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DrawingDrawing

Traditional Approach – First CAD Generation

(Computer Aided Design)

The so popular AutoCAD, 

distributed for the first 

time in 1981, gained 

popularity and is one of 

the leading CAD systems.

Even today, many 

companies use 2D CAD 

to create designs.
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DrawingDrawing

Traditional Approach – First CAD Generation

(Computer Aided Design)

Note in the Figure that:

(1) The creation of these 

views require the 

knowledge of the 

dimensions.

(2) Each of the three views 

is created and edited 

completely independent 

of the others.
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The 2D drawings are 

generated from the 3D model.



The 2D drawings are 

generated from the 3D model.

Modifications are 

automatically updated.

Solid ModelingSolid Modeling
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Traditional FE Simulation Process

2 kN

1. Build geometric model 2. Mesh 3. Apply boundary
conditions

5. Result visualization4. Computational analysis



Geometry-based Simulation Process

1. Geometric modeling, apply 2. FE mesh generation, apply

2 kN2 kN

1. Geometric modeling, apply
attributes and boundary conditions

2. FE mesh generation, apply
boundary conditions

4. Result visualization3. Computational analysis

2 kN
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Construction of a Simple FE Model



Automatic region recognition



Creating a hole



Assigning hole attribute



Applying attributes to geometry



Defining meshing refinement parameters:

boundary subdivision 



Automatic unstructured mesh 

generation



Attributes automatically assigned to 

mesh entities



Region decomposition to exploit structured 

meshing algorithms
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Region decomposition to exploit structured 

meshing algorithms



Region decomposition to exploit structured 

meshing algorithms



Defining meshing refinement parameters:

boundary subdivision 



Automatic unstructured mesh 

generation



What is the technology behind this?

What issues we have to address?



Generic Space Subdivion: Many Applications

An environment in which curves and surfaces are inserted randomly.
Automatic region recognition and full adjacency information.



Sidon-Tiro

2D Subsurface Simulation Modeling



Curve digitalization

2D Subsurface Simulation Modeling



Curve subdivision

2D Subsurface Simulation Modeling



Mesh generation: triangular elements

2D Subsurface Simulation Modeling



2D Subsurface Simulation Modeling

Mesh generation: quadrilateral elements



– The data structures must provide a natural navigation 

across all phases of a simulation: pre-processing (model 

creation), numerical analysis, and post-processing (model 

results visualization).

Requirements for Underlying Data Representation 



– The data structures must take into account that the 

simulation may induce, at least temporarily during model 

creation, geometric objects (curves and surfaces) that are 

inconsistent with the target final model.  This requires a 

non-manifold topology representation capability.

Requirements for Underlying Data Representation 



– The data structure should aid in key aspects of geometric 

modeling, such as surface intersection and automatic region 

recognition, as well as in surface and solid finite element 

mesh generation in arbitrary domains.

Requirements for Underlying Data Representation 



– The data structure must provide for efficient geometric operators, 

including automatic intersection detection and processing.

– This is necessary in simulations with evolving topology and 

geometry.

Requirements for Underlying Data Representation 



The need for non-manifold modeling

Multi-region modeling

Degenerated structures



Natural Modeling: surface patches as primitives

Geological model

Manufactured model



Ideal Environment: complete space subdivision
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Geometric Modeling

• Creation, manipulation, maintenance and analysis of 

representations of geometric forms of two and three 

dimensional objects.

• Application in several fields, such as movie production, 

design of industrial mechanical parts, scientific visualization 

and reproduction of objects for analysis in engineering. 



• Historic Evolution:

a) Wire Modeling

b) Surface Modeling

Geometric Modeling

b) Surface Modeling

c) Solid Modeling

d) Non-manifold Modeling



• Strategies for Representing Solids

� Decomposition Models

� B-Rep Models

Geometric Modeling

� B-Rep Models

� Constructive Models (CSG)

� Hybrid Models



Geometric ModelingGeometric Modeling

Cell Decomposition / Space EnumerationWire Frame

Constructive Solid Geometry (CSG) Boundary Representation (B-Rep)



• The Constructive Solid Geometry (CSG) uses Boolean 

operations and rigid body motions into simple primitives

to build more complex solid objects.

Geometric Modeling



• CSG Tree

Geometric Modeling



• CSG Tree

Geometric Modeling



• B-Rep models explicitly use the adjacency relations among the 

topological elements (vertices, edges and faces) to define the 

topological boundary of the objects.

Geometric Modeling



• Non-manifold Modeling

�Aggregates all the capabilities of the previous three types 

of modeling.

Geometric Modeling

�Removes restrictions to the domain of the analyzed 

models.

�Allows the representation of internal or dangling 

structures of lower dimensions.



Manifold Non-manifold

Geometric Modeling



• Topology and Geometry

�Geometry – set of complete and essential information to 

define the shape and spatial location of objects.

Geometric Modeling

define the shape and spatial location of objects.

�Topology – subset of information obtained from the 

geometry of the object. Invariant after applying geometric 

transformations to the object.



Curves: bounded

by two vertices

Vertices:

x,y,z location

Surfaces: closed

set of curves

Geometric and Topological Entities

Volumes: closed

set of surfaces

Body: collection

of volumes



• Using the topology as basis for a modeling system:

1) Stability of the System

Geometric Modeling

2) Avoiding numerical errors

3) Separation of geometric and topological information



• Adjacency Relationships

�Connectivity among the topological elements

�Extracted from the geometric information of the model

Geometric Modeling

�Extracted from the geometric information of the model

�Use as a base of modeling framework, ensuring the 
implementation of algorithms simpler and more efficient

�Determination of a minimal set of sufficient adjacency 
relationships



Geometric Modeling

Adjacency relation among vertices, edges and faces



• Topological Data Structures

� Systematization and organization of topological 
information of a model from the storage of a sufficient set 
of adjacency relations.

Geometric Modeling

of adjacency relations.

�Main topological elements: vertices, edges and faces.

�Additional topological elements: loops, shells, regions, 
vertex uses, half-edges, edge uses, loop uses, face uses.



• Topological Data Structures

�Examples of data structures established in manifold

modeling:

• Winged-edge

Geometric Modeling

• Winged-edge

• Half-edge

�Data structures established in non-manifold modeling:

• Radial Edge



WingedWinged--EdgeEdge Topological Data StructureTopological Data StructureWingedWinged--EdgeEdge Topological Data StructureTopological Data Structure



Winged-Edge (Baumgart, 1972)



Induced by planar embedding of a graph.

Connected if the underlying graph is. 
edge

Complexity = #vertices + #edges + #faces

Topological Data Structure - Planar Subdivision

vertex

hole in f

face f

disconnected subdivision

Typical operations:

Walk around a face.

Access one face from an adjacent 
one via a common edge. 

Visit all the edges adjacent to a 
vertex.









Euler Operators

[HOFFMANN1992]
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Euler Operators



Using Euler Operators to Construct a Solid



HalfHalf--EdgeEdge Topological Data StructureTopological Data StructureHalfHalf--EdgeEdge Topological Data StructureTopological Data Structure



Half-Edge (Mäntylä, 1988)



• Solid

• Face

• Loop

Hierarchy of Topological Levels

• Half-Edge

• Vertex

• Edge*



Half-Edge Data Structure Entities































• Euler Operator - LMEV:





MVFS V = 1  (H = 1) N = 0 P = 0

H = 1 (V = 1, E = 0, L = 1) N = 0 P = 0

E = 0 (H1 = 0, H2 = 0) N = 0 P = 0

L = 1 (H = 1, F = 1) N = 0 P = 0

F = 1 (S = 1, LOUT = 0 / LOOPS = 1) N = 0 P = 0

S = 1 (V = 1, F = 1, E = 0) N = 0 P = 0

S = 1 F = 1

L = 1MVFS

V = 1
L = 1

H = 1

KVFS



MEV

V = 1  (H = 1) N = 0 P = 2

V = 2  (H = 2) N = 1 P = 0

H = 1 (V = 1, E = 1, L = 1) N = 2 P = 2

H = 2 (V = 2, E = 1, L = 1) N = 1 P = 1

E = 1 (H1 = 2, H2 = 1) N = 0 P = 0

L = 1 (H = 2, F = 1) N = 0 P = 0

F = 1 (S = 1, LOUT = 0 / LOOPS = 1) N = 0 P = 0

S = 1 (V = 1, F = 1, E = 1) N = 0 P = 0

F = 1

V = 2
H2 = 1

H1 = 2

E = 1

MEV

KEV

V = 1

S = 1 F = 1

L = 1

H = 1

V = 1

V = 1

V = 2

H1 = 2

H1 = 2

H2 = 1

E = 1



MEV

V = 1  (H = 1) N = 0 P = 2

V = 2  (H = 3) N = 1 P = 3

V = 3  (H = 4) N = 2 P = 0

H = 1 (V = 1, E = 1, L = 1) N = 3 P = 2

H = 2 (V = 2, E = 1, L = 1) N = 1 P = 4

H = 3 (V = 2, E = 2, L = 1) N = 4 P = 1

H = 4 (V = 3, E = 2, L = 1) N = 2 P = 3

E = 1 (H1 = 2, H2 = 1) N = 0 P = 2

E = 2 (H1 = 3, H2 = 4) N = 1 P = 0

L = 1 (H = 2, F = 1) N = 0 P = 0

F = 1 (S = 1, LOUT = 0 / LOOPS = 1) N = 0 P = 0

S = 1 (V = 1, F = 1, E = 1) N = 0 P = 0

V = 2V = 2

For a single strip there 

is no definition of the 

sequence (ccw nor ucw)

MEV

KEV

V = 1

V = 2

V = 1

E = 1

V = 1

V = 2

V = 1

V = 2

H2 = 1

H1 = 2

H1 = 2

H2 = 1

E = 1

E = 1

E = 2

V = 3

V = 2
E = 1

E = 2

V = 3



a MEV between two edges

Defines the sequence if occurs two situations:

V = 2E = 1

E = 2

the first MEF

V = 2E = 1

E = 2

F = 1 ccw

F = 1 ccw
F=2

d
e
s
ir
e
d

V = 1

V = 1

V = 3

V = 2E = 1

E = 2

V = 3

V = 1

V = 1

V = 3

V = 2E = 1

E = 2

V = 3

F = 1 ucw

F = 1 ucw

F=2

F=2



MEV

Which are the parameter to define each situation?

V = 2E = 1

E = 2

MEF

V = 2E = 1

E = 2

F = 1 ccw

F = 1 ccw
F=2

d
e
s
ir
e
d

In this case, the half-edge of edge 2 (if it is 
the first parameter of MEF) receives the new 
face/loop. It is decided if the new loop area is 
positive! TIP: Always keep the first face with 
negative area (as the outside face).

V = 1

V = 1

V = 3

V = 2E = 1

E = 2

V = 3

V = 1

V = 1

V = 3

V = 2E = 1

E = 2

V = 3

F = 1 ucw

F = 1 ucw

F=2

F=2
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Geometric Modeling

• Topology in non-manifold representations

�Application areas of geometric modeling that take 

advantage of the additional features of non-manifold 

representation 

• Modeling – transition between models, regions detections, storing 
arbitrary geometric information

• Analysis – implementation of building tools and simultaneous 
analysis of the model

• Representation of heterogeneous objects – regions with common 
volumes, coincident faces, internal structures, solids consisting of 
different materials



Radial-Edge
(Weiler 1986)

 Model 

Region 

Shell 

Face Use 

Loop Use 

Edge Use 

Vertex Use 

Face 

Loop 

Edge 

Vertex 

Model 

Region 

Shell 

Face Use 

Loop Use 

Edge Use 

Vertex Use 

Face 

Loop 

Edge 

Vertex 
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It was first introduced in the late 1980s, and 

recently became the new paradigm of mechanical CAD designs.



MCAD (Mechanical Computer Aided Design)

Relatively new Technology.

Its development has been occurring since 40 years 

in parallel to the  development of hardware technology.

Parametric ModelingParametric Modeling

It was first introduced in the late 1980s, and 

recently became the new paradigm of mechanical CAD designs.

It has increased the CAD technology 

at the level of being very powerful design tools.

It automates the design and reviewing procedures

by using parametric features.



The word parametric means that the settings of the project 

geometry, such as dimensions, can be changed at any time 

in the design process.

Parametric modeling is so named because of the design of 

parameters or variables that are modified during the 

Parametric ModelingParametric Modeling

parameters or variables that are modified during the 

project simulation process.

Vocabulary and Formalization:

- Features

- Part

- Constrains

- Assembly

- Sketch



Sketcher

Parametric ModelingParametric Modeling



SketcherGeometric Tools:

Parametric ModelingParametric Modeling
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Applying Constrains:

Parametric ModelingParametric Modeling



Parametric ModelingParametric Modeling



Features:

- Extrude

- Revolute

- Sweep

- Loft

Parametric ModelingParametric Modeling
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[PCMag2014]

BIMBIM

The door in this room has been "locked" to four feet from the right wall. When the wall 

is dragged to the right to make the room larger, the door maintains its relationship with 

the wall. This screen shot is in Autodesk Revit, the first parametric building modeler to 

tie together all component views and annotations parametrically for the A/E/C industry. 

In addition, the program maintains automatic interaction between graphic and schedule 

views (note door schedule at right). If either one is changed, its counterpart is 

updated. (Screen shot courtesy of Autodesk, Inc., www.autodesk.com)
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Geometric and Solid Modeling

https://www.cs.purdue.edu/homes/cmh/distribution/books/geo.html

[PCMag2014]

PC Magazine 2014

Encyclopedia: Parametric Modeling

http://www.pcmag.com/encyclopedia/term/48839/parametric-modeling
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