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Abstract. This study proposes an architecture based on multiple agents through a Colored
Petri Net model (CPN), which enables the integration of supply chain links and information
technology to speed up the production process and services. The methodology was developed
based on three fundamental concepts: CPN as design tool, Supply Chain (SC) Architecture
and Multi-Agent Systems (MAS). As a case study, a typical supply chain in the Colombian
production system was considered. As a case study, a typical supply chain in the Colombian
production system was considered. For this, the study developed a modeling procedure to
transform its supply chain architecture from a typical structure to a multi-agent structure.
This procedure consists of seven phases. Initially, the case study is characterized as a supply
chain, then the information is collected, next the limitations of the supply chain are identified,
then the variables and their interactions are defined. In the following two phases, three models
are developed: the structural model, representing the physical distribution of the plant; the
conceptual model, that relates the system components and their interactions; and the functional
model, which integrates the previous models and associates them with the behavior of the
variables during the process flow. Finally, a qualitative and quantitative validation of the models
are performed, simulating different scenarios. The results show that a distributed supply chain
structure, using multi-agent architecture, first, offers robust information and physical flows, and
secondly, contributes to supply time reduction, communication quickness, efficiency and quality
of information for operational decision making. The results could also motivate organizations
to integrate the supply chains considering MASs in resource management.

Keywords. Multi-agent Architecture, Supply Chain, Colored Petri Nets, Simulation.

Resumen. Este estudio propone una arquitectura basada en multiples agentes a través de
un modelo Red Petri Coloreada, que permite la integracién de los eslabones de la cadena de
suministro y la tecnologia de la informacién para agilizar el proceso productivo y los servicios.
La metodologia se desarroll6 en base a tres conceptos fundamentales: CPN como herramienta de
diseno, Arquitectura de cadena de suministro y Sistemas Multi-Agente. Como caso de estudio
se consideré el redisefio de una tipica cadena de suministro en el sistema productivo colombiano.
Para esto, el estudio desarrollé un procedimiento de modelado para transformar la arquitectura
de la cadena de suministro del estudio de caso seleccionado a una estructura multi agente. Este
procedimiento consta de siete fases. Inicialmente, el estudio de caso se caracteriza como una
cadena de suministro, luego se recolecta la informacién, luego se identifican las limitaciones de
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la cadena de suministro, luego se definen las variables y sus interacciones. En las siguientes dos
fases se desarrollan tres modelos: el modelo estructural, que representa la distribucién fisica de
la planta; el modelo conceptual, que relaciona los componentes del sistema y sus interacciones;
y el modelo funcional, que integra los modelos anteriores y los asocia con el comportamiento
de las variables durante el flujo del proceso. Finalmente, se realiza una validacién cualitativa
y cuantitativa de los modelos, simulando diferentes escenarios. Los resultados muestran que
una estructura de cadena de suministro distribuida, que utiliza una arquitectura multi-agente,
en primer lugar, ofrece informacién sélida y flujos fisicos, y en segundo lugar, contribuye a
la reduccién del tiempo de suministro, rapidez de comunicacién, eficiencia y calidad de la
informacién para la toma de decisiones operativas. Los resultados también podrian motivar a
las organizaciones a integrar las cadenas de suministro considerando los Sistemas Multi-Agente
en la gestién de recursos.

Palabras Clave. Arquitectura multi-agente, cadena de suministro, redes de Petri coloreadas, simulacién.
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1. Introduction

Supply chain decision making has evolved over the years from a traditional architecture (with
different aspects to improve, such as interdepartmental conflicts, weak leadership, slow flows,
low quality data and low security, etc.) to a dynamic architecture that allows greater flexibility,
integration and agile response times, promoting the optimization of resources [1],[2]. On the
other hand, distributed systems, due to their articulating nature of decentralized computing
agents, have been for several decades a paradigm that both has evolved and has contributed
to the development of the integration of other information and communication technologies
to the Supply Chain Management (SCM). This has allowed the incorporation of intelligent
decision-making by service-oriented nodes, in an integration environment, and with a focus
on creating value for customers. Some authors recommend studying architectures such as:
architecture based on artificial intelligence [3], control architectures (distributed, centralized
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and mixed) [4], architecture with a holonic approach [5], business architecture [6] and industry
4.0 structure [7],[8].

According to Basole et al. [9], computer systems integrated into SCM based on intelligent
agents, offer an adequate analytical approach, since they help to identify the technical and
relational aspects of Supply Chain (SC), occurrence of possible events and permanent knowledge
of consequences on performance [I0], for example, they empirically showed that the supply
network companies that integrate SC actors through a horizontal structure, tend to be in
more dominant and influential positions than those that have a vertical structure, promoting
both cost reduction and improvement of operational efficiency, and ultimately leading to better
operational and business performance. In another study presented by Yuvaraj [I1], the strength
of supply network relationships is identified with the help of new technologies, such as: Internet
of Things (IoT) and Low Power Wireless Communication Systems, which facilitates the exchange
of knowledge.

On the other hand, an agent is ”a computer system that is located in an environment,
and is capable of taking autonomous actions in that environment in order to meet its design
objectives” [12]. According to Wooldridge et al. [I3], ”An agent is an autonomous and flexible
computer system, which is capable of acting in an environment”. Likewise, the agent has the
ability to perceive, process and perform autonomous actions to achieve the design objectives.
Agent systems might have different architectures, such as: deliberative, reactive, hybrid and
multi-agent [14].

The multi-agent architecture is a conglomerate of agents performing specific and collaborative
functions among them [15]. Aguilar et al. [I6], emphasizes the usefulness of multi-agent systems
as a modeling tool in order to incorporate their main characteristics and benefits: autonomy,
mobility, rationality, reactivity, sociability, and proactivity. This study specifically aims to
propose a multi-agent based distributed architecture that leads to overcome these challenges.
Considering the dynamics of the different flows between the nodes of the event- oriented supply
chain, the Colored Petri Net was used for the verification and validation of the structure of the
proposed supply chain. In this architecture the set of interactions between the nodes (agents) of
the chain, act in a distributed manner, determining a set of operational and logistical decisions,
and generating the information and physical processes among the Nodes. In this way, the
advantages of information transmission and processing speed, flexibility, reaction and robustness
of distributed systems are also exploited by [17] to create the proposed architecture. It is a
simulation model, using the Colored Petri Nets tools (CPN) [18],[19].

The application of CPN is justified by its analytical and graphical strengths, moreover, is
appropriate for representation, process analysis, and also has the ease to show systems where
the synchronization of communication and the shared use of resources are important [20]. The
Petri nets (PN) concept was introduced by Carl Petri in 1962 [2I]. According to Lin [1§],
the PN is a graphical and mathematical modeling tool used to study systems that present
concurrent, asynchronous, distributed, parallel, non-deterministic and/or stochastic behavior;
their graphic part can be used as visual aid similar to a state diagram or flow chart. One of
the main characteristics of CPN is that they have the ability to associate a set of values (called
color) with each object (mark). The use of colors is analogous to the use of data types in the
programming languages, which gives CPN the necessary power to formalize the model of any
system, no matter how complex it is, due to the capabilities of CPN with the capabilities of a
high-level programming language [22],[23],[24]. CPN Tools is originally developed by the CPN
Group at Aarhus University from 2000 to 2010. From the autumn of 2010, CPN Tools was
transferred to the AIS group, Eindhoven University of Technology, The Netherlands.

The paper is organized in seven sections, including the introduction. The second section
presents the literature review carried out to extract contributions that were starting point for
this development. In the third section the methodology adopted for the present research is
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discussed. The fourth section presents the description of the case study. The fifth section
elaborates the application of the methodology adopted to develop the modeling of the case
study. The sixth section deals with the results of the modeling procedure and simulations, as
well as, comparison of the current architecture against the proposed one. Finally, section seven
is devoted to present the conclusions.

2. Literature review

Multi-agent systems (MAS) have been recognized as ideal for modeling and analyzing the
structure and dynamics of complex industrial systems, such as supply chains. For this reason,
they are especially useful for evaluating different flow architectures of these production and
distribution systems. Hmida et al. [25] presented a MAS evaluation method highlighting the
communication and transfer of information between links of a SC modeled by agents, as this
is one of the most important functional features of distributed systems in general and MAS
in particular. Shoham [26], established Agent-Oriented Programming (AOP) approach, where
by multi-agent systems become a specialization of distributed Object-Oriented systems. The
approach of agents as service centers is presented by Pal Karakostas [27], who introduced a multi-
agent and web services framework for the Collaborative Materials Procurement System (CMPS)
in a supply chain. Jaimez-Gonzélez & Luna-Ramirez [28] presented a multi-agent architecture by
modeling a supply chain, which explored different strategies and offered solutions in a distributed
e-commerce environment. The authors showed how the entire multi-agent system developed and
implemented a collaborative agent. Zhao [29], developed an agile SCM architecture based on
the exchange of information from multiple agents under the guidelines of the theory of self-
organization. In turn, they proposed a prototype of the SCM system using web technology,
distributed object technology (CORBA/DCOM) and management technology and organization
of related information resources. Perera Karunananda [30], developed a model in which each
phase of the supply chain was developed as an agent that allowed communication, coordination
and negotiation between agents to achieve the intended business objectives.

Table 1 presents an overview of the recent contributions that relate SC and MAS modeling
through literature review.

According to the analysis of the Literature, the authors of this research conclude that it
is necessary to strengthen the research on the integration between MAS and CS, incorporating
formal modeling approaches, thereby contributing to the evolution of SCM in the era of industry
4.0. Specifically, the literature on MAS as an approach to modeling supply chains using Colored
Petri Nets is sparse. Among the few authors who addressed this gap, we found that Quan
et al. [40] propose the development of a multi-agent system based on the characteristic of a
cooperation protocol, which uses distributed artificial intelligence studies, offering interaction
models to consult tasks among multiple agents, through CNP tool. Aggarwal [41], developed
a work using CPN from a multi-agent approach for the development of a system for assigning
tasks dynamically, this study evaluated the creation of a model where the assignment of tasks
between a given number of agents is dynamic and not deterministic. Similar works to simulate
multi-agent systems using CPN can be developed by [42],[43] to a dynamic task allocation and the
asynchronous relation among them, respectively. These antecedents encourage the contribution
of this research based on the objective: to offer progress in the use of formal modeling tools,
as in this case, Color Petri Nets, applied to design a supply chain, conceived as a distributed
system based on MAS.

3. Methodology

The global methodology formulated is represented in figure 1, which integrates the three used
concepts. This methodological framework was developed in the following major steps: i)
Preliminary literature review about the three fields or concepts: SC architecture, supply chain
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References FPapers Authors” observations
analyzed
[31] 41 Authors highlight the impact of the integration between MAS and the supply chain in the

economic, environmental and medical areas. The authors recommend application studies
of this ntegration to carry out medinm znd long-term plaming.

[32] 41 The job Identify seven challenges: §) Regulation, i) standardization of communication
and negotiation Protocols, ##i) Flexible design, 1v) Responsiveness, ¥) gain sharing, vi)
Autonomy, vif) business and governance model. The authors value these seven challenges
for practical purposes for orgamzations in the fields studied.
[33] 103 The anthors highlight the mcreaze in the coordination and response capacities of a supply
chain from the mntegration of MAS-based modeling. Additionally, they qualify the
negotiation policies in intemational environments, a3 a field of special interest.

[34] 264 Feezearch defines that WMAS-supply chain intepration offers 2 resource optimization
emvironment. The authors suggest mproving design methodologies to overcome different
challenges, such as: technological and commercial Research alzo visualizes an extension

of this intearation with other technologies, such as: Big data, IoT and Blockchain.

[33] 39 The authors present expenential growth in MAS-Supply Chain integration applications.

The authors recommend mmprovements in design methodologies integrating modeling
tools. Additionally, they sugpest a standardization to favor applications among
intemational organizations.

[36] 7 The authors identify the strengths of a collaborative supply chain in different areas.

However, they identify a limited literature in works related to the evaluation and impact
of environmental and social performance.

[37] 2 The authors identify the strengthe of integrating Imowledze management tools into the

structure of a supply chain. On the other hand, question the limited literature related to
integrated knowledze management m the desizn of supply chaing and MAS.

[38] 79 Thiz work evidences an area of research in the standardization of the relationship between

MMAS and supply chains through the modelng of Industry 4.0
The authors recommend further research on methodologies, design tools and professional
traming plans in the area.

[39] 9 The authors identify the optimization of resources as one of the main advantages of

integrating MAS into a production system. Additionally, the work 1dentifies an
application opporunity in the area of performance evaluation and diapnosis.

Table 1: Summary of recent Authors’ observations on SC and MAS modeling

CPN as design
tool

Distributed
architecture for
a SCintegrating
Supply Chain (SC) \2 MA. approach”  \yy1ti-agent
Architecture using CPN Systems (MAS)

Figure 1: Research methodological framework

modeling using CPN, and supply chain modeling using MAS, ii) Definition of the problem in
terms of the gap present in the modeling that combines the three concepts, iii) Selection of the
case study, iv) Definitive literature review, v) Meetings with case study organization managers
to carry out the information collection plan and develop the modeling procedure for redesign
the supply chain architecture, which includes simulation and analysis of results, vi) Modeling
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procedure to redesign the supply chain architecture, v) Simulation result analysis.

The modeling procedure for redesigning the supply chain architecture (Figure 2), allowed to
work with the relevant information on the typical structure, to migrate to the architecture that
incorporates the MAS approach.

Characterization of the SBPA as a SC

!

Collection of information

{

Identification of limitations of the system ]

Definition of variables and relationships
between them

Structural modeling ]

1

Functional an conceptual modeling ]

{

Simulation and analysis of the model ]

ISR

Figure 2: Modeling procedure to redesign the supply chain architecture

4. Case Study
For the application of the methodology developed in this research, a Simulation Bank
(Laboratory) for the Product Assembly (SBPA), located in a training-for-employment institution
called the National Learning Service (in Spanish, Servicio Nacional de Aprendizaje, acronym:
SENA) in Cali, Colombia was adopted as a case study. SBPA’s objective is to make and transfer
a final product, assembling four components sequentially: cylinder, piston, spring, and lid. The
lid and cylinders have three different color options, each color combination between the cylinder
and the lid represents a different product reference. The initial system typified as a traditional
supply chain, is made up of five modules: distribution, robot, join, storage, and classification,
that interact in an automatic environment of transactions and information and raw materials
flows; each module corresponds to a link or node of the SC (Figure 3). The distribution module is
integrated for several pneumatic devices in order to supply the components of the final product.
The robot module allows the automatic assembly of the different parts that constitute a final
product. The assembled product is transported to the join module. The join module consists of
the supply warehouses for the lids and springs components. In the event that the inventory of
components reaches their reorder point in a warehouse, a replenishment signal is sent for their
supply. The storage module has two functions: i) Storing the products according to their color,
ii) Delivering the products in process to the sorting station. For this, this module is made up of
a three-level warehouse, with six places on each level, and a robotic system. The classification
module allows to organize the assembled products according to the color of the cylinder. For
this, the module is integrated by a color-checking sensor, a conveyor belt and a sorting unit.
This case was chosen given the easy access to information and the flexibility of these
modules to configure different SC architectures, which allows evaluating the design proposal
of a distributed architecture for a supply chain integrating multi-agent technology.

5. Case Study Modeling

5.1. Characterization of the SBPA as a SC

Initially, the modules of the SBPA system were linked in the context of a traditional or typical
CS architecture, shown in the figure 4. In this structure, the supplier and external customer
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are included as external links; the link “manufacture” is in charge of executing activities of
production into the CS, is integrated by the robot and assembly modules. The transport
link, responsible for the delivery activities of the production into the CS, is represented by
the distribution and storage modules, and the retailer link is integrated by the classification
module. This is a typical eminently sequential structure, in which the links, instead of working
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Figure 4: SBPA’s vision as a typical supply chain

in an integration environment, these do it by pursuing individual objectives, forgetting the
end customer and generating complexities related to information and physics flows, in terms of
well-known bullwhip effect [44].

Figure 5 shows the characterization of the operation of the manufacturer link, using a STIPOC
(Suppliers - Input — Process - Output - Customer) diagram.

5.2. Collection of Information

In this initial stage, field visits are carried out in order to collect information in order to
characterize the system. The following are the types of information collected: parameters,
functions, and operating standards, among others. A conceptual map of this phase is presented
in figure 6.
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Figure 6: A conceptual map of the Collection of information phase

5.8. Identification of Limitations of the System
These limitations are related in several aspects, for example, organization’s policies, commercial
and the manufacturing strategies, among others.
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5.4. Definition of Variables and Relationships Between Them

On this step the following concerns are addressed: required production activities, type of
resources required, type of information and products required, type of relationship among devices
necessary, type of relationship among the involved variables necessary.

5.5. Structural Modeling

Based on results from previous stages, the modules that compose the system are identified
(machines, devices, etc.). To develop the model from an intelligent agent approach, the intelligent
actions that were intended to model under the multi-agent orientation were determined.

5.6. Functional and Conceptual Modeling

On this step the relationship of the system components is conceptually described (interaction
among links), also the functions that define the variables behavior during the process flow
are established. At this stage the CPN-Tools software is used, in addition for defining the
characteristics of the marks that represent the flow of resources or information through the
model network.

5.7. Simulation and Analysis of the Model

In this stage, the following parameters and indicators, showed in the problem map, are those
defined for formulating simulation scenarios. The problem map (figure 7) is a structure that
specifies in an image, the function F (parameter values, Xs) = Results of model performance
indicators, Ys, where function F is the multi-agent SC model.

Scenario definition parameters (Xs):

e Production rate (PR): It is the number of normalized units per time unit in which can be
performed a task for a combination from an x-axis value (time) and a y-axis value (quantity)
from the Table of normalized times, multiplied by a conversion factor. This results in the
amount that the organization intends to manufacture or provide to the market to meet the
demand.

e Mobilization of products from manufacturer to retailer (MPMR): it is the number of on-time
transported products from the manufacturer warehouse link to the retailer warehouse link.

e Communication level in the process (CLP): It’s the amount of information transmitted
bi-directionally correctly to each one of the links participating in the process. Can be
measured as the number of messages sent and received by a given link correctly.

Indicators of system performance (Ys):

e Service Level (SL) indicator: It represents the expected probability of not falling into a
stock out situation.

e Permanency time of the product in the SC (PTPSC): It’s the time that a product stays
since their raw material (RM) source until it is transformed to a final product and delivered
to the retailer link.

e Connection time in communication between links (CTCL) indicator: It is the time required
to transmit a successful message from one link to another inside the SC.

e Average inventory (Al) indicator: It is the average among the existent values on the
inventory and the new purchase values.

The problem map of the SBPA SC model conceived as a mathematical function F(X) =Y,
allows to define the scenarios, simulate them and obtain performance results of the model.
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Figure 7: Multi-agent SC model problem map

6. Results and discussion
In this section we present the results of applying the Modeling procedure to redesign the supply
chain architecture for both typical and distributed SC.

6.1. Modeling the Architecture of the Typical SC Using CPN
In the typical model of the SBPA SC (presented above on figure 2), the manufacturer link,
operates essentially under a push approach, is oriented to use the available infrastructure
capacity, without taking into account the market (retailer) demand requirements, so the SC is
oriented to assemble and distribute products in large batches regardless of whether the customer
requests them or not, resulting on an inventory increase and obsolescence. Likewise, the retailer
makes requirements to the manufacturer regardless of the demand of the external customer.
The manufacturer link starts with a production order (PO) released, verify the existence
of raw materials (RM) and if necessary, it requests it from the supplier link based on needs
forecasts. Manufacturer value stream consist of six workstations (1) RM reception, (2) cylinder
and piston assembly, (3) spring assembly, (4) lid assembly, (5) finished product packaging and
(6) product dispatch. The finished products are distributed by the transport link, it takes them
from manufacturer module and takes them to the retailer link. The “Retailer” link receives the
products sent from the “Manufacturer”, on a warehouse, and locate the stock on hold until the
external customer consumes them. Table 2 shows the variables and limitations considered for
each of the links in the typical SC model. The production and distribution process are similar
for every reference in the case study, thus, a representative model for the process flow is defined
(figure 8). Once the model represented the current SBPA SC, it was simulated to validate its
behavior. The simulation results and parameter values of the current situation are presented on
Table 3.

6.2. Modeling the Distributed Architecture of the SBPA SC

In figure 9 is shown the proposed SBPA SC multi-agent architecture, consisting of six links. The
“Customer”- external customer is the first link; this has a direct bidirectional relationship with
“Retailer”- retailer link. The architecture counts with two agents, the “logistics operator agent”-
logistic provider agent and “Integrative agent”- integrative agent, which is inter-related to every
other link except to the external customer. The “Provider” supplier link is communicated with
“Integrative agent” and also with “Manufacturer” link. Additional information is considered in
relation to the new links represented by the logistic and integrative operator agents, which are
described below:

10
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SC iz Activities and variables Restrictions

External - Delivery time - The customer czn purchase the product that is on the shelf,

Customer - Product quantity in addition, the order can be completed with an existing

- Type of product product in the retailer's warehouse.

Retailer Feceives orders from the -The retailer does not make a product request without first
external customer and send congulting their inventories, both on the shelf and n their
orders to the manufacturer warehouse.

- The retailer cannot place an order that exceeds its storage
- Cuantity and type of capacity (product on shelf and product in warehouse).
product - A purchase order iz generated towards the shelf, when the
product stock on the shelfis below 10 units.
-The retailer's warehouse generates an order for the product
when its stock 1z also below 10 units.
Transport Feceives orders from the - The merchandize 12 only moved by the trucks desiznated
manufacturer and provide the by the comparny.
goods mobilization service - Unlimited truck capacity.
- The following parameters are not considered for this
modaling:
Fortitous events (strikes, delays, natural disasters, crashes)
- Scheduled events such 28 maintenancs calibrations, ete.
Manufacturer Fecetves confirmation to The following parameters are not considered for this
execute production orders, modeling:
generats BN acquisition - Preparation of machinery.
orders, approve execution of - Fortuitous events: stoppages, delays, natural disasters
production orders when - Scheduled events such as: maintenance, calibrations
resources are availabls
- Product quantity
- Kind of product
Supplier Beceives orders, processes Delays in BM delivery are not considerad
them and dispatch them - The provider has unlimited products from the previously
selected resources
- Generates confimmation of - For each item, only one supplier is considered.
deliversd BN

Products in the Shelf

Table 2: Variables and limitations of the typical SC
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Figure 8: Model of the typical architecture of the SBPA SC
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SC imks SC Time SC Time — CPN
(seconds) {seconds)
Suppliers 35 3
Manufacturer 11 10
Tranzport 2 2
Fetailer until zales until zalex
External Fandom Fandom
customer

Table 3: Simulation results of the current architecture of the SBPA SC
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Figure 9: Proposed architecture of the SBPA SC

Logistic operator agent (LOA): This link is in charge of the distribution, internal inventory
management in the manufacturer warehouse, selection and dispatch of vehicles to retailer and
the associated information to this process. The functions of a logistics operator are as follows:
order processing, material handling, packaging, transportation of products, storage, inventory
control, customer service:

Integrative agent (IA): Being a SC information manager, interacts with every link except
external customer. The integrating agent considers the following policies:

e General policies: They must be known to all and serve as a guide.

e Departmental policies: They are the principles to be followed by each department or service.
The most common are, the quality policy, the environmental policy and the production
policy for a specific product.

6.3. Identifying Limitations of System
The activities, variables and limitations identified are shown on Table 4.

6.4. Conceptual and Functional Modeling
6.4.1. Conceptual Model In this stage all the functional relationships of each CS process are
defined, it is described as the flow of the variables and the operations carried out at each stage
and component of the system, according to the architecture and policies proposed for the CS
and the characteristics of the system.

figure 10 (a) corresponds to the flow chart of the external customer and the retailer processes,
each box corresponds to an activity in the process and the number inside indicates the sequence
in which each of the operations is carried out. Figure 10 (b) shows the flow diagram of the
Logistics Operator and the integration of this link with each of the other links of the SC. Figure
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SC Links Activities and Variables Limitations
LOA - Number of availzble vehicles to perform - The LOA does not transport any commodities
product dispatch without the integrative agent authorization
- Load capacitv of the vehicle. - Limited capacity of the trucks
- For this model are not considered the following
parameters:
* Incidental events (ztrikes, natural dizasters,
collizions, ete.)
*3cheduled events as: maintenance
* Load and unload time frames are considersd az
standard times
Ia - Inventory control of the central warchouse Through this agent there is no phiysical flow of
within Manufacturer g

- Production order assignment and approval
- Product delivery confinnation
- Processes the mformation generated by the
other links of the C8, such as:
* B in warehouze
* Products in warshouze
- Articulates and coordinates the links

- Fequires updated mformation of every process
- The processed mformation iz distributed to each
of the AT's cutput ports and i1s received at the mput

ports that are connected to the C3 links

Table 4: Variables definition and limitation

11 (a) shows the flow chart of the Manufacturing and Supplier link. Figure 11 (b) presents the
flow diagram of the Integrative Agent process, it interacts with four links of the CS except for

the external Customer.

EXTERMAL LOGISTIC
CLTTOMER e aPERATER
ErTELRAL SLET CaaE DTHR AL LT[R B L
AL [rr—— HTUGNATON
ATLSAATIE Eo—
e ——
L v ¥
1 B 15 08 =
L L
.y
T
2 = 4 ) ™ Lo P 17 =+
&
L -1
4 ) ' * 18
3 B 1 L
r
w | 1%
. J L ¥
5 10 12 » 13 12 - 1 e 0
Y
¥ + = 1
tnd Erd - 14 =
Rectingulo.156) el
L
end

Figure 10: Conceptual diagrams of the process flows of (a) external customer and retailer, (b)

logistics operator

6.4.2. Functional model In Figure 12 the global functional proposed SBPA SC model in CPN
is shown. It’s noted a numeration from 1 to 6 on the net transitions, indicating the SC links; the
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Figure 11: Conceptual diagrams of the process flows. (a) Manufacturer and supplier, (b)
Integrative agent

places of the net represent the information flow (Blue, red, cyan, purple places) and SC products;
while the product and raw material flow are represented by a green place (nomenclature P), the
direction of the flow of information and products in the CS is represented by the arcs of the
network. Figure 13 shows the “Logistics Agent Operator”, this link intervenes in the CS process

1

Integrative

Production arder
requirement

firm.
uct
< o'z,
Confirmatian: PR
time remaining

for product delivery

Confirmation:
product delevery
to retailer

Information:
product dispatch

Confirmation:
Prod status,

Logistic operator
agent

Retailer Manufacturer Supplier

@ (3) (4) (6)
roduct”)++
et )4+ 77 Products Infarmation: Caonfirmation:
ce)++ \in the sheie f pending praducts J(* product delivery
) @ for customer to customer

FROD *(0,"Bue product”) ++

1°(0
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1
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Figure 12: Model of the proposed architecture of the global SBPA SC
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Ne. Aetivity Ne. Aetivity

1 Customer request 24 Trucks availabla for a new delivery

2 Cheacks product mn stock 25 Feceives information of production order
from integrative agent

3 Sell and updates the mventory 26 Venfias the availability of work stations

4 Idantify of missing product 27 Cheacks ths raw material from the Supplier

3 Confirmation of product dalivery to the customer 28 Fecerves raw material from Supplisr

6 Fecerves information about missing product from external 29 Checks production order status

customer

7 Checks Product m warchouse 30 Zends a confirmation te begm production

3 Ships product from warehouse 31 Checks finizhad production

9 Send production order raquest to integrative agant 32 Zends production confirmation status

10 Send confirmation of product delivery to the customer 31 Raceives acquisition order for raw matenial
from intesratrve agent

11 Fecerves from mtegrative agent the confirmation about time 34 Dhzpatch of production order required

remaming for delivery and product status
12 Cheacks tha statuz of the product 33 Fecaives from refailer the mformation of
request of preduction order

12 Eacaives product from logistic operator 36 Prioritizes tha production crder according to
tha astzblished eriteria

14 Zend information about product in warshousze to mtegrative 37 Creates production order and acquizition ordsr

agant for raw material
15 Fecerves production order from integrative agent 3B Checks order production raport
16 Checks stock accordmng to the order requested in central 39 Sends approbation to begin production
warshouse

17 Wartmg for dispateh approbation 40 Send: to refailar information about deliven:
time and product status

18 Product clazzification m units according to the truck 41 Checks dalivary time

capacity
19 Verifies availabality of vehicles according to truck capacity 42 Zends signal to dizpatch the products
20 Zelacts, loads and dispatchas truck. 43 Fecerve from logistic aperator the signal of
confirmation of product dalivery
21 Information about products dispatched to retailer 44 Sends the logistic operator mformation
22 Checks delrvered product 43 Fecerves the mformation given by the logistic
operator
23 Eecelves products from central warshouse 46 EFaceaives the information given by the retailer

Table 5: Conceptual diagram activities

from the moment it receives the finished product from manufacturer, “Product reception from
manufacturer activity”. This agent is waiting for the confirmation signal from the ”Integrative
Agent” (information) and ”Manufacturer” (product and signal) to mobilize the product from
the central warehouses that it manages to the ”Retailer”. This information is represented
by marking the states ”Information: shipping order”, ”Information: truck return”, ”Shipping
Approval” and ”Final product in central warehouse”, with the batch number, quantity, type of
product and delivery time.

Internally, this agent has a subnetwork (J) that is fed with the previous information for the
selection of dispatch fleets (Figure 14). Truck selection starts when the “Supply to Retailer”
transition is activated; Depending on the quantity of products to be dispatched, the agent is
able to decide between three different types of trucks according to their loading capacities.
Once the truck is selected, the product is dispatched (activating the transition ”Dispatch Prod
to the Retailer”) and simultaneously a signal is sent informing the ”Integrative Agent” of the
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dispatch of the products, by activating the status ”Dispatch finished goods to retailer”. It
should be clarified that this same information is distributed by the ”Integrative Agent” to the
"Retailer”. The ”Logistics Operator” ends its intervention in the process, when the trucks
return from the ”Retailer. Figure 15 shows the network of the ”Integrative Agent”. Being a

m

PROD
Information:
hipping order
— ¥ -
— e INT
Selection:
shipping Fleet

Final product
in central warehouse

Shipping to reta
af final praduc

Retailler Shipping
Information of final
product

Product reception (a,p,k)
fram
manufacturer

Figure 13: Logistic Operator agent network

CS information manager, it interacts with all the links except the external customer. Its main
function is to articulate and keep information flows updated. Its participation begins when the
”Retailer” orders a production, this is represented by a mark in the place "Production order
Request”, which activates the transition ” Prioritize orders according to production criteria”, in
charge of prioritizing orders according to their arrival order and the estimated manufacturing
times of each of the products. Next, an order number is assigned, represented by a marking in
”Generator: manufacture production order”, in turn this information returns to the transition
”Prioritize orders according to production criteria”, which simultaneously activates the states
”Orders in production”,* Information: production order”, “Information: delivery order” and
“Confirmation: Time remaining delivery”; within the CS this represents the action of informing
the links “Manufacturing”, “Suppliers”, “Logistic Operator” and “Retailer” that a new batch
is going to start to be manufactured, and the update in real time of this information as a new
event is generated for a certain production order.

The integrating agent, in addition to informing the states of the processes, is also in charge
of coordinating, presenting reports and authorizing the execution of production orders, request
and reception of MP, product dispatch and inventory update.

Transition J (Figure 16) corresponds to a hierarchical transition, which is in charge of
managing the information related to both the generation and the sending of reports. For this, the
representation in CPN has six states ” Confirmation: Time remaining delivery”, ” Confirmation:
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Figure 14: Logistic Operator agent subnetwork

product delivery to the retailer”, ”Confirmation: Production status”, ”Information: truck
return”, ”Report about production” and ” Information: products delivery to the retailer ”, which
according to the process where the production order is found, are received in this transition, then
compared with pre-established production states and sent to the link of the SC that requires
this information.

Production order
request

Report of
Production

7 FAB

Retailer Confirmation about

Product Delivery
PROD

PRCD
17(30, "Silver product” )++ (p,b)
17(30, "Black product" )++
1°(30, "Blue product” )++
1°(30, "Red Product")

4

Confirmation:
Time remaining
Delivery

Prioritize
orders according to
production criteria
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Confirmation:
Production Status

Manufacturing

time caleulation Time status report

(n,p,b) Information:
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ction order attended
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201700
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Figure 15: Integrative agent network
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Figure 16: Integrative agent subnet

6.5. Validation of the Proposed Architecture Model
The model validation was carried out using simulation, considering qualitative and quantitative
aspects.

6.5.1. 6.5.1. Qualitative Validation Scenarios Table 6 shows the initial operational conditions
of the validation scenarios for the two-differentiating links of the SBPA SC.

SC Links Tvpical 5C model Fropozed 5C madel
LOA - Om this case a logistic operator dossn't exist, buta - It is the warehouse manufacture administrator
product transporter (from memufactorer warehouse - In charge of transport dispatch and deliveries
to the retailer) to the retailer
- Load limitations are not considered neither the
trucks trips

Ia - Integrative agent 1s nonexistent, but instead 2 It iz an nformation admimistrator, in charge of

perzon to perform the communication iz assigned to receiving, process, and sending sipnals
replace it generated by their 5C links to every link whers

15 neaded except the external customer lnk

Table 6: Initial condition of every link
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6.5.2. 6.5.2. Qualitative Validation Analysis and Results It was verified if the model fulfilled
with the SC activities, otherwise, the model was adjusted to accomplish it. Activities were taken
into consideration, such as: raw material supply, product fabrication, finished product storage,
production report, sale services. In the proposed model, the same activities as the current model
where validated.

The proposed model compared to the current model integrates information technologies to
the SC operation, they allow to the links give one part of their self-sufficiency to an integrative
agent, which manages SC according to the market needs. The management include: inventory
limitation by mean of a pull operation, upgrading, processing and distribution of the information
and operative decision taking based on the state of the global SC.

6.5.3. 6.5.3. Quantitative Validation Scenarios The simulation scenarios were defined based
on a problem map structure (Figure 6) for both models. In addition, it was verified that the
proposed model meets the requirements of each SC link based on the architecture and inherent
properties of multi-agent systems.

The simulated scenarios are considered for the typical and proposed system structure, as follows:

e Typical SBPA SC: It is simulated without any modification.

e Proposed SBPA SC: The CS is simulated by modifying the values of the three scenario
definition parameters set above in the problem map: production rate, product mobilization
from manufacturer to retailer and communication level in the process, setting seven
scenarios to evaluation based on the results obtained for the system performance indicators,
also set in the problem map.

The scenarios simulated are:

e Scenario 0. Current SC modeling: This scenario considers the SC typical without any
modification on its links.

e Scenario 1. Modification of production rate (PR): this scenario establishes a minimum
number of normalized units per time unit to produce in function of the demand.

e Scenario 2. Product mobilization from manufacturer to retailer: this scenario establishes
the service change of load transport by the implementation of the logistic operator agent
that besides transporting commodities, manages manufacturer inventory and SC logistic.

e Scenario 3. Effect of the communication level in the process: To model this scenario, a
new link (Integrative Agent) was implemented, which articulates the other links (with
the exception of the External Customer) of the SC, through the management of the
bi-directional flows of information generated from the knowledge of the inventory statements
in each link and the availability of logistics resources.

e Scenario 4. Joint effect of Scenario 1 and 2.
e Scenario 5. Joint effect of Scenario 1 and 3.
e Scenario 6. Joint effect of modification on Scenario 2 and 3.

e Scenario 7. Joint effect of modification on Scenario 1, 2 and 3.

6.5.4. Quantitative Validation Results and Analysis On Table 7 the results of the defined
scenarios simulation are shown, for all of them a simulation of 50 production orders was
established. In the scenario 0 was verified that the model represents the real SBPA SC when
simulated. Table 6 shows the results obtained from the evaluated scenarios. Scenario that
modifies just the production rate (Scenario 1) does not contribute remarkable improvements
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Scenario  Modified Attributes 5L PIPEC CTCL Safery Iventory AT
Qty b Hours 1 Frequency . Oty Units
Typical Typical 41 8134 § Eef 1 Ref 71 100
1 PR 2 8432 1.5 6,23 1 - 71 100
) MPMRE 43 B6.64 1.5 6,23 1 - 70 100
3 CLFP 44 8703 679 1513 Necessary 30 60 20
4 PR, MFMR 45 90.0F 708 1130 1 - 70 70
)] PE,CLP 47 9279 643 1983 Necessary 30 60 &0
b MPMER, CLF 46 9192 611 2383 Necessary 8333 40 40
7 FE.MPMER. CLP 49 9807 571 2863 Neceszary 83.33 40 40

Table 7: Improvement results obtained from the evaluated scenarios

to the SC system. The scenarios that propose to add a modification of the mobilization
and communication attributes as a measure to introduce intelligent agents (scenario 2 and 3),
improve the service level and reduce the products permanency time on the manufacturer link,
but acting separately they don’t offer greater improvements on the SBPA SCM performance
indicators. The scenario that proposes to carry out communication follow-ups throughout the
process (Scenario 6), offers relative improvements in SBPA SC performance indicators compared
to immediately preceding scenarios. Finally, Scenario 7 evaluating result, defined from the
combined modification of the three scenario definition parameters, generates improvements in
practically all indicators in the SC beginning with the service level (98.07%).

7. Conclusions

Considering the technological advances and the challenges of SC, in this research a multi-agent
architecture for a SC integrating a MA approach using CPN, that contributes to the
sustainability of the SC performance in the digital era was proposed. to do this, taking advantage
of the structural flexibility of a training laboratory in an educational institution in Colombia,
an analogy was performed with a typical supply chain to formulate the case study, then the
benefits of converting it to a distributed system architecture were evaluated its entirety. The
proposed model contained two agents, a manufacturer and a logistics operator. This architecture
is deliberative (goal-oriented) due to i) the way the agent plans to achieve its goals based on its
perception of the environment, and ii) its plans could be modified if the surrounding environment
changes. The multi-agent structure is also reactive because the actions taken depend on the
inputs received. These were arguments for selecting CPN as a modeling approach in the SC
redesign roadmap.

The results allowed proving the strengths of the proposed model based on an interrelation
between the inventory management and the information management (product request,
processing information, SC integration, production order generation, link update information).
The Logistic Operator Agent manages globally the manufacturer warehouse, finished product
dispatch and transport considering the features of assigned resources. The results proved that
a distributed architecture of SC with a multi-agent structure favors the performance indicators,
for example reduces idle times among other aspects.

By means of the quantitative validation it was identified that improving the production rate,
the mobilization of products from manufacturing to retailer and the communication level in
the process, an improvement of 69.42% compared to the typical SC was achieved. This value
reflected an increment service level of 14.73%, while the permanency time of the product in
the SC decreased 54.63%. The connection time in communication among links improved on
83.33% above the current SC communication architecture. Related to the Average Inventory,
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storage savings on the different SC links had 43.66% compared to the current SC. By simulating
the isolated scenarios 1, 2 and 3, indicates that scenario 3, where the Integrating Agent
is integrated, has a contribution that makes the system improve overall by 42.47%. When
combining attributes, its improvement was significant, as shown when the two agents, Logistic
operator and Integrative agent are integrated to the model, in scenario 6, the service level
improved to 91.92%, which represents an increase of 10.58% improvement over the scenario
showing typical SC.

These results allowed us to answer the research question posed and validate the advances
in the field of the use of formal modeling tools, such as Colored Petri Nets. In this case, it
was applied to the design of a supply chain, conceived as a system distributed and based on
MAS. Finally, it is expected that the results will encourage industrial, logistics and commercial
organizations to integrate a supply chain considering the MAS in resource management. These
intelligent structures allow an agile response to variations in the productive environment, a
characteristic recommended in emerging economies, such as the national one, where supply
chains are especially vulnerable. As a future work, extended modeling is projected by integrating
advances of tics such as Data Analytics, Big Data and Machine Learning, oriented to improve
performance and sustainability levels.
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