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Abstract 
 
The rapid growth and increasing global competition in the manufacturing arena has put immense pressure on 
manufacturers to seek alternative ways of reducing costs of various activities. In recent years supply chain activities 
are primarily being targeted by manufacturers for achieving these cost cutting goals. This task becomes much 
tougher in the distributed manufacturing environment. Thus understanding the need of the current manufacturing 
scenario this paper seeks to find out the ways of achieving these goals by proposing a multi-agent architecture. This 
article in particular proposes a self healing multi-agent architecture for the distributed supply chain manufacturing 
environment. Primarily this article seeks to generate an effective manufacturing plan while exploring the algorithm 
portfolio concept to minimize the manufacturing and supply chain costs using the proposed architecture. This multi-
agent architecture focuses on spontaneous selection of best techniques and suppliers while making the trade-off 
between number of measures such as the cost, availability, and reliability. The proposed architecture also uses the 
merit of the skill manipulation algorithm. The paper emphasizes that the effective communication between the 
different components of the distributed supply chain system through agents assists in making automatic required 
effective decisions. Thus helping manufacturing firms to execute their manufacturing processes efficiently and lead 
to cost effective production. 
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1. Introduction 
In the present competitive environment manufacturers are compelled to implement cost saving measures to sustain 
in the market. The problem becomes more complex in the distributed manufacturing supply chain environment as 
production and supply chain management of different products occurs in more than one manufacturing unit. These 
manufacturing units can be either inside or outside (outsourced) the supply chain. For example, in automobile 
industry the different units such as forging unit, melting and casting unit, machining unit and assembly unit can be 
either located within the supply chain system of the firm or some of them might be the outsourced units. The 
outsourcing units considered in this research deals with the manufacturing of the complete product rather than the 
outsourcing of a particular operation. In these scenarios managing material flow becomes a tedious task. The 
material flow management plays an important role in reducing cost, meeting due dates and in better execution of the 
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manufacturing process. Realizing this complexity and the need of cost savings the present paper proposes a self 
healing multi-agent architecture. This article focuses on material flow management simultaneously considering the 
running order and forecasted order demands.  
 
Many researchers have used the multi agent based systems to resolve the issues of information sharing in distributed 
manufacturing environment [1], [2], [3] etc. [1] highlighted the importance of knowledge and communication in 
manufacturing supply chain networks and proposed a multi-agent modeling technique to handle the distributed 
activities in an integrated manner. A decentralized information system to establish a proper coordination among the 
distributed global manufacturing networks was proposed by [2] where they aimed to address the make to order and 
realistic delivery due dates. [3] worked on the application of web based multifunctional scheduling system using GA 
to manage the information exchange between different scheduling participants in distributed manufacturing 
environment. In addition, [3] also emphasized on the benefits of sharing information in re-designing the system in 
case of any contingencies. [4] in their research showed how genetic algorithm (GA) can successfully generate 
optimal or near optimal process plan in a single and distributed manufacturing system.  
 
Distributed manufacturing trends have become quite common in manufacturing based economies. One of the 
significant challenges faced by the manufacturers is the fuzzy nature of the available information which further gets 
more complex in distributed manufacturing environment. A distributed fault recovery holonic manufacturing design 
framework was proposed by [5] where they suggested that fuzzy modeled multi agent systems can efficiently deal 
with the imprecise information and fault recovery in a reconfigurable distribution system. A multi-agent distributed 
intellectualized fault diagnosis system for artillery command system was proposed by [6]. Some other researchers 
such as [7] proposed a multi agent scheduling systems for a distributed manufacturing environment to optimize the 
productivity, cost and lateness. A Multi agent mediator architecture for distributed manufacturing was proposed by 
[8]. [9] proposed a Multi Agent System (MAS) of distributed nature for knowledge based information sharing in an 
e-business domain. [10] reviewed the development and use of a multi-agent modeling techniques and simulations in 
the context of manufacturing and supply chain management. [11] conducted a comprehensive survey of utilization 
of the multi agent systems and holonic manufacturing systems in a distributed manufacturing environment and 
highlighted the challenges and research opportunities in adopting these frameworks. Review of literature identifies 
the significance and increasing interest of researchers in applicability of multi-agent frameworks in distributed 
manufacturing environment.  
 
Realizing the current trend the present research proposes self healing multi agent architecture for distributed 
manufacturing environment. The problem scenario is discussed in section 2 of this paper. Section 3 explains the 
proposed multi-agent framework. This section also discusses the algorithm portfolio concept, skill manipulation 
algorithm and AIS inspired Multi-agent Controller. Finally the conclusion and future research directions are 
presented in Section 4. 
 
2. Problem Formulation 
The success of any distributed manufacturing supply chain depends on the efficient handling of the material flow. 
The supply chain integrates all the activities right from the raw material to the finished product delivery. The raw 
material option for a particular unit can be a finished product of the other unit. In a manufacturing scenario 
whenever a new order arrives, the manufacturing unit makes a number of decisions related to the product such as the 
requirements of the raw materials and the different part types for the assembly purpose. The manufacturing unit also 
generates a CAD/CAM diagram of the different part types and then decides the different operations needed to be 
performed. According to the material and the operations required, the different units are then selected for further 
operations. To minimize the space in the different manufacturing units, the firms aims to keep the minimum amount 
of raw material in the buffer and majority of them are placed in the storage unit. Based on the raw material 
requirements for carrying out a particular operation, it is then transferred from the storage unit to a particular 
manufacturing unit. Sometimes depending on the situation, the finished good of a unit can either be directly 
transferred to another unit or can be stored in storage unit further demand arrives.    
 
The decision regarding the quantity of the raw material required by the manufacturing unit is a very challenging 
problem since it depends on the order for the products as well as the market trend. Another task which increases 
complexity for the firms is the decision regarding the purchase of the raw materials. This decision depends on the 
cost and quality of the raw material, as well as the reliability of the suppliers. The next task for the manufacturing 
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unit is to decide where the raw materials need to be stored and in what quantity keeping in the mind the fluctuation 
of the customer order. To solve the given scenario this paper proposes a multi-agent based architecture. The 
proposed multi-agent framework has been explained in detailed in the next section. 
 
3. Agent Framework 
 
3.1 Corporate Memory Agent 
This agent is the main hub of the useful information. It stores all the necessary information related to the 
manufacturing unit such as the available resources and the outsourcing partners. Further, it keeps information on the 
status of the products such as on which machine and order they are being processed and their processing times. This 
agent also tracks information on the machines such as their maintenance condition, idle or in process stages, 
breakdown status etc. and continuously communicates with the learning agent to extract the useful information. This 
agent further coordinates with all the other agents such as planning, inventory, and ordering agent and inherits the 
property of updating itself both online and offline.  
  
3.2 Learning Agent 
The data collected from the manufacturing processes inherits huge amount of useful information. This information 
can be utilized to improve manufacturing process. Additionally the presence of continuous noise and variation in the 
manufacturing system, it is almost impossible to detect and take preventive mechanism passively without updating 
the knowledge base. Keeping in mind in this paper learning agent has been proposed for symptom recognition of 
each stage in multi agent architecture. The learning agent learns through both online and offline learning. In online 
learning data gathered through in-process stage is used such as the quality of the product, fluctuation in market 
demand and fault in the machines. This data can be used either in new adjacent planning or rescheduling. While in 
offline learning the information is collected from the knowledge data base. 
 
3.3 Inventory Agent 
The main task of the inventory agent is to check and keep the records of the available materials within the 
manufacturing unit and to select appropriate suppliers to place the orders. It continuously exchanges information 
with the manufacturing unit and the forecasting agent. When this agent receives the information regarding the future 
demand from the forecasting agent accordingly it decides when and how much the different type and quantity of 
material is required. Additionally, it also decides where to store the raw materials while simultaneously minimizing 
the travelling and storage costs. Moreover, it also makes raw material easily available to appropriate machines as per 
the requirement.  
 
3.4 Manufacturing Agent 
Manufacturing agent is responsible for generating the manufacturing plan such as when and where the part needs to 
be manufactured, the quantity of the products and methods required. Most of the manufacturing firms produce more 
than one product types consisting of several parts. However, some of the parts are common in the different product 
types therefore parts are manufactured first and then assembled to form the final product. This is a challenging task 
for the firms since number of parts required for each product type increases the complexity. The main objective of 
the manufacturing firm is to produce the product in minimum cost. In the proposed agent architecture the 
mathematical model to minimize the manufacturing cost is inspired from the work of [12]. 
 
Minimize Manufacturing Cost 

  

}itit
time
t

ivj
ititjt

it

itivit
Tt ivj

itijt
Ai

rate
it

McHMCc

SfCch

+Γ++

−+Γ






+=

∑

∑ ∑∑

∈

∈ ∈=

)(

)(
)(

)
2

(

)( ττ

         (1) 

∑
∈

∈∈∀=
itit

it
o

itito TtNiox
φ

,1
             (2) 



495 
 

∑
∈

Γ− ∈∈∀=Γ
itit

ititit
O

itoito TtNix
φ

,0
            (3) 

∑
∈

− ∈∈∀=
itit

ititit
O

Citoito TtNixC
φ

,0
         (4) 

 
TtAiVitittiv ∈∈∀≥+−Γ+ ,0)( ττ

         (5) 
 

TtAi

QMHMVSf iit
time
tititittivititi

∈∈∀

≤+Γ++−Γ+Γ

,

)( τ

      (6) 
 





=
other

selectedisoif
x it

itoit 0
,1

               (7) 
 

Equation (1) displays the objective function which is the sum of AOH and WIP inventory costs, and the 
manufacturing costs of all the manufacturing stages.  Any stage can opt one and only one option during a given time 
period of interest, this is agreed by constraints (2). Constraints (3) stipulate that the processing time of a stage ‘i’ is 
in agreement with the options available for that stage. Similarly, constraints (4) stands for operation cost for a stage 
‘i’. Similarly, constraints (5) ensure the same for the assembly and the demand stages. Constraints (6) restrict the 

total capacity of any stage ‘i’ by the total capacity of the stage Qi.  Constraints (7) draws the consensus that mitox
is a 

binary decision variable for selecting as option for any stage ‘i’. As soon as the new order arrives the manufacturing 
agent uses algorithm portfolio concept to accomplish the abovementioned objective.  
 
In algorithm portfolio concept the manufacturing agent uses different random search optimization methods such as 
genetic algorithm (GA), simulated annealing (SA), tabu search (TS), ant colony optimization (ACO) and bee colony 
optimization (BCO). However, there does not exist any random search algorithm that can be regarded as best suited 
strategy for a particular type of problem. As a result, the quest for diversifying the performance of algorithms goes 
on increasing, particularly at the places where adaptiveness and time-efficiency in the solution methodology is 
needed In order to overcome these issues [14] proposed the algorithm portfolio tool which they defined as “A 
collection of different algorithms and/or different copies of the same algorithm running on different processor”. The 
portfolio algorithm is exploited through combining the algorithms and analyzing their performances on multiple 
processors as well as on a single processor. The main task of the portfolio is to choose the algorithms that lead to a 
high level of performance on a given problem instance, that is, to bring out near-optimal solutions in stipulated time 
frame. This leads to minimization of the computational cost, increase in the diverse problem solving capability, and 
maintenance of the quality from the best. The algorithm portfolio system will start working as soon as the new 
problem instance arrives and will be characterized by allocating a time limit to provide the solution. Thus, initially 
the allocator will assign an experimentation time to various algorithm agents and will decide the priority order of the 
algorithm agents. The data collected during the experimentation from each algorithm agent will be fetched to the 
selector agent on the basis of whom it decides the algorithms to be bunched in a portfolio to solve the stage problem 
at hand. These algorithms are run for an over a number of iterations. At the end of iteration, the control agent will 
assign improved knowledge to each algorithm agent. Thus, rather than making a single decision about the final 
selection of an algorithm agent for the remaining time, the selector will revisit its choice over and over. The working 
of multi-agent architecture for portfolio formation is shown in Figure 1. 
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3.5 Reconfiguration Agent 
Whenever a new order is introduced and the market fluctuates, the reconfiguration agent makes necessary changes 
in the manufacturing plan. This particular scenario can be handled by the current manufacturers because of the 
flexibility of the manufacturing firms where a particular machine is capable of performing more than one different 
type of operations. The reconfiguration agent uses self-healing decision making process to adjust and reconfigure 
automatically corresponding to the fluctuations in the order and the demand. In order to run the manufacturing 
process smoothly this agent also decides where the raw materials need to stored. This agent further decides whether 
the products need to be manufactured within the unit or in the outsourced units using skill manipulation algorithm 
depending on the capacity of the manufacturing plant as well as the available manufacturing resources and the due 
dates. The skill manipulation algorithm basically mimics the self healing mechanism of the human body to re-adjust 
automatically when any changes in demand or order occurs. As soon as any problem is detected the agent 
communicates among themselves and seeks for further help. The help ontology used by the agents to communicate 
among themselves and the skill manipulation algorithm is described in detailed below: 
 
3.5.1 Communication Ontology: 
Different agents when require to communicate among themselves they send ‘help’ signals to each other. An agent 
can communicate with only those agents which come under its perceptionary area. A communication channel 
ensures agent collaboration and knowledge diffusion between agents through interaction and a communication 
language. An additional aspect is the use of standard ontologies that defines the vocabulary used for the 
communication between agents, and will be discussed in the coming section. The major task of communication 
ontology is during the cooperative task i.e. whenever an agent feels to take cooperation from other agent, it 
establishes communication channel with an agent in its perception range by sending a ‘help’ signal. Mathematically, 
‘help’ signal Hti send by ith  agent for collaborative help in task‘t’ is defined as: 
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where, iPRA represents the set of agents within the perception range (PR) of agent ‘i’ and is defined as: 
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Figure 1: Algorithm selection for Portfolio using the multi-agent based architecture 
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 iid  represents the distance between the agents i and j. In this architecture, Manhattan distance has been taken into 
account because of its effectiveness compared to Euclidean Distance in parallel computing scenario ([15], [16]). 

Upon receiving a ‘help’ signal form agent i, agent j send a ‘reply’ signal 
i
jr
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3.5.2 Skill Manipulation and the AIS based control framework   
The intelligent agent architecture control system based on AIS is developed due to its efficacy in solving complex 
problems. AIS agents show characteristics like specificity, inducibility, diversity, distinguishing self from non-self, 
and self-regulation as similar to human immune mechanism ([17]). The next section elaborates the human immune 
systems and its role in the development of a multi-agent control framework. Thereafter, the skill manipulation 
algorithm is discussed and the advantages procured by utilizing such a control framework are listed. 
 
3.5.2.1. Overview of Human Immune System  
Human Immune System (IS) [18] is an extremely effective and complex system that can identify abnormal 
activities, solve the problem using existing knowledge, and generate new solutions for unseen events. Immune 
system can be viewed as a network of players who mutually cooperate to get things done. It consists of different 
organs, tissues, innate cells and acquired cells who act in a highly coordinated and specific manner whenever they 
recognize, eliminate and remember foreign macromolecules and cells. Immune System is basically divided into two 
major parts, Innate Immune System (also known as Natural immunity) and Acquired (or adaptive) Immune System.   
Innate Immunity is inborn, unchangeable and provides limited protection against infections whereas acquired 
immunity is developed during the lifetime of a person and acts as a powerful supplement to innate immunity. 
Acquired immunity is antigen specific and is activated as a result of interaction of immune system with antigens in 
which antibody and immune cells eliminate the antigens. After the elimination process, immune cells become 
memory cells and are further used to eliminate the same antigen at a faster rate on subsequent encounters. 
Lymphocytes, the main antigen killer immune cell, have special binding areas known as receptors which can 
structurally determine and react with specific foreign antigens. The two important types of lymphocytes are B-cells 
and T-cells. B-cells have direct interactions with the antigens during the elimination process while T-cells act as 
mediators in the control of immune responses by providing specific cells capable of helping or suppressing these 
responses. Whenever an antigen is recognized by immune cell surface receptors, this interaction activates the 
proliferation and differentiation of the population of immune cells specific for that individual antigen. After the 
elimination of the antigen, some of the immune cells become memory cells. Due to this immunologic memory, the 
next time when the body encounters the same antigen a much faster and stronger immune response results which is 
known as secondary immune response. The concept of immune system is employed for the development of a robust 
meta-heuristic called as Artificial Immune System (AIS).   
 
3.5.3. AIS inspired Multi-agent Controller  
This research will develop an AIS based control framework to organize a fleet of agents with different skills and 
knowledge in a dynamic environment. In AIS, Artificial Intelligence Techniques are utilized to mimic the behavior 
shown by human immune system and thereby obtain enhanced cooperation and cooperation among the distributed 
agents. In order to implement the framework, skill streams of agents are treated as antibodies with unique set of 
functionalities and intelligence. This intelligence can be increased by performing newer explored tasks or 
cooperative tasks with other agents. For manufacturing operations, we assume that certain operations are predefined 
for each agent (equivalent to innate immunity), however, dynamic manipulation is also possible to adapt to 
corresponding working environment (acquired immunity). This control framework provides a set of rules to guide 
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the behavior of AIS agents within dynamically changing environment. The knowledge base of agents is bifurcated 
into long term and short term memory [19]. Long term memory stores the knowledge required by the agent for long 
term usage as AIS rules, Specific Intelligence, Acquired Intelligence while short term memory stores data pertinent 
to the operation it is performing for temporary use.  
 
 The basic attributes of the AIS-based control framework includes a set of agents that is operated in the system, a set 
of tasks that is located in the workplace, a perception range of agent that enables it to gain information of the 
surrounding and communicate and exchange information with other agents within it.  
 
3.5.3.1. Affinity Function 
The rule base of an agent stores an affinity function which measures its suitability to recognize and approach a 
particular task. The affinity for an agent to perform a particular task is measured here in terms of distance of the 
agent from that task and its specificity with respect to that task. 

i.e.      
( )ijijdf σρ ,=

            (13) 
 where,   ρ = agent’s affinity to perform a particular task. 

ijd
= distance between agent and task (Manhattan Distance, in this case) 

ijσ
= agent’s specificity to perform a particular task.  

 
Specificity AIS refers to the extent of similarity between an antibody and an antigen and its evaluation involves 
several processes such as pattern recognition, hydrogen binding, non-covalent and Van der Waals interactions. This 
research tends to utilize the pattern recognition as the criterion for evaluating the specificity of an agent for a 
particular task. Since, the recognition of an antigen by an immune cell is performed structurally, in a similar manner, 
skill streams of agents are matched with task strings and the extent of these matching determines the magnitude of 
affinity between the task and the agent. Mathematically, the specificity matching function is described as: 
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where, LR is a measure of the match between the string and a particular task and ‘S’ is the relative strength of the 
agent to that required for the completion of a task. When the strength of agent is greater than required for the 
completion of a job its affinity for that job is proportionately decreased while when the agent is incapable of 
performing a task (its strength is less than that required for completion of a job) its affinity is reduced by the 
inclusion of a big penalty term ‘P’. The motive behind this is to encourage those agents which can most efficiently 
perform the incumbent task. 

  The mathematical expressions for LR  and ‘S’ are given below and the designation of the parameters utilized in it 
are explained through the help of Figure 2. 
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3.5.3.2. Skill Manipulation Algorithm 
The core of the proposed framework is the manipulation of different skills of an agent towards various problems 
encountered. In this process, at first, on the onslaught of a task, specific skills (predefined) of an agent are matched 
with task string utilizing the string matching algorithm [20]. This specificity determines the feasibility of an agent to 
perform a task. In natural immune system, antibody cells recognize antigens structurally by their antigen receptors. 
Utilizing this pattern recognition concept, tasks are matched with the agent’s skill streams. In case, a mismatch 
results, then the acquired skills are matched with the task strings. If again a mismatch results, then skill manipulation 
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recombines or rearranges the elementary skills (process described later) in the specific skill stream to generate new 
set of acquired skill stream specifically suited to the task. This acquired ability is stored in the long term memory 
database for further utilization and thereby enhances the potential and knowledge base of the agent through self-
learning. The process of skill manipulation is carried out using two distinguished algorithms – skill manipulation set 
development and append string algorithm. Skill manipulation involves the dissemination of task string into separate 
skill requirements which are then matched with skill streams to identify a new skill set to be added in the skill 
stream of agent. The generic steps of string manipulation are given in [21]. The new generated sets are appended to 
the skill stream using the Append String Algorithm [17] which avoids any repetition during addition. 
 

 

 
 
3.6 Forecasting Agent 
The forecasting agent remains in continuous touch with inventory agent, manufacturing agent, corporate memory 
agent and supplier selection agent. Forecasting agent decides the amount of raw material to be ordered taking into 
consideration the noise and variations in the market with time. Therefore, the forecasting agent is to be equipped 
with a repository of highly elite tools for forecasting, estimating and capturing the qualitative and quantitative 
demand of the market trends and patterns. Relying only on the data and tools for demand pattern may itself lead to 
erratic predictions which arises the need of a direct intimacy with the market. To take into consideration these facts 
in this research the forecasting agent contains a versatile set of judgmental and statistical tool and which one to be 
used depends on the type (complexity) of forecasting information available. The forecasting methods for these two 
categories are listed below:  
 
Methods based on judgment 

• Unaided judgment  
• Prediction markets  
• Delphi  
• Structured analogies  
• Game theory  
• Judgmental Decomposition  
• Judgmental bootstrapping  
• Expert systems  
• Simulated interaction  
• Intentions and expectations surveys 
• Conjoint analysis 

 
Methods based on quantitative data 

• Extrapolation  
• Quantitative analogies 

Agent 
Skill 

Stream 

Taski 

 a       a        b       b       c       c      d        e      e    e 

          b       c       c       

Ij 

Sj = 2+3+3= 8 

Sj = 1+1+2+2+3+3 
        +4+5+5+5= 31 

* Skill encoding:  
a = 1, b =2, …. 

Figure 2: Specificity Matching 
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• Rule-based forecasting  
• Neural nets  
• Data mining 
• Casual model 
• Segmentation 

 
Choosing the best forecasting method for any particular situations is a very tough task, and sometimes more than a 
method may be appropriate. In order to choose the best forecasting method among the available, forecasting agent 
adopts a decision making methodology. For example in a particular situation if the agent decides to go ahead with 
the quantitative methods, the selection of the appropriate method will be based on the intercession tree. The 
communication need of this agent is purely hierarchical i.e. passing of forecasted and encaptured data to the next 
asking agents in the hierarchy. 
 
3.7 Supplier Selection Agent 
Corporate memory agent remains in continuous touch with the manufacturing and inventory agent.  Whenever a 
need for raw material arises corporate memory agent contacts the supplier selection agent. This supplier selection 
agent also keeps a track of all the available suppliers. The agent first sorts out the capable suppliers corresponding to 
the raw material requirements. The trade-off is made on the basis of the cost, availability, reliability, distance and 
quality of the products supplied while selecting the suppliers.  
 
The trade-off is made in the order of availability, quality, cost, reliability and distance of the supplier. The agent then 
assigns the available suppliers into different groups according their quality ratings, cost, reliability and distance. 
Therefore, firstly the agent indentifies and sorts out the suppliers who are available to fulfill the order. Thereafter, 
the trade-off is done in the order of quality, cost, reliability, and distance factors. If any supplier passes through all 
these criteria in the order, they are selected straight forward however, if the same supplier which passes say on 
quality and cost factors but fails on reliability or distance factors, then in those circumstances the selection criteria is 
relaxed from the bottom of the order i.e. first distance is relaxed one unit and then reliability and so on.  
 
4. Conclusion 
The paper proposes a multi-agent self healing architecture for distributed manufacturing supply chain environment. 
In the distributed supply chain environment an effective communication between the different components of the 
system becomes a challenging task because of the greater complexity. To deal with this complexity the proposed 
multi-agent framework consisting of number of agents handles various tasks individually and in cooperation with 
the others. The self healing capability of the proposed agents enables them to automatically balance the previous and 
current order as soon as the new order arrives. The multi-agents also effectively communicate among the different 
components of the distributed supply chain system and automatically make required effective decisions. These 
decisions made by the agent architecture further assists in demand forecasting, appropriate supplier selection, better 
utilization of available resources and effective communication among the different components. Thus the 
manufacturing operations run smoothly and lead to a cost effective production.  
 
The current research proposes multi agent architecture for distributed supply chain scenario however; this also needs 
to be tested in a simulated environment to judge its execution process. The present research has plenty of scope for 
future extension such as in future web based multi-agent framework can be incorporated for better information 
exchange among the different component of the supply chain systems in distributed manufacturing environment.  
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