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ABSTRACT In recent years, with the continuous development of online geographic information services,
the multiscale online expression of geographic elements and topological information has become a hot
research topic. Currently, a large amount of research focuses mainly on the compression of vector line
elements. The main shortcoming of current algorithms is that vector data compression does not consider
the optimality of line simplification. In the face of terabytes or even petabytes of data, problems arise such
as low processing efficiency and long transmission time. Based on the shape-tree principle, the proposed
method aims to reconstruct the organizational structure of a geographic element and establish a hierarchical
representation model of the element based on its structure, realizing multiscale shape recognition and
matching and searching geographic elements. Finally, the proposed method is compared with a model
based on the wavelet transform and discrete Fourier transform. The results demonstrate the applicability
and effectiveness of the proposed method in morphological expression with geospatial big data.

INDEX TERMS Geographical element, hierarchical structure, morphological expression model, shape-tree

principle.

I. INTRODUCTION

In recent years, with the continuous development of online
geographic information services, the demand for real-
time multiresolution visualization of geographic data has
increased. The multiscale online expression of geometric and
topological information of geographic elements has become
a research hotspot. At present, a large amount of research
focuses mainly on vector line element compression, regard-
ing point and polygon elements as special linear patterns.
By incorporating a compression algorithm and setting the
limit difference, vector line elements can be simplified, lin-
earized, and compressed; the same method can be used
to simplify the point and area elements. The process of
linear simplification realizes the multiscale representation
expression of geographical elements. However, vector data
compression does not consider the optimization of line sim-
plification, and in the case of a data volume of terabytes
or even petabytes, problems arise such as low processing
efficiency and long transmission time.
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In morphology, shape is one of the most basic features of
an object in the sense of visual perception. The tree structure
is one of the most powerful structures in data organiza-
tion [1]. The shape-tree method proposed by Felzenszwalb
and Schwartz [2] can capture a hierarchical representation
of the shape at multiple resolution levels by constructing a
tree structure of object contours layer by layer, realizing the
comprehensive description of multiscale graphics. Therefore,
anew morphological expression mode based on the shape tree
is proposed, which reconstructs the organization structure of a
geographic element, establishes a hierarchical representation
model of the element with a tree structure, and captures the
layered representation of the shape at multiple resolution
levels.

Il. BACKGROUND
In the visualization of geographic information, data compres-

sion technology has received great attention as a supporting
technology for enabling massive information storage and
transmission. However, previous work on data compression
has not considered the optimization of line simplification.
The present work aims to enable this optimization. In a vector
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data set, a line is composed of two endpoints and a series
of points marking the shape of the line between them, and
a surface is composed of connected, closed, and disjoint
line segments. Therefore, in the element model, taking the
vertex as the unit, polygon objects are defined from col-
lections of line objects, and line objects are defined from
their constituent vertex objects. The vertex as the central
unit is an extremely important feature in the element model.
This feature serves as an important concept to realize data
compression and to understand the organizational structure of
the geographic element in real life, through taking the vertex
as the basic granularity, adopting a simplified algorithm to
reduce the data volume of collection objects, revealing and
dividing the vertex hierarchy and analyzing the vertices.

Currently, the commonly used algorithms for data simpli-
fication of vector line elements include the Douglas-Peucker
algorithm [3], circle simplification [4], polygon fitting algo-
rithm [5], McMaster-Jenks algorithm [6], [7], Delaunay tri-
angulation algorithm [8], [9], GSC compression algorithm
and de-GSC decomposition algorithm [10]-[12]. Wang [13]
focused on the SPIHT compression algorithm and real-
time visualization of large-scale scenes. Yu [14] proposed
a GSC compression algorithm, the de-GSC decomposition
algorithm, to realize the lossless compression processing of
GML documents. Hu [15] studied vector geographic data
compression according to the theory of integer transformation
in terms of multilevel differential compression of vector data.
On the basis of the STR-M tree, an innovative multiresolution
organization model of vector geographic data was proposed,
which was based mainly on spatially characterizing vector
data, dividing the data accordingly, and reorganizing the
resolution based on the partition unit. Chen et al. [16] pro-
posed a compression method combining the Douglas-Peucker
algorithm and intersection features, which can simplify road
vector data and save intersection points and important feature
points. Although these algorithms have their own advantages,
they do not consider the optimization of line simplification.
There are some shortcomings, such as low processing effi-
ciency and long transmission time.

In terms of the morphological description of geographic
elements, current research focuses mainly on the contours,
sizes and directions of the element, as well as the element’s
attribute information, topological relations, and semantic
relations [17]. Among these topics, research on spatial rela-
tionships based on graphical contour points is an active
research area. The relevant methods mainly include the shape
context method [18], [19] Gaussian mixture mode [20], and
shape-manifold-based method [21]. Xin et al. [22] concluded
that the shape is very important to the cognition of objects
and is the key attribute to determine the object category.
Ai and Chen [23] reported that multiscale representation
of spatial data presents challenges with large data volumes,
slow responses, conflicts between data representations and
steep changes in scale ranges. Ang etr al. [24] added the
principle of manifolds to the shape description method, using
the approximate measures calculated by the shape manifolds
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to measure the degree of similarity and difference in shape;
this method improves the element matching aspect substan-
tially. Chui and Rangarajan [25] improved the use of thin-
plate splines and proposed a new shape description matching
method combining fuzzy-assign and deterministic annealing
with these splines. Peter and Rangarajan [26] proposed a
Gaussian mixture model method and a Riemannian geometry
method to measure the distance. Zhang and Cai [27] proposed
an inner distance measurement method based on the shape
context method and obtained a new shape context descriptor
through experiments that showed good matching. Wu [19]
aimed to solve the problems that the shape context description
method cannot achieve fast image retrieval and that the algo-
rithm is time consuming. A new shape context simplification
descriptor was proposed, which was used as the input of a
neural network algorithm to realize a fast retrieval function.
These methods focus mainly on the improvement of operators
for distance measurement of spatial relations. These operators
include the Euclidean distance [28], Riemannian geometric
operators [29], shape manifold operators [30], and so on.

Van Oosterom proposed BLG-tree for line simplification.
BLG-tree, which is based on the R-tree, was the first fully
dynamic and reactive data structure. It showed the advantage
of the node selection based on importance level and geo-
metric position, which can be used for displaying the geo-
graphic object at interactive speed. The importance level was
designed to facilitate insertion and deletion of point elements
in line simplification [31]. Felzenszwalb and Schwartz [2]
proposed a shape-tree description method on the basis of fully
considering the shape features and the geometric position of
the feature points, regarding the edge contour segment of the
graph as the basic unit for analysis and processing, subdivid-
ing the boundary contour of the target graph continuously,
and constructing the tree structure of the contour layer by
layer. This method can be used for accurate shape matching.
A shape-layered description can be used for layered repre-
sentation of two-dimensional objects at multiple resolution
levels. Hierarchical representation explicitly captures global
shape information, with more accurate recognition results
than other approaches. Hierarchical matching of shapes has
been used to compare objects and to detect objects in clut-
tered images [2]. Jussi used a shape tree to visualize mul-
tivariate density estimation, which can determine the area
of Euclidean space in the probability density set [31]. The
application of shape trees in visualizing the distribution of
stock index returns was also proposed. Experiments showed
that the method has low computational complexity and good
practicality, even in the case of shape stretching and con-
tour deformation. The shape tree provides a basis for the
multilevel expression of the geographic element in research,
as well as the realization of fast compression and efficient
data transmission and online multiresolution visualization of
geospatial big data.

In addition, the demand for online real-time multiresolu-
tion visualization of geographic data continues to increase.
The results from querying geographical features in spatial
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FIGURE 1. Shape-tree diagram.

databases are accurate and unique; however, the geographic
element is allowed to only approximately meet accuracy
requirements for different applications, and the present study
of geographical elements has not solved the related problems
well. The shape-tree algorithm constructs the tree structure of
the contour layer by layer, which can capture the layered rep-
resentation of the shape at multiple resolution levels. There-
fore, it is very meaningful to study the method of geometric
shape analysis of geographical elements based on shape trees
in this paper.

Ill. SHAPE-TREE-BASED EXPRESSION MODEL

Based on the shape-tree principle, the morphological expres-
sion model of geographical elements is proposed. The shape-
tree algorithm improves point sequence construction of a
geographic element from a linear structure to a tree structure.
Therefore, a vector line element or a polygon object can
be expressed in a tree structure. This can facilitate global
information and local information description for vectoring
the element and has the characteristics of simplicity and
efficiency. Geographic features expressed by shape trees can
conveniently perform vertex sampling and capture global
shape information of geographical elements hierarchically
(Fig. 1).

As shown in Fig. 1, curve L_; 5.9 are composed of curves
L_; 5, and L_s 9. When taking the first layer of nodes as
an example, node A stores the distance between the starting
point L_; and midpoint L_3 and the distance between the
end point L_5 and midpoint L_3. Node B stores the dis-
tance between the starting point L._s and midpoint L_7 and
the distance between the end point L_g and midpoint L_7.
Thus, the subcurve information or local information can be
described by nodes A and B, and the global information of the
curve can be composed of the information of the two nodes.

In this paper, the shape-tree model is improved mainly
based on the Douglas-Peucker algorithm for the selection of
the vertex of the vector line element. First, the shape-tree
structure is constructed, which needs to recursively subdivide
the sequence of vertices into subsequences until only one
vertex is included in each subsequence. Such a process of
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recursive subdivision directly corresponds to a specific tree
structure, where each tree node corresponds to a subsequence
of vertices. In addition, the maximum distance generated by
the Douglas-Peucker algorithm calculation in each recursive
process is stored in the tree structure corresponding to the
tree node. The reconstruction of the shape-tree description
algorithm mainly uses weighted breadth traversal to recon-
struct similar geographical elements by inverse calculation of
geographical elements represented by a tree structure.

A. SHAPE-TREE HIERARCHICAL EXPRESSION

The principle of a shape tree is mainly to describe
the hierarchical expression of a curve. This curve,
L = (Pg,Py,...,P,), consists of a number of vertices,
P; (0 <i < n). For any vertex, P; (0 <i < n), the vertex
is gradually sampled according to a certain criterion, and
a sampled vertex sequence is formed. Then, a hierarchical
expression is established according to the source sequence
of the vertex and the sampled sequence of the vertex. The
expression can represent the vertex hierarchy existing in the
curve and can be directly used for curve reconstruction. This
section takes a line element as an example and describes the
process of generating a tree structure expression of the vertex
sequence.

1) SHAPE-TREE ALGORITHM

L = (Po, Py, ..., Py)canbe specified as a curve with a series
of sample points. Parameter k is the number of subdivisions
for each level in the tree structure. This section takes & in the
recursive subdivision as 2, and L is divided to form two subse-
quences each time. Select the midpoint of the vertex sequence
as the partition point, set i = [n/2], and make P; the midpoint
of the vertex sequence. Then, L = (P, Py, ..., Pp) is sim-
plified as L” = (Py, P,), which contains only two vertices. P;
is added to the simplified vertex set, and L' = (Pg, P;, Py,) is
made as close as possible to L. L'(P;|Py, P,) represents the
position of P; in Py, P,. The positions of the first and last
sample points can be used to define the coordinate system
at which we measure the midpoint position. The first and
last sample points define the gauge and direction, so the
relative position L'(P;|Pg, P,,) is invariant. Then, according
to the selection of P;, the original curve is divided into two
halves, and the two subsequences Lo,1 = (Po, P1,...,Pi)
and L1 = (P;, Pit+1, ..., Py) are formed. Lo and L ; are
recorded as the simplest form separately as L(’)’1 = (Po, P))
and L{‘] = (P;, P,). Again, the midpoints of the vertex
sequences L1 and Lj ; are selected as the dividing points
and are then added to the simplified vertex sets L ; and Lj ;.
This iterative process is continued until all the sequences
are subdivided into only two vertices that cannot be further
subdivided.

In the above process, the inclusion relationship formed by
all vertex sequence subdivisions can be directly expressed
by the shape-tree algorithm, so when the entire subdivision
process is finished, a shape tree is also established, and the
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tree nodes correspond to L(i, k), where i indicates the serial
number of the tree node in the same layer and /4 indicates the
distance between the tree node and the root node, which is
also called the height of the node. In this binary tree, a leaf
node represents a sequence of two adjacent vertices.

B. VERTEX PARTITIONING STRATEGY BASED ON THE
DOUGLAS-PEUCKER ALGORITHM

In this section, we analyze a closed geographic line element
and approximate the vertex sequence. Set L as a simple
sequence of vertices (Po, Py, ..., Py); the lines formed by
the vertex sequence have no self-intersection. Set S as a line
segment. If the vertex sequence expresses a closed line, then
Py = Py forany i # j, Pi # Pjand Sp,p,,, N Sp.p,, €
{Pf} ,f = 0,...,n, which means that all the vertices of
the vector geographic line element are passed only once and
that none of the adjacent vertex segments have an internal
intersection. According to the Douglas-Peucker algorithm,
the process of vertex division is as follows:

First, the vertex is reduced to the simplest form; that is,
L = (Py, Py, ..., Py,)is simplified as L' = (Py, P,), which
contains only two vertices. Then, according to the Douglas-
Peucker algorithm, the distance between any vertex Pr(0 <
f < ninLp) and the line Sp, p, is d(Pf, Spy,p,), and Py, is the
vertex with the longest distance, satisfying d(P,,, Sp,,p,) >
d(Py, Spy.p,), 0 <m,f <n.

Then, two subcurves of L are divided by the dividing
point P,,. Setting the dividing point as P;, the two subse-
quences are recorded as Lo = (Po, Py, ..., P)and L1 =
(Pi, Pit1, ..., Pp) and are reduced to the simplest form, that
is, L(/)’1 = (Po, P;) and Li,l = (P;, P,). Repeating the
above calculation process, the maximum distances d(,1) and
d(,1y are calculated. In detail, the vertex with the maximum
distances is then associated with L(/),p and the maximum
distances do,1) can be calculated. The shape description
coefficient is associated with the vertex that has the longest
corresponding distance in L6,1~ In the same way, the vertex
with the longest distance is associated with Li’l, and the
maximum distance d( 1) is calculated. The shape description
coefficient is associated with the vertex with the longest
corresponding distance in L] .1- Continue this iterative process
until all sequences are subdivided to include only two vertices
that cannot be further subdivided.

1) SHAPE COEFFICIENT CALCULATION BY
THE HAUSDORFF DISTANCE
This section mainly introduces the Hausdorff distance calcu-
lation, which is used to calculate the shape coefficient.
The Hausdorff distance is defined as:

dy (A, B) = max {min Eu(a, b)} (1)
acA beB

where A and B represent two sets, a represents the orig-
inal data vertex a(x,y), b represents the reconstructed
vertex b(x,y), and Eu(a, b) represents the Euclidean dis-
tance between the two vertices. Douglas-Peucker algorithm
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FIGURE 2. Distance calculation diagram.

sampling is the operation of selecting the vertices from the
line element. The length of dy is related to the point feature,
the number of points, and the inverse reconstruction of the
line element. Therefore, the Hausdorff distance definition is
used in the vertex division process as follows:

du(L, L") = max{d(Ps, Sp, p,)|Pf € P, 0<f <n} (2)

The key characteristic of Douglas-Peucker sampling is to
retain important vertices with large dy values, delete ver-
tices with small dy values, and restore the geometric shape
of the original line element as much as possible. To better
reconstruct the line elements and estimate the error of the
sampling vertices, it is necessary to calculate the values
of each vertex dy to form a vertex value table. The basic
idea is to start with one vertex, and the process of calculat-
ing the maximum distance value at the vertex is shown as
follows:

Enter: P;, Pit1,--- , P;

Step 1. If i + 1 > j, return zero;

Step 2. For the vertices Pi11, - -+ , Pj_1 between P; and P;
in the line, calculate the distance Sp,, P the maximum value
of which is associated with L’;

Step 3. Take the vertex P, between P; and P;, which
corresponds to the maximum distance value, divide the ver-
tex sequence into two vertex subsequences P;, Piy1,--- , Py
and Py, Pgyj/2+1,- -+, Pj, and then recursively perform
steps 1-3, comparing two distance values in Llf’ ;> and take the
longer one to associate with L',

Output: The value dy in L'.

This process is shown in Fig. 2.

As shown in Fig. 2, the line element L containes a sequence
of nine vertices. Starting from PO, the distances between the
middle points and the line are calculated individually, and
the maximum value is stored in the attribute table of the
reconstructed line feature L’. The vertex P4, which corre-
sponds to the maximum value, divides the vertex sequence
of the original line element L into lines Spp p4 and Sp4 p3.
According to the above steps, the distances from each point in
the middle of the corresponding line to lines Spy_p4 and Sp4, pg
are calculated. The two maximum values calculated from
lines Spo p4 and Sps_pg are stored in the attribute table of the
reconstructed line feature L’. Continue to segment the vertex
sequence until the Hausdorff distance of all intermediate
nodes of the line L is obtained.
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FIGURE 3. Relative position diagram.

2) CORRELATION VALUE CALCULATION OF THE RELATIVE
POSITION AT THE DIVISION POINT

The distance d(Py, Sp,,p,) between vertex Pr,0 < f < n
in L and line segment Sp, p, is obtained by the Douglas-
Peucker algorithm. P, represents the vertex with the longest
distance, satisfying d(Py, Sp,.p,) = d(Pr,Spy.p,),0 <
m, f < n. Then, the relative position values between P, and
Sp,,p, are calculated. These values are used in the process of
reconstructing the geographic element. The main steps are as
follows:

The relative position correlation values P, mainly include:

The perpendicular ratio of the virtual triangle, which is
recorded as the direction vector pRatio.

The ratio of the projected vector to the segment-defined
vector, which is recorded as the hRatio value.

The Sgn function, which returns an integer variable indi-
cating whether pRatio is positive or negative.

In Sgn(number), number represents a numeric expression.
If the return value is greater than 0, then Sgn returns 1, which
indicates that the point Py, lies to the upper left of the vector
Spy,p,- If the number is equal to 0, then Sgn returns 0, which
indicates that point P,, lies on vector Sp,, p,. If the number is
less than 0, then Sgn returns -1, which indicates that the point
Pylies to the upper right of the vector Sp p,.

Fig. 3 schematizes the calculation of the associated value
of the relative position at the division point.

According to the vertex sequence and the first selected
partition points, a virtual triangle AABC is constructed. The
coordinates of A, B, and C are respectively represented as
A(xq, Ya), B(xp, yp), and C(xc, yc).

The virtual triangle vertical ratio pRatio is deflned as pr:
the ratio of the maximum distance dy and the line AB The
result is as follows:

du
pr = — *Sgn 3)
AB
The ratio (hRatio) of the projected vector to the segrgsnt—
defined vector is defined as hr: the projection vector AP is
constructed such that the vector AC projects onto the vector,
and the ratio of the vector AP to the vector AB is taken as Ar.
——
— ACAB
AP = —— 4)
|
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Therefore, hr can be defined as follows:

—
AP

hr == (5)
AB

Sgn(number) function: the parameter number is a numeric
expression, which is used mainly to determine whether the
point is on the left or right side or on the line by the cross
product of the vector Set two vectors CA and CB and then
CA(xC X,) and CB(xC — xp); the formula is as follows:

Sgn = CA x CB (©6)

If the result Sgn = CA x CB s less than 0, the pog)t C lles
to the upper left of line AB. If the result of_S;gn — CA x CB
is equalﬁ)) 0, Egn the point C lies on line AB. If the result of
Sgn = CA x gB is greater than 0, then the point C lies to the
right of line AB.

Calculation process of relative position correlation
values P,,:

The line element is divided into two subcurves by the divid-
ing point P,,. Then, the dividing code is set as P;, and the two
subsequences formed are recorded as Lo | = (Po, P1, ..., P;)
and L | (Pi, Pit+1, ..., Py), which are reduced to the
simplest form, that is, L(’),1 = (Py, P;) and L{’l = (P;, P,).
Then, pRatio, hRatio, and Sgn are calculated according to the
above steps. These values are associated with the vertex with
the longest distance in Lo |- Continue this iterative process
until all sequences are subdivided to include only two vertices
and cannot be further subdivided. The calculation process
of the association value of the vertex relative position is as
follows:

Enter: P;, Pi1,--- , P;

Step 1. If i + 1 > j, return zero;

Step 2. For vertex Piy1,---, Pj_1, the distance to Sp;, P;
is calculated, where vertex P, corresponds to the maximum
distance value.

Step 3. Based on the vertices P;, Py, and Pj, the terms
pr, hr and Sgn are calculated, and these values are associated
with L',

Step 4. Set P,, as the vertex corresponding to the maximum
distance value. The vertex sequence is then divided into two
subsequences P;, Piy1, -+, Py and Py, Pgyjo41, -+, Pj.
Perform steps 1-4 recursively.

C. CONSTRUCTION OF THE SHAPE-TREE ANALYSIS
MODEL FOR GEOGRAPHICAL ELEMENTS
1) INTRODUCTION OF THE BUILDING MODEL ALGORITHM
The vector element is generally stored by a vector data struc-
ture: a point P is represented as (x, y), a line L is represented
by a plurality of vertices Pp, P>...P, and the corresponding
coordinate pairs, and polygon elements and combined objects
are represented by a plurality of closed vertex sequences.
When the Douglas-Peucker algorithm is used to divide the
line element, the threshold value ¢ is set to a negative number,
so that the algorithm is terminated after all the vertices in the
line element L are selected in turn. The algorithm processing
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without the qualification is called the complete Douglas-
Peucker algorithm. The corresponding selection process can
be regarded as the process of gradually dividing the vertices
into the sampling vertex sequence from the original line
element. Moreover, according to the structure based on the
shape-tree principle, a line-to-tree morphological analysis
model is constructed. The vertices that are obtained by the
recursive process establish a shape tree with the selected order
in the Douglas-Peucker algorithm. Then, dmax.»), pr, Ar, and
Sgn of the vertices are associated on each tree node, that
is, the correlation value of the vertex corresponding to the
process of the Douglas-Peucker algorithm.

In this section, based on the Douglas-Peucker algo-
rithm and the shape-tree morphological analysis principle,
the shape-tree morphological analysis model is constructed
as follows:

Input: the vertex sequence {P;, Piy1,--- , P;} of the line
element L.

Step 1. If i + 1 < j, go to step 2; otherwise, go to step 7.

Step 2. Calculate the distance from Py (i < f < j) to the
line Sp,.,p]., and record the longest distance as dmax(,n); the
vertex corresponding to the longest distance is recorded as
Py,

Step 3. Based on the vertices P;, Py, and P}, the terms pr,
hr and Sgn are calculated.

Step 4. The vertex P, is used to divide the ver-
tex sequence {P;, Piy1, -, Pj} into the two subsequences
{Pi, Pix1, -+, Py} and {Pp, Ppyy, -+ :Pj}-

Step 5. Create a tree node T; j, and store dy, pr, and hr in
the tree node.

Step 6. Perform Step 1 to 5 on the vertex sequences
{Pi, Pix1, -+, Pp}and {Py, Ppy1, - - -, Pj} recursively, and
record the generated tree nodes T; ,, and T}, ; as the left and
right child nodes of node T; ;.

Step 7. Return T ;.

Output: The root node T ; of the generated tree structure
T = @ (Ly) of the line element Ly.

2) MODEL BUILDING PROCESS
The shape-tree morphological expression model of a geo-
graphic line element describes the element as a shape-tree
structure. Its operation and processing runtime complexity is
of linear logarithmic order O(n log 2n). This complexity is
very favorable, as it greatly reduces the time complexity of
operation; thus, it is simple and efficient. The model construc-
tion process is shown in Fig. 4.

Taking the line element as an example, the shape tree is
constructed for the vertex sequence {Py, P1, - - - , Pg}.

Step 1. Find the vertex Ps as the one with the longest
distance to the line element S, p,; the distance value is dy;

Step 2. Select vertex Ps as the dividing point;

Step 3. Generate the root node of the tree with Ps, and
associate the distance values d, pr, and hr.

Perform the above operations on the vertex sequences
{Pg, P1,---,Ps} and {Ps, Pg, - - - , Ps}, and take the gener-
ated node as the left and right child nodes of the root node.
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v

Return tree code

A

FIGURE 4. Construction of the shape-tree analysis model for the
geographical element flow chart.

The result of shape-tree generation is shown in Fig. 5.

IV. EXPERIMENT AND DISCUSSION

A. EXPERIMENTAL DATASET

The experiment mainly uses the Globally Consistent Hier-
archical High-resolution Shoreline Database (GSHHS),
OpenStreetMap (OSM), Natural Earth-Vector, National
Geographic Center of China (NGCC), GADM database and
CENSUS data source (Table 1).

GSHHS contains high-resolution shoreline data. These
data are obtained mainly through the University of Hawaii
and the US Atmospheric and Oceanic Administration,
with an independent source of continent and ocean data
sets.

OSM is an online map collaboration plan. Use of the map
image and vector data on the website is authorized by the
Open Database License (ODbL). The main source of OSM
data is the OSM Foundation. These data constitute global
shoreline data from independent sources and are of high
quality.

VOLUME 9, 2021



L. Shi et al.: Morphological Expression Model for Geographic Elements Based on the Shape-Tree Principle

IEEE Access

TABLE 1. The number of vertices of the experimental data.

Number of vertices (data source)

Mainland China (CN) 736313 (GADM) 14193 (NE) 9170 (NBGIC)
Taiwan Island, China (TW) 18327 (OSM) 406 (NE) 7337 (GSHHG)
Continental United States (CONUS) 2061606 (GADM) 36054 (NE) 30153 (CENSUS)
Island of Hawaii (HI) 25487 (OSM) 121 (NE) 3551 (GSHHG)
United Kingdom (UK) 644737 (OSM) 3707 (NE) 49153 (GSHHG)
Japan Hokkaido (JH) 105839 (OSM) 626 (NE) 18066 (GSHHG)
Japan Honshu Island (JHI) 508723 (OSM) 2479 (NE) 51035 (GSHHG)
Japan Kyushu (JK) 188113 (OSM) 976 (NE) 21814 (GSHHG)
Japan's Four Islands (JP) 132460 (OSM) 473 (NE) 11424 (GSHHG)
Eurasia (EA) 4317907 (OSM) 83917 (NE) 1160926 (GSHHG)
Australia (AU) 332408 (OSM) 9464 (NE) 213065 (GSHHG)
Africa (AF) 679067 (OSM) 13409 (NE) 257365 (GSHHG)
New Zealand (NZ) 157002 (OSM) 1922 (NE) 37219 (GSHHG)
Vertex These data are mainly from OSM, NE, GSHHS, GDAM,

sequence P1 (P2 | P3| P4 |P5|P6|P7|P8 NBGIC and CENSUS.
Vertex

Se;fggf” SO I R I L A B B. EXPERIMENTAL METHOD AND ERROR

FIGURE 5. Shape-tree construction process.

The source of the Natural-Earth-Vector dataset is the North
American Cartographic Information Association; this dataset
comprises independent data from administrative divisions
worldwide.

NGCC is an independent source within a Chinese admin-
istrative division.

The GADM database is a global administrative division
database. It includes administrative division data for almost
all countries and regions around the world.

The CENSUS database is an independent source associ-
ated with the US administrative border.

Table 1 summarizes the experimental data, constituting the
data of administrative region lineation elements in China,
the United States, Japan and other countries and regions.
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CALCULATION METHOD
In this paper, the shape-tree geographic morphological
expression model, Fourier algorithm model and wavelet algo-
rithm model are used to describe and analyze the experi-
mental data and reconstruct and visualize the results. Then,
a comparison is conducted based on the error calculation of
the three models. This approach mainly calculates the error
between the reconstructed data and the original experimen-
tal data. The smaller the error is, the higher the similarity
between the reconstructed data and the original experimental
data, and the higher the feasibility of the proposed method.

The Hausdorff distance algorithm is used for the error
calculation. The distance is calculated between the vertices
of the original data and those of the reconstructed data. That
is, each vertex of the original data is used to calculate the
distance with all vertices of the reconstructed data. The min-
imum value is first selected, and then the maximum value in
all minimum values is selected as the error value. The error
values of the three methods are compared for further analysis
of the models.

In this paper, the generalized Hausdorff distance is defined
as formula (1).

C. EXPERIMENTAL RESULTS

According to the error calculation method introduced in
the previous section, the selected dataset is tested by three
models, and error analysis is conducted on the experimental
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TABLE 2. Errors in the experimental results - OSM Data (Degree).

Shape-tree model Wavelet transform Discrete Fourier
(S-T) (WT) transform (FT)
Mainland China (CN) (GADM) 0.14517 0.52314 1.20730
Taiwan Island, China (TW) 0.35548 0.68051 1.63394
Continental United States (CONUS) (GADM) 0.08235 0.15027 0.42361
Island of Hawaii (HI) 0.95931 1.54225 2.03006
United Kingdom (UK) 0.80124 1.46703 1.79245
Japan's Four Islands (JP) 0.54323 0.91734 1.41238
Eurasia (EA) 0.61133 1.30025 1.62497
Australia (AU) 1.13051 2.05823 2.38234
Africa (AF) 0.44130 0.75349 1.56623
New Zealand (NZ) 0.79283 1.20305 1.98770
TABLE 3. Errors in the experimental results- NE Data (Degree).
Shape-tree model Wavelet transform Discrete Fourier
(S-T) (WT) transform (FT)

Mainland China (CN) 2.31169 3.41917 4.07865

Taiwan Island, China (TW) 1.86977 2.54028 3.26352

Continental United States (CONUS) 3.14521 4.76543 5.39714

Island of Hawaii (HI) 2.49070 3.26751 3.75716

United Kingdom (UK) 3.07625 4.30120 5.37152

Japan's Four Islands (JP) 1.06532 2.14397 2.908115

Eurasia (EA) 1.53986 2.01639 2.97614

Australia (AU) 2.37410 3.42185 3.84221

Africa (AF) 1.68434 2.34761 2.97462

New Zealand (NZ) 2.08743 3.21203 4.09873

TABLE 4. Errors in the experimental results-GSHHS Data (Degree).
Shape-tree model Wavelet transform Discrete Fourier
(S-T) (WT) transform (FT)

Mainland China (CN) (NGCC) 1.91573 2.41767 3.02341
Taiwan Island, China (TW) 1.03290 1.79006 2.60334
Continental United States (CONUS) (CENSUS) 1.53219 2.11374 2.85436
Island of Hawaii (HI) 1.95217 2.38325 2.72468
United Kingdom (UK) 2.07632 3.14060 3.71425
Japan's Four Islands (JP) 0.76532 1.10094 1.84510
Eurasia (EA) 0.98326 1.37408 1.52349
Australia (AU) 1.73210 2.39012 2.92453
Africa (AF) 0.79234 1.26208 1.79532
New Zealand (NZ) 1.01354 1.70329 2.38682
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FIGURE 7. Error statistics diagram - NE data.

results. First, the three models are tested separately with
GSHHS, OSM and Natural-Earth-Vector data. Each study
area is modeled and reconstructed using three models, and
then the error is calculated and unified.

Select the OSM data to carry out three model comparison
experiments and obtain the error of the experimental results
(Table 2).

The errors generated by the three models are visually dis-
played using the line and histograms in Fig. 6 for comparison.

VOLUME 9, 2021

The data source used for the Chinese mainland and the
continental United States is GADM. According to the exper-
imental error shown in Table 2 and the statistical analysis of
the experimental error in Fig. 7, compared with the discrete
Fourier transform model and the wavelet transform model,
the shape-tree geographic morphological model has a smaller
error, and the error calculated by the wavelet transform model
is smaller than that calculated by the discrete Fourier trans-
form model. The approximated image reconstructed by the
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FIGURE 8. Error statistics diagram - GSHHS data.

proposed model has a higher similarity and smaller error
than the original graphic and can achieve better match-
ing of geographical element morphology. The model can
be further studied and applied to multiresolution dynamic
visualization.

The NE data are selected to carry out three model compar-
ison experiments, and the errors of the experimental results
are obtained (Table 3 ).

The errors generated by the three models are visually dis-
played using the line and histograms in Fig. 7 for comparison.

As shown in Table 3, compared with the discrete Fourier
transform model and the wavelet transform model, the shape-
tree geographic morphological model has a smaller error,
and the error calculated by the wavelet transform model is
smaller than that calculated by the discrete Fourier transform
model. The shape-tree model is the best method to achieve
the matching effect between the reconstructed data and the
original data in the three methods. In addition, the error
calculated by the NE data is larger than that of the OSM data.

By selecting the GSHHS data to carry out three model
comparison experiments, the errors in the experimental
results are obtained (Table 4 ).

The errors generated by the three models are visually dis-
played using the line and histograms in Fig. 8 for comparison.

As shown in Table 4, compared with the discrete Fourier
transform model and the wavelet transform model, the shape-
tree geographic morphological model has a smaller error.
In addition, the error value calculated using GSHHS is larger
than that using OSM but smaller than that using NE data.
The experimental results also demonstrate that the greater
the number of vertices of the vector data, the smaller is the
experimental error.
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V. CONCLUSION

In this paper, the shape-tree principle in morphology and
the Douglas-Peucker algorithm are combined to construct a
morphological expression model for a geographic element,
which provides solutions for analyzing the element in the
field of geographic information systems. Through the steps
of hierarchical representation, vertex division, recursive sub-
division, application processing, and correlation value calcu-
lation of the dataset, a multilevel expression corresponding
to the original data and characterized by a tree hierarchy
is established, which provides a basic data structure for the
vector of the approximate query of the geographic element
with a controllable data volume. The experimental results
show that the shape-tree model can well describe and analyze
geographic elements and can also achieve better matching
results than other models. In summary, the shape-tree model
describes the characteristics of the geographic element sim-
ply and efficiently. The hierarchical representation of the ele-
ment explicitly captures global shape information and richer
geometric information and obtains more accurate recognition
results than other representations.

In the future, we plan to further analyze the application of
the shape-tree model to the geographic element of polygon
shape. We also plan to study the updating algorithm based
on the local vertex sequence and its hierarchical subtree
reconstruction, including the operations of vertex sequence
insertion, deletion and modification.
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