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Abstract

Dendritic river networks are fundamental elements in cartography, and the generalization of
these river networks directly influences the quality of cartographic generalization. Automatic
selection is a difficult and important process for river generalization that requires the consid-
eration of semantic, geometric, topological, and structural characteristics. However, owing
to a lack of effective use of river features, most existing methods lose important spatial distri-
bution characteristics of rivers, thus affecting the selection result. Therefore, a hierarchical
elimination selection method of dendritic river networks is proposed that consists of three
steps. First, a directed topology tree (DTT) is investigated to realize the organization of river
data and the intelligent identification of river structures. Second, based on the “180° hypoth-
esis” and “acute angle hypothesis”, each river is traced in the upstream direction from its
estuary to create the stroke connections of dendritic river networks based on a consideration
of the river semantics, length, and angle features, and the hierarchical relationships of a
dendritic river network are then determined. Finally, by determining the total number of
selected rivers, a hierarchical elimination algorithm that accounts for density differences is
proposed. The reliability of the proposed method was verified using sample data tests, and
the rationality and validity of the method were demonstrated in experiments using actual
data.

Introduction

Cartographic generalization is a process for recognizing the spatial environment [1]. Franz [2]
defined this process as the “selection and simplified representation of detail appropriate to the
scale and/or purpose of the map.” In a geographic information system (GIS), generalization
can also be considered as a computational procedure for presenting and abstracting spatial
data [3]. River networks describe the interconnectivity and distribution of natural rivers and
represent a fundamental component of geoinformatics as well as an indispensable skeleton in
topographic representations. Two issues are observed with the process of automatic river net-
work generalization: river selection and graphic generalization [4]. This paper focuses on the
problem of automatic river selection.

River networks are often manifested in the form of dendritic, anastomosed, or feathery
structures. The generalization of anastomosed rivers can use road network selection methods
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because of similar structural characteristics; therefore, this selection method is well established.
Dendritic river networks have clear hierarchical structures and density characteristics. Specifi-
cally, the main river and its tributaries exhibit “parent-child” spatial relationships and do not
present closed loops, and the river network densities tend to vary from one region to another.
Map generalization is scale dependent. The square-root-type model proposed by Topfer [5]
provides a relatively simple solution to the question of how many rivers should be selected for
a given scale change. However, identifying the rivers that should be deleted or retained is an
entirely different issue, and the objective of the cartographer is always to obtain the optimal
automatic river selection [6].

The earliest method [7, 8] of river selection was a simple selection model in which research-
ers selected the river by using river lengths and the number of rivers per unit area. Although
this method is easy to implement, the river selection results are not reasonable. Ai [9] pointed
out that for river network generalization, we must consider spatial distribution patterns and
the distribution density. Many researchers have examined structured selection models of river
networks, such as fuzzy mathematical, graph theory, and hierarchical relationship methods,
which are detailed as follows.

o The fuzzy mathematical method: This method [10] incorporates four factors in river selec-
tion, river length, river density, relative importance, and river network type, which are used
as the evaluation set for river selection. A fuzzy comprehensive evaluation matrix is created
to perform the river selection. The fuzzy mathematical method accounts for the spatial dis-
tribution of the rivers and can determine which rivers should be selected. However, this
method is highly reliant on subjective and empirical judgments, which increases the diffi-
culty of automatic selection.

Graph theory method: River networks on topographic maps organized by river segment can
be studied in terms of the "tree" in graph theory [11]. The mainstream and tributaries are
determined according to the length and angle of the river segment and the degree of the
river node [12], where angle recognition is based on two important hypotheses proposed by
Paiva et al. [13], the “180° hypothesis” and “acute angle hypothesis”. In the selection process,
the mainstreams are retained and tributaries are deleted. The graph theory method makes
full use of the geometric characteristics of the river but does not consider the semantic and
structural characteristics of rivers. In addition, determining the selection criteria is difficult.

Hierarchical relationship method: Many researchers have examined this method to con-
struct hierarchical relationships for river networks. Horton [14] first developed the Horton
stream-ordering method, and Strahler [15] advanced Horton’s theory to propose the Strahler
stream-ordering method. These two methods have been found to closely approximate gener-
alized decisions made by human cartographers [16]. Stanislawski [17] proposed a stratified
pruning (SP) method of hydrographic networks on the basis of Strahler stream-ordering.
The SP method is good at retaining density variations that depict natural terrain differences
[18], and it was being tailored for different terrain (mountains, hills and flat) and climate
(humid and dry) conditions within United States by Stanislawski et al. [19-21]. However,
the SP method does not account for the effects of human perceptual grouping principles.
Thomson et al. [22, 23] proposed a method for connecting river strokes based on the Gestalt
principles [24-26] of “good continuation”. Savino et al. [27] put forward a length and density
pruning (LaDP) method by using river strokes, the strokes were constructed based on
enriched geometric values and available attributes for feature type and name. The LaDP
method is tailored to maintain the full extent of river courses.
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Currently, the selection of rivers via the hierarchical relationships between river flows is
usually performed using a “top to bottom” (from level 1 to n) approach [28]. In other words,
the mainstreams of the river networks are preserved in a level-by-level approach during the
river selection process. Although this approach retains the mainstreams that are more impor-
tant in the river networks, certain tributary basins are often entirely deleted, thus distorting
the spatial distribution and morphology of the rivers. In addition, the connectivity of the river
cannot be guaranteed at the edges of the river networks, which could result in cut-off rivers.

To address these issues, the semantic, geometric, and topological characteristics of river net-
works are combined with the Gestalt principles of perception to construct hierarchical rela-
tionships for dendritic river networks in this paper. Subsequently, the structural characteristics
of river networks, such as river spacing and network density, are determined, and a river selec-
tion method via hierarchical elimination is proposed to perform the automated selection.

Materials and methods

Process diagram for the hierarchical elimination selection of a dendritic
river network

Our proposed method of automated hierarchical elimination selection for dendritic river net-
work generalization is composed of three main steps (Fig 1) as explained below.

1. Date preprocessing
Generally the original river network data is complicated, we need to translate the original
river network data into basic dendritic river network, then construct Directed topology tree
(DTT) based on the geometric, semantic, topological and direction features of the rivers to
organize these data.

2. Identify hierarchical
Firstly the stroke connections were constructed iteratively for each river arc via the compre-
hensive use of river features, then the hierarchical relationship of the dendritic river net-
work can be identified based on the stroke connections.

3. Hierarchical elimination selection
Using the square-root-type model to calculate the total number of rivers for selection, then
select rivers via hierarchical elimination from outside to inside to obtain the final generali-
zation result.

Directed topology tree (DTT)

River networks can be manifested in complex and diverse forms on maps. However, most
river networks exhibit dendritic shapes. In other words, river networks have mainstreams and
tributaries that are related by distinct hierarchical relationships. Scholars have proposed struc-
tured mathematical models for river networks based on river arcs. These models describe com-
plex river networks according to the principles of graph theory and topology, thus realizing a
unified representation for actual rivers. In this study, complex river networks were divided
into topological arcs. A directed topology tree was then used to perform the structured organi-
zation of river networks based on previously described principles.

Topological diagrams of dendritic river networks that contain flow directions are called
DTTs, which are collections of nodes and arcs that contain information about total flux,
inflows, outflows, etc. The direction of an arc is defined as the direction of flow from the start-
ing node to the ending node. In the spatial databases of actual maps, a river is divided into sev-
eral arcs due to its confluences with other rivers. Nonetheless, the semantic (map layers,
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Fig 1. The process diagram for the proposed method.
https://doi.org/10.1371/journal.pone.0208101.g001

elements, names, etc.) and geometric (lengths, angles, flow directions, etc.) river information
will be incorporated in its arcs. For example, the element name (featureID), river name
(namelD), and layer name (layerID) of an arc represent the semantic attributes of the river.
The geometry of the arc includes information on the river’s geometric shape, such as its angles,
length, etc. Then a DTT is constructed from the geometric, semantic and topological features

of a river.

Although river networks are usually represented by a "tree" in graph theory, the establish-
ment of a tree is often restricted by non-dendritic features, such as braided tributaries, closed
loops, and interconnected lakes. Based on DTTs that contain semantic information, complex
features in a river network, such as closed loops or lakes, can be identified in an intelligent
manner. A method for transforming complex and diverse dendritic river networks into basic
dendritic river networks was established as shown in Fig 2.

The processing of river networks that contain loops has been detailed in previous studies
[29] and the methods proposed by Chithambaram et al. [30] and Haunert & Sester [31] may
be used to perform the structured compensation of rivers connected to the lakes. Owing to the
generalization of basic dendritic river networks is the core of complex dendritic river network
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generalizations, this paper mainly studies the development of a structured method of generali-
zation for basic dendritic river networks.

Constructing stroke connections to generate hierarchical relationships

The ‘stroke’ concept originates from the law of continuity in the Gestalt principles of percep-
tion, and this concept is derived from the drawing of a continuous line using a single brush
stroke [32]. Compared with current methods, stroke-based selection methods provide an effec-
tive tool for simulating the visual principles of perception in manual selection.

Determining the starting nodes of stroke connections. The choices of starting and end-
ing nodes have a decisive impact on differentiating the main stems and tributaries in river net-
works using stroke features. River sources and estuaries must be chosen before starting nodes
can be identified. Almost all rivers have only one estuary in their lower reaches; therefore,
stroke connections were constructed by tracing the estuaries to the sources via a downstream-
to-upstream approach.

When problems related to data acquisition quality or river network development lead to
multiple estuaries, investigative calculations must be performed for each possible estuary to
trace a dendritic river network that is constrained by stroke characteristics (henceforth Riv-
Stroke). The node that connects more rivers is then selected as the estuary. If the numbers of
rivers in each RivStroke for different nodes are equivalent, the lengths of RivStroke are then
compared, and the node whose stroke has the longer length is selected as the estuary. This pro-
cess determines the ending node that is the most appropriate estuary.

Basic principles of stroke connections. RivStrokes constrained by stroke features are
generally created according to the following principles:

1. Semantic consistency. River arcs that have the same name will be prioritized for stroke con-
nection. The combination of different types of river arcs (e.g., perennial rivers, dried rivers,
and seasonal rivers) to form strokes is based on length priority and directional consistency
as described below.

2. Length priority. The length of a reach is another important factor for creating stroke con-
nections. At any fork in a river, the longer arc will be preferred for stroke connection.

3. Directional consistency. Connected arcs that conform to the law of continuity will have nat-
ural connection transitions and inter-arc angles approaching 180°. Thus, the suitability of a
pair of connected arcs for stroke connection depends on how well they conform to these
conditions.

Iterative stroke construction. Based on the aforementioned principles of stroke connec-
tion, constructing stroke connections in a dendritic river network is described in this section,
and the main steps are as follows:

Step 1: The estuary is selected as the starting node for tracing the river. The arc that connects
to the estuary is defined as the tracing arc. This process yields the other node of the tracing
arc, which is used as the tracing node.

Step 2: The arcs connected to the tracing node compose the set of candidate arcs and the angles
between these candidate arcs are also calculated.

Step 3: Stroke connections are constructed based on river name, length, and angle in descend-
ing priority. In addition, each arc can only be a part of one stroke. This process is repeated
until the candidate set is empty, then the processing of one tracing node is completed.
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Fig 2. Transformation of complex dendritic river networks into simple dendritic river networks: (a) closed-loop river
transformation; (b) river connected to the lakes transformation: case 1; and (c) rivers connected to the lakes
transformation: case 2.

https://doi.org/10.1371/journal.pone.0208101.9002

Step 4: Continue to get tracking nodes based on the tracking arcs, and repeat the aforemen-
tioned procedure of constructing stroke connections until all nodes in the river network
have been processed.

Hierarchical relationships. The hierarchical structure of the river network is hidden
within the iterative process of constructing RivStrokes. All RivStrokes traced from the estuary
are Level 1 rivers, whereas the RivStrokes traced from the confluences of Level 1 rivers are
Level 2 rivers. The hierarchical relationships of each river in the network are obtained in this
manner. A river that leads away from a bifurcation point of a river is treated as a branch of the
river network, and the same level is assigned to all branches of a bifurcation point, as shown in
Fig 3. It shows only one Level 1 river, River 1 (L1~L5); five Level 2 rivers, i.e., River 3 (L6~L9),
River 5 (L11~L12), River 9 (L14, L15, L16, L17, L18), River 13 (L24, L25), and River 2 (L7, L8);
seven Level 3 rivers, i.e., River 4 (L10), River 6 (L13), River 7 (L19), River 8 (1L20), River 11
(L21, L22), and River 12 (L26); and only one Level 4 river, i.e., River 10 (L23).

Automated selection based on hierarchical relationships

Several factors must be considered during the river selection processes, including river length,
network density, network type, level. River hierarchies based on the constraints of stroke fea-
tures are important for judging the importance of rivers because they provide a comprehensive
account of a river’s semantics, geometry, and topology.

Determining the number of rivers for selection. The square-root-type model is used to
determine the number of rivers for selection in this paper. The square-root-type model is an
equation for surface feature selection that was proposed by German cartographer F. Topfer.
This model is shown in Eq (1):

ne = ny\/ (M, /M) (1)

where np is the new number of objects, n4 is the original number of objects, M is the original
scale denominator, M is the target scale denominator, and x is the empirical coefficient. The
value of x is affected by river system density, the span between the original map and the target
scales, etc., and generally ranges from 1 to 5.

Selection via hierarchical elimination from outside to inside. River selection can be
conducted using “river preservation” or “river elimination” methods. This study proposes a
process of hierarchical elimination “from outside to inside” based on the topological relation-
ships of river networks. In the topological structure of a dendritic river network, river arcs
may be divided into two types: “trunk arcs” and “dangling arcs”. Trunk arcs are central arcs
that connect other arcs, usually the main stems of a river network. Dangling arcs refer to river
arcs that have an end that does not connect to any other arcs, and they are often located at the
margins of river networks, which are usually small river networks without any tributaries.
After a river network is divided into levels, certain dangling arcs only connect to higher-level
arcs, and their importance is one level lower than the arcs they feed into. Arcs of this type are
known as the “sub-dangling arcs” of higher-level arcs.

River selection via hierarchical elimination is a procedure in which sub-dangling arcs are
processed cyclically. Each cycle includes four basic steps.
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Fig 3. Hierarchical structure of a river network.
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Step 1: The entirety of the river network is traversed, and the number of sub-dangling arcs in
each level is counted according to the river network’s hierarchy.

Step 2: The unequal allocation of selection numbers, in which number of arcs for elimination
is allocated to each level, and the allocations are calculated using Eq (2):

n_.
nCi:ncxn—'m (2)

m

where n¢; is the number of rivers being eliminated at level i, nc is the total number of rivers
being eliminated, #,,,; is the number of rivers in level 7, and n,), is the total number of rivers
across all levels. If a sub-watershed is only a small river network with few or no tributaries,
then a river may not be eliminated. Therefore, if a watershed contains many small river net-
works, the river networks are added together and treated as a singular entity for the purposes
of this calculation. The selected number of rivers is then rounded to an integer.

Step 3: The number of rivers for elimination from each level is allocated to each sub-
watershed.

Step 4: In each sub-watershed, rivers are eliminated at each level based on the river length and
river spacing.

This process is repeated until the total number of rivers that has been removed matches the
total number of eliminations determined by the square-root-type model.
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River selection processes must account for the spatial characteristics of the rivers. River
length (L) and spacing (D) are the indices that are commonly used to maintain the spatial den-
sity of rivers. In practice, however, a clear method for distinguishing between long or short riv-
ers or small or large river spacing still is not available. Therefore, Eq (3) was proposed for
calculating the importance factor, I, of each river:

Iy =al+ D (3)

where o and f are the weighting coefficients for river length (L) and spacing (D), respectively.
The values of these coefficients range from 0 to 1, and the sum of these values is 1. The coeffi-
cient values are also independent of the map scale and river network characteristics and may
be determined using an “incremental method” if sufficient sample data points are available. In
this work, the spacing of a river is defined as the sum of distances between the main stem con-
fluence of the river and the main stem confluences of its “forward adjacent” and “backward
adjacent” rivers. In Fig 4, the river spacing of r,, which has adjacent river flows on both of its
sides, is the sum of 1, (the distance between N, and N3) and 1; (the distance between N5 and
N,). For a river similar to r; that only has an adjacent river on one of its sides, its river spacing
is the sum of 1, (the distance between N, and N;) and I, (the distance between N, and N3).
When two rivers have the same importance factor (Iz), selection is then performed according
to the length index. If their length indices are also the same, i.e., the two rivers have the same
length and spacing and the same weighting coefficients, then one of the rivers will be selected
at random.

Determination of o and B. The calculations of the weighting coefficients for river length
(L) and spacing (D), o and B, are crucial aspects of our method. These weighting coefficients
are decisive factors in the ultimate results of the selection. Here, an “incremental method” [33,
34] was used to calculate the values of o and B using sample data.

Sample data were obtained from He [10], and these data constitute a 1:200000 map of a
basin in the western region of Hubei Province that contains 68 rivers (Fig 5). This map was
generalized to 1:500000 to demonstrate how o and f are determined. Increments of 0.1 were
used for @ and S, thus producing 11 sets of data between 0 and 1. These data sets were used to
perform the selection process. Experimental results are shown in Fig 5. When a > §, the arcs
that were selected in experimental areas B and C are rivers with long lengths (Fig 5A and 5B).
In contrast, Fig 5C and 5D shows that the distribution of rivers in this river network is denser,
and the river spacing is smaller. As & decreases and 3 increases, some of the shorter arcs that
have wider river spacing were retained, such as bl in Fig 5C and 5D. In addition, arcs that are
long but have short river spacing were eliminated, such as b2 and b3 in Fig 5A and 5B and c1
in Fig 5C and 5D. A comparison between the results of this selection with the manually simpli-
fied map from He [10]—shows that the weighting coefficient values that produce the most
similar results to He [10] are & = 0.8 and 8 = 0.2 (Fig 5B).

Experiments: Reliability and validity of the proposed method

This paper presents a universal selection method for dendritic river network generalization. In
order to verify the accuracy and universality of proposed method, a small sample dataset and a
large actual dataset were used in the experiment. The experiment was conducted by using the
WJ-III mapping workstation developed by the Chinese Academy of Surveying and Mapping,
which provided geometric computation, topology construction, spatial relationship and other
class libraries in the C++ platform.

Accuracy experiment. To verify the accuracy of the method proposed in this paper, the
same 1:200000 basin map of a western region in Hubei Province from He [10] (Fig 6A) was
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I3

Fig 4. Method for calculating river spacing.

https://doi.org/10.1371/journal.pone.0208101.9004

used as sample data. The target scale for the selection process was 1:500000. A comparison was
then conducted between manual selection method (Fig 6B), which was already simplified, and
the hierarchical preservation selection method described in Zhang [35] (Fig 6C). Visual com-
parisons were performed to evaluate the results of river selection.
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Fig 5. Example values of @ and f and the corresponding results from the selection process.

https://doi.org/10.1371/journal.pone.0208101.9005
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Fig 6. Comparison diagrams for the experiment on the accuracy of our method: (a) 1:200000 original data, (b) a 1:500000 simplified map generated via manual
selection method, (c) a 1:500000 un-simplified map generated via hierarchical preservation selection method [35], and (d) a 1:500000 un-simplified map generated via
our method.

https://doi.org/10.1371/journal.pone.0208101.9006

Universality experiment. The universality of the method proposed in this study was
tested using a 1:10000 actual dataset in Hubei Province produced by the National Geographic
Conditions Survey. The area of the experimental region is 90.91x106.56 km?, and this region
contains a well-developed basin with 944 rivers. During the preprocessing of the data, closed
loops in the river network were removed to make it a fully dendritic structure. The estuary
reaches were then identified, and a “bottom to top” approach was used to iteratively construct
a hierarchical river network constrained by stroke features.

Three target scales (1:50000, 1:100000 and 1:250000) were selected, and the square-root rule
was used to calculate the total number of rivers for selection. The value of x were set to 1, 1, and 2
for the three target scales. The o and 3 values were 0.8 and 0.2, respectively. Finally, the method
proposed in this study was used to select rivers, without performing river simplification.

Results
Results of accuracy experiment

The experimental parameters were as follows: x was set to 2 in Eq (1), which is consistent with
the value used in Zhang [35], while the values of o and § were 0.8 and 0.2, respectively. A
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1:500000 basin map (Fig 6D), which has not been simplified, was subsequently obtained using
our method of selection.

The selection results via our method in Fig 6D were high consistency with the results via
manual selection method in Fig 6B and via hierarchical preservation selection method in Fig
6C. As shown in Fig 6D, regional differences in river density and the spatial structure of the
river network are well preserved and the selected rivers maintain a good balance between river
length and spacing, the short and closely spaced rivers are not observed on the map after gen-
eralization. The results prove that the new method is reliable, with good accuracy.

Results of universality experiment

The results of the selections at each target scale are shown in Fig 7B and 7D, whereas the num-
ber of rivers selected for each level is shown in Table 1.

Fig 7 shows that the application of the methods presented in this paper results in an accu-
rate reflection of the spatial distribution characteristics of the river network and differences in
density between the sub-watersheds among the various target scales. This method can effec-
tively avoid the problems of elimination of entire sub-watersheds due to the elimination of the
higher-level rivers, and the connectivity of the river network’s margins maintained. Moreover,
no disconnections in the river network’s margins were observed.

Table 1 clearly shows that the “outside to inside” approach for hierarchical elimination and
selection has effectively preserved the trunk of the river network. Level 1 rivers were always
preserved due to their central locations in the inner layers. The selection of each tributary
maintained the proportion of tributaries in the river network, thereby preserving the charac-
teristics of the spatial distribution of the river network. Furthermore, as the target scale
decreased, the river networks with lower levels became increasingly prioritized for elimination.
The results indicate that our method can be applied to the selection of multi-scale dendritic
river network generalization.

Table 2 shows the computational time required for automatic selection of river network
from 1:10000 to three different target scales. The time spent in this three execution process is
basically the same, which was nearly 4s. Time is mainly spent in the process of constructing
stroke connections to generate hierarchical and the automated selection based on hierarchical
relationships.

Conclusions

The structured selection of rivers is a key and difficult problem in dendritic river network gen-
eralization. Therefore, this paper proposed a hierarchical elimination selection method for
generalizing dendpritic river networks via a combination of semantic, geometric, and topologi-
cal characteristics of river networks with the Gestalt perception principles. It can capture better
preservation of the original spatial distribution characteristics of dendritic river networks.
Through the experiments, the main conclusions are drawn as follows:

1. The selection results of the presented method are high consistency with those obtained by
manual selection method and the method in Zhang [35] with the same sample dataset,
which proves that the presented method is of good accuracy.

2. The selection results of actual dataset (include nearly 1000 river networks) for multi-scale
generalization well maintained the spatial distribution characteristics of the river network
and represent differences in density between the sub-watersheds among the various target
scales, which verifies that the presented method is of good universality.
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Fig 7. Results of selections at different target scales based on actual river dataset: (a) the 1:10000 original map, (b) a 1:50000, (c) a 1:100000, and (d) a 1:250000 selection

results.

https:/doi.org/10.1371/journal.pone.0208101.9g007

3. The automatic selection time of our method is about 4s for multi-scale generalization with
the actual dataset based on the WJ-III mapping workstation in C++ platform, which indi-
cates that the presented method is of high computational efficiency.

This study addressed the hierarchical elimination selection of dendritic river networks;
however, it did not fit the dendritic river network with closed loops, and except for the scale
between 10000 and 250000, the validity of this method has not been confirmed. In addition,

Table 1. The number of rivers selected for each level at different target scales.

Scale X Number of rivers Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 Level 8 Level 9
1:10000 1 944 6 203 351 245 100 27 9 2 1
1:50000 1 418 6 111 154 100 35 9 2 1 0

1:100000 1 296 6 90 107 66 20 1 1 0
1:250000 2 40 6 21 8 3 1 1 0 0 0
https://doi.org/10.1371/journal.pone.0208101.t001
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Table 2. The computational time for different target scales.

Original scale 1:10000
target scales 1:50000 1:100000 1:250000
time (s) 4.087 4.103 4.119

https://doi.org/10.1371/journal.pone.0208101.t002

the values of o and B were determined empirically. Therefore, the constraints imposed by resi-
dential areas and other factors on river selection and the applicability of our method to other
types of river networks (e.g., trellis, irregular drainage networks, etc.) will be investigated in
future studies.

Acknowledgments

We thank the editor and the anonymous reviewers for their insightful suggestions and com-
ments that helped to improve the quality of the article. We are grateful to the National Geo-
matics Center of China for providing data.

Author Contributions
Conceptualization: Chengming Li.
Data curation: Wei Wu, Yong Yin.
Investigation: Wei Wu.

Methodology: Chengming Li, Yong Yin.
Software: Wei Wu.

Writing - original draft: Chengming Li.

References

1. Touya G., Duchéne C., Taillandier P., Gaffuri J., Ruas A., Renard J. Multi-agents systems for carto-
graphic generalization: feedback from past and on-going research. IGN (Institute National de I'Informa-
tion Geographique et Forestiere); LaSTIG, equipe COGIT. Tsoulos L. Cartographic generalization in
digital environment. The International Hydrographic Review; 2015; 72(2).

2. Franz S. Multilingual Dictionary of Technical Terms in Cartography. International Cartographic
Association.1973.

3. YanH., ShenY.,LiJ. Approach to calculating spatial similarity degrees of the same river basin networks
on multi-scale maps. Geocarto International. 2016; 31(7): 765-782. https://doi.org/10.1080/10106049.
2015.1076063

4. Stum A. K., Buttenfield B. P., Stanislawski L. V. Partial polygon pruning of hydrographic features in auto-
mated generalization. Transactions in GIS. 2017; 21(5): 1061-1078. https://doi.org/10.1111/tgis. 12270

5. TopferF., Pillewizer W. The principles of selection, a means of cartographic generalization. Carto-
graphic Journal. 1966.

6. Zhang X., Ai T., Stoter J., Kraak M.J., Molenaar M. Building pattern recognition in topographic data:
examples on collinear and curvilinear alignments. Geoinformatica. 2013; 17(1): 1-33. https://doi.org/
10.1007/s10707-011-0146-3

7. Weibel R. Generalization of spatial data: Principles and selected algorithms. Algorithmic foundations of
geographic information systems. Springer, Berlin, Heidelberg, 1997; 99—152. hitps://doi.org/10.1007/
3-540-63818-0_5

8. Weibel R., Dutton G Generalising spatial data and dealing with multiple representations. Geographical
Information Systems. 1999; (1): 125—155.

9. AiT, LiuY., ChenJ. The hierarchical watershed partitioning and data simplification of river network.
Progress in spatial data handling. Springer, Berlin, Heidelberg, 2006; 617-632. https://doi.org/10.
1007/3-540-45868-9_12

PLOS ONE | https://doi.org/10.1371/journal.pone.0208101 December 3,2018 14/16


https://doi.org/10.1080/10106049.2015.1076063
https://doi.org/10.1080/10106049.2015.1076063
https://doi.org/10.1111/tgis.12270
https://doi.org/10.1007/s10707-011-0146-3
https://doi.org/10.1007/s10707-011-0146-3
https://doi.org/10.1007/3-540-63818-0_5
https://doi.org/10.1007/3-540-63818-0_5
https://doi.org/10.1007/3-540-45868-9_12
https://doi.org/10.1007/3-540-45868-9_12
https://doi.org/10.1371/journal.pone.0208101.t002
https://doi.org/10.1371/journal.pone.0208101

®PLOS | one

Selection method of dendritic river network generalization

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

He Z. Principle and method of map data processing model. Wuhan University Press. 2004. (In
Chinese)

Ai T., Oosterom P. V. GAP-tree extensions based on skeletons. Advances in Spatial Data Handling.
Springer Berlin Heidelberg, 2002; 501-513. https://doi.org/10.1007/978-3-642-56094-1_37

Qiu J., Li W. River network dynamic selection with spatial data and attribute data based on rough set.
International Conference on Geoinformatics. IEEE, 2010; 1-5. https://doi.org/10.1109/geoinformatics.
2010.5567683

Paiva J., Egenhofer M. J., Frank A. Spatial reasoning about flow directions: towards an ontology for
river networks. International Archives of Photogrammetry and Remote Sensing, 1992; 24(B3): 318—
324.

Horton R. E. Erosional development of streams and their drainage basins; hydro-physical approach to
quantitative morphology. Geological Society of America Bulletin. 1945; 56(3): 275-370.

Strahler A. N. Quantitative analysis of watershed geomorphology. Eos, Transactions American Geo-
physical Union. 1957; 38(6): 913—-920. https://doi.org/10.1029/tr038i006p00913

Mazur R. E., Castner H. W. Horton’s ordering scheme and the generalization of river networks. The Car-
tographic Journal. 1990; 27(2): 104—112. https://doi.org/10.1179/000870490787858775

Stanislawski L.V. Feature pruning by upstream drainage area to support automated generalization of
the United States National Hydrography Dataset. Computers, Environment and Urban Systems. 2009;
33, 325-333.

Stanislawski L. V., Savino S. Pruning of hydrographic networks: a comparison of two approaches. In
proceedings of the 14th ICA workshop on generalization and multiple representation, jointly organized
with ISPRS Commission I1/2 Working group on Multi-scale Representation of Spatial Data, Paris. 2011.

Buttenfield B. P., Stanislawski L. V., Brewer C. A. Adapting generalization tools to physiographic diver-
sity for the United States National hydrography dataset. Cartography and Geographic Information Sci-
ence. 2011; 38(3), 289-301. https://doi.org/10.1559/15230406382289

Lawrence V., Stanislawski L. V., Finn M. P., Buttenfield B. P. Classifying physiographic regimes on ter-
rain and hydrologic factors for adaptive generalization of stream networks. International Journal of Car-
tography. 2018; (2):1-18. https://doi.org/10.1080/23729333.2018.1443759

Stanislawski L. V., Buttenfield B. P. Hydrographic generalization tailored to dry mountainous regions.
Cartography and Geographic Information Science. 2011; 38: (2), 117-125. https://doi.org/10.1559/
15230406382117

Thomson R. C., Brooks R. Exploiting perceptual grouping for map analysis, understanding and general-
ization: The Case of Road and River Networks. International Workshop on Graphics Recognition.
Springer, Berlin, Heidelberg, 2001; 148—157. https://doi.org/10.1007/3-540-45868-9_12

Thomson R. C., Brooks R. Efficient generalization and abstraction of network data using perceptual
grouping. Proceedings of the 5th International Conference on Geo-Computation, Chatham, 2000; 23—
25.

Wertheimer M. A brief introduction to gestalt, identifying key theories and principles. Psychol Forsch.
1923; 4:301-350.

Rosli M. H. W., Cabrera A. Gestalt principles in multimodal data representation. IEEE computer graph-
ics and applications. 2015; 35(2): 80—87. https://doi.org/10.1109/mcg.2015.29 PMID: 25807509

Wang Y., Zhang L., Mathiopoulos P. T., Deng H. A Gestalt rules and graph-cut-based simplification
framework for urban building models. International Journal of Applied Earth Observation and Geoinfor-
mation. 2015; 35: 247-258. https://doi.org/10.1016/j.jag.2014.09.012

Savino, S., Rumor, M., Canton, F., Langiu, G., and Raineri, M. Model and cartographic generalization of
the hydrography network in the CARGEN project. In processing of 25th Conference of the International
Cartographic Association. Paris, France. 2011.

Rinaldo A., Rigon R., Banavar J. R., Maritan A., Rodrigueziturbe I. Evolution and selection of river net-
works: Statics, dynamics, and complexity. Proceedings of the National Academy of Sciences, 2014;
111(7): 2417-2424. https://doi.org/10.1073/pnas. 1322700111

Wou H. Structured approach to implementing automatic cartographic generalization. Journal of Wuhan
Technical University of Surveying and Mapping. 1996. (In Chinese)

Chithambaram R., Beard K., Barrera R. Skeletonizing polygons for map generalization. Technical
papers, ACSM-ASPRS Convention, Cartography and GIS/LIS, 1991; 2: 44-54.

Haunert J. H., Sester M. Area collapse and road centerlines based on straight skeletons. Geolnforma-
tica. 2008; 12(2): 169-191. https://doi.org/10.1007/s10707-007-0028-x

PLOS ONE | https://doi.org/10.1371/journal.pone.0208101 December 3,2018 15/16


https://doi.org/10.1007/978-3-642-56094-1_37
https://doi.org/10.1109/geoinformatics.2010.5567683
https://doi.org/10.1109/geoinformatics.2010.5567683
https://doi.org/10.1029/tr038i006p00913
https://doi.org/10.1179/000870490787858775
https://doi.org/10.1559/15230406382289
https://doi.org/10.1080/23729333.2018.1443759
https://doi.org/10.1559/15230406382117
https://doi.org/10.1559/15230406382117
https://doi.org/10.1007/3-540-45868-9_12
https://doi.org/10.1109/mcg.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/25807509
https://doi.org/10.1016/j.jag.2014.09.012
https://doi.org/10.1073/pnas.1322700111
https://doi.org/10.1007/s10707-007-0028-x
https://doi.org/10.1371/journal.pone.0208101

o ®
@ ’ PLOS | ONE Selection method of dendritic river network generalization

32. LiuX., ZhangF., Ai T. Road delection based on Voronoi diagrams and ‘Strokes’ in map generalization.
International Journal of Applied Earth Observation and Geoinformation. 2010; 12: 194—202. hitps://doi.
org/10.1016/}.jag.2009.10.009

33. SkocajD., Leonardis A. Incremental and robust learning of subspace representations. Image and Vision
Computing. 2008; 26(1): 27-38. https://doi.org/10.1016/j.imavis.2005.07.028

34. Carozza L., Bevilacqua A., Piccinini F. An incremental method for mosaicing of optical microscope
imagery. Computational Intelligence in Bioinformatics and Computational Biology (CIBCB), 2011 IEEE
Symposium on. IEEE, 1-6. https://doi.org/10.1109/CIBCB.2011.5948458

35. Zhang Q. Generalization of drainage network with density differences. Acta Geodaetica et Cartogra-
phica Sinica. 2006; 35(2): 191-196. (In Chinese)

PLOS ONE | https://doi.org/10.1371/journal.pone.0208101 December 3,2018 16/16


https://doi.org/10.1016/j.jag.2009.10.009
https://doi.org/10.1016/j.jag.2009.10.009
https://doi.org/10.1016/j.imavis.2005.07.028
https://doi.org/10.1109/CIBCB.2011.5948458
https://doi.org/10.1371/journal.pone.0208101

