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Abstract

Flexible manufacturing systems (FMS’s) become more and
more popular nowadays in the field of manufacturing since they can
perform different workpieces automatically in more than one
sequence and, hence, possess considerable flexibility. Design of an
FMS will involve several levels of consideration and each level will
endeavor to solve various problems. One of those levels is planning
and scheduling where problems regarding how to perform
classification and selection are intrinsic ones. In this paper, an
efficient heuristic method by building some minimum spanning
tree(s) (MST) to solve these problems is proposed and, then, it is
applied to three different types of environment for illustration.
Computer simulation results show that our approach can obtain a
satisfactory solution in moderate computational time.

L Introduction

Flexible manufacturing systems (FMS’s) become more and more
popular nowadays in the field of manufacturing since they can perform
different workpieces automatically in more than one sequence and, hence,
possess considerable flexibility. In other words, no human intervention
will be needed in determining system operations and in handling con-
tingent incidents in such an automatic manufacturing environment.
Design of an FMS will involve several levels of consideration and each
level will endeavor to solve various problems. One of those levels is
planning and scheduling where problems regarding how to perform
classification and selection are intrinsic ones. In this paper, a efficient
approach for solving these problems is proposed and is, later, applied to
three different types of environment for illustration.

The first environment contains problems of so called group technol-
ogy (GT) (see in [1]-[3]. Its philosophy is to perform necessary opera-
tions of processing a part by a group (cell) of machines which are physi-
cally close-by as much as possible in order to minimize the total handling
time. Before such a technology can be applied, all the parts to be pro-
duced in a machine shop with lots of machines have to be sorted out into
several families. Each family of parts is formed by judging the degree of
similarity in size, geometry, method of manufacture, etc. Above all, all
the operations involved in each family should be related to only a partic-
ular group of machines. Obviously, these are also known as classification
problems.

The second one is tied with problems of the so called process plan
selection [5][6]. Due to the very flexibility of an FMS, for each part there
exists a number of different process plans and each plan specifies
different requirements for tools, auxiliary devices, as well as operations
(for example, machining operations) to be performed altogether at a
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given cost. Moreover, since there usually will be several parts to be
manufactured at the same time, there may exist a conflict in using a sin-~
gle machine for manufacturing more than one part due to the choice of
some possible combination of so many relevant process plans. Therefore,
a mission for the production planper is to select one out of all possible
combinations of all process plans so that the minimum number of
fixtures, grippers, fedders, and tools will be required. In another words,
the corresponding total cost will be the minimum over all possible
choices.

Very often in a realistic situation, not only a subset of a set of pro-
cess plans has to be chosen but also the sequence among process plans in
that chosen subset has to be determined as well. This constitutes the third
eavironment to be considered here where the class of problem, originated
from that mentioned above, is terms as process plan sequencing prob-
lems. Of course, the sequence to be selected here will correspond to the
minimum total cost as has been requested previously.

All these problems mentioned so far are NP-complete and, hence,
the complexity of solving these problems is considerably high if its so
called "optimal" solution is pted. Thus, introduction of some good
heuristics which can reduce complexity will be preferable in solving
these problems in real practice. The efficient approach proposed here is
based on the concept of minimum spanning tree [4] mixed with some
relevant heuristics. For illustration of the performance, some computer
simulation examples are provided with satisfactory results.

I Problem Formulations

A. Group Technology Problem

Group technology is an approach that seeks to identify those attri-
butes of a population that permit its members to be collected into groups,
sometimes called families, so as to take advantages of their similarities in
manufacturing and design. In a manufacturing system part similarities are
of two types: design attributes (such as geometric shape and size) and
manufacturing attributes (the sequence of processing steps required to
make the part). Suppose there are k parts, p; - - - py, which need to be
manufactured and each part has m attributes. Then a kxm matrix PI can
be built to indicate the parts’ information. Every entry Pl,; is a number or
a character, which represents the value of /th attribute of part p,. For
illustration, table 1 shows the information about ten parts each of which
has twelves attributes.

Since each attribute has different effect to identifying a part, the
Hamming distance has been modified by introducing the weight
coefficient w; for each attribute i. Recall that the weighted Hamming dis-
tance between any two parts, say, p, and p, is defined as:

wirdy + wytdy + 00+ wdy
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Tablel Examplel: Tuelve Attributes for Ten Parts.

where d; is the difference of the ith attribute between the two parts.
Based on the part information matrix PI, we can first calculate the Ham-
ming distance between every pair of parts, then a weighted Hamming dis-
tance matrix WH which indicates the degree of difference among every
parts can be created accordingly. Thus, based on the part information
matrix, we define the weighted Hamming distance matrix WH of which
each entry, say, (a,b) denotes the weighted Hamming distance between
part p, and p,. Accordingly, the matrix WH registers the degree of dis-
similarity among all parts. For example, table 2 is the weighted Ham-
ming distance matrix associated with the part information matrix shown
in table 1. In this special case, if the ith attribute is a numerical value,
then d;=1PL;—Pl!, else d;=0 when PI,;=Pl,; and d;=1 otherwise.

By these definitions, a group technology problem can be stated as:
Given a kxk weighted Hamming distance matrix WH, group those k parts
into f families where f is a given number.

B. Process Plan Selection Problem

Most of the planning methods for automated manufacturing systems
are based on the assumption that for each part there is only one process
plan (defined as a sequence of operations) available. But in practical
situation (e.g., in an FMS) one can generate a set of different process
plans, whose attributes as well as costs may vary from one to the others.
The former are defined as the auxiliary devices (such as fixtures, grippers,
feeders, and tools) that each plan specifies whereas the latter is the
manufacturing cost induced by that particular plan. By this observation,
every process plan can be identified with its attributes (i.e., required auxi-
liary devices) and the associated cost. Suppose there are n auxiliary dev-
ices in a manufacturing system and at certain time there are p process
plans to manufacture k parts, then the following incidence row vector is
defined for each process plan P, 1<i<p :

X = (XX 7 Xmi)

where

1 if the auxiliary device t is used in P;
%i= 10 otherwises

and a row vector C is used to denote costs of all the process plans, i.e.,

C=[C1Cy -+ Cy

where C, is the cost for process plan P;. An example for demonstration is
shown in figure 1.

Like the first class of problems, after figuring out the incidence
vector for each process plan, we can then construct a pxp weighted Ham-
ming distance matrix D measuring dissimilarity among the plans. Each
entry dy; denotes the weighted Hamming distance between process plan P;
and P Now the process plan selection problem can be defined as fol-
lows: Choose from the set U={l, ..., p} a subset S={j, ,..., j} which con-
tains one representative process plan j; for each part i, 1<j<p, i=l, ..., k,
such that the following is minimized:

T 4,7t XG
jies
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where AS={(j1,j2), (1. J3), --r Gieto g} In words, to manufacture k parts
we choose from the set of p process plans a subset of k process plans
(counting the multiplicity) such that the total costs of these chosen plans
plus a measure dissimilarity over those plans is minimized.

C. Process Plan Sequencing Problem

The class of problems considered here is originated from that given
in subsection B but also takes into account the importance of the process-
ing order of the manufacturing plans selected. This additional considera-
tion will become imperative when the setup efforts caused by switching
from one process plan to another are comparable to the total costs of the
relevant process plans.

By use of the previous notation, we now formulate the problems as
follows: Corresponding to the subset S={j,, ..., ji}, we define the set of
all possible permutations of the ordered kth tuple (jy, ..., i) as TS) of
which each element is denoted as ®=(i,, ..., i) €EII(S). Then, the objec-
tive is to minimize

+ _ZCJa

€S

Jitdim (2)

Cijpe Jin ) €B()
where B(m)={(i}, 1y (i,13), ..., (ix-1riy)} over all possible S < U and all
possible TI(S).

1. Solving Problems of Classification and Selection Using Modified MST
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In section 2, we have formulated the three classes of problems to
be studied here. Later in this section we will show that by simply intro-
ducing some suitable modifications to the MST according to the problem
nature, all these problems can be solved efficiendy. It is noteworthy,
however, that certain heuristics will have to be introduced when concepts

1 2 3 4 5 6 7 8 9 10

1 [ [ 135 147 73 116 125 718 62 105 9A2_
21135 ‘ [ 48 94 99 65 123 73 74 7.5
31147 48 0 84 71 68 125 105 78 77
41 73 9.4 84 0 73 112 121 69 116 59
WH= S51116 99 71 73 0 87 144 86 97 108
61125 65 68 112 87 ] 123 85 94 133
71 78 123 125 121 144 123 0 100 69 100
8! 62 73 105 69 86 85 100 0 7.1 96
91105 74 78 116 97 94 69 71 0 115

0 92 75 77 59 108 133 100 96 115 0
L .

Table2 Weighted Hamming Distance Matrix for Example 1.
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Figere 1. Example2: Ten Process Plans associated with Four Parts.

of MST are to be used to solve these NP-complete problems in general.
Hence, the optimality of solutions will be traded with the efficiency of
reaching good solutions.

A. Group Technology Problem

Recall that this class of problems are characterized mainly by the
weight Hamming distance matrix WH. The objective is to group k parts
in total into f families. Then, it is quite straightforward to build a graph
G=(V,E) according to the matrix WH. Specifically, V corresponds to the
set of parts and each element of E, say, (v,w) denotes the weighted edge
between the part p, and p,. Now we are ready to propose an approach of
solving the problems in the following:

Algorithm A

Stepl:  According to the weighted Hamming distance matrix WH, build
a comesponding undirected complete graph G=(V,E).

Step2:  Create a minimum spanning tree S=(V,T) of G.

Step3:  For index = 1 to f-1 do Step3.1 and Step3.2:
Step3.1:  Choose an edge (v,w) in T of the largest weight;
Step3.2:  Delete (v,w) from T.

Step4:  Now the graph S=(V,T) is an unconnected graph with f com-
ponents.

After a minimum spanning tree is constructed in Step2, (f-1) edges
of the tree with the larger weights are deleted so that S becomes an
unconnected graph with f components. Each component thus corresponds
to a family of parts. For example, there are totally ten parts which are
shown in table 1 and table 2, and they are to be grouped into three fami-
lies. Figure 3 shows the partial and the final result of our approach where
three families are found as: {p1,ps.Ps:P1o}, (P2.P3.PsPs}, and {pr.ps}.
Remark: To balance the load of these families the above algorithm
should be modified to meet this constraint. At first an integer number Ip
indicating the lowest number of parts in every family must be given (or
be calculated by some rule), then Step3 can be modified as follows (the

(2) Gragh G=(V,E) (b) A Minimum Spanning Tree 0f G

Figure 2. An Example of Minimum Spanning Tree.
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Figure 3. An Example of Grouping Result.

other steps remain unchanged): When the next largest edge is chosen, we
must check after deleting this edge whether there exists a subtree whose
number of node is less than p, If it is, then this edge must be kept, and
is deleted it otherwise. As before, after deleting f—1 edges Step3 is then
terminated.

B. Process Plan Selection Problem

The problems to be considered here are not only characterized by a
weighted Hamming distance matrix D (as before) but also a cost vector C
of all relevant process plans and a variable k which indicates the number
of total parts. Likewise, an undirected graph G=(V.E) is constructed
according to the matrix D and the vector C as well, where V now
denotes the set of process plans whereas the weight of each edge in E,
say, (v,w) is defined as

I (viw)l =C,+C +C—;d =C+C +—l5-dv 3)

O e v FotSd
where C¥ denotes the number of 2-combinations of a k-set. The choice
of the weight function is due to the fact that the total weight of any solu-
tion tree (with (k-1) tree branches) out of the graph G will generally be

more close to the value given by the objective function in (1) than when
k

G
d,. instead of ﬁde is used in the calculation (3). Based on the graph,

a modified MST is constructed and gives a desired result. The detailed
algorithm is shown below:

Algorithm B-1:

Stepl:  According to the pxp weighted Hamming distance matrix D,
the number of parts to be processed k, and the cost vector C, do
Stepl.1 and Stepl.2 to build an undirected complete graph

G=(V,E).

Stepl.1:  For each process plan P; builds a vertex V; in V so
that the number of vertices in V is p.

Stepl.2:  The weight of the edge (v,w) is given by (3).

Step2:  Let F be a set called forest, which is a set of trees. Initially, F
is set to be empty.

Step3: Do Step3.1 through Step3.3 repeatedly until F becomes a tree
with k vertices.

Step3.1:  Choose (v,w) an edge in E of lowest cost.
Step3.2:  Delete (v,w) from E.
Step3.3:  Test whether the edge (v,w) can be legally added

into the forest F and then add it if can.
Stepd:  Now the forest F contains only one single tree. This implies
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Table 3. Weighted Hamming Distance Matrix for Example2.

that the set of process plans represented by the corresponding
vertices in that tree is a valid selection for processing the total
k parts.

Note that the test made in Step3.3 is to see whether the addition of
a candidate edge (v,w) into F will result in a cycle or will lead to the
situation where more than one process plan are selected for the same
part. To illustrate the algorithm, it is applied to example 2 shown in
figure 1 with the corresponding graph shown in figure 4. It can be easily
seen that the edge of the smallest weight is (vs,vo) and is, hence, added
into F. Since P, and Ps are both process plans of manufacturing part 2,
the edge of the second smallest weight (v4,vo) can not be added into F.
Continue this process and, then, we will have edges (v,v;) and (v, vy)
be added into F successively. Now F becomes a spanning tree with four
vertices (three branches) so that the algorithm terminates with the final
solution to the selection, namely, {P,Ps,P;Po}, in contrast with the
optimal solution {P,.P,P;P;}. The total cost for the former is 32.5
whereas for the fatter is 29.8. Apparently, the ratio of the difference to
the optimal cost is about 9.0%.

In algorithm B-1 there exists only one forest in F at any time. In
order to find a better solution we may change the algorithm to the one
that F may contains more than one forest. Thus we have the following
refined algorithm.

1 2 3 4 5 6 7 8 9 10

1 F @ © 214 135 152 161 129 202 130 }9‘1_
2 © 310 271 208 217 269 222 230 247
3 (-] o @ 179 227 260 228 249
4 © o 140 148 221 129 210
5 © 197 165 158 126 187
6 © © 207 175 156
7 © 175 145 164
8 © ©
9 © @
10 ©

Table 4. The Weight of Every Edge E ij in the Graph G=(V,E) Built
by Example2. -
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Figure 4. Running Algorithm B-1 and C-1 for Example2.
Algorithm B-2:

Stepl:  According to the p*p weighted Hamming distance matrix D, the
number of parts wanted to be processed k, and the cost vector

C, do Stepl.l and Stepl.2 to build an undirected complete

graph G=(V E).

Stepl.l:  For each process plan P; builds a vertex V; in V so
that the number of vertices in V is p.

Stepl.2:  The weight of the edge (v,w) is given in (3).

Step2:  Let F be a set of forests. Initially there is only one empty set in

F, i.e., an empty forest.

Step3:  Define a variable fn as the number of forests in F. Initially fn is
set to be one.

Stepd: Do Step4.1 through Step4.4 repeatedly until one of the forests
in F is a tree with k vertices.

Stepd.1:  Choose (v.w) an edge in E of lowest cost.

Step4.2:  Delete (v,w) from E.

Step4.3:  For i=1 to fn, test whether the edge (v,w) can be
legally added into the forest F; and then add it if
can.

Stepd.d:  If the edge (v,w) can’t be legally added in any
forest F; then do Step4.4.1 and Step4.4.2.

1262 I”
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(G) Afier Adding the Edge of the Forth Smallest Weight.
\

Figure 5. Running Algorithm B-2 and C-2 for Example2.
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Step4.4.1:
Step4.4.2:

foe fo+l

Clear the forest Fg, to be empty, and,
then, add the edge (v,w) into this
new forest.

StepS:  Now there is at least one forest F, in F become a tree with k
vertices. If there exists more than one such trees in F then find
a tree F, ;. with smallest cost according to the cost function (1).
Then the set of process plans represented by the corresponding
vertices in F;, is a valid selection for processing the total k
parts.

The major difference between algorithm B-2 and B-1 is that F in
algorithm B-2 is a set of forests instead of a set of trees, and a new forest
Fpny1 with a single edge (v,w) must be constructed if the edge (v,w) can’t
be legally added into any forest F;, 1<i<fn. For illustration figure 5 shows
the forests built by algorithm B-2 for example 2. Figure 5(b) shows that
the second smallest edge (v, Vo) can’t be legally added into the forest F,
and, hence, a new forest F, is then constructed. In figure 5(c) the third
smallest edge (v,,v;) can be legally added into both F; and F, so that it
is incorporated into both of them. At last, there are two spanning trees,
F, and F,, with four vertices as shown in figure 5(d). After the total cost
of these two trees is calculated, the set of process plans {P;,P,,P;,Py} is
the final solution which is also the optimal solution.

C. Process Plan Sequencing Problem

The necessary information for this problem is the same as the
above one, ie., a weighted Hamming distance matrix D, a varable k
indicating the number of parts wanted to be processed, and a cost vector
C. The algorithms for solving this problem are similar to that for solving
the previous problem except that the testing procedure is different and the
weight in every edge when building the comesponding graph G is also
different. Specifically, the weight for the edge (v,w) is defined as the sum
of C,, C,, and 2*d,,, in view of the fact that the total weight of edges in
a sequence is twice of that given by (2) according to this weight
definition. Furthermore, when the edge (v,w) is chosen, we must test after
it is added whether the forest can form a valid sequence instead of
whether it can form a valid spanning tree. Two algorithms for solving
this class of problems are shown as follows.

Algorithm C-1:

According to the pxp weighted Hamming distance matrix D,
the number of parts to be processed k, and the cost vector C, do
Stepl.1 and Stepl.2 to build an undirected complete graph
G=(V.E).
Stepl.1:

Stepl:

For each process plan P; builds a vertex V;in V so
that the number of vertices in V is p.

The weight of edge (v,w) is the sum of C,, C,, and
2+ d,..

Let F be a set of trees, that is, a forest. Initially, F is an empty
set with no element.

Do Step3.l through Step3.3 repeatedly until F becomes a
sequence with k vertices.

Step3.1:
Step3.2:
Step3.3:

Stepl.2:
Step2:
Step3:

Choose (v,w) an edge in E of lowest cost.
Delete (v,w) from E.

Test whether the edge (v,w) can be legally added
into forest F and then add it if can.

Now the forest F contains only one sequence S. This implies
that the order of process plans represented by the corresponding
vertices in S is a valid sequence for processing the total k parts.

Step4:

Algorithm C-2:

Stepl:  According to the pxp weighted Hamming distance matrix D,
the number of parts to be processed k, and the cost vector C, do
Stepl.1 and Stepl.2 to build an undirected complete graph
G=(V,E).
Stepl.1:  For each process plan P; builds a vertex V; in V so

that the number of vertices in V is p.

The weight of edge (v,w) is the sum of C,, C,, and
2*d,,,.

Let F be a set of forests. Initially, there is only one empty set
in F which indicates that there is an empty forest in F at first.

Stepl.2:
Step2:

Step3:  Define a variable fn as the number of forests in F. Initially fn is

set to one.

Do Step4.1 through Step4.4 repeatedly until there is a forest F;
in F being a valid sequence with k vertices.

Step4:

Stepd.1: Choose (v,w), an edge in E of lowest weight.
i R T L L o
needed, ment

(20,4) 0.0163 0.0203 0.0286 10% 26% 1324% | 11.02% [2449% (2702 %
(20.5) 0.0197 0.0233 0.0823 8% 2% 1480% [1141% | 1864 % [2994%
(25,5) ]0.0333 |10.0393 {0.2863 10% 2% 1492% |1129% | 1801 % |1.882%
(30,5) 0.0513 |0.0567 |0.7626 10% 16% 1471% |13.70% | 1039 % | 0.854 %
(30.6) 0.0520 0.0783 0.9081 6% 0% 1669% |11.05% | 50.62% |5372%
(40.8) 10.1123 0.1697 40.032 0% 2% 1685% [14.11% | 51.08% |2314 %
(40,10) {0.1233 0.3887 56.152 0% 0% 1381% | 982% |215.1% |3.528%
(50,10) {0.1967 04231 803.43 0% 0% 16.18% (13.14% | 1744 % | 2.582 %
(50.12) {0.2217 0.7082 1261.6 0% 0% 1453% |10.11% }2193% |3.695%

run time : CPU run time (sec) on VAX 8530

OPT*: exhaustive method for finding optimal solution.

DRATIO" : difference ratio between approximate solution and optimal solution.

Table §. Performance of Algorithm B-1 and B-2.
{average value for 50 instances each problem solved)
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Stepd.2:  Delete (v,w) from E.

Step4.3: For i=1 to fn, test whether the edge (v,w) can be
legally added in forest F; and then add it if can.
Stepd.d:  If the edge (v,w) can’t be legally added in any

forest F; then do Step4.4.1 and Step4.4.2.
Step4.4.1: fn ¢« fn+ 1

Step4.4.2: Clear the forest Fy, to be empty then
add (v,w) in this new forest.

Step5: Now there is at least one forest F, in F become a valid
sequence with k vertices. If there exists more than one such
sequences in F then find a tree F,;, with the smallest cost
according to the cost function (2). Then the sequence of process
plans represented by the corresponding vertices in F,,, is a
valid one for processing the total k parts.

For example, after the edge (v, v,) is added into the forest shown
in figure 6(a) the forest in figure 6(b) is not a valid sequence although it
is a valid tree. Application of these two algorithms to example 2 are
shown in figure 4 and figure 5 respectively. Then forests built by these
algorithms are found to be the same as the ones built by algorithm B-1
and B-2 because the weights C§/(4-1) (used in algorithm B-1 and B-2)
are equal to 2 (use in algorithms C-1 and C-2). In figure 4 the process
sequence obtained is Ps—Py—Py—P; (or P;—>P,—Py—Ps) which is the
optimal solution. In figure 5(d) two valid sequences are obtained. After
their respective costs are calculated, the final solution is the same as the
above one.

[V. Computer Simulation Examples

I[n this section, we imp some lation programs of the
algorithm B-1, B-2, C-1, and C-2 on VAX 8530 to solve the relevant
problems. Comparison between results of our approachs and the optimal
solutions is performed and shown. In order to analyze the performance of
these algorithms, random problems of various sizes (p,k) were generated.
Here p is the number of process plans and k is the total number of parts.
The cost C;, for each 1<i<p, were uniform in interval (0,15) and the
Hamming distances were random integers in [1,10]. Table 5 and 6 sum-
marize the results obtained.

The first column of table S shows the computer run time of three
algorithms: B-1, B-2, and a exhaustive search method to find the optimal
solution (say, OPT method). Since the process plan selection is NP-
complete, the run time of OPT method grows greatly as the problem size
increases. The result shows that algorithm B-1 and B-2 are both very
efficient because of the little run time. The second column demonstrates
the percent of finding the optimal solution of algorithm B-1 and B-2. It is
shown that it will become more and more difficult to find the optimal
solution for these methods as the problem size increases. The third
column lists the difference ratio between the optimal solution and that

(a) Original Forest. (b) An Invalid Sequence.

Figure 6. Example of an Invalid Sequence.
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a’i) computer run time ‘:::::‘:[rg’]‘::i“oi DRATIOY
c1 c2 ort* c1 c2 c1 c2
as5 | o0o0125 | 0028 | 13375 30% 0% 963% | 11.12%
(204) | 00183 | 00242 | 05075 0% 2% 761% | 1152%
(205) | 00200 | 00267 | S5.7421 0% 0% |1L18% |17.60%
(255) | 00375 |00d42 | 21143 10% 10% 1426% | 13.38%
(305) | 0.0528 | 0.0639 | 52.556 10% 10% |1005% | 1841%
(30,6) | 00667 | 0.1010 | 350.34 0% 0% 697% | 1381%

run time : CPU run time (sec) on VAX 8530.
OPT* : cxhaustive method for finding optimal solution.

DRATIO* : diff ratio between

solution and optimal solution.

Table 6. Performance of Algorithm C-1 and C-2.

(average valuc for 10 instances each problem solved)

our approach found. The result shows that the value obtained from algo-
rithm B-2 is about ten to fourteen percent off the value of best solution,
and the solution obtained from algorithm B-1 is a little worse than that
from algorithm B-1. The last column reveals that the improvement of
solution quality is about 2 to 6 percent of algorithm B-2, but the com-
puter time needed is much longer than that of algorithm B-1 as the prob-
lem size increases. Finally it seems to make the application of algorithm
B-2 worthwhile.

The similar results are shown in table 6 for algorithm C-1 and C-2.
To sum up, we can see that algorithm C-1 is a very efficient and satisfac-
tory method when applied to the process plan sequencing problem.

V. Conclusion

An efficient method of solving problems of classification and selec-
tion using minimum spanning tree in an FMS is proposed in this paper.
Computer simulation examples are then provided which shows a satisfac-
tory result. Especially, the total computational time spent is also econom-
ical. The application of this method to these classes of problems will be
quite promising. Ongoing research will be on considering the very flexi-
bility nature of an FMS and then extending this method to solve more
dynamic and general problems in an FMS.
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