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ABSTRACT 
The use of feature recognition as part of an overall 

decomposition-based hexahedral meshing approach is described 
in this paper. Our meshing approach consists of feature 
recognition, using a c-loop or hybrid c-loop method, and the use 
of cutting surfaces to decompose the solid model. These steps are 
part of an iterative process, which proceeds either until no more 
features can be recognized or until the model has been 
completely decomposed into meshable sub-volumes. 

This method can greatly reduce the time required to generate 
an all-hexahedral mesh, either through the use of more efficient 
meshing algorithms on more of the geometry or by reducing the 
amount of manual decomposition required to mesh a volume. 

INTRODUCTION 
Mesh generation algorithms for meshing three-dimensional 

volumes can be broadly classified into two groups, those yielding 
tetrahedral and hexahedral-shaped elements. A fundamental 
difliculty for automated meshing is that a mesh is constrained in 
terms of how elements can share subfacets with each other. This 
is much less constraining for tetrahedral meshes than for 
hexahedral meshes. However, for reasons of accuracy, 
convergence (i.e. mesh locking), and application-specific 
requirements (e.g. boundary layers for CFD), hexahedral meshes 
are often preferred over tetrahedral meshes [l]. 

The automatic generation of all-hexahedral meshes for general 
3D geometries is an unsolved problem, although there are several 
approaches being investigated which show promise, for 
example whisker weaving [2] and boundary-fitting [3]. At this 
time, generating all-hexahedral meshes for complex geometries, 

here referred to as volumes, requires the user to decompose the 
geometry into meshable pieces, or sub-volumes. The 
determination of whether a volume or sub-volume is meshable 
depends on the meshing algorithms available; for typical 
problems, a variety of meshing algorithms will be used for 
various sub-volumes, depending on sub-volume shape or 
complexity. This decomposition and algorithm selection requires 
a great deal of user intervention time, and can account for over 
90% of the model preparation time. This time must be drastically 
reduced before simulation can become an integral part of the 
design process. 

There has been a geat deal of feature recognition (FR) 
research, but focused mainly in areas other than mesh generation. 
For a survey of feature recognition work, see [4]. Although 
several FR algorithms are based on feature information stored in 
the solid model, these algorithms assume that the CAD system 
used to construct the model stores that information, and are 
therefore not as generally applicable. There are several 
algorithms which operate on BREP information in the solid 
model [5][6][9]. These algorithms are preferred, since BREP 
information can be obtained for most types of solid models. For 
the purposes of mesh generation, the FR algorithm must be able 
to recognize a very general set of features, and ones defined by 
the application. Furthermore, it must operate locally, that is it 
must be capable of detecting features by observing local 
geometry, rather than inspecting the entire model. This 
requirement is introduced by the need to mesh very complex 
models, ones with hundreds or thousands of topological entities 
(curves, surfaces, etc.). 

This paper proposes using feature recognition to find 
protrusion-type features of a volume, which can be sliced off and 
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meshed individually. We propose to use feature recognition as a 
tool to speed the meshing process, rather than a single algorithm 
to steer the entire meshing process. In other words, feature 
recognition is used to separate the volume into sub-volumes of 
varying complexity, each of which can be meshed with the 
appropriate meshing algorithm which minimizes meshing time 
but maximizes mesh quality. 

The remainder of this paper is arranged as follows. Section 2 
discusses the concept of a feature for mesh generation 
applications. Section 3 describes the feature recognition process 
used in thii work. Section 4 discusses control of the overall 
feature recognition-decomposition-mesh generation process. 
Section 5 gives conclusions for this paper. 

Previous attempts to apply feature recognition to mesh 
generation have failed largely because of the requirement that a 
volume be defined completely by a relatively small set features 
with known, deterministic shape. For example, the AMEKS 
effort attempted to develop algorithms which would decompose a 
given solid into a set of primitive shapes [7]. In another effort, the 
medial axis was used to decompose the volume into these 
primitive shapes [8]. The robustness of both these approaches 
was limited by the inability to treat fully general 3D geometries. 
In contrast, our approach combines a flexibility of feature 
definition with the capability to decompose a geometry only 
partway into (recognized) features. 

FEATUFtE DEFINlTION FOR MESH GENERATION 
When working with feature recognition for a particular 

application, the first question to ask is “what is a feature?”. In the 
feature recognition context, a feature has been defined as “a 
physical constituent of a part, mappable to generic shape and 
having engineering significance” 141. In traditional applications 
of feature recognition, for example design for manufacturing, the 
set of “generic shapes” or features is pre-defined and tends to be 
small. Furthermore, applications often dictate that a given part 
must be defined completely with known features. 

In fact, the definition of features is extremely application- 
specific, and in many cases very constrained; for example, in NC 
machining, the features must be ones that can be created by some 
sort of tool moving along a prescribed path. In contrast, the 
definition of features for mesh generation is quite flexible. In 
either case, the definition of features depends on their 
significance in the target application. For NC machining, features 
are determined by the types of machine operations possible on 
the target machine; for mesh generation, features are determined 
by the available meshing algorithms. As a rule of thumb, for 
mesh generation features, if a piece can be meshed atomically 
with a single meshing algorithm, it can be considered a feature. 

The “rule of thumb” expression in the previous paragraph is 
necessary for the following reason. Because we assume that it is 
dif6cult or undesirable to decompose a given solid completely 
into known, simple features, we also assume the availability of a 
general 3D all-hex meshing algorithm. However, by this 
definition, any part could be considered a feature without the 
need for decomposition. We avoid this for two reasons. First, we 
do not yet have a robust, automatic 3D meshing algorithm, and 
manual decomposition can be substituted for that step. Second, 
even if we did, we would still want to use simpler meshing 
algorithms where possible, for speed and possibly mesh quality. 
Therefore, the notion of where to stop recognizing features 
depends not only on meshability but also on mesh quality and 
speed of meshing the given sub-volume and the algorithm 
appliedtoit. , 

Note that for the purposes of mesh generation, the features of 
interest are of the protrusion type, rather than both protrusions 
and depressions (although mesh generation features can contain 
depressions, these features are not of interest in and of 
themselves). 

FEATURE RECOGNITION PROCESS 
The feature recognition approach used in this effort is based on 

recognizing Basic Logical Bulk (BLOB) shapes as features 
using the methods described by Liu and Gadh [9]. This 
procedure has two stages. The first is the decomposition of the 
solid model into BLOBs. The meshing of the BLOBs is the 
second stage. 

The algorithm for decomposition of the solid model is 
composed of three steps. The first step is the BLOB 
determination step, during which a BLOB is found. The second 
step is finding the cutting face for the removal of the determined 
BLOB. The third step is the actual decomposition of the solid 
model (by removing the BLOB). This cycle is then repeated for 
both of the decomposed BLOBs. The decomposition of a simple 
model is shown in Figure 1. 

r-7 

Figure 1. 
PI .  

Decomposition of a simple model into BLOBs 

The BLOB determination is accomplished through the use of 
c-loops, as defined in Liu and Gadh [9]. A c-loop is a loop of all 
concave or convex edges. A protrusion can be identified as 
enclosed material with one concave c-loop. A blind depression 
consists of one convex c-loop and no enclosed m a t e d .  A 
through depression has one more convex c-loop than the blind 
depression. A bridge is a feature which encloses material and has 
two concave c-loops [9]. Figure 2 illustrates these four cases. 
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Figure 2. 
them. 

Examples of cloops and features defined by 

For the object in Figure 3, there is obviously a feature, but 

Base Face 

Figure 3. A hybrid cloop [ 91. 

there is not a complete c-loop. The concept of a hybrid c-loop 
was developed to handle such cases in Liu and Gadh [lo]. A 
hybrid c-loop is composed of a loop of neutral edges with either 
convex or concave edges. The hybrid concave c-loop is shown in 
Figure3. The neutral edge is an artificial edge on a face. The 
purpose of the neutral edges is to complete open c-loops. 

The decomposition is accomplished through the use of a 
cutting face, as defined in Liu and Gadh [lo]. The cutting face is 
determined by the c-loop, which may be determined by the 
placement of the neutral edges. The simplest method for 
determining the neutral edges is by extending the base face (the 
face containing the largest number of concave edges in the 
incomplete c-loop.) The base face and resulting neutral edges 
are shown in Figure 3. In Figure 4, a more complicated method 
of determining the neutral edges is necessary. If the method used 
in Figure 3 were applied to Figure 4, the resulting mesh of the 
decomposed BLOB would be very poor. In this case the MMA 
(Maximum Minimum Angle) method is used to determine the 
neutral edges [lo]. Note that the best definition for the cutting 
surface may not be necessary for meshability, but may be 
desirable for maintaining local mesh quality. 

Once the hybrid c-loop is completed, the cutting face is 
known, and the BLOBs can be decomposed. This process is done 
recursively on both of the resulting BLOBs until no more 
concave edges can be found. The decomposed BLOBs are stored 
in a tree structure such that the order of meshing is known. 
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Figure 4. 
proach [lo]. 

Neutral edges with and without the h4MA ap- 

Figure 5 illustrates the dependency of the mesh of a BLOB on 

Figure 5. BLOB mesh interdependency [lo]. 

it's neighboring BLOBs and the necessity of an appropriately 
organized means of storing the BLOBs. 

After the recursive decomposition of the BLOBs is completed, 
there are several methods for meshing each BLOB. If the BLOB 
is a simple shape, it is mapped as a collection of hexahedral 
elements called a multiple block structure (MBS) that 
approximates the geometry of the BLOB [ 111. The MBS of each 
BLOB is then mapped back to the actual shape of the BLOB and 
meshed. The MBSs for several simple shapes are shown in 
Figure 6,. If the BLOB is not sufficiently simple for the MBS 
method, a swept object method of meshing may be applicable. If 
the object is identified as a swept object as described in Yu, Liu, 
and Gadh [ 121, one of the end faces is meshed with quadrilateral 
elements and that two dimensional mesh is then swept along the 
object to generate the hexahedral mesh. The quadrilateral mesh 
and sweep path of a swept feature are illustrated in Figure 7,. 

OVERALL PROCESS CONTROL 
The ultimate goal of this research is to reduce the amount of 

time required to generate an analysis model from a design model, 
both in terms of interactive user time and cpu time. Separating 
the volume into sub-volumes of varying complexity and target 
meshing algorithm allows the optimal combination of algorithm 
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Figure 6. Basic elements and their corresponding 
MBSs andmeshes [ll]. 

Figure 7. Swept feature meshing [13]. 

speed and mesh quality for each sub-volume. This minimizes the 
overall mesh generation time because it uses expensive 
algorithms only when necessary. In fact, this approach is already 
used to manually decompose and mesh complex geometries. We 
seek to automate both the decomposition and the meshing 
algorithm selection processes. 

At a broad level, feature-based decomposition for mesh 
generation can be viewed as a repeated series of detect- 
decompose-evaluate operations (each described in a previous 
section), where features are detected on a volume, the volume is 
decomposed according to those features, and sub-volumes are 
evaluated for meshability. This process can be either fully or 
partially recursive; the pseudo code for a fully recursive 
algorithm is shown in Figure 8. In this version, a single feature is 

ForavolumeN 
- find a feature F on volume N 
- slice off feature F from N, leaving sub-volumes 
N ,  N 
- For volume n in N, N’: 
- if n is not meshable with a simple algorithm, 

repeat overall process for n 

Figure 8. 
decomposition algorithm. 

Pseudo code for fully recursive feature-based 

recognized and the decomposition always separates one sub- 
volume into two sub-volumes. In a partially recursive version, 
multiple features are recognized and removed as part of the same 
iteration through the process (Figure9). In both versions, the 

For a volume N: 
- find a set of non-interfering features Fi on volume 
N 
- slice off all features Fi from N, leaving sub-vol- 
umes N’ and Fi 
- For volume n in N’ , Fi: 
- if n is not meshable with a simple algorithm, 

repeat overall process for n 

Figure 9. 
based decomposition algorithm. 

Pseudo code for partially recursive feature- 

process is repeated for sub-volumes, and terminates for a sub- 
volume when either no more features can be found or when the 
sub-volume can be meshed with a single algorithm. While the 
partially recursive method is more efficient, it may not be 
possible to detect all features on a volume in one pass due to 
feature interaction. 

The determination of when to terminate the recursive sequence 
is based on a trade-off between time taken to recognize features 
and decompose versus time saved by using simpler meshing 
algorithms on a larger portion of the volume. This depends 
heavily on the relative speed and complexity of the available 
meshing algorithms. The meshing algorithms available in the 
CUBIT mesh generation code are classified in Table 1[ 141. 

Table 1: CUBIT meshing algorithms and associated 
complexity of volumes meshed and approximate meshing 

speed 1141. 
I 

Meshing speed (# 
hexes/second)b Algorithm Complexitya I 

I t I 

I LOW I 10,000 Mapping 

Submapping Medium 10,000 

Translate Medium 5000 

Project Mdium-high 3000 

Whisker weaving High 100 

a. In this context, complexity is inversely propoltional to constraints 
on the volume required by the algorithm. For example, mapping 
requires a volume to have 6 sides with matching meshes on each 
pair of opposite faces. Algorithms with high complexity have no 
constraints. 

b. Execution times approximate; meamrements made on an HE’ 7351 
125 workstation. 

Currently, the implementation of feature detection and 
decomposition is separated from the CUBIT code; therefore, 
feature detection continues until either no more concave edges 
remain or no more features can be detected. The resulting sub- 
volumes are written to an ACIS file, which is read by CUBIT. 
Meshing can then proceed on the sub-volumes, each using one of 



the algorithms listed in Table 1. 

CONCLUSIONS 
This paper describes the use of feature recognition as part of 

an overall decomposition-based hexahedral meshing approach. 
Feature recognition is accomplished using a c-loop or hybrid c- 
loop method. From the c-loops, cutting surfaces are constructed; 
these cutting surfaces are used to decompose the solid model. 
Using an iterative process, decomposition proceeds either until 
no more features can be recognized or until the model has been 
completely decomposed into meshable sub-volumes. 

While parts are rarely completely 2.5D (i.e. sweepable), often 
a substantial volume of the part appears in 2.5D features or sub- 
volumes. Using feature recognition, these sub-volumes can be 
separated fiom the base part and meshed individually, often with 
a faster algorithm. The remaining object can be meshed with a 
3D free-form all-hexahedral mesher, or alternatively can be 
meshed using manual decomposition. In the case of an automatic 
3D mesher, this approach reduces the overall meshing time 
because it uses the relatively expensive meshing algorithms only 
when necessary. On the other hand, if such a meshing algorithm 
is not available, the relative reduction in meshing time is even 
greater, because a great deal of user-driven decomposition is 
performed automatically. 
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