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Abstract: To better satisfy user’s needs for the accurate visualization of massive amounts of geo-
graphic data, the variable-scale expression of map content based on multilevel data organization has
attracted increasing attention. Traditional methods based on vector data usually cannot handle tile
data in the form of a grid on the network. Therefore, this paper proposes a variable-scale visualization
method for high-density buildings based on a raster tile map. First, the buildings on a tile map
are typified on the basis of linear spectral clustering (LSC) superpixel segmentation to reduce the
number of buildings. Then, the shapes of buildings are simplified using the minimum bounding
rectangle method. Lastly, the designed focus + glue + context (F + G + C) variable-scale model is used
for visual output. The OpenStreetMap tile data are used to perform experiments. Compared with
traditional methods, the proposed variable-scale visualization method in this paper considers the
spatial distribution, quantity, and shape characteristics of buildings, reduces the clutter of data, and
has a better (average value of building quantity, area and density is 57%) visual effect. Variable-scale
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1. Introduction

With the widespread application of ubiquitous network technology (internet of things,
cloud computing, handheld mobile devices, sensor networks, and other technologies), the
high-density capacity advantage of geographic information resources has begun to take

shape [1]. Visualization is an important method and beneficial tool to help users understand
the hidden knowledge and laws behind massive data and solve how to display massive
data efficiently in a relatively small interface. It will become an excellent geographic
information product that meets people’s expectations.

To solve the contradiction between the user’s focus demand and map display [2], we
provide users with multiscale map representation information and carry out variable-scale
visualization of map content organization [3], which means that the scales displayed at
different positions in the same version are different. The method of multiscale expression [4]
helps to reduce the burden of map information [5] on human cognition. There are many
problems to be solved, such as simplification [6], displacement [7], and collapse [8]. In
the research of variable-scale visualization, we need to pay attention to the requirements
and organization of the data structure. The multiscale index, i.e., the association among
multilevel scale interval targets, focuses on describing traditional map synthesis. It should
Attribution (CC BY) license (https://  not simply record the results but should be able to meet more application needs [9].
creativecommons.org/licenses /by / In the traditional variable-scale model design process, much relevant research has
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network element reconstruction), placement ranges (maintaining the spatial characteristics
of data), change standards, etc. [10,11]. However, it is limited to vector data structures
such as POI points and traffic roads [12]. There is a lack of variable-scale research on
the polygonal surface of buildings, the processing of tile data, and the screening of data
volume in the variable-scale process [13]. For complicated spatial data, how to organize it
structurally [9], reorganize it dynamically, classify the relevant map elements, and reduce
the redundancy of information content in response to the loading problem [14]. Considering
the load capacity of the map, map visualization is carried out in an appropriate way to
provide the required information. For the navigation map required by users, the high-rise
areas in cities with dense buildings need to be visualized to ease the contradiction between
the demand and the high degree of factor aggregation [15]. For the selection of elements, this
papet, on the basis of conforming to map generalization, uses the simplified representation
of map elements that considers feature distribution, quantity, and structure [16], which is
also based on building tile data.

In this paper, a typification variable-scale visual design method of polygonal buildings
based on LSC superpixel segmentation technology is proposed. The urban buildings are
separately extracted during preprocessing; then, the superpixel LSC is used to typify,
reduce the number of buildings, simplify the shape, and finally place the variable-scale
model. Therefore, the main purpose of this paper is as follows:

1. A method based on LSC superpixel segmentation is proposed to typify, reduce redundant
map elements, reduce the number of buildings [17], and compensate for the problem
of quantitative relationships between hierarchical organizations of multiscale spatial
indices in traditional methods to comprehensively consider the overall map synthesis;

2. A change is proposed to the traditional situation where only a single vector data
structure map data source can be processed and provide a method of variable-scale
visualization on the tile map data structure;

3.  Considering the number of buildings, the layout and shape of buildings, and the size
of buildings, the variable-scale visualization method is used for high-density building
areas to improve the user’s recognition of this area and the readability of information.

The organization of this paper is as follows: Section 2 introduces related studies of
multiscale expression of map elements, including the clarification and summary of the status
of current research; Section 3 explains the specific methods of variable-scale visualization,
including typification, morphological simplification, and the design of variable-scale models;
Section 4 discusses the evaluation of OpenStreetMap (OSM) data, introduces the source of the
data, analyzes the results of relevant research, and compares traditional methods of analysis;
Section 5 presents the conclusions and introduces prospects for future studies.

2. Related Work

With the development of urbanization, buildings that are visible everywhere on the
map are arranged in different shapes and layouts, which interferes with the user’s search for
target information. Good variable-scale visualization is very important. It should address
the advantages and disadvantages of different display screens, which introduces higher
requirements for visual map data [3]. In addition, to improve the multiscale map design,
Dumont [18] determined the factors in map content design and the styles that greatly affect
the exploration of information and knowledge. In terms of formal expression, we should
use simpler map symbols with adaptive characteristics of the display environment. In
content organization, multiscale dynamic control is required to obtain multiresolution map
content expression.

2.1. Focus + Glue + Context (F+ G + C)

The entire area of interest is gradually enlarged, and the area of noninterest is kept
small. Yamamoto [19] proposed the focus + glue + context (F + G + C) variable-scale map
model on this basis. By dividing the map into three regions, a scale transition region that
absorbs the deformation of the entire map is designed to reduce the deformation of the
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map and ensure that it has good readability. Jan-Henrik et al. [20] and Li [21] proposed
many density reduction algorithms to address the shortcomings of this model, and they
improved the expression effect of the variable-scale map. Becker et al. [22] discussed the
relationship between screen size and scale and provided a quantitative model to improve
the expression effect of maps. In terms of application, Al Tinghua [23] and Gao Ping [24]
applied the variable-scale visualization method to a mobile navigation map to realize the
effect of near large far small centered on the current position. It satisfies the requirements
that users can see the details and understand the overview of the region expressed by
the map. Takahashi [25] considered the problems encountered by users in the process of
use, summarized these problems and established a flexible variable-scale operation mode.
Zhao [12] applied the variable-scale design to the network data level and expanded the
application field.

2.2. Methods Based on POI and Other Vector Data Structures

Most studies on variable-scale change the map deformation by directly changing the
scale and aiming at vector data, including traffic routes and relevant POI points. Zhao [12]
designed the results of variable-scale visualization of POIs and traffic routes and used the
deformation of a triangular network to link the data spatial structure at the change of scale.
A Voronoi diagram and its dual graph Delaunay were adopted to construct the element
hierarchy model. Figure 1a is the original map, in which the map elements are the POI
point data of the hospital and the traffic route of the changed place. For the part with high
PQOI density in the center (within the red dashed line frame), a large scale is designed, and
a variable-scale effect map is obtained (Figure 1b). By comparing Figures 1a and 1b, the
POI elements in the red solid line frame show that their scale has been enlarged, which can
represent relevant information in more detail. However, they have the same shortcomings
as the green frame. The capping phenomenon [8] of their elements has not been solved,
the problem of map synthesis [9] has not been considered, the gradual change process [10]
between data has not been studied, and the selection of data volume has not been solved.
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Figure 1. Variable-scale representation based on POIs and roads. (a) Original POI map. (b)Variable-
scale visualized POI map.

From the above literatures, we can see that many scholars used variable-scale tech-
nology to develop new maps and realized that variable scaling can appropriately meet
the diverse needs of users and organize map elements [10,11]. However, the previous
variable-scale design method is usually based on vector data, such as rivers, roads, POls,
and other elements. Polygonal building tiles are an important element of urban maps,
and the method of changing their scale is rarely studied. Therefore, this paper provides
a variable-scale method based on polygonal building tiles, and it combines LSC super-
pixels to build typification areas and screen map elements. A series of image processing
technologies are used to achieve variable-scale effects.



ISPRS Int. ]. Geo-Inf. 2022, 11, 505

40f21

Construction of median
typiFication area through

Input original
tile buildings

2.Typification area

3. Variable-Scale Visualization of Polygonal Building Areas

The variable-scale visualization process of high-density buildings in different areas
includes reducing the number of map elements, simplifying the shape of buildings, and
subsequently keeping the spatial distribution characteristics of buildings unchanged. First,
the building is typified. In this step, the typification location [26] is constructed by using
superpixel second-order neighborhood clustering [27] and placing a median filter, and the
location and quantity selection is performed considering the distribution characteristics
of elements. Then, the building is rebuilt. To select the location and quantity through the
positioning step, we take the largest area as the selection standard and restore the geometric
characteristics of the element at the corresponding location, including size, shape, and
direction. For the reconstructed buildings, the maximum rectangle simplification method is
placed [28], and the rectangle regularizes the corresponding buildings to simplify the shape
of the buildings. Then, the variable-scale expression is performed, and the corresponding
variable-scale model, i.e., the focus + glue + context model, is designed. The typification
results are placed in the background area of the context, and the original buildings are
placed in the middle focus area. In addition, the expansion processing is superimposed to
highlight the variable-scale expression.

Therefore, in this paper, the variable-scale expression of buildings can be divided into
five main steps, and its technical framework is shown in Figure 2. First, we preprocess the
data and extract the building area using QGIS tools. Then, to typify buildings, this step
includes two processing contents: building typification areas and relocating the location of
buildings. Median filtering is used to build typification areas of binary fields of buildings,
and LSC superpixel segmentation methods are applied to them [21]. The typification
areas divided by superpixels are used to locate and reconstruct buildings. The shape
of the building is simplified using the maximum rectangular boundary. Finally, we use
the selected variable-scale model for visualization, pay attention to the conflict display
of buildings at the boundary to realize the variable-scale visualization of high-density
buildings in different areas, and obtain the final variable-scale results.

4.Simplified Shape

Minimum Maintain the

LSC Superpixel Relocation of rectangularization spatial di_stltibution
building of buildings
Groupi : Bt sariabies
roupng A2 Simplified utput variable-
ildi ot 5.Variable-scale e oo
buildings area 3.Positioning and selection building shape SRR scale building tile

Place LSC Superpixel map

segmentation for maximum

Place Foucs + Flue +
Context model

area Relocation

Typification of Simplify buildings Variable-scale representation
buildings of buildings

Figure 2. Variable-scale visualization flow chart of the polygonal building area.

3.1. Grouping Buildings in a Typification Area
3.1.1. Superpixel Multi-Order Neighborhood Clustering

Shen et al. [27,28] first applied superpixels to the clustering of waters and buildings.
Buildings were selected and grouped according to the division of superpixels. In this
paper, buildings were clustered using the second-order neighborhood of superpixels. The
relationship formula is as follows:

Lsc-Superpixel, = {Ls|Ls € (LanNLCy)}, 1)

where Lsc-Superpixel,, is the n-th order neighborhood of the superpixel, Ls is the element
of Superpixel,, set La represents all superpixels in the image, and LC, is n superpixels,
which connect two connected domains of the original map object. That is, the buildings are
clustered and grouped through the intersection of the connected domains.
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As shown in Figure 3a, the total pixel size of the original building tile map is 1864 x
781 pixels. Using the connected domain search mark in eight directions, the number of
connected domains of the original building is 50, i.e., the number of buildings, as shown in
Figure 3b. Then, the LSC superpixel segmentation method is used, where the superpixel
aperture size for segmentation is 20, and 3426 pixel regions are planned to be divided, as
shown in Figure 3c. Figure 3c shows the results of simultaneous multilevel neighborhood
clustering of superpixels, where the second-order neighborhood is marked in green and
connected to the superpixel region of two buildings, and the gray mark is the superpixel
that is adjacent to only one building, i.e., a first-order neighborhood. After the second-order
neighborhood clustering of superpixels is used, the grouping construction of the original
building tiles is completed, as shown in Figure 3d. The result is the area surrounded by the
blue boundary in the figure.
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Figure 3. Second-order neighborhood clustering using superpixels for buildings. (a) Original
buildings tile map. (b) Buildings connection boundary diagram. (c) Superpixel neighborhood
graph. (d) Typicification area of buildings.

3.1.2. Construction of a Typification Region by a Median Filter

Median filtering [29] is often used for noise reduction processing in image processing.
The principle is to set the neighborhood window and replace the gray value on each
pixel with the median value of all gray values in its nearby field so that the gray value
of surrounding pixels is close to the real value to eliminate isolated noise points [7]. It is
defined as follows:

Each pixel of the digital image is stored in the form of a matrix and recorded as a [i,
jl- Set the noisy original image as f(x, y) and the image processed by the median filter as
g(x, y), and then convert the values of each element in the a matrix.

800 y) = IS0 y)), @

where S represents the neighborhood window of (x, y) pixels.

As shown in Figure 4, neighborhood panes of different sizes are used as the median
filter. Figure 4a shows the original binary typification region of the image, which is the shape
extraction in Figure 3, and neighborhood panes of different sizes are used as the median filter
in Figure 4b—d. We can see that, with increasing size, the boundary of the typification region
is smoother, but the shape characteristics of the boundary are well preserved.
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(a)

Original clustering

Figure 4. Median filtering in typification regions of buildings. (a) original shape. (b) Median filter
size 9 results. (c) Median filter size 19 results. (d) Median filter size 29 results.

The region after median filtering is called the typification region [30] in this paper. After
median filter clustering, the typification region is constructed by clustering and using the
median filter window with size = 29, as shown in Figure 5. Compared with the second-order
neighborhood grouping of superpixels shown in Figure 3d, the boundary is smoother, and
some adhesion occurs after median filtering, which affects the number of groups.

Figure 5. Construction of typification areas of buildings with the median filter.

3.1.3. Placement Based on LSC Algorithm

In this step, the LSC algorithm is used, and the K-means clustering method is adopted
to generate compact and uniform superpixels with low computational cost, which has
linear computational complexity and high memory efficiency and can retain the global
attributes of the image. As shown in Figure 6, the typification area shown in Figure 5 is
divided into different levels of LSC superpixel segmentation. As shown in Figure 6a,b,
the blue edge represents the boundary line of each superpixel divided by the typification
area, the gray region at the bottom and black boundary are the original tile buildings, and
the internal red circle represents the centroid of each divided superpixel region to locate
the relocation of the maximum area method in the subsequent steps. With the increase in
division level, the number of original buildings contained in each superpixel increases, but
we only need to select the one with the largest area inside each superpixel for relocation;
hence, the number of typified buildings becomes increasingly sparse.
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Figure 6. LSC superpixel segmentation is used to segment the typification areas of the building.
(a) Small Aperture superpixel Blocking Results. (b) Big Aperture superpixel Blocking Results.

3.2. Relocation of Buildings
3.2.1. LSC Superpixel Division

After using the LSC superpixel segmentation algorithm, the typification area is divided
into regions, as shown in Figure 7. In the figure, the boundary line of each superpixel is
marked in red. The buildings composed of parts 1 and 2 in the figure are located in two
superpixel regions A and B, respectively. Because area 1 > area 2, this building belongs
to superpixel A. Then, the building with the largest area among the two buildings in
superpixel A is selected and moved to the centroid of the superpixel region for relocation,
i.e., the relocation of the largest area is completed.

Figure 7. Division of typification areas of buildings.

3.2.2. Relocation Based on the Maximum Area

In this paper, the typification design of buildings uses the maximum area method for
building relocation. As shown in Figure 5, we obtain the centroid inside the superpixel
region through the clustering of typification areas, which is used as the location of relocation.
Then, by calculating the area of each building inside each superpixel shape, max_area is
selected as the building reconstructed at the centroid. Figure 8 shows an example of
the maximum area relocation method of two levels, where the blue border line is the
reconstructed building, and the gray at the bottom represents the original building tiles.
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The buildings selected for relocation are those with the largest area in the original. Moreover,
the number of typification area division groups affects the sparse level after relocation and
the buildings that must be reconstructed.
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Figure 8. Relocation of buildings based on the maximum area. (a) Typified buildings of small aperture
superpixel. (b) Typified buildings of big aperture superpixel.

3.3. Simplification of Buildings

Although the number of buildings is reduced, to virtualize the visual impact of typified
buildings, it is necessary to simplify the shape of buildings. Wood, ] [31] proposed placing
buildings in a plane rectangular coordinate system, setting up tangents for translation and
rotation, obtaining parallel clamping lines, and then using vertical tangents to obtain the
minimum bounding rectangle of irregular shape. In this paper, the 0-1 value of the binary
image is used to find the corresponding outer contour of the image, i.e., the connected
domain of each shape, as shown in Figure 9. The blue boundary represents the graphical
boundary it finds, and then the boundary coordinates are included in the X [i] and Y
[i] matrices to expand the convex hull outward. By comparing the two parameters of
minimum area and minimum perimeter, the shape to be simplified is placed in the first
quadrant, and the four corner points of the rectangular shape are rotated clockwise. Then,
the outer contour is fitted to obtain the minimum bounding rectangle.

: 0000000100000
: 00000000000000

Figure 9. Binary image boundary search.
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The shape of the simplified building is shown in Figure 10. The shape of the simplified
building’s bottom tile is the smallest, as shown in Figure 10. Through the simplification of
the building boundary, some complex irregular shapes are removed, which can efficiently
virtualize the influence of the human eye focus at the background in the subsequent
combination experiment, and some small noise can be removed at the same time, which
provides a good effect for the subsequent variable-scale combination.
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Figure 10. Simplification of the building shapes.

3.4. Variable-Scale Visualization of Buildings
3.4.1. Variable-Scale Model Design

After the number of buildings has been reduced and the form has been simplified,
it is necessary to visualize the map area with a variable scale. The proposed focus + glue
+ context variable-scale model is shown in Figure 11b. The middle focus area has a large
scale, the bottom map area has a small scale, and the middle transition area absorbs the
deformation of both. The change curve of the scale is shown in Figure 11d. It shows the
deformation law of the scale of the F + G + C model. With the decrease in distance from the
center point, the scale is in the context area, the unity is small, the transition area increases,
and the deformation peak is reached, i.e., the scale is maximum and subsequently smoothly
decreases and transits to the unified large scale in the focus area. As shown in Figure 11c,
multicore focus areas and variable-scale models of focus areas of various shapes can also
be designed for adaptive display [32,33].

a

Ascate (d)

155 K] b )|
o

HorEr

S >
Center distance

Figure 11. Variable-scale models. (a) Original base drawing. (b) F + G + C variable-scale model.
(c) Adaptive variable-scale model. (d) Scale change curve of F + G + C model.
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3.4.2. Multiscale Spatial Index

To formulate the number of buildings in different areas, the variable-scale sizes are
selected, and control is facilitated; in the current digital environment, the mathematical
model of root square [34] is adopted, and the calculation method is as follows:

Ny, = Ny M,/ My, 3)

where Nj, is the number of features in the newly compiled land, N, is the number of features
in the original land, M}, is the denominator of the scale of the newly compiled map, and
M, is the denominator of the scale of the original map.

Considering the reduction in the number of buildings, we coordinate the change in
the scale and combine it with the above variable-scale model. The focus area has a large
scale, there are many buildings, and the background area has a small scale, i.e., the number
of buildings after typification is reduced.

3.4.3. Removing Conflicts

After the F + G + C model is selected in the design, combined with the typification
results, the variable-scale visualization of the tile map can be performed. The typification
results are placed in the context area, the original buildings are placed in the focus area,
and the expansion treatment is superimposed. Attention should be given to the treatment
of buildings within the boundary, which easily causes the cutting of buildings, i.e., where
the same building is in two different areas [35,36]. To solve this problem, we need to design
the movement of buildings at the boundary or select the deletion operation.

Contflict elimination includes three processes: tradeoff, movement, and relocation.
First, for the deletion selection at the boundary of the focus area, we use the strategy based
on the largest area. As shown in Figure 12, the two buildings denoted a and b at the black
rectangular dotted line in the figure are divided into two parts by the focus area. Since a2,
i.e., the area of the part in the focus area, is less than al, i.e., the area in the transition area,
building 1 is omitted, and the focus area is not placed in this building. Similarly, since the
area of b2 (in the focus area) is larger than b1 (in the transition area), building 2 is kept
and moved. The center of mass of the building, the pink dot in the drawing and the center
of the focus area, i.e., the center ¢, are located as shown in Figure 12. The connecting line
between the two is the direction where the building is moved. Finally, in the relocation step
of the building on this line, we must cross-detect the relocation position, i.e., whether the
building is covered by the boundary of the focus area. Gland detection is defined next.

— ° °
Buildings in Buildings in Transition zone Focus area Center of Building material
other areas focus area outer frame outer frame focus area center

Figure 12. Removing the boundary conflicts.
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In the relocation process, each point P (x, y) at the boundary of the building is obtained.
As shown in Figure 12, the equation of the central focus area is (X — cx)2 + (X — cy)2 =R?,

and the distance from the point to the center of the circle is d = \/ (x — CX)2 +(y— cy)z. By
judging the distance d and radius R and detecting whether the boundary points of the
building are in the circle of the focus area, the movement and relocation of the building
can be completed. According to this method, the boundary gland of the building at the
boundary is eliminated to complete the final design. Since the purpose of the variable-scale
is to make people better focus on the focus area and reduce the interference of other map
elements that do not interest the users, the contradiction and conflict design is only for
the buildings directly between the transition area and the focus area. Combined with the
simplification and typification results of the above building shape and considering the
topological relationship correction in the process of building expansion and variable-scale
in the focus area, this improves readability by users (see Section 4 for details).

4. Experiments and Evaluations
4.1. Experimental Data

To evaluate the F + G + C variable-scale visualization method based on superpix-
els in this paper, the San Francisco tile building dataset was downloaded from Open-
StreetMap, and the building layout was extracted by preprocessing QGIS. The final final-
ized data tile map is shown in Figure 13. The coordinate range of raw data is 20,944 < x
< 20,946 and 50,670 <y < 50,672 of OSM level 17 (see Appendix A for details).

Original base map i

Buildingtile

Figure 13. Experimental data.
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Within this data range, the total size is 2848 x 2069 pixels, and a total of 1599 buildings
are arranged in this dataset, accounting for 16.40% of the total area of the entire tile map.
The building layout in the figure is mainly a strip and grid, which is the basis of adaptive
variable-scale visualization of subsequent multicore and different shape focuses.

4.2. Research and Analysis Results
4.2.1. Variable-Scale Visualization of Buildings

The visualization results are generated by the variable-scale method of the tile map.
The relevant parameters in the variable-scale process in this experiment are shown in
Table 1. The meanings of these parameters are as follows: Sy gc is the superpixel size based
on the LSC superpixel segmentation clustering method; Sy, is the neighborhood window
range used to construct the median filter; Rg.c is the radius of the large circle from the
background map to the transition area; Rp_g is the radius dimension of the small circle from
the transition area to the focus area; Lsc_num is the number of segmented shapes of the
original tile map using the LSC superpixel segmentation method; T_num is the number of
segmented shapes of a typification region using the LSC superpixel segmentation method;
B_num is the number of buildings after typification; A_T_O is the proportion of the total
area of buildings after typification to the entire map; A_T_E is the proportion of the total
area of buildings after applying the variable-scale method, i.e., expansion operation, to the
entire map.

Table 1. Results for relevant parameters of variable-scale visualization.

Support Sisc Sm Rg.c Reg Lsc num T _num B_num ATO A TE
Surface
1 10 29 1035 850 43,250 5000 799 9.23% 12.37%
2 10 29 1035 850 43,250 2500 495 6.28% 10.49%
3 10 29 1035 850 43,250 625 235 3.38% 6.63%

Figure 14 shows the results generated after using the variable-scale visualization
strategy. The gray polygon in the context area is a typified building. At the same time, the
shape is simplified to achieve the effect of virtual background. The red circle is the area
where the scale is changed, where the glue area is from the large circle of the red dotted line
to the small circle of the solid line, which absorbs the deformation caused by the change
in the scale. The small circle is the focus area, where the original building, i.e., the yellow
shape, is placed. The design of the scale is enlarged through expansion to achieve the
function of focusing.

As shown Figure 14a—c, after using the clustering typification method of the LSC
superpixel segmentation method, the distribution characteristics of buildings did not
change much. The LSC superpixel segmentation method with a superpixel size and an
aperture of 10 was used for different levels of typification in this experiment. The median
filter neighborhood window was 29, and the number of original building superpixels was
43,250. The number of superpixels in the typification design is shown as T_num in Table 1,
recorded by num. The typification was performed at approximately &, &, and &, resulting
in the number of reconstructed buildings after typification being approximately 3, %, and %
of the number of original buildings. Therefore, Figure 14a indicates that the building with
the larger area between two buildings is selected for reconstruction, Figure 14b indicates
that the one with the largest area among four buildings is selected for reconstruction, and
Figure 14c indicates that the one with the largest area among eight buildings is selected for
reconstruction; the scale of the focus area is 1:5000. The scale of the bottom map is shown
in the figure and visualized by changing the scale.
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Figure 14. Multilevel variable-scale visualization results of buildings. (a) Variable-scale results for
building typified level 1; (b) Variable-scale results for building typified level 2; (c) Variable-scale
results for building typified level 3.

According to the study on the area proportion A_T_O and A_T_E shown in Table 1,
the number of buildings decreases with typification through the variable-scale treatment
after typification, i.e., the expansion operation. Then, S is also reduced, but the scale
is changed to highlight the overall proportion of the focus area and shift the focus of
the original map to the focus area. Users are always interested in certain parts of a map.
Therefore, the strategy of variable-scale visualization is intended to focus the user’s needs,
design the focus of the entire map, and highlight it.

4.2.2. Adaptive Variable-Scale Visualization

In the original building tile map shown in Figure 13, the layout of buildings can be
divided into strip type and grid format. For this purpose, multicore variable-scale models
with different shapes are designed for visual display. A rectangular variable-scale model is
designed for a grid with neat arrangement, and a circular variable-scale model is used for a
strip display, as shown in Figure 15. By using the building layout in the original building
tile map to design the corresponding variable-scale model, the relatively complex and large
amount of data is simplified, and data redundancy is reduced. Additionally, combined
with the appropriate variable-scale model, the map data are visually represented to ensure
clear hierarchy and clear content of the map data, and the significance of self-adaptation
can be seen.
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Figure 15. Multicore adaptive variable-scale visualization of buildings.

4.2.3. Topological Relation Correction

After the typification of the building, considering the purpose of readability, the
simplification of the minimum external rectangle is designed for its shape. The expansion
of the convex hull of the building may lead to topology errors related to capping and
overlap of the building, as shown in Figure 16a. As shown in the figure, there are capping
phenomena on the edges of the two buildings in the red ellipse. The reason is that the
buildings are too close, i.e., the problem of positioning in the typification process results
in the formation of the smallest external rectangle, resulting in a gland. Therefore, it is
important to maintain the original single building, maintain its topological relationship,
and correct the topological relationship of the overlapping part in the ellipse. Because
the reason is the problem of superpixel centroid positioning placed in the typification
area, it can be important to conduct median filtering [29] separately to generate a separate
typification area and then perform typification processing to change the location of building
relocation. The correction results are shown in Figure 16b.

N LEWE NN LT
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ay W

Figure 16. Consider topology and legibility. (a) Original topology error map. (b) Topology correction results.

1

4.2.4. Parameter Selection and Evaluation

The superpixel aperture used in LSC superpixel segmentation clustering is 10, as
shown in Sy gc in Table 1. Experiments have shown that the change in aperture size does
not greatly affect the selection of typification but may change the establishment range
of its typification area, which changes the subsequent relocation location of buildings.
In Figure 17, the layout of the entire building is not very different. Additionally, the
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verification shows that, when using Sy gc = 20 for LSC superpixel segmentation clustering
at the same level, the number of buildings after typification is 709, which is not far from
the value of 799 of B_num in Table 1. Although there are some differences between the
buildings in the blue rectangular box in the figure, the reason may be that the pore size used
in clustering leads to the different division of typification areas, resulting in the difference
between the buildings selected during relocation and the relocation location. However, its
overall variable-scale visualization effect did not change much.

AN \
S|5r¥10 N o Srsrzéo
‘ £
20,025m 25,721m bosseh &
S=10 8,520 Boundaryof  Boundary of Large scale buildings Other buildingsin
: glue zoné foucs zone in focus area glue and context area

Figure 17. Typification comparison of different aperture superpixel LSC sizes.

Then, for the design of the window neighborhood size of the median filter in the
construction of typification regions (see Sy, in Table 1), the size used this time is 29, which
achieves good smoothing and simplification effects and can accurately maintain the relevant
characteristics of the boundary. The manual selection of size in the operation process is
very time-consuming. Further research may be needed to both intelligently select the sizes
of the parameters and achieve better experimental results.

Then, for the LSC superpixel segmentation and placement of the typification area,
the number of superpixel shapes designed is shown in T_num in Table 1. This paper
is divided according to the proportion of superpixels, resulting in the proportion of the
number of typified buildings relative to the number of original buildings. The hierarchical
visualization is performed through a certain ratio relationship, which gives people a sense
of progressive layers. Furthermore, we can select the typification proportion and draw the
corresponding variable-scale map.

Additionally, for the establishment of the variable-scale model in this paper, the
model size and radius are shown in Rg.c and Rgg in Table 1. In the experiment, the
size of the entire tile map and the designed radius are combined with the boundary
treatment to plan a reasonable range of the focus area. Therefore, it is necessary to manually
plan the corresponding position, and the focus area can be moved later. Combined with
the corresponding visualization technology, the background loads the selected range for
variable-scale visualization, which is not limited to a static map.

4.3. Comparison with Traditional Methods

Most electronic maps can be scrolled, magnified (zoomed in) and reduced (zoomed
out). When browsing the map, users can scroll and magnify the view of interest [37]. As
shown in Figure 18¢, in the green circle in the middle, people can use the map roaming
(scrolling mouse) operation to repeatedly check back and forth, which can easily distract the
users. When magnifying and loading the map, users must retrieve data in the background,
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which requires a certain network speed and loading time. On this basis, the Baidu map,
open layer, and other relevant network maps available on the current market have been
designed using the eagle eye method to locally enlarge some areas. As shown in Figure 18b,
users can move the map in the eagle eye frame to control the position display of the entire
map and obtain the relative position of the large-scale thumbnail in the eagle eye on the
overall map. However, for a large-scale map, the eagle eye thumbnail with a small border is
a compromise. For a large-scale enlarged display, the display range of the eagle eye should
change through the movement of the mouse to meet the needs of users. The variable-scale
visual map display designed in this paper, as shown in Figure 18a, cannot meet the different
needs of users for a single scale. However, it can enlarge the display elements to meet the
needs of users without changing the overall layout of the original map elements, coordinate
the local and overall relationship, and remedy the contradiction between users’ needs and
complex map elements.
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Figure 18. Comparison with traditional methods. (a) The result of variable-scale map. (b) The result
of eagle eye map. (c) The result of roaming Map.

To better reflect the advantages of the proposed LSC superpixel-based typified build-
ings in this study over the traditional visualization, several typification parts are selected
in Figure 18, i.e., the black and purple borders, which are partially integrated into Figure 19
for comparative analysis. First, for the parts surrounded by a black frame, Figure 19a is
in the focus area, and with the surrounding transition area, the building layout shape is
well preserved and has good continuity. In Figure 19b, region 1 is magnified at its eagle
eye (blue border in Figure 18b), and only a small part of the content of the fixed size of the
eagle eye can be displayed. In other words, in region 2, its periphery must be compared
and identified in the original image and eagle eye image, which requires the user to scan
and switch back and forth. In Figure 19¢, the selection content is in the green magnification
scale in Figure 18c, and only the buildings within the border are magnified, which makes
the chain break at its boundary. Then, the purple border surrounds the part. In Figure 19a,
it is in the transition area and background area. We can see the change in scale. The
building layout is well connected and maintains the spatial distribution of the elements. In
Figure 19b, for the purple part, because the eagle eye did not select this part of the building,
there is no change effect. Lastly, in Figure 19¢, due to the selection of the boundary of the
scale change, some buildings are enlarged from the original region 1. Moving to region 2
causes disorder of the building layout and dislocation of the spatial position, which makes
it difficult to identify the user information.
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Figure 19. Comparison of details of different variable-scale methods in different regions. (a) Compar-

ison area in the variable-scale map. (b) Comparison area in the eagle eye map. (¢) Compare area in

the roaming map.

The F + G + C variable-scale models based on the superpixel and the two traditional

methods evaluate the number, area, and building density of buildings in different display
areas. As shown in Table 2, the number of buildings is calculated through the connected
domain, the unit of area is pixels, and the building density is the ratio of the total area of
the building’s base to the occupied land area. Then, the reduction percentage of jumbled
buildings in the original pictures compared using different methods is calculated. By
analyzing Table 2, we obtain the following conclusions:

1.

With the subregional display, the buildings in the focal area, the buildings in the eagle
eye, and the buildings in the enlarged view are enlarged, and their total number, area
and density are less than the original, which can reduce the redundant data;

The method of F + G + C based on superpixels uses partition display, and the percent-
age reduction in each parameter in each area is relatively balanced. Compared with
the eagle eye area, which only has a small range to enlarge the building, the change is
abrupt and sharp;

Compared with the method of zooming in and displaying based on map roaming, the
percentage reduction is relatively small, especially in the building density part, which
does not play a role in removing the problem of complicated data volume;

In other words, by using F + G + C based on superpixels for visualization, the number,
area, and density of buildings are reduced by 70%, 78%, and 24% (the average of the
three regions), which simplifies the massive building data. Taking all parameters into
account, the data volume is reduced by 57%, and better visual effects are obtained.
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Table 2. Evaluation results of building quantity, area, and density by different methods.
Methods Region Number ler;;aer Area Area (%) Density/A Der(lf/ll;y/A Land Size
Orginal 1599 1,176,592 23.52% 8,699,840
Focus 398 —75.11% 283,163 —75.93% 21.62% —8.10% 2,437,122
F+G+C Glue 567 —64.54% 169,269 —85.61% 17.47% —25.74% 2,266,095
Content 443 —72.30% 315,190 —73.21% 17.89% —23.95% 3,994,619
Inside 61 ~96.19% 119,048 —89.88% 33.50% 42.41% 506,553
eagle’s eye
Eagle eye Facle ove
§¢€ Y 1555 —2.75% 1,079,332 —8.27% 23.17% —1.49% 8,193,613
(outside)
Rozgng 279 ~8255% 393,176 —66.58% 21.08% ~10.38% 3,548,062
View zoom in Original
& 1062 —33.58% 660,728 —43.84% 22.83% —2.95% 5,149,730
base map

4.4. Overlay with Original OSM Data

After using the method of variable-scale visualization, the results are restored to
the map interface of OpenStreetMap, as shown in Figure 20 compared with the original
building base map in Figure 13 in the experimental data; the number of gray buildings
around the red dotted line, i.e., the context area, is reduced, and its shape is simplified.
The glue scale transition area from the dotted line to the solid line can buffer the scale and
overall interface changes, as well as absorb deformation. The yellow building in the red
solid line is the original building, which is displayed by expanding and enlarging the scale
to increase the focus of users. For a limited size screen, this method can improve the display
requirements of users for different map elements, eliminate miscellaneous elements, and

change the visual presentation.

Figure 20. Overlay with original OSM data.

5. Conclusions

In urbanization construction, to maximize the use benefit in limited land, roads tend
to be narrow and dense, and the layout of buildings is denser and more concentrated. For
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the traditional single-scale map, it is difficult for users to accurately obtain the required
data information. For this reason, the main implications of this paper are to use the
F + G + C variable-scale visualization method based on superpixel typification to enrich the
shortcoming that traditional methods are limited to vector map data sources and cannot
process tile data structures, typify buildings through LSC superpixels, reduce the number
of buildings based on maximum area reconstruction, and simplify the minimum bounding
rectangle in the shape of buildings. Then, the F + G + C model is used to change the scale,
maintain the layout of the overall building, take into account the readability of the reader
and the recognition of data information, and comprehensively consider the number, area,
and density of buildings. The reduction in redundant data is approximately 57% (average
value of building quantity, area and density). The data obtained from OSM were used to
evaluate this method, and the below conclusions were obtained from this study.

LSC superpixel segmentation and clustering are used when the traditional method
cannot handle the grid data source. By maintaining the layout of buildings and considering
map synthesis, the number of buildings is reduced, the shape of buildings is simplified, and
the redundancy of data is reduced. Then, a variable-scale model is designed to improve the
efficiency of user information acquisition and the visibility of maps.

1. The LSC superpixel processing method can maintain the distribution characteristics
of the original buildings, reduce the number of buildings, and effectively finalize and
simplify buildings in the grid tile data structure.

2. With the use of the F + G + C variable-scale method, the data redundancy in the
case of a single scale is changed, but the original base map is retained to provide the user
with reference to the corresponding geographical relationship, maintain the overall spatial
position structure, facilitate the user’s identification, and improve the practicability. It is a
simple and scientific map visualization method.

The proposed variable proportion method has some disadvantages, such as the manual
selection of parameters, which may be random and time-consuming. The number of
typified buildings is not limited to the three levels shown in this paper but can be changed
according to the requirements of different users. Likewise, it is possible to change the
range of the variable scale according to the different needs of users. In the process of
visualization and boundary processing, it is important that we take into account the
topological relationship between buildings to achieve a better display of the overall effect
of the variable-scale method.

Author Contributions: Data curation, Xin Chen; Investigation, Qiaolin Qin; Project administration,
Yilang Shen; Validation, Xinlin Lv; Visualization, Zhixiong Chen; Writing—original draft, Zhixiong
Chen; Writing—review & editing, Zhixiong Chen and Yilang Shen. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(Grant 42001402).

Data Availability Statement: The published buildings tile datas can be downloaded from the follow-
ing website: https:/ /github.com/betray516/variable-buildings (accessed on 12 May 2022).

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Appendix A. Data Access Address Supplementary Information

Replace the row and column numbers mentioned in the experimental data with the
following addresses to access the nine-tile data used in this article. The link is as follows:
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