08 1.78e+08 1.79e+08 1.79e+08
Pseudo R2 0,9952 0,9952 0,9951 0,9951 0,9951 0,9951 0,9951 0,9951

Legend: Model explains bilateral (outward) FDI from only dummies and Different varants of multilateral policles. Robust standard errors (clustered by
country pair) in parentheses. Coding of confidence intervals: *** p<0.01, ** p<0.05, * p<0.1. Notes: &) All RTAs except those where both partners are EU
member. Sources: Estimations by the author using a PPMLHDFE estimator (cf.Correla et al., 2020). Data on bilateral outward F DI stocks are derived from
the UIFS4 database (https://dataverse.harvard.edu/dataverse/worldbilateral). Data on multilateral policles are from the CEPII Gravity Database, WTO

and from the latest version of Larch's Regional Trade Agreements database.
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Annex Table III-4 Ranking the relative force of KC indicators

A. RANKING ORIGIN COUNTRY RESULTS (TABLE 6)

versus GDP

RANK KC type comparison measure Relative force
1 F KC_dest/GDP_orig cross 1,00
2 F KC_orig/GDP_orig 0,82
3 FO KC_orig/GDP_orig 0,80
4 FO KC_dest/GDP_orig 0,72
5 P KC_orig/GDP_orig 0,72
6 P KC_orig/GDP_dest cross 0,69
7 Vprod KC_orig/GDP_orig 0,50
8 KC_dest/GDP_dest 0,31
9 F KC_orig/GDP_dest cross 0,25
10 P KC_dest/GDP_orig cross 0,23
11 P KC_dest/GDP_dest 0,22
12 FO KC_dest/GDP_orig cross 0,15

B. RANKING DESTINATION COUNTRY RESULTS (TABLE 7)

RANK KCtype comparison measure Relative force
1 F KC_dest/GDP_orig cross 17,46
2 F KC_orig/GDP_orig 5,29
3 PO KC_dest/GDP_orig cross 2,57
4 P KC_dest/GDP_orig cross 2,23
5 F KC_dest/GDP_dest 1,94
6 P KC_dest/GDP_dest 1,06
7 P KC_orig/GDP_orig 0,83
8 P KC_dest/GDP_dest 0,76
9 PO KC_orig/GDP_orig 0,62
10 F KC_orig/GDP_dest cross 0,59
11 P KC_orig/GDP_dest cross 0,28
12 PO KC_orig/GDP_dest cross 0,25

Legend: Based on the results in Annex Tables |11-2 and 111-3.
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Annex Table III-7 Ranking the relative force of KC indicators
versus GDP, after removing fiscal bias

A. RANKING ORIGIN COUNTRY RESULTS

comparison measure

Relative force

RANK KCtype
1 FO
2 P
3 P
4 FO
5 PO
6 FO
7 F
8 P
9 P

10 PO
11 Vprod
12 PO

KC_origin/GDP_origin
KC_origin/GDP_origin
KC_dest/GDP_origin
KC_dest/GDP_origin
KC_origin/GDP_origin
KC_dest/GDP_origin
KC_origin/GDP_origin
KC_origin/GDP_dest
KC_dest/GDP_dest
KC_dest/GDP_origin
KC_origin/GDP_origin
KC_origin/GDP_dest

cross
cross

cross

cross

cross

cross

cross

B. RANKING DESTINATION COUNTRY RESULTS

1,86
1,02
1,00
0,96
0,55
0,51
0,37
0,37
0,36
0,19
0,19
0,15

RANK KCtype

comparison measure

Relative force

PO

Vcirc
P
FO
Vcirc
F
PO
PO
FO

W 00 N OB S WN e

[l
=]

[
~N

KC_dest/GDP_origin
KC_origin/GDP_origin
KC_dest/GDP_origin
KC_origin/GDP_origin
KC_dest/GDP_origin
KC_dest/GDP_dest
KC_origin/GDP_dest
KC_dest/GDP_dest
KC_dest/GDP_dest
KC_dest/GDP_dest
KC_origin/GDP_origin
KC_dest/GDP_origin

cross

cross

cross

cross

cross

13,93
11,85
9,64
5,62
2,24
1,17
1,00
0,85
0,84
0,78
0,72
0,43

Legend: Ranking of relative strength of gravity forces, built on data after removing fiscal
bias in FDI data (Group 2 in second robustness robustness check, Section 7). Sources:

Annex Tables 111-5 and I11-6.
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