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Abstract: Urban villages represent informal residential areas emerging since China’s rapid urban-
ization process. Scientific map generalization of urban villages with scientific maps aids readers in
discerning their distribution and making informed decisions concerning them. However, there is still
a scarcity of research on the automatic extraction and generalization of urban villages from vector
data, which needs to be studied to further improve the expression of maps. To address this problem,
this paper presents a methodology for the extraction and generalization of urban villages from
Digital Line Graphics. Firstly, a heuristic approach is employed to analyze the atypical morphological
characteristics of urban villages. Then, indices based on computational geometry and the modified
Hausdorff distance are utilized to quantify these traits. Lastly, an automatic generalization principle
for urban villages is offered. The approach was tested in experimental blocks and proved to be
effective. It offers a novel method for the automatic extraction and cartography of urban villages.

Keywords: map generalization; cartography; digital line graphic; modified Hausdorff distance;
urban village

1. Introduction

The term “urban village” specifically refers to an unplanned informal residential area
in China, the area is characterized by rural regions being enveloped by urban architectural
environments; urban village emerged in the urbanization process progresses at a certain
stage [1,2]. It represents a new spatial category emerging with the rapid urbanization of
China [3]. Urban villages are commonly found across Chinese cities and provide affordable
housing for a large population of migrant workers [4], possessing unique spatial properties
and social roles [3]. Therefore, the scientific and rational approach to the renovation
and reconstruction of urban villages is closely related to national welfare and people’s
livelihoods, and it constitutes a pressing issue that needs to be addressed in the process of
urban development [5,6].

ISPRS Int. ]. Geo-Inf. 2024, 13, 198. https:/ /doi.org/10.3390/1jgi13060198

https://www.mdpi.com/journal/ijgi


https://doi.org/10.3390/ijgi13060198
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijgi
https://www.mdpi.com
https://orcid.org/0009-0007-4475-5367
https://orcid.org/0000-0002-6518-423X
https://orcid.org/0000-0001-5497-3447
https://doi.org/10.3390/ijgi13060198
https://www.mdpi.com/journal/ijgi
https://www.mdpi.com/article/10.3390/ijgi13060198?type=check_update&version=2

ISPRS Int. ]. Geo-Inf. 2024, 13, 198

20f 18

In the field of cartographic generalization, most existing research studies pertaining to
settlement polygons focus on structured settlements, such as regular-shaped buildings [7],
buildings with typical shapes [8], or arrangements [9-12], but limited studies address map
features with certain semantics, e.g., urban villages. On the other hand, our preliminary
research has identified that urban villages possess a distinctive morphology in 1:5K Digital
Line Graphics (DLGs). And DLGs are a crucial component of the national spatial data
infrastructure (NSDI), which can be paraphrased as digital map, as in the literature [13];
DLGs include not only linear features but also point and polygonal features. Or in other
words, DLGs have a similar meaning to the multiple representation database (MRDB) [14].
As mentioned before, the distinctiveness of urban villages in 1:5K DLGs is associated with
atypical morphological characteristics of urban villages, such as high building density,
small roof areas, and narrow internal roads [1]. These characteristics make it impossible
to individually delineate each building at the 1:5K scale. Instead, cartographers apply the
aggregation operator, that is, portraying multiple buildings collectively. The amalgamated
residential areas exhibit pronounced features: (1) they are closely neighboring; (2) the
shapes of the facing line segments (briefly referred to as FLSs) of two neighboring residential
polygons tend to be very similar; and (3) the areas of urban village polygons are relatively
larger and generally irregular in shape, as illustrated in Figures 1 and 2: Figure 1 shows
example settlement polygons, which can be grouped into urban villages and a built-up
district, while Figure 2 is a corresponding satellite map of the same region as Figure 1.

In the more developed cities of China, urban villages and built-up areas are generally
concentrated in their distribution [15]. However, Lanzhou, as the capital city of a less
developed province [16], exhibits a pattern where urban villages and urbanized areas are
intermingled, as illustrated in Figure 1. Therefore, in the process of map generalization, it
is paramount to first differentiate urban villages from other established urban districts, as
they represent distinct semantics. Subsequently, appropriate generalization within each
semantic region should be carried out. For example, within the territory of urban villages, it
is necessary to establish a hierarchy of road “Strokes”, which should then be selected from
the longest to the shortest to accurately reflect the skeletal structure of the urban villages.
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Figure 1. Example of settlement polygons of urban villages and built-up district in 1:5K vector data.



ISPRS Int. ]. Geo-Inf. 2024, 13, 198

30f18

e SR s Ae

Figure 2. Images of the urban villages and built-up district of the same region as Figure 1 on an
online map.

Therefore, the most crucial initial step in the automated generalization of urban villages
is their extraction. This involves inferring the semantics of the data through their shape.
An interesting finding is that the outcomes judged by the human eye are mostly correct,
which suggests that the principles of cognition can be deduced from the basis of human
judgment, i.e., a heuristic approach. By analyzing the geometric morphologies of urban
villages in vector datasets and their surrounding residential areas, it has been revealed
that within 1:5K-scale data, the shapes of urban villages differ from those of developed
residential areas, as follows:

(1) Since the areas of individual urban village buildings do not meet the minimum visible
area requirement when represented individually, urban villages are generalized as
large polygons (as depicted in Figure 1);

(2) The spacing between buildings is very small, approximately equal to or less than 4.4 m;

(3) The confronting line segments of urban village buildings, which are on the sidelines
of roads, result in similar shapes to the FLSs of adjacent buildings.

By analyzing these characteristics, urban villages can be automatically extracted from
existing large-scale (1:5K or 1:10K) vector map databases. Subsequently, when reducing the
map scale (to greater than or equal to 1:25K), one can implement an automatic generalization
that is appropriate to the spatial features of urban village residential areas and retains their
semantic characteristics, thus producing maps on smaller scales. It is expected that the
multi-scale maps obtained in this way will provide more scientific support for decisions on
the development of urban villages.

The remainder of the article is structured as follows: Section 2 presents the related
research; Section 3 describes the methodology; Section 4 demonstrates the experiment; and
Section 5 concludes the whole paper.

2. Related Research

Most of the existing research on urban villages focuses on policy-making, for instance,
researching the unique spatial attributes and social roles of urban villages and developing
new urban planning models aiming to replace radical redevelopment and eradicate policies
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targeting them [3]; a neoliberal policy approach that provides a more satisfactory outcome in
urban village redevelopment [17]; and other redevelopment projects [18,19], expanding the
concept of environmental considerations to include informal rules and the participation of
villagers in the transformation process [2] as well as advancing the ideological foundations
for the regeneration of urban villages [20].

Other research about urban villages encompasses the following aspects: the use of
Super-Resolution Generative Adversarial Networks (SRGANSs) for the automatic detection
of crowded and unplanned urban environments (i.e., urban villages) in remote sensing
images [1], as well as analyzing the relationship between the development patterns of urban
villages and overall urban planning [4], while in the field of automated map generalization,
Yu etal. [21] and Li et al. [22] focused on automatic generalization methodologies for known
urban village buildings; that is, they focused on the generalization method, with experimen-
tal data selected from urban villages by the researchers before the generalization process.

It is evident that current research on urban villages is primarily concentrated on
policy formulation, ideological bases, planning, automatic generalization, etc. However,
as mentioned in the introduction, prior to implementing the aforementioned tasks, the
ability to automatically extract urban villages from existing datasets and to generalize them
automatically while preserving the semantic features of “urban villages” would benefit
the decision-making process in support of these tasks. Crivellari et al. [1] utilized remote
sensing methods to extract urban villages from image data, which is not directly applicable
for vector cartography. Yu et al. [21] and Li et al. [22] generalized urban villages in devel-
oped cities of China, whose characteristics are different from those of less developed cities.
Therefore, it is necessary to study the extraction and generalization of less developed cities.
At the same time, the unique morphology of urban village settlements in the 1:5K vector
DLG data provide favorable conditions for the automatic extraction and generalization of
urban villages based on vector data, and for producing maps. This is also the task that the
present paper aims to accomplish. Thus, the experimental data used in this article are from
the 1:5K DLG database; they are official data from the provincial geomatics center, and
their quality can be ensured by a rigorous “Two-level inspection and one-level acceptance
system”.

3. Methodology

As previously mentioned, the characteristics of combined urban village residential
areas on the 1:5K map scale are as follows: (1) close proximity to one another; (2) highly
similar FLSs of each couple of neighboring polygons; (3) a comparatively large area and
generally irregular shape. Consequently, this study selects two metrics to quantify the
aforementioned three traits; they are as follows: (1) the Area Ratio (AreaRatio) and (2) the
modified Hausdorff distance (MHDistance) between adjacent residential area polygons
regarding their FLSs. Figure 3 illustrates a flowchart of the method for urban village
extraction as described in this paper.

As shown in Figure 3, the proposed method starts with a pre-process, and in this
procedure, the settlement polygons of an urban area are divided into different groups by
road network polygons, and network polygons are created from the urban arterial roads.
Then, taking a settlement polygon group that is named Block S within a certain network
polygon as an example, AreaRatio and MHDistance indicators are employed to extract urban
villages. The method for urban village extraction from other blocks is the same.
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Figure 3. Urban village extraction method proposed in this paper (polygons filled with gray color
represent data pre-process stage; polygons filled with yellow color represent judgements related to
the AreaRatio; polygons filled with green color represent judgements related to the MHDistance; and
the polygon filled with pink color represents the final results of urban village extraction).

In Figure 3, si and sj represent any settlement polygon in Block S, S1 represents the
candidate set for urban village polygons in S, and S2 is the candidate set for non-urban
village polygons in S; they are initialized as empty sets before the urban village extraction
process.

Sections 3.1-3.4 provide a detailed description of the method used in this paper.
Section 3.1 presents the pre-processing, in which settlement polygons are divided into
different blocks by road networks formed by arterial roads, and also, the constrained
Delaunay triangulation and the Thiessen polygons for the settlement polygons in each block
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are generated. Section 3.2 describes the calculation method for the AreaRatio indicator;
Section 3.3 demonstrates the calculation method for the MHDistance.

3.1. Division of City Blocks from Settlement Polygons

Based on the principles of urban morphology [23-25], the road network formed by
arterial roads imposes the first layer of constraints on groups of buildings within a city.
Thus, the premise for extracting urban village residential areas in this paper is through
the use of main thoroughfares (primarily including main and secondary roads) to divide
the city’s residential land into different “blocks.” The subsequent operations outlined in
Sections 3.2-3.4 are then applied within each individual “block.”

Figure 4 illustrates a line segment of the experimental road network area (Figure 4a)
and the residential groups located therein (Figure 4b).

[ ] Road network polygon | ‘\
polygon ‘
| -

Nl S lISSEs =\ = e W L
/ Settlement polv\'gonk' 3 g ~

(a) Mesh polygons formed by the arterial roads

(b) Settlement polygons within different meshes

Figure 4. The first step of extracting urban villages: dividing settlement polygons into “blocks”.

3.2. AreaRatio Indicator Calculation Based on Thiessen Polygons

Building upon Section 3.1, within a specified block, in order to judge the “close
proximity” topology and to quantify characteristics such as “larger merged residential
area” and “narrow internal roads,” the Thiessen polygons for the residential groups are
constructed and used to determine their proximity; the AreaRatio indicator is then calculated,
based on the ratio of the area of the residential land (As;) to the area of its corresponding
Thiessen polygon (Arporygon_i), as a means of filtering out residential areas/groups that
occupy a larger proportion of the open space, as shown in Equation (1).

AreaRatio = Asi/ATPolygon_i @

Importantly, prior to the construction of the Thiessen polygons, it is essential to densify
the boundary vertices of the settlement polygons, so that the distances between the adjacent
vertices are smaller than or equal to 1.5 m, as depicted in Figure 5.



ISPRS Int. ]. Geo-Inf. 2024, 13, 198

7 of 18

[] Settlement polygon

= Vertices after being
densified

| |
| |
| |
| |
I e Original vertices I

|
: .
| |
| |
| |

(a) the original settlement polygon vertices(b) polygon vertices after being densified

Figure 5. Before the establishment of the constrained Delaunay triangulation and the Thiessen
polygons, vertices of the settlement polygons must be densified.

Figure 6 presents the Thiessen polygons and the constrained Delaunay triangulation
(DT) built upon the densified vertices. The construction of the DT lays the groundwork for
the calculation of the MHDistance indicator described in Section 3.3.
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Figure 6. The constrained Delaunay triangulation (DT) and the Thiessen polygons constructed within
a block.

3.3. MHDistance Calculation within Blocks

As mentioned earlier, based on the constrained Delaunay triangulation within a block
of settlement polygons, the modified Hausdorff distance serves as a quantitative indicator
to assess the similarity of opposing polygon segments. The concept of facing line segments
was introduced by Knorr et al. as early as 1997 [26], and Yang et al. [27] also conducted
research on criteria for similarity of line segment chains in 2005. The modified Hausdorff
distance was selected in this paper due to urban villages not only having narrow roads
but also possessing similar facing line segment shapes. Preliminary experiments have
demonstrated that the modified Hausdorff distance quantifies both distance and similarity
of shape between two line segments. An analysis of the Hausdorff distance and the
modified version used in this paper follows.

3.3.1. The Hausdorff Distance

The Hausdorff distance is commonly employed in measuring shape similarity and
operates under the following principle [28,29]:

Consider two point sets, P and Q, with P comprising points {p1, p2, ..., pnp } and Q
comprising points {41,492, ..., 4Ny }-
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The directed Hausdorff distance between point set P and Q is defined as follows:

dDirectedHD(P/ Q) = maXd(p/ Q) )
peP

where d(P, Q) denotes the Euclidean distance between point p and set Q. Here, the distance
between a point and a set is the minimum of the distances between point p and every point

in {q1,92,-.-,qng}, namely, d(P,Q) = mm\lp ql-

Similarly, the directed Hausdorff dlstance from Q to P is as follows:
dpirecteaiD (Q, P) = I;’leaQXd(q, P) ©)

The bidirectional Hausdorff distance (or simply the Hausdorff distance) between point
sets P and Q is then as follows:

HDUndirectedHD(P/ Q) = max{d(P, Q)rd(Q/ P)} (4)

3.3.2. The Modified Hausdorff Distance

The Hausdorff distance has some limitations when measuring the similarity between
two chains, especially due to its sensitivity to local shape features [30-33]. To mitigate the
shortcomings of the Hausdorff distance, several modifications to the measurements have
been proposed.

The modified Hausdorff distance utilized in this paper, proposed by Dubuisson [28],
involves averaging the distances between each point and point set, rather than taking the
maximum value, thus providing a comprehensive consideration of each point’s impact.
This is shown in the following equation:

lerectedMHD P Q 2 d pr (5)
PpeP

That is, the directed Hausdorff distance between point sets P and Q is the mean of the
smallest distances from each point in P to all points in Q (N, is the number of points in set
P), rather than the maximum.

Similarly, the directed Hausdorff distance from Q to P is given as follows:

lerectedMHD Q,P) Z d q/ (6)
’JGQ

Based on this, the bidirectional modified Hausdorff distance is defined as follows:

MHDUndirectedHD(Qr P) = max{d(P, Q)rd(Qr P)} (7)

3.3.3. Facing Line Segments (FLSs)

Existing research and prior studies have proven that distance is the most critical
factor when grouping settlement polygons [34]. There are multiple methods for measuring
distance, such as the minimum distance, the mean distance, the maximum distance, etc. The
facing-oriented distance proposed in this paper is based on the FLSs between two adjacent
residential areas, as put forth by many researchers in the existing literature [20,21,26,27,35].
As illustrated in Figure 7, the FLSs between residential areas s;, s, and sy are determined
by the side connecting the bases of the second-class triangles (triangles whose vertices fall
on two adjacent polygons) in the constrained Delaunay network between two polygons.
The facing line segments between s; and s;, as well as between s; and s, are located where
the arrows point.
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Figure 7. Facing line segments (FLSs) between adjacent polygons (FLSs are represented by blue lines
with different brightnesses).

At this stage, it is possible to calculate the modified Hausdorff distance (MHDistance)
between the FLSs of adjacent residential areas.

3.3.4. Extraction of Urban Village Polygons Based on AreaRatio and MHDistance

The method for extracting urban village residential areas from each block, as shown in
Figure 3, is as follows:

(1) A preliminary set of urban village residential areas is determined based on the value
of the AreaRatio index for each block’s residential areas.

The principle is based on comparing the AreaRatio with a threshold, using a binary
division approach to classify residential areas with an AreaRatio greater than the threshold
as urban villages and those with an AreaRatio less than the threshold as non-urban villages.

(2) Building on the preliminary set, a final set of urban village and non-urban village
residential areas is determined based on the MHDistance.

The principle here is to inspect the MHDistance of FLSs between each urban village
settlement polygon and the line segments of its adjacent non-urban village settlement
polygons. By comparing the MHDistance with a threshold, non-urban village residential
areas that fall below this threshold are added to the urban village residential area. This
process continues, assessing the newly added urban village residential areas against the
MHDistance with adjacent non-urban village areas until the distance is greater than the
threshold, at which point the process stops.

It is apparent that the determination of thresholds for the AreaRatio and MHDistance
has a significant influence on the results of urban village extraction, requiring calibration
through experimentation. The methodology of this paper is described in Section 3.3.5.

3.3.5. Determination of the Thresholds for AreaRatio and MHDistance

In the experimental block, the obtained AreaRatios are classified into five categories
using the natural breaks method (Jenks), with the third category ranging from 0.519689
to 1.348790 (from small to large) being identified as the candidate set for urban village
residential areas. This threshold is selected because, upon visual interpretation, it was
observed that there were fewer omissions of urban villages within this threshold. In
contrast, when classified into four categories, non-urban village residential areas within
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The MHDistance (meter)

the range of 0.447298 to 1.348790 were misclassified as urban villages. This indicates that
urban village residential areas have a proportionally higher occupied area within their
corresponding Thiessen polygons beyond 0.447298, meaning that the narrowness of their
roads is more accurately depicted when the AreaRatio is above 0.519689.

For the MHDistance threshold, this is determined by statistics gathered from the
experimental block. In the experimental block, most of the modified Hausdorff distances
between an urban village polygon and its neighboring polygons are smaller than this value,
which is determined as the threshold of the MHDistance, as shown in Figure 8. In Figure §,
there are 699 values represented by three lines, and each line represents 233 values. The
line in dark blue illustrates the MHDistance between FLSs (which is in accordance with the
blue lines demonstrated in Figure 7); the line in orange represents the MHDistance between
one facing line segment and the middle line of the FLSs (the middle line of the FLSs is
illustrated in the Figure 7); and the line in gray shows the MHDistance between the other
facing line segment and the middle line of the corresponding FLSs. The horizontal axis is
marked by the ID numbers for the 233 groups of lines, which are from 0 to 232.

The MHDistances in the experimental block

o,

- 00 v
—

O T =00 Vil O -
Vvivi O~ 0o O =™y

The ID number of the settlement polygon
The MHDistance = 4.4 meter

e The MHDistance: between FLS
The MHDistance: between one FLS and the middle line of the FLS

The MHDistance: between the other FLS and the middle line of the FLS

Figure 8. The threshold of the MHDistance is determined statistically (the orange lines where the red
arrows point in demonstrate the MHDistances between one FLS and the middle line of the FLSs and
the MHDistances be-tween the other FLS and the same middle line are the not the same).

It can be seen that the modified Hausdorff distances between urban village residential
areas were within 4.4 m (the line in red in Figure 8), suggesting that within this area,
the road width is commonly less than 5 m. In addition, it can be observed that most of
the orange line is overlapped by the gray line in Figure 8, which proves that most of the
MHDistances between one FLS and the middle line of the FLS and the MHDistances between
the other FLS and the same middle line are the same, with some exceptions (for instance,
the orange line where the red arrow points).

3.4. Generalization Method for Extracted Urban Villages and Non-Urban Villages

After the urban villages and non-urban villages have been extracted, a map gener-
alization method is applied to settlement polygons when the map scale is reduced. The
method is described in an example in Figure 9.
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Figure 9. Example of generalization method after urban villages and built-up districts have been

extracted. (Note: (a) source map at 1:5K; (b1) map at 1:10K without generalization and without urban

village boundary; (c1) roads at 1:10K; (d1) 1:10K roads which have been retained and settlement

polygons; (el) settlement polygons after being generalized based on (d1); (f1) settlement polygons

after being generalized based on (el) at 1:25K; (b2) 1:10K map without generalization but with urban

village and other boundaries; (c2) boundaries between different groups; (d2) 1:10K boundaries which

have been retained (in green color); (e2) settlement polygons after being generalized based on (d2);

(f2) settlement polygons after being generalized based on (e2) at 1:25K).

To describe the proposed method clearly, a comparison between the proposed method
and a general generalization is made in Figure 9. As can be seen from the figure:

@

@)

®)
4)

Figure 9a is a source map at the 1:5K scale, the target map scale is 1:10K, Figure 9(b1)
to Figure 9(el) are the process for a general generalization, and Figure 9(b2) to Fig-
ure 9(e2) are the process for the generalization approach in this paper.

Figure 9(b1) does not consider the boundaries between urban villages and the built-up
district; on the contrary, both the roads and the boundaries between different urban
function areas are taken into consideration in Figure 9(b2). The roads include the
main roads and the branch ways, and the urban function areas include the urban
villages (filled by the yellow color), the built-up district (filled by the gray color), and
the business building (filled by the purple color). The boundaries between different
function areas can be obtained based on the middle lines of FLSs and the roads.
Commercial buildings are extracted through a query of the thematic attributes.
Figure 9(cl) and Figure 9(c2) illustrate different divisions in the block based on
Figure 9(b1) and Figure 9(b2), respectively.

In Figure 9(d1) and Figure 9(d2), settlement polygons fall into different “aggregation
areas” when the block is divided into Figure 9(c1) and Figure 9(c2). The aggregation
areas are proposed in this paper to represent the control boundaries where aggregation
does not happen at a certain scale. This is because aggregation of settlement polygons
is equal to the elimination of roads; when it is decided to retain roads in the green
color at the scale of 1:10K, the aggregation is applied within the areas formed by
different aggregation control lines.
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(5) Figure 9(el) is the result of the generalization following the principle of Scheme 1,
which does not consider the urban villages and other boundaries. Figure 9(e2) is
the result of the generalization using the proposed method. It can be seen that in
Figure 9(e2), the function regions, e.g., the urban villages in the block, have been
aggregated into a polygon, and the semantics of the polygon are preserved well.

(6) When the scale is reduced to 1:2.5K in Figure 9(f1) and Figure 9(f2), the difference
between the two schemes becomes even more pronounced. There are more and more
“hybrid polygons” in Figure 9(f1), while from the results in Figure 9(f2), the com-
mercial buildings, urban villages, and built-up districts maintain separate peripheral
contours and semantic features.

(7) It should be noted that topological rules between different groups of different objects
are important, and aggregation, displacement, and simplification operators must be
applied on the premise of maintaining topological relationships.

4. Experiment
4.1. Experimental Data

The present method for extracting urban villages was tested on the ArcGIS 10.2.2
platform. The calculation of the modified Hausdorff distance was completed through an
open-source code in MATLAB language which was shared by “dridon” on Github, and the
function was written by B S SasiKanth, Indian Institute of Technology Guwahati [36]. A
block defined by a main thoroughfare in Lanzhou City, China, at a 1:5K scale was selected as
the research area, with data sourced from the Gansu Province Geomatics Center. As shown
in Figure 10, this block contained both urban village and non-urban village residential
areas, thus justifying its selection as an experimental area.

——

: Settlement polygons i
| within the experimental |
: block |

Figure 10. Experimental dataset (a neighborhood in Lanzhou City, Gansu Province, China).

4.2. Experimental Results

Figure 11 displays the results as categorized by the AreaRatio index. The yellow
polygons represent the preliminary set of the urban village residential areas extracted
under the threshold (0.519689 < AreaRatio < 1.348790). It is important to note that due to
certain offsets that occur when ArcGIS constructs Thiessen polygons for adjoining polygons,
some AreaRatio values exceeded 1. However, this did not affect the efficacy of urban village
residential area extraction using the natural breaks method.
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Grading results according to AreaRatio
B 0.00000000—0.239275897

[] 0.239275898—-0.519687496

[ ] 0.519687497—1.34879402

[ 1.34879403—-3.62976480

Bl 3.62976481-20.6553833

Note: polygons filled with the yellow color are
elements in the preliminary set of the urban villages.

Figure 11. The preliminary set of urban village residential areas extracted under the threshold
(0.519689 < AreaRatio < 1.348790).

Figure 12 shows the distribution of FLS chains with MHDistances less than or equal
to 5 m. It is evident that such line segment chains were predominantly located within
the preliminary set of urban village residential areas, further corroborating the charac-
teristic narrow roads within urban villages. At the same time, there were occurrences of
MHDistance < 5 between the preliminary sets of urban villages and non-urban villages,
as indicated by arrows at locations (D) to ) in Figure 12. In these instances, non-urban
village residential areas falling within the preliminary set were added to the urban village
collection. Figure 13 illustrates the final set of urban village residential areas extracted
using the method described in this paper. It can be seen that non-urban village settlement
polygons at locations (D) to (& in Figure 12 (filled by the green color) were added into the
urban village set in Figure 13 (filled by the yellow color).

FLSs with MHDistance :
less than or equal to 5 meters |

Figure 12. The distribution of FLSs with MHDistance less than or equal to 5 m (D to ) are non-urban
village polygons who have MHDistances less than or equal to 5 m with urban village polygons in the
preliminary set; the red boxes highlight areas of mis-extraction and omissions).
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(a) The final urban villages set within the (b) Satellite images of the experimental block
experimental block extracted by the method

Figure 13. The final set of urban villages within the block as extracted by the present method (the red
boxes highlight areas of mis-extraction and omissions).

5. Discussion

In the literature on residential pattern recognition and automated map generalization,
there is attention given to the identification and generalization of regularly /irregularly
shaped settlements, linear/curvilinear /networked residential arrangements, and specific
template shapes like L-, T-, and Y-shaped settlements. There is less focus on the automated
generalization methods for urban village settlements, which are important but unplanned
areas in less developed cities of China. Likewise, few studies address the extraction of
urban village residential areas within large-scale NSDI vector data.

This paper realizes the extraction of urban village settlement polygons in an experi-
mental block through spatial statistical analysis. The subsequent generalization is based on
these extracted results applied separately within the urban village and non-urban village
areas. Even if the spacing between urban villages and non-urban villages is less than the
cartographic limit, the spacing can be exaggerated to preserve their respective semantic
information, as shown in Figure 14. This method aids in maintaining the types of resi-
dential clusters (i.e., urban villages, built-up districts, commercial buildings, etc.) while
considering map legibility, compared to generalization methods that consider distance
alone, conveying more information to readers and supporting decision-making for urban
village renovation.

However, by analyzing the experimental results, it is apparent that there is room for
improvement in this method in the following areas:

(1) The extraction method: For instance, the red box in Figure 13a highlights areas of mis-
extraction and omissions. The issue arises because the FLSs between two residential
areas is derived based on the secondary-class triangles between them, as shown in
Figure 15. In this case, one segment chain in the FLSs approximated a straight line
(as indicated by @ and (@ in Figure 15) and the other segment chain in the FLSs
underwent a turn of approximately 90 degrees, with this turning part occupying a
significant length of the said line segment (as indicated by ) and @ in Figure 15).
This resulted in a larger MHDistance between this FLS and the other, and then the
residential area on the edge of the urban village was classified as a non-urban village.
Similarly, several areas were identified incorrectly in the red boxes in Figure 13,
including both omissions and cases where non-urban village residential areas were
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identified as urban village ones. Addressing these issues will be the focus of further
research.

(2) For the generalization method, the priority has been given to keeping the semantic
function regions, such as urban villages, commercial building, etc., complete, while the
connectivity of the road network becomes a secondary consideration in this approach.
For example, in Figure 9, the polygons in (f1) all become hybrid function regions which
are filled with the pink color, while on the contrary, the polygons in (f2) preserve their
semantic attributes. (f1) preserves one space between the two aggregated polygons
(numbered as ) where the blue arrow points), and the space is the longest branch
way within the block. (f2) preserves two spaces between the resulting aggregated
polygons (numbered as @) and (3 where the blue arrows point). Therefore, in the
future, the present generalization method can be further improved by taking road
length into consideration.

S
CE - o

(b) Settlement poly gons after the scale

(a) The original settlement poly gons at is reduced to 1:10K from 1:5K
the scale of 1:5K without map generalization

|

e

T T T T ! ]
i 0 Urban village poly gons }
|
| . I
None-urban village poly gons

| 8¢ poly8ons, (¢) 1:10K Settlement polygons after
map generalization based on figure (b)

|
V— O

(e) 1:25K Settlement poly gons after (d) Settlement poly gons after the scale

map generalization based on figure (d) is reduced to 1:25K from 1:10K
without any map generalization

Figure 14. Generalization method for the extracted urban villages and other settlement polygons.
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Figure 15. When one of a pair of facing line segments has a near right-angle turn, it causes the MHDis-
tance to be relatively larger (D and @ indicate segment chains in the FLSs approximated a straight
line; @ and @ indicate the other segment chains in the FLSs underwent a turn of approximately 90
degrees).

6. Conclusions

Map generalization is a process of scientifically modeling a cartographic area at
different levels of detail, reflecting the cartographer’s cognition of the region to some
extent. Urban villages are unplanned informal settlements that emerged at a certain stage
of China’s urbanization, and they provide affordable housing for a large population of
migrant workers. Therefore, the accurate generalization of urban villages in less developed
cities in China on maps is critical to the scientific and rational approach to their renovation
and reconstruction. Precise depiction and generalization depend on their extraction; thus,
the automatic extraction and generalization of urban villages are worthy of in-depth
research. Most of the existing research extracts urban villages through automatic remote
sensing interpretations, with fewer studies focusing on extraction from vector data in less
developed cities. In response to this, the current paper’s preliminary research found that
urban village residential areas, due to their unique shape in an important component
of the national spatial data infrastructure, 1:5K-scale Digital Line Graph, are depicted
in a distinctive manner by data producers, laying the foundational conditions for their
automatic extraction from such scale data.

The urban village residential area extraction method described in this paper is pro-
posed by analyzing the cognitive process of humans and mimicking this cognitive flow.
The selected indices reflect the narrow roads within urban villages and the contiguous
depiction of urban villages in 1:5K data, as well as the similar shape of the road-facing line
segment chains on opposite sides of the road. Building upon the extraction of urban villages
and non-urban villages, the principles of their automatic generalization are outlined to
scientifically convey semantic information from the original maps to the readers in the
implementation of map generalization at the 1:10K and 1:25K scales.

The present methodology is validated using data from a 1:5K-scale block in Lanzhou
City, demonstrating that most urban village residential areas can be extracted using the
method described. Still, there remain some issues that need to be addressed in future
research. The issues include the following: (1) the polygons at the edge of the urban
villages may be classified as non-urban villages due to some special cases in facing line
segments, and (2) the generalization method does not take roads’ lengths into consideration.
So, the issues are problems that should be solved in future works.

Urban villages provide affordable housing for a large number of migrant workers and
serve as an important transitional stage in the urbanization process. The method described
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herein aids in the accurate depiction and automatic extraction of urban village residential
areas. If proven effective in other regional datasets, this method could provide a reference
for the generalization of residential areas in China.
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