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Rule-Based Path Finding Algorithm for Part Assembly
and Its Extension to Mobile Robot Path Planning

Byung-Ryong Lee*
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1. Introduction

Two main methods of path planning are the
cell decomposition method™™ ™" and the poten-
tial field method. " The cell decomposition
method decomposes free space, where no colli-
glon occurs, into simple regions called cells,
Then, a non-direct graph representing the
adjacency relation between the cells is con-
structed and searched. The potential field
method uses artificial potential fields applied
to the obstacles and goal position and uses the
resulting field to influence the path of the
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object which is subject to this potential. How-
ever, these mpproaches usually require huge
computational time to decompose and refine
the free-space or to develop the artificial
potential field, and in both approaches the
moving space of the assembly part should be
substituted into the configuration space.™
Therefore, if the moving environment for
assembly part is known and simple, the above
approaches are too expensive to use. In this
paper, first, an assembly path-finding algo-
rithm for male and female parts is proposed
using only vertices of the male and female
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parts when their initial and goal positions are
known. In the simple assembly case the rela-
tive relationship of the two parts can be easily
represented by considering vertices. And the
free-space inside the female part is approxi-
mated using channels and junctions which are
similar to pipes and elbows of water pipe
lines, An algorithm is developed to find a
simple and efficient disassembly path of the
male part in the approximated free-space of
the female part. In this algorithm priority
between the safe path and the short path can
be easily selected using pre-defined clearance
gap. Once the disassembly path is found, the
corresponding assembly path can be found by
reversing the sequence of the disassembly
path, @00

Next, the disassembly path planning devel-
oped above will be extended to fit mobile robot
path planning. Here, the male part(or mobile
robot)can move in the negative Z-direction
and it has both translational and rotational
motion. First, path-finding algorithm for
mobile robot will be developed by using the
geometrical relationship between junctions and
channels. Then, two numerical examples to
" find the paths of the mobile robot in the two
different corridor problems will be graphically
demonstrated, ‘

2. Modeling of Free-Space for Part Assembly

The male part and female part will be con-
sidered throughout this paper. Here, the male
part is defined as a part which is inserted
into the other part during the parts assembly
task, and the female part is defined as a part
into which the other part is inserted during
the part assembly task. In parts assembly,
because the male part should be assembled
into the female part without any collision, the
inside of the female part can be considered as
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free-space for the male part. In this section,
the basic concept of approximate cell decompo-
sition method is used to represent free-space.
Unlike the classical method of approximate
cell decomposition which uses quadtree or
octree decomposition to generate a more pre-
cise approximation of a free space with much
smaller cells, this technique uses rectangloid
cells"™™™ to simplify a free-space. Hence, this
technique is much more efficient and needs
less computation. In this section channel and
junction are introduced to represent simplified
free-space inside female part. Channel and
junction are kinds of rectangloids which can
be represented by half-spaces. In the 2-dimen-
sional case, all rectangloids can be represented
by using four half-spaces. Here, half-spaces
are defined as follows:

H,() = {P:P,=5)
H,(5) ={P:P, =5}

(2.1)

,where the subscript s denotes the principal
coordinate, l.e., x or z in the 2-dimensional
case, and § denotes an arbitrary constant
value. P, denotes s-coordinate value of a point
P, and |} denotes a mathematical set. Then a
channel, denoted as C, can be described as the
intersection of four half-spaces:

¢=H(x) NH,(x,) NH,(z) NH(z) (22)

,where x;, X;, 7 and z, are arbitrary constant
value such that x;<x; and z;<z, Then, the
approximated free-space inside the female
part can be described as the unions of chan-
nels:

s, =UC,

U (23)
,where Sy denotes the approximated free-
space, and n denotes the total number of
channleg that consist of the simplified free-
space. In Equation (2.3), two consecutive

channels should be ‘L" shaped orthogonal, and
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have a non-empty intersection that is C;NCiy
#¢. From this requirements, junction (J) is
defined as

J1.=CNC,, i=12,.,n-1

13

24)

In this paper, it is considered that the male
part has only translational motion in the free-
space. Hence, for a successful disassembly
task in the free-space, every junction must
satisfy the following conditions:

max_width(J,) > max_ width(M) (2.5)
max_height(J,) > max_height(M)
,where M denotes the male part, and

max_width(.) and max height(.) denote the
maximum width and maximum height of the
i junction or the male part, respectively. Fig.
1 shows an example of free-space modeling
using channels and junctions, Here, channels
and junctions can be described as

C =H,(x) NH.(x,) NH,(z) NH.(2) (26)
C2 = Hx(x1)+ N Hx(x4)- N Hz(zz)+ n HZ(ZS)-

G =H,(x) NH (x,) NH,(z) NH/(z)
J,=C,NC, J,=C,NC,

xX=Xxi

X=x3 X=x4

Fig. 1 An example of simplified free-space repre-
sentation
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3. Disassembly Path Planning

In the previous section, the free-space inside
a female part was modeled by using channels
and junctions. This modeling scheme is very
simple and easy to develop a path-finding
algorithm. In this section, using the free-
space model a simple and efficient path-find-
ing algorithm is developed. A numerical
example i1s given to test the feasibility of the
path-finding algorithm,

In order to arrive at an algorithm, some
definitions associated with the disassembly
procedure are defined. Based on these defini-
tions a path-finding algorithm is developed
from the geometrical relationship between the
free-space and a male part.

Definition 3.1

If a male part is located at the end state of
assembly task or at the initial state of the
disassembly task, then the male part is said
to be in assembled state.

Definition 3.2

If a male part begins to satisfy the condi-
tion such that min M, >max [(S¢),, the male
part is said to be in disassembled state, where
M} and {(8¢)4 denote z-coordinate value sets
for the vertices of the male part and the free-
space, respectively.

In definition 3.2, x-z coordinate is chosen so
that the line passing through the center posi-
tions of the first channel and the first junc-
tion in the assembly sequence could be parallel
to the z-direction, and that the center position
of the first channel is more positive side in z-
direction than that of the first junction. A
general sequence of disassembly path is
described as follows:

ASSEMBLED STATE =N* JUNCTION = ..,

=1" JUNCTION => DISASSEMBLED STATE



, where the N junction and the I* junction
are the junctions closest fo the assembled state
and the disassembled state, respectively, and
= denotes the flow of disassembly. In the dis-
assembly path, the change of the directional
movement of the male part happens only in
each junction, and each junction also contains
the geometrical information between the two
consecutive channels, Hence, the path-finding
algorithm can be developed by considering the
positional relationship between the junctions
and the male part.

Adjustable clearance gap

According to condition (2.5), the area of
any junction has to be greater than that of
the male part for a successful disassembly in
the approximated free-space. Hence, there
exist many target positions that the male part
can assume within the next junction. In some
case, a shortest path is desired to reduce the
length of the total traveled path. In other
cases, a collision-free path is desired if a colli-
sion is to be avoided at all cost. Hence,
Adjustable clearance gap between the male
part and the corresponding junction is defined
as the following conditions:

0<(gap_x), <(WIDTH(J,) - WIDTH(M,))/2.0 (3.)
0<(gap_z), <(HEIGHT(J,)- HEIGHT(M,))/2.0

. where (gap x)5 and (gap 2)5; denote clear-
ance gaps in the x and z directions, respec-
tively, in the i" junction. In condition(3.1), if
the shorter travel path is desired, the clear-
ance gaps should be close to zero. On the
other hand, if the safer travel path is
desired, the clearance gaps should be close to
the maximum value of the allowable clearance

gap.

Rules to find the target position In the next junction
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There exist many directional vectors for the
male part as it moves from its current junc-
tion to the next junction. The rules to find
the target position of the male part in the
next junction are shown in Table 1. In Table
1, UM denotes the set of x-coordinate val-
ues of the junction for the male part to enter,
and MJ denotes the set of x-coordinate val-
ues of all vertices of the male part in the cur-
rent position. J(I-1)} denotes the set of x-
coordinate values of junction J(I-1). For sim-
plicity, it is assumed that the male part does
not have a directional vector in the negative
z-direction so that the two consecutive junc-
tions satisfy the following condition:

max{J(I —1),} = max{J(I),} (3.2)

Hence, the moving direction and target posi-
tion of the male part in the next junction can
be calculated from the relationship of male
part M, junction J(I), and junction J{I-1). For
example, as shown in Fig. 2, when the male
part is at M position, its new position M; has
left-margined gap x and down-margined gap_z
from Table 1

Next, the movable distance in the x and z
directions from the current junction to the
next junction can be easily calculated by using

Table 1 Rules to find the target position of the
male part in the next junction

relationship between target position
male part and junctions in next jimction
I Then,

Rulel | min{J(Dx)< alliMx}<max{J[Dx) left-margined gap_x
max{JI-Dxl< max{J D« down-margined gap_z
If Then,

Rule2 | min{J(0x}< alliMx)< max{J(Dx} | right-margined gap_x
max{J{H ) >max{J(Dx down-margined gap_z
If Then,

Rule3 | min{](Dz< alliMz}e max{JD)z} | right-margined gap_x
max{J(Dx}< max{Msx} up-margined gap_z
If Then,

Rule4 | min{J(Dz}< alliMz}< max{J(Mz} | left-margined gap_x
max{J(x}=max{Mx} up-margined gap_z
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Fig. 2 An example to find the target position in the
next junction

Read the jnput data
]
No. of Junction =1

No

Yes

Apply the rules in Table 3.1 and
calculate the target position of
the male part for the next junction

Move the male part into
the next junction

I=1-1
l

Y

Move the male pant
to the disassembled state

Fig. 3 The flowchart of the disassembly path-find-
ing algorithm

the rules in Table 1. For example, considering
the Rule 1 in Table 1, the movable distances
in the x and z directions (mdx, mdz) can be
derived from the following equations:
mdx = min{J(I),} + gap_x — min{M_} (3.3)
mdz = min{J(J),} + gap_z - min{M }

The flowchart of the disassembly. path-find-
ing algorithm is illustrated in Fig. 3. This
algorithm continues to find the target position
of the male part for the subsequent junctions
in the disassembly sequence until the male
part reaches junction 1 which is the junction
closest to the disassembled state. From there,
the disassembled state can be reached in one
directional motion.

4, Numerical Examples

Let's consider a male part M and a female
part F at the assembled(initial) state as
shown in Fig. 4. In this figure, the vertices
data for the male and the female part, and
the boundary data of the free-space are given
in X-Z coordinate. Here, all the data are
expressed based on the reference point,
£,=(0,0), All the vertices data of the female
and the male parts are given as follows:

£=0,0), £,=07, =07 fi=012)
=42), fi=@&D, =70, f,=(76)
f,=5:6), fio=(57), fu=@7), f=(80)
m, =(4.51.01), m, =(4.5,4), m, =(6.99,4)
m, =(6.99,1.01)
and the boundary line data for the channels
and the junctions are given as

by =(x,7), b =(L,2), b, =(5,2), b =(x,2)
h, = (% 6), hs =(4,2), h6 =(7,2), b, =(x1)

In Fig. 4, junction 1 is the space which con-
sists of h;, hs hy and hy And, junction 2 is
the space which consists of hs, hs hs and hg,
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Fig. 4 Schematic diagram for male and female
parts in initial state

If the vertex data of the reference point f
is given with respect to the base frame (X,7),
all other vertices data of parts M and F and
the boundary data of the half-space can be
expressed on the base frame, In this example,
the reference point at the initial (ie., disas-
sembled) state is chosen as f1=(12,-6), and the
position of f1 at the final(ie., disassembled)
state is given as f1,=(14,1). Here, data f1; and
fi; are expressed with respect to the base
frame (X,Z). In this example, the disassembly
paths of the male part are simulated for the 3
cases of clearance gaps with 0.01, 0.2, and
the safest gap. And their graphical results are
shown in Fig. 5

6. Extension to Mobile Robot Path Planning

In previous section disassembly path plan-
ning was introduced, where it was assumed
that the motion of the male part is transla-
tional and the male part does not move in the
negative z direction. In this chapter it is con-
sidered that the male part has both transla-
tional and rotational motion and it can move
in the negative z direction, Therefore, this
"kind of male part motion can be applied to
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gap_x=gap_z=0.01
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1
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(&)
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!
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Fig. 5 Disassembly path for different clearance gaps
a)gap_x=gap_z=0.01 b)gap_x=gap_z=0,2
c)safest gap_x and gap_z
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the path planning of a mobile robot or an
AGV which moves in a corridor,

5. 1 Path-Finding Algorithm for Mobile Robot

In the previous section the free-space inside
a female part was modeled by using channels
and junctions, from which a simple and effi-
cient path-finding algorithm was developed.
In this section the basic idea will be extended
to the path planning for a mobile robot by
considering the translational/rotational
motion. At first, the guiding curve of the
mobile robot in a junction is defined as a
quarter circle whose radius is

p=>+gap_r, (5.1

where g is the radius of the guiding curve
in the entering junction, w is the width of a
mobile robot, and gap_r is denoted as a radial
clearance gap. Through this chapter, a mobile
robot will be considered as a rectangular
shape. Therefore, the width w is constant
during the motion, In previous section, the
clearance gap in the x and z direcions were
defined as in condition (3.1). However, in this
section the radial clearance gap will be
defined as the length of the radius with
respect to a corner point in the junction,
When the center point of the mobile robot
arrives at a position on the guiding circle, the
center point moves along the guiding curve,
keeping the center line of the mobile robot
tangent to the guiding curve, and the center
point of the mobile robot leaves the curve at a
position on the guiding curve,

These two positions on the guiding curve
will be defined hereafter as an arriving point
and a leaving point on the guiding curve. The
points can be calculated from the relationship
between the entering junction and the next
junction, and the current position of the
mobile robot. The entering junction is the
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junction which the mobile robot is about to
enter, Before developing the general rules for
finding the arriving and leaving points in the
entering junction, a specific configuration as
shown in Fig, 6 will be analyzed, from which
all possible rules will be developed.

In Fig. 6, if my is the center point of the
rectangular mobile robot at its current state,
the arriving angle, ©,, is calculated as
-1&-005—19;4%:9_",&

':"P mp

0, =cos (5.2)

where ¢ is the radius of the guiding curve, p,

is the corner point of the entering junction n,

and 1, is the length between m; and p,.

Similarly, the leaving angle ©,, is defined as

4& - COS_l (pn-l)y - (pn)y
1

e Ep

0, = cos (5.3

where 1,, is the length between two corner

points p, and p,;. Hence, the arriving point,
m,, on the guiding curve can be calculated as

(ma )x = (pn )x —p-cos ®a (5'4)

(ma)y = (pn)y + p'SiD@t;

The mobile robot moves from its current
position to the arriving point such that the

" ma
Junction N-1

Fig. 6 The mobile robot motion in a specific config-
uration



center point mg follows the line connecting my
and m,, and during the motion the rotating
angle of the mobile robot is ©,-4 degrees,
where ¢ denotes the configuration angle of
the mobile robot at its current position, Once,
the center point of the mobile robot reaches
the arriving point m,, it moves along the arc
connecting m, and m;, and during the motion
the rotating angle of the mobile robot is 90-©,
- ®, degrees with the center line of the mobile
robot keeping tangent to the arc.

Using the procedure from Equation (5, 2) to
Equation (5.4), the arriving points on the
guiding curves for all possible configurations
of junctions can be defined. Table 2 shows the
rules for finding the arriving point for all
possible configurations.

In Table 2, (J,), denotes the average x-
coordinate value of junction N(i.e., entering
junction), and (M), denotes the average x-
coordinate value of the mobile robot at cur-
rent position. The notations of the arriving
points are described as follows:

(m,); = (p,), +p.cos®,
(m,); = (P,); - p-cos@,
(m.), = (,), +p.sin®,
(m,), = (p,), —p.cos®,

(5.5)

where from rule 1 to rule 4 the arriving

angle, ©,, is defined as

Table 2 Rules to find the arriving point on the
guiding curve
Condition

IF(]n)x < qn—’l)x &IF qn)y > (NDyr
]FQn)x < qn—l)x &IF Gn)y < (M)yl
IFQ )y > Jrady & IF (In)y ks (N[)y'
IF(]n)x > qx\—l)x &IF qn)y < (M)yr
]F(]n)y < qn-l)y &IF qx\)x > (M)x'
IF(In)y < Gnvl)y &IF Gn)x < (M)XJ
IF (In)y > On-l)y &IF Ox\)x > (IVDx:
IF(]n)y > (]n-l)y &IF qn)x < Mx:

Rules Arriving Point

THEN (o), & (my)y
THEN (m,), & (m,),
THEN (mg)," & (m,),”
THEN (m,), & ()
THEN (my), " & (my)y
THEN (mg)y & (),
THEN (my)y* & (m,)y*
THEN (my), & (my)y'

Rules 1
Rules 2
Rules 3
Rules 4
Rules5
Rules 6
Rules7
Rules 8
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Os-l |(pn)x - (mO)xI

mp

-1
®, =cos L .
mp

(5-6)

and from rule 5 to rule 8 the arriving angle,
@,, is defined as

L), - my),|

mp

@, =cos™ £ —cos
mp

(5.7)

Using the eight rules as illustrated in Table
2, the path-finding algorithm for mobile robot
in corridor problems can be developed. The
simple flowchart of the path planning algo-
rithm 1is shown in Fig, 7

5, 2 Numerical examples

In this section two numerical examples for
finding the paths of the mobile robot in two
different corridor problems will be demon-

Read the input data
]

No. of junctions =T

Apply the mles in Table 2, and

calculate the arriving and leaving points
on the guiding cutve

Move the mobile robot to those points
with translational/rotational motion

]
I-1
L

Y

Move the mobile robot
to the goal position

Fig. 7 The flowchart of the path-finding algorithm
for the mobile robot

I=
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strated. Here, the input information is the
vertices data of each junction and the initial
and goal positions of the mobile robot. The
mobile robot is chosen as width=1.0 and
height=1.5. In each example, 3 cases of clear-
ance gaps with 0.2, 0.6 and 1.0 are usged to
show how the path of the mobile robot
depends on the value of the clearance gap.
The rseults of the-examples are shown in Fig.
8. In these examples it is easily observed that
the mobile robot turns every corner point with
the given clearance gap, and the path pat-
terns are also changed by the clearance gaps.
If the clearance gap becomes smaller, the
travel path of the mobile robot becomes short-
er. But, in the practical point of view,
because of some uncertainty problem, there
may exist a collision between the mobile robot
and the corner point of the entering junction.
On the other hand, if the clearance gap
becomes larger, the travel path of the mobile
robot becomes longer, but the possibility of
colliding with the corner point will be less.
One problem is that the mobile robot will also
become closer to the opposite wall of the junc-
tion as the clearance gap becomes larger.
Therefore, in order to find the clearance gap
which gives the safest path, trial and error is
necessary. The major advantage of this algo-
rithm is that diverse paths can be found by
only changing the clearance gap. However,
this algorithm is limited, in that it can be
applied only to specific corridor problems,

6. Conclusion

In this paper, an assembly path planning
was developed. Here, the inside free-space of
the female part was simplified into a series of
rectangular spaces using junctions and chan-
nels, from which a simple and efficient
assembly path planning algorithm was devel-
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Fig. 8.

Mabila Robot Motion: Clearonce gop=0.2
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10
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-10

Mobile Robot Paths with different clearance
gaps clearance gaps: a)0.2 b)0.6 ¢)1.0



oped. As this algorithm exploits some decision
rules based on the geometrical relation of the
junctions and the male part, the computation
effort can be greatly reduced, compared to the
configuration space or the classical cell decom-
position method, The other advantages of this
algorithm are that it can be easily extended to
the 3-dimensional case by just adding some
additional rules and it can get any desired
disassembly path by just changing the clear-
ance gap in the junctions. The disassembly
path planning can be extended to fit mobile
robot path planning in the rectangular corri-
dor problem. This algorithm deals with both
translational and rotational motions. However,
this algorithm has a limitation that, in some
cases, 1t is impossible to model the inside free-
space of the female part into simplified rec-
tangular space where the male part can move,
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