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Abstract. According to the United Nations, more and more people will live in 
cities in the coming years. This poses serious challenges to local governments in 
terms of pressure on transport infrastructure, waste management, lighting, sew-
erage systems and the environment. In such a context, city management needs to 
become increasingly efficient and intelligent, thanks to the fundamental support 
of technology, the Internet of Things (IoT) and artificial intelligence (AI). The 
so-called Smart Cities (SCs) are thus developing across the globe to address this 
profound change. This study applies linear discriminant analysis (LDA) to a dataset 
of 102 smart cities from around the world, each described by six key dimensions 
of smartness: mobility, environment, government, economy, people, and living. 
The aim of this paper is to assess whether smart cities from the same country tend 
to share similar profiles and to identify the most distinctive national patterns in 
smart city development. Results show high accuracy in classification, with most of 
the cities correctly attributed to their country based on their smart characteristics. 
Canonical discriminant functions yield appreciable separation between countries, 
highlighting stable national models and outliers. Additionally, results suggest that 
national agendas and regional contexts play an important role in shaping smart 
cities. 

Keywords: Smart cities · Discriminant analysis · Multivariate statistics · Urban 
development · Smart governance · Canonical plot 

1 Introduction 

Urbanization is arguably one of the most significant trends of the 21st century. According 
to data from the United Nations, the urban population constituted over 56% of the global 
total by 2021, and it is projected to increase to nearly 70% by 2050 (United Nations, 
2019). This population shift presents both opportunities and challenges. While cities are 
recognized as drivers of economic growth and innovation, they are also facing increased 
pressure on infrastructure, services and the environment (Dameri et al., 2019). The accel-
eration of urbanization demands new paradigms of urban development and governance 
that can effectively address aspects of sustainability, inclusivity, and resilience.
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To serve these requirements, the smart city was brought about as a topic of research 
and discussion for academics, policymakers, and citizens (Bogdanov et al., 2019). This 
paradigm shift resulted in a great expansion of the scale of research on smart cities, 
along with growth in the number of participating disciplines. These include, but are not 
limited to, urban studies, geography, computer science and public administration. 

The smart city idea is inherently elastic, with varied interpretations based on the 
disciplinary context and policy issues of the observer. This has led to a failure of hav-
ing a unifying definition that covers everyone (Ivaldi et al., 2020; Gracias et al., 2023). 
However, a consensus has been reached on a multidimensional approach including tech-
nological infrastructure, environmental sustainability, quality of governance, economic 
performance, human capital, and quality of life (Giffinger et al., 2007; Caragliu et al., 
2011). Several studies have attempted to classify smart cities based on these dimensions, 
often using cluster analysis, principal component analysis, or composite indices (Lom-
bardi et al., 2012; Neirotti et al., 2014; Eskantar et al., 2024; Penco et al., 2024), such 
as Pena’s Distance (DP2) (Ciacci et al., 2021). According to Bogdanov et al. (2019), 
the definition of smart city has evolved over time, moving from an initial focus on 
the technological component, often defined as an intelligent city, information city, or 
techno city, to a broader vision that includes human and social aspects, quality of life, 
and sustainability. The concept of the smart city is inherently linked to the pursuit of 
sustainable development, defined as “meeting the needs of the present without compro-
mising the ability of future generations to meet their own needs” (Maxim, 2018), which 
is enabled by the proper utilization of social capital and emerging technologies (Poletti 
and Michieli, 2018). 

From the literature review of the SC concept, a development in its definition is 
seen, moving from a technologically focused approach to a broader view that includes 
sustainability principles (Shao and Min 2025). 

Technology has been identified as playing a pivotal role in the advancement of SCs. 
Digital technologies, data, and new models of governance are used in smart cities to 
increase efficiency, sustainability, and quality of life in cities. According to market fore-
casts, global investment in smart city technology is estimated to exceed USD 820 billion 
by the year 2025 (Chan, 2022). Across the globe, most cities have incorporated smart 
approaches with the goals of enhancing mobility, reducing environmental impacts, facil-
itating participatory governance, and promoting economic and social innovation (Ivaldi 
and Ciacci 2023). Crucial in the development of SCs is the integration of information 
and communication technology (ICT) with conventional urban infrastructure to improve 
services and operational efficiency (Ahad et al., 2020; Penco et al., 2021). A wide range 
of enabling technologies, such as edge computing, unmanned aerial vehicles (UAVs), 
blockchain, and digital twins, have been seen to be critical in the development and sus-
tainability of smart cities (Fatima et al., 2019; Agboola et al. 2023; Majeed et al., 2021; 
Deren et al., 2021). Edge computing, for instance, optimizes resource utilization and opti-
mizes real-time functionality in major sectors like healthcare, transportation, energy, and 
water supply (Khan et al., 2019). UAVs are regularly scrutinized for their potential to 
advance service and city surveillance (Mohamed et al., 2020), and blockchain adoption 
is seen as a means of delivering secure data transfer and facilitating IoT (Internet of 
Things) applications in urban environments (Majeed et al., 2021).
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Yet another crucial field of study in the development of smart cities is cybersecurity. 
Smart city systems are more interconnected and, as such, vulnerable to attacks that 
can undermine the integrity of the IoT infrastructure. For this reason, studies are being 
conducted on the use of deep learning-based approaches to overcome security challenges 
and enhance threat identification (Pan et al. 2021). Concurrently, the use of technical 
standards has become crucial in realizing interoperability across various systems and 
technologies (Lai et al., 2020). These technologies have also given rise to initiatives 
aimed at addressing significant urban issues, such as energy efficiency, data governance, 
and citizen privacy (Kirimtat et al., 2020; Kim and Feng 2024; Javed et al. 2022). 

The establishment of smart cities also entails hard challenges on the policy and gov-
ernance fronts. A significant challenge that remains to be addressed pertains to the realm 
of security and privacy within the ambit of smart city networks, particularly in the context 
of utilizing IoT and blockchain technologies. In response to these challenges, researchers 
have proposed nature-inspired secure data dissemination models as a potential solution. 
These models aim to enhance trust and ensure safe data protection (Qureshi et al., 2020). 
Additionally, there is a call for better legal and technical means of safeguarding citizen 
rights (Hernandez-Ramos et al. 2020; Xihua and Goyal 2022). 

There have been advances in anomaly and intrusion detection (Houichi et al., 2022)  as  
well, mirroring the growing complexity of cybersecurity systems. Furthermore, informa-
tion systems and governance frameworks are identified as being instrumental to success-
ful smart city strategy execution. For instance, Zhou et al. (2020) identified governance 
policy and ICT research as innovation drivers and future development in smart city field 
based on scient metric analysis with CiteSpace.

Within this context, significant research questions are raised: Do smart cities in 
similar circumstances across a nation exhibit analogous characteristics? Is there one 
overarching national pattern of smart city development, or do cities follow divergent 
paths regardless of their geographical location? These are not only theoretically signif-
icant questions but also for policymaking, as they pertain to the influence of institutional 
context, types of governance, and socio-economic scenarios. 

The present study aims to provide answers to the questions by employing a multivari-
ate statistical method. Specifically, we apply Linear Discriminant Analysis (LDA) to 102 
SCs worldwide to examine whether they can be correctly categorized into their coun-
tries of origin based on their performance in six smartness dimensions: Smart Mobility, 
Smart Environment, Smart Government, Smart Economy, Smart People, and Smart Liv-
ing. These dimensions have been well-rooted in the smart city literature (Marchesani 
et al. 2024; Grossi and Welinder, 2024; Periñán-Pascual, 2023; Mora et al., 2019; Dameri 
and Benevolo, 2016). and offer an overall framework of the features that define a city’s 
smartness. 

LDA offers a promising methodology for exploring the research questions above 
since it allows researchers to explore whether groups defined by some attributes (e.g., 
nations) can be distinguished consistently from multivariate profiles. Past applications 
of LDA in urban studies have examined regional economic performance (Steiniger et al., 
2008), quality of life (Batóg and Batóg, 2019), or innovation potential (Lane 2008), but 
its application to the smart city case remains limited. This paper seeks to fill this gap 
by applying LDA to a wide and diverse dataset of smart cities worldwide. By exploring
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the degree of homogeneity among cities within a country and among countries, our 
main goal is to render transparent the structural tendencies which underline smart city 
development. Our results have implications for both academic scholarship and urban 
policy because they offer evidence of the degree to which national level variables shape 
local urban policy and the global geography of smart city innovation. 

The study is organized into five sections. The “Introduction” delineates the signifi-
cance of comprehending the factors that determine the development of smart cities and 
presents the literature review. The second section, entitled “Methodology”, presents 
the dataset utilized in the study, along with a detailed exposition of the methodol-
ogy employed. “Results” outlines the main findings of the analysis, while the fourth 
section, entitled “Discussion”, discusses these findings. Finally, in “Conclusions” the 
implications of the findings, the limitations of this study and the future agenda are 
stated. 

2 Methodology 

This study is a quantitative multivariate design with linear discriminant analysis (LDA) 
as the statistical technique to determine linear combinations of variables that best dis-
tinguish between two or more groups as defined in advance (Rencher, 2002). The LDA 
is suited to our research question, i.e., to identify country level patterns in the smart 
profiles of cities. 

2.1 Dataset and Variables 

For the sake of this paper, publicly accessible information from the IMD Smart City 
Index 2024 report published by the International Institute for Management Development 
(IMD) has been used, which provides comprehensive data on the performance of smart 
cities according to significant dimensions of health, safety, mobility, and governance. 

The dataset includes 102 smart cities from various regions including Europe, North 
America, Asia, and Oceania. Each city is described by six dimensions of smartness 
commonly cited in the literature: 

– Smart Mobility, 
– Smart Environment, 
– Smart Government, 
– Smart Economy, 
– Smart People, 
– Smart Living. 

These dimensions are derived from the framework proposed by Giffinger et al. 
(2007), one of the most influential models in smart city studies. The raw data for the six 
dimensions were obtained from a standardized smart city ranking report and normalized 
to ensure comparability across cities.
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2.2 Statistical Method 

We applied LDA using the six smartness dimensions as predictors and the country of 
origin as the grouping variable. The LDA model computes one or more discriminant 
functions, linear combinations of input variables, which maximize between-group over 
within-group variances so that group separability is optimal (Hair et al., 2010). Model 
performance is assessed through percent correct classified observations, overall model 
significance test (Wilks’ Lambda test), and investigation of posterior probabilities of 
group membership. The analysis also produces a canonical plot, which visualizes the 
discriminator scores for the first two canonical functions and allows for an intuitive 
assessment of group clustering. The LDA has requirements of multivariate normality and 
equality of covariance matrices across groups. We conducted preliminary diagnostics to 
check for these assumptions. While there were minimal deviations, the analysis is robust 
due to the quite balanced group sizes as well as the interpretive nature of our objective. 
Limitations are the potential biases in city and source selection, as well as excluding 
qualitative factors that can also contribute to smart city development. Besides, the used 
variables are dependent on subjective questionnaires, which can introduce cultural biases 
in the way individuals from various countries perceive and rate certain aspects, which 
can affect comparability of data. Future research can include mixed methods to resolve 
these limitations. 

3 Results 

3.1 Multivariate Significance and Canonical Functions 

The data set consists of 102 cities that are unevenly distributed across nations. Italy (15 
cities), Germany (14), and Finland (11) have the highest representation, while numerous 
others such as Austria, Slovenia, Slovakia, Belgium, and Luxembourg have a single 
city’s representation. This unequal distribution reflects the difference in maturity and 
availability of smart city data in nations. While nations with greater numbers of cities 
contribute to strong estimations of group centroids, less-represented nations might bring 
about more variation. 

In linear discriminant analysis (LDA), when the result is graphed (e.g., Fig. 1), 
there is usually the presence of axes labeled “Canonical 1” and “Canonical 2” These 
labels are names for the first two canonical functions, linear combinations of the original 
variables (in this case: smart mobility, environment, government, economy, people, and 
living), that the model identifies to best distinguish groups of cities by country of origin. 
The “Canonical 1” function is the linear combination that best separates the countries. 
Therefore, it is the primary discriminant axis, and it picks up the largest amount of 
between-group variation. If one were to use one dimension to guess a city’s country, 
this function would give the most useful criterion. On the other hand, the “Canonical 2” 
function is orthogonal to the first and accounts for further variation not yet explained 
by Canonical 1. While it accounts for less overall variance, it offers informative details 
that continue to distinguish groups. The strength of this visual representation is its 
interpretability: it transforms a complex multivariate space to a plain, two-dimensional 
map, in which relationships and differences between groups are apparent and accessible.
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Fig. 1. Canonical plot. 

In addition to the significance of discriminant functions and multivariate tests, we 
examined the detailed classification table to assess individual city-level performance. 

Table 1. Canonical discriminant analysis results: Eigenvalues, canonical correlations, and signif-
icance tests 

Countries Eigenvalue Percentage Cumulative 
percentage 

Canonical 
correlation 

Wilks’ lambda 

County 1 3.163.226 80.66% 80.66% 0.998423 2.05 × 10−7 

County 2 6.167.457 15.73% 96.39% 0.99199 6.5 × 10−5 

County 3 7.238.097 1.85% 98.24% 0.937343 0.004073 

County 4 3.935.297 1.00% 99.24% 0.89296 0.033556 

County 5 18.802 0.48% 99.72% 0.807962 0.16561 

County 6 1.096.486 0.28% 100.00% 0.723195 0.476989 

Countries Approx. F NumDF DenDF p-value 

County 1 21.94 210 370.02 2.4 × 10−132 

County 2 11.02 170 312.56 4.68 × 10−72 

County 3 5.73 132 253.36 8.76 × 10−33 

County 4 4.23 96 192.48 1.02 × 10−17 

County 5 3.06 62 130 4.42 × 10−8 

County 6 2.41 30 66 0.00
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Table 1 reports, for each city, the squared Mahalanobis distance to its group cen-
troid, the posterior probability of correct classification, the corresponding negative 
log-probability, and whether the city was misclassified. 

The performance of the model is quantified through percentage of well-classified 
observations, Wilks’ Lambda test of overall model significance, and an examination of 
posterior probabilities of group membership. Table 1, of Canonical discriminant func-
tions, shows that 80.7% of variance is explained by the first function with an extremely 
high canonical correlation (0.998). The second function accounts for the remaining 
15.7%, and the two functions together explain over 96% of explained variance. That is a 
good discrimination ability to distinguish between groups. All functions are significant 
with F-values between 3.06 and 21.94, and p-values less than 0.001, indicating that the 
differences between group centroids are significant. 

As the Table 2 reveals, all multivariate test statistics strongly reject the null hypothesis 
of no differences between groups. These findings stress the discriminant model’s robust-
ness and in addition that smart cities evidence strong alignment with respective national 
profiles. The co-occurrence of high posterior prob-abilities and minimal classification 
errors highlights the occurrence of strong and consistent cross-national patterns. 

There were 101 of the 102 cities that were properly classified into their own coun-
try of origin, and the accuracy was 98.0% within the training set. Six dimensions of 
smartness were utilized to produce such high accuracy by serving as predictors. The 
only misclassification was when an Australian city was incorrectly classified into Sin-
gapore. This case is particularly noteworthy, as the posterior probability for the correct 
group (Australia) was relatively low (0.275), while the probability for Singapore was 
substantially higher (0.706). 

Table 2. Global significance tests for the canonical discriminant function. 

Test statistic Value Approx. F 

Wilks’ lambda 2.05 × 10−7 21.94 

Pillai’s trace 4.832.697 7.81 

Hotelling-Lawley trace 3.921.472 110.99 

Roy’s greatest root 3.163.226 596.49 

NumDF DenDF p-value 

210 370 2.4 × 10−132 

210 396 4.46 × 10−68 

210 273.53 9.6 × 10−196 

35 66 1.55 × 10−70 

This misclassification likely reflects a strong similarity in the smart city profiles 
of these two countries, especially in the dimensions of Smart Living and Smart People. 
Additionally, the model exhibits a remarkably high entropy R2 value of 0.995, indicating 
that nearly all the variance necessary for distinguishing among countries is captured by
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the discriminant functions. The model’s fit is also confirmed by the extremely low−2 log-
likelihood value (3.15), which indicates the perfect correspondence between observed 
and predicted classifications. Both the input data quality and high discriminative ability 
of the selected smartness variables are supported by the obtained results. The linear 
discriminant analysis model is highly stable, accurate, and interpretable despite some 
instances of rare nations. 

4 Discussion 

The findings of this study validate the hypothesis that national context is a significant 
element in encouraging the development of smart cities. The strong correlation between 
cities and their country of origin, as evident from LDA, emphasizes the contribution of 
national policies, institutional setup, and financing mechanisms in the advancement of 
urban innovation. 

Those countries with more centralized smart city strategies, such as Singapore and 
Norway, tend to have more uniform city profiles. This uniformity likely stems from 
the imposition of top-down planning, national standards, and homologous cultural or 
institutional values. In comparison, those countries with decentralized schemes, such as 
Italy or Spain, tend to have more diversified cities and thus be more likely to have more 
dispersed patterns in the canonical plot. 

These results are consistent with the findings of Neirotti et al. (2014), who recognized 
national models of governance as the most significant factors to the adoption and imple-
mentation of smart city initiatives in both European and non-European nations. Similarly, 
in their work, Mora et al. (2017) argue that political cultures and national systems play 
a decisive role in local digital transformation policies and formulate convergent models 
in the same country. Lombardi et al. (2012) further indicate that institutional capacity 
differences and policy coordination at the national level have a significant effect on the 
performance of smart cities, especially in the fields of governance and the economy. 

The use of linear discriminant analysis in this study adds to these results by sta-
tistically confirming the presence of national patterns through objective, data-based 
classification. As opposed to previous studies that relied on qualitative typologies or 
case studies based on self-report, our approach allows for a proper multivariate anal-
ysis of empirical performance data. Furthermore, the limited instances of dispersion 
or misclassification merit particular consideration, as they have the potential to unveil 
either original deviations or lacunae in local implementation. The greater the dispersion 
observed among certain European countries, it may be indicative of both the hetero-
geneity of urban traditions and the varying degrees of central government intervention 
in smart city policy. 

The use of LDA is a powerful method for distinguishing among national smart city 
models and represents a valuable resource for comparative studies as well as policy 
evaluation. These results are likely to shape more holistic and context-sensitive smart 
city strategies by emphasizing the structural similarities and differences within as well 
as across nations.
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5 Conclusions 

This study demonstrates that smart cities are not isolated contexts but are deeply embed-
ded in national scenarios. Using linear discriminant analysis (LDA), we confirmed that 
smart cities can be successfully separated into their respective countries on six key 
dimensions of smartness. The high accuracy of classification, stable posterior probabil-
ities, and evident group separation in the canonical plot all provide strong evidence for 
the existence of nationally homogeneous smart city models. 

These findings reinforce the hypothesis that national policies, institutions, and sys-
tems of governance significantly influence the way in which cities approach smart devel-
opment, in line with New et al. (2017). In countries with centralized strategy and efficient 
coordination capacities, cities are more uniform in their profiles. Conversely, coun-
tries with decentralized government or fragmented urban policies tend to show greater 
heterogeneity among their cities. 

Methodologically, the article under consideration pays particular emphasis to the 
strength of LDA as an empirical validation of theoretical hypotheses in smart city studies. 
The integration of canonical structure, classification accuracy, and multivariate signifi-
cance testing is a robust platform for the discovery of latent structures in multivariate data 
sets. The practical applications of the research findings are highlighted. For policymak-
ers, awareness of the degree of national cohesion in smart city development can allow for 
more targeted and strategic interventions. National governments can use this knowledge 
to better align policies, share best practices between cities, and even out disparities. Fur-
thermore, the framework applied in this research offers researchers a convenient starting 
point to undertaking more comparative studies longitudinally, regionally, and across 
policy regimes. 

It is crucial that future studies explore longitudinal trends to quantify the temporality 
of such national profiles and the effects of individual policy instruments and funding 
schemes. Furthermore, including Global South cities in the analysis would enable one 
to assess the formalizability of these trends and to detect potential smart city typologies 
in the world. 
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