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This  paper  presents  a bio-inspired  mobile  agent-based  integrated  system  for  flexible  autonomic  job  shop
scheduling.  The  system  matches  the  autonomic  system  architecture,  inspired  by the  autonomic  nervous
system  and proposed  by  the  IBM,  and  has  the  IBM-defined  fundamental  self-managing  properties,  so  that
it  can  manage  itself  with  little  human  intervention.  The system  conforms  to the  IEEE FIPA  (Foundation
for  Intelligent  Physical  Agents)  standard.  Therefore,  the  interoperability  between  agents  of  the  system
and agents  from  many  active  heterogeneous  FIPA compliant  agent  platforms  can  be ensured.  The  system
supports the  execution  of C/C++  mobile  agent  codes.  Thus,  it is  applicable  to  a variety  of  applications,
obile agent-based system
istributed
anufacturing

lexible job shop scheduling
ynamic job shop scheduling

especially  for  distributed  mechatronic  and  embedded  systems.  In addition,  since  the  system  is  composed
of  agents,  including  stationary  and mobile  agents,  the system  has a high  scalability  and  flexibility  to
integrate  and adopt  various  scheduling  models  and  algorithms  for different  scheduling  requirements.  An
overall  architecture  of  the  system  and  critical  implementation  details  about  the agency  and  agents  in  the
system  are  presented  in this  article.  An energy  saving  job  shop  scheduling  example  is  used  to  validate

of  the
iety o
utonomic computing one  autonomic  property  

© 2013 The Soc

. Introduction

As the size of manufacturing systems rapidly increases, it has
een the trend to adopt decentralized and distributed techniques
o control and manage those systems in order to reduce complexity
nd cost, increase flexibility, and enhance fault tolerance. Mean-
hile, most manufacturing systems, such as job shops, operate in

 dynamic environment where inevitable and unpredictable dis-
urbances necessitate the revision of established schedules during

anufacturing processes.
An agent is an encapsulated computer system that can

utonomously perform reactive, proactive, and social actions in its
xecution environment [1]. In the area of design and manufactur-
ng, a manufacturing resource, such as a machine or an operator,
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
J  Manuf Syst (2013), http://dx.doi.org/10.1016/j.jmsy.2013.01.005

ay  cooperate and negotiate with other agents for task assign-
ent; an existing engineering software may  be integrated with

 distributed design and manufacturing system. As opposed to

Abbreviations: SCY, scheduling center agency; SCT, scheduling center agent;
CY, manufacturing cell agency; MCT, manufacturing cell agent; BT, bidder agent;
T,  order agent.
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traditional systems, agent-based systems do not have a centralized
system control structure and pre-defined agenda for the system
execution [2]. Thus, agent technology can significantly enhance
the design and analysis of systems whose problem domain is dis-
tributed, and whose subsystems exist in a dynamic environment
and need to interact with each other more flexibly [3].

A comparative study showed that multi-agent approach is a
promising technique in dynamic manufacturing scheduling due to
its autonomy, flexibility, modularity, robustness, and heterogeneity
[4]. In addition, agent-based approaches have the following advan-
tages over traditional approaches for distributed manufacturing
scheduling [5,6].

(1) They facilitate the building of robust and efficient scheduling
systems, because they employ parallel computation through a
large number of processors.

(2) They facilitate the integration of manufacturing process plan-
ning and scheduling.

(3) They lead to cooperative scheduling, because they allow indi-
vidual resources to trade off local performance to improve
t-based integrated system for flexible autonomic job shop scheduling.

global performance.
(4) They facilitate the building of reliable and fault-tolerant sched-

uling systems, because agents can directly connect to physical
devices in order to realize real-time dynamic rescheduling.

d by Elsevier Ltd. All rights reserved.
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5) Schedules are obtained by negotiation rather than search. Thus,
the manufacturing capabilities of manufacturers can be shared
with each other, and optimization is allowed across all levels,
namely, the supply chain level, shop floor level and enterprise
level.

6) Different techniques, such as simulated annealing [7] and
genetic algorithms [8,9], can be incorporated at different levels
for decision-making purposes.

Listed below introduces some multi-agent based approaches
mployed in dynamic manufacturing scheduling. A just-in-time
ynamic scheduling approach was proposed in [10], where jobs
nd machines were modeled as agents that negotiate using market-
ased contract net protocol (CNP). A dynamic scheduling approach
ased on mediator and contract net protocol was presented in
11]. The approach models parts and machines as agents, and

achine mediator and resource mediator as manager and coor-
inator of agents, respectively. A response threshold model for
ynamic scheduling with flexible routing and sequence dependent
etups was introduced in [12], where only machines were modeled
s agents. An Ant Colony Intelligence model was presented in [13],
here both machine selection and job sequencing problems were

onsidered. A hierarchical control architecture with five CNP rules
or flexible manufacturing system (FMS) scheduling was  proposed
n [14], where both job selection and machine selection rules were
onsidered. A multi-agent system (MAS), called MASDSche-GATS,
or distributed manufacturing scheduling with genetic algorithm
nd Tabu search was introduced in [15,16], where agents were able
o find the local solution by genetic algorithm or Tabu search, and
ooperated with one another to achieve global schedule. A MAS
pproach that modeled both tasks and resources as agents was
resented in [17], where ant colony optimization was adopted to
chedule both original and dynamic tasks. A multi-agent sched-
ling system was developed in [18] to solve job shop scheduling
roblems that consider dynamic events as well as routing and
rocess flexibility. In [19], an agent-based parallel genetic algo-
ithm for job shop scheduling problems was proposed, which
mproved the performance and quality of solutions for a genetic
lgorithm. A multi-agent Tabu search model, called FJS MATSLO+,
as introduced in [20], where local optimization and new diver-

ification techniques were employed to solve flexible job shop
roblems. In [21], a parallel modular simulated annealing algorithm
as developed to tackle classical job shop problems through multi-

gent systems. In [22], an agent-based service-oriented integration
rchitecture was proposed to leverage manufacturing scheduling
ervices on a network of virtual enterprises.

Many multi-agent systems applied to manufacturing are based
n stationary agents. Mobile agents have all the features of station-
ry agents with an additional mobility attribute that creates the
ollowing advantages over stationary agents:

1) Local interaction:  A mobile agent can go to a remote machine
to interact locally with other agents residing in that machine,
thereby reducing the network load.

2) Parallel execution:  Multiple mobile agents can go to different
remote machines to perform same or different tasks in parallel,
thereby enhancing the efficiency.

3) Disconnected operation:  A mobile agent can operate without an
active connection between itself and the machine where it is
created.

An investigation showed that mobile agent technology can
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
J  Manuf Syst (2013), http://dx.doi.org/10.1016/j.jmsy.2013.01.005

mprove system integration and agility in the distributed manu-
acturing domain [23]. Several mobile agent-based manufacturing
ystems or mechanisms were developed in the past. A multi-agent
rotocol, ECNPro (the Extended Contract-Net-like multilateral
 PRESS
ring Systems xxx (2013) xxx– xxx

Protocol) [24], was  developed for handling buyer–seller negotia-
tions in supply chain management. A software architecture, A3M
[25], was proposed to handle, within a single manufacturing cell,
automatic assignment of control tasks to controllers, monitoring
of cell functionalities, and dynamic cell reconfiguration. An inte-
grated hierarchical framework based on mobile agent technology
was proposed as an approach to resolve problems of scalability and
management efficiency in large-scale networked manufacturing
domains [26]. A mobile agent-based manufacturing decision sys-
tem was prototyped to demonstrate the ability of mobile agents
to support interoperable STEP-NC compliant manufacturing [27].
A flexible maintenance system integrating mobile agent technol-
ogy and wireless sensor network was  developed and applied to a
real-world numerical control machining center [28]. A manufactur-
ing control system was  designed as a self-organizing multi-agent
system where three main kinds of mobile agents were employed
for coordination purposes [29]. A negotiation mechanism, MAN-
Pro (Mobile Agent-based Negotiation Process) [30], was proposed
to handle the information exchange in a shop floor control sys-
tem. A two-level scheduling model was  implemented using mobile
agents to handle high-level process scheduling and low-level node
scheduling for manufacturing chains [31].

This paper presents an autonomic mobile agent-based system
for distributed job shop scheduling. The main features of the pre-
sented system, that are different from those of aforementioned
systems or mechanisms, include:

1. The system matches the autonomic system reference archi-
tecture, which was inspired by the human body’s autonomic
nervous system and proposed by the IBM. Thus, the system
has the four IBM-defined fundamental self-managing proper-
ties, namely, self-configuration, self-optimization, self-healing,
and self-protection [32,33]. This system can manage itself with
little human intervention.

2. The system conforms to the IEEE FIPA (Foundation for Intelli-
gent Physical Agents) standard [34]. This compliance ensures
the interoperability between its agents and other agents from
an increasing number of FIPA compliant, heterogeneous agent
platforms.

3. The system supports the execution of C/C++ mobile agent codes.
This feature enables the system to be applicable to a wide
range of applications due to C/C++’s comprehensive function-
ality, broad use, and international standard.

The rest of the article is organized as follows. Section 2 illustrates
the system architecture. Section 3 presents the system implemen-
tation. Section 4 validates the presented system’s self-configuration
property using an energy saving job shop scheduling example. Sec-
tion 5 draws the conclusion of this article.

2. System architecture

This section illustrates the architecture of the prototype auto-
nomic mobile agent-based system. As shown in Fig. 1, the system
contains two kinds of agencies, scheduling center agency (SCY) and
manufacturing cell agency (MCY). An agency in this article is an
agent platform where agents operate. In this prototype system,
there is one scheduling center that deals with job shop scheduling
in multiple manufacturing cells. Thus, there are one SCY and mul-
tiple MCYs, MCY  1 to MCY  N, in Fig. 1. The scheduling center agent
(SCT) and manufacturing cell agent (MCT) are stationary agents.
t-based integrated system for flexible autonomic job shop scheduling.

They are not dynamically generated and do not travel to other
agencies.

When the SCT receives a new order from the order database, it
creates as many bidder agents (BTs) as MCTs. A BT is one kind of

dx.doi.org/10.1016/j.jmsy.2013.01.005
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ig. 1. The scheduling center agent creates multiple bidder agents that migrate to 

ocal  manufacturing cell agent. Each bidder agent informs the scheduling center ag

obile agent in this system. Each BT travels to the corresponding
CY  to interact locally with the MCT  to create a bid. Then each BT

nforms the SCT of the generated bid through a FIPA Agent Commu-
ication Language (ACL) message, and destroys itself afterward. A
id is created based on the information obtained from the machine
atabase through an MCT. A bid is an index that represents the
apability of a manufacturing cell to carry out an order.

The SCT selects the best bid among all the received bids and
reates another mobile agent, order agent (OT). The OT will travel to
he corresponding MCY, MCY  K, to perform its tasks by interacting
ith the local MCT  and, if needed, with the SCT, as shown in Fig. 2.
fter its tasks are all done, the OT will destroy itself.

In this article, each of the four autonomic properties is defined
s follows.

.1. Self-configuration

The system can identify the most appropriate manufacturing
ell to carry out a new order according to the capability index, and
enerate an initial optimal schedule for the selected manufacturing
ell according to the optimization objective.

.2. Self-optimization

The system can optimize its overall performance through re-
cheduling every time when the performance index drops to a
ertain extent.

.3. Self-healing
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
J  Manuf Syst (2013), http://dx.doi.org/10.1016/j.jmsy.2013.01.005

The system can recover from faults through re-scheduling every
ime when a serious event, such as the machine breakdown, occurs
uring operations.
orresponding manufacturing cell agency to generate a bid by interacting with the
the generated bid through an FIPA Agent Communication Language message.

2.4. Self-protection

The system can prevent faults from happening, such as the
machine breakdown and overloading, through re-scheduling every
time when a machine’s status factor deviates beyond a threshold.

The general and overall process of creating the proposed agent-
based autonomic system includes the creation of four different
agents, namely, the SCT, BT, OT, and MCT, which play different roles
in the autonomic system. The self-configuration manager of the
system consists of the SCT, BTs, and OT, as shown in Fig. 3. Each
BT performs the monitoring function of the manager. The SCT per-
forms the analysis and planning functions of the manager, whereas
the OT performs the execution function of the manager. In addition,
the OT also plays the roles of self-optimization, self-healing, and
self-protection managers, as depicted in Fig. 4. Therefore, the OT
integrates the monitoring, analysis, planning, and execution func-
tions to maintain the system’s self-optimization, self-healing, and
self-protection properties. As shown in Fig. 5, each MCT plays the
role of manageability endpoint, which performs functions of sen-
sors and effectors. As illustrated in Fig. 6, all the machine tools
within a manufacturing cell are considered a managed element
as a whole. In this system, an autonomic manager communicates
with a manageability endpoint to obtain the desired information of
machine tools that operate in a manufacturing cell.

The critical challenges involved in building the proposed auto-
nomic system include the development and implementation of
various algorithms in order to realize the self-configuration, self-
optimization, self-healing, and self-protection properties of the
system for practical manufacturing scheduling purposes.

In this paper, self-optimization, self-healing, and self-protection
processes are all performed within a manufacturing cell, which
indicates that a selected manufacturing cell can still complete
t-based integrated system for flexible autonomic job shop scheduling.

an order through re-scheduling. In addition, if an event causes a
selected manufacturing cell to be incapable of completing an order,
the OT on that manufacturing cell will inform the SCT about this sit-
uation. The SCT will then re-initiate the self-configuration process

dx.doi.org/10.1016/j.jmsy.2013.01.005
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Fig. 2. According to the received bids, the scheduling center agent selects the most
appropriate manufacturing cell and generates an order agent. The order agent then
migrate to the corresponding manufacturing cell agency to perform its tasks by
interacting with the local manufacturing cell agent and, if needed, with the sched-
uling center agent as well.

Fig. 3. Scheduling center agent, bidder agent, and order agent comprise the self-
configuration manager of the system.

Fig. 4. Order agent plays the self-optimization, self-healing, and self-protection
manager of the system.

Fig. 5. Manufacturing cell agent plays the manageability endpoint of the system.

Fig. 6. Machine tools within a manufacturing cell are considered a managed element
of  the system.

dx.doi.org/10.1016/j.jmsy.2013.01.005
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3.2. Agents
Fig. 7. The scheduling center agent, an order agent, and a m

o identify a new manufacturing cell that is most appropriate to
arry out the rest of the order.

The re-scheduling mechanism consists of three kinds of agents,
amely, the scheduling center agent, an order agent, and a man-
facturing cell agent, as shown in Fig. 7. As the self-optimization,
elf-protection, and self-healing manager, an order agent performs
onitoring, analysis, planning, and execution functions. In addi-

ion, as the manageability endpoint, a manufacturing cell agent
erves as a sensor and an effector. An order agent, through its
onitoring function, receives real-time machine tools’ data from

 manufacturing cell agent and/or urgent order notifications from
he scheduling center agent. The analysis and planning functions
f an order agent perform the re-scheduling process, as shown in
he flowchart of Fig. 7. In the re-scheduling process, the received
nformation is evaluated to determine whether a disruption occurs.

 disruption, or a re-scheduling factor, includes undesired events
uch as job delay, urgent order, resource unavailability, and miss-
ng tool/fixture. Once a disruption happens, the problem condition,

eaning the requirements and constraints of the problem, will be
pdated, and a scheduling algorithm will be applied to create a new
chedule. If a new schedule is obtained, it will be sent to a man-
facturing cell agent through the execution function of an order
gent. If a new schedule cannot be generated, meaning that such

 disruption makes a manufacturing cell unable to complete the
riginal order under the desired condition, a notification will be
ent to the scheduling center agent, so that the scheduling center
gent will perform self-configuration process to identify another
anufacturing cell to carry out the rest of the order.

. System implementation
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
J  Manuf Syst (2013), http://dx.doi.org/10.1016/j.jmsy.2013.01.005

This section presents some implementation aspects of the pro-
otype system including the mobile agent platform, or agency, and
ach agent in the system.
cturing cell agent comprise the re-scheduling mechanism.

3.1. Agency

Mobile-C [35–37], an embeddable mobile agent platform sup-
porting C/C++ mobile agents for various distributed applications,
is employed in the system as the scheduling center agency (SCY)
and manufacturing cell agency (MCY), as shown in Fig. 8. Among
the Mobile-C modules shown in Fig. 8, by default, the three FIPA
mandatory modules, the Agent Management System (AMS), Agent
Communication Channel (ACC), and Directory Facilitator (DF), are
initialized when Mobile-C is started. The AMS  is related to the
creation, registration, execution, migration, persistence, and ter-
mination of a mobile agent. The ACC is related to the inter-agency
mobile agent transport and inter-agent communication. The DF is
related to yellow page activities. The Agent Security Manager (ASM)
is responsible for maintaining the security policies for an agency. In
this article, mobile agents are assumed authorized mobile agents.
Thus, the ASM is not required to be initialized in Mobile-C. By
default, the ASM is not initialized when Mobile-C is started.

In this article, a stationary agent, the scheduling center agent
(SCT) or manufacturing center agent (MCT), has the same XML
structure as a mobile agent, the bidder agent (BT) or order agent
(OT). A C/C++ program source code is embedded as the agent code
in this XML  structure [38]. When the SCY or MCY  is initiated on a
computer, the SCT or MCT  is loaded in the agency at runtime, and
an Agent Execution Engine (AEE) is created to run the agent code, as
shown in Fig. 8. Ch [39–41], an embeddable C/C++ interpreter suit-
able for computer-aided design and manufacturing applications,
was adopted as the AEE in Mobile-C. When a mobile agent, the BT
or OT, arrives at an MCY, a new AEE is automatically created to run
the mobile agent code, as shown in Fig. 8.
t-based integrated system for flexible autonomic job shop scheduling.

This subsection presents a simplified flowchart of the agent code
for each of the four agents in the system, namely, the scheduling

dx.doi.org/10.1016/j.jmsy.2013.01.005
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Fig. 8. Scheduling center agency and

enter agent (SCT), manufacturing cell agent (MCT), bidder agent
BT), and order agent (OT).

Fig. 9 shows a simplified flowchart for the scheduling center
gent code. The SCT first checks the order database to see if there is

 new order. When there is a new order, the SCT creates as many BTs
s manufacturing cells. It then checks its mailbox to see if there is an
CL message sent by a BT. The message contains a bid generated by
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
J  Manuf Syst (2013), http://dx.doi.org/10.1016/j.jmsy.2013.01.005

 BT at a remote manufacturing cell. The SCT also checks whether
he ACL messages from all the BTs have been received. Once all the

essages have been received, the SCT will create an OT that will
igrate to the manufacturing cell offering the best bid.

Fig. 9. A simplified flowchart for the scheduling center agent code.
facturing cell agency of the system.

Fig. 10 shows a simplified flowchart for the manufacturing cell
agent code. The task of an MCT  is simple. It continuously checks
its mailbox to see if there is an ACL message. When there is a mes-
sage, the MCT  will perform the operations specified in the message.
The operations may  include obtaining specific information from
the machine database, sending ACL messages that contain desired
information to the BT or OT, writing specific information into the
machine database, and so on. Having an MCT, rather than a BT or
OT, access or manipulate the data relevant to machine operations
makes the system more secure against faulty operations that could
cause malfunction of machines.

Fig. 11 shows a simplified flowchart for the bidder agent code.
After a BT is created at the SCY, it migrates to its destination MCY.
The BT then sends an ACL message to the local MCT. The message
specifies the information which the BT requests the MCT  to obtain
in order to generate a bid. Once the BT receives an ACL message that
contains the desired information from the local MCT, it will create
a bid based on a bid-generation algorithm, and then inform the SCT
t-based integrated system for flexible autonomic job shop scheduling.

about the bid through an ACL message.
Fig. 12 shows a simplified flowchart for the order agent code.

After an OT is created at the SCY, it migrates to its destination
MCY. The OT then sends an ACL message to the local MCT. The

Fig. 10. A simplified flowchart for the manufacturing cell agent code.

dx.doi.org/10.1016/j.jmsy.2013.01.005
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Fig. 11. A simplified flowchart for the bidder agent code.

essage specifies the information which the OT requests the MCT
o obtain for scheduling purposes. Once the OT receives an ACL

essage that contains the desired information from the local MCT,
t will determine whether a scheduling operation is needed. If
uch an operation is needed, the OT will find an optimal schedule
ased on a default scheduling technique, such as a genetic algo-
ithm, simulated annealing, and Tabu search. Afterward, the OT
ill send another ACL message to the MCT  to inform the optimal

chedule as well as request the desired information for the next
ecision-making cycle. On the other hand, if a scheduling opera-
ion is unnecessary, the OT will determine whether the order is
ompleted based on the information from the message. When the
rder is found to be completed, the OT’s task is finished as well. Oth-
rwise, the OT will send another ACL message to the MCT  to request
he desired information for the next decision-making cycle.

In this article, an OT represents a scheduling technique, i.e. an
lgorithm, which obtains an optimal schedule with respect to a
esired objective for a selected manufacturing cell. Once an algo-
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
J  Manuf Syst (2013), http://dx.doi.org/10.1016/j.jmsy.2013.01.005

ithm or desired objective needs to be changed, which is decided by
n OT or human operator, a new OT can be dynamically created at
he SCY and migrate to a specified manufacturing cell to replace the
T on duty. This feature shows that various scheduling techniques
Fig. 12. A simplified flowchart for the order agent code.

can be dynamically incorporated into the system, thus indicating a
high scalability and flexibility of the system.

4. An energy saving job shop scheduling example

This section uses an energy saving job shop scheduling example
to validate the prototype system’s self-configuration property.

Manufacturing is one of the major industries that consumes
a lot of energy and pollutes the environment. Such a situation is
more prominent among the manufacturing powers in the world.
For instance, according to statistics, the total energy consump-
tion of China’s manufacturing industry accounts for 63% of China’s
national energy consumption [42]. Thus, reducing the energy use
in manufacturing plays a key role in minimizing production costs
as well as in realizing green manufacturing objectives. In addi-
tion, the energy consumed by a machine tool dominates the energy
requirements for a manufacturing process on that machine tool and
can significantly affect the lifespan, malfunction possibility, and
damage possibility of that machine tool [43]. Moreover, because
different machine tools usually have different powers and energy
efficiencies, they consume different amount of energy to process
even the same work pieces. Such differences in the energy con-
sumption provide an opportunity for energy saving by optimizing
the scheduling between work pieces and machine tools. Therefore,
an optimal or near-optimal arrangement of workpieces on each
machine in a manufacturing cell is an effective way to keep the total
energy consumption down to the minimum, thereby reducing the
cost on the manufacturing, maintenance, and repair activities.

An energy saving scheduling problem is typically described as:
In a job shop, m machine tools are ready for use and n work-
pieces are to be processed. Each workpiece can have a different
quantity. The problem is how to obtain the optimal scheduling solu-
t-based integrated system for flexible autonomic job shop scheduling.

tion, which produces the minimal energy consumption and satisfies
constraints in the makespan and workpiece quantity, by dividing
the workpieces into proper units, and assigning and sequencing
them to the right machine tools. Such an energy saving scheduling

dx.doi.org/10.1016/j.jmsy.2013.01.005
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roblem is an NP problem. A mathematical model was developed
o describe the problem and a genetic algorithm-based heuris-
ic method was designed to obtain the optimal solution [44]. The

athematical model and heuristic method are summarized in the
ollowing subsections.

.1. Mathematical model

Matrices and vectors used in the mathematical model are
efined as follows.

uantity of each workpiece : N = [n1, n2, . . . , nn] (1)

rocessing time for one unit of each workpiece : T = [t1, t2, . . . , tn]

(2)

inimum distribution quantity of each workpiece : D

= [d1, d2, . . . , dn] (3)

vailable time of each machine : Ta = [t1
a , t2

a , . . . , tm
a ] (4)

ead time of each workpiece : L = [l1, l2, . . . ln] (5)

apability of each machine : � =

⎡
⎢⎢⎣

�11 . . . �1m

...
. . .

...

�n1 . . . �nm

⎤
⎥⎥⎦ (6)

here �ij = 1 indicates that workpiece i can be processed on
achine j. Otherwise �ij = 0.
Energy consumed by each machine to process one unit of each

orkpiece:

 =

⎡
⎢⎢⎣

e11 . . . e1m

...
. . .

...

en1 . . . enm

⎤
⎥⎥⎦ (7)

cheduling solution : X =

⎡
⎢⎢⎣

x11 · · · x1m

...
. . .

...

xn1 · · · xnm

⎤
⎥⎥⎦ (8)

here xij represents the amount of workpiece i on machine j.
From the above equations, the mathematical model of an energy

aving scheduling problem is established as follows.

ind the minimum Ec, where the total energy

consumption Ec =
∑n

i=1
˙m

j=1xijeij, (9)

uch that

i = ˙m
j=1xij (10)

ij%d1 = 0, where % indicates the remainder operater. (11)

i ≥ maximum{tj
1  to i

|tj
1  to i

= ˙i
k=1tkxkj + tj

a, 1 ≤ j ≤ m},

where tj
1  to i

is the time used by machine j to

finish processing workpiece 1 to workpiece i. (12)
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
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ij = 0, if �ij = 0 (13)
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4.2. Genetic algorithm-based method

In this genetic algorithm-based method, a scheduling solution⎡
⎣

x11 · · · x1m

...
. . .

...
xn1 · · · xnm

⎤
⎦ is a chromosome, whereas a row vector [xi1, . . .,

xim] is a gene of the chromosome.
As shown in Fig. 13, first of all, 50 parent chromosomes are

randomly generated. Afterward, for the crossover operation, two
parent chromosomes are randomly chosen via the roulette-wheel
selection algorithm [45]. A crossover position is then randomly
determined. Afterward, two child chromosomes are created by
duplicating the two parent chromosomes, and exchanging the
genes at the crossover position. In addition, n mutation indices,
each of which is between 0 and 1, are randomly generated for n
genes. Values of any genes with a mutation index less than 0.1 have
to be replaced by new values randomly generated. Subsequently,
the amount of child chromosomes is checked. The crossover and
mutation operations will continue until 50 child chromosomes are
created. Afterward, a total of 100 chromosomes, referred to as “one
generation” in this paper, are sorted via their fitness function val-
ues in descending order. The fitness function is Eq. (9). The top 50
chromosomes are chosen to be the parent chromosomes of the next
generation. The evolution procedure will start over until the next
generation reaches the 3001st generation, whose topmost parent
chromosome contains the optimal manufacturing process param-
eters.

In addition, as far as the majority of manufacturing companies
are concerned, the main emphasis is to maximize the productivity,
along with the energy saving as the secondary emphasis. Maxi-
mizing the productivity may indicate minimizing the makespan
or work-in-process (WIP). In order to satisfy the two emphases, a
multi-objective optimization problem needs to be solved. Assume
that the energy saving job shop scheduling problem has two  objec-
tives, i.e., to minimize both the makespan and energy consumption.
To solve this multi-objective optimization problem, the only thing
that has to be changed in our framework is the fitness function
of the genetic algorithm-based method. The fitness function now
consists of two  parts, one of which relates to the total makespan,
and the other relates to the total energy consumption. As for the
total makespan, it can be considered as the maximum time period,
among all the m time periods, required by a specific machine to
finish processing workpiece 1 to workpiece n. Therefore, similar to
Eq. (12), the total makespan can be defined as follows.

tmax
1  to n = maximum{tj

1 to n = ˙n
k=1tkj + tj

a, 1 ≤ j ≤ m}  (14)

Moreover, in our genetic algorithm-based method, after the
crossover and mutation operations, 100 solutions (parent and child
chromosomes in total) will be produced before the fitness evalu-
ation. Each solution corresponds to a total makespan tE

1  to n and a
total energy consumption Ec. Therefore, each solution’s makespan
and energy consumption can be normalized using the maximum
and minimum makespans and energy consumptions, respectively,
as follows.

t̂maxr
1 to n = (Tmax − tmaxr

1 to n)/(Tmax − Tmin), 1 ≤ r ≤ 100 (15)

where

Tmax = maximum{tmaxr
1 to n|1 ≤ r ≤ 100} (16)

Tmin = minimum{tmaxr
1 to n|1 ≤ r ≤ 100} (17)
t-based integrated system for flexible autonomic job shop scheduling.

Er
c = εmax − Er

c

εmax − εmin
, 1 ≤ r ≤ 100 (18)

dx.doi.org/10.1016/j.jmsy.2013.01.005
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Fig. 13. A genetic algorithm-based method to find the optimal scheduling solution.
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where

εmax = maximum{Er
c |1 ≤ r ≤ 100} (19)

εmin = minimum{Er
c |1 ≤ r ≤ 100} (20)

As shown in Eq. (15), a smaller makespan corresponds to a larger
normalized value. The same conclusion can be drawn from Eq.
(18) for the energy consumption as well. Eventually, in this multi-
objective optimization problem, the function used to evaluate each
solution’s fitness can be defined as follows.

fr =  ̨ × t̂maxr
1 to n + (1 − ˛) × �

Er
c, 1 ≤ r ≤ 100, 0 ≤  ̨ ≤ 1 (21)

In Eq. (21),  ̨ is a pre-defined ratio used to reflect the relative impor-
tance of the two  objectives, that is, minimizing the makespan and
minimizing the energy consumption, in different application sce-
narios.

A job shop scheduling simulation that considers only the energy
saving will be illustrated in the next section to validate the proto-
type system’s self-configuration property.

4.3. Simulation and results

In this example, there are one scheduling center and two man-
ufacturing cells. A scheduling center agency (SCY) is running at the
scheduling center and a manufacturing cell agency (MCY) is run-
ning at each manufacturing cell. Meanwhile, a scheduling center
agent (SCT) is running inside the SCY, whereas a manufacturing cell
agent (MCT) is running inside each MCY. The example is simulated
in a Linux environment. Here, a new order, containing six kinds of
workpieces to be processed, is received by the SCT and needs to be
assigned to a manufacturing cell. Each of the two manufacturing
cells has five machines with different capabilities for processing
those six kinds of workpieces.

Here, the self-configuration property of the system, or the
decision-making ability of agents, to be demonstrated consists
of two parts: (1) the order needs to be assigned to the most
capable cell for manufacturing; (2) after the order is assigned
to a manufacturing cell, the amount of each workpiece on each
machine shall be arranged so that the least total energy will be con-
sumed, which can be mathematically described as follows. With

Econsumption =

⎡
⎣

e11 · · · e15
...

. . .
...

e61 · · · e65

⎤
⎦, where eij represents the energy

consumed by workpiece i on machine j, and all the necessary

assumptions and constraints, find Xschedule =

⎡
⎣

X11 · · · X15
...

. . .
...

X61 · · · X65

⎤
⎦,

where Xij represents the amount of workpiece i on machine j, such
that minimum(Etotal consumption = ˙6

i=1˙5
j=1Xijeij).

Fig. 14 shows the screenshot of runtime situations at the SCY.
After the SCT starts at the SCY, it creates two  BTs for the MCY 1
and MCY  2. Then the SCT waits for responses from the two  BTs. As
shown in the figure, the ACL message sent by a BT contains a value
as its content. This value is the bid created by a BT to denote the
capability of a manufacturing cell to process the order. As shown in
the figure, the bid from the MCY  1 is larger than the one from the
MCY  2, and therefore the SCT creates an OT for the MCY  1. The cre-
ated OT will migrate to the MCY  1 to perform optimal scheduling.

Figs. 15 and 16 show the screenshots of runtime situations at
the MCY  2 and MCY  1, respectively, for interactions between the
t-based integrated system for flexible autonomic job shop scheduling.

BT and local MCT. As shown in both figures, the BT sends an ACL
message to the MCT  to request the capability matrix for all the
machines in the cell. The capability matrix is formed based on the
six kinds of workpieces. The exchanges of information regarding

dx.doi.org/10.1016/j.jmsy.2013.01.005
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Fig. 14. Screenshot of runtime situations at the SCY.

he workpieces between the BT and MCT  are not shown in this
aper. In the capability matrix here, if element (2, 3) equals 1, it
eans that machine #3 is able to process workpiece #2. Each kind

f workpiece has a different amount. Once the BT receives the capa-
ility matrix, it generates a bid that is an overall capability index for
he local manufacturing cell. Here, for an illustrative purpose, a bid
s simply generated through a LCS (Longest Common Subsequence)
ased algorithm. After a bid is generated, the BT informs the SCT of
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
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his capability index through an ACL message.
Fig. 17 shows the screenshot of runtime situations at the MCY  1

here the OT interacts with the MCT  for necessary information to

ig. 15. Screenshot of runtime situations at the MCY  2 for interactions between the
T and local MCT.
Fig. 16. Screenshot of runtime situations at the MCY 1 for interactions between the
BT and local MCT.

perform the optimal schedule searching. As shown in the figure, the
t-based integrated system for flexible autonomic job shop scheduling.

OT carries order data from the SCY. The order data are presented as
the quantity vector, lead time vector, and process time vector. Here,
for an illustrative purpose, these kinds of information are defined as

Fig. 17. Screenshot of runtime situations at the MCY 1 for interactions between the
OT and local MCT  for scheduling related information.

dx.doi.org/10.1016/j.jmsy.2013.01.005


ARTICLE ING Model

JMSY-196; No. of Pages 12

Y.-C. Chou et al. / Journal of Manufactu

F
o

f
t
(
t
p
s
t
t
m
t
o
m
v
i

M⎡
⎢⎢⎢⎢⎣

M
a
b
s
t

ig. 18. Screenshot of runtime situations at the MCY  1 where the OT obtains the
ptimal schedule and informs the MCT  of this schedule.

ollows. An element of the quantity vector (in batches) represents
he amount of one kind of workpiece. An element of the lead time
in days) vector represents the maximum allowable make-span for
he entire amount of one kind of workpiece. An element of the
rocess time vector (in minutes) represents the time needed to be
pent on one batch of one kind of workpiece. As shown in the figure,
he OT requests four kinds of information presented as the begin
ime vector, power vector, power variation vector, and capability

atrix. An element of the begin time vector (in days) represents the
ime period for which a ma  chine is still unavailable. An element
f the power vector (in kW)  represents the power that maintains a
achine to stay in ready status. An element of the power variation

ector represents the variation coefficient of that machine due to
ts operating conditions.

Fig. 18 shows the screenshot of runtime situations at the
CY 1 where the OT obtains the optimal job shop schedule,
16 0 0 4 0
0 16 20 0 4

39 0 16 5 0
22 16 11 0 1
17 0 12 1 0
35 2 8 2 3

⎤
⎥⎥⎥⎥⎦

, that consumes the least total energy of

CY  1. The OT informs the MCT  of this optimal schedule through
Please cite this article in press as: Chou Y-C, et al. A bio-inspired mobile agen
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n ACL message, as shown in the figure. Here, a genetic algorithm-
ased searching method is used to find the optimal job shop
chedule. The evolutionary trend for the energy consumption at
he MCY  1 is shown in Fig. 19. At the first generation, the calculated

Fig. 19. Evolutionary trend of the energy consumption at the MCY  1.
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energy consumption is 3455.5 kW.  Starting from the 2533rd gener-
ation, the calculated energy consumption remains as 3118.23 kW,
meaning that an optimal solution has already been found, which
leads to a 10% reduction in the energy consumption. Additionally,
the figure also reveals a deterministic trend of reduction in the
energy consumption.

5. Conclusion

This paper presents a bio-inspired mobile agent-based inte-
grated system for flexible autonomic job shop scheduling.
An overall architecture of the system and brief implementa-
tion descriptions about the agency and agents in the system
have been presented in this article. An example for energy
saving job shop scheduling has been used to validate the sys-
tem’s self-configuration property. The self-configuration property
demonstrated in this article is comprised of: (1) the order is auto-
matically assigned to the most capable cell for manufacturing
purposes; (2) after the order is assigned to a manufacturing cell,
the amount of each workpiece on each machine is automatically
arranged so that the total energy consumption of the manufactur-
ing cell reaches the minimum.

In addition, the presented system has features that can create
some advantages over other mobile agent-based manufacturing
systems or mechanisms. The system matches the autonomic sys-
tem reference architecture proposed by IBM and has the four
IBM-defined fundamental self-managing properties. This system
can thus manage itself with little human intervention. The system
conforms to the IEEE FIPA standard. The community of FIPA users is
growing in both the academia and industry. Therefore, this compli-
ance ensures the interoperability between the presented system’s
agents and other agents from a variety of FIPA compliant agent plat-
forms. The system supports the execution of C/C++ mobile agent
codes. The system is thus applicable to a wide range of applica-
tions, due to C/C++’s comprehensive functionality, broad use, and
international standard.
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