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ABSTRACT 

In this work, a systematic methodology to construct distributed layouts has been 

developed.  Previous researches in this field suggest distributed layouts as an alternative to 

process layouts.  But there has been no systematic methodology so far to develop distributed 

layouts.  Earlier works concentrate on evaluating different production schedules for randomly 

distributed resources throughout the plant floor.  As opposed to former approaches, in this work, 

distributed layouts are developed based on actual production and routing data.  Taking into 

account the exact capacity requirements of machines, a methodical approach to distribute 

resources rather than random assignment is considered.  The need for developing process layouts 

is analyzed and justified using product similarity and cell utilization.  Process layouts are 

developed only when the given production data meets process layout requirements.  The 

efficiency of proposed approach relative to traditional process layout strategy has been evaluated 

in terms of material handling cost for both single and multi period settings.  

In a multi period setting, the impact of demand disturbances on both process and 

distributed layouts is studied using case studies.  From the case study results, it is concluded that 

distributed layouts constructed using proposed approach performs exceedingly well over 

traditional process layout approach.  Distributed layouts proved to be efficient and robust for 

both single and multi-period cases.  Even huge fluctuations in demand level of products had only 

little impact on distributed layouts whereas process layouts suffered tremendous loss in terms of 

material handling cost.  It turned out that for all cases, the improvement in efficiency of 

distributed layouts was more than 30% over process layouts. 
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CHAPTER 1 

INTRODUCTION 

Facilities are considered expensive as their lifetime is in decades. An efficient facility is 

an integral strategic element of any business enterprise.  A properly designed facility provides 

competitive advantage when it operates at low cost, provides fast delivery of products, 

accommodates frequent new products and sustains unexpected demand fluctuations.  Many 

symptoms of shop floor issues appear as layout or material handling problems.  A facility layout 

problem deals with the placement and arrangement of departments, machines or cells on a shop 

floor.  The facility layout problem can be defined as the determination and allocation of available 

space for departments, machines etc., and the aisle space between workstations.  The prime focus 

of many researches in this area is on the reduction of material handling costs involved between a 

pair of departments.  Estimates show that 20-50% of operating expenses in the manufacturing 

facility depend on the material handling costs and it is also shown that 10-30% of these expenses 

can be reduced by efficient facility layout design (Tompkins and White, 1984).  The material 

handling cost is directly related to the flow cost, which is the cost spent for moving the material 

from one location to another.  The reduction in material handling cost could be obtained by 

changing the locations of the workstations/machines in the layout in such a way that the distance 

traveled by the material-handling carriers between the facilities is minimized.  In addition to 

reduction of material handling costs, other objectives include reduction of in-process inventory, 

cycle time and lead time and the effective utilization of resources. 

The type of facility layout problems may be broadly classified as 

1. Static Facility Layout Problems (SFLP) & 

2. Dynamic Facility Layout Problems (DFLP) 
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Static and dynamic represent the deterministic and stochastic nature of problems.   

Several techniques have been used to solve static facility layout problems.  Quadratic 

assignment problem and mixed integer programming has been used as an optimization approach 

to model the facility layout problem.  Most approaches have assumed the department to be fixed 

and of equal area. Recently, several authors have used heuristics such as simulated annealing, 

genetic algorithms and tabu search in solving facility layout problems. Heuristics are problem 

specific, take relatively smaller run times and give solutions close to optimal solutions. 

Heuristics are preferred over optimization techniques to solve NP-hard problems that cannot be 

modeled using optimization techniques. Some of the earlier heuristics developed to solve facility 

layout problems have ignored geometric constraints such as shape and area of departments which 

are crucial for facility layout. Further, researchers have used centroidal or euclidean distance in 

calculating the material handling cost without taking aisle space into consideration. Meller and 

Gau (1999) used an iterative approach in which both GA and MIP were considered but the 

computation time was large. Azadivar and Wang (2000) developed a new approach in which GA 

package, simulation package, an automatic simulation model generator and a graphical user 

interface was used. This approach failed to preserve the feasibility of the solution.  

 However, static facility layout analysis is not suitable when there are fluctuations in 

product demand and changes in product mix.  In these cases material handling cost fluctuates and 

often increases.  In addition, scenarios where new products are introduced or existing products 

are discontinued can lead to changes in the material handling requirements and cannot be solved 

using static facility layout solution approaches. These dynamic situations render the current 

facility layout inefficient and can increase the material handling costs, which necessitates a 

change in the layout (Afentakis, Millen and Solomon, 1990).  Maintaining a good facility layout 
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requires continuous assessment of product demands, the flow between departments, and 

evaluation of the layout to determine the time at which a redesign should be performed.  All this 

leads to the need for dynamic facility layout algorithms which are flexible enough to 

accommodate any possible changes in future product mix (Benjaffar and Sheikhzadeh, 2000).  

Redesign is required to overcome the disadvantages of the present layout and to address future 

changes effectively.  Redesigning layouts is challenging, as changes in the layout are very 

expensive.  The redesigned layout is justified only when there is a reduction in cost from the 

present layout to the redesigned layout.  

1.1. Dynamic Facility Layout Problems 

 In recent years there have been increased efforts to address the dynamic facility layout 

problem (DLP).  Rosenblatt (1986) developed a procedure for optimal layout for multiple 

periods, which took into consideration the material handling costs as well as the rearrangement 

costs.  The approaches that have been followed to solve the dynamic facility layout fall into two 

major categories.  In the first category, layouts that are robust for multiple production scenarios 

are developed.  In the second category, layouts are developed to be flexible or �agile� (Kochhar 

& Heragu, 1999) so that they can be easily customized to meet the changes in production 

requirements.  The first approach assumes that the production data for multiple periods are 

known in initial design stages to construct the layout.  Solution to the first type involves the 

development of a single layout that minimizes the cost over the entire period under consideration 

(Kouvelis and Kiran, 1999).  In this approach, multiple demand scenarios can be utilized to 

determine the most robust layout for the period under consideration (Rosenblatt and Lee, 1987, 

Rosenblatt and Kropp, 1992).  Kouvelis and Kiran (1991) proposed the use of dynamic 

programming approach in which a single robust solution is determined for the multiple-period 
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problem.  Braglia, Zanoni and Zavanella (2003) proposed a methodology for the development of 

an �agility index� to determine the need for an agile layout as opposed to a single robust layout. 

 The second approach assumes that layout will accommodate changes from time to time.  

The second approach is preferred when there are wide changes in product mix and demands, as 

the material handling costs are reduced when compared with the first approach.  In scenarios 

where wide variations are experienced, it may be worthwhile to modify the layout continuously 

to optimize the material handling costs.  The solution to DLPs has been to use heuristics for the 

determination of layouts for the multiple periods under consideration.  Some researchers have 

used genetic algorithms for the solution of DLP (Conway and Venkatramanan, (1994), 

Balakrishnan and Cheng, (2000)). 

 Yang and Peters (1998) proposed an optimization approach over multiple periods, which 

minimized the sum of rearrangement costs and material handling costs.  Baykasoglu and Gindy 

(2001) used simulated annealing approach to solve the dynamic layout problem.  Urban (1993) 

used a steepest descent pair-wise exchange method to reduce material handling costs in dynamic 

facility layout problems.  The solution for any period in this procedure is not changed once the 

analysis on a subsequent period is done.  Balakrishnan, Cheng, and Conway (2000) modified the 

pair-wise exchange heuristic developed by Urban (1993).  A forward pass using Urban�s 

procedure is followed by a backward pass pair-wise exchange for each of the periods under 

consideration to generate multiple solutions.  The second approach uses the forward pass method 

in Urban�s procedure with dynamic programming approach to solve DLP. 

In most of the papers reviewed, the researchers assume discrete data points as the 

production demand for each period.  Krishnan, Cheraghi, and Nayak, (2004) modeled product 

demands using a continuous function rather than discrete data points.  The modeling of the 
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product demand as a continuous function allowed the development of concept of dynamic from-

between charts.  The dynamic from-between charts can be used to determine the redesign points 

to determine the times at which an analysis for redesign can be performed.  The cost reduction in 

the material handling cost for the entire period was performed using a genetic algorithm 

approach. 

1.2. Distributed Layouts 

Another approach to addressing fluctuations in flow is to use the concept of distributed 

layouts.  Traditional facility layout approaches assumes aggregated departments and enforce a 

strict one-to-one mapping between the products and the processing departments.  However, there 

are several situations in which multiple departments of same/similar capabilities are located at 

different positions within the facility.  A layout in which the functional departments are 

disaggregated into sub-departments and are then distributed throughout the plant (not in 

adjoining locations) to ensure improved flow efficiency within each period is known as a 

distributed layout Lahmar and Benjaafar (2002).  This may reduce the need to layout 

rearrangement between periods in a multi period setting.  Distributed layouts are different from 

cellular layout, in that the functional departments are disaggregated and distributed throughout 

the plant to allow maximum coverage.  In a cellular layout, families of products that share same 

processing requirements are identified and the pertaining resources are partitioned into cells.  

Traditional layouts such as product and cellular layouts are designed for a specific product mix 

and production volume that is assumed to continue sufficiently for a long period.  Unlike cellular 

layouts, products in a distributed layout share some machines but could require different 

machines for most of their other processing.  Cellular layouts have to be continuously assessed 

for its efficiency when introducing new products and could be severely affected by changes.  
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Distributed layout approaches may be less affected by changes in production requirements.  

When companies offer wide variety of products with variable demand and short life cycles, it 

requires layouts that retain their usefulness over many product mixes or can be easily 

reconfigured.  The classical product or cellular layout strategy will not hold for these cases if 

there is no basis for segregating products into product groups.  But the classical process layout 

strategy is still applicable for these cases.  Designing the process layout is highly simplified in 

the absence of expected flow pattern since the basic task is to group resources according to their 

processing type and to locate them relative to each other depending on the amount of flow 

between them (Montreuil et al, 1991).  It is also important that these layouts should improve 

operational performance such as reduced work in process, queuing time and lead time.  But the 

material handling efficiency of process layout is generally highly degraded as compared to what 

is achievable with expected dominant flow patterns.  Previous researches on process layouts have 

addressed these problems and have proposed distributed layouts as an alternative to process 

layouts. 

 Drolet (1989) discussed virtual cells, where a distributed layout was used to quickly form 

temporary (virtual) cells, consisting of adjoining subdepartments, dedicated to a particular 

product line or job order. The cell is disbanded once the product is phased out or once the 

customer order is completed.  The individual replicates are then free to participate in new cells. 

Montreuil, Venkatadri and Lefrancois (1991) in their work have proposed holographic layout 

(distributed layout) as a robust alternative to Process layout for a highly volatile production 

environment. That is, an environment where flow patterns are not easily traceable, routings vary 

drastically and demand information is hard to forecast. The specific design objective underlying 

the developed heuristic is to minimize for every workstation of every type, the maximum 
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distance between the workstation and the nearest workstation of each other type, weighted by the 

expected number of trips to and from the workstation. The heuristic developed in this paper 

cannot be applied if the location of each I/O station is prespecified and the overall pattern differs 

significantly from a holographic minimax pattern. The proposed approach does not consider 

actual flow information of products to model layouts. As the layout developed is not based on 

actual product flow information, it will offer inferior performance when flow incoming and 

departing has a significant impact on layout efficiency.  

 Askin et al. (1997) compare the operational performance of distributed layout (Holonic 

layout) with functional and fractal layouts using simulation.  Even if it is difficult to capture the 

underlying relationship between layout configuration and operational characteristics, the authors 

use throughput time per operation as a measure to evaluate the performance of selected layouts 

under random process plan requirements and exponential operation and interarrival times. The 

study was designed for a production environment with an equal number of machines of each type 

and the results indicated the superior performance of Holonic layouts over Process layouts.  

Montreuil, Venkatadri and Rardin (1999) developed fractal layouts as an alternative to 

traditional layouts (Process, Cellular) for job shop environments.   They defined fractal layouts 

by partitioning the available resources into cells such that each cell contains resource of every 

type.  Unlike cellular layout in which each cell is restricted to a specific family of products, 

fractal cells are capable of producing almost every type of product.  A fractal layout has been 

designed for a job shop with 15 distinct product types and 10 workstation types and in order to 

achieve identical machine composition in each fractal cell, duplication of machines (though 

unnecessary) was allowed. The authors also stress the need for an economic model that could 

trade off investment costs of machines against the reduction in material handling costs typically 
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seen in fractal layouts with wanton duplication.  Further there is no justifiable methodology 

proposed that could determine the number of fractal cells required and the workstation 

composition of each cell.  Instead the number of fractal cells is chosen to be the value of average 

number of workstations per type and a sequential list-assignment procedure is used to distribute 

the replicates among cells. In the improvement phases, each individual cell layout is improved to 

take into account intra-cell and inter-cell flows based on QAP formulation.  The introduced 

fractal design has resulted in a flow reduction of 28.0% and 48.4% fewer workstations than Co 

and Araar�s (Co & Araar, 1988) modified group design for the same case. 

Urban et al. (2000) in an attempt to find an alternative to functional and cellular layouts, 

proposed a model that doesn�t require the machines to be placed in a functional layout (adjacent 

locations) or in a cellular arrangement (cells restricted to a specific family of products) but 

allows the material flow requirements to dictate the machine placement.  The problem tries to 

determine simultaneously the machine layout problem (which machines should be assigned to 

which location) and the product assignment problem (which product flow to which machines) for 

a single period while avoiding superfluous machine capacity.  The model is formulated as an 

aggregation of quadratic assignment problem and several network flow problems coupled with 

linear side constraints. The objective of the model is to reduce material handling efforts and its 

associated costs.  A mixed integer program is presented to find the optimal solution for small 

problems and heuristics are developed to solve larger problems.  For the optimal solution 

methodology, workflow between machines is taken as decision variables and by utilizing the 

concept of �maximum flow quantity�, a lower bound is set to identify optimal solutions.  The 

evaluation of varying machine layouts is carried out by evaluating different production 

(workflow) schedules.  In order to handle medium sized problems, two separate meta heuristics 
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using GRASP (Greedy Randomized Adaptive Search Procedure) and Tabu search have been 

developed.  The first heuristic generates a continuous solution to the problem, while the second 

heuristic generates an integer solution.  Initial flow for both the heuristics is generated using 

priority based flow assignment procedure and the heuristic assigns products� flow along the 

shortest paths accordingly. The proposed model resulted in an increased utilization of machine 

capacity and achieved an average cost saving of over 25% relative to traditional, unequal size 

QAP approach. But the proposed model does not consider the capacity requirements of machines 

as decision variables in its objective function. 

 Benjaafar and Sheikhzadeh (2000) constructed distributed layouts that could perform 

well for a set of feasible scenarios and solved for each scenario the optimal flow allocation 

among various sub-departments. They assumed that with the calculated capacity (known a 

priori), it was possible to meet any demand scenario. Further, they took full flexibility in 

assigning the workload among duplicates of the same department. Their case study results 

indicated that the quality of distributed layouts was quite insensitive to accuracies in demand 

distribution and the benefits of department duplication were realized with relatively few 

duplicates, that is, there would be rarely a need to fully disaggregate functional departments. The 

constructed case study assumes equal number of replicates for each machine type. They also 

showed that, even in the absence of reliable information about product volumes and routings, the 

simple fact of having duplicates placed throughout the plant can significantly improve layout 

robustness. But there was no methodical approach to distribute individual machines throughout 

the plant and the dispersion of machines ignores any information about existing or anticipated 

material flows. The proposed approach to distribute resources is similar to the one developed by 

Montreuil et al. (1991) for designing holographic layouts. Lahmar and Benjaafar (2002) 
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extended Benjaafar and Sheikhzadeh�s (2000) approach to solve problems with multiple periods 

considering the relocation charges. They explored that distributed layouts can be improved if the 

distribution of flow patterns can be categorized a priori, including flow information at the design 

stage.  

 Even though a lot of research efforts have been focused on this area, there is no 

systematic methodology so far to construct distributed layouts.  Previous research has considered 

workflow between machines as decision variables and has focused on evaluating different 

production schedules for a given layout. However, this type of problems represents a large 

portion of facility layout problems. Also, previous research does not address the exact capacity 

requirements of similar types of departments. In most cases, machine types are assumed to have 

equal number of replicates. The routing of products through these departments has also not been 

addressed.  Hence, this thesis proposes to study the following research objectives detailed below. 

1.3. Research Objectives 

• Justify the need for developing process layouts. 

• Develop a systematic methodology to construct distributed layouts 

• As part of the approach, develop mathematical models to determine the capacity needed 

at any instant and determine number of units of each type of machine/department needed 

• Develop mathematical models to route parts based on following objectives 

1. Minimizing the maximum utilization of machines 

2. Minimizing the number of replicates a product can be routed to 

• Develop a solution approach that uses the capacity requirements of machines and routing 

information of products to construct distributed layouts. 
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• Validate the viability of distributed layout for multiple periods under disturbances that do 

not exceed current capacities 

• Evaluate the relative performance of constructed layout with process layout. 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter discusses the literatures published by researchers so far in the area of 

dynamic facility layout and facility layout redesign.  Section 2.1 discusses researches in the area 

of facility layout design.  Section 2.2 discusses the various approaches for solving facility layout 

problems.  Section 2.3 discusses solving facility layout problems using Artificial Intelligence 

Techniques.  Section 2.4 discusses facility layout problems solved using Genetic Algorithms.  

Section 2.5 discusses the methods used in solving Dynamic facility Layout problems.  Section 

2.6 discusses researches on Distributed Layouts and finally Section 2.7 discusses the summary of 

literature review. 

2.1. Facility Layout Design 

Facility layout design is a very important and influential strategy in any operations 

management. An efficient layout ensures  

1. Smooth working of operations 

2. Good utilization of resources 

3. Reduced lead time and Work in process. 

4. Reduced time and money spent on non-value added operations 

All the above are favorable elements that facilitate a company in meeting its customer 

demand in time.  The research done so far on facility layout design primarily focus on reducing 

the distance between facilities or departments, hence reducing the time taken for inter-

facilities/inter-departmental flow.  The facilities design problem can be broadly classified as 

Facilities Layout Problem (FLP) and Material Handling Problem.  The following section will 

focus on FLP and will glance at various approaches adopted to solve the problem. 
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2.2. Approaches for Solving the FLP 

Armour and Buffa (1963) did the earliest research in the area of FLP.  They developed an 

algorithm for solving facility layout problems with the objective to minimize material handling 

cost.  Francis and White (1974), Macklenburg (1985) had extensive contribution towards 

developing a plant layout.  Kusiak and Heragu (1987), Ketcham, Malstron and McRoberts 

(1989), Yaman, Gethin & Clarke (1993) and Meller and Gau (1996) presented a detailed review 

of different techniques used to develop a facility layout.  The following are the most widely 

adopted techniques for solving industrial Facility Layout Problems. 

1. Quadratic Assignment Problem (QAP) 

2. Quadratic Set Covering Problem (QSP) 

3.  Linear integer programming problem 

4. Graph Theoretic problem 

The earliest used technique, QAP works by allocating/assigning equal area of 

departments to known fixed locations.  Koopmans and Beckman (1957) initiated the pioneering 

work in the area of QAP.  Lawler (1963), and Kaufman and Broeckx (1978) in their work 

rendered suggestions to linearize this model.  Rosenblatt (1979) solved FLPs using QAP 

approach.  He incorporated both the quantitative distance based metric and qualitative 

relationship in the objective function of the problem.  The qualitative relationships were 

determined by means of closeness ratings between departments. 

Tam and Li (1991), Bozer and Meller (1997) in their work found out that the QAP 

formulation would result in unrealistic facility layouts, such as irregular shapes or overlapping 

facilities since it ignores the geometric characteristics of each facility.  Also, it demands heavy 

computational efficiencies for small sized problems.  Bazaraa (1975) modeled the problem as a 



 14

quadratic set covering problem (QSP).  The total area available for the facilities is divided into a 

number of blocks and each facility is assigned to exactly one location and each block is occupied 

by utmost one facility.  The problem size increases as the area gets divided further. 

The Graph-Theoretic approach defines each department as a node in the graph network 

and it ignores the shapes and areas of each department.  This approach relies on a predefined 

adjacency constraint between each pair of the facilities (Hassan and Hogg 1987, Foulds 1991).  

Lot of research papers has been presented on this subject, where different algorithms and models 

have been explored (Bowell 1992, Jaykumar and Reklaitis 1994, Kim and Kim 1995, Foulds and 

Partotiv 1998).  Meller & Gau (1996) demonstrated that unequal area facility problems cannot be 

solved optimally through pure QAP approaches. 

Finally, the scientific community considered Mixed-integer Programming as a way for 

modeling facility layout problems.  Montreuil (1990) formulated the facility layout problem 

using Mixed-integer programming in which, he used a distance-based objective for continuous 

layout representation.  This approach was considered an extension of traditional QAP.  Heragu 

and Kusiak (1991) developed a specialized case of mixed-integer programming using width and 

length as input parameters for department orientation.  Papageorgiou and Rotstein (1998) used 

mathematical integer programming (MIP) approach for solving the facility layout problem.  The 

author�s model used a continuous space representation strategy and incorporated most of the 

important features needed for the facility layout problem.  The distance between geometric 

centers of facilities was taken to represent the connectivity of all facilities and the shape of the 

departments was limited to rectangular shapes.  As these assumptions may lead to sub optimal 

solutions, a model which considers irregular shapes and takes different inputs and outputs for 

every facility is needed.  Penteado and Ciric (1996) devised a mathematical programming model 
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with more emphasis placed on safety aspects.  Jayakumar and Reklaitis (1996) proposed a 

formulation for the multilevel layout problem, where the main emphasis is on reducing the 

material handling costs.  First an integer non-linear model was developed and was later modified 

(linearized) into an MILP problem, serving as a good approximation.  Foulds & Partotiv (1998) 

used mathematical integer programming for solving the facility layout problem, where the areas 

are restricted.  Georgiadis, Rotstein, Macchietto & Schilling (1997 & 1999) employed a space 

discretization technique for allocating facilities on the floor and for developing the block layout 

of all the facilities on each floor.  The main disadvantage of this model is that it develops 

suboptimal solutions and the solution arriving performance is very poor.  Castell, Lakshmanan, 

Skilling, & Alcantara (1998) developed a software tool, which uses stochastic optimization 

technique for solving the facility layout problem.  Even though the software could handle a large 

set of layout problems, the solution generated is not optimal.  Kim and Kim (1999) formulated a 

method with the objective of minimizing the material handling costs for finding the input/output 

point for each department from a block layout representation of the facility.  But this model fails 

to simultaneously develop the block layout and the input/output points for the facility.  Tompkins 

and White (1996), mentioned in their research that 15±70 % of the operating expenses can be 

attributed to material handling costs and a good facility layout planning can reduce this cost by 

10 - 30%.  

2.3. Facility Layout using Artificial Intelligence Techniques 

Traditional approaches for solving FLP were restricted to simple cases.  The failure of 

traditional techniques in solving large and complex problems triggered the need for heuristics.  

Hence, researchers started developing heuristics to deal with complicated problems.  Among all 

the heuristics types, the Artificial Intelligence (AI) techniques proved to be very efficient. 
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Genetic Algorithm (GA) and Simulated Annealing (SA) are the two popular techniques under 

this category.  The following section will brief the researches done on FLP using these two 

techniques.  

2.4. Facility Layout Design using Genetic Algorithm 

From the past decade, researchers have developed a lot of non-traditional approaches for 

solving the facility layout problem. Holland (1975), Goldberg (1989) made use of genetic 

algorithms to solve facility layout problems.  Both Genetic Algorithm (GA) and Simulated 

Annealing (SA) are considered as optimization search algorithms used for general purpose. 

Goldberg (1989) proposed three genetic operators, order crossover (OX), partial matched 

crossover (PMX), and cycle crossover (CX) for representing the path in a facility layout 

problem.  These representations were originally formulated for the traveling salesman problem 

(TSP).  

Brown (1991) used the hybrid of GA and SA in a parallel manner and found out that this 

approach is far superior to most of other search heuristics, which are commonly used for solving 

the facility layout problems.  Tanaka and Yoshimoto (1993) used GA for solving quadratic 

assignment problems.  Also the researchers induced Tabu search (Glover 1989, 1990) into GA 

for exploring the solution search space effectively for the layout problem.  When one makes use 

of GA for solving any practical problems, say a facility layout problem, more care should be 

taken while dealing with special constraints, that is generating feasible chromosomes for the GA 

process.  Tansri and Chan (1993) and Chan and Tansri (1994) investigated the three genetic 

operators proposed by Goldberg (1989) and showed that the order of the genetic operators for the 

facility layout problem is, PMX, OX and CX (Hamomotto, Yih & Salvendy, 1999). 
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Ernstberger and Venkataramanan (1994) incorporated the movement of automated 

guided vehicle system (AGVS) into FLP and developed a flow path design.  Tate and Smith 

(1995) applied an adaptive penalty function for solving the unequal area facility layout problem 

with shape constraints and found out that the adaptive penalty function was instrumental in 

finding good feasible solutions.  Banerjee and Zhou (1995) addressed the layout problem using a 

single loop flow path layout configuration.  Koopmans and Beckmann (1957) developed a 

quadratic assignment problem for facility layout formulation, which can be solved using GA. For 

the quadratic assignment problem, Coit, Smith & Tate (1996) also developed an adaptive penalty 

based search, which showed desirable results and was considered a promising optimization 

technique for solving highly constrained problems.  Mavridou and Paradalos (1997) in their 

research presented a comprehensive literature on using GAs and SAs for solving facility layout 

problems.  

2.5. Dynamic Facility Layout Problems 

The problem of plant location has been the prime focus of most of the work done under 

dynamic facility layout problem.  The three main categories of this problem are 

1. Static (single) location problems, 

2. Dynamic (multi-period) uncapacitated location problems and 

3. Dynamic capacitated location problems. 

The main objective of all the work is to minimize total discounted costs of maintaining 

facilities and total transportation costs.  A trade off has to be made whether to set up a smaller 

and more dispersed facility or a larger and less dispersed facility.  

Roodman and Schwarz (1975) introduced the method of Dynamic Uncapacitated Facility 

Location Problem (DUFLP). Rosenthal, White & Young (1978) in their work employed 
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stochastic dynamic location analysis and developed a model by which they dynamically 

relocated the new facilities (servers) that interact with existing facilities (customers). The model 

is unique as it 

1. Considers probabilistic location of existing facilities and 

2. Considers dynamic relocation of new and existing facilities, which previous researches 

failed to consider simultaneously. 

The model was designed as an infinite horizon Markov decision chain.  The objective of 

the model was to reduce the relocation cost of servers and the cost of interaction between server 

and customer.  Erlenkotter, 1981, compared several methods for dynamic location problems.  

The paper by Van Roy and Erlenkotter (1982), presents a dual based procedure for dynamic 

facility location.  It addresses the dynamic facility layout problem based on the dynamic 

uncapacitated facility location method, incorporating a dual ascent method.  The main objective 

of the research is to develop a model in which the authors minimized the total discounted costs 

for meeting the demand over different time periods and at various customer locations.  The 

uniqueness of the research is that the authors considered the possibility of opening new facilities 

as well as closing the already existing ones.  The authors assumed that capacity adjustment in 

each period is perfectly flexible which is in direct contrast to the static case where they assume 

fully utilized facilities at each period.  The research also demonstrated a faster and more efficient 

implementation of their analytical model.  

Afentakis, Millen, & Solomon, (1990) used simulation approach to solve dynamic facility 

layout problems.  The authors redesigned the layout at definite intervals of time and when there 

was a 10% change in the product mix.  The research work by Shulman, (1991), formulates the 

Dynamic Capacitated Plant Location Problem (DCPLP) as a mixed integer linear programming 
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problem.  They represented facility installations as binary variables and the routing decisions as 

continuous variables of the fraction of demand to be served by these facilities.  The authors 

developed two algorithms based on two Lagrangian relaxation methods.  The first algorithm is 

based on relaxation method proposed by Van Roy and Erlenkotter (1982).  The algorithm tries to 

find optimal mix of facilities in every location considering various sized facilities.  Due to 

exponential complexity of this method, it can be used only for problems with relatively small 

number of facilities.  The second algorithm is designed for problems in which facilities of 

different types cannot be present at the same location.  Unlike the first algorithm, this one has a 

polynomial complexity and hence can be used for large sized problems.  Hence the research tries 

to simultaneously find locations, type and installation schedule for placing the facilities with 

respect to time and with the main objective of reducing the discounted cost of meeting customer 

demand.  The authors considered facilities with finite capacity.  The work by Aneja, Y. P and 

Chaouch, B.A., (1993) capacity expansion and contraction extends the model of Rocklin et al 

(1984).  The authors solved the problem of capacity expansion and contraction of a facility 

where demand has to be met on time, considering economies of scale.  The authors used fixed 

charge cost function, which enabled them to use K-convexity methods to characterize the form 

of the optimal policy.  

Timothy L. Urban (1993) presented a heuristic based on steepest-descent pair-wise 

interchange procedure similar to that of CRAFT to solve dynamic layout problems.  The 

proposed heuristic takes initial layout assignment, the flow information between departments, 

distance between departments and finally the re-arrangement costs as its input parameters.  It 

continues by evaluating the above data which includes defining a forecast window size to find 

out of the validity of flow information between departments for different periods.  By varying the 
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size of forecast window, many layouts are generated.  The generated layouts are then subject to 

an interchange procedure where the departments are randomly exchanged.  This is performed 

until no more possible exchanges can be made.  Interchange is carried out only if it results in cost 

benefits or otherwise the existing positions of departments are maintained.  The total cost is then 

calculated using a cost equation for each forecast window and the layout that provides minimum 

cost across varying window sizes is selected.  The proposed heuristic can be modified to 

accommodate cost and effect of schedule changes for both the rolling-schedule situation as well 

as forecast changes within the planning horizon.  Also it can be easily adapted to solve multiple 

criteria facility layout problems. 

Lacksonen (1994) proposed a formulation for the facility layout problem in which 

Lacksonen considered that the department could have varying areas.  This algorithm can be used 

to solve a dynamic facility layout problem, where the department area should be rectangular and 

the department area should not be fixed.  Lacksonen (1997) extended his research on layout 

problems and formulated approaches for solving unequal area problems.  He also considered the 

rearrangement costs while devising the problem strategy.  But this method can be used to solve 

only small problems.  

Current, Ratick & Revelle (1997) used decision analysis approach namely minimization 

of expected opportunity analysis and minimization of maximum regret.  The authors have 

demonstrated their approach by the use of nodes.  Yang and Peters (1998) developed a new 

algorithm in which floor space was considered to be unlimited and the authors developed a 

robust layout for multiple time periods.  Balakrishnan, Cheng, & Conway, (2000) used an 

improved pair wise exchange method to solve DFL.  Benjaffar and Sheikhzadeh (2000) also used 

stochastic analysis in which duplication of departments was allowed to solve Dynamic facility 
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layout problems.  Baykasoglu and Gindy (2001) used simulated annealing approach in their 

research work.  Urban (1998) used an incomplete dynamic programming approach for small 

sized problems and developed his own algorithms for solving large complex problems.  Urban 

used two approaches namely a Greedy randomized adaptive search procedure and an initialized 

multigreedy algorithm.  Braglia, M, Zanoni, S & Zavanella, L (2003) made use of quantitative 

indices in developing an agile layout as a solution to DFL.  

2.5.1. Dynamic FLP using Genetic Algorithm 

Recently the focus of most researchers is on the facility layout problem assuming greater 

change in the product design and variety and shorter cycle times.  Some of the solutions 

suggested by most of the researches are �focused� factories, virtual manufacturing cells and 

dynamic facility layouts.  Most of the formulations done for the dynamic facility layout problem 

(DFLP) are modifications of the QAP developed for solving static facility layout problem 

(SFLP).  The earliest attempt on solving problems for dynamic relocation of facilities was done 

by Reimert and Gambrell (1966).  Rosenblatt (1986) proposed a heuristic, which computes upper 

and lower bounds for each stage for limiting the number of states considered for the layout 

design.  In the author�s algorithm, the lower bound was calculated for each period by summing 

up the minimum costs of the static layout problems for the entire horizon without considering the 

rearrangement costs.  The upper bound was calculated by the objective function value of the best 

feasible solution for the multi-period problem.  The optimal solution is found by looking for the 

best layout at each stage through recursive iteration starting from the last period.  

Montreuil and Venkatadri (1991) explained that an organization, which is based on 

predicting the future demand, interpolates the demand for intermediate periods.  The authors 

believed that there couldn�t be any relocation or reconfiguration of the layout and that the future 
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demand scenarios can be predicted and modeled by working backwards from them.  Considering 

these assumptions they came up with an easily solvable formulation for DFLP.  Montreuil and 

Laforge (1992) explained the need of probability in addition to developing design skeleton for 

each scenario as proposed by Rosenblatt and Kropp (1992).  For each scenario, the inputs needed 

are the cost of transportation between cells, size and shape dimensions for each cell and the cost 

for moving the cell from one location to another along with the skeleton of the design.  Urban 

(1992) pointed out that the main drawback of this problem is that it is affected by the �curse of 

dimensionality�, which is typical for all dynamic programming problems.  If the number of 

facilities considered for the facilities is more than 12, it makes the computation intractable.  

Kouvelis, Kurawala & Gutierrez (1992) using conditional expectation developed �robust� 

layouts, which fall within a specified range of optimal solution for each period.  They addressed 

the single-period and multi-period layout problem with variation in demands.  Their approach 

gave a family of layouts in which the relocation costs were minimal.  The major limitation of this 

approach is its ability to handle the problem, if the problem size is big.  Montreuil and 

Venkatadri (1991) and Montreuil and Laforge (1992) explained two ways for solving DFLP.  

The authors considered the approach used by Rosenblatt (1986) and put forth the assumption of 

using �proactive� strategy instead of �reactive� strategy.  In the author�s method, the developed 

modeler interpolates the intermediate states and gives output design accordingly.  Even this 

approach does not apply to most of the manufacturing systems because it is difficult to develop a 

�mature� state of system at its inception stage with a high level of coincidence.  As suggested by 

Lacksonen (1994), the modeling of the design skeleton may cause some unanticipated costs, 

because the modeler may involve bias in modeling the design skeleton.   
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For solving the DFLP, Lacksonen and Enscore (1993) used the QAP formulation.  The 

limitation of this model like the most other models is its assumption of equal area for all 

facilities.  The authors suggested various modifications to branch and bound (Pardalos and 

Crouse 1989), CRAFT (Armour and Buffa, 1963), cutting plane (Burkard and Bonniger 1983), 

cut trees (Montreuil and Ratliff, 1989) and dynamic programming (Rosenblatt 1986) for 

incorporating the dynamic feature of the problem.  The rearrangement costs are expressed 

linearly with the total area, which is rearranged.  According to the results, the cutting plane 

heuristic with its embedded exchange routine outperforms all other techniques used for solving 

the facility layout problem.  Lacksonen (1994) formulated a two stage approach for solving the 

unequal area problem.  The first approach solves the QAP formulation for equal area of the 

departments and incorporating the rearrangement costs as a linear function of the total are being 

displaced.  This model made use of modified cutting plane approach developed by Lacksonen 

and Enscore (1993).  The output of this model gives the approximated representation of 

rearranged facilities and also minimizes the rearrangement costs.  The second stage of this 

process is the refinement stage.  It uses a mixed integer programming (MIP) formulation for 

solving the static layout problem (SLP) for each layout developed in the first stage.  The second 

stage reduces the flow cost from the layout generated in the first stage with the help of 

constraints for stationary facilities� area and considering non-overlapping of departments.  The 

constrained DFLP formulation developed by Balakrishnan, Jacobs & Venkatramanan (1992), 

was solved through genetic algorithm by Conway and Venkatramanan (1994) and was solved by 

Kaku and Mazzola (1997) through Tabu-search based heuristic (Kochhar & Heragu, 1999). 

Kochhar and Heragu (1999) have developed a genetic algorithm based heuristic named 

DHOPE (Dynamic Heuristically Operated Placement Evolution) to design a dynamic facility 
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layout. DHOPE is considered the extension of MULTI-HOPE, a formerly developed algorithm 

for solving static layout problems.  Of the two stages, the first stage of the developed heuristic 

generates feasible layouts for the first period using static facility layout algorithms such as 

MULTI-HOPE.  The layouts are generated using a string of integers and a Space Filling Curve 

(SFC).  Each generated layout is stored as an array of strings which is defined as CURSTRING. 

In the second stage, the DHOPE algorithm takes information from this array and comes up with 

an ideal layout for the second period.  This is achieved by performing the selection, crossover 

and mutation operations on the strings stored in CURSTRING. The fitness of generated layouts 

is evaluated on the basis of reduction in rearrangement and material flow costs. The layout which 

yields lowest cost will be selected as the layout for second period. The research takes into 

consideration the flow in both vertical and horizontal directions (i.e., among multiple floors) but 

is restricted to generating layouts no more than two planning horizons or periods. Also it yields 

better results only with normal variations in demand. 

Krishnan, Cheraghi & Nayak (2006) in their work on Dynamic Facility Layout problems 

developed a Genetic Algorithm based methodology that would indicate a time period to the 

management when to go for a facility layout redesign.  The user gets the best facility layout for a 

particular period based on material handling cost.  The researchers have developed Dynamic 

From-To and From-Between charts to monitor the change in demand of products at any instant 

period of time.  The need for adjacency or closeness between a pair of departments is dictated by 

the relative flow volume between the two departments compared to other pairs of departments.  

The need for redesign occurs when the flow volume from any pair of departments become 

relatively more than another pair of departments, i.e. when two dynamic from-between functions 

intersect.  As the importance of adjacency relationships between departments change, the new 
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pair of departments may be placed close to each other.  If for instance, the dynamic from-to 

charts follow similar patterns and never intersect, then there is no change in the relative 

importance of flow between any pair of departments.  Thus, the layout will never have to be 

redesigned for this pattern.  But this research is limited to the use of single type of material 

handling device and it doesn�t take into account the scheduling aspects of production 

environment. 

2.6. Distributed Layouts 

 Researches in the area of DFLP also gave rise to the concept of distributed layouts.  A 

layout in which the functional departments are disaggregated into sub-departments and are then 

distributed throughout the plant (not in adjoining locations) to ensure improved flow efficiency 

within each period is known as a distributed layout.  Distributed layouts are considered efficient 

in addressing fluctuations in flow and therefore outperform process layouts over multiple 

periods.  When companies offer wide variety of products with variable demand and short life 

cycles, it requires layouts that retain their usefulness over many product mixes or can be easily 

reconfigured.  

 Cellular layouts have to be continuously assessed for its efficiency when introducing new 

products and could be severely affected by changes.  But distributed layouts remain less affected 

by changes in production requirements.  In order for Cellular layout to be used, two conditions 

have to be satisfied: a) there should be similarity in processes and b) capacity utilization of 

machines should be high.  In an ideal cell formation technique, to minimize intercell flows, the 

products will have similar sequence and high utilization.  However, if sequence is not the same, 

there should be at least some machines used for all products with a high utilization.  Won & Lee 

(2001) proposed an approach for minimizing intercell part flows in a cellular manufacturing 
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system.  The proposed approach uses two types of production data-based part-machine incidence 

matrices in which the real field data such as the operation sequences and production volumes of 

parts are incorporated.  To begin with, the binary PMIM representing the grouping of machines 

into cells and components into part families is developed using the operation sequences and 

production volume of products. 

 The actual flows to or from machine j by part i accompanied by the production volume of 

each part can be calculated using  
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 Equation (2.1) is used to arrive at the type I production data-based PMIM which 

considers both the operation sequence as well as the production volume. Equation (2.2) states 

that part processing, which consists of a single operation on a single machine, is assigned the 

flows equal to the demand for the specific part even though such processing requires no inter-

machine moves by part. 

 The inter-cell flows or the sum of the binary exceptional elements are minimized using a 

mathematical model.  The formulation of the model is shown below. 
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The non-linear term in equation (2.3) can be linearized using the following constraint 
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 Equation (2.5) minimizes the intercell flow for any part machine configuration.  

Constraint sets (2.6) and (2.8) ensure that each part belongs to exactly one part family and each 

machine is assigned to exactly one machine cell.  Constraint sets (2.7) and (2.9) restrict the 

number of parts and machines that can be allotted to a cell.  Constraint (2.10) guarantees binary 

solution for part assignment and is replaced with the non-negativity constraint.  Constraint (2.11) 

represents the binary solution for machine assignment and Constraint (2.12) ensures the binary 

property of continuous variables uikj and vikj.  But the proposed methodology has the drawback of 

erroneous intercell count when a product visits more than 2 cells sequentially.  

Drolet (1989) discussed virtual cells; quick temporary cells consisting of adjoining 

subdepartments are formed and are then dedicated to a particular product line or job order.  The 

cell is dissolved once the product is phased out or once the customer order is fulfilled.  The 

individual replicates within cells are then free to participate in new cells.  Though it was no 

different than a typical cellular approach, it shed some light on the concept of moving replicates 

of individual machine types to nonadjacent locations (between cells) to satisfy customer order 

requirements. 

Montreuil, Venkatadri and Lefrancois (1991) in their work, �Holographic Layout of 

Manufacturing Systems� have proposed holographic layout as a robust alternative to Process 

layout for a highly volatile production environment. In such a production environment, the flow 

patterns of products are difficult to trace, routings vary drastically from one job to another, and 

demand is extremely hard to forecast.  Though holographic layout essentially shares the same 

concept as distributed layout, the authors have chosen the metaphor �Holographic Layout� to 

capture its underlying logic other than its physical characteristics.  The specific design objective 

underlying the developed heuristic is to minimize for every workstation of every type, the 
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maximum distance between the workstation and the nearest workstation of each other type, 

weighted by the expected number of trips to and from the workstation. Doing so, routings that 

are flow efficient can be easily created in real time using a computer assisted control system 

The proposed approach starts by dividing the layout site into a set of non-overlapping 

locations and it is assumed that each of these locations is capable of housing only one 

workstation.  Of the two phases, the first phase of the proposed heuristic finds minimax positions 

for each replicate of all workstation types given the number of its replicates. Approximating the 

distance between locations by a rectilinear metric, the minimax locations for a workstation type 

having n replicates are found optimally in polynomial time using the methodology presented in 

Francis and White (1974). The second phase then proceeds to assign the complete set of 

workstations to the discrete set of available locations. This phase is also responsible for making 

assignment compromises when two or more replicates (w) of given machine type (t) battle for 

same target location (l). The linear assignment model is used to efficiently assign workstations to 

grid locations so as to minimize the sum, overall workstations, of the weighted distance between 

the location where the workstation is laid out (proposed location) and its minimax location 

(target location) as computed in phase 1. 
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Constraint sets (2.14) and (2.15) ensure that each location is capable of housing only one 

workstation and each workstation is assigned to only one location and. 

twlc  = surrogate cost for assigning each specific workstation w of type t to each specific 

location l and is dependent on dtwl and p(t) 

dtwl = distance between proposed location of workstation w of type t and its target 

minimax location l. 

p(t) = probability of travel (to and from) for workstation type t 

= ( . )
.

t t

t t
t

r n
r n

∀
∑

          (2.16) 

Where nt = number of replicates of workstation type t 

rt = expected overall rate of travel from and to each workstation of every type t 

2 .t t
t

t

e ur
p

=           (2.17) 

et = unit load equivalence of transfer lots brought in and out of workstation type t 

ut = average utilization of workstation type t 

pt =average processing time of transfer lots at workstation type t 

And number 2 in the formulation accounts for arrivals and departures 

The resulting assignment defines the holographic layout and has achieved 35% 

improvement in travel distance as opposed to Process layout. The heuristic developed in this 

paper can also be applied for finding minimax positions for I/O stations of the system along the 

boundary of layout. But the heuristic becomes inapplicable if the location of each I/O station is 

prespecified and the overall pattern differs significantly from a holographic minimax pattern, and 

flow incoming and departing has a significant impact on layout efficiency. The developed 

heuristic is based on earlier documented values (workstation utilization rate, processing times, 
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etc) but it cannot be considered reliable as the layout is being designed for a highly volatile 

production system. Also, the proposed approach doesn�t address capacity requirements of 

machines when there are significant variations in product demand.  Marcottte et al (1998) 

extended the concept of holographic layout for an environment in which product demand and 

process routing information are known in advance. The developed heuristic ensures proximity 

between workstations that interact and uses the workflow between machines in layout 

determination.  

Askin et al. (1997) compare the operational performance of distributed layout (Holonic 

layout) with functional and fractal layouts using simulation. They have also proposed several 

approaches for constructing Fractal and Holonic layouts and for routing jobs through those 

layouts. In case of fractal layouts, the workstation with minimum number of replicates 

determines the number of fractal cells required. Additional machines of other types are evenly 

(as much as possible) assigned between cells. Each fractal is identical and is capable of 

producing all parts. Holonic layouts are designed based on two approaches, Random Holonic 

layout design and Holonic Similarity Coefficient layout design. In the former approach, a space 

filling curve randomly distributes machines within entire facility without any departmental 

organization. In the latter, transition probability between machine types (sij) determine their 

relative locations and is calculated using  

 ij ji
ij

i j

l l
s

L L
+

=
+

          (2.18) 

ijl = total number of loads moving from machines of type i to type j per day 

jil = total number of loads moving from machines of type j to type i per day 

iL = total number of loads expected to visit type i machines per day 



 32

jL = total number of loads expected to visit type j machines per day 

Each machine type i is expected to handle i

i

L
m

 loads per day 

im = number of machines of type i 

Even if it is difficult to capture the underlying relationship between layout configuration 

and operational characteristics, the authors use throughput time per operation as a measure to 

evaluate the performance of selected layouts under random process plan requirements and 

exponential operation and inter-arrival times.  Throughput time for each layout is calculated by 

summing up the processing time, queuing time at the machine and one inter-machine transfer 

time.  After incorporating all the essential aspects into simulation model, it was executed for a 

variety of conditions by varying the factors such as number of machine types, the number of 

machines per type, utilization level of machines and the ratio of grid (square size of the area 

required for a machine) velocity to mean job processing rate.  Of all routing strategies, Holonic 

layouts combined with the First Available Machine Routing rule (FAMR) provided superior 

results. The FAMR Holonic layouts dominated Process layouts and had the lowest overall 

average cycle time across the test conditions.  The use of fractal cells with a nearly square 

arrangement of machines proved to be robust as it was less sensitive to the problem environment 

parameters. The drawback of this approach is that the authors assumed each machine type has 

equal number of replicates.     

Montreuil, Venkatadri and Rardin (1999) developed fractal layouts as an alternative to 

traditional layouts (Process, Cellular) for job shop environments. They defined fractal layouts by 

partitioning the available resources into cells such that each cell contains resource of every type 

(identical resources are being distributed). Unlike cellular layout in which each cell is restricted 
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to a specific family of products, fractal cells are capable of producing almost every type of 

product.  A fractal layout has been designed for a job shop with 15 distinct product types and 10 

workstation types and in order to achieve identical machine composition in each fractal cell, 

duplication of machines (though unnecessary) was allowed.  The authors also stress the need for 

an economic model that could trade off investment costs of machines against the reduction in 

material handling costs typically seen in fractal layouts with wanton duplication.  Further there is 

no justifiable methodology proposed that could determine the number of fractal cells required 

and the workstation composition of each cell.  Instead the number of fractal cells is chosen to be 

the value of average number of workstations per type and a sequential list-assignment procedure 

is used to distribute the replicates among cells.   In the improvement phases, each individual cell 

layout is improved to take into account intra-cell and inter-cell flows based on QAP formulation. 

The introduced fractal design has resulted in a flow reduction of 28.0% and 48.4% fewer 

workstations than Co and Araar�s modified group design for the same case. 

Benjaafar and Sheikhzadeh (2000) designed a layout that performs well over the set of 

feasible scenarios and solved for each scenario for the optimal flow allocation among various 

sub-departments. The performance measure used to evaluate the developed layout is minimized 

material handling cost, as is the case with most layout problems, but this article differs in the 

way it achieves its objective, that is, by placing copies of the same department in non adjacent 

locations. Each demand scenario for a particular period is associated with a fixed probability and 

a layout that can perform well over all possible demand scenarios is generated using the flow 

information from product demand levels. This is achieved by inserting a robustness constraint 

into the developed model.  
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The model assumes that product types, their routing sequences, capacity of departments, 

distance between departments are known in advance and it treats both department locations and 

volume of flow allocation between individual departments as decision variables. The developed 

model is viewed as a NP hard problem and hence it entails the need for a heuristic to solve the 

problem. The heuristic executes in two phases. In the first step it is solved as a facility layout 

problem and in the second step as a flow allocation problem. In the facility layout problem, 

initial flow allocation is used to attain a minimum cost layout and the flow allocation problem 

quite contrarily uses an initial layout to come up with a minimum cost flow allocation. The 

effectiveness of the proposed approach is evaluated through two test problems involving 16 

departments and 40 departments. The proposed approach gave in better solutions in both cases as 

compared to the lower bound set and to further validate the effectiveness of the approach, the test 

problems were solved for three other layouts namely functional, random and maximally 

distributed layouts. 

The authors come up with some noticeable conclusions such as the quality of distributed 

layouts is quite insensitive to accuracies in demand distribution and the benefits of department 

duplication are realized with relatively few replicates, which means that there would be rarely a 

need to fully disaggregate functional departments. They also showed that, even in the absence of 

reliable information about product volumes and routings, the simple fact of having duplicates 

placed throughout the plant can significantly improve layout robustness. Limitations apply to all 

articles and this paper is no exception. Though the paper discusses disaggregating and 

duplicating departments, no specific methodology for distributing resources has been developed, 

rather the resources are distributed on a random basis and the approach ignores the cost of 

disaggregation and duplication. The capacity of workstations is assumed to be known in advance 
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and it is considered that it is capable of handling all demand scenarios, as is not the case in real 

life environment.  Also, the effectiveness of the layout as new products are being introduced 

needs to be checked out.  Above all, while designing a distributed layout, flow allocation takes 

the top priority over other factors and it should be carefully addressed but the authors assume full 

flexibility in assigning workload among duplicates of the same department. 

Lahmar and Benjaafar (2002) extended Benjaafar and Sheikhzadeh�s (2000) approach to 

solve problems with multiple periods considering the relocation charges. They experimented 

with distributed layouts, using both randomly generated examples and data collected from 

industry.  Distributed layouts were considered appealing when demand fluctuates too frequently 

to make reconfiguring the plant cost effective.  The authors demonstrated that firms could benefit 

from disaggregating and distributing functional departments (over 40 percent improvement in 

most cases).  They also explored that distributed layouts can be improved if the distribution of 

flow patterns can be categorized a priori, including flow information at the design stage.  

However, material-handling costs could be reduced even without flow information.   

Urban et al. (2000) in an attempt to find an alternative to functional and cellular layouts, 

proposed a model that doesn�t require the machines to be placed in a functional layout (adjacent 

locations) or in a cellular arrangement (cells restricted to a specific family of products) but 

allows the material flow requirements to dictate the machine placement.  Hence, selection of 

efficient layout requires evaluation of different production schedules.  Specifically, the problem 

is to determine simultaneously the machine layout problem (which machines should be assigned 

to which location) and the product assignment problem (which product flow to which machines) 

while avoiding superfluous machine capacity.  The model is formulated as an aggregation of 

quadratic assignment problem and several network flow problems coupled with linear side 
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constraints.  The objective of the model is to reduce material handling efforts and its associated 

costs.  The model developed by Urban et al for single period case is formulated as follows, 

(1) There is more than one product or part family (i=1, 2� P) processed by the facility, 

each with a deterministic demand rate, Di. 

(2) There are various types of machines or operations (j = 1, 2�.T) required to produce 

each product. 

(3) The time required to process each product on a given machine, cijk , and the capacity 

of each machine, Cjk, are known; thus, the minimum required number of machines of 

each type (k = 1,2,�Mj) can readily be determined . 

(4) There are a number of available locations (l, r = 1, 2�.L) with a given distance or 

cost, dlr, per unit of material flow between them. 

Without loss of generality, we assume that the total number of machines required, N, is 

equal to the number of locations; that is,
1

T

j
j

N M L
=

= =∑  

xijkpq= the number of units of product i going from k th machine of type j to q th machine 

of type p. 

1 if  machine of type  is assigned to location 
0 otherwise
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where machine type j immediately precedes machine type p, which immediately precedes 

machine type s for product i on period h.   

 
 when  represents the source node for product 

 when  represents the sink node for product 
0 otherwise
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Equation (2.19) defines the objective of the proposed model (to develop layouts with 

minimized material handling cost).  Constraint sets (2.20) and (2.21) ensure that each location 

can house only one machine and each machine can be assigned to only one location.  Constraint 

(2.22) requires that the total demand of each product is satisfied for all required machine types 

and ensures conservation of material flow between machines throughout the facility.  Constraint 

(2.23) guarantees that the capacity of each machine is not exceeded.  Constraint (2.24) places 

non negativity restrictions on the workflow between machines and Constraint (2.25) represents 

binary solution for machine assignment. 

A mixed integer program is presented to find the optimal solution for small problems and 

heuristics are developed to solve larger problems.  For the optimal solution methodology, 

workflow between machines is taken as decision variables and by utilizing the concept of 



 38

�maximum flow quantity�, a lower bound is set to identify optimal solutions.  The evaluation of 

varying machine layouts is carried out by evaluating different production (workflow) schedules.  

In order to handle reasonably sized problems, two separate meta heuristics using GRASP 

(Greedy Randomized Adaptive Search Procedure) and Tabu search have been developed.  The 

first heuristic generates a continuous solution to the problem, while the second heuristic 

generates an integer solution.  Initial flow for both the heuristics is generated using priority based 

flow assignment procedure and the heuristic assigns products� flow along the shortest paths 

accordingly.  The proposed model resulted in an increased utilization of machine capacity and 

achieved an average cost saving of over 25% relative to traditional, unequal size QAP approach.  

The authors claim that the proposed approach cannot be considered always superior to traditional 

functional and cellular layout strategies but in fact will help a facility designer in reducing the 

workflow without substantial duplication of capacity. 

2.7. Literature Summary 

Even though a lot of research efforts have been focused on the area of DFLP and 

distributed layouts, there is no systematic methodology so far to construct distributed layouts.  In 

most cases, machines are distributed throughout plant floor on a random basis.  Previous research 

has considered workflow between machines as decision variables and has focused on evaluating 

different production schedules for a given layout.  However, this type of problems represents a 

large portion of the facility layout problems. Besides this, previous researches do not address the 

exact capacity requirements of similar types of departments.  Generally, machine types are 

assumed to have equal number of replicates.  The routing of products through these departments 

has also not been addressed.  Hence, this thesis proposes to study the following research 

objectives detailed below. 
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• Justify the need for developing process layouts. 

• Develop a systematic methodology to construct distributed layouts 

• As part of the approach, develop mathematical models to determine the capacity needed 

at any instant and determine number of units of each type of machine/department needed 

• Develop mathematical models to route parts based on following objectives 

1. Minimizing the maximum utilization of machines 

2. Minimizing the number of replicates a product can be routed to 

• Develop a solution approach that uses the capacity requirements of machines and routing 

information of products to construct distributed layouts. 

• Validate the viability of distributed layout for multiple periods under disturbance that do 

not exceed current capacities 

• Evaluate the relative performance of constructed layout with process layout. 
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CHAPTER 3 

METHODOLOGY  

This chapter details the construction of distributed and process layouts and discusses their 

relative performance. Section 3.1 discusses the framework and objective of proposed model. 

Section 3.2 justifies the need for developing process layouts and discusses the calculation of 

material handling cost for the developed layout. Section 3.3 and 3.4 discusses the systematic 

methodology to develop distributed layouts and calculation of material handling cost for the 

obtained layout. Section 3.5 and 3.6 explains the entire methodology to develop distributed and 

process layouts using a single period case study. Section 3.7 evaluates the relative performance 

of developed layouts. 

3.1. Model Formulation 

The objective of the proposed model is to develop distributed and process layouts with 

least material handling cost. Given the demand information and process plan of products, a 

stepwise procedure to construct distributed layouts is discussed in this chapter. Process layout is 

constructed using the traditional approach and is based on From-To relationship between 

machines. Relative performance of both layouts in terms of material handling cost is evaluated 

for single period and as well for multi period settings. The model developed by Urban et al. 

(2000) for simultaneously handling integrated machine allocation and layout problems has been 

modified to fit single and multi period case. The modification introduces yet another variable h 

into the formulated structure to account for the number of periods.  

So, the definition of decision variables has been altered as:  

 xjaibph = number of units of product j going from a th machine of type i to b th  

machine of type p on period h 
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 dlrh =distance between locations l and r on period h. 

1 if a  machine of type  is assigned to location  on period 
0 otherwise


= 


th

ail h
i l h

y  

C = Cost of moving unit material / foot 

Pij= Processing time taken by product j on machine type i 

Aai = Available minutes of replicate a of machine type i 

Dj = Demand volume of product j 

Ci = Minimum number of machines required of type i 

The modified model shares the same objective with the existing model, that is, to reduce 

the material handling efforts and its associated costs for any period. It can be structured as,  

! There is more than one product or part family (j=A, B, C� Z) processed by the facility, 

each with a deterministic demand rate, Dj. 

! There are various types of machines or operations (i = 1, 2�.S) required to produce each 

product. 

! The time required to process each product on a given machine, Pij , and the available time 

of each machine, Aai, are known; thus, the minimum required number of machines of 

each type (a = a, b, c,�z) can readily be determined. 

! There are a number of available locations (l, r = 1, 2�.L) with a given distance dlr. 

Without loss of generality, it is assumed that the total number of machines required, N, is 

equal to the number of locations L; that is, 
1=

= =∑
S

i
i

N C L   

1 1 1 1

Minimize .
S S z z Z L L

lrh jaibph ailh bprh
i p b a a a j A r l

d x y y C
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Subject to  
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Equation (3.1) defines the objective of the proposed model (to develop process and 

distributed layouts with minimized material handling cost).  Constraint sets (3.2) and (3.3) ensure 

that each location can house only one machine and each machine can be assigned to only one 

location for any period.  Constraint (3.4) guarantees that the capacity of each machine is not 

exceeded on any period.  Constraint (3.5) requires that the total demand of each product is met 

for any period.  Constraint (3.6) and Constraint (3.7) place non negativity and binary restrictions 

on decision variables. 

The systematic methodology adopted to attain the objectives set is represented 

schematically in Figure 3.1. 
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Figure: 3.1 (Flowchart representation) 

3.2. Need for Process Layout 

 In this work, distributed layouts are proposed as an alternative for process layouts. Hence, 

the need for building process layouts is analyzed and justified first. Process layouts are 

developed for the production data under consideration only when it meets the process layout 

requirements. 

Process layout is usually preferable under the following scenarios: When 

• There are high fluctuations in demand and changes in product mix 
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• Planning horizon is too small or narrow( weekly or monthly) 

• Rearrangement costs are higher or not affordable  

• Frequent disruption to existing layout causes inconvenience. 

• Most importantly, absence of any dominant flow pattern and dissimilarity between parts.  

The above cases favor the need for process layout as these cases rule out the possibility of 

segregating products into product groups. So, a process layout is considered a robust layout (not 

necessarily be an optimal layout) that can hold up to uncertainties in a dynamic environment.  In 

order for cellular layout to be used, two conditions have to be satisfied: a) there should be 

similarity in processes and b) capacity utilization of machines should be high.  The similarity can 

be further divided into two scenarios � a) same sequence and b) same machines.  In an ideal cell 

formation technique, to minimize material handling costs, the products will have similar 

sequence and high utilization.  However, if sequence is not the same, there should be at least 

some machines used for all products with a high utilization.  

The need for building process layouts is justified using a similarity measure.  That is, an 

index that can check the similarity between products and can judge the likelihood of forming 

either the process or cellular layout, is developed 

jkS --- Similarity index between parts i and j  

The proposed similarity measure,  

 1

1 1

=

= =

=
+
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Where 
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1 if part  is processed in machine 
0 otherwise


= 


ji

j i
X  

 
1 if part  is processed in machine 
0 otherwise
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k i
X  

 
2 if parts  and  are processed in machine 
0 otherwise


= 


jki

j k i
X  

For any production data, similarity values between parts are calculated and based on the 

similarity values, the type of layout is determined.  Product similarity index values are calculated 

before and after capacity analysis to identify any basis for product families.  If the calculated 

similarity values are very low, then the possibility of grouping products into product families is 

ruled out.  Even when the product similarity values are high, the utilization level of cells to 

which those products can been assigned is checked.  Cell utilization values can be calculated 

using the production volume of products and processing times of machines allotted to the cell. In 

case of low cell utilization, the idea of forming cellular layout is ignored.  For cases mentioned 

above, process layout approach is preferred over cellular approach.  Process layouts are 

developed by grouping machines of similar kind and locating them relative to other departments 

based on the From-To relationship between departments.  From-To relationship is obtained from 

the process plan of individual products.    

3.2.1 Material Handling Cost 

Once the layout is formed, material movement cost is calculated based on the volume of 

flow between departments.  Material handling cost of any layout is a function of amount of 

material movement between machines, cost of moving unit load and distance between machines.  

The cost of moving unit load between departments is taken as $1 and the centroid to centroid 

distance between machines is calculated using Euclidean method.  
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3.3. Systematic Methodology for Developing Distributed Layouts 

A stepwise procedure to construct distributed layouts is explained below. 

3.3.1. Capacity Calculation 

As the proposed approach for distributing resources assumes that the demand information of 

products and their sequence are known in advance, the minimum required number of machines 

of each type can be calculated as follows 

Pij � processing time taken by product j on machine type i 

1 if product  is processed in machine type 
0 otherwiseij

j i
x 

= 


 

Dj � Demand volume of product j 

Ai � Total available minutes of machine type i (up to the deadline) 

a
iC = Actual Capacity Required 

Ci � Minimum required number of machines of type i 

i

ijj

n

j
ij

a
i A

xDP
C

..
1
∑

==          (3.9) 

Ci = Round off a
iC  (integer) 

3.3.2. Product Allocation to Machines 

It can be said that product routing gets high priority in case of distributed layouts. The 

complexity involved in product routing can be attributed to the presence of multiple copies of 

same department throughout the plant layout. Nevertheless, the amount of resource utilization 

helps in routing appropriate quantities of products to individual machines and in obtaining an 

organized flow pattern. Hence, flow volume & machine utilization impact distributed layouts and 

these factors decide the relative placement of machines at appropriate locations. 
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3.3.2.1 Equal Utilization Concept 

Once the minimum required number of machines of each type is determined, the next step is to 

allocate products to individual replicates of each machine type. In an environment where 

multiple copies of same machine type are present, utilizing replicates of each machine type 

equally can be well justified. In other words, it�s minimizing the maximum utilization of 

machine replicates. The product allocation methodology is given below. 

1 if machine type  is assigned to meet the demand of product 
0 otherwiseij

i j
x


= 


 

Niaj = # of units of product j processed in replicate a of machine type i 

Ai = Available minutes of machine type i. 

Dj = Demand volume of product j. 

Pij= Processing time taken by product j on machine type i 

Ci � Minimum required number of machines of type i 

 Mi = # of minutes that can be utilized from each replicate of m/c type i 

Uuia= Unused minutes of replicate a of machine type i after assigning product j 
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Ui = Average Utlilization of machine type i 

Step 1: Calculate for every machine type i Mi, the number of minutes that can be utilized from 

each of its replicates a (a=a, b, c...k) 
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Step 2: Compute average utilization values Ui for all machine types i using  
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  Ui = 
Mi
Ai

  i∀          (3.12) 

Values should fall between 0 and 1 

Step 3: Using the production data, form a table and compute for each product j the utilization 

measure on each machine i, 
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          (3.13) 

Note: Utilization values need not be computed for machine types with single replicate. 

Step 4: Choose from the table the highest value. Perform for that value the product allocation 

following the steps below 

a)  If Niaj. Pij = Mi, Route entire volume of product j to replicate ia j∀  

b)  If Niaj. Pij < Mi, Route entire volume of product j to replicate ia j∀  

Calculate Uuia ai,∀  

c)  If Niaj. Pij > Mi, Route Niaj to machine replicate ia and the rest of product j 

  (Dj - Niaj) to next available replicate a (a= b or c or d) of machine type i  

Calculate Uuia ai,∀  

Step 5: Delete the value from the table 

Step 6: Choose from the table the next highest value. For machines that are being used the first 

time, follow Steps 4 and 5  

For machines that have already been used,   

d) If Niaj. Pij ≤ Uuia,   Route entire volume of product j to replicate ia j∀  

Calculate Uuia ai,∀  
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e) If Niaj. Pij >Uuia,  pick the next available replicate a (a = b or c or d) to route product j  

through 

Calculate Uuia ai,∀  

Step 7:  Delete the value from the table 

Note: Perform part splitting only under two scenarios 

1. When Niaj. Pij > Mi j∀  

2. When there are no more replicates and ijiaj

k

a
uia PNU .

1
≥∑

=
 j∀    (3.14) 

! And satisfy the constraint j
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iaj DN =∑

=
 j∀      (3.15) 

Step 8: Go on until all values from table are deleted following steps 6 and 7 

Step 9: Using the process plan and the performed flow allocation, arrange the product flow 

information schematically.  

3.3.2.2 Minimized Order Splitting Concept 

Unlike the previous one, the algorithm developed below attempts to allot the entire volume of 

products to a single replicate of a machine. In simple words, it performs part splitting only when 

needed. Here, individual replicates of each machine type are not equally utilized. The product 

allocation methodology to minimize order splitting is given below 

1 if machine type  is assigned to meet the demand of product 
0 otherwiseij

i j
x


= 


 

Niaj = # of units of product j processed in replicate a of machine type i 

Ai = Available minutes of machine type i. 

Dj = Demand volume of product j. 

Pij= Processing time taken by product j on machine type i 
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a
iC = Actual Capacity Required 

Ci � Minimum required number of machines of type i 

 Uuia= Unused minutes of replicate a of machine type i after assigning product j 

Step 1: Using the production data, form a table and compute for each product j the utilization 

measure on each machine i, 

 a
i

j

C
D

             (3.16) 

Step 2:  Choose from the table the highest value. Perform for that value the product allocation 

following the steps below 

f) If Niaj. Pij = Ai, Route entire volume of product j to replicate ia  j∀  

g) If Niaj. Pij < Ai, Route entire volume of product j to replicate ia  j∀  

Calculate Uuia ai,∀  

h) If Niaj. Pij > Ai, Route Niaj to machine replicate ia and the rest of product j  

 (Dj - Niaj) to next available replicate a (a= b or c or d) of machine type i  Calculate Uuia

 ai,∀  

Step 3: Delete the value from the table 

Step 4: Choose from the table the next highest value. For machines that are being used the first 

time, follow Step 2  

For machines that have already been used,   

i) If Niaj. Pij ≤ Uuia,   Route entire volume of product j to replicate ia j∀  

Calculate Uuia ai,∀  

j) If Niaj. Pij >Uuia,  pick the next available replicate a (a = b or c or d) to route product j 

through 
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Calculate Uuia ai,∀  

Step 5: Delete the value from the table 

Note: Perform part splitting only under two scenarios 

1. When Niaj. Pij > Ai j∀  

2. Refer to equation (3.14)  

! Refer to equation (3.15) 

Step 6: Go on until all values from table are deleted following steps 4 and 5 

Step 7: Using the process plan and the performed flow allocation, arrange the product flow 

information schematically.  

3.3.3. Machine Cluster Formation 

When number of machines is large, there arises the need for a superior grouping 

technique to determine the best cluster configuration.  Previous research work on grouping 

techniques emphasize on the sequence of a product and use binary part-machine incidence 

matrix to group resources together.  The drawbacks of these approaches include failure to 

incorporate production volumes and looping back information (revisit of products to a particular 

machine) of products.  Won & Lee (2001) proposed an approach for minimizing intercell part 

flows in a cellular manufacturing system. The proposed approach uses two types of production 

data-based part-machine incidence matrices in which the real field data such as the operation 

sequences and production volumes of parts are incorporated. But the approach doesn�t take into 

account the capacity requirements of machines and can be applied only for grouping single 

replicate resources. The proposed methodology has the drawback of erroneous intercell count 

when a product visits more than 2 cells sequentially. To overcome this difficulty, the existing 



 52

mathematical model formulated by Won and Lee is replaced by a newly developed model to 

obtain proper count of inter-cluster movements 

The proposed mathematical model is shown below 

N  number of parts 

M number of machines 

pmin minimum number of clusters 

pmax maximum number of clusters 

r  index of part type, r = 1,��..n  

i, j index of machine type, 1,��m 

k  index of clusters (families), k = 1,��p 

Lf lower limit on part family size 

Uf upper limit on part family size 

Lc lower limit on machine cluster size 

Uc upper limit on machine cluster 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 part �r� 

TOTOPk total number of operations in the kth cluster 

NOPk  total number of non-operations (voids) in the kth cluster 

Min 
min

1 1 1 1
( * * ) / 2

= = = ≠
∑∑∑∑
p n m m

r ijr ijrk
k r i j

d b X        (3.17) 
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where, 

1
0ijrb


= 


 
if  volume of material flows from machine 'i' to machine 'j'  of part 'r'
otherwise

 

1
0irkx


= 


if machine 'i ' of part ' r ' belongs to cluster k
otherwise

  

1
0jrkx


= 


if machine ' j ' of part ' r ' belongs to cluster k
otherwise

  

1
0rkx = 


if part ' r ' belongs to cluster k
otherwise

  

s.t.   

ijrk irk jrkX x x= −          (3.18) 

 
minp

k=1 
1=∑ rkx ,   r = 1,��.. , n      (3.19) 

 f
1

U
n

f rk
r

L x
=

≤ ≤∑ ,  k = 1,��.. pmin       (3.20) 

 
minp

1 
1

=
=∑ ik

k
y ,   i=1,���., m        (3.21) 

1
0iky 

= 


if machine ' j' belongs to cluster k
otherwise

  

1

m

c ik c
i

L y U
=

≤ ≤∑ ,  k= 1,��.. pmin      (3.22) 

 Equation (3.17) minimizes the inter-cluster flow for any part machine configuration. 

Equation (3.18) checks for each product whether there exists any inter-cluster movement 

between machines. Constraint sets (3.19) and (3.21) ensure that a part and a machine can be 
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assigned to only one cluster. Constraint sets (3.20) and (3.22) restrict the number of parts and 

machines that can be allotted to a cluster. 

3.3.4. Cluster Configuration 

Using the product routing information, part machine clusters of different configuration 

are formed.  The proposed methodology takes arbitrary values for number of clusters 

(configuration) into which the machines and products should be grouped.  Since the 

methodology uses reduced inter-cluster movement as the criterion for grouping resources, single 

cluster configuration could be the optimal configuration for any case.  But in realistic terms, it 

cannot be a viable solution.  Hence, the methodology is run for different part/machine 

configurations with 2 cluster configuration being the least configuration. Restrictions are also 

placed on the number of machines and products that can be allotted to a cluster configuration. 

 # of machines (X) in a cluster can vary from 2 X n-(2(m-1))≤ ≤    (3.23) 

 # of products (Y) allotted to a cluster can vary from 2 Y p-(2(m-1))≤ ≤   (3.24) 

 n - Total number of machines 

 p - Total number of products 

 m � Number of clusters desired 

3.3.4.1. Evaluation Criteria  

After running the proposed methodology for several part/machine configurations, a 

proficient evaluation criterion has been used to identify the best configuration. Nair and 

Narendran (1998) have introduced a combined measure called Bond efficiency to assess the 

inter-cluster efficiency and compactness of a cluster configuration. But there exists a trade off 

between inter-cluster movement and compactness of clusters. When the number of clusters used 

for grouping resources increases, there is a possibility of achieving high cluster compactness but 
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at the expense of high inter-cluster movements. However, the presence of multiple copies of 

same department in different clusters can better offset the tradeoff between inter-cluster 

movement and compactness of clusters. Such a case may even bring about reduced inter-cluster 

movement & high cluster compactness. Similar to Won and Lee, the proposed approach attempts 

to identify the best cluster configuration for a set of resources having only single replicates. The 

authors define compactness of each cluster as the ratio of number of operations within it to the 

maximum number of operations possible in it.  

3.3.4.2. Existing Bond Efficiency Formulation  

 

Bond Efficiency β=  

 1

1

( )
( )Bond Efficiency    

( )

c

k
k

c

k k
k

I q TOTOP
I U

I TOTOP NOP
β =

=

−
−= +

+

∑

∑
    (3.25) 

 
1

= ( 1)
n

j
j

I r
=

−∑   = maximum number of operations for component jr j   (3.26) 

 
1

1 1

jrn

jk
j k

U xl
−

= =
=∑∑           (3.27) 

0 if operations  are performed in the same cell
1 otherwisejk

k,k +1
xl


= 


 

TOTOPk -total number of operations in the kth cell 

NOPk -total number of non-operations (voids) in the kth cell 

 The major drawback of the proposed measure by Nair and Narendran (1998) is that it 

doesn�t address the production volume of products. Hence, the currently used method of bond 

Intercell
Travel Compactness+
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efficiency is not sufficient to determine the best cluster grouping. As a result, the formulation on 

hand has been transformed to accommodate information on production volume.  

3.3.4.3. Modified Bond Efficiency Formulation 

 The new method of bond efficiency which minimizes intercell flow and maximizes the 

density of 1s is used for determining the cell configuration. 

1

1

( )Bond Efficiency    
( )

c

k
k

c

k k
k

TOTOP
I U

I TOTOP NOP
β =

=

−= +
+

∑

∑
    (3.28) 

 
1

= ( 1)
n

j j
j

I r P
=

−∑          (3.29) 

 
1

1 1
.  

jrn

jk j
j k

U xl P
−

= =
=∑∑       (3.30) 

 = Number of parts  to be produced per periodjP j  

 Bond efficiency values are calculated for different part/machine configurations and the 

configuration with improved bond efficiency is selected as the best configuration. 

3.3.5. Relative Placement of Clusters 

Once the number of clusters and resources within it are determined, they have to be 

placed adjacent to each other depending on the relationship established between them. The 

number of material movement present between clusters dictates the placement of clusters relative 

to each other. Each cluster can be treated as individual departments and using the flow 

information between them, they can be arranged adjacent to each other. The objective here is to 

reduce material flow distance between resources in clusters.  
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3.3.6. Placement of Machines within Clusters 

In an environment with multiple replicates of machines, attaining the objective of 

reduced material handling cost depends primarily on the location of machines within cluster 

layouts  rather than on (but to some extent) relative arrangement of clusters within plant layout.  

As a result, placement of machines within its respective clusters needs foremost attention at this 

phase of work.  In fact, the circumstances that make this issue noteworthy are 

• When one machine of a specific type is needed by more than one cluster 

• When there is only one machine of a particular type and it is needed for all clusters. 

Hence, after accurate estimation of the relationship that resources of a particular cluster 

have built up with the resources of another cluster, the locations of corresponding resources 

within their subsequent layouts are concluded using the proposed algorithm. These clusters are 

then placed within the plant layout. 

3.3.6.1. Proposed Algorithm 

 The overall objective that this algorithm tries to achieve is to reduce the flow distance 

between resources (resources involved in inter-cluster movements) in different cluster layouts by 

placing them in appropriate locations within their respective clusters.  

The algorithm is executed in two phases: 

1). Listing the prioritized resources 

2). Allocation of resources to appropriate locations. 

3.3.6.2. Listing the Prioritized Resources 

Identify and list the set of resources with interlayout movements between them in a 

prioritized order (in descending order). That is, start with the biggest relationship and move on 

until all interlayout movements are accounted for. 
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For instance, 

Table: 3.1(Product information) 

Product Demand Product Sequence 

B 1200 2a-7a-5a-9a 

F 800 2a-3c-10a-11a 

 

Consider products B and F with the demand volume of 1200 and 800 (Table: 3.1).  

Product B sequences through 2a-7a-5a-9a and is assigned to cluster 1 (Figure: 3.2) whereas 

product F goes through 2a-3c-10a-11a and is assigned to cluster 2 (Figure: 3.3).  

Cluster 1 (Product B) 

2a 7a 5a 
Figure: 3.2 (Cluster 1 layout) 

Cluster 2 (Product F) 

10a 11a 9a 

3c 4b   
Figure: 3.3(Cluster 2 layout) 

For the above case, 

Resources involved in interlayout movements are sorted out and depending on the flow 

volume, they are arranged in descending order. 

Table: 3.2 (Interlayout resources) 

From-Between # of interlayout movements 

5a-9a 1200 

2a-3c 800 
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The second phase of the algorithm assigns the resources involved in inter-cluster 

movements (Table: 3.2) to appropriate locations within their respective layouts to minimize 

material handling cost. 

3.3.6.3. Allocation of Resources to Optimal Locations 

From the prioritized list, allocate resources to appropriate locations within their 

respective layouts starting with the biggest relationship (that is, follow the prioritized list (Table: 

3.2)). At this point, it becomes important to define a set of places (�cardinal& trivial� locations) 

within each cluster layout to which resources involved in inter-cluster movements can be 

assigned. The boundary locations of any cluster layout along the adjoining cluster layout are 

called cardinal locations as these positions are completely dedicated to resources that exhibit 

strong relationship with resources in other clusters. Resources that exhibit strong relationship 

only with resources inside the same cluster need not be assigned to cardinal locations as these 

resources have no impact on or not involved in interlayout movements. The positions occupied 

by these resources are called trivial locations. That is, locations other than cardinal locations. 

The probability of any resource taking either cardinal or trivial locations is entirely based on the 

type of relationship they exhibit with resources in another cluster and the number of resources 

involved in interlayout movements.  

It can be mathematically expressed as, 

Xaijlm = ath replicate of ith machine type for product j assigned to lth cardinal location of 

cluster m. 

Xapjlq = ath replicate of pth machine type for product j assigned to lth cardinal location of 

cluster q. 
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It is taken p = i +1 (that is, the next machine in which product j is  processed after i as 

per its sequence) and 

q= m +1(that is, cluster which contains ath replicate of pth machine type) 

Xaijlm and Xapjlq must equal 0 or 1. 

Nqj � Number of resources of cluster q involved in interlayout activity for product j 

Hence, 

If Xaijlm = 1, then
1 1 1 1 1= + = = + = = +

<=∑ ∑ ∑ ∑ ∑
g gn z w

apjlq qj
q m a p i l q m

X N   

1 1 1 1 1 1

.
= + = + = = + = = +

− <=∑ ∑ ∑ ∑ ∑ ∑
g g gn z w

qj apjlq qj
q m q m a p i l q m

N X N y   ∀ j     (3.31) 

1

.(1 )
= +

≤ −∑
g

aijlm qj
q m

X N y  , , , ,∀ a i j l m    (3.32) 

1 1 1 1
1

= = = =
=∑∑∑∑

g h n o

aijlm
m j a i

X      l∀     (3.33) 

1
1

=
=∑

w

aijlm
l

X        , , ,∀ a i j m    (3.34) 

0
 , ,     

1
 
 
 

aijlm apjlqX X y ε     , , , ,∀ a i j l m     (3.35) 

Equation sets (3.31) and (3.32) are conditional constraints and states that the machine 

pair involved in interlayout movements should be assigned to cardinal locations of their 

respective layouts. Constraint sets (3.33) and (3.34) ensure that each location can house only one 

machine and each machine can be assigned to only one location. Constraint (3.35) places binary 

restrictions on decision variables. 
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Using the proposed algorithm, the resources involved in interlayout movements are 

placed in appropriate locations within their cluster layouts. For instance, in a four cluster 

problem, if a machine in one of the clusters is involved in Interlayout movement with machines 

in other 3 clusters, then the corner points of each cluster are the cardinal locations for the 

Interlayout resources.  

        

  1a 2a   

  3a 4a   

        
Figure: 3.4(Final layout) 

From Figure: (3.4), it can be seen machine 1a of cluster 1 is involved in Interlayout 

movements with machine 2a of cluster 2, machine 3a of cluster 3 and machine 4a of cluster 4. In 

order to reduce the material flow cost between these resources, they have to be shifted to cardinal 

locations (boundary locations along the adjoining layout) within their respective layouts whereas 

other resources can be assigned to layout trivial locations. 

3.4. Relative Comparison of Layout Performance 

Once the layout is formed, the material handling cost is calculated for the flow volume 

using Euclidean method. The performance of process and distributed layout for the same case is 

evaluated in terms of material handling cost.  

A case study has been constructed to prove that the proposed approach minimizes 

material handling cost when compared to process layout for a static period case. 

3.5. Single Period Case 

The proposed methodology has been applied to solve a 11 machine type layout problem. As 

stated earlier, the demand & sequence information of each product, their respective machine 

processing times and the machine available hours are known a priori. The planning horizon for 
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the constructed case study is taken as 1 month and the number of products as 6. The capacity 

calculations are based on product demand requirements for the stipulated period.  

Table: 3.3 (Product information) 

Product Demand Data Sequence(Processing time) 

A 1150 1(10)-6(9)-8(3)-9(1) 

B 1200 2(9)-7(8)-5(5)-9(2) 

C 950 1(12)-3(13)-10(11)-8(4) 

D 1450 3(12)-4(8)-6(7)-5(4)-9(1) 

E 1250 9(4)-8(4)-4(10)-7(9)-11(6) 

F 800 2(2)-3(5)-10(2)-11(4) 

 

3.5.1. Capacity Calculations 

Using the above information, the capacity calculations were carried out and the total 

number of machines required to fulfill the entire demand in time was found to be 17. The 

capacity requirements of individual machine types were calculated as follows: 

Table: 3.4 (Machine requirements) 

Product Type Pij* Dj 

A 0 
    
B  0 
    
C  13*950 = 12350 
    
D 12*1450 = 17400 
    
E 0 
    
F 5*800=4000 

Total Time 
Reqd.(min) 

 
33750 
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Other assumptions, 

Table: 3.5 (Machine availability) 

Planning Horizon 1 month 
Number of shifts/day 1( 8 hrs) 
Working days / week 7 

m/c Available 
hours/day 

7 hrs 

 

Ai = 30(# of working days in 1 month) *7(machine available hours)*60(# of min./hour) 

 = 12600 minutes. 

Minimum required number of machines of type 3  

12600
)800*501450*12950*1300(

3
+++++=aC (Refer Equation: 3.9) 

= 2.67 

C3  = Round off (2.67) 

= 3 (integer value) 

The capacity requirements for other machine types are calculated in the same way (See 

Table below). 
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Table: 3.6 (Capacity calculations) 

Machine type Capacity 

Requirements 

1 2 (1a,1b) 

2 1 (2a) 

3 3 (3a,3b,3c) 

4 2 (4a,4b) 

5 1 (5a) 

6 2 (6a,6b) 

7 2 (7a,7b) 

8 1 (8a) 

9 1 (9a) 

10 1 (10a) 

11 1 (11a) 

Total # of m/cs 

required 

17 

 

All machines are treated as equal sized machines and each of them occupies an area of 5*5.  

3.5.2. Part Routing Based on Equal Utilization of Machine Replicates 

Followed by Capacity calculations is part routing. In an environment where multiple 

copies of same department are present, the concept of equal utilization sounds worthy as it is 

essential and justifiable to share the work load equally between replicates. In simple terms, it is 

minimizing the maximum utilization of machine replicates. The number of products that can be 

routed to a machine is determined in the following fashion, 

1 if machine type  is assigned to meet the demand of product 
0 otherwiseij

i j
x


= 


 

Niaj = # of units of product j processed in replicate a of machine type i 
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Ai = Available minutes of machine type i. 

Dj = Demand volume of product j. 

Pij= Processing time taken by product j on machine type i 

Ci � Minimum required number of machines of type i 

 Mi = # of minutes that can be utilized from each replicate of m/c type i 

 Uuia= Unused minutes of replicate a of machine type i after assigning product j 

Ui = Average Utilization of machine type i 

Step 1: 

M1 = 11450
2

)12*950()10*1150( =+  minutes (Refer Equation: 3.11) 

M2 = 12400
1

)2*800()9*1200( =+  minutes 

M3 = 11250
3

)5*800()12*1450()13*950( =++  minutes 

Calculate Mi values for the rest of machines 

 

 

 

 

 

 

 

 

 

 



 66

Table: 3.7 (Minute calculations) 

Machine type Mi (minutes) 

1 11450 

2 12400 

3 11250 

4 12050 

5 11800 

6 10250 

7 10425 

8 12250 

9 10000 

10 12050 

11 10700 

Step 2:  

U1 = 91.0
12600
11450 =  (Refer Equation: 3.12) 

U2 = 98.0
12600
12400 =  

U3 = 89.0
12600
11250 =  

Compute Ui values all machines 
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Table: 3.8 (Utilization values) 

 

  

 

 

 

 

 

 

 

Step 3: Refer Equation: (3.13) 

Table: 3.9 (Machine priority values) 

Products/ 

Machines 

1 2 3 4 5 6 7 8 9 10 11 

A -1150 
9.631

82.1
1150 =  

    
9.709

62.1
1150 =

     

B -1200       722.9     

C � 950 521..9  355.8         

D -1450   543.1 755.2  895.1      

E � 1250    651.0   753.0     

F - 800   299.6         

Step 4:  

From the table, the product with highest value is chosen 

Product D (895.1) 

b). Niaj. Pij < Mi 

    N6aD. P6D < M6 

    1450*7< 10250 

The entire volume of product D is routed to the first replicate a of machine type 6. 

Machine Type Ui 
1 0.91 
2 0.98 
3 0.89 
4 0.96 
5 0.94 
6 0.81 
7 0.83 
8 0.97 
9 0.79 
10 0.96 
11 0.85 
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6a1450 1450

 
Figure: 3.5 (Product routing through 6a) 

1

- .   
n

uia i iaj ij
j

U M N P
=

= ∑ (Refer Equation: 3.10) 

Uu6a = 10250 - ∑
=

1

1

7.1450
j

 

Uu6a = 10250 � 10150 

= 100 minutes 

Step 5:  

The highest value 895.1 is deleted from the table.       

Step 6:  

The next highest value is chosen from the table 

Product D (755.2) 

Product D needs to be allocated to machine type 4 and machine type 4 is being used the 

first time. Hence, following steps 4 and 5, the entire volume of product D is routed to the first 

replicate a of machine type 4 

4a 14501450

 
Figure: 3.6 (Product routing through 4a) 

Uu4a = 12050 � 11600 

  = 450 minutes 
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Step 7: 

 The next highest value 755.2 is deleted from the table. 

Step 8:  

 Steps 6 and 7 are followed and the rest of table values are deleted.  

Product E (753.0) 

c). Niaj. Pij > Mi 

N7aE. P7E   > M7 

1250*9 > 10425 

Replicate a of machine type 7 can process only 1158 products of type E. Hence, the rest 

of products E 1250 - 1158 (Dj - Niaj) is routed to the next available replicate b of machine type 7 

7a1158 1158

7b

92

92

 
Figure: 3.7 (Part splitting) 

 Here part splitting is performed only when Niaj. Pij > Mi and the constraint j

k

aa
iaj DN =∑

=
 

is also satisfied. N7aE + N7bE = 1158 + 92 = 1250 (DE)  

(Refer Equation: 3.15) 

Step 9:   

Using the process plan and the performed flow allocation, the product flow information 

represented schematically.  
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Product A: 

1b 6a

1145

5

1a 6b

5

8a1138

12

9a11501138

7

 
Figure: 3.8 (Product A route) 

Product B: 

1200 2a 7b 5a1200 9a12001200

 
 

Figure: 3.9 (Product B route) 

Product C: 

3b

950 1b 3c 10a865

85

8a950865

85

 
 

Figure: 3.10 (Product C route) 

Product D: 

3b

937

513

3a 4a 6a1450 5a1450937 9a1450

51
3

 
Figure: 3.11 (Product D route) 
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Product E: 

1250 9a 8a 4a45 7b451250 11a92

4b 7a

1205 11
5847

1158

 
 

Figure: 3.12 (Product E route) 

Product F: 

2a 3b797 10a797800 11a92

3c2

3a

1

2

            1

 
Figure: 3.13 (Product F route) 

 Product F is split and routed to replicates a, b and c of machine type 3 only under the 

scenario: When there are no more replicates and ijiaj

k

a
uia PNU .

1
≥∑

=
. The constraint j

k

aa
iaj DN =∑

=
 

is also satisfied. (Refer Equations: 3.14 and 3.15) 

3.5.3. Cluster Formation 

After allocating product quantities to individual replicates of each machine type, the 

proposed methodology has been adopted to form part/machine clusters. For each part/machine 

cluster, the compactness and inter-cluster (material movement between clusters) efficiency is 

calculated using the proposed bond efficiency method. And the cluster with improved bond 

efficiency is selected as the best configuration. Restriction is placed on the number of machines 

and products that can be allotted to a cluster.  
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2-Cluster Configuration, 

(Refer Equations: 3.23 and 3.24) 

# of machines (X) within the cluster can vary from 2 ≤ X ≤ 17-(2(2-1)) 

 = 2 ≤ X ≤ 15 

# of products (Y) allotted to the cluster can vary from 2 ≤ Y ≤ 6-(2(2-1)) 

= 2 ≤ Y ≤ 4 

Application of proposed methodology subject to above constraints resulted in, 

Cluster 1 
1a, 2a, 3a, 4a, 4b,
5a, 6a, 6b, 7a, 7b,

8a, 9a, 11a

A
B
D
E  

Cluster 2 

1b, 3b, 3c, 10aC
F

 
Figure: 3.14 (2 Cluster configuration) 

 Total # of material movement between clusters: 3068 

3-Cluster Configuration, 

# of machines (X) within the cluster can vary from 2≤ X ≤ 17-(2(3-1)) 

= 2 ≤ X ≤ 13 

# of products (Y) allotted to the cluster can vary from 2 ≤ Y ≤ 6-(2(3-1)) 

= 2 ≤ Y ≤ 2 

Cluster 1 
1a, 4b, 6b, 7a,

8a, 11a
A
E  

Cluster 2 

1b, 3b, 3c, 10aC
F  

Cluster 3 
2a, 3a, 4a, 5a, 6a,

7b, 9a
B
D  

Figure: 3.15 (3 Cluster configuration) 
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Total # of material movement between clusters: 5671 

 As the number of products allotted to a cluster should be at least 2, it is not possible to go 

beyond 3-cluster configuration. Therefore, 3-cluster configuration is the maximum reachable 

configuration for the developed case study. Consequently, Bond efficiency Calculations are 

performed to identify the best configuration among the possible alternatives. 

3.5.4. Bond Efficiency Calculations 

(Refer Equations: 3.28-3.30) 

2-Cluster Configuration, 

 
 
 
 
 
 
 
 

Table: 3.10 (2 Cluster I value calculation) 
Product Name & Volume Number of Sequence 

Operations - 1 
I Value 

A & 1150 3 3450 
B & 1200 3 3600 
C & 950 3 2850 

D & 1450 4 5800 
E & 1250 4 5000 
F & 800 3 2400 

     I = 23,100 
Calculation of U value 

Product A; 

 1(5) = 5 

Product B; 

 0 

Product C; 

 1(950) = 950 

 

Objective value ---3068 (inter-
cluster movements) 

# of clusters          ---2 
# of products      --- 6 

# of machines     --- 17 
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Product D; 

 1(513) = 513 

Product E; 

 0 

Product F; 

 1(797) + 1(1) + 1(2) + 1(800) = 1600. 

U value = 5 + 0 + 950 + 513 + 0+ 1600 = 3068 

 
)852(
)721(

23100
)306823100(

+
++−=β  

= 0.87 + 0.47 

= 1.34 

3-Cluster Configuration, 

 
 
 
 
 
 

 
Table: 3.11 (3 Cluster I value calculation) 

Product Name & Volume Number of Sequence 
Operations - 1 

I Value 

A & 1150 3 3450 
B & 1200 3 3600 
C & 950 3 2850 

D & 1450 4 5800 
E & 1250 4 5000 
F & 800 3 2400 

    I = 23,100 
Calculation of U value 

Product A; 

 1(7) + 1(5) + 1(12) + 1(1150) = 1174 

Product B; 

 0 

Product C; 

 1(950) = 950 

 

Objective value ---5671(inter-cluster 
movements) 

# of clusters        ---3 
# of products      --- 6 

# of machines     --- 17 
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Product D; 

 1(513) = 513 

Product E; 

 1(1250) + 1(45) + 1(47) +1(92) = 1434 

Product F; 

 1(797) + 1(1) + 1(2) 1(800) = 1600 

U value = 1174+ 0 + 950 + 513 + 1434 + 1600 = 5671 

)14812(
)977(

23100
)567123100(

++
+++−=β  

= 0.75 + 0.68 

= 1.43 

 As mentioned earlier, the 3-Cluster configuration with increased bond efficiency value is 

selected as the best configuration. 

3.5.5. Relative Placement of Clusters 

 Once the number of clusters and resources within it are determined, they have to be 

placed adjacent to each other depending on the relationship established between them. The 

number of inter-cluster movements dictates the placement of clusters relative to each other. Each 

cluster can be treated as individual departments and the flow between them can be identified 

using From-Between charts. 

For the 3-Cluster Configuration, 

1a, 4b, 6b, 7a,
8a, 11a

A
E

2a, 3a, 4a, 5a, 6a,
7b, 9a

B
D

1b, 3b, 3c, 10aC
F

2603

13181750

 
Figure: 3.16 (Material flow between clusters) 

Total number of material movement between clusters: 5671 moves 
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 In accordance with the above relationship, the 3-clusters can be placed relatively in the 

following fashion. 

2a, 3a, 4a, 5a, 6a,
7b, 9a

B
D

1a, 4b, 6b, 7a,
8a, 11a

A
E

1b, 3b, 3c, 10aC
F  

Figure: 3.17 (Relative arrangement) 

 Resources within each cluster exhibit certain relationship with other members of its 

respective cluster. Using From-To chart of each cluster, the relationship is determined and the 

resources are arranged in such a way that it results in reduced material handling cost.  From- To 

relationship between resources and their relative arrangement within their respective clusters are 

shown below.  

Table: 3.12 (Cluster 1 relationship) 

 1a 4b 6b 7a 8a 11a 
1a   1138    
4b    1158   
6b     1138  
7a      1158

8a  1205     

11a       
Proposed layout 

1a 6b 8a 4b 7a 11a
 

Figure: 3.18 (Cluster 1 layout) 

Though there are several other ways to arrange the above resources without affecting 

their relationship, just a single layout is considered. Because when the inter-layout flow is taken 

into account, it cannot be guaranteed that all proposed layouts will remain the same without 

undergoing any change. It is subject to change once material movement between layouts is 
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considered. So, the above layout is just a pictorial representation of relationship between 

resources within a cluster.  

Table: 3.13 (Cluster 2 relationship) 

 

 

 

 

 

Proposed layout 

3c 10a

1b 3b
 

Figure: 3.19 (Cluster 2 layout) 

Table: 3.14 (Cluster 3 relationship) 

 2a 3a 4a 5a 6a 7b 9a 
2a  2    1200  
3a   937     
4a     1450 45  
5a       2650 
6a    1450    

7b    1200    

9a        
Proposed layout 

2a 7b 5a 9a

3a 4a 6a

 
Figure: 3.20(Cluster 3 layout)  

 1b 3b 3c 10a 

1b  85 865  

3b    882 

3c    866 

10a     
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3.5.6. Relative Placement of Machines within Clusters 

Resources involved in interlayout movements are identified and listed in a prioritized 

order. The placement of these machines in appropriate locations within its layout has significant 

impact on material handling cost of the facility. 

Phase 1: Listing the Prioritized Resources 

Table 3.15 shows the resources involved in interlayout movements and the number of 

movements between them for the 3-cluster configuration. 

Table: 3.15 (Interlayout movements) 

 

 

 

 

 

 

 

 

 

 

 

 

Phase 2: Allocation of Resources to Optimal Locations 

As part of proposed methodology, resources involved in interlayout movements are 

assigned to cardinal locations of their respective layouts, that is, locations along the boundary of 

each layout so as to minimize material handling distance. The rest of resources inside each layout 

are assigned to trivial locations of their respective layouts, that is, locations other than cardinal 

locations as these resources have no impact on interlayout material handling cost. Individual 

layouts of 3 clusters have been altered taking into consideration the movement between layouts 

From-Between # of interlayout 
movements 

9a-8a 2400 
10a-8a 950 
10a-11a 800 
2a-3b 797 
3b-4a 513 
4b-7b 47 
8a-4a 45 
6a-8a 12 
1a-6a 7 
1b-6a 5 
3a-10a 2 
2a-3c 1 
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and resources involved in it. As it can be seen from the layouts below, resources involved in 

interlayout movements occupy cardinal locations of each layout and other resources take trivial 

locations. (Refer Equations: 3.31-3.35) 

Layout 1 

1a6b

8a 4b

7a

11a
 

Figure: 3.21 (Cluster 1 final layout) 

Layout 2 

1b 3c

10a3b

 
Figure: 3.22(Cluster 2 final layout) 

Layout 3 

2a

7b

5a 9a

3a

4a

6a

 
Figure: 3.23(Cluster 3 final layout) 
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The final layout with distributed resources is shown in Figure 3.24. 

2a

7b

5a 9a

3a

4a

6a

1b 3c

10a3b

1a6b

8a 4b

7a

11a
 

Figure: 3.24 (Distributed layout) 

 From the proposed layout, one can observe that once the resource 8a is assigned to 

cardinal location of its layout, resource 9a involved in interlayout movement with 8a takes 

boundary (cardinal) position of layout 3. Accordingly, machine pair 10a and 8a has been 

assigned to cardinal locations of their respective layouts. The same criterion applies to the 

placement of all other interlayout resources.  

 But there are some instances when it is not possible to assign resources involved in 

interlayout movements to cardinal locations of their respective layouts. Since, doing so will 

disrupt the intra-layout relationship between resources. Resources 3b of layout 2 and 4a of layout 

3 have an intercell flow of 513 units between them. But resource 4a couldn�t take cardinal 

location of its layout (boundary location at the intersection of layout 3 and layout 2) as any effort 

to shift the position of 4a will disrupt the intra layout relationship this resource has established 

with other members of their layouts. So, the algorithm keeps locating resources involved in 

interlayout movements to cardinal locations as long as it doesn�t affect their intra layout 

relationship to considerable extent. 
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3.5.7. Material Handling Cost 

 Material handling cost of any layout is a function of amount of material movement 

between machines, cost of moving unit load and distance between machines. The cost of moving 

unit load for the above case is taken as $1 and the centroid to centroid distance between 

machines is calculated using Euclidean method.  

 The total material handling cost of the proposed layout is estimated to be $123,661.35.  

The relative performance of process layout for the developed case study is evaluated to verify the 

effectiveness of proposed methodology. 

3.6. Process Layout 

The classical product layout strategy is not applicable in the absence of any basis for 

product segregation into product groups. Using the proposed similarity measure, the possibility 

of segregating products into product families is checked.  

3.6.1. Need for Process Layout 

(Refer Equation: 3.8 and Table: 3.3) 

2 0.25
(4 4)ABS = =

+
 

4 0.5
(4 4)ACS = =

+
 

4 0.44
(4 5)ADS = =

+
 

4 0.44
(4 5)AES = =

+
 

0 0
(4 4)AFS = =

+
 

0 0
(4 4)BCS = =

+
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4 0.44
(4 5)BDS = =

+
 

4 0.44
(4 5)BES = =

+
 

2 0.25
(4 4)BFS = =

+
 

2 0.22
(4 5)CDS = =

+
 

2 0.22
(4 5)CES = =

+
 

4 0.5
(4 4)CFS = =

+
 

4 0.4
(5 5)DES = =

+
 

2 0.22
(5 4)DFS = =

+
 

2 0.22
(5 4)EFS = =

+
 

 The maximum similarity index value obtained is 0.5. Low similarity index values 

between products rule out possibility of forming cellular layouts. Besides this, the calculated 

similarity index is based on the assumption that machines have infinite capacity to fulfill product 

demand in time. But it�s not the case as some extra replicates of certain machine types are 

required to meet demand in time. If the similarity index values are calculated based on actual 

routing of products, the values would go down further.  
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Table: 3.16 (Actual product routing) 

Product Sequence 

A 1a/1b-6a/6b-8a-9a 

B 2a-7a-5a-9a 

C 1b-3a/3b-10a-8a 

D 3b/3c-4a-6b-5a-9a 

E 9a-8a-4a/4b-7a/7b-11a 

F 2a-3c-10a-11a  

 

 For instance, the similarity index value for products C and F assuming infinite machine 

capacity is 0.5 (highest value). But based on actual routing of products, it is SCF = 2 / 4 +4 = 0.25 

(Refer Table: 3.16).  Hence the product layout strategy is not valid for the above case. On the 

other hand, the classical alternative process layout strategy is still applicable.  

3.6.2. Construction of Process Layout  

 Designing the process layout is highly simplified in the absence of expected flow pattern 

since the basic task is to group resources according to their processing type and to locate them 

relative to each other depending on the amount of flow between them (Montreuil et al, 1991).  

For the above case study, there are 11 types of machines with similar processing requirements. 

Each group of machines are treated as individual departments and the amount of flow between 

them is shown in the From to chart below. 
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Table: 3.17 (From-To chart)  

 1 2 3 4 5 6 7 8 9 10 11 
1   950   1150      
2   800    1200     
3    1450      1750  
4      1450 1250     
5         2650   
6     1450   1150    
7     1200      1250
8    1250     1150   
9        1250    
10        950   800 
11            

 
Optimal layout for the above relationship is, 

10a 3a

1a3b4b8a

1b

2a

3c4a6b

7a7b6a

11a

9a

5a

 

Figure: 3.25 (Process layout) 

MH cost of process layout: $178,911.5 (Euclidean) 

3.7. Relative Performance of Process and Distributed Layouts 

Material handling cost for the above layout is calculated in the same way as in case of 

distributed layout. For the developed case study, the proposed distributed layout approach (with 

equal utilization concept) has resulted in a considerable cost reduction of 30.88% ($55,250.15) 
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over process layout approach. The obtained result validates the fact that distributed layouts are 

efficient than process layouts for single period cases. 
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CHAPTER 4 

CASE STUDIES AND RESULTS 

This chapter discusses the case studies constructed to evaluate the relative performance of 

process and distributed layouts. Section 4.1 and 4.2 discuss the single period case study with 

minimized order splitting scenario. Section 4.3 and 4.4 discusses two different case studies 

constructed for multiple periods. Section 4.5 discusses the results obtained and concludes with 

observed remarks. 

4.1. Single Period Case 

The proposed methodology for minimized order splitting case has been illustrated using 

the same 17 machine layout problem of chapter 3.  The demand and sequence information of 

products are shown in Table: 3.3. (Refer Chapter 3, Section: 3.5) 

4.1.1. Capacity Calculations 

(Refer Chapter 3, Section: 3.5.1)  

4.1.2. Part Routing and Minimized Order Splitting 

(Refer Chapter 3, Section: 3.3.2.2) 

Part Routing is performed using the proposed algorithm. Part splitting is carried out only  

! When Niaj. Pij > Ai j∀  

! When there are no more replicates and ijiaj

k

a
uia PNU .

1
≥∑

=
 

! And the constraint j

k

aa
iaj DN =∑

=
 is satisfied for all products. 
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Product A: 

6b1a 9a8a1150 11501150 1150

 

Figure: 4.1 (Product A route) 

Product B: 

7b2a 9a5a1200 12001200 1200

 

Figure: 4.2 (Product B route) 

Product C: 

8a10a950 950950 9501b 3c

 

Figure: 4.3 (Product C route) 

Product D: 

5a6a1050 14501050 14503a 4a 9a1450

3b

400
400

 

Figure: 4.4 (Product D route) 

Product E: 

7a4b1250 12501250 12509a 8a 11a1250

 

Figure: 4.5 (Product E route) 
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Product F: 

11a10a800 800800 8002a 3b

 

Figure: 4.6 (Product F route) 

 It can be seen that the entire volume of product A has been routed through first replicate a 

of machine type 1. But the replicate 1a is not entirely utilized and is still left with  

 12600(A1) � 10 * 1150(P1A* N1aA) = 1100 minutes to be used. 

 Product C has the sequence of 1-3-10-8. Even though fraction of product C can be routed 

through replicate 1a and the rest of products through next available replicate 1b, the proposed 

algorithm will not allow it since its objective is to use least number of machine replicates to 

process the entire volume of any product. So, it will choose replicate 1b to route the entire 

volume of product C.  

 Whereas part splitting is carried out for product D since the entire volume of product D 

cannot be processed using just a single replicate of machine type 3. It requires at least two 

machines for completion. Only in that case, the proposed algorithm will perform part splitting. 

The utilization rate of replicate 3a is 100 % and that for replicate 3b is just 69.84 %.  The process 

of routing product quantities to other individual m/c replicates is performed in the same way as 

described above. 

4.1.3. Cluster Formation 

2-Cluster Configuration, 

# of machines (X) within the cluster can vary from 2 ≤ X ≤ 17-(2(2-1)) 

= 2 ≤ X ≤ 15 

# of products (Y) allotted to the cluster can vary from 2 ≤ Y ≤ 6-(2(2-1)) 
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= 2 ≤ Y ≤ 4 

Application of proposed methodology subject to above constraints resulted in, 

Cluster 1 

1a, 2a, 3a, 4a, 4b,
5a, 6a, 6b, 7a, 7b,

8a, 9a, 11a

A
B
D
E  

Cluster 2 

1b, 3b, 3c, 10aC
F

 

Figure: 4.7 (2 Cluster configuration) 

Total # of material movement between clusters: 2950 

Calculation of U value 

Product A; 

 0 

Product B; 

 0 

Product C; 

1(950) = 950 

Product D; 

 1(400) = 400 

Product E; 

 0 

Product F; 

 1(800) + 1(800) = 1600. 

U value = 0+ 0 + 950 + 400 + 0+ 1600 = 2950 
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β = 
)852(
)518(

23100
)295023100(

+
++−  

 = 0.87 + 0.38 = 1.25 

3-Cluster Configuration, 

# of machines (X) within the cluster can vary from 2≤ X ≤ 17-(2(3-1)) 

= 2 ≤ X ≤ 13 

# of products (Y) allotted to the cluster can vary from 2 ≤ Y ≤ 6-(2(3-1)) 

= 2 ≤ Y ≤ 2 

Proposed methodology result, 

Cluster 1 

1a, 4b, 6b, 7a,
8a, 11a

A
E  

Cluster 2 

1b, 3b, 3c, 10aC
F  

Cluster 3 

2a, 3a, 4a, 5a, 6a,
7b, 9a

B
D  

Figure: 4.8 (3 Cluster configuration) 

Total # of material movement between clusters: 5350 

Calculation of U value 

Product A; 

 1(1150) = 1150 

Product B; 

 0 
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Product C; 

 1(950) = 950 

Product D; 

 1(400) = 400 

Product E; 

 1(1250) = 1250 

Product F; 

 2(800) = 1600 

U value = 1150+ 0 + 950 + 400 + 1250 + 1600 = 5350 

β = 
)14812(

)957(
23100

)535023100(
++
+++−  

= 0.77 + 0.62 = 1.39 

The 3-Cluster configuration with increased bond efficiency value is selected as the best 

configuration. 

4.1.4. Relative Placement of Clusters 

From between relationship of clusters 

For the 3-Cluster Configuration, 

1a , 4b, 6b, 7a, 8a , 
11a

A
E

2a, 3a, 4a, 5a , 6a , 
7b , 9a

B
D

1b, 3b, 3c , 10aC
F

2400

12001750

 

Figure: 4.9 (Material flow between clusters) 

Total number of material movement between clusters: 5350 moves. 
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In accordance with the above relationship, the 3-clusters can be placed relatively in the following 

fashion. 

1a , 4b, 6b, 7a, 8a , 
11a

A
E

2a, 3a , 4a, 5a, 6a, 
7b, 9a

B
D

1b, 3b , 3c , 10aC
F  

Figure: 4.10 (Relative arrangement) 

From- To relationship between resources and their relative arrangement within their respective 

clusters are shown below.  

Table: 4.1 (Cluster 1relationship) 

 1a 4b 6b 7a 8a 11a 

1a   1150    

4b    1250   

6b     1150  

7a      1250

8a  1250     

11a       

 

Proposed layout 

1a 6b 8a 4b 7a 11a
 

Figure: 4.11 (Cluster 1 layout) 
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Table: 4.2 (Cluster 2 relationship) 

 

 

 

 

 

 

Proposed layout 

3c 10a

1b 3b
 

Figure: 4.12 (Cluster 2 layout) 

Table: 4.3 (Cluster 3 relationship) 

 2a 3a 4a 5a 6a 7b 9a 

2a      1200  

3a   1050     

4a     1450   

5a       2650 

6a    1450    

7b    1200    

9a        

 

 

 1b 3b 3c 10a 

1b   950  

3b    800 

3c    950 

10a     
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Proposed layout 

2a 7b 5a 9a

3a 4a 6a

 

Figure: 4.13 (Cluster 3 layout) 

4.1.5. Relative Placement of Machines within Clusters 

Phase 1: Listing the prioritized resources 

Table: 4.4 (Interlayout movements) 

 

 

 

 

 

 

 

 

Phase 2: Allocation of resources to optimal locations 

Layout 1 

1a6b

8a 4b

7a

11a
 

Figure: 4.14 (Cluster 1 final layout) 

From-Between # of interlayout 

movements 

8a-9a 2400 

10a-8a 950 

2a-3b 800 

10a-11a 800 

3b-4a 400 
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Layout 2 

1b 3c

10a3b

 

Figure: 4.15 (Cluster 2 final layout) 

Layout 3 

2a

7b

5a 9a

3a

4a

6a

 

Figure: 4.16 (Cluster 3 final layout) 

So, the final layout with distributed resources looks like, 

2a

7b

5a 9a

3a

4a

6a

1b 3c

10a3b

1a6b

8a 4b

7a

11a
 

Figure: 4.17 (Distributed layout) 

Material handling cost for the above layout is calculated using Euclidean method and is found to 

be $120,812  
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4.2. Process Layout 

Table: 4.5 (From - To chart) 

 1 2 3 4 5 6 7 8 9 10 11 

1   950   1150      

2   800    1200     

3    1450      1750  

4      1450 1250     

5         2650   

6     1450   1150    

7     1200      1250

8    1250     1150   

9        1250    

10        950   800 

11            

 

Optimal layout for the above relationship is, 

10a 3a

1a3b4b8a

1b

2a

3c4a6b

7a7b6a

11a

9a

5a

 

Figure: 4.18 (Process layout) 



 97

Material handling cost for the above layout is calculated in the same way as in case of 

distributed layout and is found to be $178,911.5  

4.2.1. Relative Performance of Process and Distributed Layout 

For the developed case study, the proposed distributed layout approach (with minimized 

order splitting concept) has resulted in a considerable cost reduction of 32.47% ($58,099.5) over 

process layout approach. The obtained result validates the fact that distributed layouts are 

efficient than process layouts for single period cases. 

4.3. Multi-Period Case 

The efficiency of proposed approach to sustain multiple periods is also evaluated using 

some more case studies. Two different scenarios have been tried. In the first scenario, the relative 

performance of existing process and distributed layout is evaluated for next three periods. In the 

second scenario, new layouts are developed using the demand data for multiple periods and then 

their performance is evaluated. In both cases, it is made sure that the capacity constraints of 

machines are not exceeded. That is, demand for all periods is met with the calculated capacity 

and fluctuations in demand levels don�t require any additional machines to fulfill the demand in 

time.  

4.3.1. Scenario 1 

The existing process and distributed layouts developed for single period case (unequal 

utilization case) is considered here. The layouts are developed based on the demand information 

for period 1. (Refer Table: 3.3, Chapter 3, Section: 3.5) 

The variations in demand data for the next three periods are shown below.  
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Table: 4.6 (Period 2: product information) 

Product Demand Data Sequence (Processing time) 

A 1050 1(10)-6(9)-8(3)-9(1) 

B 900 2(9)-7(8)-5(5)-9(2) 

C 800 1(12)-3(13)-10(11)-8(4) 

D 650 3(12)-4(8)-6(7)-5(4)-9(1) 

E 220 9(4)-8(4)-4(10)-7(9)-11(6) 

F 1800 2(2)-3(5)-10(2)-11(4) 

 

Table: 4.7 (Period 3: product information) 

Product Demand Data Sequence (Processing time) 

A 1350 1(10)-6(9)-8(3)-9(1) 

B 1000 2(9)-7(8)-5(5)-9(2) 

C 825 1(12)-3(13)-10(11)-8(4) 

D 750 3(12)-4(8)-6(7)-5(4)-9(1) 

E 275 9(4)-8(4)-4(10)-7(9)-11(6) 

F 1700 2(2)-3(5)-10(2)-11(4) 
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Table: 4.8 (Period 4: product information) 

Product Demand Data Sequence (Processing time) 

A 1200 1(10)-6(9)-8(3)-9(1) 

B 950 2(9)-7(8)-5(5)-9(2) 

C 775 1(12)-3(13)-10(11)-8(4) 

D 850 3(12)-4(8)-6(7)-5(4)-9(1) 

E 255 9(4)-8(4)-4(10)-7(9)-11(6) 

F 1900 2(2)-3(5)-10(2)-11(4) 

From the above tables, it can be seen that there are minimal deviations in the demand 

levels of products A, B & C while products D, E & F have significant deviations in demand 

levels as compared to period 1. After analyzing the demand data for future periods (periods 2, 

3& 4), it is found that in order for the layout to perform efficiently, it should be based on the 

following demand information. Table: 4.9 is formed after averaging out the demand values of 

products for periods 2, 3 and 4.  

Table: 4.9 (Average demand values) 

Product Demand Data Sequence (Processing time) 

A 1200 1(10)-6(9)-8(3)-9(1) 

B 950 2(9)-7(8)-5(5)-9(2) 

C 800 1(12)-3(13)-10(11)-8(4) 

D 750 3(12)-4(8)-6(7)-5(4)-9(1) 

E 250 9(4)-8(4)-4(10)-7(9)-11(6) 

F 1800 2(2)-3(5)-10(2)-11(4) 
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As there is huge reduction in the demand levels of products D, E & F, the above demand 

scenario requires elimination of one of the replicates of machine type 4 and 7 (extra capacity). 

Hence, the demand for next 3 periods can be met with just single replicates of machine type 4 

and 7.   

C4 = (0 + 0 + 0 + 8* 750* 1 + 10* 250* 1 + 0)
12600

(Refer Chapter 3, Equation: 3.9) 

= 0.67 = 1 (integer value) 

C7 = (0 + 8* 950* 1 + 0 + 0 + 9*250 + 0) 
12600

 

= 0.78 = 1 (integer value) 

There is not any change in the capacity values of other machine types. 

In a dynamic production environment where the demand pattern is hard to predict, the 

layouts developed should be either flexible enough to remodel easily or robust enough to 

withstand demand fluctuations. But when the rearrangement costs are extremely high, the option 

of rearranging machines cannot be a viable solution. In such instances, the existing layouts 

should perform well with minimum incurred loss irrespective of fluctuations in product demand 

levels. Hence the existing process and distributed layouts are checked for their robustness. The 

impact of averaged demand data (Refer Table: 4.9) on these layouts is studied and evaluated. 
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4.3.2. Process Layout 

From-To chart is developed using the demand and sequence information from Table 4.9. 

Table: 4.10(From-To chart) 

 1 2 3 4 5 6 7 8 9 10 11 

1   800   1200      

2   1800    950     

3    750      2600  

4      750 250     

5         1700   

6     750   1200    

7     950      250 

8    250     1200   

9        250    

10        800   1800 

11            
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Optimal process layout for the above relationship is,  

1a

1b 6a

6b

8a4a

3a3b3c

10a11a

2a

9a5a

7a

 

Figure: 4.19 (Process layout) 

Material handling cost for the above layout is calculated and is found to be $127415.5  

4.3.3. Performance of Process Layout at Hand: 

The performance of existing process layout has been evaluated for the above From-To 

relationship. (Refer Chapter 3, Figure: 3.25) 

Material Handling cost for layout at hand: $162,535.5 

Cost difference between optimal process layout and layout at hand: $35,293 

4.3.4. Distributed Layout 

Using the proposed approach, distributed layout has been developed. The demand and 

routing information on which the layout is based is given below (minimized order splitting 

performed). 
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Table: 4.11(Product information) 

Product Demand Data Sequence (Processing time) 

A 1200 1a-6a-8a-9a 

B 950 2a-7a-5a-9a 

C 800 1b-3b-10a-8a 

D 750 3c-4a-6b-5a-9a 

E 250 9a-8a-4a-7a-11a 

F 1800 2a-3a-10a-11a 

One of the optimal layouts for the above relationship, 

10a 3a 2a3b1b

6a 8a 9a 5a 7a

6b4a3c1a

11a

 

Figure: 4.20 (Distributed layout) 

Material handling cost for the above layout is calculated and is found to be $97,258.5 

4.3.5. Performance of Distributed Layout at Hand 

(Refer Chapter 3, Figure: 3.24) 

Material Handling cost for layout at hand: $194,621 

Cost difference between optimal layout and layout at hand: $97,362.5 
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4.3.6. Routing Efficiency of Distributed Layouts 

There is a huge cost difference between the optimal layout and the layout at hand. One of 

the outstanding features of distributed layouts is that they possess the flexibility for alternate 

product routing. By altering the process plan of products and by utilizing the extra replicates of 

machine type 4 and 7, the performance of existing layout can still be improved without any 

rearrangement.  Though the capacity calculations don�t require any extra replicates of machine 

type 4 and 7, it is better to utilize those extra replicates rather than keeping them idle or 

unutilized. The altered process plan of products and the layout performance are given below: 

Table: 4.12 (Alternate routing) 

Product Demand Data Sequence (Processing time) 

A 1200 1a-6b-8a-9a 

B 950 2a-7b-5a-9a 

C 800 1b-3c-10a-8a 

D 750 3a-4a-6a-5a-9a 

E 250 9a-8a-4b-7a-11a 

F 1800 2a-3b-10a-11a 

 

 Material handling Cost for layout at hand (Refer Chapter 3, Figure: 3.24) is recalculated 

for alternate product routing (Refer Table: 4.12) and is found to be $98,702 

Now, the cost difference between optimal layout and layout at hand is just $1,443.5. Even 

without rearranging any machine, the loss incurred by layout at hand is just $1,443.5 whereas it 

is $35,293 for process layout. 
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4.3.7. Relative Performance of Distributed and Process Layout 

For the developed case study, the distributed layout outperforms process layout and has 

resulted in a considerable cost reduction of 39.27% ($63,833.5) over process layout. The 

obtained result validates the fact that distributed layouts are robust and efficient than process 

layouts even in cases of huge demand fluctuations. 

4.4. Scenario 2 

In scenario 1, the efficiency of existing process and distributed layouts is evaluated after 

calculating the loss incurred by both layouts in meeting the future demand. And distributed 

layout proved to be superior as compared to process layout. Scenario 2 differs from scenario 1 in 

the way that there are no existing layouts to take into future periods. Rather new layouts are 

developed based on the From-To relationship between machines. Demand values of products for 

periods 1, 2 and 3 (Refer Table: 4.13 and 4.14) are averaged out to get the feasible layouts.  

Table: 4.13 (Product information) 

Product Period 1 Period 2 Period 3 Sequence (Processing time) 

A 2500 1320 1910 1(6)-6(6)-8(8)-9(1) 

B 600 1575 975 2(6)-7(9)-5(5)-9(2) 

C 500 1900 1100 1(9)-3(10)-10(11)-8(8) 

D 1900 960 1300 3(7)-4(8)-6(5)-5(4)-9(1) 

E 700 1000 1480 9(4)-8(9)-4(10)-7(11)-11(5) 

F 3000 900 1600 2(2)-3(5)-10(4)-11(3) 
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Table: 4.14 (Average demand values) 

Product Period 1 Period 2 Period 3 

Average 

Demand 

Round-off 

values 

A 2500 1320 1910 1910 1910 

B 600 1575 975 1050 1050 

C 500 1900 1100 1166.66666 1167 

D 1900 960 1300 1386.66666 1386 

E 700 1000 1480 1060 1060 

F 3000 900 1600 1833.33333 1833 

 

4.4.1. Capacity Calculations 

Using the above information, the capacity calculations were carried out for each period 

and as well for the averaged demand values. For all cases, the total number of machines required 

to fulfill the entire demand in time was found to be 20. (Refer Chapter 3, Section: 3.5.1)   
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Table: 4.15 (Capacity calculations) 

Machine type Capacity 

Requirements 

1 2 (1a ,1b) 

2 1 (2a) 

3 3 (3a ,3b ,3c) 

4 2 (4a ,4b) 

5 1 (5a) 

6 2 (6a ,6b) 

7 2 (7a ,7b) 

8 3 (8a ,8b, 8c) 

9 1 (9a) 

10 2 (10a , 10b) 

11 1 (11a) 

Total # of m/cs 

required 

20 

All machines are treated as equal sized machines and each of them occupies an area of 5*5.  

4.4.2. Product Routing 

Product routing is based on minimized order splitting concept to reduce the number of 

replicates a product can be routed to.  
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Table: 4.16 (Average flow and routing information) 

Products 

Average 

volume 

Product Sequence  

A 1910 1a-6a-8a/8b-9a 

B 1050 2a-7b-5a-9a 

C 1167 1b-3c-10a/10b-8b 

D 1386 3b-4a-6b-5a-9a 

E 1060 9a-8c-4b-7a-11a 

F 1833 2a-3a-10a-11a 

Based on the flow information provided above, distributed layout is developed using the 

proposed approach. The final distributed layout looks like, 

10a

3a 8c

4b

11a 7a

2a

4a

9a7b 5a

6b 3b 1a

6a

8b

1b

8a

10b

3c

 

Figure: 4.21 (Distributed layout) 

Material handling cost for the above layout is calculated using Euclidean method and is 

found to be $ 140,738.12 
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4.4.3. Process Layout 

Process Layout is developed based on the flow information provided below. 

Table: 4.17 (Average flow and sequence information) 

Product Demand Data Sequence (Processing time) 

A 1910 1(6)-6(6)-8(8)-9(1) 

B 1050 2(6)-7(9)-5(5)-9(2) 

C 1167 1(9)-3(10)-10(11)-8(8) 

D 1386 3(7)-4(8)-6(5)-5(4)-9(1) 

E 1060 9(4)-8(9)-4(10)-7(11)-11(5) 

F 1833 2(2)-3(5)-10(4)-11(3) 
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Table: 4.18 (From � To chart) 

 1 2 3 4 5 6 7 8 9 10 11 

1   1167   1910      

2   1833    1050     

3    1386      3000  

4      1386 1060     

5         2436   

6     1386   1910    

7     1050      1060

8    1060     1910   

9        1060    

10        1167   1833

11            

 

4.4.4. Construction of Process Layout  

10a10b1a1b

11a

3b 3a3c4a

4b 7a 2a

7b5a9a

6b

6a8a

8b

8c
 

Figure: 4.22 (Process layout) 

Material handling cost for the above layout is calculated to be $ 216,736.5 



 111

4.4.5. Relative Performance of Distributed and Process Layout 

For the developed case study, the distributed layout outperforms process layout and has 

resulted in a considerable cost reduction of 35.06% ($75,998.38) over process layout.  

4.5. Results Discussion 

From the results obtained, it is observed that distributed layouts result in considerable 

cost savings as compared to process layouts. For the minimized order splitting scenario, it 

showed 32.47% improvement over process layout approach and for the multi period setting, it is 

39.27% improvement for scenario 1 and 35.06% improvement for scenario 2 relative to process 

layouts.  The above case study results validate the fact that distributed layouts are efficient than 

process layouts for both single and multiple period settings.  
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CHAPTER 5 

CONCLUSIONS AND FUTURE RESEARCH 

In this work, a systematic methodology to construct distributed layouts has been 

developed.  Previous researches in this field suggest distributed layouts as an alternative to 

process layouts. But there has been no systematic methodology so far to develop distributed 

layouts. Earlier works concentrate on evaluating different production schedules for randomly 

distributed resources throughout the plant floor. As opposed to former approaches, in this work, 

distributed layouts are developed based on actual production and routing data. A methodical 

approach to distribute resources rather than random assignment is considered. The efficiency of 

proposed approach relative to traditional process layout strategy has been evaluated in terms of 

material handling cost. The need for developing process layouts is analyzed and justified using 

product similarity and cell utilization. Process layouts are developed only when there is not much 

similarity between products. Even in case of high product similarity, utilization of cells to which 

products are assigned is analyzed. Product grouping is not performed for lower values of cell 

utilization and for such cases traditional process layout strategy is adopted  

 The methodical approach to construct distributed layouts starts with capacity calculation 

of machines (number of machines of each type required) based on actual demand information. 

The products are then routed to individual machine replicates depending on actual process plan 

of each product. Two kinds of scenarios are followed in routing products to machines, equal 

utilization scenario and minimized order splitting scenario. For the equal utilization scenario, 

replicates of each machine type are utilized equally and for the minimized order splitting 

scenario, number of machines to which a product can be routed to is reduced. Hence, the entire 

volume of products at best is routed to single machine replicate and part splitting is performed 
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only if needed. Using the flow volume between machines (product routing), part machine 

clusters are formed. A new methodology is developed to form part machine clusters of different 

configuration. The methodology is run for different part/machine configurations with 2 cluster 

configuration being the least configuration. Restrictions are also placed on the number of 

machines and products that can be allotted to a cluster configuration. And the best configuration 

is selected using proficient evaluation criteria called bond efficiency.  

 Once part machine clusters are formed, separate layouts are developed for each cluster 

depending on the amount of flow between machines within their respective clusters. The layouts 

are then placed relative to each other based on the amount of flow (Inter-layout movements) 

between them. In the subsequent phase of developed methodology, machines that are involved in 

inter-layout movements are identified. After accurate estimation of the relationship that machines 

of a particular layout have built up with the machines of another layout, the locations of 

corresponding machines within their respective layouts are determined. Doing so, the material 

handling distance between machines is reduced.  These layouts are then placed within the plant 

floor. This process defines the development of distributed layouts. 

Process layouts are developed by grouping machines of similar kind and locating them 

relative to other departments based on the From-To relationship between departments. From-To 

relationship is obtained from the process plan of individual products. Material handling cost is 

determined for both the developed layouts using Euclidean method. The distance between 

machines/departments is calculated from centroid to centroid. The validity of the proposed 

approach is verified using single period and multiple period case studies. For the single period 

case, distributed layouts outperformed classical process layout strategy and resulted in a cost 
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savings of 30.88% over process layouts for equal utilization scenario and 32.47% for minimized 

order splitting scenario. 

For the multi-period setting, two case studies are constructed to study the impact of 

demand fluctuations on process layouts and as well on distributed layouts. It is made sure that 

the capacity constraints of machines are not exceeded in both cases. That is, demand for all 

periods is met with the calculated capacity and fluctuations in demand levels don�t require any 

additional machines to fulfill the demand in time. For the first case study constructed, relative 

performance of existing process and distributed layouts developed for first period is evaluated 

for next three periods. Loss incurred by both layouts at hand is calculated when there are 

significant deviations in the demand level of certain products. Distributed layouts offered 

superior performance with minimum incurred loss as compared to process layouts and had a 

considerable cost saving of 39.27% over process layouts. Case study 2 differs from case study 1 

in the way that there are no existing layouts to take into future periods. Rather new layouts are 

developed based on the From-To relationship between machines. Product demand values for 

multiple periods are averaged out to get the feasible layouts. Unlike Scenario one, demand level 

of each product is made to vary drastically from one period to next period and the performance 

of developed layouts is evaluated on the basis of material handling cost. Distributed layout 

performed better than process layout and showed 35.06% improvement in material handling cost 

over process layout.  

5.1. Conclusions 

From the case study results, it is concluded that distributed layouts constructed using 

proposed approach performs exceedingly well over traditional process layout approach. 

Distributed layouts proved to be efficient and robust for both single and multi-period cases. Even 
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huge fluctuations in demand level of products had only little impact on distributed layouts 

whereas process layouts suffered tremendous loss in terms of material handling cost.  So, for a 

dynamic production environment where the product demand pattern drastically varies and when 

the rearrangement costs are extremely high, distributed layouts constructed using the proposed 

approach can be treated as an efficient alternative for classical process layout strategy.   

5.2. Future Research 

The prime focus of this work is to develop a systematic approach to construct distributed 

layouts and to evaluate its performance under demand disturbances relative to traditional process 

layout approach. But the quality of any layout is estimated not only on the basis of reduced 

material handling cost, but also on the basis of operational characteristics such as reduced WIP, 

congestion, improved throughput rate, safety and cycle time. Hence, the efficiency of distributed 

layouts in terms of operational characteristics should be studied and evaluated using simulation 

techniques. Further, in the proposed approach, even the extreme fluctuations in demand are met 

with the calculated capacity of machines and are not allowed to exceed under any circumstance. 

Hence, the impact of capacity fluctuations on developed layouts should be addressed and 

studied. 
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