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With the development of global economy, supply chain, as a recognised complex system, is becoming more complex for
analysis. In this context, it is worth introducing the perspective of complex system in perceiving and modelling of supply
chain system to address its dynamic, stochastic and uncertain characteristics. Therefore, this paper proposes a methodologi-
cal framework of supply chain modelling and simulation based on the fractal perspective, and presents an all-round and
systematic exposition of concept modelling and distributed simulation by means of multi-agent technology. In this
framework, different supply chain scenarios focusing on manufacturing, inventory and transportation can be easily
modelled and simulated at different scales and levels. In addition, a prototype system which implements the methodological
framework and the key implementation techniques are presented as well. Finally, a supply chain example, which supposes
manufacturer as the core member, is modelled and simulated with the prototype system to illustrate the effectiveness of the
proposed framework.
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1. Introduction

Nowadays, environment of market is becoming increasingly complex and volatile, and competition among enterprises,
to a large extent, is reflected in the competition of supply chains. An efficient and flexible supply chain becomes the
critical factor for winning competition and survival in this tough environment. However, as an open complex system,
supply chain is difficult to analyse. Bandinelli et al. (2006) point out that supply chain management is a very difficult
task because of the following: a supply chain can be a very complex network, usually composed of a large number of
actors; different units in the supply chain may have different and conflicting objectives; a supply chain is a dynamic sys-
tem, not only customer demands and supplier capabilities are changing over time, but also their relationships are contin-
uously evolving. Simangunsong, Hendry, and Stevenson (2012) give a review of supply chain uncertainty, and identify
a comprehensive list of 14 sources of uncertainty, such as the bullwhip effect or parallel interaction.

Thus, it is a challenging work to deal with the dynamic, stochastic and uncertain characteristics in real-time supply
chain systems. Current studies consider modelling and simulation is an effective way in supply chain analysis. Hung,
Samsatli, and Shah (2006) classify modelling approaches of supply chain into two main types: analytical models and
simulation models. They point out that analytical models are too simplistic to be of practical use for complex supply
chains; on the other hand, simulation models can capture realistic supply chain characteristics. Longo and Mirabelli
(2008) consider that modelling and simulation-based approach is a powerful tool for managing the stochastic behaviour
of supply chains. Therefore, simulation modelling can provide valuable insights into the operational characteristics of
supply chains (Chatfield, Harrison, and Hayya 2006). It is beneficial to have an accurate simulation model to explore
and evaluate various supply chain improvement policies before their implementation (Hung, Samsatli, and Shah 2006).
However, the structure and scale of supply chain is constantly changing along with rapid economic development, which
brings about more complexity accordingly. As a result, supply chain management is becoming a more difficult and chal-
lenging work. Under this background, it is worth considering new perspectives in perceiving and modelling of supply
chain system, so researchers are also trying to gain new insights into the inherent complexity of supply chains through
the complex system perspective.

In natural and social systems, the phenomenon of fractal is widespread (Mandelbrot 1982), and philosophy of fractal
reveals that the superficial complexity of things conceals the inner regularity and conciseness. From the fractal
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perspective, supply chain presents an approximate self-similarity; this self-similarity, just like Warnecke (1993) and Ryu
and Jung (2003) presented, mainly refers to functional structure, as well as the formulation and pursuance of goals.
Hence, fractal is a typical feature of complex systems; it is helpful and valuable to introduce the fractal perspective into
supply chain system modelling and analysis for addressing its complexity.

The main purpose of this paper is to provide a preliminary study on developing the inner regularity and conciseness
of supply chain system, and to implement effective modelling and simulation based on this study in supporting the
design and analysis of supply chains. For this purpose, a methodological framework based on fractal thinking and
multi-agent technology for supply chain modelling and distributed simulation is proposed in this paper. The proposed
framework abstracts and defines five basic fractal elements (BFE) as the core element of both function and structure to
model supply chains, and presents integrated and systematic procedures from concept modelling to simulation modelling
with distributed multi-agent system (DMAS). In addition, a prototype system according to the framework and its key
techniques are introduced and detailed. Different supply chains with specific strategies of manufacturing, inventory and
transportation can be easily generated and simulated by configuring fractal patterns of BFEs via a graphical user inter-
face (GUI) of the prototype system, and it also provides both real-time charts and simulation results for quantitative
analysis of operations. So the prototype system can be a potential tool for design and optimisation of supply chains.

The remainder of this paper is organised as follows. Section 2 is the related works. Section 3 analyses the inherent
self-similarity of supply chain systems. In section 4, the proposed methodological framework based on the fractal per-
spective is described in detail. Section 5 introduces the prototype system and its key implementation techniques. An
illustrative example of supply chain is provided in section 6. Finally, conclusions are given in section 7.

2. Related work

With respect to supply chain analysis, modelling and simulation-based approaches have been the topic and focus of
research in recent years and scholars make many achievements. Chan and Chan (2005) test five common supply chain
models by using simulation techniques for comparative evaluation of supply chain management strategies. Hung,
Samsatli, and Shah (2006) develop a model of a generic supply chain node to capture the features present in all supply
chain entities, and the supply chain model is constructed by linking generic nodes and specifying the physical and busi-
ness attributes of each supply chain member. Cigolini, Pero, and Rossi (2011) propose an object-oriented simulation
meta-model which builds simulation models of supply chains automatically and benefits managers to measure the supply
chain performance. Longo and Mirabelli (2008) develop a simulator which is capable of analysing different supply chain
scenarios using an approach based on multiple performance measures and user-defined set of input parameters. Umeda
and Zhang (2006) propose a simulation model which realises centre-controlled (push) system, buffer-driven (pull) sys-
tem and their hybrid combined system. Pirard, Iassinovski, and Riane (2011) develop a simulation model for various
supply network designs evaluation, through simulation-based approach, their model reproduces the dynamics of the
totality of the supply chain activities. Other related works, such as Chatfield, Harrison, and Hayya (2006) develop a sim-
ulator for integrated supply chain operations, Chan et al. (2006) present a prototype of knowledge-based simulation plat-
form to predict the performance of suppliers and evaluate risk.

Besides, multi-agent technology is widely adopted for supply chain modelling and simulation. In this respect, many
scholars have done valuable works. Swarm is the well-known multi-agent simulation platform and toolkit, and the
Swarm paradigm is employed in some works (Lin and Shaw 1998; Strader, Lin, and Shaw 1998; Caiizares and
Framifian 2012) which provide extensive and in-depth discussions about the order fulfilment process in different supply
chains. Moreover, Lin, Huang, and Lin (2002) and Lin, Sung, and Lo (2005) also evaluate the effects of information
sharing and trust mechanisms, respectively, on supply chain performance with Swarm simulation. Different multi-agent
architectures for supply chain integration and management have been presented as well (e.g. Fung and Chen 2005;
Dong et al. 2006; Zarandi, Pourakbar, and Turksen 2008; Santa-Eulalia, D’Amours, and Frayret 2012; Li and Chan
2013). In a mass customisation context, Labarthe et al. (2007) develop a multi-agent system (MAS) for the modelling
and simulation of supply chains. Kaihara (2003) presents a multi-agent-based supply chain modelling with dynamic
environment. Akanle and Zhang (2008) propose an agent-based model for optimising supply chain configurations. Li
and Sheng (2011) give a multi-agent model for the reasoning of uncertainty information in supply chains. Moreover,
distributed simulation (e.g. Mertins, Rabe, and Jakel 2005; Lees, Logan, and Theodoropoulos 2007; Long, Lin, and Sun
2011; Mustafee et al. 2012) is a major trend considering time efficiency and extensibility of simulation. Bandinelli et al.
(2006) suggest that distributed supply chain simulation can be an extremely effective tool for performance analysis in
supply chain planning and optimisation, and they give an overview of distributed simulation frameworks and available
technologies, such as inter-process communication (IPC) standards and real-time infrastructures.
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In recent years, scholars have tuned to adopt complex system perspectives and related approaches, such as complex
adaptive systems, system dynamics and complex networks, to deal with the complexity in supply chain analysis (e.g.
Surana et al. 2005; Pathak et al. 2007; Tako and Robinson 2012; Hearnshaw and Wilson 2013; Lehr, Thun, and Milling
2013). By inspiration of fractal philosophy, some scholars introduce the fractal idea into their studies. Warnecke (1993)
first presents the concept of fractal company, and defines what the essential features of fractal factory are. Ryu, Son, and
Jung (2003) propose a fractal-based framework for the management of e-biz companies and model each member in the
supply chain as a self-similar structure. Oh et al. (2010) develop a collaborative fractal-based supply chain management
framework, and the relationships between the participants of a supply chain are modelled as a fractal. Considering the
core competences and strengths of small and medium enterprises (SMEs), Canavesio and Martinez (2007) present a con-
ceptual model for SMEs networking based on the fractal company approach and concept like projects, resources, goals,
specialised actors, plans and relationships thereof.

Through analysing and summarising the literatures, an effective approach for supply chain modelling and simulation
should not be too complicated for users to build different models, as well as difficult in modelling the detailed features
of entire supply chain. Supply chain is a complex social system; therefore, it is necessary and significant to introduce
the perspective of complex systems to build more realistic models that can effectively abstract the most important ele-
ments and mechanisms. Some well-known multi-agent architectures for manufacturing control applications like PROSA
(Van Brussel et al. 1998), ADACOR (Leitao and Restivo 2006) and ANEMONA (Botti and Giret 2008) introduced ho-
lonic paradigms. The holon is an autonomous and cooperative entity and may consist of other holons, which has high
flexibility in system adaptation and re-configuration to cope with production changes and disturbances. However, these
architectures are mainly aimed at manufacturing control for production systems at shop-floor level. Besides, the Swarm-
based approaches for supply chain modelling and simulation are widely employed and can provide multiple layers of
abstraction and separation of concerns, but such simulations’ capacity and performance may be limited due to the non-
distributed computational structure of Swarm platform; moreover, owing to higher requirements of programming, it is
not easy for users to model supply chain with a Swarm toolkit.

Most of the previous works on supply chain modelling and simulations just propose specific solutions to particular
problems, and there exist few generic methodological frameworks in view of complex system perspective. So based on
fractal, which is an important feature in complex systems, this paper proposes a methodological framework for model-
ling and distributed simulation of supply chains. Additionally, a prototype system according to this framework is devel-
oped, which is flexible and extensible in modelling and simulating different scenarios of supply chains with specific
strategies of manufacturing, inventory and transportation. Meanwhile, the key techniques focusing on distributed time
management and synchronisation are introduced and detailed as well. By combining the self-similarity of fractal feature
and recognised agent characteristics, the proposed methodological framework has major merits as follows: (1) consis-
tency in scale extending, a whole supply chain is seen as consisting of many sub-chains with similar functional structure
and pursuance of goals, and it is easy to extend the system scale both in horizontal and vertical dimensions; (2) flexibil-
ity in building models, the defined BFEs being regarded as building blocks provide flexible construction and reconfigu-
ration of different supply chain scenarios; (3) distributed computing structure for simulation, simulated supply chain
model can overcome the computational restriction caused by model scale by means of distributed MAS.

3. Perceiving supply chain system from the fractal perspective

A supply chain is an extension and amplification form of internal operations of enterprises, so it has the inherent self-
similarity both in structure and function in a sense. Generally, the enterprises of supply chain system are mainly divided
into suppliers, manufacturers and distributors. From the fractal perspective, this paper assumes that the boundaries of
this division are not strict, in other words, the division of roles is relative from different levels.

3.1 Self-similarity on the macro level

Figure 1 describes that supply chain have a form of approximate self-similarity in both structure and function on the macro
level. Raw materials and customers are, respectively, at both ends of a supply chain, while different enterprises with vari-
ous functions, structures and purposes link both the objects in the middle of that complex system. Several enterprises that
act as suppliers, manufacturers and distributors can be taken as a whole to be a bigger manufacturer and play this role in a
higher vision. So the members’ role is flexible and changeable from different perspectives and scales. Meanwhile, the
overall function and structure are similar to the part in the whole supply chain, although they are not strictly correspond-
ing. With influence of both demand flows and supply flows, this system is dynamically changing, and also, the members
of supply chain as well as its structure will vary accordingly, but the inner self-similar character does not change.
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Figure 1. Self-similarity of supply chain system at the macro level.

3.2 Self-similarity on the micro level

Besides, the self-similarity also exists on the lower level. Taking manufacturer’s inner structure for example, Figure 2
gives a detailed description of this character. The inner structure of manufacturer can be divided into material ware-
house, manufacturing units, production warehouse and transportation system for materials. This inner system also has a
demand flow and supply flow too, and these components work together to play the similar role as the outer entities of
supply chain, respectively.
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Figure 2. Self-similarity of supply chain at the micro level.
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4. Introduction of the proposed methodological framework

This section gives a detailed description of the proposed methodological framework, which includes concept modelling
and distributed simulation modelling with multi-agent technology.

4.1 Overall description of the framework

The overall flowchart of the framework for modelling and simulation of supply chain is described in Figure 3. Firstly, it
abstracts a specific scenario of supply chain in the real world to an aggregation of the BFEs with a certain fractal pat-
terns (namely the logical organisation structure based on fractal perspective). Then, the fractal-based model generator
(MG) generates the conceptual model in accordance with the fractal pattern to build the specific scenario. Next, the gen-
erated conceptual model is mapped to a DMAS, and implements simulation in computer network. Finally, charts of the
simulation results are presented, which provides a visual and quantitative reflection of the real-world supply chain sys-
tem. This procedure of the framework can be a continuous cycle driven by the need of test on different supply chain
scenarios involving manufacturing, inventory and transportation. It is also a useful experimental method for design and
optimisation of supply chain systems.
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Figure 3. Overall flowchart of the framework.

4.2 Concept modelling

Based on above analysis, there are five BFE, which are considered as the core element of both function and structure
from the fractal perspective, are abstracted and defined as follow:

o Manufacturing Element (ME): The ME refers to various machines that process materials, or workshops which
consist of several machines that have specific process functions at different granularities. For instance, a manu-
facturer can also be seen as a ME from a higher level perspective.

e Demand Element (DE): The DE stands for the orders from downstream enterprises on the macro level, or the
manufacturing demand from the inner MEs of a manufacturer, in this condition, it is in charge of manufacturing
planning to arrange all kinds of materials related to MEs. Thus, the DEs of a conceptual model construct the
demand flow of a supply chain.

e Storage Element (SE): The SE refers to raw materials warehouses of suppliers, product warehouses of the dis-
tributors or manufacturer’s temporary warehouses of semi-manufactured products as well as finished products
warehouses. It plays the role of cache to supply flows.

e Transportation Element (TE): The TE generally refers to departments, teams or transport equipments which are
responsible for delivering all kinds of raw materials semi-manufactured products or finished production between
different entities in a supply chain.
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e Transportation Planning Element (TPE): The TPE is in charge of providing schemes for TEs, and planning
transport of all materials including raw materials, semi-manufactured products and finished products. TPEs and

TEs form the supply flow of a supply chain.
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Figure 5. Concept modelling of supply chain at different scales and levels.

In the process of concept modelling, a complex supply chain system is viewed as an aggregate of the five BFEs
with a specific fractal pattern. Figure 4 presents the general construction of conceptual model with the five BFEs, in
which the BFEs are considered as the basic entities of both function and structure in modelling supply chain scenarios.
The main objects of supply chain system and its key operational processes are well abstracted and described as Figure 4
shows. Therefore, the conceptual model gives a sound description of supply chain systems in real world. Furthermore,
based on the fractal perspective, the concept modelling grasps the inner regularity and conciseness of supply chain sys-
tems. As Figure 5 shows, according to the fractal pattern which is configured for a specific supply chain scenario
including manufacturing, inventory and transportation, the conceptual model can easily be generated by means of itera-
tion and combination of BFEs at different scales and levels of detail.
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4.3 Simulation modelling

Anosike and Zhang (2009) point out that MAS offer an alternative methodology to model and solve problems with a
coordinated community of autonomous agents in a distributed and co-operative manner. In addition, high-level architec-
ture (HLA), which is adopted as an IEEE standard (IEEE 2000), is the most important framework for distributed simula-
tion and offers an attractive potential solution to the problems of simulation and simulator reuse, and simulation
performance in MAS simulation (Lees, Logan, and Theodoropoulos 2007). Thus, in simulation modelling procedure of
the framework, the agent is used to map BFEs in conceptual model and reconstructs the model. In this way, the concep-
tual model is transformed into MAS (namely a simulation model) which can be easily implemented in computer by
agent development toolkit and designed in accordance with HLA. Figure 6 describes the main agents for constructing
the MAS in simulation modelling and their correlations with unified modelling language (UML).

As shown in Figure 6, the agents are mainly divided into two types, namely auxiliary agents and BFE agents, and
defined as follows:

e Basic Agent: This type of agent is a basic agent class to be extended for constructing the entire DMAS. It is
the top class of all agents and has the general features of agent.

e Basic Fractal Element Agent (BFEA): The BFEA is a basic agent to be extended by the agents that map the
five BFEs, and defines the general attributes and functions, such as identical attributes, registration, consistency
check, message process and so on.

e General Management Agent (GMA): The GMA is responsible for registration of all other agents in the DMAS,
maintenance of agent-identity numbers as well as global time management.

e Distributed Management Agent (DMA): The DMA is a middle-management agent between GMA and BFE
agents, and has the similar functions and attributes of GMA, but just for distributed management of agents in
its own domain.

e Organisation Management Agent (OMA): The OMA is a logical management agent for organising the BFE
agents and reflects the fractal pattern in a conceptual model.

e Manufacturing Element Agent (MEA): The MEA maps the ME that is defined in Section 4.2. It acts as either a
specific machine or a workshop, and has some attributes like processing capability, failure rate, bill of materials,
(BOM) etc.

e Demand Element Agent (DEA): The DEA maps the DE, and it can stand for orders and provide the manufac-
turing planning for MEAs according to configured strategy.

e Storage Element Agent (SEA): The SEA maps the SE and acts as the role of a temporary storehouse in a work-
shop or an inventory in an enterprise.

Figure 6. Description of main agents by UML.
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e Transportation Element Agent (TEA): The TEA maps the TE, and its main function is delivering raw materials,
or semi-manufactured products, or finished products among different SEAs.

e Transportation Planning Element Agent (TPEA): The TPEA maps the TPE, and it provides the schemes of
TEAs for planning the transportation of different material based on a specific strategy.

GMA, DMA and OMA are auxiliary agents designed for management in MAS. The GMA and DMA are used for
physical organising of BFE agents that are distributed in different domains. Together they construct a distributed hierar-
chy to manage simulation agents. The function of OMA is for logical organising according to the fractal pattern of the
conceptual model. The BFE agents are the main part to construct simulation models and perform the operations of a
specific supply chain scenario.

4.4 Definition of agent behaviour and interaction

The defined BFEs are regarded as the building blocks with their specific attributes and functions to construct different
supply chain scenarios. The BFEs of the constructed concept model are mapped and instantiated to corresponding BFE
agents, respectively, for performing their roles in the form of MAS. Figure 7 describes interaction and collaboration
among agents in fractal domains. Every defined agent in the MAS communicates and collaborates with each other by
means of formatted messages.

As shown in Figure 7, there are five major operations within the fractal domain.

e Organisational structure process: Every fractal domain could be regarded as a sub-chain with consistent struc-
ture and functions, which forms a whole supply chain system based on the common goals. In a fractal domain,
the OMA has the information about the logical organisation of BFE agents. By message communication with
OMA, BFE agents can get their correlation with each other and specific positions in the whole fractal structure.
According to different configurations in OMA, a fractal domain may have different number of BFE agents and
organisational forms. The OMAs in the MAS hold the organisational structure of the whole simulation model,
which determines relationships of BFE agents for their interactions.
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Synchronisation of actions: One of the major functions of DMA as defined in the above section is responsible
for synchronising actions of distributed BFE agents. Every BFE agent needs request synchronisation before per-
forming its specific action for maintaining the sequence of events in such parallel and distributed environment.
Demand process: The DEA deals with both internal and external demand information. On the one hand, it
accepts the external orders for specific products that are manufactured in its domain; on the other hand, it sends
orders to external DEAs for materials required for production. The DEA communicates with internal SEAs to
get the inventory of material and product, and on this basis, it schedules the internal manufacture actions of
MEAs and communicates demand information with external DEAs. The interaction of this process is detailed
in Figure 8.

| Demand flow
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Sequence diagram of transport process.

Manufacture process: The manufacture behaviour of MEAs is based on the scheme scheduled in DEA. Firstly, an
idle MEA requests the task from the DEA, and MEA replies for this request according to scheme. Once a task is
scheduled, the corresponding MEA will request the material in BOM of the task from relevant SEAs. The SEA
replies this request and provides the current information of material, if the requested material and its volume are
satisfied, the MEA will get the material and perform this manufacturing process. And the manufactured products
will be stored to corresponding SEA. During this process, the relevant SEAs need to update the inventory.
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e Transportation process: The TEAs transport raw materials, or mid-products, or products among different SEAs.
An idle TE sends request message to TPEA for transport task, and then TPEA inquires relevant SEAs for material
information, the SEAs will reply this inquiry. Next, the TPEA replies to the idle TE, and if there is satisfactory
material, the TPEA will schedule a transport task to the TE, and then this TE transports the material from the
source SEA to the target SEA. The TPEA could be configured with different transport strategies to schedule the
transport action of TEAs. Figure 9 describes the transportation process which forms the supply flow among correl-
ative fractal domains.

Through correlation of demand flows and transport flows, fractal domains as self-similar sub-chain systems are
loosely coupled together as a whole at different scales and levels of detail. By this way, it is flexible and scalable to
construct different supply chain scenarios for operational analysis, optimisation and design.

5. Introduction of prototype system

According to the proposed methodological framework, this section introduces a prototype system which is developed by
Java programme and uses JADE (Java Agent Development Framework) toolkit (Bellifemine, Caire, and Greenwood
2007; Bellifemine et al. 2008) to implement distributed simulation of supply chain with MAS in computers. The proto-
type system constructs distributed environment in compliance with HLA for modelling and distributed simulation of
supply chains, and it can provide both real-time charts and final statistical results of operational analysis. Moreover, the
prototype system separates the user-oriented conceptual model from the computer-oriented simulation model, and users
just focus on how to characterise the model, but not on how to build it.

5.1 The prototype system architecture

The architecture of prototype system is shown in Figure 10. There are four layers in all, and their components and func-
tions are presented as follows:

e User Interface Layer: This layer includes user configuration interface (UCI) and Diagrams Output Interface.
The function of the former one is to dispose user’s configuration to the fractal pattern (namely the organisa-
tional structure of the target supply chain) and relevant attributes, and to access this information to Fractal Pat-
tern Database (FPD), while the latter is to output the charts for analysis during runtime as well as at the end of
simulation. According to different granularities of the target supply chain, users abstract the entities in supply
chain systems and configure their attributes and relationships.

e Concept Modelling Layer: In this layer, FPD is used to dispose and store the configuration information about
the target supply chain from UCI. Through a specific configuration, MG can construct a corresponding concept
model of supply chain scenario with BFEs. Simulation Records Database is used to store the results of simula-
tion for subsequent analysis.

e Distributed Multi-agent Simulation Layer: This layer implements the transformation of concept model to simu-
lation model and performs the simulation process. By mapping and instantiating the concept model generated
by MG with corresponding BFE agents and other auxiliary agents, a DMAS is constructed as the simulation
model. The JADE component, which mainly consists of Agent Management System, Directory Facilitator and
Message Transportation System, provides basic bottom-level services and running environment support for the
simulation model.

e Physical Network Layer: This layer gives a physical environment for running the model in distributed comput-
ers connected by Internet or local networks.

5.2 Techniques of distributed simulation with MAS
5.2.1 Time advance mechanism in simulation

Time management and synchronisation is important for a distributed simulation process. At present, there are two main
time advance mechanisms (e.g. introduced in Jefferson 1985; Fujimoto 2003): conservative time advance and optimistic
time advance. Jafer, Liu, and Wainer (2012) discuss the main characteristics of existing synchronisation methods in the
above two categories for parallel and distributed discrete event simulations, and they also present the different computa-
tional environments for such simulations. Besides, Weyns et al. (2005) provide an overview of the state-of-the-art envi-
ronments in MASs and discuss the difficulty to synchronise actions of distributed agents. In Weyns and Holvoet’s
(2003) study, an asynchronous model for situated MASs is proposed that supports simultaneous actions through
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Figure 10. The architecture of prototype system.

‘regional synchronisation’, which avoids the drawbacks of global synchronisation while preserves the properties for han-
dling simultaneous actions.

With respect to supply chain simulations, the driving mode of simulation time is based on a mass of discrete events.
Nevertheless, the complex operations in supply chain system lead to more interactions among simulation agents. To
achieve time efficiency of concurrent running while maintaining the causal sequences among activities of agents is a
challenge of supply chain simulation based on distributed MAS. Compared with the optimistic strategy, the conservative
strategy can better maintain the causal sequence of events and strictly ensure each logical process will be executed
according to their time order in distributed environment. Therefore, for supply chain simulations with highly interactive
characteristic, the conservative strategy is more suitable for time management and control.

Based on the above consideration, the prototype system designed a hierarchical structure for time management
according to conservative strategy, which is composed of central GMA and distributed DMAs. This hierarchical struc-
ture can decentralise agent time synchronisation within its distributed fractal domains and effectively eases the global
synchronisation as well as reduces message communication over domains. Figure 11 describes the distributed time man-
agement structure. GMA is the top time management agent, which is responsible for regulating and controlling the gen-
eral time advance. And each DMA takes charge of time management of its domain agents to assist global time
management.

5.2.2 Time management

According to the time management mechanisms of HLA (Fujimoto 1998; IEEE 2000), the prototype system defined
three types of time management to agent as follows:

e Time-regulating agent: The time advance of this type of agent can affect other agents, but it will not be affected
by others.

e Time-constrained agent: For this type of agent, its time advance is affected by other agents, but will not affect
the time advance of others.



Downloaded by [134.117.53.119] at 11:45 10 November 2014

6830 H. Dai et al.

GMA
< Network infrastructure >
ﬂ 4 A 4 A 4
N : v : v :
ﬂ 1 Ly 1 Ly 1
I I R I
h Y. Y. v Y Y.
OO - O OO - O OO - O
Distributed fractal domains
Time 4 Agent BFE
1 management | communication O Acent
flow v flow g

Figure 11. Distributed time management structure.

e Both time-regulating and time-constrained agent: This agent’s time advance has characteristics of both time-reg-
ulating agent and time-constrained agent. Its time advance affects other agents as well as constrained by others.

In the simulation process, the lower bound on time stamp (LBTS) is introduced based on the conservative time
advance strategy, which is the pace for time advance and represents a minimum security value of a time point that can
advance to. The global LBTS is defined by GMA according to Equation (1).

LBTS = min (LBTS;) 1)
Here, LBTS; is any LBTS value of fractal domain, and it is defined by Equation (2) as follows:
LBTS; = min (LBTS;) 2)

LBTS; is any LBTS value of BFE agent in the current domain.
For BFE agents, the time-regulating type can foreward its next time point of event by Equation (3).

LH; = LT 4 Lookaheady 3)

Here, LT is the current logical time of simulation, and Lookahead is a value of time interval from current event to the
next of a specific BFE agent. With respect to the time-constrained agent, its LBTS value is defined as the following
Equation (4).

LBTS, = min (LH,) (4)

The LHy is any LH value of the time-regulating agent that affects the time advance of the current agent.

5.2.3 Message definition for time advance

The implementation of time advance is based on the delivery of message among agents, and the BFE agents can receive
the system logical time independently and communicate freely with each other. In the prototype system, there are two
types of message defined directly related to time advance of agents:

e [BTS message: LBTS includes local LBTS value generated by every BFE agents, domain LBTS value calcu-
lated by each DMA and global LBTS value calculated by GMA. The LBTS message carries the value of
LBTS, and this type of message is delivered between GMA and BFE agents via DMA.

e LH message: This type of message is generated by either time-regulating agent or both time-regulating and
time-constrained agent; the content carried by LH message is the value of LH that can be calculated by equa-
tion (3). This type of message is delivered among relevant BFE agents.



Downloaded by [134.117.53.119] at 11:45 10 November 2014

International Journal of Production Research 6831

5.2.4 Description of time advance algorithm

Through communication of messages defined above, Figure 12 presents the flowchart of time advance algorithm, which
includes three levels: the time advancement of GMA, the time advancement of DMA and the time advancement of BFE
agents. At the beginning, system logical time is set to zero, and then current value of the system logical time is con-
stantly calculated through designed mechanism step by step during simulation.

Calculate global LBTS
A
Time advancement v
of GMA [ Send global LBTS | | Receive domain LBTS |
|Receive global LBTS| [_Send domain LBTS |
Time advancement / Calculate domain LBTS /
of DMA
[ Send global LBTS | [Receive LBTS _]
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LH < LT+ Lookahead

Send LH == Receive LH |

Figure 12. Flowchart of time advance based on messages.

Description of time advance algorithm is detailed as follow:

* Time advancement of GMA:

(1)  Receives domain LBTS messages sent from each DMA;
(2)  Calculates global LBTS which is the minimum value of all domain LBTS;
(3)  Sends global LBTS (namely current system logical time) message to each DMA, and then back to step (1).

e Time advancement of each DMA:

(1)  Receives local LBTS messages of every BFE agents in its domain;

(2)  Calculates domain LBTS which is the minimum value of all local LBTS of BFE agents;
(3) Sends domain LBTS message to GMA;

(4)  Receives global LBTS messages sent from GMA;

(5)  Sends global LBTS message to its domain BFE agents, and then back to step (1).

* Time advancement of BFE agents:
(1)  Sends local LBTS message to DMA, then waits for global LBTS message;

(2)  Receives local LBTS message, and then sets it as current logical time (LT);
(3) Identifies time management type:
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» Time regulating, if LT equals local LH then executes current operation, and then calculates a new LH value by Equation (3),
next, sends its LH to other time-constrained BFE agents, otherwise, moves to step (4);
* Time constrained, if LT equals local LBTS then executes current operation, and then calculates the minimum value of
LH; (i=1,2,... n) as a newly local LBTS value according to received LH messages, next, sending the LBTS message, otherwise,
moves to step (4);
* Both time-regulating and time-constrained, its time advancement refers to the two types described above.

(4) Move to step (1).

6. Modelling and simulation of an example

This section implements modelling and simulation of a typical supply chain example and proves the effectiveness and
feasibility of the proposed framework though analysis of simulation results and corresponding diagrams.

6.1 The example modelling and description

As top level of Figure 13 shows, the example is a typical supply chain structure which consists of two suppliers, two
distributors and one manufacturer as the core member. In addition, the operation of the whole supply chain system is
based on pull mode of orders, and products among all members are transported through a logistics centre.

The model of example can be configured and generated to different supply chain scenarios provided with the GUI
of the prototype system. Through the fractal mechanism-based design of BFEs, users can flexibly model the entities of
target supply chains to the required level of granularity with BFEs and easily extend the entire model scale. Figure 13
describes the modelling process, in which the example is abstracted and modelled into details of a specific supply chain
scenario by BFEs from the top level to the bottom. Besides, according to different requirements, users can easily change
the supply chain scenario with different configurations of BFEs. After constructing concept model of the example, the
prototype system will map and instantiate BFEs to the corresponding BFE agents, and then together with other defined
auxiliary agents, the concept model will be transformed to a DMAS for implementing model simulation in a distributed
environment.

Figure 13. The description of example modelling.
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6.1.1 The construction of example model

The bottom level of Figure 13 shows that the entire model of the example is modelled and generated by the five types
of BFE, and the inner microstructure of core manufacturer as well as other chain members is modelled into a certain
extent. The prefix of ‘S1-, S2-’ stands for the two suppliers, the ‘M-’ stands for the core manufacturer and ‘D1-, D2-’
stands for the two distributors. Table 1 details the composition of the modelled example in Figure 13.

D1-DE, M-DE, S1-DE and S2-DE comprise the demand flow of the entire system. TE1 (TE1-SM1, TE1-SM2 and
TE1-SM3) and TE2 (TE2-MD1 and TE2-MD2) refer to two transport groups. The former one is responsible for material
transport between suppliers and manufacturers, and the other between manufacturers and distributors. Additionally, TPE
is in charge of transportation planning of TEs, and all the transport behaviours of TEs are based on TPE’s scheme that
is configured by users. The manufacturer M has three MEs (M-ME1, M-ME2 and M-ME3) for performing manufacture
behaviours and four SEs (M-SE1, M-SE2, M-SE3 and M-SE4) for material store. The supplier S1 has two SEs (S1-SEI
and S1-SE2) as warehouse and a ME (S1-ME) to process raw materials. The S2 has two SEs (S2-SEl and S2-SE2) and
two MEs (S2-MEI and S2-ME2). The DI as a distributor is set two SEs (D1-SE1, D1-SE2) as product warehouse,
while D2 has one (D2-SE).

6.1.2 The operation of example model

The example assumes that inventories of D1-SE1, D1-SE2 and D2-SE order a certain amount of three types of product
(P1, P2 and P3) respectively, and the entire system is driven to perform the order fulfilment. Besides, for every event of
the simulated example, there is a specific value of generic logical time set, based on which to advance the simulation
time. Meanwhile, we also add some randomness to the operations that refer to manufacture and transport.

In the simulated example, we assume the D1-SE1 orders 100 units P1 and 50 units P2, D1-SE2 orders 50 units P2
and 50 units P3 and D2-SE orders 100 units P2 and 50 units P3. Note that the ‘unit’ in this example is a generic mea-
surement of production, and it can denote a specific measurement in practical use.

Table 2 presents the material information and material processing in the whole supply chain example. Here, identifi-
ers from MT1 to MT7 are raw materials and mid-materials processed by supplier and manufacturer, P1, P2 and P3 are
products ordered by distributor. In Table 2, the BOM of different MEs and its production capacity is set, and the pro-
duction time consumption of each batch is given as well. In addition, Table 3 details the demand information of orders
in the example model. By combing the total amount of required products in orders, BOM information, and production
capacity of relevant MEs, each DEs in different supply chain members response to manufacture request of MEs dynami-
cally. Here, the manufacturing of all materials is configured with equal priority.

As the bottom level of Figure 13 shows, there are three production lines in the manufacturer: (1) M-ME1 acquires
mid-raw materials (MT4, MT5 and MT6) from M-SEI and stocks the finished product to M-SE3; (2) M-ME2 acquires
mid-raw materials (MT4, MT5 and MT7) from M-SEl and M-SE2, and stocks the finished products to M-SE4; (3) M-
ME3 acquires mid-raw materials (MT5 and MT7) from M-SE3 and stocks the finished product to M-SE4. The M-ME1,
M-ME2 and M-ME3 manufacture P1, P2 and P3, respectively, according to the BOM described in Table 2.

Meanwhile, in the upstream of the manufacturer, the supplier S1 and S2 supply the four types of mid-raw materials.
S1 supplies MT4 and MT5 by processing raw materials (MT1 and MT2) with S1-ME, and S2 supplies MT5, MT6 and
MT7 by processing raw materials (MT1, MT2 and MT3) with S2-ME1 and S2-ME2.

Table 1. The composition of the modelled example.

BFE
Supply chain member ME DE SE TE TPE
S1 S1-ME S1-DE S1-SE1 TE1-SM1 TPE
S1-SE2
S2 S2-ME1 S2-DE S2-SE1 TE1-SM2
S2-ME2 S2-SE2
M M-ME1 M-DE M-SE1 TE1-SM3
M-ME2 M-SE2
M-ME3 M-SE3
M-SE4
D1 Null DI1-DE D1-SE1 TE2-MDl1
D1-SE2

D2 Null D2-DE D2-SE TE2-MD2
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Table 2. Material information and processing.

Supply chain Production Production time Failure
member Material BOM capacity of each batch rate
S1 MT1 S1-ME: {MT1 + MT2—>MT4MT5} 5-10 50 0.1
MT2
S2 MT1 S2-ME1: {MT1 + MT2—MT5} 5-10 60 0.1
MT2
MT3 S2-ME2: {MT2 + MT3—MT6} 5-15 70 0.1
M MT4 M-ME1: {MT4 + MT5 + MT6—P1} 2-5 80 0.1
MT5
MT6 M-ME2: {MT4 + MT5 + MT7—P2} 5-10 60 0.1
MT7 M-ME3: {MT5 + MT7—P3} 2-5 80 0.1
D1 P1 Null Null Null Null
P2
P3
D2 P2 Null Null Null Null
P3

Table 3. Demand information.

Supply chain member Warehouse and material Order

S1 S1-SE2: {MT4, MT5} S1-DE: {MT4: 300, MT5: 200}

S2 S2-SE2: {MT5, MT6, MT7} S2-DE: {MTS5: 200, MT6: 200, MT7: 400}

M M-SE3: {P1} M-DE: {P1: 100}
M-SE4: {P2, P3} {P2: 200, P3: 100}

D1 DI-SEl: {P1, P2} DI1-DE: {PI: 100, P2: 50}
D2-SE2: {P2, P3} {P2: 50, P3: 50}

D2 D2-SE: {P2, P3} D2-DE: {P2: 100, P3: 50}

With respect to transportation groups of TEl and TE2, they are responsible for material delivery between SEs
according to a specific strategy of TPE. Here, the TPE employs the rule of first come first service for material transpor-
tation, and all kinds of materials have equal priority for transportation, i.e. once there is a satisfactory amount of mate-
rial to be transported, the TPE will schedule the available SE to conduct a transport. Table 4 presents the main transport
information in the example.

Table 4. Information of the transportation.

Transport group Transport unit From To Time-consuming of transport Transport capacity Failure rate

TE1 TE1-SM1 S1-SE2 M-SE1 {S1-SE2—M-SE1: 300} 10-20 0.1
S2-SE2 M-SE2 {S1-SE2—M-SE2: 400}

TE1-SM2 {S2-SE2—M-SE1: 300} 1020 0.1

TE1-SM3 {S2-SE2—M-SE2: 400} 10-20 0.1

TE2 TE1-MD1 M-SE3 D1-SE1 {M-SE3—D1-SE1: 500} 10-20 0.1
M-SE4 D1-SE2 {M-SE3—D1-SE2: 500}
D2-SE {M-SE3—D2-SE: 600}

TE1-MD2 {M-SE4—D1-SE1: 500} 10-20 0.1

{M-SE4—D1-SE2: 500}
{M-SE4—D2-SE: 600}
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6.2 Simulation and evaluation

When the example model is simulated into the prototype system, the operation status of every BFE can be observed
through the provided real-time charts by the corresponding agents. Figure 14 presents the real-time operation charts of
partial BFEs. Figure 14(a) shows the transport volume of TE1-SM1 changing over time. The change of remaining
amount for materials in M-SE1 over time is given in Figure 14(b), and it can be seen from the chart that this value is
into a declining trend during that period of time due to constant delivery of raw materials to M-SE1. In Figure 14(c),
the chart shows the amount of product manufactured by M-MEI in the current time frame. Figure 14(d) presents the
change of the remaining amount of D1-SEI1 for products, with the transport of finished products from manufacturer, this
value is gradually reduced. From the provided real-time charts during the simulation, it is easy and intuitive to observe
the function of each BFE in the configured model, which provides useful information for users to analyse the whole
supply chain on a more subtle level.

After the end of simulation, the prototype system can present a more comprehensive perspective for operations anal-
ysis, and reveal detailed information related to the main operations of the modelled supply chain scenario based on the
recorded simulation data. In the following figures, some useful statistical diagrams of the simulation results are pre-
sented. Figure 15 evaluates the transportation situation and provides the comparison of utilisation rate of TE1-SM1,
TE1-SM2, TE1-SM3, TE2-MDI1 and TE2-MD?2. This chart illuminates that TE1-SM1 and TE1-SM2 have a relatively
higher utilisation than other three TEs, and the value of TE2-MD2 is obviously much lower compared with the others.
Through information reflected by this chart, it is helpful to develop the targeted planning of transportation in order to
improve the overall utilisation rate.

The core manufacturer of the example is modelled into a more detailed level of granularity with BFEs, which facili-
tates to analyse the manufacturer’s operations from whole to parts. In Figure 16, a comparative analysis of utilisation of
the core manufacturer’s three MEs (M-ME1, M-ME2 and M-ME3) is presented, and the curve indexed with M gives
the overall utilisation of the manufacturer. From observation of this chart, because of different requirements of raw
materials and the supply conditions during production, there are differences in the start time of manufacturing and
utilisation among the three MEs. M-MEI has an earlier start time, which indicates that the supply of raw materials to
M-MEI is faster, while M-ME2 and M-ME3 get a later time due to certain reasons, such as temporary shortage in the
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Figure 14. Real-time charts of partial BFEs.
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Figure 15. Comparison of utilisation rate of TEs.
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Figure 16. Comparison of utilisation rate of MEs in manufacturer.

amount or type of raw materials. By comparison, the utilisation rate of M-ME3 is higher than the other two MEs, which
illustrates a better supply condition of M-ME3 in general.

Then Figure 17 shows the overall inventory information of each SE in the manufacturer during the manufacturing
processes and transportation of materials. It is clear to observe the inventory changes during the whole simulation pro-
cess. As shown in the chart, M-SE1 has a much bigger value of inventory than others in general, while this value of M-
SE3 is always kept at a relatively lower level. From the indexed values and the slope of these curves, users can effec-
tively grasp the detailed information about the inventory costs and turns.

From a more micro level, Figure 18 also gives inventory of products (P1, P2 and P3) changing over time with the
manufacturer. Compared with product P1 and P2, the inventory of P3 shows larger fluctuation range and value. This
chart indicates that P1 and P2 have more smooth process and better performance in manufacturing and transporting the
configured supply chain scenario.

Towards the distributors, Figure 19 presents the order fulfilment status of the two distributors, which compares
inventory changes of different SEs in the corresponding distributors. It is clear to see the inventory level that changes
over time during the whole order fulfilment process. The chart shows D1-SE1 has an earlier start time of inventory
increase compared with D1-SE2 and D2-SE, but relatively longer duration in order fulfilment. Besides, it can also get
detailed inventory information of the products ordered by different warehouses of distributors, as shown in Figure 20
that shows further details about the inventory changes of product P2 and P3 ordered in D1-SE1. With the analysis of
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Figure 20. Inventory changes of products in distributors.

the information presented by these charts, it is helpful to reveal subtle inventory changes and draw the decision about
whether or not the operations of the configured supply chain scenario are effective to meet the demand of distributors.

7. Conclusions

Modelling and simulation-based approach has great advantages in coping with the dynamically changing characteristics
of supply chains in real world, and also has the merits of testability, timeliness and observability. In this paper, we ana-
lysed the self-similarity of supply chain systems and proposed a methodological framework for supply chain modelling
and simulation based on the fractal perspective. The proposed framework defined five BFEs as the building blocks of
models and presented the description of concept modelling and simulation modelling with MAS. In addition, a devel-
oped prototype system and its key techniques focusing on the time management and synchronisation for constructing
the distributed MAS simulation in compliance with HLA were given detailed introduction. Furthermore, we performed
simulation of a typical supply chain example through the prototype system and evaluated the simulation results and cor-
responding diagrams about manufacturing, inventory and transportation.

The proposed framework introduces fractal perspective for perceiving and modelling of supply chain system, which
has the advantages of simplicity, flexibility and extensibility in modelling and simulation at different scales and levels.
The developed prototype system based on distributed simulation architecture can effectively simulate and evaluate oper-
ations of different supply chain scenarios, which can be a potential tool for design and optimisation of supply chains.
However, as a preliminary study, there are some aspects that need to be improved in our further studies: (1) the intelli-
gent self-organisation mechanism of BFEs under the inner and outer environmental effects, which could provide more
advantages in supply chain design and optimisation; (2) introducing ontology tool for the top knowledge organisation
and retrieval to improve and extend the simulation interactivity among different domains of industry; (3) besides, for the
specific environment of supply chain, some further researches related to distributed agent action synchronisation in such
situations are significant; (4) with the increasing of simulation scale, the load-balancing problem involving simulation
efficiency in distributed environment need to be taken into further consideration; and (5) employing the prototype sys-
tem for practical applications of supply chains to improve its relevant functions and interfaces.
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