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Abstract: Population density is a quantitative index useful to represent the characteristics of a
regional population distribution. For the last 30 years, gridded population density models have
developed into an important research area in population density, and there have also been a
“Top-down demographic census data decomposition algorithm” and a “Bottom-up demographic
survey data estimation algorithm”. Density models based on random forest (RF) modeling have
been the focus of much recent attention. In this study, Shijiazhuang city is taken as an example. A
preliminary comparison of multiple population density datasets revealed persistent problems,
namely those of an ecological fallacy, Modifiable Areal Unit Problem (MAUP), confusion in popula-
tion density patterns, and less than meticulousness in impact factor selection, among others. An
optimization scheme of the models is explored in order to address the problems. In this respect, it
is proposed here that random forest population density models be constructed with endowment
zoning as the modeling unit, to mitigate confusion concerning the population distribution patterns.
Random sampling can be applied using a hectare grid as the sampling unit, to both avoid an eco-
logical fallacy and to overcome the effects of MAUP on the quality of samples. Mapping tests for
the selection of impact factors can be constructed on a per zone basis, to avoid introducing the
wrong factors into the models. This optimization scheme thus provides a more systematic ap-
proach to enhancing the reliability and validity of population density models.
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1 Introduction

Population density is a quantitative index widely used to represent the population distribu-
tion characteristics in a region, and a population density map is a fundamental basis for re-
vealing population distribution patterns. Changes in population density may have important
effects on regional politics, culture, resources, and environment, as well as other aspects“],
and may be also a key driving factor in global land cover changes'” ). Therefore, population
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density research is important fundamental work not only for the discerning of population
density patterns, but also for the assessing of global change effects and disaster risk levels
and formulating land space planning strategies, optimizing resource allocation'.

Before the 1990s, vector-format population density maps had been used in all countries of
the world to represent their populations’ distribution characteristics. It was difficult to com-
pile the vector format global population density maps with synchronized population data
because of the low population census data-acquisition frequency (i.e., in many countries,
one census is conducted every 10 years), low time efficiency, and inconsistent pace (disrup-
tions from wars, plagues or other factors, left some countries unable to release census data as
scheduled, or the delaying of the release)[H’].

The vector population density maps generally were adopted the administrative division or
latitude-longitude grid as the population statistical unit”®!. But neither of them matches the
natural geographical unit (watershed, transect, and others) in terms of shape, size, location,
and other relevant scales. In general, the conversion operation to derive population density is
disturbed by the Modifiable Areal Unit Problem (MAUP)®'". It is assumed in vec-
tor-format population density maps that there is a uniform population density within the
mapping units, which inadvertently conceals the true heterogeneity of all population distri-
bution within them. For these two reasons, the real population distribution pattern is often
distorted by the vector-format population density maps'''), leading to a major undermining
of the overlay analysis of population distribution along with natural, resource, environmental
and other associated issues’™. Because raster-based analytical models are needed in global
change research, the Working Group 3 of The Human Dimensions of Global Environmental
Change Programme (HDP) advocated for the development of a global-gridded population
density map in the early 1990s!"?).

2 Population Density Datasets

Typical population density datasets covering the whole world mainly include those of GPW
(Gridded Population of the World), GRUM (Global Rural Urban Mapping Project), Land-
Scan (LandScan Global Population Database), GHS-POP (Global Human Settlement Layer
-Population), WPE (World Population Estimate), WorldPop, and HYDE (History Database
of the Global Environment Population Grid). In China it is mainly the dataset of CnPOP
(Table 1).

The Center for International Earth Science Information Network (CIESIN), affiliated with
Columbia University, is a research institution that compiles global-gridded population den-
sity datasets"*). It not only independently produced the GPW population density datasets,
but also jointly compiled the GRUMP, GHS-POP and WPE population density sets in coop-
eration with other scientific research institutions. CIESIN has produced population datasets
with an areal-weighted model, now in its fourth version, which provides global population
density datasets for the years 2000, 2005, 2010, 2015, and 2020, at a spatial resolution of 30
arcsec (ca. 1 km) CIESIN, in collaboration with the International Food Policy Research In-
stitute (IFPRI), the World Bank, and the International Center for Tropical Agriculture
(CIAT), has produced the GRUPM population density datasets via linear regression model-
ing, but there is only a first version of this. It provides global population density datasets for
years 1990, 1995, and 2000, at a spatial resolution of 30 arcsec (ca. 1 km)!"*.

The European Commission Joint Research Centre (JRC), in collaboration with CIESIN,
produced GHS-POP population density datasets based on a linear regression model, provid-
ing global population density datasets for years 1975, 1990, 2000, and 2015 at four different
spatial resolutions"™ (250 m, 1 km, 9 arcsec, and 30 arcsec, respectively).
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The Environmental Systems Research Institute (ESRI), in collaboration with CIESIN,
produced WPE population density datasets from a linear regression model, providing global
population density datasets for years 2013, 2015, and 2016. Those of 2013 and 2015 are at a
spatial resolution of 250 m, and that of 2016 datasets is at 150 m!'®.

The Netherlands Environmental Assessment Agency (PBL) produced HYDE population
density datasets through linear regression modeling, which has evolved into a version 3.2. It
provides global population density datasets from 10,000 years BC to 2016 AD, with one
dataset provided for every 1,000 years spanning 10,000 to 1,000 years BC, followed by one
dataset every 100 years from 0 AD to 1700 AD, then one set every 10 years from 1700 AD
to 2000 AD, and most recently, with one dataset per year from 2000 to 2016. All these data-
sets are at a spatial resolution of 5 aremin (ca. 10 km)!'". Datasets from HYDE play a
prominent role in the study of global change. The Oak Ridge National Laboratory (ORNL)
produced LandScan population density datasets from a linear regression model, providing
the annual global population density datasets for the years 2000 through 2019, at a spatial
resolution of 30 arcsec (ca. 1 km)"'®. The WorldPop, affiliated with the University of
Southampton, produced WorldPop population density datasets generated using a random
forest model, providing one dataset yearly from 2000 to 2020, at a spatial resolution of 30
arcsec (ca. 1 km)!"). The Institute of Geographic Science and Natural Resources Research,
Chinese Academy of Sciences (IGSNRR, CAS), produced CnPop population density data-
sets through linear regression modeling, providing datasets from 2005 and 2010 of China’s
population density, at a spatial resolution of 1 km?*21,

The above-mentioned seven major global population density sets (GPW, GRUMP, Land-
Scan, GHS-POP, WPE, HYDE, WorldPop) have been widely applied in disaster risk as-
sessment”> >, land-use change[%*%], public health managementm*m and human influences
on environmental changes'> **~), playing a fundamental supportive role in studies of global
change and environmental governance.

Scholars agree that the WorldPop population density datasets based on a random forest
modeling are distinguished by higher validity'* **~*"); hence, population density models us-
ing a random forest approach show significant advantages. In the past 30 years, Chinese
scholars have also developed several gridded models of population density™ '®*7~!. But to
date they have been only applied to China or a certain region in it. In fact, a dataset inde-
pendently produced by Chinese research institutions that can encompass global population
density data has yet to be produced.

3 Gridded Population Density Models

In the past 30 years, several gridded population density models have been developed, for
which two categories have gradually formed: a “top-down demographic data census algo-

rithm” or a “bottom-up demographic survey data estimation algorithm”*%.

3.1 Top-down Demographic Census Data Decomposition Algorithm

“Top-down demographic census data decomposition algorithm” is an algorithm applied to
countries or regions with good population censuses, with which the regional population total,
based on deductive rules, is decomposed into individual grid, covered by the census (or

. . . . . . . . 8. 43
population registration) units. Such algorithms mainly include an areal-weighted model™ **
47,53 43 [38,40, 42, 45, 54] 1 . [2, 39, 41, 43, 46, 48-49, 55-60]

, distance decay model , linear regression model , Or a
random forest model(® 7 0-3% 617621,
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[4]

Table1l Population density datasets availability (referring to'™, with modifications)

Development institu- Spatial reso- Year of

Datasets Algorithm Data sharing websites

tion lutions mapping
. 2000; 2005 . .. .
GPW v4.11  CIESIN Areal weig- 30 arcsec 2010 2015 httpsA//s'edac.c1esm.c01umb1a.edu/data
hted model  (ca.l km) 2020 /collection/gpw-v4

CIESIN, IFPRI

GRUMPvI  The World Bank: Linear regre- 30 arcsec 1990; 1995 https://sedac.ciesin.columbia.edu/data

CIAT ssion model  (ca.l km) 2000 /collection/grump-v1
. Linear regr- 1975; 1990 https://ghsl.jrc.ec.europa.eu/ghs pop.
GHS-POP  JRC; CIESIN ession model e 2000; 2015 php
. 250 m 2013 i .
WP EsmcEsn R som s b
150 m 2016 -cawpopg
Linear regre- 5 aremin 10 000 https://themasites.pbl.nl/tridion/en/th

HYDE v3.2 PBL ema-

sites/hyde/download/index-2.html
2000-2019 https://landscan.ornl.gov/

ssion model (ca. 10 km) BC-2016

Linear regr- 30 arcsec

LandScan ORNL ession model (ca. 1 km)

WorldPop, Univer- Random 30 arcsec .
WorldPop sity of Southampton forest model (ca. 1 km) 2000-2020 https://www.worldpop.org/
CnPOP IGSNRR, CAS Linear regr- 1 km 2005: 2010 https://doi.org/doi:10.3974/geodb.201

ession model 4.01.06.V1

3.1.1 Areal-weighted Model

Areal-weighted models are popular to be used. CIESIN has compiled the GPW with this
model, lending it the advantage of being applicable in the scaling-down calculation of
population density. For example, the block population vector datasets can be obtained by
scaling down on the basis of the village population vector datasets of Shijiazhuang city.
Then the minimal granularity population density datasets can be obtained by further scaling
down on the basis of the block population vector datasets (Figure 3a). On the basis of the
minimal granularity population density datasets, a scaling-up calculation of the population
density can be applied with circular filtering algorithm; in this way, the MAUP problem in
multi-scaled population density scaling can be systematically explored and the theory of the
regional population distribution can be qualitatively constructed®”. The disadvantage to
using this model, however, is that the heterogeneity of the population density within the grid
is concealed when the gridded area is large.

3.1.2 Distant Decay Model

Distant decay model is suitable for depicting the population distribution characteristics for
towns and their surrounding areas. But if the applicable conditions of the model are ne-
glected, and they are extended to the calculation of the population density of all the regions
(including villages), the validity of population density maps will be significantly reduced.
This model implements an interpolation algorithm, which takes into account the distance
factor, yet lacking the capability of quantitatively interpreting the mechanisms influencing
population density.

3.1.3 Linear Regression Model

Linear regression model is used to generate the population density datasets produced in
GRUMP by CIESIN!"Y, GHS-POP by JRC and CIESIN!"!, LandScan by ORNL!"®, and
WPE by ESRI'"®, HYDE by PBL!"". and also in the CnPOP compiled by The Institute of
Geographic Science and Natural Resources Research, Chinese Academy of Sciences!?* ).

This group of models was taken into account the factors impacting population density.
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Due to differences regarding the factor type, the number of factors considered, and their in-
troduction mode among various models, the resulting gridded population density datasets
can differ significantly (Table 2). Such models, with the help of impact factors, are suited to
construct population density datasets for countries or regions without empirical population
census data. But the criterion validity of such models is not high (When calculating the pop-
ulation density via different models, one population density dataset is set as the criterion to
which other sets are compared, whose correlation coefficient defines this criterion validity).
Population density datasets compiled using such models generally have the problem of under-
estimating population density in urban areas while overestimating it in rural area” !, which
calls into question the assumption of a linear dependency between population density and its
impact factors. In 2015, the Sustainable Development Goals (SDGs) held that the reliability
(the consistency or stability of results obtained with the same model) and the validity (the
accuracy of the population density obtained with the model) of this linear modeling ap-
proach needed improvement in the process of integrating data on population, resources, and

the environment'®!.

3.1.4 Random Forest Model

During the last 5 years, random forest model has been adopted by integrating worldwide
geographical data, with nonlinear dynamics in the gridded population density model, which
generally leads to a improvement in the quality of the population density datasets. Random
forest model is an integrated algorithm in machine learning that excels at making nonlinear
calculation®. The “trees” in the random forest are classification and regression trees
(CART) constructed with training subsets of datasets, each of which is trained with the sub-
sets constructed randomly via bootstrapping the total training sample dataset. Each CART
tree is adopted to divide the mapping area into several ‘type areas’, with the population dis-
tribution probability value of each type area being the average population density of all
samples that fall into that area. Assuming that n CART trees are generated in the forest, it is
equivalent to the formation of n independent space segmentation schemes in the graphical
area. To each grid, n population distribution probability values are allocated, and their
arithmetic mean per grid (i.e., the projected population distribution probability value for
each grid) is then calculated. Apparently, this projected population distribution probability
value always lies between the highest and lowest ones in the total training sample datasets.
The Out-Of-Bag (OOB) data are also adopted in the model to measure the importance of the
impact factor for population density: the greater the importance value of an impact factor is,
the higher its importance will be. Because the model can be used to accurately depict the
nonlinear relationships between population density and its impact factors, and to rank them
in importance, it has the potential to select key impact factors acting on population density.
It has become the mainstream algorithm in the production of gridded population density
datasets. Random forest modeling is used by the University of Southampton of the UK in the
compilation of the WorldPop population density datasets in the global scale!"”’.

3.2 Bottom-up Demogr aphic Survey Data Estimation Algorithm

It is assumed that population distribution patterns in a country lacking a population census
are similar to that in surrounding countries with a census, the former’s impact factor datasets
could be substituted into the random forest-based population density model of the neighbor-
ing countries, thus enabling the compilation of population density datasets for countries
without a population census. To do so, population density model had been used random for-
est with a “bottom-up demographic survey data estimation algorithm”.
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This “bottom-up demographic survey data estimation algorithm” is a process in which a
number of typical, miniature community population surveys are conducted in countries or
regions for which no population census is available, and then combined with population
density impact factor datasets for those sampled communities. The training data subsets are
constructed with the communities as sampling units, and random forest models are then ob-
tained through training. Assisted by the information in impact factor datasets, population
density datasets are produced for countries and regions that currently lack a population cen-

SUS[52].

3.3 Confusion in Selecting the Relevant | mpact Factors

With the advent of geographic data, the impact factor datasets introduced into the gridded
population density models have gradually increased (Table 2). In the creation of the Land-
Scan, WorldPop, and HYDE datasets, the influences from natural conditions are taken into
account, by incorporating datasets of annual mean temperature, annual precipitation, DEM
(digital elevation model), topographic relief, land cover, and water bodies. In creating the
LandScan, WPE and WorldPop datasets, the impacts of roads are taken into account, and the
WorldPop dataset also adopts point-of-interest (POI) datasets'®”, to assess the impact of
production, living, and consumption facilities. Because the impact factors introduced into
population density models differ in terms of type, number of them used, and their introduc-
tion mode, the ensuing datasets produced by differing models tend to be significantly dif-
ferent. It follows that if these different datasets are consulted for the same project, their con-

clusions also tend to be inconsistent with each other>® 6%,

Table2 The impact factors selected by the typical population density datasets
(referring to ™, with modifications)

Gridded ekt Impact factors acting on population density
population density  Roads Land Construction Urban Luminous Infra- Conserva- Natural  Water
datasets cover  structure images structure tion areas® conditions” bodies
GPW X X X
GRUMP X X X X
LandScan X X X X X X X X X
GHS-POP X
WPE X X X
WorldPop X X X X X X
HYDE X X
CnPOP X X X

Notes: * Conservation areas are not excluded from the calculation mask, but there is often zero population in these
areas or no data; ° Natural conditions include climate, topography, altitude, and so on.

Insufficient data has long limited the process of developing gridded population density
models. To produce the world’s population density datasets, each research institution must
abide by the principle of data availability, and evidently the impact factors introduced into
the early gridded population density models were inevitably the product of a mutual com-
promise between task progress and data availability. But with the gradual improvement of
geospatial data and the rapid development of spatial location services, both LandScan and
WorldPop are no longer severely hindered by a shortage of impact factor datasets (Table 2).
Then the questions are: which impact factors should be introduced into the gridded popula-
tion density models? And how should they be introduced? Currently lacking are both theo-
retical guidance and a means for this selection, readily apparent in such questions as follows:
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What theory should be adopted to guide the selection of impact factors? What are the key
factors impacting population density? Do various factors all have an impact on the global
scale? Is it necessary to select factors by region? And if regional partitioning is needed, what
would be the guidance for doing so?

4 Experimental Study on the Optimization of Population Density Models
Based on Random Forest

Here, take Shijiazhuang region as a case study to carry out how to optimize population den-
sity models by using random forest.

4.1 General Information about the Research Region

Shijiazhuang region (including Xinji) has 12 counties, 5 county-level cities and 1 state-level
high-tech development district. There are 208 townships and 64 sub-district offices, and 192
neighborhood committees, and 4,317 administrative villages. Its registered population is
9.43 million inhabitants, of which 2.32 million live in its urban areas (with 97,300 in the
Jingxing mining district).

The rural population datasets were provided by the Shijiazhuang Municipal Public Secu-
rity Bureau, with the summarizing time at 0:00 on May 1st, 2007. The registered population
information included village names, total household number, total population, male popula-
tion, female population, non-agricultural population, and agricultural population. Village
boundary and block vector datasets came from the Hebei Provincial Department of Land and
Resources (2006 edition). Place names data were provided by Shijiazhuang office of place
names.

4.2 Exploratory Experimental Study on Random Forest-Based Population Density
Models

The minimum granularity population density map (Figure 3a) was obtained with an
area-weighted model, by scaling down (Figure 1). The R= 12 population density map (Fig-
ure 3b)—which used a filtering radius of 1.2 km—was obtained from a circular filtering
model by scaling up, based on the minimum granularity population density map (Figure 1).

Villages

i i Pl Village boundaries
(Neighborhood commi ttees)_) Registered population ace names illag

| Village population dataset | | Blocks |

Scaling down with areal weighted models —>{ Population dataset in blocks ||1 00%100 vector grids |

Scaling down calculations with areal weighted models —>‘ Minimum granularity population density dataset |

Scaling up calculations with circular filtering models —>i Multiscale population density dataset |

Figurel Flow chart for building the multi-scale population density map

The grounded theory of population distribution in Shijiazhuang region can be summarized
as follows (Figure 3b.): (1) Rivers have a significant impact on surrounding population den-
sity. To avoid flooding disasters, both sides of natural rivers in plains are usually areas with a
low population density; in contrast, for the convenience of gathering water, both sides of
natural rivers in mountainous places are usually areas with a high population density. (2)
Artificial rivers (distributaries, irrigation systems, and so on) have no significant effects on
surrounding population density. (3) There is a high population density in the plains and low
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population density in the mountains. (4) There is high population density in cities and low
population density in the countryside. (5) Both sides of the abandoned ancient natural rivers
in Ming and Qing Dynasties are still areas that feature a low population density.

Figures 3c, 3d, and 3e were all obtained through calculations made with random forest-
based population density models (Figure 2). They differ in that Figures 3c and 3d were ob-
tained by sampling at the township level based on registered population data in 2007, while
the Figure 3¢ was obtained by sampling at the county level based on census data in 2010,

| POI datasets |
Aggregation by county —_ * """" H [— * """"""""""""" '
(township) and sampling —>.| Regi d population dataH POI-densiti I ! | | POI-distances HRegistm'ed population dam|l
by county (township) . ! ' !
| POI-densities }—)}R}mdom forest models| | random forest models I(—| POI-dstances I
Population distribution probability POL-densiti T_dencit . i : i Population distribution probability
maps based on POI kernel densities ’ (6] ‘ ‘ PO ies weight ‘ ‘ POI-distances weight ‘ ‘ POI-distances ‘map based on POI-distances

_____________________________________________________________

! 1
Asgregation by comn \ Traffic POI kernel density POI distance Nighttime '
88 ‘g Y ‘fy ! accessibility combination maps combination maps light image '
( ip) and —): '
by county (townshi Distances Annual average Annual amount . '
y county ( P) E I NDVI | |DEM| I oo I perature. | | of precipitation |La.ndrel.lef | !
| Impact factor datasets '—)' Random forest models |
Population distribution probability Registered population
maps based on composite impact factors| datasets by county

Population density maps based on
composite impact factors

Figure2 The calculation process of a population density model based on random forest methods

A phenomenon of mixed population distribution patterns was revealed by population den-
sity maps calculated using the random forest modeling approach (Figure 3d). This is the in-
evitable result of mixing the mountain and plain training samples in training sample datasets
when the random forest-based population density models are constructed. Such problems
can be overcome, at least theoretically, if mountain and plain areas are separated and respec-
tively sampled, so that random-forest-based population density models can be constructed
by zoning them accordingly.

If population density or an impact factor aggregation operation is conducted according to
the administrative division units of county, township, and village, datasets of population
density and impact factors in training samples must be obtained via an aggregation operation
(Figure 2); hence, the quality of the training sample data will be disturbed by MAUP. For
example, population density is a form of spatial constant-ratio data, whose values often vary
with the statistical unit area used, a phenomenon known as the plasticity unit area of popula-
tion density.

The sampling units of population density models based on random forest are mostly
county, township, or other administrative division units, while the output units are mostly
the kilometer grid or hectare grid. Theoretically, this phenomenon of using the analysis unit
of one community to collect data while using that of another community to draw conclusions
is likely to lead to the ecological fallacy problem. In population density models that are
based on random forest methods (Figure 2), there is not any analysis into how or why impact
factor datasets are introduced. (1) If both artificial and natural rivers are introduced indis-
tinctly as river factors, the calculation results for sides of artificial rivers will be either low
or high (Figure 3d and Figure 3¢), which does not conform to the grounded theory of popu-
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lation distribution displayed in Figure 3b. (2) If nighttime light image is presumed to be an
impact factor, a difficult problem ensues of how to overcome the blooming effect of lumi-
nous images. (3) When only 24 POI distance factors are adopted as those of impacting pop-
ulation density, the obtained population distribution probability map is nonetheless able to
quantitatively depict the point-axis distribution characteristic of the given population (Figure
3c¢); this shows that the POI distance combination dataset can very well represent innovation
endowment features. If they are adopted to replace nighttime light image factor, it is possible
that the “blooming effect” of luminous images could be overcome.
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5 Discussion and Conclusion

5.1 Discussion
5.1.1 The Issue of Constructing Gridded Population Density Models by Zoning Method

As early as the 1980s, Mr. Hu, Huanyong clearly proposed that not only is comprehensive
research needed to explore the patterning of population distributions, but proper partitioning
is also essential for investigating population distribution and development patterns[ég]. Hu
reckoned there is an interaction among the human population, natural resources, the econ-
omy, and science and technology. Accordingly, they must be sufficiently integrated and
coordinated that it would be of little value to separately calculate any single factor With this
in mind, Hu divided China into three belts and eight zones and predicted their respective
population development”" 7], Hu’s zoning idea in the study of population geography coin-
cides with the regional system theory of human-—earth relations'’*’” and the theory of
evolutionary economic geography'’* **, pointing to the direction and path that would deepen
the study of population density. The zoning idea should be adopted in the optimization of the
random forest-based population density models and in the selection of impact factors that
could act on populations.

The natural geographic regionalization unit has served as the basis for knowledge explo-
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ration with data on geographical spaces. It goes beyond merely a regional division, in also
being a scientific method to understand geographic features and to discover geographical
patterns™®"). Regionalization, by zoning places with the same geographical features together
and categorizing places with different features into another zone, not only avoids the defects
of fragmentation but also the trouble of repeated exposition™). Natural geographic region-
alization unit has thus become the subject and basis of exploring knowledge with geospatial
data in the age of information™"’. Population distribution is the historical accumulation of
regional man—land elements’ co-evolution. The divergences in an integrated regional en-
dowments and population development paths may lead to different population den-
sity-impacting mechanisms operating in different social development stages. Therefore, to
optimize population density models based on random forest, our academic tradition of natu-
ral geographic regionalization should be innovated by the construction of advanced popula-
tion density models, enabling us to compile population density maps and to explain popula-

tion distribution patterns and population development patterns by region!®*’.

5.1.2 How to Select Population Density Impact Factors Consistent with the Theory of Evo-
lutionary Economic Geography

Evolutionary economic geography holds the view that in the age of agricultural civilization,
natural endowments—altitude, surface roughness, water resource suitability, agricultural,
agricultural potential productivity, annual mean temperature, annual precipitation, and an-
nual evaporation—were the major factors determining regional development, whereas in the
age of industrial civilization, economic endowments (i.e., traffic location and city location)
were the major factors driving regional development. In the age of information civilization,
it is innovation endowments (knowledge, technology, network, policy, system) which are the
major factors shaping regional development™”. Hu Huanyong Line!” was the inevitable re-
sult of the land-locking effect of natural endowments upon regional development in the age
of agricultural civilization, being a classic case of natural endowments’ (especially water
resources) controlling population distribution patterns. In the age of industrial civilization,
the comparative cost of transportation in half of northwest China was neither reduced nor
was the constraint of water shortage alleviated. In the age of information civilization, inno-
vation endowments in half of northwest China still display a point-axis distribution pattern
and the comprehensive constraints of these endowments are the fundamental reason for the
“Overall stability of Hu Huangyong Line and the local adjustments of the east and west
halves” in the past 70 years™ " The population density optimization models based on
random forest algorithms should inherit the classical results of comprehensive zoning”' %,
The theoretical results of evolutionary geography should be combined with the development
stage of the region, center around natural, economic and innovation endowments adopt a
combined qualitative and quantitative method and select population density impact factors.
It is anticipated that Chinese population geographers will play an active role in optimizing
such population density models by integrating multiple research paradigms and conducting

complex geographical research” 4.

5.1.3 Optimization Scheme of Population Density Models Based on Random Forest

In countries or regions where comprehensive agricultural zoning has been implemented, it is
encouraged that comprehensive agricultural zoning maps as well as urban and rural distribu-
tion maps be superimposed, to form comprehensive endowment zoning plans. In those
countries or regions without comprehensive agricultural zoning, it is advised that geomor-
phic zoning maps and urban and rural distribution maps are superimposed to form alterna-
tive comprehensive endowment zoning plans. Based on the minimum granularity population
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density map (Figure 3a), natural (DEM, relief, distance from natural rivers, NDVI, annual
mean temperature, annual amount of precipitation and so on), economic (traffic accessibility,
POIs kernel density combination figures), and innovation endowment (POIs distance com-
bination figures) datasets, one can conduct random sampling (overcoming the ecological
fallacy problem, and circumventing MAUP) using the hectare grid as the analysis unit, to
build training sample datasets, which are then applied in random forest modeling, enabling
one to calculate population density. This is all done by zone, to avoid confusion in the
population distribution quantified and its interpretation.

A series of population density mapping experiments should be carried out. Impact factors
acting on population density can be screened on a per zone basis, by adding or deleting one
of the factors or adjusting the sampling size, accordingly, to define the optimal sampling size
of the training sample sets so as to avoid introducing erroneous factors. The optimal sam-
pling size can be defined by zone to improve the overall reliability of the model. Combined
with field investigations, qualitative and quantitative comparative analysis could be pursued
to ensure the model’s validity. Finally, via the synthesis of the mapping experiment’s results,
technological details of the optimization scheme for the random forest-based population
density models are defined (Figure 4).
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Figure4 Optimization scheme of a population density model based on random forest method

5.2 Conclusion

In the last 30 years, with the continuous improvement of global geographical big data and
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the progress of machine learning algorithms, the gridded population density models have
gradually evolved, shifting from interposition models, such as areal weighted and distance
decay models, to linear regression and random forest models. The population density maps
compiled with models based on random forest have greater accuracy, but these models are
still plagued by the problems of ecological fallacy, MAUP, mixed-up population distribution
patterns, and a less than-meticulousness impact factor selection.

Minimum granularity population density maps can be compiled by applying areal-

weighted models based on population data of villages’ residents. The grounded theory of
regional population density can be implemented by adopting filter models to carry out scal-
ing-up calculations. Population density’s impact factors can be selected from the natural,
economical, and innovation endowment factors. Random sampling by zoning can be applied,
using the hectare grid as the sampling unit, to overcome the ecological fallacy problem aris-
ing from sampling unit area exceeding the output unit area and to avoid MAUP due to the
aggregation operation of the training sample data. In this way, the quality of the training
sample data obtained from the random forest-based population density model is greatly im-
proved. Then a group control experiment can be conducted with that latter model to select
factors impacting population density, to explore the sampling size, and to compile a popula-
tion density map, all on a by-zone basis, so that the confusion in population distribution pat-
terns on population density maps can be avoided and both the reliability and validity of the
models based on random forest is further improved. The optimization scheme of such mod-
els will further promote the fundamental theoretical research on mechanisms influencing
population density, patterns of population distribution, and laws of population evolution.
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