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a b s t r a c t 

The technique for quadrilateral mesh generation on arbitrary 2-D domain has been quite mature; how- 

ever, the existing methods and software can not directly deal with mesh generation with internal line 

constraints. In flood analysis and other analysis, the analysis models often contain a large number of 

constraint lines. In mesh generation, the sides of elements besides constraint lines must be attached to 

constraint lines, so that boundary conditions can be defined on these constraint lines. In this paper, a 

general method for automatic quadrilateral mesh generation with internal line constraints is presented. 

The mesh generation process is mainly divided into two stages, i.e. the automatic decomposition of sub- 

domains and quadrilateral mesh generation in each sub-domain. The sub-domains enclosed by constraint 

lines and boundaries are determined automatically with the proposal algorithm in this paper. Then nodes 

are generated on each edge of sub-domains based on mesh size requirements. By solving an integer lin- 

ear programming problem, the number of nodes on each edge is adjusted automatically, so that the total 

number of boundary nodes in each sub-domain is even, satisfying the necessary condition for generating 

all-quadrilateral mesh. For free constraint lines in each sub-domain, the method of regarding constraint 

lines as holes with zero area is proposed, so that constraint lines can be treated as internal boundaries. 

The merging method of constraint lines and outer boundary is given, which can deal with all possible 

distribution of constraint lines and has generality. The examples of mesh generation with a large number 

of constraint lines are given to demonstrate the reliability of proposed method. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

The finite element method, finite volume method and finite dif- 

ference method are the most widely used numerical methods in 

science and engineering computation. One of important steps in 

the application of these numerical methods is to discrete the com- 

putational domain, i.e. the mesh generation. Triangular or quadri- 

lateral meshes are usually used in 2-D domain, and due to bet- 

ter computational accuracy and convergence, quadrilateral meshes 

are preferred in 2-D numerical analysis. In the early application 

of numerical analysis, the triangular mesh is usually used, which 

is because the technique for quadrilateral mesh generation is not 

mature at that time. After decades of development, the algorithm 

and technique for quadrilateral mesh generation has been quite 

mature. Corresponding to 2-D domain, 3-D computational domain 

can be discretized by tetrahedral or hexahedral mesh. At present, 

the technique for tetrahedral mesh generation has been mature, 
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but the generation of hexahedral mesh on arbitrary 3-D domain is 

not mature enough, and there are still many problems to be solved 

[1,2] . 

Though practical problems to be carried out with numerical 

analysis are all 3-D problems, a lot of analysis can be simplified 

as 2-D problems in order to reduce the difficulty of solving and 

improve the efficiency of solving on the premise of ensuring the 

accuracy of the solution, for example, the flood analysis. In the 

analysis of flood routing, because the flood wave has characteris- 

tics of steep water level and violent change of flow pattern, spe- 

cial requirements are needed for numerical computation schemes. 

At present, Godunov scheme has been successfully applied to shal- 

low water simulation because of its ability to simulate large gradi- 

ent flow and automatically capture shock wave [3] . So, 2-D model 

with Godunov scheme can be adopted in flood routing analysis. 

The computational domain in flood routing analysis is quite com- 

plex, in which there are various internal wading structures, such as 

roads, railways, dams, buildings etc. The internal boundary condi- 

tion needs to be defined along these structures in analysis model. 

For example, Fig. 1 shows the computational domain and internal 

wading structures for urban flood analysis of Dongguan City, China. 
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Fig. 1. Computational domain and wading structures. 

The internal wading structures should be considered as constraint 

lines when mesh generation in computational domain. The nodes 

should be generated along constraint lines and the sides of ele- 

ments besides constraint lines should be attached to the constraint 

lines. 

The mesh generation for above domain with internal constraint 

lines cannot be realized automatically utilizing commercial soft- 

ware available. It needs user to divide computational domain that 

contains constraint lines into sub-domains manually and add aux- 

iliary lines if necessary. Thus, the constraint lines will constitute 

boundaries of sub-domains. The nodes are generated along exter- 

nal boundary and constraint lines and quadrilateral mesh is gen- 

erated in each sub-domain. The elements in all sub-domains will 

form the final mesh of computational domain. When there are a 

lot of constraint lines in computational domain, it will be a tedious 

work to generate mesh by manual processing method. It causes 

low efficiency and sometimes the quality of the mesh cannot be 

guaranteed. For the mesh generation in domains with a large num- 

ber of constraint lines, an automatic processing method is needed 

to realize the decomposition of sub-domains and the mesh gener- 

ation with internal constraint lines. 

2. Related work 

Quadrilateral mesh generation can be grouped into structured 

mesh generation and unstructured mesh generation. In structured 

mesh, all internal nodes have the same number of adjacent ele- 

ments. The structured mesh can be generated by mapping or sub- 

mapping method [4,5] . The efficiency of structured mesh genera- 

tion is very high and the quality of the mesh is also good. But the 

biggest disadvantage of the method is that it is only suitable for 

specified configuration and cannot generate structured mesh on 

arbitrary domain. Corresponding to structured mesh, the internal 

nodes in unstructured mesh may have not same number of ad- 

jacent elements. In order to generate mesh on arbitrary domain, 

various methods of unstructured mesh generation have been put 

forward and successfully applied to commercial softwares. 

At present, the typical methods for unstructured quadrilateral 

mesh generation include grid-based algorithm [6–8] , Looping al- 

gorithm [9–15] , Paving algorithm [16–19] and Q-Morph algorithm 

[20] , etc. The complexity of these algorithms is different, and the 

quality and efficiency of mesh generation is also different. 

The grid-based algorithm for quadrilateral mesh generation is 

relatively simple. It firstly puts regular grids over target domain 

and removes elements outside target domain, then adjusts or cuts 

the elements that intersect boundary, and finally through mesh 

smoothing, the quadrilateral mesh can be obtained. The grid-based 

algorithm can produce regular elements inside the domain, but the 

generated mesh is related to initial grid and its orientation, and the 

quality of boundary elements is relatively poor [6–8] . The Loop- 

ing algorithm is also known as the “bisection algorithm”. It firstly 

generates nodes along the boundary of the domain. By choosing 

a proper splitting line, the domain is decomposed into two sub- 

domains. Then the nodes are created along the splitting line. The 

recursive decomposition is carried out for each sub-domain until 

the final sub-domain contains only four or six nodes. After com- 

pletion of decomposition, the closure is done on each sub-domain 

that has six nodes and final mesh is got [9–15] . Looping algo- 

rithm generates quadrilateral mesh by the way of recursive de- 

composition, which is very reliable and has been applied to com- 

mercial software I-DEAS. Paving algorithm can produce high qual- 

ity quadrilateral mesh and it may be the most complicated algo- 

rithm in unstructured mesh generation. The algorithm is similar to 

advancing front algorithm in triangular mesh generation. Starting 

from boundaries, it lays quadrilateral elements inwards layer by 

layer. The main operations of the algorithm include the generation 

of elements, sewing, intersection processing, local adjustment and 

smoothing, etc. Among these operations, intersection processing is 

a very time consuming and error prone operation. Due to precision 

error of floating number, intersection checking may fail, which can 

lead to mesh overlapping and the failure of mesh generation. In 

addition, when the mesh size has large difference on the fronts, 

the intersection processing may fail, which can also lead to the 

failure of mesh generation [16–19] . Currently Paving algorithm has 

been applied to commercial softwares, such as Patran, Fluent, etc. 

The above mesh generation algorithms are direct methods, that is, 

they generate quadrilateral mesh directly in the domain. Q-Morph 

algorithm is an indirect method to generate quadrilateral mesh, 

which first generates a triangular mesh in the domain, and then 

takes a series of operations to merge triangular mesh into quadri- 

lateral mesh. Most operations in Q-Morph algorithm are borrowed 

from Paving algorithm. But because the operations are carried out 

over the triangular mesh, the intersection checking and processing 

is not needed, which make this algorithm more reliable [20] . Q- 

Morph algorithm has been applied to commercial software Ansys. 

Although there are many researches on quadrilateral mesh gen- 

eration, the literatures about mesh generation with internal con- 

straint lines are very few. Lee et al. [21] proposed a method of 

quadrilateral mesh with internal constraint lines, which was used 

to generate mesh for the plate in a ship structure with stiffen- 

ers. In the method, the constrained Delaunay method was used to 

generate triangular mesh firstly in the domain to satisfy line con- 

straints. Then the triangular mesh was transformed into quadrilat- 

eral mesh by Q-Morph algorithm. The proposed method can only 

deal with separate constraint lines and it is not suitable for the 

condition that the constraint lines have intersections. Park et al. 

[22] presented an automated scheme of quadrilateral mesh gen- 

eration for randomly distributed line constraints. The scheme can 

deal with any intersections of constraint lines and generate quadri- 

lateral mesh by Paving algorithm. The main improvement of the 

scheme is to construct loops according to distributing patterns of 

constraint lines and generate quadrilateral mesh on the loops. As 

the drawback of Paving algorithm, the scheme further increases 

the complexity of intersection processing, may resulting in the fail- 

ure of intersection processing and incorrect mesh generation. 

In this paper, an automatic method for the decomposition of 

sub-domains and quadrilateral mesh generation with internal con- 

straint lines is proposed for mesh generation in flood analysis. 

There are mainly two steps for the mesh generation with internal 

constraint lines: (1) The sub-domains enclosed by constraint lines 

and boundaries are decomposed and the boundaries and remaining 

constraint lines in each sub-domain are determined; (2) The nodes 

are generated along boundaries and constraint lines and quadri- 

lateral meshes are generated in each sub-domain by Looping algo- 

rithm. The meshes on all sub-domains are merged to form the final 

mesh. It should be noted that if there are no constraint lines in a 
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