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The geography of technological
innovation dynamics

Matteo Straccamore?3*, Vittorio Loreto?3° & Pietro Gravino%3*

Cities and metropolitan areas are major drivers of creativity and innovation in all possible sectors:
scientific, technological, social, artistic, etc. The critical concentration and proximity of diverse
mindsets and opportunities, supported by efficient infrastructures, enable new technologies and
ideas to emerge, thrive, and trigger further innovation. Though this pattern seems well established,
geography’s role in the emergence and diffusion of new technologies still needs to be clarified. An
additional important question concerns the identification of the technological innovation pathways
of metropolitan areas. Here, we explore the factors that influence the spread of technology among
metropolitan areas worldwide and how geography and political borders impact this process.

Our evidence suggests that political geography has been highly important for the diffusion of
technological innovation till around two decades ago, slowly declining afterwards in favour of a more
global patenting ecosystem. Further, the visualisation of the evolution of countries and metropolitan
areas in a 2d space of competitiveness and diversification reveals the existence of two main
technological innovation pathways, discriminating between different strategies towards progress.
Our work provides insights for policymakers seeking to promote economic growth and technological
advancement through tailored investments in prioritarian technological innovation areas.

In our increasingly interconnected world, diffusion processes play a crucial role in determining the evolution
of our societies. For this reason, a well-established and growing literature is focusing on studying the different
instances of the phenomenon, from information diffusion in social networks'? to the spreading of diseases®=°.
Particular attention converged on the diffusion of innovations®” and technologies®'°. The adoption of patent
data to monitor technological innovation is well established!!"1°. For the past few decades, patent data have
become a workhorse for the literature on technical change, due mainly to the growing availability of data about
patent documents'. This ever-increasing data availability (e.g., PATSTAT, REGPAT and Google Patents'®) has
facilitated and prompted researchers worldwide to investigate various questions regarding the patenting activ-
ity. For example, on the nature of inventions, their network structure, and their role in explaining technological
change'*'%'7. One of the characteristics of patent documents is the presence of codes associated with the claims
in patent applications. These codes mark the boundaries of the commercial exclusion rights demanded by inven-
tors. Claims are classified based on the technological areas they impact, according to existing classifications (e.g.,
the IPC classification'®), to allow the evaluation by patent offices. Mapping claims to classification codes allows
localizing patents and patent applications within the technology “semantic” space®.

In addition to the semantic space defined through technological codes, patents and technological innovation
live in a physical space. It is known, for instance, the role that cities and metropolitan areas play in fostering
creativity and innovation. Thanks to a critical concentration and proximity of diverse mindsets and opportunities,
urban infrastructures enable new technologies and ideas to emerge, thrive, and trigger further innovation. Still,
more is needed to know about the interplay between geography’s role and the innovation processes’ semantics.
Technological innovation diffusion processes take place, in fact, in a geographical layer that still needs to be
studied, both from the physical and political points of view.

However, it is essential to highlight that the only use of patents as a proxy for innovation® could be restric-
tive. Inventions do not represent all forms of knowledge production in the economy, nor do patents cover all
generated knowledge?', and assessing their value is not always straightforward?. In addition to technologi-
cal innovation and patents, several studies identify other aspects of innovation. Rutten® identifies four cross-
case mechanisms that explain regional innovation: diversity, cosmopolitan environment, technology transfer,
and creativity. Also, Filippopoulos et al.>* examine regional innovation in Europe, and they identify various
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mechanisms that contribute to regional innovation: business and public sector R &D, proximity to external R
&D, collaboration networks, tolerance, inclusion, and human capital. Moreover, they show how technological
innovation only appears in more developed regions that present business R &D, internal R &D competence,
and tolerance/inclusion, with potential support from public R &D. Still, both studies highlight technological
innovation as one of the most important aspects of innovation. In this study, we decided to focus on developed
metropolitan areas for which technological innovation is a key driver of innovation.

Cities and metropolitan areas (MAs) appear thus as the right level to investigate the role of geography in
innovation processes. To date, approximately 55% of the global population lives in urban areas, which represent
the core of innovation*>?%, economy?’, science?, and much more. According to a report by the World Bank?, MAs
generate about 80% of global GDP. They attract businesses and industries, creating jobs and driving innovation®
also, from an environmental perspective, MAs can be more sustainable than rural areas due to their greater effi-
ciency in resource use and transportation’!. For all these reasons, we focus on metropolitan areas as the smallest
geographical entities, after countries and regions, essential for economic growth and development. However,
authors such as Shearmur™ criticise that innovation is intimately tied to cities and clusters of economic activity.
In his words, “The geography of innovation- as an area of study-does not seriously examine innovation by isolated
firms or in remote areas, which it considers atypical.” He argues that the evidence upon which this assumption is
based is biased toward identifying innovation in clusters and urban areas, and that innovation theory contributes
to this bias. Though we agree that non-urban areas could be relevant in boosting innovation, here we limit our
analysis to developed metropolitan areas with intense patenting activity.

Many recent studies have relied on network-based techniques to unfold the complex interplay among patents,
technological codes, and geographical reference areas. We decided to use the framework of bipartite networks®?,
which are suitable whenever systems involve interactions between pairs of entities. For example, in ecology,
interactions between two types of species can be described using bipartite networks, such as plant-pollina-
tor networks® or seed-disperser networks®. Bipartite networks are also used in social®®, economic®-%, and
biological* systems.

With the tools described above and a specific focus on metropolitan areas, this paper investigates the factors
that influence the spread of technology among metropolitan areas worldwide and how geography and political
borders impact this process. We reveal that the current technological innovation pathways can be effectively
predicted if one considers a non-trivial interplay between, on the one hand, the similarity between the techno-
logical content of cities and, crucially, belonging to the same country. In particular, our evidence suggests that
political geography has been highly important for the diffusion of patenting till around two decades ago, slowly
declining afterwards in favour of a more global technological innovation ecosystem. To this end, we improved
current similarity-based prediction algorithms, i.e., algorithms based on the principle that the more two MAs are
technologically similar, the higher the probability they will accomplish similar evolutionary technological paths.
In particular, the improvement is substantial to forecast the so-called MAs technical “debut’, i.e., the first-ever
patent produced by an MA with a given technological code, where current models cannot formulate predictions.

We further visualise the evolution of countries and metropolitan areas in a two-dimensional space of competi-
tiveness and diversification. To this end, we adopted the UMAP dimensionality reduction algorithm*' to visualise
the different technological paths of countries and MAs. We discover the existence of two main technological
innovation pathways, discriminating between different strategies towards progress. For instance, “Western”
countries and BRICS (Brazil, Russia, India, China, South Africa) countries follow very different routes in this
space, which we can define in terms of distinctive technological traits.

The paper is organised as follows. Section “Data” describes the data used in this work. In sSection “Methods”,
we introduce the methodologies used in our work, explaining the details of the similarity measures and testing
procedures adopted. In section “Results”, we present the results discussing the relevance of political geography,
i.e., belonging to the same country, to obtain better predictive results, in particular, to predict the emergence of
a brand-new technology in the portfolio of a given MA. We also display the technological innovation pathways
of countries and MAs. Finally, in section “Discussion’, we summarise the main results and highlight the hints
the present work can give to future works addressing the questions arising from this study.

Data

Technology Codes and Metropolitan Areas (MAs)

We adopt the PATSTAT database (www.epo.org/searching-for-patents/business/patstat) to provide information
about patents and technology codes. The database contains approximately 100 million patents registered in about
100 Patent Offices. Each patent is associated with a code that uniquely identifies the patent and a certain number
of associated technology codes. The WIPO (World International Patent Office) uses the IPC (International Patent
Classification) standard'® to assign technology codes to each patent. IPC codes make a hierarchical classification
based on six levels called digits, which give progressively more details about the technology used. The first digit
represents the macro category. For instance, the code Cxxxxx corresponds to the macro category “Chemistry;
Metallurgy” and Hxxxxx to the macro category “Electricity”. Considering the subsequent digits, we have, for
instance, with CO1xxx, the class “Inorganic Chemistry” and with C07xxx the class “Organic Chemistry”.

For the metropolitan areas (MAs), we adopted a database (see next section) to match the unique patent
identifier and its technology code to the corresponding MA. To geolocalise the patents, we adopted the De
Rassenfosse et al. database that contains entries on 18.9 million patents from 1980 to 2014. This is the first
dataset about first filing applications from around the world, organised according to the location of applicants,
i.e., companies or laboratories. This information helps study the geography of technological innovation and
understand the spatial distribution of patented inventions. The geolocalisation is performed by linking the
postal codes of applicant addresses to latitude and longitude and, as a result, to countries, regions, and MAs.
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The database contains information about the first application and assigns multiple technology codes to patents
with more than one. The data is sourced from PATSTAT, WIPO, REGPAT, and the Japanese, Chinese, German,
French, and British patent offices. Finally, each patent has unique identifiers, technology codes, and geographical
coordinates (latitude and longitude). More information about De Rassenfosse et al. and PATSTAT database can
be found in the Supplementary Information.

Data Preparation

To clean the data, the first step consists of associating the technology codes of a patent with a specific MA by
matching latitude and longitude information for each patent with the MAs borders obtained by the Global
Human Settlement Layer*’. This way, we can select the patents within each MA’s boundaries with their technol-
ogy codes. Once this operation is completed, it is possible to build, year by year, the bipartite network that links
MAs to technolog}r codes. We represent the bipartite networks through bi-adjacency rectangular matrices V
whose elements V7 , are integers indicating how many times a technology code t appeared in different patents
in a given MA a in year y.

Our network features 2865 MAs connected to 650 4-digit technology codes. We decided to work with four
digits instead of more or less because with the 4-digit we can have a technological resolution such that these are
neither too similar nor too far apart. With more digits, we would have trivial results: for example, the 4-digit code
A01C (Planting; Sowing; Fertilising) contains codes A01C-15 (Fertiliser distributors) and A01C-21 (Methods
of fertilising). With fewer digits, we would have the opposite problem. In addition, multiple digits would have
inherent problems with the PATSTAT database due to changes in database versions. Over time, new codes are
born, or others are removed. The 4-digit choice appears as the most stable.

Our networks are represented by a set of matrices V” for each year, y, from 1980 to 2010. Each year y matrix
element V?, counts how many times, in the year y, the technology ¢ appears in the MA a. Finally, we binarise the
matrices V simply using 0 as a threshold to obtain 30 M” matrices:

1if V2, #0
M’Vz at
at {Oif V=0

We decided to apply this binarisation procedure instead of the standard approaches like Revealed Comparative
Advantage (RCA)* because we are interested to know which MA is adopting a given technology for the first time.

Methods

Similarity measures

By the term Similarity, we mean a measure of closeness between nodes in the same layer. In previous studies**~¥,
the similarity in the layer of items was used to study how an element of the layer of users may evolve in the future.
For example, in*, the similarity between technologies was used to predict the future technology production of
firms. In**¥’, the similarity between products was used to predict countries’ future product exportation competi-
tiveness. We can apply the general similarity measure defined in literature*® to our MA-technology networks as:

Y af)
By = g 2 1)
tt N1 N2 >

in the case of technology similarity (between items), or

$=LZ%M@ 2)
N <~ N

in the case of similarity of MAs (between users). Here, N7 and N, are two parameters through which it is possible

to define several types of similarity.

The simplest type is called co-occurrence®®, and it is defined putting N; = N, = 1. Given two nodes of the
same layer, this measure counts how many common neighbour nodes they have in the other layer. In our case,
we measure how many MAs do the technology t and ¢’ in the same year or how many technologies are done by
both MAs, a and d’, in the same year. However, different similarity measures can be found in the literature based
on the value given to Ny and N,. We define by d, = >, M, the diversification of the MA g, i.e., the number of
technologies done by a, and by u; = ", M, the ubiquity of technology t, i.e., the number of MAs active in that
technology sector. Among the broadest similarity measures used are:

e Technology Space (TS). This similarity is based on the Product Space of** and it has N; = max(u, uy) and
N, = 1(or Ny = max(d,, dy) and N, = 1in the MA layer). Using this type of normalisation, one gives a
lower connection weight to those technologies done by many MAs;

e Resource Allocation (RA)*. This similarity is obtained with N; = 1and N, = d,; (N} = land N, = u; for
MA layer). It is used to modulate the contributions of common neighbours with high degrees. If a MA has
high diversification, RA will penalise the link between its technologies, given the triviality of their link. If
the MA makes all the technologies, it is a given that each technology is linked with all the others.;

e Taxonomy (TAX). For this similarity N; = max (us, up) and N = d,; (N1 = max(d,, dy) and Ny = u; for
the MA layer). The Technology Space gives a higher similarity score to technology with a low ubiquity (i.e.,
technology done by a few MAs) and, consequently, bias towards them. However, the idea is that these com-
plex technologies are done by MAs (a few numbers) that do approximately all the others. Consequently, it
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is impossible to justify a city’s path from non-complex technologies to complex ones. Normalising also for
the diversification, we avoid this problem as we penalise low ubiquity scores and complex technologies are
weighted more.

Following Hidalgo et al.**, we define the quantities:
e — 2o MarBur WMA = 20 MatBaw 3)
“ Zt’ By o Za’ Baa
o’ measures how much the technologies done by the MA a are similar to the technology t. /% is thus high if MA

a develops technologies close to the technology t w4, instead, measures how much a given technology tis spread
among MAs similar to the MA a. 04 is thus h1§h if technology t is spread among MAs surrounding MA A).

Given these definitions, we can use »'¢ (wM4) as a prediction score: the higher is »¢ (wM4), the higher the
probability that an MA a will start developlng the technology ¢.

Testing procedure

Given a matrix M”, one 0f our purposes is to predict the same matrix & years later, M**+3, The basic idea is that
higher values in ¢ or w4 will correspond to new technologies, i.e., more 1s, in M¥*, To this end, we have to
keep into account two elements

® (Class Imbalance. We are treating our problem as a classification one, i.e., we want to predict if an MA will
make or not a given technology. Class labels, in our case, are Os and 1s, but the number of elements equal to 1
is approximately only 5%. To treat this unbalance correctly, we adopted the Area Under the Precision-Recall
Curve’.

® Autocorrelation. With the term autocorrelation, we mean that if an MA does or does not do a given technol-
ogy in a specific year, with a high probability it will continue his current behaviour in the future. To avoid this
problem, the evaluation is performed only for activations events, i.e., events in which the technology is not
done in the year y and it is done at year y + §. This strategy allows the healing of autocorrelation problems.
Furthermore, it helps us study the diffusion of the technological process. We are more interested, in fact, in
understanding where a new technology will be triggered rather than knowing which ones will not.

Results

Predictions

Geographic proximity and country diffusion

We analyse technology code diffusion timing to study the role of physical and political geography in technologi-
cal innovation dynamics. Consider the MA where a specific technology code t first appears. We define the Mean
Time Distance as the average time distance between the first appearance of ¢ and its other first appearances in
other MAs. After averaging over all technologies, we aggregate this mean on different spatial distance ranges to
analyse the relationship with physical geography. On the other hand, to consider political geography, we calculate
the average on the subsets of MAs belonging or not to the same country. In Fig. 1, we report our analysis on the
Mean Time Distance.

Two important observations are in order. First, for the overall set of MAs, the Mean Time Distance increases
on average with the geographical distance, signalling an important role of geography in the diffusion of tech-
nological innovation. Second, the Mean Time Distance is always shorter for the subset of MAs belonging to the
same country, and it does not show a strong dependence from the spacial distance until the scale 10> Km. After
this scale, we see how a dependency from the spatial distance is stronger but more fluctuating (growing and then
decreasing). This evidence is probably due to the distribution of MAs’ distances, which are affected by seas and
oceans. In fact, until the scale 10> Km, the distribution of distances (presented in Supplementary Information)
follows a power law with exponent ~ 2, corresponding to an isotropic distribution in two dimensions. After that
scale, the seas and oceans break the isotropy assumption, making the distribution less predictable and ultimately
affecting Mean Time Distance. But also in this range, the MAs couples from the same country show a way lower
Mean Time distance. Therefore, we can consider political geography as predominant over physical geography
in the dynamics of technological innovation.

Role of countries: an improved model

In works concerning similarity and forecast on bipartite networks, it's common to compute the prediction using
the links between the items layer (technology codes, in our case), i.e., using /. However, mathematically, we
have seen that it is possible to calculate a similarity between the nodes of both layers, i.e., also considering w4
In the work of Albora et al.?2, the authors show how a mean between the two scores can outperform the standard
method. They also propose a linear combination of item-based and user-based estimations, showing how this
method outperforms the others. In our case, to get the prediction, we utilised this last method, computing a

linear combination of technology and MA densities instead:
Sy-'—(S = aw!® + B, (4)

where S, 79 i the forecast for the year y + . If we consider MAs with no patent in the year y, regardless of the
51m11ar1t1es used, the predictions obtained from w[* and w¥4 will always be zero by construction. This outcome is
due to the presence, in the rows of M matrices related to those MAs, of only 0s. Given the relevance of belonging
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Figure 1. Mean time distance (see the text for the definition) aggregated on different spatial distance ranges
belonging. The error for each beam is determined by calculating the mean standard deviation. Due to the
significant number of points per beam, the error is often not visually discernible in most plots. The blue

curve corresponds to the aggregation of all MAs. We observe the overall increase in the Mean Time Distance,
signalling an important role of geographical distances. Second, we split the set of MAs into two subsets of pairs
of MAs belonging (orange curve) or not (green curve) to the same country. The second important observation is
that belonging to the same country greatly reduces diffusion times.

to a country unveiled through our previous results, we included that information to predict when a given MA
will start patenting a specific technology for the first time. To this end, we define:

at_z atz Cuu (5)

where C,y = 1if a and a’ belong to the same country, 0 otherwise and ), C,q is the number of MAs in the same
country as a, inserted to avoid size effects. w, represents the average values of technologles done by the MAs of
a specific country. As explained in the Method section, the higher the value of @ is, the higher the probability
y+4
that MJ,"" = 1.
Our prediction model is thus a linear combination of the three previous contributions: technology similarity,
MA similarity and information on belonging to the same country:

S = @ + BMA + (1 — a — B (6)

Also in this case, the higher the value of Sm , the higher the probability to have M = 1. Because of the Auto-
correlation problem explained in the Method sectlon we decided to evaluate our predlctlons on the so-called
activation elements, i.e., the matrix elements M, = 0 and that in y + & could become 1.

In Fig. 2, we compare the prediction for § = 10 of the four metrics of similarity defined above. We also com-
pare our model (continue curves) and classic models, i.e., models using the items-items similarity /% (dotted
lines). We can see how our model curves outperform all the dotted ones. In Supplementary Information, we also
report the analysis done by usingé = land § = 5.

If we consider MA with no technologles in y, both /¢ and w4 are 0 by definition. In this case, the predic-
tions of our models are only due to ®$;, which represents the 1nﬂuence of countries.

In this specific case, we compared our results (Model) against a null model (Rand) and a model based on
the spatial distance (Dist) to validate our findings. The null model prediction for each MA is a redistribution
of the predicted technologies in the whole vector of the technological codes. If, for a given MA, we predict
(0,0, 1, 0), the null model would predict (0.25, 0.25, 0.25, 0.25). On the other hand, the spatial distance model
uses geodetic distances between MA as similarities. In Table 1, we compare, for different values of §, the models’
performances on technological debuts of MAs by summing the areas under the curves for all years. Our model,
informed on country membership, is the most successful in estimating future technologies made by an MA with
a null technology portfolio.

Model analysis

In this section, we analyse the behaviour of the best parameters w and 8 over the years. For each metric, we show
in Fig. 3a the optimal values of « and B over the years considering § = 10. In Supplementary Information, we
have reported the same analysis for § = 1and § = 5. In this figure, we can see a common trend. Both  and S
tend to stay constant till the end of the 90s. After that, their values tend to increase, as all four similarity metrics
predicted. This analysis is confirmed by the descending behaviour, in Fig. 3b, of the term1 — o — B, represent-
ing the importance of belonging to a country. These pieces of evidence suggest that political geography has been
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Figure 2. Performances of predictions models. Continue curves represent the prediction scores of our
improved model (Eq. 6) for the four similarity metrics defined in the text: TS, RA, TAX and CO. For
comparison, dotted curves report the same prediction scores of the classical model based on the item-item
similarity @’¢. Our improved model outperforms the classic approaches. Error ranges are obtained using a

5-fold cross-validation to select the best parameter values & and $ out-of-samples.

8 35 310
Model 0.075 0.094 0.138
Dist 0.052 0.079 0.102
Rand 0.017 0.032 0.076

Table 1. Models comparison. In the table, we compare, for different values of §, the values of the areas under
the curves of the predictions made on the MAs with zero technologies using the information belonging

to the same country, geographic distances, and the random case. The belonging to the same country is

the information that most successfully provides an estimate of future technologies made by an MA with 0
technology portfolio.

highly important for the diffusion of innovation till around two decades ago. After that, the evidence indicates
that the overall ecosystem of MAs became more global and based more on similarities between technologies and
MAs. At the beginning of our period of observation in our data, the country term1 — o — B has a positive con-
tribution, but around the end of the 90s] it tends to decrease and even becomes negative. We interpret this result
as a change in the dynamics of technological innovation in countries where the similarity between technologies
and MA starts to become more important than belonging to the country itself. This is likely because, instead of
following national trends, many MAs could have begun to copy MAs in other countries. This phenomenon can
be explained by the loosening of institutional barriers to international mobility, with a resulting globalisation of
labour markets. Thus, when we observe that the role that borders play is diminishing in the development and
diffusion of new technologies, this is mainly due to the erosion of institutional frictions that hinder international
connectivity> and the strengthening of global collaboration networks®!. Together with these mechanisms also the
general market globalisation plays a role. In fact, the enhancement of competitiveness to a global scale probably
creates collective dynamics, even when there is no cooperation but competition, instead. This will probably give
rise to innovation trends diffusing at the global scale. These considerations imply that the development of new
technology takes place simultaneously at the global level to win primacy in its production.
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Figure 3. Analysis of model optimal parameters with § = 10. (a) Optimal & and S over the years for different
similarity metrics. We can see how both started to increase around 2000. (b) The contribution of country
information over the years, estimated as1 — « — . We show how the contribution of country information is
positive in the early years, but around the late 90s; this tends to decrease and even become negative.

The paths to technological innovation

In this last section, we focus on technological innovation paths, i.e., the paths followed by countries and metro-
politan areas towards technological innovation. Though diversification is a good proxy for progress to technologi-
cal innovation, we need another metric to represent similarities between the countries’ development strategies.
We define, in particular, a metric that quantifies how competitive a country c is in a specific technology code
t in year y relative to other countries, based on the number of MAs in ¢ that patent with that technology code.
Similarly, we can quantify how competitive an MA a is compared to other MAs. For each country, we define
the following:

Q) = lle (7)

th/ Cw
Cct counts how many MAs in the country ¢ do the technology ¢, and C, is the number of MAs in the country
c. Cy¢ counts how many MAs are in the entire database patent with the technology code ¢, and C,, is the total
number of MAs. Therefore, G, measures the fraction of MAs in ¢ that do the technology t compared to the entire
word for the year y. We define with G/ the vector that represents the average of G, over all technologies t, and it
represents the competitive position of the country ¢ for the year y. Similarly, for each MA, we define the following:

Maces
Gy — aec, 4 8
= Ca/Ce ®

and, similarly, G}, is the average of G, over all technologies t and it represents the competitive position of MA
a for the year y. For every year, G, and G, are vectors with 650 entries, corresponding to the total number of
technologies. Using UMAP, we reduced the dimensionality to one and defined the similarity embedding. We
found that this embedding is strongly anti-correlated with the modules of G, and G, (see the Supplementary
Information for further information). This evidence implies that the lower the similarity embedding, the higher
the competitiveness of countries or MAs. We can thus use the similarity embedding as a reverse measure of
competitiveness and plot the time evolution of each country and each MA in a two-dimensional scatter plot
determined by the two quantities: similarity embedding (a reverse proxy for competitiveness) and diversifica-
tion. We report the results in Fig. 4 for countries and Fig. 5 for metropolitan areas. Each point on the two plots
is a pair country/year and MA/year.

We have highlighted the paths over time, followed by a selection of countries and MAs. Two typical patterns
emerge that we denote as the “upper” path and the “lower” path. This pattern is particularly evident for countries.
A country or MA that moves from left to right increases its diversification but not the competitiveness in the
technologies that it does. Instead, movements from the upper part to the bottom are associated with growth in
terms of competitiveness, keeping fixed diversification. The main difference between the two typical paths is the
order of these movements. In the “upper” path, we first observe an increasing diversification and then an increase
in competitiveness. In the “lower” path, the opposite occurs: first, an increase in competitiveness followed by a
diversification increase. We coloured with different shades of the same colour the evolution of some countries
belonging to the two typical paths.

Finally, to highlight the technology difference between the “upper” and the “lower” paths of both figures, we
divided the diversification into ranges of size 100 (except the last one). For each range, we focus on the highest
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Figure 4. Country’s 1D similarity embedding versus diversification. Each point represents a country in a
given year. For some countries, we plotted the trajectory over time. We can see how countries tend differently
to reach a point of accumulation where the most developed countries are. In the lower part, we find the typical
path of Western countries, and we report, for example, France, Canada, New Zealand and Israel. To highlight
the technology difference between the “upper” and the “lower” paths, we divided the diversification into ranges
of size 100 (except the last one). We focus on each range’s highest and lowest 25th percentile, aggregate the
technologies to the 1st digit, and identify the most distinctive of the two subsets. The relative icons are reported
on the top and bottom of each diversification range. The “upper” part is dominated mainly by the BRICS. In
technological code terms, we can highlight the differences between the two extreme paths: the “upper” part
dominates mostly in manufacturing technology as Textiles and Paper. The leftmost part, i.e., the least diverse,
particularly dominates in technologies devoted to Human necessities. The “lower” part dominates in most
sophisticated technologies such as Electricity, Fixed construction and Mechanical engineering.

and lowest 25th percentile and aggregate the technologies to the 1st digit, representing the general technological
category. We compare the technological categories present in the two sets to highlight the most distinctive ones,
i.e., those with the greatest difference in rank based on their frequency in the subset. For instance, if a techno-
logical category X is the most common in the top 25% set and the least common in the bottom 25% set, X will
be considered as distinctive of the top set while, if it had been the most common in both sets, it would not have
been considered distinctive. See Supplementary Information for more details.

In Fig. 5, we show the results for MAs. Unlike countries, we do not observe a point of accumulation between
MAs. We observe how some MAs get closer to others, such as Moscow to Milan, Seoul to Tokyo or Shanghai
to New York. From a technological point of view, results are consistent with countries. The upper part is domi-
nated by manufacturing technologies, while at the bottom one, there is more evident dominance of Electricity
technologies.

Let us now focus on interpreting the different pathways in terms of strategies and policies implemented by
countries and metropolitan areas. A case of particular interest is that of China, where R &D investment led to a
patent boom>~* and a consequent sudden increase in technological diversification. This sudden increase, how-
ever, was also paralleled by a deterioration in patent quality, as Dang et al.>® pointed out. This evidence explains
why the path of China first presents an increase in diversification (i.e., moving rightward on the horizontal axis),
followed by a later increase in competitiveness (i.e., moving downward along the vertical axis). While adopt-
ing distinct policies and behaviours as discussed in Lacasa et al.’8, the other BRICS countries exhibit a similar
trajectory to China. Lacasa et al.*® elucidated that high-income countries such as the EU15, the United States,
and Japan are more actively involved in cutting-edge technologies than all BRICS economies. Still, China stands
out of the BRICS countries since it managed to acquire a remarkable global influence in innovation, positioning
itself as an innovation leader among the BRICS countries®’, as demonstrated by Wang®.

In the most recent period, China was the only BRICS country to bridge the gap in frontier technology activi-
ties, reaching levels observed in high-income countries. The remaining BRICS economies have yet to narrow
this disparity in frontier activities compared to high-income economies. Across all technological fields, BRICS
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Figure 5. MA’ 1D Similarity embedding versus diversification. Each point represents an MA in a given year. To
highlight the technology difference between each diversification range’s “upper” and the “lower” paths, we follow
the same procedure of Fig. 4. The technology differences show that the lower path dominates in Electricity
technologies, while the upper path dominates in Chemistry, Textiles and Paper technologies. We see how some
MAs tend to chase others (Seoul vs. Tokyo, or Moscow vs. Milan), though, unlike the countries’ case, no single
accumulation point emerges.

economies exhibit a similar, low degree of diversification. Among them, Brazil stands out with the lowest degree
of global interaction, while India appears relatively more engaged in generating patentable knowledge than other
BRICS economies. Overall, the technological advancement profiles of the BRICS countries between 1989 and
1997 show an unexpected uniformity, reflecting their limited involvement in cutting-edge technology activities
and a low level of integration with the global economy at that time. China stands out also because it significantly
expanded its scale of activities in behind-the-frontier and frontier technology, boosting a high percentage of
patents in high-tech domains and holding a solid position in technological knowledge diversification within
the BRICS group.

Shifting now our focus to the “lower” part of chat diversification-competitiveness, Israel provides an illustra-
tive example. Israel’s consistently high investments in R &D have propelled it into a technologically advanced
nation, as highlighted by Beyar®'. According to OECD data (available at https://data.oecd.org/rd/gross-domestic-
spending-on-r-d.htm), Israel has steadily increased its gross domestic spending on R &D since the early 1990s,
ultimately achieving the top ranking in investment by the year 2000. Its observed trajectory can be attributed to
the substantial investments in R &D, which improves the quantity (diversification) and the quality (competitive-
ness) of technologies.

Discussion

This study provides insights into technology diffusion among MAs worldwide and how geography impacts
this process. Comparing geographic proximity, we find that belonging to a country is relevant in determining
the likelihood of technology diffusion between metropolitan areas. Results indicate that, at equal geographical
distances, technology diffusion occurs more readily across metropolitan areas belonging to the same country.

We develop a predictive model for future technology production of MAs that considers similarities between
technologies and metropolitan areas and adds the contribution related to belonging to the same country. This
last term allows for predictions even for metropolitan areas with empty technology portfolios. Our model out-
performs traditional algorithms, particularly when one focuses on the case of technological debuts, i.e., when a
metropolitan area starts developing a technology for the first time.

The study of the forecasts and the models’ parameters highlights the increasing importance of similarities
between technologies and metropolitan areas as years pass. In particular, around the end of the 90s, belonging to
a country lost its significance as a predictor of technological innovation paths in favour of the similarity among
technologies and metropolitan areas. This finding suggests a change in the dynamics of technological innovation.
To get a deeper insight into this phenomenology, we represented the temporal paths of MAs and countries in
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the technological space of innovations. This space comprises two dimensions, corresponding to technological
competitiveness and the diversification of countries and metropolitan areas. We singled out two main paths, one
followed by most Western countries and the other by the BRICS ones.

In Fig. 4, the presence of a main growth path (with countries such as New Zealand, Israel, France, etc.) is evi-
dent. In contrast, the upper part is dominated mainly by the BRICS economies. We can highlight the differences
between the two paths in technology code terms: the upper part dominates mostly in manufacturing technology,
such as Textiles and Paper. The leftmost part, i.e., the least diverse, particularly dominates Human necessities
technologies. The lower part dominates in most sophisticated technologies such as Electricity, Fixed construc-
tion and Mechanical engineering. The two different paths differ not only in technological production but also
in the significance of similarity embedding. As explained in the section ”The paths to technological innovation”,
similarity embedding is related to the modulus of G. This sheds light on the two approaches, evidenced by the
paths and fine-tuned by the belonging to different countries. In particular, the “upper” path first grows in diver-
sification, and only then is there a change in embedding similarity. This implies that countries in this pathway
aim first to develop new technologies and only then become world leaders. In contrast, the “lower” path does the
opposite: countries belonging to this path develop few technologies in which they become leaders. Later, they
get to develop new ones. It is also important to note that these pathways result from the patenting activity of the
most developed cities in the selected countries (i.e., those that can patent). Consequently, these pathways do not
consider less developed cities where other types of innovation are predominant, such as R &D investments®**2.

The model developed in this study can predict technology diffusion transparently and understandably, dif-
ferently from other “black box” predictive models present in literature. These features allow for informed deci-
sion-making regarding investment and technological innovation. From this perspective, our scheme could be a
valuable tool for policymakers to guide investment decisions and prioritise innovation areas.

On a scientific level, this study opens the door to future work and questions. First, starting from the model
presented in this work, which is focused on activations, i.e., first occurrences of a given technology, one could
generalise to predict also predict “shutdowns”, i.e., when a technological category is not patented any more. Fur-
thermore, model simulation can be used to build green and sustainable pathways and highlight them at the level
of MAs, regions, countries or companies. Another aspect that can be analysed is the study of innovation paths not
only focused on technological innovation, then also considering other forms of innovation as defined in the work
of Filippopoulos et al.** and Rutten®. Finally, the relationship between forecasts and macroeconomic variables
such as GDP can be explored to improve our understanding of technological innovation and economic dynamics.

Before concluding, it is essential to understand the limitations of the model. As stated in the introduction,
the only use of patents as a proxy for innovation?® represents one crucial constraint. Inventions do not represent
all forms of knowledge production in the economy, nor do patents cover all generated knowledge?'. Other forms
of innovation in cities and regions include diversity, cosmopolitan environment, creativity, inclusion, R &D and
collaboration networks?»**, In particular, lagging regions prioritise “softer” innovation aspects and rely on public
R &D, tolerance/inclusion, or collaboration networks, which can offset geographical disadvantages while patent-
ing is less relevant in these regions. These other forms of innovation in cities or areas relate to softer inputs and
outputs, and the mechanisms that spread this type of innovation are not necessarily geographically bounded.
They could also depend on the network of knowledge and individual mobility***2-%4, Also, remote working and
dispersed research teams can mitigate the concentration of innovation in urban areas®>-®%, and future studies
linked with this should take those phenomena into account.

Data availability
The data supporting this study’s findings are available upon reasonable request from the authors.
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