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1. Introduction
This document represents technical specification of updated architecture of BRepMesh component implemented in context of OCCT refactoring project. Since version 6.3, OCCT mesher has become overcomplicated due to specific fixes implemented within component evolution and customer support activities. Designed initially as simple net generator with pure data structure, BRepMesh got a lot of changes representing rough and tangled solutions. These changes created highly-connected code without possibility to improve structure and functionality of component easily. 
1.1. Goals
The main goals set for refactoring are:
· Remove tight connections between data structures, auxiliary tools and algorithms in order to create extensible solution, easy for maintenance and improvements;
· Separate code on several functional units responsible for specific operation for the sake of simplification of debugging and readability;
· Introduce new data structures enabling possibility to manipulate discrete model of particular entity (edge, wire, face) in order to perform computations locally instead of processing an entire model;
· Implement new triangulation algorithm replacing existing functionality that contains too complicated solutions required to be moved to upper level. In addition, provide possibility to change algorithm depending on surface type (initially to speed up meshing of planes).

2. Specification

2.1. General workflow
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Figure 1. General workflow of updated BRepMesh component
Generally, the workflow of updated component can be divided on six parts (see Figure 1):

· Creation of model data structure: source TopoDS_Shape passed to algorithm is analyzed and exploded on faces and edges. For each topological entity corresponding reflection is created in data model. Note that underlying algorithms use data model as input and access it via common interface which allows user to create custom data model with necessary dependencies between particular entities (see paragraph Data model interface);
· Discretize edges 3D & 2D curves: 3D curve as well as associated set of 2D curves of each model edge is discretized in order to create coherent skeleton used as a base in faces meshing process. In case if some edge of source shape already contains polygonal data which suites specified parameters, it is extracted from shape and stored to the model as is. Each edge is processed separately, adjacency is not taken into account;

· Heal discrete model: source TopoDS_Shape can contain problems, such as open-wire or self-intersections, introduced during design, exchange or modification of model. In addition, some problems like self-intersections can be introduced by roughly discretized edges. This stage is responsible for analysis of discrete model in order to detect and repair faced problems or refuse model’s part for further processing in case if problem cannot be solved;

· Preprocess discrete model: defines actions specific for implemented approach to be performed before meshing of faces. By default, iterates over model faces and checks consistency of existing triangulations. Cleans topological faces and its adjacent edges from polygonal data in case of inconsistency or marks face of discrete model as not required for computation;

· Discretize faces: represents core part performing mesh generation for particular face based on 2D discrete data related to processing face. Caches polygonal data associated with face’s edges in data model for further processing and stores generated mesh to TopoDS_Face;

· Postprocess discrete model: defines actions specific for implemented approach to be performed after meshing of faces. By default, stores polygonal data obtained on previous stage to TopoDS_Edge objects of source model.
2.1.1. Common interfaces

Structure of component contains two units, IMeshData (see Data model interface) and IMeshTools, defining common interfaces for data model and algorithmic tools correspondingly. Class IMeshTools_Context represents a connector between these units. Context class caches data model as well as tools corresponded to each of six stages of workflow mentioned above and provides methods to call corresponding tool safely (designed similarly to IntTools_Context in order to keep common consistency with OCCT core tools). All stages, except the first one use data model as input and perform specific action on entire structure. Like this, in order to unify interface of tools manipulating the data model, API class IMeshTools_ModelAlgo is defined. Each tool, supposed to process data model should inherit this interface enabling possibility to cache it in context. Contrasting to others, interface of model builder is defined by another class IMeshTools_ModelBuilder due to different meaning of the stage. The entry point starting entire workflow is represented by IMeshTools_MeshBuilder (Figure 2).
Default implementation of IMeshTools_Context is given in BRepMesh_Context class initializing context by instances of default algorithmic tools.

For the sake of possibility to change triangulation algorithm for specific surface, factory interface IMeshTools_MeshAlgoFactory is provided. Factory returns instance of triangulation algorithm via IMeshTools_MeshAlgo interface depending on type of surface passed as parameter. It is supposed for use on the level of face discretization stage.
Default implementation of algo factory is given in BRepMesh_MeshAlgoFactory returning algorithms of different complexity chosen according to passed type of surface. In its turn, it is used as initializer of BRepMesh_FaceDiscret algorithm representing starter of face discretization stage.
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Figure 2. Interface describing entry point to meshing workflow
Remaining interfaces represent description of auxiliary tools:
· IMeshTools_CurveTessellator: provides common interface to algorithms responsible for creation of discrete polygons on 3D and 2D curves as well as tools for extraction of existing polygons from TopoDS_Edge allowing to obtain discrete points and corresponding parameters on curve regardless of implementation details (see examples of usage of derived classes BRepMesh_CurveTessellator, BRepMesh_EdgeTessellationExtractor in BRepMesh_EdgeDiscret);

· IMeshTools_ShapeExplorer: the last two interfaces represent visitor design pattern and intended to separate iteration over elements of topological shape (edges and faces) from operations performed on particular element (see BRepMesh_ShapeExplorer);

· IMeshTools_ShapeVisitor: provides common interface for operations on edges and faces of target topological shape. Used in couple with IMeshTools_ShapeExplorer. Default implementation available in BRepMesh_ShapeVisitor performing initialization of data model. Advantage of such approach is that implementation of IMeshTools_ShapeVisitor could be changed according to specifics of data model whereas implementation of shape explorer remains the same.
2.1.2. Create model data structure

As the first stage of meshing procedure, data structures intended to keep discrete and temporary data required by underlying algorithms are created. Generally, model represents dependencies between entities of source topological shape suitable for target task.
2.1.2.1. Data model interface

Unit IMeshData provides common interfaces specifying API of data model used on different stages of entire workflow. Dependencies and references of designed interfaces are given of the Figure 3. Implementation of specific interface depends on specifics of target application which allows developer to implement different models and use custom low-level data structures, e.g. different collections, either NCollection or STL. IMeshData_Shape is used as base class for all data structures and tools keeping topological shape in order to avoid possible copy-paste.
Default implementation of interfaces is given in BRepMeshData unit. The main aim of default data model is to provide features allowing to perform discretization of edges in parallel mode. Like this, curve, pcurve and other classes are based on STL containers and smart-pointers as far as NCollection does not provide thread-safety for some cases (e.g. NCollection_Sequence). In addition, it closely reflects topology of source shape, i.e. number of edges in data model is equal to number of edges in source model; each edge contains set of pcurves associated with its adjacent faces which allows creation of discrete polygons for all pcurves and 3D curve of particular edge in separate thread.
Advantages:

In case of necessity, data model (probably with algorithms for its processing) could be easily substituted by another implementation supporting another kind of dependencies between elements. To illustrate such possibility, data model of ExpressMesh could be taken as an example. Here, each edge can contain only one or two pcurves and represents an unique entity related to distinct face, thus total number of edges in model can be greater than in source shape.
As an additional example of different data model could serve the case when algorithm is not required to create mesh with discrete polygons synchronized between adjacent faces, i.e. in case of necessity to speed up creation of rough per-face tessellation used for visualization or quick computation needs only (approach used in XDEDRAW_Props).
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Figure 3. Common API of data model

2.1.2.2. Collecting data model

On this stage data model is filled by entities according to topological structure of source shape. Default implementation of data model is given in BRepMeshData unit and represents the model as two sets, set of edges and set of faces. Each face consists of one or several wires, the first of which always represents the outer wire while others are internal. In its turn, each wire depictures the ordered sequence of oriented edges. Each edge is characterized by a single 3D curve and zero (in case of free edge) or greater 2D curves associated with faces adjacent to this edge. Both 3D and 2D curves represent set of pairs point-parameter defined in 3D and 2D space of reference face correspondingly. An additional, difference between curve and pcurve is the last one has reference to face it is defined for.
Model filler algorithm is represented by BRepMesh_ShapeVisitor class creating model as reflection to topological shape with help of BRepMesh_ShapeExplorer performing iteration over edges and faces of target shape. Note that algorithm operates on common interface of data model and creates structure without knowledge about details of implementation and underlying data structures. Entry point to collecting functionality is BRepMesh_ModelBuilder class.
2.2. Discretize edges 3D & 2D curves
On this stage only edges of data model are considered. Each edge is processed separately (with possibility to run processing in multiple threads). Edge is checked for existing polygonal data. In case if at least one representation exists and suits meshing parameters, it is recuperated and used as reference data for tessellation of the whole set of pcurves as well as 3D curve assigned to an edge (see BRepMesh_EdgeTessellationExtractor). Otherwise, new tessellation algorithm is created and used to generate initial polygon (see BRepMesh_CurveTessellator), edge is marked as outdated. In addition, model edge is updated by deflection as well as recomputed same range, same param and degenerativity parameters. See BRepMesh_EdgeDiscret for implementation details.
IMeshData unit defines interface IMeshData_ParametersListArrayAdaptor, which is intended to adapt arbitrary data structures to API of NCollection_Array1 container. Such solution is made for the sake of possibility to use both NCollection_Array1 and IMeshData_Curve as the source for BRepMesh_EdgeParameterProvider tool intended to generate consistent parametrization taking into account same parameter property.
2.3. Heal discrete model
In general, this stage represents set of operations performed on entire discrete model in order to resolve inconsistencies introduced due to problems of design, translation or appeared due to rough discretization. Depending on target triangulation algorithm different sequence of operations could be performed, e.g. there are different approaches to process self-intersections – either to amplify edges discretization by decreasing target precision or split links on intersection points. On this stage the whole set of edges is considered in aggregate and adjacency is taken into account. Default implementation of model healer is given in BRepMesh_ModelHealer which performs the following actions:
· Iterates over model faces and checks consistency of their wires, i.e. whether wires are closed and do not contain self-intersections. Due to data structures are designed free of collisions, it is possible to run processing in parallel mode;
· In case if wire contains disconnected parts, ends of adjacent edges forming the gaps are connected in parametric space forcibly. The notion of this operation is to create correct discrete model defined relatively parametric space of target face taking into account connectivity and tolerances of 3D space only. This means that there are no specific computations are made for the sake of determination of U and V tolerance;
· Registers intersections on edges forming the face’s shape. In order to resolve self-intersection two solutions are possible: 
· Decrease deflection of particular edge and update its discrete model. After that the workflow “intersection check – amplification” is repeated up to 5 times. As the result, target edges contain more fine tessellation and meshing continues or face is marked by IMeshData_SelfIntersectingWire status and refused from further processing;
· Split target edges by intersection point and synchronize updated polygon with curve and remaining pcurves associated to each edge. This operation represents more robust solution comparing to amplification procedure with guaranteed result, but is more difficult for implementation from the point of view of synchronization functionality.
2.4. Preprocess discrete model
This stage implements actions to be performed before meshing of faces. Depending on target goals it can be changed or omitted at all. By default, BRepMesh_ModelPreProcessor implements functionality checking topological faces for consistency of existing triangulation, i.e.: consistency with target deflection parameter; indices of nodes referenced by triangles do not exceed number of nodes stored in triangulation. In case if face failed some of checks it is cleaned from triangulation as well as its adjacent edges are cleaned from existing polygons. This does not affect discrete model and does not require any recomputation due to model keeps tessellations for the whole set of edges despite of consistency of their polygons.
2.5. Discretize faces
Discretization of faces is the general part of meshing algorithm. On this stage edges tessellation data obtained and processed on previous steps is used to form contours of target faces and passed as input to triangulation algorithm. Default implementation is provided by BRepMesh_FaceDiscret class which represents a starter for triangulation algorithm. It iterates over faces available in data model, creates instance of triangulation algorithm according to type of surface associated with each face via IMeshTools_MeshAlgoFactory and executes it. Each face is processed separately, thus it is possible to process faces in parallel mode. Class diagram of face discrete stage is given on Figure 4.
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Figure 4. Class diagram of face discrete stage
In general, face meshing algorithms has the following structure (see Figure 4):
· BRepMesh_BaseMeshAlgo implements IMeshTools_MeshAlgo interface and base functionality for inherited algorithms. The main goal of this class is to initialize instance of BRepMesh_DataStructureOfDelaun as well as auxiliary data structures suitable for nested algorithms using face model data passed as input parameter. Despite of implementation of triangulation algorithm this structure is currently supposed as common for OCCT. However, user is free to implement its own algorithm and supporting data structure accessible via IMeshTools_MeshAlgo interface, e.g. for the sake of connection of 3-rd party meshing tool that does not support TopoDS_Shape out of box (CGAL, Fade2D and some listed in [1]). Like this, such structure provides possibility to distribute connectors to various algorithms in the form of plugins. This probably could be suitable in context of projects that use meshes extensively. This also provides possibility to reuse the core QuadTree algorithm used by ExpressMesh for the sake of prototyping and development of new algorithms unified for both components without complication of existing code;
· BRepMesh_DelaunayBaseMeshAlgo and BRepMesh_SweepLineMeshAlgo classes implement core meshing functionality operating directly on instance of BRepMesh_DataStructureOfDelaun. Algorithms represent mesh generation tools adding new points from data structure to final mesh;
· BRepMesh_NodeInsertionMeshAlgo class represents wrapper intended to extend some algorithm inherited from BRepMesh_BaseMeshAlgo in order to enable functionality generating surface nodes and inserting them into the structure. On this level, instance of classification tool used to accept-reject internal nodes is created. In addition, computations necessary for scaling UV coordinates of points relatively the range specified for corresponding direction are performed. As far as both triangulation algorithms work on static data provided by the structure, addition of new nodes is performed as a part of initialization stage. Generation of surface nodes is performed by auxiliary tool called range splitter and passed as template parameter (see Range splitter);
· Classes BRepMesh_DelaunayNodeInsertionMeshAlgo and BRepMesh_SweepLineNodeInsertionMeshAlgo implement algorithm-specific functionality related to addition of internal nodes supplementing functionality provided by BRepMesh_NodeInsertionMeshAlgo;
· BRepMesh_DelaunayDeflectionControlMeshAlgo extends functionality of BRepMesh_DelaunayNodeInsertionMeshAlgo by additional procedure controlling deflection of generated triangles.
2.5.1. Range splitter

Range splitter tools provide functionality intended to generate internal surface nodes defined within range computed using discrete model data. Base functionality is provided by BRepMesh_DefaultRangeSplitter which could be used without modifications in case of planar surface. Default splitter does not generate any internal node.
BRepMesh_ConeRangeSplitter, BRepMesh_CylinderRangeSplitter and BRepMesh_SphereRangeSplitter are specializations of default splitter intended for quick generation of internal nodes for corresponding type of analytical surface.
BRepMesh_UVParamRangeSplitter implements base functionality taking discretization points of face border into account for node generation. Its successors BRepMesh_TorusRangeSplitter and BRepMesh_NURBSRangeSplitter extend base functionality for toroidal and NURBS surfaces correspondingly.
2.6. Postprocess discrete model
This stage implements actions to be performed after meshing of faces. Depending on target goals it can be changed or omitted at all. By default, BRepMesh_ModelPostProcessor commits polygonal data stored in data model to TopoDS_Edge. Due to design of data model, each edge is processed separately allowing to run the process in parallel mode.
As an example, mesh refiner can be implemented in context of postprocessing step.
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