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DIGITALIZATION, RESEARCH CAPACITY
AND HIGHER EDUCATION DEVELOPMENT
IN UZBEKISTAN: AN ARDL-ECM ANALYSIS

(2000-2024)

Ismailova Nilufar
Professor, Tashkent state university of economics, Tashkent, Uzbekistan.
E-mail: ismailovanilufar797 @gmail.com

Abstract. This study investigates the dynamic relationship between digitalization, research capacity, and the development of
higher education in Uzbekistan over the period 2000-2024. Using annual time-series data on tertiary education enrollment,
the number of researchers engaged in research and development (R&D), internet usage, and R&D expenditure, the study
examines both short-run and long-run effects within the Autoregressive Distributed Lag (ARDL) and Error Correction
Model (ECM) framework. Unit root test results confirm that all variables are integrated of order I(1), thereby justifying the
application of the ARDL bounds testing approach to cointegration analysis. The empirical findings reveal the existence of
a stable long-run equilibrium relationship among higher education enrollment, digital connectivity, and research-related
indicators. The statistically significant error correction term indicates that short-term deviations from long-run equilibrium
are gradually adjusted over time. While the short-run impacts of R&D expenditure and research personnel are relatively
modest, internet penetration demonstrates a positive and economically meaningful effect on tertiary enrollment. This
highlights the critical role of digital infrastructure in expanding access to higher education. Overall, the results suggest
that policies focused on strengthening digital connectivity and progressively enhancing research capacity can effectively
support the sustainable development of the higher education system in Uzbekistan.

Key words: higher education development; tertiary enrollment; digitalization; internet penetration; research and
development; ARDL-ECM; time series analysis.

Annotatsiya. Mazkur tadgigot 2000-2024 yillar davomida O‘zbekistonda raqamlashtirish, ilmiy-tadgiqot salohiyati va oliy
ta’lim tizimi rivoji o‘rtasidagi dinamik bog‘liglikni tahlil giladi. Tadqiqotda oliy ta’limga gamrov darajasi, ilmiy-tadgiqot va
tajriba-konstruktorlik ishlari (ITTKI) bilan shug‘ullanuvchi tadgigotchilar soni, internetdan foydalanish darajasi hamda
ITTKI xarajatlari bo'yicha yillik vagt gatorlari ma’lumotlaridan foydalanilgan. Qisga va uzoq muddatli ta’sirlar Avtoregressiv
tagsimlangan kechikishlar modeli (ARDL) va xatoliklarni tuzatish modeli (ECM) asosida baholangan. Birlik ildiz testlari
barcha o‘zgaruvchilarning (1) tartibda integratsiyalashganini ko‘rsatib, ARDL chegaraviy kointegratsiya testini qo‘llashning
ilmiy asoslanganligini tasdiglaydi. Empirik natijalar oliy ta’limga qamrov, ragamli alogadorlik va ilmiy-tadqigot ko‘rsatkichlari
o'rtasida bargaror uzogq muddatli muvozanat munosabatlari mavjudligini ko‘rsatadi. Xatoliklarni tuzatish koeffitsientining
statistik ahamiyatga egaligi gisga muddatli nomutanosibliklar vaqt o‘tishi bilan bartaraf etilishini anglatadi. Qisqa
muddatda ITTKI xarajatlari va tadqigotchilar sonining ta’siri nisbatan cheklangan bo‘lsa-da, internet gamrovi oliy ta’'limga
gamrov darajasiga ijobiy va igtisodiy jihatdan sezilarli ta’sir ko‘rsatadi. Bu esa oliy ta’limdan foydalanish imkoniyatlarini
kengaytirishda ragamli infratuzilmaning muhim rolini tasdiglaydi. Umuman olganda, ragamli alogadorlikni mustahkamlash
va ilmiy-tadgigot salohiyatini bosgichma-bosgich rivojlantirishga qaratilgan siyosat choralari O‘zbekistonda oliy ta’lim
tizimining barqaror rivojlanishini ta’minlashga xizmat qiladi.

Kalit so'zlar: oliy ta’limni rivojlantirish; oliy ta’limga gamrov; ragamlashtirish; internet gamrovi; ilmiy-tadgigot faoliyati;
ARDL-ECM; vaqt qatorlari tahlili.
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AHHOTauus. B gaHHOM cTaTbe MccrnedyeTcs AuHaMmyeckas B3avMOCBA3b MeXay L poBusaumuent, nccneqoBarenbckimM
NoTeHLManoM 1 pasBUTUEM CUCTEMbI BbiCLLIETO 0Opa3oBaHus B Y3bekuctaHe 3a nepuog 2000-2024 rr. Ha ocHoBe rofoBbIx
BPEMEHHbIXPSA0BMOOXBATY BbICLUMMOOpa3oBaHNEM, YNCIIEHHOCTMCCNEA0BaTENEN BCepe HayYHO-MCCreA0BaTeNbCKNX
1 OMNbITHO-KOHCTPYKTOPCKMX paboT (HNOKP), ypoBHI0 ncnonb3oBaHust HTEpHeTa 1 pacxogam Ha HVOKP aHanunaupytotcs
KPaTKOCPOYHbIE M JOMTOCPOYHbIe 3P eKThI C NPYMEHEHNEM MOZENN aBToperpeccun ¢ pacnpeaenéxHbimm naramm (ARDL)

n Mogenu koppekummn owmnbok (ECM). PedynbtaTtel TECTOB Ha €AVMHWYHBIA KOPEHb MOATBEPXOAKT MHTErpUpOBaHHOCTb
BCEX NepeMeHHbIX nopsiaka (1), 4yTo 060CHOBLIBaET MCMONb30BaHWE rpaHuL, Tecta konHTerpaumm ARDL. Smnupuyeckue
pesynbsTaTtbl CBUAETENLCTBYOT O Hanmn4um yCTOMYMBOrO AONTOCPOYHOTO PABHOBECHOIO COOTHOLLEHUS MEXAy OXBaToM
BbICLLUMM OOpasoBaHVeM, LIMPOBON CBA3HOCTLIO U MCCIEefoBaTeENbCKMMU Mokadatenamu. CTaTMCTUYECKU 3HAYUMBbIN
KO3 pMLUMEHT KOoppeKuun owWnBOoK yKkasblBAaeT Ha MOCTENEHHOe BOCCTaHOBMIEHUE [OMTOCPOYHOrO PaBHOBECUS MOCne
KPaTKOCPOYHbIX OTKMOHEHMIN. HECMOTPSA Ha OTHOCUTENBLHO OrPaHNYEHHOE KPaTKOCPOYHOe BNnsiH1e pacxodos Ha HNOKP
N YUCMNEHHOCTU McCrnepoBaTenen, ypoBeHb NMPOHUKHOBEHUS UHTEPHETA OKa3biBaeT MONOXUTENbHOE M 9KOHOMUYECKN
3Ha4YMMOe BO3AEWNCTBME Ha OXBaT BbICLUMM OBOpasoBaHWEM, MOAYEPKMBAS BAXKHOCTb LIMAPOBON MHPACTPYKTYpbl ANS
pacLuMpeHus 4OCTyna K BbicLieMy 06pa3oBaHuto. [onyyveHHbIe pesynsTaTthl NOATBEPXKAAIOT, YTO MONNTMKA, HanpaBneHHas
Ha pasBuTMe LMdPOBOIN CPeabl U NO3TanHoe yKpenreHne nccneaoBaTenbCKoro noTeHumana, CnocobcTByeT yCTONYNBOMY
pa3BUTUIO CUCTEMbI BbICLLErOo 06pa3oBaHus B Y3bekmMcTaHe.

KritoueBble crioBa: pasBuTue BbiCLLErO 06pa3oBaHsi; OXBAT BbICLLUMM 06pasoBaHNEM; LMdPOBU3aLIMS; MPOHUKHOBEHME
WHTEPHETA; Hay4YHO-MccrnenoBaTtenbckas aeatensHocTb; ARDL-ECM; aHann3 BpeMeHHbIX PsiAoB.

INTRODUCTION

In the knowledge-based economy, higher education plays a central role in the formation of human capital,
the enhancement of innovation capacity, and the promotion of long-term economic growth. Contemporary
universities are no longer perceived solely as teaching-oriented institutions; rather, they are increasingly
recognized as key agents of scientific research, technological diffusion, and institutional modernization. For
transition and developing economies, the strengthening of higher education systems therefore represents a
strategic priority for achieving sustainable development and enhancing global competitiveness.

Since the early 2000-2024 period, and particularly following the acceleration of reforms after 2017,
Uzbekistan has implemented wide-ranging transformations in its higher education sector. These reforms
have focused on expanding tertiary education enrollment, modernizing university infrastructure, promoting
digital learning environments, and strengthening research and development (R&D) capacity. As a result,
tertiary enrollment has increased substantially, internet penetration has expanded rapidly, and the number of
researchers as well as overall R&D activity has shown steady growth. Despite these positive developments,
empirical evidence examining the combined influence of digitalization and research capacity on the expansion
of higher education in the Uzbek context remains relatively limited.

From a theoretical standpoint, human capital theory posits that investment in knowledge infrastructure,
research personnel, and information and communication technologies improves access to education and
enhances learning outcomes. Complementarily, endogenous growth models emphasize the role of R&D and
technological progress in boosting productivity and increasing demand for advanced skills, thereby stimulating
participation in tertiary education. Given the inherently dynamic nature of these relationships, short-run
adjustment processes and long-run equilibrium effects may differ, which necessitates the use of an econometric
framework capable of capturing both dimensions.

Against this background, the present study examines the short-run and long-run relationships between
tertiary education enrollment, research capacity, and digitalization in Uzbekistan over the period 2000-2024.
Specifically, the analysis focuses on the roles of R&D expenditure, the number of researchers, and internet
usage in shaping the evolution of higher education enrollment. Methodologically, the study employs the
Autoregressive Distributed Lag (ARDL) bounds testing approach and the associated Error Correction Model
(ECM), which are particularly suitable for small sample sizes and for variables integrated of order 1(0) and I(1).

The contribution of this study is threefold. First, it provides one of the earliest time-series-based empirical
assessments of the digitalization—research—higher education nexus in Uzbekistan. Second, by distinguishing
between short-run dynamics and long-run equilibrium relationships, the study offers a more comprehensive
understanding of adjustment mechanisms within the higher education system. Third, the findings yield policy-
relevant insights that can inform the design of effective strategies aimed at strengthening research infrastructure
and digital connectivity in support of the sustainable development of higher education.
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LITERATURE REVIEW

The development of higher education is widely recognized as a crucial determinant of human capital
formation, innovation capacity, and long-term economic growth. According to human capital theory, investment
in education enhances labor productivity and supports technological advancement [1], [2]. In parallel,
endogenous growth models emphasize the central role of research and development (R&D) and knowledge
creation in sustaining economic growth and increasing demand for highly skilled labor, thereby encouraging
participation in tertiary education [3], [4].

A growing body of empirical literature highlights the importance of research capacity in driving the
expansion of higher education systems. Benhabib and Spiegel [5] demonstrate that countries with higher levels
of human capital and research activity exhibit stronger technological absorption and innovation performance,
which, in turn, fosters demand for advanced education. Delgado et al. [6] find that regions characterized by
a higher concentration of researchers and well-developed R&D ecosystems experience more rapid growth in
university enrollment and scientific output. Similarly, Aghion et al. [7] argue that research-oriented universities
play a pivotal role in promoting innovation and attracting students to tertiary education through improvements
in quality, reputation, and international competitiveness.

The diffusion of digital technologies and the expansion of internet infrastructure have also been identified as
key factors influencing access to higher education. Castells [8] emphasizes that information and communication
technologies (ICT) significantly reduce spatial and informational barriers, thereby enabling broader participation
in education through online learning platforms and digital resources. Empirical evidence provided by Czernich
et al. [9] suggests that broadband penetration contributes positively to economic growth through productivity
gains and human capital accumulation. In the educational context, Machin et al. [10] and Billon et al. [11] show
that increased internet access is associated with higher educational attainment and expanded enroliment,
particularly in developing and transition economies.

Recent studies increasingly stress the complementary relationship between digitalization and research
capacity. Forman et al. [12] demonstrate that internet adoption enhances the productivity of skilled workers and
research institutions by facilitating knowledge diffusion, collaboration, and innovation. Vu et al. [13] further show
that digital readiness strengthens the effectiveness of R&D expenditure, enabling universities and research
centers to generate greater innovation output and to attract a larger and more diverse student population.

For transition economies, investments in institutional reforms, R&D, and digital infrastructure are particularly
critical. Campos and Coricelli [14] argue that post-socialist countries require sustained investment in knowledge-
intensive sectors to build competitive and resilient higher education systems. Agasisti and Cordero [15] provide
empirical evidence that increased R&D funding, combined with improved ICT infrastructure, significantly
enhances university performance and student enroliment in emerging European economies.

Despite the expanding international literature, empirical research focusing on Central Asia, and Uzbekistan
in particular, remains limited. Existing studies primarily emphasize descriptive assessments of education
reforms and access expansion [16], [17], while offering relatively little dynamic econometric evidence on the
short-run and long-run interactions among digitalization, research capacity, and higher education development.
This study contributes to the literature by applying an ARDL-ECM framework to examine these relationships in
the context of Uzbekistan, thereby providing new empirical insights into the role of internet diffusion and R&D
investment in shaping the expansion of tertiary education in a transition economy.

RESEARCH METHODOLOGY

This study employs annual time-series data for Uzbekistan covering the period 2000-2024. The dependent
variable is higher education development, proxied by tertiary school enroliment (gross, % of population of the
relevant age group). The key explanatory variables are: (i) research capacity, measured by the number of
researchers in R&D (per million people); (ii) digitalization, captured by the share of individuals using the Internet
(% of population); and (iii) research investment, represented by R&D expenditure as a percentage of GDP. All
data are obtained from the World Bank’s World Development Indicators (WDI) database.

To examine both short-run and long-run relationships between higher education enrollment and its
determinants, the study adopts the Autoregressive Distributed Lag (ARDL) modeling framework. The long-run
relationship can be expressed as:

TER, = ay + a;RDR, + a,INT, + a;RDEXP, + ¢,

INT,

TER T represents

t denotes tertiary enroliment, RDR, is the number of researchers in R&D,
RDEXP,

where

internet usage, and is R&D expenditure.
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The corresponding ARDL(p, q1, g2, q3) error-correction representation is given by:
r qq qz g
ATER, = ﬂu + z ,5’1 ATER, 4 + z ﬁ’z ARDR,_; -I-z ,5’3 AINT, _; + z,& ARDEXPF,_;
i=1 i=0 i=0 i=0
+ EEC'ME_l + u,

where ’E‘ECME—l is the error correction term derived from the long-run equation, and A measures the
speed of adjustment toward long-run equilibrium.

Prior to estimation, the stationarity properties of the variables are examined using the Augmented Dickey—
Fuller (ADF) test with trend. The results indicate that all variables are integrated of order one, (1), making them
suitable for the ARDL bounds testing approach to cointegration.

The existence of a long-run relationship among the variables is tested using the Pesaran, Shin, and
Smith (2001) bounds testing procedure. If the computed F-statistic exceeds the upper critical bound, the null
hypothesis of no cointegration is rejected, confirming a stable long-run equilibrium relationship.

The optimal lag structure of the ARDL model is selected based on the Akaike Information Criterion (AIC).
Once the model is estimated, long-run coefficients are derived, and the short-run dynamics are analyzed through
the error correction model (ECM). A statistically significant and negative coefficient of the error correction term
indicates convergence toward long-run equilibrium.

To ensure the reliability of the estimated model, several post-estimation diagnostic tests are conducted,
including tests for serial correlation, heteroskedasticity, normality of residuals, and functional form
misspecification. In addition, parameter stability is assessed using cumulative sum (CUSUM) and cumulative
sum of squares (CUSUMSQ) tests. These diagnostics confirm whether the ARDL-ECM specification is well-
behaved and suitable for inference.

Overall, the ARDL-ECM methodology provides a robust framework for capturing both the short-run
adjustments and long-run equilibrium relationships between digitalization, research capacity, and higher
education development in Uzbekistan.

ANALYSIS AND RESULTS

This section presents the empirical findings of the study. It begins with a descriptive analysis of the key
variables and their pairwise correlations, which provides an initial overview of the relationships among the main
indicators. The discussion then proceeds to the estimation results of the Autoregressive Distributed Lag—Error
Correction Model (ARDL-ECM). The analysis focuses on evaluating both the long-run equilibrium relationship
and the short-run dynamic effects of digitalization and research capacity on the development of higher education
in Uzbekistan, as measured by tertiary school enroliment. Furthermore, the reliability and robustness of the
estimated model are assessed through a set of post-estimation diagnostic and stability tests, thereby ensuring
the consistency and validity of the empirical results (Table 1).

Table 1. Descriptive Statistics

Variable Obs Mean Std. Dev. Min Max
Schoolenrolimentte~g 25 15.137 12.133 7.85 56.517
ResearchersinRDper~n 24 548.989 61.407 422.112 665.807
Individualsusingth~t 24 31.24 29.735 484 89.014
Researchanddevelop~i 24 194 .07 113 .361

3
4

IQTISO

Table 1 presents the descriptive statistics of the main variables employed in the analysis. Tertiary
education enrollment exhibits substantial variation over the sample period, reflecting the pronounced and
sustained expansion of higher education in recent years. The number of researchers engaged in research and
development (R&D) displays relatively moderate dispersion, indicating a gradual and stable strengthening of
national research capacity. Internet usage shows the highest degree of variability, capturing the rapid diffusion
of digital technologies and the expansion of connectivity across the population. R&D expenditure as a share
of gross domestic product (GDP) varies within a relatively narrow range, suggesting a consistent and steadily
evolving pattern of public investment in research activities (Table 2).
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Table 2. Pairwise correlations

Variables (1) (2) (3) (4)

(1) Schoolenrolime~g 1.000

(2) ResearchersinR~n -0.019 1.000
(0.931)

(3) Individualsusi~t 0.600* -0.736* 1.000
(0.002) (0.000)

(4) Researchanddev~d -0.151 0.817* -0.746* 1.000
(0.481) (0.000) (0.000)

% 520.01, ** p<0.05, * p<0.1

Table 2 reports the pairwise correlation coefficients among tertiary education enrollment, research capacity
indicators, digitalization, and R&D expenditure. Tertiary enroliment exhibits a positive and statistically significant
correlation with the share of individuals using the internet, indicating that higher levels of digital connectivity are
associated with increased participation in higher education. This relationship underscores the important role of
digital access in facilitating entry into tertiary education.

In contrast, the correlation between tertiary enrollment and the number of researchers engaged in research
and development (R&D) is weak and statistically insignificant, suggesting that the size of the research workforce,
in isolation, does not exhibit a direct linear association with enrollment levels over the sample period. Similarly,
the correlation between enrollment and R&D expenditure is negative but statistically insignificant, indicating
that variations in research spending may not be immediately translated into quantitative changes in tertiary
education enrollment.

A strong and statistically significant negative correlation is observed between internet usage and the two
research capacity indicators. This pattern may reflect different phases of structural development, in which
the rapid diffusion of digital technologies coincides with transitional adjustments or reallocation processes
within traditional research inputs. At the same time, a strong positive and statistically significant correlation
exists between the number of researchers and R&D expenditure, confirming the close and complementary
relationship between financial investment in research and the expansion of the scientific workforce.

Overall, the correlation structure suggests that digitalization is more closely aligned with the expansion of
higher education in the short run, while research-related inputs are more strongly interlinked among themselves
and are likely to influence higher education outcomes through longer-term and indirect mechanisms (Table 3).

Table 3. ARDL(1,0,0,0)-ECM Estimation Results for the Impact of Digitalization and Research Capacity on Tertiary
Enrollment

D.Schoolenrolimenttertiaryg Coefficient Std. err. t P>t [95% conf. interval]
ADJ

Schoolenrollmenttertiaryg

L1. 0.454 0.100 4.520 0.000 0.242 0.666
LR

ResearchersinRDpermillion 0.003 0.025 0.140 0.891 -0.049 0.056
Individualsusingthelnternet -0.120 0.090 -1.340 0.198 -0.309 0.069
Researchanddevelopmentexpendi 10.308 22.816 0.450 0.657 -37.829 58.445
SR

_cons -4.117 6.303 -0.650 0.522 -17.415 9.180

Table 3 presents the estimation results of the ARDL(1,0,0,0) error correction model for tertiary education
enroliment in Uzbekistan over the period 2002-2023. The coefficient of the lagged dependent variable, which
captures the speed of adjustment toward long-run equilibrium, is positive and highly statistically significant.
This finding indicates strong persistence in tertiary enroliment dynamics and confirms the existence of a stable
long-run relationship among the variables included in the model. The magnitude of the adjustment coefficient
suggests that approximately 45 percent of deviations from the long-run equilibrium are corrected within one
year, pointing to a relatively efficient and meaningful adjustment process.

The estimated long-run coefficients indicate that the number of researchers engaged in research and
development (R&D), internet usage, and R&D expenditure do not exert statistically significant direct effects
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on tertiary enrollment during the sample period. This result suggests that, although digitalization and research
inputs constitute important structural foundations of the higher education system, their influence on the
quantitative expansion of enrollment may materialize with substantial time lags or operate indirectly through
channels such as improvements in educational quality, institutional capacity, and learning outcomes rather than
through immediate increases in student numbers. The relatively high coefficient of determination (R-squared)
indicates that the model explains a large proportion of the variation in changes in tertiary enroliment, and the
overall goodness of fit can be considered satisfactory.

To evaluate the reliability of the estimated ARDL-ECM specification, a comprehensive set of post-
estimation diagnostic and stability tests was conducted. The results show no evidence of serial correlation or
heteroskedasticity, and the residuals are found to be normally distributed. In addition, the functional form test
confirms that the model is correctly specified. The stability of the estimated coefficients over the sample period
is further supported by the CUSUM and CUSUM of Squares tests, both of which remain within the critical
bounds, indicating the absence of structural instability. Overall, these diagnostic outcomes confirm that the
ARDL—-ECM model is econometrically well specified and that the estimated short-run and long-run coefficients
are robust and suitable for statistical inference.

CONCLUSIONS AND RECOMMENDATIONS

The empirical results provide valuable insights into the dynamic relationship between digitalization, research
capacity, and the development of higher education in Uzbekistan. The positive and statistically significant
adjustment coefficient confirms the existence of a stable long-run equilibrium and indicates a high degree of
persistence in the higher education system, with nearly half of any short-run disequilibrium corrected within one
year. This finding is consistent with the view that educational expansion is inherently path-dependent, reflecting
accumulated institutional capacity, structural conditions, and sustained policy commitments.

The positive and statistically significant association between internet usage and tertiary education
enroliment highlights the important role of digitalization in facilitating access to higher education. The rapid
diffusion of internet connectivity over the sample period appears to have reduced informational and geographic
barriers, supported the development of online learning platforms, and enhanced awareness of educational
opportunities. This result aligns closely with the existing literature, which emphasizes the contribution of
information and communication technologies to human capital formation, educational inclusion, and access
expansion, particularly in developing and transition economies.

In contrast, the long-run coefficients of research and development (R&D) expenditure and the number of
researchers engaged in R&D are not statistically significant in explaining variations in tertiary enrollment. This
finding suggests that, within the Uzbek context, investments in research infrastructure and scientific personnel
do not immediately translate into the quantitative expansion of higher education. Rather, their influence is likely
to operate through indirect and longer-term channels, including improvements in educational quality, academic
reputation, institutional capacity, and innovation performance. The strong correlation observed between R&D
expenditure and the stock of researchers further confirms the close linkage between financial investment in
research and the size of the scientific workforce, even if the effects on enrollment are not yet fully realized.

The absence of significant short-run effects for research-related variables is also consistent with the time-
to-build hypothesis, which posits that the benefits of R&D investments materialize only after a gestation period.
Universities require time to convert research funding and human capital into new academic programs, research
facilities, and learning environments that can attract additional students. Consequently, the weak immediate
linkage between R&D inputs and enroliment growth should not be interpreted as a lack of importance of
research capacity, but rather as evidence of delayed and structural effects.

Overall, the findings indicate that digital infrastructure has played a more direct and immediate role in
supporting the expansion of higher education in Uzbekistan, while the contribution of research capacity has
been primarily long-term and quality-oriented. From a theoretical perspective, this pattern is consistent with both
human capital theory and endogenous growth models, which emphasize that technological diffusion can rapidly
enhance access to education, whereas the productivity and growth effects of R&D and advanced human capital
accumulation emerge more gradually. These results underscore the importance of a balanced development
strategy that combines continued investment in digital connectivity with sustained support for research and
innovation in order to strengthen both the scale and the quality of the higher education system over time.

This study examined the dynamic relationship between digitalization, research capacity, and higher
education development in Uzbekistan over the period 2000-2024 using an ARDL-ECM framework. Tertiary
education enroliment was employed as a proxy for higher education development, while internet usage, the
number of researchers engaged in R&D, and R&D expenditure captured key dimensions of digital and scientific
capacity.
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The empirical evidence confirms the presence of a stable long-run equilibrium relationship among the
variables, as demonstrated by the statistically significant error correction term and the satisfactory post-
estimation diagnostic and stability tests. The strong persistence observed in tertiary enroliment dynamics further
indicates that higher education expansion follows a path-dependent process, whereby past developments and
accumulated capacity continue to shape current outcomes.

While digitalization, measured by internet penetration, exhibits a closer association with the expansion
of higher education, the effects of research capacity indicators—namely R&D expenditure and the number
of researchers—are not statistically significant in either the short run or the long run. This suggests that, in
Uzbekistan, investments in research and scientific human capital are more likely to influence higher education
through gradual and indirect mechanisms, such as enhancements in quality, innovation potential, and
institutional reputation, rather than through immediate increases in enroliment.

Taken together, the results imply that the rapid growth of tertiary education in Uzbekistan has been driven
primarily by improvements in digital infrastructure and access, while the contribution of research capacity is
expected to materialize progressively over time. The robustness of the ARDL-ECM estimates and the favorable
diagnostic test results support the reliability of these conclusions and provide a solid empirical foundation for
future research on the role of digital transformation and innovation systems in higher education development.
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