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Abstract 18 

Many urban features are found to follow the scaling law (Y = αNβ). It has been found that 19 

the infrastructures scale 5/6 sublinearly with the population size, and the commercial 20 

facilities scale superlinearly. However, there is a lack of systematic research on the scaling 21 

laws of different types of functional components covering comprehensive urban 22 

processes, and the mechanism explanation for scaling laws of functional components is 23 

rare. Using data from 523 cities, this study studied the scaling laws of 22 types of 24 

functional components, taking into account the socio-economic development stage of 25 

cities. Results show that: (1) the scaling exponent of transportation facilities such as road 26 

areas is 5/6, that of components such as banks, telecom halls and libraries is 8/9, and the 27 

waterworks and delivery outlets scale linearly; (2) the scaling exponents of fast-food 28 

restaurants, stadiums and factories are positively correlated with profitability, varying 6/5 29 

~ 7/5; (3) the insufficient supply makes the decomposers deviate from the 5/6 sublinear 30 

scaling; (4) economic and urbanization development improve the scaling exponents of 31 

commercial components; (5) economic development decreases the scaling exponents of 32 

some types of infrastructures, while urbanization increases it. 33 

 34 

Keywords: functional components, growth pattern, economies of scale, economic 35 

development, urbanization 36 

 37 

  38 
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Introduction 39 

The complex self-sustaining systems from living cells to metazoans and cities 40 

typically follow the scaling laws (Y = aXβ) for many properties as their sizes increase1,2. 41 

The scaling laws are frequently found in the relationship between biological metabolism 42 

and body size3,4. Meanwhile, a large body of literature has found that the urban 43 

characteristics also follow the universal scaling with the population size5,6. For example, 44 

the number of gasoline stations and road areas shows a sublinear scaling1,7, while some 45 

urban outputs, such as patents, personal income, and gross domestic product (GDP), show 46 

superlinear scaling with population size8. It indicates that large cities can use resources 47 

more effectively and produce more patents and wealth with fewer roads and per capita 48 

services9. Population growth has also promoted the demand for various functional 49 

components, whether public or commercial facilities10. The scaling law reveals the 50 

relative growth rate between the components and the population size on a macro scale11,12. 51 

However, the existing research mainly focuses on a few specific types of components due 52 

to the availability of data.  53 

Cities (urban-rural systems) are composed of functional components13,14, which are 54 

essential for the development of the urban economy and the improvement of human well-55 

being15. Globally, the development of cities is accelerating and the functional components 56 

are becoming diverse in past decades when the world enters a post-industrial era. The 57 

various components, such as fast-food restaurants, gasoline stations, and machinery 58 

plants, can be categorized into six functional groups according to the specialized 59 

processes they perform16, including regulators, life supporters, circulators, decomposers, 60 
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secondary processors, and primary producers. Early studies found that the length of road 61 

areas and water pipes had a 5/6 sublinear scaling with population size, which has been 62 

verified in different countries8. However, other studies have found that the scaling 63 

exponent of public facilities, such as banks, is 0.8817, while commercial facilities, such 64 

as accommodations, show superlinear scaling with population size18,19. Although there 65 

are some studies related to the scaling law of functional components, there is still no 66 

conclusion on the universality and mechanism of the scaling exponent. Due to the 67 

challenges related to data availability20,21, little is known about the scaling law of different 68 

types of functional components such as telecom halls, machinery plants, and fast-food 69 

restaurants. This research used various datasets to obtain a deep understanding of the 70 

scaling law of multi-type functional components. 71 

The scaling law is widely found in biologies, such as in the relationship between the 72 

metabolic rate and body size22,23. Based on the principle of geometry, early research 73 

thought that the metabolism of organisms showed 2/3 sublinear scaling with body weight. 74 

However, a large body of experiments by Kleiber has shown that the power law is 3/423. 75 

It means that when an organism doubles its weight, its metabolism only needs to increase 76 

by 75%. West et al. supported Kleiber's law and explained the origin of the 3/4 scaling 77 

law with a branching mechanism of the network3. However, the universality of the 3/4 78 

scaling law to diverse organisms is still challenged. Recent studies discovered that the 79 

scaling exponent of eukaryotic metabolism is 0.79, and that of prokaryotic metabolism is 80 

as high as 1.9624. In addition, the number of multiple types of organelles also shows 81 

different scaling laws with the living cell volume25. For example, some studies revealed 82 
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the number of chloroplasts has a sublinear scaling (β ~ 0.71) with cell volume26. At the 83 

same time, other studies showed that the number of mitochondria and endoplasmic 84 

reticulum has a linear scaling (β ~ 1.02) with cell volume27. It supports that the scaling 85 

law exists at different levels of living systems. 86 

In the past 15 years, the scaling law has been extended to the relationship between 87 

various urban indicators and population size4,7,28. Bettencourt's model shows that the 88 

urban areas scale 2/3 sublinear scaling with population size, while the infrastructures scale 89 

5/6 sublinear scaling, the innovation and wealth creation scale 7/6 superlinear scaling8. It 90 

has been found that the number of components such as road areas and gasoline stations 91 

shows the universal scaling exponent29. However, with the deepening of research, 92 

different scaling exponents are found using different functional components and models30. 93 

Some studies have adopted different statistical methods and obtained different scaling 94 

exponents for the same indicator31,32,33. Other studies have shown that the scaling 95 

exponent is affected by external factors, such as the level of economic development and 96 

urban government policies34,35. There is still no unified conclusion about the scaling 97 

mechanism of different functional components. In addition, the factors affecting the 98 

scaling law of functional components have not been fully explored. For example, with 99 

the improvement of urbanization, the scaling law of functional components is 100 

inconstant36,37. This gap in the existing literature urges us to conduct a comprehensive 101 

study of urban functional components. 102 

In this paper, we analyzed the scaling laws and growth mechanism of 22 different 103 

types of functional components (including 23578 individuals) based on the data from 523 104 
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cities in China, the United States, and Europe. The study aims to find out (1) the 105 

distribution of multiple types of functional components in different size cities; (2) the 106 

scaling law of different types of functional components and their development mechanism; 107 

(3) the influence of socio-economic factors on the scaling laws of the functional 108 

components. The results can help us deepen the understanding of the scaling laws of 109 

functional components so that optimize the planning and sustainable development of 110 

cities. 111 

 112 

Results 113 

The number of 22 types of functional components 114 

The statistics of the 22 case components showed that there were significant 115 

differences (P < 0.01) in the number of functional components in cities (Fig. 1a). The 116 

number of the circulators was about 102-3 individuals in a city. For example, the number 117 

of bus stops in a city was 2,959 individuals on average (from 180 to 8,143), which was 118 

the highest among these 22 case components. Following were the regulators, and there 119 

were 102-3 individuals in a city. The number of post offices in a city was 161 on average 120 

(from 31 to 769), and that of telecom halls was 959 (from 57 to 7,775). The number of 121 

life supporters was about 102 individuals in a city. For example, the number of 122 

swimming pools was 117 on average (from 56 to 378), and the number of gasoline 123 

stations was 298 (from 1 to 578). For the primary producers, the number of waterworks 124 

was 17 (from 15 to 56) in a city, and that of the greenhouses was 2431 (from 121 to 125 

5,184). Nevertheless, the decomposers were rare in a city, the number of WTPs was 126 
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only 13 on average (from 1 to 116), and that of WDPs was 9 (from 1 to 44). 127 

The difference in the number of the 22 case components per million people was 128 

smaller than the number of the component in a city (Fig. 1b). For the circulators, the bus 129 

stops had 979 (from 73 to 2673) individuals per million people. For the regulators, the 130 

telecom halls had 60 (from 18 to 95) individuals per million people, and the post offices 131 

had 36 (from 12 to 58) individuals per million people. For the life supporters, the 132 

gasoline stations had 52 (from 17 to 95) individuals per million people. For the primary 133 

producers, the waterworks had 8 (from 2 to 21) individuals per million people, and the 134 

greenhouses had 58 (from 12 to 236) individuals per million people. For the 135 

decomposers, the WTPs, and WDPs only had 3 (from 2 to 8) and 2 (from 1 to 6) 136 

individuals per million people (Supplementary Table S3). 137 

The revealed comparative advantage (RCA) is a standardized index to measure the 138 

relative proportion of the functional components in different city38. The RCAs of KFCs 139 

and MCDs were greater than 1 in large cities and smaller than 1 in small cities (Fig. 1c 140 

and d). The situation of machinery plants and livestock feedlots was the same. In other 141 

words, the advantage of components, such as KFCs, MCDs, machinery plants, and 142 

livestock feedlots in large cities are greater than those in small cities. On the contrary, 143 

the RCAs of banks and post offices were smaller than 1 in large cities and greater than 1 144 

in small cities, and the situation of WTPs and WDPs was the same. In other words, the 145 

advantage of components, such as banks, post offices, WTPs, and WDPs in small cities 146 

are greater than those in large cities. The Pearson correlation between any two types of 147 

functional components is shown in Supplementary Fig. S2. 148 
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 149 

 150 

Fig. 1. The number and RCA values of 22 types of functional component individuals. (a) The total 151 

number of component individuals in a city; (b) the number of component individuals per million 152 

people; (c) the dominant components in the small city (Jinchang City); (d) the dominant components 153 

in the large city (Shanghai City). The red bars indicate regulators; orange indicates life supporters; 154 

purple indicates circulators; blue indicates decomposers; dark green indicates secondary processors; 155 

light green indicates primary producers. WTP (GER), WTP (FRA), and WTP (USA) refer to 156 

wastewater treatment plants in Germany, France, and the United States. The connection between the 157 

city components means that they can coexist in a city. 158 
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 159 

The scaling laws of the 22 types of functional components in the cities 160 

The 22 types of components classified into six functional groups all showed the 161 

scaling relationship with the population (Fig. 2). The number of components belonging 162 

to regulators all showed sublinear scaling with the population, the β of telecom hall and 163 

bank are 0.90 [0.86, 0.94] and 0.89 [0.85, 0.93] (Fig. 2a). In contrast, the number of 164 

components belonging to life supporters spanned three scaling regions in response to 165 

the population, from sublinear to superlinear scaling (Fig. 2b). For example, the β of 166 

gymnasiums and gasoline stations are 1.36 [1.30, 1.42] and 0.84 [0.80, 0.88]. The 167 

number of components belonging to circulators showed sublinear or linear scaling (Fig. 168 

2c), the β of road areas and delivery outlets are 0.82 [0.77, 0.87] and 1.01 [0.95, 1.07]. 169 

While the number of secondary processors showed superlinear scaling, the number of 170 

primary producers showed linear scaling (Fig. 2e, f). For example, the β of livestock 171 

feedlot and waterworks are 1.22 [1.15, 1.29] and 1.01 [0.96, 1.06]. The β of WTPs and 172 

WDPs are 0.77 [0.71, 0.83] and 0.70 [0.65, 0.75] (Fig. 2d), which is inconsistent with 173 

the expected 5/6 sublinear scaling. Based on the statistical methods introduced by 174 

Leitao et al., we found that the scaling laws of 18 types of case components were 175 

consistent in the least-square method and probabilistic models (Supplementary Table 176 

S2). However, for the other four types of case components, we found that the lognormal 177 

fluctuation model and the least-squares method returned varying results. For example, 178 

the libraries and WTPs were sublinear in the least-squares method while linear in the 179 

lognormal fluctuation model.  180 
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 181 

 182 

Fig. 2. The scaling relationship of functional components. (a) Three types of regulators. (b) Nine 183 

types of life supporters. (c) Four types of circulators. (d) Five types of decomposers. (e) Two types 184 

of secondary processors. (f) Two types of primary producers. The colored lines indicate the best fit, 185 

and the black line indicates where the slope is 1. 186 

 187 

We classify the scaling exponents according to the attributes of functional 188 

components (Fig. 3). As for components shared by the whole city, the β of the road 189 

areas and bus stops showed close to 5/6. As for components shared locally, the β of 190 

banks, telecom halls, middle schools, and libraries showed close to 8/9. The scaling 191 

exponents β of delivery outlets, waterworks, and greenhouses were even close to 1. 192 

Abnormally, we found that the scaling exponents of WTPs and WDPs are much lower 193 
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than 5/6, showing more savings. As for the commercial components, there is no 194 

universal scaling exponent. The β of industrial facilities such as machinery plants and 195 

livestock feedlots were 1.2 and 1.29. Those of the postindustrial facilities such as KFCs, 196 

MCDs, swimming pools, and gymnasiums were larger than those of machinery plants 197 

and livestock feedlots, which are close to 1.4. Furthermore, we observed that the scaling 198 

exponents of the superlinear functional components increased with the profitability per 199 

unit of land area (P < 0.01). For example, KFCs, MCDs, and gymnasiums with high 200 

revenue had the larger scaling exponents (Supplementary Fig. S10).  201 

 202 

Fig. 3. The scaling exponents and 95% confidence intervals of 22 types of functional components. 203 

The sublinear scaling refers to the upper confidence of β < 1; the linear scaling refers to the 204 

confidence interval across 1; the superlinear scaling refers to the lower confidence of β > 1.  205 

 206 

The temporal evolution in the scaling laws of functional components 207 

We illustrated the change trajectories of the number of functional components and the 208 
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population size in each city and described the dynamic evolution in scaling laws from 209 

2010 to 2018. Fig. 4 showed the scaling exponents of some representative components in 210 

22 types, such as fast-food restaurants, stadiums, bus stops, post offices, gasoline stations, 211 

and middle schools. Overall, we found strong evidence that the scaling exponents of 212 

components showed three change trends. For the commercial facilities, the β of MCDs 213 

increased significantly from 1.21 to 1.43 (Fig. 4a), and that of gymnasiums increased 214 

from 0.98 to 1.37 (Fig. 4b). For the infrastructures, the β of gasoline stations decreased 215 

from 0.90 to 0.82 (Fig. 4c), and that of road areas decreased from 0.85 to 0.80 (Fig. 4d). 216 

However, the β of the middle schools and post offices did not change significantly over 217 

time (Fig. 4e, f). The results of the other types of components are in Supplementary Fig. 218 

S6.  219 

 220 

Fig. 4. Dynamic changes of scaling exponents of different functional components between 2010 and 221 

2018. (a) The trajectory of MCDs and population. (b) The trajectory of gymnasiums and population. 222 

ba c

d e f
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(c) The trajectory of gasoline stations and population. (d) The trajectory of road areas and 223 

population. (e) The trajectory of post offices and population. (f) The trajectory of middle schools and 224 

population. The red line represented the scaling relationship in 2010, and the green line represented 225 

that in 2018. 226 

 227 

The scaling exponents in response to economic factor 228 

The results of rolling window regression showed that along with the urbanization 229 

level39, the scaling exponents of 22 types of functional components had different change 230 

trends (Fig. 5). The β of fast-food restaurants showed an upward trend from 1 to 1.5 231 

(Fig. 5a, b). The β of waterworks decreased from 1.1 to 0.9 (Fig. 6c). The β of stadiums 232 

showed an upward trend from 1.1 to 1.5 (Fig. 5d). The β of livestock feedlots showed a 233 

downward trend from 1.25 to 1.05 (Fig. 5e). The β of machinery plants showed an 234 

upward trend from 1.0 to 1.3 (Fig. 5f). The β of telecom halls increased from 0.85 to 235 

0.95 (Fig. 5g). The β of road areas increased from 0.80 to 1.05 and that of bus stops 236 

increase from 0.72 to 1.08 (Fig. 5h, i). The confidence interval of β in each economic 237 

group can be seen in the figures. The results of the other types of components are in 238 

Supplementary Fig. S7.  239 
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 240 

Fig. 5. The changes in β of functional components along with the urbanization ratio. (a) KFC. (b) 241 

McD. (c) Waterworks. (d) Swimming pool. (e) Livestock feedlot. (f) Machinery plant. (g) Telecom 242 

hall. (h) Road area. (i) Bus stop.  243 

 244 

The scaling exponents in response to urbanization 245 

On the economic gradient, the results were somewhat different from that of 246 

urbanization (Fig. 6). The β of fast-food restaurants increased with the per capita GDP 247 

from 1.2 to 1.6 (Fig. 6a, b). The β of waterworks did not change with GDP per capita 248 

(Fig. 6c). The β of stadiums increases from 1.1 to 1.5 (Fig. 6d). The β of livestock 249 

feedlots showed an upward trend from 1.0 to 1.2 (Fig. 6e), while the β of machinery 250 

a b c

d f
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plants decreased at first and then increased to 1.3 (Fig. 6f). The β of telecom halls 251 

showed an upward trend and was always smaller than 1 (Fig. 6g). However, the β of 252 

road areas and bus stops showed a downward trend (Fig. 6h, i). The results of other 253 

types of components are in Supplementary Fig. S8.  254 

 255 

Fig. 6. The changes in scaling exponents of functional components under different economic levels. 256 

(a) KFC. (b) McD. (c) Waterworks. (d) Swimming pool. (e) Livestock feedlot. (f) Machinery plant. 257 

(g) Telecom hall. (h) Road area. (i) Bus stop.  258 

 259 

Discussion 260 
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Functional components disparities among cities are emerging as critical determinants of 261 

human health and well-being15. It is beneficial to compare the functional components of 262 

cities with different sizes. The revealed comparative advantage (RCA) is an important 263 

standardized index to measure the relative proportion of different functional components 264 

in different city38. Our results showed that the RCAs of commercial facilities such as fast-265 

food restaurants, stadiums, and machinery plants in Shanghai are 2.21, 1.94, and 1.89 266 

(Fig. 1), while those of gasoline stations, post offices, and WTPs are 0.74, 0.82 and 0.65. 267 

It implied that informational and service businesses concentrate disproportionally in large 268 

cities21. On the contrary, the RCAs of the gasoline stations, post offices, and WTPs are 269 

1.98, 2.01, and 1.48 in Jinchang city with only 400 thousand population. It shows that the 270 

advantages of agglomeration of functional components in large cities and small cities may 271 

be quite different. Furthermore, we found that the RCAs of the components change with 272 

population size in two different ways (Fig. 7). Fast-food restaurants, stadiums, and 273 

machinery plants increase, while gasoline stations, post offices, and telecom halls 274 

decrease. Previous studies used employment data and showed that the growth of different 275 

industries changes with population size40. We used the number of functional components 276 

and also found that phenomenon. The difference in the influence of population on the 277 

distribution of functional components may come from the scaling property of the 278 

functional component41. The components with superlinear scaling grow faster than the 279 

population, while the components with sublinear scaling grow slower than the population. 280 
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 281 

Fig. 7.  The relationship between the RCA of functional components and population size. 282 

 283 

It is generally considered that the scaling exponent of biological metabolism is 3/422,23, 284 

while the scaling exponent of urban infrastructures is 5/68. However, the universality of 285 

scaling exponent of different functional components has not been deeply explored. We 286 

found that components locally shared such as telecom halls, schools, hospitals, and 287 

libraries show 8/9 sublinear scaling (Fig. 2a,b). Previous studies have shown that the 288 

scaling exponents of post offices, banks, and fire stations are 0.88, 0.90, and 0.8817,18,28, 289 

which are consistent with our results. Many studies have confirmed that the number of 290 

gasoline stations and road areas has 18% savings29,42, however, the latest research and our 291 

results show that the number of banks and telecom halls has only 10% savings (Fig. 3). It 292 

may be because road areas and gasoline stations are shared by the whole city, while banks 293 

and telecom halls are locally shared. Due to the limitation of people's travel, the number 294 

of local shared components will increase with the population density18,43. Previous study 295 
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has found in the case of maximizing accessibility, the response of hospitals and schools 296 

to population size does not conform to the universal 5/6 scaling law10. Rather, the 297 

components locally shared such as banks and telecom halls save less. The sublinear 298 

scaling of some infrastructures can be derived through sharing and is found to be jointly 299 

affected by population and population density12. It may be one reason for the different 300 

scaling exponents of functional components with different shareability. Analyzing the 301 

scaling law of more different types of components is worthy of further investigation. 302 

At the same time, although the number of WTPs and WDPs shows 3/4 sublinear 303 

scaling or even lower (Fig. 2d), the scaling exponents may be false. Because 19% of the 304 

population in the Chinese cities still does not have access to wastewater treatment plants 305 

(Supplementary Fig. S9), more decomposition components need to be built in large 306 

cities44. Infrastructures are partly influenced by top-down policies and constrained by 307 

urban budgets45. It has been shown that WTPs and WDPs follow this path. We compared 308 

the scaling exponents of WTPs in China, the United States, and European countries, and 309 

found that the higher the wastewater treatment rate, the closer the β is to the theoretical 310 

value of 5/6. The case of road areas is different: road areas achieved universal 311 

accessibility11. Therefore, the infrastructures of WTPs and WDPs deviate from the 312 

expected scaling exponent, while the infrastructures related to road areas scale within the 313 

expectation. In words, we found that the scaling exponents of components are related to 314 

the property of components and urban construction.  315 

Superlinear scaling represents the concentration of functional components in large 316 

cities41. Exploring the scaling exponents of different types of commercial components, 317 
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we did not find a universal superlinear scaling exponent. For components in the industrial 318 

era, livestock feedlots and machinery plants show 1.20 and 1.29 superlinear scaling (Fig. 319 

3). Previous studies had similar findings that the scaling exponents of candy stores and 320 

meat markets are 1.24 and 1.2536. For components in the postindustrial age, the number 321 

of fast-food restaurants and stadiums shows greater concentration (β ~ 1.4) in the large 322 

cities. It means that the innovative components are increasingly concentrated in large 323 

cities15. Competitiveness is supposed to affect the concentration of functional components 324 

in large cities2. In this study, we consider the profitability of functional components as a 325 

quantification of large cities. We found that the concentration degree is positively 326 

correlated with the profitability of functional components, which promotes the 327 

concentration of components in large cities (Supplementary Fig. S10). For example, the 328 

scaling exponent of livestocks feedlots is lower than that of fast-food restaurant which 329 

may be due to its small profitability per unit area and the restriction of higher rents in 330 

large cities46. Previous studies also found that the concentration degree of industrial 331 

components, such as biotechnology and semiconductor enterprises, is positively 332 

correlated with the average years of education of the workers47. Our findings suggested 333 

that the superlinear effect has different performance in different functional components, 334 

and the functional components with greater profitability are more concentrated in large 335 

cities. 336 

 337 

Some studies have proposed that socio-economic level also affects the number of 338 

functional components19,34. However, the impact of socio-economic factors on different 339 
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facilities has not been studied. This study showed that the scaling exponents of fast-food 340 

restaurants and stadiums increase with per capita GDP and urbanization ratio (Fig. 5 and 341 

Fig. 6). The main possible reason could be that the economic level improves the total 342 

demand and market size to a certain extent48, and urbanization reduces the transportation 343 

cost of raw materials49. Thus, the number of fast-food restaurants and stadiums is not only 344 

driven by the population but also improved by the economic level and urbanization. The 345 

development of economic level and urbanization also affect the β of machinery factories 346 

and livestock feedlots. As typical industrial components, the expansion of machinery 347 

factories and livestock feedlots mainly considers the size of the market and the number 348 

of consumers. The increasing return to scale brought by economic development provides 349 

a theoretical explanation for the concentration of modernized industries47. Recent 350 

research indicates that the increased economic level is fueling the increased demand for 351 

industrial products15. It also shows the role of the economic level in promoting livestock 352 

and factories. However, the livestock feedlot is a distinct case that its scaling exponent 353 

decreased with urbanization. As urbanization intensifies, the effects of livestock 354 

production on the environment and public health the limited the traditional livestock 355 

production50. A recent study shows that urbanization can improve the development of 356 

livestock51. It may be because the improvement of technology, the livestock revolution, 357 

and increased people's needs may pull the livestock production system to large cities. 358 

Anyway, urbanization and economic development could increase the superlinear growth 359 

of commercial components. 360 

For infrastructures, the impact of per capita GDP and urbanization on the scaling 361 
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exponents is inconsistent. The scaling exponents of road areas and bus stops are rising 362 

with urbanization (Fig. 5h, i) and declining with economic development (Fig. 6h, i). 363 

Roads and bus stops provide liquidity for people and good through land accessibility, 364 

which lead to the high demand for roads in the urbanization process52. While economic 365 

development makes more land invested in production and consumption, thus limiting the 366 

growth of roads and bus stops14. The urbanization reduces the scaling exponent of 367 

waterworks, which implied that the number of waterworks is saved with the urbanization 368 

development. It may be due to the centralized supply of resources accompanied by 369 

urbanization53. However, the economic level does not affect the scaling of waterworks. 370 

Urbanization and economic level both promoted the scaling exponents of telecom hall, 371 

which is consistent with Qian's research19. They explained that public facilities show 372 

commercial attributes in rich cities. In essence, economic development has increased 373 

users' demand for mobile communications43. Thus, we suggested taking the socio-374 

economic factors into scaling studies, which can help better understand the development 375 

pattern of functional components. 376 

 377 

Conclusion  378 

This study is the first application to systematically study the scaling relationship 379 

between the functional components and population. At the same time, we integrated other 380 

factors, such as per capita GDP and urbanization level. We estimated scaling exponents 381 

of 22 functional components (including 15 types not discussed before) and found that the 382 

infrastructures shared by the whole city show 5/6 sublinear scaling, and the banks, 383 
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telecom halls, and libraries due to their local sharing show 8/9 scaling. The commercial 384 

components show superlinear scaling with the β ranging from 6/5 to 7/5, and the scaling 385 

exponents are positively correlated to the profitability of the components. At the same 386 

time, we found that the dominance of superlinear scaled components increases with 387 

population size, while the sublinear scaled components are opposite. Finally, we found 388 

that socio-economic factors significantly affected the scaling law of functional 389 

components. The improvement of economy and urbanization levels promotes the 390 

superlinear growth of fast-food restaurants, stadiums, banks, and telecom halls, while the 391 

economic development reduces the scaling exponents of road areas and bus stops. This 392 

study explored the development pattern of multiple functional components from the 393 

comprehensive urban processes and multiple impact factors, which is helpful to explain 394 

the scaling mechanism of functional components.  395 
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Methods 396 

Data collection 397 

Selection of the different functional components 398 

Using the top-down approach, we summarized six groups of processes in cities: 399 

regulation, life supporting, circulation, decomposition, secondary processing, and 400 

primary production. Previous work has divided functional components into six groups 401 

according to the corresponding urban processes of the functional components16. Among 402 

them, the primary producers include 4 types, we chose 2 types: greenhouses and 403 

waterworks. The secondary processors include 6 types, we chose 2 types: livestock 404 

feedlots and machinery plants. The decomposers include 4 types, we chose 2 types: 405 

wastewater treatment plants (WTP) and waste disposal plants (WDP). The circulators 406 

include 6 types, we chose 3 types: road areas, bus stops, and delivery outlets. The life 407 

supporters include 26 types, we chose 9 types including fast-food restaurants, stadiums, 408 

gasoline stations, schools, hospitals, and libraries. The regulators include 3 types, we 409 

chose 3 types: banks, post offices, and telecom halls. 410 

 411 

POI dataset 412 

Using the POI data system of AutoNavi electronic map, this study crawled the spatial 413 

coordinate data of 15 types of functional components, including banks, telecom halls, 414 

Shaxian snacks, Kentucky Fried Chickens, McDonald's, gymnasiums, swimming pools, 415 

libraries, gasoline stations, Shentong and Shunfeng delivery outlets, bus stops, machinery 416 
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plants, livestock feedlots, and waterworks. The data of schools, hospitals, post offices, 417 

and road areas in each city are from the Chinese City Statistical Yearbook. The location 418 

data of greenhouses are from Google Earth remote sensing recognition. The location data 419 

of WTPs and WDPs in China, Europe, and the United States are from the Ministry of 420 

Ecological Environment, European Environment Agency, and the United States 421 

Environmental Protection Agency. The 2010 and 2016 POI dataset originated from the 422 

AutoNavi electronic map, and the 2018 electronic map data originated from the Peking 423 

University Open Research Data Platform. Table S4 shows the time and datasets source of 424 

the 22 types of components. In ArcGIS, the coordinate layer of functional components 425 

and the vector layer of urban boundary are overlapped through the spatial data statistics 426 

to calculate the total number of the components in each city. 427 

 428 

Population and socioeconomic factors dataset 429 

We collected the resident population and urbanization ratio data are from the statistical 430 

bulletins of the national economic and social development of prefecture-level cities, the 431 

Bureau of Economic Analysis (BEA), the French Statistical Office, and the German 432 

Federal Statistical Office, respectively. The GDP data are from the Chinese City 433 

Statistical Yearbook, the Bureau of Economic Analysis (https://www.bea.gov/), the 434 

French Statistical Office (https://www.insee.fr/fr/accueil), and the German Federal 435 

Statistical Office (https://www.destatis.de/de/startseite.html ).  436 

 437 

https://www.bea.gov/
https://www.insee.fr/fr/accueil
https://www.destatis.de/de/startseite.html
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Theoretical derivation of scaling exponents  438 

The urban scaling law reflects the average infrastructures and land-use patterns change 439 

systematically with population size. Bettencourt's framework predicted the scaling law of 440 

a series of urban attributes from the perspective of the social network. His foundational 441 

assumptions are: (1) citizens can get the least resources to explore the city 442 

comprehensively; (2) urban infrastructure has developed into a decentralized network 443 

where everyone can keep in touch; (3) individual benchmark production is limited; (4) 444 

social and economic output is directly proportional to local social interaction. Our 445 

research used his framework to get that when the cities reach the equilibrium of costs and 446 

benefits, the relationship between land area and the population is, 447 

𝐴 =  𝑎𝑁2/3 (1) 448 

where N is the population size of the city, A is the area of the city, and a is a constant 449 

parameter.  450 

For the functional components locally shared, we introduce the model by Um et al.18, then 451 

we get, 452 

𝑌 =  𝑎𝑁2/3𝐴1/3 (2) 453 

where Y is the total number of locally shared components, A is the area of the city.  454 

It shows that the number of public components is also affected by population density. 455 

Replace equation (2) with equation (1), we can get, 456 

𝑌 =  𝑎𝑁8/9 (3) 457 
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 458 

Data processing 459 

In previous studies of the scaling laws, the least-squares method was widely used because 460 

of its simplicity. In addition, there are probabilistic models in the recent research on urban 461 

scaling laws31. In these analyses of probabilistic models, the maximum-likelihood method 462 

is often used to distinguish whether the variable has a Gaussian distribution or a 463 

logarithmic normal distribution, and to judge whether the scaling is nonlinear. 464 

Least-square model 465 

We express the relationship between the number of components and population size 466 

as a power law, 467 

𝑌 =  𝑌0𝑁𝛽 (4) 468 

where N is the resident population size of the city, and Y is the number of functional 469 

components in the city. The β is the scaling exponent of the different functional 470 

components. Equation (4) can be transformed into a linear function, 471 

log𝑌 =  log𝑌0  +  𝛽log𝑁 (5) 472 

where β < 1 shows a sublinear relationship, β ~ 1 shows a linear relationship, and β > 473 

1 shows a superlinear relationship. 474 

We adopt the method proposed by Sahasranaman and Bettencourt17 to calculate scale-475 

independent variations from the scaling law (the vertical variation of each point from 476 

the line of best fit), 477 
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𝜉𝑖 =  log 𝑌𝑖𝑌0𝑁𝛽 (6) 478 

where 𝜉𝑖 is the scale-independent deviation of the component in city i, 𝑌𝑖 is the 479 

number of components in city i.  480 

 481 

Probabilistic models 482 

We assumed that the quantity Y (e.g., the number of banks) of cities with population N is 483 

a random variable of E(Y|N). Thus, we expressed Y as the scaling relationship with 484 

population N, 485 

𝐸(𝑌|𝑁)  =  𝑌0𝑁𝛽
       (7) 486 

where E (Y|N) is the average number of components over the ensemble of cities with 487 

population N.  488 

Following Taylor’s law37,  489 

𝑉(𝑌|𝑁)  =  𝛾𝐸(𝑌|𝑁)𝛿
     (8) 490 

where V(Y|N) is the variance in component numbers over the case cities, δ is the power 491 

law exponent of the variance and the average of components. The power-law relationship 492 

is ubiquitous due to the scaling invariant of complex systems.  493 

In the probabilistic model, the Yi is a realization independent of the conditional probability 494 

distribution P (Y|N i), so the log-likelihood takes the form, 495 

log ℒ ≡ log 𝑃( 𝑌1, … , 𝑌𝑘 ∣∣ 𝑁1, … , 𝑁𝑘 ) = ∑ log𝑃(𝑌𝑖|𝑁𝑖)𝐾𝑖=1  (9) 496 

where ℒ is the maximum likelihood of the model, 𝑌𝑖 is the number of the functional 497 
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components in city i, 𝑁𝑖 the population size in city i. 498 

To study how the distribution of P(Y|N) affects the outcome of the statistical analysis, we 499 

consider two different probability distributions (Gaussian and lognormal): 500 

Gaussian fluctuations we consider that P(Y|N) is given by a Gaussian distribution with 501 

parameters 𝜇𝒦(𝑁) and 𝜎𝒦(𝑁), 502 

𝑃(𝑌|𝑁) = 1√2𝜋𝜎𝒦(𝑁) e−(𝑌−𝜇𝒦(𝑁))2/2𝜎𝒦2 (𝑁)
 (10) 503 

where 𝜇𝒦(𝑁)  is the average number of components and 𝜎𝒦2 (𝑁)  is the variance of 504 

components in the given cities with population N. 505 

Lognormal fluctuations we consider that P(Y|N) is given by a lognormal distribution with 506 

parameters 𝜇ℒ𝒦(𝑁) and 𝜎ℒ𝒦(𝑁),  507 

𝑃(𝑌|𝑁) = 1√2𝜋𝜎ℒ𝒦(𝑁) 1𝑌 e−(log 𝑌−𝜇ℒ𝒦(𝑁))2/2𝜎𝜇ℒ𝒦(𝑁)2
 (11) 508 

where 𝜇ℒ𝒦(𝑁)  is the average of 𝑙𝑜𝑔𝒦(𝑁)  and 𝜎ℒ𝒦(𝑁)  is the variance of 509 𝑙𝑜𝑔𝒦(𝑁)in the given cities with population N.  510 

 511 

Revealed comparative advantage of different functional components 512 

The revealed comparative advantage (RCA) is an important index to measure the 513 

importance of component j to the city i. We calculated the RCA of functional components 514 

according to the method of Hong et al.39  515 

𝑅𝐶𝐴𝑗𝑖 = (𝑌𝑗𝑖 ∑ 𝑌𝑗𝑖)𝑗⁄ /(∑ 𝑌𝑗𝑖/𝑖 ∑ 𝑌𝑗𝑖𝑗,i ) (12) 516 
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where  𝑌𝑗𝑖   is the number of component j in city i. Normalized statistics allow us to 517 

compare different types of components. Typically, the component is dominant in a city 518 

if the RCAji > 1. 519 

Then, we calculated the possibility of two types of components in the same city, 520 𝐼𝑗  =  (𝑙𝑜𝑔 (𝑟𝑐𝑎𝑖𝑗  +  1), (𝑟𝑐𝑎𝑖’𝑗  +  1), … ) (13) 521 

where, 𝐼𝑗 is an array of logarithmic RCA values of component j in all cities, 𝑟𝑐𝑎𝑖𝑗 is the 522 

importance of component j to city i, and 𝑟𝑐𝑎𝑖′𝑗 is the importance of component j to city 523 𝑖′, 524 𝛹 =  𝜌(𝐼𝑗 , 𝐼𝑗′)        (14) 525 

where Ψ is the Pearson correlation index, which quantifies the pairwise correlation of 526 

components; when Ψ > 0.15, the components are likely to exist in the same city. 𝜌 is 527 

the Pearson correlation function. 𝐼𝑗 is an array of component 𝑗, and 𝐼𝑗′ is an array of 528 

component 𝑗′. 529 

 530 

Profitability of functional components 531 

We counted the profitability provided by the commercial functional components as their 532 

competitiveness, 533 

ESp =  𝑅𝐸𝑇/𝐴𝑇  (15) 534 

where 𝐸𝑆𝑝 is the annual income per unit area of a certain type of the component (USD 535 

yr-1 m-2), 𝑅𝐸𝑇  is the annual income of a component individual (such as KFCs or 536 
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livestock feedlots) in China (USD yr-1), and 𝐴𝑇 is the average area of the 537 

corresponding component individual in China. 538 

 539 

Rolling window regression 540 

To test the impact factors of the scaling laws, we used the urban per capita GDP and 541 

urbanization ratio to conduct a rolling window regression. We ranked the cities in terms 542 

of per capita GDP from the highest to the lowest, and then took 100 cities as the fixed-543 

width window based on Peng’s study39. For example, the first fixed-width window is from 544 

the first city (Ordos) to the 100th city (Ningde). The second fixed-width window is from 545 

the fourth city (Shenzhen) to the 103rd city (Langfang). We obtained a total of 62 rolling 546 

windows. We estimated the scaling exponents and determined whether the relationship 547 

was significant in every window. We recorded the scaling exponents for that economic 548 

level when the relationship was significant. 549 

 550 

Data availability 551 

The data that support the findings of this study are available from the corresponding 552 

author upon reasonable request. 553 
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