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In Industry 4.0, a network of enterprises and facto-
ries is constructed collaboratively and dynamically ac-
cording to the cyber physical system (CPS) paradigm.
It is necessary to build smart supply chains according
to this concept. A network of component enterprises
in a supply chain would be modeled as a virtual sup-
ply chain in the cyber world. From the viewpoint of
Industry 4.0, virtualizing a supply chain is the founda-
tion for constructing a CPS for a supply chain. The
virtualization of a supply chain makes it easier for
companies to study their integrating and expanding
opportunities. By using this CPS, comprehensive and
autonomous optimization of the supply chain can be
achieved. This virtual supply chain can be used to sim-
ulate the planning phase with negotiation, as well as
the production phase. In this paper, instead of specific
mathematical modeling for each supply chain, a gen-
eral configuration method of a virtual supply chain is
proposed. The configuration method of a supply chain
model is proposed as a virtual supply chain using en-
terprise e-catalogues. A virtual supply chain is con-
structed as a multi-agent system, which is connections
of software agents that are automatically created from
each selected enterprise model in the e-catalogues.
Three types of component enterprise models are pro-
vided: manufacturer model, part/material supplier
model, and retailer model. Modeling templates for
these three types of enterprises are prepared, and each
template is a nominal model in terms of enterprise’s
behavior. Specific component-enterprise models are
prepared by filling the appropriate template. Each
component enterprise agent is implemented using the
enterprise model selected from the catalogues. Manu-
facturer, retailer, and supplier e-catalogues, as well as
an automatic construction system of a virtual supply
chain, are implemented. Methods for developing tem-
plates for the manufacturer, retailer and supplier were
provided, and the construction system for specific en-
terprise models (as e-catalogues) is implemented as a
trial.

Keywords: smart manufacturing, supply chain, digital
transformation, multi-agent simulation, enterprise agents

1. Introduction

Industry 4.0 is a network of collaborative and dy-
namic factories based on the cyber physical system (CPS)
paradigm. Smart supply chains must be built according to
this concept. In the cyber world, a network of component
enterprises in a supply chain is modeled as a virtual sup-
ply chain. It is expected that supply-chain planning and
control can be enhanced by applying simulation-based op-
timization to this virtual supply chain. For this, a general
configuration method of a virtual supply chain is required
instead of specific mathematical models for each supply
chain.

Herein, a flexible and generally applicable modeling
method for constructing a virtual supply chain is pro-
posed. The objectives of this study are 1) to propose that
a virtual supply chain can be constructed by connecting
software agents that are automatically created from each
selected enterprise model in the e-catalogue and 2) to pro-
vide methods for modeling an enterprise’s behavior and
cataloging them for the flexible construction of a virtual
supply chain.

2. Related Works

Without an integrated information system, merging
processes and activities of various enterprises in a supply
chain is impossible. Information sharing is one of the vital
components of supply chain management strategies [1].
The use of information models for supply chain manage-
ment has been widely studied, leading to the development
of new concepts such as the virtual supply chain [2], web-
based supply chain [1], and virtual e-chain [3]. The con-
cept and applications of virtual supply chains have been
researched extensively. Having a belief in the importance
of transparency in supply chain operations and collabora-
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tion, Gumasekaran and Ngai [4] studied the virtualization
of companies’ supply chains with regard to the strategies,
methods, and technologies. They investigated the success
factors for a virtual supply chain, e.g., strategic alliances,
web-based information systems, automation for business
process re-engineering, supply chain visibility, and a per-
formance evaluation system. They proposed a framework
and evaluated it via a case study for a company in Hong
Kong, China. In [5], the virtual supply chain was exam-
ined from the viewpoint of systems and control to investi-
gate the role of virtual integration in helping manufactur-
ers achieve flexibility and cost reduction. Their findings
indicated that although the supplier responsiveness signif-
icantly affects the manufacturer performance, which can
be regarded as a threat because of environmental uncer-
tainty, this threat can be turned into an opportunity by us-
ing a virtual supply chain and information technology.

The virtualization of supply chains makes it easier for
companies to study opportunities for integrating and ex-
panding the supply chains. Examining two possible col-
laboration and integration opportunities for two multina-
tional textile enterprises by Wang and Chan [6], they ex-
plored the obstacles of these integrations in both upstream
and downstream supply chains. Their analysis indicated
that the virtual organization approach can be a mutual so-
lution for both enterprises. After the integration, the re-
sponsiveness and flexibility of the supply chains are en-
hanced because of the information technology capabili-
ties. Verdouw et al. [7] exploited the abilities of virtual
supply chains for monitoring, planning, and optimizing
business processes remotely and online. They virtualized
a fish supply chain from the Internet of Things (IoT) view-
point to evaluate the expected benefits with the help of
companies and industry experts. One of the important ad-
vantages of virtualizing the supply chain is the resulting
agility for the business entities. This was addressed in [8],
where a conceptual model was developed for investigating
the role of the virtual supply chain in enhancing the agility
of the supply chain system, and the agility level was em-
pirically evaluated. The results of the empirical studies
can help decision makers allocate resources according to
the importance of the proposed factors.

The concept of object virtualization was studied in [9],
and the capability of a virtual supply chain to provide an
enhanced control model was demonstrated. Object virtu-
alization is based on IoT and provides redesign options in
supply chain planning and re-planning procedures, pro-
viding flexibility for investigating the effects of different
decisions before applying them to the real system. The au-
thors applied their control model to multiple case studies
involving Dutch floriculture. In a recent study, Matsuda
et al. [10] examined a virtual supply chain through a CPS.
They divided the supply chain into three component enter-
prises: manufacturer, retailer, and supplier. They investi-
gated the virtualization from the viewpoint of the manu-
facturer and developed an enterprise model by integrating
a data model and a mathematical model. In [11], envi-
ronmental concerns were considered in a virtual factory
which was called a digital eco-factory. The digital eco-

factory reflects the real factory; the machines and parts
are simulated as agents, and the amount of CO2 emis-
sions and energy consumption of each machine can be
calculated and monitored. To verify the accuracy of the
developed system, the results were compared with a real
production line output.

One of the main research streams in the field of vir-
tual supply chains involves multi-agent and agent-based
systems, which attract considerable attention from many
researchers. The supply chain performance can be signif-
icantly enhanced by exploiting the autonomous support
provided by a multi-agent system approach [12]. Because
the supply chain consists of many entities, the operations
planning and management and communications among
these entities are complex tasks. Thus, a framework for
negotiation into a software agent design that allows nego-
tiating agents to join, stay, or leave the system freely was
introduced [13]. Choy and Lee [14] studied a virtual en-
terprise using the multi-agent system technique with the
aim of managing the entire order fulfillment process and
customer service. They reported that their proposed ar-
chitectures had the following advantages: the capability
to identify the most qualified suppliers, facile information
sharing, and the capability to develop better designs with
the assistance of partners. The necessity of considering
dynamic decision making in planning the supply chain
was studied in [15], and a methodological and technical
basis for supply chain analysis, modeling, structuring, and
scheduling using a multi-agent approach was provided.
The analysis, which involved comparing the object and
agent oriented approaches, confirmed the superiority of
the latter because they allow activities and competition
among agents. Ahn and Park [16] studied the informa-
tion sharing among agents with regard to inventory and
demand on a local scale because of the complexity and
difficulty of information sharing among all the members
of the supply chain. They modeled the proposed frame-
work using a multi-agent system and evaluated the per-
formance of the model via simulation. Additionally, the
results of the simulation experiment were compared with
the results of an alternative method. In contrast to [16],
because the globalization of the production system causes
the supply chains’ agents to be spread widely worldwide,
researchers have attempted to analyze and optimize the
overall supply chain as a single system. The long distance
between the entities may affect the lead time, leading to
fluctuations in product demand. To overcome this type of
risk and provide a supporting system for the overall opti-
mization of the supply chain, a new model using big time
series data was proposed in [17]. A multi-agent simula-
tion approach was employed to implement and validate
the proposed system.

The impact of the trustworthiness of the suppliers for
fulfilling the orders and on-time delivery was investigated
in [18] using a swarm multi-agent simulation. The perfor-
mance of such a supply chain in different scenarios was
evaluated, and a sensitivity analysis was conducted. The
results confirmed that integrating the factor of the trust-
worthiness of suppliers into the supplier selection process
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can reduce the average cycle time and can increase the
on-time order fulfillment rate. Focusing on the internet
based computing and communication in business process
fulfillment and the uncertainty and dynamics of real world
situations, Wang et al. [19] proposed a multi-agent frame-
work for supply chain coordination and cooperation. The
developed distributed multi-agent system can organize it-
self, and individual agents can explore their own deci-
sions, coordinate with other agents, and evolve toward a
global solution state.

Wang et al. [20] investigated the negotiation models in
the multi-agent virtual supply chain to simulate the buy-
ing/selling behaviors of the simulation agents. Agents can
guess the costs of their rivals, determine the relationship
between the inputs and the costs using machine learning,
and update the estimated costs each time new inputs are
received. Additionally, game theory has assisted multi-
agent simulations of the supply chain, as it can be used to
identify the dominant players who can retain profit stabil-
ity when prices decrease. Identifying the dominant player
among the four studied players (raw material supplier,
component supplier, manufacturer, and retailer) helps to
determine the leader of the game, which is beneficial for
the decision making process in the supply chain [21].
Long [22] reported that the previously reported compu-
tational models were inefficient owing to the lack of a
methodological framework. He studied agent based vir-
tual supply chain network modeling based on the mate-
rials, information, and time flow aspects from a method-
ological viewpoint rather than an application viewpoint.
The framework developed by Long was confirmed to be
feasible and correct via computational experiments and is
useful for the creation of virtual supply chains, computa-
tional experiment modeling, and implementation. More-
over, Long identified research gaps in the field, such as
the modeling of the material flow, the development of a
time synchronization mechanism for the time flow, and
application related studies to test and improve the frame-
works. The importance and requirements of the virtual
supply chain are discussed in further detail in the next sec-
tion.

3. Virtualization of Supply Chain

3.1. Role of Virtual Supply Chain

The introduction of the term “supply chain manage-
ment” by Keith Oliver in 1982 (Stock [23]) marked the
beginning of a new era for process management. The en-
terprises involved in each supply chain do not conduct
their processes in isolation. Instead, they cooperate for
the realization of a larger system, i.e., the whole supply
chain. In supply chain management, information sharing
is vital, and total optimization is achieved by adopting an
integrated supply chain model from the perspective of the
whole system. The various participants in each supply
chain, such as suppliers, manufacturers, retailers, and lo-
gistics companies, together with the effects of globaliza-

Fig. 1. Proceeding from local optimization to autonomous
optimization.

(

Fig. 2. Virtual and physical supply chains.

tion, make local adjustment of each functional unit and
reconfiguration of the whole system difficult. This is il-
lustrated in Fig. 1: after the total optimization of the sup-
ply chain, to improve the efficiency and coordination of
the enterprises involved, autonomous optimization must
be performed at each functional unit by considering the
whole supply chain and exploiting the flexible and dy-
namic configuration of the supply chain, which is the goal
of Industry 4.0.

To fulfill the autonomous optimization, it is necessary
to define and construct the virtual supply chain as the
cybernetic counterpart of the physical supply chain, as
shown in Fig. 2. The integrated information sharing flow
achieved by the virtual supply chain involves gathering,
organizing, selecting, and synthesizing data, followed by
distributing the data (Bajgoric [24]), which allows the en-
terprises to conduct value added activities more efficiently
and effectively. Furthermore, the virtual supply chain al-
lows the activities and behaviors of the enterprises to be
simulated. The results of the simulation process can be
used as an output forecast and a decision making support
tool for management of the physical supply chain.

3.2. Requirements for Virtual Supply Chain
Similar to the structure of a physical supply chain, the

virtual supply chain is a constitution of different enter-
prises. The activities of the enterprises are modeled as
the retailer model, customer model, manufacturer model,
supplier model, and transporter model in the network
structure of the virtual supply chain. To fulfill this re-
quirement, each component enterprise model is imple-
mented as a software agent, because an enterprise should
be modeled including its dynamic behaviors in the supply
chain. A virtual supply chain is modeled as a balancing
type multi-agent system. In this type of multi-agent sys-
tem, there are communications and negotiations among
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Fig. 3. Structure of an enterprise-catalogue registration system.

the component enterprise agents to optimize the perfor-
mance of the supply chain by balancing profits among
the component enterprises. Through the simulation on a
multi-agent virtual supply chain, it is possible to achieve
autonomous and optimized cooperation among compo-
nent enterprises in the supply chain.

Each component enterprise agent can be generated
from the description of the corresponding component en-
terprise model. If the descriptions of the enterprise model
are standardized and cataloged, a virtual supply chain can
be constructed by selecting enterprise models from the
e-catalogues. The component enterprises and configu-
rations for a virtual supply chain can be easily changed
using the generated enterprise catalogues. Furthermore,
adding a new enterprise would be easy too while this is not
easy in the physical supply chain. Additionally, the enter-
prise model can be shared among systems. The enterprise
catalogue has various users, e.g., users who review a be-
havior pattern for determining the most beneficial action
for an enterprise, users who conduct public recruitment of
a trading partner, and users who search for better trading
partners. In the next section, the e-catalogue creation pro-
cess for each component enterprise is described in detail.

4. E-Catalogues of Component Enterprises

4.1. Preparation of Enterprise Catalogues
To construct a virtual supply chain, each component en-

terprise should be modeled and cataloged. The enterprise
catalogue is a group of a template and its related items.
A template is a schema representing a model for each en-
terprise type including the enterprise behavior. Each tem-
plate is implemented using a data description language.
An item is an instance of a template in which the parame-
ters are filled with values, data, formulas, conditions, etc.
An item is a model of a specific enterprise including its
behavior. The template and its related items are registered
in an open access repository.

The structure of an enterprise catalogue registration
system is shown in Fig. 3. A manufacturer template, a
supplier template, and a retailer template are prepared.
Three templates are described by XML. An enterprise
item, which is a concrete model of a specific enterprise, is

Fig. 4. Manufacturer behavior model.

automatically generated by filling parameters in the corre-
sponding template with input values, data, formulas, con-
ditions, etc. The following sections describe the prepara-
tion of the enterprise templates for manufacturer, supplier,
and retailer.

4.2. Modeling Manufacturing Enterprise
The function of a manufacturing enterprise is a man-

ufacturer of products. The behavior of the manufacturer
is modeled as an activity flow, as shown in Fig. 4. The
activity state is changed to the other state by input from
the retailer/supplier or an output to the supplier/retailer.
There is an adjustment phase before manufacturing and a
production phase after acceptance of a production order
from the retailer. In the adjustment phase, the manufac-
turer designs the supply network of parts by selecting part
suppliers, planning and estimating factors such as the cost
and delivery date. In the production phase, the manufac-
turer produces, packages, and ships the product. These
activity states are executed in sequence.

Table 1 presents the parameters, which are used to de-
scribe a manufacturer behavior model. Parameters are in-
cluded in activity descriptions of the behavior part of the
template. These parameters affect the manufactures’ be-
haviors. The parameters in Table 2 are about manufac-
turing product data that are presented in the property part
of the template. These parameters in Table 2 are referred
to in activity descriptions of the behavior part. Concrete
values for parameters are provided when the manufacturer
item is created from the template, as a fixed values, for-
mulas including variables, or conditions with variables.
Variables are provided by property parameters and sup-
ply chain configuration data when the virtual supply chain
is constructed. Furthermore, they are provided by order
data, product configuration data and simulation results,
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Table 1. Manufacturer template.

Table 2. Manufacturing product data.

when the simulation is executed. For example, in Table 1,
the parameters: “Production Quantity” and “Opportunity
Loss” refer to a value of OQR. OQR represents an order
quantity whose value is provided by the retailer. Addi-
tionally, the retailer obtains the values of TCM and TPT M
from the manufacturer. Here, the subscript “R” indicates
that the value of OQR is provided by the retailer when
a simulation is executed on the generated virtual supply
chain. The subscript “M” indicates that values of TCM
and TPT M are provided by the manufacturer.

The proposed manufacturer behavior model can be ap-
plied to various situations such as make-to-order and
make-to-stock. For example, when the manufacturer
adopts the make-to-order strategy, the inventory param-
eter is set at a low level or zero. When the manufacturer
adopts the make-to-stock strategy, the inventory parame-
ter is an equation that is kept at an appropriate level based
on forecasts and historical data.

The general manufacturer behavior model is provided
as the template implemented using XML. Fig. 5 shows a
part of the XML manufacturer template. There are prop-
erty descriptions and activity descriptions. In the activ-

Fig. 5. Part of the XML manufacturer template.

Fig. 6. Example display for making the manufacturer item.

Fig. 7. Part sourcing enterprise model.

ity descriptions, the activity flow is described as state de-
scriptions including parameters and as relation descrip-
tions among states.

Each manufacturer item is created by filling the tem-
plate with concrete values. Fig. 6 shows the display for
generating the manufacturer item using the enterprise-
catalogue registration system.

4.3. Modeling Part Sourcing Enterprise
The function of a parts sourcing enterprise is a supplier

of parts and/or material. The behavior of the supplier is
modeled as an activity flow, as shown in Fig. 7. There is
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Table 3. Supplier template.

Table 4. Supplied parts data.

an adjustment phase before manufacturing and a produc-
tion phase after acceptance of the production order from
the manufacturer. In the adjustment phase, the supplier
performs scheduling and estimates factors such as the cost
and delivery date. An activity state is changed by an input
from the manufacturer or an output to the manufacturer.
In the production phase, the supplier produces packages
and ships parts.

Table 3 shows the parameters, which are used to de-
scribe a supplier behavior model. Parameters in Table 4
are about supplied parts data.

4.4. Modeling Sales Enterprise
The function of a sales enterprise is a retailer of goods.

The behavior of the retailer is modeled as an activity flow,
as shown in Fig. 8. There is an adjustment phase before
the production order and a product selling phase after the
production order. In the adjustment phase, the retailer
selects a manufacturer according to a customer’s order,
requests an estimate to the manufacturer, considerers the
estimate (including estimated cost and delivery date), and
places the production order. An activity state is changed
by an input from the customer/manufacturer or an output

Fig. 8. Sales enterprise model.

Table 5. Retailer template.

Table 6. Goods data treated by retailer.

to the manufacturer. In the product selling phase, the re-
tailer checks and packages product, and delivers it to the
customer.

Table 5 presents the parameters that are used to de-
scribe a supplier behavior model. The parameters in Ta-
ble 6 are about goods data treated by retailer.
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Fig. 9. Construction of a virtual supply chain using compo-
nent enterprise catalogues.

Table 7. Goods order data.

Table 8. Product configuration data.

5. Automatic Construction of Virtual Supply
Chain

5.1. Construction System for Virtual Supply Chain
Figure 9 shows a conceptual structure of the construc-

tion system for a virtual supply chain [10]. Supply chain
configuration data is a list of component enterprise names.
This data is used to configure a virtual supply chain.
Goods order data (as shown in Table 7) and product con-
figuration data (as shown in Table 8) are used for con-
structing a virtual supply chain and conducting simula-
tion experiments. First, the system selects the compo-
nent enterprise items, such as supplier items, retailer item,
and manufacturer item from e-catalogues according to the
supply chain configuration data. And the system automat-
ically generates manufacturer agent, retailer agent, and
supplier agents. All the agents exchange and share in-
formation with each other. Then, in the simulation exe-
cution stage, the retailer agent places a goods order to the
manufacturer agent, the manufacturer agent orders parts
to the supplier agents for producing the product according
to the product configuration data, and the supplier agent

Fig. 10. Example display for executing a simulation.

prepares the parts and provides them to the manufacturer
agent. Before the goods order is finalized, a process is
conducted for the quotation of the product. Moreover, it
is possible to conduct different simulation experiments by
changing the data. Adjusting the data set, it may result
in different supply chain structure and/or the component
enterprises may have different behaviors.

5.2. Trial System for Construction of Virtual
Supply Chain

The automatic construction system for a virtual supply
chain was implemented to demonstrate its feasibility. This
system, which is in the trial operation stage, generated
virtual supply chains as outputs that were used for sim-
ulation. In this example implementation, the generated
virtual supply chain was modeled as multi-agent system
on NetLogo [25], which is a multi-agent programmable
modeling environment. Agent programs of NetLogo are
automatically generated using selected items from the en-
terprise e-catalogues according to the supply chain con-
figuration data, by referring to the goods order data and
product configuration data.

In the NetLogo program developed as a simulation sys-
tem, the simulation process comprised two phases: the
adjustment phase and production phase. In the adjustment
phase, a retailer agent requests an order estimation from a
manufacturer agent. The manufacturer agent generates a
production plan and estimates the costs and delivery time.
Then, the retailer agent decides whether to cooperate with
the manufacturer. If the customers’ demand can be ful-
filled, the simulation proceeds to the next phase. In the
production phase, a retailer agent places orders to the se-
lected manufacturer. The manufacturer agent orders the
parts from the supplier and produces the ordered goods.
The supplier agent provides the necessary parts to the
manufacturer. An example display for the execution of
the simulation is shown in Fig. 10.

6. Conclusions

Methods for modeling an enterprise’s behaviors and
cataloging them for the flexible construction of a virtual
supply chain were proposed. The enterprise catalogue
consists of a template and its related items. A template
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is a schema representing a model for a particular enter-
prise type (including the enterprise behavior), and an item
is an instance of a template in which the parameters are
filled with values, data, formulas, conditions, etc. A trial
implementation of enterprise e-catalogues described by
XML for a retailer, a manufacturer, and suppliers was
conducted.

Furthermore, using the enterprise e-catalogue, a
methodology was developed for automatic construction of
a virtual supply chain according to the CPS concept in In-
dustry 4.0. A virtual supply chain was constructed as a
cooperative network comprising supplier agents, a manu-
facturer agent, and a retailer agent. This network was im-
plemented as a balancing type multi-agent system. These
enterprise agents were automatically generated from each
selected enterprise model, called an enterprise item from
the above mentioned e-catalogues.

The effectiveness of the proposed methodology was
demonstrated using the developed enterprise-catalogue
registration system and the virtual supply chain config-
uration system. Using a virtual supply chain constructed
via the proposed methodology, the behaviors of the differ-
ent enterprises, the effects of these behaviors, and the total
behavior of the supply chain can be simultaneously simu-
lated. It becomes easier to add new agents to the system,
to replace an agent, and to change the agent behavior and
the network configuration. In addition, the virtual supply
chain can be reconfigured dynamically.

In future studies, additional experiments should be per-
formed for applying the proposed methods to practical
cases. Moreover, details of technologies for installation of
the negotiation process and autonomous optimization pro-
cess in the generated virtual supply chain network should
be determined. Other types of enterprise models, such
as transporter and storage models, should be added to
the e-catalogues. Furthermore, for using the proposed
methodology as a shared technology, the standardization
of enterprise e-catalogues should be proposed.
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