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Abstract

We develop an evolutionary model to analyse the role of policymaker’s preferences
on the amount and direction of funding in determining university trajectories. Results
are four. First, the policies that maximise performance in certain dimensions do not
require that funds targeted at those dimensions are maximised, due to the complemen-
tarities between research and teaching. In most cases, the Humboldt model in which a
university commits to a balance between teaching and research tends to generate more
robust performance patterns. Second, any policymaking that boils down to reduced
competition in the research market and allocates most resources to top institutes might
curtail research quality. Third, a generalised increase in funding is not effective if the
distributive mechanisms are untouched and prioritise reputation, unless they target
small institutes and sustain competition in the research domain. Finally, we have some
evidence of the Baumol’s cost disease when a system-level wage rate combines with
the emergence of technological advantages. At the best of our knowledge, this article
constitutes the first endeavour to model the scientific and pedagogical trajectories of
universities as emergent properties of the micro-dynamic that involves the amount and
the direction of public funding, which is our way to formalise the third mission.
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1 Introduction

Observed as key players in the knowledge-based economy (Cobban 2022; Collini
2012; Cowan et al. 2010; Geuna 1999, 2001) and among the most enduring institu-
tions of Western civilisation (David 2008; Mokyr 2016), universities are increasingly
expected to support economic development at local, regional, and national levels
through the provision of useful teaching and research (Uyarra 2010; Wowk et al.
2017). In exchange for public funding, higher education institutions are now required
to contribute to innovation, social welfare, and entrepreneurial capabilities through
knowledge transfer and engagement activities, commonly referred to as the third mis-
sion (Compagnucci and Spigarelli 2020; Martin 2003).

The analysis of university behaviour and funding policymaking has gained increas-
ing attention in economics (Geuna 2001; Carayol and Maublanc 2025). Existing
research highlights the interaction between teaching, research, and engagement activi-
ties (Benneworth et al. 2016). However, the literature still lacks a formal understanding
of the endogenous trade-offs and complementarities that may arise between university
activities and funding regimes.

In this paper, we model the university as an evolutionary organisation that adopts
simple heuristics rather than acting as a rational maximiser (Geuna 1999; Martin 2012).
We develop an agent-based model (ABM) (Delli Gatti et al. 2018; Dosi and Roventini
2019) in which universities interact with the public sector and shape their development
paths in response to both the amount and the direction of public funding. Scientific
and pedagogical trajectories emerge as intrinsic outcomes of these micro-dynamics. To
the best of our knowledge, this is the first attempt to model scientific and pedagogical
university trajectories as emergent properties shaped by the micro-dynamics of public
funding allocation, both in its amount and its direction. The model is not designed to
replicate specific national systems nor to evaluate short-run policy effectiveness, but
to explore structural mechanisms linking funding regimes and university trajectories.

The main results of the paper can be summarised in four points. First, policies
that aim to maximise performance in specific dimensions do not require maximis-
ing funds allocated to those dimensions, due to complementarities between research
and teaching. Second, policymaking that reduces competition in the research domain
by concentrating resources on top institutes may ultimately curtail overall research
quality. Third, a generalised increase in funding is ineffective if distributive mech-
anisms remain unchanged and continue to prioritise reputation, unless resources are
directed toward smaller institutes to sustain competitive dynamics. Fourth, we observe
dynamics consistent with Baumol’s cost disease when system-level wages interact with
emerging technological advantages.

Some caveats are in order. First, we adopt a broad definition of university, encom-
passing organisations that perform research, teaching, or both, including publicly
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funded research institutes closely connected to higher education systems. Second,
we define a trajectory as the dynamic path that a university follows over time as
a result of internal heuristics and external funding pressures. Third, we model the
third mission in a stylised manner, focusing on government demand for knowledge
rather than on its institutional and historical heterogeneity. Finally, we abstract from
disciplinary specialisation and represent knowledge in simplified categories. These
simplifications allow us to isolate the structural mechanisms at the core of the model.
Despite these simplifications, the framework allows us to examine how economic
and political forces shape university trajectories and to highlight potential unintended
consequences of funding reorientation (Geuna 2001).

The manuscript is organised as follows. Section 2 discusses the historical back-
ground and relevant literature. Section 3 presents the theoretical model. Section 4
introduces the benchmark scenario. Sections 5 and 6 analyse the effects of the direc-
tion and the amount of public funding. The final Section discusses policy implications
and concludes. The Appendix and the online Supplementary Material provide addi-
tional sensitivity analyses and further details on the emergence of new organisations.

2 The Evolution of Western Universities: Historical Roots
and Literature on Funding Policymaking

2.1 A Short Recap of the Historical Development of Western Universities

Universities emerged in medieval Europe as teaching-oriented institutions embed-
ded in broader political and social structures (David 2008; Mokyr 2016). Research
activities were largely absent, and knowledge transmission prevailed over knowledge
production.

From the eighteenth century onwards, alternative models emerged. Cardinal New-
man’s ideal-type emphasised teaching as the core university mission, whereas the
Humboldtian model institutionalised the complementarity between research and teach-
ing within the same organisation, supported by public funding and academic autonomy
(Martin 2012; Geuna 1999). The Humboldtian configuration became highly influen-
tial across Western countries and shaped the modern university system. However,
institutional diversity persisted, as exemplified by the French system, where research
activities have historically been concentrated in specialised public research organisa-
tions.

If we considered a university as any organisation in which either teaching or research
or both activities are carried out, then we may also categorise a university along three
abstract dimensions (Fig. 1). The first dimension concerns the type of knowledge
produced, spanning from pure to utilitarian research. The second dimension refers to
the relative commitment between teaching and research activities. The third dimension
captures the nature of the social contract, ranging from autonomy-oriented funding
to mission-oriented, solutions-driven allocation. Together, these three axes define the
conceptual space within which university trajectories unfold. In the post-WWII period,
a social contract emerged in which governments granted substantial autonomy to
the scientific community in allocating public funds, largely through peer-reviewed
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Fig. 1 University along multiple dimensions. Note: This cube and the overall paper focus on the university
and higher education systems largely at work in European and North-American countries. The x axis
concerns the kind of knowledge produced and it spans along a continuum between pure and utilitarian
knowledge. The y axis refers to the relative commitment between teaching and research. The third axis,
Z, is about the social contract which goes from “science for the sake of science” (no expected returns) to
solutions-oriented activities

and block funding mechanisms (Dasgupta and David 1994; Geuna 2001; Stephan
2013). From the 1980s onwards, this contract progressively shifted: universities were
increasingly expected to contribute directly to national economic performance, and
competitive allocation mechanisms gained prominence (Martin 2003)."

This historical recap frames the literature to which we contribute, namely the
research on how public funding shapes university organisation and development tra-
jectories in research and teaching activities. The next subsection reviews this literature
in greater detail.

I we position the Humboldtian university at the centre of the cube as the archetype of an organisation in
which the alleged autonomy of its constituent elements allows for the pursuit of the widest ensemble of
activities.
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2.2 Relation with the Literature

This article contributes to three main strands of literature. First, it builds on the evo-
lutionary and neo-institutional approaches that conceptualise universities as adaptive
organisations evolving within changing institutional environments (Geuna 1999; Mar-
tin 2003; Ramirez and Christensen 2013). These perspectives emphasise the dynamic
interplay between organisational routines, institutional pressures, and societal expec-
tations.

Second, we relate to the literature on the third mission and university-industry
interactions, which documents the growing relevance of knowledge transfer and the
role of universities as engines of innovation and regional development (Foray and
Lissoni 2010; Bianchini et al. 2016; Aroraet al. 2015). Empirical evidence consistently
shows that firms rely extensively on academic research as an input into their innovative
activities.

Third, we contribute to the literature analysing public funding mechanisms and
their impact on university behaviour. Existing studies have examined competitive
funding, performance-based allocation, and mission-oriented policies (Aghion et al.
2009; Geuna 2001; Martin 2003; Steinmueller 2010; Schot and Steinmueller 2018).
However, all these contributions rarely explore the endogenous dynamic interactions
between funding rules, organisational adaptation, and system-level outcomes. Our
framework addresses this gap by modelling how different funding regimes shape
long-run university trajectories.

Several contributions analyse the co-evolution of universities, industries, and insti-
tutions (Almudi et al. 2012; Fatas-Villafranca et al. 2008, 2009). These studies
primarily examine how university systems support industrial leadership and tech-
nological catch-up. By contrast, our paper shifts the analytical focus to the university
itself. Rather than treating universities as background suppliers of knowledge and
human capital, we model them as evolutionary agents whose research and teaching
trajectories emerge from their interaction with the public funder. In doing so, we extend
the co-evolutionary perspective to the micro-dynamics of university decision-making
and funding allocation.

We also relate to the literature on science and innovation policy, which emphasises
the role of governments in shaping technological trajectories and research incentives
(Arrow 1962; Nelson 1959; Dosi 2023). While this literature highlights the impor-
tance of funding design and policy direction, it rarely models how allocation rules
interact with internal university dynamics. We show that maximising performance in
research and teaching does not necessarily require maximising targeted funds, due to
complementarities between university activities.

A further stream of research examines the evolving social contract and the expansion
of universities’ third mission activities (Carayol and Maublanc 2025; Ejermo and Sofer
2024; Hoppmann 2021). These studies explore how funding sources and organisational
capabilities shape engagement with industry and society. Our contribution differs in
that we focus on how funding allocation rules influence the joint evolution of research
and teaching trajectories, highlighting potential unintended consequences of extreme
funding strategies.
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Finally, some contributions emphasise the role of teaching and performance-based
funding (Hicks 2012; Borah et al. 2023; Auranen and Nieminen 2010). While these
studies examine how funding affects research or teaching outputs separately, our
framework models their joint dynamics and the feedback effects between resource
allocation and university trajectories.

Taken together, these strands of literature highlight important aspects of university
evolution and funding design. Our evolutionary framework integrates these perspec-
tives by modelling research and teaching trajectories as emergent outcomes of the
evolutionary interaction between universities and public funding regimes. The next
Section develops this research task.

3 An Evolutionary Model of University Trajectories

We model universities as heterogeneous agents operating within a dynamic funding
environment. The university is the microeconomic unit of analysis, and its development
trajectory evolves along the three conceptual dimensions introduced in Fig. 1: type of
knowledge (x axis), commitment to teaching and research (y axis), and orientation of
the third mission (z axis). Each university i allocates resources between teaching (7)
and research (R), and within research between pure and utilitarian knowledge. These
allocation decisions evolve over time and may exhibit path dependence. The distribu-
tion of activities is influenced by the funding regime adopted by the public authority,
which can prioritise solution-oriented knowledge addressing specific societal chal-
lenges or adopt a non-solutions-oriented approach that supports broader knowledge
accumulation. Formalising this setting under out-of-equilibrium conditions, aggre-
gate outcomes emerge from the interaction of individual allocation rules and funding
mechanisms. This approach allows us to make the micro-level decision rules explicit
and to analyse how different funding regimes shape system-level trajectories.

3.1 Research Production Functions

Research output is measured by the number of publications produced in period ¢, dis-
tinguishing between pure (j = p) and utilitarian (j = u) knowledge, and between
solutions-oriented (v = S) and non-solutions-oriented (v = N S) research. The pro-
duction of research requires labour input in the form of scientists’ time and capital
in the form of accumulated knowledge (proxied by books and past research). How-
ever, the generation of new knowledge is stochastic. The probability that university i
produces research of type (j, v) in period ¢ is given by:

Prob[RS;v] —1- exp(—eo : min[A,?‘}, LEV.CR. K,»jt]) (1

R v
ijt

labour allocated to research of type (j, v), K;j; the knowledge stock, C R the capital-
output ratio, and € a parameter. The function implies complementarity between labour

where Rl.l;;” is the potential research output, A7 denotes research productivity, L S’t
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and capital. Conditional on success, output equals the minimum between effective
labour input and capital constraints:

Ry, = R;" =minf AR - L[5 CR - Ky )
We assume that the arrival of new knowledge does not consist only in guantities of
new books. Each research output is characterised not only by quantity but also by a
quality index, a};,. The arrival of new knowledge generates a new capital vintage that
adds to the existing stock of knowledge at the university. Research quality evolves
according to:

af/t = (1 - 81]7) 'afit—l +6il}t 3)

where 61 j; depends on the aggregate growth rate of knowledge and captures obsoles-
cence effects, while efjt is drawn from a Beta(2,5) distribution with support [—0.5,
2]. This specification reflects two features. First, quality depreciates when the over-
all knowledge frontier advances, implying that stagnation reduces the relative value
of existing knowledge. Second, the asymmetric Beta distribution ensures that high-
quality breakthroughs are relatively rare compared to average contributions, while
allowing for negative draws to capture unsuccessful research outcomes. The average
research quality a;;, at university i is the weighted-average of all research ever pro-
duced at university i up to time ¢ = 7 (regardless of it mission orientation v), in which
weights are the research quantities R;’jt:

R}, R,

- ijt ijt -

Aijr = E <—RU> 'azyjt +(1— E (—Rv) cdjjr—1 4)
v iyt v ijt

The productivity of a group of scientists in pursuing research is determined by a; ,
and it is a weighted average between two components:

AK it - AKl it
Y L ——L -a~~+<1——’>-AR._ 5)
ijt Kijt it i ijt—1
in which 25 is the growth rate of the corresponding stock of knowledge at univer-

sity level. Research productivity changes only with respect to the type of knowledge
J, namely we assume that, for any given j, research productivity is the same between
solutions-oriented and non-solutions-oriented research activity. Equation (5) captures
the dynamics of absorptive capacity (Cohen and Levinthal 1990). Research produc-
tivity increases when the university expands its knowledge stock, as measured by

AKj; . . —
the growth rate K_’t]” and when the average quality of its research is high. The first
i

term on the right-hand side reflects the idea that productivity improvements require
active knowledge accumulation. If the university does not invest in new knowledge,
productivity converges to its past level. The second term introduces path dependence,
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as past productivity continues to influence current performance. At the same time,
rapid expansion of knowledge at the system level may generate obsolescence effects.
Scientists must continuously update their competencies in order to remain at the fron-
tier. Thus, productivity growth depends not only on effort, but also on the university’s
ability to renew and internalise high-quality knowledge.

Capital, as in Eq. (6), corresponds to the stock of knowledge accumulated by a uni-
versity over time, both internally and from other universities in the system. Importantly,
capital is not measured solely in quantitative terms. It is defined as a quality-weighted
sum of all past research outputs, so that higher-quality contributions expand the effec-
tive knowledge base more strongly than average ones. The first term in Eq. (6) captures
internally produced knowledge, while the second term incorporates external knowl-
edge generated by other universities (indexed by —i). The variable ¢;;, measures
the university’s ability to absorb and exploit external knowledge, thereby introducing
inter-university spillovers into the system. Finally, the entire stock is multiplied by a
depreciation factor §;;;, which captures the erosion of knowledge value as new and
higher-quality research emerges in the system:

t=t 1=t
Ko = | 03 (ab B3 ) #0032 3 50t R ) [ @
t=0 v —i

=0 v

Absorptive capacity, ¢;,, determines the extent to which a university can benefit from
knowledge produced elsewhere in the system. We model it as a bounded and increasing
function of past accumulated knowledge:

pije =1 —exp[—¢o - Kiji—1] (7

This specification ensures that absorptive capacity lies between 0 and 1. The parameter
¢ regulates the speed at which the university approaches its absorptive frontier.” We
assume that the rate of depreciation depends on aggregate growth in both research
quantity and average research quality:

AR/ _ Aai—
8ij[:exp|:—8()'( ji=1 , Adji 1>:| ®

Rjiy Ajr—1

where §p is a parameter. When aggregate research expands rapidly, either in vol-
ume or in quality, the effective value of previously accumulated knowledge declines
more quickly. This formulation introduces a competitive dynamic at the system level:
universities must continuously update their knowledge base in order to maintain their
productive capacity. At the same time, the exponential specification ensures that depre-
ciation remains bounded and prevents excessive volatility in capital dynamics.

2 This formulation captures cumulative learning effects: universities with a larger knowledge base are better
able to understand, evaluate, and exploit external research. At the same time, the bounded nature of the
function prevents unlimited spillover effects and ensures diminishing returns to knowledge accumulation.
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3.2 Teaching Production Functions

Teaching production mirrors the structure of research production. Teaching output is
determined by the allocation of scholars’ time and by the available stock of knowledge,
distinguishing between pure and utilitarian domains.

P, . T T,v, ~T
Tijt v mln[Aijt . Lith’C . Kijt] )

P,v . . T
where T, it denotes teaching capacity, A; it
cated to teaching, and C the capital-output ratio. As above, labour and capital are
perfect complements. Teaching productivity evolves through two channels. First, we

assume learning-by-doing: productivity increases when teaching activity expands, i.e.,

teaching productivity, LiTj’lv labour allo-

Tiji—1

when AT, > 0 (Murnane and Phillips 1981). Second, we introduce complementar-

jr—1
ity between research and teaching. Improvements in research productivity spill over
into teaching performance, capturing the idea that active engagement in knowledge
production enhances pedagogical quality:

AT . AAR
AL, = [1+x-( L L 1)]Afj,_1 (10)

> R
Tiji—1 Aijt—l

in which A is a parameter.

3.3 Reputation and Funding Distribution

Public funds are allocated to universities according to their relative fitness, which we
proxy through reputation (Eilj;v). Reputation reflects a university’s performance in
research and teaching and determines its share of public resources (Garcia and Sanz-
Menéndez 2005; Geuna 2001). We distinguish between solutions-oriented and non-
solutions-oriented regimes. In a non-solutions-oriented setting, research reputation
depends on research productivity relative to the system average (A ft). In a solutions-
oriented regime, reputation additionally depends on the university’s ability to satisfy

externally defined research demand (Ril;t’f s

R D,
ER’U N (Aijt> (1 0, Rijtzl - R?jt—l) (11)
ijt T\ R )\ TV T by
Ajt Rijtil

When 6; = 0, reputation depends exclusively on relative research productivity. When
61 > 0, failure to meet externally defined demand reduces reputation, introducing
mission-oriented selectivity into the funding process.
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Teaching reputation (E tit Y) follows an analogous structure. It depends on relative
teaching productivity and, when mission-oriented criteria are active, on the university’s

ability to satisfy teaching demand (Y}JI?I’_" s

T D,v oo
o [ A Ai1—a. T — T (12)
ijt AT 1 D,v

jt ijt—1

The allocation of funds to each university for research (SS;U) and for teaching (S,S}U)

follows a replicator dynamic (Metcalfe 1994):

R,v
Rov _ R ijt
Sijp =Siji—1 | 1+0- Ry 1 (13)
jt
T,v
T,v _ T,v igjt o
Sijr = Siji—1 - [ 1+vo | =5 =1 (14)
jt

in which o is a parameter while E /Tt Vand E ﬁ’ Y are weighted-average reputations, in

which weights are the corresponding market shares.

3.4 Funding, Labour Markets and Demand

The Prince finances universities for both research and teaching.’> Given an aggre-
gate funding level F;, the government allocates resources according to three policy
parameters. The parameter y/ determines the allocation between pure and utilitar-

ian knowledge, ¥ T splits funds between research and teaching, and yV captures the
degree of mission orientation by allocating funds between solutions-oriented and non-
solutions-oriented activities.

Aggregate funding evolves at rate gf. This rate combines an exogenous policy-
driven component, g¢*, with an endogenous component reflecting system-wide

productivity growth in research (Afil) and teaching (AtTf1 ). The overall growth rate
is given by:
F ex AAZR—I AAIT—I
gF=b g+ (=) |01 — g+ (=) —7 (15)

t—1 t—1

where 6y and w are parameters. This specification introduces feedback from university
performance to aggregate funding dynamics: when productivity increases at the system
level, public funding expands more rapidly.

3 For simplicity, we abstract from mixed public-private funding schemes and adopt a structure representative
of many European higher education systems. Moreover, in the interest of synthesis, the full description of
the equations is in the online Supplementary Material.
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Labour supply is assumed to be fully elastic. Universities are therefore not con-
strained by aggregate labour availability. For teaching and solutions-oriented research,
universities form adaptive expectations based on past demand and maintain spare
capacity to accommodate unexpected demand shocks. Because public funds are allo-
cated by activity, mismatches may arise between labour demand across different tasks.
To mitigate such imbalances, universities pool excess funds and reallocate labour
across activities according to relative demand conditions. If residual labour capacity
remains after satisfying solutions-oriented activities, it is allocated to non-solutions-
oriented research.

The wage rate w; is uniform across activities at the system level (Bianchini
et al. 2016; Geuna 1999). Wage growth depends on aggregate productivity growth
in research and teaching:

i AAL
w=wi—1- | l+w- |0 ——+—-w1) —5— (16)

t—1 t—1

in which wy is a parameter; this mechanism links labour costs to system-wide perfor-
mance and introduces the possibility of cost pressures when productivity rises unevenly
across activities.

Demand evolves exogenously as determined by public policy. On the research
side, the government expresses demand only for solutions-oriented research. Research
demand (R,D ’ S) grows at rate gX and is split between pure and utilitarian knowledge

according to y/. Similarly, teaching demand (7,”) grows at rate g7 and is distributed

between solutions-oriented and non-solutions-oriented activities through y?.4
Actual teaching output (Tlgt) is constrained by both demand and production capac-

ity:

v
Tiji

Do, P,
= min[ 7,05 7,77 | (17)

4 Baseline Scenario: Results

We simulate the model over 2500 periods and 50 Monte Carlo runs. Baseline parameter
values are reported in Table 9. The time horizon is sufficient for the system to converge
to stable dynamic patterns. The artificial system counts a hundred of universities and a
public sector. Universities start as perfectly homogeneous: the heterogeneity emerges
when the model unfolds as outcome of interactions and different decision rules. Public

4 We should consider funding and demand as following different dynamics. The government funds research
and teaching regardless of the type of knowledge being produced. However, the demand concerns to the
third mission. It is worth noting that solutions-oriented knowledge can be both basic and applied. For
instance, US government agencies has funded a lot of research on science-based disciplines which were
mission-oriented since the postwar period. Funded research was not applied in character only (Mowery and
Rosenberg 1999). Quite the opposite, basic research was not financed less than applied research for several
decades. That basic research was nonetheless mission-oriented too (Borsato and Llerena 2025, 2026).
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funds are evenly spread between teaching and research, pure and utilitarian knowledge,
and solutions-oriented and non-solutions-oriented endeavour: as in Eq. (A1) in the
online Supplementary Material, the even allocation means that y/ = y7 = y¥ = 0.5.

The model is not calibrated to reproduce empirical magnitudes. Numerical results
should therefore be interpreted as analytical outcomes rather than forecasts. What
matters is the relative ordering of scenarios and the internal coherence of the mecha-
nisms generating these differences. Universities potentially compete in eight markets
(M}’), reflecting the 2 x 2 structure of research and teaching across knowledge type
and mission orientation. Aggregate statistics are reported by Market (see Table 1) and
by type of activity.

Table 2 and 10 report Monte Carlo average growth statistics for production, employ-
ment, and the inverse Herfindahl index by Market, as well as productivity and research
quality by type of activity and knowledge. Aggregate production corresponds to the
sum of research outputs (Eq. (2)) or teaching outputs (Eq. (17)) across universities.
Employment aggregates labour allocations across institutions. Market structure is mea-
sured by the inverse Herfindahl index (invH H ]’.’t), computed from the funding shares
in Eqgs. (13) and (14). This index ranges from one (monopoly) to N (equal distribu-
tion across universities). Research productivity and teaching productivity are weighted
averages of Eqgs. (5) and (10), respectively, with market shares as weights. Research
quality is the weighted average of Eq. (4). In the benchmark scenario, both research and
teaching outputs grow over time, reflecting the expansion of exogenous demand and the

Table 1 Simulated markets and real-world examples

Market University activity Examples

Market I (M, ,f ’ S) Solutions-oriented utilitarian research Land-grant colleges (US), National
Board for Industrial and Technical
Development (SWE), Fraunhofer

(GER)
Market IT (M Ilf ’ S) Solutions-oriented pure research Strategic Research Foundation
(SWE)
Market IIT Non-solutions-oriented utilitarian CNRS (FR), Research Council for
( Mf’N 5y research Engineering Sciences (SWE)
Market IV Non-solutions-oriented pure research Max Planck Institutes (GER), CNRS
R,NS
%) ER)
Market V (M, uT’ S) Solutions-oriented utilitarian teaching French HEC and Polytechniques,
any Humboldt university
Market VI (M};’ S) Solutions-oriented pure teaching French EHESS, any Humboldt
university
Market VII Non-solutions-oriented utilitarian French Ecole Normale, any
( MMT’ NS ) teaching Humboldt university
Market VIII Non-solutions-oriented pure teaching Any Humboldt University, Cardinal
(ng NS) Newman'’s (UK)
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funding allocation rules. Differences across markets emerge endogenously from labour
reallocation and the replicator dynamics governing funding shares (Eqgs. (13)—(14)).
Non-solutions-oriented research displays higher output levels, primarily due to labour
reallocation toward activities not directly constrained by demand. This mechanism
increases effective research capacity and raises the probability of additional contribu-
tions to knowledge (Eq. (1)). Indeed, the labour-market reallocation of excess labour
allows universities to push research capacity ahead such that the probability of further
contributions to the literature enhances.

Research and teaching productivity both increase on average, but follow differ-
ent dynamic patterns. Research productivity initially grows due to improvements in
average research quality (Eqgs. (3)—(5)), but eventually stabilises as knowledge accu-
mulation reduces the marginal contribution of new outputs. Teaching productivity,
by contrast, grows persistently through the cumulative learning-by-doing mechanism
embedded in Eq. (10). This closed feedback structure generates sustained improve-
ments as long as teaching activity expands.

The inverse Herfindahl index highlights the emergence of market concentration
through the replicator dynamics (Eqs. (13)—(14)). Teaching markets converge rapidly
toward monopolistic structures, whereas research markets display persistent leadership
turnover. The divergence stems from the different feedback mechanisms embedded in
the model. Teaching productivity evolves through a closed cumulative process driven
by learning-by-doing (Eq. (10)). Productivity gains depend primarily on internal past
activity, generating a strong self-reinforcing dynamic: early advantages translate into
higher productivity, stronger reputation, expanding funding shares, and further oppor-
tunities to accumulate experience. This cumulative causation progressively locks the
teaching market into a concentrated structure consistent with a Schumpeter Mark
IT regime.’ Research markets, by contrast, follow a different trajectory. Research
productivity (Eq. (5)) depends not only on internal effort but also on absorptive capac-
ity and the quasi-public nature of knowledge (Eqs. (6)—(7)). Advances by leading
universities expand the common knowledge frontier, which lagging institutions can
partially assimilate. This mechanism counteracts permanent incumbency advantages
and allows recurrent leap-frogging in market leadership. As a result, research markets
display waves of temporary dominance rather than stable monopoly, consistent with
a Schumpeter Mark I regime.® Importantly, these regimes are not imposed ex ante
through behavioural assumptions, but arise from the structural asymmetry between
cumulative internal learning and quasi-public knowledge spillovers (see the dynamics
of the market shares in Fig. 2).

To assess the robustness of the cumulative mechanism in teaching markets, we
conduct a sensitivity analysis on the parameter A, which governs the strength of com-
plementarity between research and teaching (Eq. (10)). Results are reported in Table S4
and Fig. S4 in the online Supplementary Material. For A > 0, the qualitative structure
of the teaching market remains unchanged. The learning-by-doing mechanism con-
tinues to generate cumulative productivity advantages for early leading universities,

5 Under the Mark I regime, innovative activities are significantly more cumulative and largely driven by
a few incumbent agents that emerge as serial innovators (Malerba and Orsenigo 1995, 1996; Dosi 2023).

6 The Mark I regime is characterised by recurrent entry, leap-frogging, and relatively low cumulative
persistence of leadership at the organisational level (Malerba and Orsenigo 1996; Dosi 2023).
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ultimately driving the system toward a concentrated Mark II configuration. Lower
values of A delay the emergence of dominance but do not alter its long-run existence.
Only when A = 0 does the cumulative mechanism disappear. In that case, teaching
productivity no longer benefits from past activity, and the market remains structurally
competitive. While variations in X affect the timing and speed of concentration, they
do not modify the underlying feedback logic embedded in Eq. (10). This confirms that
concentration in teaching markets is a structural outcome of cumulative productivity
dynamics rather than a parameter-specific artefact. We also suggest that the reinforce-
ment mechanism typical of any Schumpeter Mark II behaviour is further strengthened
by a cost disease (Baumol 1967). Indeed, the wage rate (see Eq. (16)) is uniform
across institutions and grows following aggregate productivity growth. This means
that universities with below-average productivity growth suffer from an increase in
labour cost which is only partially offset by productivity improvements. This further
complicates their ability to satisfy demand (see Sect. S1.3 in the online Supplementary
Material). The reduced reputation fosters the emergence of a market leader.

To summarise, Fig. 4 illustrates the distribution of universities across the three
structural dimensions of the model, type of knowledge, commitment to research ver-
sus teaching, and mission orientation, at selected simulation periods. Over most of the
simulation horizon, the distribution stabilises around persistent configurations shaped
by the cumulative and competitive mechanisms described above. In later periods, slight
discontinuities emerge, reflecting shifts in market concentration and resource alloca-
tion. While the majority of universities remain active in solutions-oriented knowledge
provision, the internal composition of activities adjusts endogenously in response to
evolving funding shares and productivity dynamics. The benchmark thus provides a
coherent baseline against which to evaluate policy changes. We now turn to experi-
ments that modify government preferences in the direction (parameters y/, y7, yV)

and the amount (parameters g¢*, g7, g®) of public funds. We describe these experi-
ments in the next Sections.

5 On Prince’s Preferences

We exploit the model to examine how alternative configurations of Prince’s prefer-
ences shape university evolution and patterns of specialisation. Our analysis does not
follow a comparative statics logic typical of policy evaluation exercises in agent-based
macroeconomics (Dawid and Delli Gatti 2018). Rather than measuring deviations from
a normative benchmark, we explore how different institutional parametrisations gen-
erate distinct structural outcomes. Results are reported in Tables 3, 4 and 5, while the
distribution of universities across activities under each configuration is illustrated in
Figs. S1-S3 in the online Supplementary Material,” To facilitate comparability across
configurations characterised by different dynamic regimes, outcomes are presented in
log-differences. This approach is consistent with institutional comparative exercises

7 The Supplementary Material also provides additional details on the implementation of the experiments
and further robustness checks. Additionally, whenever a Figure in the main manuscript is indexed by an §
it means the Figure is in the online Supplementary Material.
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Fig. 2 Universities’ market shares. Note: the Figure represents the evolution of universities’ market shares
as described in Eqgs. (13) and (14). We recall the content of Table 1: Market I (solutions-oriented utilitar-
ian research); Market II (solutions-oriented pure research); Market III (non-solutions-oriented utilitarian
research); Market IV (non-solutions-oriented pure research); Market V (solutions-oriented utilitarian teach-
ing); Market VI (solutions-oriented pure teaching); Market VII (non-solutions-oriented utilitarian teaching);
Market VIII (non-solutions-oriented pure teaching). Plots refer to a representative MC simulation
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and parameter-space explorations common in evolutionary modelling (Ciarli et al.
2019), where the focus lies on emergent structural patterns rather than on estimating
the magnitude of policy deviations.

We study the preferences of the public sector through three policy parameters.
First, changes in y/ denote increasing priority for utilitarian knowledge, reaching its

maximum when the parameter equals 1 (Table 3, Fig. S1). Secondly, y T reallocates
public funds between research and teaching, with a unit value indicating full priority
to teaching activities (Table 4, Fig. S2). Finally, y" captures the orientation toward
mission-driven programs, where a unit value corresponds to full priority to solutions-
oriented activities (Table 5, Fig. S3).

Since all tables report log-differences between average experimental values and the
corresponding baseline averages for key variables, a negative value indicates lower
average growth relative to the baseline configuration, while positive values indicate
higher average growth. Log-differences are zero under the baseline parameter setting.
The only exception is the inverse Herfindahl index, which is reported in absolute values
given its bounded nature between 1 and N

Shifting funding priorities across pure and utilitarian knowledge (/) generates non-
linear effects on aggregate production and employment. Extreme allocations toward
either pure or utilitarian knowledge are associated with lower average growth relative
to the baseline configuration, while intermediate allocations yield stronger aggregate
performance, consistent with an inverted-U pattern (Table 3). This outcome can be
traced to the interaction between funding concentration and the replicator dynamics
(Egs. (13)-(14)). As yj approaches its extremes, resources concentrate in a smaller
subset of universities, as reflected in the inverse Herfindahl index. Fewer institutions
contribute actively to research production, reducing the breadth of knowledge cre-
ation within the system. This mechanism resonates with the resource concentration
dynamics discussed by Geuna (2001). In the model, stronger concentration reduces
contributions to the common knowledge stock (Eq. (6)) and weakens absorptive capac-
ity (Eq. (7)). As a result, cumulative productivity growth declines when funding
becomes excessively polarised across knowledge types.

Variations in y/ do not fundamentally alter the structural configuration of teach-
ing markets, where concentration persists due to the cumulative learning-by-doing
mechanism in Eq. (10). However, extreme reallocations indirectly affect teaching per-
formance through their impact on research dynamics and knowledge accumulation,
thereby weakening aggregate production and employment growth.

Overall, the results highlight the structural complementarity between pure and util-
itarian knowledge. Intermediate allocations are associated with broader participation
in knowledge production and stronger interaction across research types.’

We observe a distinct pattern when varying y7 (Table 4, Fig. S2). Moving y 7
toward its lower boundary (full priority to research) or toward its upper boundary

8 The inverse Herfindahl index being defined between 1 and N a presentation in log-differences would
distort interpretation.

9 This complementarity echoes historical patterns observed in postwar US science policy, where federal
funding supported both basic and applied research in parallel (Mowery 1995).
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(full priority to teaching) reorients the system toward a teaching-dominant configu-
ration. In both cases, research growth does not improve and may weaken relative to
intermediate allocations. Market structures remain qualitatively unchanged: research
markets continue to exhibit leadership turnover, whereas teaching markets converge
toward monopolistic structures due to the cumulative learning-by-doing mechanism
in Eq. (10). Extreme prioritisation of teaching reinforces internal cumulative dynam-
ics within leading universities. As teaching productivity evolves through idiosyncratic
experience accumulation, institutions that receive larger funding shares strengthen
their position over time.

However, unlike research, teaching productivity does not depend on spillovers from
acommon knowledge stock. Consequently, concentration in teaching markets does not
generate system-wide feedback effects. This asymmetry between private cumulative
gains and limited inter-university spillovers is consistent with the resource concen-
tration mechanisms discussed by Geuna (2001). In the model, amplified teaching
advantages remain largely confined within dominant institutions and do not propagate
through network-wide productivity dynamics. Moreover, extreme teaching-oriented
allocations reduce the scale of research activity and thereby weaken the complemen-
tarities embedded in Egs. (10) and (5). When research effort contracts, the contribution
of research-driven productivity improvements to teaching also diminishes, moderating
long-run aggregate growth.

These dynamics provide a structural interpretation of institutional configurations
historically associated with different national systems. Empirical studies emphasise
the role of research-intensive universities in sustaining scientific leadership in the
United States (Borsato and Llerena 2025, 2026; Dosi et al. 2006; Mowery and Sampat
2004; Rodriguez-Navarro and Narin 2018). While Humboldt-inspired complementar-
ities between research and teaching originated in Europe, institutional arrangements
that maintain strong integration between the two functions are associated, within
the model, with more sustained productivity dynamics. Conversely, systems where
research and teaching are institutionally separated, such as those involving specialised
public research organisations (e.g., CNRS or Max Planck Institutes), exhibit different
structural trade-offs (Chesnais 1993; Keck 1993). Within our framework, separating
these functions reduces the strength of complementarities and alters long-run growth
patterns without necessarily improving aggregate outcomes.

We finally consider variations in y¥, which reallocate public funds between
solutions-oriented and non-solutions-oriented activities (Table 5, Fig. S3). Increas-
ing y? strengthens the weight of demand satisfaction in the reputation mechanism
(Egs. (11)—(12)), thereby intensifying selection pressures in mission-oriented markets.
As yV approaches its upper bound, universities compete more aggressively to satisfy
publicly defined research and teaching demand. This strengthens short-run alignment
with policy targets but also increases concentration through the replicator dynamics
(Egs. (13)—(14)). Fewer universities remain active contributors in mission-oriented
markets, while non-solutions-oriented activities contract. This shift modifies the com-
position of the knowledge stock (Eq. (6)). When a larger share of resources is tied to
targeted demand, exploratory research activities diminish. Although targeted produc-
tion may initially expand, the reduced diversity of knowledge accumulation weakens
absorptive capacity (Eq. (7)) over time. Consequently, aggregate productivity growth
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does not monotonically increase with stronger mission orientation. Conversely, when
yV approaches zero, demand-driven incentives weaken and universities rely predom-
inantly on productivity-based reputation. While this configuration sustains broader
participation in research markets, alignment with policy-defined societal objectives
becomes less pronounced.

Overall, the simulations suggest that extreme mission-oriented allocations alter the
balance between directed and exploratory knowledge production, reshaping concen-
tration patterns and long-run growth trajectories without generating uniformly superior
aggregate outcomes.

To conclude this battery of experiments, the simulations reveal strong interdepen-
dencies between teaching and research specialization. Concentration in one domain
systematically reshapes labour allocation and strategic positioning in the other. When
teaching markets become highly concentrated under extreme y 7 allocations, univer-
sities that lose teaching shares tend to reallocate labour toward research activities,
effectively re-specializing as research-intensive institutions. This adaptive behaviour
emerges endogenously from the model’s feedback structure: effort is redirected toward
activities where cumulative knowledge, absorptive capacity, and competitive oppor-
tunities sustain productivity growth. These dynamics are visible in Fig. 4, which
shows convergence toward higher research commitment among institutions that lag
in teaching markets. Extreme concentration in one activity therefore does not merely
reduce output in that domain; it alters specialization trajectories across the system. The
resulting configuration reflects endogenous adjustments to selective pressures rather
than exogenous design. This mechanism complements the unintended-consequence
dynamics discussed by Archibugi and Filippetti (2018) and Geuna (2001). In the
model, policy-induced concentration propagates through labour reallocation and
knowledge accumulation channels, generating cascading adjustments in specializa-
tion patterns and altering the structural configuration of the university system over
time.

6 On the Role of Funding and Demand Growth

A second battery of experiments investigates the dynamics of the model for different
growth rates of public funds and demand. Notably, the growth rate of public funds
(see Eq. (15)) has two components, one of which is exogenous and dependent on pol-
icymaking. Likewise, the growth rates of demand concern to teaching (see Eq. (A13))
regardless orientation, and to solutions-oriented research (see Eq. (A16)). Teaching
demand growth can be interpreted as reflecting exogenous demographic or institu-
tional pressures, while growth in solutions-oriented research demand captures shifts
in publicly defined priorities.

We discuss the impact of exogenous growth in public funds in Table 6 and Fig. S4.
An increase in the exogenous component of public funding growth primarily expands
teaching-related markets. The performance in terms of production and employment
considerably improves with respect to the baseline as long as the exogenous growth
rate goes up. Corresponding rises in teaching productivity and employment go hand
in hand with output performance. As expected, we observe no impact on the market

@ Springer
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structure at all. The learning-by-doing mechanism that shapes teaching productivity
always acts as a powerful catalyst for absolute advantages. Such a behaviour does not
reverse even if the corresponding performance in the research-related markets does not
fare as good as in the baseline. Under the benchmark parametrisation, research markets
display higher average performance relative to scenarios with stronger exogenous
funding growth. The quality of research and, hence, productivity also suffer from this
dynamic.

This outcome is consistent with a Baumol-type cost mechanism already embedded
in the model. The system-level wage rate (see Eq. (16)) takes into account both research
and teaching productivity growth. Since the latter hikes considerably, it becomes a bur-
den to research performers. The monopolistic structure typical of any market makes
most universities specialise as research producers. However, they keep on facing
increasing unit labour costs that curb their hiring capabilities. Therefore, the aver-
age university size decreases and this explains the worsened research performance in
the several respects. This mechanism introduces a cross-activity externality: produc-
tivity gains in teaching raise system-wide wages, thereby compressing margins for
research-intensive institutions

The inspection of Fig. S4 reveals further detail. As long as exogenous growth
soars, universities specialise in commitment and third mission but not in the type of
knowledge. Leaders in the teaching markets do not look very involved in the research
enterprise and they are on average much bigger than research counterparts. Their struc-
tural features resemble specialised teaching-oriented institutions observed in certain
national systems. Conversely, research performers are usually very small institutes
whose research endeavour spans in the continuum from basic to applied science.

We suggest similar interpretations out of Table 7 and Fig. S5. The higher demo-
graphic pressure with progressive increases from 1 to 10% growth has strong and
positive impacts on the overall growth performance of teaching-related markets. The
Baumol’s cost disease still affects the research performance, although the teaching
growth is not effective in changing the market structure of research activities. In fact,
the similar average market dynamics help hide some trajectories at microeconomic
level.

All the experiments so far have often qualitatively changed the trajectories of uni-
versities and the corresponding distribution. Figure S5 shows this is not always the
case. Different growth rates for teaching demand are associated with a uniform location
of universities that bears resemblance with benchmark simulations. We have the two
leaders of teaching markets which together employ half of the aggregate labour force.
Moreover, we notice a third large institute which is specialised in projects evenly spread
between pure and utilitarian, solutions-oriented and non-solutions-oriented research.
This third university employs another fourth of the available workforce.!? Therefore,
variations in teaching demand growth do not substantially alter the qualitative special-
ization patterns observed under the benchmark configuration.

The last set of results is in Table 8 and Fig. S6 and regards an increase in government
demand for solutions-oriented research. All markets benefit from this engine but the
two markets of non-solutions-oriented research. Universities drive their labour force to

10 Related pictures are available on request.
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the pursuit of solutions-oriented research with aggregate improvements in production
and employment growth. Nonetheless, some universities start accumulating absolute
technological advantages that contribute to reducing the competitive pressure in all
the corresponding markets. Increased concentration is associated with lower research
quality and slower productivity growth. A diminished number of universities active in
the research enterprise lessens the pool of common knowledge out of which researchers
can draw to introduce further knowledge.!! Such negative outcomes are yet not present
in teaching markets. The increase in productivity growth via learning-by-doing helps
top institutions to keep on the pace set by aggregate demand such that they could
afford higher employment growth.

Interesting becomes the distribution of universities. Apart from the usual leaders in
the teaching markets, universities follow two distinct and established trajectories. On
the one hand, universities either conduct pure research or utilitarian research in toto.
On the other hand, they privilege mission-oriented activities.

To conclude these Sections, we remind that a stylised fact of several university
systems is the persistence in research and teaching performance of old, diversified
universities together with the emergence of new specialised actors. Then, the analy-
sis of a sequential entry of universities seems an interesting and realistic exercise to
perform. In the online Supplementary Material we extend the baseline setting with an
entry-exit mechanism. Introducing entry dynamics reveals that higher turnover and the
presence of innovative entrants are associated, within the model, with stronger aggre-
gate performance indicators. These effects are more pronounced when entrants display
higher innovative capabilities, which intensify competitive pressure and expand the
common knowledge base. Gathered these results, we draw implications for policy and
discuss the opened avenues for future research in the last Section.

7 Conclusions

The role of the university in society, its evolution across time and institutional contexts,
and its interaction with other socio-economic actors have long been central concerns in
economic analysis (Cowan et al. 2010). In this paper, we approached this broad debate
by conceptualising the university as an evolutionary organisation whose trajectories
emerge from the interplay between internal learning mechanisms and the institutional
environment in which it operates. Our objective was not to evaluate specific policy
interventions, but to investigate whether scientific and pedagogical trajectories can be
understood as endogenous outcomes of micro-dynamics shaped by funding rules and
demand structures.

To address this question, we developed an ABM that explicitly embeds complemen-
tarities and trade-offs between research and teaching under alternative public funding
configurations. Several general insights emerge from the analysis.

First, policies aimed at maximising performance in a specific domain do not neces-
sarily require maximising funds targeted at that domain. Because research and teaching

1 This reinforces the earlier finding that diversity of contributors is structurally linked to the cumulative
properties of the knowledge base.
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are technologically and organisationally interdependent, extreme specialisation may
undermine the very performance it intends to enhance. Across a wide range of sim-
ulations, more balanced allocations, reminiscent of Humboldtian complementarities,
tend to sustain stronger and more stable system-level outcomes.

Second, funding regimes that reduce competitive pressure in research markets
and concentrate resources on a narrow subset of institutions may weaken aggregate
research quality. As the number of active contributors shrinks, the common knowl-
edge base becomes thinner, limiting absorptive learning and the probability of further
discoveries. Concentration thus affects not only distributional patterns but also the
dynamic properties of the knowledge system.

Third, generalised increases in funding do not automatically translate into higher
long-run performance when allocation mechanisms reinforce incumbency advantages.
Without mechanisms that preserve diversity and entry, additional resources may coex-
ist with stronger concentration and weaker cumulative learning dynamics.

Fourth, the interaction between uniform wage dynamics and heterogeneous pro-
ductivity growth generates a Baumol-disease mechanism within the academic system.
Institutions experiencing below-average productivity growth face rising labour costs
that are only partially offset by internal improvements, thereby reinforcing divergence
across universities.

These findings are consistent with interpretations of scientific leadership that
emphasise complementarities between research and teaching (Dosi et al. 2006; Mow-
ery and Sampat 2004). While Humboldt-like configurations originated in Europe,
certain institutional environments have proven more capable of sustaining organ-
isational arrangements that preserve such complementarities (Borsato and Llerena
2025, 2026; Rodriguez-Navarro and Narin 2018). Rather than endorsing any partic-
ular national model, our results suggest that institutional systems able to maintain
competition, diversity, and cross-activity complementarities exhibit greater structural
resilience.

The analysis is necessarily stylised and therefore subject to limitations. The
third mission is modelled as government demand for solutions-oriented knowledge,
abstracting from the broader spectrum of contemporary university-industry-society
interactions. Future research could extend the framework to incorporate private fund-
ing sources (Borsato and Llerena 2026; Gulbrandsen and Smeby 2005; Muscio et al.
2013), alternative governance structures for knowledge-transfer activities (Perkmann
et al. 2013; Audretsch 2014), and the evolving civic engagement dimension of uni-
versities, including the role of social sciences and humanities (Dobson and Ferrari
2023; Goddard et al. 2016). Moreover, the present framework abstracts from individ-
ual scientist careers. Modelling scientists as mobile agents accumulating competencies
across institutions (Borsato and Lorentz 2023; Almudi et al. 2012) would allow the
joint evolution of organisational and individual trajectories to be analysed, potentially
reshaping the interaction between funding rules and knowledge dynamics.

Finally, our allocation mechanism is reputation-based. Exploring alternative selec-
tion rules, e.g., mechanisms designed to sustain smaller institutions or foster entry,
may alter the balance between concentration and diversity. Investigating these alter-
native institutional designs represents a promising avenue for further theoretical and
empirical work.
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Overall, the paper contributes to the understanding of universities as evolving organ-
isations whose long-run trajectories depend not only on the quantity of resources
available, but on the structural configuration of funding rules and the feedback mech-
anisms they generate. Institutional design shapes not merely resource allocation, but
the evolutionary architecture of knowledge production.

Appendix A. Baseline Scenario: Further Details

See Tables 9 and 10, Figs. 3 and 4.

Table 9 Parameter list

T Time 2500
N University 100
MC Monte Carlo runs 50
ck Capital-labour ratio in research 1

cT Capital-labour ratio in teaching 1

g Exogenous growth component in public funding 0.05
gR Growth rate for solution-oriented research demand 0.01
g7 Growth rate of teaching demand 0.01
uR Desired share of research idle capacity 0.1
ul Desired share of teaching idle capacity 0.1
yj Preferences for utilitarian knowledge 0.5
yT Preferences for teaching 0.5
yv Preferences for solutions 0.5
8o Parameter in capital-depreciation schedule 0.1
€0 Probability sensitivity to research capacity 0.3
€] Support of Beta distribution -0.5
€ Support of Beta distribution 2

n Share of net excess labour to non-solution-oriented research 0.5
[20) Weight in the aggregate growth rate of public funds 0.5
01 Reputation sensitivity to demand fulfilment 0.05
t Parameter in desired teaching and research capacity 0.25
A Parameter in teaching productivity 0.3
b0 Sensitivity of university capability to stock of knowledge 0.001
o Sensitivity of market share to reputation 0.2
W Parameter in the wage equation 0.7
w] Parameter in the wage equation 0.5
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Fig. 3 Average quality growth from a representative MC simulation
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Fig. 4 The distribution of universities in the baseline scenario. Note: For selected time periods and parameter
values, these violin plots represent the distribution of universities across type of knowledge being produced,
commitment to teaching and research activities, and third mission. The type of knowledge measures the
share of utilitarian knowledge produced in total research; the commitment refers to the share of labour time
pursuing research vis-a-vis teaching; the third mission denotes the share of mission-oriented funds that a
university obtains out of total funding. The white dot points to the median of the distribution, the straight
line is about the interquartile range while the humps refer to the density of the distribution. Plots refer to a
representative MC simulation
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