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Table 1. Measurement Methods of Explanatory Variables
	[bookmark: _Hlk193274540][bookmark: _Hlk190511531]Theory
	Variable Name
	Measurement Method	
	Reference literature

	Endogenous growth theory
	R&D Investment (RD)
	[bookmark: OLE_LINK23]Measured as the proportion of government expenditure on science and technology to the total general public fiscal expenditure.
	(Cai et al., 2025; Tang et al., 2022)

	[bookmark: _Hlk192942382]
	Human Capital (HC)
	Estimated using the average years of schooling in each city, calculated based on data from the fifth, sixth, and seventh national censuses. Missing values for intermediate years are linearly interpolated.
	(Rodríguez-Pose et al., 2021)

	[bookmark: _Hlk192942411]Agglomeration economics theory
	Population Density (PD)
	Calculated as the ratio of the resident population to the total urban land area.
	(Carlino et al., 2007; Knudsen et al., 2008)

	[bookmark: _Hlk192942448]
	Employment Density (EMPD)
	Calculated as the number of employed individuals divided by the total urban land area.
	(Carlino et al., 2007; Knudsen et al., 2008)

	[bookmark: _Hlk192942470]
	Economic Density (ED)
	Measured as the ratio of GDP to the total urban land area.
	(Andersson et al., 2016; Carlino et al., 2007; Knudsen et al., 2008)

	[bookmark: _Hlk192942486]
	[bookmark: OLE_LINK92]Specialized agglomeration (SA)
	In this study, the Krugman Specialization Index is utilized to assess regional industrial specialization. The index is calculated as follows:

where  represents the specialized agglomeration level of city  in year ,  denotes the employment in industry  of city  in year ,  is the total number of industry categories, and  is the total number of cities.

	(Ning et al., 2016)

	[bookmark: _Hlk192942518]
	Diversified agglomeration (DA)
	To measure the level of diversified agglomeration, we employ the formula:

Where,,  represents the total number of industry categories, and  denotes the employment in industry  of city  in year . This index reflects the degree to which employment is evenly distributed across industries within a city.
	(Ning et al., 2016)

	[bookmark: _Hlk192942904]
	Industrial Structure (IS)
	Represented by the ratio of the value added of the tertiary industry to GDP
	(Greunz, 2004; C. Zhang et al., 2024)

	[bookmark: _Hlk192942949]
	Industrialization Level (IL)
	Measured by the ratio of the value added of the secondary industry to GDP.
	(C. Zhang et al., 2024)

	[bookmark: _Hlk192942957]Institutional economics theory
	[bookmark: OLE_LINK15][bookmark: OLE_LINK97]Intellectual Governance (IG)
	[bookmark: OLE_LINK99]To quantify the level of intellectual property governance, we use the formula:

where  represents the number of intellectual property judicial cases in region  in year , and  denotes the GDP of region  in year . 
	(Mao & Failler, 2022; S. Yang et al., 2024)

	[bookmark: _Hlk192943063]
	Institutional Quality (IQ)
	Measured by the marketization index of the province to which the city belongs.
	(Ganau & Grandinetti, 2021; B. Song et al., 2024)

	[bookmark: _Hlk182732339]Regional innovation systems theory
	Industry-Academia Collaboration (ICOL)
	Measured by the number of patents jointly applied by universities or research institutions and enterprises.
	(Lei et al., 2012; Zhuang et al., 2021)

	[bookmark: _Hlk192943113]
	Financial Accessibility (FA)
	Represented by the number of financial institutions with licensed operations in each city
	(Emara & El Said, 2021; S. Li et al., 2024)

	[bookmark: _Hlk192943209]
	Innovation Network Density (IND)
	Defined as the number of inventors listed on jointly applied patents
	(Fitjar & Rodríguez‐Pose, 2020; W. Li & He, 2024; Zhao & Li, 2022)

	[bookmark: _Hlk192943216]
	National Policy Support (NPS)
	Proxied by the number of national-level economic and technological development zones in each city.
	(Aisaiti et al., 2022; Wu et al., 2021; Ye et al., 2024)

	[bookmark: _Hlk192943260]
	Provincial Policy Support (PPS)
	The number of provincial-level economic and technological development zones in each city is used as a measure.
	(Wu et al., 2021)

	[bookmark: _Hlk192943266]
	Higher Education Attainment (HEA)
	[bookmark: OLE_LINK101]Defined as the ratio of the number of students enrolled in ordinary higher education institutions to the total population in a city.
	(Rodríguez-Pose et al., 2021)

	[bookmark: _Hlk192943285]
	Transportation Infrastructure (TI)
	Expressed using per capita road area.
	(Wang et al., 2018)

	
	High Technology industry Development (HTID)
	Measured by the number of newly registered high-tech enterprises in each city.
	/

	[bookmark: _Hlk192943309]Global innovation networks theory
	Foreign Direct Investment (FDI)
	Represented by the ratio of FDI to GDP
	(Jiang et al., 2022; Ning et al., 2016)

	[bookmark: _Hlk192943355]
	Economic Openness (EO)
	The ratio of import and export trade volume to GDP in each city is used as an indicator.
	(Wen et al., 2023)

	[bookmark: _Hlk192943957]Creative class and urban innovation
	[bookmark: OLE_LINK41]Creative Industry Development (CRID)
	Measured as the proportion of employment in the information transmission, software, and information technology service sectors, scientific research and technical services, and cultural, sports, and entertainment industries to total employment.
	(Müller et al., 2009; Sleuwaegen & Boiardi, 2014)

	[bookmark: _Hlk192944769]
	Cultural Infrastructure (CUI)
	Proxied by the number of public library collections per 100 people.
	(H. Song et al., 2019; M. Zhang et al., 2020)

	[bookmark: _Hlk192944792]Other geographical variables
	Digital Development Level (DDL)
	Measured by the number of broadband internet users per 100 people.
	(M. Yang et al., 2022)

	
	[bookmark: _Hlk192944812]Location Advantage (LA)
	Defined as the geographical distance between the city and the provincial capital.
	

	
	Climate Suitability (CS)
	Measured by the lowest recorded temperature in the city.
	

	
	Natural Disaster Risk (NDR)
	Proxied by the frequency or intensity of extreme rainfall events in the city.
	

	
	Water Resource Availability (WRA)
	Measured by the annual precipitation in the city.
	

	[bookmark: _Hlk192578682]
	Trade Accessibility (TA)
	Defined as the geographical distance between the city and the nearest port.
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Appendix B


Model Selection and Performance Evaluation
To identify the most suitable predictive model for UICs, we evaluated multiple ML algorithms, including Linear Regression (LR), Elastic Net (EN), GBDT, XGBoost, and Random Forest (RF). The performance of each model was assessed using out-of-sample and cross-validation metrics to ensure both predictive accuracy and generalizability. Key evaluation metrics included the coefficient of determination (R²), mean absolute error (MAE), root mean squared error (RMSE), and mean absolute percentage error (MAPE). These metrics are formally defined as follows:
	
	(1)

	
	(2)

	
	(3)

	
	(4)


where  and  denote the observed and predicted values of UICs, respectively,  represents the mean of the observed values, and  is the total number of observations. The coefficient of determination (R²) measures the proportion of variance in UICs explained by the model, while RMSE captures the magnitude of prediction errors in the original units. MAE reflects the average absolute deviation between predicted and observed values, providing a direct and interpretable measure of overall prediction accuracy that is less sensitive to extreme errors than RMSE. MAPE provides a scale-independent measure of prediction accuracy by expressing errors as percentages. In addition, 10-fold cross-validation () was employed to evaluate model stability and robustness across different data partitions.
Table 2. Model Performance Summary for Heterogeneous City Subsamples
	City Group
	Model
	Train R2
	Test R2
	Train RMSE
	Test MAE
	CV10 R2 (Mean)
	CV10 R2 (Std)

	All Cities
	GBDT
	0.9852
	0.9437
	0.9326
	0.9908
	0.9461
	0.0065

	
	XGBoost
	0.9831
	0.9410
	0.9977
	1.0099
	0.9458
	0.0081

	
	Random Forest
	0.9849
	0.9382
	0.9419
	1.0473
	0.9376
	0.0064

	
	Linear Regression
	0.8351
	0.8044
	3.1129
	1.9353
	0.8216
	0.0219

	
	Elastic Net
	0.7523
	0.7208
	3.8156
	2.3498
	0.7343
	0.0379

	Developed Cities
	GBDT
	0.9931
	0.9403
	0.9429
	1.8730
	0.9306
	0.0174

	
	XGBoost
	0.9911
	0.9389
	1.0693
	1.8435
	0.9305
	0.0206

	
	Random Forest
	0.9835
	0.9162
	1.4542
	2.1415
	0.9136
	0.0199

	
	Linear Regression
	0.8571
	0.8111
	4.2846
	3.5686
	0.8270
	0.0484

	
	Elastic Net
	0.8043
	0.7326
	5.0139
	4.1446
	0.7666
	0.0615

	Undeveloped Cities
	GBDT
	0.9769
	0.9088
	0.4835
	0.5738
	0.9033
	0.0186

	
	XGBoost
	0.9722
	0.9040
	0.5310
	0.5977
	0.8964
	0.0282

	
	Random Forest
	0.9702
	0.8809
	0.5498
	0.6604
	0.8689
	0.0345

	
	Linear Regression
	0.7724
	0.7552
	1.5187
	0.9818
	0.7515
	0.0274

	
	Elastic Net
	0.6748
	0.6559
	1.8152
	1.1044
	0.6578
	0.0445

	Large Cities
	XGBoost
	0.9917
	0.9323
	0.9599
	1.4655
	0.9465
	0.0186

	
	GBDT
	0.9939
	0.9298
	0.8262
	1.4300
	0.9456
	0.0204

	
	Random Forest
	0.9884
	0.9124
	1.1371
	1.6542
	0.9310
	0.0257

	
	Linear Regression
	0.8550
	0.8259
	4.0242
	2.8111
	0.8315
	0.0473

	
	Elastic Net
	0.7918
	0.7342
	4.8215
	3.3258
	0.7591
	0.0515

	Medium and  Small Size Cities
	XGBoost
	0.9808
	0.8971
	0.5017
	0.6492
	0.9182
	0.0191

	
	GBDT
	0.9845
	0.8883
	0.4504
	0.6582
	0.9208
	0.0206

	
	Random Forest
	0.9777
	0.8603
	0.5405
	0.7165
	0.8997
	0.0227

	
	Linear Regression
	0.7988
	0.7335
	1.6236
	1.1086
	0.7778
	0.0422

	
	Elastic Net
	0.7435
	0.6772
	1.8333
	1.2225
	0.7216
	0.0344

	Provincial Capital Cities
	XGBoost
	0.9978
	0.9374
	0.5494
	1.8075
	0.9508
	0.0122

	
	GBDT
	0.9986
	0.9350
	0.4404
	1.8424
	0.9470
	0.0156

	
	Random Forest
	0.9875
	0.9117
	1.2999
	2.2108
	0.9252
	0.0117

	
	Linear Regression
	0.9095
	0.8902
	3.5041
	2.8031
	0.8759
	0.0505

	
	Elastic Net
	0.8791
	0.8613
	4.0494
	3.1432
	0.8398
	0.0602

	Non-Provincial Capital Cities
	GBDT
	0.9865
	0.9375
	0.6803
	0.7288
	0.9389
	0.0175

	
	XGBoost
	0.9845
	0.9312
	0.7307
	0.7569
	0.9361
	0.0169

	
	Random Forest
	0.9845
	0.9266
	0.7295
	0.8068
	0.9285
	0.0176

	
	Linear Regression
	0.8271
	0.8309
	2.4375
	1.3892
	0.8174
	0.0407

	
	Elastic Net
	0.7723
	0.7440
	2.7970
	1.6050
	0.7532
	0.0550



