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Abstract

A virtual maintenance system in a virtual environment can be used to simulate a real-world maintenance system. The
efficiency of the simulation depends mainly on the assembly/disassembly task sequence. During simulation, path plan-
ning 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 such as number of gripper ex-
changes 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 sequence of parts to minimize the numbers of gripper exchanges and direction changes,
as well as find a repulsive force radius by using the potential field method to generate the shortest optimal distance for
transferring 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.
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1. 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 possi-
ble 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]
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evaluated an optimal assembly sequence based on
three optimization criteria: minimizing the orientation
changes of the product, minimizing the gripper re-
placements, 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 of
each disassembly operation and the necessity of tool
exchanges were considered in the optimization cost
function because both processes result in the expendi-
ture of disassembly time. The traditional-GA, which
contains many random processes, causes a large
number of infeasible solutions in initial population
and evolutionary stages. Tseng et al. proposed the
improvement for traditional-GA by changing it into
guided-GA [3]. The process of evolutionary stage and
initial population generation is constrained by some
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rules so that an infeasible solution will not be gener-
ated.

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 mainte-
nance simulation systems to enhance the reality of the
VE through physical interactions. Borro et al. [4]
developed a haptic system for an aeronautical main-
tenance 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 ez
al. [5], while Kuang et al. [6] 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 informa-
tion for an A/D process [7]. 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 does not exist.

We propose a novel optimal assembly algorithm by
considering the relationship between the path plan-
ning and assembly sequence, allowing users to utilize
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Fig. 1. A virtual maintenance system.

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 simu-
lation 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.

2. An intelligent virtual maintenance simula-
tion system

Since the ability of maintenance operators perform-
ing repetitive maintenance tasks depends on their
experience, they must be familiar with the basic skills
of maintenance 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 ex-
perience of experts, maintenance databases, or intelli-
gent 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 environ-
ment, a haptic device, and a user, as shown in Fig. 1.
The virtual environment includes assembled/disas-
sembled parts (manipulated objects), a graphics en-
gine, and a haptic rendering engine. The files for the
assembled/disassembled parts were generated with
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 inter-
face (API) [8] for the graphics and haptic rendering
engines. The graphical user interface (GUI) was de-
signed 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
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force along a prescribed path that 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 colli-
sions with obstacles. When the operator begins to
move away from the path boundary, a haptic guid-
ance force is generated to ensure that the operator’s
movement stays inside the path boundary. This en-
hances the efficiency of the maintenance process by
training the maintenance operator to follow the de-
sired path. We used the potential field method [9] 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 se-
quence 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 simul-
taneously, an optimal assembly algorithm was devel-
oped by using a simple GA [10].

3. Optimization scheme

3.1 Effective factors for 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 solu-
tion of the assembly sequence, the cost function must
be defined as an evaluation index. From previous
studies, the number of gripper exchanges and direc-
tion changes of mechanical parts are typically consid-
ered during assembly or disassembly processes [1, 2,
11]. Many gripper exchanges means that more time is
needed to change from one gripper to another. Simi-
larly, many direction or orientation changes requires
more effort to perform the maintenance tasks. One of
the optimization objectives is to find the optimal as-
sembly sequence that has the fewest gripper ex-
changes and orientation changes. Pan et al. have
shown that for both automated and manual assembly
processes, the number of reorientations in an assem-
bly sequence has a significant impact on assembly
time [12]. Therefore, in this paper, one of the optimi-

zation objectives is to find the optimal assembly se-
quence that has the fewest gripper exchanges and
orientation changes.

Optimization of the path planning can influence the
efficiency of the overall maintenance process. Obsta-
cles 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 effi-
ciency of a maintenance task since a long path con-
sumes more travel time and energy. A short path is
required to achieve the optimal assembly of mechani-
cal 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] de-
scribed in Section 3.2 below. The correlations be-
tween the path planning and assembly sequence must
also be considered. New assembly rules (see Section
3.3) were proposed to resolve the difficulties that
arise when both the path planning and the assembly
sequence are considered during the assembly opera-
tion.

Finally, we combined the path-planning optimiza-
tion with the assembly sequence optimization. The
cost function components were the number of gripper
exchanges (G), the number of assembly direction
changes (0), and the actual distance of the path (D).
The number of gripper exchanges and direction
changes contributed to the assembly sequence opti-
mization, while the path distance of each part contrib-
uted to the path-planning optimization.

3.2 Path planning for the parts

The term “path planning” means finding a path tra-
jectory for each part from its initial position to its final
position. The path trajectory describes the arm
movements of an operator when they are moving the
parts. A part is represented as a polygonal object and
its center is located on the center of the object bound-
ary box (2-D object), as shown in Fig. 2. Even though
3-D parts will more closely approximate a real main-
tenance 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 bound-
ary box in a mobile frame o; with respect to the refer-
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Fig. 2. Part and obstacles composed of polygonal objects on a
2-D workspace.

ence frame o, can be represented as the transformed
points of part vertexes using a 2-D homogenous trans-
formation matrix. The configuration of the parts is
represented by g = [d,; d,; ©}].

The potential field method uses simple design vari-
ables 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 sam-
pling time for every path point. The repulsive and
attractive forces are represented as follows:

If p(0,(9)< 0y

1 1

Fre i(q)z_ni[ __Jﬁ (1)

" P (q) Py

1
B=—5—""=Vp(0,(9)) @
p*(0:(q))
If p(0,(q))> Py
F;ep,i (q) = 0 (3)
Where:

q = configuration of the parts
F,, = repulsive force
po = repulsive force radius
0; (¢) = point on the workspace
1, = scale factor
i = index of the ith part

If Joi(g)-o(q )] <d

! Repulsive

Fig. 3. Direction vector for the next path point (oi+1) toward
the final position.

Foi= =, (0:(q) - Oi(q_/' ) 4
It o, () ~0,(g,)| > d
(0,(q)—o; (g, )

F_ . =—dc. —— 5
S Py —— v
Where:

gy = final configuration of a part at its final
position

d = evaluation value of distance from the
current position to the final position

{ = scale factor

F,, = attractive force

The repulsive force has a conditional value p (o;
(q)), which is the distance from the center of a part to
the center of an obstacle. The summation of the at-
tractive and repulsive forces gives the direction for
movement as a normalized vector as follows:

- F_+F
— att rep S (6)
F att + F‘rep
Where:

f = force applied to move a part
S step between path points

The vector J; can be directly applied to a haptic
guidance force in a virtual maintenance system. At
every path point o;, the force will generate a direction
for the next path point toward the final position, as
shown in Fig. 3. The maintenance operator will fol-
low this guidance force from the part’s initial position
to its final position.

The assignment of repulsive forces on obstacles
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must be handled carefully. The value of p, must not
be too large or too small to achieve an optimal path.
The value of py in Egs. (1) and (3) will affect the
overall results of the path-planning algorithm. The
value of p,must be predetermined to achieve an effi-
cient maintenance process by optimization.

3.3 Assembly rules and gripper selection

We proposed new assembly rules to combine the
relationship between the assembly sequence and the
path planning. One example of an optimal assembly
of parts is shown in Fig. 4. The given workspace con-
sists of parts in their initial positions (black boxes),
obstacles (white boxes), and final position area (black
wire-frame). The path can be represented as a cylin-
der with the path points (continous solid black line)
located inside. A maintenance operator can follow a
path/guidance force to move the parts from their ini-
tial to final positions. The assembly rules regulate the
part movements, repulsive forces, and assembly di-

rections when parts are entering the final position area.

Rule 1: “A part that has reached its final position
will become an obstacle for the next part.”

This rule ensures that an arriving part will not col-
lide with the next part when it enters the final position
area. Fig. 5(a) shows a part entering its final position

Ohbstacle

Final position
Y+ ‘\j/' X+

Point of origin ™.

(a) Workspace

Z‘
5
4
i 3
[
(105 2]
(b) Assembled parts

Fig. 4. Example of an optimal assembly simulation.

area (goal position) as an example. Part 2 is one that
arrived earlier and has already reached its final posi-
tion; 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 al-
ready arrived, a different assembly sequence will
create a different path for each part. For example,
consider the case in which the configurations of as-
sembled parts have two possible assembly sequences,
shownin Fig. 5 (b): A=[124356]andB=[2341
5 6]. If Part 4 is traveling to its final position (black
dot) from the right side; its path will be directly af-
fected by the accumulated repulsive forces that are
generated based on the other parts that have already
arrived. Since the path depends on the assembly se-
quence 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 .
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Fig. 5. First assembly rule.
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Table 1. Connection matrix.

X+ Y
Parts [ 1| 2| 34|56 Parts | 1 2|3/ 4| 5|6
1 Of 1| L{0)0)0 1 o jfop1j1|1
2 ojoj1fofojo0 2 glof1y1j1|o0
3 olo|ofo|o]0 3 o of0|0[L]|O
4 ofoj1{of1]0 4 ] | L] | op11
5 afojofolo]0 s ojofojojo|o
6 ofojojojL o & ] | Olojo|o|o0
X Y
Partz | 1| 2|3 (4|56 Parts | 1 2|3/ 4|56
1 ofolojojojo 1 olofojo|olo
2 1(jOof0of0O]0 2 1 | 00 | [
3 f1joj1rjoo 3 Ol1{0|0|0|0
4 ofojojojo o 4 1jLHjojojo)0
5 Ofofof1d 1 5 1|1 |o0
[ o|lojofofoj0 & 1L ofoj1|0]0

Rule 2: “After selecting a possible assembly direc-
tion, the part must move in that direction when as-
sembled to avoid interference between parts.”

In an assembly process, each part must have a pre-
defined assembly direction to prevent interference
between parts. A connection matrix is used to select a
feasible assembly direction by observing the relation-
ship between successive parts. Table 1 shows the
geometric relationships between parts for each direc-
tion (X+, Y+, X—, and Y-) with respect to the local
reference frame of final positions. In the table, 0 indi-
cates that the part can be assembled in the given di-
rection, while 1 indicates that the part cannot be as-
sembled in the given direction because other parts
will interfere with the movement. For example, if the
part sequence is [23 4 6 5 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. As shown in Fig.

4 (a), the initial positions of all the parts were located
in the Y— direction and the searching order for the
assembly direction was selected by using a counter-
clockwise rule in the following order: Y—, X+, Y+,
and X—. In the numerical calculations, the assembly
directions were represented as integer values: X+ =1,
Y+=2,X-—=3,and Y-=4.

Rule 3: “If the given assembly direction is perpen-
dicular to the face of the part at a path point (0,), all

Table 2. Gripper table.

Part P1 P2
1 Gl G2
2 Gl G2
3 G3
4 G3
5 G3 G4
6 G2

* G1,G2,G3,and G4 denote the types of gripper associated
with each part. Columns P1 and P2 show gripper priority.
Grippers in column P1 are preferable to those in column
P2.

repulsive forces that are generated from existing
parts will disappear automatically.”

If the final position of a part is located inside the
radius of the accumulated repulsive force, the next
part cannot reach its final position. Hence, the exis-
tence of a repulsive force in the final area must be
regulated by the third assembly rule. Parts can reach
their final position if the condition of the third rule is
satisfied.

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 G1, G2, G3, and G4. In some
cases, it was possible to use the same gripper for sev-
eral parts; this possibility must be considered in the
optimization. The gripper used for each part was de-
termined by checking a gripper table with respect to
the assembly sequence (the grippers are listed in Ta-
ble 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 un-
suitable for the current part. For example, if the se-
quence of parts is [6 2 3 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.

3.4 Optimization assembly algorithm considering
the assembly sequence and path planning factors

Our optimization problem consists of finding the
optimal sequence and appropriate repulsive force
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value p, to achieve an efficient assembly task with the
conditions that the optimized variables (optimal se-
quence and repulsive force radius) satisfy the assem-
bly rule correlations. The optimization method used
the simple GA that was introduced by Holland [10].
A detailed flowchart of the optimization process is
shown in Fig. 6.

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 opti-
mization 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 (C) value were the
actual path distance of each part (D,.), the number of
orientation changes (0), and the number of gripper
exchanges (G):

N (Dref)i
— (D ).
C=w -2 +wy -9 +y T Duc)i 7
n—1 n—1 n
where
wi, Wy, wi = weighting values
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 by 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 ex-
changes was based on how many times a planner
changed the gripper in one sequence and was calcu-
lated from the data given in Table 2. Figure 7 shows
an example of calculating the number of orientation
changes and the number of gripper exchanges in one
sequence. The maximum value of the cost compo

[ FINISH |

Fig. 6. Flowchart of optimization process.

Sequence 15-1-2-3-4-6
Orientation  :4-4-1-1-3-2 Number of orientation changes (0): 3

Grippers : G3-G3-G1-G3-G2-G2 Number of gripper exchanges () : 3

Fig. 7. Calculation example of the cost function components.

nents was 1. Weighting values were assigned to the
cost value components so that one component be-
came more important than others. The maximum
summation of the cost value components was set to 1.
A preliminary ranking based on natural selection
was performed to sort the population and select good
chromosomes. Chromosomes with poor cost values
were removed from the population. The partially
matching crossover (PMX) method [1] combined
with a binary GA [13] was used to produce new off-
spring. The PMX method was applied to determine
the sequence, while the binary GA was used to de-
termine the p, value. In the first crossover process,
random numbers were selected as the kinetochores
(crossover nodes), denoted by a and b. The length of
the exchanged portion was denoted as 1 (see Fig. 8
(a)). An exchange process that was applied to the part
sequence was also applied to the p, array (denoted as
p1to ps) . The p, value took a 5-bit binary form in the
chromosomes. The second crossover process was
only applied for the p, array values in binary form. A
random number x was selected as the kinetochore for
the second crossover. The exchanged portions for the
second crossover were taken from the x" node to the
end of the binary side in both parent chromosomes
(see Fig. 8 (b)). After the crossover process, a muta-
tion process was applied to the new population. In the
first mutation, random numbers m and n were se-
lected as the mutation nodes. An exchange process
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was performed between two mutation nodes in one
chromosome (see Fig. 8(c)). Similar to before, the
exchange process that was applied to the part se-
quence was also applied to the p, array. In the second
mutation process, one node on the binary side was
chosen randomly and its value was changed from 0 to
1 or vice versa (see Fig. 8(d)).

4. Optimal assembly simulation
4.1 Optimum results with the suggested scheme

An assembly simulation using the proposed algo-
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rithm was performed for the parts of a 2-D object
shown in Fig. 4(b). 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(a)). For each part, the lower
boundary values of p, were selected by finding the
longest distance between the center point of a given
obstacle’s boundary box and the center point of the
part’s boundary box when the two diagonal lines of
the boundary box were parallel, as shown in Fig. 9.
The upper boundary values of p, were selected as half
of the shortest distance between the two center points
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Fig. 8. Crossovers and mutations during the optimization process Flowchart of optimization process.
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Table 3. Optimization results and comparisons with the unoptimized results.

A. The result of the optimization process with sequence and path planning (w; = 0.25, w, = 0.25, w; = 0.5)

Sequence po (Optimized) D, Orientation (o] Grippers G | SP Cost
1,2,3,5,6,4 3.69,3.41,4.03,4.41,3.69,3.64 182.85 4-1-1-1-2-3 3 G1G1G3G3G2G3 3 6 0.6083
B. The results of the initial p, values without the optimization
Sequence Po D Orientation O Grippers G SP Cost
6,5,4,3,2,1 4.02,4.37,4.57,4.23,4.23,4.23 1639.8 | 4-4-4-4-4-4 0 G2G3G3G3G1G1 2 5 0.437
5,1,2,3,4,6 4.37,4.23,423,4.23,4.57,4.02 1663.9 | 4-4-1-1-3-2 3 G3G1G1G3G3G2 3 5 0.235
4,5,2,3,6,1 4.574.37,4.23,4.23,4.02,4.23 182.03 4-1-4-1-2-4 5 G3G3G1G3G2G2 3 6 0.515
24,53,1,6 4.23,4.57,4.37,4.23,4.23,4.02 183.94 [ 4-1-1-1-4-2 3 G1G3G3G3G1G2 3 6 0.6

=== - _paupper

4 -~
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i v

O bstacle 2

Fig. 9. Lower and upper boundary values for p,,

of a given obstacle’s boundary box. The initial values
of p, were set to the central values of the boundary
value of p,. The value of weighting values was w; =
0.25, w, = 0.25, and w; = 0.5. Weighting values w,,
w,, and w; can be assigned to achieve the required
objectives, respectively. The crossover probability
was 0.8 and the mutation probability was 0.01 for
purposes of the GA. While p, was being optimized,
the other variables in the repulsive force and attractive
force equations of the potential field method re-
mained constant. If local minima were encountered,
the cost value of that chromosome would be small
since the actual path distance (D,,) will increase. That
chromosome will automatically be cut off in the
nextgeneration.

An average of 13.94 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 290
generations, the best cost value of each generation
was determined, as shown in Fig. 10. All parts
reached their final positions with respect to the as-
sembly sequence by traveling in their given direction
without encountering any local path minima, as
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Fig. 10. Best cost value graph.
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Fig. 11. Optimal assembly solution using the optimization
scheme after 290 generations.

shown in Fig. 11.

To demonstrate the effectiveness of the optimiza-

tion, we compared the optimized results with other
possible solutions obtained without optimizing. Table
3A shows the optimization results obtained by using
Eq. (7). The best sequence was [1 2 3 5 6 4], and the
most appropriate values for p,were 3.69, 3.41, 4.03,
4.41, 3.69, and 3.64. We also randomly selected se-
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quences and matched them with the central values of
pothat were used as initial values for the optimization
process. The results are given in Table 3B.

A planner may intuitively estimate that the best se-
quence is [6 5 4 3 2 1] because that sequence looks
natural. However, the optimization results show that
other sequences have higher cost values after the
path-planning and assembly factors under the con-
straints of the assembly rules have been considered.
For the [6 5 4 3 2 1] sequence in Table 3B, the num-
ber of orientation changes (O) is relatively low, but
the actual path distance (D,) is long. The number of
gripper exchanges (G) is not significantly different
from the other sequences. Different sequences re-
sulted in different D, values, orientation changes (O),
gripper exchanges (G), and final number of success-
fully assembled parts (SP). Therefore, the sequence of
parts and p, values affect the optimal solution under
the constraints of the assembly rules.

4.2 Performance comparisons of different optimiza-
tion

For the performance comparisons of different op-
timizations with respect to weighting values changes,
pure sequence and pure path planning optimizations
were additionally performed. For the pure sequence
optimization, the weighting values are set as to w; =
0.5; w, = 0.5, and w; = 0. This optimization process
only utilizes the numbers of gripper exchange and
assembly orientation change to find the best sequence
for the assembly process. As the optimization results,
the number (O) of orientation change is 0 and the
number (G) of gripper exchange is 2, and the resultant
sequence is [6, 5, 3, 4, 2, 1] (Table 4A). The optimi-
zation results are feasible since all the part’s initial
positions are located on Y- area of final assembly and
the assembly orientation finding process are started
from Y- orientation based on the connection matrix
information. However, it can be seen that the actual

Table 4. Optimization results with different weighting values.

path distance (D,.;) for only sequence optimization in
Table 4A is larger than D, for the combined optimi-
zation in Table 3A.

For pure path planning optimization, even though
the actual path distance (D, in Table 4B is the
smallest, the sequence in Table 4B does not represent
feasible assembly tasks because of interference
among parts. Since the assembly orientation is not
considered, the part can enter the final assembly area
from the arbitrary orientations.

In the weighting values consideration, each com-
ponent in cost function is a complex non-linear func-
tion. The weighting values may not exactly represent
the contribution of each component for optimization.
In order to consider more precisely desired contribu-
tions using weighting values, another scheme [14]
such as fuzzy inference can be considered.

4.3 Discussion

Even though the suggested optimization scheme
was verified with simple 2-D parts, it can be easily
extended to more complex 3-D parts. For the algo-
rithm extension, several aspects should be considered.
The shape of the repulsive boundary area can be sim-
ply changed from a circle into a sphere where p, is the
radius of the sphere. Therefore, p, still can be an op-
timized 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 consid-
ered such as NDBG (non-directional blocking graph)
that was introduced by Wilson [15]. 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 find-

A. The result of the optimization process with only sequence (w; = 0.5, w, = 0.5, w; = 0).

Sequence po(without optimization) D Orientation o Grippers G | SP Cost
6,5,3.4,2,1 4.02,4.37,4.23,4.57,4.23,4.23 194.58 4-4-4-4-4-4 0 G1G1G3G3G2G3 2 6 0.8
B. The result of the optimization process with only path planning (w; = 0.0, w, = 0.0, w3 = 1).

Sequence po(without optimization) Dt Orientation o Grippers G | SP Cost.
4,3,2,6,5,1 4.02,3.52,3.97,4.14,4.67,4.19 168.5 4-4-4-1-1-4 2 G3G3G1G2G3G1 4 6 0.78
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ing can be made by comparing the ratio of computa-
tion time and effectiveness from both methods.

The time consumption problem is a main concern
for optimization. The components of the algorithm
are sequence, path planning and some routines for
genetic algorithm. The time consumption can be seen
below. We are using a computer with a Pentium 4
(2.13 GHz) and 2 GB memory in MATLAB for op-
timization computation

(a) only Sequence : 1.28 x 10-4 s/chromosome

(b) only Path planning: 13.94 s/chromosome (for
Six parts)

(c) Path planning and Sequence (orientation and
gripper): 13.94 s/chromosome

Among the components of the algorithm, the path
planning consumes most of the computation time of
the algorithm. For reducing computational load of the
suggested algorithm, reducing the bit string to 4 bits
for encoding process does not generate big differ-
ences. It was just reduced up to 13.88 second per
chromosome. Thus, a multi CPU process (for exam-
ple, on Dual Core or Quad core processor) can be
used to reduce the computation time at relatively
cheap price. As another alternative suggestion, the
path planning optimization may be separated from the
sequence optimization problem. In that case, the path
planning optimization itself can utilize other fast op-
timization methods such as a gradient descent method
instead of the genetic algorithm that needs relatively
high computation time. However, it should be noted
that feasible assembly tasks need a connection matrix
to evaluate the feasibility of assembly tasks. A gradi-
ent descent method may not be suitable because the
connection matrix as a look-up table is difficult to
describe as mathematical descriptions or functions.
Thus, we decided to choose the genetic algorithm
since it can deal with the cases which have no
mathematical descriptions. Thus, for the separation of
these two optimization problems, other schemes
should be considered.

5. Conclusion and future work

We proposed a novel assembly optimization
framework that allows an operator to determine an
optimal plan for a maintenance process by following
an optimal assembly sequence and considering path-
planning factors. A simple control factor, py, and the

repulsive force radius were selected to optimize the
path planning with simple calculations. The path-
planning parameters were combined with the se-
quence optimization, and assembly rules were pro-
posed to define correlations between the assembly
sequence and path planning. The results of the as-
sembly simulation demonstrated that the parts could
be efficiently assembled by minimizing the desired
movements with an optimal sequence, which will
significantly reduce the assembly time and energy.
The results of the proposed optimization algorithm
can be used for an active haptic guidance application
during virtual maintenance training since the algo-
rithm provides the path trajectories of the parts as
well as their sequence. For future work, extensive
user studies will be performed to determine the effec-
tiveness of haptic guidance with the proposed optimal
assembly algorithm in a real system. The algorithm
will also be extended to more complex 3-D mechani-
cal parts to obtain results for more practical applica-
tions. Finally, to reduce the computation time, other
optimization schemes for possible separation of path
planning and sequence planning will be considered.
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