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Shape Validity Criteria


Contents
I.	Introduction	3
II.	Definitions	3
II.1.	Geometry	3
II.2.	Topology	3
II.3.	BRep	3
II.4.	Precision and Tolerance	4
II.5.	Quality	4
III.	Model of tolerance	4
III.1.	Utility of the tolerances	4
III.2.	Robustness and Precision	5
III.3.	Chosen Model	5
Criteria of tolerance model consistency	5
III.4.	Determination of coincidences	9
Vertex-Vertex	9
Vertex-Edge	10
Edge-Edge	10
Vertex-Face	11
Edge-Face	12
Face-Face	12
III.5.	Examples	12
Creation of a Wire	12
IV.	Criteria of validity	12
IV.1.	Need	13
IV.2.	Definitions	13
IV.3.	Rules of validity	14
Flag Rules	14
Topological rules	16
Tolerance Rules	23
Geometrical rules	24
Rules of intersection	24
V.	References	26

[bookmark: _Toc54263967]
Introduction
This document defines the rules or criteria which must be respected by any geometrical representation defined in terms of “Shape” in OCCT. One will find there some definitions concerning the geometry and topology, the principles of use of tolerances, the list of criteria to be imperatively respected as well as advices intended to facilitate the implementation of the programs producing the topological forms that have to respect these criteria. 
Although it is desirable to represent these objects with the maximal accuracy, it is not possible to define infinitely precise objects. It is thus necessary to work with inaccuracies and to control them, initially by representing them on the level introduced at the beginning of OCCT by the concept of tolerance attributed individually to each topological element in the data structure of Shape, then by defining a model of use of these tolerances introduced in chapter II and subject to more formal rules in chapter III.
[bookmark: _Toc382378763][bookmark: _Toc382713365][bookmark: _Toc389546942][bookmark: _Toc390500117][bookmark: _Toc389481116][bookmark: _Toc393897912]The definitions of Shape validity criteria and rules governing the attribution of tolerances in Shape, as well as their use in the algorithms, constitute the first essential step to provide interoperability and robustness required by OCCT users.
[bookmark: _Toc54263968]Definitions
We provide here some brief definitions useful for the comprehension of the document concerning the Geometry and Topology such as they are implemented in OCCT. For more details, please, address to the Geometry and Topology documentation of OCCT.
[bookmark: _Toc382378764][bookmark: _Toc382713366][bookmark: _Toc389546943][bookmark: _Toc390500118][bookmark: _Toc389481117][bookmark: _Toc393897913][bookmark: _Toc54263969]Geometry
The geometry describes:
· Points and vectors in terms of coordinates or parameter values
· Parameterized curves and surfaces. 
[bookmark: _Toc382378765][bookmark: _Toc382713367][bookmark: _Toc389546944][bookmark: _Toc390500119][bookmark: _Toc389481118][bookmark: _Toc393897914][bookmark: _Toc54263970]Topology
Topology describes the data structures allowing:
· to locate (Vertex) or to limit (Edge, Face, Solid) of a portion of parametric space,
· to connect the previously defined topological elements (Wire, Shell, CompSolid),
· to group any type of topological elements (Compound),
· to provide these elements with an orientation (Internal, External, Forward, Reverse) and a rigid transformation (Location).
[bookmark: _Toc382378766][bookmark: _Toc382713368][bookmark: _Toc389546945][bookmark: _Toc390500120][bookmark: _Toc389481119][bookmark: _Toc393897915][bookmark: _Toc54263971]BRep
BRep describes any geometrical form by its borders (Boundary Representation). BRep associates the following geometrical information necessary for the topological definition of a geometrical form:
· a point with a Vertex,
· a parameterized curve with an Edge,
· a parameterized surface with a Face.
[bookmark: _Toc382378767][bookmark: _Toc382713369][bookmark: _Toc389546946][bookmark: _Toc390500121][bookmark: _Toc389481120][bookmark: _Toc393897916][bookmark: _Toc54263972]Precision and Tolerance
Several types of geometrical representations can be attached to a topological element. For example a Vertex can be represented by a 3D point, a parameter on curve and a couple of parameters on surface. These representations are equivalent but not geometrically identical. In addition, these geometrical representations very often result from an approximation related to impossibility of representing real information in the available geometrical forms or simply from impossibility of calculating the precise result. The tolerance attached to a topological element defines the maximal deviation between various geometrical representations attached to this element. This tolerance is a metric measure; it is associated with Vertexes, Edges and Faces.
[bookmark: _Toc382378768][bookmark: _Toc382713370][bookmark: _Toc389546947][bookmark: _Toc390500122][bookmark: _Toc389481121][bookmark: _Toc393897917][bookmark: _Toc54263973]Quality
Tolerance and information of regularity which are kept in Shape do not define quality criteria of this Shape in the sense of satisfaction of certain application requirements such as, for example, the approximation with such tolerance close to ideal, “nice” form, etc.
They supplement geometrical and topological description of a portion of the space to guarantee its validity, thus allowing its consistent interpretation and use (this is an element of interoperability) for all applications of OCCT.
[bookmark: _Toc382378769][bookmark: _Ref382647114][bookmark: _Ref382647126][bookmark: _Ref382647170][bookmark: _Toc382713371][bookmark: _Ref385130830][bookmark: _Toc389546948][bookmark: _Toc390500123][bookmark: _Toc389481122][bookmark: _Toc393897918][bookmark: _Toc54263974]Model of tolerance
This chapter offers a model of definition and use of the tolerances assigned to Vertexes, Edges and Faces. It specifies the definitions of these tolerances, introduces various rules guaranteeing the validity of a tolerant model and gives two examples illustrating the use of these tolerances. 
This chapter constitutes an introduction to the rules of validity related to tolerances which will be formalized in the chapter IV.
[bookmark: _Toc382378770][bookmark: _Toc382713372][bookmark: _Toc389546949][bookmark: _Toc390500124][bookmark: _Toc389481123][bookmark: _Toc393897919][bookmark: _Toc54263975]Utility of the tolerances
Any non-trivial calculation on a computer poses the problem of choice of the tolerances to be used. For example, two points coincide if their distance is lower than a certain tolerance; a tolerance can also determine the precision with which calculations are carried out, for example in the process of convergence to a point of intersection of two curves.
The tolerances included in Topology can be used:
· To define a correct topological modeling of objects of imperfect geometries.
· To import models coming from external systems and to guarantee their validity independently of the tolerances used in those systems.
· To confine the inaccuracies related to certain types of modeling to certain parts of the model, without compromising the good precision of the remainder of the model.
· To avoid creating topological objects (Edge, Face) that are too small and without practical interest. However this “facility” does not replace the need for precautions on the level of algorithm because generation of some B-splines can lead to small pieces “inside” geometry.
· To identify areas which were approximated, or which are coincident, and thus to avoid too precise numerical calculations, which would be slow and not very reliable.
· To define a consistent use of the tolerances allowing to make good decisions in the modeling operations.
[bookmark: _Toc382378771][bookmark: _Toc382713373][bookmark: _Toc389546950][bookmark: _Toc390500125][bookmark: _Toc389481124][bookmark: _Toc393897920][bookmark: _Toc54263976]Robustness and Precision
It is useful to differentiate between the robustness of an algorithm, i.e. its capacity to always provide a result satisfying a number of pre-established criteria, and precision of the algorithm, i.e. its capacity to produce a result nearest to the possible theoretical one.
The rules suggested below concentrate on the robustness. The main idea is to limit the inaccuracies inside tolerances and to make sure that the definition of these tolerances allows correctly partitioning the space into the following zones: in (in Shape), on (on Shape) and out (out of Shape) or unknown (impossible to determine). The precision improvement consists in reduction of these tolerances.


[bookmark: _Toc384631008][bookmark: _Toc389546967][bookmark: _Toc390500171][bookmark: _Toc390501775][bookmark: _Toc390502043][bookmark: _Toc390503260][bookmark: _Toc390503316][bookmark: _Toc382378772][bookmark: _Toc382713374]Figure 67: State of a point compared to Shape
[bookmark: _Toc389546951][bookmark: _Toc390500126][bookmark: _Toc389481125][bookmark: _Toc393897921][bookmark: _Toc54263977]Chosen Model
The suggested model is one of the possible models; it appears to be simplest to understand and implement. We will try to justify various suggested choices.
Vertex has an associated tolerance that defines a spherical zone of radius equal to the value of the tolerance centered on the 3D point of the Vertex. All various geometrical representations of a Vertex (Point, PointOnCurve, PointOnSurface etc.) must be contained in this sphere. 
Edge also has an associated tolerance that defines a tube of radius equal to the value of the tolerance centered on the 3D representation of Edge. Exception is a degenerated edge. It has no 3D curve and has one parametric representation only, so its tolerance has no sense. Various representations of an Edge, i.e. the curves or polygons located in the parametric space of surfaces which are connected to it, must be all contained in this tube. For an edge having SameParameter flag the tolerance is computed as the maximal deviation of each representation from the 3D curve at any parameter on the curve, evaluating parametric curve at same parameter. Processing SameParameter edges is simpler and quicker, and many algorithms require this property.
A Face also has a tolerance which defines the half thickness of the Face.
The tolerance is assigned to the topological objects and not to the underlying curves and surfaces, which can be regarded in calculations as infinitely precise except for the numerical "noise".
The following criteria must be respected to preserve the coherence of the model.
[bookmark: _Toc54263978]Criteria of tolerance model consistency
· A sphere associated with a Vertex must include the spheres centered on the ends of 3D curve of the Edge sharing this Vertex and having the radius equal to the tolerance of that Edge. 


Figure 68: Connection of two Edges
Both Edges: e1 and e2 are connected via Vertex v1. The tolerance assigned to Vertex v1 is calculated in order to include the ends (also with some tolerances) of both Edges e1 and e2.
Justification: 
It is thus possible to connect two Edges without modifying their geometry.
If a point is given in end of the Edge (i.e, inside the sphere of radius equal to the tolerance of this Edge and centered on the end point of this Edge) it will be also inside the Vertex associated to this end of Edge.
Note: if a Vertex belongs to a Face, the sphere associated with it must include the sphere of radius equal to the tolerance of the Face centered in the point with parameters of this vertex on the Face.
· The tube centered on the 3D curve of an Edge must include the tubes centered on the geometrical representations associated with the Faces sharing this Edge and having radii equal to the tolerances of the corresponding Faces.
Justification:
It is thus possible to connect two Faces without modifying their geometry. 
· A topological element should not be completely contained in its borders, i.e. there should exist a geometric element representing the topological element and located in its tolerance tube, of which at least one point is not included in the borders of this topological element.


[bookmark: _Toc375732554][bookmark: _Toc384631010][bookmark: _Toc389546969][bookmark: _Toc390500173][bookmark: _Toc390501777][bookmark: _Toc390502045][bookmark: _Toc390503262][bookmark: _Toc390503318]Figure 69: Edge contained in its borders
Justification:
It is thus possible to define what is a too small topological element without resorting directly to geometrical criteria (length less than, area less than). It is required to replace a too small Shape by a Shape of lower dimension (Edge by Vertex, Face by Edge or Vertex, etc.). 
Note: sometimes such a replacement can lead to invalidation of neighboring topological elements, and so a chain of topological simplifications is to be foreseen to obtain the correct topology.
· A Vertex should not have a contact with another Vertex, Edge or Face (which do not share this Vertex) and an Edge should not have a contact with a Face (which does not share this Edge).


                

[bookmark: _Toc384631011][bookmark: _Toc389546970][bookmark: _Toc390500174][bookmark: _Toc390501778][bookmark: _Toc390502046][bookmark: _Toc390503263][bookmark: _Toc390503319]Figure 70: Collision Vertex/Edge
Justification:
This construction rule is the base of topological operations: any intersection must be materialized by a topological element.
· However it is not essential (although very strongly recommended whenever possible) to impose the presence of a Vertex in case of intersection Edge/Edge or Edge/Face (of an Edge in case of intersection Face/Face) if it is theoretically possible to define two geometric elements (curves, surfaces), located within the tolerances of the Edge (or the Face), which do not intersect. 


[bookmark: _Toc375732555][bookmark: _Toc384631012][bookmark: _Toc389546971][bookmark: _Toc390500175][bookmark: _Toc390501779][bookmark: _Toc390502047][bookmark: _Toc390503264][bookmark: _Toc390503320]Figure 71: Intersection of two Edges
[bookmark: OLE_LINK1]Justification:
The presence of such a Vertex (or an Edge) is not essential to guarantee the validity of the model.
It can be extremely difficult in certain cases to calculate the position of these Vertexes or Edges (near touch case), it is thus preferable not to impose this calculation.
This rule can simplify the algorithm as it is possible to state the absence of intersection if two geometric elements located within tolerances (i.e. two polygons) are not intersected. 
· Two topological elements (e. g.: 2 Edges) can have an intersection zone if the intersection is related to a topological element of lower dimension (ex: 1 Vertex) shared by these two topological elements.


[bookmark: _Toc375732556][bookmark: _Toc384631013][bookmark: _Toc389546972][bookmark: _Toc390500176][bookmark: _Toc390501780][bookmark: _Toc390502048][bookmark: _Toc390503265][bookmark: _Toc390503321]Figure 72: Zone of intersection authorized
· A correct Topology must accomplish a partition of the space in zones in, on or out. An indecisive zone should not exist (i.e. a point of the zone is recognized in or out according to the local way of evaluation). 


      

[bookmark: _Toc375732557][bookmark: _Toc384631014][bookmark: _Toc389546973][bookmark: _Toc390500177][bookmark: _Toc390501781][bookmark: _Toc390502049][bookmark: _Toc390503266][bookmark: _Toc390503322]Figure 73: Indecisive Zone.
The elimination of an indecisive zone can be realized by including it in a sphere of relevant size. 

[bookmark: _Toc375732558][bookmark: _Toc384631015][bookmark: _Toc389546974][bookmark: _Toc390500178][bookmark: _Toc390501782][bookmark: _Toc390502050][bookmark: _Toc390503267][bookmark: _Toc390503323]Figure 74: Containment of an indecisive zone (1)
In the case of the Edge (or the Face) EF2 is an arc tangent to the Edge (or the Face) EF1, it can be more suitable to propagate the error of tangency on EF2, which avoids inflating the tolerances too much and calculating a delicate intersection. 


[bookmark: _Toc375732559][bookmark: _Toc384631016][bookmark: _Toc389546975][bookmark: _Toc390500179][bookmark: _Toc390501783][bookmark: _Toc390502051][bookmark: _Toc390503268][bookmark: _Toc390503324]Figure 75: Containment of an indecisive zone (2)
The choice of one solution or another is not definite. The choice between minimal propagation of the errors (1) and minimal extension of the maximum tolerances (2) is to be defined according to the experience and the applicative fields concerned.
[bookmark: _Toc382378773][bookmark: _Toc382713375][bookmark: _Toc389546952][bookmark: _Toc390500127][bookmark: _Toc389481126][bookmark: _Toc393897922][bookmark: _Toc54263979]Determination of coincidences
The first main problem of the topological operations is to characterize in terms of topological elements the coincidences and intersections of two object arguments of a Boolean operator (cut, common or fuse), the second is to determine all elements to be put in the result according to the nature of the operator (cut, common, fuse).
We examine here the processing of coincidences between various topological elements. Detection of coincidences starts with the elements of smaller dimension then passes to the elements of higher dimension, what also corresponds to the priority of the affected topological elements of greater tolerance. 
Here we do not describe the algorithm but rather define the criteria and their hierarchy to determine in a non-ambiguous and consistent way coincidences between topological elements. 
In all cases, calculations of coincidence between Shapes need to be done using the tolerances attached to these Shapes. This generic rule will not be repeated but is implicit in any processing of coincidences. 
[bookmark: _Toc393897923][bookmark: _Toc54263980]Vertex-Vertex
Two Vertexes coincide if the spheres which are associated with them have a non-null intersection. A single contact point is considered as an intersection. In order to avoid uncertainty around the contact point two spheres are considered contacting if the distance between them is less than Precision::Confusion() value (this value us equal to 1e-7 and is used as the minimal tolerance assigned to a shape). 
In a correct topology, two coincident Vertexes must be fused to form a single Vertex including the initial Vertexes. 


[bookmark: _Toc389546976][bookmark: _Toc390500180][bookmark: _Toc390501784][bookmark: _Toc390502052][bookmark: _Toc390503269][bookmark: _Toc390503325][bookmark: _Toc375732560][bookmark: _Toc384631017]Figure 76: Fusion of two Vertexes
Obviously, always a new produced vertex will have tolerance greater than the tolerance of each of the initial vertices. When tolerances of sub-shapes of an object are increased we say about shape quality degradation. It is unavoidable in OCCT BRep model, as the topological consistency is achieved due to some neglect of geometry.
The particular case of N coincident Vertexes is to be subject of specific processing to avoid an excessive increase of tolerances.


[bookmark: _Toc389546977][bookmark: _Toc390500181][bookmark: _Toc390501785][bookmark: _Toc390502053][bookmark: _Toc390503270][bookmark: _Toc390503326]Figure 77: Fusion of N Vertexes
[bookmark: _Toc382713377][bookmark: _Toc393897924][bookmark: _Toc54263981]Vertex-Edge
A Vertex coincides with an Edge if the intersection of the sphere associated with the Vertex and the tube associated with the Edge is non-null. In order to avoid uncertainty around the contact point the sphere and the tube are considered intersecting if the distance between them is less than Precision::Confusion() value.
To form a correct topology, a Vertex coinciding with an Edge must divide this Edge into two Edges via a Vertex with tolerance equal to the Edge tolerance (possibly taking into account the calculation error made in this operation). The rule is to be respected as much as possible. 


[bookmark: _Toc384631018][bookmark: _Toc389546978][bookmark: _Toc390500182][bookmark: _Toc390501786][bookmark: _Toc390502054][bookmark: _Toc390503271][bookmark: _Toc390503327]Figure 78: Division of Edge
[bookmark: _Toc382713378][bookmark: _Toc393897925][bookmark: _Toc54263982]Edge-Edge
The result of the intersection divides the original Edges following as much as possible the rules above.


[bookmark: _Toc375732562][bookmark: _Toc384631019][bookmark: _Toc389546979][bookmark: _Toc390500183][bookmark: _Toc390501787][bookmark: _Toc390502055][bookmark: _Toc390503272][bookmark: _Toc390503328]Figure 79: Intersection of two Edges
V1 Vertex associated with the tolerance of E1 divides Edge E1 into E'1 and E''1.
V2 Vertex associated with the tolerance of E2 divides Edge E2 into E'2 and E''2.
The Vertex V resulting from fusion of V1 and V2 defines the Vertex of connection between E'1, E''1, E'2, E''2.


Figure 80: Intersection of two Edges (touch)
[bookmark: _Toc382713379][bookmark: _Toc393897926][bookmark: _Toc54263983]Vertex-Face
If The Vertex is declared coinciding it divides the Face (it leads to creation of a Vertex on the Face provided with the tolerance of the Face, then fusion of this Vertex with the coinciding Vertex). The processing with border Edges of the Face is to be carried out according to the rules above.
[bookmark: _Toc393897927][bookmark: _Toc54263984]Edge-Face
In the case of intersection the Edge is divided and the Vertex corresponding to the intersection is added to the Face.
If the Edge is coincident with the Face, the Edge is divided and the coinciding part of this Edge divides in its turn the Face. 
The processing with border Edges of the Face is carried out according to the preceding rules.
[bookmark: _Toc382713381][bookmark: _Toc393897928][bookmark: _Toc54263985]Face-Face
In case of intersection the Edge, which divides both Faces, is created; the application of the preceding rules forces dividing of border Edges of these two Faces. If the faces have tangent zones each zone must be materialized by creation of a shape of dimension corresponding to dimension of the zone:
· vertex if faces touch in one point;
· edge if faces touch along a line;
· face if tangent zone has non-zero area.
[bookmark: _Toc382378774][bookmark: _Toc382713382][bookmark: _Toc389546953][bookmark: _Toc390500128][bookmark: _Toc389481127][bookmark: _Toc393897929][bookmark: _Toc54263986]Examples
[bookmark: _Toc382713383][bookmark: _Toc393897930][bookmark: _Toc54263987]Creation of a Wire
In this example we use the rule of coincidence Vertex/Vertex to chain different Edges and to create the result Wire.


[bookmark: _Toc375732563][bookmark: _Toc384631021][bookmark: _Toc389546981][bookmark: _Toc390500185][bookmark: _Toc390501789][bookmark: _Toc390502057][bookmark: _Toc390503274][bookmark: _Toc390503330]Figure 81: Creation of Wire
[bookmark: _Toc382378776][bookmark: _Ref382389710][bookmark: _Ref382647247][bookmark: _Ref382647281][bookmark: _Toc382713386][bookmark: _Toc389546955][bookmark: _Toc390500130][bookmark: _Toc389481128][bookmark: _Toc393897931][bookmark: _Ref481576554][bookmark: _Toc54263988]Criteria of validity
Any valid Shape must satisfy the criteria listed below but it is necessary to note that it will always remain possible to construct a Shape which does not follow these criteria. It is indeed sometimes useful to create such Shape as much as it will remain confined in an algorithm or a particular application, for example each time when there is a need for transition between two constructions. It is comparable with the databases which must be coherent after each transaction, but not obligatorily during the transactions. 
[bookmark: _Toc382378777][bookmark: _Toc382713387][bookmark: _Toc389546956][bookmark: _Toc390500131][bookmark: _Toc389481129][bookmark: _Toc393897932][bookmark: _Toc54263989]Need
The criteria below defining a correct topology meet two main needs:
· To correctly classify a point compared to a Shape (i.e. to determine whether a point is in, on or out of Shape).
· To define the rules allowing to simplify the design of algorithms, the control tools and the downstream applications and thus to guarantee the interoperability of Shape in various applications, in particular by searching for canonical definitions to diminish the combinatory.
We voluntarily preserved all possibilities of representation currently permitted by the data structure of Shape. However, we defined some restrictions which allow getting closer to the standard classical representations in case of the Solid and the Face:
· Connectivity rules
· Topology of loop for Wire of Face.
· Rules of explicit decomposition in Wire and Shell directed FORWARD and REVERSED or EXTERNAL and INTERNAL.
[bookmark: _Toc382378778][bookmark: _Toc382713388][bookmark: _Toc389546957][bookmark: _Toc390500132][bookmark: _Toc389481130][bookmark: _Toc393897933][bookmark: _Toc54263990]Definitions
We introduce some necessary definitions below.
Topology 2D (Wire2D, Edge2D, Vertex2D)
To correctly define a Wire contained in a Face, it is necessary to introduce the concept of Wire2D (implicit because it is not described explicitly in the topological data structure) defined in the parametric space R2 of the Face. We will use the term Wire2D to indicate this Wire made up of Edge2D sharing Vertex2D.
We also associate with Vertex2D and Edge2D the tolerance zones which result[footnoteRef:2] from the spheres and tubes associated with the corresponding 3D Vertexes and Edges and respectively take the shape of a disc and a ribbon in the parametric space of the Face.  [2:  The calculation of tolerances 2D should be very delicate. It is advisable to translate a face in 3D even if we work with it in 2D to carry out tests that require taking the tolerances into account. Case by case processing is required, it is necessary to think about possible generalization. ] 

If we consider all parametric curves associated with Edge of Wire that belong to a Face, it is possible to build this Wire2D made up of Edge2D, each corresponding to a parametric curve and Vertex2D corresponding to the beginning and the end of the parametric curve. 
Index
The Index of a Wire2D closed compared to a point of the parametric space is the number of revolutions carried out around the point by a mobile traversing the wire. 
That is to say X is a point of the parametric space R2 which is not located in the image of Wire2D W in R2.
In a rigorous way the index IW (X) of Wire2D W in point X is defined by[footnoteRef:3]: [3:  In the expression below, the points of R2 and the associated complex numbers ((x,y) ~ x + iy) are assimilated. So the quantities under the sign of integration are complex numbers. "Im" is the imaginary part of a complex number, i.e. Im(x+iy) = y.
] 



where Oi is orientation of Edge of 2D curve Ci and is equal to 1 if Edge has a FORWARD orientation, -1 if it is REVERSED and 0 in INTERNAL and EXTERNAL cases.
It is noticed that the Edges of null orientations do not contribute to the calculation of the index.
Even when a wire is topologically closed it can have gaps between ends of adjacent 2D curves. In order the above formula to work special artificial direct line edges are to be created to fill the gaps.
In the same way that we define the index of Wire2D compared to a point of the parametric space, it is possible to define the Index of a closed Shell compared to a point of 3D space. In this definition the number of revolutions is replaced by an apparent solid angle divided by 4.
Domain
The parametric domain of a non-infinite Face is a set of points, for which the sum of indices of closed Wire2D of the Face is equal to 1.
The domain of a non-infinite Solid is a set of points, for which the sum of indices of closed Shell of Solid is equal to 1.
Representative
We call the principal representative of a 3D topological element (Vertex, Edge, and Face) the geometric 3D element (respectively point, curve, surface), which is associated to it in the data structure.
A special case is a degenerated edge. It has no 3D curve associated with it. So, it cannot be considered as 3D topological edge. However, it has its representation in 3D space as a vertex. So, in 3D space it is degenerated to a vertex.
We call the principal representative of a 2D topological element (Vertex2D, Edge2D) the geometric 2D element (respectively point, curve), which is associated to it.
We call the representative of a topological element having the main representative G any geometric element g so that for:
Vertex, the distance (G, g) is lower than the tolerance of the Vertex, 
Edge, for any parameter t, the distance (G (t), g (t)) is lower than the tolerance T of Edge,
Face, for any couple of parameters (u, v), the distance (G(u,v), g(u,v)) is lower than the tolerance T of the Face.
[bookmark: _Toc382378779][bookmark: _Toc382713389][bookmark: _Toc389546958][bookmark: _Toc390500133][bookmark: _Toc389481131][bookmark: _Toc393897934][bookmark: _Toc54263991]Rules of validity
All rules suggested here define the first consistent proposal. However certain points such as the definition of the rules of validity of the criteria of continuity (G1, G2,… Gn) within Face, are not approached. It appears possible to add new rules clarifying these points without calling into question this first proposal.
[bookmark: _Toc54263992]Flag Rules 
· BRep_Flag_1: The following table defines the list of the Flags associated with the Shape and their relevance according to the type of Shape.

	
	Closed
	Infinite
(1)
	Degenerated
	SameRange
	SameParameter
(2)
	NaturalRestriction

	Vertex
	no
	No
	no
	no
	no
	no

	Edge
	no (3)
	yes
	yes (4)
	yes
	yes
	no

	Wire
	Yes
	yes
	No
	no
	no
	no

	Face
	no (3)
	yes
	no (5)
	no
	no
	yes (6)

	Shell
	yes
	yes
	no
	no
	no
	No

	Solid
	no
	yes
	no
	no
	no
	No

	CompSolid
	no
	yes
	no
	no
	no
	No

	Compound
	no
	no
	no
	no
	no
	No


[bookmark: _Toc389546984][bookmark: _Toc390500188][bookmark: _Toc390501792][bookmark: _Toc390502060][bookmark: _Toc390503277][bookmark: _Toc390503333]Figure 82: Table Shape versus Flag
The following are comments to cells of the table marked with digits in parentheses:
(1)  An infinite Shape cannot be Closed.
(2)  SameParameter involves SameRange
(3)  Closed flag is not used for edges and faces, as topological closeness is related to boundary of a shape, and edges (faces) cannot be boundary themselves, rather they are combined into wires (shells) to define a boundary of a face (solid). 
(4)  In a Degenerated Edge the Flags Infinite, SameRange and SameParameter are not significant.
(5)  It is not necessary to introduce the notion of degenerate Face. Degenerate Edge is necessary as it allows identifying 1D domains of parametric space of a Face that corresponds to the points in 3D space. As there is no parametric space associated to a Solid (representation by boundaries) the generalization is not necessary.
(6)  The flag NaturalRestriction is obsolete. Its purpose is to mark a face if its border edges lie along rectangular region in 2D space. Now setting of this flag is not necessary. 
Note: Usually Solid consists of one closed shell. Therefore the flag Closed is not used for it. However, one can wish to cut some Solid by incompletely defined Solid, therefore opened, composed of several open Shells. For this purpose there is exception that the solid consists of several open shells, but the flag Closed is not used in this case as well.


[bookmark: _Toc389546985][bookmark: _Toc390500189][bookmark: _Toc390501793][bookmark: _Toc390502061][bookmark: _Toc390503278][bookmark: _Toc390503334]Figure 83: Open Solid
[bookmark: _Toc54263993]Topological rules
Rules on the Vertexes
· BRep_V_1: There is one and only one point 3D associated to a Vertex. This point 3D defines the center of the sphere of tolerance associated to the Vertex. 
Rules on Edge
· BRep_E_1:  Edge is bounded by 0 to N Vertexes.
· BRep_E_2: not Infinite Edge is limited by two directed Vertexes: a FORWARD Vertex and a REVERSED Vertex. 
· BRep_E_3: There is one and only one 3D curve associated to a non-degenerated Edge. If there are several parametric representations associated with this non-degenerated Edge, the 3D curve is obligatory. This 3D curve defines the center of the tube with tolerance associated with the Edge. 
· BRep_E_4: The parametric field of a non-Infinite Edge is connected 
 Its domain is an interval.
 The parameter corresponding to FORWARD Vertex must be strictly lower than the parameter corresponding to REVERSED Vertex.
 The parameters of possible INTERNAL Vertexes must be between the parameters of two Vertexes FORWARD and REVERSED.
· BRep_E_5: There is no curve 3D associated to a degenerated Edge.
· BRep_E_6: There is one and only one 2D curve on a surface associated to a degenerated Edge. Degenerated Edges cannot be shared between faces and inside one face.
· BRep_E_7: A degenerated edge can exist only in a place of singularity of a surface, i.e. in each point of the 2d curve, one of the partial derivatives on the surface must be close to zero, and as a consequence the edge in 3D space has close to zero length.
· BRep_E_8: A degenerated edge must have the same vertex on both its ends.
Rules on Wire
· BRep_W_1: Wire is composed of 1 to N Edges.
· BRep_W_2: Wire is connected
 For any couple of Edges A and B of Wire, there are n Edges E1,…, En of Wire for which:
	A and E1 share a Vertex,
	Ei and Ei+1 share a Vertex (for i=1 to n-1),
	En and B share a Vertex.


[bookmark: _Toc384631024][bookmark: _Toc389546986][bookmark: _Toc390500190][bookmark: _Toc390501794][bookmark: _Toc390502062][bookmark: _Toc390503279][bookmark: _Toc390503335]Figure 84: Connected Wire
· BRep_W_3: In a Wire coded Closed each Vertex is shared n times with a FORWARD orientation and N times with a REVERSED orientation by Edges oriented FORWARD or REVERSED which share it.

[bookmark: _Toc384631025][bookmark: _Toc389546987][bookmark: _Toc390500191][bookmark: _Toc390501795][bookmark: _Toc390502063][bookmark: _Toc390503280][bookmark: _Toc390503336]Figure 85: Closed Wire
Rules on the Face
· BRep_F_1: A Face must be represented by:
one geometrical surface,
one triangulation, or
one geometrical surface accompanied by one triangulation.
· BRep_F_2: A Face is bounded by 0 to N Wires oriented FORWARD or REVERSED. 
A Face can contain:
0 to N Wires oriented INTERNAL,
0 to m Vertexes oriented INTERNAL.
· BRep_F_3: Wire2D is connected in the same direction as in BRep_W_2.
· BRep_F_4:  Wire2D oriented FORWARD or REVERSED must have topology of a loop. 
In Wire2D, each Vertex2D is shared only once with a composed FORWARD orientation and only once with a composed REVERSED orientation.


[bookmark: _Toc384631026][bookmark: _Toc389546988][bookmark: _Toc390500192][bookmark: _Toc390501796][bookmark: _Toc390502064][bookmark: _Toc390503281][bookmark: _Toc390503337]Figure 86: Topology of loop
· BRep_F_5: The interior (understood as inclusive topology, i.e. the whole minus its border) of the parametric field of a Face is connected and not empty.
 Two any points of the Face can be connected by a curve which does not cross a FORWARD or REVERSED Edge or a Vertex.
 Wire2Ds directed INTERNAL are included in the parametric domain of the Face


[bookmark: _Toc384631027][bookmark: _Toc389546989][bookmark: _Toc390500193][bookmark: _Toc390501797][bookmark: _Toc390502065][bookmark: _Toc390503282][bookmark: _Toc390503338]Figure 87: Connected face
· [bookmark: BRep_F_6]BRep_F_6: For any point of the parametric space not located on a bounding Wire2D of a finite Face (respectively, infinite), the sum of the indices of Wire2D of the Face is equal either to 0 or to 1 (respectively, either to 0 or to -1).
This rule guarantees proper orientation of Wire of a Face.


            

[bookmark: _Toc389546990][bookmark: _Toc390500194][bookmark: _Toc390501798][bookmark: _Toc390502066][bookmark: _Toc390503283][bookmark: _Toc390503339]Figure 88: Invalid Orientation of Wire in a Face
· BRep_F_7: In a Wire oriented FORWARD or REVERSED belonging to a Face all Edges are directed FORWARD or REVERSED.


Figure 89: Wire REVERSED or FORWARD
· BRep_F_8: In a Face a Wire oriented FORWARD or REVERSED is coded Closed.
· BRep_F_9 (obsolete): If a Face is coded NaturalRestriction, it must contain a single Wire2D oriented FORWARD or REVERSED and corresponding to the boundary of the rectangular (Umin, Umax, Vmin, Vmax) parametric domain of the supporting surface.
The parametric domain of the Face is equal to the parametric domain of the supporting surface.


[bookmark: _Toc389546992][bookmark: _Toc390500196][bookmark: _Toc390501800][bookmark: _Toc390502068][bookmark: _Toc390503285][bookmark: _Toc390503341]Figure 90: Face Coded NaturalRestriction
· BRep_F_10: The parametric domain of a Face, whose supporting surface is not periodic, is included in the parametric domain of this surface.
· BRep_F_11: The parametric domain of a Face, whose supporting surface is periodic, is included in a translation of the parametric domain of this surface. This translation is arbitrary if the surface is periodic in U and in V. Otherwise this translation is in the direction of the periodical dimension.

[bookmark: _Toc384631029][bookmark: _Toc389546993][bookmark: _Toc390500197][bookmark: _Toc390501801][bookmark: _Toc390502069][bookmark: _Toc390503286][bookmark: _Toc390503342]Figure 91: Wire in periodic Face
Rules on Shell
· BRep_Sh_1:  A Shell is composed of 1 to N Faces.
· BRep_Sh_2: A Shell is connected. 
For any couple of Faces A and B of Shell, there are n Faces F1,…, Fn of Shell for which:
	A and F1 share an Edge,
	Fi and Fi+1 share an Edge (for i=1 to i=n-1),
	Fn and B share an Edge. 


[bookmark: _Toc384631030][bookmark: _Toc389546994][bookmark: _Toc390500198][bookmark: _Toc390501802][bookmark: _Toc390502070][bookmark: _Toc390503287][bookmark: _Toc390503343]Figure 92: Connected Shell
· BRep_Sh_3: In a Shell coded Closed any non-degenerated Edge shared only by Face oriented FORWARD or REVERSED must be shared N times with a composed orientation FORWARD and N times with a composed orientation REVERSED. 


[bookmark: _Toc389546995][bookmark: _Toc390500199][bookmark: _Toc390501803][bookmark: _Toc390502071][bookmark: _Toc390503288][bookmark: _Toc390503344]Figure 93: Edge shared FORWARD and REVERSED
 This rule means that the “non-manifold” Face must be encoded EXTERNAL or INTERNAL.
Rules on Solid
· BRep_So_1:  A Solid is made up of the following topological elements:.
1 to N Shells oriented FORWARD or REVERSED,
0 to m Vertexes, Edges or Shells oriented INTERNAL
· BRep_So_2: The interior (understood as inclusive topology, i.e. the whole minus its border) of the field of Solid is connected and non-empty. 
Any two points of a Solid can be connected by a curve, which does not cross an Edge or a Vertex or a Face.


[bookmark: _Toc384631031][bookmark: _Toc389546996][bookmark: _Toc390500200][bookmark: _Toc390501804][bookmark: _Toc390502072][bookmark: _Toc390503289][bookmark: _Toc390503345]Figure 94: Connected Solid
· BRep_So_3: In a Solid coded not Infinite a Shell oriented FORWARD or REVERSED is coded Closed. Such shell has the meaning of bounding shell.
· BRep_So_4: For any point of 3D space not located on bounding Shells of Solid coded not Infinite, the sum of the indices of these Shells is equal either to 0 or to 1.
 This rule guarantees proper orientation of Shell (in the same way as for BRep_F_6).
· BRep_So_5: In a Solid, a Shell cannot be decomposed into closed Shells.


[bookmark: _Toc389546997][bookmark: _Toc390500201][bookmark: _Toc390501805][bookmark: _Toc390502073][bookmark: _Toc390503290][bookmark: _Toc390503346]Figure 95: Shell can be decomposed in a Solid
· BRep_So_6: In a Shell oriented FORWARD or REVERSED belonging to a Solid all Faces are oriented FORWARD or REVERSED.
· BRep_So_7: In a Solid, two or several Shells that share one or more Edges should be grouped into a single equivalent Shell.
MSV: Shadow point: The rules BRep_So_5 and BRep_So_7 contradict to each other. Let we have a shell consisting of two closed sets of faces sharing an edge, at that one set enclosing the other. According to BRep_So_7 this shell is a valid one. According to BRep_So_5 this shell is invalid. Does it mean that we cannot create a solid in which an inner shell would have connection with the outer shell through an edge?
Note: In a finite Solid this rule is already guaranteed by the closing of oriented Shell which composes it.


[bookmark: _Toc389546998][bookmark: _Toc390500202][bookmark: _Toc390501806][bookmark: _Toc390502074][bookmark: _Toc390503291][bookmark: _Toc390503347]Figure 96: Two Shells sharing Edge in Solid
 This rule aims at decreasing the combination of the topological cases; other structuring means (attributes in particular) allow keeping the information if necessary.
Rules on CompSolid
· BRep_CS_1: CompSolid is composed of 1 to N Solids.
· BRep_CS_2: CompSolid is connected. 
For any couple of Solids A and B of CompSolid, there are n Solids S1,…, Sn of CompSolid for which:
	A and S1 share a Face,
	Si and Si+1 share a Face (for i=1 to i=n-1),
	Sn and B share a Face. 
· BRep_CS_3: In a CompSolid any Face shared by two Solids is oriented once with composed orientation FORWARD and once with composed orientation REVERSED.
Rules on Compound
· BRep_Co_1: A Compound is composed of 0 to N Shape.
[bookmark: _Toc54263994]Tolerance Rules
The following rules say nothing about the ratio of tolerance size versus the size of the Shape to which the tolerance is applied. It is however agreed that this ratio should remain as small as possible. 
· BRep_Tol_1: The sphere centered on a Vertex includes the spheres centered at the ends of the 3D curves of Edges sharing this Vertex and having for radius the tolerances associated with these Edges. In the particular case of a Vertex on Surface in 1 point of parameter (u, v) (i.e. of a Vertex not connected to an Edge and shared by a Face) the sphere centered on this Vertex must include the sphere of radius equal to the tolerance of this Face centered at the point of parameter (u, v). 
 When an Edge built on the corresponding 3D curve C shares a Vertex with parameter t, the sphere of radius equal to the tolerance of Edge centered on the point C(t) is included in the sphere associated with the Vertex.


[bookmark: _Toc384631032][bookmark: _Toc389546999][bookmark: _Toc390500203][bookmark: _Toc390501807][bookmark: _Toc390502075][bookmark: _Toc390503292][bookmark: _Toc390503348]Figure 97: Tolerance of a Vertex
· BRep_Tol_2: For an Edge coded SameParameter, for any parameter t of the parametric domain of Edge, the spheres centered on the point of parameter t for various affected representations of Edge on surface and having for radius the tolerance of the corresponding Face are included in the sphere centered on the point of parameter t of the curve 3D and having for radius the tolerance associated with Edge.
· BRep_Tol_3: The field of definition of Shape (except for degenerated Edge) should not be included in its borders.
 There should be a piece of geometry of Shape located beyond the borders of this Shape. For an edge this rule is applied if it has a 3D curve. Such piece of geometry must be found on the 3D curve and have the length greater than confusion tolerance. For a face this rule is applied if it has geometrical surface. Such piece of geometry must be found on the surface and have the area greater than square confusion tolerance.

[bookmark: _Toc384631033][bookmark: _Toc389547000][bookmark: _Toc390500204][bookmark: _Toc390501808][bookmark: _Toc390502076][bookmark: _Toc390503293][bookmark: _Toc390503349]Figure 98: Edge included in its borders


[bookmark: _Toc54263995]Geometrical rules
These are, of course, rules concerning a geometric support of topology:
· BRep_Geom_1: The derivative of a curve can be equal to zero only in parameter values corresponding to Vertexes
· BRep_Geom_2: The vector product of partial derivatives of a surface can be equal to zero only in parameter values corresponding to Vertexes or Edges.
In other words, the rules BRep_Geom_1 and BRep_Geom_2 impose the presence of a Vertex on the level of each singularity.
· BRep_Geom_4: For a given Edge, for all points of Edge for which the associated sphere (of radius equal to the tolerance of Edge) is not included in the spheres of Vertexes shared by Edge, the radius of curvature is higher than the tolerance of Edge (i.e., the curve has no return in the thickness of the tube).
· BRep_Geom_6: For a given Face, for all points of the Face for which the associated sphere (of radius equal to the tolerance of the Face) is not included in the spheres and the tubes of the Vertexes and Edges shared by the Face, the minimum radius of normal curvature is higher than the tolerance of the Face (no return in the thickness of the Face).
[bookmark: _Toc54263996]Rules of intersection
The first rule does not take into account the tolerances. It is rather about the principle which underlies the other rules. The second and third rules take into account the tolerances and constitute the minimal rules to be respected. These rules are known as “weak” (i.e. not very restrictive), for example for two Edges in space 3D, contributing to the description of Shape and not belonging to the same Face, it is not necessary to materialize their intersections by Vertexes if it is possible to find two representatives that “avoid one another”.
The fourth rule is “strong” (i.e. very restrictive), which is desirable to respect at output of algorithm whenever possible. 
· BRep_I_1:  Shape S (except for a Compound) is not self-intersected other than in shared Shapes. This rule must be applied to all Shapes composing Shape S.


[bookmark: _Toc384631034][bookmark: _Toc389547001][bookmark: _Toc390500205][bookmark: _Toc390501809][bookmark: _Toc390502077][bookmark: _Toc390503294][bookmark: _Toc390503350]Figure 99: Intersection of Wire in a Face
· BRep_I_2: For two given distinct or identical topological elements (Edge, Edge2D or Face) A and B, there must not exist an intersection or self-intersection other than in the spheres or tubes associated with the topological elements of lower dimension (Vertex, Vertex2D or Edge) shared by A and B. 
 This rule makes it possible to treat the cases of self-intersection if A and B are identical.
· BRep_I_3: For two given distinct topological elements (Vertexes, Edge or Face) A and B and for which A is not shared by B, there must exist at least one point of A whose associated sphere (with radius equal to the tolerance of A) does not intersect the sphere, the tube or the thick face associated with B.


[bookmark: _Toc384631035][bookmark: _Toc389547002][bookmark: _Toc390500206][bookmark: _Toc390501810][bookmark: _Toc390502078][bookmark: _Toc390503295][bookmark: _Toc390503351]Figure 100: Confusion of two topological elements
· BRep_I_4: For two given distinct topological elements (Vertexes, Edge or Face) A and B and for which A is not shared by B, each component related to the intersection of the spheres, tubes or thick face corresponding to A and B must intersect the sphere or the tube associated with a topological element of lower dimension shared by A and B.


[bookmark: _Toc384631036][bookmark: _Toc389547003][bookmark: _Toc390500207][bookmark: _Toc390501811][bookmark: _Toc390502079][bookmark: _Toc390503296][bookmark: _Toc390503352]Figure 101: Component of intersection related to a shared Vertex
 This rule implies that the shared topological element must be “homotopically equivalent” to the intersection of the representatives of the topological elements, which share it (e. g.: if the intersection Face/Face is a closed curve, the shared element is a Closed Wire, but not a Vertex or then it is a “large Vertex” including all tubes and thick faces).
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