Joumal of the Korean Institute
of Industrial Engineers
Vol.24, NO.1, March, 1998

P A ZAGVSAY frialed d719)A AA

Positioning idle vehicles of AGYS on unidirectional guide paths

A - R
Jae Yeon Kim* - Kap Hwan Kim**

developed.

Abstract

Key words : Automoted Guided Vehicle System, Network location problem, Parking location

|
It is discussed how to locate idle vehicies of AGYS on unidirectional guide paths. The problem ‘
is modeled as 6 median location probiem on a cyclic network. The characteristics of the optimal |
location are analyzed ond some useful properties ore suggested to reduce the solution space.
Based on the properties found, several special types of networks - a pure single-loop type, the
loop type with a single branching intersection and the loop fype with local branching node -
are also analyzed as well as the general cyclic network. In each case of the networks, a sofufion
procedure is suggested. Some numerical examples are provided fo iflustrate the algorithms

[. Introduction

Autemated Guided Vehicle Sysiem(AGVS) becomes a
popular material handling equipment in such application
areas as flexible manufacturing systems, warehouse,
assembly lines, etc.. Flexibility is considered as a main
advantage for these applications.

The performance of the material handling system is
significantly influenced by several operation policies such
as routing, scheduling, dispatching and management of
idle vehicles [Sinriech et al, 1991, 1992, Tanchoco et al.
.992]. The positioning strategy of idle vehicles on the
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guide path is one of the important operational issues which
have been neglected by academic researchers until
recently [Egbelu 1993, Kim 1995, Chang 1996).

The positioning problem of idle handling equipment has
been studied frequently for several automated material
handling systems including AS/RS [Egbetu 1991] and
AGVS. It is considered to be an important factor to the
performance of the comesponding material handling
systern when the load of the handling activity is refatively
low.

When an AGV completes a delivery task, it remains

idle until the next pickup request is issued. At this
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moment, the supervisory computer directs the idle vehicle
> move 1o a specific positioning location and wait for a
fiture pickup call there. The positioning location usually
affects the response time of the vehicle significantly when
a pickup call is issued actually.

Studies on AGV positioning strategies have been
performed by Egbelu(1993), Kim(1995) and Chane(1996).
Egbelu(1993} proposed the following three criteria when
determining the parking location of idle vehicles :

1) minimization of maximum vehicle response fime,

2) minimization of mean vehicle response time,

3) even distribution of idle vehicles in the network.

He also provided 2 mathematical model (linear program-
ring} based on the objective of minimizing the maximum
vehicle travel time to reach a pickup location from the
parking location, Both bidirectional and unidirectional
loops with single and multiple vehicles were studied. Kim
(1995} also suggested a methodology to determine the
parking location of idle vehicles on a loop guide path. In
tis paper, the expected response time for a pickup cali
is minimized. Static and dynamic central zone positioning
strategies were analyzed. And both the bidirectional and
unidirectional gunide paths were considered. Chang et al.
(1996} suggested a dynamic relative positioning strategy.
They assumed & situation that the possibility of pickup
¢alls by each workstation changes dynamicalty over time.

According 1o the literature on AGVS [Coe and Tanchoce
1991, Egheiu 1993], the following rules are commonly
used when positioning idle vehicles :

1} cenral zone positioning rule,

2) circutatory loop positioning ride,

3) point-of-release positioning rule.

And the positioning strategies can also be classified as
follows according 1o the type of the information being
used in decision making :

1) staric positioning,

2) dynamic positioning,

3) look-ahead positioning.

When the static positioning strategy is used, the parking
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location is not changed once it is determined in the
designing slage and a specific path segment is designated
(provided) as the parking location. In the dynamic
positioning strategy, the parking location for the next idle
vehicle is changed from time to time according to the
parking locations of other vehicles. Finally, in look-ahead
positioning, the expected time for the next pickup call by
each workstation is forecasted in advance and utilized in
determining the parking location for the next idie vehicle.

In this study, we assume that the central zone
positicning rule is used to control idle vehicles. And. the
algorithms in this paper can be used not only for the static
positioning strategy but also for the dynamic positioning
strategy when the routing probabilities among workstations
are changed as the time goes by.

In most actual applications of manufacturing systems,
the average service time of AGVS is a more popular
criteria to evaluate operation strategies of AGVS than the
maximum service time that is often validated in the cases
of emergency services. The service time consists of the
assigned but empty travel {response} time, the loaded
travel time and the load tramsfer time. Since the latter
two ones can be considered to be fixed for a given route
and given delivery requirements, (he expected responsc
time 15 a reasonable criterion for determining the parking
location of vehicles. Thus, we adopt the expected response
time as the objective function to determine the positicning
tocation.

Although several researchers dealr with the positioning
problem, they all assumed the guide path of the loop type
[Egbelu 1993, Kim 1995, Chang 1996). In this paper. the
problem of positiening idle vehicles is addressed for the
case of & general unidirectional guide path. We investigate
some special characteristics of the umidirectional guide
paths and develop an efficient algorithm to find the
optimal parking location.

In the next section, the problem is defined mathemati-
cally. In section 3, some useful characteristics of the

optimal solution are analyzed. In section 4, the procedures



to find the optimal solution on a general cyclic gnide path

network and several guide paths of special types are
provided and analyzed. And some numerical examples are
illustrated on each case of guide paths. In the final section,

voncluding remarks are suggested.

2. Problem definition and formulation

For example, consider a gmide path for AGVS as shown
in Figure 1. We assume that the travel speed of vehicles
is 0.9mfsec {Chang 1996). Suppose that vehicles are
responsible to transport materials with processing routes
zs in Table i We can transform flow requirements in
Table | to FromyTo matrix of Table 2.

79

i i

Table 1. Flow requirements for the example

Material Routeldepartment | Travel f{eq. per :
number) shift
| Product 1 1l BorBocn 50
' Product 2 155321 40
i Produet 3 14821 30
i Product 4 157261 20
Product 5 13-+2—+6—1 10

each other, the probability that the nexti pickup call is
issued by a specific pickup station can be estimated by
the columnwise summation of entries in the corresponding
row divided by the total of entries in From/To matrix.
The probabilities are illusirated in the last column of Table 2.

Dept. 3 Dept. 2
2 B 0 L PD: "
[1]
D, i Dept. 7 gap, Dept. 6 M P,
(] P/D, (1
"""""""" TN (4 B[ Tt it bkt s
i1 . 1] distance of guide path segment(unit : 10m).
P/D; M Dept. 5 X P/D, * the guide path -
+ the boundary of department : -+
2] i E[2} Dept. 1 * P, : the pickup station of department i
P/D, : * Dy - the delivery station of department
Dept. 4 *1; intersections

Figure 1. Example of the guide path layout for AGYS

To make the expected response time as short as
rossible, it is reasonable to locare idle vehicles close 1o
11e station with a high probability of the next pickup call.

If we assume that pickup requests vccur independently

The guide path of AGVS can be represented as a
network in which a pickup station, a delivery sation and
an intersection are replaced by nodes and guide path

segments between two of stations and intersections by
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Table 2. From/Te matrix for flow requirements of Toble 1.

T

—
meT" p/D,[P/D,| D, IP/D.|P/D,| D, |P/0 Total przltf:l;lillaity
PD, | -| 0i10l80|60| 0| o0|150] 0242

PD, [70] -] of of 0|30 o|100] 0.161

P, | ojeoi -| of o|50| 0(130| 0210

PD, | 0l 0 80 -| 0| 0| of 80| 0129

PD, | 0! 0i40j of -| 0|20/ 60| 0097

P, leot ol o] 0| o -| of 80| 0129

P/D, 0;205 ol 0| of o| - 20| o032

dlirected arcs. Thus, the guide path of Figure 1 may be
converted to the corresponding network of Figure 2. At
that time, delivery-only stations are excluded from the
network, since there is no pickup request from ihese
stations. But, the intersections are included in the network.

The following assumptions are introduced for the
problem definition :

1> The central zone positioning rale is used to control

TR

idle vehicles.

@ A single parking area for idle vehicles is provided.
We mean by “single” that all the vehicles are
dispatched o the barking area when they become
ke,

3 Unidirectional guide path is used.

The following notations will be used :

n: the number of pickup nodes on the network,

P: the probability that an arbitrary delivery order is
issued by node f,

d(ij): the shortest travel distance of the wvehicle from

node 7 to node j,

x the location of the parking site in the layout which
is the decision variable,

v: the travel velocity of vehicle.

The objective function of the problem, the expected

response fime of an idle vehicle, may be expressed as

L
Min (1A T Ptz (1

P/D,

* P, P/D) : the pickup/delivery node

of each corresponding department

* 1, - intersection nodes

P/Dy

Figure 2. The converted network
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If we delete the constant term, (1/¥), we finally get the

tollowing objective function:
H
Nain fx) = E Pl (2)
21

In the following section, some properties of the problem

will be investigated in order to reduce the solution space.

4. Analysis of unidirectional cyclic guide
path networks

3.1 Vertex optimality

The formulation (2) in the last section can be interpreted
a5 mitimizing the weighted average distance from the
parking site to all the other pickup stations.

The following property will reduce the solution spaces
s.gnificantly:

Property 1. In an AGVS with an unidirectional guide
path, the optimal parking site with the least expected
response time coincides with a position of the nodes on
the converted network.

Proof: 1f the wehicle is located at an arbitrary node j,
then the expected travel distance from node j to all the
other nedes becomes

)= T PG

Suppose that there is an ar¢ directed from node | to
nade j. Let f be a position on the arc apart from node §
te the direction of node i by the distance of &. Then,

i) = E Py = E P{d(i)+ 8} = fj+ 8,

Since & is a positive constan, it is obvious that f(7")
» fif). Thus, the conclusion holds. Q.E.D.

Property 2. Any merging node {intersection) with no
pickup call pessibility can not be the optimal location for
positioning of idle vehicles.

Proof: See Figure 2. Node 9 is a merging node, If P,

[lE=sE

= 0, the expected travel distance decreases by the amount
of d(9,3) which is one in this case when the parking
location is moved from node 9 to node 3. This statement
can be generalized easily. Thus, the conclusion holds. Q.
ED.

3.2 Simplification of the cyclic quide path network

by a decomposition

We can reduce the degree of the complexity of (he
problem by decomposing the converted network into
multiple tree networks as follows:

(L When there is one or more than one branching

nodes, cut each branching node from its succeeding
AICS.

2 When there is no branching node, the nexwork is a
single-loop network. Cut an arbitrary node from its
succeeding arc.

For the example problem in Figure 2, we can cul node

8 and node 10 from their succeeding arcs, arc(8.2), arc
(8.10) and arc(10,1), arc(10,7), respectively, Then, we get
multiple tree networks as shown in Figure 3. Note that
& triangular node is attached 1o the end of each cut arc
instead of the original cut node.

And then, we construct a shortest distance matrix from
each of reot nodes to each of leaf ends (we call “reduced
distance matrix”). The reduced distance matrix can be
constructed in the following way:

1) Let the root node and the /th leaf end node of the
kth decomposed tree be R, and L, respectively. We can
construct a reduced network which consists of only the
leaf ends and the root nodes as in Figure 4. Note that
the distance from every leaf end to the root node of the
same decomposed tree can be evaluated in a straightfor-
ward way from the property of the ree network and the
distance between nodes comesponding to each cut point
is zero. '

2} Using the reduced network, we can get the shortest
distances from each root node 1o all the leaf ends by

applying Dijkstra’s methed for each root node one by cne
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root node

Figure 4. The reduced network
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[Francis et al. 1992, Handler et al. 1979). These shortest
distances become values of entries of the reduced distance
matrix. For the example. the reduced distance matrix is
ilustrated in Table 3. Instead of calculating the shortest
distance between every pair of nodes which is needed to
fimd the optimal parking location, we only have to
calculate this reduced distance matrix and use the distance
between nodes in a same tree which can be evaluated
much easily. Note that once we get the reduced distance
matrix, the distance between arbitrary nodes § and § may
be evaluated easily as follows:

{T; In case that node { 1s on the sth tree and node f is

on the nth tree (s=1),

dij) = diR) + IO [dR.L) + AL (3)

2 In case that node i and node j are on the same tree
{s) and node ; is not on the path from node i to
the toot node of tree s,

dj) = diR) + M [AR LY+ ALy @

& In case that node / and node j are on the same iree
(s) and node j is on the path from node / to the

root node of tree s,

dify= £ duy) {5
(a1 E T

where T(ij) is the set of all the arcs on the umique
path from node { to node j.
Note that d(R.L} and HR L} in (3) and (4) are

Table 3. The reduced distance matrix of the example

To :
From Ln L‘? Lal Lza
8(R) 2|2 00
10(A,) 0|0 6 | 6
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obtained from the reduced distance matrix and the value
dL,,j} and diL ) in (3) and {4) may be evaluated in

the same way as (5).

3.3 Relative differences in the expected rssponse
time among nodes on a tree

In this section, we provide a methodology to evaluaic

the relative differences in the expected response time

ameng nodes in each decomposed tree. Following a proper

sequence of a tree search (for example, see the sequence

in Figure 5 for the case of the depth first search), we

examine each node as follows:

Figure 5. The evaluation sequence based on the

depth-first search

We evaluate the relative difference in the value of the
expected travel distance under the condition that the
parking area is located at the corresponding node. At that

time, the root node becomes the reference potnr.
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In Figare 6, suppose that the location of the parking
site, x. moves from node j to node /. Then, the travel
distance from the parking site to node i decreases by the
smount of d(j.i), while the travel distances o the other

nodes increase by the amount of diij).

TO0t

d(j) Rk)

i f)
ALy, Lo i)

leaf end

Figure 6. A decomposed tree network

Tree 1

®o

-0.680

2,320
2.156

2.608

1.704

2.704 K

Therefore, the amount of change in the expected travel
distance of (2) becomes

diK1-PY - dyiP,
= dli) - () + ] X P,
= i) - min (AR ¢ AR P, ()

Thus, the relative difference between any two adjacent
nodes in a decomposed tree can be evaluated by equation
{6) easily. Note that &R, L.} can be obtained directly
from the reduced distance matrix and d(i,j} and d(Z,. B)
are distances between nodes on the same tree which can
be evaluated easily.

For example, when the parking site moves from node
3 1o node 9 in Figure 3, the expected travel distance
changes by the amount of (9,3} - min [ (L, 8) + dl8,
L), dL..8) + #BL.) | P, Therefore, it becomes 3 -
{6+ 2} x 0= 3, which is the relative difference of
the expected travel distance between node 3 to 9.

Let W, be the cumulative sum of the change { (6 )

Treez

T

1.452

W91

o 1.520

3.604

4.604 fi\ 2520

Figure 7. W, and candidate nodes for the example
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from the root node o node i on the #th tree network.
Then, W, represents the relative difference of the expected
:esponse time between the case of the parking area located
at node § anﬁ the one located at the root nede.

Now. we can choose a node which has the lowest value
of W, in tree &, which we call the candidate node (i) of
ree k. Figure 7 illustrates W, and candidate nodes for
‘he example,

Property 3. All the nodes on tree & except the one
with the lowest value of W, can be eliminated from the
“urther consideration as candidates for the optimal parking
‘ocation.

Proof: The conclusion directly follows from the
definition of W,. Q.E.D.

Property 3 eliminates a sigmificant number of nodes

“rom the solution space for the optimal parking location.

L. - s TG

T

=i ils =TT

3.4 Indifference of the relative preference among
candidate nodes to the locations of non-
candidate nodes

We can decompose each tree network further into
multiple segments by cutling the network at merging
nodes as shown in Figure 8. Note that we become to
have two additional nodes which corresponds to the
locations of cuts at a merging node. Then the following
property holds:

Property 4. Any movement of a non-candidate node
does not change the relative preference among candidate
nodes as the parking location only if the non-candidate
node stays on the same segment and does not pass the
candidate node on the same segment ahead.

Proaf: Suppose that the location of node j is changed
by the amount of d to the direction of the root. Let the
new location be . Then, its expected response time from

X = x, which is the fth candidate node, becomes

5! #
SP X dlh) + Py X de) ¢ 5 Pl k).
=1 d= et

Figure 8. lllustration for further decomposing of a tree network
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Note that dlx,s) is evaluated by the same formula as
tx.f) among (3), (4) and (5} from the condition of the
possible movement and dlvy’) = dley) - @ Thus. the

expecied response time from x = x. becomes
"
TP X dly g+ 8. (7}
=

The relationship of (7) holds for all the candidate node
r, which implies that the expected response time from
every candidate node changes by the same amount. Thus,
the conclusion holds. Q.E.D.

4. Finding the optimal parking location
and the evaluation of the expected
response time

4.1 Finding the optimal parking location on a

general guide path network

In the following, we suggest a procedure to find the
optimal parking iocation when the guide path nerwork is
of the general cyclic network type wtilizing the properties
of the previous section:

Step 1. Decompose the nerwork inte multiple itree
aetworks Iy cutting off each branching node from its
inceeeding arcs.

The guide path network is transformed into the
converted network as in Figure 2 and the converied
network is decomposed into multiple tree networks as in
Figure 3.

Step 2: Construct the reduced distance matrix.

Utilizing the root nodes and the leal nodes in the
decomposed tree  networks, the reduced network is
constructed as in Figure 4. And the reduced distance
matrix is constructed based on the reduced network as in
Table 3.

Step 3: Choase a candidare node on each decomposed
ree network by evaluating the relative differences in the
zxpecied response time among nodes and choosing the

dode with the lowest value on the tree network.

e e TEE=

For each decomposed tree network. the cumalative sum
of change in the expected response time from the root
node tW } is evalvated and the node with the lowesi valug
of W, is selecied as a candidate node for the optimal
parking location. For the example problem, they are
illusirated in Figure 7.

Step 4: Condense mudtiple nodes on a segment into
one or two, which results in the significant reduction in
the number of nodes.

The network can be further simplified by condensing
muliiple nodes on each segment into one or two nodes
using property 4 as follows:

For a segment which contains the candidate node, (1}
condense all the nodes preceding the candidate node into
one by summing all P’s and locate the resulling node at
the location of an arbitrary condensed node, (2) and
condense all the nodes succeeding the candidate node
(including the candidate node itself) into the candidate
node.

For a segment without a candidate node, condense all
the nodes on the segment into one arbitrary node on the
segment.

For the examnple problem, we can condense node 4 and
nade 5 into node 1, node 6 into node 2 and node § into
a candidate node 3. Now, we bccome to have six
condensed nodes of node |, 2, 3. 7, 9 and 10 with pickup
probabilities of 0.468, 0.290, 0.210, 0.032, 0.0 and 0.0.
respectively. Among these nodes, node 3 and 10 are also
candidate nodes.

Step 5: Compare the objective funciion values of the
candidate nodes eack orher by evalwaring the expecied
travel distance from each candidaie node to the condensed
nodes. Select one candidate node with the lowest objective
vatue.

We find the optimal parking area by evajuating

Min ¥ B dlij. (8
iiec
jen

where C is the sel of candidate nodes and D i3 the set
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of condensed nodes, and ﬁj is the revised pickup
probability.

Table 4 illustrates the travel distance and the expected
travel distance from each candidate node for the example,

Node 3, P, is the optimal parking location.

Table 4. The expected travel disiance for the example

Condensed 5' The expected
nodes travel distance
2 '3 7
Candidates ! : {unit:10m)
3 4 210 4 2.580
10 1 7 5 1 3.580
FJ- 0'468E0'290 0.210/0.032
E

In order to get the objective value of the original
function {1} or {2), we have to modify the value of (8)
oy the amount corresponding to the changed distance.

The expected wavel distance of the example problem
secomes 34.84m{= 25.80 + 9.04) and the expected vehicle

“esponse time is 38.71sec.

Discussions on the computational complexity

If we use the Dijkstra’s method to find the shortest
Jath between every pair of nodes on the network, (3a
n-1¥2n operations are required when r is the number
of nodes [Evans et al. 1992, And in order to find the
optimal median selution, #(s-1) multiplication, n(nr-1)
additions and (n-1) comparisons are required additionally.
‘n total, 3 mn-12 + 2n(n-1) + {n-1) operations are
required.

But, ; 3n{n+1)R2 operations, where m is the number
of the ﬁécomposed tree networks and r, is the number
of the leaf nodes of the kth decomposed tree, are required
to find the shortest path from root nodes (o every leaf
node in Ihe suggesied algorithm, To find the optima}
solution, 1 (n,+1) multiplications, Z (n+1) addmons,
im-1) compansons are needed addltwnally In total, E

{3n, (n, +10}2 + 2T (a+1) + (m-1) operations are

=1

required approximately.

For the ¢xample problem, which has 10 nodes and 2
decomposed trees, 1539 operations in the full enumeration
and 167 operations in our algorithm are required.
Therefore, the suggested algorithm can reduce the

calculation time significantly.

4.2 Finding the optimal parking lecation on a guide
path of a pure single-loop type

A pure single-loop guide path for AGVS is an effective

approach to reduce the complexity of the control logic

for vehicles and is illustrated in Figure 9. This guide path

layout can be converted to the corresponding single-loop

network as in Figure 10.

Dept. 3

Dept. 4 ‘ v

Dept. 2

Dept. 5 Dept. 1

a

Figure 9. A single-loop guide path for AGYS

Piy

Figure 10. An example of o single-loop network

This single-loop network is converted into a trec

network with a single root and a single leaf end by cutting
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an arbitrary node from its succeeding arc. We can apply
the suggested algorithm to get the candidate node which
Is the very optimal solution from property 3.

Let T be the total length of the loop and & be the
length from a node / to the adjacent node in the direction
of path as shown in Figure 10. Then the following
property holds :

Property 5. HT X P, { u, in case of 2 loop type guide
path, node { can not be the optimal location,

Proof: From equation (), we can get
i) -f) =T x P, - u, )

If equation {9} is less than zero, then fli-1) { fD.
“Therefore, node i can not be the optimal Jocation. Thus,
the conclusion holds. Q.E.D.

Algorithm for a pure single-loop fype network
Step 1: Cut an arbitrary node.
Without loss of generality, we will assume that
the cut node is node 1.
s=1and W, =0,
W¥ =0, 5% =1
Step 2: Choose the optimal parking location.

s=5+ 1

If s ) n, stop.
Otherwise, W, = W . + diss-1} - T x P,

I W, { W W* = W, and s* = 5. Go to the
beginning of step 2.

4.3 Finding the optimal parking location on a guide
path with a single branching intersection

A guide path layout of AGVS for a part delivery from
a storage location 1o several different assembly lmes is
illusirated in Figure 11-(2). This guide path layout is
converted to a loop type network with a single branching node.

This network has only one branching node. Thus, we
can convert it into a single tree network by cuiting the
branching node from its succeeding arcs. The converted
tree has a single root and multiple leaf ends and so it is
of the fork form as in Figure 11-(b). We can apply the
suggested afgorithm to find the candidate node on a tree
network. Then, the candidate node is the very optimal
solution.

4.4 Finding the optimal parking location on a guide
path of the oo type with local branching nodes
The guide path layout of AGVS for assembly lines is

n
B
line 1
> line
line
F.
- ‘
Storage location
0 <

(a)

®

Figure 11. The guide path of AGVS for part delivery for assembly stations [a} end its converted free metwork (b)



illustrated in Figure 12. This layout can be converted to
the loop type netwerk with multiple branching nodes as
shown in Figure 13.

assembly tine A

Figure 12. The guide path of AGVS for assembly lines

1% branch /'/.\

2* branch

(k-1)™ branch

& branch

Figure 13. A loop type network with local branching

nodes

Suppose that there are n local branches as in Figure
13. When we cut off the branching nodes, # decomposed
tree networks are obtained.

To find out a candidate node on each decomposed tree
n the procedure of section 3, the reference value W, of
the root node was set 1o be zero, But, wtilizing a special
structure of the network, we can easily evaluate the
absolute value of the expected travel distance for each
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root node without evaluating the objective function value
at each candidate node by (8} as follow:

Suppose that the absolute value of the objective function
at o0t node and the ith node on the &th tree be ¥, and
Y,. respectively. Then, ¥, = ¥, + W, for all nodes on
the th tree nerwork.

Let the node L, be the leaf node which is the nearest
to the merging node on the kth wee. And let

T = the shortest turn-around travel time starting from
a merging node and rewrning to the same node,

S, = the sum of weights of all the nodes on the branches
of the &th ree network excluding the branch with the leaf
node L,

P, = the probability that an arbitrary delivery order is
issued by the root node of the kih wee network. Then,

Yotes ¥ TPy + IS = ¥p
=Y+ Wp

k=12..nand ¥ =Y and P, =P {10}

o'

Ren  La ¢
2 Fare S
{k-1)th tree i

kth tree

Figure 14. Decomposed tree networks with local

branching nodes

The left hand side of equation (10) evaluates the
expected travel distance at the leaf node L, by adding
the change resulting from the move of the parking location
from R, to L, to the expected travel distance at R, .
The night hand side of equation (10) represents the
expected travel distance at L which is obtained by adding
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the relative difference of L. from the one of R, to the
expected travel distance at R,

Since we have the same number of equations as the
one of the unknown variables ¥.'s, we can solve the
simultaneous equations to get the value of the absolute
values of the expected travel distance at each root node.
Once we get the values for root nodes. it is straight
forward to get those for ali the candidate nodes. Thus,
we become to get the optimal solution without using a

shortest path finding algorithm.

A numerical example

In this section, we illnsirate the solution procedure for
the example in Figure 15.

We assumed that P's are 0.05, 0.1, 0.08, 0. 0, 0, 0.2,
0.05. 001, 0.1, 002, 0.1. .15, 0.02, 0.02, and 0.1 in

tree k=1

Yol

T ez T

Figure 15. Example of a loop type network with 3 local

branching nodes

ascending order of node numbers. Then, the network is

decomposed into 3 tree networks as in Figure 16, From

tree (k= 2)

(La=L12)

tree (k= 1)

Ya]
2

O———=@>@ @=Ly

Figure 14. Decomposed tree networks cf the example
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equation (6), we can find the candidate nodes for three
tree metworks and know W, for ail nodes on three tree
networks. Nbde 7 on tree 1, node 12 on tree 2, and node
16 on tree 3 are candidate nodes. In the next, we can

construct three simultaneous equations as follows:

Y, - ¥, =-046 (n
¥, -¥, =-093 (12)
Y, - ¥, =139 (13)

If weset ¥, =0 wecanget ¥,=046and ¥, =
139, Note that the equations (11)~(13) have multiple
solutions. Now, we can determine that the optimal parking

location is node 7.

5. Evaluating the expected response time
at an arbitrary location on a general
guide path network

The theoretical optimal parking location may not be
realizable on an actual guide path for AGVS because of
varions physical limitations. At that rime, we should be
able 1o evaluate the expected response time quickly for
any next promising location on the guide path network.
In the following. we explain how to evaluate the expected
response fime at an arbitrary position.

By (8), we already know the value of fi} for every
candidate node i, And W,'s are known for all the nodes
on the guide path metwork. Then, we can get easily the
value of f7) of node j on the #th tree network by

evaluating
Aj) = Wy + fi - Wi (14)

Remember that W, represents the relative difference of fj)
from a reference point (root node). Since the absolure
vatue of fi,) is known now. it can be used to evaluate f
J) of all the nodes on the tree nerwork.

Then, we can plol the curve of the expected travel

Wi REAZAGVS S FExE dir8A A 91
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distance for each segment on the network as follows:

{11 Let x, be the distance of node i from the node(node
9) on the same segment which is located nearest 1o the
root nodefreference point, node 8 in the example problem)
of the comesponding tree network. Then. we can mark
the coordinates (x, £1)) for all the nodes on the segment,

(2) We draw a suaight line to the right whose slope
is +1, starting from each marked point {x, £/)) wmiil it
meets a vertical iine that passes the next coordinate (x,, A7},

For the example problem, the curve for a segment of
Figore 8 ts plotted in Figure 17,

o ]

°C i i 5
rd

=) oo

Xg X5 X3 x Ln x

Figure 17. The curve of the expected travel distance on

a segment

When we want to evaluate the expected travel distance

for a parking area located at an arbitrary position between

Axy) .
Cal
] I N R N
X X X 4
nodei nodej

Figure 18. The expected travel distance from an

orbitrary position on o segment



nodes, 1t can be evaluated as follows:

Let x be a position on the arc apart from node ¢ to the
direction of node f by the distance a as shown in Figure 18.
Then,

f)=flg)+ e (15)
€. Conclusions

One of the important operation policies for AGVYS is
the positioning strategy of idle vehicles on the guide path,
s.nce it significantly affects the service time of AGVS
for a load pickup request. Althcugh several researchers
dealt with the positioning problem, they all assumed that
the guide path is a simple loop type.

In this paper, we discussed how to lecate idie vehicles
of AGVS on a general unidirectional guide path network.
We analyze the characteristics of the optimal location and
siggest some useful properties to reduce the solution
saace. A simplified process is suggested 1o find the
optimal parking location which consists of decomposing
the original guide path network inte multiple tree
networks, constructing the reduced distance marrix,
choosing 2 cundidate nede on each tree network,
condensing multiple nodes on a segment into one or two,
and evaluating the candidate nodes. Each step of the
procedure is illustrated using a numerical example. And,
the computational complexity of the algorithm developed
i analyzed. Several special types of networks are
analyzed in addition to the general cyclic network, Those
includes pure single-loop type, loop type with a single
branching node, and loop type with local branching nodes.
I is shown that much simpler algorithm may be applied
to each type of special guide paths. In case of each type
of special guide paths, it is illustrated using seme example
froblems. Methodology of evaluating the expecied
rasponse time at an arbitrary location on a general guide
path network is provided.

In this research, we considered only unidirectional

cyclic guide path network. The result of this study may
be extznded to the case of bidirectional guide paths in
the future study. And we did not consider the problem
with the multiple parking sites and the dynamic position-
ing problem. Thus, these problems may be promising
topics for the further exiensions.
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