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Abstract— The concept of Virtual Computer-Integrated
Manufacturing (VCIM) has been proposed for one and a half
decade with purpose of overcoming the limitation of traditional
Computer-Integrated Manufacturing (CIM) as it only works
within an enterprise. VCIM system is a promising solution for
enterprises to survive in the globally competitive market because
it can exploit effectively locally as well as globally distributed
resources. In this paper, a Genetic Algorithm (GA) based
approach for optimising resource scheduling in the VCIM system
is proposed. Firstly, based on the latest concept of VCIM system,
a class of resource scheduling problems in the system is modelled
by using agent-based approach. Secondly, GA with new strategies
of handling constraint, chromosome encoding, crossover and
mutation is developed to search for optimal solution for the
problem. Finally, a case study is given to demonstrate the
robustness of the proposed approach.
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I INTRODUCTION

Computer-Integrated ~ Manufacturing (CIM) is a
manufacturing  strategy of using computers and
communication networks to fully integrate all of production
processes into a highly interconnected manufacturing system.
A network of interconnected CIM systems which are globally
distributed is defined as Virtual Computer-Integrated
Manufacturing (VCIM) system [1,2]. The concept of VCIM
system has been proposed for one and a half decade with
purpose of overcoming the limitation of traditional CIM
system as it only works within an enterprise. VCIM system is
a promising solution for enterprises to survive in the globally
competitive market because it can exploit effectively globally
as well as locally distributed resources.

The VCIM system is still being developed and the latest
concept of VCIM system can be explained as follows. Main
purpose of VCIM is to effectively share distributed resources
and management objectives.

Although, different enterprises which might be located at
different areas have their own manufacturing resources, they
intend to temporarily work together in an integrated manner to
fulfill specific product orders. When the orders are fulfilled,
this temporary system disappears. The virtual status of those
temporary manufacturing systems is a special characteristic of
VCIM system, compared with traditional manufacturing
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system. That is why the word “virtual” is used in the VCIM
concept [2].

One of the key issues that have to be resolved to make the
VCIM happen is how to organise manufacturing resources to
produce a specific product. When receiving an order from
customer, VCIM system generates automatically all possible
manufacturing resource schedules in which the resources
could be locally or globally distributed and find the best
schedule in real time to form a temporary manufacturing
system to fulfill the customer’s order. Different orders or even
the same orders but at different time might require different
temporary manufacturing systems. This is a class of highly
constrained optimisation problems which requires a robust
approach to deal with the dynamic environment in the system
and then find an optimal solution, especially for large-scale
practical problems.

Literature review shows that although resource scheduling
is very important to VCIM system, the number of research
dealing with the problem is very limited. There has been only
one approach proposed and developed by the same group of
researchers [2-7]. Furthermore, this approach is not capable to
find a global optimum.

In this paper, Genetic Algorithm (GA) based approach for
optimising resource scheduling in VCIM system is proposed.
First, the latest concept of resource scheduling in VCIM
system proposed by [2] is modelled as a multi-agent system
and then GA is developed to optimise the model. The
proposed GA is capable to deal with dynamic environment of
the system by automatically changing the size of chromosome
according to specific product orders of customers. It is also
capable to search for optimal solution for the resource
scheduling very quickly. To do so, some strategies of
crossover, mutation and handling constraints to make the
chromosomes in the GA feasible are developed and presented
herein.

The rest of this paper is organised as follows. Section 2
discusses the literature review on the latest VCIM concept and
approach used to optimise resource scheduling in the system.
Research methodology based on GA, which is proposed to
optimise the resource scheduling, is introduced in Section 3.
Section 4 is about case study used to demonstrate the
robustness of the GA based approach. Some conclusions and
future work are given in Section 5.
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II.  LITERATURE REVIEW

The concept of VCIM system has been proposed by Lin
[8] since 1997. This concept is relatively new and still being
developed. As the nature of a distributed system, the agent-
based approach is the most appropriate approach to model the
VCIM system. The latest agent-based VCIM architecture can
be described as follows. There are three types of agents:
facilitator agent, customer agents, and resource agents.
Facilitator agents work as coordinators to manage the
information flow across the VCIM system. Customer agents
are to provide interfaces for customers to participate in the
system. Resource agents are manufacturing functionalities in
the VCIM system such as assembly workshop, material
provider, delivery facility, design department, etc. All of the
agents are connected to each other via Internet. The system
works as follows. When receiving a product-request message,
customer agent passes it to facilitator agent. The request is
then decomposed into interrelated subtasks by the facilitator
agent, according to the registered functionalities of resource
agents and the built-in knowledge base of the facilitator agent.
Functionalities of resource agents could be product design,
material supply, manufacturing, assembly, test, package and
warehousing. Next, the facilitator agent selects resource agents
to perform the subtasks based on multiple criteria such as
suitable functionality, time frame, availability, cost, quality,
friendship, credit, transportation service and delivery
reliability. The result of this selection is resource schedule
from which facilitator agent forms a temporary manufacturing
system to fulfill the customer’s order [2-5,9-11]. It is clear that
different customer order or even the same order requested at
different time in VCIM system requires different temporary
manufacturing system.

It can be clearly seen that resource scheduling problem in
the VCIM system associates with hard precedence constraint,
supply chain management, resource allocation and task
sequencing. Precedence constraints are generally divided into
two categories: hard precedence constraints and soft
precedence constraints. A hard precedence constraint is a
constraint that makes the solution illegal or infeasible if
violated, while a soft precedence constraint is a constraint that
imposes a penalty if violated rather than rendering the
sequence and schedule infeasible. Assembly sequence and
selection of resource agent to do a given subtask are examples
of hard precedence constraints. In addition, one of the special
characteristic of this problem is that the size of its solution is
variable which depends on the nature of the requested product.
This is because different products could be decomposed into
different number of subtasks and sometimes one resource
agent can do several different subtasks. Therefore, the number
of resource agents required to do those subtasks could be
different. To optimise production scheduling problem
associated with soft precedence constraint and variability of
solution size, GAs with variable length chromosomes have
been proposed by some researchers [12-15]. However, supply
chain management and hard precedence constraints have not
been integrated into those schedules yet.

Main advantage of VCIM system is the effective sharing
globally and locally distributed resources. Therefore, resource
scheduling plays an important role in the system. However,
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the research on this problem is still very limited. Literature
review shows that there has been only one approach proposed
to optimise the resource scheduling in VCIM system. To
optimise the resource scheduling for a given product request,
some researches [2-7] proposed and developed the Backward
Network Algorithm for Shortest-path. In general, this
approach includes the following steps in the resource
allocation process which is done after the customer order is
decomposed into interrelated subtasks:

Step 1: Facilitator agent selects a subtask by using a
backward sequence (the final subtask is selected first and vice
versa).

Step 2: Facilitator agent selects resource agents to perform
the selected subtask in Step 1 by matching the subtask and
resource agent’s functionality.

Step 3: Facilitator agent requests all transportation
proposals to transport the parts from the selected resource
agent in Step 2 to the previously selected resource agent due to
the backward sequence. It is noted that for the final subtask,
transportation proposals are to transport the requested product
to the customer.

Step 4: Facilitator agent short-lists transportation
proposals, achieved in Step 3. In this selection process, a
transportation proposal having the lowest cost is selected. If
there are more than one transportation proposals having the
lowest cost, the one with the latest start time is selected.

Step 5: Facilitator agent combines the selected subtask in
Step 1, the selected resource agent in Step 2 and the selected
transportation proposal in Step 4 to form an intermediate
schedule. There could be many intermediate schedules, if there
are many in the short-listed transportation proposals in Step 4.

Step 6: Facilitator agent short-lists intermediate schedules
that are achieved in Step 5. Intermediate schedules having a
lower cost or a higher cost but with a later start time are
selected. The first 6 Steps result in the intermediate schedules
to complete the selected subtask in Step 1 by the selected
resource agent in Step 2.

Step 7: Facilitator agent repeats Steps 2 to 6 until all
resource agents have provided proposals to perform the
subtask selected in Step 1. After the first 7 Steps, a set of
intermediate schedules to complete one selected subtask in
Step 1 is achieved.

Step 8: Facilitator agent repeats Steps 1 to 7 until all
subtasks have been completed. When the schedules for a new
subtask are achieved, new intermediate schedules are formed
by including the new subtask’s schedule information such as:
the selected subtask, resource agent and transportation
proposals. As a result, full production schedules are achieved
when all subtasks are completed.

Step 9: Facilitator agent selects the best full resource
schedule based on total cost and time required.

It can be clearly seen that the existing approach cannot be
able to find a globally optimised solution for the resource
scheduling problem in the VCIM system because of the way
that the full resource schedules are formed. Given that the
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intermediate schedules to complete every single subtask
achieved in Step 7 are optimised, there is no way to guarantee
that the full resource schedules formed by adding above
optimal intermediate schedules without any negotiation
between them as presented in Step 8 are globally optimised.

To overcome this limitation, this paper proposes GA based
approach for optimising resource scheduling in the VCIM
system.

III.  RESEARCH METHODOLOGY

A. Problem Modelling

Based on the ideas from the previous works [2-5,7,9-11],
a class of resource scheduling problem in the VCIM system
considered in this research, at this stage, is modelled as
follows.

Consider:

e There is a VCIM system capable to produce N different
products.

e The products can be made by assembling number of
different parts or groups of parts.

e The VCIM system has M different manufacturing agents
with certain functionalities, which are locally or globally
distributed.

e FEach manufacturing agent is capable to produce a limited
number of different parts of a product and it is also able to
assemble particular groups of parts.

e The system also has K final assembly agents in which the
product’s parts or groups of parts can be assembled
together to form final products and then they are tested and
packed before being transported to the customers. It is
noted that locations and operation costs of those final
assembly agents are known.

o Costs of each part or a group of parts produced in different
manufacturing agents are different but known in advance.

e Distances and transportation costs between the
manufacturing agents and the final assembly agents or the
final assembly agents and the customers are all known.

Determine:

Which manufacturing agents and final assembly agent to
be selected to form a temporary production system to fulfill
the customer’s orders.

So that:

Cost of the product is minimised while all of the given
constraints are simultaneously satisfied.

Conditions:

e All of the agents have no limitation in capability of
performing their designed functions.
Time constraints in this scheduling problem are ignored.
All of the products can be decomposed into a number of
parts or groups of parts which are all known in advance.

o Final assembly agents are all able to form any final product
in the VCIM system but with different costs.
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B. Optimisation Methodology

To find an optimal solution to the problem described
above, a GA with new features in chromosome encoding,
mutation and crossover operations is proposed herein. There
are five main components of the GA as follows:

e Chromosome Encoding

To encode solutions for the problem, chromosomes in this
GA have two parts: main part and additional part to represent
part-manufacturing agent allocation and final assembly agent
selection, respectively.

Main part of a chromosome is defined as a matrix with the
size of C x R where C is the number of decomposed parts or
groups of parts needed to assemble a requested product and R
is the number of manufacturing agents in the VCIM system. In
Table 1, there is one example of main part of chromosome
where C and R are 20 and 15, respectively.

Clearly, for a given VCIM system, R is constant and C is
variable. That is because C depends on nature of different
products requested. All elements in the C x R matrix are
binary, 0 or 1. The number “1” in the matrix means that the
manufacturing agent in its row is selected to complete the part
or group of parts in its column. The number “0” or blank cell
in that matrix means that the corresponding manufacturing
agent is not selected to complete the corresponding part or
group of parts. This part of chromosome represents the
allocation of manufacturing agents to complete the parts or
group of parts.

TABLE 1. A MAIN PART OF A CHROMOSOME

Parts or groups of parts needed to assemble & product
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 1
1

Manufacturing agent

The other part of the chromosome is a binary string with
the length of K representing the selection of final assembly
agent to form final product as customer’s requirements. As all
final assembly agents are assumed to be capable to form any
final products in the system, the best one in regard to the main
part should be selected to form additional part of chromosome
which looks like Table 2. As a result, the additional part is
related to the main part and there is no need to select at
random a final assembly agent to form the additional part. It
means that the additional part of chromosome is generated
according to its main part.

TABLE 2. AN ADDITIONAL PART OF A CHROMOSOME

Final assembly agents in the VCIM system
1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Agent 0 00 1 000 O0O0O0O0ODO0O0 0 0
selected
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Because of the assumption that all final assembly agents
are capable to form any final product in the system, the
feasibility of the chromosome depends only on its main part.
To generate a main part of feasible chromosomes, the
following steps are proposed.

Step 1: Check the size of the main part of chromosome
based on information from database about the requested
product.

Step 2: Generate a zero matrix with the same size as
obtained in Step 1.

Step 3: Select at random one part or group of parts of the
requested product which corresponds to one column in the
zero matrix, denoted as x.

Step 4: Check database to find out which manufacturing
agents are able to complete the selected part or group of parts
in Step 3 based on their functionalities.

Step 5: Randomly select one manufacturing agent among
those in Step 4, denoted as y.

Step 6: Insert number “1” in a cell located at column x and
row y in the zero matrix.

Step 7: Repeat Step 3-6 until all parts or group of parts of a
given product are selected.

As a result, the main part of feasible chromosome is as
shown in Table 1.

e Genetic Operators

Due to nature of the chromosome, a modified crossover
and mutation operations are required. This paper proposes that
crossover and mutation operations are only applied to main
part of chromosome. That is because the additional part is
automatically determined after the main part is generated,
based on overall cost of schedule encoded in the
corresponding chromosome. In addition, after crossover and
mutation operations applied as shown in Tables 3 and 4,
offspring chromosomes are checked and repaired to make
them feasible. To check the feasibility of the offspring, gene-
by-gene feasible checking approach is proposed. It is noted
that a gene herein is defined as a column in the main part of
chromosome, the highlighted columns in Table 4, for
examples. By matching the manufacturing agent’s
functionality to the part or group of parts in the gene, the
feasibility of a gene can be determined. The principle in the
proposed gene-by-gene feasible checking approach is that if a
gene is feasible, it is accepted, otherwise, a new gene is
generated by following steps:

Step 1: Delete all information in the gene. This gene is
now a zero matrix with size of 1 x R.

Step 2: Check the database to find out which
manufacturing agents are able to complete the part or group of
parts in the selected gene.

Step 3: Randomly select one manufacturing agent among
those in Step 2, denoted as z.

Step 4: Insert number “1” in a cell located at column 1 and
row z in the zero matrix in Step 1 to form a new feasible gene.
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e FEvaluation

The chromosomes in the GA are evaluated through one
objective function which is the total cost of the requested
product. Total cost for a product is calculated as follows.

TC=CP + CA + CT1 +CT2

Where: TC is total cost of the product; CP is total cost of
parts or groups of parts made in the selected manufacturing
agents; CA is final assembly cost in the selected final
assembly agent; CT1 is total cost of transportations between
the selected manufacturing agents and final assembly agent;
CT2 is cost of transportation between the selected final

assembly agent and the customer’s product delivery
destination.
TABLE 3. CROSSOVER OPERATION
N Parte or groups of parts needed to assemble a product
tngagEM TS TS T 5 (s 7] 8] 8 10| 11[12] 13| 1£[15] 18] 17[18]18]20]
z - !
3 1
4 1 1
5
6
7 1
g 1
9 1

rts needed to assemble a product
1516|1718/ 19[ 20

TABLE 4. MUTATION OPERATION

N r groups of parts needed to assemble a product
Manu sgent 1573 6] 78 |o[10[11]12[13[1s]15][16[17][18][18]20
7 1 7 7
2 1
3 1 1 1
4
B 1
B 1
7
B 1
9 1
10 1
11
12 1
13 1
[ 1 [N
s 1
- Parts or groups of parts needed to assembile a product
Manu B9em T3 3] al5(6]7 6|8 10]11]12]13]14]15]16]17]18]18]20
1 1 1 1
2 [ 1
3 1 1 1
4
s 1
6 1 1
=
B 1
B 1
10 1
1
12 1
13 1
[ 1 (N
15 1

e Selection

In this paper, roulette wheel approach [16] is used to select
the population for the next generations. This approach belongs
to the fitness-proportional selection and selects a new
population based on the probability distribution associated
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with fitness value, calculated through the objective function
above.

The proposed GA has classical structure and it is
implemented in Matlab to search the optimal solution for the
problem. A case study is given to illustrate the proposed
approach.

IV. A CASE STUDY

A. Modelling of the Scheduling Problem

To illustrate the proposed approach and demonstrate its
capability, a case study is given and described as follows.

There is a VCIM system with 15 manufacturing agents, 5
final assembly agents which is capable to produce 10 different
products. Distances between the manufacturing agents and the
final assembly agents are given in Table 5. There are 14
different product delivery destinations required by customers.
Distances between the final assembly agents and the product
delivery destinations are given in Table 6. The rates of
different transportations are given in Table 7. In addition, the
products can be made by assembling a number of different
parts as shown in Table 8. Moreover, final assembly costs for
different products are detailed in Table 9. Capabilities of the
manufacturing agents in completing parts or groups of parts
for different products are detailed in Table 10. It is noted that
because of lengthiness, a part of Table 10 is given herein.
Lastly, costs of parts or groups of part for different products
made in different manufacturing agents are given in Table 11.
Again, due to lengthiness, a part of Table 11 is given herein.

Problem here is that which manufacturing agents and final
assembly agent should be selected to form a temporary
production system to fulfill the customer’s order so that total
cost of the requested product is minimised.

Conditions:

e All of the agents have no limitation in capability of
performing their designed functions.

e Time constraints in this scheduling problem are
ignored.

o Final assembly agents are all able to form any final
product in the VCIM system.

B. Results and Discussion

The proposed GA has been successfully implemented in
Matlab and has been comprehensively tested for convergence
and consistence of the solutions. It is evident that GA cannot
guarantee to find best solution after only one run. However, it
is very good at finding good/best solution(s) reasonably
quickly. Therefore, it is easy to evaluate the quality of
solutions by comparing different runs. Accordingly, the best
solution among the ones obtained from different runs should
be selected. If the number of runs is large enough, this
validates the global optimality of the solution [17, 18].

Without losing generality, it is assumed that product 4 is
requested by a customer and the required delivery destination
is 5. In this case study, the GA was run for 200 times with
different parameters and experiment results are shown in
Tables 12 and 13. The probability of obtaining the minimum
value of the objective function, the cost of the requested
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product, is visualised and estimated as the three-parameter
lognormal distribution by Minitab software as shown in Fig. 1.

TABLE 5. DISTANCES BETWEEN AGENTS (In Km)

Manufacturing agent
1 2 3 4 65 6 7 8 § 10 M1 12 13 14 15

1 1960 1191 236 172 1462 1927 1249 76 525 215 1308 62 1221 367 337

Final | 2 879 525 534 526 975 1095 13531771 672 1309 1783 1489 1236 481 1958
assembly 3 223 1207 639 1603 1155 1043 792 1828 1360 989 669 1001 1720 1774 1426
agent 4 517 1423 0849 59 476 464 736 1583 274 1559 1396 961 1612 56 1002
5 018 444 1017 1858 919 979 1977 195 1443 1431 397 15810 1154 951 943

TABLE 6. DISTANCES BETWEEN AGENTS & CUSTOMERS (In Km)

Product delivery destinations required by customers

1 2 i 4 5 6 7 B 9 10 11 12 13 14

1. 7 11 67 46 18 41 30 12 9% 43 31 68 4 38

Final 2 69 83 53 44 40 54 44 33 93 5 71 19 57 47
assembly 3 5 83 95 &84 84 43 3 21 6 95 68 14 89 99
agent 4 & 73 66 9 81 67 99 50 75 43 55 101 68 17
5 53 16 81 14 7 64 13 35 23 99 71 13 20 &7

TABLE 7. TRANSPORTATION RATE (In $)
Manufacturing agent
1 .2 3 4 5 6 7 & 9 10 11 12 13 14 15
1 08 02 02 02 07 08 07 08 05 05 03 05 08 10 09
Final 2 0% 04 10 05 01 038 01 07 04 05 07 10 03 06 03
assembly 3 02 06 10 09 09 05 03 04 08 07 07 04 06 02 08
agent 4 09 10 05 08 0% 07 01 10 08 07 02 06 07 02 03
5 07 10 08 10 07 03 02 041 03 085 02 03 08 03 09
Product delivery destinations required by customers

1 2 3 4 5 6 7T 8 9 10 11 12 13 14

1 09 05 09 05 03 06 09 05 05 10 02 07 07 03

Final 2 03 04 10 06 02 02 08 10 07 01 03 02 0% 01
assembly 3 03 09 05 03 04 03 05 06 07 09 04 07 09 08
agent 4 03 05 02 06 04 08 06 06 05 0% 07 05 04 06
5 03 03 03 07 05 01 03 03 04 08 02 08 07 05

TABLE 8. THE DECOMPOSED PARTS OR GROUP OF PARTS

Product
1 2 3 4 5 § 7 3 9 10

30 24 27T 36 kil 23 33 2% 32 28

Number of parts or
group of parts

TABLE 9. FINAL ASSEMBLY COST FOR PRODUCTS (In $)

Product
1 2 3 4 5 6 7 8 9 10
355 474 297 380 274 500 319 401 370 490

1
Final 2 609 383 444 236 531 458 469 317 149 646
assembly 3 213 387 316 125 635 466 342 319 233 613
agent 4 101 157 104 563 423 616 173 513 346 151
5 589 648 400 127 523 384 342 387 451 624

The result shown in Tables 12 and 13 indicates that the GA
with population size of 100, crossover rate of 50%, mutation
rate of 60% gives the better solutions — the lowest average cost
of $4887.8. The lowest cost of the product achieved,
corresponding to the globally optimal solution, is $4803.1.
The convergence of the GA for that solution is shown in Fig. 2
and detail of the solution is shown in Tables 14 and 15.

The experiments show that the proposed GA is
consistently convergent towards an optimum within a very
small amount of computational time, just less than 2 minutes.
It is evident that the proposed approach can easily
accommodate much larger and more complex resource
scheduling problems in the VCIM system.

To the best of our knowledge, there has not been any
quantitative research on resource scheduling in the VCIM
system yet. Therefore, it is impossible to compare the quality
of the solution obtained here in this case study to the others.
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TABLE 10. FUNCTIONALITIES OF MANUFACTURING AGENTS

Product Part or group

Manufacturing agents

2 3|4 |5 6 7 3|9 10 111213 14 15
of parte

1 1/1/1/0/0 0 00 /0 O 1/1/1,0 1
2 00 0|1 /0 1 /10|00 10 0|10
3 1/ 0 /01 /1 0 1 /0|1 /1 /01 /1[|1|0

4 1/1/0f(1 /1, 0/ 01|00 01 /1|0|0

5 6/ 1 /001 0 01 /0 0 1/1/1/1 /1
6 001|171 /0 0 0 0|1 /101 0|00
7 6o 1|00 1/ 1/1/1 0 0 01 0 1

8 L0 R T T O A O

9 6101/ 0D 1 000 O O 1/1/1 1
10 1/ 0/1f(1 /01, 01|01 /01 0|00
11 1/ 011|001 ]/1|1 /011|010
12 6/ o0 1/0 0 0 1/0/0 0 11|00 1
13 1111 /1111|0101 /1|00
14 01 /01 /0 1/ 1/1/1 1. 0/ 01 0 1
1 15 01/ 0/0 /1 1/ 1/0/1 0 1/1/1,0 1
16 6/ 0/ 1/0/0 O 1 /1|00 O 0 1|10
17 o111 /11101 0 1/1/0, 01
18 1/ 0/1/0/1 /111|001 0 0|0 D
19 60/ 0o /1(1 /0 0 0 01010 1|00
20 1/ 11|01 /10|01 1/ 1/ 00 0 1
21 60/ o0 0/0 1 0 010 0 O 01 11
prd 10 01 /1 0 1 [1 1 0 01111
23 1/ 101/ 11/ 0|0 /1 0 0 01 0 1
24 1/ 0 00 1 1/ 1/1/0 0 O 1/1/1 1
25 1/1/0f(1 /0 /1, 0 01 /11 /0 0|0 0
25 0/ 1/1/0/1 0 10|00/ 1/ 01|00
7 6o 1/1 /1 0 000 1 1/ 00 0 1
23 00 01 /1 0 0|00 0 O 01 11
28 611100 101111/ 1]1]0
30 0 1. 1/0/1 1 0 1/1/ 0/ 1.1/ 1/1/ 0

1 1/ 1/o0f1 /1 /10 /1|0 /1/1/1/1|1 |0

. 2 1/1/0(0 /1 /1 /1 /1|0 /1/1/1/1|0/0
- 3 6/o /1|00 1111 000101

TABLE 11. COSTS OF

o

ARTS MADE IN AGENTS (In $)

Product Part or group

Manufacturing agents

112 34 5 6 7 89 10 11 12 13|14 15
of parts
1 2432271288 - - - - - - - BB 13 72 - 183
2 - - - i1 - 02w - - - 125 - - 224 -
3 245 - - 181 82 - 1T - 212 278 235 142 240 -
4 16¢ 202 - 222265 - - 1% - - - T8 2 - -
3 - 183 - - 87 - - 10 - - 240 32 199 214 B34
6 - | - 151|234 - | - | - | - 190/ 278 - 187 - | - | -
7 - | - 1682 - | - (297 207 71 264 - | - - 142/ - BB
8 - (243141 - 197|182 58 - 137236 70 273 - |97 82
9 - 13 - 2% - 170 - - - - - 280 72 M7 89
10 135 - 207 181 - 280 - 982 - 180 - 234 - -
11 202 - 243 55 - - B2 205 94 - 133 B3 - 172 -
12 - - 283 - - - 172 - - - 77 8 - - 104
13 235258 293|136/ 256 275 96 63 | - (125 - T2 /188 - | -
14 - 114 - 118 - 184 81 283 275 84 - - 107 - 273
1 15 - 203 - | - 130261 11 - | BO| - 123 286 210| - (226
18 - - 224 - | - | - BT 2¥ - - - - [1TMHE -
17 - 185 V3 157 72 196 % - 185 - 53 83 - | -
18 9 - 181 - 78 112 81 85 - - 82 - - - -
19 - - 183148 - - - - 30 - M7 - TS - -
20 73 1300265 - 20M - - 122180201 - - | - 27§
21 - - - - 174 - - 265 - - - - 109128 227
22 221 - - 252 BT - 224 245 186 - - 132 183 243 188
23 187 211| - (239174232 - | - 241 - | - | - | 73| - 128
24 196 - | - | - |87 273184/ 84 | - - | - 237151 81 82
25 21110 - 104 - (296 - | - | 7R 127122 - | - | - -
26 - 186137 - 23 - #8 - - - 223 - 78 - -
7 - - B7 287190 - - - - T7518% - - - 83
28 - - - f32mW - - - - - - - 123135 114
29 - (230116218 - | - 268 - 180 133 &5 293 201 214 -
30 - 181 B1 - 19§ 54 - 124 134 - 245 287 291 231 -
1 221 157 - 184 138 &1 - 242 - B6 274 153 233 284 -
- 2 151 81| - | - |299 231257134 - 75 84 173/ 84 - | -
- 3 - | - 188| - | - 137 67 216/232| - | - | - 259| - (230
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TABLE 12. THE COST ACHIEVED BY THE GA WITH DIFFERENT
MUTATION RATE (POPULATION: 100, CROSSOVER: 50%)

Mutation Rate (%)

10 20 30 40 50 60 70 80 90 100
5528.0 5256.8 49313 58275 50428 50428 5256.8 49313 50741 5796.0
5962.2 4803.1 48031 4803.1 5256.8 4803.1 4803.1 5171.0 48031 4803.1
5385.0 61584 48031 50428 50428 48031 48071 50808 62733 5256.8
6222.7 5256.8 5256.8 517L0 5246.0 5042.8 53295 5967.2 5705.8 4803.1
6656.3 49313 49313 5689.7 4803.1 50428 4803.1 48031 5689.7 60319
5528.0 49313 50428 50428 48031 48031 4803.1 50628 48031 51710
5689.7 6576.1 50428 4803.1 49313 48031 4803.1 48031 5256.8 58405
5042.8 5528.0 48031 50428 48031 49313 50428 4803.1 48031 48031
5503.7 5236.8 48031 5236.8 48031 4803.1 51026 58179 45313 43031

10 4803.1 4803.1 4803.1 5528.0 5042.8 4803.1 4803.1 48313 50428 43031
Average 55,672.2 $5,350.2 $4,922.1 $5,220.8 $4,977.5 $4,887.8 54,9554 $5,137.2 $5,238.3 $5,211.2

Run

[ R R R T

TABLE 13. THE COST ACHIEVED BY THE GA WITH DIFFERENT
CROSSOVER RATE (POPULATION: 100, MUTATION: 50%)

Crossover Rate (%)

10 20 30 40 50 60 70 80 90 100
49313 61584 50428 50428 48031 50428 6160.5 50428 50428 6376.9
4803.1 5042.8 4803.1 4803.1 5042.8 49313 4803.1 4803.1 4803.1 62329
5903.7 5184.8 49313 5029.8 49313 4803.1 5905.2 49313 5256.8 51710
49313 50628 50428 61584 48031 62866 50428 50428 51026 49313
5256.8 6286.6 5256.8 50428 53903.7 5385.0 49313 50428 4803.1 56837
5029.3 4803.1 4803.1 4803.1 5256.8 4803.1 53778 56275 50423 48031
6158.4 50428 5256.8 5171.0 50741 50428 49313 51026 48031 50428
4803.1 50428 5796.0 50428 5256.8 50428 4803.1 5066.8 4803.1 5385.0
64654 5171.0 4803.1 48031 51710 4803.1 4803.1 56095 4803.1 4803.1
4803.1 4803.1 4803.1 5256.8 60315 4803.1 4803.1 4803.1 49313 49313
Average 3$5,308.6 $5,257.8 $5,053.9 §5,115.4 55,227.5 55,094.4 55,156.1 5,107.2 54,939.2 55,336.1)

[ N T

=
=

V. CONCLUSIONS AND FUTURE WORK

In this paper, a class of resource scheduling problems in
the VCIM system has been modelled. Due to the nature of
constraints, the GA with new strategies for chromosome
encoding, crossover and mutation operations have been
developed to optimise the model.

Robustness of the proposed GA has been verified in the
case study by extensive tests with various input parameters.
The evolution of the output is consistently convergent towards
the optimum within a very small amount of processing time. It
is evident that the proposed approach can easily accommodate
much larger and more complex resource scheduling problems
in the VCIM system.

Future work will focus on:

o Generalisation of the VCIM model by adding more
realistic and complex constraints.

o Incorporation of stochastic events into the model.

e Improvement of the proposed GA for the extended
resource scheduling problems.

e Verification of the solutions obtained from the GA by
simulation software such as Automod.

TABLE 14. FIRST PART OF THE OPTIMAL SOLUTION

Final assembly agents in the VCIM system
1.2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Agent

0000 O0O0COTOTDODTOOT ODOD0O0TUO0OUO0
selectad
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Figure 1. Probability of obtaining the globally optimal solution
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Figure 2. Evolution of fitness value — output of the GA

TABLE 15. SECOND PART OF THE OPTIMAL SOLUTION

Manufacturing Parts or groups of parts needed to assemble a product
agent 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
1 g, 0o 000000000000 00000000000©O0O0DO0O0O0O0DO0O0OO0TO0CO0O0
2 o 0o00/000O0CO0CO0CODODOO0CO0OCOOODO0OODOOOOOOOOCTODO0OCOCDOCO0OOOTOO0
3 g/ 012000O000O01000O0O011000©O0O0O00©O0O0O0O0DO0DTQO0D110000
4 g/ 0o 0o0010209202001020010000°000©0O00110001000O0™Q000
5 g/o00o0o0oo0oo0o0o0ooo0oo0o0o0o000o0O0O0O0O0O0OO0DO0O0OO0OO0CO0O0OO0OO0CO0O0
i) g, 0o 000000000000 00000000000©O0O0DO0O0O0O0DO0O0OO0TO0CO0O0
7 o 0o00/000O0CO0CO0CODODOO0CO0OCOOODO0OODOOOOOOOOCTODO0OCOCDOCO0OOOTOO0
8 g/ 0o 0o9oo01011000110100©0100100©0O00101 0001100
9 /1200001000 00000100011000©O0O000O0OO0CQO0O0O0O0O00O0
10 /0o 0o0o00o0o0o0oo0oo0oo0o0o0o0o000o0O0O0D1001 00000011000
11 g, 0o 000000000000 00000000000©O0O0DO0O0O0O0DO0O0OO0TO0CO0O0
12 o 0o00/000O0CO0CO0CODODOO0CO0OCOOODO0OODOOOOOOOOCTODO0OCOCDOCO0OOOTOO0
13 g, 0o 000000000000 00000000000©O0O0DO0O0O0O0DO0O0OO0TO0CO0O0
14 g/ 0000092000209 000000000©O0O0C0O00©O0O0CQO0O0DO0OO0CO0O0ODO0OTO0CO0O0
15 1P 001/000O0C0O0ODO0DO0CO0O0CODO0OCDI1 0O0O0OOO0ODO0OO0ODOO10O0O0O0O0DO0DO0I11
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