International Journal of Innovative
Computing, Information and Control ICIC International ©)2012 ISSN 1349-4198
Volume 8, Number 10(B), October 2012 pp. T199-7215

PRODUCT DRIVEN DISTRIBUTED CONTROL SYSTEM
FOR AN EXPERIMENTAL LOGISTICS CENTRE

JAVIER DE LAS MORENAS, ANDRES GARCIA HIGUERA
AND PABLO GARCIA ANSOLA

Autolog Labs
School of Industrial Engineering
University of Castilla-La Mancha
Avda Camilo José Cela S/N, 13071, Spain
{javier.delasmorenas; andres.garcia; pablo.garcia } @uclm.es

Received June 2011; revised January 2012

ABSTRACT. The ever-growing complexity of production systems has long made cen-
tralised factory control unpractical. Distributed solutions, where control responsibilities
are shared among different decisional entities, are now common. Different distributed
architectures have been proposed in literature, where heterarchical systems, in which no
central coordination is required, are also being explored. The use of distributed control
systems makes possible to reach flexible and agile solutions that rapidly react to changes
in the environment. However, distributed decision-making is usually prone to the un-
alignment of the system, where the previous defined guidelines of the enterprise are not
adequately followed by all decisional entities at all times. This paper presents a dis-
tributed control system that is structured into two layers. The first layer is constituted
by a deliberative level related to the management of the system, while the second layer
contains the reactive level, related to the control of the system in the shop floor. This
solution uses an alignment method based on a two-step priority calculation in combina-
tion with Radio Frequency Identification. The implementation of this solution has been
applied to an experimental platform representing the highly automated distribution centre
ezisting at the facilities of a local bottling company.

Keywords: Distributed control, RFID, Alignment, Logistics, Experimental platform

1. Introduction. An increasing necessity for flexible and reconfigurable solutions is be-
coming apparent for the coordination between production and distribution. The need for
production to adapt to customers requests and the pace in which incoming orders have
to be fulfilled, has led to the development and application of new production automation
and control paradigms. A promising approach is to consider production entities as a con-
glomerate of distributed, autonomous, intelligent and reusable units, which operate as a
set of collaborating entities [1]. As a result, systems can be formed by collaborative units,
which can dynamically interact with each other to achieve both local and global objectives
[2]. Following these principles, different approaches have been proposed to define recon-
figurable production systems, such as Multi-Agent Systems (MAS) [3], Multi-disciplinary
Design Optimization (MDO) [4] and Holonic Manufacturing Systems (HMS) [5].
Enterprises operate in a highly competitive environment, which forces them to improve
day by day, in terms of quality, response, agility and flexibility. In the current economic
situation, this is crucial in order for companies to stay in business [6]. From the client’s
point of view, traceability is seen as an added attribute to the base product. For this rea-
son, products without a clear process of fabrication and traceability are becoming almost
worthless [7]. Identification technologies, such as RFID, provide the eyes of distribution
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systems that face a growing necessity to align business processes and to introduce new
concepts such as interoperability and integration in the business models [8].

The aim of the present research is the development of more efficient control and man-
agement methodologies, supported by the visibility offered by RFID, and focused on its
future application in factories with high levels of production and large distribution or
logistic centres. As to try different control approaches in a factory under production
is impractical, it has been necessary to build an experimental platform, which closely
reproduces the facilities of an existing distribution centre, to test these new technologies.

The next section will introduce a definition for the concept of agents to then provide
some background for this work and comment on how RFID technology efficiently comple-
ments Multi-Agent Systems (MAS). Section 3 presents some aspects of the application of
Intelligent Management Systems enhanced with Radio-Frequency Identification (RFID-
IMS) for the management of a distribution centre represented on an experimental plat-
form. This experimental platform will be described to then use Section 4 to explain the
implementation of its control. It will be explained how the system is aligned and driven
by the priority values presented in this same section. Section 5 reports the evaluation of
the proposed methodology using discrete-event simulation. Finally, some conclusions are
extracted from the performance of this platform in Section 6.

2. Background. Agents are the software elements that best describe the always-changing
situations that are common in industrial environments. They have the capacity to nego-
tiate and coordinate to achieve a common goal. The use of agents forces the adaptation
to new technologies, which should be able to supply the system with the current informa-
tion necessary to take the required decisions. Product-identification using radiofrequency
(RFID) [9] has become the technology of choice to ensure visibility. This way, the control
can be performed through negotiation as is typical in agent-based systems; without the
traditional drawback of the disparities between the information available for the different
control elements (agents).

An agent characterizes a software body with a sturdy, adaptable architecture that
can function in different environments or computational platforms in an intelligent and
autonomous manner. The agent is also capable of carrying out different objectives through
an information exchange about the environment, with other human agents or software
agents [10]. Another definition is that proposed by Franklin and Graesser [11], who
define an agent as a system situated inside of, and in a part of, an environment, that
perceives this environment and acts on it over time, making an effort to achieve its goals
and this way, affecting it on what it perceives in the future. In spite of the diverse
definitions that can be found in literature, and the slight conceptual differences they
may introduce, there is one that has been widely accepted: this is that presented in
Wooldridge and Jennings [12] defining an agent as a self-contained problem-solving entity.
The characteristic of flexibility implies that these agents have a reactive character — as
they can perceive the environment and act to meet the changes in conditions; they also
have a pro-active character — as their behaviour is oriented towards the achievement of
predefined objectives; and they have social capabilities — as they can interact with other
agents through negotiation processes in pursuit of their respective objectives [13]. This
negotiation is usually applied to decision-making problems, and has a heterarchical nature;
in other words, there is no central decision entity. This feature allows the distribution of
complex systems in small parts, making easier the control of the entire system.

A multi-agent system (MAS) can, then, be defined as a set of agents that represent the
elements of a system, and are capable of interacting in order to achieve their individual
goals, even when they do not have enough knowledge and/or skills to achieve individually
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their objectives [6]. The spreading of the use of multi-agent systems in many research
branches lays on the capability of negotiation they offer. Consequently, the main appli-
cation of agents is the development of distributed systems. However, obviously, there are
also issues to overcome for the final adoption of agent structures, such as information
integration, the problem of alignment, real world implementation, robustness, agility, and
flexibility.

Different studies on decentralized control systems have been conducted to obtain robust
and interconnected systems able to cope with uncertainties. Also, the robustness of multi-
agent system under external disturbances has been analyzed. This way, it is possible to
face the myopic behaviour [14] presented by agents, and therefore the un-alignment of
the systems. In [15] this problem is faced by combining the multi-agent system with
a hierarchical coordination. As has been seen un-alignment is a problem that arises
commonly during the performance of multi-agent system.

The problem of the integration of the information among planning and manufacturing
control and execution in enterprises was dealt with in [16]. In that paper, the information
gap problem is considered for the case of a specific manufacturing enterprise located in
China. That work proposed a three layers framework driven by the bill of materials in
order to achieve a hybrid push-pull control strategy.

There are some initiatives for the implementation of MAS in industry. Some of the
most representatives are MAST [17], ADACOR [18], JACK [19] or DACS [20]. Never-
theless, the use of agents in industrial application is still limited due to the complexity
of the frameworks, making difficult a real-time performing [21]. These solutions require
a considerable processing power, memory and bandwidth. Moreover, it is difficult to find
approaches where real control equipment, as Programmable Logical Controllers (PLCs),
is taken into consideration. An exception is [22].

Some examples of the recent application of agent technology can be found in literatures,
where the different actors involved in a global company (that is, production, handling and
distribution) are modelled using agents in order to forecast the behaviour of the company.
[23] uses multi-agent systems to design a negotiation based policy for order acceptance
following due date negotiation strategies. That work takes also in consideration the study
of some variables, such as profit and long-term customer behaviour. Another approach in
the negotiation domain has been presented in literature, where the conditions necessary
to achieve consensus in a multi-agent system are analysed.

MASs have the inconvenience of an excessive dependency on the availability and relia-
bility of information. Therefore, they can strongly benefit from the deployment of RFID
systems and, more specifically, with Radio Frequency Identification enhanced Information
System (RFID-IS) — the combination of an information management system with RFID.
Thus, RFID-IS technology applied to MASs provides flexibility and intelligent control
for its application in production, distribution, storage, etc. Therefore, while the MAS
provides on-line control of the system, RFID-IS generates and manages updated informa-
tion. This new solution, RFID-IS/MAS, can be called: Intelligent Management Systems
enhanced with Radiofrequency Identification (RFID-IMS), a detailed description can be
found in [24]. This idea was first time introduced by Garcia et al. in [25].

The best way to demonstrate the benefits of using these solutions is to apply them to
a real company; but, naturally, this is impractical. Soylemezoglu et al. [26] presented
a test-bed to experiment with EPC-IS [27] (a particularization of RFID-IS technology).
They integrated the decision-making model with a network, using a 3-level integrated
model: controller simulation, distributed controller simulation, and distributed controller
simulation with hardware-in-the-loop. Vrba et al. [22] presented a simulation of the
integration of RFID technology with a multi-agent system in some scenarios.
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As has been shown so far, agents are a promising technology but, unfortunately, there
is a reduced number of real implementations in place. In this paper, we present the
implementation of MAS-DUO [28], a multi-agent system architecture, on a test bench
representing the installations of a real enterprise. Here we focus on the low levels of the
architecture, where resides the shop floor control. The problem of alignment between
layers, the industrial implementation plus the flexibility and information integration are
also analysed in this paper. The next section shows how RFID-IMS is modelled in an
experimental platform. Later, additional control questions will also be discussed, so as to
make possible the introduction of priority considerations.

3. RFID-IMS Applied to an Experimental Platform. Being able to experiment
with a similar environment to the real facilities, but controlled in a laboratory is essential
[29]. Thus, an experimental platform (Figure 1) has been developed to serve as test-bench
for the technologies introduced so far. This experimental platform, which has been set-up
in the AUTOLOG laboratory within the UCLM, integrates RFID-IMS technology in a
storage and distribution facility with a production area. The design used is very similar
to the lay-out in the real plant of a local company that distributes food and beverages.

FiGURrE 1. Experimental platform

The layout of the automated warehouse and distribution centre has three corridors
served by as many automatic cranes. This system is situated between the factory where
production takes place and the docks. The distribution centre is divided into two levels:
a ground level by the docks for inputs to the warehouse and an upstairs level for outputs
and picking operations.

In this experimental platform a physical part and a simulated one are combined. The
simulation — that here will rather be a 3D visualization of a virtual plant — represents
the processes of storage and distribution, whereas the physical part does the same for
the loading/unloading processes taking place at the docks. To accurately match the real
environment, the control philosophies have been tested on a network of Siemens PLCs
connected with PROFIBUS DP that has been deployed to control the simulated factory.
The system is composed of six PLCs SIMATIC S7 200 CPU 224 which act as slaves, and
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a SIMATIC S7 300 CPU 313C-2DP acting as master. An additional S7-1200 controls
the production zone over Industrial Ethernet. A detailed description of this experimental
platform was given in Encinas et al. [30]. The following sub-sections provide an overview
of this platform.

3.1. Miniature physical model. The physical platform (miniature model) should be
understood as the tangible part of the distribution centre, which also allows for a greater
flexibility and adaptability of the system. This makes possible the incorporation of real
RFID technology and introduces the possibility of errors due to human intervention, as
would be the case in a real facility.

The model represents the loading and unloading docks of the distribution centre. It is
composed mainly by:

e A set of miniature pallets provided with RFID tags and distributed in four cate-
gories/colours: red pallets represent those with high rotation, those with medium
rotation are yellow and green stands for those with low rotation while the blue ones
represent those that have already been allocated to an order. Blue pallets need to
be specially treated because their destination cannot be changed as they may be the
result of picking and contain a specific set of different products. Due to practical
capacity limits, all pallets with the same rotation category (the same colour) are
identical for the miniature part (their Electronic Product Code or EPC is cropped),
but every pallet is unique for the 3D visualization (they keep their complete EPC).

e An RFID reader with two antennas. The antennas are situated: one on the input
conveyor belt by the entrance, and the other by the exit door of the facilities making
it possible to check the load of the outgoing lorries.

e A Motoman HP3 Robot is in charge of managing the miniature pallets that enter
the warehouse. It is worth noting that there is no direct relation between the storage
of pallets on the physical miniature platform and the simulated model.

e Two conveyor belts. One at the entrance and another at the exit with lateral loading
and unloading.

e Two automatic gates, one for entrance and the other for exit to the distribution
centre. These doors are provided with open/close detectors.

e A rack or shelf with 36 positions, which is where the miniature pallets are stored.

e Automatic guided vehicles (AGVs) representing the lorries: these are the vehicles in
charge of transporting the pallets to and from the system.

e R/C forklift trucks to move loads between the conveyor belts and the AGVs.

e A control panel, formed by actuators, light indicators, buttons and a security system,
which assist the operation of the platform.

3.2. 3D visualization. For a 3D modelling and visualization of the distribution centre,
the Graspl0 software by BYG Systems has been used. This software is specifically suitable
for the simulation of robots, conveyor belts and any sort of discrete processes. But the
main reason to use it is that BYG has provided us with a socket connection module that
allows a direct link between the control system and the 3D visualization. This way, the
different parts of the factory are actually controlled by their corresponding real PLC.
This visualization has been programmed to accurately reflect a real distribution centre.
The simulated virtual factory is divided into: an input area at ground level, an area on
the second floor for picking and outputs, and the automated warehouse itself with its
three S/R (storage/retrieval) machines (or cranes). Each of these areas and the cranes
are controlled by separate S7 200 PLCs. As mentioned, Graspl0 allows communication
via sockets. Thanks to this, the simulation works according to the instruction given by the
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PLCs through the use of the programmed Java interface, which will be explained later.
There are a series of tracks — or sub-modules — in the simulation defining movements.
These tracks are always invoked; therefore, they are active at all times and expecting to
be launched by PLCs.

4. Management and Control. One of the objectives of MASs is for agents to negotiate
among themselves to tackle situations of conflict [31]. In this case, RFID-IMS manages
the negotiations that take place at specific decision points, such as, conveyor belt junc-
tions, warehouse input/outputs (allocation of Storage Keeping Units or SKUs), and order
priority management. It also manages the plan execution, scheduling and planning.

4.1. Multi-agent architecture. In practice, for most applications, it is usual to have
agents defined from two different viewpoints. Some agents are closely related to the phys-
ical world, as they command machinery or moving objects; associated with the reactive
agents. While others are more related with management strategies and scheduling, and
therefore associated with the deliberative agents. One of the most representative archi-
tectures is MAS-DUO [28].

MAS-DUO proposes two autonomous platforms of agents: a physical platform imple-
mented on the physical elements — these agents get the beliefs from the elements of the
plant — and the Information System (I.S.) platform that take the beliefs from the RFID
readers or other external information sources. This division makes possible for the phys-
ical platform to work in an autonomous way by providing robustness in case of errors or
communication failures. Based on the concepts defined in [28], a multi-agent architecture
has been designed for its application at the Autolog Platform. The system is structured
into two levels: reactive and deliberative (Figure 2).

/ i i ﬂ \
' Reactive Level oA Robot Production ‘
Network

FIGURE 2. Multi-agent architecture

4.1.1. Reactive level. These agents have the ability to perceive changes in the environment
and react automatically to them. In this level, the orders are executed without any
reasoning. This allows agents to provide fast responses to situations that are critical or
too simple to require further analysis. The following agents have been defined taking in
mind the lay-out and equipment of the experimental platform.

Production agent: this is the element that controls the production area in the premises.
It deals with the completion of the production scheduling and sends the final products to
the Distribution Centre. It has been implemented on a PLC S7-1200 capable to produce
(in a simulated way) the four different types of items (pallets of the different colours),
following the indications of the deliberative level. The production agent receives an or-
der composed by several products and manufactures them accordingly. This production
agent starts with the highest rotation products and introduces/manages the correspond-
ing production times before submitting the new pallet to make it appear in the 3D virtual
plant. Therefore, once a product is manufactured, the production agent sends it to the
distribution centre, controlled by the PNA presented below.
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PLC Network Agent (PNA): At this level the PLCs control the physical model and the
3D virtual plant. The PNA receives information from the deliberative level and stores it
in data blocks. Floor-level decision-making, traceability of pallets and movement of the
loads are made by the PNA. These actions are directly reflected in the 3D virtual plant.
The components of this module are:

e Master PLC: This component is responsible for the connection of the PL.C’s network
to the LAN. It manages the incoming data from the deliberate level and assigns it to
the corresponding slave PLC. Also, when each pallet of the work order is completed,
the master PLC reports this to the ERP agent.

e PLC 1: This component manages the ground level of the simulated plant (conveyors).
It communicates with the 3D virtual plant through the Master PLC, acting as a local
controller for its zone.

e PLC 2: The same as the previous agent, but for controlling the second floor of the
plant (outputs and picking areas).

e PLC 3 to 5: They control each of the storage and retrieval (S/R) cranes in the
automated warehouse.

e PLC 6: It controls the physical platform (miniature model) in coordination with the
3D virtual plant.

RFID agent: This module assigns a unique identification to each incoming pallet and
sends that identification to the deliberative level. This agent has two RFID readers of
passive tags (working under EPCglobal Class 1 Gen 2 standards [32]). It also supplies
the required information to check the outgoing orders.

Robot: This component is responsible for the movement of miniature pallets from the
dock to the physical shelf. Besides, it manages the SKUs there in coordination with PLC
6.

4.1.2. Deliberative level. These agents have the ability to receive/process information
about their environment and, according to their beliefs and intentions, decide on the
best plan of action to reach the specified objectives. At this level it is possible to identify
the following agents:

ERP Agent: This module hosts the processing, questioning, and evaluating of actions
that should be taken to reach the objectives. It receives orders from customers, generates
the scheduling in coordination with the WMS agent and calculates the priority levels of
the orders. This agent has been implemented in Velneo ®) 6.4.1 for our platform.

WMS Agent: This agent manages the simulated automatic warehouse. It allocates
the pallets in the automatic warehouse shelves according to different factors like rotation
grades, priority orders, gathering orders, sales promotion etc.

Tracking Agent: This agent is in charge of following the state of the orders. This way,
if there is a delay that renders impossible to complete an order on time, priority levels of
each pallet can be modified in real time to complete the order on schedule.

4.2. Priority values as a mechanism of alignment. RFID Technology is adopted to
make the system capable of identifying all the products arriving and leaving the facili-
ties. Moreover, the deliberative agents (e.g., those related to ERP and WMS) negotiate
the location of goods and the priority of production orders supported by RFID informa-
tion. Priorities are represented as dynamic values reflecting the current guidelines of the
management system. These values are calculated including different factors, as customer
relevance, delivery date, arriving date, and completeness of orders. The deliberative level
assigns different values to these factors and allocates a weight coefficient to them, de-
pending on the policy of the organization. As a result, the system can follow a strategy
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that gives more importance to a specific client, to overall customer satisfaction, or to the
order completeness, among others. Sharing the calculated priority values immediately in-
fluences the decision making process at the control system (reactive agents), which tends
to follow the upper level strategies, and thereby maintain the system aligned.

4.2.1. Data packet. It has been necessary to define a data packet template to make pos-
sible the sharing of priority values between agent layers. The data packet is sent to all
the elements of the system concerned with processing a specific instruction and it forms
the basis of the semantics used in the management and control system. Therefore, every
component is capable of reading the related data packet and extracting the necessary
information to complete a task. The data packet model represents the instructions gener-
ated by the deliberative level. These instructions have a determined structure as shown in
Figure 3, in which the necessary data appears coded in an efficient way. A 4-Byte binary
code is used to incorporate the identification of the pallet within the control system, the
origin and destination of the pallet, a series of flags to specify possible errors that could
take place during the fulfilment of the order and an extra space reserved to define the pri-
ority of each instruction. This 4-bit priority data reflects the priority calculation detailed
in the next section. As can be seen, only the necessary information for the correct oper-
ation of the warehouse is incorporated in the instruction/data packet. Each pallet-agent
in the installation carries this information.

BYTE 1 BYTE 2

1D origin destination
I O e e e
BYTE 3 BYTE 4

depth height side status priority

NN .

Ficure 3. Data packet template

4.2.2. Priority calculation. The decision of sending a pallet to a certain location, or giving
it a specific completion priority, results from the negotiation process between the delib-
erative agents at the top layer of the MAS architecture. For instance, if a pallet £j;; from
an order K; and a pallet k,; from order K, arrive to a conveyor belt crossing point at
the same time, the PLC (bottom layer) performs the decision-making operation based on
priority values. Priority values arise from a two-step process.

a) First step for the calculation of the priority

RFID-IMS through its implementation at the ERP at the deliberate level, assigns
priority levels to pallets attending to business guidelines. Matrix (1) shows the list of
orders and the pallets that compose every one.

K, kiwo oo ki
K=| : | =] : : (1)
The priority is determined by Equation (2).

Z Skji

iji = ’LUCCK]. + wdDK]. + thK]. + iZIn (2)
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where Py, denotes the priority. Cy; is the importance degree of a consumer as provided
by the company with a value in the range 0 < Ck, < 1. Dy, is the value assigned to the
delivery date that is defined by the company where 0 < Dy, < 1. Ty, denotes the value
assigned to the arriving date that is defined by the company with values 0 < Ty, < 1.
The last term of the equation represents the completeness of the order that is obtained
by the addition of Sy, factors divided by the total number of pallets. Si, is a binary
variable that is 0 when the pallet %;; has not been shipped, and 1 in other cases.

Finally, w., wg and w, are weights assigned to Ck,, Dy, and Ty, respectively. With this,
the priority value can be adjusted to the needs of the organizations. For example, if a
company considers that all the costumers are in the same category, then w, = 0. The
same may occur with wy and w;. The weights may, therefore, have values ranging from 0
to 1 depending on the distribution centre policy. Once deliberative agents negotiate these
weights and calculate the corresponding priority, this value is shared with the reactive
level.

These equations have been based on a model that calculates the value of reputa-
tion/confidence of an agent in a MAS [33]. That model measures the performance of
communities of practice in organizations, which are concerned with knowledge sharing by
a social approach. On our work, the model has been adapted to calculate the priority
level of a pallet inside the community of pallets that complete an order.

The virtual mark V, that activates the instruction, at the reactive level, to allow pallet
ki; to move on to the next process is given by Equation (3).

Pe, > P, = Ve =1
‘/;E{iji<Pkrz:>Vr:0 )

Therefore, according to this example, the corresponding agent carries out the decision
on what pallet has priority in a crossing point based on the values of V,. This way,
an agent will be able to take the adequate decisions by knowing the level of priority
associated to each of the pallets in the zone. These values are found in the corresponding
data block of the PLC hosting the specific agent. The data can be updated through
Ethernet following instructions coming from the deliberative level. This way the system
stays aligned through the tuning of control and management layers.

b) Second step for the calculation of the priority

As a first approach for the decision-making process taking place at a conveyor belt
junction, a simple comparison of the priorities of the immediately incoming pallets could
be a correct solution. However, as can be seen in Figure 4, this procedure could not be
the best method taking into account the situation in the plant at that specific instant.
The instruction to enter the junction in Figure 4 attending to the priority values given by
(3) would be, in that case, processed as follows: First pallet at line 1 (L.1), second pallet
at L1, first pallet at line 2 (L2) and, finally, the second pallet at L2. As can be seen,
the pallet with the highest priority would be the last in crossing the junction when using
this simple method. A better solution can be obtained by launching a new negotiation
process that would then be the second step of the priority calculation. It consists on a
weighting/adjustment of the priority taking into account the complete state of the plant —
i.e., considering all the pallets approaching the junction — for what the use of an adapted
exponential smoothing equation is proposed.

The exponential smoothing is a technique usually applied in Business Administration
to perform forecasts. It estimates the next value of a series of data by applying a constant
a to weight the variables in the equation. Taking as model the standard exponential
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FIGURE 4. Possible situation at a junction showing priority values

smoothing equation [34], our adapted standard exponential is as shown in (4).

n

Z a(l —a) P

=1

Pl:ij = (1 - a)n+1 i Pmax +

N max

(4)

where P,;‘l_j denotes the weighted priority; whose value is 0 < P,;‘i]_ < 4. Ppax represents
the maximum value that can take the priority, in this case 4. P; is the priority that has
the pallet placed at the position ¢ in the conveyor belt L. n; is the number of pallets
loaded in L. njmay is the maximum number of pallets that can be loaded in L. « is the
smoothing factor; whose value is 0 < o < 1. According to the value of a, the weighted
priority gives preeminence to moving first the pallets with higher priority (high «) or to
avoid the congestion of the conveyors belts (low «), so as not to block other junctions
upstream.

The correct choice of a is a key factor for the correct completion of orders in the
platform. It has been observed that for a equal to 0.4, the system operates near to an
optimum performance. However, a fixed « is neither compulsory nor desirable. It is rather
recommendable for each agent controlling a conveyor belt junction to have a custom «,
attending to its beliefs in order to adequately get its desires or goals.

4.3. Information flow at the reactive level. As it was argued before, there are not
many MAS implementations over PLCs. This section shows the way in which this has been
done for our platform in which a specific instruction is generated for each complete pallet
movement — from an origin to a destination — that has to take place at the distribution
center. This instruction is sent to the PLC network for its execution, which drives the
3D model. The PLC Master is in charge of collecting the data packets (instructions)
coming from the management system and of sending them to the corresponding slave PL.C
(Figure 5). Additionally, the master is also in charge of collecting messages (instructions
at different processing stages) as they are returned by slave PLCs, once their respective
parts of the process have been finished, and of redirecting the instructions to the following
link in the processing chain (another PLC). Once all execution steps have been processed,
the master PLC uses the communication interface to inform the deliberative level about
the completion of the instruction (data packets include a status field to report possible
incidences). In this way, this master PLC controls and manages the traffic of instructions
through the PLC network. Incidentally, for this specific set-up the master PLC is also
the link between the virtual I/Os of the PLCs in the network and the interface with the
3D visualization of the simulated plant they have to control.

Figure 5 shows the way in which the master PLC receives and analyzes the incoming
instructions and sends them to the specific slave PLC within the Profibus DP network.

A Colored Petri Net (CPN) has been used to model the way in which instructions are
sent from the S7-300 (master PLC) to the corresponding S7-200 (slave PLCs) as shown in
Figure 6. For each master-slave link the model consists of three parts: S7-300, Profibus-
DP, and S7-200. The S7-300 part has two transitions, which can Send Instructions and
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FIGURE 5. Information flow at the master PLC
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FIGURE 6. CPN of the communication between PLCs

Receive ACKs (transmission codes for the acknowledgement of a reception). The Profibus-
DP network has three transitions which can Transmit a Request, Transmit an Instruction
or Transmit an ACK. Finally, the Receiving part has two transitions which can Process an
Instruction or Request an Instruction. The interface between the S7-300 and the Profibus-
DP contains places B, C and F (i.e., it can take these estates), while the interface between
the Profibus-DP and the S7-200 contains places A, D and E.

Incoming instructions arrive from the deliberative level through place “New” and before
being transmitted through the Profibus-DP network they are stored at place “Send”. An
instruction goes from “New” to “Send” when the value of the ACK is zero, that is, when
there is no pending acknowledgment of reception. An instruction is sent if there is a
Request from the S7-200 (right-up corner in Figure 6).
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Received messages are stored at the place Process Instruction. At this point, the in-
coming instruction is checked to make sure it is different from the last one processed; in
which case it is sent to Received, where it is stored in the input-job buffer of the S7-200.
Then, this S7-200 processes the instruction beginning by checking whether this is a new
one through the LastReceived place. Any time a new instruction is received, the S7-200
sends and ACK to the S7-300. If the S7-300 receives the ACK, it clears the current in-
struction from the input buffer and continues with the next one. As can be observed, the
next instruction will be sent as soon as the S7-200 makes a request. The fact of erasing
an instruction is reflected with transition “Receive ACK”. This model has been developed
using CPN tools [35].

The protocol followed to send an instruction copes with the constraints of the Profibus-
DP network by providing a pull strategy for requesting instructions. This way, as a
slave S7-200 pulls instructions from the master S7-300, it allows the deliberative level to
negotiate the sequence in which instructions are processed until an instruction is requested,
enabling a dynamic reconfiguration of the scheduling without interfering in the normal
operation of the plant. This helps all the PNAs to perform their role effectively while
making them capable of managing unexpected situations.

5. Evaluation. Simulation is currently the only way to evaluate the emergent (aggre-
gate) dynamic behaviour of the global agent-based industrial solutions [36]. At this point
it is important to note that the word “simulation” has many uses. Whereas before we some
times used the words “simulation/simulator” for the software providing the 3D visualiza-
tion of our virtual plant, we will now be discussing discrete-event simulation. As, in order
to demonstrate the effectiveness of the proposed methodology to provide an appropriate
use of resources, a thorough analysis has been carried out using the simulation software
Witness. This is a simulation environment of the type generally used for performance
analysis in industrial environments (Figure 7).

i
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FIGURE 7. Discrete-event simulation in witness

The company is employing for processing the orders the criteria of First Input First
Output (FIFO), or First Come First Served (FCFS). These methodologies perform ade-
quately provided that unexpected changes do not occur. However, in current industrial
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environments this is an unrealistic assumption, given the dynamic behavior of the markets.
In Table 1, the characteristics of traditional scheduling and RFID-IMS are summarized.

TABLE 1. Traditional scheduling vs. RFID-IMS

Reference Scheduling | RFID-IMS Scheduling
Priority Rule FIFO Customized
Priority Value Fixed Dynamic
Agility Limited High
Throughput Fixed Variable

5.1. Example. A very simple example is now presented to highlight the effectiveness of
the methods proposed here. The following scenario is analyzed for the plant represented in
the platform: 3 incoming orders are received having different priority levels. The sequence
of arrival for the orders (all in the same day) is: order 1 arrives at 08:00 with low priority,
order 2 arrives at 08:30 with intermediate priority, and the last one (order 3) arrives at
09:30 with high priority.

The orders are composed by different amounts of A, B, C and P products. The last
one represents the mixed pallets containing A, B and C goods. Table 2 summarizes this
situation.

TABLE 2. Description of the orders

Order 1 Order 2 Order 3
Units 124, 8B, 7C, 6P | 11A, 9B, 9C, 4P | 12A, 10B, 6C, 5P
Incoming date 19/09/11 19/09/11 19/09/11
Incoming hour 08:00 08:15 08:30
Delivery date 19/09/11 19/01/11 19/01/11
Delivery hour - - 09:15

The total order processing times (from order arrival to the expedition of goods) are:
— Order 1: 36’ 32”. Picking: 34,3’
— Order 2: 23’ 40”. Picking: 23,2
— Order 3: 30" 39”. Picking: 29,5

Order 3
8h 8:30h Oh Deﬁ;—“*“ﬂ 9:30h 10h

FI1GURE 8. Traditional planning

Figure 8 shows the Gantt diagram for order 3 with a traditional planning method on a
FIFO basis. It can be seen that this order is not completed on time.

Figure 9 shows the order processing for the same order but using the methodology
proposed here. The following results can be observed:
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Order 3
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Ficure 9. RFID-IMS planning

— There is a decrease in the total elaboration time: from 1 hour and 10 minutes to 1
hour and 2 minutes. Saving around 9% of preparation time.

— It is possible to fulfill the 3rd order within the delivery time.

— Picking is a bottleneck for the installations.

These results are possible due to the decisions made by the management system, RFID-
IMS, based on priority levels allocated to pallets and orders. It provides the flexibility
necessary for the system to deal with different work orders at the same time. The local
control provide by the reactive level of RFID-IMS manage instructions faster than a unique
centralized one. A considerable improvement in the use of resources is also achieved.

It can be argued that the traditional methodology used as reference for the comparison
is too simple. However, in real systems, the increase in complexity is matched by an
increase in the occurrence of perturbations, which a negotiation system is in a much
better situation to tackle. As complexity increases, scheduling becomes more difficult and
demanding if not faced by a system specifically designed to deal with it.

5.2. Outcome of the proposed strategy. By establishing fixed, common, and simple
semantics for the definition of the instructions, it has been possible to achieve the required
integration and interoperability between agents in the system. The structure defined for
the data packets provides an efficient way of sharing information and ensures the correct
alignment of the system as, while its composing parts can work independently, they
always follow the general politics of the company. This has been achieved by introducing
a field to reflect the priority of the instruction that is taken into account along all the
decision-making processes and that can be modified dynamically. The deliberative level
allocates priorities to orders attending to the guidelines of the company. The reactive
level works with the priorities established at the higher level, but adapts them to the real
state of the plant. Thus, by sharing a little amount of data, the system is aligned at
all levels, from management to operations control. Moreover, the deliberative level acts
as a dynamic layer that renegotiates the schedule attending to new orders, guidelines,
offers, and delays, among others. This produces as a consequence a change of priorities
that spreads dynamically over specific instructions along the whole system to ensure a
correct alignment at all times. To achieve this at reactive level, and more particularly
on the PLC network, priorities are updated dynamically; which requires the master PLC
to keep track of what instruction is in what slave PLC at all times. This way, when the
priority of an instruction changes, the master PLC sends an instruction to the specific
PLC that is processing that instruction at that specific time, to modify the priority in
the corresponding data packet.
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The combination of established priorities and RFID provides the system with all the
information necessary to track and trace resources and monitor the plant. This improved
visibility restrains the deliberative level of overloading the lines of communication with
constant messages requesting changes of priorities in the system. This adds efficiency to
communications due to the fact that priority modifications are not always effective as,
because of the specific lay-out of the plant, it may happen that at some points there
is no option for the system to react — not having by-passes and/or the corresponding
load being already too close to the output and waiting for external operations. In these
cases, communications requesting a change in priority within the system must be avoided
and the corresponding external agents notified instead. Placing RFID readers at strategic
points that are directly connected to the deliberative level makes communications between
deliberative and reactive levels far more efficient.

6. Conclusions. A control architecture has been presented that endows the system with
an inherent capability to react to unexpected changes in a flexible manner. This reactive-
ness is achieved through an agent-based control relying on negotiation. The information
management system provides accurate information about products, identified by RFID,
to all the agents. This way, deliberative agents can negotiate the location and priority
of products supported by RFID information. The priorities thus allocated to different
operations are dynamic values that reflect the guidelines established for the management
system. These values are calculated including different factors, as customer relevance,
delivery date, arriving date, and order completion. The deliberative level assigns differ-
ent values to these factors and allocates a weight coefficient to them, depending on the
policy of the organization. As a result, the system can follow a strategy that gives more
importance to a specific client, to overall customer satisfaction, or to the completion of
orders, among others.

This methodology has been implemented on the control system of an experimental
platform. The resulting test-bench is driven by a PLC network where each PLC is in
charge of controlling a determined area of the plant. This closely matches the structure of
the control system on a real factory in which this test-bench has been inspired. With this
platform, it has been possible to analyse at leisure realistic situations that are common
in the factory.

Through the performance of this test-bench it has been found that sharing the calcu-
lated priority values immediately influences the decision making process at the control
system (reactive agents), which tend to follow the upper level strategies and, thereby,
maintain the system aligned. In some cases, it is necessary to adapt order priorities to
the current state of the installation, so as to avoid bottlenecks. This is mainly done by re-
calculating weights again, attending to priorities based on the workload. For this reason,
this method has been called: two-step priority calculation. The experimental platform
has allowed testing the system in different complex situations while results obtained by
discrete-event simulation ratify the efficiency of the proposed method.
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