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ABSTRACT

Three-dimensional (3D) computer-aided design (CAD) models require different levels of detail (LODs)
depending on their purpose. Therefore, it is beneficial to automatically simplify 3D CAD assembly models to
meet the desired LOD. Feature-based 3D CAD assembly models typically have the lowest and highest feasible
limits of LOD during simplification. In order to help users obtain a feasible simplification result, we propose a
method to simplify feature-based 3D CAD assembly models by determining the lowest and highest limits of
LOD. The proposed method is verified through experiments using a simplification prototype implemented as a
plug-in type module on Siemens NX.

Keywords : 3D CAD Assembly Model3D CAD Z#A 2H), Feature-based Method(SA &4 7|8F &),
Level of Detail(&tM| ), Model Simplification(=22! TH=3}), Plug-in Type System(Z2{ 121 EFR A
A8, Siemens NX(Siemens NX)

1. Introduction (LOD) required in 3D CAD models varies at each
stage according to the model’s purpose and
participants. Therefore, a 3D CAD model can be
reused for a variety of purposes if the LOD can be

Three-dimensional (3D) computer-aided design (CAD)

models have become an inevitable part of the product
adjusted to the desired level. For example, in the

plant industry, the 3D CAD model LOD required by
# Corresponding Author : dhmun@knu.ackr an equipment manufacturer is different to that
Tel: +82-54-530-1271, Fax: +82-54-530-1278 required by engineering, procurement, and construction

development process; however, the level of detail

Copyright © The Korean Society of Manufacturing Process Engineers. This is an Open-Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 3.0 License
(CC BY-NC 3.0 http:/creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Simplification of a Feature-based 3D CAD Assembly Model Considering the Allowable Highest and Lowest Limits of the LOD
C@FTATFEEEA A9, ATE

(EPC). Thus, it is necessary to reduce the LOD of a
3D CAD model
manufacturer until it is at the level required by
EPCP.

At work sites, 3D CAD models with low LOD are

typically recreated manually. This is because existing

delivered by an equipment

tools do not automatically adjust the LOD to satisfy
worksite personnel requirements. As a result, the work
can take a long time and the simplification quality
may vary according to the worker. To resolve these
problems, technology must be developed that can
automatically adjust the LOD of 3D CAD models.
Moreover, the normal product development results are
produced in terms of assembly models rather than
part models. Therefore, it is also important to develop
technology that can simplify 3D CAD assembly
models.

In order to 3D CAD models,

simplification operations and evaluation metrics are

simplify

required. A simplification  operation  involves
removing 3D CAD model elements such as vertices,
edges, faces, and features to create a simplified
model?. The method of filling the empty spaces
created by removing elements may differ according to
the model’s form of expression. Evaluation metrics
quantitatively calculate the importance of each element
comprising a 3D CAD model™”
the 3D model

simplification including the assembly, parts, and

. To do this, extracting
information required for the
features are necessary. It is also necessary to employ
an algorithm to prevent undesirable results that can
occur during the simplification process, such as model
separation.

Model simplification systems can be developed as
stand-alone type systems or plug-in type systems,
which run on commercial 3D CAD systems. Plug-in
type systems can be developed wusing the API
(application program interface) provided by the
commercial 3D CAD system. For example, a user can
develop a program in the form of a library such as a
DLL (dynamic link library) and register it in a

commercial 3D CAD system then use the system via
the system UI (user interface). Stand-alone systems
refer to simplification systems that run independently
of commercial 3D CAD systems. Plug-in type systems
are more familiar to users than stand-alone type
systems because they wuse the Ul and features
providled by commercial 3D CAD systems. In
addition, because they run on a commercial system,
they are advantageous for tasks such as model
editing.

3D CAD assembly models are composed of
multiple parts, and the LOD required by each part
varies according to the number and type of features
that constitute the part, the part size, and the part
location. Therefore, it is necessary to individually
adjust the LOD of each part in the 3D CAD
assembly model simplification process through user
intervention®. To do this, an optimized simplification
procedure and major functions must be developed
while also considering user involvement. In particular,
when the desired LOD is entered after the user
selects the assembly components in the simplification
process, it is important to check the permitted range
of LOD and determine how the selected objects’
subordinate components can be simplified. Here,
components are the partial assemblies or parts that
constitute an assembly model.

To provide this type of simplification, we propose
a new feature-based 3D CAD assembly model
simplification method. In this study, we first establish
a simplification procedure then develop the major
functions required for simplification. We also present
a method for determining the permitted LOD for the
components undergoing simplification and for applying
a component locking mechanism for the subordinate
components of the selected objects at the LOD-based
simplification stage of the proposed procedure. The
prototype  system that supports the proposed
simplification method is designed to run as a plug-in
type system on Siemens NX using a simplification
API developed in a previous study™®. Finally,
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simplification experiments are performed on a test
model to verify the validity of the proposed method.

This paper is organized as follows. Chapter 2
analyzes existing studiess on 3D CAD model
simplification. Chapter 3 proposes the feature-based
3D CAD assembly model simplification procedure and
major functions. Chapter 4 presents the method for
determining the highest and lowest LOD limits of a
component, as well as the method for simplifying the
subordinate components of user-selected objects.
Chapter 5 discusses the results of experiments that
simplify a test model using the prototype system.
Finally, Chapter 6 presents the conclusions of this
study and future research areas.

2. Review of Related Studies

Existing studies on 3D CAD model simplification

are divided into mesh-based methods® 7, boundary
representation  (B-rep)-based  methods® ', and
feature-based methods""* ") The following is a

brief description of each method. Mesh-based methods
are mainly used to adjust the LOD of a mesh model
in the computer graphics field. For example, there is
a need to adjust the LOD of a mesh model according
to the wuser’s viewpoint in a virtual reality
environment. Specifically, LOD is determined in real
time by the user’s viewpoint and distance, pixel size,
eccentricity, and the relative speed compared to the
user!™. In order to lower the LOD of a mesh model,
the number of triangles that constitute the mesh must
be reduced. Generally, a mesh model that has
undergone proper simplification has a smaller number
of triangles than existing models but the triangles are
dense and regular’”.

B-rep-based methods are divided into the dimension
reduction method, feature suppression method, and
method.  The
reduction method reduces a 3D model’s dimensions to

volume  decomposition dimension
1 or 2 dimensions and is often used in pre-processing

for finite element analysis. The feature suppression

method uses the model’s topology information to find
and remove shape elements that correspond to specific
! method

patterns™.  The  volume
decomposes the B-rep model into a collection of

decomposition
partial volumes then removes partial volumes that
have low importance or correspond to certain
conditions™”.

The feature-based method calculates the importance
of features using the simplification evaluation metrics
then rearranges the order of the features!'”. Features
are removed sequentially, starting with low-importance
features. A model that fits the input LOD is then
created. In such cases, all of the model’s feature
information is assumed to exist. Previous studies have
focused on creating different evaluation metrics
including feature types and volumes according to the
model’s purpose, as well as by calculating the
importance of features.

Commercial systems and libraries, which provide
the simplification functions of a 3D CAD model,
include Armonicos’ spGate, Elysium’s CADdoctor, the
Defeature module provided by Dassault Systemes’
SolidWorks, and Spatial’s ACIS. These systems
support feature-based simplification (Defeature) and
B-rep-based simplification (spGate, CADdoctor, and
ACIS). Specifically, they support features that remove
internal parts, select and remove features that satisfy
certain conditions, or recognize and remove specific
types of features (fillet, round, chamfer, hole, and

boss) from the models.

3. Simplification of Feature-based 3D
CAD Assembly Models

3.1 Assembly

Procedure
The simplification process of a 3D CAD assembly

Model  Simplification

model is largely divided into the preprocessing stage,
the LOD-based simplification stage, and the results
output stage, as shown in Fig. 1. Section 3.2 provides

—24 —
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Fig. 1 Simplification procedure for a feature-based 3D

a detailed description of the major functions that
constitute each stage.

The preprocessing stage identifies the parts to be
preserved, then identifies and removes parts to be
removed, before finally identifying and removing
small elements. In the preprocessing stage, various
data required for simplification are first extracted
from the input model. After data extraction, the parts
to be preserved and removed are identified. The parts
to be preserved and removed are selected directly by
the user or automatically detected by the system. The
automatically detected parts to be preserved are parts
located at the outer boundaries. The automatically

detected parts to be removed are the internal parts
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that are not seen on the exterior. If there is overlap
between the lists of parts identified for preservation
or removal, the system requests the user to change
the lists. If there is no overlap, the parts to be
removed are removed and the small elements are
identified and removed.

The LOD-based simplification stage calculates the
importance of the 3D CAD assembly model’s
remaining features after preprocessing. In addition, the
user selects components and enters the desired LOD.
The entered target LOD is examined to determine if
it corresponds with the highest and lowest limits of
the components’ permitted LOD. Then, the LOD of
the 3D CAD assembly model is adjusted by
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sequentially removing low-importance features. This
process uses component locking and unlocking
functions. Locked components are excluded from the
list of simplification targets. The results output stage
saves the fully simplified 3D CAD assembly model
in a neutral file format such as STEP (standard for
the exchange of product model data, ISO 10303)!'",
or JT (jupiter tessellation, ISO 14306)!'®.

3.2 Major Simplification Functions
3.2.1 Data Extraction

The data extraction function extracts the data
required for simplification from the 3D CAD
assembly model. The extracted data includes the
(partial) assembly list and information, the part list
for each assembly, the volume and feature list for
each part, and the detailed information for each
feature (a list of features includes each feature’s
name, ID, type, volume, dimensions, and reference
relationships). However, data and assembly constraint
conditions are not extracted because they are not used
in the proposed simplification process.

3.2.2 Searching for Parts Located at Outer
Boundaries

A product’s outer boundary is  important
information that affects physical interference between
products. Therefore, it is necessary to minimize
changes to the dimensions of the outer boundary of a
product during the simplification process. To do this,
parts on the outer boundaries are detected from all
parts in the 3D CAD assembly model and are not
removed during the simplification process.

To find parts located at the outer boundaries, the
assembly model’s boundary box is calculated as in
Fig. 2(a). Then, a body with a fixed thickness is
created as the inner part of the boundary box (Fig.
2(b)). The thickness of the body is 5% of the
assembly model boundary box’s vertical, horizontal,

and height dimensions. Finally, the interference

A Bounding box A Body with a A
fixed ===
I / - thickness &
L] L] ()
(a) (b) ()

Fig. 2 Detection of parts located at the outer
boundary of an assembly model

—» :Ray

(a) (0) (c)
Fig. 3 Detection of internal parts that are hidden
from the outside

between the boundary box body and the input parts
is checked, and a decision is made as to whether the

input part is located at the outer boundary.

3.2.3 Searching for Internal Parts

Internal parts are those not visible on the assembly

[19-20] have

model’s exterior. Many previous studies
removed internal parts because they do not affect the
product’s appearance during simplification. Therefore,
internal parts are found and removed during the
preprocessing  stage, thereby  increasing  the
simplification rate while maintaining the 3D CAD
assembly model’s appearance. If there are assembly
constraint conditions related to a part during the
part’s removal process, the constraint conditions are
removed along with the part.

As shown in Fig. 3, internal part detection uses
the ray casting method, which is a type of hidden
surface removal method. A boundary box is created
in the target part then rays are cast in six directions
from the boundary box: forward, backward, left, right,
up, and down. If all cast rays hit other parts as in
Fig. 3(a), the part is determined to be internal. If the
rays do not hit anything (Figs. 3(b) and 3(c)), the
part is not classed as internal.

— 26 —
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3.2.4 Searching for Small Elements

Small elements are parts or features that are very
small compared to the overall assembly model.
Examples include parts with small volumes such as
bolts and nuts, as well as small holes that are used
to fasten parts and fillets/rounds/chamfers. In this
study, the criterion by which small parts were judged
was the volume for parts, the diameter for hole
features, the radius for fillet/round features, and the
sectional area for chamfer features. The small element
search stage finds and removes small parts or features
that have a smaller criterion of judgment value than
the user-entered value.

3.2.5 Calculating Feature Importance

In the feature-based simplification method, it is
necessary to calculate the importance of the features
that constitute the model. The importance of a feature
is calculated by Eq. (1).

F=we+ |V (D

i

where F, is the importance of feature i and V, is

(3 (3
the volume of feature i. The volume of a feature is
one of the most commonly wused criteria for

calculating the importance of a feature in

U131 js the

feature-based simplification studies
weight according to the feature’s creation type.

Different values are given according to whether a

Feature

Volume: 2

Volume: 1

feature is additive or subtractive. Additive features

usually have a greater influence on people’s

recognition of a model’s overall shape than
subtractive features. Therefore, previous simplification
studies!'™ ' have given additive features more
importance than subtractive features. Similarly, we
assigned a basic weight of 1.2 to additive features
and a basic weight of 0.8 to subtractive features. In
addition, the weight values can be changed according
to the needs of the user.

In order to determine the importance of features,
the volume of each feature must be calculated.
However, commercial 3D CAD systems typically only
provide a volume calculation function for the part
model’s body and do not provide separate functions
for calculating the feature volume. Therefore, this
study calculated the volume of each feature, as shown
in Fig. 4. If a new solid S, is created from a
Boolean function of the existing solid S, and the

feature F,, the volume of feature F, can be

calculated as the difference in volume between solid
S, and solid §,. If the calculated volume value is
positive, the feature is judged to be an additive
feature. If it is negative, the feature is judged to be a

subtractive feature.

3.2.6 LOD-based Simplification
The LOD-based simplification feature removes the
features that are subordinate to the user-selected

Volume: 10

Volume: -7

Fig. 4 Measuring the volume of each feature in a part model

- 27 —
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component until the component arrives at the
user-entered LOD. Features are removed sequentially,
starting with features of low importance within a part.
A component’s LOD is calculated by Eq. (2).

LOD = (XN — XN,)/2ZN x 100% 2

where 2N is the number of all features included in
the user-selected component and >N, is the number
of features removed from the user-selected component.
Eq. (3) calculates the number of features that must
be additionally removed from the user-selected
component in order to satisfy the LOD entered by
the user.

Ny = 2N,

present

- ZN x LODtarget (3)

where N,, is the number of features that must be

additionally  removed from the  user-selected

component, >N is the number of features

present
remaining in the current component, XN is the
number of all features included in the component,
and LOD,,, .. is the user-entered LOD.

Eq. (4) calculates the number of features that must
be removed for each subordinate part in the
component.

N.

i

SN-(SN, N, +5N) N

ad Q)

N, =

where N, is the number of features that must be
removed from part i, which is subordinate to the
user-selected component, N, is the number of features
included in part i, 2N is the number of all features
included in the component, XN, is the total number
of features included in all preserved parts that are
subordinate to the component, XN, is the total
number of features included in all removed parts that
are subordinate to the component, and XN, is the
total number of features included in all locked
components that are subordinate to the component. In

short, as a subordinate component has more features

than other components, more features are removed.
The number of features must be an integer number;
therefore, if N, is not an integer number, it is

rounded to the nearest integer number.

3.2.7 Feature Removal

To remove a feature from each part, the feature
with the lowest importance is repeatedly removed
until the part’s LOD reaches the target LOD (Fig. 5).
If feature removal fails during this process, the
feature is added to the removal failure list. It may be
possible to then successfully remove a feature that
failed to be removed in a previous stage if problems
such as reference relationships are resolved after
removing other features. Therefore, after all other
features have been removed in the current stage,
removal is attempted again for the features on the
removal failure list. Lastly, if the user-entered LOD
cannot be reached, a warning is given to the user
and information is provided about the features on the
removal failure list.

Feature feature
Because feature

removal  methods  include
suppression and face deletion.
suppression removes previously defined features, it is
easy to predict changes in shape after removal.
However, when a feature is removed, other features
that have reference relationships with the removed
feature are also removed. Face deletion is a function
that removes the faces of features and expands or
shrinks adjacent faces to create a closed solid. The
faces of the target features are removed without
regard to reference relationships between features.
However, shape changes occur when the empty parts
are filled in after feature removal and are difficult to
predict. This study considers this by performing
feature suppression first then performing face deletion
if feature suppression fails. Feature suppression is
considered to have failed if other features aside from
the target feature are also removed. Face deletion is
considered to have failed if there is at least 10%

error between the changed volume after face deletion
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(_ Start ) yes

Does it meet
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Select feature having
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Delete feature

yes

Add it to failure list

yes

Is there
next feature?2~*

no

Stop

Is there a
ailure list?

Select a feature
in failure list

Is there
a next feature?

Generate cause report explaining
that target LOD is not met

Fig. 5 Removal of less important features comprising a part model

uppress feature|

Was it successful? Are other features

Was it successful?

Return true

restore feature

Return false Stop

Fig. 6 Removal of feature using suppression and
face deletion

If both feature
suppression and face deletion fail, feature removal is

and the target feature’s volume.

considered to have failed.

4. Progressive LOD Control using
Component Locking Mechanism and
Determining the Permitted LOD Range

The major functions of LOD-based simplification,
which is the third stage of the assembly model
simplification method proposed in this study, are the
component locking mechanism and the highest and

lowest limits of permitted LOD. Component locking

prevents  additional  simplification  from  being
performed on subordinate components that have
already  completed  simplification  during  the

LOD-based simplification process of a higher-level
component. For example, we assume that there is a

higher-level component, P1, composed of components
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Cl, C2, and C3, and simplification has already been
performed on C1 and it has been locked. If this is
the case, then Cl1
simplified by the LOD-based simplification method.
On the other hand, if a subordinate component CCI1

is not affected when Pl is

of the user-locked component Cl1 is selected and
LOD-based simplification is applied, simplification is
possible if CC1 is not locked. This method is more
flexible than

subordinate components when a selected component is

existing methods"® that lock all

locked. This mechanism is applied because assembly
additional
individual simplification on subordinate components

model simplification usually performs
after determining an approximate LOD by selecting
and simplifying higher-level components. Of course,
components can also be unlocked according to the
user’s judgment during the simplification process. Fig.
7 describes the locking mechanism proposed in this
study.

The highest and lowest limits of the LOD that the
user can enter for each component in the LOD-based
simplification stage are related to the parts to be
preserved, the parts to be removed, and the small
element parts in the processing stage, as well as the
LOD-based
is necessary to

user-locked ~ components in  the

simplification stage. Therefore, it
calculate the highest and lowest limits of the LOD

for the selected component then determine if the

100%

Max. LOD:
LOD after the preprocessing step

Max. LOD

LOD range controllable by users

Min. LOD

Min. LOD:

LOD attainable with parts that
should be preserved or are locked
0%

at the LOD-based simplification step

user-entered LOD is within this range during the
LOD-based simplification stage (Fig. 8). Egs. (5) and
(6) are used to calculate the LOD’s highest and
lowest limits, respectively.

Lop,. — SN—(ZNpp+ ZZA[T\LTD+ SINg+ 2 Np)

=<100% (5)

SINp— S Npp+ SN, — SN,
SN

LOD,;, = = 100% 6)

where =N, is the number of features included in the
parts to be preserved, =N, is the number of
features removed from the parts to be preserved,
SNy is the number of features included in the parts
to be removed, XN, is the number of features
included in the parts that are small elements, =N, is
the number of features included in locked parts, and

>N, is the number of features removed from locked

2. LOD-based simpliﬂcation—\

Simplification of components
except locked component

1. Locking of a component K

3. LOD-based simplification

Sub-component can be
simplified even if parent
component is locked

Fig. 7 Component locking mechanism

i

7= ~ Exclusive Parts  Small Elements  LODs
g A Weight Factors
(+)Element: | 1.2

(-)Element: [ 08

Calculate
Importance

LOD of Tavga(:@_
Simplify
< Jrmoohents
[, |
Alert and notify feasible LOD range
oo Lock Unlock

Options for Exporting Data
CISTEP [0JT  Clsummary
Directory of Data

. engin head(100%]
. engin head coverl 100%]
+- engin block( 100%)
5 crank shahl 100%]
+ CARBURETOR[100%) ExporDan

Fig. 8 Feasible LOD range of a component at the LOD-based simplification step
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parts. The LOD highest limit value is the ratio of the
number of features remaining after preprocessing, and
the LOD lowest limit value is the ratio of the
number of features that cannot be removed.

5. Method Implementation and

Verification

A prototype system that supports the 3D CAD
assembly model simplification method was developed
in the form of a Siemens NX plug-in type module
(Fig. 9). The C# language was used in Microsoft
Visual Studio 2010 and the system’s Ul was
implemented using a Microsoft Windows forms
application. The Siemens Open APl and the NX
Simplification API, which was developed in a
previous study[4], were used as external libraries. The
Siemens Open API was used to connect with Siemens
NX and create additional menus in Siemens NX. The
NX Simplification API provides a collection of basic
functions required for the simplification of Siemens
NX 3D CAD assembly models, such as data
extraction, component selection, part and feature
selection and removal, part volume calculation, etc.

A test model was created for the model
simplification

experiments using the developed

prototype model. The test model was modeled directly

Siemens NX 10 e

° 1 8.2 |® . 8
- Start button of the q
prototype module

[Rm—"

. Prototype module forthe simplification of 3D
‘CAD assembly models |

Prototype module  for

feature-based 3D assembly models

simplification

as a Siemens NX’s native 3D CAD assembly by
referring to two-dimensional drawings of an engine
blower obtained from the Internet. This model has

also been used in previous studies!"”

and is composed
of 21 parts. This test model includes internal parts,
each of which was modeled using a variety of
features.

During the experiment, the test model was
simplified according to the procedure explained in
Section 3.1. After preprocessing the model and
calculating the importance of each feature, a user
inputted the desired LOD value. The prototype
module then checked whether the LOD value was
within the permitted LOD range, as shown in Fig. 8.
If not, the prototype module sent a warning message
and guided the user to input a proper LOD value.

Fig. 10 shows the results of the experiment in
which the prototype module was used to simplify the
test model. This figure shows the test model’s shape,
LOD, file size, and the ratio of the current file size
to the original file size for each simplification stage
(assembly model loading, internal part removal, small
element part removal, LOD-based simplification). For
the comparison of file sizes for original and
simplified models, they were saved in ISO 10303
STEP format and then their file sizes were compared.
According to the final stage’s results, the assembly
model was simplified to the user-entered LOD value
(22%) and the file’s size was reduced to 58% of the
original model’s file size. The LOD was calculated
based on the number of features composing a model.
If features consisting of simple geometric objects such
as lines and planes are removed and feature having
complex geometric objects such as curves and
surfaces during the simplification, the file size of a
simplified model is relatively high compared to the
LOD of the simplified model[22]. Notably, the final
model adequately preserved the original model’s
overall shape characteristics. Therefore, a user of the
Siemens NX system can easily simplify a 3D CAD
assembly model by using the plug-in type system
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LOD=100%
File size=2337 kB
Size reduction
ratio=100%

LOD=80%
File size=2183 kB
Size reduction
ratio=93%

a) Loading of a 3D CAD assembly model

b) Removal of internal and user-selected parts

LOD=50%
File size=1993 kB
Size reduction ratio
=85%

LOD=22%
File size=1372 kB
Size reduction
ratio=58%

¢) Removal of small parts

d) Simplification according to a desired LOD

Fig. 10 Simplification result for the engine blower assembly model

developed in this study.

6. Conclusions

This study proposed a technique for simplifying 3D
CAD through a feature-based
method. We first developed a model preprocessing
method to
elements,

assembly models

boundaries and small
3D CAD
assembly model LOD, a method to calculate feature

identify outer
a method to calculate the

importance using volume and weighting, and a
method to remove features of low importance. We
also proposed a method to automatically determine
the highest and lowest permitted LOD limits for each
component to examine the validity of the user-entered
the LOD of an

locking

LOD and progressively control

assembly model using the component
mechanism. A prototype module that supports the
proposed simplification method was implemented as a
Siemens NX plug-in. Finally, the developed prototype
model was used to experimentally simplify a 3D

CAD assembly model, which verified the effectiveness

of the proposed method.

This study involved some limitations. First, the
proposed method is general, but the developed
prototype module is limited in that it depends on the
specific commercial system, Siemens NX. In addition,
the proposed simplification method is a feature-based
method; thus, it cannot perform fine LOD adjustments
Finally, the

developed system can only be used to simplify solid

if there is no feature information.

models. actual work sites often use 3D
CAD models that include both solids and surfaces.
Therefore, in the future it will be necessary to study

However,

methods that simplify assembly models containing
such parts.
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