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ABSTRACT 

 Generally facility layout problems are solved traditionally using assembly layout 

or process layout or cellular layout. Hybrid layouts are layouts that combine all three 

traditionally layouts considering product characteristics and capacity requirements. In this 

research, a systematic methodology to design the hybrid layouts is performed. The need 

for developing a hybrid layout is justified based on the product routing and layout 

requirements. The size of the problem is minimized using product analysis techniques 

which also minimizes the computational time. New similarity measures are developed to 

consider the missing entities of the previous research works. Products and machines are 

segregated for different type of layouts (assembly layout, process layout and distributed 

layout) based on machine utilization and the similarities between the products. 

Mathematical models are developed to arrange machines that are segregated for the 

different types of layouts. The computational time of the mathematical models are also 

minimized by introducing the product machine incidence matrix as the input data. The 

effective utilization of the machines is maximized by sharing the machines between the 

layouts. The proposed methodology is evaluated by two case studies. It is proved that the 

methodology is effective to solve large sized facility layout problems. 
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CHAPTER 1 

INTRODUCTION 

1.1 Development of Facility Layouts: 

 The facility layouts play a vital role in the development of the product and are 

considered important, in order to reduce the material handling cost and to maintain a 

smooth flow of the products within the facility. Generally three types of layouts are 

considered for the facility layout problem namely, assembly or product layout, process 

layout or job shop and cellular layout. Each layout is considered to be best suited for 

different variety of product groups. Based on the machine utilization, product routing, 

production volume and the similarities between the products, the layouts are chosen.  

 Among these layouts, the assembly layout is considered to be the ideal layout for 

any product as far as the material handling and flow of products in the facility is 

considered. The assembly layout is preferred only when both the volume of products and 

the utilization of the machine are high. Product volume and machine utilization is 

considered important because, setting up an assembly line is very expensive and the 

machines in an assembly line are dedicated for a particular product. Hence, the machines 

in the assembly line are expected to be utilized to the maximum by the product assigned 

to it. The next layout preferred for any product is the cellular layout, in terms of material 

handling cost. A cellular layout is preferred for the products with high similarity in the 

operations. The cellular layout is formed by grouping the dissimilar machines together to 

form the machine clusters. The products are then assigned to machine clusters based on 

the number of operations performed in respective cell.  

When the similarity between the products is low then the best suited layout for 

those products would be the process layout. In this layout, similar machines are grouped 
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together and are placed in one particular location. The process layouts possess high 

flexibility and hence can handle variety of products. Even with high flexibility in the 

layout, the material handling cost is more when compared with other types of layouts. 

The decisions and approaches for forming these different layouts vary and are discussed 

in the following section. 

1.2 Approaches for Forming Layouts:  

 Deciding a layout for a set of products depends on its characteristics. In most 

cases, any one of the traditional layout is considered for the entire group of products. The 

decision is biased on the layout that is preferable for most of the products. One of the 

common approaches used to determine the type of layout is flow dominance. Flow 

dominance measure is calculated based on the total number of machines required for the 

processing of the products and the flow between the machines. When the flow dominance 

is high, the products are assigned for the assembly layout. If the flow dominance measure 

is low, then the products are assigned for process layout. Products with moderate flow 

dominance are preferred for the cellular layout. 

The next approach used for forming the layout is group technology. Group 

technology deals with the formation of machine clusters and product groups that are to be 

processed in those machine clusters. In general, group technology consists of two 

approaches. In the first approach the machine cluster is formed first and products are 

assigned to it. In the second approach the products are grouped together and then the 

machines are assigned to the product groups formed. Generally, the numbers of products 

are more than the number of machines in a group technology facility layout problem. 

Here, calculating the similarity between the products is difficult than calculating the 
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similarities between the machines.  Thus, in most of the grouping problems, the machine 

clusters are formed initially and the products are assigned to it later.  

The machine clusters are formed based on the products that are produced in 

common between the machines. The objective of forming machine clusters is to complete 

the processing of a product in a cell, so as to reduce the material handling cost by 

minimizing the distance traveled by the products. The other advantages of implementing 

group technology are to reduce the cycle time, improve the product flow within the 

facility and to decrease the inventory.   

The material handling cost is the cost incurred in moving the products from one 

location to another. Generally, material handling cost constitutes about 20-50% of the 

total operating cost of the facility (Tompkins, 1997). The distance traveled by the 

products or by the material handling devices can be reduced by rearranging the machines 

in such a manner that most of the machines required by the part to be manufactured is 

placed in the same cluster to which the products are assigned.  

1.3 Need for Hybrid Layout: 

Before the products and machines are segregated for the different kind of layouts, 

the product data should be analyzed. However for a large size problem with more number 

of products and machines, determining the best suited layout is difficult. This is because 

the properties of some products may change the dominance quotient and may drift away 

the assignment of layout. Although, the layout is determined for all the products, there 

exists a possibility that a group of products may be best suited for a different layout when 

they are not considered as a whole. In other words a product group may consist of several 

subgroups which are best suited for different type of layouts. Hence, for the same set of 
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products we may yield better results when the products are assigned to the combination 

of different kind of layouts.   

 The need for designing different type of layouts can be identified by analyzing the 

product characteristics such as product volume, product similarity, sequence similarity 

and machine utilization. Based on these measures the products are segregated into 

different groups for different layouts. Thus the products are now manufactured by having 

a combination of different type of layouts in a facility. The general method of grouping 

the products and machines and their drawbacks are discussed in further sections.  

1.4 Identifying Given Problem: 

The literature study reveals that the problems considered in this area are properly 

defined but in a biased manner. This leads to the fact that most of the facility layout 

problems are considered to be cellular layout problems without considering the 

possibilities of other layouts. Also, the products in the facility are not analyzed before 

determining the type of layout best suited for the products. The product characteristics 

such as machine utilization and operation sequence of the product are not given much 

importance. This predetermined selection of layout limits the scope of the study on group 

technology. This constrained approach on selecting the layouts will not yield better 

efficiency for the group. Thus, validation for selecting the cellular layout is not specified 

in most of the studies. 

 In general, each product consists of different processing sequence. The sequence 

similarity between the products is not given much importance as that given to the product 

similarity. Sometimes, the terms product similarity and sequence similarity will appear to 

be the same. The difference is that a group of products may require same machines to get 
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processed, but the order in which the product is being processed may differ. For example, 

two products may require the machines 1, 2 and 3. But the process sequence for the first 

product may be 1-2-3 and that for the second product may be 3-2-1. Here, the machines 

used for both the products are same whereas, the order in which the operations are carried 

out is different.  The next term is capacity utilization, which is used to measure how 

much a machine is utilized within the available time by the product. 

The machine clusters formed are dedicated to a product group. In other words, 

only the products allocated to the clusters are processed in those machines. Hence the 

efficiency of the grouping can also be affected by the inclusion of bad machines. In the 

sense that, those machines are not necessarily to be part of the grouping. For example the 

machine considered for grouping may have very less utilization and the flow to the 

machine may be negligible when compared with other machines. Whereas, other 

products to be processed in that machine may have more demand than the product 

assigned to the cluster. Due to the similarity measure and the assumptions such as, each 

cell should consist of certain number of machines and products, that machine may be 

assigned to a cell in which the product with less demand is being processed. This will 

lead to an increase in the intercellular flows between the machine clusters. This occurs 

because, the machines are first grouped together and then the products are assigned to 

them based on the operation sequence and on the demand volume of that product.  

As the products with high demand volume are assigned to each machine cluster, 

there is a possibility that those machines are not utilized to the maximum. Similarly, the 

products with less volume and high utilization may be assigned to a different cluster so as 

to reduce the intercellular flow. This decision is made just on the basis of material 
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handling cost. This drawback can be avoided when the products are segregated based on 

process similarities and the utilization of machines. Moreover, in the case of products 

having less similarity, the number of products is less when compared to the number of 

machines. Hence calculating machine similarity is much more difficult than calculating 

the product similarity.  The size of the facility layout problem considered in the literature 

so far is less than 18 machines and the problems with larger size lead to high 

computational time (Meller and Gau, 1996 and Heraghu, 1992). Moreover Irani and 

Heraghu (2000), suggested that to overcome the inefficiencies in the traditional layouts, a 

combination of layouts have to be developed in order to meet the product demand with 

high variety. 

1.5 Research Objective: 

 The objective of this research is to design a hybrid layout for large size facility 

layout problems. The steps involved in the design of hybrid layout are given below. 

• Justifying the need for the hybrid layouts 

• Combining the products to reduce the entities for calculation on the basis of 

operational sequence of the product and utilization of the machines 

• Developing new similarity measures by considering the operational characteristics 

such as sequence, revisiting etc.  

• Development of Product analysis techniques needed to segregate the products and 

machines for different type of layouts  

• Detection of appropriate machines for the layouts 

• Development of mathematical models to arrange the machines in the facility with 

the objectives of 
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o Minimizing the material handling cost 

o Reducing the number of iterations 

• Evaluating the methodology with the help of case studies 

The solution to the above listed objectives will lead to a model to form a hybrid 

layout, which is a combination of different types of layouts in order to minimize the 

material handling cost, maintain a smooth flow of products in the layout and to increase 

the efficiency of grouping. Another objective of this research is to reduce the machine 

duplication cost by sharing the machines between the layouts.  
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CHAPTER 2 

LITERATURE REVIEW 

 This chapter discusses about the researches carried out in the area of facility 

layout and facility layout design. Section 2.1 discusses about the general FLP. Section 2.2 

discusses about the approaches to solve the FLP considering different types of layouts. 

Section 2.3 discusses about the group technology. Section 2.4 discusses about the 

measures of group technology and finally section 2.5 summarizes the literature review. 

2.1 Facility Layout Problem: 

The general FLP deals with arrangement of machines within the facility based on 

the constraints such as material flow distance, volume of flow of products, material 

handling cost and operation sequence of the product. The placement of machines within 

the facility is the main concern for the facility planners as this problem is directly linked 

with the efficiency of the facility. The machine placement is mainly affected by the 

characteristics of the product manufactured in the facility. The modern industries are in 

need of new generation of factory layouts, which are flexible, self contained and 

reconfigurable (Heraghu et al (2002), Welgama and Gibson (1995)).  

The FLP is solved in the previous researches by using various methods namely 

mathematical models, analytical solution methods, multi criteria models and AI based 

methods (Welgama and Gibson, 1995). The mathematical models are further classified 

into quadratic assignment problem, quadratic set programming and graph theoretic 

problem. The analytical solution methods include covering problem, linear integer 

programming problem, mixed integer programming problem, non linear optimal 

algorithms and heuristic algorithms.  The heuristic algorithms are divided into 

construction algorithms, improvement algorithms and hybrid algorithms. 
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According to Meller and Gau (1996) two approaches considered essentially in 

theory, to obtain an optimal solution to the facility layout problem are quadratic 

assignment problem approach and the graph theoretic approach. The author divides the 

research to fall into one of the three categories. The first area of research is concerned 

about the algorithms to solve the facility layout problem. The second area of research 

falls into some kind of extension of the first type, such as considering the problem to be 

dynamic, stochastic, modular, robust or flexible layout. The third area is concerned with 

integrated manufacturing systems design such as flow line, process and the cellular 

layout design. 

The approaches and the methodologies stated before are applied to any one of the 

three traditional layouts namely assembly layout, process layout and cellular layout. 

These layouts do not meet the requirement on their own for the demand with high 

product variety (Heraghu et al, 2002, Irani and Huang 1998, Benjaffar and Sheikjadeh 

2000). The process layout provides us the greatest flexibility whereas the inefficiency in 

the material handling and the complexity in scheduling prove it to be not suitable for a 

facility with multiple product routings. In other hand the cellular layout is considered to 

be the alternative to the functional layout, which is dedicated to a particular set of 

products with stable and long life cycle. The cellular layout is not affordable as the layout 

rearrangement cost is more and as if the bottleneck machines cannot be assigned to the 

cells (Delaney 1995, Benjaffar and Sheikjadeh 2000, Heraghu et al, 2002).  

In order to overcome the inefficiencies in these layouts Heraghu (2002) suggested 

three approaches namely distributed layouts, modular layouts and agile layouts in order 

to meet the three different needs of flexible factories. The distributed layout is suggested 
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to the facilities with products of shorter life cycle and short runs. In distributed layout the 

duplicated departments are distributed to various locations of the facility. The modular 

layout is suggested to the facilities with multiple product routing and which will not be 

suited for any kind of traditional layouts. Irani and Huang (2000) in the same way 

classified the layout modules into flow line module, branched flow line module, cell 

module, machining center module, functional layout module and patterned flow module. 

The agile layouts are suggested for the facilities which have to be reconfigured 

frequently. The facility is designed based on the operational characteristics such as WIP, 

throughput and cycle time.  

 The approach used for the layouts described differs from each other. Meller and 

Gau (1996) stated that the facility layout problem is solved with an objective function of 

minimizing material handling costs in a facility subjected to departmental constraints and 

the location constraints. The ways of calculating the material handling cost is based on 

the departmental adjacencies and inter departmental distances. For designing the 

distributed layouts Heraghu (2002), proposed that the department duplication and 

capacity allocation are assumed, but these decisions are to be made before forming the 

layout. The products with similar product routings are to be analyzed to reduce the 

machine duplication cost. In a modular layout the allocation of machines to different 

modules have to be analyzed based on machine utilization. For the agile layouts the 

model should account for various product routings and dispatching policies of the 

material handling system.  

Delaney (1995) formed the intra cell layout to govern the product flow direction 

and to reduce the distance traveled by the product. Based on this the machines are 
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arranged in any one of the following layouts namely single row layout, double row 

layout, circular layout and cluster layout. In Irani and Huang (2000) the modules are 

formed one by one based on the common substrings obtained. The layout modules are 

formed on the basis of the operation sequence and the sequence are then simplified as the 

products move from one module to another. The model is developed with the objective 

function of reducing the material handling cost and the capital cost in buying new 

machines. In this research the capacity of the machines and the utilization of the 

machines are not considered. The layout modules are formed based on the operation 

sequence of the products and hence the approach can be applied to any facility based on 

the characteristics and unique composition of the products processed in that facility. 

Based on the common subsequence and the similarity coefficient calculated from the 

Levenshtein distance matrix the machine are grouped together to form the layout 

modules. Then the parts are assigned to the modules which best fits the product routings.  

Benjaffar and Sheikjadeh (2000) proposed an approach for designing a flexible 

plant layout in stochastic environments, with high variety of products, with an objective 

to reduce the material handling cost. The design problem is formulated as a mixed integer 

programming model or a generalized quadratic assignment problem. Due to the 

computational inefficiency of the mixed integer model the model is solved using a 

heuristic approach. The model is solved in two steps as,  

i) Minimization of flow allocations based on a fixed layout  

ii) Minimization of layout cost based on the flow allocations obtained from step1  
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The approach is repeated until no further minimization of flow allocations could 

be made based on the fixed layout and no further minimum cost layout is formed based 

on the fixed flow allocations  

These approaches have their own drawbacks and are stated by many researchers. 

Welgama and Gibson (1995) points out that the problem with optimal algorithm is that, 

the optimal solution will not be recognized until a certain number of solutions are 

obtained. Flow dominance is used to measure the complexity of the facility layout 

problem in early days whereas in recent times it is suggested that the measure is not 

accurate. The author states that the failure of optimum algorithms to solve the larger 

facility problems with more departments has led to the use of heuristic algorithms and 

hybrid algorithms. These algorithms have their own limitations and assumptions.  

 Meller and Gau  (1996) and Heraghu (1992) categorized that the optimal solutions 

found by some of the traditional methods such as graph theoretic approach and 

mathematical programming can yield a solution for the problems with less than 18 

departments and it decreases if the machines are considered to be of unequal size. 

According to Heraghu (1992) these complexities led to the development of heuristic 

algorithms to solve the large size problems. 

 Meller and Gau (1996) and Heraghu (1992) recommends that the future research 

directions are towards the integration of facility layout problems with the production 

system design problems, such as duplication of machines, alternative product routings, 

unit load sizes, production batch sizes, department shapes and the material handling 

system design concurrently. According to Heraghu (1992) the areas to be addressed are 

the locations for the machine cells in the facility and the location of the machines inside 
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the cells. Most of the previous research considers the department to be of equal area, 

which cannot happen in practice. Hence in future the research should address the 

departments to be of unequal area. All these factors have to be considered concurrently in 

order to get a much more appropriate solution. Benjaffar and Sheikjadeh (2000) found 

that the traditional cellular layout is inflexible and the facility rearrangement cost is high 

and added that there is a clear need for a more flexible layout in the dynamic environment 

and more precisely there is a need for systematic methods to design such layout. 

Benjaffar and Sheikjadeh (2000) suggest that the department duplication, capacity 

assignment with layout design and flow allocation should be integrated together.  

 These inadequacies in the previous methods confirm that there is no proper 

methodology to solve the FLP with variety of products and with more capacities. The 

proposed approaches are considered to be efficient only for a particular scenario and not 

suited for all the type of data. Due to the instability in the approaches and as they are very 

arduous to implement in the facility, they are not being practiced. Instead the traditional 

layouts namely assembly layout, process layout and the cellular layout are implemented. 

The approaches for the assembly, process and the cellular layout are discussed in the 

section 2.2.   

2.2 Approaches to Solve Facility Layout Problem: 

 The FLP is mostly solved for any one of the three traditional layouts namely 

assembly, process and the cellular layout. The approaches for solving these layouts will 

differ from one another and is explained in the forthcoming subdivisions.  

2.2.1 Approaches for Assembly Layout: 

 In this section the various approaches and methodologies used for solving the 
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assembly layout design problem is discussed with their advantages and disadvantages. 

The assembly layout design problem is solved by considering the problem mostly as 

equipment selection, station paralleling and assembly line balancing problem (Bukchin 

and Rubinovitz (2003) and Becker and Scholl (2006)). Becker and Scholl (2006) further 

focused towards more realistic problems termed as generalized assembly line balancing 

problems in which the concept of cost and profit is incorporated in the model explicitly 

and the line balancing and the equipment selection problem is solved concurrently. In 

similar concept of combining the design and operational characteristics Rekiek et al, 

(2001) proposed a multi objective grouping genetic algorithm for the design of assembly 

line with the main objective of minimizing the total cost of the system by combining the 

design characters such as space and time with the operation measures such as cycle time, 

precedence constraints and availability etc. The mixed model assembly line problem is 

solved by Bukchin et al, (2002) with mathematical formulations and a heuristic algorithm 

especially for make to order environment. Further Johnson (2005) conducted a detailed 

study on the performance improvements of converting the assembly lines into assembly 

cells.   

 The assembly line problem is solved in previous researches by two ways, 

• Minimizing the number of workstations for the required cycle time  

• Reducing the cycle time for the given stations.  

 The attention on the previous research is entirely towards the arrangement of 

sequential organization of machines. The minimization of machines is done in such way 

that the addition of machines to the assembly line does not improve the system 

furthermore. The parallel machines are included when the processing time of some of the 
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tasks are longer than the cycle time of the products. The secondary objective will be to 

minimize the number of parallel stations. The reduction in the number of machines for 

the assembly line greatly affects the total cost incurred in the system. The approach for 

solving the equipment selection is modified to solve the multi equipment line balancing 

problem with machine paralleling (Bukchin and Rubinovitz, 2003).  

 Rekiek et al (2001) and Becker and Scholl (2006) ascertains that the main 

objective of the assembly line designers is to maximize the assembly line efficiency by 

increasing the ratio of throughput and the required costs. These objectives are mainly 

influenced by the number of stations in the system. The solutions provide the information 

on the type of resources to be used and the kind of tasks that has to be assigned to the 

resources so as to reduce the total cost of the system by integrating design and operation 

characteristics. Rekiek et al, (2001) in his approach reduced both the fixed cost and the 

variable cost associated with the system. Initially the list of equipments that has to be 

used for the assembly line is determined to reduce the cost of the assembly line. The 

assembly line design problem and the resource planning problem are divided into many 

sub problems to perform a complete analysis over the problem as the scope of the 

problem is limited. The three stages in this approach are the preparation, optimization and 

mapping. In the first stage the designer introduces the input data, in the second stage the 

solution obtained is optimized by a heuristic model and in the third stage the designer is 

allowed to analyze and test the results using a simulation package. The secondary 

objective is to minimize the imbalance between the stations. These problems are solved 

separately and the solutions are combined using a Multi Objective Grouping Genetic 

Algorithm. 
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 The problem of maximizing the throughput is solved by using a mathematical 

model by Bukchin et al (2002). The result of solving this problem is a function of the line 

balancing problem solution and a heuristic procedure is developed to solve this 

mathematical model. The heuristic is solved in three stages with a main objective of 

balancing the system and reducing the cost by a neighborhood search. Before 

implementing the neighborhood search the performance measure for the assembly line 

balancing problem is calculated using the measure known as "Bottleneck Measure". The 

shorter modular assembly lines proposed in this approach are much more flexible and 

less complex compared to the traditional assembly line. 

 The advantages of employing these approaches for the assembly line problem are  

• The machines are aggregated to larger units  

• Rotation of workers proved to be much more advantageous with increased job 

satisfaction 

• The conversion of assembly lines into  assembly cells increase the routing 

flexibility and resource pooling 

• Any kind of disruptions in the cellular system will lead to shut down of any one of 

the cell and not the entire system. 

• The conversion of assembly line to assembly cells improves the performance 

characteristics such as  

• Reduction in cycle time  

• Reduction in batch flow time  

• Elimination or removal of setup time  

• Reduced blocking and starving.  
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 These advantages are acquired only when the approaches are employed to 

the existing assembly lines or to the product sets that have the characteristics of to be 

manufactured by using assembly line. Bukchin and Rubinovitz (2003) states that further 

research should be conducted with practical approach such as mixed model environment, 

stochastic assembly time and machine breakdown. These methods are not proved with 

the demand having variety of products and for the demand which requires high capacity. 

Johnson (2005) emphasize that for the current demand of the product with shorter life 

cycles and customized product configurations, there is a necessity to design the systems 

that can quickly deliver the products and which are flexible for the changes in the 

demand. The approaches for the process layout are discussed in detail in the forth coming 

section 2.2.2.  

2.2.2 Approaches for Process Layout: 

The products that have less process similarity are processed using the process 

layout in which the similar type of machines are grouped and placed together. In this 

section various methods and approaches used to design the process layout is discussed 

with their advantages and disadvantages. The process layout design problem is classified 

into single floor plant layout problem and multi floor plant layout problem. Two 

approaches used by the researchers to solve the single floor layout problem were 

quadratic assignment problem and graph theory. The procedures for solving the multi 

floor layout problem are very minimal and are classified as single stage and two stage 

methods. In a two stage method the machines are allocated to the floors in the first stage 

and the optimal layout for the floor is determined in the second stage (Patsiatzis and 

Papageourgiou, 2003). Other than the approaches discussed above, the problems are 
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solved as a nonlinear non convex optimization problem as the constraints prevent it from 

placing one machine over another (Georgiadis, 1999). The major drawbacks in the past 

researches are the factors such as, 

• Size  

• Geometry 

• Land cost 

• Floor cost 

• Orientation of machines  

are not considered. To overcome these drawbacks and to solve the non convexities and 

non differentiable cost functions some new methods are proposed.  

Castell et al (1998) suggests that the use of stochastic optimization techniques 

have proved to provide good and practical solutions to the problems with more realistic 

cost functions and constraints. The machine placement problem and the flow allocation 

problem is solved as an aggregation of quadratic assignment problems considering the 

part machine matrix for grouping along with details such as operation sequence, 

processing time, capacity and demand volume (Urban et al 2000). The multi floor plant 

layout design problem is solved by using rigorous decomposition approach and the 

iterative solution approach in which machine placements are based on cost and 

management decisions (Patsiatzis and Papageourgiou, 2003). Castell et al (1998) 

approached the problem of process plant layout design using genetic algorithm to 

represent the layout more realistically by considering the aspect ratio and orientation 

process. Montreuil et al, (1999) proposed a methodology for developing the fractal layout 

organization as an alternative for the job shop environments and Baykasoglu (2003) 
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proposed that the virtual manufacturing cells have more flexibility and the 

reconfiguration cost is less compared with the cost incurred for functional layout.  

Urban et al (2000) proposed a generalized methodology to minimize the material 

handling cost and to reduce the machine duplication cost for either the process layout or 

the cellular layout and the algorithm proposed, solves both the layout design problem and 

the product allocation problem. The placement of machine problem is also solved by 

Patsiatzis and Papageourgiou (2003) by arranging the machines in a plane with an 

objective of minimizing the total plant layout cost and is subjected to constraints such as, 

• Floor constraints 

• Equipment orientation constraints 

• Non-overlapping constraints 

• Distance constraints and 

• Additional layout design constraints 

The problem is decomposed into two problems namely master problem and sub 

problem. The number of floors and the allocation of units to the floors are determined by 

the master problem when solved with an objective to minimize the connection cost, 

pumping cost, floor construction cost and the land area cost and the sub problem provides 

us the upper bound on the solution and determines the layout for each floor. These two 

problems are solved until they crossover. The sub problem is difficult to solve if the size 

of the problem is large. Hence an iterative approach is proposed to solve the problems of 

larger size. This procedure is repeated until all the occupied floors are considered. 

In addition to the land cost, floor construction cost and transportation cost 

Georgiadis et al, (1999) considered the detailed cost function including different 



 20

rectangular shapes of the machines and its orientation. The uniform area division method 

reduces the complexity in the model and the model is solved as a mixed integer linear 

programming problem and the constraints used in this model are  

• Assignment constraints  

• Distance constraints 

• Machine shape constraints  

• Machine constraints and  

• Degeneracy reduction constraints.   

To represent the layout more realistically Castell et al, (1998) proposed an 

optimization technique using genetic algorithm by considering aspect ratio and 

orientation of process. GA is applied with special operators to represent a very natural 

layout conceptually with an objective function of minimizing the total cost and plant area, 

with the safety factors into consideration. A graphical user interface is designed to make 

the optimization process more user- friendly and it enables the user to introduce any 

additional constraints into the system after observing the progress of the design. 

Montreuil et al, (1999) developed fractal layouts as an alternative to the process 

layouts to minimize the investment cost and to maximize the flow performance and is 

designed by four stages namely,  

• Capacity planning  

• Cell creation  

• Flow assignment and  

• Cell and global layout.  
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In capacity planning the number of replicates of machines required is calculated 

based on the product routings, processing times and the machine availability. The number 

of fractal cells to be formed and the number of machines to be assigned to the fractal cells 

are determined in the cell creation stage. The decision on the number of replicates to be 

assigned is based on sharing the machines between the cells. The flow assignment is 

carried out as an iterative process such as, a flow will be assigned to the machines and the 

flow distance is minimized and this step is repeated again and again until a satisfactory 

layout is obtained. In cell layout, arrangement of machines within the cells and in the 

global layout, arrangement of cells within the layout is determined by solving a quadratic 

assignment problem with an objective function of minimizing the flow distance. 

Baykasoglu (2003) proposed a capability based approach for the design of virtual 

manufacturing cells and a simulated annealing method is applied for acquiring the best 

layout configuration. The main aim of this research is to make all the capabilities of the 

machines available to the products within a minimum total distance and hence instead of 

distributing the machines throughout the facility the machine capabilities are distributed 

throughout the facility. The problem is formulated in such a manner that the summation 

of distance from the location without the capabilities, to the location where the capability 

is available should be less.  

The main advantages of employing these approaches are high utilization of machines 

and increased flexibility (Urban et al 2000). The main advantage of fractal layout is the 

increase in flexibility as all the fractal cells are capable of producing any part from the 

mix (Montreuil et al 1999). The modern manufacturing scenario consists of demands 

with variety of products and Urban et al, (2000), Castell et al, (1998), Montreuil et al, 
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(1999) and Baykasoglu (2003) suggested that the traditional functional layouts and the 

cellular layouts will not perform better in a highly volatile manufacturing facility and also 

stated that future research should be focused on the development of more effective and 

efficient methodologies especially for analyzing the large sized problems. The 

approaches for the cellular layout is discussed in detail under section 2.2.3 

2.2.3 Approaches for Cellular Layout: 

Group technology is used to form the group of machines which exhibit 

similarities between them and the parts that are to be processed by those machine groups 

are assigned to it. In other words group technology is defined as a technique applied to 

form the machine groups and the corresponding part families to be produced by the 

machine groups (Chan et al, 2004, Dimopoulos and Mort 2004, Wang 2003). Wang 

(2003) and Lei and Wu (2005) conveys that the machine cluster formation involves 

combining the dissimilar machines together and dedicating them to manufacture a group 

of product and the grouping can be performed by applying any of three approaches 

explained below. 

• Forming machine cells and deducing part families to the machine cells. 

• Forming part families and deducing machines based on processing information. 

• Forming part families and the machine cells simultaneously. 

According to Nair and Narendran (1998) and Lei and Wu (2005), the approaches 

stated above are achieved by using various methods such as,  

• Hierarchical clustering approach 

• Mathematical programming approach 

• Graph theoretic approach 
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• Rank order clustering  

• Cluster identification algorithm 

• Non hierarchical clustering 

• Boolean matrix approach  

• Principal component analysis and  

• Cellular similarity algorithm.  

These methods are used predominantly in the past by the researchers and these 

methods have their own drawbacks. The disadvantages of these methods are given by 

Nair and Narendran (1998) and are listed below 

• Machine operation sequence is not considered 

• Multiple visits by a product to the same machine are not considered 

• Volume of intercellular moves is not considered 

• Material handling cost is not considered 

• The multiple visits to the same machine is ignored 

• Volume of production, material handling cost and the component cost are not 

considered 

To overcome these disadvantages several methods are developed by the researchers. 

The quadratic assignment problem (QAP) with an objective function of maximizing the 

summation of similarity coefficients of all the pairs of products or the machines in the 

group is suggested by Wang (2003) as an alternative approach for grouping. Chan et al, 

(2004) classified the layout problems into static machine cellular layout (SMCL) 

problems and dynamic machine cellular layout (DMCL) problems where the DMCL 

approach is to study the layout with the changes in product demand while the operation 
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sequence of the products remains the same. For the SMCL problems Nair and Narendran 

(1998) proposed a clustering algorithm for cell formation considering the sequence data 

and introduced a measure termed as weighted machine sequence similarity measure. The 

researchers Dimopoulos and Mort (2004) and Lei and Wu (2005) proposed methods 

which combine more than one technique to form the clusters. An evolutionary 

methodology which combines the aspects of heuristic clustering algorithms and genetic 

programming is proposed by Dimopoulos and Mort (2004) where as Lei and Wu (2005) 

proposed a combined similarity coefficient method and tabu search approach for the cell 

formation in generalized group technology. 

Chan et al, (2004) stated that the SMCL problems were studied for decades and 

found that it is effective only for the specific planning period by reducing the part 

traveling cost where as the DMCL problem which is an extension of the SMCL problem 

is considered for the multiple planning periods. The DMCL is further divided into single 

DMCL and multiple DMCL and in the single DMCL the layout is kept unchanged over 

the periods whereas in the multiple DMCL the layout is changed over the periods 

according to the demand data.  

In order to solve the problem Chan et al, (2004) developed the machine allocation 

inter relationship (MAIN) algorithm to optimize the machine layout by considering both 

the qualitative and quantitative characteristics of the cells such as machine rearrangement 

cost and the part traveling cost with an objective reducing the part traveling cost by 

considering in parallel, the similarity of machines, material handling distance and 

machine rearrangement cost in a dynamic environment. The performance of the proposed 

algorithm is measured in the term of total layout cost for the dynamic case and the total 
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flow of parts is taken as the measure for the static period. The multiple DMCL 

determines the part traveling cost and the machine rearrangement cost. For a single 

DMCL different layouts are developed for each period and the layout with less part 

traveling score is selected as the optimal layout by using MATLAB. In some cases it is 

not necessary to rearrange the machines in a multiple DMCL if the proposed layout 

resembles the existing layout. If the part handling factors are considered the design of the 

layout will be considerably different and multiple DMCL is preferred to single DMCL.  

In the proposed QAP Wang (2003) the number of dissimilar parts or machines is 

found initially and then the remaining parts are induced into the groups in such a manner 

that the total similarity of the group is maximized. This model is easy to solve in any of 

the linear programming method, whereas a dedicated linear assignment algorithm is 

proposed to solve the formulated problem. Nair and Narendran (1998) clustering 

approach is divided into three stages namely defining proximity measure, identifying 

potential seeds for clustering and assigning parts for clustering. In the first stage the 

sequence similarity between all the combinations of the machine pairs is calculated and 

in the second stage the seeds to form the clusters are identified based on the dissimilarity 

between them and the remaining machines are then added to the seed machines based on 

the similarity measure. In the final stage the parts are assigned to the machine cells based 

on the number of operations performed in the machine cell based on the product 

sequence.  

Dimopoulos and Mort (2004) developed a heuristic algorithm based on the 

McAuley’s hierarchical clustering algorithm to check all the possible solutions with an 

objective of reducing the total material handling cost. The core of the algorithm is called 
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as single linkage clustering algorithm (SLCA) and the main disadvantage of SLCA is that 

the same solution is developed irrespective of the objective function and this problem 

arises mainly due to the use of single similarity coefficient. The combined GP-SLCA 

approach develops a number of similarity coefficients and hence provides a multiple 

starting point for the search process. The inputs that represent the similarity information 

between the machines are used as the building elements for the similarity coefficients. A 

comparison is made between the evolved similarity coefficients and the man made 

similarity coefficients and it is proved that some of the evolved similarity coefficients are 

performing better than most of the man made similarity coefficients. The ANOVA test on 

the coefficients proves that there is no significant difference between the two coefficients. 

Lei and Wu (2005) formulated the problem as a mathematical program with an 

objective function to reduce the intercellular moves. The main idea of the clustering 

method employed is to group the machines and parts to form a single cell An initial 

solution is obtained by randomly assigning the machines to the cells and based on the 

similarity coefficient values the machines are relocated and assigned to the corresponding 

cells. Here the sequence similarity is calculated by using Jaccard’s similarity coefficient. 

From the initial solution obtained a set of neighborhood solution is formed and the 

current solution is replaced with the best solution and the tabu search is employed to get 

more and more effective solutions using the insertion and swap operations.  

The advantages of employing the above discussed methods for grouping are   

• Reduced setup time 

• Reduced work in process  

• Reduced throughput time 
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• Reduced material handling cost  

• Improved product quality and  

• Simplified scheduling (Lei and Wu 2005) 

 There are some drawbacks in the proposed methodologies and it has to be taken 

care of in the future research. Wang (2003) asserts that the drawback of the previous 

approaches is that the groups formed based on the product selected as median and the 

similarity coefficient associated with it.  The constraint matrices of both the linear and the 

quadratic assignment problems are uni-modular and the objective function is nonlinear 

for the QAP. According to Nair and Narendran (1998) it is difficult to apply the proposed 

methods for the large size problems as the calculations will be large and it may tend to 

produce more solutions from which the optimal solution has to be found and the authors 

states that if the additional information such as production data and sequence are given 

the solution may be further enhanced. Dimopoulos and Mort (2004) suggests that new 

methodology should be developed with different similarity coefficients for the clustering 

problems and with different objective functions. Lei and Wu (2005) proposes that the 

details such as part demands and processing times should be considered to make the 

problem much more realistic. 

2.3 Group Technology: 

Group technology is a technique used to identify and form the machine clusters 

and products that are to be processed in those clusters based on the functional similarity 

to maximize the efficiency of the layout. Viguier and Pierreval (2004) identified that cell 

formation deals with forming a group of dissimilar machines to keep them as independent 
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as possible. Lee-Post (2000) inferred that the researchers have classified the goal of part 

family formation in three ways  

• Performing similar activities together 

• Avoiding unnecessary duplication of the machines and  

• Reduction in search time and repetition.   

There are several methods available in the literature for implementing group 

technology and some of the most renowned methods in literature for forming cells are 

given by (Malakooti et al 2004) and is given below, 

• Agglomerative clustering,  

• Array based clustering  

• Integer program based methods  

Other than the numerical methods available, the artificial intelligence technique is 

also used for group technology. These methods are stated by Islier (2005) and is shown 

here  

• Simulated annealing 

• Artificial neural networks  

• Genetic algorithms  

• Artificial ant colonies 

• Fuzzy approach  

• Foraging strategies and  

• Tabu search  

Lee-Post (2000) explains that there are some classification and coding methods used 

for grouping and they consists of techniques such as  
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• Optiz 

• MICLASS  

• DCLASS and  

• FORCOD.  

Apart from these approaches the traditional approaches have used binary 

representation of the products which has the inability to store more detail of the data and 

the process of obtaining the solution is not an easy process especially for large sized 

problems (Srinivasan and Moon 1997, Kaparthi et al, 1993 and Islier 2005). 

Every method has its own drawbacks and disadvantages and the approaches given 

above are not an exception from that. Won and Lee (2001) mentions that the methods in 

the literature using classical Product machine incidence matrix (PMIM) were not efficient 

to calculate the actual inter cellular flows between the clusters. Zolfaghari and Liang 

(2003) claims that the grouping problem is solved with different objectives whereas the 

objectives such as machine utilization, similarity level and work load balancing are not 

considered. Moreover Kaparthi et al, (1993) and Won and Kim (1997) accuses that most 

of the approaches and algorithms developed so far assume that the products have only 

one product routing assigned to it which is not realistic.  

Many researchers have proposed methods to overcome these drawbacks and some of 

the approaches and the steps involved are explained in detail below. Malakooti et al, 

(2004) proposed an integrated grouping technique for cell formation, process planning, 

product sequence and production planning simultaneously with the main objective of 

reducing the material handling cost. A mathematical model is developed with the 

objective function of reducing the intercellular flows and the constraints are placed on 
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number of machines assigned to the cell, production volume requirement of each part and 

the capacity limitation of each machine. The model is a NP complete problem with a 

combinational solution and hence it is solved by using an iterative heuristic approach 

consisting of two stages. In the first stage the linear program is solved to obtain the 

operation plans for the given cell formation and in the second stage the combinatorial 

problem is solved to get the machine-part cells. The result obtained from this algorithm 

depends on the limit set on the maximum number of machine that can be assigned to the 

cells and the minimum normalized inter cellular flow possible. The merging of cells is 

carried out if the intercellular traffic is maximal and if the number of machines in the 

cells is within the limit to reduce the intercellular flow between the cells. The procedure 

is continued until no further merging of cells is possible or the flow between the cells is 

zero. The proposed approach can also be used to provide a operation plan when there is a 

change in the product mix, when new products are introduced and when the machine 

capacity changes. 

Viguier and Pierreval (2004) proposed an approach for forming the hybrid layouts 

consisting of both the GT cells and the functional cells for products having more than one 

routing in order to make the problem much more realistic. A discrete stability index is 

assigned with all the products for the easiness of comparison and the approach deals with 

assigning the stable products to the GT cells and the non stable products to the functional 

cells for improved efficiency. One of the objective based on which the problem is solved 

is to minimize the summation of all the cost. The machines are assigned to the groups 

based on the similarity values and similarity index value is maximized by maximizing the 

minimal similarity value of the group. The solution obtained is represented in the form of 
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a string and the problem has ‘n’ number of solutions from which the best solution is 

selected. The probability of selecting the routes of the product is assumed and different 

routes are selected for the purpose of mutation. In multi objective problems the main 

difficulty is to select the best solution among the available ones and in this approach an 

algorithm named as SPEA is used to select the solution. This approach forms a hybrid 

working organization instead of going to a traditional functional or the cellular 

manufacturing systems. The products that are stable carry the low cost and the products 

that are not stable carry more cost and in order to measure how much the workshop is 

organized the cost associated with the products are used. 

Srinivasan and Moon (1997) claimed that the implementation of conceptual 

clustering is advantageous to the numerical clustering technique as the data can be 

represented in much more informative way. In a conceptual clustering the description and 

the features of the products are considered, the clusters are formed based on the features 

and the intentional definition for each category is summarized. The main difference 

between the numerical clustering and the conceptual clustering is the method of 

measuring the similarity index. The similarity measure used in conceptual clustering is 

included with the object set and the concepts behind group technology. It is emphasized 

that the goals of GT has to be considered at all stages of grouping and hence the products 

are represented in a symbolic form to add more details or features to the products. The 

product is designed in a graphic user interface system by the users with the help of a 

predefined feature to retrieve most efficient information from the storage system. A 

program file with the details and the features of the product is developed once the part is 

designed. The symbolic feature extractor is used to extract the details and features of the 
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products from the program file. Similar to the other grouping approaches number of 

possible solutions will be provided and the best solution should be selected from it based 

on the goal. In the first level the products are grouped on the basis of an evaluation 

function generated and in the next level the process of generating alternative solutions 

and selecting the best solution among the groups is carried out recursively. The criteria 

used by the system are  

• Balance between the groups formed to measure the workload between the 

groups 

•  Disjointness which is used to measure how different the groups are 

•  Dimensionality which is used to measure the number of products allocated to 

the groups and minimization of the exception elements.  

Won and Lee (2001) proposed two types of product machine incidence matrices 

(PMIM I and PMIM II) for cell formation. Both the PMIM is developed considering the 

operation sequences and the production volumes and PMIM II is developed specifically 

to calculate the actual intercellular flows of the group by considering the bottleneck 

products. The authors proposed that this PMIM can be used as a replacement for the 

classical PMIM used in the literature. The main goal of this research is classified into two 

categories,  

1) Two types of PMIM are developed based on the operation sequences and 

production volume.  

2) Second a mathematical formulation is to be developed based on the PMIM 

obtained to reduce the intercellular flows.  
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A mathematical model is developed based on the PMIM obtained, with an 

objective function of reducing the total intercellular flows. The objective function is 

nonlinear and this nonlinearity is cleared by adding two sets of non negative continuous 

variables. In PMIM II the exceptional elements that lie outside the cells exactly indicates 

the actual total intercellular flows. 

 Islier (2005) proposed a group technology using ant system(AS) algorithm and 

the better solution is obtained by a communication supported random search process then 

the results are compared with the other existing artificial intelligence techniques. The AS 

algorithm works in the way the ants behave in the normal life, as ant moves form one 

place to another they leave a pheromone trail behind them. The other ants will follow this 

trail and some of the trials are intensified as the ants pass by them and this makes the path 

evident. The artificial AS algorithm follows the same method assuming the major holes 

as groups and the minor holes as machines and the ants as products. The ants move from 

one hole to another in all possible ways to form the groups and the groupings obtained 

are measured on the basis of efficiency and efficacy. The efficacy is defined as the ratio 

of number of in-cell operations and the number of all operations including the operations 

outside the groups. The computations will yield better solutions as the iterations increases 

and the elite list will be updated based on the quality of the solution obtained. The main 

characteristics of this approach are positive feedback, distributed computation and the use 

of greedy heuristic.  

Zolfaghari and Liang (2003) proposed a new genetic algorithm for the 

part/machine grouping problem considering the processing times and the unit sizes. A 

new measure called a generalized grouping efficacy is formulated, where, all operations 
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are not treated the same. The genetic algorithm approach searches for the solution starting 

with an initial population and each of the solution in the population is called as 

chromosomes. The chromosomes undergo a process known as cross over where the next 

generation of solution population is created and the solutions obtained are checked with a 

fitness function which is usually the objective function and the best fit chromosomes are 

then selected for the next generation. This process is continued until no further solution 

can be obtained from it. In this approach the generalized grouping efficacy function 

formulated is used as the fitness function. In the parent selection three methods are used 

namely random selection, roulette wheel selection and stochastic universal selection. The 

cross over technique is performed by three ways namely single point cross over, double 

point cross over and the uniform crossover. After the machine groups are formed based 

on the procedure explained, the next step is to allocate the products to the group. An 

index named as membership index is used to allocate the products to the groups and the 

assumption is made that there are more types of same machine is available as the 

duplication of the machine may improve the solution if the machine is a bottleneck 

machine. After the parts are allocated to the groups the best solution is obtained by 

employing a search algorithm and two important features of a good search algorithm are 

exploration and exploitation where, exploration refers to the ability to search for the 

global optimum among the solutions provided and exploitation refers to the evolution of 

search from the information collected. These combinatorial problems are difficult to 

solve as the problem is combined with the processing times, lot sizes and machine 

capacities. Then the efficiency of the group formed is calculated based on the density of 

operations in the clusters and the intercellular movements where as the two factors are 
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contradictory to one another and are balanced by a weighting factor. The analysis of the 

solution states that the quality of the solution decreases with the increase in the number of 

mutations irrespective of the parent selection rule and the uniform cross over method 

performs better than the other two methods. 

Kaparthi et al, (1993) proposed an improved neural network algorithm for the part 

machine grouping problem. The neural network learns from the experience, generalizes 

from new examples and extracts the essential solution out of the input data. There are 

four phases of the network namely learning, training, supervised learning and 

unsupervised learning. The behavior of the network is affected by the change in the 

environment and this process is known as learning. The process of changing the behavior 

is termed as training. If the correct data is fed back to the network for determining the 

magnitude of error, then the process is called as supervised learning where as if the inputs 

are not fed then the process is called as unsupervised learning. The ones and zeroes in the 

input matrix is reversed in the approach and it is found that it may improve the solution.  

 Won and Kim (1997) proposed a multi criteria clustering algorithm for group 

technology problems having multiple product routings with an aim of reducing the inter 

cluster movements. Three types of algorithm namely single linkage (SLINK), complete 

linkage (CLINK) and average linkage (ALINK) clustering algorithms are used. The 

generalized machine similarity coefficient which occupies less memory space is 

formulated considering the product routing. This could be used for both the classical GT 

problem and the generalized GT problem. The results obtained from the clustering 

approach are presented in the form of a dendrogram with the similarity values and the 

threshold value. The selection of a particular route for the product follows the maximum 
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density rule, so that the similarity between the machines will increase. In the approach for 

identifying the cells formed, the similarity coefficient is recalculated after removing the 

machines and products of the current cells from the incidence matrix. It is observed that 

the similarity between the remaining machines may go high after the removal of 

machines from the incidence matrix. In some cases the similarity value may be less than 

the threshold value. A simple remedy for that is to lower the threshold value and to 

recalculate the similarity value. The SLINK clustering problem has a problem of machine 

chaining and to avoid this, initial formation of primary cell is done using SLINK. The 

machines that can be joined with the primary cells are identified and added to it by the 

CLINK clustering approach. The machines that can be added with the expanded primary 

cells are identified by the ALINK clustering approach. The CLINK approach used here is 

termed as relaxed CLINK approach as the similarity of the machines will always be 

higher or equal to the threshold value.  

Abdi and Labib (2004) proposed a methodology for grouping and selecting 

products for the reconfigurable manufacturing systems (RMS). The reconfiguration link 

between the market and manufacturing performs the tasks such as determination of 

products within capability, grouping them into families and selecting appropriate family 

at each stage. The selected products are passed to a redesign stage to generate a modular 

structure which will increase the adaptation of the system to unpredictable changes by 

modifying the software and hardware and not by changing the manufacturing facility. 

The grouping of products is done based on the Jaccard’s similarity and the minimum 

number of product families and the newly introduced product can be assigned to one of 

the existing families or it forms a new family. The efficiency of the product family is 
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measured as the ratio of the latest similarity to the number of product families at that 

grouping stage. The product configurability is defined as the capability of assigning all 

the products entering into the system to any one of the product family. The main aim of 

this approach is to maximize the product configurability to maximize the utilization of 

the machines. The next stage is to identify appropriate reconfiguration stage of 

manufacturing elements and this is done by an analytical hierarchical process which 

decomposes the complex problem into sub problems. The product family is selected 

based on the two major objectives of manufacturing and market, where the 

manufacturing objective is classified into cost (investment cost, operation cost and 

overhead cost), reusability, operator skills (motivation, training), feasibility and work in 

process and the criteria for market are customer satisfaction, market share and sales. 

There are some common factors between the market and manufacturing. They are quality 

(raw material, process and finished products), volume of products, rapid response, variety 

and introduction of new products.  

Jose and Tollenaere (2005) performed a detailed review on the literatures on the 

modular and platform methods on the product family design where platform is defined as 

the common module used among the products. The usage of different modules helps in 

producing a variety of products and at the same time it increases the cost. The relative 

cost measurement of a module is calculated based on the product life cycle activities. The 

utility of the component is measured as the effect of components on product performance 

and the aesthetics. If the product variety is low then it is not efficient to match the 

modules to develop the products, whereas if the product variety is high then it is 

necessary to match the modules for the production. The time of production is reduced by 
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considering the module and the efficiency of some of the product families increases 

considering the module.  

Lee-Post (2000) developed a simple genetic algorithm to identify the part 

families. The problem is divided into two sub problems such as the problem to identify 

the product differentiating attributes and the problem to form the families based on the 

attributes obtained. The stages of genetic algorithm are reproduction, crossover and 

mutation. In the part family identification problem the features of the products are 

represented as a string of values and for the number of products considered, the string is 

created randomly and the GA procedure is applied to it. The procedure is stopped either 

by fixing the number of iterations or by fixing the quality of the solution. The products 

that have maximum similarity value is selected and based on the string assigned to that 

the part family differentiating attributes are identified. The part family formation is done 

by a clustering algorithm termed as ALINK clustering approach in which the pair wise 

similarity between each pair of part is calculated. Based on the largest similarity value the 

initial part family is formed and then the average similarity coefficient between the 

remaining products is calculated. Based on the average similarity value the products are 

either clustered to the families or a new group is formed. This procedure is repeated until 

all the products are assigned to any one of the part family. This approach of identifying 

the attributes for part family distribution supplies the manufacturer with more 

information on how the product should be designed and manufactured. 

Ravichandran et al, (2002) proposed a fuzzy approach for the part family 

formation and genetic algorithm approach for sequence optimization for the flexible 

manufacturing system environment. In the first stage of the research a similarity 
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coefficient measure is formulated and the part family is formed based on the similarity 

measure and in the next stage the genetic algorithm is used to get the optimum operation 

sequence with an objective function of minimizing the penalty cost. In the fuzzy 

approach the machine part fuzzy relative matrix is formed initially and this matrix is 

converted into a zero-one conventional matrix and the formulation for converting the 

matrix is developed. In the next stage the lower triangular machine similarity matrix is 

formed and based on the highest similarity coefficient the structure of the similarity 

matrix is altered and the part families are obtained after identifying the maximum number 

of cells and maximum number of machines that have to be assigned to those cells by 

simplex method. These procedures are repeated for the products to form the part groups. 

In the next stage of the research GA is used to find the optimum sequence for the 

products the number of iteration is terminated based on the quality function or maximum 

number of iteration allowed. 

Delaney (1995) proposed a methodology to design a hybrid, cellular/functional 

layout. The method is employed to minimize the intercellular material handling flow and 

to maximize the directed network flow and the approach is carried out in three stages. In 

the first stage the machines are decomposed into machine cells with an objective of 

minimizing inter cellular flow, which is the flow between the cells. The products are then 

assigned to the machine cells formed based on the operation requirements. Second stage 

deals with the arrangement of machines within the cells and this stage is to design the 

intra cell layout. The next stage deals with the arrangement of the cells within the shop 

layout. The main objective to solve this problem is to reduce the flow of materials 
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between the cells and to indirectly increase the overall benefit of the layout. In this 

approach both inter cellular flows and the intracellular flows are minimized.    

Nomden et al, (2006) conducted a detailed study on past researches on VMCs and 

identified that VMCs are group of machines that are not physically grouped together 

which enables the manufacturing system to achieve the benefits of cellular manufacturing 

environment in non cellular manufacturing systems. The advantages of implementing 

VMCs are  

• Improved flow performance  

• Higher efficiency 

• Simplified production control and  

• Better quality.  

The three main resources that are being considered in the design of VMCs are 

machine resources, people and material handling equipment. The research is mainly 

classified into three categories namely design, operational issues and empirical research. 

The consideration on empirical research makes the problem much more realistic. The 

design of VMC should also consider the possibility of incorporating the data from ERP 

systems. It is observed that the VMCs can perform better in the dynamic environment 

where the product mix and product demand changes over time, from the simulation 

studies performed. Reliable metrics for lead time, WIP and other physical measures has 

to be developed for measuring the effectiveness.  

 

Even though the approaches explained above are used to overcome the 

disadvantages of the previous researches, they led to detection of measures that are to be 
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considered in the future. Srinivasan and Moon (1997) and Islier (2005) suggested that 

more applications such as cost estimation and assembly planning may be incorporated. 

Won and Lee (2001) commended that in future material handling cost and processing 

times should be integrated. Future research could be focused on the large sized problems 

with duplication of machines and in the area of developing a heuristics for solving the 

above described problem (Zolfaghari and Liang 2003 and Won and Lee 2001). In 

addition to that it is suggested that the challenging issues such as identification of the 

multiple copies of the machines, load balancing among the clusters and other practical 

criteria have to be considered for the formation of cells. Viguier and Pierreval (2004) 

pointed out that the cellular and the functional layouts have their own disadvantages and 

instead of opposing these two layouts the machines best suited for these layouts should be 

selected and should be assigned to them. 

2.4 Measures Used in Group Technologies: 

Shafer and Charnes (1993) performed a detailed study on the performance of the 

cellular layout and the functional layout using various approaches to clearly state the 

advantages of the cellular layout over the functional layout in a practical environment. 

Zolfaghari and Roa (2006) performed a comparative study on the behavior of the cellular 

manufacturing system and a hybrid manufacturing system under various scheduling rules 

and a multi factor comparison is made between two systems. The main aim of the cellular 

manufacturing system is to identify most of the advantages associated with it when the 

system is suggested for an environment of mass production and for a less repetitive job 

shop environments (Shafer and Charnes 1993). The cellular manufacturing environment 

suits the products with long setup times, significant move time delays, anticipated 
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demand and unidirectional work flow along with simplified machine tool changeover, 

reduction in material handling cost, reduced flow time and reduction in the setup time. 

The job shops have their distinctive advantage of great flexibility over the production of 

wide range of products (Zolfaghari and Roa 2006 and Shafer and Charnes 1993).The 

cellular manufacturing environments have an advantage of operations overlapping which 

is the ability to process the products from the same batch at more stages. The partial or a 

hybrid cellular layout is found to be more beneficial than the complete cellular layout or 

the complete functional cellular layout (Shafer and Charnes 1993).  

The grouping problems are mainly solved with an objective of minimizing the 

flow between the groups or minimizing the number of duplicated machines needed to 

form the mutually exclusive cells, whereas the grouping problems should determine the 

maximum number of groups to be formed and the maximum number of machines that 

can be assigned to the groups, in order to minimize the interaction between the groups 

formed. The similarity coefficient used for clustering should have the production data 

such as production volume, processing time and operation sequence. There are two types 

of similarity constraints employed in the clustering problems namely Jaccardian and 

Non-Jaccardian similarity coefficients. In the Jaccardian similarity coefficients, the 

matches between the machines are divided by a generalized quantity whereas in the Non-

Jaccardian similarity coefficients an additional value is being subtracted from the 

numerator. The Jaccardian similarity coefficients vary from 0 to 1, whereas the Non-

Jaccardian similarity coefficients vary from -1 to 1. In most of the similarity coefficients 

the number of positive matches is alone considered whereas the numbers of non positive 
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matches are not considered. The original value will not be reflected if the numbers of non 

positive matches are not considered (Islam and Sarker 2000). 

Shafer and Charnes (1993) selected the queuing models and the simulation 

models to compare the layouts. The layout is considered as a multi stage queuing network 

consisting of a multi channel servers. The functional layout is represented as the layout in 

which the parts are moved in batches and the cellular layout is represented as one in 

which the parts move individually. The parameters such as process time of the parts in 

the machines are assumed to be same for both the layouts, but in the functional layout the 

values are represented by k-fold convolutions as the parts are processed in batches. The 

results show that the advantage of using cellular layout increases with the batch size. It is 

observed that the even for the highest traffic intensity the time in the cellular layout is 

found to be less than the time in the functional layout. In the simulation study the main 

factors used to make the comparison are average work in process and average flow time. 

The factors that may influence the layout are treated as independent variables, which are 

degree of decomposability of a machine part incidence matrix, required number of 

operations of part, processing timer per part and the lot size. The results obtained are 

analyzed with a multivariate analysis of variance technique (MANOVA), from which it is 

found that the work in process and the flow time indicated a statistically significant high 

order interactions between the factors.  

Shafer and Charnes (1993) proved that the cellular manufacturing environment 

outperforms the functional manufacturing environment at all the operation conditions. 

The other factors that may be considered for the study in future are variability in 
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products, degree of worker flexibility, effect of bottleneck machines, density of part 

machine incidence matrix, machine breakdown rates, machine utilization levels etc. 

Zolfaghari and Roa (2006) proposed an approach with an objective of not to lose 

the advantages of both the cellular manufacturing systems and the job shops. The 

performance of the systems is compared based on the factors such as flow time, due date 

adherence and throughput rate. The cellular manufacturing systems have two kind of 

setup times namely family setup time and part setup time, whereas in the hybrid system 

the total setup time is alone considered. The ratio of family setup time to the total setup 

time depends on the factors such as degree of similarity of new parts to existing parts, 

complexity of process and skills of operators. Two scheduling rules namely, due date SI 

(DDSI) and minimum setup shortest processing time (MSSPT) were employed. DDSI 

attempts to minimize the average number of setup times by choosing the family queue 

whose first job has the most imminent due date. MSSPT reduces the setups by exploiting 

the similarities between the setup times among jobs. Overall the hybrid system performed 

better when MSSPT rule is applied and cellular manufacturing system performed better 

when DDSI rule is used. The cellular manufacturing system is consistent over both the 

scheduling rules. Thus the performance of the manufacturing system depends a lot on the 

type of scheduling rule employed. 

Islam and Sarker (2000) compared the similarity coefficients used in the past and 

came up with a new similarity measure to be used for grouping and they also proposed a 

mathematical model for small and medium sized problems and a heuristic approach for 

the large sized problems with an objective of maximizing the group efficiency which in 

turn maximizes the diagonal elements and minimizes the inter cellular flows. The new 
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measure of similarity named as relative matching coefficient is developed and the 

measure satisfies the properties such as no mismatch, minimum match, no match, 

complete match and maximum match. The main objective of the proposed model is to 

maximize the sum of similarities. The similarity is maximized by combining the similar 

machines together. Initially the similarity coefficient between all the machines is 

calculated. The machines groups are formed based on the similarity measures obtained 

and for grouping the parts the same procedure is repeated with the part similarity 

measures. The quality of the solution obtained is evaluated in the form of efficiency of 

the group formed. As the size of the problem increases, the number of variables and 

constraints increases making the mathematical model hard to solve. Hence there is a 

necessity to solve the problem with a heuristic approach. In the heuristic approach, 

initially the similarity matrix is obtained and the machines or parts are arranged in the 

descending manner. The machine cell is formed with the machines corresponding with 

the highest value of similarity. Then the machines corresponding to the next highest 

similarity value is being considered. If the machines are entirely different a new cell is 

formed based on the constraints on the number of cells allowed. If the machines resemble 

the machines allotted to the cell, then the remaining machine is allocated to that cell. This 

procedure is continued until all the machines are assigned to any one of the cells. 

Similarly the products are grouped by considering the similarity between the parts.  

2.5 Literature Summary: 

The extensive study of the literatures in the area of facility layout problem and the 

approaches to the facility layout problem clearly states that the characteristics of the 

layouts differ and each layout will have different effect on a product set with high variety. 
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In most of the cases the similarity measures used for grouping is given much importance 

as the measure plays a vital role in determining the layout. The similarity calculations are 

mainly between the parts and the machines required by the parts and the operational 

characteristics of the parts are not considered. Even though the hybrid layouts are given 

importance there is no systematic methodology to segregate the parts for different 

layouts. The utilization of the machines is not considered and hence the machines are not 

properly allocated to the layouts. The iterations involved in mathematical models 

developed for machine allocation and placement is very high, which increases the 

computational time for the large problems. Hence, this thesis intends to study the 

following research objectives detailed below, 

• Justifying the need for the hybrid layouts 

• Combining the parts to reduce the entities for calculation based on the 

operational sequence of the part and utilization of the machines 

• Developing new similarity measures by considering the operational 

characteristics such as sequence, revisiting etc.  

• Segregation of parts for different layouts based on the utilization 

• Detection of appropriate machines for the layouts 

• Development of mathematical models with the objectives of 

- Minimizing the material handling cost 

- Reducing the number of iterations 

• Evaluating the methodology with the help of case studies 
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CHAPTER 3 

METHODOLOGY 

This chapter details the methodology to design the hybrid layouts and its 

significance. Section 3.1 details the introduction and the pre processing of product data. 

Section 3.2 explains the similarity measures used to reduce the problem size. The 

segregation of products and machines for different type of layouts and the model to 

arrange the machines in the facility are detailed in section 3.3. In section 3.4 the 

methodology to increase the effective utilization of the machines by sharing the machines 

between the layouts is described. Section 3.5 concludes the significance and advantages 

of designing the hybrid layout.  

3.1 Introduction and Preprocessing of Product Data: 

 In the methodology to segregate the products and machines for different type of 

layouts, the first and foremost stage is to pre process the product data. The pre processing 

consists of 3 stages namely,  

 1. Data Collection 

 2. Capacity Calculation 

 3. Utilization Calculation   

These 3 stages are explained in detail in the following subsections 

3.1.1 Data Collection: 

The data to be collected for analysis are product type, demand volume, product 

sequence and processing time on each machine. The sequence of the products is 

considered important for combining the products together in order to reduce the size of 

the problem. In the forth coming approach, the product group is allocated to different 

types of layouts based on the sequence similarity, part similarity and the utilization of the 
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machines. The processing time on each machine and the demand of the product is used 

for calculating the utilization of the individual machine by each product and the operating 

sequence is used for the similarity calculations. Once the required data is obtained, the 

next step is to perform the capacity calculation to find the number of replicates of 

machines required to process the products. 

3.1.2 Capacity Calculation 

The collected data will be utilized to calculate the capacity required, to find the 

number of replicates required for each machine.  

Capacity of machine type j  for part i , 
* *

,
ij i ij

ij

PT D X
C j i

AT

 
= ∀ 
 

                  (3.1) 

Where, 

AT = Machine available time, that is the total number of units of time a machine 

          is available during the demand period  

From the capacity calculation the approximate number of replicates required for a 

particular type of machine is calculated. This value is always rounded up to the nearest 

integer value to get the exact number of replicates of each machine required by the 

product. 

Number of replicates of machine j  required for product i , ij ijR C=                             (3.2) 

 After the number of replicates of machines required to process the products are 

determined, the next step is to calculate the percentage of utilization of each machine and 

the procedure for utilization calculation is detailed in the following section.   
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3.1.3 Utilization Calculation:  

The results obtained from the capacity calculation are used to find the utilization 

of the individual machines required for the product. The utilization is calculated using the 

formula given below, 

Utilization of thr replicate of machine j required by part i , 
*

*100
ijr ij

ijr

P PT
U

AT

 
=  
 

    (3.3) 

Where, 

ijr
P = The number of product i  routed to thr  replicate of machine type j  which 

can be calculated by performing the following steps of calculation. 

Step 1: Calculate the maximum number of product i  routed to machine j , ij

ij

AT
MP

PT
=  

Step 2: Compare if ( ) 0
i ij

D MP− >  Then 
ijr ij

P MP=  else 
ijr i

P D=  

Step 3: Reassign the value of product demand, ( )i i ijr
D D P= −  

Step 4: Increment the value of replicate, 1r r= +  

Step 5: Repeat step 2 to step 4 for 1 to 
ij

r R=  

Step 6: Repeat the approach for all the products 

The algorithm explained above can be better understood by using the flow 

diagram given below. 
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Figure 3.1: Flowchart to calculate the number of products routed to each machine 

The steps described above are applied to all the machines to acquire the number 

of products routed to that machine. The acquired value for the number of products 

processed by the machines is used to calculate the utilization of the machines. For 

products, that require more than one machine of same type the updated utilization of the 

machine j  for part i  (
ij

UU ), is calculated and the equation to calculate the updated 

utilization is given below.  

Updated utilization of machine j  for part i , ( )
1

100 100*
ijR

ij ij ijr

r

UU R U
=

 
= − − 

 
∑           (3.4) 

The updated utilization will give us the utilization of the last replicate of the 

machine, which in turn gives us the remaining percentage of utilization that can be added 

to that machine. The next step is to calculate the similarity measures to combine the 

products together 
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3.2 Similarity Measure Calculation and Problem Size reduction:  

The size of the problem is reduced for easy calculation or to reduce the 

computational time of the problem. The size of the problem is reduced by combining the 

products based on the similarity that exists between them and the utilization of machines 

by the products.  Here combining the products means that the products are assigned to the 

same machines for processing. The similarity calculation consists of two stages namely, 

• Bi-directional Product Similarity Calculation 

• Bi-directional Sequence Similarity Calculation 

The two stages mentioned above are explained in detail in the following subsections 

3.2.1 Bi-Directional Product Similarity Calculation: 

 The product similarity is defined as the similarity between the machines used for 

processing two products. In other words it is a measure of determining the common 

machines employed in processing two products. Here product similarity is calculated in 

both the directions that is, the priority is given for both the products taken into 

consideration. This enables to find the similarity of one product over another and it 

eliminates the method of finding the common similarity between the products. It also 

eliminates the biased approach of calculating the product similarity with priority given to 

one product. Hence this is called as bi-directional product similarity. The product 

similarity may differ when priority is changed between the products. This variation may 

occur due to the change in number of operations and the type of machines required for 

each product. In the new method of calculating the product similarity, the number of 

operations required by the products is given importance. The formula to calculate the 

product similarity between two products (
1 2i i

PS ), is given below 
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Product similarity between products 1i and 2i , 
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 The products with similarity value more than the product similarity index (
PS

I ) is 

considered for further process of grouping the products together. The 
PS

I  is a user 

defined value which is fixed based on the factors such as, 

• Machine Cost 

• Machine Availability 

• Size of the problem 

• Product Characteristics 

The products that have more similarity value than the index value are selected for 

further calculation. The next step is to calculate the sequence similarity and the procedure 

to calculate the sequence similarity is explained in the consecutive section. 

3.2.2 Bi-Directional Sequence Similarity Calculation:  

 The sequence similarity is defined as the similarity in the sequence of 

operations between the products. In other words sequence similarity is defined as the 

number of consecutive operations in common to both the products. The products may 

exhibit three types of sequence similarity. In the first type, the products may have a 

complete similarity with the machines in sequence and with same number of operations 

for both the products. In the second type, the operations required by a product may be the 

intermediate consecutive operations of the other product. In the third type the operations 

may not be consecutive, in other words the operation sequence of one product may not be 
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the successive operation sequence of the other product, but the operations are 

discontinuous.  

The sequence similarity is also calculated in both the directions as the similarity 

values will differ based on the arrangement of the machines. Hence the measure of 

sequence similarity is also called as bi-directional sequence similarity. The products with 

sequence similarity value greater than the sequence similarity index (
SS

I ) is selected for 

combining the products. The value of 
SS

I  is also user defined based on the same factors 

considered for
PS

I . As the similarity measures are calculated, the next step is to combine 

the products based on the utilization of the machines. If the sum of utilization of the 

individual machines (
ijr

U ) of the products are within 100% then those products are 

combined together. If one product has more than one potential combination of products 

then the pair with the highest 
i

TAU  is combined together. The products which do not 

have high sequence similarity or the products which have more utilization on each 

machine could not be grouped together and hence it is kept unchanged. Thus by 

combining the products together, the size of the problem is reduced. The remaining 

products are considered as individual products for further analysis. The methodology to 

calculate the sequence similarity and to group the products is shown below using a 

flowchart. 
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Figure 3.2: Flowchart to calculate sequence similarity 
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 The next step is to segregate the products and machines for different type of 

layouts. The approach to segregate the products and machines with the models to arrange 

the machines in the facility is explained in the following section 

3.3 Segregating the products and machines for different type of layouts: 

 The products and machines are segregated for different type of layouts based on 

the product characteristics. The machines segregated for the layouts are arranged with an 

objective of reducing the material handling cost. The procedure for segregation and 

arrangement of machines is explained in detail in the following sections. 

3.3.1 Segregating the Products and Machines for Assembly Layout: 

After the products are combined together the next step is to allocate the products 

and machines for the assembly layout. The allocation of machine is based on Assembly 

Layout Index (
A

I ), which is based on the utilization of the machine and cost of the 

machine. The value of 
A

I  may vary from one facility to another depending upon the type 

of product they manufacture and the cost of the machine.  The 
A

I  is a user defined value 

which is determined based on various factors such as, 

• Relative cost of the machine 

• Operating sequence of the products 

• Capital available  

• Demand of the products 

• Product variety 

  The value of 
A

I  is represented as the utilization of the machines and if 
i

TAU  is 

greater than the 
A

I  then the products are preferred to be manufactured in the assembly 
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layout. Assuming that
A

I for the assembly layout is set at 88% then the products that have 

total average utilization greater than 88% are selected for the assembly layout. As the 

products and machines are allocated for the assembly layout, the next step is to arrange 

the machines within the layout in order to reduce the material handling cost. The problem 

of arranging the machines is solved by a mathematical model and is detailed below.   

3.3.1.1 Arrangement of Machines within the Layout:  

As the machines that are to be placed in the assembly layout are found, the next 

step is to place the consecutive machines closer, that is the distance between the 

consecutive machines has to be reduced in order to minimize the material handling cost. 

In an assembly layout each machine has to be allocated with only one product and to only 

one location. In the traditional machine arrangement FLP, the number of iterations will 

be more as all the machines will be considered for all the products, even if that machine 

is not required for processing. In the new methodology the operation sequence is 

collected in the form of a matrix and the machines required for the products to be 

processed are alone considered for calculation, whereas the machines which are not 

required for processing are not considered. This reduces the number of iterations in the 

FLP. The notations used and the model developed are shown below.  

Model: 

'
( 1) ( 1)

'

1

,

1 1 1

* * * * ,
i

ij i j ij i j

M L L

i S S i S l S l
j l l

Min Z F D C X X i g
+ +

−

= = =

 
= ∀ 

 
∑∑∑        (3.6) 

Subjected to 

1

1 1,.........,
ij

M

S l

j

X l L
=

 
≤ ∀ = 

 
∑           (3.7) 



 57

1

1 1,.........,
ij

L

S l

l

X j M
=

 
= ∀ = 

 
∑           (3.8) 

 

Where,  

P   = Total number of products, 1,.......,i P=  

i
M   = Total number of machines required for part i , 1,..........,

i
j M=  

M  = Total number of machines in the group, 
1

P

i

i

M M
=

=∑  

ij
S   = Part – Machine matrix, 

1 1 1

1 ...

i

i

M

ij

P P M

i j i j

S

i j i j

 
 

=  
 
 

K

M O M  

G   = Total number of groups of products with different operation sequence,  

1,.......,g G=  

L   = Total number of locations, ', 1,.......,l l L=  

i
F   = Flow of part i  

1,ij ijS S
D

+
 =  Distance between the machines 

ij
S  and 1ij

S +  

i
C   = Cost of moving part i  for unit distance  

1, If  machine is in location 
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0, Otherwise 
ij

th

ij

S l
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X





 

 Constraints (3.7) and (3.8) state that each of the location has to be assigned with 

only one machine and each machine has to be assigned to only one location respectively. 

The objective function (3.6) is to reduce the material handling cost in the assembly 

layout. 
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3.3.2 Segregating the Products and Machines for Cellular Layout: 

 After the products and the machines are segregated for the assembly layout the 

remaining products are considered for further analysis. The next step is to segregate the 

products for cellular layout.  The product similarity matrix formed during the reduction of 

problem size is updated with the new product set. In other words the products that are 

segregated for the assembly layout are deleted from the matrix and the product similarity 

for the grouped products is updated. The product similarity for the grouped products is 

calculated based on the combined set of machines required to process the products.  

If the product similarity value is greater than the cellular layout index (
C

I ), the 

products and machines are segregated for the cellular layout. The index 
C

I  is a user 

defined value based on which, the products to be processed in the cellular layout are 

evaluated and it is represented as a product similarity value. The cellular layout index 

(
C

I ) is assumed in the same way of assuming the assembly layout index (
A

I ). The three 

main factors which will determine the cellular layout index are utilization of the machine, 

cost of the machine and the material handling cost associated with it. The main difference 

between the assembly layout index and the cellular layout index is that the index value 

set for the assembly layout is represented as the utilization of the machines and that of the 

cellular layout is represented as the product similarity. For example, if the cellular layout 

index value is assumed to be 0.6, it will be decided that, the products having similarity 

value more than 0.6 are selected for the cellular layout and the products that have less 

similarity value than 0.6 are assigned for the process layout or the distributed layout 

based on the capacity requirements. 
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After the products and machines are segregated for the cellular layout, the next 

step is to form the cells and to allocate the products and machines to the cells formed. 

Many literatures address the problem of cell formation and assigning of products and 

machines to the cells. Among which the methodology developed by Jaganathan (2007) 

overcome the drawbacks in the previous methodologies. Hence this methodology is used 

for cell formation. The methodology and the formulation used for the cell formation are 

detailed in the following section. 

3.3.2.1 Methodology for Cell Formation:  

The model proposed by Jaganathan (2007) overcomes the drawbacks exhibited by 

the previous research in cell formation and brings out the exact intercellular flow with 

efficient grouping. The model developed by Nair & Narendran (1998) is sensitive to the 

centroids selected initially and the model developed by Won & Lee (2001) resulted in 

poor grouping and erroneous intercellular count.  Hence, a new formulation is developed 

for minimizing the intercellular flows.  In this model, the flow of products between the 

machines for each product is used as the primary input.  The notations and formulations 

used for grouping are listed below.  

Notations used 

n = Number of products 

m = Number of machines 

pmin = Minimum number of cells 

pmax = Maximum number of cells 

r  = Index of product type, r = 1,……..n  

i, j = Index of machine type, 1,……m 
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k  = Index of cells (families), k = 1,……p 

Lf = Lower limit on product family size 

Uf = Upper limit on product family size 

Lc = Lower limit on machine cell size 

Uc = Upper limit on machine cell size 

A = ][ ria , binary PMIM  

  




=
0

1
ria

if part 'r' requires processing on machine i

otherwise
 

nr = Total number of operations required by part ‘r’ 

dr = Production volume of product ‘r’ 

TOTOPk = Total number of operations in the kth cell 

NOPk = Total number of non-operations (voids) in the kth cell 

(Jaganathan, 2007) 

3.3.2.2 New Grouping Methodology 

Product Machine Incidence Matrix (PMIM) which represents the operating 

sequence of the products with the production volume is considered for grouping the 

machines for the cells and for forming the product groups for the machine clusters.  The 

model to minimize the intercellular flow or the exceptional elements is shown below 

Min 

min

1 1 1 1

( * * ) / 2
= = = ≠

∑∑∑∑
p n m m

r ijr ijrk

k r i j

d b X              (3.9) 

where, 

1

0
ijr

b


= 


 
if  volume of material flows from machine 'i' to machine 'j'  of product 'r'

otherwise
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1

0
irk

x


= 


 
if machine 'i ' of product ' r ' belongs to cell k

otherwise
 

1

0
jrk

x


= 


 
if machine ' j ' of product ' r ' belongs to cell k

otherwise
 

ijrk irk jrk
X x x= −           (3.10) 

minp

k=1 

1=∑ rk
x ,   r = 1,…….. , n                   (3.11) 

1

0
rkx
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if product ' r ' belongs to cell k

otherwise
 

f

1

U
n

f rk

r

L x
=

≤ ≤∑ ,  k = 1,…….. pmin       (3.12) 

minp

1 

1
=

=∑ ik

k

y ,  i=1,………., m                   (3.13) 

1

0
iky


= 


 
if machine ' j' belongs to cell k

otherwise
 

1

m

c ik c

i

L y U
=

≤ ≤∑ ,  k= 1,…….. pmin                         (3.14) 

 The objective function (3.9) minimizes the intercellular flow of the products for 

any machine configuration.  Equation (3.10) is to check whether the machines have 

intercellular flows for each product. Constraints (3.11) and (3.13) ensure that each 

product and each machine are assigned to only one cell.  Constraints (3.12) and (3.14) 

restrict the total number of products and machines that can be allotted to a cell. 

The proposed model is used for grouping resources based on the objective 

function of minimizing the intercellular movement. Among the cell configurations single 

cell configuration is the optimal configuration for any case.  But in practical terms, it is 
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not a feasible solution.  Hence the model is executed for different cell configuration 

among which two cell configurations is the least cell configuration. Based on the number 

of products and the number of machines in the system, the model is used to calculate the 

minimum and maximum number of cells to be formed with restrictions on the number of 

machines and products that can be allotted to a cell.  From the literature, the cells with 

more than 12 products or machines are considered itself as a big size problem and hence 

the cells are to be allocated with at least two products and two machines. At the 

maximum 12 machines or products can be allocated to the cells. The restriction on the 

number of products and machines is implemented to increase the efficiency of the cell 

and to increase the machine utilization. The number of machines and products that can be 

allocated to a cell is found using an algorithm. The algorithm is shown below, 

Algorithm: 

Step 1: Start the Process 

Step 2: Input the number of mc’s, m 

Step 3: Input the number of products, n 

Step 4: If no. of mc’s, m ≤  24, then Lc min = 2, Lc max= ( 
min

. '

c

no ofmc s
L

) 

Go to Step 6 Else Go to Step 5  

(here the algorithm makes sure that the maximum number of machines 

that can be allotted is 12) 

Step 5: Calculate Lc min = (
12

'. sofmcno ), Lc max = ( 
min

. '

c

no ofmc s
L

) 

Step 6: If no. of products, n ≤  24, then Lf min = 2, Lf max= ( 
min

.

f

no ofproducts
L

)  

Go to Step 8 Else Go to Step 7 
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(here the algorithm makes sure that the maximum number of products that 

can be allotted is 12) 

Step 7: Calculate Lf min = (
no.of products

12
), Lf max = ( 

f min

no.of products
L

) 

Step 8: Set Minimum no. of cells, pmin = Max (Lc min, Lf min) 

Step 9: Set Maximum no. of cells, pmax = Min (Lc max, Lf max) 

Step 10: Set Lf = Lf min and Uf = 12  

Step 11: Set Lc = Lc min and Uc = 12 

Step 12: Group the mc’s using New GT formulation 

Step 13: Calculate Intercellular flow count, Bond Efficiency, MH cost 

Step 14: Display the result 

Step 15: If pmin = pmax, Go to Step 18 Else Go to Step 16  

Step 16: Set pmin = pmin + 1 

Step 17: Go to step 9 

Step 18: Stop the process 

Note: For Lc min/Lf min, the value should be rounded off to the next higher integer 

value (i.e. if the value is 2.3 its should be rounded off to 3) and for Lc max/Lf max, the value 

should be rounded off to the lower integer value (i.e. if the value is 2.3 it should be 

rounded off to 2) (Jaganathan, 2007). 

3.3.2.3 Modified Bond Efficiency Formulation: 

The compactness and bond efficiency are used as the measures to evaluate the 

performance of the different cell configurations obtained from the model explained 

above. There exists reciprocity between intercellular movement and compactness. When 

the intercellular movement between the cells is high the compactness will be high and 
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vice versa. In other words when the number of cells increases the intercellular flow will 

increase and at the same time the compactness will also be high. Hence an optimal value 

should be selected for both without suppressing both of them. 

The measure of bond efficiency which minimizes the intercellular movement and 

maximizes the compactness is used to identify the optimal cell configuration.  Bond 

Efficiency )(β , equation (3.15) is defined as a weighted average of Compactness (3.17) 

and GT efficiency (3.16) (Nair & Narendran , 1998) 

max

min

max

min

p

p

p

p

( )

( )

k

k

k k

k

TOTOP
I U

I
TOTOP NOP

β
=

=

−
= +

+

∑

∑
                    (3.15) 

β  is non-dimensional and non-negative 

Group Technology Efficiency is defined as the ratio of the difference between the 

maximum number of inter-cell travels possible and the number of inter-cell travels 

actually required by the system to the maximum number of inter-cell travels possible. 

GT efficiency = 
I U

I

−
          (3.16) 

where, 

  I = 
1

( 1)
n

r r

r

d n
=

−∑  

  
1

1 1

rnn

ijr r

r

U X d
−

=

=∑∑  

Compactness of each cell is defined as the ratio of the number of operations 

within it to the maximum number of operations possible in it. 
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Compactness = 

p

1

p

1

( )

k

k

k k

k

TOTOP

TOTOP NOP

=

=

+

∑

∑
                   (3.17) 

For a perfect diagonal block, Compactness takes the value of ‘1’ and NOPk takes the 

value of ‘0’. 

(Nair & Narendran , 1998) 

 In other words compactness is defined as a measure to check whether all the 

machines assigned to the cells are required for all the products. The main criterion of 

forming a cellular layout is high similarity between the products and hence by the 

definition, the measure appears to be redundant. In this method of measuring the 

compactness, the revisiting of machines is not considered. When capacity is taken into 

consideration in the formation of cells, the traditional definition may yield to high 

compactness, but the machine utilization may be less. For example, consider a cell with 

high compactness such as the one shown below. 

 Machines 

P
ro

d
u

ct
s 

 1 2 3 4 5 6 7 

A 1 1 1 1    

B  1 1 1  1  

C   1 1  1 1 

D    1 1 1 1 

 

Figure 3.3: Example cell formation 

 In this example, it is clearly visible that the cell with machines 3, 4, 5, 6, 7 and 

products C and D have a compactness value of 0.8. In this case, almost half of the 



 66

operations of products A and B are carried out in another cell. Even if the compactness 

value is so high, the utilization of the machines may be low. The utilization of machines 3 

and 4 may be high by the products A and B than the products C and D. Moreover the 

revisiting will not be considered. To overcome this drawback in measuring the 

compactness a new methodology to measure the compactness using the utilization of the 

machines is developed and it is detailed in the following section. 

3.3.2.4 New Utilization Coefficient: 

The new measure of utilization determines whether the machines assigned to the 

cells are utilized to the maximum. In turn this will be an effective measure of identifying 

the best cell configuration. In this approach the revisiting of the machines by the products 

is also considered. The formula to calculate the utilization coefficient is given below. 

Utilization Coefficient of a cell k  =  
1 1 1

1 1 1

*

100*

ijk k

ijk k

RM P

ijr ijrk

j i r

RM P

ijrk

j i r

U X

X

= = =

= = =

∑∑∑

∑∑∑
      (3.18) 

Where, 

k
M  = Machines allocated to cell k  

k
P  = Products allocated to cell k  

1, If  replicate of  machine is in cell 
    =         

0, Otherwise

th th

ijrk

r j k
X





 

The measure of utilization coefficient is used as a performance measure for 

determining the best cell configuration. After the best cell configuration is found, the next 

step is to arrange the machines in the facility. The machines are arranged in such a way 

that the distance between the consecutive machines required for processing the products 
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is reduced in order to reduce the material handling cost. The reduction in the distance 

between the machines is considered in two perspectives. The distance between the 

machines inside the cell and the distance between the cells are minimized in order to 

reduce the material handling cost. The machine matrix is collected in the same way as for 

the assembly layout. The matrix is employed to reduce the number of iterations, as only 

the machines required to process the products are considered for the calculation and the 

machines which are not required for processing is not considered. The notations and the 

model used for arrangement of machines in the facility are given below. 

3.2.2.5 Model for Cellular Layout: 

( 1) ( 1) ( 1) ( 1)
'

, , , '

1 1 1 1

1

1 1

* * * * * * *

* * *

i

ij i j ij i j ij i j ij i j

MG L L

i S S S S i ig S g S g S l S l

g j l l

G G

igh gh i ig

g h g

Min Z F d C X X X X X

i

F d C X

+ + + +

= = = =

−

= = +
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  ∀
 

+  
 

∑∑∑∑

∑ ∑
                                                                    

  (3.19) 

Subjected to 

1

1
G

ig

g

X i
=

= ∀∑           (3.20) 

1

1 ,
i

ij

M

S g

j

X i g
=

= ∀∑           (3.21) 

1

1 ,
i

ij

M

S l

j

X i l
=

= ∀∑           (3.22) 

1

1 ,
ij

L

S l

l

X i j
=

= ∀∑           (3.23) 

Where, 

iM
R   = Total number of replicates of machine

i
M , 1,........,

i iM M
r R=  
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( 1), ,ij i ji S S
F

+
 = Flow of product i  between the machines 

ij
S  and ( 1)i j

S +  

igh
F   = Flow of product i  between group g and h 

gh
d   = Distance between groups g and h  

1, If product  is in group 
=

0, Otherwise
ig

i g
X





 

1, If machine  is in group 
 =

0, Otherwiseij

ij

S g

S g
X





 

Constraint (3.20) states that each product should be assigned to only one cell. 

Constraint (3.21) states that each machine should be assigned to only one cell. Constraint 

(3.22) and constraint (3.23) states that each machine should be allocated to only one 

location and each location should be assigned with only one machine respectively. The 

objective function (3.19) in this model is to minimize the material handling cost by 

minimizing the distance between the machines. Here both the intercellular and 

intracellular movements are considered. The products that are not segregated for both the 

assembly layout and the cellular layout are considered for the process layout. The 

methodology for arrangement of the machines in the facility is discussed in the following 

section. The procedure explained above for segregating the products and machines to 

different type of layouts can also be represented by a flowchart as shown below. 
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Flowchart: 

   

Figure 3.4: Flowchart for hybrid layout 
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3.4 Machine Removal Based on Individual Machine Utilization: 

 After the products and machines are segregated for all the layouts, the cellular 

layout is considered to improve the efficient utilization of the machines. In a cellular 

layout, the machines are grouped to form dedicated cells in which the products allocated 

to cells are alone processed. The capital involved in assigning the machines to the cells 

will be high and if the utilization of the machines is very less, it is not efficient to have 

the machines in the cells, even if the products allocated to the cells require those 

machines. Based on the individual utilization of the machines it can be decided whether 

that machine should be considered for forming the machine clusters. The methodology 

for removing the less utilized machines is explained below. 

Once the parts for the cellular layout are segregated then the capacity 

requirement, which is the number of replicates of machines required by all the products 

and the products processed by each machine is calculated. The flow between the 

machines is calculated by the maximum utilization concept. In this method the entire 

volume of the product is allocated to a single replicate of the machine. In other words the 

products are routed to other replicates only when the utilization of the machine reaches 

the maximum. The notations and the formulations used for routing of the products is 

shown below 

Notations Used:  

Qiaj= Number of replicates ‘a’ of machine type i through which product j is routed 

through 

Niaj = # of units of product j processed in replicate a of machine type i 

Ai = Available minutes of machine type i. 
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Uia = Utilization rate of replicate a of machine type i. 

Dj = Demand volume of product j. 

Nibj = # of units of product j routed to the next available replicate b of           

   machine type i.  

Ci – Minimum required number of machines of type i 

Model: 

Min  
iaj

Z = Q             (3.24)  

Where,  
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 0
iaj ij iaj j ibj i i

N , P , Q , D , N , A , C ≥                                jbai ,,,∀                          (3.31) 

(Ganesan, 2006) 

 Constraint (3.25) is used to calculate the utilization of individual replicates of 

each machine type. Constraint (3.26) is used to set the limit on the maximum number of 

products that can be routed to a specific replicate and constraint (3.27) affirms that the 
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required demand of each product is met. Constraint (3.28) ensures that the calculated 

utilization of each machine cannot exceed one. Constraint (3.29) is used to measure the 

number of products that could be routed to next replicate of a particular machine type. 

Constraint (3.30) is used to verify the capacity requirements of machines and constraint 

(3.31) implements the non negativity and fractional restrictions on variables.  

 Then the utilization and the surplus utilization of the machines are calculated. The 

utilization of the machine is calculated using the equation shown in section 3.1.3. The 

surplus utilization (
j

SU ) is defined as the utilization of the last or final replicate of the 

machine. The formula for calculating surplus utilization (
j

SU ) is shown below. 

Surplus utilization of machine j , ( )
1

100 100*
P

j j ij

i

SU R U
=

 
= − − 

 
∑       (3.32) 

 An index value called as machine removal index (
M

I ) is specified. The index 

value is mainly based on the cost of the machine. The machine removal index (
M

I ) is a 

user defined value and is represented as the minimum utilization that is required by a 

machine to be considered in the formation of machine cells. In other words, if the 

utilization of the machine is less than the machine removal index (
M

I ), then that machine 

is removed from the group and is shared by the products from the process layout. The 

approach mainly leads to maximize the utilization of the machine. The methodology 

detailed above is explained by an algorithm in the following section 

 3.4.1 Machine Removal Algorithm to Optimize Utilization: 

Step 1: Set the value for 
M

I  

Step 2: For 1 to j M=  



 73

Step 3: If I
j M

SU <  then go to step 4 else go to step 7 

Step 4: If ( )
jr M

Min U I<  then go to step 5 else go to step 7 

Step 5: Remove the machine 

Step 6: Recalculate 
j

SU and go to step 3  

Step 7: j = j + 1 and go to step 2 

Step 8: Stop 

Flowchart: 

 The algorithm explained above can be better understood by the flowchart given 

below. 

 

Figure 3.5: Flowchart for machine removal 



 74

The arrangement of machines assigned for the process layout is explained in 

detail in the next section. 

3.5 Arrangement of Machines for Process Layout 

  As explained in section 3.2.2.6, the remaining products and machines are assigned 

for the process layout. The machines from the cellular layout are also shared with the 

process layout as explained in section 3.4.1. Hence, after identifying the machines for 

process layout, the machines are arranged in the facility with an objective function of 

reducing the material handling cost. The arrangement of machines is performed by a GA 

approach. The steps involved in the GA approach is explained in the next section 

3.5.1 GA for Arranging the Machines in Process Layout 

Step 1:  Determine the population size (Y) and number of generation (G)  

Step 2: Generate a random layout (string/chromosome) and set ygst = 1. Conduct string 

feasibility check. The condition for infeasibility exists when a department is 

represented twice in a string. In case where the string is not feasible, eliminate the 

second occurrence of the same department and replaces it with a department that 

is not represented in the string (corrective action). Evaluate the fitness of this 

string.  Set ygst = ygst +1. 

Step 3: If ygst +1 < Y, go to Step 2, else set gst = 1. Save the ten best-fit strings according 

to fitness values, and use the ten best-fit solutions for crossover and mutation. 

Step 4: Perform the roulette wheel selection method for crossover in the selection of the 

parents based on fitness values obtained. After the crossover and mutation 

operations, check the new strings obtained for feasibility, if required, perform 

corrective action. Add strings into a new generation gst +1.  Set ygst+1 = ygst+1 +1. 

 Step 5: If ygst+1 +1 < Y, then go to Step 4, else, set gst = gst +1. Retain the ten best-fit 

strings based on fitness value.  Perform the elitism operation by keeping the ten 

best-fit solutions from the combined set of layouts generated in the two runs. 

Continue the process until gst = G is satisfied.   
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 This procedure is applied to arrange the machines in the layout. (Id Jithavech, 

2007) 

3.5 Conclusion: 

 In the traditional facility layout problem, the problem is considered with all the 

products. In this approach, the product analysis technique to reduce the size of the 

problem is introduced.  Use of these techniques will help to reduce the computational 

time of the problem and hence large size problems can also be solved in reduced time. 

The introduction of bi-directional similarity measures assists in exploring the similarities 

further, without any bias on the approach. This measure also acts as a fool proof method 

in the calculation of the similarities.  

   In the traditional quadratic assignment problems, all the machines are considered 

for the calculation. In the presented approach the machines used to process the products 

are alone considered for the calculation. In solving the cellular layout problem, both the 

intercellular flow and the intracellular flow are considered. A new measure called 

utilization coefficient is used to measure the effectiveness of the cell configuration. The 

advantage of using this measure is considering the revisiting of machines and hence the 

actual effectiveness of the cell is obtained.  

 The machines are shared between the layouts in order to increase the effective 

utilization of the machines. By sharing the machines between the layouts, the capital cost 

of the machines is also reduced considerably. Thus the hybrid layout is designed for a 

product set and the products and machines are segregated for different type of layouts. 

The methodology explained above is tested using case studies and the results obtained 

from the case studies are shown in the next chapter.   
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CHAPTER 4 

CASE STUDIES AND RESULTS 

In this chapter the case studies used to test the proposed methodology are 

explained and the results obtained are discussed in detail. The methodology is tested with 

two large case studies (40 machines and 100 machines). Section 4.1 discusses the first 

case study with 40 machines and section 4.2 explains the second case study with 100 

machines. The results obtained are discussed in section 4.3 with observed remarks 

4.1 First Case Study (15 products X 40 Machines) 

Product sequence information with production volume is shown below in Table 4.1. 

Product Product Sequence Production Volume 

1 1→5→9→14 500 

2 3→4→7→8→11 1200 

3 2→6→10→13→15 1000 

4 13→10→6→2→15 1150 

5 8→7→4→11→3 400 

6 1→5→9→14 600 

7 16→19→17→18 700 

8 16→18→19→17 1000 

9 19→18→17→16 800 

10 5→9→14 1000 

11 12→17→13→11 900 

12 11→20→71 650 

13 2→15→8→19 1000 

14 14→9→5→1 750 

15 3→18→6→20 550 

 

Table 4.1: Product sequence details for all the products with production volume 
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The same data is represented as the part machine incidence matrix in the table shown below 

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Volume

1 1 2 3 4 500

2 1 2 3 4 5 1200

3 1 2 3 4 5 1000

4 4 3 2 1 5 1150

5 5 3 2 1 4 400

6 1 2 3 4 600

Products 7 1 3 4 2 700

8 1 4 2 3 1000

9 4 3 2 1 800

10 1 2 3 1000

11 4 1 3 2 900

12 4 3 1 2 650

13 1 3 2 4 1000

14 4 3 2 1 750

15 1 3 2 4 550  

Table 4.2: Part machine incidence matrix 

 

The processing time of each product on each machine is shown in table 4.3 
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Processing Time

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Volume

1 5 4 6 3 500

2 5 5 3 4 5 1200

3 5 6 4 5 6 1000

4 5 3 4 5 5 1150

5 4 6 5 7 5 400

6 5 7 4 6 600

7 5 4 6 5 700

Products 8 5 6 5 6 1000

9 4 5 5 6 800

10 6 6 6 1000

11 5 6 5 7 900

12 6 5 7 4 650

13 5 6 6 6 1000

14 5 6 7 5 750

15 5 4 6 5 550  

Table 4.3: Processing time of each product on each machine 

 In this table the processing time of the products in the corresponding machines are represented in minutes.  The planning 

horizon is considered as 15 days. That is, the demand of the product has to be met in 15 days. The facility is assumed to operate for 7 

hours a day. Hence the available time for each machine will be, 

AT = 15*7*60 = 6300 minutes 
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4.1.1 Capacity Calculation 

For example, consider machine 1 for product 1. The processing time for product 1 

in machine 1 is 5 minutes and the demand for product 1 is 1000 (Table 4.3). 

11

5 * 1000
 = 

6300
C   = 0.3968254 

The obtained value is rounded up to get the exact number of machines required for the 

product. Hence the number of replicates of machine 1 required for product 1 is 1. 

 11  = 0.3968254  1R =  

 Similarly consider machine 9 for product 6. The processing time for product 6 in 

machine 9 is 4 minutes and the demand for product 6 is 600 (Table 4.3). 

 69

4 * 600
 = 

6300
C  = 0.3809524 

The obtained value is rounded up to get the exact number of machines required for the 

product. Hence the number of replicates of machine 9 required for product 6 is 1. 

69  = 0.3809524  1R =  

 The procedure is followed for all the products and the number of replicates of 

machines required for each product is calculated. The results obtained for capacity 

calculation is shown in Table 4.4 and the results obtained for actual number of replicated 

required is Shown in Table 4.5  
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Capacity Calculation

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Volume

1 0.3968254 0 0 0 0.3174603 0 0 0 0.4761905 0 0 0 0 0.2380952 0 0 0 0 0 0 500

2 0 0 0.952381 0.952381 0 0 0.5714286 0.7619048 0 0 0.952381 0 0 0 0 0 0 0 0 0 1200

3 0 0.7936508 0 0 0 0.952381 0 0 0 0.6349206 0 0 0.7936508 0 0.952381 0 0 0 0 0 1000

4 0 0.9126984 0 0 0 0.547619 0 0 0 0.7301587 0 0 0.9126984 0 0.9126984 0 0 0 0 0 1150

5 0 0 0.2539683 0.3809524 0 0 0.3174603 0.4444444 0 0 0.3174603 0 0 0 0 0 0 0 0 0 400

6 0.4761905 0 0 0 0.6666667 0 0 0 0.3809524 0 0 0 0 0.5714286 0 0 0 0 0 0 600

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5555556 0.4444444 0.6666667 0.5555556 0 700

Products 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.7936508 0.952381 0.7936508 0.952381 0 1000

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5079365 0.6349206 0.6349206 0.7619048 0 800

10 0 0 0 0 0.952381 0 0 0 0.952381 0 0 0 0 0.952381 0 0 0 0 0 0 1000

11 0 0 0 0 0 0 0 0 0 0 0.7142857 0.8571429 0.7142857 0 0 0 1 0 0 0 900

12 0.6190476 0 0 0 0 0 0.515873 0 0 0 0.7222222 0 0 0 0 0 0 0 0 0.4126984 650

13 0 0.7936508 0 0 0 0 0 0.952381 0 0 0 0 0 0 0.952381 0 0 0 0.952381 0 1000

14 0.5952381 0 0 0 0.7142857 0 0 0 0.8333333 0 0 0 0 0.5952381 0 0 0 0 0 0 750

15 0 0 0.4365079 0 0 0.3492063 0 0 0 0 0 0 0 0 0 0 0 0.5238095 0 0.4365079 550  

 

Table 4.4: Capacity calculation 
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No of Replicates

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 Volume

1 1 1 1 1 500

2 1 1 1 1 1 1200

3 1 1 1 1 1 1000

4 1 1 1 1 1 1150

5 1 1 1 1 1 400

6 1 1 1 1 600

7 1 1 1 1 700

Products 8 1 1 1 1 1000

9 1 1 1 1 800

10 1 1 1 1000

11 1 1 1 1 900

12 1 1 1 1 650

13 1 1 1 1 1000

14 1 1 1 1 750

15 1 1 1 1 550  

Table 4.5: No of replicates of machines required for each product 
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4.1.2 Utilization Calculation 

 After the number of replicates of machines required by each product is found, the next 

step is to calculate the percentage of utilization of those machines by the products. Initially the 

number of products routed to the machines is calculated. Let us consider the product 6 and 

machine 5. The processing time for product 6 in machine 5 is 7 minutes and the production 

volume is 600 units. The maximum number of products that can be routed to the machine is 

calculated as follows. 

 65

6300
 =  =

7
ij

MP MP  = 900 units 

Here demand
i

D  is 600 units and 
ij

MP is 900 units. The demand is less than maximum 

products possible in the machine. Hence, 651 = 
ijr

P P  = 600 units of product 6. After the numbers 

of product routed to the machines is found, then utilization of the machine is calculated as 

follows. 

 651

600*7
 =  =  *  100

6300
ijr

U U   = 66.67 % 

 When the utilization of each machine by the product is known, the next step is to 

calculate the total average utilization and the updated utilization. The model calculation is shown 

below. 

 6

47.62+66.67+38.09+57.14
 =  =  

4
i

TAU TAU = 52.38 % 

Updated Utilization is calculated as follows 

 65 =  = 100 ((100*1) (66.67))
ij

UU UU − −  = 66.67 % 

 The procedure is followed for all the products and the result for utilization calculation is 

shown in Table 4.6 and that for updated utilization is shown in Table 4.7 
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Utilization Calculation

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 TAU

1 39.68254 0 0 0 31.746032 0 0 0 47.619048 0 0 0 0 23.809524 0 0 0 0 0 0 35.714286

2 0 0 95.238095 95.238095 0 0 57.142857 76.190476 0 0 95.238095 0 0 0 0 0 0 0 0 0 83.809524

3 0 79.365079 0 0 0 95.238095 0 0 0 63.492063 0 0 79.365079 0 95.238095 0 0 0 0 0 82.539683

4 0 91.269841 0 0 0 54.761905 0 0 0 73.015873 0 0 91.269841 0 91.269841 0 0 0 0 0 80.31746

5 0 0 25.396825 38.095238 0 0 31.746032 44.444444 0 0 31.746032 0 0 0 0 0 0 0 0 0 34.285714

6 47.619048 0 0 0 66.666667 0 0 0 38.095238 0 0 0 0 57.142857 0 0 0 0 0 0 52.380952

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 55.555556 44.444444 66.666667 55.555556 0 55.555556

Products 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 79.365079 95.238095 79.365079 95.238095 0 87.301587

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 50.793651 63.492063 63.492063 76.190476 0 63.492063

10 0 0 0 0 95.238095 0 0 0 95.238095 0 0 0 0 95.238095 0 0 0 0 0 0 95.238095

11 0 0 0 0 0 0 0 0 0 0 71.428571 85.714286 71.428571 0 0 0 100 0 0 0 82.142857

12 61.904762 0 0 0 0 0 51.587302 0 0 0 72.222222 0 0 0 0 0 0 0 0 41.269841 56.746032

13 0 79.365079 0 0 0 0 0 95.238095 0 0 0 0 0 0 95.238095 0 0 0 95.238095 0 91.269841

14 59.52381 0 0 0 71.428571 0 0 0 83.333333 0 0 0 0 59.52381 0 0 0 0 0 0 68.452381

15 0 0 43.650794 0 0 34.920635 0 0 0 0 0 0 0 0 0 0 0 52.380952 0 43.650794 43.650794  

Table 4.6: Utilization calculation 
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Updated Utilization Calculation

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1 39.68254 0 0 0 31.746032 0 0 0 47.619048 0 0 0 0 23.809524 0 0 0 0 0 0

2 0 0 95.238095 95.238095 0 0 57.142857 76.190476 0 0 95.238095 0 0 0 0 0 0 0 0 0

3 0 79.365079 0 0 0 95.238095 0 0 0 63.492063 0 0 79.365079 0 95.238095 0 0 0 0 0

4 0 91.269841 0 0 0 54.761905 0 0 0 73.015873 0 0 91.269841 0 91.269841 0 0 0 0 0

5 0 0 25.396825 38.095238 0 0 31.746032 44.444444 0 0 31.746032 0 0 0 0 0 0 0 0 0

6 47.619048 0 0 0 66.666667 0 0 0 38.095238 0 0 0 0 57.142857 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 55.555556 44.444444 66.666667 55.555556 0

Products 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 79.365079 95.238095 79.365079 95.238095 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 50.793651 63.492063 63.492063 76.190476 0

10 0 0 0 0 95.238095 0 0 0 95.238095 0 0 0 0 95.238095 0 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0 0 71.428571 85.714286 71.428571 0 0 0 100 0 0 0

12 61.904762 0 0 0 0 0 51.587302 0 0 0 72.222222 0 0 0 0 0 0 0 0 41.269841

13 0 79.365079 0 0 0 0 0 95.238095 0 0 0 0 0 0 95.238095 0 0 0 95.238095 0

14 59.52381 0 0 0 71.428571 0 0 0 83.333333 0 0 0 0 59.52381 0 0 0 0 0 0

15 0 0 43.650794 0 0 34.920635 0 0 0 0 0 0 0 0 0 0 0 52.380952 0 43.650794  

 

Table 4.7: Updated utilization calculations 
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4.1.3 Product Similarity Calculation 

 The product similarity is calculated based on the operation sequence of a product. For 

example, consider the products 1 and 10. The product similarity is calculated in both the 

directions and the model calculations are given below. 

 1 2 1,10

3
 =  = 

4
i i

PS PS  = 0.75 and 1 2 10,1

3
 =  = 

3
i i

PS PS  = 1 

  Similarly the product similarity between all the combinations of the products is calculated 

and the result is given in Table 4.8 

Product Similarity

Products

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 0 0 0 0 0 1 0 0 0 0.75 0 0.25 0 1 0

2 0 0 0 0 1 0 0 0 0 0 0.2 0.4 0.2 0 0.2

3 0 0 0 1 0 0 0 0 0 0 0.2 0 0.4 0 0.2

4 0 0 1 0 0 0 0 0 0 0 0.2 0 0.4 0 0.2

5 0 1 0 0 0 0 0 0 0 0 0.2 0 0.4 0 0.2

6 1 0 0 0 0 0 0 0 0 0.75 0 0.25 0 1 0

7 0 0 0 0 0 0 0 1 1 0 0.25 0 0.25 0 0.25

Products 8 0 0 0 0 0 0 1 0 1 0 0.25 0 0.25 0 0.25

9 0 0 0 0 0 0 1 1 0 0 0.25 0 0.25 0 0.25

10 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0

11 0 0.25 0.25 0.25 0.25 0 0.25 0.25 0.25 0 0 0.25 0 0 0

12 0.25 0.5 0 0 0.5 0.25 0 0 0 0 0.25 0 0 0.25 0.25

13 0 0.25 0.5 0.5 0.25 0 0.25 0.25 0.25 0 0 0 0 0 0

14 1 0 0 0 0 1 0 0 0 0.75 0 0.25 0 0 0

15 0 0.25 0.25 0.25 0.25 0 0.25 0.25 0.25 0 0 0.25 0 0 0  

 

Table 4.8: Product similarity calculation 
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4.1.4 Sequence Similarity Calculation 

  The Product similarity index is assumed to be 0.75 and based on this value the products 

are selected for sequence similarity calculation. The Sequence similarity is also calculated in 

both the directions. For example, products 1 and 10 are considered.  

The operation sequence is considered as a string and the elements of the string are 

compared. Sequence 5→9→14 is common between both products. The sequence similarity is 

calculated as follows 

1 2 1,10

3
 = S  = 

4
i i

SS S  = 0.75 and 1 2 1,10

3
 = S  = 

3
i i

SS S  = 1 

The procedure is followed for all the combinations between the products selected for 

sequence similarity calculation and the result is shown in Table 4.9 

Sequence Similarity

Products

1 2 3 4 5 6 7 8 9 10 14

1 0 0 0 0 0 1 0 0 0 0.75 0

2 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0.4 0 0 0 0 0 0 0

4 0 0 0.4 0 0 0 0 0 0 0 0

5 0 0.4 0 0 0 0 0 0 0 0 0

Products 6 1 0 0 0 0 0 0 0 0 0.75 0

7 0 0 0 0 0 0 0 0.75 0.25 0 0

8 0 0 0 0 0 0 0.5 0 0.25 0 0

9 0 0 0 0 0 0 0.5 0.5 0 0 0

10 1 0 0 0 0 1 0 0 0 0 0

14 0 0 0 0 0 0 0 0 0 0 0  

 

Table 4.9: Sequence similarity calculation 
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4.1.5 Problem Size Reduction 

 Sequence similarity index is assumed to be 0.75 and hence the products with sequence 

similarity greater than 0.75 are checked for combining together. The results obtained is shown in 

Table 4.10 

Combining the products

1 5 9 14 TAU

1 39.6825 31.746 47.619 23.8095 35.71425

6 47.619 66.667 38.0952 57.1429 52.381025

10 0 95.2381 95.2381 95.2381 95.2381

Machines

1 5 9 14 TAU

Products 1 39.6825 31.746 47.619 23.8095 35.71425

6 47.619 66.667 38.0952 57.1429 52.381025

Sum 87.3015 98.413 85.7142 80.9524 88.095275

Machines

1 5 9 14 TAU

Products 1 39.6825 31.746 47.619 23.8095 35.71425

10 0 95.2381 95.2381 95.2381 95.2381

Sum 39.6825 126.9841 142.8571 119.0476 107.14283

Machines

1 5 9 14 TAU

Products 6 47.619 66.667 38.0952 57.1429 52.381025

10 0 95.2381 95.2381 95.2381 95.2381

Sum 47.619 161.9051 133.3333 152.381 123.8096

Machines

16 17 18 19 TAU

Products 7 55.5556 44.444 66.6667 55.556 55.555575

8 79.3651 95.2381 79.3651 95.2381 89.9471

Sum 134.9207 139.6821 146.0318 150.7941 142.85718  

Table 4.10: Combining the products 
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 From the table, it is clearly shown that the products 1 and 6 could be combined together. 

Hence, they are combined together and the product machine matrix is updated. The updated 

product machine matrix is shown in Table 4.11 

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1&6 1 2 3 4

2 1 2 3 4 5

3 1 2 3 4 5

4 4 3 2 1 5

5 5 3 2 1 4

Products 7 1 3 4 2

8 1 4 2 3

9 4 3 2 1

10 1 2 3

11 4 1 3 2

12 4 3 1 2

13 1 3 2 4

14 4 3 2 1

15 1 3 2 4  

Table 4.11: Updated product machine matrix 

 Similarly the utilization matrix is also updated and the result is shown in Table 4.12 

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 TAU

1&6 87.3015 0 0 0 98.413 0 0 0 85.7142 0 0 0 0 80.9524 0 0 0 0 0 0 88.095275

2 0 0 95.238095 95.238095 0 0 57.142857 76.190476 0 0 95.238095 0 0 0 0 0 0 0 0 0 83.809524

3 0 79.365079 0 0 0 95.238095 0 0 0 63.492063 0 0 79.365079 0 95.238095 0 0 0 0 0 82.539683

4 0 91.269841 0 0 0 54.761905 0 0 0 73.015873 0 0 91.269841 0 91.269841 0 0 0 0 0 80.31746

5 0 0 25.396825 38.095238 0 0 31.746032 44.444444 0 0 31.746032 0 0 0 0 0 0 0 0 0 34.285714

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 55.555556 44.444444 66.666667 55.555556 0 55.555556

Products 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 79.365079 95.238095 79.365079 95.238095 0 87.301587

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 50.793651 63.492063 63.492063 76.190476 0 63.492063

10 0 0 0 0 95.238095 0 0 0 95.238095 0 0 0 0 95.238095 0 0 0 0 0 0 95.238095

11 0 0 0 0 0 0 0 0 0 0 71.428571 85.714286 71.428571 0 0 0 100 0 0 0 82.142857

12 61.904762 0 0 0 0 0 51.587302 0 0 0 72.222222 0 0 0 0 0 0 0 0 41.269841 56.746032

13 0 79.365079 0 0 0 0 0 95.238095 0 0 0 0 0 0 95.238095 0 0 0 95.238095 0 91.269841

14 59.52381 0 0 0 71.428571 0 0 0 83.333333 0 0 0 0 59.52381 0 0 0 0 0 0 68.452381

15 0 0 43.650794 0 0 34.920635 0 0 0 0 0 0 0 0 0 0 0 52.380952 0 43.650794 43.650794  

Table 4.12: Updated utilization matrix 
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4.1.6 Segregating Products and Machines for Assembly layout 

 The Assembly layout index is assumed to be 88%. Hence, the products with total average 

utilization greater than or equal to 88% are segregated for the assembly layout. Table 4.13 shows 

the products that are segregated for the assembly layout. 

Machines

1 2 5 8 9 14 15 19

1&6 1 2 3 4

Products 10 1 2 3

13 1 3 2 4  

Table 4.13: Products segregated for assembly layout 

 The product machine matrix and the product similarity matrix are updated after the 

products and machines are segregated for the assembly layout. The updated matrices are shown 

in Table 4.14 and 4.15 

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

2 1 2 3 4 5

3 1 2 3 4 5

4 4 3 2 1 5

5 5 3 2 1 4

Products 7 1 3 4 2

8 1 4 2 3

9 4 3 2 1

11 4 1 3 2

12 4 3 1 2

14 4 3 2 1

15 1 3 2 4  

 

Table 4.14: Updated product machine matrix 
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Products

2 3 4 5 7 8 9 11 12 14 15

2 0 0 0 1 0 0 0 0.2 0.4 0 0.2

3 0 0 1 0 0 0 0 0.2 0 0 0.2

4 0 1 0 0 0 0 0 0.2 0 0 0.2

5 1 0 0 0 0 0 0 0.2 0 0 0.2

7 0 0 0 0 0 1 1 0.25 0 0 0.25

Products 8 0 0 0 0 1 0 1 0.25 0 0 0.25

9 0 0 0 0 1 1 0 0.25 0 0 0.25

11 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0 0.25 0 0

12 0.5 0 0 0.5 0 0 0 0.25 0 0.25 0.25

14 0 0 0 0 0 0 0 0 0.25 0 0

15 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0 0.25 0 0  

Table 4.15: Updated product similarity matrix 

4.1.7 Segregating the Products and Machines for Cellular Layout 

 The cellular layout index is assumed to be 0.75 and the products with similarity value 

greater than 0.75 are segregated for the cellular layout. The result obtained is shown in Table 

4.16 

Machines

2 3 4 6 7 8 10 11 13 15 16 17 18 19

2 1 2 3 4 5

3 1 2 3 4 5

4 4 3 2 1 5

Products 5 5 3 2 1 4

7 1 3 4 2

8 1 4 2 3

9 4 3 2 1  

Table 4.16: Products and machines segregated for cellular layout 
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4.1.8 Segregating Products and Machines for Process Layout 

 After the products and machines are segregated for the assembly and the cellular layout, 

the remaining products are assigned for the process layout. The products assigned for the process 

layout are shown in Table 4.17 

Machines

1 3 5 6 7 9 11 12 13 14 17 18 20

11 4 1 3 2

Products 12 4 3 1 2

14 4 3 2 1

15 1 3 2 4  

Table 4.17: Products and machines segregated for process layout 

 The number of replicates required for each product is shown in Table 4.5. Now, the 

number of replicates required for all the products segregated for each layout is calculated by 

using the concept of maximum utilization.  The results obtained for cellular layout and process 

layout is shown in Tables 4.18 and 4.19 respectively 
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 Machines

2a 2b 3a 3b 4a 4b 6a 6b 7a 8a 8b 10a 10b 11a 11b 13a 13b 15a 15b 16a 16b 17a 17b 17c 18a 18b 18c 19a 19b 19c

2a 110 1150

2b 365 525

3a 1200

3b

4a 1200 50

4b 10 340

6a 1150 425 50

6b 525

7a 50 350 12000

8a 214 1200

8b 186

10a 1150 110 315

10b 575

11a 60

11b 15 325

Machines 13a 1150 91 19

13b 890

15a

15b

16a 1000

16b 240 560

17a 60 265

17b 475 516 9

17c 175

18a 60 200 1000

18b 540

18c

19a 1000 240

19b 240 20 540

19c 285 175  

 

Table 4.18: From-To chart for cellular layout 
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Machines

1a 1b 3 5 6 7 9 11a 11b 12 13 14 17 18 20

1a

1b

3 550

5 750

6 550

7 425 175

9 750

Machines 11a 257

11b 393

12 900

13 900

14 750

17 900

18 550

20 650  

Table 4.19: From-To Chart for process layout 

 4.1.9 Machine Removal for Effective Utilization 

 The machines assigned for the cellular layout are checked for utilization and the 

machines with less utilization are shared between process and cellular layout, to increase 

the effective utilization. The machine removal index is assumed to be 40%. Hence the 

replicates with utilization less than 40% are shared between the cellular and process 

layouts. Initially, the machines considered eligible for sharing is selected. The results 

obtained is shown in Table 4.20 
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Machines

2 3 4 6 7 8 10 11 13 15 16 17 18 19

2 0 95.238095 95.238095 0 57.142857 76.190476 0 95.238095 0 0 0 0 0 0

3 79.365079 0 0 95.238095 0 0 63.492063 0 79.36508 95.2381 0 0 0 0

4 91.269841 0 0 54.761905 0 0 73.015873 0 91.26984 91.26984 0 0 0 0

Products 5 0 25.396825 38.095238 0 31.746032 44.444444 0 31.746032 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0 0 55.55556 44.44444 66.66667 55.55556

8 0 0 0 0 0 0 0 0 0 0 79.36508 95.2381 79.36508 95.2381

9 0 0 0 0 0 0 0 0 0 0 50.79365 63.49206 63.49206 76.19048

SUM 170.63492 120.63492 133.33333 150 88.888889 120.63492 136.50794 126.98413 170.6349 186.5079 185.7143 203.1746 209.5238 226.9841

Rj 2 2 2 2 1 2 2 2 2 2 2 3 3 3

SUj 70.634921 20.634921 33.333333 50 88.888889 20.634921 36.507937 26.984127 70.63492 86.50794 85.71429 3.174603 9.52381 26.98413  

Table 4.20: Machines selected for removal 

 From the table it is clear that, machines 3, 4, 8, 10, 11, 17, 18 and 19 are alone 

selected for machine removal.  Hence the results obtained form machine removal is given 

below. 

Utilization

3a 100

3b 20.63

4a 100

4b 33.33

8a 99.96

8b 20.66

10a 100

10b 36.5

Machines 11a 100

11b 26.98

17a 100

17b 100

17c 11.11

18a 100

18b 100

18c 27.04

19a 100

19b 100

19c 44.44  

Table 4.21: Machines removed form cellular layout 
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4.1.10 Arrangement of Machines in the Layout 

 The machines segregated for different type of layouts are arranged in the layout 

using GA and the methodology to form the hybrid layout. The layout obtained from the 

hybrid layout methodology is shown below in Table 4.22 

19b 16b 19c 17c 3b 15b 13b 10b 6b 2b

18b 17b 16a 17a 18c 13a 10a 6a 2a 12a

8b 3a 18a 19a 11b 6c 20a 7b 15a 17d

11a 4a 4b 14c 9c 5c 1a 1b 11c 13c

8a 7a 14a 9a 5a 1c 5b 9b 14b 2c

19d 8c 15c

Process Layout Cell 3

Cell 1 Assembly layout

Cell 2  

Table 4.22: Result obtained by hybrid layout methodology  

 The result obtained from GA is shown in Table 4.23 

1b 14c 9c 5c 19b 18b 17b 16b 19c 16a

19d 12a 7b 1a 14b 9b 8a 11a 13a 18a

8c 17d 20a 15b 14a 5b 7a 6a 10a 19a

15c 13c 10b 13b 9a 6c 4a 2a 15a 17a

2c 11c 6b 2b 5a 1c 3a 4b 18c 17c

11b 3b 8b  

Table 4.23: Result obtained from GA  

The layouts obtained from two different procedures are compared together and it 

is found that the layout obtained from the methodology generated for hybrid layout 
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performs better when considering the material handling cost and the computational time 

of the problem. The result obtained are shown below 

Method of Layout 
Generation 

Material Handling Cost 
in $ 

Computational Time in 
minutes 

Hybrid Layout $44,914 100 minutes 

GA $54,577 240 minutes 

 

Table 4.24: Comparison of the results obtained 

From the result obtained it is clear that using the hybrid layout the material 

handling cost is reduced by 17.7% and the computational time is reduced by 58.33%. The 

efficiency of the hybrid layout is also proved by comparing the results obtained from a 

larger case study. In the next section the results obtained from a larger case study with 

100 machines is discussed in detail.   
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4.2 Second Case Study (22 products X 100 Machines) 

Product sequence information with production volume is shown below in Table 4.24 

Product Product Sequence Production Volume 

1 2→7→12→17→21 750 

2 11→10→5→7→8 750 

3 5→7→8→11→10 900 

4 15→4→9→20→26 600 

5 28→23→14→3→1 1300 

6 6→19→13→30→26 1150 

7 2→7→12→17→21 450 

8 24→16→23→18→20 1000 

9 23→20→18→16→24 850 

10 16→23→24→20→18 950 

11 15→4→9→20→26 500 

12 25→11→20→2→3 1000 

13 29→21→4→8→14 1050 

14 23→11→6→1→19 1000 

15 28→22→15→9→5 850 

16 7→12→24→30→2 900 

17 13→18→22→28→30 800 

18 25→27→22→29→17 1150 

19 27→29→25→17→22 1000 

20 172→22→7→25→29 1200 

21 29→16→8→25→10 1050 

22 27→6→13→17→21 850 

 

Table 4.25: Product sequence details for all the products with production volume 
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The same data is represented as the part machine incidence matrix in the table shown below 

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 Volume

1 1 2 3 4 5 750

2 3 4 5 2 1 750

3 1 2 3 5 4 900

4 2 3 1 4 5 600

5 5 4 3 2 1 1300

6 1 3 2 5 4 1150

7 1 2 3 4 5 450

8 2 4 5 3 1 1000

9 4 3 2 1 5 850

10 1 5 4 2 3 950

Products 11 2 3 1 4 5 500

12 4 5 2 3 1 1000

13 3 4 5 2 1 1050

14 4 3 2 5 1 1000

15 5 4 3 2 1 850

16 5 1 2 3 4 900

17 1 2 3 4 5 800

18 5 3 1 2 4 1150

19 4 5 3 1 2 1000

20 1 2 4 3 5 1200

21 3 5 2 4 1 1050

22 2 3 4 5 1 850  

Table 4.26: Part machine incidence matrix 

 

The processing time of each product on each machine is shown in table 4.26 
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Processing Time

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 Volume

1 4 4 5 5 4 750

2 5 6 5 6 6 750

3 5 6 4 5 6 900

4 6 4 7 5 6 600

5 3 4 5 4 5 1300

6 5 6 5 5 4 1150

7 5 6 4 5 5 450

8 5 6 7 6 5 1000

9 4 5 6 5 5 850

10 8 5 5 6 6 950

Products 11 5 6 4 5 5 500

12 5 5 5 4 5 1000

13 5 6 5 7 5 1050

14 5 6 6 5 6 1000

15 5 7 5 5 7 850

16 5 5 6 6 5 900

17 7 6 7 7 6 800

18 6 6 6 5 5 1150

19 5 4 5 6 5 1000

20 5 6 4 5 5 1200

21 5 6 6 5 5 1050

22 5 6 4 5 6 850  

Table 4.27: Processing time of each product on each machine 

In this table the processing time of the products in the corresponding machines are represented in minutes.  The planning 

horizon is considered as 15 days. That is, the demand of the product has to be met in 15 days. The facility is assumed to operate for 7 

hours a day. Hence the available time for each machine will be, 

AT = 15*7*60 = 6300 minutes 
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4.2.1 Capacity Calculation 

For example, consider machine 7 for product 1. The processing time for product 1 

in machine 7 is 4 minutes and the demand for product 1 is 750 (Table 4.26). 

17

4 * 750
 = 

6300
C   = 0.47619 

The obtained value is rounded up to get the exact number of machines required for the 

product. Hence the number of replicates of machine 7 required for product 1 is 1. 

 17  = 0.47619  1R =  

 Similarly consider machine 6 for product 6. The processing time for product 6 in 

machine 9 is 5 minutes and the demand for product 6 is 1150 (Table 4.26). 

 66

5 * 1150
 = 

6300
C  = 0.91269 

The obtained value is rounded up to get the exact number of machines required for the 

product. Hence the number of replicates of machine 6 required for product 6 is 1. 

66  = 0.91269  1R =  

 The procedure is followed for all the products and the number of replicates of 

machines required for each product is calculated. The results obtained for capacity 

calculation is shown in Table 4.27 and the results obtained for actual number of 

replicated required is Shown in Table 4.28  
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Capacity Calculation

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 Volume

1 0.476 0.476 0.595 0.595 0.476 750

2 0.595 0.714 0.595 0.714 0.714 750

3 0.714 0.857 0.571 0.714 0.857 900

4 0.571 0.381 0.667 0.476 0.571 600

5 0.619 0.825 1.032 0.825 1.032 1300

6 0.913 1.095 0.913 0.913 0.73 1150

7 0.357 0.429 0.286 0.357 0.357 450

8 0.794 0.952 1.111 0.952 0.794 1000

9 0.54 0.675 0.81 0.675 0.675 850

10 1.206 0.754 0.754 0.905 0.905 950

Products 11 0.397 0.476 0.317 0.397 0.397 500

12 0.794 0.794 0.794 0.635 0.794 1000

13 0.833 0.833 1.167 0.833 1050

14 0.794 0.952 0.952 0.794 0.952 1000

15 0.675 0.944 0.675 0.675 0.944 850

16 0.714 0.714 0.857 0.857 0.714 900

17 0.889 0.762 0.889 0.889 0.762 800

18 1.095 1.095 1.095 0.913 0.913 1150

19 0.794 0.635 0.794 0.952 0.794 1000

20 0.952 1.143 0.762 0.952 0.952 1200

21 0.833 1 1 0.833 0.833 1050

22 0.675 0.81 0.54 0.675 0.81 850  

 

Table 4.28: Capacity calculation 
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No of Replicates

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1 1 1 1 1 1

2 1 1 1 1 1

3 1 1 1 1 1

4 1 1 1 1 1

5 1 1 2 1 2

6 1 2 1 1 1

7 1 1 1 1 1

8 1 1 2 1 1

9 1 1 1 1 1

10 2 1 1 1 1

Products 11 1 1 1 1 1

12 1 1 1 1 1

13 1 1 2 1

14 1 1 1 1 1

15 1 1 1 1 1

16 1 1 1 1 1

17 1 1 1 1 1

18 2 2 2 1 1

19 1 1 1 1 1

20 1 2 1 1 1

21 1 1 1 1 1

22 1 1 1 1 1  

 

Table 4.29: No of replicates of machines required for each product 



 103

4.2.2 Utilization Calculation 

 After the number of replicates of machines required by each product is found, the next 

step is to calculate the percentage of utilization of those machines by the products. Initially the 

number of products routed to the machines is calculated. Let us consider the product 6 and 

machine 13. The processing time for product 6 in machine 6 is 6 minutes and the production 

volume is 1150 units. The maximum number of products that can be routed to the machine is 

calculated as follows. 

 6,13

6300
 =  =

6
ij

MP MP  = 1050 units 

Here demand
i

D  is 1150 units and 
ij

MP is 1050 units. The demand is more than maximum 

products possible in the machine. Hence, 6,13,1 = 
ijr

P P  = 1050 units and now the demand is 

updated to 6 = 
i

D D  = 100 units. The remaining product is routed to the second replicate and 

hence 6,13,2 =  = 
ijr

P P 100 units. After the numbers of product routed to the machines is found, 

then utilization of the machine is calculated as follows. Consider Product 6 and machine 6 

 6,6,1

1150*5
 =  =  *  100

6300
ijr

U U   = 91.26 % 

The next step is to calculate the total average utilization and the updated utilization. The model 

calculation is shown below. 

 6

91.3+110+91.3+91.3+73
 =  =   

6
i

TAU TAU = 76.15% 

Updated Utilization is calculated as follows 

 66 =  = 100 ((100*1) (91.3))
ij

UU UU − −  = 91.3 % 

 The procedure is followed for all the products and the result for utilization calculation is 

shown in Table 4.29 and that for updated utilization is shown in Table 4.30 
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Utilization Calculation

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 TAU

1 47.62 47.62 59.52 59.52 47.62 52.38

2 59.52 71.43 59.52 71.43 71.43 66.67

3 71.43 85.71 57.14 71.43 85.71 74.29

4 57.14 38.1 66.67 47.62 57.14 53.33

5 61.9 82.54 103.2 82.54 103.2 61.90

6 91.27 109.5 91.27 91.27 73.02 76.06

7 35.71 42.86 28.57 35.71 35.71 35.71

8 79.37 95.24 111.1 95.24 79.37 76.72

9 53.97 67.46 80.95 67.46 67.46 67.46

10 120.6 75.4 75.4 90.48 90.48 75.40

Products 11 39.68 47.62 31.75 39.68 39.68 39.68

12 79.37 79.37 79.37 63.49 79.37 76.19

13 83.33 83.33 116.7 83.33 73.33

14 79.37 95.24 95.24 79.37 95.24 88.89

15 67.46 94.44 67.46 67.46 94.44 78.25

16 71.43 71.43 85.71 85.71 71.43 77.14

17 88.89 76.19 88.89 88.89 76.19 83.81

18 109.5 109.5 109.5 91.27 91.27 63.89

19 79.37 63.49 79.37 95.24 79.37 79.37

20 95.24 114.3 76.19 95.24 95.24 79.37

21 83.33 100 100 83.33 83.33 90.00

22 67.46 80.95 53.97 67.46 80.95 70.16  

Table 4.30: Utilization calculation 
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Updated Utilization Calculation

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1 47.62 47.62 59.52 59.52 47.62

2 59.52 71.43 59.52 71.43 71.43

3 71.43 85.71 57.14 71.43 85.71

4 57.14 38.1 66.67 47.62 57.14

5 61.9 82.54 3.175 82.54 3.175

6 91.27 9.524 91.27 91.27 73.02

7 35.71 42.86 28.57 35.71 35.71

8 79.37 95.24 11.11 95.24 79.37

9 53.97 67.46 80.95 67.46 67.46

10 20.63 75.4 75.4 90.48 90.48

Products 11 39.68 47.62 31.75 39.68 39.68

12 79.37 79.37 79.37 63.49 79.37

13 83.33 83.33 16.67 83.33

14 79.37 95.24 95.24 79.37 95.24

15 67.46 94.44 67.46 67.46 94.44

16 71.43 71.43 85.71 85.71 71.43

17 88.89 76.19 88.89 88.89 76.19

18 9.524 9.524 9.524 91.27 91.27

19 79.37 63.49 79.37 95.24 79.37

20 95.24 14.29 76.19 95.24 95.24

21 83.33 100 100 83.33 83.33

22 67.46 80.95 53.97 67.46 80.95  

 

Table 4.31: Updated utilization calculations 
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4.2.3 Part Similarity Calculation 

 The part similarity is calculated based on the operation sequence of a product. For 

example, consider the products 1 and 16. The product similarity is calculated in both the 

directions and the model calculations are given below. 

 1 2 1,16

3
 =  = 

5
i i

PS PS  = 0.6 and 1 2 16,1

3
 =  = 

5
i i

PS PS  = 0.6 

  Similarly the product similarity between all the combinations of the products is calculated 

and the result is given in Table 4.31 

Product Similarity

Products

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

1 0 0.2 0.2 0 0 0 1 0 0 0 0 0.2 0 0 0 0.6 0 0.2 0.2 0.2 0 0.4

2 0.2 0 1 0 0 0 0.2 0 0 0 0 0.2 0.2 0.2 0.2 0.2 0 0 0 0 0.4 0

3 0.2 1 0 0 0 0 0.2 0 0 0 0 0.2 0.2 0.2 0.2 0.2 0 0 0 0 0.4 0

4 0 0 0 0 0 0.2 0 0.2 0.2 0.2 1 0.2 0.2 0 0.4 0 0 0 0 0 0 0

5 0 0 0 1 0 0 0 0.2 0.2 0.2 0 0.2 0.2 0.4 0.2 0 0.2 0 0 0 0 0

6 0 0 0 0.2 0 0 0 0 0 0 0.2 0 0 0.4 0 0.2 0.4 0 0 0 0 0.4

7 1 0.2 0.2 0 0 0 0 0 0 0 0 0.2 0 0 0 0.6 0 0.2 0.2 0.2 0 0.4

8 0 0 0 0.2 0.2 0 0 0 1 1 0.2 0.2 0 0.2 0 0.2 0.2 0 0 0 0.2 0

9 0 0 0 0.2 0.2 0 0 1 0 1 0.2 0.2 0 0.2 0 0.2 0.2 0 0 0 0.2 0

10 0 0 0 0.2 0.2 0 0 1 1 0 0.2 0.2 0 0.2 0 0.2 0.2 0 0 0 0.2 0

Products 11 0 0 0 1 0 0.2 0 0.2 0.2 0.2 0 0.2 0.2 0 0.4 0 0 0 0 0 0 0

12 0.2 0.2 0.2 0.2 0.2 0 0.2 0.2 0.2 0.2 0.2 0 0 0.2 0 0.2 0 0.2 0.2 0.2 0.2 0

13 0.2 0.2 0.2 0.2 0.2 0 0.2 0 0 0 0.2 0 0 0 0 0 0 0.2 0.2 0.2 0.4 0.2

14 0 0.2 0.2 0 0.4 0.4 0 0.2 0.2 0.2 0 0.2 0 0 0 0 0 0 0 0 0 0.2

15 0 0.2 0.2 0.4 0.2 0 0 0 0 0 0.4 0 0 0 0 0 0.4 0.2 0.2 0.2 0 0

16 0.6 0.2 0.2 0 0 0.2 0.6 0.2 0.2 0.2 0 0.2 0 0 0 0 0.2 0 0 0 0 0

17 0 0 0 0 0.2 0.4 0 0.2 0.2 0.2 0 0 0 0 0.4 0.2 0 0.2 0.2 0.2 0 0.2

18 0.2 0 0 0 0 0 0.2 0 0 0 0 0.2 0.2 0 0.2 0 0.2 0 1 1 0.4 0.4

19 0.2 0 0 0 0 0 0.2 0 0 0 0 0.2 0.2 0 0.2 0 0.2 1 0 1 0.4 0.4

20 0.2 0 0 0 0 0 0.2 0 0 0 0 0.2 0.2 0 0.2 0 0.2 1 1 0 0.4 0.4

21 0 0.4 0.4 0 0 0 0 0.2 0.2 0.2 0 0.2 0.4 0 0 0 0 0.4 0.4 0.4 0 0

22 0.4 0 0 0 0 0.4 0.4 0 0 0 0 0 0.2 0.2 0 0 0.2 0.4 0.4 0.4 0 0  

 

Table 4.32: Product similarity calculation 
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4.2.4 Sequence Similarity Calculation 

  The Product similarity index is assumed to be 0.75 and based on this value the products 

are selected for sequence similarity calculation. The Sequence similarity is also calculated in 

both the directions. For example, products 1 and 7 are considered.  

The operation sequence is considered as a string and the elements of the string are 

compared. Sequence 2→7→12→17→21 is common between both products. The sequence 

similarity is calculated as follows 

1 2 1,7

5
 = S  = 

5
i i

SS S  = 1 and 1 2 1,7

5
 = S  = 

5
i i

SS S  = 1 

The procedure is followed for all the combinations between the products selected for 

sequence similarity calculation and the result is shown in Table 4.32 

Sequence Similarity

Products

1 2 3 4 7 8 9 10 11 18 19 20

1 0 0.2 0.2 0 1 0 0 0 0 0 0 0

2 0.2 0 0.4 0 0.2 0 0 0 0 0 0 0

3 0.2 0.6 0 0 0.2 0 0 0 0 0 0 0

4 0 0 0 0 0 0.2 0.2 0.2 1 0 0 0

7 1 0.2 0.2 0 0 0 0 0 0 0 0 0

8 0 0 0 0.2 0 0 0.2 0.4 0.2 0 0 0

Products 9 0 0 0 0.2 0 0.4 0 0.6 0.2 0 0 0

10 0 0 0 0.2 0 0.6 0.4 0 0.2 0 0 0

11 0 0 0 1 0 0.2 0.2 0.2 0 0 0 0

18 0.2 0 0 0 0.2 0 0 0 0 0 0.4 0.4

19 0.2 0 0 0 0.2 0 0 0 0 0.6 0 0.4

20 0.2 0 0 0 0.2 0 0 0 0 0.2 0.4 0  

 

Table 4.33: Sequence similarity calculation 
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4.2.5 Problem Size Reduction 

 Sequence similarity index is assumed to be 0.75 and hence the products with sequence 

similarity greater than 0.75 are checked for combining together. The results obtained is shown in 

Table 4.33 

Combining the Products

Machines

2 4 7 9 12 15 17 20 21 26

1 47.62 59.52 59.52 47.62

Products 4 57.14 38.1 66.67 47.62 57.14

7 35.71 42.86 28.57 35.71 35.71

11 39.68 47.62 31.75 39.68 39.68

1st Iteration

Machines

2 7 12 17 21 TAU

Products 1 47.62 47.62 59.52 59.52 47.62 52.38

7 35.71 42.86 28.57 35.71 35.71 35.71

Sum 83.33 90.48 88.1 95.23 83.33 88.09

2nd Iteration

Machines

4 9 15 20 26 TAU

Products 4 57.14 38.1 66.67 47.62 57.14 53.33

11 39.68 47.62 31.75 39.68 39.68 39.68

Sum 96.83 85.71 98.41 87.3 96.83 93.02

 

Table 4.34: Combining the products 

 From the table, it is clearly shown that the products 1, 6 and 4, 11 could be combined 

together. Hence, they are combined together and the product machine matrix is updated. The 

updated product machine matrix is shown in Table 4.34 
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Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

1&7 1 2 3 4 5

2 3 4 5 2 1

3 1 2 3 5 4

4&11 2 3 1 4 5

5 5 4 3 2 1

6 1 3 2 5 4

8 2 4 5 3 1

9 4 3 2 1 5

10 1 5 4 2 3

12 4 5 2 3 1

Products 13 3 4 5 2 1

14 4 3 2 5 1

15 5 4 3 2 1

16 5 1 2 3 4

17 1 2 3 4 5

18 5 3 1 2 4

19 4 5 3 1 2

20 1 2 4 3 5

21 3 5 2 4 1

22 2 3 4 5 1  

Table 4.35: Updated product machine matrix 

 Similarly the utilization matrix is also updated and the result is shown in Table 4.35 

Updated Utilization Calculation

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 TAU

1&7 83.33 90.48 88.1 95.23 83.33 88.09

2 59.52 71.43 59.52 71.43 71.43 66.67

3 71.43 85.71 57.14 71.43 85.71 74.29

4&11 96.83 85.71 98.41 87.3 96.83 93.02

5 61.9 82.54 3.175 82.54 3.175 46.67

6 91.27 9.524 91.27 91.27 73.02 71.27

8 79.37 95.24 11.11 95.24 79.37 72.06

9 53.97 67.46 80.95 67.46 67.46 67.46

Products 10 20.63 75.4 75.4 90.48 90.48 70.48

12 79.37 79.37 79.37 63.49 79.37 76.19

13 83.33 83.33 16.67 83.33 66.67

14 79.37 95.24 95.24 79.37 95.24 88.89

15 67.46 94.44 67.46 67.46 94.44 78.25

16 71.43 71.43 85.71 85.71 71.43 77.14

17 88.89 76.19 88.89 88.89 76.19 83.81

18 9.524 9.524 9.524 91.27 91.27 42.22

19 79.37 63.49 79.37 95.24 79.37 79.37

20 95.24 14.29 76.19 95.24 95.24 75.24

21 83.33 100 100 83.33 83.33 90.00

22 67.46 80.95 53.97 67.46 80.95 70.16  

Table 4.36: Updated utilization matrix 
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4.2.6 Segregating Products and Machines for Assembly layout 

 The Assembly layout index is assumed to be 88%. Hence, the products with total average 

utilization greater than or equal to 88% are segregated for the assembly layout. Table 4.36 shows 

the products that are segregated for the assembly layout. 

Machines

1 2 4 6 7 8 9 10 11 12 13 15 16 17 18 19 20 21 22 23 25 26 28 29 30

1&7 1 2 3 4 5

4&11 2 3 1 4 5

Products 14 4 3 2 5 1

17 1 2 3 4 5

21 3 5 2 4 1  

Table 4.37: Products segregated for assembly layout 

 The product machine matrix and the product similarity matrix are updated after the 

products and machines are segregated for the assembly layout. The updated matrices are shown 

in Table 4.37 and 4.38 

Machines

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

2 3 4 5 2 1

3 1 2 3 5 4

5 5 4 3 2 1

6 1 3 2 5 4

8 2 4 5 3 1

9 4 3 2 1 5

10 1 5 4 2 3

Products 12 4 5 2 3 1

13 3 4 5 2 1

15 5 4 3 2 1

16 5 1 2 3 4

18 5 3 1 2 4

19 4 5 3 1 2

20 1 2 4 3 5

22 2 3 4 5 1   

Table 4.38: Updated product machine matrix 
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Product Similarity

Products

2 3 5 6 8 9 10 12 13 15 16 18 19 20 22

2 0 1 0 0 0 0 0 0.2 0.2 0.2 0.2 0 0 0 0

3 1 0 0 0 0 0 0 0.2 0.2 0.2 0.2 0 0 0 0

5 0 0 0 0 0.2 0.2 0.2 0.2 0.2 0.2 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0 0 0.2 0 0 0 0.4

8 0 0 0.2 0 0 1 1 0.2 0 0 0.2 0 0 0 0

9 0 0 0.2 0 1 0 1 0.2 0 0 0.2 0 0 0 0

10 0 0 0.2 0 1 1 0 0.2 0 0 0.2 0 0 0 0

Products 12 0.2 0.2 0.2 0 0.2 0.2 0.2 0 0 0 0.2 0.2 0.2 0.2 0

13 0.2 0.2 0.2 0 0 0 0 0 0 0 0 0.2 0.2 0.2 0.2

15 0.2 0.2 0.2 0 0 0 0 0 0 0 0 0.2 0.2 0.2 0

16 0.2 0.2 0 0.2 0.2 0.2 0.2 0.2 0 0 0 0 0 0 0

18 0 0 0 0 0 0 0 0.2 0.2 0.2 0 0 1 1 0.4

19 0 0 0 0 0 0 0 0.2 0.2 0.2 0 1 0 1 0.4

20 0 0 0 0 0 0 0 0.2 0.2 0.2 0 1 1 0 0.4

22 0 0 0 0.4 0 0 0 0 0.2 0 0 0.4 0.4 0.4 0  

Table 4.39: Updated product similarity matrix 

4.2.7 Segregating the Products and Machines for Cellular Layout 

 The cellular layout index is assumed to be 0.75 and the products with similarity value 

greater than 0.75 are segregated for the cellular layout. The result obtained is shown in Table 

4.39 

Machines

5 7 8 10 11 16 17 18 19 20 22 23 24 25 27 29

2 3 4 5 2 1

3 1 2 3 5 4

8 2 4 5 3 1

Products 9 4 3 2 1 5

10 1 5 4 2 3

18 5 3 1 2 4

19 4 5 3 1 2

20 1 2 4 3 5  

Table 4.40: Products and machines segregated for cellular layout 
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4.2.8 Segregating Products and Machines for Process Layout 

 After the products and machines are segregated for the assembly and the cellular layout, 

the remaining products are assigned for the process layout. The products assigned for the process 

layout are shown in Table 4.40 

Machines

1 2 3 4 5 6 7 8 9 11 12 13 14 15 17 19 20 21 22 23 24 25 26 27 28 29 30

5 5 4 3 2 1

6 1 3 2 5 4

12 4 5 2 3 1

Products 13 3 4 5 2 1

15 5 4 3 2 1

16 5 1 2 3 4

22 2 3 4 5 1  

Table 4.41: Products and machines segregated for process layout 

 The number of replicates required for each product is shown in Table 4.28. Now, the 

number of replicates required for all the products segregated for each layout is calculated by 

using the concept of maximum utilization.  The results obtained for cellular layout and process 

layout is shown in Tables 4.41 and 4.42 respectively 
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Machines

5a 5b 7a 7b 8a 8b 10a 10b 11a 11b 16a 16b 16c 18a 18b 18c 20a 20b 20c 23a 23b 23c 24a 24b 24c 17a 17b 17c 22a 22b 22c 25a 25b 25c 27a 27b 27c 29a 29b 29c

5a 1050 210

5b 390

7a 1050

7b 390 210

8a 1200 240

8b 210

10a 1050 150

10b 450

11a

11b

16a 1050 112

16b 787

16c 1 379 471

18a 900 100

18b 370

18c 480

20a

20b 60 1031

20c 229 480

23a 1000 50

23b 141 39 166 734

Machines 23c 670

24a 1000 216

24b 734

24c

17a 1050 150

17b

17c 1000

22a 1050

22b 150 60 840

22c 250

25a 60 190 1200

25b 180 900

25c 820

27a 60 1200

27b 840 250 141

27c 29 830

29a 50 10

29b 1040 50 170

29c 10 820  

Table 4.42: From-To chart for cellular layout 
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Machines

1 2a 2b 3a 3b 4 5 6a 6b 7 8 9 11 12 13a 13b 14a 14b 14c 15 17 19 20 21a 21b 22 23 24 25 26 27 28a 28b 29 30a 30b

1

2a 220 780

2b

3a 1300

3b

4 1050

5

6a 110 1150

6b 740

7 900 1016 34

8

9 850

11 1000

12 900

13a 1050

13b 850 100

14a 1260

Machines 14b 40

14c

15 850

17 850

19 1050 100

20 1000

21a 1050

21b

22 850

23 1260 40

24 340 560

25 1000

26

27 110 740

28a 1260

28b 850 40

29 1050

30a 260 80 1150

30b 560  

Table 4.43: From-To chart for process layout 
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4.2.9 Machine Removal for Effective Utilization 

 The machines assigned for the cellular layout are checked for utilization and the 

machines with less utilization are shared between process and cellular layout, to increase the 

effective utilization. The machine removal index is assumed to be 40%. Hence the replicates 

with utilization less than 40% are shared between the cellular and process layouts. Initially, the 

machines considered eligible for sharing is selected. The results obtained is shown in Table 4.44 

Machines

5 7 8 10 11 16 17 18 20 22 23 24 25 27 29

2 59.52 71.43 59.52 71.43 71.43

3 71.43 85.71 57.14 71.43 85.71

8 79.37 95.24 11.11 95.24 79.37

9 53.97 67.46 80.95 67.46 67.46

Products 10 20.63 75.40 75.40 90.48 90.48

18 9.52 9.52 9.52 91.27 91.27

19 79.37 63.49 79.37 95.24 79.37

20 95.24 14.29 76.19 95.24 95.24

Sum 130.95 157.14 116.67 142.86 157.14 153.96 184.13 238.10 167.46 87.30 253.17 237.30 165.08 281.75 265.87

Rj 2 2 2 2 2 2 2 3 2 1 3 3 2 3 3

SUj 30.95238 57.14286 16.66667 42.85714 57.14286 53.96333 84.12698 38.09524 67.46032 87.30159 53.1746 37.30159 65.07937 81.74603 65.87302  

Table 4.44: Machines selected for removal 

 From the table it is clear that, machines 3, 4, 8, 10, 11, 17, 18 and 19 are alone selected 

for machine removal.  Hence the results obtained form machine removal is given below. 

Utilization

5a 100

5b 30.95

8a 100

8b 16.66

Machines 18a 100

18b 100

18c 38.09

24a 100

24b 100

24c 37.38  

Table 4.45: Machines removed form cellular layout 
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4.2.10 Arrangement of Machines in the Layout 

 The machines segregated for different type of layouts are arranged in the layout using 

both GA and the methodology to form the hybrid layout. The layout obtained from the hybrid 

layout methodology is shown below in Table 4.46 

4a 8c 14b 28b 27d 6b 13b 17d 21b 14c

21a 9a 15a 22d 6a 20c 23c 24d 12a 1a

29d 5b 10b 11b 19a 3b 2b 30b 7c 3a

11a 7b 5a 18c 13a 2a 20d 27c 17a 14a

10a 8a 7a 26a 30a 27b 22b 29c 22a 23d

16b 24c 16a 23a 22c 25b 29b 11c 27a 28a

23b 24b 16c 18a 17c 25c 17b 25d 25a 29a

24a 20b 18b 20a 8b 29e 16d 8d 10c 25e

2c 7d 12b 17e 21c 15b 4b 9b 20e 26b

23e 11d 6c 1b 19b 13c 18d 22e 28c 30c

Process Layout Cell 3

Cell 1 Assembly layout

Cell 2

 

Table 4.46: Result obtained by hybrid layout methodology  
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The result obtained from GA is shown in Table 4.47 

11c 20d 2a 1a 3a 16b 23b 24a 23a 18a

25d 21c 3b 23d 14a 18b 20b 24b 16a 20a

14c 17e 12b 28a 23c 20c 16c 24c 1b 19b

17b 28b 7c 13c 18d 18c 27c 29c 6c 11d

29b 22d 12a 19a 6a 22c 17c 25c 25e 23e

30b 24d 13a 7a 5a 22e 26b 20e 10c 29e

2b 22b 30a 8a 10a 25a 29a 9b 8d 16d

25b 27b 26a 7d 11a 27a 28c 4b 15b 27d

21a 4a 15a 2c 7b 22a 17a 30c 13b 6b

29d 8c 14b 9a 5b 10b 11b 8b 17d 21b  

Table 4.47: Results obtained from GA 

The layouts obtained from two different procedures are compared together and it is found 

that the layout obtained from the methodology generated for hybrid layout performs better when 

considering the material handling cost and the computational time of the problem. The result 

obtained are shown below 

Method of Layout 
Generation 

Material Handling Cost in 
$ 

Computational Time in 
minutes 

Hybrid Layout $101,847 480 minutes 

GA $120,607 660 minutes 

 

Table 4.48: Comparison of the results obtained 

From the result obtained it is clear that using the hybrid layout the material handling cost 

is reduced by 15.55% and the computational time is reduced by 27.27%. 
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4.3 Conclusion 

 In this chapter, two case studies are applied to the methodology and the efficiency of the 

methodology is tested. Various product analysis techniques are used to compare the 

characteristics of the products. In both the case studies the products and machines are segregated 

for different type of layouts to form the hybrid layout. Finally GA is used to arrange the 

machines in the layout for efficient utilization and operation. 
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CHAPTER 5 
 

CONCLUSIONS AND FUTURE RESEARCH 

 
 In this chapter the efficiency of the methodology and possibilities of future research are 

discussed. In section 5.1, efficiency of the methodology and results obtained from the case 

studies are discussed. The scope of future research is discussed in section 5.2. 

5.1 Conclusion  

In this research a systematic methodology is developed to design the hybrid layout for large size 

facility layout problems. Previous researches in this area, do not address the formation of hybrid 

layout and problems with large number of machines. In this approach, size of the problem is 

reduced by combining the products. The problem size is reduced in order to minimize the 

computational time of the problem. The products are combined based on the similarities that 

exist between them. A new approach of bi directional sequence similarity is introduced in this 

research. This approach helps in eliminating the biased approach of giving priority to one 

product among the two products considered. In other words, similarities are calculated based on 

the operation sequence of both the products. After the size of the problem is minimized, then the 

utilization of the products is analyzed to segregate the products and machines for the assembly 

layout. A mathematical model is developed to arrange the machines assigned for the assembly 

layout in the facility. The model is developed with an objective function of minimizing the 

material handling cost.  

 The products and machines assigned for assembly layout are not considered for further 

analysis. The product similarity between the products is considered for segregating the products 

for cellular layout. A mathematical approach proposed by Jaganathan, 2007 is used to form cells 

among the products and machines segregated for cellular layout. The cells are formed with an 
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objective function of minimizing the intercellular flow which in turn minimizes the material 

handling cost. The methodology is used to obtain various cell configurations with different 

machine clusters and product groups. The efficiency of the cells formed is measure using global 

efficiency. In calculating the global efficiency, the compactness is replaced with utilization 

coefficient. The new measure of utilization coefficient considers revisiting of the machines and 

the utilization of the machines dedicated to a group of products is calculated. The best cell 

configuration is identified by the measure of utilization coefficient and group technology 

efficiency. A mathematical model is developed to arrange the machines obtained in the best cell 

configuration. The machines are arranged with an objective function of minimizing both the 

intercellular flow and the intracellular flow of products. In both the mathematical models used 

for arranging the machines in the layout, the product sequence data is obtained in the form of 

matrix. This reduces the computational time of the model as the machines used to process the 

products are alone considered.  

 Remaining products and machines which are not segregated for either assembly or 

cellular layout are assigned to the process layout. The machines assigned to the process layout 

are arranged in the facility using a GA approach. In this approach, the algorithm is developed 

with a fitness function to minimize the material handling cost.  The machines that are allocated 

to the products in the cells are dedicated to those particular groups of products. Hence, utilization 

of the machines should be considerably higher. If the utilization of the machines is not higher, 

then those machines are shared between the process layout and the cellular layout. The 

methodology to identify the machines for sharing is discussed in this approach.  

 The methodology is verified by two large case studies with 40 machines and 100 

machines. The results obtained from the case studies prove that large size facility layout 
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problems could be solved used this approach. It is also studied that the characteristics of the 

products differ in a highly variable product demand and hence the hybrid layout will be the best 

layout to reach the demand of the products in a effective manner. It is also found that the 

proposed methodology is sensitive to the operational characteristics of the products and to the 

utilization of the machines. 

5.2 Future Research 

 The main focus of this research is to form the hybrid layout for a large sized facility 

layout problem. In future research the hybrid layout obtained could be compared with the 

traditional layouts such as assembly layout, process layout and cellular layout, in terms of 

material handling cost and other measures such as WIP, make span, cycle time, congestion, 

improved throughput rate etc. The computational time for forming the layout can also be 

compared for large size facility layout problems. Present approach deals with pre-determined or 

static demand and in future the research may be extended to dynamic product demand and also 

for multiple time windows.     
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