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a b s t r a c t

Automobiles, aircraft, and ships require tremendously many parts to be assembled. For developing such
large assemblies, most companies accelerate the design process by having many design engineers in dif-
ferent functional or sectional design groups working concurrently. However, interferences and gaps can
be found when the parts and sub-assemblies of different design groups are to be assembled. These error
cause design changes and additional repair processes, resulting in an unexpected increase in costs and
time delays. While the interference problem has been resolved by digital mockup and concurrent engi-
neering methodology, many cases of the gap problem in the automotive industry have been covered
by temporary treatments when the gaps are small enough to be filled with sealants. This kind of fast
fix can cause leakage into the engine chamber and passenger cabin when the gap size is too big for filling
or when the sealant gets old, which can turn fatal. With this research, we have developed a program to
automatically find gaps between the parts of an assembly so that design engineers can correct their
designs before the manufacturing stage begins. By using the method of decomposition model represen-
tation, the program can visualize gaps between complex car body parts as well as estimate their volumet-
ric information. It can also automatically define the boundary between a gap and the exterior space.
Although we have reviewed the benefits of the program by applying it to car development, it can also
be applied to aircraft and ship designs comprising several parts.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Manufacturing and assembling complex machinery such as
automobiles, aircraft, or ships require long development periods
and huge number of parts to be assembled. For such large assem-
blies, most design and manufacturing companies shorten the
development period by employing many design engineers working
concurrently. Concurrent design [1] by functional or sectional
design groups may reduce the development time, but it may still
cause problems of interference, collision, and gaps between parts
to be assembled, which are designed by different designers and dif-
ferent design groups. Most designers tend to concentrate on the
parts for which they are responsible, instead of checking the
assemblability of their own work with the parts designed by other
engineers; this methodology often causes errors. These design
errors delay development time and increase manufacturing costs
caused by modifications to the original design.

Regarding problems of interference or collision between parts,
engineers can verify their design with real mock-up or digital
mock-up (DMU) systems that can assemble parts virtually before
the manufacturing stage [2,3]. On the other hand, gaps between
the parts may cause other severe problems in automobiles. Most
parts of automobiles are made of thin plates to reduce the vehicle
weight, and there are many empty spaces between thin parts. If
there are gaps between the parts of a car facing the exterior, rain-
water and water from puddles on roadways can enter the engine
chamber and the cabin directly, or flow into unwanted spaces
through gaps between the body parts. This situation may induce
corrosion of interior parts, or fatal problems of electric shock and
malfunction of the electrical system. While some of these gaps
between parts are intended to increase the stiffness of the car body
structure, most unwanted gaps are caused by design errors when
different parts of the assembly are designed by many different
engineers. In order to resolve this problem, designers check
cross-sectional drawings of the assembly. However, this process
is impractical as it takes too much time for design engineers to
check the shape of a gap in a complicated three-dimensional
assembly with two-dimensional sectional drawings.
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Various studies have been done on resolving the problems of
interference and collision between the parts of an assembly. Song
and Chung [4] suggested a DMU system using XML for real-time
interference checking and design verification of several parts in a
virtual environment based on a product data management (PDM)
system. Song et al. [5] suggested a web-based interference verifica-
tion system for mold design processes. Shi et al. [6] suggested a
collisions evaluation method in virtual environment for collabora-
tive assembly. Chen [7] also developed a new system for virtual
assembly of parts and real time collision detection between parts.
However, all of the above literature focuses on interference and
collision between parts and not on gaps between the parts of a
complicated assembly.

In this paper, we propose a method of automatically searching
for gaps between parts of complex shape with free surfaces based
on the mixed octree–voxel decomposition method. With this
method, designers can check for gaps between parts during the
design stage in order to prevent errors due to gaps before the man-
ufacturing and assembly stages. The application of the proposed
method is not limited to the automobile industry but can be
extended to the aerospace and ship building industries as well.

2. Overview of the gap visualization algorithm

This research suggests a method to locate and visualize gaps
within assemblies with parts of thin plates. Most assemblies, such
as automobiles, aircraft, and ships are made of thin plates with free
surfaces; therefore, the target shape of the parts, with which this
research is concerned, is the free-form shape. Since the gaps
between these parts include free-form boundary surfaces, we rep-
resent the given assembly using decomposition models; this
method is efficient in calculation time and is not limited by the
complexity of the given parts. Thereafter, we use Boolean opera-
tions to subtract the decomposition models from a fixed space,
and thereby identify any gaps in the design. The most widely
known methods used to express decomposition models are voxels
with uniform elements [8,9] and octrees with elements of various
sizes [10–13]. In this paper, we use a mixed octree–voxel method
[14].

The overall process of the proposed algorithm is shown in Fig. 1,
which starts by inputting three-dimensional models in the stere-
olithographic (STL) data format. The STL data format is widely
adopted as the standard format for computer-aided design (CAD)
model data. Therefore, the program can use models from various
CAD systems. Another advantage of the STL format is its small data
size for representing complex parts. Since the objective of this
research is to develop a program that can be applied to large
assemblies having several parts, large data sizes for each model
could cause severe execution problems.

Next, after representing each part as octrees of given resolu-
tions at the ‘‘octree generation of each part’’ step, the algorithm
uses the classification information of the octants to divide all ‘‘full’’
and ‘‘empty’’ octants into voxels of the same size as the minimum
octant; this is done at the ‘‘voxel generation for each decomposi-
tion model’’ step. Furthermore, after mapping the decomposition
model of each part to its corresponding position in the assembly,
the program generates a decomposition assembly model using
Boolean operations on the decomposition models of all of the parts.
Finally, it searches for voxels in gaps to be visualized at the ‘‘gap
searching’’ and ‘‘gap visualization’’ steps. A more detailed explana-
tion is given in the following sections.

3. Decomposition assembly model

Gaps are defined in this research as ‘‘interior empty spaces
between parts.’’ When the geometry of the parts is complicated,
the geometry of the gap is complicated as well. For the automatic
gap searching and visualization processes, which are not limited by
the complexity of the object, we express the containing volume of
the given assembly as a decomposition model. When the decom-
position model of the assembly is generated, the empty elements
of the decomposition model can be classified as either ‘‘exterior’’
or ‘‘gap’’ elements. In order to generate a decomposition model
of the assembly, the proposed method first generates a decompo-
sition model of each part of the assembly.

3.1. Octree generation

The most widely known methods for expressing decomposition
models are voxel and octree representations. Voxels represent a
three dimensional object with uniform sized cells, whereas octrees
represent elements of various sizes. The voxel representation
method has advantages, such as the fact that it is simple to repre-
sent a given object and easy to find neighbors of a given element.
However, small voxels, corresponding to higher resolutions,
require more memory for model representation and higher calcu-
lation times to classify each voxel as interior or exterior to the
given object.

On the other hand, octree representations starts by generating
an initial cube, called a ‘‘root,’’ which is the minimal containing
box of a given object. Thereafter, it divides the root into eight chil-
dren, called ‘‘octants,’’ of which each octant is classified as ‘‘full,’’
‘‘empty,’’ or ‘‘partial’’ according to the spatial relation of the octant
with respect to the given object, as shown in Fig. 2.

If an octant is completely inside the object, it is classified as a
‘‘full’’ octant, while if it is completely outside the object, it is clas-
sified as ‘‘empty’’. When an octant is neither ‘‘full’’ nor ‘‘empty,’’ it
is classified as ‘‘partial,’’ which means that it contains the boundary
of a given object and it is to be divided into eight further octants.
This process continues recursively until the input level of the tree
structure is reached. The octree representation method recursively
divides only ‘‘partial’’ elements that contain the boundary of the
given object into elements of desired resolution, which results inFig. 1. Gap visualization algorithm.
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