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Abstract—In a virtual environment, a virtual maintenance
process can be used to simulate real-world maintenance, and the
efficiency of the simulation depends mainly on the
assembly/disassembly task sequence. During the simulation, the
path planning of mechanical parts becomes an important factor
since it affects the overall efficiency of the maintenance system
in terms of saving energy and time. Therefore, planners must
consider the path-planning factors under constraints such as
obstacles and the initial/final positions of the parts, as well as the
assembly sequence, for example, the number of gripper
exchanges and direction changes. We propose a novel optimal
assembly algorithm that considers the assembly sequence of
mechanical parts and the path-planning factors for a virtual
maintenance simulation system. The genetic algorithm is used
to determine the optimal parts sequence to minimize the
numbers of gripper exchanges and direction changes, as well as
find a repulsive force radius using the potential field method to
generate the shortest optimal distance for each part during the
assembly operation. By applying the proposed algorithm to a
virtual maintenance system, users can be haptically guided to
the optimized assembly solution during mechanical parts
assembly operations.

I. INTRODUCTION

Maintenance processes deal with the assembly and
disassembly (A/D) of thousands of parts. The level of
difficulty of the A/D maintenance process increases with the
number of parts, which causes various possible A/D
sequences. An optimal A/D sequence can improve the
maintenance efficiency by reducing the number of gripper
exchanges and orientation changes during the process, or by
minimizing the necessary time. The genetic algorithm (GA)
has been applied to develop optimal A/D sequence algorithms
since it provides a global optimal solution for complex
nonlinear systems. Lazzerini and Marcelloni [1] evaluated an
optimal assembly sequence based on three optimization
criteria: minimizing the orientation changes of the product,
minimizing the gripper replacements, and grouping
technologically similar assembly operations. Li et al. [2]
used the GA to search for a near-optimal disassembly
sequence from an enormous search space that contained all
possible disassembly sequences. In their study, the direction
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of each disassembly operation and the necessity of tool
exchanges were considered in the optimization cost function
because both processes result in the expenditure of
disassembly time

To increase the efficiency of a real maintenance process, a
maintenance preprocess procedure can be simulated in a
virtual environment (VE). In this way, the problems of a
given maintenance scheme can be predicted by the users (i.e.,
maintenance operators), who may be able to suggest an
alternative scheme. Haptic interfaces have been proposed for
maintenance simulation systems to enhance the reality of the
VE through physical interactions. Borro et al. [3] developed
a haptic system for an aeronautical maintenance simulation
by adding a haptic device to their system and ensuring that
users’ movements were the same as those that occur when
testing a physical mock-up. A similar study was described by
Savall et al. [4], while Kuang et al. [5] focused on building a
virtual fixture assembly language (VFAL). A haptic
guidance force can be applied to each mechanical part by
combining haptic technology with a maintenance simulation
to more actively utilize the haptic information for an A/D
process [6]. A maintenance operator can then be trained to
move parts from their initial positions to their final positions
with respect to the assembly sequence. However, to the best
of our knowledge, an assembly optimization algorithm that
simultaneously considers both the assembly sequence and the
part path trajectories did not exist.

We propose a novel optimal assembly algorithm by
considering the relationship between the path planning and
assembly sequence, allowing users to utilize a haptic interface
in a virtual A/D system. Since the proposed optimization
algorithm generates the path trajectory of each part as well as
the sequence of the procedure, the path information can be
utilized to generate an active haptic force to guide users of a
virtual maintenance simulation system during the operation.
We introduce a virtual maintenance simulation system in
Section II, and Section III describes the proposed
optimization scheme for assembling mechanical parts.
Section IV provides the optimized results and describes an
assembly simulation, while Section V contains our
conclusions and a discussion of future work.

II. AN INTELLIGENT VIRTUAL MAINTENANCE SIMULATION
SYSTEM FOR AIRCRAFT PARTS

Since the ability of maintenance operators performing
repetitive maintenance tasks depends on their experience,
they must be familiar with the basic skills of maintenance
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Fig. 1. (a) The virtual maintenance system is consisted of a haptic device,
haptic and graphic rendering engines, an optimal assembly algorithm. (b) an
operator.

tasks, such as A/D of parts. Due to the advancements of
virtual reality technologies, training in VEs in a manner
similar to physical training will eliminate the need for a

physical model and make it easier to change training schemes.

The resources for VE training schemes can be obtained from
the experience of experts, maintenance databases, or
intelligent algorithms. Our intelligent virtual maintenance
simulation system was built as a solution to enhance the
benefits of virtual training.

The proposed system consists of a virtual environment, a
haptic device, and a user, as shown in Fig. 1. The virtual
environment includes assembled/disassembled  parts
(manipulated objects), a graphics engine, and a haptic
rendering engine. The files for the assembled/disassembled
parts were generated using the CATIA™ software package
and converted to object files so that they could be read by the
graphics engine. We used the CHAI3D application
programming interface (API) [7] for the graphics and haptic
rendering engines. The graphical user interface (GUI) was
designed to interface between the user (or operator) and the
virtual environment. The user can manipulate objects
through a window that contains the virtual maintenance
scheme. He/she can communicate with the virtual
environment using Sensable’s Phantom Omni, a three
degree-of-freedom haptic device that provides six inputs
(force and torque components) and three outputs (force
components).

The operator can be guided by a haptic guidance force
along a prescribed path. The prescribed path can be
generated from the result of the optimal assembly algorithm
(see Section III). The operator must ensure that the parts
move always inside the path boundary to avoid collisions
with obstacles. When the operator begins to move away from
the path boundary, a haptic guidance force is generated to
ensure that the operator’s movement stays inside the path
boundary. This enhances the efficiency of the maintenance
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process by training the maintenance operator to follow the
desired path. We used the potential field method [8] for the
path-planning algorithm. Repulsive and attractive forces
were combined to create a path that avoids obstacles and
brings the part to its final position. The operator must move
parts from their initial positions to their final positions
according to the assembly sequence of the parts, which
includes information about the geometric relationship
between parts and grippers, and the assembly direction
(orientation). To generate both the optimal assembly
sequence and path simultaneously, an optimal assembly
algorithm was developed using a simple GA [9].

III. OPTIMIZATION SCHEME

A. Effective factors of the assembly optimization

To achieve an efficient maintenance process, two
performance criteria were considered in the assembly
scheme: the assembly sequence and the path of the
mechanical parts. The optimization of the assembly sequence
represents a problem of finding the part sequence that will
bring about the most efficient maintenance process. To
determine the optimal solution of the assembly sequence, the
cost function must be defined as an evaluation index. From
previous studies, the number of gripper exchanges and
direction changes of mechanical parts are typically
considered during assembly or disassembly processes
[1,2,10]. Many gripper exchanges means that more time is
needed to change from one gripper to another. Similarly,
many direction or orientation changes requires more effort to
perform the maintenance tasks. One of the optimization
objectives is to find the optimal assembly sequence that has
the least number of gripper exchanges and orientation
changes. Pan et al. have shown that for both robot and human
operator assembly processes, the number of reorientations in
an assembly sequences has a significant impact on assembly
time [11]. Therefore, in this paper, one of the optimization
objectives is to find the optimal assembly sequence that has
the least number of gripper exchanges and orientation
changes.

Optimization of the path planning can influence the
efficiency of the overall maintenance process. Obstacles and
the locations of the parts can be considered as path-planning
factors. In a maintenance process, the path trajectories that
are generated from a formal path-planning analysis contribute
greatly to the efficiency of a maintenance task since a long
path consumes more travel time and energy. A short path is
required to achieve the optimal assembly of mechanical parts.
Therefore, the path-planning optimization formulization
seeks an optimal setting for the path-planning variable. We
selected the boundary value of the repulsive force (p)) as our
path-planning variable and implemented the potential field
method [9] described in Section IIIb below. The correlations
between the path planning and assembly sequence must also
be considered. New assembly rules (see Section Illc) were



proposed to resolve the difficulties that arise when both the
path planning and the assembly sequence are considered
during the assembly operation.

Finally, we combined the path-planning optimization
with the assembly sequence optimization. The cost function
components were the number of gripper exchanges (G), the
number of assembly direction changes (O), and the actual
distance of the path (D,.). The number of gripper exchanges
and direction changes contributed to the assembly sequence
optimization while the path distance of each part contributed

to the path-planning optimization.
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Fig. 2. Parts and obstacles are represented as a polygonal object on the
workspace. Position of the object with respect to workspace coordinate is
defined by configuration ¢ = [d.; d,; ©].

B. Path Planning of the Parts

The term “path planning” means finding a path trajectory
for each part from its initial position to its final position. A
part is represented as a polygonal object and its center is
located on the center of the object boundary box (2-D object),
as shown in Fig. 2. Even though 3-D parts will more closely
approximate a real maintenance system, the framework for
and efficiency of the proposed assembly optimization can be
verified through the movement of 2-D parts.  The
axis-aligned boundary box (AABB) method was used to
create the boundary box. The positions of a part and its
boundary box in a mobile frame o; with respect to the
reference frame o, can be represented as the transformed
points of part vertexes using a 2-D homogenous
transformation matrix. The configuration of the parts is
represented by g = [d; d,; ©/].

cos Hl. —sin Hl. dxl.

H =|sin Hl. cos Hl. dyl. (D)
0 0 1
where :
d., d,; = translation along the x-axis, translation along the

y-axis of the workspace coordinate.
O, = angle between x-axis of workspace coordinate and
x-axis of local/frame part coordinate.

The potential field method uses simple design variables
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and is adequate for real-time applications. This method is
composed of attractive and repulsive forces: the attractive
force pulls the part toward its final position while the
repulsive force repels the part from a collision with obstacles.
Due to its simple structure, we can render a potential force at
each sampling time for every path point. The repulsive and
attractive forces are represented as follows:

if p(o;(9) < p

1 1
Frep,il@) :_'71‘[ Vp(o;(q))  (2)

p(0;(9)) ) P_()J p? (0;(9)

if p(o;(9)) > py

Frep,,-(II)=0 3)
where :
q = configuration of parts.
Frep = repulsive force.
2 = repulsive force radius.
0i(q) = point on the workspace.
n; = scale factor.
Frepi = repulsive force on i-th part.
i = index of i-th part.

If Joi(9) - 0i(q /)| < d
Fatt’i(Q):—gi(oi(q)—oi(Qf)) 4)
If ||0i(‘1) _Oi(l]f)" >d

(0;(@)=0,(4 1))

Fygy 1(@) ==d; mm———— (5)
(03@)-0,a )
Where :
qr = final configuration of part at final position.
d = distance from final position to current position
’ = scale factor.
F., = attractive force.

The repulsive force has a conditional value p(0,(g)), which
is the distance from the center of a part to the center of an
obstacle. The summation of the attractive and repulsive
forces gives the direction for movement as a normalized
vector as follows:

. F __+F
f:M.S (6)

Fatt +h rep




f = applied force to move the parts.
S = step between path points.

At every path point o,, the force will generate a direction
for the next path point toward the final position. The
maintenance operator will follow this path from the part’s
initial position to its final position.

The assignment of repulsive forces on obstacles must be
handled carefully. The value of p, must not be too large or
too small to achieve an optimal path. The value of p, in Egs.
(1) and (2) will affect the overall results of the path-planning
algorithm. The value of p, must be predetermined to achieve
an efficient maintenance process by optimization.

C.  Assembly Rules, Assembly Direction, and Gripper
Selection.

We proposed new assembly rules to combine the
relationship between the assembly sequence and the path
planning. The rules regulate the parts movement when
entering the final position area.

1% rule: “Parts has reached its final position will become an
obstacle for the next parts.”

This rule ensures that an arriving part will not collide with
the next part when it enters the final position area. Figure 3(a)
shows a part entering its final position area (goal position) as
an example. Part 2 is one that arrived earlier and has already
reached its final position; it exerts a repulsive force. Part 3 is
just reaching its final position, and does so without colliding.
Since the shape of the accumulated repulsive forces in the
final position area depends on the parts that have already
arrived, a different assembly sequence will create a different
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Fig. 3. (a) Schematic picture to illustrate the idea when the parts enter its
final position area (goal position). (b) Two different part sequence affect the
accumulated repulsive force on final position area.
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path for each part. For example, consider the case in which
the configurations of assembled parts have two possible
assembly sequences, shown in Fig. 3(b): A=[124356]and
B=[234156]. IfPart 4 is traveling to its final position
(black dot) from the right side, its path will be directly
affected by the accumulated repulsive forces that are
generated based on the other parts that have already arrived.
Since the path depends on the assembly sequence A(1-2) or
B(2-3), the final path for sequence A or B will be different
depending on which parts have already arrived .

2" rule: “After selecting the possible assembly direction the
part must move in that direction when assembled to avoid
interference between parts.”

TABLE 1
CONNECTION MATRIX
X+ Y+
Parts 123456 Parts 123 456
1 011000 1 tcro111
2 001000 2 0c01110
3 000000 3 0Cooo01Lo
4 001010 4 o001l
5 000000 5 000000
6 000010 0 000000
X- Y-
Parts 123456 Parts 1234506
1 GCo0000 1 000000
2 100000 2 Loonoo
3 110100 3 010000
4 000000 4 L10000
5 000101 5 111100
6 000000 ] 100100

In an assembly process, each part must have a predefined
assembly direction to prevent interference between parts. A
connection matrix is used to select a feasible assembly
direction by observing the relationship between successive
parts. Table 1 shows the geometric relationships between
parts for each direction (X+, Y+, X—, and Y—) with respect to
the local reference frame of final positions. In the table, 0
indicates that the part can be assembled in the given direction,
while 1 indicates that the part cannot be assembled in the
given direction because other parts will interfere with the
movement. For example, if the part sequenceis [234 65 1],
Part 3 cannot reach its final position in the Y— direction since
it is blocked by Part 2 (cell [3,2] of the Y— connection matrix
contains 1). Another assembly direction must be found for
Part 3. The proposed direction-finding algorithm only
considers the directions of the principal axes of the part,
which is sufficient for this case. In the numerical calculations,
the assembly directions were represented as integer values:
X+=1,Y+=2,X—=3,and Y—=4.

3" rule: “If the path point (0;) is perpendicular to the face of
the part in a given assembly direction during the path
searching, all repulsive forces that are generated from
existing parts will disappear automatically.”



The gripper used to grasp and move a part from one
position to another is also an important factor in a real
assembly process. We assumed that four types of grippers
were used. A gripper was assigned for each part and
indicated as GI, G2, G3, and G4. In some cases, it was
possible to use the same gripper for several parts; this
possibility must be considered in the optimization. The
gripper used for each part was determined by checking a
gripper table with respect to the assembly sequence. The
grippers are listed in Table 2. Grippers in column P1 are
preferable to those in column P2. A planner will use a gripper
in column P1 if the previous gripper has no similarity or is
unsuitable for the current part. For example, if the sequence
of partsis [6 23 4 5 1], the G2 gripper from column P1 will be
used for Part 6. Then we have two gripper options for Part 2:
G1 and G2. Since G2 was used for the previous part, the
same gripper will be used for Part 2. If a single gripper
cannot be used for both Parts 6 and 2, the G1 gripper will be
selected from column P1 for Part 2.

TABLEII
GRIPPER TABLE

P1 P2
Gl G2
Gl G2
G3
G3
G3
G2

G4

AW =Y

D. Optimization Assembly Algorithm by
Assembly Sequence and Path Planning

Initial populations were randomly generated at the
beginning of the optimization process. The population
consisted of 50 chromosomes, and each chromosome had two
main components: the sequence of parts and a p, array. The
sequence was encoded as a series of integer values, whereas
the p, array was encoded as binary values. These two
components were the optimization design parameters
(optimized variables). The series of p, were ordered in
sequence. A cost value was calculated for each chromosome
in the population. The inputs for the cost value were the
actual path distance of each part (D,.), the number of
orientation changes (0), and the number of gripper exchanges

(G):

Considering

1 (D,.):
Cost=w, — +w, lfij+w3 =1 aedi | (7)
n-1 n—1 n
wy, wy, wy = weighting factors
n = numbers of parts

The actual path distance (D) is a summation of the single
distances from one path point o; to another to reach the final

position. D, is the shortest distance from the initial position
to the final position. The comparative value between D, and
D, gives the efficiency of the path. The path is efficient if
the comparative value is close to 1 and inefficient if the
comparative value is close to 0. For each part, a path
trajectory was generated using the path-planning algorithm
under the guidelines of the assembly rules. The number of
orientation changes was based on how many times the
assembly directions changed in one sequence, and was
calculated from the connection matrix given in Table 1. The
number of gripper exchanges was based on how many times a
planner changed the gripper in one sequence and was
calculated from the data given in Table 2. The maximum
value of the cost components was 1. Weighting factors were
assigned to the cost value components so that one component
became more important than others. The maximum
summation of the cost value components was set to 1.
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Fig.4. (a) An assembled part consists of several parts that are represented as
polygonal objects. (b) The graph shows an optimal solution, which is resulted
from the genetic optimization scheme after 90 generations. The optimal assembly
sequence is [5 6 2 1 3 4] with the py = [3.8041 3.5231 3.3541 4.5858 4.2113

3.2912].

IV. SIMULATIONS AND OPTIMAL RESULTS

An assembly simulation using the proposed algorithm was
performed for the parts of a 2-D object shown in Fig. 4(a).
Six parts were required to reach their final positions. The
initial positions of the parts were at different locations in a 40
x 40 unit square workspace (see Fig. 4(b)). The crossover
probability was 0.8 and the mutation probability was 0.01 for
purposes of the GA. The value of weighting factors were w; =
0.25, w,=0.25, and w; = 0.5. While p, was being optimized,
the other variables in the repulsive force and attractive force
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equations of the potential field method remained constant.
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Fig.5. Best cost value graph. The graph shows the best cost values of
population in every generation. It was taken after 90 generation.

An average of 14.4 s was required to complete the
computation process of one chromosome to generate the path
(path planning) for each part (six parts) and run the genetic
algorithm itself. After computing 90 generations, the best cost
value of each generation was determined, as shown in Fig. 5.
All parts reached their final positions with respect to the
assembly sequence by traveling in their given direction
without encountering any local path minima, as shown in Fig.
4(b). Table 3 shows the comparison of varying p, value when
the sequence is already optimal. The appropriate value of p,
will give a short distance contribution. Even though the
sequences are same, but the setting of p, gave different values
to the total actual distance.

TABLE III
MEASURING FOR ACTUAL DISTANCE

Sequence s Pos Poz Por Pos Pos D,

562,134 453 419 470 475 365 454  779.13
562,134 380 352 335 458 421 329 20459
562,134 419 431 448 420 365 294  209.60
562,134 419 363 335 482 365 377 1660.1

Even though the suggested optimization scheme was
verified with simple 2-D parts, it can be extended to more
complex 3-D parts. For the algorithm extension, several
aspects should be considered. The shape of the repulsive
boundary area can be changed from a circle into a sphere
where py is the radius of the sphere. Therefore, pj still can be
an optimized variable for the optimization process. Also, the
assembly direction finding process can conform to the spatial
(3-D) problems. The assembly directions in 2-D cases are
limited to four principal axes, whereas it will be limited to six
principal axes of the mechanical parts in 3-D cases. The
simple connection matrix can be easily extended to six
principal axes. Otherwise, more advanced methods can be
considered such as NDBG (Non-Directional Blocking
Graph) that was introduced by Wilson [12]. By using the
NDBG, the feasible assembly directions will not be limited to
only principal axes. However, it will cause more computation
time than our simple method. The appropriate decision for the
assembly direction finding can be made by comparing the
ratio of computation time and effectiveness from both
methods.
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V. CONCLUSION

The proposed algorithm can help a planner to approach an
optimal assembly sequence more effectively, since the
algorithm does not only cover the optimal assembly sequence
but also cover a path planning factor (p,) by the application of
GA (genetic algorithm). Also, assembly rules are suggested
to solve the problems that are happening during combining an
assembly sequence and a path planning process. The
optimization results with six parts of 2D showed that the parts
assembly could be successfully performed by minimizing the
desired movements of the parts with an optimal sequence.
Moreover, the obtained results can be applied to a haptic
application for active assembly training of a user. For future
works, the extensive user studies will be performed to show
the effectiveness of a haptic guidance with the suggested
optimal assembly algorithm with extensions of the parts to
3D.
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