
!
!

Delft University of Technology

Alpha-SIM
A quick 3D geometry model simplification approach to support aircraft EWIS routing

Zhu, Zaoxu; Rocca, G. La; Zheng, Yao; Chen, Jianjun

DOI
10.1177/0954410020952922
Publication date
2020
Document Version
Accepted author manuscript
Published in
Proceedings of the Institution of Mechanical Engineers, Part G: Journal of Aerospace Engineering

Citation (APA)
Zhu, Z., Rocca, G. L., Zheng, Y., & Chen, J. (2020). Alpha-SIM: A quick 3D geometry model simplification
approach to support aircraft EWIS routing. Proceedings of the Institution of Mechanical Engineers, Part G:
Journal of Aerospace Engineering, 235(6), 646-660. https://doi.org/10.1177/0954410020952922

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1177/0954410020952922
https://doi.org/10.1177/0954410020952922


�-SIM: A 3D geometry model simpli�cation and idealization approach
using 2D �-Shape

Zaoxu Zhua,b, G. La Roccab, Yao Zhenga, Jianjun Chena,�

aSchool of Aeronautics and Astronautics, Zhejiang University, Hangzhou, 310027, P.R. China
bFaculty of Aerospace Engineering, Delft University of Technology, Delft, Netherlands

Abstract

Digital MockUps (DMUs) represented by CAD data are widely used in engineering practices. It has been
noticed that in a collaborative design process (e.g., path routing of cables or pipes for a vehicle), DMUs
obtained from upstream partners may include over-detailed features, such as screw threads and gear tooth.
These features hardly in�uence the results of current design but signi�cantly increase rendering and com-
putational time and cannot be easily suppressed since the DMUs are commonly stored in neutral formats
(e.g., STEP or IGES) and the information of features does not exist any more.

Aimed at simplifying the CAD models to facilitate downstream applications, a geometric simpli�cation
and idealization method named �-SIM is presented. This method is inspired by Descriptive Geometry
techniques and 3D modelling approach using 2D sketches. Descriptive Geometry techniques can obtain 2D
pro�les that include the main features of the CAD model and 3D modelling is able to rebuild a 3D model
from the 2D pro�les/sketches. This method cares more about the intuitive notional shape of the CAD
model rather than its low level primitives, such as vertices, edges, and faces. The intuitive notional shape is
represented by a set of 3D cloud points and their 2D projections on coordinate planes. The 2D pro�les are
�-Shapes of each 2D point sets. Via controlling the density of the 3D cloud points and the � value, various
geometric approximations will be achieved. The results of engineering test cases demonstrate promising
prospects of this method in geometry simpli�cation and idealization applications.

Keywords: Geometry simpli�cation, 2D alpha-shape, CAD

1. Introduction

Digital MockUps (DMUs) represented by CAD data format are widely used in modern engineering
practices, such as modelling, analysis, and simulation. Nevertheless the quality of some CAD models are
not satisfactory. A complex system will be systematically decomposed into some sub-systems. These sub-
systems are designed collaboratively and/or iteratively at various participants. A set of DMUs is a pivotal5

output of each sub-system. In each design loop, the upstream DMUs are required to carry out the design
of current sub-system. It has been noticed that the DMUs received from upstream suppliers sometimes are
over-detailed to current design. For instance, designers of aircraft Electrical Wiring Interconnection Systems
(EWIS) receive DMUs of aircraft and equipment from aircraft designer and other equipment suppliers to
determine where they can put clamps and route wire harnesses; where geometry obstacles they need to avoid10

are; where receptacles that harnesses need to connect with are; and so forth. Sometimes the DMUs they get
are already mature enough for manufacturing and include many over-detailed geometric features for cable
wiring, such as chamfers, slots, rivet holes, and screw thread (see Figure 1). These features hardly in�uence
the results of current design but signi�cantly increase the model size as well as the time of geometry rendering
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Figure 1: Illustration of an EWIS routing environment

and computing, such as collision check. Similar problems are faced by the designers of hydraulic/fuel pipes15

and air duct for aircraft as well as the designers of pipes and cables for ship and o�shore plants [1].
In industry, the designers already take actions to handle the over-detailed equipment, such as 1. gener-

ating simpli�ed 3D CAD models manually; 2. hiding some of the CAD models; 3. mentally ignoring some
of the CAD models; and 4. using triangulated format(e.g., Catia CGR) to represent the actual CAD model.
Nevertheless, the manual work does not suitable for current collaborative design process which generally20

consists of many design iterations. The problems of the rest solutions are also noticed by EWIS engineers
during their daily work and are presented in [2].

Figure 2: Illustration of an observation and reconstruction process of a 3D model

Therefore, a geometry simpli�cation and idealization approach that is able to get rid of unnecessary
geometric features of CAD models is needed. The method needs to be time e�cient since the upstream
DUMs, namely the routing environment, will be updated many times in the above mentioned iterative25

engineering practices. The EWIS designers also prefer to control the LODs (Level of Details) of simpli�cation
results (e.g., rough or �ne approximations) via adjusting some parameters to satisfy di�erent application
scenarios.

Considering the two requirements, we proposed a novel simpli�cation method, called �-SIM (Simpli�cation
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and Idealization Method using 2D �-shape), in this paper. Instead of diving into mesh or low primitives30

(i.e., vertices, edges, and facets) of an actual CAD model, �-SIM cares more about the outer 2D pro�les
of the model. This method is inspired by the Descriptive Geometry technique and the 3D CAD modelling
process. When using descriptive geometry technique, a 3D CAD model can be projected onto several 2D
planes to form 2D drawings. The reader is able to reconstruct the 3D CAD model from the 2D drawings
in their mind. In 3D CAD modelling, a 3D model is generated from 2D sketches using various methods,35

such as Extrude. As shown in Figure 2, a geometry may contains multiple features (e.g., holes and �llet)
and projecting to and extruding from one 2D plane is not su�cient to represent all these features. Hence,
multiple 3D models need to be generated to represent a part of the features respectively. Finally, a Boolean
intersection needs to be carried out to generate a single 3D model which includes all the features. Therefore,
a 3D CAD model is reconstructed.40

Figure 3: Process of 3D model sampling and 2D shape reconstruction

Nevertheless, the LODs of simpli�cation results cannot be adjusted yet in this process. In order to
achieve this function, a 3D shape sample and 2D shape reconstruction approach is applied when generating
2D sketches from the 3D CAD model. As shown in Figure 3, the 3D model is �rst tessellated into a set of
3D cloud points. Then, the set of 3D points will be projected onto 2D planes to form 2D intuitive notional
shapes (in Figure 3, only one 2D points projection is presented as an example). Next, an �-Shape of the set45

of 2D points can be generated. During generating �-Shapes, di�erent 2D approximations can be achieved
when selecting proper � values, such as �-Shape A and �-Shape B in this picture. In �-Shape B some small
holes are removed for a bigger � value is used. Therefore, di�erent approximations of the 3D CAD model
will be �nally achieved. The relationship between the simpli�cation level and the � value will be detailed
in Section 3.50

In the remainder of this paper, related geometry simpli�cation and shape reconstruction work is �rst
discussed in Section 2. In Section 3, the development of the �-SIM is presented. Then the key tech-
niques of the method are detailed. Some test cases are presented in Section 4 followed by conclusions and
recommendations in Section 5.

2. Related work55

2.1. Review of geometry simpli�cation methods
The necessity of simpli�cation and idealization of CAD models have already been noticed and diverse

simpli�cation and idealization approaches have been studied. These methods can be classi�ed into 1) mesh
simpli�cation, 2) geometric feature-based simpli�cation, and 3) boundary representation (B-rep) model
simpli�cation.60
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One type of mesh simpli�cation methods focus on reducing the number of vertices, edges, facets, and
cells via incrementally deleting and merging the adjacent elements to decrease the complexity of the original
model [3, 4, 5]. The other type of the method recognizes features from a mesh model and then remove all
the triangles enclosed by the features to simplify the mesh[6, 7]. The geometric feature-based simpli�cation
suppresses the less important features stored in the product tree according to some metrics to achieve a65

simple CAD model.[1, 8]
In the engineering practices considered in this paper, the target CAD models are de�ned using B-rep

method and stored in neutral CAD �le exchange formats (STEP and IGES) for the compatibility with other
partners and the protection of intellectual property. The mesh as well as the features tree and information
of modelling sequence are not included in the �le. Therefore, the �rst two simpli�cation methods are not70

applicable here.
The third one, namely B-rep model simpli�cation, includes dimensional reduction method as well as

Feature Recognition and Suppression Method(FRSM). The former transforms the 3D representation into
2D and 1D (e.g., faces and edges)[9, 10] and the latter �rst recognizes the features from B-rep models and then
suppresses the less important ones according to evaluation metrics [11, 12, 13]. The result of dimensional75

reduction is more suitable for CAE analyses, but it is not able to represent the space occupancy of the
equipment in a very crowded routing environment. The geometry collision-free cable routing results(e.g.,
pipe and cable) in the simpli�ed routing environment may collide with the actual 3D CAD models. The
FRSM is a promising solution for the geometry simpli�cation application in this paper. Many feature
recognition research works can be found in a review paper[14]. Nevertheless, as indicated in the paper80

that �the complete problem (of feature recognition) is far from being resolved�. B. C. Kim and D. Mun
also point out �..., B-rep simpli�cation can be applied to only limited shapes, and the control of the LOD
is not easy.�[15] Indeed, similar problems are noticed in our daily work. First, not all features can be
recognized and therefore can not be suppressed. Some features, such as holes, chamfers, �llets can be easily
recognized, but other features, such as the screw thread in Figure 12, are very di�cult to be recognized (if85

it is not impossible). Second, this method may be capable but not suitable for low Level of Details(LODs)
simpli�cation due to the its e�ciency. This method �rst needs to carry out a very time consuming feature
recognition process. Then it suppresses the less important features, provided the features can be successfully
recognized. The simpler the simpli�cation result is, the more time is needed. In a cable or pipe routing
practice, a designer may only be interested in the outer pro�le of a CAD model. The pro�le can be the90

shape of main features, convex hull, or even bounding box. Achieving such low LOD simpli�cation results
using the FRSM is too time consuming. On the other hand, the information represented by bounding box
or convex hull may be not adequate for the engineering practices.

Therefore, as mentioned in Section 1, a novel simpli�cation method, �-SIM, is proposed. One of the
criteria to evaluate the performance of a geometry simpli�cation method is whether the features intended95

to be suppressed are removed and the features intended to be preserved are kept. From this perspective,
the performance of �-SIM is signi�cantly in�uenced by the e�ect of the 2D shape reconstruction.

2.2. Review of 2D shape reconstruction methods
Given a �nite set of planar points S � R2, shape reconstruction tries to generate a set of polyline

connecting a points set S� � S to express the intuitive notional shape of S, such as the two �-Shapes shown100

in Figure 3.
Shape reconstruction is a very challenging and crucial problem in several domains and is extensively

studied. A very early attempt to recognize the intuitive notion of a point set is �-Shape[16]. �-Shape is
the space generated by connecting all point pairs that can be touched by an empty circle of radius 1/�.
� is a variable. If � equals 0, the output is a convex hull of S. Via choosing a proper � value, both the105

outer boundary and inner boundaries (holes) can be reconstructed. The e�ect and e�ciency of this method
is signi�cantly determined by the density of points S. A uniform distribution of S will improve its e�ect
and e�ciency. When the points in S is not uniform or too sparse, expected �-Shape may not be able to be
generated to represent the shape of S. In order to take care of this issue, A-Shape [17] is proposed. This
algorithm �rst adds a �nite set of auxiliary points A to S and then constructs Delaunay Triangulation (DT)110

of S � A. Finally, a pair of adjacent points in S will be connected if and only if they are two endpoints
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of an edge in a Delaunay triangle. Another DT based parametric shape recognition method is known as
�-Shape[18]. This algorithm removes the external longest edge in the DT until the longest edge on the
boundary is less than a threshold value L. The e�ciency and termination condition of this algorithm is
a�ected by the threshold value. By selecting a small value for L, more details on the shape can be obtained.115

However this method is only able to generate the outer boundary of a point set S, inner boundaries(i.e.,
holes) cannot be reconstructed. Another outer boundary recognition algorithm, simple-Shape[19], starts
reconstruction from the convex hull of a point set S and makes the outer shape concave step by step. This
algorithm works for both BS (Boundary Sample) and DP(Dot Pattern) but is also not able to detect inner
boundaries.120

In the above mentioned methods, parameters need to be tuned in order to obtain the expected shape.
Therefore, such methods are classi�ed into parametric shape reconstruction approaches. On the contrary,
the approaches presented below are known as non-parametric method. Crust[20] and NN-crust[21] are
algorithms designed to reconstruct outer and inner boundary (curves for 2D and surfaces for 3D) from a
2D/3D point set S. RGG(Relaxed Gabriel Graph)[22] is designed to detect the outer boundary of sample125

points. It is also able to recognize the inner boundary provided the points set on the inner boundary edge
forms a fat triangle and some thin triangles and the fat one is surrounded by the thin ones. Recently, an
Empty Disk Approach[23, 24] is proposed. This algorithm is able to reconstruct outer and inner boundaries
for both BS and DP. Nevertheless, the LODs of the output shape cannot be adjusted by end users when
using this method.130

In the simpli�cation application considered in this paper, both outer and inner boundary of cloud points
need to be detected and the LOD of the simpli�cation needs to be adjusted by the end user to satisfy
the requirements at di�erent design phases. Therefore, the non-parametric methods and the methods that
cannot reconstruct the inner boundaries are excluded. �-Shape method becomes the best candidate for
the shape reconstruction. Although the performance of this method largely depends on the density and135

uniformity of the sample points, the sample points are generated via tessellating the CAD model about to
be simpli�ed and the end user has a full control of the tessellation process. Therefore, the drawbacks of the
�-Shape will be avoid in this application.

3. Development of the simpli�cation and idealization method(�-SIM)

In this section, the work�ow of �-SIM is presented �rst. Then, the key techniques that in�uence the140

e�ect and e�ciency of the method are discussed.
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3.1. Work�ow of �-SIM

Figure 4: Work�ow of the simpli�cation and idealization method(�-SIM)

The �-SIM is designed to simplify a component (part). If the input geometry is an assembly, the
simpli�cation can be carried out per its component or the assembly �rst compounds into one part if the
assembly is considered as a component 1. The method consists of 6 main steps, which are illustrated in145

Figure 4) and introduced below:
1). discretize CAD model into 3D points: after reading in a CAD model, the �-SIM �rst discretizes

the model into 3D cloud points, which represents the intuitive notional shape of the actual CAD model,
via surface triangle tessellation. The 3D points are the all vertices of triangles. This tessellation can be
done by mainstream geometry kernels, such as Open Cascade used here. The default tessellation method150

will generate as less triangles as possible to represent a surface. In this discretization process, the only
parameter that needs to be controlled is the maximum allowed tessellation size Lallowed

max (i.e. the maximum
allowed distance between adjacent points) since it will determine the density of cloud points and the density
of the points in�uence the e�ect and e�ciency of generating �-Shapes. Denser cloud points increases the
generation time of a �-Shape but too sparse points may lead to failure to generate an expected �-Shape.155

The method to select a proper Lallowed
max will be detailed in the next Subsection. Here pictures in Figure 5

illustrate the relationship between Lallowed
max and tessellation result;

1For instance, a device is an assembly. When the device is placed in a wing, it is considered as single part since the assembly
relationship in the device is not interesting for harness designers. Hence, the device is �rst compounded together and simpli�ed
as a component.
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Figure 5: Tessellation results of a surface with di�erent Lallowed
max

2). project 3D points to the most-feature-planes: when using the descriptive geometry techniques, a
3D CAD model can be described by pictures on some 2D planes, such as XOY, XOZ, and YOZ planes
of Cartesian coordinates. Projection of the CAD model on these planes preserves the most features of160

the model. These 2D planes here are call most-feature-planes. In practice, not all Cartesian coordinate
planes need to be selected for projecting. In the example illustrated in Figure 4, XOY, XOZ planes are
adequate since projection on these planes already includes all the features, namely: the holes, �llet, and
the 3D dimensions of the slab. On the other hand, the three Cartesian coordinates planes sometimes may
not be enough for a complex CAD model. In this case some auxiliary planes need to be de�ned by the end165

user. Currently, the XOY, XOZ, and YOZ planes are considered as the default most-features-planes for the
automation of the simpli�cation process. Users are also permitted to delete the planes from or add auxiliary
planes to the most-feature-planes list when they think it is necessary. Then 3D points will be projected to
these planes to generate some 2D point sets;

3). construct �-Shapes: �-Shapes will be constructed from each 2D point set. They are used for170

generating sketches to rebuild the simpli�ed CAD model. Small features can be eliminated via controlling
the � value therefore di�erent geometric approximations are achieved. According to Edelsbrunner et al.
[1983], �the �-Shape is the intersection of all closed discs with radius l/� that contain all the points of S�
if � is positive real; �the �-Shape is de�ned as the intersection of all closed complements of discs (where
these discs have radii - l/�) that contain all the points of S� if � is negative real.[16] In practice, the negative175

�-Shape is more widely used since it is more �exible and can reconstruct holes from a points set. Gradually,
the de�nition of �-Shape has been evolved in later research works [25, 26]. Below, the de�nition of 2D
�-Shape used in this paper is given:

De�nition of 2D �-Shape : the 2D �-Shape is the boundary of Tri = {t : rt < �, t � DT (S)}, where
DT(S) is a Delaunay triangulation for a given point set S in a plane such that no point in S is inside the180

circumcircle of any triangle in DT(S); t is a triangle in DT (S). rt is the radius of the circumcircle of t; � is
a non-negative real number.

�-Shape is a convex polygon if � is approaching in�nite or su�ciently big and �-Shape is empty if � is
su�ciently small. Via adjusting � value, di�erent approximations can be achieved (see Figure 6). In this
�gure, DT (S) is generated �rst from the point set S. Then the triangles whose circumradius are smaller185

than � are removed from DT (S) to generate Tri � DT (S). The Tri sets obtained using di�erent � values
represent di�erent intuitive notions of the original point set. Finally, edges of Tri that are not shared by
more than two triangles are connected to form the outer and inner boundary of the �-Shape.
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Figure 6: Diverse approximations of the point set S via using di�erent � value

4). generate 2D sketches: an �-Shape of a set of points is polyline but a 2D sketch normally is a
combination of line segments and/or curves. Therefore the piecewise line segment chains of the polyline190

which are collinear (i.e., included angle of adjacent line segment is smaller than 1×10�6 deg ) are transformed
to line segments. The rest line segment chains (i.e., the ends of line segments) are transformed into curves
via a spline interpolation;

5). extrude 2D sketches to 3D models: extruding 2D sketches with the dimensions of the actual CAD
model generates 3D CAD models and each 3D model contains the features that are visible from the per-195

spective perpendicular to its sketch. For instance, extruding the 2D sketch on XOZ plane along axis Y at
distance equal to the width(along Y) of the actual CAD model generates a 3D model. The model contains
the features that are visible when observing the model along Y axis. The features that are intended to be
removed (e.g., small holes) do not exist any more;

6). intersect the 3D models to get the �nal simpli�cation result: each 3D model obtained via previous step200

contains a part of the features of the original model. In order to obtain a single 3D CAD model preserving
all the features, the 3D models intersect with each other. As shown in Figure 4, the holes (i.e., features on
XOZ extrusion) and �llet(i.e., features on XOY extrusion) are all preserved in the �nal simpli�cation result.

Finally, the simpli�ed result will be exported in a neutral CAD format, which is the same as the input
�le, to replace the actual CAD model.205
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3.2. Discussing the parameters in�uencing the e�ect and e�ciency of �-SIM

Figure 7: In�uence of the maximum tessellation size and � value on the e�ect and e�ciency of the geometry simpli�cation

The e�ect and e�ciency of �-SIM largely depends on whether the expected �-Shape can be reconstructed
from the points set and the e�ciency of the reconstruction process. A successful and e�cient shape recon-
struction is determined by an appropriate � value and an appropriate density of the cloud points, namely
the maximum allowed tessellation size Lallowed

max . For instance, the cloud points in Figure 6 are too dense210

(i.e.,low e�ciency) if only the outer pro�le or the Circle A needs to be reconstructed. This will increase
the time on the � shape reconstruction. On the other hand, the points are too sparse (i.e., unsuccessful
reconstruction) if Circle C needs to be reconstructed. The pro�le of Circle C can not be recognized from
the point set.

In this Subsection, a tessellation and shape reconstruction example is given in Figure 7 to illustrate215

the in�uence of Lallowed
max and � value on the e�ect and e�ciency of the geometry simpli�cation. In this
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simpli�cation example, the features whose dimension 2 are equal to or smaller than 1mm are expected to
be suppressed and features whose dimension are equal to or lager than 2mm are intended to be preserved.

Here, 7 set of cloud points, whose points number vary from 14037 to 70, are generated with Lallowed
max

varying from 0.2mm to 5mm. The smaller Lallowed
max , the more points are generated. Then the �-Shapes for220

each points set are generated with � value varying from 0.2mm to 5mm, as shown in Figure 7. From this
�gure, the following states are noticed:

� A su�ciently small Lallowed
max and � (i.e., 0.2 mm) enables an accurate shape reconstruction. Here, the

accuracy is evaluated by the area of the expected CAD model Sexp and the �-Shape S�. It is de�ned
as |Sexp �S � |

Sexp
. According to this de�nition, error of the �-Shape {Lmax = 0.2 � � = 0.2} is 0.015%. A225

more accurate approximation can be expected if a further smaller Lallowed
max is adopted.

� � value controls the LOD of the simpli�cation result. The features whose dimension is smaller than
or equal to � are suppressed and the features whose dimension is larger than � are preserved. The
� should be smaller than but as close as possible to dimpre. Otherwise the non-smooth edge in
{Lmax = 1 � � = 1}, which should be a straight line segment, may occur.230

� Given an � value, too large Lallowed
max will lead to an empty or ill conditioned �-Shape, whose error

is 100% or more than 50% respectively. Provided the � can be generated, the accuracy of the sim-
pli�cation result is largely determined by the Lallowed

max . Although an �-Shape can be generated when
the Lallowed

max (approximately) equals to �, the shape is not satisfactory, such as the non-smooth edge
in {Lmax = 1 � � = 1} and the irregular polygon in {Lmax = 1.9 � � = 1.9}. It is noticed that an235

satisfactory simpli�cation result can be achieved when Lallowed
max is smaller than half of �, namely half

of dimpre.

� When a �-Shape is already satisfactory(e.g., {Lmax = 1 � � = 1.9}), decreasing Lallowed
max further will

negligibly increase the accuracy of the approximation, such as 0.18% for decreasing Lallowed
max from 1mm

to 0.2mm (i.e., from {Lmax = 1 � � = 1.9} to {Lmax = 0.2 � � = 1.9}) . Nevertheless, the comput-240

ing time will increase signi�cantly. Most computing time of �-SIM is consumed on tessellation and
Delaunay triangulation for generating �-Shape. The time complexity of Delaunay triangulation is
O(nlogn) and of tessellation will not be better than O(nlogn). It is a reasonable assumption that the
time complexity of �-SIM is O(nlogn). In this case, the time consumed on �-Shape reconstruction
at Lmax = 0.2mm is 21.3 times more than at Lmax = 1mm. This cost is too high for only a 0.18%245

increase on the accuracy.

According to the previous states, the maximum allowed tessellation size Lallowed
max is set to 50% of dimpre

to maximize the e�ciency without compromising accuracy of the shape recognition. � equals 95% of dimpre
so that an expected � shape can be constructed. The values of both � and Lallowed

max will be changed if dimpre
is adjusted so that various approximations will be achieved.250

4. Applications of the simpli�cation method and results

In this section, 4 test cases are carried out.
The method is applied to the simpli�cation of both components and an assembly model, which is a

harness routing environment. A comparison between �-SIM and Feature Recognition and Suppression
Method is also presented.255

4.1. Geometry simpli�cation of an aircraft wing section for 3D harness routing
The DMU in Figure 1 is a representative routing environment. It includes structures (i.e., ribs and

spars), actuators and avionics. A harness will be routed from point A to point B in front of structures. 6
branches will be broken out from the harness to connect with the 6 receptacles on the 3 avionics.

2Dimension of a feature is de�ned as the radius of its circumscribed circle(2D) or sphere(3D).
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Figure 8: Simpli�cation result of an aircraft wing section

As shown in Figure 1, this DUM contains many irrelevant features to harness routing, such as rivet holes260

on ribs and spars; the slots and screw thread on actuators; the slots and the interior board of avionics.
These features will be removed using the �-SIM. The receptacles, whose location, direction, and dimension
will be used for harness routing will be kept as is. This DMU is an assembly model. The sub-models
it contains include components (e.g., ribs and a spars) and assembly models (e.g., avionics boxes). The
simpli�cation of this DMU is carried per sub-model, no matter whether the sub-model is a component or265

an assembly. If a sub-model is an assembly, the components of this sub-model is �rst compounded into
a new component, then the rest of its simpli�cation process is the same as a component model. When
the simpli�cation of all sub-model is �nished, the simpli�ed results are combined to generate the simpli�ed
DMU. Since the actual position and dimension of sub-models are used in the simpli�cation process, the
simpli�ed sub-models still occupy the same position as the original ones but are much more concise. In270

this example, the surface number of the simpli�ed DUM is only 3.6% of the actual DMU (303 and 8349
respectively). The simpli�cation result is illustrated in Figure 8.

Figure 9: Harness routing result in an aircraft wing section. Bottom left: Harness in the simpli�ed model; Top: Independent
view of the harness; Bottom right: Harness in the actual geometry model
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Then, the engineers can route harnesses in the new routing environment. When the routing is �nished,
the routing results are already mature enough for manufacturing and guiding installation. If necessary,
the actual DMU can be loaded into the routing system to replace the simpli�ed one for a �nal check.275

The satisfactory routing results in the simpli�ed routing environment will not bring new violations (e.g.,
geometry collision) in the actual DMU. The routing result in the simpli�ed and actual DMU as well as the
harness itself are illustrated in Figure 9.

4.2. Geometry simpli�cation of an actuator with di�erent LODs
The previous example demonstrates the simpli�cation of an assembly model. In order to show the280

relationship between LODs of the simpli�cation results and the values of parameters, the simpli�cation of a
component with 3 sets of parameters is given in this test case.

Figure 10: Simpli�cation of an actuator with di�erent approximations(i.e., di�erent � values)

As shown in Figure 10, the model stored in STEP �le consists of a receptacle and an actuator. These
two models can be recognized from their name. The actuator is going to be simpli�ed and the receptacle
will be kept as is. Three sets of Lmax and � are adopted for three di�erent geometry approximations. XOY,285

XOZ, and YOZ planes are selected as the default most-feature-planes. Within each set of parameters, the
3D cloud points are projected to these planes and the �-Shapes are constructed on each plane respectively.
Then three 3D models are built from the �-Shapes using extrusion. Each model contains a part of features
of the actual model. Finally, these three models are intersected with each other to generate a simpli�ed
CAD model. The simpli�cation results of all three parameter sets are presented in Figure 10.290

The bigger Dimpre is, the more features will be removed. As the consequence, the LOD of simpli�cation
models decreases when the value of Dimpre increases. On the other hand, the model is much more concise.
In this example, when most features are removed, the STEP �le size and faces number of the simpli�ed model
are decreased to only 7.9% and 14.2% of the actual model respectively. Via selecting proper parameters,
the end users can obtain their expected simpli�cation level.295

4.3. Geometry simpli�cation of a helical gear
�-SIM takes advantage of the outer pro�les rather than manipulates very detailed features of a CAD

model. When only the pro�les are required to be preserved in the target model, it is more e�cient while
comparing with other conventional simpli�cation methods, such as Feature Recognition and Suppression
Method(FRSM).300

12

650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708



Figure 11: Comprising the performance of �-SIM and Feature Recognition and Suppression Method

In this test case, a helical gear, as shown in Figure 11, is simpli�ed using both �-SIM and FRSM. Various
LOD results are generated. The time consumption and the e�ect of both methods at di�erent LODs are
discussed.

The �-SIM of this example is performed with di�erent parameters. As the consequence, various simpli-
�cation results are generated. The simpler the output CAD model is, the less time is required. The detailed305

time consumption and simpli�cation results are illustrated in Figure 11. Since current �-SIM utilizes the
projection and extrusion strategy, only the features that are visible on 2D projections, such as the holes and
outer pro�les, can be preserved. The gear teeth and cavities can not be reconstructed using current �-SIM
yet. Nevertheless, some solutions are already considered to handle these problems to generate a higher LOD
simpli�cation result. This will be discussed in next Section.310

For comparison, the FRSM is carried out. A commercial software installed on the same desktop computer
is used to perform this task. First, the automatic feature recognition is performed to recognize features from
the B-rep model. Then various features are deleted manually to achieve di�erent LOD results. Although
the FRSM is more �exible since each feature can be suppressed individually provided the feature can be
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recognized, nevertheless while comparing with the �-SIM, the process is too time consuming, especially when315

the expected outputs have low LODs. In this example, the automatic feature recognition process already
takes 200s. Deleting features will consume more time. In addition to the time consumption, the recognition
is failed to recognize some features, such as one of the teeth highlighted by red circles in Figure 11 and the
screw thread presented in next Subsection.

4.4. Geometry simpli�cation of a complex geometry model320

Figure 12: Simpli�cation process of a complex geometry model

�-SIM relies on the 2D projection of 3D cloud points. Sometimes the features that should be preserved
may be shielded by other parts of the model. For instance, as shown in Figure 12, the cylinder feature of the
worm can not be reconstructed no matter how small the dimpre is since its projection on XOZ is blocked by
the motor. If the features of a model that are expected to be preserved can not be reconstructed from any
2D cloud points that are sampled with a su�cient small dimpre, the model is called a complex model, such325

as the one here. Otherwise, the model is called a simple model. Whether a model is simple or complex does
not only depends on the model itself, but also depends on the working scenarios. There has not a universal
standard to evaluate this. Complex or not is determined by end users. For instance, the actuator here is a
complex model since the cylinder feature of the worm needs to be preserved. However, a similar model in
Figure 10 is considered as a simple one because the users do not think any key features are shielded by other330

parts of the model and they are more interested in the receptacle. A low level of detail approximation, such
as the convex hull, is already su�cient for this application.
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When a model is considered as a complex one, its satisfactory simpli�cation can be achieved via de-
composing the model into some simple models. In this test case, two faces are de�ned by the user and the
actuator is then split into three parts by these faces. �-SIM is applied to each of the sub-models respectively.335

Finally, the sub-models are combined together using a Boolean union operation to generate a single CAD
model. As shown in the right side of Figure 12, this result has a better approximation when comparing with
the �-SIM result of the entire model.

During simpli�cation of a complex geometry, the challenge task is how to de�ne the faces to split the
complex model. Currently, the faces are de�ned by the user manually. This hinders the full automation340

of �-SIM. Nevertheless, it has been noticed that these faces are located on some �at (planar) faces of the
model. This means the faces of the model itself or faces reconstructed from coplanar 3D cloud points may
be used as the splitting faces. This will be studied further in the future work.

5. Conclusions & Recommendations

This paper presents an innovative CAD model simpli�cation method that is inspired by the descriptive345

geometry and the 3D modelling method using 2D sketches. The method is developed to handle the B-
rep CAD models de�ned in the neutral data-exchange formats, such as STEP and IGES. The features�
information and design sequence are not included in such �le format. Instead of diving into low primitives,
such as vertices, edges, and facets to recognize features, this method takes advantage of the 2D intuitive
notional pro�les of the actual CAD model to suppress the small features whose dimension is smaller than a350

threshold.
The simpli�cation results can be outputted in the same data format as the input �le. This trait enables

embedding the simpli�cation process into a (collaborative) product design work �ow, such as cable and pipe
routing, without any in�uence on the work �ow. The test cases demonstrate that this method is able to
generate geometry models at various level of details. The method is e�cient comparing with the Feature355

Recognition and Suppression Method especially when the output has a lower LOD.
Although �-SIM already shows very promising application prospects for CAD model simpli�cation, it

can still be improved in the following aspects:

1. Complex model decomposition: as mentioned in Subsection 4.4, simplifying a complex CAD model
does not lead to a satisfactory result, therefore some splitting faces are added manually to decompose a360

complex model for a better geometric approximation. The manual work is the bottleneck that hinders
automating the �-SIM for a complex model. It has been noticed that the planar surfaces on a model
can be used as the splitting faces or these faces can be reconstructed from coplanar 3D sample points.
Further work needs to be done to work out an intelligent method generating these faces automatically.

2. Various geometry sampling and reconstruction approach: in this paper, projection and extru-365

sion are utilized as a pair to support the 3D points sampling and reconstructing 3D models. Neverthe-
less, this pair does not work for all models. For instance, an entire fuselage or the helical gear can not
be modelled by extruding a 2D sketch. Therefore di�erent methods rather than the projection and
extrusion are needed to take care of more generic CAD models. For instance, that a few 2D planes
intersect a fuselage generate some 2D fuselage surfaces. The sample points on each surface can be370

easily obtained. Lofting the 2D �-Shapes constructed from each 2D sample points set will regenerate
the fuselage, as how it is modelled.

References

[1] S. Kwon, B. C. Kim, D. Mun, S. Han, Simpli�cation of feature-based 3d cad assembly data of ship and o�shore equipment
using quantitative evaluation metrics, Computer-Aided Design 59 (2015) 140�154. doi:https://doi.org/10.1016/j.cad.375

2014.03.003.
URL http://www.sciencedirect.com/science/article/pii/S0010448514000591

[2] Z. Zhu, Automatic 3D Routing for the Physical Design of Electrical Wiring Interconnection Systems for Aircraft, 2016.
doi:10.4233/uuid:2ca107b4-202d-4638-a044-d45649b89275.

15

827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885



[3] G. Foucault, J.-C. Cuillire, V. Franois, J.-C. Lon, R. Maranzana, Adaptation of cad model topology for �nite element380

analysis, Computer-Aided Design 40 (2) (2008) 176�196. doi:https://doi.org/10.1016/j.cad.2007.10.009.
URL http://www.sciencedirect.com/science/article/pii/S0010448507002370

[4] Y. Mao, J. Yang, B. Zhu, Y. Yang, A new mesh simpli�cation algorithm based on quadric error metric, in: 2015 IEEE 5th
International Conference on Consumer Electronics - Berlin (ICCE-Berlin), 2015, pp. 463�466. doi:10.1109/ICCE-Berlin.
2015.7391311.385

[5] D. Wenlong, L. Jiankun, C. C. J. Kuo, Fast mesh simpli�cation for progressive transmission, in: 2000 IEEE International
Conference on Multimedia and Expo. ICME2000. Proceedings. Latest Advances in the Fast Changing World of Multimedia
(Cat. No.00TH8532), Vol. 3, 2000, pp. 1731�1734 vol.3. doi:10.1109/ICME.2000.871106.

[6] S. Gao, W. Zhao, H. Lin, F. Yang, X. Chen, Feature suppression based cad mesh model simpli�cation, Computer-Aided
Design 42 (12) (2010) 1178�1188. doi:https://doi.org/10.1016/j.cad.2010.05.010.390

URL http://www.sciencedirect.com/science/article/pii/S0010448510001466
[7] H. Xiao, Y. Li, J. Yu, J. Zhang, Cad mesh model simpli�cation with assembly features preservation, Science China

Information Sciences 57 (3) (2014) 1�11. doi:10.1007/s11432-013-4791-z.
URL https://doi.org/10.1007/s11432-013-4791-z

[8] S. H. Lee, K. Lee, Simultaneous and incremental feature-based multiresolution modeling with feature operations in part395

design, Computer-Aided Design 44 (5) (2012) 457�483. doi:https://doi.org/10.1016/j.cad.2011.12.005.
URL http://www.sciencedirect.com/science/article/pii/S0010448511003216

[9] J. M. Reddy, G. M. Turkiyyah, Computation of 3d skeletons using a generalized delaunay triangulation technique,
Computer-Aided Design 27 (9) (1995) 677�694. doi:https://doi.org/10.1016/0010-4485(94)00025-9.
URL http://www.sciencedirect.com/science/article/pii/0010448594000259400

[10] D. J. Sheehy, C. G. Armstrong, D. J. Robinson, Computing the medial surface of a solid from a domain delaunay
triangulation, in: Proceedings of the third ACM symposium on Solid modeling and applications, ACM, 218062, 1995, pp.
201�212. doi:10.1145/218013.218062.

[11] H. Zhu, C. H. Menq, B-rep model simpli�cation by automatic �llet/round suppressing for e�cient automatic feature
recognition, Computer-Aided Design 34 (2) (2002) 109�123. doi:https://doi.org/10.1016/S0010-4485(01)00056-2.405

URL http://www.sciencedirect.com/science/article/pii/S0010448501000562
[12] J. Seo, Y. Song, S. Kim, K. Lee, Y. Choi, S. Chae, Wrap-around operation for multi-resolution cad model, Computer-Aided

Design and Applications 2 (1-4) (2005) 67�76. doi:10.1080/16864360.2005.10738354.
URL https://doi.org/10.1080/16864360.2005.10738354

[13] N. Joshi, D. Dutta, Feature simpli�cation techniques for freeform surface models, Journal of Computing and Information410

Science in Engineering 3 (3) (2003) 177�186. doi:10.1115/1.1603307.
URL http://dx.doi.org/10.1115/1.1603307

[14] J. J. Shah, D. Anderson, Y. S. Kim, S. Joshi, A discourse on geometric feature recognition from cad models, Journal of
Computing and Information Science in Engineering 1 (1) (2000) 41�51. doi:10.1115/1.1345522.
URL http://dx.doi.org/10.1115/1.1345522415

[15] B. C. Kim, D. Mun, Feature-based simpli�cation of boundary representation models using sequential iterative volume
decomposition, Computers & Graphics 38 (2014) 97�107. doi:https://doi.org/10.1016/j.cag.2013.10.031.
URL http://www.sciencedirect.com/science/article/pii/S0097849313001726

[16] H. Edelsbrunner, D. Kirkpatrick, R. Seidel, On the shape of a set of points in the plane, IEEE Transactions on Information
Theory 29 (4) (1983) 551�559. doi:10.1109/TIT.1983.1056714.420

[17] M. Melkemi, M. Djebali, Computing the shape of a planar points set, Pattern Recognition 33 (9) (2000) 1423�1436.
doi:https://doi.org/10.1016/S0031-3203(99)00124-7.
URL http://www.sciencedirect.com/science/article/pii/S0031320399001247

[18] M. Duckham, L. Kulik, M. Worboys, A. Galton, E�cient generation of simple polygons for characterizing the shape of a
set of points in the plane, Pattern Recognition 41 (10) (2008) 3224�3236. doi:https://doi.org/10.1016/j.patcog.2008.425

03.023.
URL http://www.sciencedirect.com/science/article/pii/S0031320308001180

[19] A. Gheibi, M. Davoodi, A. Javad, F. Panahi, M. M. Aghdam, M. Asgaripour, A. Mohades, Polygonal shape reconstruction
in the plane, IET Computer Vision 5 (2) (2011) 97�106. doi:10.1049/iet-cvi.2009.0079.

[20] N. Amenta, M. Bern, M. Kamvysselis, A new voronoi-based surface reconstruction algorithm, in: Proceedings of the 25th430

annual conference on Computer graphics and interactive techniques, ACM, 280947, 1998, pp. 415�421. doi:10.1145/
280814.280947.

[21] T. K. Dey, P. Kumar, A simple provable algorithm for curve reconstruction, in: Proceedings of the tenth annual ACM-
SIAM symposium on Discrete algorithms, Society for Industrial and Applied Mathematics, 315073, 1999, pp. 893�894.

[22] J. Peethambaran, R. Muthuganapathy, A non-parametric approach to shape reconstruction from planar point sets through435

delaunay �ltering, Computer-Aided Design 62 (2015) 164�175. doi:https://doi.org/10.1016/j.cad.2014.12.002.
URL http://www.sciencedirect.com/science/article/pii/S0010448514002851

[23] S. Methirumangalath, A. D. Parakkat, R. Muthuganapathy, A uni�ed approach towards reconstruction of a planar point
set, Computers & Graphics 51 (2015) 90�97. doi:https://doi.org/10.1016/j.cag.2015.05.025.
URL http://www.sciencedirect.com/science/article/pii/S0097849315000722440

[24] S. Methirumangalath, S. S. Kannan, A. Dev Parakkat, R. Muthuganapathy, Hole detection in a planar point set: An
empty disk approach, Computers & Graphics 66 (2017) 124�134. doi:https://doi.org/10.1016/j.cag.2017.05.006.
URL http://www.sciencedirect.com/science/article/pii/S0097849317300559

[25] H. Edelsbrunner, E. P. Mcke, Three-dimensional alpha shapes, ACM Trans. Graph. 13 (1) (1994) 43�72. doi:10.1145/

16

886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944



174462.156635.445

[26] M. Teichmann, M. Capps, Surface reconstruction with anisotropic density-scaled alpha shapes, in: Visualization �98.
Proceedings, 1998, pp. 67�72. doi:10.1109/VISUAL.1998.745286.

17

945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003


