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PREFACE 

 

The International Simulation Conference of India (ISCI) 2014 was the third edition of 

the very successful premier international forum in India for sharing and spreading recent 

developments in the field of system simulation. This year the initiative had been taken by 

Production Modeling India (PMI) in association with College of Engineering Pune (CoEP).   

ISCI aims to provide a meeting place for simulation engineers, practitioners, researchers, 

and vendors working in the area of system simulation across disciplines in industry, services, 

government, and academia. The conference provides a forum to discuss simulation applications, 

exchange knowledge and practice, research ideas, and review advancements in related topics.  

We are grateful to the management and students of College of Engineering Pune, for all 

the help and support rendered in executing the conference.  

We are happy to release the seminar proceedings with full length of the papers presented 

by various Research Scholars, Academicians and Industry representatives from various parts of 

India with ISBN number in eBook format, with the assistance of Mudranik Technologies Pvt. 

Ltd., Bangalore. 
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Agent Based Modeling and Simulation for Mechanized Cotton 

Harvesting in India 

Yatin Jayawant, Nikhil Joshi, Stueti Gupta 

Asia Technology Innovation Center, John Deere India Pvt. Ltd., Pune, 411013, India 

jayawantyatin@johndeere.com  

 

Abstract  

Cotton harvesting (also called as picking) and post-harvest activities in India are very 

labor intensive. Considering the availability of labor, cotton industry along with the government 

is considering mechanization of harvesting and other support activities. Given that India has 

smaller field sizes and less infrastructure as compared to USA, Australia, solutions available in 

those geographies many not be viable for India. So, in this study, we have built Agent Based 

models of a cotton harvester and its support system, and using simulations analyzed the system’s 

effectiveness based on cost and time required for operation. 

 

Keywords: Agent Based Modeling, Cotton Picking, Machine Harvesting, Simulation 

 

1.   Introduction 

 India is second largest producer of cotton in the world (only behind China) but in terms 

of the yield it is 33rd (United States Department of Agriculture 2013 and Index Mundi 2013). 

There are many factors which affect the yield; some of them are insufficient inputs (fertilizers, 

pesticides, etc.), ill-timed field operations, absence of irrigation, and ineffective harvest and 

post-harvest technologies. In India, currently all of the cotton is picked manually (Majumdar 

2013). Picking is one of the most important steps in cotton production and is a labor intensive 

activity.  Machine picking is expected to address the issue of shortage of farm labor in India. In 

this paper we have assessed the performance of a machine, i.e. a cotton picker, along with the 

support system required for the picking operation. 

 This research paper evaluates machine picking with two different material handling 

options.  In  first  option,  picked  cotton  in  loose  form  is  unloaded  on  ground  and  then 

transferred via trolley to a storage location. In second option, loose cotton is unloaded directly in 

trolley and then to the storage location. Agent Based Modeling (ABM) approach was employed 

and the system is modeled. Simulations were run on multiple scenarios to help in estimating the 

total cost and time required in both options and thereby decide upon the better option. 

 

2.   Literature Review 

 There have been attempts in the past to model cotton picking operation. One of the 

earliest harvesting models was developed by James W Jones et al. (1975). The effort was a part 

of larger research conducted by U.S. Department of Agriculture on Engineering Systems for 

Cotton Production. The model encompasses harvesting, transporting, storing and ginning 

activities. FORTRAN with UNIVAC 1106 OR IBM 370 was used for programming. An 

economic analysis was also carried out to calculate cost per bale for harvesting, transporting and 

ginning. McClendon R et al. (1981) have explored harvesting strategies by combining cotton lint 

quality  and  harvest  yield  model.  The  combined  model  was  used  to  analyze harvester 

scheduling which deals with farmers’ returns. Chen et al. (1992) have developed a model of 

cotton harvesting and handling system where SIMLIB and FORTRAN 77 were used as 

mailto:jayawantyatin@johndeere.com
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simulation and programming languages. Total cotton picked, total revenue and cost, and net 

returns were compared in four examples of different harvest dates, number of harvesters and 

boll buggies. Effect of weather was also considered. Farrel and Ibendahl (2009) compared 

material handling with different types of cotton pickers on the basis of cost per acre. John Deere 

with on-board module builder was compared with Case-IH, a conventional module builder. 

Comparison was based on fixed acreage with fixed and stochastic harvest hours per season. 

 The research mentioned in the above paragraph was conducted for bigger 

machinestypically used to harvest larger cotton farms in developed countries. There has been 

some research conducted in Indian subcontinent related to mechanical harvester but the 

instances are very few. Prasad J et al. (2007) conducted a study on two row self-propelled cotton 

picker at Ludhiana and Nagpur in India. Their study was focused on evaluating picker 

parameters such as speed, efficiency, fuel consumption for different crop varieties. Economic 

feasibility of introducing mechanical picker in Punjab, Pakistan was evaluated by Shafiq M et 

al. (1991). These two papers reflect on performance of mechanical harvesters based on actual 

testing. There hasn’t been any effort to model and simulate the same in environment specific to 

Indian subcontinent. So, in this paper, we have presented two different material handling options 

for typical fields found in India. Agent based models of these options are created and simulated 

for different field parameters. These are compared on basis of total time of operation and cost 

incurred. 

 

3.   Research Methodology 

3.1System Description 

 The machine harvesting system consists of a cotton field ready to harvest, a cotton 

picker, a trolley and laborers. As shown in Fig. 1, picker starts picking cotton from one corner of 

the field (point A), completes picking first row, travels to last row through headland BC, picks 

the cotton from that row and comes to headland (DA) where it started. 
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 The picker’s path is showed by dotted line in Fig. 1. The unloading is dependent upon basket 

capacity. If there is enough space in picker basket to have cotton from two rows, it starts picking again, 

else unloads. 

 In first option, unloading of cotton is done on sheet spread on ground (headland DA).Laborers 

then collect the cotton and transfer it into trolley waiting nearby. Once full, trolley goes to storage, 

unloads and comes back (dotted and dashed path in Fig. 1). Meanwhile the picking is going on. 

 In second option, picker unloads directly into trolley (on headland DA). Once full, 

trolley moves to storage, unloads and comes back. Meanwhile, if the picker basket gets full, picker has 

to wait for the trolley. 

 

3.2 System Model and Simulation 

 We have used the Agent Based Modeling approach to build the system model. In ABM, 

various entities in the system are modeled as agents.  Agents are autonomous entities in the system. 

Each agent has its own behavior and properties. Agents can interact with each other and with entities in 

the system.  The system behavior emerges from interactions of individual agent’s behavior.   Different 

states of agents and interactions are evaluated at discrete time intervals. In the system under 

consideration, cotton picker and trolley are considered as agents. For the agents, we define properties 

such as speed, capacity, unloading rate, etc. We also define the behavior for each agent in terms of 

sequence of activities to be performed and decisions to be taken or activities to be done under various 

situations. The behavior also defines the interactions between the agents. We have used commercially 

available software for modeling and simulation. 

 Picker is considered as an agent, and has been assigned properties such as speed, basket capacity, 

picking efficiency, unloading rate, fuel consumption rate, etc. Fig. 2 shows a statechart which depicts the 

cotton picker’s behavior for first option where cotton is unloaded onto the ground once the picker basket 

is full. 

 
 

Fig 2: Cotton picker’s behavior 
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 Picker is parked at North-East (N-E) corner of the field. It starts moving towards South when 

simulation is started. When it reaches row end it turns and moves towards West. Turning, at both ends of 

the row is considered as a different state. After reaching last row through headland, it again turns North 

and starts picking. At row end, there is decision state to check    how much space is remaining in the 

basket. If there is enough empty space to have cotton from two rows, it continues picking else goes for 

unloading. After unloading cotton, field completion condition is checked. If there are rows still to be 

harvested, picker continues picking else goes to N-E corner and stops. Picker’s engine is always 

assumed to be ON during picking operation. When it reaches N-E corner only then engine is OFF. 

Engine running time of the picker is used to calculate fuel consumption cost. Initial investment, 

depreciation, maintenance and other costs also have been considered and taken as rent per hour. This 

cost is calculated based on total time of operation, and total picker cost is addition of rental and fuel 

cost. 

 The statechart in Fig. 3 show the trolley’s behavior for first option. Trolley is assumed 

to be at storage area. 

 

 
  

Fig 3: Trolley’s behavior 

 

 When simulation is started, trolley starts going towards its loading point. At loading point, it 

waits for cotton. When cotton is unloaded by picker, laborers start loading trolley. There are two 

laborers on ground that collect and bundle the cotton and put in trolley. There is one laborer in trolley 

who helps other laborers and also compacts the cotton in trolley. The trolley is assumed to have 

hydraulically operated dumper. The laborer on trolley also helps in pushing the cotton out of the trolley. 

Trolley’s engine is assumed to be OFF during waiting for cotton and loading states, otherwise it’s ON. 
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Like picker, trolley has also been assigned properties such as speed, capacity, unloading rate, etc. 

Trolley’s cost is calculated similar to 

  

 

 

picker.  The  laborers  are  assumed  to  operate  with  fixed  cotton  handling  (loading  and unloading) 

rate and labor cost per hour. The total labor cost is then calculated taking into account number of 

laborers, labor cost and operation time. 

 Similar statecharts with relevant changes were prepared for option 2. For the two 

options with given model inputs, simulations were run for five different sets of field parameters. The 

parameters considered are number of rows, row length, row spacing and yield. 

 Total cost and time of operation were taken as simulation output. Total cost was 

divided into picker, trolley and labor cost. Cost per kg and cost per acre for both options were also 

calculated. 

 

4.   Results and Discussion 

 For the two options mentioned above, analysis was done on total time required to complete the 

operation, cost per acre and cost per kg. 

Fig. 4 shows total time required to complete 5 different fields for the two options. 

While choosing field parameters, yield of fields 2, 3, 4 and 5 are assumed same while field 1 is assumed 

to have lower yield. Row length and area of field 1 are assumed to be significantly more than all other 

fields. For all the fields, operation time for option 1 was greater than option 2. This is quite evident as in 

option 1 cotton on ground is transferred to trolley by loading/bundling laborers. This adds to the total 

time. But we believe in some situations option 2 will take more time to complete if either storage area is 

far away such that trolley takes more time to travel or picker basket capacity is low with higher yield. 

This might increase the total time and cost.  

 

 
 

Fig 4: Total time of operation in both options for all fields 
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 Cost per acre and cost per kg in both options for all fields are plotted in Figs. 5 and 6 

respectively. Again, extra labor cost in option 1 result in higher total cost than option 2. In Figs. 5 and 6, 

trend for fields 2 to 5 is same. Per acre and per kg cost of field 3 is highest, and then it decreases for 

fields 4, 5 and 2, in that order. Increase in area of field 1 significantly reduces the cost per acre though 

cost per kg is more due to lower yield. 

  

 
Fig 5: Cost per acre in both options for all fields 

 

 

 
Fig 6: Cost per kg in both options for all fields 

 

5.   Conclusions 

 There are many constraints to machine picking in India. Because of smaller land holding, 

individual farmer may not be able to afford such a machine. Some of the things that affect 

field efficiency are smaller field (shorter rows so more turns at the end of the row), lesser speed,  

unavailability  of  skilled  operators,  time  consuming  loading/unloading,  etc.  Other 
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systemic constraints that hamper use of machine are that the entire crop in single field not being mature 

at same time, trampling of crop by machine, varying rates of labor, and trash. 

Machine  picked  cotton  requires  gins  to  install  special  trash  removing  mechanism;  this requires 

initial investment from gin. 

 With all the above known constraints, this study is an attempt to provide better sense of 

performance of mechanical cotton harvester specific to India and similar regions. The research also 

demonstrated that mechanization is sensitive to nature of fields. The labor rates which are between INR 

4 to 6 per kg normally same in one region, and vary only from region to region. So a farmer with higher 

landholding pays same price per kg for harvesting as a farmer with very small holding would pay. By 

using mechanical harvester, machine owner can charge different rates, for different fields, based on the 

cost of operation. For machine picking to be beneficial, entire crop has to mature at same time, so all the 

field can be harvested at one go and this timely operation will help in forwarding the next crop cycle. 

This research also showed that Agent Based Modeling can be used to model cotton picking and support 

system operations. 

 This work can be further extended to perform sensitivity analysis to understand the effect of 

certain parameters on the total cost of operation. This model can be included in higher level model of 

super-system which includes multiple such operations occurring concurrently. Similar model can also be 

used to simulate other crop harvesting systems such as sugarcane and grain. 

 

References 

 

Chen, L., Ahmed, T., Willcutt, M. (1992) Simulation model for cotton harvesting machinery. 

Transactions, American Society of Agricultural Engineers, 35(3), 1071-1077. 

 

Farrel, M., Ibendahl, G. (2009) Estimating Cotton Harvest Cost per Acre When Harvest Days are 

Stochastic. Southern Agricultural Economics Association Annual Meeting, Atlanta, Georgia. 

 

Index Mundi - Country Facts (2013) Cotton Yield by Country in KG/HA - Country Rankings,  

[ONLINE]  Available at  

http://www.indexmundi.com/agriculture/?commodity=cotton&graph=yield [Accessed29 October 2013] 

 

Jones J., Colwick R., Wanjura D., Hudspeth E. (1975) Part 5 – HARVSIM: A simulation of cotton 

harvesting and ginning, U.S. Department of Agriculture 

 

Majumdar G, Mechanization of Cotton Production  in  India,  Technical  Bulletin,  Central Institute for    

Cotton Research, Nagpur  [ONLINE]  Available at:  

http://www.cicr.org.in/pdf/ mechnaisation_cotton.pdf [Accessed 21 November 2013] 

 

McClendon R., Barker G., Jones J., Colwick R. (1981) Simulation of Cotton Harvesting to 

Maximize Returns. Transactions, American Society of Agricultural Engineers, 1436-1440. 

 

Prasad J., Kapur T., Majumdar G., Patil P., Shukla S., Jaiswal  B., Patil  A.  (2007) Performance 

Evaluation of Spindle Type Cotton Picker.  Journal of Agricultural Engineering 44(1), 38-42. 

 

http://www.indexmundi.com/agriculture/?commodity=cotton&graph=yield
http://www.cicr.org.in/pdf/%20mechnaisation_cotton.pdf


ISCI 2014 

14 

 

Shafiq M., Sharif M., Longmire J., Azeem M. (1991) Labor Problems and the Economics of Introducing 

Mechanical Cotton Pickers in the Southern Punjab, Pakistan. PARC / CIMMYT Paper 91, Ayub 

Agricultural Research Institute, Faisalabad. 

 

U. S. Department of Agriculture (2013) Table 17 Cotton Area, Yield, and Production. [ONLINE] 

Available at: 

http://www.fas.usda.gov/psdonline/psdreport.aspx?hidReportRetrievalName=BVS&hidRepor 

tRetrievalID=958&hidReportRetrievalTemplat eID=1  [Accessed 29 October 2013]

http://www.fas.usda.gov/psdonline/psdreport.aspx?hidReportRetrievalName=BVS&hidRepor%20tRetrievalID=958&hidReportRetrievalTemplat%20eID=1
http://www.fas.usda.gov/psdonline/psdreport.aspx?hidReportRetrievalName=BVS&hidRepor%20tRetrievalID=958&hidReportRetrievalTemplat%20eID=1


ISCI 2014 

15 

 

Interpolation based Look-up Table for Bearing Module in SKF Simulator 

Raghunandan Patthar 

Knowledge and Simulation Tools, SKF GTCI – Bangalore-560099, India 

raghunandan.patthar@skf.com   

 

Abstract 

 The simulation of loading carrying elements depends highly on  the  supporting machine 

elements such as housings. It is a well known fact that simulation of such multi-body machine elements 

requires considerable amount of time depending on the mesh density and complexity in calculations. 

The problem is compounded in case of co-simulation. Look-up table is an efficient manner to speed up 

the simulation. This paper presents look-up table combined with interpolation to calculate the response 

feature and an algorithm for sub-space evaluation in case of densely meshed calculations. 

 

Key Words: Multi-body simulation, Co-simulation, Bearing, Multi-variate Interpolation based look-up 

table 

 

 

1. Introduction: 

 SKF Simulator is a Multi-body Simulation Tool capable of performing complex analysis of 

bearing and housings. SKF Simulator is capable of performing both linear and non-linear analysis. There 

are other Multi-body simulation tools in the market capable of performing dynamic analysis of the 

machine elements. Coupling the Multi-body simulation tools with that of SKF Simulator so that the 

simulation runs in both the software is known as co- simulation. 

 There is inter-process communication between both the software in co-simulation. And, one of 

the major issues in such a simulation is the large simulation time that is required in co- simulation, the 

simulation time may vary from couple of hours to many days. One, of the solution for this problem to 

fasten the simulation process is to use interpolation schemes within the allowable error range so that the 

simulation gets speeded up. 

  
 

Fig 1: Co-Simulation between multi-body simulation software 

  

mailto:raghunandan.patthar@skf.com
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2. Literature Review 

 

2.1 What is Look-up Table? 

 Before the advent of computers, lookup tables of values were used by people to speed up hand 

calculations of complex functions, such as in trigonometry, logarithms and statistical density functions. 

 In ancient  India, Aryabhata created one of the  first sine tables, which he encoded in a Sanskrit-

letter-based number system. In 493 A.D., Victorius of Aquitaine wrote a 98-column multiplication table 

which gave (in Roman Numerals) the product of every number from 2 to 

50 times and the rows were a list of numbers starting with one thousand, descending by hundreds to one 

hundred, then descending by tens to ten, then by ones to one, and then the fractions down to 1/144 as 

described by. John F. Makowski and Maher, David. W. J (2001) 

 In computer science, a lookup table is a data structure, usually an array or associative array, often 

used to replace a runtime computation with a simpler array indexing operation. The savings in terms of 

processing time can be significant, since retrieving a value from memory is often faster than undergoing 

an 'expensive' computation or input/output operation as described by Campbell-Kelly, Martin (2003). 

 The above definition is based on the fact that there is no interpolation scheme used to predict the 

response values. However, the look-up table technique described in this paper uses multi- dimensional 

interpolation scheme for predicting the response values. The significant time reduction in computation 

happens because of the fact that calculation in predicting a value using   interpolation   scheme   takes   

far   less   time   than   actual   computation.   Often, computationally expensive solvers are used to 

calculate response variable. Numerous, mathematically complex operations are performed within these 

solvers that require significant amount of computational time. 

 

2.2 State of the Art in SKF Simulator: 

 Fortunately, co-simulation is possible in SKF Simulator, wherein the user selects the bearing 

from  catalogue,  defines  the  interfaces  for  connecting to  multi-body simulation  tool  and defines the 

clearance, fits, tolerances, temperatures and pre-load. After, defining the bearing model in SKF 

Simulator the user inserts and bearing model in multi-body simulation tool and starts  the  co-simulation. 

Multi-body simulation tool  sends  the  bearing  displacement and misalignment and SKF Simulator 

receives the bearing displacement and misalignment and calculates the forces and moments at each time-

step using Newton-Ralphson solver. 

 The number of times the solver needs to be called significantly increases depending on the 

complexity of the bearing model and the number of bearings used. In order to fasten the simulation at 

the SKF Simulator end a research was carried out to explore the possibility of implementing an 

interpolation based look-up table so that the total simulation time is reduced with fewer solver calls. 

  

3. Research Methodology: 

3.1 Interpolation based Look-up table in SKF Simulator: 

 The look-up table used in SKF Simulator consists of a data structure capable of storing the sate 

information as well as corresponding force and moments (response variables) at each time step. After, 

the data structure is populated with the above mentioned information for a predefined number of time 

steps the table is ready prediction. 

 At this instant, a search is made for the new state information coming from the multi-body 

Simulation  tool.  If  there  is  a  match  between  the  new  state  information  and  the  state information 

already present in the data structure then the corresponding force and moment is taken as the output. 
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 Otherwise a search is made for the sub-space to perform interpolation within the available state 

information with in the data structure. After, searching for the sub-space interpolation is done to predict 

the response values for the corresponding state information. If the sub-space could not be found then 

SKF Simulator solver is called for calculation of force and moment. 

 The idea behind single level sub-space creation is the fact that the predicted response at any state 

input is dependent on the previous state input or at a previous state input that is close to the predicted 

state input. One of the advantages of this kind sub-space creation is that number of recursive iterations 

that are needed to be carried out is significantly reduced which will reduce the simulation time. 

 By tuning the threshold for the creation of the subspace the corresponding error involved in the 

calculation of the response can be increased or decreased. 
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Fig 2: Algorithm for interpolation based look-up table by Maduri, Rajesh and Patthar, Raghunandan 

(2012) 
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3.1.1 Mathematical Model: 

  

Given a set of n 1 data points y( xi , x j , xk , yi , y j , yk , zi , z j , zk , pi , p j , pk , q) 

  

{y(displacement-x,displacement-y,displacement-z,misalignment-x,misalignment-y,misalignment-

z,rotationspeed,force-x,force-y,force-z,moment-x,moment-y,moment-z)}, then the linear system of 

equation for each independent variable reduces to 

 

[Y] = [A] [X] 

 

Where: (1) 

Y is a vector of the response variable 

[A] is a square matrix containing the co-efficient of the independent variables  

X is a vector of the independent variable.  

The interpolation formula is given by  

  

Y ( xi ; a0 , a1...., an )  a0 x0  a1 x1  a2 x2 .......... an xn 

 

Where:(2) 

 ai   is the interpolation constant found from eq. (1) 

xi   is the regressor value (inputs i.e. displacements, misalignment and rotationspeed) 

n is the number of dimensions used for interpolation. 

 

4.0 Results and Discussion: 

 The interpolation based look-up table as described in above section has been implemented in 

bearing module within SKF Simulator. Few, benchmark study were also conducted to check the 

algorithm the results are as follows: 

 

Case 1: Cylindrical Roller bearing with following boundaries and connection defined 

 

Boundaries: 

 Boundary = ground 

  o Ground type = ground in all dof 

 Boundary = displacement 

  o Displacing interface = Inner Ring bore inner ring 

  o Displacement axis = x,y,z 

  o Displacement value = 0 mm in all displacement axis 

 Boundary = misalignment 

  o Interface = Inner Ring bore inner ring 

  o Fixed in YZ and ZX directions 

 Boundary = Rotation speed 

  o Interface = Inner Ring bore inner ring 

  o Direction = XY 

  o Rotation speed = 0 rpm 
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 Boundary = Torque reaction 

  o Interface = Inner Ring bore inner ring 

  o Direction = XY 

  

Simulation Results: 

 Total simulation time without Look-up table: approx. 36 minutes.  

 Total simulation time using Look-up table: approx. 18 minutes.  

 Average error in simulation: 0.055114789 units. 

 

Case 2: Angular Contact bearing with following boundaries and connection defined 

Boundaries: 

 Boundary = ground 

  o Ground type = ground in all dof 

 Boundary = displacement 

  o Displacing interface = IR bore innerring 

  o Displacement axis = x,y,z 

  o Displacement value = 0 mm in all displacement axis 

 Boundary = misalignment 

  o Interface = IR bore innerring 

  o Fixed in YZ and ZX directions 

 Boundary = Rotation speed 

  o Interface = IR bore inner ring 

  o Direction = XY 

  o Rotation speed = 0 rpm 

 Boundary = Torque reaction 

  o Interface = IR bore innerring 

  o Direction = XY 

 

Simulation Results: 

 Total simulation time without Look-up table: approx. 7 minutes.  

 Total simulation time using Look-up table: approx. 3 minutes.  

 Average error in simulation: 0.034838 units. 

 

Case 3: Four point contact ball Bearing with following boundaries and connection defined 

Boundaries: 

 Boundary = ground 

  o Ground type = ground in all dof 

 Boundary = displacement 

  o Displacing interface = IR bore innerring 

  o Displacement axis = x,y,z 

  o Displacement value = 0 mm in all displacement axis 

 Boundary = misalignment 

  o Interface = IR bore innerring 

  o Fixed in YZ and ZX directions 

 Boundary = Rotation speed 

  o Interface = IR bore inner ring 
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  o Direction = XY 

  o Rotation speed = 0 rpm 

 Boundary = Torque reaction 

  o Interface = IR bore innerring 

   o Direction = XY  

 

Simulation Results: 

 Total simulation time without Look-up table: approx. 11 minutes.   

 Total simulation time using Look-up table: approx. 5 minutes.  

 Average error in simulation: 0.06417 units. 

 

5.0 Conclusion: 

 Currently, the above mentioned method has been implemented for Newton-Ralphson solver 

for bearing module in SKF Simulator. However, there is large potential to use this scheme for other slow 

running solvers such as contact model within SKF Simulator. 

 

References: 

 Campbell-Kelly, Martin;  Croarken,  Mary;  Robson,  Eleanor,  eds.  (2003)  The  History of 

Mathematical  Tables  From  Sumer  to  Spreadsheets  (1st  ed.).  New  York,  USA:  Oxford 

University Press. 

 

John F. Makowski; Maher, David. W. J.. "Literary Evidence for Roman Arithmetic With 

Fractions", 'Classical Philology' (2001) Vol. 96 No. 4 (2001) pp. 376-399 

 

Maduri, Rajesh; Patthar, Raghunandan. (2012) Discussion notes on Look-up table formulation in SKF 

Simulator. 

 

http://en.wikipedia.org/wiki/Lookup_table - cite_note-0#cite_note-0 

  

http://en.wikipedia.org/wiki/Lookup_table%20-%20cite_note-0%23cite_note-0


ISCI 2014 

22 

 

Logistics Planning & Simulation of an Automotive Axle Factory 

Sibabrata Aich 

TML Drivelines Limited, Jamshedpur, India  

saich@tatamotors.com  

 

Rabindra Sah 

Vikas Sharma 

Ashutosh Sengar 

 Rohit Gusain 

Tata Technologies Limited, Tata Motors Premises, Jamshedpur, India 

Rabindra.Sah@tatatechnologies.com  

vikas.sharma@tatatechnologies.com  

Ashutosh.Sengar@tatatechnologies.com  

rohit.gusain@tatatechnologies.com  

 

Abstract 

 This document illustrates Logistics Simulation and Throughput Analysis of a green field project. 

It precisely explains how discrete event simulation helps to verify and validate the resources planned for 

an upcoming plant. It also describes the actions performed while following standard methodology when 

executing a discrete event simulation study. 

 

Keywords: Discrete-event simulation, QUEST, Axles, Logistics, Resources 

 

1. Introduction 

 TML Drivelines Limited, a subsidiary of Tata Motors, was established at Jamshedpur on 13th 

March,  2000,  by taking  over  operations  from  Tata Motors' erstwhile Axle and  Gearbox Divisions. It 

has an installed capacity of over two lac Axles sets per annum and is the current market leader for 

medium and heavy commercial vehicle Axles in India. Its product ranges from Front Steer Axles (live 

and normal), Rear Drive Axles to Dummy Axles. 

To meet its demand in the North and North-Eastern regions of the country the organization decided to 

establish a manufacturing plant in Lucknow (Uttar Pradesh, India). Four assembly lines had to be 

planned (Fig: 1) – two for Rear Axle and two for Front/Dummy axle assembly. A simulation study was 

conducted to setup the desired unit in order to achieve a smooth flow of logistics to and fro from the 

plant and to validate the planned resources for the same. 
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Fig 1: Layout Block Diagram. 

 

 

2. Project Execution (Steps in Simulation study: Jerry Banks) 

2.1 Problem Formulation 

 Every simulation study begins with a statement of the problem. Hence, after clear understanding 

the need of the project based on the inputs provided, the objectives were set, documented and approved 

by all concerned authorities. 

Commercial simulation tool QUEST is used to simulate the problem. 

 

2.2 Objectives 

2.2.1    Complete logistics simulation of the plant and finding congestion at different places 

2.2.2    Optimum utilization of Docks 

2.2.3    Optimum count of MHE required by utilizing them to its fullest 

2.2.4    Identifying all possible “What-if” scenarios and finding solutions for each 

2.2.5    Find out layout constraints 

2.2.6    Bottle-neck identification 

2.2.7    Suggesting the remedies to resolve Bottleneck situation. 

 

2.3 Phases of Project 

2.3.1    Phase-I 

Complete simulation of material flow from vendor’s end till its consumption on the various 

stations of the assembly lines had to be conducted. 

2.3.2    Phase-II 
Complete simulation of assembled Axles from assembly lines till dispatch. 

 

2.4 Assumptions 

2.4.1     Simulation modeling will be carried out only for a single variant of Rear and Front Axles. 

 2.4.2    Components from vendors can be called in the pre-defined quantity, even during the simulation. 

2.4.3    At a time, only one truck will unload itself at a dock. 

2.4.4    Time available per shift is 415 minutes. 
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2.4.5    Defined quantity of fixtures will be considered on each assembly line. 

2.4.6    MHE Drivers are not considered in the simulation study. 

 

2.5 Data Acquired 

2.5.1    New facility plan Layout (Auto-CAD). 

2.5.2    List of Resources (Forklift Capacity: 3Tons, 5 Tons, Battery Operated Pallet Transfer 

BOPT, Trolley man for trolleys) as planned by TML Drivelines. 

2.5.3    Specifications of each resource type (like speed, load carrying capacity etc.). 

2.5.4    Comparative logistics plan of current and proposed assembly lines. 

2.5.5    Production capacity requirements of the plant. 

2.5.6    Data regarding inflow of materials (type, quantity, etc. per truck) from vendors 

 

 
 

Fig 2: Input Data (Incoming truck information). 

 

2.5.7    Data with respect to primary and assembly line storage (product, storage capacity, etc.) 

 

 
 

Fig 3: Primary and Assembly line buffer data. 

 

2.5.8    Shift data. 

2.6 Model Building 

2.6.1    Phase-I 

 First a vendor location was created which inserts vehicles into the simulation model. This vehicle 

has attributes like its type, respective vendor, destination dock, its capacity, pallet count, component 

count etc. 

 After reaching the main entrance it parks itself at the parking locations as marked in the layout. 

As soon as a destination dock mentioned into the vehicle is vacant the vehicle moves towards the CRS 

Gate. It also looks for the current strength of vehicle waiting at the CRS gate. If current vehicle standing 

idle at CRS gate is more than two it waits at the parking location. After reaching the CRS gate it waits 

for check in and then allowed to move inside the plant. 

  Inside the plant premises, it reaches the assigned dock on which the components have to be 

unloaded. After reaching the dock a fork lift requirement is raised and depending upon the availability 

forklift is assigned to perform the task. Forklift then picks pallet/trolleys from the dock and transfers it to 

primary storage location. 
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 As the assembly lines are continuously running and consuming components in regular manner a 

request is generated by the assembly line storage area for a particular component type. This is fulfilled 

by the BOPT’s and Trolley man. BOPT’s specifically transfers Pallet and Trolley man transfers trolley. 

Whenever a request is raised a BOPT/Trolley man is assigned to perform the task depending upon 

availability. Available BOPT/Trolley man then moves towards the primary storage location picks the 

desired pallet/trolley and transfers it to the location from where the request was raised 

 

2.6.2    Phase –II 

 Axles  coming  out  of  the  assembly  lines  move  to  the  inspection  line  sequentially  on  a 

conveyor with constant speed equal to the assembly line speed. After inspection the axle enters into the 

paint line where it moves on the power and free conveyor. The speed of power and free conveyor is also 

assumed to be same as assembly line. There is a regular demand of empty pallets for loading the Axles 

coming out of the paint line. This demand is again fulfilled by forklifts. As the simulation starts two 

pallets at each paint line exit are placed on the marked space. When these pallets are loaded completely, 

a request for empty pallets is generated. The forklifts at parking location is assigned by the task which 

then picks two empty pallets from the specific empty pallets location and transfers them to the desired 

location. 

 FG (Finish Goods) area has separate location for each product type i.e. for Rear and Front axle. 

The forklift with two filled axle pallet places the pallet on the respective location and returns back to its 

zero location. This forklift then performs same activity again and again. As soon as the FG area is filled 

with the pallet count equal to a trailer capacity, a trailer is called from outside the plant. The trailers 

when reaches the Dock starting filled by a forklift already present at the dock. Forklift then fills defined 

quantity of pallets on trailer. This filled trailer then moves out of the plant towards the customer 

location. 

 Depending upon the behavior following objects from the “QUEST” library was used to replicate 

things in real world. Table 1 shows the matrix for the same. 

 

QUEST Object Real Entity 

Source Vendor Location 

Machine CRS  check-in,  dock  unloading,  assembly line 

stations 

Buffer Primary  storage  area,  assembly  line  storage 

area, finish goods area 

Conveyor Track for vehicles, assembly lines 

Power and Free Conveyor Paint line 

AGV Forklifts (all types),  Labor 

Parts Finished Front Axle, Finished Rear/Dummy 

Axle, Front Banjo Beam, Brake Assembly LH, 

Brake Drum, Brake Assembly RH, Z Bracket, 

Axle Shaft, Slack Adjuster, Rear Hub, Drive- 

head Assembly 

Sub resources Pallets (all types), Trolleys (all type) 

Sink Customer location 
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Table 1: Objects used from “QUEST” library 

 

 Specification of the initial conditions of the system at time 0 may influence the output data.  This 

initial period of time before a simulation reached steady state is called the transient period or warm-up 

period (Operations Research, Wayne L. Winston). There are two ways of overcoming the problems 

associated with the transient period. The first approach is to use a set of initial conditions that are 

representative of the system in a steady state. The alternative approach is to let the simulation run for a 

while and discard the initial part of the simulation. Since each simulation model is different, it is up to 

the analyst to determine when the transient period ends. Transient period for simulation model run is 

considered as one day by following the second approach. 

 

2.7 Logic Building 

 Logics are required to perform various tasks that are essential to find the desired output and for 

the events which are complex to depict by using the default QUEST tools. Events where logic controls 

the events are here under. 

 In “Init” logic the various initial values are initialized into the objects e.g. primary storage buffer 

attributes, assembly line buffer attributes, and initial creation of entities on them. The creation of entities 

on these locations are to run the assembly lines right at the beginning of the simulation run otherwise 

empty locations does not let run the assembly lines 

2.7.1    Trucks incoming sequence and time is also scheduled and stated in an excel sheet and as the 

simulation runs the trucks are created and sent towards the CRS Gate. This excel sheet also contains 

attribute which is also assigned to each truck by logic. 

2.7.2  Before CRS Gate there are logics which arrange the truck in proper order thus replicating the real 

situation. This logic assigns a parking location to a truck and make the truck wait there till its turn comes 

depending upon the availability of the Dock on which the truck is supposed to unload its components. 

2.7.3 At  CRS  gate  the  logic stops the Truck movement and releases it towards their respective dock. 

2.7.4  After reaching Dock there is logic which activates the AGV selection logic which further  selects  

an  AGV  to  do  the  unloading  and  transferring  task  followed  by  AGV transferring complete 

component load into their respective primary storage locations. 

2.7.5    The Assembly line storage location provides components to the assembly line which when lacks 

the proper component count triggers a logic which allocates task to BOPT which then assigned by two 

destination decision points to load and unload the components respectively. 

2.7.6    When coming out of the assembly line the axle simply moves to the inspection line and further to 

the paint line. After coming out of the paint line logic is triggered. This logic ensures empty pallet at the 

exit of the paint line by providing them from a forklift which first receives two empty pallets from 

empty pallet location and place them to the location near the paint line exit and then place two filled 

Axles pallet from paint line to the Finish goods area. 

  

 

2.8 Verification and Validation 

As  far  as  verification  is  concerned  the  base  scenario  for  the  project  is  prepared  by incorporating 

all the data and suggestions from TML Drivelines. This gives us various results related to CRS Gate 

congestion, Dock specific load outside CRS Gate, Dock Utilization and deficiency of components etc. 

which is further explained to the TML Drivelines. Various inputs are again refined with appropriate 

changes into the simulation model. Finally a base model was successfully modeled with all the relevant 

information into it. 
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2.9 Experimental Design 

 Experimentation is important in terms of examining the behavior of the prepared model under 

various circumstances. A discussion with TML Drivelines was called to find out those scenarios which 

they feel has importance. Those scenarios are freeze and developed so as to provide the results with 

variable conditions. This also provides the visibility to the planner to think by keeping other important 

thing in mind. 

 

2.10  Production Runs and analysis 

 For each scenario the inputs are first freeze and then inserted into the simulation model. After 

running the model the results came which were again analyzed. 

 

2.11 More Runs 

 After jointly reviewing all the results of the various What-if scenarios the performance of the 

each scenario was analyzed. 

 

2.12 Document Program and Report Results 

 Documentation is necessary for many reasons. To fulfill this requirement a document is prepared  

in  which  all  the  results  are  compiled  clearly  and  concisely  in  context  to  the simulation study and 

circulated to all the concerned authorities. 

Results provided to TML Drivelines are as follows: 

2.12.1  Queue outside CRS Gate: A graph representing the congestion at CRS Gate over the time. It 

shows the truck waiting at the CRS at different time in the simulation run. 

2.12.2  Dock Specific Queue at CRS Gate (Fig: 4): A graph shows the dock specific queue of truck at 

CRS Gate. 

 
 

Fig 4: Queue outside CRS Gate. 

  

2.12.3  Dock’s Utilization: A graph showing the utilization percentage of various docks that 

are assigned for various materials to get unloaded. 

2.12.4  Optimum count and combination of MHE (Forklift and BOPT) (Table: 2): The table showing 

various count and combination of MHE required at different Axle assembly area. 
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Total Distance travelled by MHE’s A meters 

Number of Axles produced B quantity 

Per axle movement A/B meters/axle 

 

Axle Area Forklift-3Ton 
Dock          to 

primary 

storage 

BOPT 
Primary 

storage       to 

assembly line 

Trolley   Man 
Primary 

storage       to 

assembly line 

Forklift-5Ton 
Paint  exit  to 

FG 

Forklift-5Ton 
FG to Dock 

Rear Axle 3 3 2 1 1 

Front Axle 3 2 3 1 1 

Table 2: Proposed MHE Count. 

 

2.12.5  MHE Utilization (Fig: 6): A graph represents the utilization of various MHE’s used in 

the simulation model to transfer material from one place to another. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6: Material Handling Equipment-Utilization Chart. 

 

2.12.6  Empty Pallet Requirement: This graph explains the pallet quantity must present at a certain time 

near the exit of paint line to get loaded from finished Axles during the simulation run. 

2.12.7  Empty Pallet Requirement: This graph explains the pallet quantity must present at a certain time 

near the exit of paint line to get loaded from finished Axles during the simulation run. 

2.12.8  Plant Output (FG Trailers): This graph shows the output of the plant during different state of 

simulation run. 

2.12.9  Summary Sheet: This table explains the per axle movement calculation for the plant. Formula for 

per axle movement is explains as follows: 

 

  

 

 

 

3. Conclusions and Suggestions 

3.1 Increased check-in points at CRS Gate to avoid congestion of trucks throughout the day. 

3.2 Increased truck parking space at the CRS Gate will avoid congestion on the road. 

3.3 Use of BOPT increases material movement drastically due to its limited load capacity, which can be 

reduced by efficiently using Forklifts. Optimum forklift and BOPT count provide to TML Drivelines. 



ISCI 2014 

29 

 

3.4 Material flow to the assembly line is hampered due to bottleneck created at CRS gate and not at the 

Docks. Increased check in points solves the bottleneck situation. 

3.5 Looking  at  the  current  layout  options,  one  way  traffic  flow  is  highly  unlikely. 

Combination of one way and two ways is suggested. 

3.6 Output for all possible “What if” scenarios were successfully obtained and submitted that will help 

deciding the best logistics plan for the plant. 

3.7 Optimum count and combination of MHE required at various areas in the plant is also suggested. 
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Abstract:  
 The application of springs in the design field is enormous. The primary function of the spring is 

to store and release energy in a controlled manner. There are various types of springs but the commonest 

would be coil springs. The selection of the spring for a specific application depends on many factors. 

Currently, numbers of commercial software are available for spring selection. However, the output 

hugely depends on many factors and is sensitive to the input. And also, the output always depends on 

few assumptions. 

 An  attempt  has  been  made  in  this  paper  to  reduce  the  number  of  assumptions  and 

sensitivity of the inputs using FEM technique. A torsion spring has been considered as a case  study for  

this  analysis.  A  comparative  study between  traditional  spring  software (calculator) and FEM 

analysis has been discussed in this paper. The results are correlating with spring test data. 

 

Keywords: Torsion Spring, FEM technique, Spring Analysis 

 

1. Introduction: 

 Helical  springs  that  are  used  to  apply  torque  or  store  rotational  energy  are commonly 

referred to as torsion springs. These springs are fairly common in automotive area and usually the 

application is to transfer measured quantity of torsion. OEM’s choose torsion springs based on the 

spring parameters such as coil diameter, spring diameter, number of turns, type of end and so on. There 

are some commercially available tools for selecting the springs. These tools have some assumptions and 

limitations in regard to the output parameters such as torque transmitted, angle of deflection of each coil 

of the spring, stresses and strains developed at each region of the spring. However, the output data is 

precisely sensitive to the spring parameters. 

 All  commercial  spring  design  tools/softwares  have  some  basic  assumptions  and calculate 

the output on these grounds. Some of them are, the cross section of the spring is round and made of a 

rod, Bending & shear effects may be neglected, the helix angle is considered to be so small that may be 

neglected, all coils are taking the load equally and deforms radial in the same way at every point, 

loading is constant all over and so on. The above  parameters  impact  the  stiffness  of  the  spring  and  

so  the  results.  With  these limitations  and  assumptions  the  design  of  springs  barely  varies  among  

the  users  and OEM’s. This can be addressed using FEM technique. The torsion spring can be simulated 

to the torsion loads and can exactly predict the behavior of the spring in terms of deformations and stress 

patterns at each step of the loading and unloading. It is found that the radial deformation of the spring 

coils is not same and uniform across. This is also matching with the application data. ANSYS software 
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has been used to simulate the springs. Varieties of spring cross sections have been verified to understand 

the comportment of the technique.  

 The application of the spring can be simulated which is not possible with the available 

commercial spring softwares. This becomes the primary advantage of this technique. 

 
 

Fig.1: Torsion helical spring 

 

2. Literature Review 

 The spring test data such as spring rate, maximum working moment (torque), Torque Vs 

Deflection information, Bending and shear stress data with respect to loading, free and loaded state of 

coils are very difficult to gather from the spring manufacturer. The commercial spring softwares will 

calculate this data to some extent. However, the data consistency among different kinds of parameters is 

always debatable. Testing is mandatory for every such application to know the best suitable spring. 

  

 
Fig.2: Nomenclature of Torsion spring 
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 The deflection, stiffness and stress of torsion springs can be calculated using the traditional 

spring formulas i.e. eq. 1 & 2. However, the commercial spring softwares will consider few more 

parameters to capture the output parameters to a better estimate. Other output parameters can be 

estimated based on similar equations. The above equations are derived considering the assumptions 

Eq. 1 

 

Eq. 2 
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listed above. The deformation pattern for the spring calculated with the above equation will be shown as 

below (Fig. 3). And also, the stress value calculated is assumed to be spread across all turns in the 

spring. 

 
Fig. 3: (a).Deformation pattern based on Eq.1 & Eq. 2    (b). Deformation pattern expected in real time 

  

 It is evident from the above Fig. 3 that deformation pattern is different in both cases. Due to the 

same reason, the stress values captured for the spring would not be the same and varies across the turns. 

These details cannot be captured using the traditional methods. Various commercial spring softwares are 

working with much more parameters. However, these softwares have some limitations. In actual 

scenario, the torsion springs undergo different loading and constraint conditions. It is very difficult to 

calculate the spring behavior in terms of deformation and stress by exactly taking the application 

conditions into account. 

 

3. Research Methodology 

 Finite Element Method technique can simulate the above conditions with ease and predict the 

most approximate behavior. ANSYS® has been used to perform this simulation. Wide variety of 

simulations has been carried out to validate the behavior of the springs by changing the parameters. The 

parameters considered for the spring simulation are - 

 1. Mean spring diameter 

 2. Outer and inner spring diameter 

 3. Spring wire diameter 

 4. Number of active coils 

 5. Load applied and Boundary conditions 

 

 A torsion spring with 2 loops (similar to Fig. 1) is considered in this paper to explain the 

behavior. The spring parameters, loading and boundary conditions are explained below (Table. 1). These 

boundary conditions are evolved based on an automotive torsion spring application. The results table 

(Table. 2) shown below is indicating the stress, deformation and torque values. However, as explained 

before, the values below are the maximum on the spring. This does not indicate at any region. The stress 

value is 1865 MPa, however, this value is assumed to be equally distributed all over the spring. The 

deformation is about 50 degrees and assumed to be wound equally (as shown Fig. 3 (a)). Torque 

required is about 18 N-m at the application of load. 
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1 

 
 
 

Spring Type 

 
 
 

Loose Wound 

Spring 

 
 
 

 
2 

 
 

 
Leg Fixing 

 

 
 

One Leg fixed. 

Other leg 

Loaded 
  

 

 
3 

 

 
Arm of Working 

force 

 
 
 
 
 

14 mm From 

Center 

 

 

 
4 

 

 
Arm of Supporting 

Force 

5 Applied Moment 18 N-
m 

- 

6 Modulus of Elasticity, 
E 

200000  

 Spring Coil Diameter, 
D 

35 mm  

7 Number of Loops 2  

8 Wire Diameter, d 4.7  

Table 1: The spring parameters 

 

Results 

Stress 1865MPa 

Deformation 50Degrees 

Torque 18N-m 

Table 2: Spring Results provided based on the traditional equations 

 

4. Results 

 With the above data and results, it is hard to predict the deformation pattern in the spring. 

Majority of the applications demands the behavior of the spring at each loop and region of failure. The 

loading & boundary conditions are always different. However, this will not be considered in traditional 

calculations. The same has been analyzed using ANSYS® to check these values. The boundary and 

loading conditions are as follows. The results  obtained  (Graph.1)  are  matching  with  the  spring  test  

data  (Graph.2).  The deformation pattern (Fig. 4 & Fig. 5), Stress and Bending moment (Fig. 6) 
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Deformation Pattern: 

 

 
(a)                                            (b)  

Fig. 4: (a) Radial deformation (b) Axial Deformation 

 

 

 
(a)                                               (b) 

Fig. 5: (a) Fixed the leg in all direction (red circle region) (b) Applied a moment of  

18N-m on the leg in Z- rotation direction (red circle region) 

 

 

Stress and Bending Moment Pattern: 

 

 
(a)                                       (b) 

Fig. 6: (a) Maximum Bending stress (b) Total Bending Moment 



ISCI 2014 

35 

 

 

 
Graph. 1: Torque Vs Angle 

 

 

Spring test data: 

 
Graph. 2: Spring test data 

  

 This  paper  discusses  the  torsion  spring  behavior  using  Finite  element  approach. Analysis 

gives the better results compare to the commercially available softwares. The calculated stress, 

deflection values and patterns are similar to the real time application. This analysis  procedure  can  be  

extended  to  the  non-standard  springs;  multi  cross-sectional springs which are used in real world and 

those cannot be simulated with other commercial spring softwares. This approach is tested on different 
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springs to validate the procedure. Boundary and loading conditions can be applied at any location in the 

spring and there is no limitation in this regard. 
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Abstract 

 This paper focuses on studying a product delivery system, also referred as outbound logistics 

system, using one of the methods in system dynamics, namely stocks and flows analysis. This method 

has been applied to understand the behaviour of the logistics system over time, under various sales 

scenarios. It also brings focus to various factors and decisions that influence the accumulation of stocks 

(inventory) and the flow of stocks (product delivery) in the system, thereby the economics and 

performance of the product delivery system. Such a modeling method can help to gain insights about the 

complexity of product delivery system, compare strategies or decisions taken to operate the system and 

provide prescriptive actions. 

 

Keywords: Logistics, Product Delivery, Simulation, Stocks and Flows, System Dynamics  

 

 

1.Introduction  

 System dynamics is a field of study that aims to understand the temporal behaviour of complex 

systems. It was introduced by Forrester (1961) and involves the use of mental models, in the form of 

feedback loops and time delays, to understand the various factors that influence the system. 

Computerised models are now being developed to simulate the behaviour of the systems as defined by 

these mental models or diagrams. Among the two types of diagrams in system dynamics study, causal 

loop and stocks and flows diagrams, we demonstrate an application of stocks and flows diagram. Stocks 

and flows diagrams allow quantitative analyses of system under study.  The inventory that is 

accumulated at various nodes of product delivery is represented as stocks. The flow is dependent on the 

decisions taken to ship the finished goods. These decisions determine the delivery of stocks from one 

node to another. The change and uncertainty in customer demand together with the influence of the 

decisions made cause demand amplifications in the supply chain upstream, also known as bullwhip 

effect described in Lee et al. (1997). 

 The product delivery network is a subset of overall supply chain of any manufacturing business. 

One of the key objectives of any product manufacturing organization is to meet customer demand in a 

timely manner. Many efforts to improve the supply chain in terms of efficiency have been made in past 

several decades. This topic has also been an area of research interest for many. In the recent times 

adoption of technology in logistics such as GPS and geo fencing to improve services and security is 

becoming prevalent. Although lot of efforts are being laid on the execution of the supply chain itself 

there is need to get a more fundamental understanding of the complexity of the system and how 

decisions and various factors result in emergent behaviour of the system.  In this paper we present the 

approach to develop mathematical formulations and constraints. The formulations involve certain 

assumptions that are incorporated to simplify the analysis of this complex system. The math is 
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incorporated in the stocks and flows model of the product delivery system and the model is then 

simulated to compare different strategies.  

 

2.Literature Review 

 System Dynamics has applications in various domains. Ford and Sterman (1998) studied the 

dynamics of product development process and how it impacts the project performance. Barlas and Diker 

(2000) developed a university simulation game using the stocks and flows method to understand 

strategic university management problems and test different management strategies. Bhushan and Shah 

(2010) presented a system dynamics model to demonstrate the interactions of various system variables 

in the Indian telecommunication sector. Their study included the supply chain perspective of adoption 

process in Indian telecom sector. 

 Several methods have been applied to simulate and understand supply chain and logistics. 

Angerhofer and Angelides (2000) provided a very comprehensive overview of the taxonomy of research 

and development of system dynamics modeling in supply chain management. The research work was 

classified into three groups: modeling for theory-building, modeling for problem solving and improving 

the modeling approach. Chow et al. (2005) presented a knowledge based logistics strategy system using 

the case-based reasoning and online analytical processing technologies. In a study done for Automotive 

Supply Chain Network, heuristics modeling approach was employed to design the inbound and 

outbound logistics system. The author, Shyam (2012) used Djikstra’s algorithm to obtain the shortest 

routes. An agent-based modeling method was used by Vieira et al. (2012) to simulate supply chain for 

multiple products and different operational strategies.  

 

3.Research Methodology 

3.1 Problem formulation 

 The system under study is a variation from what is popularly known as ‘Forrester Supply Chain’ 

or Forrester Model (Forrester 1961). The Forrester Model is a four-level supply chain which consists of 

a factory, a warehouse, a distributer and a retailer. In our system of interest we have a factory with space 

to stock inventory and depots that behave as regional distributors. The goods are further distributed to 

dealers/retailers based upon a given sales scenario. Fig. 1 shows the scope of this study. 

 
Fig 1: Scope of product delivery system 
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 The first step in building the model is to identify the stocks in the system. In this case factory and 

depot inventory are the two stocks that will accumulate or deplete over time. Each stock shall have an 

input and an output flow being driven by strategies that govern the movement of the stock. There are 

two key decisions that shall be made in this context, “How much to produce?” and “How much to 

ship?”. The number of products to be produced is a strategic decision made by production planning 

team. Organizations generally use a made-to-order or a made-to-stock strategy. The decision, “How 

much to produce?”, is driven by factors such as forecasted demand, existing inventory levels at the 

factory and depots, and also the inventory in transit. Forecasted demand is an estimated input based on a 

combination of market dynamics, historical data, seasonality and various other factors. In this case 

forecast data was available in the form of expected monthly demand which was further translated into a 

daily demand number based on number of sales days in a month. In this study we present two 

production strategies, one in which the factory should produce to meet ten days of forecast and in the 

other twenty days. The above discussion on how much to produce can be mathematically represented as  

 

 (1) 

Where,   

 

In the above equation, production for today depends on the forecast for next n days, inventory at the 

factory and depot as of the previous day and the number of finished goods in transit as of the previous 

day. If the inventory in the delivery pipeline is greater than the forecasted demand for the next n days 

then the above formula would suggest a negative number for production. Hence, Eq. 1 can be refined as 

 

 (2) 

The above equation may represent an ideal case for production number. However in reality there are 

several constraints in the system. The first constraint to consider is the production capacity per day. 

There is a limit as well on the inventory holding capacity at factory; hence what is produced should fit 

into the space available. Thus after incorporating the constraints Eq. 2 is further refined to Eq. 3 which 

governs the flow into the factory inventory as shown in Fig. 2.  

 

(3) 

 

  Similarly the mathematical formulation can be written to answer the question “How much to 

ship?”. The number of finished goods to be shipped from factory to depots is a strategic decision made 

by the organization based on the desired stock levels at the depots. In this study we state that the 

organization shall either ship to maintain a target stock level at the depot or ship to meet next N days of 

sales expected. Thus in the first case the number to ship today will depend on target stock level at depot, 

inventory level at depot the previous day and the number of finished goods in transit as of previous day. 

In the second shipping strategy the number of finished goods to be shipped depends on forecast for that 

depot for the next N days including the time required to ship. It also depends on the inventory levels at 

depot and in transit the previous day. This number can be different from the number of finished goods a 
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transport vehicle can hold. In order to be cost effective the desired number of goods to be shipped needs 

to be adjusted to the capacity of transport vehicle. In a case where there isn’t enough inventories at the  

 factory to ship the desired number then the available inventory needs to be divided between the depots 

using some criteria. This criterion is also known as allocation strategy. For ease of explaining we are 

considering only two depots and proportional allocation of the total number. However in reality the 

number of depots maybe large and a different strategy may be required to decide how many finished 

goods to dispatch to different depots. Accordingly an equation similar to Eq. 3 is formulated and 

governs the flow from factory to depots.  

 

3.2 Modeling & Simulation 

  The system dynamics model was built using commercially available software. Fig. 2 shows a 

sample model of product delivery system with one depot.  

 

 
Fig 2: Sample model of product delivery system with one depot 

 

 The model can be formulated for any level of abstraction. In this case we have setup the model to 

simulate the operation over a period of a year, with production and shipping decisions being taken daily. 

Some of the key performance metrics to compare the choice of production and shipping strategies can be 

total logistics cost, optimum inventory levels at factory and depots, minimum shipping time, etc. In this 

study we compare the total logistics cost for each combination of production and shipping strategies.  

 
 

 The total cost of logistics can be formulated as the sum of production cost at factory, cost of 

holding inventory at factory, cost of shipping and cost of holding inventory at the depots respectively. 

However assuming that all products being manufactured have the potential to sell hence we ignore the 
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production costs. To account for the performance of the product delivery system, i.e. its ability to meet 

the demand, we incorporate an additional factor called the penalty cost which is proportional to the 

number of lost orders. The above equations (Eqs. 4~8) are used in the model to calculate the 

performance metric that is the total cost.  

 Since the demand is not known in advance, we chose a random sales scenario where the daily 

sales are within a certain bound of the given forecast. We could also choose an optimistic or pessimistic 

sales scenario with respect to the forecast. 

 

4. Results 

 The simulation is run over 365 days, with production and shipping internals updated at daily 

intervals. The simulation is run for 200 iterations to study the performance of the chosen strategies under 

different sales scenarios and establish the best and worst case performance. Various performance metrics 

such as total logistics cost, inventory accrued over the year, orders lost, etc. are calculated. The tables 

below show a summary of the metrics, for a combination of first production strategy with each of the 

shipping strategies. In Table 1 the combination of first production strategy and first shipping strategy is 

considered as baseline and the costs for the second combination is provided in terms of the baseline. 

 

Production Strategy: Producing to meet forecast of next 20 days 

Metric 
Shipping 

Strategy 1 

Shipping 

Strategy 2 

Total Logistics Cost 1x 1.27x 

Factory Inventory Cost 1x 6.62x 

Transport Cost 1x 7.64x 

Depot Inventory Cost 1x 7.50x 

Depot 1 Inventory Cost 1x 8.60x 

Depot 2 Inventory Cost 1x 6.91x 

Penalty Cost 1x 0.010x 

Penalty Cost at Depot 1 1x 0.014x 

Penalty Cost at Depot 2 1x 0.007x 

Table 1: Summary of costs measured 
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Production Strategy: Producing to meet forecast of next 20 days 

Metric 
Shipping 

Strategy 1 

Shipping 

Strategy 2 

# of non-production days 
135 – 156 

(mean: 137) 
0 

# of days factory inventory 

reached its max limit 

136-157 

(mean:138) 
0 

Max depot 1 inventory 5 792-857 

Max depot 2 inventory 3 1211-1277 

# of days orders lost from depot 1 329-338 8 

# of days orders lost from depot 2 331-339 4 

Total lost orders 31774-32293 305-331 

Table 2: Summary of metrics measured from simulation 

 

 As can be observed from the results the first shipping strategy which directed a target stock at 

depot resulted in large number of lost orders. In the second shipping strategy finished goods were 

shipped to meet next ten days of sales at each depot. Hence there was enough stock to accommodate any 

fluctuation in demand and thereby low penalty costs are incurred. Thus if this strategy is chosen it would 

result in low numbers of orders lost but would require higher inventory level to be stocked at the depots. 

Fig. 4a shows that the sales made from the depots matched well with the demand scenario. If you note 

the sales does not match the scenario only in the first few days which is resulting from the time taken to 

ship the first batch of finished goods to the depots. In practice this would be accommodated by having 

some initial inventory at the depots. In Figs. 4b and 4c we can see the trend of inventory accumulated at 

the factory and depots respectively. In this study there was no constraint applied to space available at the 

depots. This helps identify that over a time period what could be the desired space requirement at the 

depots. Although land contracts with depots are made in advance, such an insight can be leveraged for 

new depot locations or expansion of current depots. 

 
Figure 4a: Sales trend 
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Figure 4b: Trend of inventory accumulation at the factory 

 

 
Figure 4c: Trend of inventory accumulation at the depots 

 

5. Conclusions 

 The outbound logistics system is a complex system driven by key decisions such as how to 

produce and how much to ship. There is dependency on various factors such as forecast, time to ship 

from one location to another, holding capacity at factory and depot locations and many others. In order 

to get an understanding of how the system will behave over a period of time and the effects of the 

decisions made and influencing factors, the stocks and flows method was used. Such a modeling and 

simulation method allows planning for long term and also provides prescriptive recommendations. 

Different strategies can be compared, to validate performance metrics such as lowest logistics cost or 

lowest lost orders, etc., before final decisions are made. Further extensions of the model would be to 

extend this modeling approach to the entire supply chain. Simulations can then be run for various sales 

scenarios to monitor the impacts on inventories accumulated and costs incurred and also see how 

decisions made today determine the future.  
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Abstract 

 Facility layout affects many parameters. Although the only factors considered in the past were 

space utilization and closeness gap, there are other factors like Avg. contents, Efficiency etc. that have a 

profound effect on processes. However these parameters cannot be calculated manually. Use of 

simulation for testing the generated layouts gives better visualization as well as quantified results that 

can be compared. Furthermore optimization techniques are used to select the best layout. 

 

Keywords: Simulation, Layout, SLP, TOPSIS 

 

 

1. Introduction 

Facility layout planning is the first step in constructing a factory structure. It decides the allocation of 

different departments and later the detailed layout consists of the positioning of the machines within the 

departments. A properly designed layout can make the material flow continuous, minimum and easy for 

material handlers. On the other hand a poorly designed facility will have time and efforts wasting in 

fruitless transportation time. In case of long enough movement distances, incorrect layout planning can 

also cause line imbalance. 

 This is the point where simulation becomes important. Not only the simulation offers visual 

dynamic representation of flow that helps to understand better, it also gives results with many 

parameters to compare with each other. 

  

2. Literature survey 

The literature survey revealed many attributes that differentiated the research papers from each other. 

Most important of them were: 

 1. Type of layout 

 2. Objectives considered 

 3. Methodology adapted 

Taghavi, Murat (2011) studied for unequal-area facility layout problem with flexible bays. Same authors 

in another paper worked out a layout redesigning problem with 9 products and 20 machine types. Sadan 

Kulturel-Konak (2012) concentrated on flexible bay structure of layouts. waraniyer, Khilwani, Tiwari, 

RaviShankar, Ben-Arieh (2013) considered changes in layout along with changing time. Chiang, 

Kouvelis, Urban (2006), considered relative positioning of pair of facilities. 

mailto:purva.khandeshe@gmail.com
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Most of the authors considered minimizing the travel distance and subsequently material handling cost 

as the most important and sometimes the only objective. Other than that, Taghavi, Murat (2011) 

considered demand of product, coordinates of centroid of the machine and decision variable that denotes 

whether a machine is used for the given product type or not. Sadan Kulturel-Konak (2012) in his paper 

accepted constraints as satisfying the departmental area requirements, the departmental shape 

restrictions, such as maximum aspect ratio and minimum side length, and the boundaries of the facility. 

It was noticed that in all of the literature survey done, simulation techniques were not used to actually 

simulate the layouts and observe the workings. 

 

2.1  Problem statement 

 A multinational firm involved in manufacturing variety of electronic components and having 

fifteen odd types of machine types and more than 150 machine units. It was observed that the efficiency 

of many of the machines is very low. It was decided to redesign the layout. 

 With the objective of minimizing material movement time, having a continuous WIP flow rather 

than to and fro and space utilization, a new layout needs to be designed. The new layout is to be 

constructed based on area availability, space orientation and inability to shift some of the machines. 

 

3.  Suggested method 

 One of the most important parameters while drawing a layout is closeness gap. It denotes the 

nearness of the important departments from each other. Fig. shows the activity relationship diagram. All 

the departments with the relationship ‘A’ should have minimum gap between them.  

 

 
Fig. 1. Relationship Diagram for the departments 

 

 With the help of it, five different layouts were generated. The current layout, as well as the 

generated layouts is as shown in Fig 2-7. 
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Fig. 2: Current Layout                                         Fig. 3: Layout 1 

           
Fig. 4: Layout 2                                           Fig. 5: Layout 3 

 

          
Fig. 6: Layout 4                                           Fig.7: Layout 5 

 

 It was observed that out of 10-11 product types, three products were the major contributors of the 

total cost. Hence three more layouts were generated considering the ease of flow for those individual 

products only. 

 In Layout 1, machines and departments were arranged in such a way that the parallel processes 

were clubbed together, while the continuous processing machines were kept together. The processing 

time was reduced as compared to the current layout. Also it gives maximum operation time, least work 

in process inventory and least blocked time.  

Layout 2 had the machines with similar operations kept together hence average move time was reduced 

as compared to the current layout. Also this layout gives better capacity utilization than the former. 

Layout 3 was designed taking into consideration the ease of operations for the machine handler. So all 

the three types of ovens were put together and so on. It will help the worker for supervising more 

machines at the same time. This layout has better operation time, less blokages and better capacity 

utilization than the current layout.  

 Maximum space utilization was the aim while designing the Layout 4. It is hence most efficient 

in capacity utilization of the locations. 

Layout 5 has less move time, less blokages, better operating time and capacity utilization as compared to 

Current Layout. 
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 The three major cost contributors are products named A, B and C. Layouts were arranged 

considering these product individual process flows as the most important. 

 The idael Layout for A had decreased blokages. The ideal Layout for B reduced the Average 

content as well as gave better capacity utilization. the best C Layout was best for move time, operation 

time, location utilization and idle time. All the above layouts were simulated using Pro-Model. The 

results are displayed in Table 1. 

 
Current Layout 1 Layout 2 Layout 3 Layout 4 Layout 5 A B C 

BEST 
LAYOUT 

% In Move Logic 0.04 0.07 0.06 0.058 0.045 0.038 0.04 0.04 0.03 LAYOUT C 

% In Operation 4.22 5.19 4.21 4.21 4.1 4.08 4.08 4.08 4.22 LAYOUT 1 

% Blocked 95.74 94.74 95.73 95.72 95.85 95.88 95.88 95.88 95.75 LAYOUT 1 

Average Time In System 

(Min) 
290.4 291.59 291.2 291.11 295.88 324.2 323.9 324.4 290.3 LAYOUT C 

Average Time Blocked (Min) 279.76 280.89 280.51 280.41 285.23 313.56 313.3 313.8 279.7 LAYOUT C 

Average Time Per Entry 

(Min) 
11.78 11.95 11.81 11.8 11.94 12.16 12.12 12.16 11.79 CURRENT 

% Utilization 44.2 31.04 44.14 44.09 44.1 33.4 33.29 33.39 44.3 LAYOUT C 

Average Contents 6.88 5.36 6.9 6.9 7.02 6.07 6.07 6.08 6.88 LAYOUT 1 

% Operation 20.06 14.35 20.07 20.07 20.04 15.6 15.59 15.59 20.06 LAYOUT 3 

% Idle 54.12 68.03 54.22 54.28 54.32 65.31 65.45 65.33 54.03 LAYOUT C 

% Blocked 25.82 17.61 25.71 25.65 25.64 19.1 18.95 19.07 25.92 LAYOUT 1 

% Empty 41.19 55.43 41.04 41.11 41.02 54.23 54.24 54.22 41.21 LAYOUT 4 

% Part Occupied 22.25 17.43 22.23 22.33 22.2 18.35 15.84 18.3 19.22 LAYOUT 3 

% Full 51.23 38.2 51.46 51.25 51.51 38.72 29.93 38.8 39.56 LAYOUT 4 

Table 1: Simulation results for the Layouts. 

 

 Different layout appeared to be the best for different criterion. Hence optimization was 

performed. Analytical Hierarchy Process was used to assign weights to the parameters. Comparing all 

fourteen parameters together may give erroneous results. Thus a hierarchy was formed as shown in 

Table 2. 

TIME REQUIREMENT WIP EFFICIENCY 
CAPACITY 

UTILIZATION 

Average Time In System (Min) Average Contents % Utilization % Empty 

Average Time Blocked (Min)  % Operation % Part Occupied 

Average Time Per Entry (Min)  % Idle % Full 

  % Blocked  

  % In Move Logic  

  % In Operation  

  % Blocked  

Table 2. Hierarchy of the parameters. 

 

The results obtained were as below. The check was made whether the consistency ratio is less than 0.1 

or not. 

TIME REQUIREMENT WIP EFFICIENCY CAPACITY UTILIZATION 

0.2 0.3 0.2 0.13 
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Table 3: Weightages assigned to major parameters. 

3.1 TOPSIS Method 

 TOPSIS (Technique for Order Preference by Similarity to the Ideal Solution) method , at the first 

stage ,consist of the composition of the decision matrix A with the values of attributes and the 

construction of the normalized Decision matrix R based upon matrix A. The elements of matrix R are 

computed as 

 

 Rij =               (1) 

 

Where xij is the value of the jth criterion for the ith alternative, and is, an element of Decision Matrix A. 

The weighted normalized decision matrix is obtained by using the normalized decision matrix R and 

weights assigned to criteria as  

 

 Vij =                                                                                       (2) 

At the second stage, the ideal (fictitious best) solution S+ and the negative-ideal (fictitious worst) 

solution S- , are determined, respectively, as follows 

  S+ =                                                                       (3) 

 S- =                                                                         (4) 

The relative closeness of each alternative to the ideal solution is computed as 

 P+ =   

 P- =                                                                                             (5) 

 

  Finally, the alternative with the highest value of Pi is selected as the preferable (best) one. 

The quantitative data given in Table 1 is normalized using equation 1. The relative closeness of each 

solution from ideal as well as worst solution is calculated using equation 5. The relative closeness as 

well as rankings are given in Table 5. 

 

4. Results. 

 P+ P- RANKING 

Current 0.74008 0.25992 5 

Layout 1 0.090335 0.909665 1 

Layout 2 0.748017 0.251983 8 

Layout 3 0.74761 0.25239 7 

Layout 4 0.789462 0.210538 9 

Layout 5 0.476477 0.523523 2 

Layout A 0.477504 0.522496 3 

Layout B 0.482081 0.517919 4 

Layout C 0.742091 0.257909 6 

Table 4: Relative closeness of the solutions. 
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 It can be observed that Layout 1 has got the least distance from the best solution and maximum 

distance from the worst solution. Thus Layout 1 is the most preferred alternative. In case if it is not 

possible to implement Layout 1, the rankings for other Layouts are given in Table 5. 

  

5. Conclusion. 

 Different methods are used to design Layouts like space utilization, product flow and Systematic 

Layout Planning. Out of all the methods, the Layout designed using Systematic Layout Planning 

(Layout 1), which is a mix between product and process Layout came out to be the best. 

 Among the parameters, some parameters are ‘more the better’ while others are ‘lesser the better’ 

Thus optimization techniques are required. Use of TOPSIS is done in this particular case to determine 

the relative closeness of each solution from the preferred values.  

 Use of simulation is a vital factor in the suggested method. It allows visualization of each type of 

Layout as well as gives quantified results for many parameters. 

 Total eight Layouts are designed and compared in the paper. However the intention of paper is to 

introduce a new method for selection of best Layout. Many more layouts can be created within the given 

constrains and compared using the suggested method. 
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Abstract 

 This paper focuses on application of Process Simulations for rectifying issues, optimizing the 

process plans and manufacturing setups. Process engineers need to visualize and plan new process and 

tool changes to implement these changes while production is running. The simulation tool can help to 

anticipate problems and verify options available. The available options can be tried in virtual 

environment to generate best solution to implement on shop floor. Thus, it reduces time and capital 

investment to conduct such trials without affecting regular production. Such reduction in shop floor 

trials impact time-to-market in positive way which is very critical factor in today’s volatile market. 

 

Keywords: New Product Development, Fitment Trials, Process Simulation, Time to Market 

 

1. Introduction 

 

 In today’s dynamic environment, automobile industry is experiencing turmoil globally indicating 

very unenthusiastic growth patterns. The sales volume are shrinking in automobile sector and there is 

continuous pressure on production units to make each unit at expected profit levels. With changing 

preferences of customers, it becomes vital to introduce new products to ride on growth tide. So flooding 

market with new models and/or variants of products  to  keep  customer  at  door  steps   becomes  the  

first  priority  of  automobile manufacturers in today’s timid environment. 

 The Automobile companies have transformed the product development process to evolve various 

concepts like Concurrent Engineering (CE), Design for Manufacturability (DFM), Design for Assembly 

(DFA), Computer Aided Design and Manufacturing (CAD/CAM), Computer Integrated Manufacturing 

and so on. With these emerging concepts, there was tremendous efforts from service industry to support 

these requirements of automobile industry with applications/tools like MCAD software, PDM & PLM 

applications. The direct impact of a shorter product development time includes the opportunity to sell 

the product at premium prices early in the life cycle, and enjoy longer market life cycle. There are 

various reasons for which companies are interested in investments in applications supporting reduction 

in time-to- market.  One  of  them  is  faster  Breakeven  point  (BEP)  and  increased  ROI  (return  on 

investment) which is driving today’s dynamic market. 

 Digital manufacturing from its conception has facilitated to reduce time-to-market with different 

modules like Virtual factories, Discrete Event Simulations for critical business decisions and Process 

Simulations for visualizing future manufacturing processes. Process simulations focuses on 

communicating new processes designed for product manufacturing when there is no setup installed in 
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factory. Thus helping all stakeholders to a great extent by providing virtual environment to access 

proposed manufacturing processes. This tools has also supported process planners when new variant is 

planned in existing setup. The current working production lines possess a great risk when it comes to 

modifying parameters for testing new process plan. Moreover, when production is running, it become 

actually a loss of production when planners propose the fitment trials. When fitment trials are always 

necessary to  identify  problems  in  proposed  setup  there  could  be  chances  that  such  iterations  are 

required. With frequent changes in product are becoming inevitable, process planning community needs 

a reliable method to reduce time for such trials. 

 

2. Description Of System 

 Mahindra & Mahindra is a USD 16.2 billion multinational group based in Mumbai, India, 

employing more than 180,000 people in over 100 countries. Mahindra operates in the key industries  that  

drive  economic  growth,  enjoying  a  leadership  position  in tractors, utility vehicles, after-market, 

information technology and vacation ownership. In addition, Mahindra enjoys a strong presence in the 

agribusiness, aerospace, components,  consulting services, defence, energy, financial services, industrial 

equipment, logistics, real estate, retail, steel, commercial vehicles and two wheeler industries. 

 At MVML (Mahindra Vehicle Manufacturing Ltd, a 100% subsidiary of Mahindra & Mahindra), 

we manufacture vehicles like XUV 5OO, M&HCVs, Genio, Rexton, and MAXXIMO. The first product 

which was rolled out from MVML plant was Maxximo which was launched in February 2010 in the 

market. Maxximo is a light commercial vehicle with 850kg payload capacity used by entrepreneurs in 

logistic business enabling them to Rise. Keeping Green initiative in focus, company introduced CNG 

variant for this platform. Later with increased demand in market, a variant with new technology called 

“Fuel Smart” is introduced along with increased wheel base for sturdiness under heavy load & over 

rough roads. 

 Product designers started to modify CNG variant also for the same change in wheel base. The 

manufacturing site needed to study feasibility of introducing these changes on shop floor. The first and 

obvious option is to check new product in existing setup. Such trials can be used to identify potential 

problems and then suggest modifications in process. Such suggested options also need to be validated on 

shop floor which may cause interruption in production. 

 

3. Problem Background 

 When new Maxximo plus was launched in March 2013, process planner changed certain 

operations and station setups to start rolling new variant. Product development teams were working on 

CNG variant of Maxximo plus which comes with extended wheel base (from 

1840 to 1950 mm). It was a matter of fitment trials to understand the problem that might arise with 

increased wheel base. 

 The CNG assembly unit is a separate station used exclusively for CNG vehicle for fitment of 

2 CNG cylinders. When new product design for CNG variant of Maxximo plus was released by  

designer,  process  planner  was  required  to  check  feasibly  of  product  assembly  on production line. 

There could be change in fixtures tools and methods deployed on station. Process planner need to plan 

fitment trials to first identify if there is any issue in assembly process in existing setup. If existing 

process doesn’t support new product then process planner has to provide set of options to resolve the 

issue(s). After analyzing all possible options, process planner chooses the best option which meets the 

criterion. 
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Conducting such trials when production was running is the most challenging part of process of 

introducing new changes on shop floor. The best option can emerge from all possible option only after 

conducting trials for each option on production line. 

Fitment trials for all options can’t be conducted due to following reasons- 

 -    Stoppage of production line 

 -    Not all options can be tried out ( like modification in fixture) 

 -    Not all options are free of cost ( not like just relocating part bins etc) 

 -    Manpower needs to be trained for every option to be tried on shop floor 

  

 Digital Manufacturing provides functionalities where all such options can be validated in virtual 

environment and the best one get implemented on shop floor. 

 

4. Collection And Analysis Of Data 

 Process  simulation  deals  with  creating  the  entire  station  layout  in  virtual  environment 

requiring all elements in 3D format. Following elements were considered for building station layout- 

 1.   Product data ( JT files from PLM system) 

 2.   CNG decking Fixture ( Created in CAD tool) 

 3.   Station layout ( Imported from Virtual Factory model) 

 4.   Process sheet from Plant Engineering team 

 

The timing data was collected from Industrial Engineering department for current process running at 

shop floor. 

Sr no Particulars Value 

1 Takt time 180 

2 Cycle time 150 

4 Decking Time 130 

Table 1: Timing Data for CNG Operation 
(Figures are only indicative as actual figures cannot be disclosed) 

  

5. Construction Of Simulation Model 

 Before making simulation models, all assumptions were explicitly listed, and the plant engineers 

and simulation analysts agreed upon them. Such documentation of and concurrence on underlying 

assumptions is critical to simulation project success [5]. 

These assumptions were: 

 •   CNG tanks are available at decking station. 

 •   Trolleys and Pallets requires to load CNG tanks are always kept at proper place and direction 
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By interpreting data and observing system on shop floor, the complete model of existing process 

in created in Process Simulate application from Tecnomatix of Siemens Industry Software Ltd. 

 
Fig 1: Simulation Model on Tecnomatix module Process Designer and Process Simulate 

 

 The model created is for older version of wheelbase 1840mm for which CNG variant is 

manufactured. The part data for CNG version for 1950mm wheelbase is used for checking problem 

when all parameters are same. 

  

6. Experiments And Results  
 The model is created in Process Designer & Process Simulate module of Tecnomatix from 

Siemens  Industry  Software.  While building this model,  the  existing  station  setup  and product data 

is considered. The timing and process flow refers to existing plan running on shop floor. 

 

6.1 Observations 
 If new variant is tried on the same fixture and process then the collision is detected between tank 

and  chassis  brackets.  For fitting CNG tanks  there should  be space available to  do adjustment and fix 

tanks to chassis. But it was observed that sufficient space for fitment was not available. 
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Fig2: Collision Detected between CNG Tank and 

Bracket of Chassis 

 

Fig3: Very less space available for the Movement 

of pallet to avoid the collision from the brackets 

After discussing process with production and process engineering team, 2 proposals evolved to be tried 

out. 

 

6.2 Suggested Modification – Proposal I 

 During deep study of the simulation it is found that the one of the tank has overhang to the right 

hand side. So we have taken the virtual tryout by rotating the Pallet by 180 degree to avoid Collision. 

After that once again the simulation study is done. 

 After the simulation it is found although collision is not taking place but there are some 

modifications are needed to be done to implement this proposal. Space between the pallets increases so 

that the movement of tanks in X axis is possible while fitment is in process and also length of the Pallet 

tray has to be increased by 62 mm to occupy the pallet. 

 

   
Fig 3: Existing setup of Pallets                           Fig 4: Suggested setup of Pallets 
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Fig 5: Effects of the Modification 

  

 

6.3 Suggested Modification – Proposal II 

 After the first proposal  was created it was cleared that modifications in pallet tray was difficult 

task. So we went for further tryouts. Width of front Tank Pallet was reduced by 

100mm. After that once again the simulation study is done. 

Benefit of the proposal is that the space between the pallets increases so that the movement of tanks in X 

axis is possible while fitment is in process. Length of the Pallet has to be reduced by 100mm and so no 

need to change the length of the pallet tray 

    
Fig 6: Existing setup of Pallets                          Fig 7: Suggested setup of Pallets 

 

7. Evaluation 
 After analyzing both the options in virtual environment, the results showed that proposal -2 is 

better to implement for the given criterion. The most important criterion is the space available for 

adjusting the pallet to fix cylinders on vehicle. The proposal 1 could haven very easy to implement but 

was not providing sufficient space to allow pallet to float on fixture. As per the process, the fitment 

needs some adjustments to be done in the assembly operation. 
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Fig 8: Proposal implemented on shop floor 

  

8. Conclusion 

 Process simulation assisted in finding issues in implementing product changes on existing 

manufacturing setup. The traditional process planning suggests number trials to find out issues and 

resolve them again by conducting fitment trails. The advance method is to check such possibilities of 

issues and solutions in virtual world saving huge product loss and capital to change setup for trying each 

option. There is always pressure of strict development schedules for product changes. This might lead to 

reject some proposals because of capital and time pressure. Process simulations prove worth investing in 

when all possibilities are tried and the best one is selected for implementation on shop floor. 

It ensures that fitment trials are minimized and First time right is ensured. 
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Abstract 
 Scheduling is an important task in manufacturing as well as service industry. Permutation 

flowshop scheduling is a much researched topic of research for the last six decades. This paper deals 

with a simulation study of the complexity of permutation flowshop production system. Here a complete 

enumeration algorithm is used to study the complexity and the nature of the solution space of the 

classical flowshop scheduling problem. In this algorithm all the 'n!' solutions of the problem are found 

out and the minimum among them are selected. The histogram of the solution space is plotted to 

understand the characteristics of the solution space. The computational time required for the execution 

of the algorithm is found and compared the performance by varying the number of jobs as well as 

number of machines.  The complete enumeration is found to be relatively more effective in finding 

optimal solutions for small problem size cases. The variation of computational time with the problem 

size is discussed. 

 

Keywords: complete enumeration, flow shop scheduling, ssimulation, makespan. 

 

1.  Introduction 

 Scheduling refers to allocation of resources over time to perform a set of operations or activities. 

Scheduling has applications in various fields of manufacturing and service industries. Some examples 

include information processing, transportation, communication, health care, space exploration, 

education, distribution networks, etc. Scheduling is a process in which limited resources are allocated 

over time among parallel or sequential activities. Scheduling  is  a  classical  combinatorial  optimization  

problem.  Solving  such  a  problem amounts to making discrete choices such that an optimal solution is 

found among a finite or a accountably infinite number of alternatives and the task is very complex. 

 Scheduling has an important role in shop floor planning. In a manufacturing system, scheduling 

is a decision making process of sequencing a set of operations on different machines. A production 

schedule shows the planned time of starting and ending of processing of each job on each machine. The 

objective of scheduling is generally to improve the utilization of resources and profitability of 

production lines. In the competitive world, survival of a manufacturing firm entails the acquisition and 

allocation of limited resources to manufacturing  activities  so  as  to  reduce  the  manufacturing  cycle  

time  and  in-process inventory and to satisfy customer demand in specified time. Successful 

achievement of these objectives lies in efficient scheduling of the manufacturing system. 

Traditionally, scheduling researchers has shown interest in optimizing a single-objective or performance 

measure while scheduling. Practical scheduling problems acquire consideration of several objectives as 

desired by the scheduler. When multiple criteria are considered, scheduler may wish to generate a 

schedule which performs better with respect to all the measures under consideration. 
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 Although, many researchers have been working on the flowshop sequencing problem for many 

years, it has been found nowhere any simulation study of the computational complexity of this problem 

In this research a simulation study has been conducted to understand the complexity of the permutation 

production system. We are also exploring the solution space of the problem for small problem sizes. 

 The rest  of  the paper is  organized  as  follows.  Section  2  contains  a  brief discussion  on 

permutation flowshop scheduling problem. The performance measure considered is presented in section 

3.The computational complexity of the problem is discussed in section 4. The literature survey is 

included in section 5. The simulation study of complete enumeration algorithm  is  explained  in  detail  

in  section  6. The  results  are  discussed  in  section  7. Conclusions and future scope is given in the 

section 8. 

 

2. Flowshop Scheduling Problem 

 In discrete parts manufacturing industries, jobs with multiple operations use machines in the 

same order. In such case, machines are installed in series. Raw materials initially enter the first machine 

and when a job has finished its processing on the first machine, it goes to the next machine. When the 

next machine is not immediately available, job has to wait till the machine becomes available for 

processing. Such a manufacturing system is called a flowshop production system. Here the machines are 

arranged in the order in which operations are to be performed on jobs. A flowshop is a conventional 

manufacturing system where machines are arranged in the order of performing operations on jobs. 

 The technological order, in which the jobs are processed on different machines, is unidirectional. 

In a flowshop, a job i with a set of m operations i1  , i2  , i3  , ..., im  is to be completed in a 

predetermined sequence. In short, each operation except the first has exactly one direct predecessor and 

each operation except the last one has exactly one direct successor. Thus each job requires a specific 

immutable sequence of operations to be carried out for it to be  complete.  Further,  once  started,  an  

operation  on  a  machine  cannot  be  interrupted. According to Baker (1974).This type of structure is 

referred as linear precedence structure. 

 

3. Performance Measure 

 Measures of schedule performance are usually functions of the set of completion times in a 

schedule. Performance measures can be classified as regular and non-regular. A regular measure is one 

in which the penalty function is non-decreasing in terms of job completion times. Some examples of 

regular performance measures are makespan, mean flowtime, total flowtime, and number of tardy jobs. 

Performance measures, which are not regular, are termed non-regular. That is, such measures are not an 

increasing function with respect to job completion times. Some examples of non-regular measures are 

earliness, tardiness, and completion time variance. 

 In this study, the performance measure considered is minimization of makespan. Makespan 

(Cmax) has been considered  by many scheduling researchers  such as  Ignall et al (1965), Campbell  et  

al.(1970),  Nawaz  et  al.(1983),  Framinan  et  al.  (2002),  Ruiz  et  al  (2005). Makespan is computed 

using equation (1). According to Framinan et al (2002) and Ruiz et al (2005), minimization of makespan 

ensures better utilization of the machines and leads to a high throughput, 

 

C max = max{C i , i = 1,2 ,...... n}                                                                            (1) 

 

4. Computational Complexity 

 Computational complexity of a problem is the maximum number of computational steps needed 

to obtain an optimal solution. For example if there are n jobs and m machines, the available number of 
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schedule to be evaluated to get an optimal solution is (n!)m. In a permutation flow based manufacturing 

system, the number of available schedules is n!. Based on the complexity of the problem, all problems 

can be classified into two classes, called P and NP in the literature. Class P consists of problems for 

which the execution time of the solution algorithms grows polynomialy with the size of the problem. 

Thus, a problem of size m would be solvable in time proportional to mk, where k is an exponent. The 

time taken to solve a problem belonging to the NP class grows exponentially, thus this time would grow 

in proportion to tm, where t is some constant. 

 In practice, algorithms for which the execution time grows polynomially are preferred. However, 

a widely held conjecture of modern mathematics is that there are problems in NP class for which 

algorithms with polynomial time complexity will never be found (French, 

1982). These problems are classified as NP − hard problems. Unfortunately, most of the practical 

scheduling problems belong to the NP − hard class (Rinnooy Kan, 1976). FSP is a widely researched 

combinatorial optimization problem, for which the computational effort increases exponentially with 

problem size (Jiyin Liu & Colin Reeves, 2001; Brucker, 1998; Sridhar & Rajendran, 1996; French, 

1982). In FSP, the computational complexity increases with increase in problem size due to increase in 

number of jobs and/or number of machines. 

 

5. Literature Review 

 To find exact solution for combinatorial problems mathematical approaches such as, a branch 

and bound or dynamic programming algorithm is often used when the problem size is small. Exact 

solution methods are impractical for solving FSP with large number of jobs and/or machines. For the 

large-sized problems heuristic procedures provides simple and quick approximate solutions for the FSP 

instead of finding optimal solutions. A heuristic is a technique which seeks approximate solutions at a 

reasonable computational time. A heuristic is approximate in the sense that it provides a good solution 

for relatively little effort, but it does not guarantee optimally. A heuristic can be a rule of thumb that is 

used to guide one’s action. Heuristics for the FSP can be a constructive heuristics or improvement 

heuristics. Various   constructive   heuristics   methods   have   been   proposed   by   Johnson   (1954), 

Palmer(1965), Campbell et al.(1970), Dannenbring (1977) and Nawaz et al. (1983). 

 Literature shows that constructive heuristic methods give good results for NP-hard combinatorial 

optimization problems. This builds a feasible schedule from scratch and the improvement heuristics try 

to improve a previously generated schedule by applying some form of specific improvement methods. 

According to Ruiz et al (2005)   and Dudek et al (1992) application of heuristics provides simple and 

quick method of finding best solutions for the FSPs instead of finding optimal solutions. 

Johnson’s algorithm (1954) is the earliest known heuristic for the FSP, which provides an optimal 

solution for two-machine problem to minimize makespan. Palmer (1965) developed a very simple 

heuristic in which for every job a ‘‘slope index’’ is calculated and then the jobs are scheduled by non-

increasing order of this index. Ignall et al (1965) applied the branch and bound technique to the 

flowshop sequencing problem. Campbell et al. (1970) developed a heuristic algorithm known as CDS 

algorithm and it builds m − 1 schedules by clustering the m  original  machines  into  two  virtual  

machines  and  solving  the  generated  two  machine problem by repeatedly using Johnson’s rule. 

Dannenbring’s (1977) Rapid Access heuristic is a mixture of the previous ideas of Johnson’s algorithm 

and Palmer’s slope index. Nawaz et al.’s (1983) NEH heuristic is based on the idea that jobs with high 

processing times on all the machines should be scheduled as early in the sequence as possible. NEH 

heuristics seems to be the performing better compared to others. 

 Heuristic algorithms are conspicuously preferable in practical applications. Among the most 

studied heuristics are those based on applying some sort of greediness or applying priority based 
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procedures including, e.g., insertion and dispatching rules. The main drawback of these approaches,  are  

their  inability to  continue the  search  upon  becoming  trapped  in  a  local optimum. This leads to 

consideration of techniques for guiding known heuristics to overcome local optimality. 

 For these reasons, one can investigate the application of metaheuristic search methods for 

solving optimization problems. It is a set of algorithmic concepts that can be used to define heuristic 

methods applicable to wide set of varied problems. The use of metaheuristics has significantly produced 

good quality solutions to hard combinatorial problems in a reasonable time. According to Osman et al 

(1996), it is defined as an iterative generation process which guides a subordinate heuristic by 

combining intelligently different concepts for exploring and exploiting the search space, learning 

strategies are used to structure information in order to find efficiently near-optimal solutions. 

 Metaheuristics or Improvement heuristics are extensively employed by researchers to solve 

scheduling problems Some examples are Chandrasekaran et al (2006) Suresh et al ( 2004) Ishibuchi et 

al. (2003) Tang et al (2002;  Kennedy et al (1995). Improvement methods such as Genetic Algorithm  

proposed by Chan et al. (2005), Ruiz et al. (2004) and  Rajendran et al (1996) are well known among 

researchers. Simulated Annealing algorithm by Ogbu et al, (1990), Tabu Search algorithm by Moccellin 

et al (1998) are well used  metaheuristics.The Particle Swarm Optimization algorithm by Rameshkumar 

et al.(2005) and Prabhaharan et al. (2005) have been widely used by researchers to solve FSPs. 

Metaheuristic algorithms such as Simulated  Annealing  (SA) and  Tabu  Search  (TS) methods  are  

single  point  local  search procedures where, a single solution is improved continuously by an 

improvement procedure. Algorithms such as Genetic Algorithm (GA), Ant Colony Optimization (ACO) 

algorithm and Particle Swarm Optimization (PSO) algorithm belongs to population based search 

algorithms. These are designed to maintain a set of solution transiting from a generation to the next. The 

family of metaheuristics includes, but is not limited to, GA, SA, ACO, TS, PSO, evolutionary methods 

and their hybrids. 

 

6. Simulation Study Of Complete Enumeration 

 This  simulation  study  on  complete  enumeration  algorithm  deals  with  exploring  of  all 

solutions of the permutation flowshop scheduling problem. The experiments are done on a 2.30 GHz 

processor with 2GB RAM. The Mat Lab codes are used to simulate the permutation flow shop. The 

processing times are randomly generated (integers between 1 and 100).  Here the solution space consists 

of 'n!' solutions. Initially all the solutions of the problem are found out and sorted in the increasing order 

of the objective value. Then the minimum among them are selected. The histogram of the solution space 

is plotted to understand the characteristics of the solution space. 

 

7. Results And Discussion 

 In general, a simulation study of this type is conducted to measure how much computational time 

is required to execute the proposed algorithm for identifying the solution for problems of a given size.  

In this approach we get optimum make-span values for all the problems as it is enumerating the solution 

space completely. The computational time required for different problem sizes and the corresponding 

solutions are tabulated below. 

Jobs Computational time (sec) Optimum sequence 

Five machine Ten machine Five machine Ten machine 

1 0.00437 0.00521 1 1 

2 0.00588 0.00294 2,1 2 1 

3 0.00614 0.00048 1,2,3 1 2 3 
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4 0.00729 0.00222 3,2,4,1 2 4 3 1 

5 0.01332 0.00943 4,3,2,5,1 3 2 4 1 5 

6 0.05457 0.06113 1,4,3,2,6,5 6 5 2 1 3 4 

7 0.35436 0.45771 7,1,6,3,5,2 ,4 7 3 4 2 5 1 6 

8 5.12422 6.02750 8,1,7,5, 2, 4,3,6 4 1 3 5 7 6 8 2 

9 364.66670 389.42300 3,7,4,9,2,1,8,5,6 6,5,7, 2,1,8,3,4,9 

Table 1: Makespan calculation time and optimum sequence for various jobs 

 

One can see the computational time required for finding minimum makespan and the corresponding   

optimum   sequences   for   small   machine   cases   from   the   table1.The computational time for 

executing the algorithm varies from 0.00437seconds to 364.667 seconds with increase of number of jobs 

from one to nine in a five machine case. 

 The computational time and the optimum sequence for a 10 machine case is also shown in 

table1. One can observe a similar variation in this case also. Here the execution time varies from 

0.00521 to 389.423 seconds with an increase of number of jobs from one to nine. The computational 

time variation with the number of jobs with medium number of machines and the corresponding 

optimum sequences are shown in table2. The computational time for executing the algorithm varies 

from 0.00505seconds to 364.667 seconds in the case of fifteen machines and 0.00519 to 389.42300 in 

the case of twenty machines. Thus the time variation with number of jobs is found to be exponential. 

Jobs Computational 
time (sec) 

Optimum sequence 

Fifteen 
machine 

Twenty 
Machine 

Fifteen machine Twenty machine 

1 0.00505 0.00519 1 1 

2 0.00695 0.00760 2,1 2,1 

3 0.00760 0.00869 1, 2,3 1, 2,3 

4 0.00929 0.00976 1,3,2,4 4,3,1,2 

5 0.01804 0.01424 2 ,4 ,5 ,3 ,1 2,5,4,3,1 

6 0.07654 0.08867 4 ,5, 6 ,1 ,3 ,2 5,3,1,6,4,2 

7 0.57588 0.66171 3,1,5, 2,7, 6 ,4 7,5,4,1,6,2,3 

8 6.97510 7.63218 5,4,2 ,8,3,6,7,1 6,8,7,2,1,3,4,5 

9 392.78563 413.2638 3,7,4,9,2,1,8,5,6 6,5,7, 2,1,8,3,4,9 

Table 2: Optimum makespan calculation time and  optimum sequence for various jobs 
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Machines Five job case Eight job case 

Computati 

-onal time 

Optimum 

sequence 

Optimum 

makespan 

Computational 

time (sec) 

Optimum 

sequence 

Optimum 

makespan 

10 0.01451 3,4,1,5,2 942 5.187957 6,8,3,5,7,2,4,1 993 

100 0.05668 4,1, 2,3,5 5646 20.580272 8,1,,5,6,2,3,4,7 5862 

200 0.11947 5,2,4,3,1 10899 42.036893 3,7,5,6,8,1,4,2 11600 

300 0.19282 5,4,3,1,2 16860 66.960068 4,6,7,5,2,1,8,3 16988 

400 0.27824 3,4,2,5,1 21584 96.136765 1,5,7, 4,6,2,8,3 21686 

500 0.38365 3,5,2,4,1 26329 130.06084 3,6,1,2,4,7,8,5 26678 

600 0.48272 1,3,4,2,5 31536 167.35009 8,2,3,1,6,4,5,7 32293 

700 0.59945 3,2,5,1,4 36679 207.95828 7,4,5,1,3,6,8,2 37621 

800 0.74163 2,3,4,5,1 41954 253.85448 5,1,2,8,3,4,7,6 42349 

900 0.89722 2,5,1,4,3 46726 297.65705 3,1,6,8,5,2,4,7 47953 

1000 1.02474 4,5,2,1,3 51283 351.25695 8,1,5,2,4,6,7,3 52367 

5000 16.16236 5,3,4,1,2 255736 405.46293 8,1,4,75,6,2,3 268427 

10000 59.16952 3,2,5,1,4 506269 453.57043 4,7,8,5,3,6,1,2 531874 

20000 231.74947 1,4,3,2,5 1006191 508.693257 2,4,73,1,6,8,5 1125432 

Table 3: Optimum makespan calculation time and sequence for  various machines 

 

 The computational time variation with machines and the corresponding makespan values as well 

as the optimum sequences are tabulated in table3. The time varies from 0.01451 seconds to 231.74947 

with an increase of number of machines from ten to twenty thousand in five job case. In the eight jobs 

case the time is higher, but the variation is similar. One can observe linear variation of computational 

time with the number of machines. 

 Although, many researchers have been working on the flowshop sequencing problem for many 

years, it has been found nowhere any works regarding the distribution of the objective function, ie 

makespan. Such a work gives an intuitive idea about the problem. Moreover it is important to allow the 

reader to judge about the local minima’s of the problem 
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Fig1:The distribution of makespans of nine job ten machine case 

 

 
 

Fig2: The distribution of makespans of eight job ten machine case 

 

 The distribution of makespans obtained by complete enumeration of a problem for makespan 

minimization of nine job ten machine case is given in Figure1. It consists of 362880 sulutions. Its mean 

value is 1320.1 and its median value is 1324. Similarly frequency distribution of makespans values for a 

problem for makespan minimization of eight job job ten machine case is given in Figure2. The solution 

space consists of 40320 solutions. Its mean value is 1077.8 and its median value is 1075. One can 

identify some of the local minima’s of the solution space from the frequency distribution charts. 

A study on the solution space of the problem will definitely give in sight to what type of approach one 

has to consider for solving the problem. It also gives answer to local minima’s where the evolutionary 
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approaches are trapped into. The distribution seems to be almost symmetric in its range that we have 

considered. 

 

8. Conclusions 

 In this paper we have conducted a simulation study on the computational complexity of the 

permutation scheduling problem with makespan minimization as the criteria. It is found that the 

computational time is increasing exponentially with number of jobs. Its variation with number of 

machines is linear. The frequency distribution of the solution space is plotted to understand the nature of 

the solution space. From the histogram the local minima of the solution space is found out. 
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Abstract 

 This study is an investigation into the relative performance of three approaches in forecasting the 

aggregate demand for a product family consisting of two interrelated items. The correlated demand 

characteristics of the product family, is modelled by bivariate Vector IMA (1, 1) process. The 

forecasting approaches chosen for evaluation are: bivariate scheme-forecasting the individual demand of 

the two products as a bivariate process and aggregate these forecasts, univariate scheme- forecast the 

individual demand of the products treating their demand as univariate process and subsequent addition 

of these forecasts and aggregate scheme- aggregate the two individual product demands to get the 

aggregated series and obtain the direct forecast from this series. The relative performances of the three 

methods are studied, using simulation. The simulation results show that the performance of aggregate 

approach is better compared to bivariate or univariate approaches. 

 

Key words: Aggregate demand forecast, Simulation, Vector IMA (1, 1) model 

 

1. Introduction 

 This study, through simulation, investigates the relative effectiveness of three approaches in 

forecasting the aggregate demand of a product family comprising of two products with nonstationary 

interrelated demands. The product family demand is assumed to follow a bivariate vector IMA(1, 1) 

process. Forecast of the aggregate demand for the family can be obtained using one of the three 

approaches: i) Forecast the individual demand of the two products as a bivariate process and aggregation 

of  these forecasts –bivariate scheme ii) forecast the individual demand of the products treating their 

demand as  univariate process and subsequent addition of these forecasts- univariate scheme iii) 

aggregate the two product demands to get the aggregated series and  obtain the direct forecast from this 

series- aggregate scheme. In the simulation studies, exponential smoothing techniques are used for 

forecasting. 

 

2. Literature Review 

 Research literature on aggregate demand forecasting deals with one or combination of the 

following dimensions of aggregation: product level (contemporaneous), time level (temporal) and space 

level. Temporal aggregation problems generally address the intermittent demand series (Babai et al, 

2012, Moon et al, 2012) where as the spatial aggregation is considered for sales forecasting. 

Contemporaneous aggregation, the topic of this study, is usually attempted either for forecasting the 

aggregate demand or the demand at the disaggregate level.  
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 In most of the reported studies, the authors compared the relative effectiveness of the top-down 

(TD) and bottom-up (BU) approaches in forecasting the aggregate demand based on different criteria. 

Kahn (1998) suggested that top-down approach achieves a better forecast at the aggregate level and 

bottom-up at the lowest level and in case of series with heterogeneous seasonal pattern a hybrid 

approach is the solution. Fliedner (1999) argues that both direct and derived methods perform better 

under high positive or high negative correlation between the subaggregate components. Also direct 

forecast of an aggregate variable are more accurate than the derived forecasts. He used the MA (1) series 

for demand data generation, and the simple exponential smoothing as well as moving average methods 

for forecasting. Widiarta et al (2009), through analytical methods showed that when MA(1) series 

updated with exponential smoothing, performances of  TD and BU are almost equal when the serial 

correlation coefficients are same for all the subaggregate series (that is when the group is more or less 

homogeneous). Further through simulation they have shown that the difference in the performances of 

the two strategies is relatively insignificant when the correlation between the subaggregate components 

is small or moderate. Viswanathan et al, (2008) examine the relative effectiveness TD and BU strategies 

for forecasting the demand for a substitutable product (which belongs to a family) as well as the demand 

for the product family under different types of family demand processes. Through a simulation study 

they revealed that while forecasting the aggregate demand the TD strategy consistently outperforms the 

BU strategy. The relative superiority of the TD strategy further improves as the product demand 

variability increases and the degree of substitutability between the products decreases. Chen et al (2007), 

considered a bivariate VAR(1) model for data generation and concluded that when the correlation is low 

positive or low negative then the demand planners need not go for forecasting with VAR(1) or AR(1) 

model (i.e. bivariate, univariate or aggregated statistical model) , rather just demand aggregation is far 

more effective.  

 All the above studies are based on the assumption that the data generating process is stationary 

whereas in the present study a nonstationary demand process is considered. 

 

3. Research Methodology 

 Present study employs simulation as a study vehicle for validating the theoretical findings. The 

study relates to the approaches to be adopted in forecasting the aggregate demand for a product family 

consisting of two items which follow a bivariate vector IMA (1, 1) process. The study compares the 

performances of three forecasting approaches for different parameters of the model. 

The research methodology involves studying the data generating process, identifying the different 

predictors for aggregate demand forecasting and developing a simulation model to evaluate the forecast 

performance of various strategies. Then compare the relative performance under various conditions of 

the data generating process. 

 

3.1 Demand Model:   
 Bivariate Vector IMA (1, 1) process Multivariate models take into account the cross correlation 

as well as the autocorrelation of the individual product demands in a product family. Demand data of 

semiconductor and similar products follow this type of behaviour (Chen et al, 2010). For bivariate 

vector IMA (1, 1) model, the individual product demands are nonstationary. Further the demand of any 

product at any time period is influenced by its own demand and forecast error in the previous time 

period and the forecast error of other product in the previous time period. 

 

Let 1, 2,, 't t td d   d   denote the demand at time period t for the individual products in a family. 
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Then the bivariate form of vector IMA (1, 1) model is represented by,  

1(1 ) (1 )t t tL a  d ε ε  

  

where L is the back shift operator such that 1, 1, 1 1, 2,, , 't t t t tLd d  
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Variances of white noise series 1 and 2 respectively. 

Demand parameters of product 1. 

Demand parameters of product 2. 

 

 

3.2 Aggregate Demand forecasting Approaches 

 The aggregate demand forecasting schemes investigated in the present study are:                               

 

i) Bivariate scheme: Involves forecasting the individual demand of the two products as a bivariate 

process and aggregate these forecasts. 

 ii) Univariate scheme: forecast the individual demand of the products treating their demand as 

univariate process and subsequent addition of these forecasts. 

 iii) Aggregate scheme: aggregate the two individual product demands to get the aggregated series and 

obtain the direct forecast from this series. 

 

The demand model for the bivariate scheme is the bivariate vector IMA (1, 1) process. The equivalent 

processes for the univariate and aggregate schemes, established by the lemma in Lütkepohl (2007), are 

IMA (1, 1) processes. The vector IMA (1, 1) model is the ARIMA equivalent of multivariate 

exponential smoothing method. Equivalence means that forecasts produced by multivariate exponential 

smoothing technique are minimum mean squared error (MSE) forecasts for the IMA (1, 1) model. Also 

the IMA (1, 1) process is equivalent to simple exponential smoothing method. Therefore in this study, 

the exponential smoothing methods are used for forecasting. The preference of operations planners all 

over the world for this method is another reason for its adoption in the current study.  
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Using bivariate exponential smoothing method, the forecasts 
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λ  is the smoothing matrix with all eigen values less than 1 in absolute value.  

These forecasts are then aggregated to get the family level forecast.  

i.e.  / 1, / 2, /
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In the univariate scheme each individual series is forecasted considering only its own demand series. 

The forecast updating equations in this case are,  
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and the aggregate demand forecast  under this scheme is,  

/ 1, / 2, /
ˆ ˆˆ (6)u u u

t k t t k t t k tD d d     

  

In the aggregate scheme, the family level demand is directly forecasted from the aggregate series 

obtained by summing the individual demands. 

i.e.  
1
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ˆ(1 ) (1 ) (7)
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The smoothing parameters  are less than 1 in absolute value. 

 

3.3 Performance Index 

 The data generating process is a bivariate vector IMA (1, 1) model and theoretical forecast error 

variance of the model is taken as the bench mark performance level. So the bench mark performance 

corresponds to the case when the data generating process is completely known.  Performance index of 

the three methods are therefore expressed as percentage increase in MSE relative to optimum theoretical 

value. Performance index for the i
th

 strategy is:  

 

 
i

MSE of the strategy i- optimum theoretical forecast error variance
PI =  

optimum theoretical forecast error variance  
 

 

The strategy with lesser PI value will deviate lesser from the optimum theoretical case. 

 

3.4 Simulation Study 

 The performance of the three strategies for different values of the parameters of the process is 

evaluated through simulation. Individual product demands in each time period are generated randomly 
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using specified parameter values. To simulate the bivariate vector IMA (1, 1) demand in each time 

period t, with parameters 
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. The demand series is then generated using the recurrence 

equation      Eq. 1a. The simulation is conducted for a length of 310 periods. The first 110 values are 

used to obtain the initial forecast in each of the strategies. The rest of the data is divided into a training 

set and performance evaluation set. The training data set is utilized for estimating the parameters 

corresponding to the bivariate scheme, univariate scheme and the aggregate scheme respectively. The 

optimum smoothing matrix for the bivariate scheme is selected as the one that minimizes the 

determinant of sample covariance matrix of one step ahead, forecast errors. The one step ahead forecast 

error matrix is defined as 1
ˆ

t t t e d d  and the corresponding covariance matrix of one step ahead 

forecast errors is given by 't t tE e e  . For bivariate exponential smoothing, the estimator of the 

covariance matrix of the one step ahead, forecast errors is taken as 
1

1ˆ( ) '
T

t t t

t

Cov
T 

 E e e   where T is the 

size of the training data set.  An extensive grid search method is used for the purpose. Similarly the 

optimum values of smoothing parameters of the univariate and the aggregated schemes are determined 

by minimizing the mean square error (MSE). For each experiment, the required number of replications 

was performed, to guarantee an accuracy of .01 in MSE with 95% confidence level. 

In all the reported experiments parameters of one of the products is kept constant. The relative 

performances are studied for different values of lag one autocorrelation parameter and cross correlation 

parameters of the other product in the family. For all the experiments 
2 2

11 22
0.1 and 0.2     . All the 

other parameters are noted in the respective figures. 

 

4. Result  

 As mentioned previously, the simulation experiments are conducted to validate the results 

obtained through analytical evaluation. During theoretical evaluation of the approaches, it is assumed 

that the demand data generating process is completely known. Therefore the optimum one step ahead 

forecast error variance is equal to 
2 2

11 22
   . Only the one step ahead, forecast errors   needed to be 

considered for evaluating the relative performance of the three strategies as it ensured superiority in 

other forecast horizons also. 

 For the purpose of comparison, the results obtained through analytical deliberations are 

reproduced in graphical form. Since the performances are plotted as percentage increase in MSE relative 

to the theoretical bivariate case, the figures corresponding to analytical results show only two plots. For 

figures corresponding to simulation results, as the bivariate model cannot be estimated with as much 

accuracy as the theoretical one, the performance of all the three approaches relative to the theoretical 

case could be shown. 

 Fig.1a shows the relative performances of the approaches when θ21=0.2, θ21=0.2,  θ12=0.4. For 

the univarite approach, the analytical results show 10-25% deterioration from optimal value when the 

lag 1 autocorrelation parameter is varied from -0.9 to 0.8( invertible range). The univariate approach 
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performs better when the lag 1 autocorrelation parameter is near to zero. The performance of the 

aggregate approach is better with positive values of the lag 1 autocorrelation parameter. On relative 

basis aggregate approach performs better for  positive and lower neagtive values of the lag 1 

autocorrelation elements. In  Fig. 1b the simulation results also report superiority of aggregate approach 

over univariate approach for positive values of lag 1 autocorrelation elements . An important finding of 

the experiment is that the bivariate method does not offer substantial benefits despite complicated 

modelling which might be due to estimation uncertainty. 
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a) Analytical results                                   b)   Simulation results 

 

Fig 1: Performance comparison between different approaches(θ21=0.2, θ21=0.2,  θ12=0.4) 
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a) Analytical results                                   b)   Simulation results 

Fig 2: Performance comparison between different approaches(θ21=0.2, θ21=0.2,  θ12=0.8) 
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a) Analytical results                                   b)   Simulation results 

Fig 3: Performance comparison between different approaches(θ21=0.2, θ21=0.2,  θ12=-0.4) 
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a) Analytical results                                   b)   Simulation results 

Fig 4: Performance comparison between different approaches(θ21=0.2, θ21=0.2,  θ12=-0.8) 

 

 Comparing Fig. 2.  with Fig. 1., we find that, when the intercorrelation parameter is increased to 

0.8, the univariate approach degrades further according to both theoretical and simulation results. 

Performance of the bivariate approach is  better than both aggregate and univariate approach for higher 

value of intercorrelation element.  

 Figs. 3 and 4 show that the performances of all the methods degrades for negative  values of 

intercorrelation elements. Further there is no significant difference between the bivariate and aggregate 

schemes. 

 

5. Conclusion 

 In the study, the performances of different approaches  for aggregate demand forecasting are 

compared with respect to optimum  theoretical forecast error variance. Though in the analytical 

evaluations the bivariate method performed significantly better compared to the other two methods, the 

same result is not repeated in the simulation studies. Further the simulation studies revealed that there is 

no substantial difference between aggregate and bivariate approach in most of the cases. But the 
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univariate methods perform poorly in most of the cases. It can be concluded that the aggregate scheme is 

better compared to the bivariate and univariate approaches. 
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Abstract 

 This paper describes the simulation model built on the basis of Ms-Excel software using Monte 

Carlo Techniques.  This Model predicts the inventory inaccuracies between physical stock & system 

stock of a company for 15 numbers of simulation runs. Hence, it shows the average inventory 

inaccuracies & costs associates with mismatch. 

 After prediction of inventory errors, two servers were analyzed having maximum inventory 

mismatch associated with it & were predicted using same technique, for showing average waiting time 

for that queue. Here, the customer entity is taken as packaged boxes coming for RFID Count to record 

incoming inwards of material. 

 

Keywords: Inventory, Inaccuracies, Monte Carlo Simulation 

 

1. Introduction 

 Inventory Mismatch is a common problem in any manufacturing industry.  Most of the times, it 

is found that company has to bear much more costs associated with it.  Co mpany has also to accomplish  

many  activities  of  MRP-I  manually  even  though  system  has  defined  every function & commands 

to execute MRP function smoothly.  Also, mismatch of physical stock with respect to that available in 

the system, shown at the end of day/week/month, indicates company’s   poor   working   environment   

&   less   affiliation   towards   proper   inventory management procedures, standards to confirm set 

quality issues.   This also leads in chaos, dispute among various people working in relation with 

material/purchase department of the company.   The inventory discrepancies can’t be made zero, but can 

be reduced to some extent.  This requires proper care while examining stock cards, computer records 

and fig. to check for calculation errors, checking basic documents such as receipts, issues, transfers, 

delivery documents, return to store note etc. 

 To work on such inaccuracies, authors selected an automobile manufacturing company in Pune, 

India.  The analysis was carried out in its logistics department.  The primary function of which is 

associated with daily purchasing of material as per demand on production schedule 

& replenishing it in time on assembly line.  The company was facing a big problem of stock mismatch 

which was causing- 

 i] Need for more stock takes or cyclical counts. 

 ii] Inaccurate records for pick slip, inventory lists, customer inquiries about stock availability, re- 

 ordering procedures. 
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 iii] Wrong decision making about material planning 

 iv] Frequent chaos between various buyers of different MRP’s. 

 

 Still, company was unaware about maximum amount of mismatch generated through different 

flow of material at different recording points. 

 Hence, there had a need to predict maximum amounts of inventory mismatch which was being 

created from a complete material flow cycle, so that further actions would easily be taken on reasons 

associated with mismatch. 

 By analyzing material flow cycle from its in warding at entry gate to replenishment on line 

thoroughly, the each activity of material record at which mismatch was taking place is plotted as an 

analogous to the network diagram with representation of maximum error at  every activity.   To find out 

error, past 2 months date of A class top 20 items taken from store records & system records and its 

average value was calculated.  It was assumed that both the two stocks would follow a normal 

distribution. 

 The complete problem was solved using Monte-Carlo simulation technique using MS-Excel 

spreadsheet  software.   From that, quantity of maximum mismatch was calculated.   This simulation was 

run for 15 times & was analyzed in its Average & Standard Deviation. 

  The critical paths in material flow were determined which was showing remarkable inventory 

mismatch.  It was simulated as an analogous to two server problems with customers arriving normally 

distributed in nature.   The same simulation was run for 15 times & servers were analyzed for maximum 

time at which they remain busy in queue.   This is necessary for deciding proper actions on manual 

errors while recording quantity of material in the system. 

 

2. Literature review 

 Inventory mismatch has been the issue of mainstream operations management for a long time. 

Due to short product life-cycle, dynamic markets, and huge inventory holding costs, this area of research 

still holds significant importance. We briefly discuss contemporary research in inventory management 

and then emphasize the work on inventory mismatch & simulation approach in predicting maximum 

mismatch & their repercussions. 

 One of the first simulations on supply chain is performed by Krajewski et al. (1987). They 

analyze the factors of the inventory management performance through an MRP based production 

simulation. Inventory level, percentage of late orders are some of these performance factors. 

 Brown et al. (2001) also simulated an MRP environment in order to analyze the impact of 

inventory inaccuracy. They showed that the frequency of errors (the number of time periods of 

inaccuracy) is the main supply chain performance factor, followed by the magnitude (the percentage of 

inaccuracy) and the location of errors (the processes where inaccuracy occurs). 

 Joshi (2000) simulates a simple supply chain in order to evaluate the value of information 

visibility in the supply chain through RFID. He focused on the bullwhip effect. He tested different 

scenarios by varying the degree of information visibility and supply chain actors’ collaboration through 

RFID technologies. The results showed that, in supply chains, information visibility and actors’ 

collaboration can provide 40-70% reduction in inventory cost. He also concluded that the reduction in 

lost sales by timely deliveries or orders, real-time traceability and more confidential supply chain 

management improve the customer service. 

 Kang and Gershwin (2004) simulate a single-item inventory model with a periodic review 

system under a (Q, R) policy. They observed that even a 1% of shrinkage error can cause an Out-of-
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stock level of 17% of the total lost demand and that 2.4% of shrinkage error can increase  this  value  up  

to  50%.  They  also  examined  and  analyzed  several  inventory management  methods,  in  order  to  

eliminate  inaccuracy,  such  as  safety  stock,  manual inventory  verification,  manual  reset  of  the  

inventory  record,  constant  decrement  of  the inventory record and Auto-ID technologies. 

 Fleisch and Tellkamp (2005) simulate a one-product three-level supply chain. They detail 

shrinkage errors as low process quality, theft, and items becoming unavailable for sale. They compared 

two models with and without an inventory level alignment. The results showed that the elimination of 

inventory inaccuracy, even a small initial level as 2%, can reduce out of stock level and supply chain 

costs. 

 Inventory record inaccuracy (IRI) has been documented in different sectors through empirical 

studies, ranging from government entities (Rinehart (1960)), military warehouses (Iglehart and Morey 

(1972)), utilities (Redman (1995)), manufacturing (Sheppard and Brown (1993)) and retail ( Gentry 

(2005) . The proportion of SKUs with inaccurate inventory records upon physical audits  varies  widely  

across studies.  These studies are also  difficult  to  compare directly due to different definitions of 

inventory record inaccuracy and possible variation in different drivers of inventory record inaccuracy. 

 

3. Research Methodologies 

 As the research work aimed to minimize the discrepancies between physical stock & system 

stock, authors were supposed to find out primary reasons for these discrepancies .For that purpose;  they 

performed  study,  analysis  &  data  collection  of all  the  departments  under Purchase & Logistics 

department of company. 

 

Data collection falls under two main categories-: 

 

i.   Primary Source of Data-: 
 The corresponding information collected through discussion & interactions with buyers of 

different  MRP  department  of  company.  This  contributes  information  collected  from the previous 

records & documentations & general practice of buyers, to find out physical stock of materials. 

 

ii.   Secondary Source of Data-: 
 The main source of data is SAP R3.5 system which company use to execute all functions of 

MRP. System stock information was collected from a website which shows central inventory records of 

company’s Plant at the end of every day after finishing all production shifts i.e. daily system 

consumption of material. 

 

 The previous stock records of 2 months were taken & their average value is calculated & it is 

assumed that both the occurrence of both the stocks between physical quantity & system quantity would  

follow a  normal distribution. Hence mismatches due to  different  reasons would also follow normal 

distribution.   Then, by using Monte Carlo simulation approach based on random numbers, maximum 

inventory mismatch from material flow within plant is found out & simulated for 20 runs. 

 

4. Material Flows within the Factory 

 Before analyzing the reasons behind the mismatch, we have thoroughly studied the process of in- 

-warding the material from the Entry Gate of plant to the replenishment on the line with intermediate 

system records in the different stores.  
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Fig.1: Generalized Material Consumption Process in company 

 

i.   As the material enters in Entry gate, it is physically counted & RFID card is issued to truck driver, 

then accordingly LESSI No. is prepared & is entered in the system which shows the quantity of material 

passed inside the gate. 

ii.   Then, the shipment is sent to physical stores as per the MRP under which it falls. 

iii.   The store person ensures the proper quantity of shipment & then, enters the quantity of inward of 

material in the system which must match with the LESSI No. recorded quantity. This shows system 

record of in warded material in control store. 

iv.   As the requirement comes buyers from the line, the material is sent to different logical 

stores which replenish it to line. 

v.   The material is replenished on line & when complete assembly of vehicle is done at last  station,  its 

production Booking  is entered  in the system which shows system consumption at the end of each day. 

 

4.1Generalized Reasons of Stock Mismatch 

 After analyzing material flow within plant, common reasons behind mismatches were found out 

which occurs at every activity of material record as Data entry errors, Under or over supply, Pick errors, 

Theft, Waste by: Damage, Incorrect storage, Contamination, Expired use-by dates, buyer’s errors, 

Coding errors , Changes in the number of items in a pack. For example from packs of 12 to packs of 10 

Stock returned from customers for replacement. 

 

5. Representations of Material Record Activities on Network Diagram 

 Each activity is plotted on network  diagram & every activity is associated with average 

quantities of the two main types of mismatches & occurrences which would follow normal distribution. 

This data had been collected by adopting research methodology as mentioned & material flow is plotted 

on network diagram as shown-: 
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Fig.2: Network Diag. showing Flow of Materials 

 

The details about activities & their respective two main types of mismatch quantities are shown in the 

table below-: 

Name  of   Activity Details Mismatch 1 Mismatch 2 

A Entry at Material Gate 25 30 

B Entry in MRP Store 34 49 

C Entry in MRP Store 38 51 

D Entry in MRP Store 58 78 

E Entry in  control store 56 82 

F Entry in Logical Store 94 115 

G Entry in  control store 43 88 

H Entry in Logical Store 55 103 

I Entry in  control store 83 105 

J Entry in Logical Store 66 95 

K Replenishment on line 100 120 

Table1: Details of Network 
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The same is solved using spreadsheet MS Excel software to calculate maximum value of mismatch. It is 

run then, for 15 runs & average value is calculated. 

activity predecessors andom number A B Mean SD MI 

SMATCH 
M1 M2 Nos RUN 

A  0.92 25 30 27.5 0.83 28.65 0 28.65 1 345 
B A 0.05 34 49 41.5 2.50 37.48 28.65 66.14 2 350 
C A 0.62 38 51 44.5 2.17 45.18 28.65 73.83 3 362 
D A 0.09 58 78 68 3.33 63.58 28.65 92.23 4 352 
E B 0.79 56 82 69 4.33 72.52 66.14 138.66 5 342 
F E 0.09 94 115 104.5 3.50 99.87 138.66 238.52 6 343 
G C 0.92 43 88 65.5 7.50 75.97 73.83 149.80 7 357 
H G 0.16 55 103 79 8.00 4.00 149.80 153.80 8 355 
I D 0.31 83 105 94 3.67 92.16 92.23 184.40 9 352 
J I 0.15 66 95 80.5 4.83 75.41 184.40 259.81 10 359 
K F H J 0.84 100 120 110 3.33 113.25 238.52 351.77 11 351 

          12 348 

          13 350 

          14 360 

          15 350 

        MM 351.77   
          Avg durati 351.7333 

          std durati 6.005553 

            
Fig.3: MS-Excel simulation for maximum Inventory Mismatch 

 

The key formulas of our spreadsheet are as follows starting from (the cell in 2 nd row, from 3 rd 

column):  

Random Number:            “= RAND ()”.                                                  (1)  

Mean:                                “= (A+B)/2”.                                (2)  

SD (Standard Deviation):    “= (E2-D2)/6”.                              (3)  

Mismatch:                          “=NORMINV (C2, F2, G2)”.       (4)  

M1 (First Mismatch Qty):    “=0                                                    (5)  

M2 (Second Mismatch Qty): “=I2+H2”.                    (6) 

 

The results of above simulations are 

 Average quantity of Maximum mismatch is nearly 355 units which were top 20 selected A Class 

valued items taken for analyzing for their records of physical & system quantity. It was found that 

company was bearing total 34, 77,167 Rs. which nearly equals to 35 lacs. 

 After this, we had analyzed two manual servers at entry gate of receipt of the material. At entry 

gate, materials were coming physically & accordingly RFID Tag was prepared which was further 

scanned in next recording point. There had a big presence of manual errors involved while counting the 

units of the material from the boxes. It was assumed that arrival of the boxes towards server is normally 

distributed & inter-arrival time was counted as 10 min. while server was serving for 15 min. The 

problem was analogous to two server queuing model solved by same technique & simulated for 20 runs. 
 

Sl No. 
 

Random No Inter Arrival 
Time 

 

Clock Time 
 

Random No 
 

Service Time Server 1 
Availability 

Server 2 
Availability 

Server 
Selected 

 

1 
 

0.21 
 

2.85 
 

2.85 
 

0.97 
 

14.71 
 

0.00 
 

0.00 
 

1 
 

2 
 

0.55 
 

5.91 
 

8.77 
 

0.49 
 

9.94 
 

17.57 
 

0.00 
 

2 
 

3 
 

0.08 
 

1.76 
 

10.53 
 

0.65 
 

11.48 
 

17.57 
 

18.71 
 

1 
 

4 
 

0.33 
 

4.00 
 

14.53 
 

0.91 
 

14.09 
 

29.05 
 

18.71 
 

2 
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Service 
 

IDLE 
START 

TIME 
END 

TIME 
 

Server 1 
 

Server 2 
 

Customer 
 

6.08 
 

13.52 
 

6.08 
 

0.00 
 

0.00 
 

13.45 
 

26.70 
 

0.00 
 

13.45 
 

0.00 
 

21.05 
 

28.83 
 

7.53 
 

0.00 
 

0.00 
 

28.72 
 

38.60 
 

0.00 
 

2.02 
 

0.00 
 

38.13 
 

46.82 
 

9.30 
 

0.00 
 

0.00 
 

43.40 
 

53.14 
 

0.00 
 

4.80 
 

0.00 
 

47.03 
 

57.34 
 

0.22 
 

0.00 
 

0.00 
 

53.14 
 

66.70 
 

0.00 
 

0.00 
 

3.55 
 

57.34 
 

70.91 
 

0.00 
 

0.00 
 

5.92 
 

66.70 
 

74.25 
 

0.00 
 

0.00 
 

11.88 
 

70.91 
 

76.92 
 

0.00 
 

0.00 
 

11.44 
 

74.25 
 

82.75 
 

0.00 
 

0.00 
 

12.17 
 

76.92 
 

86.93 
 

0.00 
 

0.00 
 

7.39 
 

82.75 
 

96.83 
 

0.00 
 

0.00 
 

4.39 
 

88.20 
 

99.89 
 

1.27 
 

0.00 
 

0.00 
 

96.83 
 

103.69 
 

0.00 
 

0.00 
 

3.68 
 

100.34 
 

108.64 
 

0.45 
 

0.00 
 

0.00 
 

107.96 
 

117.78 
 

0.00 
 

4.26 
 

0.00 
 

115.49 
 

124.38 
 

6.85 
 

0.00 
 

0.00 
 

121.07 
 

127.85 
 

0.00 
 

3.30 
 

0.00 

Total Idle Time 22.42 14.47 
 

 

 

5 
 

0.96 
 

9.67 
 

24.20 
 

0.60 
 

10.97 
 

29.05 
 

32.79 
 

1 
 

6 
 

0.68 
 

7.14 
 

31.34 
 

0.97 
 

14.68 
 

40.02 
 

32.79 
 

2 
 

7 
 

0.82 
 

8.37 
 

39.72 
 

0.54 
 

10.44 
 

40.02 
 

47.47 
 

1 
 

8 
 

0.11 
 

2.00 
 

41.71 
 

0.73 
 

12.34 
 

50.46 
 

47.47 
 

2 
 

9 
 

0.35 
 

4.18 
 

45.90 
 

0.97 
 

14.73 
 

50.46 
 

59.82 
 

1 
 

10 
 

0.21 
 

2.88 
 

48.78 
 

0.85 
 

13.54 
 

65.19 
 

59.82 
 

2 
 

11 
 

0.54 
 

5.82 
 

54.60 
 

0.38 
 

8.84 
 

65.19 
 

73.36 
 

1 
 

12 
 

0.35 
 

4.14 
 

58.74 
 

0.96 
 

14.59 
 

74.03 
 

73.36 
 

2 
 

13 
 

0.90 
 

9.10 
 

67.83 
 

0.34 
 

8.42 
 

74.03 
 

87.95 
 

1 
 

14 
 

0.06 
 

1.50 
 

69.33 
 

0.91 
 

14.05 
 

82.45 
 

87.95 
 

1 
 

15 
 

0.97 
 

9.69 
 

79.02 
 

0.93 
 

14.30 
 

96.50 
 

87.95 
 

2 
 

16 
 

0.01 
 

1.08 
 

80.10 
 

0.48 
 

9.76 
 

96.50 
 

102.25 
 

1 
 

17 
 

0.76 
 

7.88 
 

87.98 
 

0.05 
 

5.50 
 

106.26 
 

102.25 
 

2 
 

18 
 

0.94 
 

9.50 
 

97.48 
 

0.33 
 

8.35 
 

106.26 
 

107.75 
 

1 
 

19 
 

0.75 
 

7.74 
 

105.22 
 

0.89 
 

13.88 
 

114.61 
 

107.75 
 

2 
 

20 
 

0.15 
 

2.34 
 

107.56 
 

0.22 
 

7.24 
 

114.61 
 

121.63 
 

1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: MS-Excel simulation for maximum Inventory Mismatch 
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From simulation it was seen that server 1 remains most idle than 2 i.e. waiting time for customer in 

server 2 is more & need to take efforts to let the server 1 to share equal load of work of server 2 so that 

manual errors associated with server 2 would be minimized. 

  

7 Conclusions 
 From the above experiment we have concluded that simulation approach using Monte Carlo 

Technique was useful tool to predict the maximum mismatch of inventory & to take necessary actions 

on manual errors associated with servers which physically count the material at the entry point which is 

an imperative location in the material flow to inward exact quantity of incoming the material in the 

system. 

 From the results obtained ,the company can easily implement necessary actions and control 

procedures to avoid such inventory inaccuracies and can facilitates better functions by completely 

system manage inventory. 
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Abstract 

 This paper is a case study, involving mathematical modeling of continuous stirred tank reactor 

by System Identification procedure. This can be done by using System Identification Toolbox as well as 

by using MATLAB. Some fundamental control oriented issues such as Identification and 

mathematical modeling are discussed in it. First of all data is acquired from continuous stirred tank 

reactor. This data is used to obtain mathematical model with the help of System Identification 

Toolbox available in MATLAB. 

 

System Identification involves, 

 •    Data analysis and preprocessing 

 •    Estimation and validation 

 •    Model analysis and transformation 

 •    Simulation or prediction of future output 

 

Keywords: Continuous Stirred Tank Reactor (CSTR), Matrix Laboratory (MATLAB), Linear Time 

Invariant (LTI) 

 

1.   Introduction 

 System Identification allows you to build mathematical models of a dynamic system based 

on measured data. The System Identification is used for building accurate, simplified models of complex 

systems from noisy time series data. It provides tools for creating mathematical models of dynamics 

systems based on observed input/output data. The toolbox features a flexible graphical user interface 

(GUI) that aids in the organization of data and models. The identification techniques provided with this 

toolbox are useful for applications ranging from control system design and signal processing to time-

series analysis and vibration analysis. For basic use of the System Identification, it is sufficient to have 

quite superficial insights about dynamic models. 
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Steps for System Identification: 

 
  

Fig.1: System Identification Procedure 

 

The procedure to determine a model of a dynamical system from observed input/output data involves 

three basic ingredients: 

 1) The input-output data 

 2) A set of candidate models (the model structure) 

 3) A criterion to select a particular model in the set, based on the information in the data (the  

 identification method) 

 The identification process amounts to repeatedly selecting a model structure, computing the best 

model in the structure, and evaluating these models properties to see if they are satisfactory. The cycle 

can be itemized as follows: 

1)  Design an experiment and collect input-output data from the process to-be identified. 

2)  Examine the data. Polish it so as to remove trends and outliers, and select useful portions of 

the original data. Possibly apply filtering to enhance important frequency ranges. 

3)  Select and define a model structure (a set of candidate system descriptions) within which a 

model is to be found. 

4)  Compute the best model in the model structure according to the input/output data and a given 

criterion of fit. 

5)  Examine the obtained models properties If the model is good enough, then stop; otherwise go 

back to Step 3 to try another model set. Possibly also try other estimation methods (Step 4) or 

work further on the input-output data (Steps 1 and 2). The System Identification Toolbox offers 

several functions for each of these steps. 
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2. Experimental Details 

 
Fig.2: Continuous Stirred Tank Reactor 

  

Process Description: The Process is a model of a Continuous Stirring Tank Reactor, where the reaction 

is exothermic and the temperature is controlled by regulating the coolant flow. 

 •    Sampling- :1 sec 

 •    Number of samples- :7500 

 •    Input- q: Coolant Flow 

 •    Output- T: Temperature 

 

3. Mathematical Modeling 

3.1.1Plotting 

 It involves importing input/output data from experimentation with respect to time. 1000 samples 

are selected for Identification procedure. 

 
Fig.3: Input/output Plot 
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3.1.2 Preprocessing 

 Trends are removed from imported data as a part of preprocessing. Preprocessing improves data 

quality by removing unwanted data from imported data. Preprocessing involves filtering, selecting 

range, de-trending, removing means etc. 
 

 
Fig. 4: De trending 

 

3.1.3 Estimation and Validation of Polynomial Models 

 1)  ARX MODEL:  Combining the models for L.T.I deterministic and linear stationary stochastic 

processes, we arrive at a general description of a linear time-invariant system. 

 

y[k] = G (q) u[k] + H (q) e[k] 

 

 Where, 

 • G(q): Plant model 

 • H(q):  Noise Model 

 
Fig. 5: ARX Model Structure 

A (q) = 1 + a1q-1 + …. + anaq-na  

B (q) = b1q-1 + …. + bnkq-nk And 

G (q) = B (q)/A (q) H (q) = 1/A (q) 

 • AR: Auto-regressive nature of the noise model and X: exogenous input u(k). 

 • The noise model shares the same dynamics as the plant model. Also e[k] enters here as a direct 

error in the difference equation. Therefore, this is called an equation error model. 

 

ARX compared with original data: 



ISCI 2014 

87 

 

 
Fig. 6: ARX compared with original data 

Estimated ARX Model: 

 Discrete-time ARX model: 

 

 A (z) y (t) = B (z) u (t) + e (t) 

 A (z) = 1 – 0.7983z-1 – 0.1818z-2- 0.04169z-3 + 0.2521z-4 

 B (z) = -0.1138z-1 - 0.04907z-2 -0.0316z-3 + 0.008386z-4 

 •    Sample time: 1 Seconds 

 •    Polynomial order: na=4, nb=4,nk=1 

 •    No. of free coefficients: 8 

 •    Status: Fit to estimation data: 89.84 

 •    F.P.E: 0.09986, M.S.E: 0.09839 

Auto-correlation by Residual Analysis of ARX Model: 

 
Fig. 7: Correlation Analysis of ARX Model 

 

I) Armax Model: 
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 A (q) = 1 + a1q-1 + …. + anaq-na 

 B (q) = b1q-1 + …..+ bnkq-nk 

 C (q) = 1 + c1q-1 + …. + cncq-nc       And 

 G (q) = B (q) / A (q)  

 H (q) = C (q) / A (q) 

 

 
Fig. 8: ARMAX Model Structure 

 

ARMAX compared with original data:  

 
Fig. 9: ARMAX compared with original data 

 

Estimated ARMAX Model: 

 Discrete-time ARMAX model: 

 •    A (z) y (t) = B (z) u (t) + C (z) e (t) 

 •    A (z) = 1-1.683z-1 – 0.7635z-2 

 •    B (z) = -0.1209z-1 -0.05638z-2 

 •    C (z) = 1 – 0.9393z-1 + 0.2391z-2 

 •    Sample time: 1 Seconds 

 •    Polynomial order: na=2, nb=2,nc=2, nk=1 
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 •    No. of free coefficients:6 

 •    Status: Fit to estimation data: 89.85 

 •    F.P.E: 0.1, M.S.E: 0.093 

 

Auto-correlation by Residual Analysis of ARMAX Model: 

 
Fig. 10: Correlation Analysis of ARMAX Model 

 

II) OE Model: 

 •    The plant and noise models are independent of each other. 

 •    The output is a combination of an undisturbed output. 

 •    w(k) and the white-noise directly corrupts w(k). 

 •    Popular tool in process industry. 

 
Fig. 11: OE Model Structure 

 

 y[k] = w[k] + e[k]  

Where, 

 B (q) = b1q-1 + …. + bnkq-nk 

 F (q) = 1 + f1q-1 + …. + fnf q-nf 

And, 

 G (q) = B (q) / F(q) H (q) = 1 
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OE compared with original data: 

 
Fig. 12: OE Compared with original data 

  

Estimated OE Model:  

 Discrete-time OE model: 

 •    y(t) = [B(z)=F(z)]u(t) + e(t) 

 •    B (z) = -0.10214z-1 – 0.05872z-2 

 •    F (z) = 1 -1.1681z-1 + 0.7595z-2 

 

 •    Sample time: 1 Seconds 

 •    Polynomial order: nb=2, nf=2 nk=1 

 •    No. of free coefficients:4 

 •    Status: Fit to estimation data: 80.9 

 •    F.P.E: 0.3519, M.S.E: 0.3477 
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Auto-correlation by Residual Analysis of OE Model 

 
Fig. 13: Correlation Analysis of OE Model 

 

III) BJ Model: 

 •    Provides the most general structures for plant and noise models. 

 •    Plant and noise do not necessarily share common dynamics. 

  

 
Fig.14: BJ Model Structure 

 

 •    A (q) = 1 + a1q-1 + …. + anaq-na 

 •    B (q) = b1q-1 + …. + bnkq-nk 

 •    C (q) = 1 + c1q-1 + …. + cncq-nc 

 •    D (q) = 1 + d1q-1 + …. + dndq-nd 

And, 

 •    G(q) = B(q)/F(q) 

 •    H(q) = C(q)/D(q) 
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BJ compared with original data: 

 
Fig.15: BJ compared with original data 

  

 

Estimated BJ Model:  

 Discrete-time BJ model: 

 •    y(t) = [B(z)/F(z)]u(t) + [C(z)/D(z)]e(t) 

 •    B (z) = -0.1185z-1 – 0.03897z-2 

 •    C (z) = 1 – 1.075z-1 + 0.2536z-2 

 •    D (z) = 1 – 1.805z-1 + 0.8675z-2 

 •    F (z) = 1 – 1.619z-1 + 0.7177z-2 

  

 •    Sample time: 1 Seconds 

 •    Polynomial order: nb=2, nc=2,nd=2,nf=2 nk=1 

 •    No. of free coefficients:8 

 •    Status: Fit to estimation data: 89.92 

 •    F.P.E: 0.0993, M.S.E: 0.09684 
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Auto-correlation by Residual Analysis of BJ Model: 

 
Fig. 16: Correlation Analysis of BJ Model 

  

4.  Conclusions: 

 Mathematical modeling of Continuous stirred tank reactor is done by System Identification 

method. System Identification method is better option to predict mathematical model of a complex 

system as well as it takes much less time to estimate a model than first principle method. 

BJ model predicted better results in terms of final prediction error and mean square error i.e. predicted 

error is less and fit to estimation data is better than other polynomial models. And also response of 

correlation analysis is better which implies that stochastic and deterministic model are independent with 

each other. This is because Plant and noise do not share common dynamics and they are independent. 
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Abstract 

 Successful  operation  of  a  power  system  depends  on  reliable  and  uninterrupted  service  to  

the  loads. Interruptions in power system network may hinder the flow of power to the load. While 

Random changes in load are taking place at all times, with subsequent adjustments of generation, 

synchronism frequently may be lost in that transition period, or growing oscillations may occur over a 

transmission line, eventually leading to its tripping. Power system stability for large interconnected 

networks can be analyzed with its Swing equation solutions. Simulink is a graphical tool for 

representation of Swing Equation Solution. It interfaces with Matlab, shares the workspace. This paper 

provides the ‘Swing Equation Solution’ using Simulink Circuit. Also the Matlab coding helps out in 

getting solutions to both Steady State and Transient State Stability. 

 

Keywords: Power System Stability, Swing Equation, Simulink  Model 

 

1. Introduction 

 The tendency of a power system to develop restoring forces equal to or greater than the 

disturbing forces to maintain the state of equilibrium is known as “STABILITY”. The problem of 

interest is one where a power system operating under a steady load condition is perturbed, causing the 

readjustment of the voltage angles of the synchronous machines. If such an occurrence creates an 

unbalance between the system generation and load, it results in the establishment of a new steady-state 

operating condition, with the subsequent adjustment of the voltage angles. Adjustment to the new 

operating condition and the system behavior during this transient time is of concern in defining system 

stability. The oscillatory response of a power system during the transient period following a disturbance 

may or may not be damped. System stability requires that the system oscillations be damped and means 

that the system contains inherent forces that tend to reduce oscillations. 

  During a fault the electrical power output (Pe) of the generator decreases considerably. The 

turbine mechanical input power (Pm) is decreased to counter the decrease of Pe. Steady-state stability is 

the ability of the power system to regain synchronism after encountering slow and small disturbances 

while Transient stability studies refer to the effects of large and sudden disturbances. 

mailto:anvivyas19@gmail.com
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 When a major disturbance occurs, an imbalance is created between the generator and the load. 

The power balance at each generating unit (mechanical input power – electrical input power) differs 

from generator to generator. As a result, the rotor angles of the machines accelerate or decelerate beyond 

the synchronous speed of for time greater than zero (t > 0). This phenomenon is called the “swinging” of 

the machines. There are two possible scenarios when the rotor angles are plotted as a function of time: 

(i) The rotor angle increases together and swings in unison and eventually settles at new angles. As the 

relative rotor angles do not increases, the system is stable and in synchronism. 

(ii) One or more of the machine angles accelerates faster than the rest of the others. The relative rotor 

angles diverge as time increase. This condition is considered unstable or losing synchronism. 

 These studies are important in the sense that they are helpful in determining critical information 

such as critical clearing time of the circuit breakers and the voltage level of the power system. Under 

normal operating conditions, the relative position of the rotor axis and the resultant magnetic field axis is 

fixed. 

   The angle between the two is known as the power angle or torque angle. During any 

disturbance, rotor will decelerate or accelerate with respect to the synchronously rotating air gap mmf, a 

relative motion begins. The equation describing the relative motion is known as the ‘Swing equation’. 

 

 2. Literature Review 

 2.1 Swing Equation Derivation 

  Consider a synchronous generator with electromagnetic torque Te running at synchronous speed 

sm. During the normal  operation,  the mechanical  torque Tm  = Te.  A disturbance occur  will  result  

in accelerating/decelerating torque Ta=Tm-Te (Ta>0 if accelerating, Ta<0 if decelerating). By the law of 

rotation – 

 
Where  J  is  the  combined  moment  of  inertia  of  prime  mover  and  generator,  θm  is  the  angular 

displacement of rotor with respect to stationery reference frame on the stator, θm = sm + qm is the 

constant angular velocity. 

Taking the second derivative of m. Substituting into law of rotation-  

 

Multiplying wm to obtain power equation- 

 
where Pm and Pe are mechanical power and electromagnetic power. Swing equation in terms of inertial 

constant M- 

 
Relations  between  electrical  power angle and  mechanical  power angle  m  and  electrical  speed  and 

mechanical speed 
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Swing equation in terms of electrical power angle- 

 
Converting the swing equation into per unit system 

 
where H is the inertia constant. 

 

2.2 Numerical Solution 

 The transient stability analysis requires the  solution of a system of coupled non-linear 

differential equations. Analytical solution of these equations do not exists in general. However, 

techniques are available to obtain approximate solution of differential equations by numerical methods 

and one must therefore resort to numerical computation techniques commonly known as digital 

simulation. The swing equation can be transformed into state variable form as- 

 
  

Some of the commonly used numerical techniques for the solution of the swing equation are:  

(i) Point by point method 

(ii)Euler modified method 

(iii)Runge-Kutta method 

 

3. Research Methodology 

3.1. Block Diagram- Simulink Model 

  Considering the above equations derived, the Simulink circuit can be represented by block 

diagram as below . The basic elements of Block Diagram are – 

(a) Input- Step Function 

(b) Differentiator 

(c) Integrator 

(d) Switch 

(e) Clock 

(f) Gain Amplifier 

(g) Output Source 
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Fig 1: Block Diagram Representation of Simulink Circuit 

 

3.2 Simulink Circuit : Components & Working 

 The block diagram components(Fig 1.0) and their functions are explained as below : 

(a)Input- Step Function: The Step block provides a step between two definable levels at a specified 

time. If the simulation time is less than the Step time parameter value, the block's output is the Initial 

value parameter value. For simulation time greater than or equal to the Step time, the output is the Final 

value parameter value. 

(b) Differentiator: This block approximates the derivative of its input by computing change in input 

value divided by change in time. The block accepts one input and generates one output. 

(c) Integrator: The Integrator block integrates its input. The output of the integrator is simply its state, 

the integral. 

(d) Switch: The Switch block propagates one of two inputs to its output depending on the value of a 

third input, called the control input. If the signal on the control (second) input is greater than or equal to 

the Threshold parameter, the block propagates the first input; otherwise, it propagates the third input. 

 (e) Clock: Display and provide the simulation time. The Clock block outputs the current simulation 

time at each simulation step. This block is useful for other blocks that need the simulation time. It 

outputs a real-valued signal of type double. 

(f) Gain Amplifier: The block generates its output by multiplying its input by a specified constant, 

variable, or expression. The block accepts a real- or complex-valued scalar or vector of any data type 

and outputs a signal of the same data type as its input. Thus it amplifies the input signal. 

(g) Output: Display signals generated during simulation. The block can have multiple axes (one per 

port); all axes have a common time range with independent y-axes. It allows to adjust the amount of 

time and the range of input values displayed. One can move and resize the Scope window and can 

modify the Scope's parameter values during the simulation. 

 

3.3 Simulink Circuit: Design & Working 

 The block diagram as represented earlier when converted into Simulink using the fundamental 

elements, the circuit obtained is as below: 

 The Simulink model of the single machine system is given in Fig. 1.1. To study the transient 

stability of the model, the input is given to the differentiator by applying step function. The disturbances 

occurring to the power system get introduced along with the input signals affecting the critical clearing 

time of each fault for a particular operating condition of the power system. The swing equation 
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implementation requires the use of Integrator block. The signal passing through the black generates the 

integral values. Before getting the output at scope, the signal is applied to a switch operated by a clock. 

The clock helps out in providing the critical clearing time of system. That is the maximum time up to 

which the system operates in stable condition. This threshold condition is important to understand the 

various stability factors as well. In general, when angles of the machine moves away from each other by 

1800, it is considered that that stability is lost. 

 
 

Fig 1.1 Simulink Circuit (designed in Simulink Version. 6.0) 

  

 The switch selects the condition of the system being operated by the clock and getting the critical 

clearing time. If system exceeds the value in either way, switch gives the output. The output from switch 

along with input taken from clock gets into the summation mode. Now with input the system accepts the 

value. Signal gets amplified with the help of gain amplifier and thus we get the output. 

 

 4. Results 

 4.1 Simulink Circuit: Waveform 

  The complete system has been illustrated in terms of Simulink blocks in a single integral model. 

One of the most important features of Simulink is it being interactive, which is proved by display of 

signal at each and every terminal. A parameter within any block can be controlled from a MATLAB 

command line or through an m–file program. This is used as in transient stability study as the power 

system configurations differ before, after and during the fault. Loading conditions and control measures 

can also be implemented accordingly. 

 The waveform obtained after simulation of the given circuit is given in Fig. 1.2. 
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It is always required to know the critical clearing time corresponding to critical clearing angle so as to 

design the operating times of the relay and circuit breakers. The time taken by relay should be less than 

the critical clearing time for stable operation of the system.A single machine infinite bus system (SMIB) 

system demonstrates the fundamental concepts and principles of transient stability when subjected to 

large disturbances. To simplify the assessment on transient stability, a classical model of the machines is 

used. 

 
Fig. 1.2 

The assumptions made are as follow: 

(i) All mechanical power inputs are constant. 

(ii) Damping or asynchronous power is negligible.  

(iii)Voltage E behind the transient reactance 

(iv) Loads are represented as constant impedances. 

(v) The equation of motion or the swing equation describing the SMIB system is as below : 

 
where Pm is the constant mechanical power input and Pe is the generator’s electrical power output. 

  

Example 1: A single machine infinite bus (SMIB) system is used to conduct transient stability analysis 

when one of the double lines is tripped. System parameters used for the analysis are shown in Table 1 

 
H Pm E V Xt Xd Xline 

0.1 1.2 1.5 1.0 0.2 0.3 0.3 

Table 1: System parameters for SMIB 

 

Single machine swing curve is plotted at clearing times of 0.04sec and 0.05sec as shown below. 

Fig.(1.3) shows a stable case where the rotor angle oscillates with damping, and thus it would eventually 
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subside and reach steady-state towards the end of the transient .This system is critically stable with fault 

cleared at 0.04sec, corresponding to a critical clearing angle of 82.95 degrees. As the maximum power 

limit of the various power angles is raised it adds to the transient stability limit of the system. When the 

fault is cleared at 0.05sec,system instability resulted as indicated in Fig(1.4). 

  
Fig. 1.3 Time Response of Rotor Angle        Fig.1.4 Time Response of Rotor Angle      

(Fault cleared at 0.04sec)                            (Fault cleared at 0.05sec) 

 

4.2. Waveforms :Numerical Solution 

 The various Numerical methods solved using this technique are: 

-The step-by-step/ point-by-point method is the conventional, approximate but proven method. 

-The Modified Euler Method is only for First Order Linear Differential equation, thus it does not 

provide solutions to higher order equations.The method evaluates the individual step size for each input 

given to the system which helps in evaluating the next value. 

  
 

           Fig 1.5: Plot showing waveform generated            Fig 1.6: Plot showing waveform generated  

             using Point –by-point method                                                using Modified Euler method 
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Fig 1.7: Plot showing waveform generated using Runga - Kutta method 

 

- Runga Kutta Method is a basis to evaluate other higher order systems by using other numerical 

techniques. This method is for the solution of higher order differential equations which include up to 

fourth order differential equation also 

 

5. Conclusion 

 As the maximum power limit of the various power angles is raised it adds to the transient 

stability limit of the system. Our aim to improvise methods to increase transient stability is useful in 

gaining a physical insight into the effects of field circuit dynamics. We can minimize the faults by 

selecting the proper numerical technique and design the various power system components. 
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Abstract 

 Conventional approach to the designing and analysis of batch manufacturing systems is to start 

with detail study of existing system and to continue afterwards by examining influential parameters 

using various modeling techniques.. It does not always, however, result in desirable outcomes. This 

paper suggests various mathematical models of field process generated array for structural subassembly 

manufacturing. Assorted modeling approaches such as time honored multiple Regression, Dimensional 

analysis; Response surface methodology and ANN have been formulated based on actual 

experimentation of structural subassembly manufacturing unit. Overall 

72 mathematical models are formulated and further optimized to find out optimum cycle time and 

human energy expenditure. 

 

Keywords: Neural Network, Strucutral subassembly, univariate analysis, Minimax principal, 

Dimensional analysis. 

 

 

1. Introduction 

 During last decade models, have emerged to estimate and predict various parameters of 

manufacturing industry using ANN approach .Current study depicted in this paper is primarily focuses 

on batch processing multivariate production of structural subassemblies of tractors. Structural 

subassemblies are the mounting on the main body of the tractor such as assembly quadrant mounting 

bracket, PC lever and hub subassembly, DC slider, Lever draft control up gradation, Latch bottom 

support bracket  etc.  With the present scope of  study  five  products are  taken  into consideration for 

generation of field process generated array .Field process generated array consists with collection of 
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field data related to 35 participating independent variables for total eight workstations. No of 

experiments were planned and conducted on actual scene of manufacturing ,600 for all products 

combine,168 for product I ,144 for product II,48 for product III ,120 for product IV and 144 for product 

V. An optimization problem consists of maximizing or minimizing a real function by systematically 

choosing input values from within an allowed set and computing the value of the function. The 

generalization of optimization theory and  techniques to  other formulations comprises a  large area  of 

applied mathematics. More generally, optimization includes finding "best available" values of some 

objective function given a defined domain, including a variety of different types of objective functions 

and different types of domains. The parametric interdependence of input variable and their exhibitable 

effect on production cycle time and human energy can be studied using ANN simulation process. 

Obvious question is which set of parameters will give optimum value of dependent variable. For present 

study both response variables cycle time and human energy expenditure are constrained for 

minimization. Studies revealed the range bound variation for every input. The most suitable value of the 

set of input variable need to be finalized which would direct the output towards desirable results. This 

was achieved using range bound optimization of input parameters. Maxmin principle is used to find 

optimal solution for regression, dimensional models for all variables and Pie terms. This provides the 

optimal set of parameters and enables to minimize cycle time and human energy expenditure. Optimal 

values of independent variables using the aforesaid principle are estimated. Univariate analysis is used 

for optimization of ANN models. 

 Sang D. Choi et.al (2002) discussed the preliminary efforts to put into practice simulation 

modeling as a visual management and analysis tool at an automotive foundry plant manufacturing 

engine blocks. Jack P.C. Kleijnen (1997) elaborated a survey on the use of statistical designs for what-if 

analysis in simulation, including sensitivity analysis, optimization, and validation/verification. 

According to John W. Fowler et.al.(2004), There is a need for the invasive use of modeling and 

simulation for decision support in current and future manufacturing systems, and several challenges 

need to be addressed by the simulation community to realize this vision. F. Hosseinpour, and H. 

Hajihosseini (2009) revealed the importance of simulation and according to them, implementing change 

can be a difficult  task  for  any  organization,  big  or  small.  For  this  purpose  modeling  of  complex  

systems  such  as manufacturing systems is a strenuous task. Ihsan Sabuncuoglu et.al.(2002) presented  

fundamentals of simulation metamodelling using neural networks for job shop manufacturing system. 

According to them Simulation has been widely accepted by the scientific community and practitioners 

as a flexible tool in modelling and analysis of multifaceted systems. Jeffrey S. Smith (2003), did detail 

Survey on the Use of Simulation for Manufacturing System Design and Operation. According to his 

noting numerous books deal with the general topic of simulation (for example, Banks 1998; Banks, 

Carson, Nelson 1995; Law and Kelton 2000; McHaney 199 1; Pooch and Wall 1993; and Ross 1990, 

among many others). Jack P.C. Kleijnen (1995) surveyed verification and validation (V&V) of models, 

especially simulation models in operations research. It emphasized statistical techniques that yield 

reproducible, objective, quantitative data about the quality of simulation models. Samuel H. Huang 

et.al.(2003) elaborated  that  Simulation analysis  is  considered  the  most  reliable  method  to  date  in  

studying  the  dynamic performance of manufacturing systems. 

 According to C.X. J. Feng et al.(2005), Model validation is critical in predicting the recital of 

manufacturing processes. In predictive regression, proper medley of variables helps minimize the model 

disparity error, proper selection of models helps to reduce the model estimation error, and proper 

validation of models helps minimize the model prediction error. Kwang-Kyu Seo et al.(2002),applied 

statistical and artificial neural network methods for prediction of the life cycle cost in conceptual 

product design. Chang-Xue (Jack) Feng et al.(2010) ,applied neural networks and regression analyses 
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for predictive modeling of surface roughness. Their research focused on development of an empirical 

model for surface roughness prediction in finish turning.     M. S. Abdelwahed et al.(2012), presented a 

performance prediction approach for the product produced after multi-stages of manufacturing 

processes, as well as the assembly using ANN. Azlan Mohd Zain et al.(2012), presented regression and 

ANN models for estimating minimum value of machining performance . Two modeling approaches, 

regression and Artificial Neural Network (ANN), were applied to predict the minimum Ra a value. 

 

2. Field experimentation 

 Representation of the actual corporeal system for structural subassembly manufacturing with 

various workstations might be a tedious task for large dataset. Scenario would be, more complex with 

various product mix and various factors which must be taken into consideration for modeling. With the 

present scope of this paper five different products are selected for modeling process. Selection of 

independent variable is done based on the actual working scenario .Predominantly independent variables 

related to ergonomic consideration, workstation parameters, product specification and parameters, 

worker personal data and environmental conditions have been identified for the data collection form the 

actual scene. Table 1 shows the list of independent variable for modeling and their analogous grouping 

based on logical thinking. 
Anthropomet

ric 
Data of 

the 
Operator

s 

Personal 
Data of 

Workstati

on 

Operators 

Workstatio
n 
Specificatio

n 

Data of 
workplace 
parameters 

Data Related to 
Environmental 
Conditions 

Data of 
product 
dimensio
ns 

Height, Foot 
Breadth, Arm 

Span, Arm 

Reach, Eris 

Height, Sit 

Knee Height 

Sex, Age, 
BMI 

Prime, 

Qualificati

on, 

Experience 

(Years), 

Weight 

In kg. 

Capacity, 
HP, 

Stroke 

Frequenc

y, Stroke 

speed, 

Machine 

Age 

Hs tool, 
Areattop, 
htable, 

sdstoolworkta

ble, 

sdstoolwiptabl

e 

Noise Without Operation, 
Noise With 

Operation, Illumination 

at Workstation, 

Illumination at Sight, 

Dry Bulb Temp, Wet 

Bulb Temp, Humidity 

Length, 
Breadth, 

thickness, 

part 

weight, 

Yield 

strength, 

Material 

Table1: Categorization of independent variables 

  

 Altogether 35 independent variables are well thought-out for modeling for the prediction of cycle 

time and human energy input. Number of experiments were planned and executed on the actual 

panorama of manufacturing ,related cycle time of the operation and then total cycle time required to 

manufacture a product is premeditated wh ich will serve as experimental value .Experimental value will 

be serviceable for comparison and fitting of the mathematical 

model with different recital index. 
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Fig.1: Experimental setup for field data collection 

 

3. Various independent variables for field process array: 

 
Sr. 
No. 

Independent 
variable name 

Symbol MLT 
Indices 

Unit of 
Measurement 

Sr. 
No. 

Independent 
variable name 

Symbol MLT 
Indices 

Unit of 
Measurement 

1 Arm span As M
0 

L
1

 

T
0 

Cm 18 preventive 
maintenance 

time 

Mcdtime M
0 

L
0

 

T
1 

Hrs per week 

2 Foot breadth Fb M
0 

L
1

 

T
0 

Cm 19 Height of stool Hos M
0 

L
1

 

T
0 

cm 

3 Sitting knee 
height 

Skh M
0 

L
1

 

T
0 

Cm 20 Height of work 
table 

Htw M
0 

L
1

 

T
0 

cm 

4 Height Ht M
0 

L
1

 

T
0 

Cm 21 Spatial distance 
between centroid 

of stool top and 

work table 

Sd1 M
0 

L
1

 

T
0 

cm 

5 Arm reach Ar M
0 

L
1

 

T
0 

Cm 22 Area of tabletop Areattop M
0 

L
2

 

T
0 

cm
2 

6 Erect sit height Esh M
0 

L
1

 

T
0 

Cm 23 Spatial distance 
between centroid 

of stool top and 

WIP table 

Sd2 M
0 

L
1

 

T
0 

cm 

7 Qualification 
grade 

Qgr M
0 

L
0

 

T
0 

dimensionless 24 Thickness t M
0 

L
1

 

T
0 

mm 

8 Sex S M
0 

L
0

 

T
0 

dimensionless 25 Machinable 
length 

Mc.len M
0 

L
1

 

T
0 

mm 

8 BMI prime BMI 
prime 

M
0 

L
0

 

T
0 

dimensionless 26 Length L M
0 

L
1

 

T
0 

mm 

9 Age Ag M
0 

L
0

 

T
1 

Years 27 Breadth B M
0 

L
1

 

T
0 

cm 

10 Experience Exp M
0 

L
0

 

T
1 

Months 28 Weight Wt M
1 

L
0

 

T
0 

kg 

11 Power HP P M1 L2
 

T
-3 

H.P. 29 Illumination 

sight 

range(Average) 

Isr M1 L3
 

T
-1 

Lux 

12 Stroke/Seconds Sps M
0 

L
0

 

T
-1 

Hz 30 Noise level with 
stroke 

dBstroke M
0 

L
0

 

T
0 

dBA 

13 Age of Machine Aom M
0 

L
0

 

T
1 

Years 31 Dry bulb 

temperature 
DBT M

0 
L

0
 

T
0 

K
1 

O
C 

14 Capacity tons C M
1
L

0
 

T
0 

Tons 32 Illumination at 
work table 

Iwt M
1 

L
3

 

T
-1 

Lux 

15 Stroke speed Ss M
0 

L
1

 

T
-1 

mm/sec 33 Noise level 
without stroke 

dB M
0 

L
0

 

T
0 

dBA 
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16 Distance 
between ram and 

Worktable 

distrw M0 L1
 

T
0 

Cm 34 Mc_criticality Mc.criti M0 L0
 

T
0 

dimensionless 

17 Setting time for 
machine 

stime M
0 

L
0

 

T
1 

Min 35 Wet bulb 
temperature 

WBT M
0 

L
0

 

T
0 

K
1 

O
C 

Table 2: Assorted independent variables 

 
Sr. No. Independent variable name Symbol MLT Indices Unit of Measurement 

1 Human Energy input  M
0 

L
0 

T
0 RMVBITS 

2 Cycle time  M
0 

L
0 

T
1 Seconds 

Table 3: Assorted dependent variables 

 

4. Regression Modeling 

4.1 Model for Cycle Time (ctime): All variables 

 Assorted Mathematical models formulated using linear regression technique. Analogous RMS 

error, correlation coefficient and graphical representation of actual and computed values of output are 

given below. 

 

Ctime=156.092-1.729*x2+0.219*x4-0.052*x5+0.190*x6-0.145*x7-1.036*x9+0.305*x10- 

 1.278*x17+11.086*x18+1.416*x19+0.073*x22+0.047*x23-2.537*x24+0.002*x26- 

 0.003*x27-0.043*x30+0.117*x31-0.680*x32+0.008*x33-0.007*x34+2.648*x35 

 

Correlation coefficient=0.971 

 

RMSE =1.9919 

 

Model R R 

Square 

Adjusted 

R Square 

Std. Error 

of the 

Estimate 

Change Statistics Durbin- 
Watson 

R 

Square 

Change 

Durbin df1 df2 Sig. F 

Change 

 

1 
 

0.971 
 

0.943 
 

.941 
 

1.72907 
 

.943 
 

459.139 
 

21 
 

578 
 

.000 
 

.131 

Table 1 (a): Model Summary for all products vs Ctime 

 

Model Sum of Squares df Mean Square F Sig

. 
1     Regression 

Residual 

Total 

28826.280 

1728.038 

30554.318 

21 

578 

599 

1372.680 

2.990 

459.139 .000 

Table 2 (b) ANOVA 
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Fig. 1: Experimental and computed values of CT for all the products 

 

 The model depicted shows that preventive maintenance time ,machine criticality, height of stool 

had highest positive coefficients whereas noise without operation, setting time for machine, foot breadth 

and qualification of operator had negative coefficients in an overall model 

          
Fig 2: Standard residual plot and normal P-P plot for all products 

 
Modeling 
technique 

Model Name Coefficient of 
correlation( R) 

R
2 RMSE Standard error 

of estimates 

Regression 
analysis for 

basic variables 

(Models 1-12) 

M1ALLRCT 0.971 0.943 0.5467 1.72907 
M2ALLRPL 0.962 0.925 0.8965 2.02741 
M3P1RCT 0.999 0.997 0.0546 0.42831 
M4P1RPL 0.987 0.975 0.2345 1.15176 
M5P2RCT 0.999 0.997 0.0245 0.34576 
M6P2RPL 0.994 0.988 0.0562 1.02614 
M7P3RCT 0.997 0.994 0.0124 0.47590 
M8P3RPL 0.995 0.990 0.0213 1.06824 
M9P4RCT 0.995 0.990 0.0321 0.39158 
M10P4RPL 0.806 0.650 2.3564 1.08979 
M11P5RCT 0.999 0.999 0.0236 0.13624 
M12P5RPL 0.911 0.830 1.2566 2.55248 

Table 3: Summary of regression analysis models 

 

5. Dimensional Analysis Modeling 

5.1 Models for cycle Time (Ctime): Pie terms 

 The various models formulated for response variable as production cycle time using dimensional 

analysis are as follows. 
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5.1.1 Model for Cycle Time (Ctime): Pie term and all products 

Π7 ctime =6.305599* Π 10.009918 * Π 20.005438* Π 30.07070* Π 40.022065* Π 5-0.13973* Π 6-0.80767 

 Coefficient of correlation = 0.534 

Root mean square error = 0.9059 

 
Fig. 3: Experimental vs Computed Cycle Time (Pie term, all products) 

 
Modeling 
technique 

Model Name Coefficient of 
correlation( R) 

R2 RMSE 

Dimensional 
analysis models 

(Models 25-36) 

M25ALLDCT 0.534 0.285156 0.9059 
M26ALLDPL 0.781 0.609961 0.0620 
M27P1DCT 0.624 0.389376 0.4756 
M28P1DPL 0.906 0.8208 0.0378 
M29P2DCT 0.876 0.7673 0.4332 
M30P2DPL 0.790 0.6241 0.0821 
M31P3DCT 0.991 0.9820 1.1573 
M32P3DPL 0.992 0.9840 0.05542 
M33P4DCT 0.810 0.6561 0.546 
M34P4DPL 0.723 0.5227 0.2354 
M35P5DCT 0.906 0.8208 0.4820 
M36P5DPL 0.733 0.5372 0.0545 

Table 4: Summary of dimensional analysis models 

 

6. Response Surface Methodology Modeling 

6.1 Models for cycle Time (Ctime): Pie terms 

 The various models formulated for response variable as production cycle time using response 

surface methodology are as follows. 

6.1.1 Model for Cycle Time (Ctime): Pie term and all products 

Π7 ctime = 5.199-28.71*(Π1Π2Π3) -11.78*(Π4Π5Π6) +204.6*(Π1Π2Π3)
2 +155.2*(Π1Π2Π3)* (Π4Π5Π6) 

+26.66* (Π4Π5Π6)2 +2750*(Π1Π2Π3)
3 – 2421 * (Π1Π2Π3)

2*(Π4Π5Π6) +101.1* (Π1Π2Π3) *(Π4Π5Π6) 2 -

27.52* (Π4Π5Π6)3-6737* (Π1Π2Π3)
4 +4577* (gk\Π1Π2Π3)

3*(Π4Π5Π6) -234 *(Π1Π2Π3)
2*(Π4Π5Π6)2 -

16.81*(Π1Π2Π3)*(Π4Π5Π6)3+7.705*(Π4Π5Π6)4
 

 

Goodness of fit of the model 
R R

2 Sum of square error (SSE) RMSE 

0.6712 0.4506 373 0.7985 
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Fig.4: contour plot, surface plot and residual plot for all products vs Ctime 

 

 
Fig 5: Experimental vs Computed Cycle Time (Pie term, all product) 

Modeling 
technique 

Model Name Coefficient of 
correlation( R) 

R
2 RMSE SSE 

Response 
Surface 

Methodology 

models 

(Models 37-48) 

M37ALLRSCT 0.6712 0.4506 0.7985 373 
M38ALLRSPL 0.8478 0.7189 0.05328 1.664 
M39P1RSCT 0.8347 0.6968 0.3449 18.8 
M40P1RSPL 0.9697 0.94.4 0.02251 0.08004 
M41P2RSCT 0.95 0.9026 0.2748 8.306 
M42P2RSPL 0.8732 0.7626 0.06689 0.51 
M43P3RSCT 0.9991 0.9984 0.07687 0.2422 
M44P3RSPL 0.9933 0.9868 0.01737 0.01297 
M45P4RSCT 0.8714 0.7595 0.4781 31.54 
M46P4RSPL 0.8460 0.7158 0.02798 0.1081 
M47P5RSCT 0.9422 0.8879 0.3736 15.77 
M48P5RSPL 0.9307 0.8663 0.03059 0.1029 

Table 5: Summary of Response surface methodology models 

 

7. ANN Modeling 

7.1 Sample ANN model with base variable as input and cycle time output for all products: 

 

ANN equation for basic variables as input and production cycle time as output is formulated as follows :  

X1,1= (e1*sum(Layer1Cell0) - e-1*sum(Layer1Cell0) ) / ( e1*sum(Layer1Cell0) + e-1*sum(Layer1Cell0) ) 

Where  

sum (Layer1cell0) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24* 

X0,7+0.4* X0,8+0.02* X0,9-0.074* X0,10-0.023* X0,11+0.15* X0,12+0.099* X0,13+0.02* X0,14+0.33* 
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X0,15-0.421*  X0,16+0.29*  X0,17-0.009*  X0,18+0.04*  X0,19+0.077*  X0,20+0.471*  X0,21-0.146*  X0,22-

0.363*  X0,23-0.417*X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* X0,28+0.196* X0,29+0.18* 

X0,30-0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34 -0.228* X0,35-0.421 

X1,2= (e1*sum(Layer1Cell1) - e-1*sum(Layer1Cell1) ) / ( e1*sum(Layer1Cell1) + e-1*sum(Layer1Cell1) ) 

Where sum (Layer1cell1) = 0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-

0.4*X0,6+0.24* X0,7+0.4* X0,8+0.02* X0,9-0.074* X0,10-0.023* X0,11+0.15* X0,12+0.099* 

X0,13+0.02* X0,14+0.33* X0,15-0.421*  X0,16+0.29*  X0,17-0.009*  X0,18+0.04*  X0,19+0.077*  

X0,20+0.471*  X0,21-0.146*  X0,22-0.363*  X0,23-0.417*X0,24+0.163* X0,25-0.237* X0,26-0.329* 

X0,27+0.389* X0,28+0.196* X0,29+0.18* X0,30-0.359* X0,31+0.04* X0,32-0.096*X0,33-0.0321* 

X0,34 -0.228* X0,35-0.433 

 
Modeling 
technique 

Model Coefficient of 
correlation( R) 

R
2 RMSE SSE Relative Error 

Training Prediction Training Prediction 

ANN 
Models for 

basic 

variables 

(Models 

49-60) 

M49ALLACT 0.998998 0.997 0.0896 0.272 0.197 0.003 0.005 
M50ALLAPL 0.9865 0.9731 0.05485 0.191 0.141 0.004 0.010 
M51P1ACT 0.9992 0.996 0.0458 0.079 0.045 0.004 0.004 
M52P1APL 0.99909 0.9980 0.0895 0.089 0.021 0.006 0.004 
M53P2ACT 0.99908 0.998 0.2438 0.224 0.124 0.010 0.012 
M54P2APL 0.99807 0.9960 0.0982 0.078 0.041 0.004 0.041 
M55P3ACT 0.9974 0.9948 0.564 1.578 1.193 0.023 0.038 
M56P3APL 0.99809 0.996 0.0456 0.073 0.034 0.004 0.004 
M57P4ACT 0.99558 0.9911 0.5687 0.054 0.033 0.002 0.004 
M58P4APL 0.8909 0.7937 0.0487 0.031 0.022 0.002 0.004 
M59P5ACT 0.999 0.9980 1.2435 2.064 1.438 0.249 0.250 
M60P5APL 0.92236 0.8507 1.0089 1.169 1.028 0.104 0.218 

Table 6: Summary of ANN models for basic variables and pie variables 

 

5. Optimization of Models 

 The parametric interdependence of input factors and their exhibitable consequence on production 

cycle time and human energy of a structural subassembly manufacturing process is studied using ANN 

simulation process. The question tranquil continues is what best optimum value of response parameter is 

achievable with varying conditions in production process? Perceptibly the aim was to find minimum 

value of cycle time and human energy by selecting proper input variables those could really subsist. 

Studies revealed the array of variation for every input variable. The most satisfying value on this array 

for each parameter has to be selected which would shove the response variables in obsequious direction. 

This was achieved using range bound optimization of input variable. The mini max principle was used 

to find these results. This provides the best set of working factors and enables to improve productivity at 

minimum cost. Since the entire input variable had definite range, the problem could be translated into 

mini max problem using zero one programming. Optimal values of causative factors were calculated for 

all products. 

 The models have been developed for the structural subassembly manufacturing process. The 

ultimate objective of this paper is not merely to develop the models but to find out best set of input 

variable, which will result in optimization of the objective function. In this case we have two response 

variables i.e. cycle time and human energy 
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which depends on thirty five independent variables. 

 

5.1 Optimal solution for linear regression model 

 Various regression models were developed for all variables as well as by considering the (Π1 to 

Π6) Pie terms as independent variables. Altogether twelve models were developed with corresponding 

statistical significance. In optimization of linear regression model when maximum and minimum values 

of   dependent and independent variables are the only constraints ,optimum solution is obtained by 

turning over maximum value to input variable which has negative coefficient and  minimum value to  

input  variable which  has  positive coefficient. For  the optimization the constants, coefficients of 

various linear regression models and range of input variable and optimal solution based on maxmin 

principle is depicted in the table 7.Optimum solution so obtained on occasion give negative value of 

cycle time as all the coefficients in liner regression model are not positive, nevertheless the values of 

input variables in optimum solution will be feasible. Regardless of this problem with optimization of 

range bound  linear regression model, optimal solution can be accepted as it hints towards preeminent 

solution for practicable cycle time. 

   product III   product IV   product 

V  
Term 

 
Min 

 
Max 

 
coeff. 

optimal 
solution 

 
Min 

 
Max 

 
coeff. 

optimal 
solution 

 
Min 

 
Max 

 
coeff. 

optimal 
solution 

K   0.424 0.424   2.234 2.234   -41757 -41757 

X1 * * 0 * 152 167 -0.016 167 * * 0 * 

X2 * * 0 * * * 0 * * * 0 * 

X3 * * 0 * * * 0 * * * 0 * 

X4 * * 0 * * * 0 * * * 0 * 

X5 * * 0 * * * 0 * 122 143 0.08 1

2

2 
X6 * * 0 * * * 0 * 38 56 -0.039 5

6 
X7 * * 0 * 30 51 0.007 30 * * 0  

X8 * * 0 * 0.8 0.91 -6.502 0.91 0.76 0.99 -8.572 0

.

9

9 

X9 * * 0 * 7 12 0.039 7 * * 0  

X10 * * 0 * * * 0 * 0.16 5 0.124 0

.

1

6 

X11 * * 0 * * * 0 * * * 0 * 

X12 * * 0 * * * 0 * * * 0 * 

X13 * * 0 * * * 0 * * * 0 * 

X14 * * 0 * * * 0 * * * 0 * 

X15 * * 0 * * * 0 * * * 0 * 

X16 * * 0 * * * 0 * * * 0 * 

X17 * * 0 * * * 0 * * * 0 * 

X18 * * 0 * * * 0 * * * 0 * 

X19 * * 0 * * * 0 * * * 0 * 

X20 * * 0 * 5250 5541 -0.037 5541 * * 0 * 

X21 * * 0 * * * 0 * 85 90 0.636 8

5 
X22 * * 0 * * * 0 * * * 0 * 

X23 * * 0 * * * 0 * * * 0 * 

X24 * * 0 * * * 0 * * * 0 * 
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X25 * * 0 * * * 0 * * * 0 * 

X26 120 158 0.018 120 155 191 0.001 155 121 185 -0.006 1

8

5 
X27 110 170 0.023 110 195 225 -0.002 225 160 220 0.01 1

6

0 
X28 * * 0 * * * 0 * * * 0 * 

X29 * * 0 * * * 0 * * * 0 * 

X30 * * 0 * * * 0 * * * 0 * 

X31 * * 0 * * * 0 * * * 0 * 

X32 * * 0 * * * 0 * * * 0 * 

X33 * * 0 * * * 0 * * * 0 * 

X34 * * 0 * 998 992 0.241 998 * * 0 * 

X35 3 5 6.294 3 1 5 -0.333 5 1 5 3.501 1 

optimum solution 23.996    27.66918    15.40356 

 

Table 7: Optimal solution in linear regression with basic variables for optimal Cycle time 

  

5.2 Optimal solution for DA models 

 Dimensional analysis models are also range bound and its optimum solution is obtained by 

setting the Π terms to their minimum if the index of the Π term is positive and to maximum if the index 

of Π term is negative and to any value if the index is zero. This is consequently applicable because the 

function for both the dependent Pie terms is of minimization. 

 

 The table 8 depicts the assorted indices of Π terms and constants in dimensional models and also 

the optimal solution for six models (A model for all product preposition and individual models for five 

different products) with Π7 as output. Optimal solution acquired here should just be used as hints for 

setting Pie values for minimizing Π7. 

 

 

 all products   Produc

t I  
 
Term 

 
 
Min 

 
 
max 

 
 
coeff. 

 
optim
al 
soluti
on 

 
 
Min 

 
 
max 

 
 
coeff. 

 
optim
al 
soluti
on 

K   6.3055

99 

6.30559

9 

  2.024

1 

2.024

1 
Π1 0.03510

72 

0.05783

61 

0.0099

18 

0.03510

72 

0.03510

72 

0.05503

13 

-

0.1097

3 

0.05503

13 
Π2 24.3 1369.

5 

0.0054

38 

24.3 41.8984

62 

1369.

5 

-

0.0267

3 

1369.

5 
Π3 0.00069

32 

0.00849

43 

0.070

7 

0.00069

32 

0.00069

32 

0.00849

43 

-

0.045

1 

0.00849

43 
Π4 0.36912

34 

1.98817

46 

0.0220

65 

0.36912

34 

0.36912

34 

1.90659

61 

0.1365

69 

0.36912

34 
Π5 0.01992

73 

1.39686

08 

-

0.1397

3 

1.39686

08 

0.01992

73 

0.19690

57 

-

0.0130

7 

0.19690

57 
Π6 1.14909

02 

1.80769

23 

-

0.8076

7 

1.80769

23 

1.55966

74 

1.80769

23 

0.0743

6 

1.55966

74 
Optimal solution 2.14773

07 

   2.62088

39   product II  
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Min 

 
 
max 

 
 
coeff. 

 
optimal solution 

  1.8070

8 

1.80708 

0.03510

72 

0.05503

13 

0.0385

41 

0.0351072 

41.8984

62 

1369.

5 

0.0448

58 

41.898462 

0.00069

32 

0.00849

43 

-

0.0695

1 

0.0084943 

0.36912

34 

1.98817

46 

0.1796

18 

0.3691234 

0.04052

16 

0.40858

17 

-

0.1605

2 

0.4085817 

1.14909

02 

1.80769

23 

-

0.4795

6 

1.8076923 

   1.9009791 

 

Table 8: Sample Optimization of Dimensional model for Ctime 

 

5.3 Optimal solution for RSM models 

 In Response surface methodology modeling, various models were developed for all products 

combines as well as for five different products. For fitting the model two separate Pie terms group (Π1* 

Π2* Π3) and (Π4* Π5* Π6) were formulated for Π7 and Π8 as dependent variables. Altogether twelve 

models were developed with corresponding statistical significance. 

 To further depict the optimization results, 3-D response surface plots were created using curve 

fitting toolbox of MATLAB 2011R.Optimal value of the response is adjudged by using cursor mode 

from matlab function, started with the peak point of the plot it is further traced out a point with 

minimum Z value for a corresponding set of two Pie groups. The optimization results clearly show that 

whether the global optimum could be found depends on the initial searching points for the response 

surface models. 

  

 
Model Π1* Π2* Π3 Π4* Π5* Π6 Optimum Z 

All products Pie variables for ctime 0.139 0.1283 3.082 

All products Pie variables for HE 0.1413 0.1155 2.826 

Product I Pie variables for ctime 0.001244 0.658 2.732 

Product I Pie variables for HE 0.0236 0.2027 0.9325 

Product II Pie variables for ctime -0.01713 0.434 2.433 

Product II Pie variables for HE 0.01362 0.02488 0.2828 

Product III Pie variables for ctime 0.03167 0.606 3.068 

Product III Pie variables for HE 0.0105 0.5873 1.019 

Product IV Pie variables for ctime 0.002042 0.2421 2.828 
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Product IV Pie variables for HE 0.00346 0.2735 0.9431 

Product V Pie variables for ctime 0.002564 0.8504 1.979 

Product V Pie variables for HE 0.03302 1.354 0.9475 

Table 9 for optimum value of Z (dependent variables) for various models. 

 

5.4 Optimal solution for ANN models 

 The logic of accomplishment of the optimal solution for regression and dimensional analysis 

models may not directly fit for ANN models ,the reason is regression and dimensional analysis models 

were based on simple and obvious logic as the effect of change in output due to change in any of the 

input is noticeably discernible. This is not replicable for ANN models. Univariate analysis suited best 

for the purpose, thus optimization of ANN model is carried out using univariate analysis. 

 This is the method for deciding highly influential input parameters. It primarily computes 

differential dy/dx values for all inputs .The value of one of the input is then increased by 0.01 and 

corresponding change in dependent variable is recorded. Order sequence of the influential variable 

which will have maximum impact on output variable is finalized by computing the value of each input 

variable based on the logic explained above. Better interaction between the process and variables is 

provided using this method. For the minimization function problem in order to decrease output most 

dominated factor is incremented. After every increment the related sensitivity is checked out. 

This process continued till it reaches to the limit where output doesn’t decrease further or to the range to 

which any input variable can be incremented is exhausted. 

 In ANN model the input values are scaled values between -1 to 1.Using univariate analysis most 

influential variable and length of its influence is resolute. With dominance of one input variable as the 

most influential one, after certain length some other variable may turn out to be maximum influential. 

This way when either all input variables reach to maximum value i.e, 1 or value of output doesn’t 

improve, optimum solution is obtained. Following is the algorithm used for optimization using 

univariate analysis.  

Step 1: Set ineurons = Number of neurons in input layer. 

 Set minOut = 99999 

 Set all input to -1 value (base value) and determine output of ANN. Set i=0 

Step2: Increment base value of  i
th

 input variable by 0.01,i.e, basevalue(i)=basevalue(i)+0.01.Determine  

 output Out(i) of ANN .basevalue (i)=basevalue (i)-0.01.Set i=i+1 

Step3: Repeat step 2 until i<ineurons 

Step4: Set oldminOut=minOut 

Step5: Find minimum value ‘minOut’ of ‘Out’ array and corresponding input element number j. This  

 input variable I most influential variable. 

Step6: Set basevalue (j) =basevalue (j)+0.01 

Step7: Repeat step 2 through 5 until ‘minOut’<oldminOut’or  any of elements of elements in  

 ‘basevalue’ vector is less than 1. 

 Step8: Print optimalinput vector = basevalue vactor.  
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variable 
 

value 
Max 

Value 

x1 164 164 

x2 9 9 

x3 176 176 

x4 80 80 

x5 139 139 

x6 57 57 

x7 51 51 

x8 0.89 0.89 

x9 12 12 

x10 13 13 

x11 200 200 

x12 15 15 

x13 1.75 1.75 

x14 72 72 

x15 10.77 3 

x16 710 710 

x17 30 30 

x18 3 3 

x19 56 56 

x20 5534.325 5250 

x21 110 110 

x22 85 85 

x23 160 60 

x24 83.96 80 

x25 94 94 

x26 191 191 

x27 225 225 

x28 32 32 

x29 26 26 

x30 396.192 302 

x31 175 175 

x32 4.18 2 

x33 1000 1000 

x34 526.58 526.58 

x35 2.12 1 
Optimal 
Ctime 

18.00000 
11 

 
40 

 

Table 10: Result of univariate analysis of all variable all products ANN model for optimum cycle time 

 

Results of process flow of univariate analysis towards optimal solution for product-IV combine and all 

pie terms 
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RVN 

 

influence 

length 

 

Most influential 

variable 

 

 

Π8 
1 106 5 1.018937 

2 3 2 1.018848 

3 15 5 1.018776 

4 3 2 1.01871 

5 15 5 1.018657 

6 3 2 1.018612 
7 15 5 1.018571 

8 2 2 1.018547 

9 11 5 1.01853 

10 1 2 1.018519 

11 7 5 1.018514 

12 1 2 1.018507 

13 7 5 1.018503 

14 1 2 1.018499 

15 8 5 1.018495 

16 8 3 1.018493 

17 5 5 1.018491 

18 8 3 1.01849 

19 4 5 1.018488 

20 6 3 1.018487 

21 4 5 1.018486 

22 7 3 1.018485 

23 3 5 1.018484 

24 4 3 1.018484 

 

 

ANN model for optimum Π8 is depicted in table 11 

 
Table 11 

 

 

Results of process flow of univariate analysis towards optimal solution for product-V combine and all 

pie terms ANN model for optimum Π8 is depicted in table 12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table 12 

 

 

 

 

 

 

 

 

 

 
variable 

 
value 

Max 
Value 

 

Π1 
 

0.055031 
 

0.0550313 

Π2 175.095 83.64 

Π3 0.007505 0.0073097 

Π4 0.369123 0.3691234 

Π5 1.396861 0.1402214 

Π6 1.559667 1.5596674 

optimum 

Π8 
 

1.018484 
 

1.3454545 
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6. Conclusion 

 In order to simulate complex systems under the influence of diversified independent parameters, 

this investigation is built by extending the logical basis of contemporary simulation models. Sometimes 

these 35 parameters may fail to explain the observed noise while predicting .It simply complies that 

some vital input must be included. Extraneous sense  and  effect  of  some  unknown  variables  may  

have  effect  on  measurement, which  must  be  the  part  of randomness. 

 Under  the  prime  focus  of  reduction  of  cycle  time  and  human  energy  expenditure,  ANN  

models  divulge contribution of various factors on cycle time and human energy expenditure. Amongst 

various modeling methods used for the present research ANN appears to be the best one. Optimization 

of various mathematical models presented in the  previous section also reveal that ANN  optimization 

using univariate analysis exhibits better optimum values for the cycle time and human energy 

expenditure. Reduction of production cycle time is observed with parameters like spatial distance 

between centroid of stool and WIP table, Machine age, noise without operation, Thickness of product, 

machine criticality as  well as  breadth of the  product for  all  product model. Similarly univariate 

analysis shows that machine age and length of the product are important parameters for product I model. 

In case of product II model parameters like foot breadth of operator, machine age, wet bulb temperature, 

thickness of product, BMI prime and height of operator are helpful for reduction of cycle time. 

 For reduction of human energy expenditure parameters like spatial distance between centroid of 

stool and WIP table, wet bulb temperature, and thickness of the product, machine age and BMI prime 

are responsible for all product ANN model. In case of product I, spatial distance between centroid of 

stool and WIP table, wet bulb temperature, age of operator and capacity of machine are responsible 

parameters. For product II, parameters like BMI prime, machine age, and arm reach of operator and area 

of table top helpful for reduction of human energy expenditure. 
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Abstract:  
 This paper emphasizes on modeling and simulation structural subassembly manufacturing 

system using artificial neural network. Twelve models were developed and used for the prediction of 

cycle time and human energy input to manufacture  structural  subassemblies,  predominantly in  batch  

processing  mode.  Initially  characteristics  of  structural subassembly manufacturing were investigated. 

Under critical investigation 35 participating independent variables identified and data collected from the 

actual scene of manufacturing. The parameter estimates for the neural network training model and 

prediction of the neural network are completed with field process generated array, and the performances 

of the twelve models are studied. The neural network model obtains its prediction and estimation 

through training and prediction program of Matalb. The neural network model is found to seize better 

performance with coefficient of correlation ranging between (0.8671 to 0.998498) with low RMSE and 

SSE for simulated results. 

 

Keywords: Multilayer perceptron, Neural Network, Strucutral subassembly, network training, Prediciton 

 

1. Introduction: 
 During last decade models, have emerged to estimate and predict various parameters of 

manufacturing industry using ANN approach .Current study depicted in this paper is primarily focuses 

on batch processing multivariate production of structural subassemblies of tractors.Strucural 

subassemblies are the mounting on the main body of the tractor such as assembly quadrant mounting 

bracket,PC lever and hub subassembly,DCslider,Lever draft control upgradation,Latch bottom support 

bracket etc. With the present scope of study five products are taken into consideration for generation of 

field  process  generated  array  .Field  process  generated  array  consists  with  collection  of  field  data  
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related  to  35 participating independent variables for total eight workstations. No of experiments were 

planned and conducted on actual scene of manufacturing ,600 for all products combine,168 for product I 

,144 for product II,48 for pro duct III ,120 for product IV and 144 for product V. Neural networks are 

the preferred tool for many predictive data mining applications because of their power, flexibility, and 

ease of use. Predictive neural networks are particularly useful in applications where the  underlying 

process is complex. Neural networks used in predictive applications, such as the  multilayer perceptron 

(MLP) networks, are supervised in the sagacity that the model-predicted results can be compared against 

known values of the target variables. The Neural Networks option allows us to fit MLP networks and 

save the resulting models for scoring. In this paper ANN is applied for the field process dataset using 

SPSS-20.Basic focus of this paper is to simulate the data for two dependent variables Cycle time and 

human energy input (pulse) based on field process generated array using ANN. Further extension of 

study is to find out more sensitive independent variables which will have impact on dependent variable. 

 

2. Literature Review: 
 [Timothy James Stich, Dr. Julie K. Spoerre & Dr. Tomás Velasco,2000] In their paper on “T he 

Application of Artificial Neural Networks to Monitoring and Control of an Induction Hardening 

Process” systematically investigated thorough literature, according to them ,Artificial neural networks 

(ANNs) are excellent tools for complex manufacturing processes that have many variables and complex 

interactions. Neural networks have provided a means of successfully controlling complex Processes 

[(Toosi and Zhu 1995, Hubick 1992,Hoskins and Himmelblau 1992,Coit and Smith 1995, Fan and Wu 

1995,and Chovan, Catfolis and Meert 1996)].Other applications of neural networks include bearing fault 

classification [Spoerre, 1997], turning, tapping, and welding comparisons [Du, Elbestawi, and Wu 

1995],acoustic emission for tool condition  monitoring  [Toosi  and  Zhu  1995],  temperature  control  in  

a  continuous-stirred-tank reactor  [Hoskins  and Himmelblau 1992], and monitoring of chip production 

and cutting-tool wear [Hubick 1992]. [Pham and Oztemel (1994)] used an integrated neural network-

based pattern recognizer and expert system for analyzing and interpreting control charts. In another 

application, artificially intelligent process control functions based on a unique combination of rule -

based expert systems and neural networks were developed to control a complex pulp and paper process 

[Beaverstock 1993]. 

 [Smith, A. E., & Mason, A. K. 1997]A new method of estimating cost is through the use of 

artificial neural networks or ANNs. One major benefit of using a neural network is its ability to 

comprehend and conjure up multifarious functions. However, one of the current drawbacks to such use 

is that as the complexity of the function increases, more training data becomes necessary if the function 

is to be implicit as well as possible. This meticulous disadvantage is a factor for any method but is 

especially present with neural networks as it requires the data to be split into multiple subsets.   Neural 

networks are used to simulate more complex functions than older methods, such as linear regression, 

making the amount of data available increasingly important. Production data, part designs, and part costs 

from a large aircraft engine manufacture r were used to train and test a neural network. Two different 

part families, shafts and cases, were evaluated, which represent two different levels of part complexity 

[John D. Dowler, 2008]. Little work has been published on using real world data to train and test a 

neural network that can produce a cost estimate. To date, those studies available show ANNs promising 

ability to understand complex models and provide a superior cost estimate when compared to estimation 

methods such as linear regression [Smith, A. E., & Mason, A. K. 1997]. 

 [Marco Garetti, Marco Taisch, 2010] in their paper mentioned mottled applications cover a great 

number of industrial engineering domains with different degrees of innovation. Examples range from 
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production scheduling to process control [Currie and Leclair 1993, Rogers and Dagli1996] , from image 

recognition [ Huang et al. 1992] to signal processing 

[Widrow et al . 1994] , from system identification [ Pollard et al . 1992] to metal cutting [ Nagasaka et 

al. 1995, Yan et al .1995] , from inspection [ Hou et al.1993] to forecasting, from product design [ 

Venugopal and Narendran 1992, Wu 1993] to plant design and location [ Shtub and Zimerman 1993, 

Vaithyanathan et al . 1996] , from robot control to system diagnosis [ Huang and Wang 1993, L in et al. 

1995] . 

 As mentioned and discussed by [Brad Warner and Manavendra Misra, 1996] several authors 

have done comparison studies between statistical methods and neural networks [Hruschka 1993; Wu and 

Yen 1992]. These works have a propensity to focus on performance comparisons and use specific 

problems as examples. There are a number of good introductory articles on neural networks, usually 

located in various trade journals. For instance, [Lippmann (1987)] provides an excellent overview of 

neural networks for the signal processing community. There are also a number of good introductory 

books on neural networks, with [Hertz, Krogh, and Palmer (1991)] providing a good mathematical 

description,[ Smith (1993)] explaining backpropagation in  an  applied setting, and  [Freeman (1994)] 

using examples and  code to  explain neural networks. There have also been papers relating neural 

networks and statistical methods [Buntine and Weigend 1991; Ripley 1992; Sarle 1994; Werbos 1991]. 

One of the best for a general overview is [Ripley (1993)]. [Frans Vainio, Michael Maier, Timo Knuutila, 

Esa Alhoniemi, 2009]According to cited literature of this paper when considering possible methods for 

estimating the operation times of manufacturing machines, one can rely on statistical techniques. 

Common nonlinear regression methods are well known in the classical statistics literature [Hald 

(1967)].In recent years; neural networks have gained much esteem due to their flexibility, 

resourcefulness and simplicity. There are many different types of neural networks supporting nonlinear 

regression, e.g. MLP (multi-layer perceptron), RBF (radial basis function) and SVM (support vector 

machine)[Bishop (1995)]. Each of these methods has strengths and weaknesses. It turns out that 

conventional learning methods are prone to overfitting when the number of hidden units of the network 

is large in relation to the number of training cases. 

Above mentioned literature shows insightful porch of ANN for diversified domains. 

 

3. Field experimentation: 

 Representation of the actual corporeal system for structural subassembly manufacturing with 

various workstations might be a tedious task for large dataset. Scenario would be, more complex with 

various product mix and var ious factors which must be taken into consideration for modeling. With the 

present scope of this paper five different products are selected for modeling process. Selection of 

independent variable is done based on the actual working scenario .Predominantly independent variables 

related to ergonomic consideration, workstation parameters, product specification and parameters, 

worker personal data and environmental conditions have been identified for the data collection form the 

actual scene. Table 1 shows the list of independent variable for modeling and their analogous grouping 

based on logical thinking. 
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Anthropometric 

Data of the 

Operators 

Personal 
Data of 

Workstati

on 

Operators 

Workstatio
n 
Specificatio

n 

Data of 
workplace 
Parameters 

Data Related to 
Environmental 
Conditions 

Data of 
product 

dimensio

ns 

Height, Foot 
Breadth, Arm 
Span, Arm 
Reach, Eris 
Height, Sit 
Knee Height 

Sex, Age, 
BMI 
Prime, 
Qualificati
on, 
Experience 
(Years), 
Weight 
In kg. 

Capacity, 
HP, 
Stroke 
Frequenc
y, Stroke 
speed, 
Machine 
Age 

Hs tool, 
Areattop, 
htable, 
sdstoolworkta
ble, 
sdstoolwiptabl
e 

Noise Without Operation, 
Noise With 
Operation, Illumination 

at Workstation, 

Illumination at Sight, 

Dry Bulb Temp, Wet 

Bulb Temp, Humidity 

Length, 
Breadth, 
thickness, 
part 
weight, 
Yield 
strength, 
Material 

Table1: Categorization of independent variables 

 

 Altogether 35 independent variables are well thought-out for modeling for the prediction of cycle 

time and human energy input. Number of experiments were planned and executed on the actual 

panorama of manufacturing ,related cycle time of the operation and then total cycle time required to 

manufacture a product is premeditated which will serve as experimental value .Experimental value will 

be serviceable for comparison and fitting of the mathematical model with different recital 

index. 

    
Fig.1 Experimental setup for field data collection 

 

4. Various independent variables for field process array: 
Sr. 
No. 

Independent 
variable name Symbol MLT 

Indices 
Unit of 

Measurement 
Sr. 
No. 

Independent 
variable name Symbol MLT 

Indices 
Unit of 

Measurement 

1 Arm span As M0 L1 T0 cm 18 preventive 
maintenance time Mcdtime M0 L0 T1 Hrs per week 

2 Foot breadth Fb M0 L1 T0 cm 19 Height of stool Hos M0 L1 T0 Cm 

3 Sitting knee 
height Skh M0 L1 T0 cm 20 Height of work 

table Htw M0 L1 T0 Cm 

4 Height Ht M0 L1 T0 cm 21 

Spatial distance 

between centroid 
of stool top and 

work table 

Sd1 M0 L1 T0 Cm 

5 Arm reach Ar M0 L1 T0 cm 22 Area of tabletop Areattop M0 L2 T0 cm2 

6 Erect sit height Esh M0 L1 T0 cm 23 

Spatial distance 

between centroid 

of stool top and 
WIP table 

Sd2 M0 L1 T0 Cm 



ISCI 2014 

125 

 

7 Qualification 
grade Qgr M0 L0 T0 dimensionless 24 Thickness t M0 L1 T0 Mm 

8 Sex S M0 L0 T0 dimensionless 25 Machinable length Mc.len M0 L1 T0 Mm 

8 BMI prime BMI 

prime M0 L0 T0 dimensionless 26 Length L M0 L1 T0 Mm 

9 Age Ag M0 L0 T1 Years 27 Breadth B M0 L1 T0 Cm 
10 Experience Exp M0 L0 T1 Months 28 Weight Wt M1 L0 T0 Kg 
11 Power HP P M1 L2 T-3 H.P. 29 Illumination sight 

range(Average) 
Isr M1 L3 T- 

1 
Lux 

12 Stroke/Seconds Sps M0 L0 T-1 Hz 30 Noise level with 
stroke 

dBstroke M0 L0 T0 dBA 

13 Age of 
Machine 

Aom M0 L0 T1 Years 31 Dry bulb 
temperature 

DBT M0 L0 T0 
K1 

OC 

14 Capacity tons C M1L0 T0 Tons 32 Illumination at 
work table 

Iwt M1 L3 T- 
1 

Lux 

15 Stroke speed Ss M0 L1 T-1 mm/sec 33 Noise level 
without stroke 

dB M0 L0 T0 dBA 

16 Distance 
between ram 
and Worktable 

distrw M0 L1 T0 cm 34 Mc_criticality Mc.criti M0 L0 T0 Dimensionless 

17 Setting time 
for machine 

stime M0 L0 T1 min 35 Wet bulb 
temperature 

WBT M0 L0 T0 

K1 
OC 

Table 2: Assorted independent variables 

 

 
Table 3: Assorted dependent variables 

 

5. Modeling using Artificial Neural Networks: 

 The term neural network applies to a limply associated family of models, characterized by a 

outsized stricture space and flexible structure, descending from studies of brain functioning. As the 

family grew, most of the new models were designed for  nonbiological  applications; nonetheless much 

of  the  coupled  terminology reflects  its  origin.  Explicit definitions of neural networks are as speckled 

as the fields in which they are used. While no single definition properly covers the entire family of 

models, for now, consider the following description [Haykin, 1998]:A neural network is a massively 

parallel distributed processor that has a natural propensity for storing experiential knowledge and 

making it available for use. It resembles the brain in two respects: 

 • Knowledge is acquired by the network through a erudition process. 

 • Interneuron connection strengths known as synaptic weights are used to store the knowledge. 

For a discussion of why this definition is possibly too restraining, see [Ripley, 1996]. 

In order to differentiate neural networks from traditional statistical methods using this definition, what is 

not said is just as noteworthy as the actual text of the definition. For example, the established linear 

regression model can attain knowledge through the least-squares method and store that knowledge in the 

regression coefficients. In this sense, it is a neural network. In fact, one can argue that linear regression 

is a special case of convinced neural networks. However, linear regression has a stiff model structure 

and set of assumptions that are imposed before learning from the data. 

 The swapping for flexibility ANN is that the synaptic weights of a neural network are not easily 

interpretable. Thus, if one try to explain a causal process that produces the relationships between the 

dependent and independent variables, it would be better to use a more traditional statistical model. 

However, if model interpretability is not important, one can often obtain good model results more 

quickly using a neural network. 
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5.1 Neural Network Structure 

 Although neural networks impose nominal demands on model structure and assumptions, it is 

useful to understand the 

general network architecture. The multilayer perceptron (MLP) network is a function of predictors (also 

called inputs or independent variables) that minimize the prediction error of target variables (also called 

outputs). This structure is known as feedforward architecture because the acquaintances in the network 

flow forward from the input layer to the output layer without any feedback loops. In this figure: 

 • The input layer contains the predictors. 

 • The hidden layer contains unobservable nodes, or units. The value of each hidden unit is some 

function of the predictors; the exact form of the function depends in part upon the network type and in 

part upon user -controllable specifications. 

 • The output layer contains the responses. Since the history of default is a categorical variable 

with two categories, it is recoded as two indicator variables. Each output unit is some function of the 

hidden units. Again, the exact form of the function depends in part on the network type and in part on 

user-controllable specifications. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: Sample Feed forward architecture with one 

Hidden layer [Source: IBM SPSS 20] 

5.2 Number of Hidden Layers : A multilayer perceptron can have one or two hidden layers. For the 

case presented in this paper all models are fitted well with one hidden layer 

5.3 Activation Function : The activation function "links" the weighted sums of units in a layer to the 

values of units in the succeeding layer. 

 

Hyperbolic tangent: This function has the form: 

γ(c) = tanh(c) = (ec−e−c)/(ec+e−c). 

 

 It takes real-valued arguments and transforms them to the range (–1, 1). When automatic 

architecture selection is used, this is the activation function for all units in the hidden layers.Hypebolic 

tangential function is utilized as activation function for present study [Handbook of SPSS 20, IBM]. 

 

6. ANN model formulation : ANN models are formulated using MATLAB software ,corresponding 

topology of all models for five different product constituted is 35-37-1 .Which is 35 elements in input 

layer,37 nodes in hidden layer and one element in output layer. Related network diagram, plots for 

prediction, residual and variable importance analysis is as follows: 
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Fig 3: ANN network for Product all, I, II, vs Ctime (35-37-1 topology) 

  

 
Fig 4: ANN network for Product III,V, V vs Ctime (35-37-1 topology) 

 

7. Sample Mathematical ANN model with base variable as input and cycle time output for all 

products: ANN equation for basic variables as input and production cycle time as output is formulated 

as follows:  
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X
1,1

= (e1*sum(Layer1Cell0) - e-1*sum(Layer1Cell0))/( e1*sum(Layer1Cell0) + e-*sum(Layer1Cell0) 

) 

Where  

sum (Layer1cell0) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  X0,13+0.02*  

X0,14+0.33*  X0,15-0.421*X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* X0,20+0.471* 

X0,21-0.146* X0,22-0.363* X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* 

X0,28+0.196* X0,29+0.18* X0,30-0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34  -

0.228* X0,35-0.421 

X1,2= (e1*sum(Layer1Cell1)- e-1*sum(Layer1Cell1)) / ( e1*sum(Layer1Cell1) + e-*sum(Layer1Cell1) 

) 

Where  

sum (Layer1cell1) = 0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  

X0,13+0.02*0,14+0.33*  X0,15-0.421*X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* 

X0,20+0.471* X0,21-0.146* X0,22-0.363* X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* 

X0,27+0.389* X0,28+0.196* X0,29+0.18* X0,30-0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* 

X0,34  -0.228* X0,35-0.433 

X1,3=(e1*sum(Layer1Cell2)- e-1*sum(Layer1Cell2) ) / ( e1*sum(Layer1Cell2) + e-*sum(Layer1Cell2) 

) 

Where  

sum (Layer1cell2) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  X0,13+0.02*  

X0,14+0.33*  X0,15-0.421*X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* X0,20+0.471* 

X0,21-0.146* X0,22-0.363* X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* 

X0,28+0.196* X0,29+0.18* X0,30-0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34  -

0.228* X0,35+0.459 

X1,4= (e1*sum(Layer1Cell3) - e-1*sum(Layer1Cell3) ) / ( e1*sum(Layer1Cell3) + e-

1*sum(Layer1Cell3) ) 

Where  

sum (Layer1cell4) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  X0,13+0.02*  

X0,14+0.33*  X0,15-0.421*X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* X0,20+0.471* 

X0,21-0.146* X0,22-0.363* X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* 

X0,28+0.196* X0,29+0.18* X0,30-0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34 -0.228* 

X0,35+0.021 
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X1,5= (e1*sum(Layer1Cell4)- e-1*sum(Layer1Cell4))/ ( e1*sum(Layer1Cell4) + e-*sum(Layer1Cell4) 

) 

Where  

sum (Layer1cell5) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,60.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  X0,13+0.02*  X0,14+0.33*  

X0,15-0.421* X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* X0,20+0.471* X0,21-0.146* X0,22-

0.363* X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* X0,28+0.196* X0,29+0.18* 

X0,30-0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34  -0.228* X0,35-0.001 

X1,6= (e1*sum(Layer1Cell5) - e-1*sum(Layer1Cell5) ) / ( e1*sum(Layer1Cell5) + e-1*sum(Layer1Cell5) ) 

Where  

sum (Layer1cell6) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  X0,13+0.02*  X0,14+0.33*  

X0,15-0.421*X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* X0,20+0.471* X0,21-0.146* X0,22-0.363* 

X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* X0,28+0.196* X0,29+0.18* X0,30-

0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34  -0.228* X0,35+0.498 

X1,7= (e1*sum(Layer1Cell6) - e-1*sum(Layer1Cell6) ) / ( e1*sum(Layer1Cell6) + e-1*sum(Layer1Cell6) ) 

Where  

sum (Layer1cell7) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  X0,13+0.02*  X0,14+0.33*  

X0,15-0.421*X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* X0,20+0.471* X0,21-0.146* X0,22-0.363* 

X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* X0,28+0.196* X0,29+0.18* X0,30-

0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34  -0.228* X0,35-0.166 

X1,8= (e1*sum(Layer1Cell7) - e-1*sum(Layer1Cell7) ) / ( e1*sum(Layer1Cell7) + e-1*sum(Layer1Cell7) ) 

Where  

sum (Layer1cell8) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  X0,13+0.02*  X0,14+0.33*  

X0,15-0.421*X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* X0,20+0.471* X0,21-0.146* X0,22-0.363* 

X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* X0,28+0.196* X0,29+0.18* X0,30-

0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34  -0.228* X0,35-0.047 

X1,9= (e1*sum(Layer1Cell8) - e-1*sum(Layer1Cell8) ) / ( e1*sum(Layer1Cell8) + e-1*sum(Layer1Cell8) ) 

Where  

sum (Layer1cell9) =0.24*X0,1 -0.43*X0,2 – 0.307*X0,3+0.17*X0,4+0.1888*X0,5-0.4*X0,6+0.24*  

X0,7+0.4*  X0,8+0.02*  X0,9-0.074*  X0,10-0.023*  X0,11+0.15*  X0,12+0.099*  X0,13+0.02*  X0,14+0.33*  

X0,15-0.421*X0,16+0.29* X0,17-0.009* X0,18+0.04* X0,19+0.077* X0,20+0.471* X0,21-0.146* X0,22-0.363* 

X0,23-0.417* X0,24+0.163* X0,25-0.237* X0,26-0.329* X0,27+0.389* X0,28+0.196* X0,29+0.18* X0,30-

0.359* X0,31+0.04* X0,32-0.096* X0,33-0.0321* X0,34  -0.228* X0,35+0.328 
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Fig 5: Regression plot for training, testing and validation         Fig 6: Error histogram and gradient plot 

of all products vs ctime ANN model                                     of all products vs ctime ANN model                                                                      

 

 
Fig 7: Validation performance graph of all products ANN models 

  

7.1 Goodness of fit for the all variables Ctime model 
Coefficient of 
correlation( R) 

 
R

2
 

SSE RMSE Relative Error 

Training Prediction  Training Prediction 

0.9989 0.997 0.0896 0.272 0.197 0.003 0.005 

 

 
Fig 8: Experimental and computed values of Ctime for all products in ANN all variable model 
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Fig 9: ANN network for Product all, I, II vs Pulse (35-37-1 topology) 

 

 
Fig 10: ANN network for Product III, IV, V vs Pulse (35-37-1 topology) 

  

8. Sample Mathematical ANN model with base variable as input and cycle time output for all 

products: 

X1,1= (e1*sum(Layer1Cell0) - e-1*sum(Layer1Cell0) )/( e1*sum(Layer1Cell0) + e-*sum(Layer1Cell0) 

) 

Where  

sum (Layer1cell0) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195*X0,8+0.6555*  X0,9+0.087*  X0,10-0.221*  X0,11-0.0296*  X0,12-0.267*  
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X0,13+0.33*  X0,14+0.12*  X0,15+0.383*  X0,16+0.142*X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4*X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35+0.401 

X1,2= (e1*sum(Layer1Cell1) - e-1*sum(Layer1Cell1) )/( e1*sum(Layer1Cell1) + e-*sum(Layer1Cell1) 

) 

Where  

sum (Layer1cell1) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195*X0,8+0.6555*  X0,9+0.087*  X0,10-0.221*  X0,11-0.0296*  X0,12-0.267*  

X0,13+0.33*  X0,14+0.12*  X0,15+0.383*  X0,16+0.142*X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4*X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35-0.1389 

X1,3= (e1*sum(Layer1Cell2) - e-1*sum(Layer1Cell2) )/( e1*sum(Layer1Cell2)+ e-

1*sum(Layer1Cell2)) 

Where  

sum (Layer1cell2) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195*X0,8+0.6555*  X0,9+0.087*  X0,10-0.221*  X0,11-0.0296*  X0,12-0.267*  

X0,13+0.33*  X0,14+0.12*  X0,15+0.383*  X0,16+0.142*X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4*X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35-0.4159 

X1,4= (e1*sum(Layer1Cell3) - e-1*sum(Layer1Cell3) )/( e1*sum(Layer1Cell3) + e-*sum(Layer1Cell3) 

) 

Where  

sum (Layer1cell4) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195*X0,8+0.6555*  X0,9+0.087*  X0,10-0.221*  X0,11-0.0296*  X0,12-0.267*  

X0,13+0.33*  X0,14+0.12*  X0,15+0.383*  X0,16+0.142*X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4*X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35+0.176 

X1,5= (e1*sum(Layer1Cell4)- e-1*sum(Layer1Cell4) )/( e1*sum(Layer1Cell4) + e-

1*sum(Layer1Cell4)) 

Where  

sum (Layer1cell5) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195*X0,8+0.6555*  X0,9+0.087*  X0,10-0.221*  X0,11-0.0296*  X0,12-0.267*  

X0,13+0.33*  X0,14+0.12*  X0,15+0.383*  X0,16+0.142*X0,17+0.293* X0,18+0.17* X0,19-0.219* 
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X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4*X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35+0.229 

X1,6= (e1*sum(Layer1Cell5)- e-1*sum(Layer1Cell5) )/( e1*sum(Layer1Cell5)+ e-1*sum(Layer1Cell5) 

) 

Where  

sum (Layer1cell6) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195*X0,8+0.6555*  X0,9+0.087*  X0,10-0.221*  X0,11-0.0296*  X0,12-0.267*  

X0,13+0.33*  X0,14+0.12*  X0,15+0.383*  X0,16+0.142*X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4*X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35-0.4708 

X1,7=(e1*sum(Layer1Cell6)- e-1*sum(Layer1Cell6) ) /( e1*sum(Layer1Cell6) + e-*sum(Layer1Cell6) 

) 

Where  

sum (Layer1cell7) =-0.1065*X0,1-0.4677*X0,2 +0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195*X0,8+0.6555*  X0,9+0.087*  X0,10-0.221*  X0,11-0.0296*  X0,12-0.267*  

X0,13+0.33*  X0,14+0.12*  X0,15+0.383*  X0,16+0.142*X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4*X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35+0.139 

X1,8= (e1*sum(Layer1Cell7) - e-1*sum(Layer1Cell7) ) /( e1*sum(Layer1Cell7)+ e-*sum(Layer1Cell7) 

) 

Where  

sum (Layer1cell8) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195* X0,8+0.6555* X0,9+0.087* X0,10-0.221* X0,11-0.0296* X0,12-0.267* 

X0,13+0.33* X0,14+0.12* X0,15+0.383* X0,16+0.142* X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4* X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35+0.1 

X1,9= (e1*sum(Layer1Cell8) - e-1*sum(Layer1Cell8) ) / (e1*sum(Layer1Cell8)+ e-*sum(Layer1Cell8) 

) 

Where  

sum (Layer1cell9) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195*X0,8+0.6555*  X0,9+0.087*  X0,10-0.221*  X0,11-0.0296*  X0,12-0.267*  

X0,13+0.33*  X0,14+0.12*  X0,15+0.383*  X0,16+0.142*X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4*X0,27-
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0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35+0.333 

X1,10= (e1*sum(Layer1Cell9)- e-1*sum(Layer1Cell9) )/( e1*sum(Layer1Cell9)+e-

1*sum(Layer1Cell9)) 

Where  

sum (Layer1cell10) =-0.1065*X0,1 -0.4677*X0,2 + 0.358*X0,3-0.319*X0,4-0.434*X0,5+0.01*X0,6-

0.2891* X0,7+0.195* X0,8+0.6555* X0,9+0.087* X0,10-0.221* X0,11-0.0296* X0,12-0.267*0, 

13+0.33* X0,14+0.12* X0,15+0.383* X0,16+0.142* X0,17+0.293* X0,18+0.17* X0,19-0.219* 

X0,20+0.48* X0,21-0.091* X0,22-0.11* X0,23-0.468* X0,24-0.299* X0,25+0.07* X0,26-0.4* X0,27-

0.0888* X0,28-0.186* X0,29+0.02* X0,30-0.237* X0,31+0.144* X0,32-0.053* X0,33+0.52* X0,34 

+0.174* X0,35-0.2642 

 

Goodness of fit for the all variables Human energy model 
Coefficient of 
correlation( R) 

R2 SSE RMSE Relative Error 

Training Prediction  Training Prediction 

0.9865 0.9731 0.05485 0.191 0.141 0.004 0.010 

 

 
 

Fig 11: Experimental and computed values of HE for all products in ANN all variable model 

 

 
 

Fig12: Regression plot for training, testing  and                   Fig13: Error histogram and gradient plot of  

     Validation of all products ANN model (HE)                           all  products ANN models (HE) 
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Fig 14: Validation performance graph of all products ANN model (HE) 

 
Modeling 
technique 

Model Coefficient of 
correlation( R) 

R
2 RMSE SSE Relative Error 

Training Prediction Training Prediction 

ANN 
Models for 

basic 

variables 

M49ALLACT 0.998998 0.997 0.0896 0.272 0.197 0.003 0.005 
M50ALLAPL 0.9865 0.9731 0.05485 0.191 0.141 0.004 0.010 
M51P1ACT 0.9992 0.996 0.0458 0.079 0.045 0.004 0.004 
M52P1APL 0.99909 0.9980 0.0895 0.089 0.021 0.006 0.004 
M53P2ACT 0.99908 0.998 0.2438 0.224 0.124 0.010 0.012 
M54P2APL 0.99807 0.9960 0.0982 0.078 0.041 0.004 0.041 
M55P3ACT 0.9974 0.9948 0.564 1.578 1.193 0.023 0.038 
M56P3APL 0.99809 0.996 0.0456 0.073 0.034 0.004 0.004 
M57P4ACT 0.99558 0.9911 0.5687 0.054 0.033 0.002 0.004 
M58P4APL 0.8909 0.7937 0.0487 0.031 0.022 0.002 0.004 
M59P5ACT 0.999 0.9980 1.2435 2.064 1.438 0.249 0.250 
M60P5APL 0.92236 0.8507 1.0089 1.169 1.028 0.104 0.218 

Table 4: ANN model summary (ctime and Pulse as dependent variable) 

 

9 ANN Model Interpretation: 

 • Network Diagram: Displays the network diagram for fitting ANN model with 35 independent 

variables in layer I, 37 nodes in hidden II and one node in output layer for dependent variable. Note that 

as the number of covariates and factor levels increases, the diagram becomes more difficult to interpret. 

Two different sets of network diagram were created for two dependent variables. 

 • Synaptic weights: To  fit  the  model and  to  simulate the  data  for  prediction of cycle  time,  

human energy input corresponding synaptic weight have calculated. The coefficient estimates that show 

the relationship between the units in a given layer to the units in the following layer. The synaptic 

weights are based on the training sample even if the active dataset is partitioned into training, prediction, 

and holdout data. Note that the number of synaptic weights can become rather large and that these 

weights are generally not used for interpreting network results. 

 • Model summary: Table 4 displays a summary of the neural network results for cycle time as a 

dependent variable by partition and overall, including the error, the relative error or percentage of 

incorrect predictions, the stopping rule used to stop training, and the training time. The error is the sum-

of-squares error when the identity hyperbolic tangent activation function is applied to the output layer. 

The range of SSE (0.079-0.191) for training and (0.021-0.141) for prediction of all six fitted model is 
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very much on lower side which pointing towards statistically significant model. Relative errors or 

percentages of incorrect predictions are displayed depending on the dependent variable measurement 

levels. If any dependent variable has scale measurement level, then the average overall relative error 

(relative to the mean model) is displayed. Relative errors or percentages of incorrect predictions (0.004-

0.006) for training and (0.004-0.010) are also displayed for individual dependent variables. 

Similarly Table 4 displays the summary of the neural network for Pulse as a dependent variable. The 

range of SSE (0.031-2.064) for training and (0.022-1.438) for prediction of all six fitted model is very 

much on lower side which pointing towards statistically significant model. Relative errors or 

percentages of incorrect predictions are displayed depending on the dependent variable measurement 

levels. If any dependent variable has scale measurement level, then the average overall relative error 

(relative to the mean model) is displayed. Relative errors or percentages of incorrect predictions (0.002-

0.250) for training and (0.004-0.250) are also displayed for individual dependent variables. 

 •  Independent variable importance analysis. Performs a sensitivity analysis, which computes the 

importance of each predictor in determining the neural network. The analysis is based on the combined 

training and testing samples. This table and a chart displaying importance and normalized importance 

for each predictor. Note that sensitivity analysis is computationally expensive and time-consuming if 

there are large numbers of predictors or cases. The above mentioned models clearly revealed that sitting 

knee height, Errect sit height, stroke speed and breadth of the product is more sensitive respectively for 

product I .Similarly height of stool, breadth of product,dry bulb temperature and special distance 

between centroid of stool top and work table are sensitive for product II ,Qualification grade of operator 

,arm reach, length of product, foot breadth of operator respectively sensitive for product III. 

  

10. Discussion and conclusion: 

 
Fig 15: Experimental vs prediction ctime of                   Fig 16: Experimental vs prediction pulse 

ANN for Product- I                                                 of ANN for Product-I 

 
Fig 17: Experimental vs prediction ctime               Fig 18: Experimental vs prediction pulse 

of ANN for Product II                                       of ANN for Product II 

 

 
Fig 19: Experimental vs prediction ctime                   Fig 20: Experimental vs prediction pulse  

of ANN for Product III                                        of ANN for Product III 
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Fig 21: Experimental vs prediction ctime                   Fig 22: Experimental vs prediction 

of ANN for Product IV                                                pulse of ANN for Product IV 

 

 
Fig 23: Experimental vs prediction ctime                    Fig 25: Experimental vs prediction 

of ANN for Product V                                                  pulse of ANN for Product V 

 

 Neural networks are an admirable option for cycle time and human energy input prediction even 

when the relative amount of input data available is limited. This research showed that a neural network 

was able to achieve a bit superior R value when compared to the time-honored regression method. A 

snag to the use of neural Networks is their black box scenery may vague the reasoning behind the 

prediction. With the use of sensitivity analysis, neural networks are able to display the underlying 

independent variables which cater as a drivers for the prediction of dependent variable. Despite of very 

close resemblance of descriptive statistics of two methods applied for modeling in this paper, one 

viewpoint is important and need to be focused. Neural Network established a relationship between 

independent and dependent variables with almost all range of independent variables. For the simulation 

of model no of runs stands with its importance, and thus ANN suffice the need of expensive simulation 

process .ANN almost reach to optimum level of prediction with less than 1000 epochs. 
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Ctime Pulse 

Yexperimental Ycomputed Yexperimental Ycomputed 

40 88 39.23 86.81 

39 88 39.23 86.81 

39 88 39.23 86.81 

40 87 39.22 86.81 

39 87 39.22 86.81 

40 87 39.22 86.81 

39 84 39.15 84.72 
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39 84 39.15 84.72 

40 84 39.15 84.72 

40 85 39.02 84.87 

39 85 39.02 84.87 

39 85 39.02 84.87 

39 74 38.88 73.83 

39 74 38.88 73.83 

40 74 38.88 73.83 

40 72 38.79 71.82 
39 72 38.79 71.82 

39 72 38.79 71.82 

39 72 38.46 71.46 

39 72 38.46 71.46 

39 72 38.46 71.46 

39 70 39.11 71.74 

39 70 39.11 71.74 

39 70 39.11 71.74 

39 87 39.13 87.14 

39 87 39.13 87.14 

39 87 39.13 87.14 

39 86 39.2 86.65 
39 86 39.2 86.65 

39 86 39.2 86.65 

38 85 39.13 84.85 

39 85 39.13 84.85 

39 85 39.13 84.85 

40 85 38.86 85.23 

40 85 38.86 85.23 

39 85 38.86 85.23 

39 74 38.71 73.34 

38 74 38.71 73.34 

38 74 38.71 73.34 

38 72 38.29 71.73 

38 72 38.29 71.73 

38 72 38.29 71.73 

38 70 37.94 71.26 

38 70 37.94 71.26 

 

Appendix: simulated results for all products combined and product I model 
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Abstract 

 The work performance of the strain rod has an important impact on the structural performance 

of the entire baling press. In this paper we took the strain rod of 400 ton cotton baling press as research 

object, established its 3D model through CATIA software. Then carried out finite element analysis for it 

by using FE software ANSYS to gain the stress and strain distribution of the rod. The detailed analysis 

of the results was then carried out. The work done can help to fully  understand  the  structure  properties  

of  existing  Strain  rod  design.  It  also  serve  as guidance to  further improve its performance with less 

cost; at the same time provide a theoretical basis for the structural design of the same type of strain rods. 

 

Keywords: FE analysis, Modeling, optimization, strain rod, Structural 

 

1 Introduction 

 Bale packaging is the final step in processing cotton at the gin. The bale press consists of a 

frame,  one  or  more  hydraulic  rams,  and  a  hydraulic  power  system.  The  system  in consideration 

is a 400 ton cotton baling press, a product of Baja steel Industries ltd. MIDC Nagpur. 

Bale press is used to make Bales of cotton. Weight of one bale ranges from 170-200 

Kg. Process occurs in two stages. Compression occurs in large box-like structure called „Lint box‟ . The 

complete structure rests on two steel sills. The compressing assembly and the centre column rest on two 

Strain rods which bear the load of compression of about 3924 KN which gets divided equally among the 

two rods. 

   
Fig 1: Baling press and constraining of strain rod 
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 The presses range from 8 bales per hour (bph) to 60 bph. As the hydraulic ram compresses the 

cotton each rod bears a tensile load of about 1962 KN. Thus strain rods undergo repeated stress cycle of 

0 KN to 1962 KN. Company is using the same diameter rod for presses ranging from 8 Bales/Hr to 35 

Bales/Hr (Up packing bale press), officials perceive a chance of overdesign of the rod. 

 Today,  all  the  modern  manufacturing  enterprises  are  striving  to  develop  best optimized 

reduced weight and cost effective products that meet the intended design functionality and  reliability.  

This result in an innovative design proposal irrespective of dependency of the designer experience and 

conventional design approaches. 

 

2 Literature Review 

 The research on machine tool structures was stepped up by the application of the finite 

element method (FEM) [6-9]. This is a more generalized method in which a continuum is hypothetically 

divided into a number of elements interconnected at nodal points to calculate the strain, displacement 

and stress. The FEM is preferred because it permits a much closer topological resemblance between the 

model and the actual machine. It has been only recently employed for press structures. Due to the 

diversification of structural optimization problems, most structural optimization problems can be 

classified as size, shape and topology optimization. The main application of optimal design of steel 

structures is the size optimization, because this method is possible to minimize the weight of structures 

[4]. 

 To obtain results of acceptable accuracy and reliability, it is required to have a very fine mesh of 

finite elements but this enhances the core memory requirement and the cost of computation. Several 

techniques, such as “model-sub structural analysis” [10] and the “semi- analytical  FEM”  [5],  have  

been  developed  and  used  to  reduce  the  time  and  cost  of computation. In complex structures like 

hydraulic press welded frames, the concept of a substructure cannot be applied. The semi-analytical 

FEM is ideally suited for structures of regular geometric shape. 

In the history of fatigue research, many approaches [1, 2] for the prediction of fatigue life of notched 

elements have been developed. Most of the approaches can be classified into three types according to 

their assumptions: nominal stress approach (NSA), local stress–strain approach (LSSA) and stress field 

intensity approach (SFIA). We followed NSA method as it is the most traditional method, with much 

published data available. It is easiest to implement for a wide range of applications and represent high 

cycle applications adequately. 

 

3 Research Methodology 

  Determine magnitude of static and dynamic loads on the strain rod 

  Check for fatigue stresses and fatigue factor of safety 

  Determine Von mises stresses and Structural factor of safety 

  Determine total deformation 

  Suggest suitable guidelines to optimize 
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3.1 Subject: 

The part to be optimized has following geometry, 

 
  

 

The material properties are as follows, 

 
Oil quenched fine grained at 860±10 0C 

 

3.1.1 Fatigue stresses and fatigue factor of safety: 

 In this condition the load on the strain rod varies from 0 to 1962 KN. Often machine members 

have been found to have failed under the action of repeated or fluctuating stress levels. Yet the 

most careful analysis reveals that the actual maximum stresses were well below the ultimate 

tensile strength of the material, and quite frequently below the yield strength. Hence fat igue analysis 

becomes a necessity in this case. 

 
Endurance strength (Se) of the material is modified as follows, 
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2) Kb = Size factor 

For axial loading Kb=1 

 

 

3) Kc= Loading factor 

For axial loading Kc=0.85 

 

4) Kd = Temperature factor 

For Nagpur city Max temperature is taken as 50 
0
C 

So Kd= 1.010 
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3.1.2 Total deformation of the subject: 

 Applying fundamentals of „Strength of materials‟  we obtain total deformation of the rod as 

equal 

to 2.38 mm. Considering that the loaded length of the rod is 4863 mm and not 5600 mm. 

 

3.2 FE analysis: 

 Simplification of the „Strain rod‟  Model 

According to the structural features and working conditions, its structure model was simplified as 

follows: 

 1. Assume that the rod is a constant linear system, and ignore the influence of damping 

 2. The materials of the frame are isotropic material with uniform density, and the rod is a fully  

 elastic body 

 3. The Materials, loads and physical shape of the rod have symmetry 

 4. Threaded connections were replaced by the circular surface equal to root diameter of the  

 threads. The same surface was taken as fixed support in the analysis. 

 5. Load application point taken half-way the top second step 

 6. Analysis performed for loaded length i.e. 4863 mm 

 

3.2.1 Creating FE model 

 CATIA V5R19 is used to create the model because the model is too complex to be created by 

ANSYS. In order to save computer resources and calculate time, axi-symmetric models are considered. 

The element type is set to solid 45; areas of loading are refined when meshed. 4005units and 

7244 nodes are divided. The meshed model is shown in figure: 
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Fig 2 : Meshed model 

 

3.2.2 Defining constraints and loads 

l) Define symmetry constraints: Contact surfaces of rod are defined as Z=X=Y=0 whereas rod is 

constrained to move only in X direction 

 
Fig 2.1: Loading 

 

3.2.3 Calculation and results 

 
Fig 3: Von mises stresses 

 

The max von mises stress of the rod is far less than the materials yield limits in the working condition. 
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Fig 4: Maximum deformation 

 

The maximum deformation is also well within range of 21 % permissible elongation. The calculated 

value is 2.38 mm whereas software calculated it as 2.28 mm. (4.4% difference) 

 
Fig 5: Factor of safety 

 

The Factor of safety is equal to 5.72 on 160 mm dia. 

 
Fig 6: Fatigue factor of safety 

 

The Fatigue Factor of safety at the 160 mm diameter is found to be 1.91. Whereas, the software gave a 

value of 1.59. 
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Fig 7: Equivalent alternating stresses 

 

The Equivalent alternating stress of the rod is far less than the materials yield limits in the working 

condition. 

 

4. Results 

1. Maximum stress of 538.86 MPa occurs at the portion where fillet is given. Smoothing the fillet radius 

would lower this stress. 

2. Stress is as low as 97.8 MPa at the 160 mm dia. Hence there is a scope of lowering of diameter in this 

portion or material change would suffice. 

3. Safety factor is high as 5.72, so there is scope of optimization 

4. Fatigue factor of safety is 1.91 which is acceptable. 

 

5. Conclusions 

The phase (1) of the project is done successfully, 

1. The results can provide guidance to further improve rod‟ s performance, and at the same time provide 

a theoretical basis for the structural design of the same type of automatic hydraulic press‟  strain rods. 

2. The maximum deformations of the rod is far less than the allowable value, so the stiffness of the 

entire rod can meet the design requirements 

3. The max von-mises stress of the rod are far less than the materials yield limits at major locations in 

working condition, and there is a lot of optimization design space, can consider reducing materials and 

reduce costs. 

4. Apparent stress concentration phenomenon is seen in the rod especially at the places where fillet is 

given. Smoothing it out can solve the problem. 

5. Change in material keeping major portion of the design same can also be a viable option.This would 

result in cost saving.Now, phase (2) of the project will be carried out which constitutes applying of 

applying the recommendations and providing modified rod design. Such a model has resulted in savings 

in computational time, core memory requirement and cost of analysis. 
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Abstract: 

 Artificial Neural Networks (ANN) is information-processing paradigms inspired by the way the 

human brain processes information. They are known to be universal function approximators under 

certain general conditions. The ability to approximate functions to any desired degree of accuracy makes 

ANN an attractive tool for use. This paper presents IBM SPSS 20.0 Artificial Neural Network as a tool 

to demonstrate their use empirically for a multi variate feed forward network with one hidden layer to 

predict cycle time and human energy of a corrugated sheet box industry. The present study investigated 

the application of connectionism (artificial neural networks) to modeling the relationships between 43 

independent variables with hyperbolic tangential function as the activation function for both hidden 

layer and output layer and their effect on cycle time, human energy as a response variable. The objective 

of this study is to present both a higher correlation and decreased error between experimental data and 

predicted values.  

 

Keywords: Artificial Neural Network (ANN), Multi Layer Perceptron (MLP), Feed Forward Network, 

Corrugated Sheet Box, Mathematical Model, Coefficient of Correlations, RMS Error 

 

Relevance to industry: 

 ANN study will be beneficial to the manufacturer of corrugated sheet boxes, packaging 

consultant and the end users. This will also help the corrugated packaging industry to know the 

normalized important independent parameters to minimize dependent parameter like cycle time and 

human energy which will help to improve the overall productivity. 

 

1. Introduction 

Machine like movement of the man and there synchronization is commonly seen with majority of 

industries. Corrugated sheet boxes are packaging products used worldwide. Manufacturing of these 

mailto:sachu_gm@yahoo.com
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boxes involves inseparable activities between man and machine. Manufacturing units for such boxes are 

generally from small scale and exhibit poor housekeeping. During last decade models, have emerged to 

estimate and predict various parameters of manufacturing industry using ANN approach. Current study 

depicted in this paper is primarily focuses on multi variate production process of corrugated sheet box 

industry. With the present scope of study out of above sited one product is taken into consideration for 

generation of field process generated array. Field process generated array consists with collection of 

field data related to forty-three participating independent variables for total seven workstations. No of 

experiments were planned and conducted on actual scene of manufacturing of product 1 is eighty four. 

Neural networks are the preferred tool for many predictive data manufacturing process applications 

because of their power, flexibility, and ease of use. Predictive neural networks are particularly useful in 

applications where the underlying process is complex. Neural networks used in predictive applications, 

such as the multilayer perceptron (MLP) networks, are supervised in the sagacity that the model-

predicted results can be compared against known values of the target variables. The Neural Networks 

option allows us to fit MLP networks and save the resulting models for scoring. In this paper ANN is 

applied for the field process dataset using IBM Statistical SPSS-20.0 software. (Miguel A. Perez & 

Maury A. Nussbaum, 2008) evaluated artificial neural network models to predict initial and final lifting 

postures in 2-D and 3-D scenarios. Descriptors for the participant and condition of interest were input to 

the models; outputs consisted of posture-defining joint angles. Models were trained with subsets of an 

existing posture database before predictions were generated. Trained models predictions were then 

evaluated using the remaining data, which included conditions not presented during training. Prediction 

errors were consistent across these data subsets, suggesting the models generalized well to novel 

conditions. The models generally predicted whole-body postures with per-joint errors in the 58–208 

range, though some errors were larger, particularly for 3-D conditions. These models provided 

reasonably accurate predictions, even outperforming some computational approaches previously 

proposed for similar purposes. (Md. Raisul Islam, S. S. Sablani & A. S. Mujumdar, 2003) Drying rate 

data were generated for training of an ANN model using a liquid diffusion model for potato slices of 

different thickness using air at different velocity, humidity and temperature. Moisture content and 

temperature dependence of the liquid diffusivity as well as the heat of wetting for bound moisture were 

included in the diffusion model making it a highly nonlinear system. An ANN model was developed for 

rapid prediction of the drying rates using the Page equation fitted to the drying rate curves. The ANN 

model is verified to provide accurate interpolation of the drying rates and times within the ranges of 

parameters investigated. (F. B. Gorucu, 2004) includes an approach to evaluate and forecast gas 

consumption by Artificial Neural Network (ANN) modeling for the capital city of Ankara, Turkey. 

ANN models have been trained to perform complex functions in various fields of application including 

the forecasting process. The process of the study is examining the factors affecting the output and 

training the ANNs to decide the optimum parameters to be used in forecasting the gas consumption. (T 

Cakar & I Cil 2004) Simulation is often coupled with Artificial Intelligence (AI) techniques to provide 

an efficient decision making framework. Artificial Neural Networks (ANN) is used for the design of a 

manufacturing system. Four different priority rules are used: EDD, SPT, CR and FCFS. As a result four 

different design alternatives are obtained from trained ANN. Performance measures of a manufacturing 

system are given to the ANN which then gives a design alternative. The design alternatives are 

evaluated in terms of performance measures and then the best design alternative is selected from four 

different alternatives. (Anderson & McNeill, 1992; Curry, Morgan, & Silver, 2002) A neural network 

consists of: (1) an input layer of simple nodes or processing units that receive external stimuli, (2) a 

hidden layer of units (similar to adaptors) that store relationships between the input and output layers, 

and (3) an output layer of outcome units. These are arranged so that each unit in one layer receives 
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signal from each unit in the preceding layer through their synapses, which store their activation. 

Activation is a function of the unit’s summed inputs and depends on the strength of the output, the 

weights linked to each unit, as well as a transformation function. (C.-L. Huang, 1999) the major 

performance measurements for wafer fabrication system comprise WIP level, throughput and cycle time. 

These measurements are influenced by various factors, including machine breakdown, operator absence, 

poor dispatching rules, emergency order and material shortage. Generally, production managers use the 

WIP level profile of each stage to identify an abnormal situation, and then make corrective actions. 

However, such a measurement is reactive, not proactive. Proactive actions must effectively predict the 

future performance, analyze the abnormal situation, and then generate corrective actions to prevent 

performance from degrading. This work systematically constructs artificial neural network models to 

predict production performances for a semiconductor manufacturing factory. (Chih-Chou Chiu & Ming-

Hsien Yang, 2001) back propagation neural networks are developed to identify shifts in process 

parameter values from papermaking and viscosity data set available in literature. For finding the 

appropriate number of input nodes to use in a neural network model, the all-possible-regression 

selection procedure is applied. For comparison, the time series residual control charts are also developed 

for the data sets. As the results reveal, networks were successful at identifying data that were shifted 

one, one and half, and two standard deviations from non-shifted data for both utilized cases. (Amjad 

Harb and Rashid Jayousi, 2012) Neural Network data mining algorithm is exploited to predict the value 

of the dependent variable under certain conditions in order to investigate the effect of the dependent 

variable values distribution on the prediction accuracy performance. The prediction models were 

designed using two modeling tools, viz., SPSS and NeuroSolutions where the prediction performance of 

the two tools was compared. The dependent variable values distribution in the training dataset was found 

to have an impact on the prediction performance of the Neural Network using the two tools. 

 

2. Corrugated Sheet Box Manufacturing Process 

 The production of corrugated sheet boxes is influenced by number of factors of industrial 

importance. To straight some of them are machines, tools, work stations, environment, operators, skill 

set and management perspective. It is the dream of any industry to maximize the profit, produce large 

quantity of high quality as output. The operational strategies of any industry are reasonable blend of 

available resources, management attitude and routine operations. This work aims at study of man 

machine system in the manufacturing process of corrugated sheet boxes. Further to analyze various 

contributors and there effects on productivity. It also aims at minimization of human energy as one of 

the resource. In order to get the clear picture of this manufacturing process, it is decided to study the 

manufacturing process at three different industries. All other conditions remaining same, it will enable to 

estimate the influence of management practices at three different organizations. The objective of 

improving production rate is equivocal to reduction of per piece cycle time. The work involves setting of 

two functions as below, Minimize t = f1 (x1, x2, x3, x4---- xn) and Minimize E = f2(x1, x2, x3, x4-----

xn) Where t= Cycle time and E= Human energy. Cardboard packaging is one of the most widely used 

forms of packaging. The corrugated cardboard is stiff, strong and light in weight material made up of 

layers of brown craft paper. These brown craft paper rolls are transported to a corrugation machine 

where this paper gets crimped and glued to from corrugated cardboard called as single face corrugated 

board and then this single face corrugated board is cut according required dimension on the cutting 

machine. According to requirement by adding another corrugating medium and a third flat printed liner 

creates a double wall corrugated board or triple wall corrugated boards on gluing or bonding machine 

called as 3ply 5ply and 7ply. Then these cardboards are transferred to creasing and cutting machine 

where extra material is removed and creasing operation is performed (i.e., from where the box get 
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folded). The next operation is slotting operation where the strip plate is slotted for stitching and finally 

with stitching operation corrugated box is manufactured. 

 

                   
           Reel Decal Inventory          W S1 Printing                 WS2Corrugation         WS3 Gluing/Pasting 

 

 
   

    WS4 Horizontal Creasing    WS5 Vertical Creasing      WS6 Stitching             WS7 Slotting          

Fig 1: Snap Shot Of Manufacturing Process Of Corrugated Sheet Box 

 

3. Selection of Independent and Dependent Variables 

 If a physical quantity that affects our test is changing in random and uncontrolled manner, then it 

is called an extraneous variable. The variables affecting the effectiveness of the phenomenon under 

consideration are anthropometric data of operators, personal factors of an operator, workstation machine 

specification, workplace parameters, specification of the products, environmental conditions and 

mechanical properties of corrugated sheet boxes. The dependent or the response variables in this case is 

cycle time and human energy. 

 

Sr. 

No. 

Description of Independent 

Variables 
Symbol 

Sr. 

No. 

Description of  Independent 

Variables 
Symbol 

1 Arm span X1 23 Length X23 

2 Foot breadth X2 24 Breadth X24 

3 Height X3 25 Part Weight X25 

4 Arm reach X4 26 Mc_criticality X26 

5 Qualification grade X5 27 Volume of Box X27 

6 BMI prime X6 28 Bursting strength X28 

7 Age X7 29 Bursting Factor X29 
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8 Experience X8 30 
Illumination sight range 

(Average) 
X30 

9 Power HP X9 31 Noise level with Operation X31 

10 Stroke/Seconds X10 32 Dry bulb temperature X32 

11 Age of Machine X11 33 Illumination at work table  X33 

12 Machine down time X12 34 Noise level without Operation X34 

13 Production rate of Machine X13 35 Wet bulb temperature X35 

14 Roller speed X14 36 Caliper  X36 

15 Weight of Machine X15 37 Puncture Resistance Test X37 

16 Machine Width X16 38 Edge Crushing Test  X38 

17 Height of stool X17 39 Flat Crushing Test X39 

18 Height of work table X18 40 Cobb X40 

19 

Spatial distance between 

centroid of stool top and work 

table 

X19 41 Moisture (%) X41 

20 Area of tabletop X20 42 
Box Compression Test Peak 

Load in Kg 
X42 

21 

Spatial distance between 

centroid of stool top and WIP 

table 

X21 
43 

Box Compression Test Peak 

Load / Perimeter 
X43 

22 Thickness X22 

Table 1. List Of Independent Variables Of Corrugated Sheet Box Production Process 

Table 2. List Of Dependent Variables Of Corrugated Sheet Box Production Process 

 

4. Artificial Neural Networks (ANN) 

 Artificial neural networks are modeling techniques which attempt to mimic human neural 

systems. Like its biological counterpart, ANNs have the ability to learn complex patterns from data and 

subsequently to generalize them into new contexts. It is suggested that ANNs are particularly useful 

when data exhibits nonlinear and interaction relationships (Koh and Low, 2004). Researchers have 

developed various types of neural networks which can be categorized based on their architecture (e.g., 

Multi Layer Perceptron and Self-Organizing Feature Map), the Networks’ outcome (i.e., regression, 

classification, and clustering) or learning algorithms (i.e., supervised vs. unsupervised networks) (Berry 

and Linoff, 2004). Typically, ANNs are composed of a set of processing elements, commonly called 

“nodes”, connected to each other by way of a complex weighted network. The nodes are arranged in 

several layers: one input layer, one or more hidden layers, and, finally, one output layer. The input layer 

is where the data (i.e., values of independent variables) are fed to the system. Likewise, the output layer 

represents the dependent variable. The input layer simply transmits the values to the hidden layer. Each 

node in the hidden layer (also called the middle layer) multiplies the values by the corresponding 

connection weights then algebraically sums them up. The sum called “net function” is then non-linearly 

transformed. The transformed value, also called the “activation function”, constitutes the nodes’ output. 

The most commonly used transformation function is the S-shaped sigmoid which causes the network to 

Sr. No. Description of  Dependent Variables Symbol 

1 Cycle time Y1 

2 Human energy Y2 
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operate in a non-linear manner: the output remains low until the net function reaches the threshold value 

(Berry and Linoff, 2004). Thus, in some cases, a big change in the net function may not have an effect 

on the node’s output, while, in other cases, a small change would result in a big effect on the output. In 

the output layer, values received from all nodes are summed and compared to the actual outcome. 

Depending upon the error, the system decides how much, and in which direction, the connection weights 

should be moved so that error is minimized. The process is repeated (i.e., “network training”) until the 

error term cannot be reduced any further. The so-called Multi Layer Perceptron (MLP) network has been 

one of the most popular approaches used by researchers. This particular type of ANN appears to be well 

suited to the classification problem (Venugopal and Baets, 1994).  

 

5.  Multi Layer Feed Forward Neural Network Model Formation:   

(John C. B. Cooper 1999) Artificial neural networks were inspired by studies of the biological brain. 

Such networks are composed of neurons or information-processing units organized hierarchically in 

layers.  

 
Fig 2: Biological Neural Structure Presenting The Structural Elements  

Of Neurons (Dendrites, Axon) And Cell Body 

 

 Based on this analogy to biological neurons, the MLP neural network algorithm implements a 

neural network that is composed of layers of artificial neurons that are stimulated by input signals, 

which are transmitted through the network via synapses connecting neurons in different layers. The first 

in the network is the input layer, which receives information from the external environment. This 

corresponds to the five senses in the case of the human brain, or to independent variables selected by 

studying the corrugated sheet box manufacturing process in the case of an artificial network. The final 

layer is the output layer, corresponding to a human’s response to the input stimuli or to a dependent 

variable which is cycle time in the artificial counterpart. Intermediate layers are known as the hidden 

layers and these progressively transform the original input stimuli into final output. In a feed forward 

network, information flows in one direction along connecting pathways, from the input layer via the 

hidden layers to the final output layer. The connection strengths of these paths are known as weights. 

Positive weights indicate reinforcement or an amplified influence, while negative weights imply 

inhibition or reserve. Thus, inputs arrive at the input layer and are fed forward along the pathways to 

neurons on the next layer. Neurons on this second layer now receive the weighted sum of output signals 

from neurons on the first layer. This weighted sum then passes through a transfer, activation or 

squashing function, which compresses this value to lie between 0 and 1 or, in some cases, between - 1 

and + 1. If a neuron’s squashed input value exceeds a particular threshold within these ranges, then it 

fires a signal forward to the next layer’s neurons. In this way, neurons on the third layer will, in their 

turn, receive a weighted sum of output signals from the second layer and so on. One important 

squashing function is the sigmoid or S-shaped logistic function, which compresses values within the 

range 0 - 1 and which has the very useful property that its first derivative can be expressed in terms of 

the function itself.  
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 Multi-layer, feed forward artificial neural networks are trained to map a set of inputs 

(independent variables) to a set of outputs (dependent variables). For each set of inputs presented to the 

network, the desired or target value of the output is specified by the researcher. This is known as 

supervised learning. Thereafter, just as the human brain learns by adapting the strength of neural 

connections, learning in the artificial network takes place through an iterative process of adjustments to 

the coupling weights, in such a way as to minimize the sum of the squared differences between the 

desired output state and the actual output state. The network is initialized with randomly selected 

weights, and the errors between the desired and actual outputs are back-propagated through the network 

in order to adjust the weights. This learning process is repeated until the network responds to each input 

pattern with an output which is sufficiently close to the desired output, i.e. until an acceptably low error 

level specified by the researcher is reached. In the following mathematical exposition, the threshold 

value of a neuron, which governs the firing process, is disregarded for the sake of clarity.  

Consider a very simple three-layer, feed forward neural network that comprises a layer of Ii input units 

where i= 1, 2…43; one layer of Hj hidden units, where j=1, 2; and a layer of Ok output units, where k= 

1, 2. The connection strength or weight that links the ith input unit to the jth hidden unit is given by vij, 

while wjk is the weight that connects the jth hidden unit to the kth output unit. Different network 

topologies or architectures are affected by varying i, j and k. 

A diagram of this network is shown in (Fig. 3). 

 
Fig 3: Simple Three-Layer Feed Forward Ann 

 

Assume now that, for training purposes, the researcher presents 43 sets of inputs to the network along 

with one set of desired output. Thus, input to the jth hidden unit Hj is given by 

 
For example, input to the second hidden unit H2 = V12I1 + V22I2 

Output of the jth hidden unit Hj is given by 

 
 

i.e. output of Hj = F (  ) 

Where F (.) is the logistic function squashing values in the range 0- 1. 
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Input to the kth output unit Ok is given by 

 
For example, input to the first output unit is O1 = w11H1 + w21H2. 

Output of the kth output unit Ok is given by 

 
 

i.e. output of Ok = F ( ) = F [ . F ([  

Where F [.] is the logistic function of a logistic function. 

After a set of inputs has been fed through the network, the difference between the true or desired output 

Dnk and the computed output Onk represents an error; for example, after the n = 43
rd

 set of inputs, the 

error = (D43k -  O43k ). Squaring all errors and summing generates an error function defined as 

 
Where the prefix 1/2 is added to simplify differentiation 

When there is only one output node, k=1 and the preceding equation reduces to 

 
  

Thus, E provides a measure of the performance of the network in mapping inputs to desired outputs. 

Clearly, every possible combination of vij and wjk will result in a particular value for E. Therefore, the 

objective is to find that set of weights which ensures that, for each set of inputs, the output produced by 

the network is the same as (or sufficiently close to) the desired experimental output. In other words, we 

seek that combination of weights which minimizes E. 
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A simple MLP and flow process chart to form ANN model for the corrugated sheet box manufacturing 

process is shown in figure 4 and figure 5 as below, 

 

X1

X2
X2

X3

x43

Youtput

Predicted
Output

Human Energy

Hidden
Layer

Cells = 43 +1

Input Variables = 43

Activation Function for Hidden and 
Output Layer= Hyperbolic Tangential 

Function

 
Fig 4: Multi Layer Feed Forward Perceptron With One Hidden Layer 

 

 
Fig 5: Ann Flow Process Chart 
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6. ANN21CT and ANN21PUL Model: 

 ANN model formulation is performed using IBM Statistical SPSS 20.0 Neural Network tool 

software; corresponding topology of two models for one product constituted is 43-20-22-1 and 43-44-1. 

Related network diagram, plots for prediction, residual and variable importance analysis is as follows: 

 
Fig 6: ANN Network Diagram for Model ANN21CT, ANN21PUL 

 
Fig7: Plots for Prediction, Residual Error and Normalized Importance 

for Model ANN21CT Vs Cycle Time 
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Fig 8: Plots for Prediction, Residual Error and Normalized Importance  

for Model ANN21PUL Vs Pulse (Human Energy) 

 

Table 3. Ann21ct And Ann21pul Model Summary 

 

7. ANN Model Interpretation: 

 • Network Diagram: (Fig 6) displays the network diagram for fitting ANN model ANN21CT 

with 43 independent variables as input 20 neurons in layer I, 22 neurons in layer II and one node in 

output layer for dependent variable cycle time. For ANN Model ANN21PUL with 43 independent 

variables as input, 44 nodes in hidden I and one node in output layer for dependent variable Pulse. Note 

that as the number of covariates and factor levels increases, the diagram becomes more difficult to 

interpret. 

 • Synaptic Weights: To fit the model and to simulate the data for prediction of cycle time and 

human energy (pulse) corresponding synaptic weight is calculated. The coefficient estimate shows the 

relationship between the units in a given layer to the units in the following layers shown in (Fig 6). The 

synaptic weights are based on the training sample even if the active dataset is partitioned into training, 

prediction, and holdout data. Note that the number of synaptic weights can become rather large and that 

these weights are generally not used for interpreting network results. 

 • Predicted by Observed Chart: (Fig 7) and (Fig 8) displays a predicted-by-observed-value chart 

for each dependent variable. The two models with coefficient of correlation R (0.996, 0.985) and R2 

(0.992, 0.970) shows strong prediction capability of ANN which ultimately reflects with very low root 

mean square error for experimental and predicted values. 

 • Residual by Predicted Chart: (Fig 7) and (Fig 8) displays a residual-by-predicted-value chart 

for each scale-dependent variable. The chart shows regular pattern of display and thus statistically valid 

and significant. This chart is produced only for scale-dependent variables like cycle time and pulse. 

 • Model Summary: Table 3. displays a summary of the neural network results by partition and 

overall, including the error, the relative error or percentage of incorrect predictions, the stopping rule 

Artificial Neural Network Model Summary   

Model R R
2
 Adjusted 

R
2
 

SSE Relative Error RMSE Sample 

Training Prediction Training Prediction Training Prediction 

ANN21CT 0.996 0.992 0.992 0.088 0.008 0.030 0.008 0.8339 66 18 

ANN21PUL 0.985 0.970 0.970 0.470 0.062 0.059 0.022 1.78111 66 10 
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used to stop training, and the training time. The error is the sum-of-squares error when the identity 

hyperbolic tangent activation function is applied to the output layer. The range of SSE for training 

(0.088-0.470) and for prediction (0.008-0.062) of all two fitted model is very much on lower side which 

is pointing towards statistically significant model. Relative errors or percentages of incorrect predictions 

are displayed depending on the dependent variable measurement levels. If any dependent variable has 

scale measurement level, then the average overall relative error (relative to the mean model) is 

displayed. Relative errors or percentages of incorrect predictions (0.030-0.059) for training and (0.008-

0.022) are also displayed for individual dependent variables. 

 • Independent Variable Importance Analysis: (Fig 7) and (Fig 8) shows the normalized 

importance which performs a sensitivity analysis, it also computes the importance of each predictor in 

determining the neural network. The importance chart is simply a bar chart of the values in the 

importance table, sorted in descending value of importance. The analysis is based on the combined 

training and testing samples. Note that sensitivity analysis is computationally expensive and time-

consuming if there are large numbers of predictors or cases. The above mentioned ANN21CT Model 

clearly revealed that variable X33 which is illumination at work table, X13 Production rate of machine, 

X05 qualification grade, X11 age of machine, X32 dry bulb temperature, X10 stroke per seconds, X30 

illumination at sight range, X31 noise level with operation are  more sensitive to cycle time. Similarly 

for Model ANN22PUL X33 which is illumination at work table, X17 height of stool, X18 height of 

work table, X30 illumination at sight range, X32 dry bulb temperature, X34 noise level without 

operation, X31 noise level with operation, X35 wet bulb temperature are  more sensitive to human 

energy (pulse). 

 

8. Summary 

 Using the Multilayer Feed Forward Perceptron procedure, we have constructed a network for 

predicting the cycle time and human energy i.e pulse of an operator of a corrugated sheet box industry. 

The ANN model results are comparable to those obtained with experimentation, so we are reasonably 

confident that the data do not contain relationships that cannot be captured by these two models, thus we  

can use them to further explore the nature of the relationship between the dependent and independent 

variables. 

  
Fig 9: Graph Showing Yexperimental Vs Ypredicted For Ann Model Ann21ct And Ann22pul 

 

9. Results 

 Results generated by using IBM Statistical SPSS 20.0 software with Neural Network Tool. 

Metrics that are applied to the results presented herein represent the linear correlation coefficient , which 

is based on the equation 
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and absolute average error (RMS Error) , which is based on the equation  

 

ε=  

 

for both generic data sets Ye and Yp, in which the correlation coefficient measures the influence 

between data sets, and can also be interpreted as a coefficient of similarity between two data sets and the 

absolute average error measures inconsistencies between predicted and experimental data sets . Best 

results that are obtained with the MLP neural network, altering the number of hidden layer neurons, 

number of hidden layer, and activation function as hyperbolic tangent function or sigmoid function are: 

• Results with two hidden layers[43-20-22-01]  

Linear correlation 0.996 and absolute average error 0.8339 

• Results with two hidden layers[43-01-01-01]  

Linear correlation 0.991and absolute average error 1.3688 

• Results with one hidden layer[43-01-01]  

Linear correlation 0.990 and absolute average error 1.3390 

• Results with one hidden layer[43-44-01]  

Linear correlation 0.974 and absolute average error 2.2464 

  

By analyzing results that are obtained by the neural network with one, two hidden layer neurons, it is 

concluded that the best neural network configuration for cycle time is two hidden neurons, which 

presents both a higher correlation and decreased error between actual data and estimated values. 

 

10. Conclusion 

 This article presents pattern recognition and machine learning concepts, and the application of 

SPSS Modeler software, for estimating the cycle time and human energy of a man machine system used 

in corrugated sheet box industry. The results present the correlation between actual concrete sturdiness 

values and values that were estimated by a 0.934 regression, with absolute average error of 0.8339, 

which ensure reliability to the regression system.  

 

Acknowledgement 

 Authors are grateful to the authorities of M/S Shells Pvt Ltd and Department of Mechanical 

Engineering, Yeshwantrao Chavan College of Engineering, an Autonomous Institute, at Nagpur, India 

for their support to carry out this work.    

 

References 

Mohammad Bakher Naseri & Greg Elliott (2010): A Comparative Analysis of Artificial Neural 

Networks and Logistic Regression, Journal of Decision Systems, 19:3, 291-312 

Miguel A. Perez & Maury A. Nussbaum (2008): A neural network model for predicting postures during 

non-repetitive manual materials handling tasks, Ergonomics, 51:10, 1549-1564 

Md. Raisul Islam , S. S. Sablani & A. S. Mujumdar (2003): An Artificial Neural Network Model for 

Prediction of Drying Rates, Drying Technology: An International Journal, 21:9, 1867-1884 



ISCI 2014 

162 

 

F. B. Gorucu (2004): Artificial Neural Network Modeling for Forecasting Gas Consumption, Energy 

Sources, 26:3, 299-307 

T Cakar & I Cil (2004): Artificial neural networks for design of manufacturing systems and selection of 

priority rules, International Journal of Computer Integrated Manufacturing, 17:3, 195-211 

Anderson, D., & McNeill, G. (1992). Artificial Neural Networks Technology—A DACS State-of the-

Art Report. Report prepared for Rome Laboratory RL/C3C Griffiths AFB, NY. Kaman Sciences 

Corporation: New York. 

Curry, B., Morgan, P., & Silver, M. (2002). Neural networks and non-linear statistical methods: An 

application to the modeling or price-quality relationships. Computers and Operations Research, 29, 951–

969. 

C.-L. Huang (1999): The construction of production performance prediction system for semiconductor 

manufacturing with artificial neural networks, International Journal of Production Research, 37:6, 1387-

1402 

Chih-Chou Chiu & Ming-Hsien Yang (2001): Shifts Recognition in Correlated Manufacturing Process 

Parameters Using Neural Network, Journal of the Chinese Institute of Industrial Engineers, 18:3, 86-94 

Amjad Harb and Rashid Jayousi (2012), Comparing Neural Network Algorithm Performance Using  

SPSS and NeuroSolutions, The 13th International Arab Conference on Information Technology 

ACIT'2012 Dec.10-13 

John C. B. Cooper (1999): Artificial neural networks versus multivariate statistics: An application from 

economics, Journal of Applied Statistics, 26:8, 909-921 

Appendix-I 

 

ANN Predicted Values for Model ANN21CT and ANN22PUL Vs Ctime and Pulse 

 Ctime Experimental ANN Predicted Ctime Pulse Experimental ANN Predicted Pulse 

9.2 9.16 88 89.34 

9.1 9.48 87 89.99 

9.2 9.17 88 90.46 

9.2 8.54 84 85.5 

9.1 8.04 82 83.8 

9.2 8.7 81 80.08 

9.4 9.9 80 84.28 

9.5 10.15 81 80.9 

9.2 9.92 81 83.35 

9.2 9.13 85 84.93 

9.3 9.53 84 87.58 

9.4 9.56 85 86.91 

34.6 33.78 85 85.92 

33.6 33.79 85 88.43 

33.6 33.77 86 83.12 
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Abstract: 

 A corrugated sheet box manufacturing comes under a small scale industry and usually the 

processes 

followed are very age old. Due to this the industry is not utilized to its maximum capacity. The work is 

not streamlined and the processes follow in random order. Studies carried out for corrugated sheet box 

manufacturing industries having man machine system revealed the contribution of many independent 

parameters on human energy. The independent parameters include anthropometric data of workers, 

personal data, machine specification, workplace parameters, product specification, environmental 

conditions and mechanical properties of corrugated sheet. Their effect on dependent parameter human 

energy was totally unknown. The present study focuses the statistical methods like regression analysis, 

dimensional analysis, response surface methodology and artificial neural network to establish the 

mathematical model amongst the 43 independent and one response variable. The objective of this study 

is to present the optimum minimum value of human energy by selecting proper input variables those 

could really exist. 

 

Keywords: Corrugated sheet box, Human energy, Regression Analysis [RA], Dimensional Analysis 

[DA], Response Surface Methodology [RSM], Artificial Neural Network [ANN], Optimum value 

 

 

1. Introduction 

The parametric interdependence of input factors and their exhibit able effect human energy of 

a corrugated sheet box manufacturing process can be studied using RA, DA, RSM, and ANN simulation 

process. The question still continues is what best optimum value of response parameter is attainable with 

varying conditions in production process? Obviously the aim was to find minimum value of human 

energy by selecting proper input variables those could really exist. Studies revealed the range of 

variation for every input variable. The most satisfying value on this range for each parameter has to be 
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selected which would push the response variables in favorable direction. This was achieved using range 

bound optimization of input variable. The mini max principle for RA model, mini max principle for 

Buckingham’s Π Theorem DA model, data cursor tool for RSM model, univariate analysis for ANN 

model was used to find optimum results. This provides the best set of working factors and enables us to 

improve productivity at minimum cost. Since the entire input variable had definite range, the problem 

could be translated into mini max problem using zero one programming. Optimal values of contributing 

factors were calculated for one product. The models have been developed for the corrugated sheet box 

manufacturing process. The ultimate objective of this work is not merely to develop the models but to 

find out best set of input variable, which will result in optimization of the objective function. 

 

2. Literature Review 

 A. Blanco et. al. [1] suggested an optimal use of resources results in optimal mill operations 

and in an increase of the productivity, which means substantial financial benefits. Modelling and 

simulation are important tools to reach the two primary goals of the pulp and paper industry: the 

decrease of production costs and  the increase of the product added value. Looking into the future of a 

knowledge-based process, it seems that the interest on model- based control and optimization will 

increase. Modelling and optimization of paper properties and model-based paper design will have a very 

high increase, whereas process simulation and off-line optimization will remain the same from the 

production point of view.   

 Johannes Kappen [2] says a specific focus was given on the software use and applicability. 

Modelling and simulation is recognized as an important tool in companies throughout the industry. The 

paper gives an outline of the main findings and achievements and provide with a perspective towards 

further development of modelling and simulation in the pulp and paper industry.  

 Kauko Leiviska [3] says mathematical models and simulation are used in several areas of 

systems engineering. In research and development they are used in studies of process internal 

phenomena like flow, mixing, reactions, heat and mass transfer, etc. to gain a thorough understanding of 

what is really going on inside the process. In product design models are used in defining effects of 

variables on product quality and amount. In process design, modelling, simulation and optimization 

methods are nowadays used in studying alternatives for process equipment and connections, to optimize 

process operation and to find best ways to utilize raw materials and energy. Simulation is also an 

interesting tool for process operation.  

 S. Delijaicov et  al.  [4]  showed  statistical  methods  based  on  multiple  regression  and  

artificial  neural networks were applied to a data set generated by peen forming designed experiments 

with aluminium alloy plates, aiming to synthesize quantitative models relating the highest displacement 

of the plate with the respective variables of the process.  

 Joseph F. Hair et al., Ronald E. Walpole et al., Chang-Xue [5, 6, 7, 8] the authors says 

multivariate techniques are extensions of univariate analysis and bivariate analysis.  

 Hilbert Schenck Jr. [9] says in real life engineering problem, when equations for a system are 

unavailable and experimentation is the only the method of obtaining reliable results, tests are performed 

on a geometrically scaled model, rather than a full-scale prototype. This saves both time and money. For 

modeling up the system, dimensional analysis is a powerful tool with primary purpose of: Generating 

non – dimensional parameters that help in the design of experiments (physical and / or numerical) and in 

the reporting of experimental results.  

 Ain A. Sonin, M. E. Hossain [10, 11, 12] introduces a generalization of dimensional analysis and 

its corollary, the Π -theorem, to the class of problems in which some of the quantities that define the 
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problem have fixed values in all the cases that are of interest. The procedure can reduce the number of 

dimensionless similarity variables beyond the prediction of Buckingham’s theorem.  

 

 Sandy D. Balkin et al., S. Ranganathan, Amit Kumar Gupta [13, 14, 15] suggested Response 

Surface Methodology is concerned with estimating a surface to a typically small set of observations with 

the purpose of determining what levels of the independent variables maximize the response. An attempt 

was made to compare the ANN with RSM for the study of hot turning of stainless steel (Type 

316). Though both the models preformed well and offered stable responses in predicting the combined 

interactions of the independent variables with respect to the response, the ANN- based approach was 

better in fitting to the measured response in comparison to the RSM method.  A.  M.  A.   

 Al-Ahmari, [16]  suggested  selection  of  process  parameters  has  very significant  impact  on  

product  quality,  production costs  and  production times.  Empirical models for tool life, surface 

roughness and cutting force are developed for turning operations. The process parameters (cutting speed, 

feed rate, depth of cut and tool nose radius) are used as inputs to the developed machineability models. 

Two data mining techniques are used; response surface methodology and neural networks. The resulting 

models are utilized to formulate an optimization model and solved to find optimal process parameters, 

when the objective is minimizing production cost per workpiece. The three model building methods 

(RA, RSM, and CNN) are compared and evaluated using descriptive statistics and hypothesis testing. It 

has been found that the CNN models are better than RA and RSM models. Also, RSM models are better 

than RA models for predicting tool life and cutting force models. The developed machineability models 

are utilized to formulate an optimization model for the machining economic problem. The suggested 

optimization model is a multi-pass model which minimizes the total production cost per workpiece with 

practical constraints. The selection of tools when determining the optimal values of process parameters 

for the minimum production cost  criterion is  introduced; based on the tool  nose radius. The modern 

soft  computing techniques that integrate the machineability models with optimization methods would 

be a field of interest for future research. 

 

3. Research Methodology 

 Mathematical models consist of equations which represents system. In general, mathematical 

models may include logical models, as far as logic is taken as a part of mathematics. In many cases,  the  

quality  of  a  scientific  field  depends  on  how  well  the  mathematical  models developed on  the  

theoretical side  agree  with results of repeatable experiments. Lack of agreement between theoretical 

mathematical models and experimental measurements often leads  to  important  advances  as  better  

theories  are  developed.  A  simulation  model  is  a particular type of mathematical model of a system. 

Primafacily field data based experimentation is carried out here has large coverage to squeeze the 

parametric impact. The reason being shift the focus from stochastic to deterministic approach is because 

of the limitation imposed by stochastic model regarding its inability to consider the parameters like 

human factors, workplace layout related parameters and environmental conditions. Thus an attempt has 

been made to study the corrugated sheet box manufacturing scenario by applying time honored multiple 

regression mathematical modeling, dimensional analysis, response surface methodology and artificial 

neural network (ANN) techniques. 

 

 Thus the objective of the present investigation is to develop various mathematical models for the 

corrugation sheet box manufacturing process .The various models are as follows: 

  

 sional analysis 
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  (ANN) 

technique. 

  

4. Model Formulation for Human Energy: 

4.1 Regression Analysis Mathematical Model 

 Regression Analysis (RA) is a statistical method for determining the relationships among 

number of independent variables and dependent variable. RA also gives the information about how the 

dependent variable changes when any one of the independent variables is varied, while the other 

independent variables are held fixed. 

 
4.2 Dimensional Analysis Mathematical Model 

 In  this  case  there  is  one  dependent  and  seven  independent  pi  terms  involved  in  the 

experimentation. It  is  necessary to  correlate various independent and  dependent pi  term involved in 

this system quantitatively. This correlation is nothing but a mathematical model as a design tool for such 

workstation. 

 Seven independent pi terms (Π1, Π2, Π3, Π4, Π5, Π6, Π7) and dependent pi term (Π9) have 

been considered in the design of experimentation and are available for the model formulation. 

 
4.3 Response Surface Methodology Mathematical Model 

The response or the dependent variable is assumed to be a random variable. In corrugated 

sheet box manufacturing process, it is necessary to find a suitable combination of Pi terms X (Product of 

π1, π4, π6 and π7) and Y (Product of π2, π3, π5 pi term). The observed Response Z as a function of the 

X and Y can be written as Yk = f (X; Y) + e 

 

 
Putting the values of x = (π1*π4*π6*π7) and y = (π2*π3*π5) in above equation, we get 
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Coefficient of Correlation [R] 0.625 

Root Mean Square Error ( e) 0.0083 

 

 

4.4 Artificial Neural Network Mathematical Model 

ANN1OPUL: Topology 43-44-1 

Artificial Neural Network Result Analysis using Multi Layer Feed Forward Network with one 

Hidden Layer and Hyperbolic Tangent Activation Function for both hidden as well as output layer. 

  
Where 

 

Sum (Layer 2 Cell 0) = -0.025213 * X1,1 + 0.15623 * X1,2 + 0.43604 * X1,3 – 0.138293 

* X1,4 + 0.04978 * X1,5 + 0.06934 * X1,6   - 0.079665 * X1,7   - 0.020991 * X1,8   - 0.011006 * 

X1,9 – 0.180905 * X1,10 – 0.013766 * X1,11 – 0.048323 * X1,12 + 0.12533 * X1,13 – 0.041722 * 

X1,14 + 0.19718 * X1,15 + 0.01568 * X1,16 – 0.025251 * X1,17 + 0.31636 * X1,18 + 0.11002 * 

X1,19 – 0.080947 * X1,20 – 0.063895 * X1,21 – 0.01532 *  X1,22 + 0.01452 * X1,23 + 0.00987 * 

X1,24  + 0.01947 * X1,25  + 0.22403 * X1,26  - 0.064556 * X1,27 – 0.089263 * X1,28 – 0.093742 * 

X1,29 – 0.034521 * X1,30 – 0.15123 *  X1,31 – 0.048796 * X1,32 + 0.19155 * X1,33 + 0.02171 * 

X1,34 + 0.05953 * X1,35 – 0.042812 * X1,36 – 0.337991 * X1,37  + 0.06183 * X1,38 + 0.18493 * 

X1,39 – 0.300034 * X1,40 + 0.17415 * X1,41 + 0.06125 * X1,42 + 0.29024 * X1,43 – 0.013501 * 

X1,44 + 0.02162                                                                                                         (4) 

 
 

Model 
 

R 
 

R2 Adjusted 

R2 
SSE Relative Error  

RMSE 
Sample 

Training Prediction Training Prediction Training Prediction 

ANN1OPUL 0.995 0.990 0.990 2.268 1.161 0.033 0.045 1.01700 304 116 

 

5. Optimization Model Formulation for Human Energy: 

 The models have been developed for the corrugated sheet box manufacturing process. The 

ultimate objective of this work is not merely to develop the models but to find out best set of input 

variable, which will result in optimization of the objective function which is human energy. In this case 

we have response variable human energy which depends on forty three independent variables. 

 

5.1 Optimal Solution for Linear Regression Model: 

 In  optimization  of  linear  regression  model  when  minimum  and  maximum  values  of 

dependent and independent variables are the only constraints, optimum solution is obtained by turning 

over maximum value to input variable which has negative coefficient and minimum value to input 

variable which has positive coefficient. For the optimization the constants, coefficients of linear 

regression model and range of input variable and optimal solution based on min-max principle is 

depicted in the table 5.1. Optimal solution is accepted as it hints towards most excellent solution for 

practicable human energy. Optimal solutions for linear regression model with all basic variables and 

human energy expenditure as output is presented below. 
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Model RA1OPUL: 

Term All Product 

Min Max Coefficient Optimal 

Solution K * * 58.503 58.503 
X2 8 10 1.66 8 
X9 4 49 -0.007 49 
X12 0.5 0.75 -31.224 0.75 
X14 30 250 -0.027 250 
X18 1344 36736 0 1344 
X20 80 135 0.084 80 
X22 380 670 -0.001 670 
X23 284 380 0.001 284 
X25 0.551 1.1 -0.461 1.1 
X27 16 18 0.027 16 
X29 1 7 -0.118 7 
X30 55 70 0.015 55 
X31 74 87 -0.012 87 
X32 19 39 0.025 19 
X33 16 59 0.008 16 
X34 27 36 0.154 27 
X35 22 29 0.124 22 
X36 2.64 2.76 2.175 2.64 
X37 28.23 31.97 0.008 28.23 
X38 1.45 3.17 -0.068 3.17 
X39 0.93 1.69 1.309 0.93 
X40 130 283.6 0.004 130 
X41 6.98 14.01 0.108 6.98 
X42 72.4 134.8 0.008 72.4 
X43 0.51 0.79 0.943 0.51 

Optimum Solution Human Energy 63.2

785

2 
Table 5.1: Optimal Solution for Regression Model RA1OPUL 

 

5.2 Optimal Solution for Dimensional Analysis Model: 

 Optimum solution in range bound dimensional analysis model is obtained by setting the pi 

terms to their minimum if the indices of pi term is positive and to maximum if index of pi term is 

negative and to any value if the index of pi term is 0. The table 5.2 below shows the indices of the pi 

terms and constant in dimensional analysis model and also the optimal solution for human energy as 

output variable. Again here the value of pi9 (human energy) obtained for optimal solution hints for 

setting pi term values for minimizing the human energy. 
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Model DA1OPUL: 
 
Term 

All Product 

Min Max Coefficient Optimal Solution 

K * * 0.899829 * 

Π1 0.116107 0.136734 -0.10438 0.136734288 

Π2 24.75 367.2 0.003568 24.75 

Π3 1.92E-05 0.001938 -0.00803 0.001938462 

Π4 0.069998 18.18798 -0.0029 18.18797832 

Π5 27.32694 334.3458 -0.00895 334.3457944 

Π6 1.067479 4.19666 -0.01162 4.196660482 

Π7 1.692359 3.598832 -0.00307 3.598831647 

Optimum Solution Human Energy 1.086227036 

Table 5.2: Optimal Solution for Dimensional Model DA1OPUL 

 

5.3 Optimal Solution for Response Surface Methodology Model: 

 Data cursors in the curve fitting tool of MATLAB 2011b enable to read data directly from a 

graph by displaying the values of points selected on plotted lines, surfaces, images, and so on. Data 

points can be place in a plot and move them interactively. The objective of response 

surface methodology model is to find the optimum minimum value of human energy which on the 3D 

surface will be on the lower surface. 

 

 
Fig 5.1: Sample 3D Plot of a Surface showing Data Points 
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 Model RSM1OPUL: 

RSM Model Min X = Π1 Π4 Π6 Π7 Min Y = Π2 Π3 Π5 Optimal Solution 

RSM1OPUL 12.39 5.951 1.144 

Table 5.3: Optimal Solution for RSM Model RSM1OPUL 

 

5.4 Optimal Solution for ANN Model: 

 The logic of accomplishment of the optimal solution for regression and dimensional analysis 

models may not directly fit for ANN model, the reason is regression and dimensional analysis model 

were based on simple and obvious logic as the effect of change in output due to change in any of the 

input is noticeably discernible. This is not replicable for ANN model. Univariate analysis suited best for 

the purpose, thus optimization of ANN model is carried out using univariate analysis. In ANN model the 

input values are scaled values between -1 to 1.Using univariate analysis most influential variable and 

length of its influence is resolute. With dominance of one input variable as the most influential one, after 

certain length some other variable may turn out to be maximum influential. This way when either all 

input variables reach to maximum value i.e, 1 or value of output doesn’t improve, optimum solution is 

obtained. 

Input Variables Val Max Val 

X1 167.6 167.6 

X2 10 9 

X3 160 160 

X4 74.99 74 

X5 21 21 

X6 0.7475 0.74 

X7 10 10 

X8 5 5 

X9 44.05 40 

X10 3 3 

X11 12 12 

X12 0.50125 0.5 

X13 20 20 

X14 240 240 

X15 1000 1000 

X16 130 130 

X17 60 60 

X18 36736 36736 

X19 60 60 

X20 100 100 

X21 175 175 

X22 670 670 

X23 380 380 

X24 7 5 
X25 1.1 1.1 
X26 9 9 
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X27 18 18 
X28 86564 86564 
X29 7 7 
X30 75 70 
X31 87 87 
X32 39 39 
X33 60 59 
X34 36 36 
X35 32 29 
X36 2.76 2.76 
X37 31.97 31.97 
X38 3.17 3.17 
X39 1.69 1.69 
X40 283.6 283.6 
X41 14.01 14.01 
X42 134.81 134.81 
X43 0.79 0.79 

Optimum Solution 69.22154 82 

Table 5.4: Optimal Solution for ANN Model ANN1OPUL 

 

6. Results 

 Table 5.1 show the optimal value for regression model using basic variables. Human energy 

as output and all basic variables as input using max-min principle are shown in the Table 5.1. 

Optimization of range bound linear regression model can be accepted as it hints towards the best 

solution for practicable human energy. Table 5.2 shows the optimal solution using max- min principle 

for achieving objective as minimum human energy of the dimensional analysis model using pi term as 

variables. The optimal values obtained are the optimum on the range bound values of pi terms. Table 5.3 

shows the optimum values of Variable X and Variable Y to get the optimal solution of response variable 

Z. The objective of response surface methodology model is to find the optimum minimum value of 

human energy which on the 3D surface is on the lower surface. From the Table 5.4 optimal solution for 

minimum human energy generated for all basic variables ANN model. The optimal human energy is in 

the range of 70 pulses. The optimal values are well within the maximum values as the objective is of 

minimization of human energy. 

 

7. Conclusion 

 The aim of this research was to bring out satisfactory models for a corrugation manufacturing 

process  industry  having  man  machine  system.  Mathematical  model  using  Regression Analysis, 

Dimensional Analysis, Response Surface Methodology and Artificial Neural Network were tried. The 

relationships of response variable human energy with all 43 independent parameters from the diverse 

domain of influence were considered. The computed values were predicted from the mathematical 

model and then it was compared with experimental values to know the coefficient of correlations and the 

root mean square error for the best fit of the model. The results obtained are most promising. 

Experimental value and value computed using model demonstrate the correlation of more than 99 % 

with RA and ANN models. It means if operational parameters are known then output can be predicted 

with an  error  of  less  than  1%.  Optimization  is  reapplication  of  sensitivity.  Considering  the 
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available ranges of all participating variables, what best can be achieved on output side is now 

obtainable which is 70 pulses. 
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Abstract 

 Sensitivity  analysis  is  the  study  of  how  the  distinction  in  the  output  of  a  model  

(numerical  or 

otherwise) can be apportioned, qualitatively or quantitatively, to different sources of variation. 

Sensitivity analysis is widely acknowledged as a necessary part of good modeling practice. The groups 

of independent variables which may influence the production of corrugation sheet box operation process 

are identified as anthropomorphic data of the operator, personal data of the workstation operator, 

workplace layout parameters, machine specifications, environmental parameters, product specifications, 

mechanical properties of corrugated sheet.The relationships of response variable human energy with all 

43 independent parameters from the diverse domain of influence were considered.This paper reviews a 

range of methods for sensitivity analysis for the mathematical models using regression analysis,   

dimensional   analysis,   response   surface   methodology   and   artificial   neural   network. Production 

rate of machine, arm spam, arm reach, foot breadth, wet bulb temperature, dry bulb temperature,  BMI  

prime  and  stroke  per  seconds  are  the  most  influential  parameters  for  the minimization of human 

energy as output. 

 

Keywords: Sensitivity Analysis [SA], Mathematical Modeling, Regression Model, Dimensional Model, 

Response Surface Model, Artificial Neural Network Model 

 

1.  Introduction 

 The best sets of working parameters were obtained using optimization method. This is a 

situation which industry would like to maintain. The working factors are different at all the times and 

such ideal situation may not be satisfied. The governing factors are bound to change, typically those 

from environment. Such parameters must be monitored towards their optimal value for achieving the 

better productivity. Some of the factors have the sparing effect and the others have the dominating 

effect. Even if this situation cannot be maintained at ideal point, it is essential to understand which factor 

has stronger effect on cycle time and human energy input. This helps the industry to exercise stricter 

control on the dominating factors. The sensitivity analysis was carried out for this purpose. The ten 

percent variation of the single factor on positive and negative side was introduced and the difference in  

output parameter was calculated. The ratio of variation of output parameter to variation of input factors 

mailto:sachu_gm@yahoo.com
mailto:jayantpgiri@gmail.com
mailto:tatwawadi@yahoo.com
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is the measure of sensitivity. Such sensitivity was computed for each factor separately. The process was 

repeated for all the models before and after improvement. This provides an insight to monitor the 

conditions in best direction of productive situation. 

  

2.  Literature Review 

 Jim W. Hall et al. [1] sensitivity analysis is well recognized as being an important aspect of 

the responsible use of hydraulic models. This paper reviews a range of methods for sensitivity analysis. 

Two applications, one to a simple pipe bend example and the second to an advanced Shallow Water 

Equation solver, illustrate the deficiencies of standardized regression coefficients in  the context of 

functionally nonlinear  models. Derivatives and other local methods of sensitivity analysis are shown to 

give an incomplete picture of model response over the range of variability in the model inputs. The use 

of global variance-based sensitivity analysis is shown to be more general in its applicability and in its 

capacity to reflect nonlinear processes  and  the  effects  of  interactions  among  variables.   

 Jassim  N.  Hussain  [2]  the traditional variable selection methods for survival data depend on 

iteration procedures, and control of this process assumes tuning parameters that are problematic and 

time consuming, especially if the models are complex and have a large number of risk factors. In this 

paper, we propose a new method based on the global sensitivity analysis (GSA) to select the most 

influential risk factors. This contributes to simplification of the logistic regression model by excluding 

the irrelevant risk factors, thus eliminating the need to fit and evaluate a large number of models. Data 

from medical trials are suggested as a way to test the efficiency and capability of this method and as a 

way to simplify the model. This leads to construction of an appropriate model. The proposed method 

ranks the risk factors according to their importance.  

 C.X. J. Feng et al. [3] Model validation is critical in predicting the performance of manufacturing  

processes.  In  predictive  regression,  proper  selection  of  variables  helps minimize the model 

mismatch error, proper selection of models helps reduce the model estimation error, and proper 

validation of models helps minimize the model prediction error.  

 Jack P.C. Kleijnen, [4] in his article says sensitivity analysis is defined as the systematic 

investigation of  the  reaction  of  the  simulation response to  either  extreme  values of  the model’s 

quantitative factors (parameters and input variables) or to drastic ch anges in the model’s qualitative 

factors (modules). In the sensitivity phase, regression analysis may be used to approximate the I/O 

behavior of the simulation model. This regression analysis gives better results when the simulation 

experiment is well designed, using classical statistical designs. Sensitivity analysis determines which 

model inputs are really important. From the users’ perspective, the important inputs are either 

controllable or not. The controllable inputs may be optimized. The values of the uncontrollable inputs 

may be well-known, in which case these values can be used for validation of the model. If the values of 

the uncontrollable inputs are not well known, then the likelihood of their values can be quantified 

objectively or subjectively, and the probability of specific output values can be quantified by uncertainty 

analysis. 

 

3.  Formulation of Mathematical Models 

 The problem is formulated based on the investigation carried out by previous researchers 

in the field of mathematical modeling and simulation. Not much work related to mathematical modeling 

using regression analysis, dimensional analysis, response surface methodology and artificial neural 

network its optimization and sensitivity analysis is carried out so corrugated sheet manufacturing 

process having man machine system is selected.  The  objective  of  the  work  is  to  formulate  the  
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mathematical  model  using statistical methods and to analyze the critical or most influential parameters 

affecting the output. 

 

4.  Formulation of Linear Regression Model : 

 Regression Analysis (RA) is a statistical method for determining the relationships among 

number of independent variables and dependent variable. RA also gives the information about how the 

dependent variable changes when any one of the independent variables is varied, while the other 

independent variables are held fixed. Multiple regressions are an extension of simple linear regression. It 

is used when we want to predict the value of a variable based on the value of two or more other 

variables. The variable we want to predict is called the dependent variable (or sometimes, the outcome, 

target or criterion variable). The variables we are using to predict the value of the dependent variable are 

called the independent variables (or  sometimes, the  predictor, explanatory or  regressor variables).  In  

multi  variate  linear regression analysis, there are several independent variables or functions of 

independent variables. 

yi = β0 + β1 xi + εi,                                                                                  (1) 

Where yi is the response variable, β0 and β1 are unknown parameters to be estimated, and εi is an error 

term. 

 The  independent  variables  affecting  the  phenomenon  are  identified.  The  independent 

variables are grouped as follows: x1 to x4: anthropometry of the press operator, x5 to x8: personal 

factors of an operator, x9 to x16: machine specification, x17 to x21: workplace parameters, x22 to x29: 

specification of the product, x30 to x35: environmental conditions, x36 to x43: properties of corrugated 

sheet. The statistical software used to carry out regression analysis was IBM SPSS Statistical 20.0 

software with linear regression tool. 

 

Model RA1OPUL = 58.503 + 1.660 * X2 - 0.0007 * X9 - 31.224 * X12 - 0.027 * X14 + 0.000  

* X18 + 0.084 * X20 - 0.001 * X22 + 0.001 * X23 - 0.461 * X25 + 0.027 * X27- 0.118 * X29  

+ 0.015 * X30 - 0.012 * X31 + 0.025 * X32 + 0.008 * X33 + 0.154 * X34 +0.124 * X35 + 2.175 

* X36 + 0.008 * X37 - 0.068 * X38 + 1.309 * X39 + 0.004 * X40 +0.108 * X41 + 0.008 * X42  

+ 0.943 * X43                                                                                 (2) 

 

Coefficient of Correlation [R] 0.997 

RMS Error 2.582 

Table 4.1 Result Analysis Model RA1OPUL 

                    
Fig 4.1: Histogram of Residuals           Fig 4.2: Normal P-P Plot of Regression 
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Fig 4.3: Showing Best Fit between Yexperimental Vs Ycomputed for Model RA1OPUL 

  

4.1  SA of Linear Regression Model RA1OPUL: 

 In linear regression models, for unit increase in the input variable, output variable increases or 

decreases by the amount equal to the coefficient of that variable. Obviously, increasing values of input 

variables which have negative coefficients will be favorable for objective function since the objective is 

to minimize cycle time and human energy. 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.1.1: Showing the Tornado Sensitivity Chart for  

the Model RA1OPUL  

 

Effect of first two sensitive parameters on output 

 

Foot Stroke per Human Energy 

8.1 0.45 78.523618 

8.3 0.461111111 78.50868467 

8.5 0.472222222 78.49375133 

8.7 0.483333333 78.478818 

8.9 0.494444444 78.46388467 

9.1 0.505555556 78.44895133 

9.3 0.516666667 78.434018 

9.5 0.527777778 78.41908467 

9.7 0.538888889 78.40415133 

9.9 0.55 78.389218 

 

Table 4.1.1: Showing Variation in Human Energy by Varying 
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5.  Formulation of Dimensional Analysis Model : 

 The data of the independent and dependent parameters of corrugated sheet box  industry 

having man machine system has been gathered during experimentation. In this case there is one  

dependent  and  seven  independent  pi  terms  involved  in  the  experimentation.  It  is necessary to 

correlate various independent and dependent pi term involved in this system quantitatively. This 

correlation is nothing but a mathematical model as a design tool for such workstation. Seven 

independent pi terms (Π1, Π2, Π3, Π4, Π5, Π6, Π7) and dependent pi term (Π9) have been considered 

in the design of experimentation and are available for the model  formulation. Each  dependent  Π  term  

is  assumed  to  be  function of  the  available  independent Π terms, Π9 = f (Π1, Π2, Π3, Π4, Π5, Π6, 

Π7). A probable exact mathematical form  for  this  phenomenon could  be  the  empirical  relationships  

in  between  dependent dimensionless ratio and independent dimensionless ratio and are assumed to be 

exponential. 

Π9 = k x (Π1) 
a 

x (Π2) 
b 

x (Π3) 
c 

x (Π4) 
d 

x (Π5) 
e 

x (Π6) 
f 
x (Π7) 

g  
(3) 

  

This is  a  non  linear  relationship. The logarithmic transformation of the output function  provides a 

log-linear form which is convenient and commonly used in analysis using linear regression techniques. 

It is simplified by taking log of both sides as 

 

Log (Π9) = Log (k) + a x Log (Π1) + b x Log (Π2) + c x Log (Π3)  

+ d x Log (Π4) + e x Log (Π5) + f x Log (Π6) + g x Log (Π7)                                  (4) 

  

 
Fig 5.1: Showing Best Fit between Yexperimental Vs Ycomputed for Model DA1OPUL 

 

Coefficient of Correlation ( R ) 0.878 

Root Mean Square Error ( e) 0.0049 

Table 5.1 Result Analysis Model DA1OPUL 
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5.1. SA of Dimensional Model DA1OPUL: 

Sensitivity of the model can be tested. If there is unit change in any of the input variable 

 

Π9 = k x (Π1)
a 

x (Π2)
b 

x (Π3)
c 

x (Π4)
d 

x (Π5)
e 

x (Π6)
f 
x (Π7)

g
   (6)  

Differentiating the above equation with respect to one of the input variable (say Π2) we get the equation 

as 

 dπ9 / dπ2 = k x b x Π1
a 
x Π2 

(b – 1) 
x Π3

c 
x Π4

d 
x Π5

e 
x Π6

f 
x Π7

g                                                          
(7) 

dπ9 / dπ2 = b x (π9 / π2)                                                                                            (8) 

 

Thus the Sensitivity of input πi for the output variable Π9 is 

Sensitivity 9, i = bi x (π9 / πi)                                                                                     (9)  

 

Hence for knowing influence of input variable on output, information of current levels of 

corresponding input and output and the index of input variable in dimensional analysis model. 

 

Model DA1OPUL: 

 

 
Fig 5.1.1: Showing the Tornado Sensitivity Chart for the Model DA1OPUL 

Effect of first two sensitive parameters on output 

 

Foot Arm span Human Energy 

8.1 144 1.189170349 

8.3 147.5555556 1.183130531 

8.5 151.1111111 1.177264124 

8.7 154.6666667 1.171562238 

8.9 158.2222222 1.166016636 

9.1 161.7777778 1.160619661 

9.3 165.3333333 1.155364194 

9.5 168.8888889 1.150243597 

9.7 172.4444444 1.145251679 

9.9 176 1.14038265 

Table 5.1.1: Showing Variation in Human Energy by Varying 

First Two Sensitive Parameters 
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6.   Formulation of Response Surface Methodology Model : 

 The response surface methodology (RSM) is a collection of mathematical and statistical 

techniques useful in the modeling and analysis of problems in which the dependent variable receives the 

influence of several independent variables, in order to determine which are the conditions under which 

should operate these variables to optimize a production process. It usually  contains  three  stages  (1)  

design  of  experiments,  (2)  response  surface  modeling through regression, and (3) optimization. The 

main advantage of RSM is to reduced number of experimental trials needed to evaluate multiple 

parameters and their interactions.   The experimental data were utilized to build mathematical models 

using regression methods. Once an appropriate approximating model is obtained, this model can then be 

analyzed using various optimization techniques to determine the optimum conditions for the process. 

The response or the dependent variable is assumed to be a random variable. In corrugated sheet box 

manufacturing process, it is necessary to find a suitable combination of Pi terms X (Product of π1, π4, 

π6 and π7) and Y (Product of π2, π3, π5 pi term). The observed Response Z (π9) as a function of the X 

and Y can be written as 

Yk = f (X; Y) +e                                                            (10)  

MATLAB 2011b with curve fitting tool was used to formulate the linear polynomial model. 

 

Model RSM1OPUL: 

Linear model Poly54: 

 

f(x,y) = Yc = π9 = 1.158 + 0.01345 *x – 0.002924 *y + 0.007813 *x^2 – 0.03857 *x*y + 

 0.0008542 *y^2 – 0.0006844 *x^3 + 0.0009594 *x^2*y + 0.008298 *x*y^2 - 

 0.0001537 *y^3 + 2.034 * 10^-5 *x^4 + 7.913 * 10^-6 *x^3*y – 0.0001938 

 *x^2*y^2- 0.000697 *x*y^3 + 8.66 * 10^-6 *y^4 – 2.071 * 10^-7 *x^5 – 3.221 

 * 10^-7 *x^4*y + 1.129 * 10^-6 *x^3*y^2+ 8.002 * 10^-6 *x^2*y^3 + 2.136 * 

 10^-5 *x*y^4                                                                                                   (11) 

 

Putting the values of x = (π1*π4*π6*π7) and y = (π2*π3*π5)in above equation, we get 

Analysis of RSM Model and Goodness of fit 

Coefficient of Correlation ( R ) 0.625 

RMSE 0.008319 

Table 6.1 Result Analysis Model RSM1OPUL 

 

 
Fig 6.1: Showing Contour Plot, 3D Response Surface Plot and Residual Plot showing  

interactive effect of pi1pi4pi6pi7 along X, pi2pi3pi5 along Y on pi9(Response Variable) 

 along Z for Model RSM1OPUL. 
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Fig 6.2: Showing Best Fit between Yexperimental Vs Ycomputed for Model RSM1OPUL 

 

6.1. SA of RSM Model RSM1OPUL : 

 Mathematically, sensitivity of an objective function with respect to a design variable is the 

partial derivative of that function with respect to its variables. The partial derivative of the response 

surface best fit polynomial w.r.t. the variable X and Y respectively gives a sensitivity of that variable. 

Sensitivity is analyzed here using the partial derivatives of best fit response equation. Namely, positive 

sensitivity values imply an increment in the objective function by a small change in design parameter, 

whereas negative values state the opposite. Sensitivity analysis is an important tool to quantify the 

influence of input process parameters on the output response. This type of analysis can also be used to 

control the input parameters during a corrugation manufacturing process as if they are more sensitive on 

output response. Mathematically, sensitivity of an objective function with respect to a design variable is 

the partial derivative of that function with respect to its variables. The partial derivative of the response 

surface best fit polynomial w.r.t. the variable X and Y respectively gives a sensitivity of that variable. 

Sensitivity is analyzed here using the partial derivatives of best fit response equation. Namely, positive 

sensitivity values imply an increment in the objective function by a small change in design parameter, 

whereas negative values state the opposite. To evaluate sensitivities, each input parameter should be 

varied while keeping all other input parameters constant to see how the output parameters react to these 

variations. An output parameter would be considered very sensitive with respect to a certain input 

parameter if a large change of the output parameter value is observed. 

 If the objective function is 

 Yc = c + aX + bY 

 Where Yc = Response output (Human Energy) on Z-axis    (12) 

 c = constant  

 X = (Π1, Π4, Π6, Π7) group of Pi terms on X-axis 

 Y = (Π2, Π3, Π5) group of Pi terms on Y-axis 

 Partial differentiating eqn (12) with respect to X  

 δYc / δX = 0 + a +0         (13) 

 Partial differentiating eqn (12) with respect to Y  

 δYc / δY = 0 + 0 + b         (14) 

From equation 13 and 14 effect of group of Pi term to achieve the objective function which is 

minimization of human energy is found out. 

 

Model RSM1OPUL = δYc / δX = 0.01345 + 0.015626 * X – 0.03857 * Y – 2.0532 * 10^-3 

 * X^2 + 1.9188 * 10^-3 * X * Y + 0.008298 * Y^2 + 8.136 * 10^-5 * X^3 + 2.3739 * 

 10^-5 * X^2 * Y – 3.876 * 10^-4 * X * Y^2 – 0.000697 * Y^3 – 1.0355 * 10^-6 * X^4  

 – 9.663 * 10^-7 * X^3 * Y + 3.387 * 10^-6 * X^2 * Y^2 + 1.6004 * 10^-5 * X * Y^3  

 + 2.136 * 10^-5 * Y^4                                                                                  (15) 
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Model RSM1OPUL = δYc / δY = - 0.002924 - 0.03857 * X + 1.7084 * 10^-3 * X * Y + 

 0.0009594 * X^2 + 0.016596 * Y - 4.611 * 10^-4 * Y^2 + 7.913 * 10^-6 * X^3-3.876 

 *10^-4* X^2 * Y - 2.091 * 10^-3 * X * Y^2 + 3.464 * 10^-5 * Y^3 - 3.221  

 * 10^-7 * X^4 + 2.258 * 10^-6 * X^3 * Y + 2.4006 * 10^-5 * X^2 * Y^2 + 8.544  

 * 10^-5 * X * Y^3                                                                                                      (16) 

 

Model Optimal Optimal 

 

 
 
 
 
 
 
 
 
 

RSM1OPUL 

-0.018928805 -0.016547335 

-0.017946178 -0.016949515 

-0.016022983 -0.017724426 

-0.015314734 -0.019634721 

-0.019010647 -0.017514321 

-0.019010647 -0.017514321 

-0.01890071 -0.016165565 

-0.024065867 -0.0142796 

-0.021970645 -0.015057064 

-0.01904287 -0.017852929 

Table 6.1.1: Showing Summary of RSM Model Sensitivity 

 

7.  Formulation of Artificial Neural Network Model : 

 Artificial neural networks are modeling techniques which attempt to mimic human neural 

systems. Like its biological counterpart, ANNs have the ability to learn complex patterns from data and 

subsequently to generalize them into new contexts. It is suggested that ANNs are particularly useful 

when data exhibits nonlinear and interaction relationships. Both generic data sets Y experimental and Y 

predicted, in which the correlation coefficient measures the influence between data sets, and can also be 

interpreted as a coefficient of similarity between two data sets and the absolute average error measures 

inconsistencies between predicted and experimental data sets. Best results that are obtained with the 

Multi Layer Perceptron neural network, altering the number of hidden layer neurons, number of hidden 

layer, and activation function as hyperbolic tangent function or sigmoid function. By analyzing results 

that are obtained by the neural network with varying hidden layer neurons, it is concluded that the best 

neural network configuration is one which presents both a higher correlation and decreased error 

between actual data and estimated values. Results generated by using IBM Statistical SPSS 20.0 

software with Neural Network Tool. 
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Fig 7.1: Multi Layer Feed Forward Perceptron with one 

Hidden Layer for the ANN Model ANN1OPUL 

 
Fig 7.2 : Normal P-P Plot                           Fig 7.3: Normalized Importance Plot 

 
 

Model 
 

R 
 

R2 Adjusted 

R2 
SSE Relative Error  

RMSE 
Sample 

Training Prediction Training Prediction Training Prediction 

ANN1OPUL 0.995 0.990 0.990 2.268 1.161 0.033 0.045 1.01700 304 116 

Table 7.1: Coefficient of Correlation and RMSE for ANN Model ANN1OPUL 

 

 
Fig 7.4: Showing Yexperimental Vs YANN computed for the ANN Model ANN1OPUL 

 

7.1. SA of ANN Model ANN1OPUL: 

 Univariate analysis is basically optimization using sensitivity analysis. By incrementing value 

of input variable by 1 unit its influence on output is determined by first loading the ANN by trained 

weights and thresholds for the corresponding model and the network topology. This is the sensitivity of 

the output to the input concerned. 
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RVN 

 

Influence 

Length 

Most 

Influential 

Variable 

Human 

Energy in 

Pulse 

1 100 2 69.23322 

2 6 6 69.22225 

3 1 12 69.22208 

4 2 9 69.22205 

5 4 4 69.222 

6 3 9 69.22195 

7 4 4 69.22189 

8 3 9 69.22185 

9 3 4 69.2218 

10 2 9 69.22177 

11 3 4 69.22173 

12 2 9 69.22171 

13 3 4 69.22167 

14 2 9 69.22164 

15 2 4 69.22162 

16 2 9 69.2216 

17 3 4 69.22156 

18 2 9 69.22154 

Table 7.1.1: Showing Most Influential Variable and Its Impact on Human Energy 

 

 
Model 

Most Influential 

Variable 

 

Variable name 
Human Energy 

in Pulse 

 
 
ANN1OPUL 

X09 Production rate of machine 69.22154 

X04 Arm 
reach 

69.22156 

X12 Stroke/seconds 69.22208 

Table 7.1.2: Showing Summary of Sensitivity Analysis for 

ANN Model ANN1OPUL with Basic Variables 

 

8.  Results and Discussion 

 (Fig. 4.1.1) and Table 4.1.1 shows the summary of Tornado Sensitivity Chart for the Multi 

Variate Regression Model using MS Solver. The chart shows the sensitive parameters in descending 

order of its importance for human energy. Most sensitive parameters for minimizing the human energy 

is foot breadth of operator and stroke/sec. From Table 4.1.1 it is clear even if small increase in 

dimension of these two parameters there is a rise in human energy for the regression analysis model. 

(Fig.  5.1.1)  and  Table  5.1.1:  shows  the  summary of  Tornado  Sensitivity Chart  for  the 

Dimensional Analysis Model using MS Solver. The chart shows the sensitive parameters in descending 

order of its importance for human energy. Most sensitive parameters for minimizing the human energy 

are foot breadth of operator and arm span. From Table 5.1.1 it is clear even if small increase in 

dimension of these two parameters there is a rise in human energy for the dimensional analysis model. 

Table 6.1.1 shows pi term along X axis (Π1, Π4, Π6, Π7) are more sensitive to Z axis which is Π9 as 

human energy as compared to pi terms along Y axis (Π2, Π3, Π5). So data related to anthropomorphic, 
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data related to workplace parameters, data related to environment condition and data related to 

mechanical properties of corrugated sheet are more sensitive to minimization of human energy for the 

response surface methodology model. 

 Table  7.1.1  and  Table  7.1.2  show  the  univariate sensitivity analysis  for  all  basic  input 

variables with human energy as output variable. For the ANN model production rate of machine, arm 

reach, foot breadth, wet bulb temperature, dry bulb temperature, BMI prime and stroke per seconds are 

the most influential parameters for the minimization of human energy as output for the ANN model. 

 

9.  Conclusion 

 The results obtained are most promising. Experimental value and value computed using 

model demonstrate the correlation of more than 99 % with majority of the models. It means if 

operational parameters are known then output can be predicted with an error of less than 1%. The  work  

further  clearly  explains  the  most  influencing  parameters  for  given  set  of independent  parameters,  

alternatively  defining  process  parameters  at  any  time.  This  is achieved by sensitivity analysis; that 

hints which parameters should be adjusted so as to gain favourable effects on the output. Of the four 

statistical mathematical techniques used, ANN exhibited the best results. Multi variate Regression 

analysis is the second best dimensional analysis stands at number three and response surface 

methodology is trailing one. Sensitivity analysis studies revealed contribution of many factors on 

Human energy. Production rate of machine, arm span, arm reach, foot breadth, BMI prime and stroke 

per seconds are the most influential parameters for the minimization of human energy as output. 
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Abstract  

 The aim of the present paper is to numerically simulate short divergent tube for studying energy 

separation phenomenon inside the tube. Numerical simulation is carried out for comparison of two 

turbulence models k  standard and k   RNG models. A 3D computational model of  the vortex tube of 

short length having L/D equal to 6, 2 nozzles of equal diameter of 2.5mm diametrically opposite having 

divergent hot end has used. Model tested with conical valve angle of 30°, 45°, 60°, 90° at pressures 

ranging from 2 to 6 bars. Air is selected as the working fluid. The governing equations have been solved 

by the FLUENT code in a 3D compressible and turbulent model. Numerical results indicate that k  RNG 

model gives results closely matching with the experimental results. Temperature drop of about 100c has 

been observed at cold side of vortex tube. 

 

Keywords: Cold outlet, Numerical Simulation, Turbulent Model, Vortex Tube. 

 

Nomenclature 
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Introduction  

 The vortex tube, also known as the Ranque-Hilsch vortex tube, is a mechanical device that 

separates a gas into hot and cold streams. It has no moving parts. The gas is injected tangentially into a 

chamber with high degree of swirl. At the other end because of the nozzle only the outer periphery part 

is allowed to escape whereas the inner part is forced into the inner vortex with a small diameter within 

the outer vortex. The aim of the present paper is to investigate numerically the energy separation 

mechanism and flow phenomena within a vortex tube. 

Vortex tubes have widely been used in various applications where compactness, safety and low 

equipment cost are basic factors, including heating and cooling applications, gas liquefaction, separation 

of gas mixtures, drying of gases, uses in the chemical industry, electricity production, and snow making 

etc. 

 A three dimensional model of short divergent tube is made in ICEM tool of ANSYS software 

with dimensions as used in case of experimentation. In this particular tool after geometry creation 

meshing of geometry is generated in the same tool then mesh file is imported in the FLUENT software, 

boundary conditions at various parts of vortex tube is applied and using different turbulence model tube 

is tested for different operating pressures and different valve angles to get desired results that would 

satisfies the experimental results. 

 

Literature Review  

 Vortex Tube was invented by a French physicist, Ranque (1933). Later Hilsch (1947), a German 

engineer, carried out comprehensive experimental and theoretical studies to improve the efficiency of 

the Vortex tube. Behera et al. (2005) numerically optimises tube dimensional parameters to obtain 

lowest cold outlet temperature and highest hot outlet temperature. Linhert et al. (2005) shows that 

temperature difference between the outlet streams is dependent on a number of parameters, especially on 

the fraction of the inlet air leaving the tube through the cold exit and the pressure ratio between the inlet 

and cold outlet of the vortex tube. Eiamsa-ard S. and Promvonge M (2006) suggested that ASM model 

gives good agreements with experimental results as compared with the K-ε model. Syke et al. (2007) 

compared CFD model results with results obtained for the commercial vortex tube and find better 

agreements with the same. Eiamsa-ard S. and Promvonge M (2007) compared vortex tube schemes such 

as second order upwind, first order and hybrid scheme using K-ε turbulence model and ASM mode. 

Result shows that second upwind and quick scheme over-predict the results. Akhesmeh et al. (2008) 

studied the effects of cold mass fraction on the temperature separation. 

 Behera et al. (2008) obtains various fluid properties and flow parameters to study the energy 

separation mechanism inside the vortex tube and show that the higher thermal efficiency of vortex tube 

at higher hot gas fraction is due to substantial reduction in the negative heat transfer. Dutta T. et al. 

(2010) intensity of the backflow increases with increase in cold mass fraction ξ and Temperature 

separation in VT is more at normal atmospheric Condition than at cryogenic due to the lower enthalpy  

& higher specific heat. Shamsoddini R., Nezhad A. H. (2010) numerically investigated the effect of 

nozzle number on the energy separation inside the tube. Baghdad et al. (2011) investigated that RSM 

model gives good results as compared to k-ε, k-ω models. May et al. (2011) compared the performance 

of the tube by varying cold outlet temperature for two turbulence models. Results shows that turbulence 

model selection has no effect on velocity, temperature field, swirl velocity, total temperature 

Pourmahmoud et al. (2012) analyses the effects of the shape of injection helical nozzles and their 

associated geometrical parameters on the cooling capacity of vortex tube, results confirmed that within 

GPL limit from 0 to 0.169 there is a specific value, which leads to reach the highest swirl velocity in the 

chamber.   
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Numerical Methodology   

 Flow inside the vortex tube is assumed to be in steady state. The compressible Reynolds-

Averaged Navier-Stokes (RANS) equations along with the continuity and energy equations are 

numerically solved using the CFD software FLUENT 6.3.26.Air is considered a pure fluid while using 

the ideal gas law. The following values for the air properties are used CP=1006.43 J kg-1 K-1; μ = 

1.7894×10-5 kg m-1 s-1 and k = 0.0242W m-1 K-1. These are the default values for air given in the 

FLUENT materials database. 

 

Numerical model – 

 Figure 1 represents the vortex tube geometry which shows various regions of tube i.e. cold 

outlet, inlet, tube wall, valve, hot outlet. Table 1 shows the tube parameters used for numerical model. 

Figure 2 represents the mesh geometry of tube. 

 
Fig 1: Vortex Tube Geometry 

 
Fig 2: Vortex Tube Mesh Geometry 

 

Sr. No. Parameters Dimensions and 

Numbers 

1. Tube Entry Diameter 8 mm 

2. Tube diameter exit 9 mm 

3. Inlet nozzle diameter 2.5 mm 

4 Cold orifice diameter 4 mm 

5. Length of tube 49 mm 

6. Cone Angle, φ 5.71° 

7. Conical Valve angles ϴ 30°,45°, 60°, 90° 

8. No. of entry nozzles 2 

Table1 Tube parameters, Pise and Devade (2012) 

 

Governing equations  

 The numerical modeling of the vortex tube has been carried with the CFD code system of Fluent. 

For 3D compressible flow, the conservation of mass, momentum equations are given as: 

Continuity equation: 
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           (1) 

X-Momentum equation: 

        (2) 

Y-Momentum equation: 

        (3) 

Z-Momentum equation: 

        (4) 

For Standard k  turbulence model: 

Turbulent Kinetic energy (k) equation: 

      (5) 

Dissipation rate (ε) equation: 

     (6) 

For RNG k  turbulence model: 

Turbulent Kinetic energy (k) equation: 

     (7) 

Dissipation rate (ε) equation: 

    (8) 

  
 
Represents the generation of turbulence kinetic energy due to the mean velocity gradients, 

generation of ε respectively.  is the generation of turbulence kinetic energy due to buoyancy ,   

represents the contribution of the fluctuating dilatation in compressible turbulence to the overall 

dissipation rate and   , ,  are constants and   ,   are turbulent Prandtl numbers for k and ε 

respectively and ,   are the inverse effective Prandtl numbers for k and ε respectively  ,    are 

the user defined  source terms. 

 

Boundary conditions 

The pressure and temperature data obtained from the experiments are supplied as input for the analysis. 

The boundary conditions given to simulate the vortex tube phenomenon at different regions are as 

follows:  

 1. Inlet pressure varied from 2 to 6 bars with a temperature of 300 K.  

 2. Pressure outlet condition at cold outlet end of vortex tube with pressure of 1.03125 bars.  

 3. Pressure outlet condition at the hot end of vortex tube with varying pressure.  

 4. No slip and adiabatic condition at Tube wall.  

 

Grid dependence study  

 CFD analysis for 3D vortex tube is carried out for different grid numbers as shown in Table 2. 

For 2,47,863 grids cold outlet temperature has lower value  and finds good agreement with experimental 

results compared to other grids. The same number of grid size is used for numerical analysis with 

varying inlet pressure and for different turbulence model. 
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 Grid I Grid II Grid III Grid IV Exp. 

Mesh size 126156 187405 247863 275424  

∆  6 9 10 9 11 

Deviation 0.454 0.181 0.090 0.181  

Table 2 Grid dependence 

 

Results and discussion   

 Numerical result includes the effect of turbulence model selection, effect of conical valve angle 

and effect of inlet pressure on cold outlet temperature. Since the objective of this study is to investigate 

the cooling performance of the vortex tube refrigerator, the results for the hot outlet have not been 

reported for the sake of brevity.  

 

Comparison of turbulence models 

 Comparison of two turbulence model k  standard and k   RNG models is carried out for four 

valve angle 30°, 45°, 60°, 90°at inlet pressure 6 bars. From figure 3 it is found that results for two 

turbulence model has not lager considerable difference. For k   RNG model for 45° valve gives the 

lowest cold outlet temperature of 290 K because in k   RNG model turbulent kinetic energy equation and 

dissipation equation contains additional term    ,  is the inverse effective Prandtl number  for k and ε 

respectively so while simulating additional effect is calculated than standard k   model. So for further 

simulation of tube has been carried out for by considering k  RNG model.                                 

 
Fig 3: Effect of Turbulence model on cold outlet temperature. 
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   Fig a      Fig b 

      
     Fig c      Fig d 

 

     
Fig e      Fig f 

Fig 4: Counters of static temperature for k-ε RNG, 45° Valve angle for pressure a) 2 bars b) 3 bars c) 4 

bars d) 5 bars e) 6 bars f) at different sections of the tube along the length. 

 

Effect of pressure  

 Vortex tube simulation has carried out for four valve angle 30°, 45°, 60°, 90° to study the 

cooling performance of vortex tube. Figure 4 shows the counters of static temperature for k-ε RNG, 45° 

Valve angle for 2, 3, 4, 5, 6 bars pressures. Figure 4 counters of static temperature indicates that as 

pressure increases flow rate towards the cold side increases with decrease in the cold outlet temperature 

due to increase in intensity of vortices  and larger the back flow compression of one layer over the 

another layer which means the energy separation rate increases inside the tube. Figure a, Counters of 

static temperature at 2 bars shows cold region is less as compared to figure b, c, d. Figure e indicates 

flow of cold air region larger than others due to turbulence intensity is higher so the back flow region is 

lager and lower temperature. Figure f, Contours of static temperature at different section along length of 

the tube i.e. at cold end, inlet and hot outlet at 6 bars pressure for 45° valve angle which represents 

clearly the temperature separation at various location of the tube.  
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Fig 6: Validation of Numerical results with Expt. results of Pise and Devade (2012). 

Comparison of present numerical results with experimental results 

 Figure 6, represents validation of present numerical results with the experimental results of Pise 

and Devade (2012). Figure 6 shows that numerical results are closely matching with the experimental 

results. Numerical results for cold outlet temperature is less for all valve angles and for all pressure as 

compared to experimental results this variation in results is due to the turbulence models used for 

simulation of tube does not contain term that will calculate the actual turbulence generated that in case 

of experimental one it has more effect on energy separation inside the vortex tube.  

 

Conclusions 

In this study, numerical simulation was carried out to study the effect of turbulence model on energy 

separation inside the divergent vortex tube. Comparison of two turbulence model indicates that energy 

separation phenomenon depends upon model selection and also the inlet pressure, valve angle has effect 

on cooling performance of vortex tube.  

  

According to the present numerical results following conclusions are drawn: 

1. K-ε RNG Turbulence model shows better results as compared to k- ε standard model  

2. Cold outlet temperature drop has lowest value of 10°C at 6 bar pressure at 45° valve angle. 

3. The numerical model predictions compare well with experimental measurements taken using 

consistent geometry and similar operating conditions. 

 

References 

Akhesmeh S., Pourmahmoud N., Sedgi H. (2008) Numerical Study of the Temperature Separation in the 

Ranque-Hilsch Vortex Tube. American Journal of Engineering and Applied Sciences, 1 (3), 181-187. 

Baghdad M., Ouadha A., Imine O., Addad Y. (2011) Numerical study of energy separation in a vortex 

tube with different RANS models. International journal of thermal sciences, 50, 2377-2385. 

Behera U., Paul P. J., Dinesh K., Jacob S. (2008) Numerical investigations on flow behavior and energy 

separation in Ranque–Hilsch vortex tube. International Journal of Heat Mass Transfer, 51, 6077–6089. 



ISCI 2014 

194 

 

Behera U., Paul P. J., Kasthurirengan S., Karunanithi R., Ram S.,Jacob S.(2005) CFD analysis and 

experimental investigations towards optimizing the parameters of Ranque–Hilsch vortex tube. 

International Journal of Heat and Mass Transfer, 48, 1961–1973. 

Dutta T., Sinhamahapatra k., Bandyopadhyay S. (2010) Comparison of different turbulence models in 

predicting the temperature separation in a Ranque–Hilsch vortex tube.International journal of 

refrigeration, 33,783-792. 

Eiamsa-ard S. and Promvonge M. (2006) Numerical prediction of vortex flow and thermal separation in 

a subsonic vortex tube. Journal of Zhejiang University SCIENCE A, 1406-1415. 

Eiamsa-ard S. and Promvonge M. (2007) Numerical investigation of the thermal separation in a 

Ranque–Hilsch vortex tube. International journal of Heat Mass Transfer, 50, 821–832. 

Hilsch R. (1947) The use of expansion of gases in a centrifugal field as cooling process. The Review of 

Scienti_c Instruments, 18(2), 108-113. 

Linhart J., Kalal M., Matas R. (2005) Numerical Study of Vortex Tube Properties.16th international 

symposium on transport phenomena, istp-16, Prague. 

May O, Mokni I, Mhiri H, and Bournot P (2011) CFD Investigation of a vortex tube: Effect of the cold 

end orifice in the temperature separation mechanism. Science Academy Transactions on Renewable 

Energy Systems Engineering and Technology, vol. 1, No.3, 84-89. 

Pise A.T. and Devade K.D. (2012) Investigation of Refrigeration Effect using Short Divergent Vortex 

Tube. Recent Advances and Challenges in Energy, Manipal. 

Pourmahmoud N., Hassanzadeh A., Moutaby O. (2012) Numerical analysis of the effect of helical 

nozzles gap on the cooling capacity of Ranque-Hilsch vortex tube. International journal of refrigeration. 

Ranque, G.J. (1933) Experiments on expansion in a vortex with simultaneous exhaust of hot air and cold 

air. Le Journal de Physique et Le Radium, 4(7), 112-115. 

Shamsoddini R., Nezhad A. H. (2010) Numerical analysis of the effects of nozzles number on the flow 

and power of cooling of a vortex tube. International journal of refrigeration ,33,774-782. 

Skye H., Nellies G., Klein S. (2006) Comparison of CFD analysis to empirical data in a commercial 

vortex tube. International journal refrigeration, 29, 71-80. 

  



ISCI 2014 

195 

 

Digital Hearing Aid-Signal Processing Techniques 
 

 

Mrs. Neelam Joshi 

Prof.Dr.M.T.Kolte 

Kunal Ambhore 

MIT College Of Of Engg , Pune, India. 

neelamnjoshi@gmail.com 

mahesh.kolte@mitcoe.edu.in  

 

 

Abstract 

 In the rural sector of India there is a substantial number of hearing impaired persons. It is 

estimated that as many as 50% of inner city children under the age of seven have transient hearing loss 

of up to 10%, recurrent or persistent enough to affect their educational and social progress. Hearing 

impaired persons, especially those with moderate or acute hearing loss, suffer from diminished 

opportunities for conversation. The conventional analog hearing aids presently have a number of 

functional deficiencies. These include fixed frequency and I/O response, lack of flexibility, inability to 

distinguish speech from noise, etc. These problems can be solved by developing a DSP based 

programmable digital hearing aid. This fully digital device features Programmable Hearing Profile, 

Wide Dynamic Range Compression, Feedback Suppression, and Adaptive Noise Cancellation. 

 

Keywords:VLSI;FPGA;Digital Hearing Aid 

 

1.Introduction 

 According to recent studies by health care institutions such as the German Green Cross, nearly 

every fourth person living in industrialized countries suffers from hearing problems. The reason for this 

development is the permanent overstraining of the hearing mechanism. The common solution for 

hearing impairment is the use of a hearing aid. But the conventional analog hearing aids have many 

drawbacks.  In some cases such hearing aids  can  even worsen the hearing capability of the patient. 

 

2. Causes Of Hearing Disabilities 

 Hearing loss can be the result of many different causes, each having a different effect on one’s 

ability to hear. The most common form of hearing loss is related to the ageing process and the 

cumulative effect of long-term exposure to sound energy. 

Fundamentally, there are following types  of hearing impairment: 

2.1.1.Conductive hearing loss 

Causes  : 

  

  

  

2.1.2 Sensorineural hearing loss 

Causes : 
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2.1.3. Neural hearing loss 

Causes : 

  

 y 

  

2.1.4. Mixed hearing loss 

Causes: 

  

 

3. Types Of Hearing Aid 

There are different types of hearing aid which      given bellow. 

 1. CIC - Completely In The Canal         

 2. ITC -  In The Canal 

 3. ITE -  In The Ear                               

 4. BTE - Behind The Ear 

Problems faced by people with hearing impairment- 

3.1.1   Decreased Audibility  
 Some sound can not be hear by hearing impaired people at all. Some times they may hear but not 

understand certain sounds. In some cases they may feel the speech to be loud enough but not clear 

enough. This decreased audibility is due to increased Hearing Threshold. Hearing Threshold at a 

frequency can be defined as a particular  sound level above which a patient can hear at that frequency 

without the use a hearing aid. We can plot a graph of hearing threshold with respect to frequency which 

is called the audiogram or the hearing profile of the patient. 

3.1.2    Decreased Dynamic Range 

 There is a sound level which can be heard comfortably by any  person.  Uncomfortable  

Loudness  Level  (ULL)  at  a  particular  frequency  of  a  hearing impaired person is the maximum 

sound level the patient can hear comfortably at that frequency. The difference between the ULL and the 

hearing threshold is called the dynamic range.  In sensorineural hearing loss threshold and ULL 

increases. The dynamic range of hearing impaired will be less than that of a normal ear. If the dynamic 

range is less, the amplification required to make weak sounds audible can cause medium sounds 

uncomfortably loud. 

3.1.3 Decreased Frequency Resolution 

 There is a problem of decreased frequency resolution with sensorineural hearing loss. It is caused 

by damaged cochlea and sometime due to their need to listen at elevated sound levels. Even for normal 

ears the frequency resolution will be less at higher  sound  levels.  When  the  frequency  resolution  is  

sufficiently  less  then  intense  low frequency parts of speech may mask weaker high frequency 

components. This is referred to as upward spread of masking. 

3.1.4 Decreased temporal Resolution 

  Intense sounds can mask weaker sounds that immediately precede them or immediately follow 

them. This type of masking is more dominant for people with sensorineural hearing loss. This adversely 

affects speech intelligibility. 
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3.2 Limitations of Conventional Analog Hearing Aids 

 In the past, conventional analog hearing aids were the only option available to the hearing 

impaired. They have the following drawbacks: 

• Conventional analog hearing aids provide the same amplification to all frequencies. But the hearing 

loss may be different for different frequencies. So an aid that can provide a variable gain with respect to 

frequency is to be provided. 

 • In analog circuits, we cannot program the aid which puts serious limitation on the design in that it is 

virtually impossible to set the hearing aid characteristics to suit a particular user’s hearing profile. 

• Amplification of all audio signals regardless of frequency and signal intensity raises the sound levels 

of high intensity signals generates high values resulting in uneasiness for the user. These necessitate a 

hearing aid that can adjust its gain in accordance with the intensity of sound signals. 

• noise. 

•   

     analyzers like computers 

 

4.Hardware  Design Of The System 

 
Fig.1: Block Diagram 

 The sound is captured by microphone and is converted to electrical signal. Tele-coil senses 

magnetic field produced by hearing aid converts it into electrical signal. It is used as auxiliary input and 

is selected when there is lot of background noise. The signal is amplified by the pre- amplifier. An 

Analog to Digital Converter is required to convert the analog signals to digital signals. Further 

processing is done in the digital domain. By using over-sampling technique along with noise-shaping 

circuit, sigma delta ADC increases the effective resolution. The Sigma- Delta ADC converts the signal 

into digital signals. The FPGA block reads the data and stores it. It manipulates the digital signal and 

sends it to the Class D amplified receiver, which converts the electrical signal to sound. HI-PRO 

contains level converter and the necessary logic for enabling serial communication between PC and 

Hearing Aid. 

 The various functions carried out by the FPGA block are discussed below. The DSP Engine uses 

the data stored in EEPROM to customize the DSP Algorithm and process the digital signal. There are 

basically two approaches in DSP. One is the Time Domain approach and the other Frequency Domain 

approach. We follow the Frequency Domain approach in the development of DSP algorithm for hearing 

aid. The output of ADC is read and stored in memory. Once the input buffer is full, it is read, processed 

and the output samples are generated. The processing should be completed before the input buffer is 

again filled. 
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4.1.Software Design Of The System 

 Altera DE2 board and Xilinx board becomes one of the most widely used FPGA board for 

development of FPGA design and implementation. The Purpose of this board is to provide the ideal path 

for learning about FPGA, digital logic and computer organization. The board offers a large set of 

features that make it suitable for use in laboratory environment for the variety of design projects and for 

the development of digital systems. Altera provides various supporting material for DE2 board, 

including demonstrations, laboratory exercises and tutorials. 

 

5. Design Flow Of The System 

The flow of the project is in three phases: 

 1.   Dynamic Range Compression 

 2.   Noise Suppression 

 3.   Feedback Reduction 

It includes:- 

5.1.1    Dynamic Range Compression: 

 Uncomfortable loudness level (ULL) at a particular frequency is the maximum sound level the 

patient can hear comfortably at that frequency. The difference between the ULL and hearing threshold is 

called as Dynamic Range. 

There are 3 types of Dynamic range compression 

 

A. Low level Compression- 

 •    Amplify factor is reduced for signal level below the compression threshold. 

 •    Linear amplification is provided for signals above the compression threshold. 

 •    Leads to squashing dynamic range for weak to moderate signals. 

B.  High level compression- 

 •    Amplify factor is reduced for signal level above the compression threshold. 

 •    Linear amplification is provided for signals below the compression threshold. 

 •    Leads to squashing dynamic range for moderate to intense sound. 

C.  Wide Dynamic range compression 

 •    Compression is applied over a wide range of input sound level. 

 •    There are no sounds levels for which the o/p levels need to be squashed together closely. 

Compression reduces the volume of loud sounds or amplifies quiet sounds by narrowing 

or"compressing" an audio signal’s dynamic range. 

 

5.1.2    Noise Suppression 

 There is a major drawback of present day hearing aids is that they cannot distinguish between 

speech signals and noise. So the amplifier treats both noise and speech signals in the same manner, and 

thus it amplifies both speech and noise, As a result no improvement in the signal-to- noise  ratio  is  

done.  Speech  signal  cannot  be  clearly  perceived  in  many  cases.  For  speech sensitive processing, 

after separating the input signal into different frequency channels, each channel is analyzed individually. 

Speech has a temporal structure different from most noises. With the help of Digital Signal Processing 

we can identify this different temporal structure to a degree, which is not possible with analog 

technology. In each of the frequency ranges these results are used to decide whether the signal is more 

likely speech or noise. From that signal each frequency range is then amplified or attenuated 

accordingly. This processing technique makes it possible to suppress background noise without affecting 
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the speech signals. It is basically an ADAPTIVE FILTER that adapts its gain in accordance with the 

noise content present in the incoming signal. 

 

5.1.3    Feedback Reduction 

 Acoustic feedback is another common problem existing with present day hearing aids in the 

design of hearing aid the receiver and transmitter are place on a small distance from each other so some 

of the output of hearing aid may get back to the input of the aid. The signal feedback will be processed 

along with the incoming sound. One common method to avoid feedback oscillation is to adjust gain 

frequency response. 

 In single channel hearing aids this is achieved by reducing the overall gain. In multichannel 

hearing aids it is possible to reduce the gain only at those frequencies where the feedback occurs. It is 

also possible to limit the maximum gain in each channel. 

 

6. Signal Processing Techniques 

 
Fig 2.Signal processing techniques 

 

In the general signal processing techniques for hearing aid contains 3 different types of alogorithms. 

 1.DynEar Algorithm 

 2.RangeEar Algorithm 

 3.Linear Algorithm 

In the fig 2 we can see the general signal processing technique.In that the input speech signal is first 

given to the ADC and then fitted in the Filter bank which is having the different gain control asG1 to 

G7.This 7 channel filter bank is designed by (Lunner & Hellgren, 1991).Here the adjustable gains are 

used to individually to shape the frequency response. 

 The three lowest filter bands  are summationed together to form a low-frequency (LF) channel 

and a high-frequency (HF) channel by the four uppermost bands. The cut-off frequency between LF and 

HF was 1600 Hz. The gain in the LF and HF channels was controlled by the volume control (VC).The 

LF and HF signals worked as inputs to two independent compressors with adjustable attack and release 

times. 

 

6.1.1 DynEar Algorithm-    

In DynEar algorithm  
 1. LF channel: Individual frequency shaping and wide dynamic range (syllabic) compression in 

order to restore normal loudness levels for LFs and to reduce the potential risk that loud LF speech 

elements (vowels) mask faint HF speech elements (consonants). 

 2. HF channel: DynEar used the same HF channel as LinEar, that is, linear gain with individual 

frequency shaping (POGO II) and a compression limiter with low threshold (UCL-12 dB). This 

relatively low setting of the limiting threshold might cause some compression for loud sounds in HF. 
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6.1.2RangeEar Algorithm- 

 1.LF channel: The same LF channel as in DynEar, that is, individual frequency shaping and wide 

dynamic range (syllabic) compression. 

 2. HF channel: Individual frequency shaping (POGO II) and slow-acting AGC in the HF channel 

in order to increase audibility for weak sounds while avoiding 

discomfort from loud sounds. 

The RangeEar algorithm did not include any useroperated controls, that is, the algorithm was fully 

automatic. 

6.1.3LinEar  Algorithm-   

 We  chose  to  adjust  the  compression  limiting  in  the  LF  and  HF channels to 12 dB lower 

than the pure-tone uncomfortable loudness level (UCL) to account for the loudness summation for 

broadband (HF) signals at discomfort levels (Bonding & Elberling,1980). This relatively low setting of 

the kneepoint might cause some  compression for loud speech. In those situations LinEar will behave 

like a two-channel compression hearing aid. 

 In our project we have using the DynEar signal processing algorithm.For that   some speech 

signals are captured and then with the help of Matlab the signal is divided into no of channels and then 

compression technique is applied on the signal. 

 
Fig No.3 Speech Signal 

 

When we apply the band separation technique to the speech signal then the signal will divide in no of 

bands required by the program.   

 

 
Fig No.4 Signal divided in no.channels. 

 

7. Conclusion 

 The FPGA-based Digital Hearing Aid system which employs compression system algorithm. 
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This proposed that compression is applied separately in two or more frequency bands.  The design was 

carried out using VHDL or MATLAB the implementation was based on the FPGA development board. 

We studied and profiled the speech processing algorithm implemented in the software version and 

designed a highly-parallel architecture. The digital hearing aid is useful to overcome all the limitations 

of anolog hearing aid. 
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Abstract 

 Special purpose machines are not available off the shelf. These machines are designed and made 

as per the customer’s specific requirements.  It is designed for getting higher efficiency and economy in 

desired condition .The recent developments in digital technology specially embedded systems , have 

now enabled us to make low cost machines for real time applications. The aim of this paper is to present 

the simulation of special purpose mild steel sheet cutting machine using single point cutting tool and 

easily available low cost microcontrollers. 

 

Keywords: Simulation, Mild steel sheet, Micro-controller, Single point tool 

 

1. Introduction 

 Special  purpose  machines  (SPM)  are  wide  uses  in  modern  era  of  manufacturing.SPM  are 

designed in such a way that they will easily perform the desired operations.  SPM minimizes the 

operation time, human fatigue due to repetitive operation, product cost , it also increases the productivity  

and  assures  the  quality.  SPM’s  use  Hydraulics  and  Pneumatics  as  actuating elements or they are 

cam operated machines or in many machines Programmable Logic Controllers are used with transducers 

and sensors, to control the actuating elements . Sometimes special combinations of drives, gears, stepper 

motors and servo motors are used as actuating elements. For automatic operation purpose mechanisms 

are interface with electronics and computers. After all these efforts very high productivity is achieved 

but precondition is that the input to the automatic machine must have strict quality control. The recent 

advancement development in digital systems, have now enabled us to make low cost machines. In India, 

traditionally, the task of metal sheet cutting is accomplished using manual or semi-automatic machines 

like circle cutting machines, gas cutting machines, pug machines etc. pug machines being the most 

common. 

 These pug machines are guided manually by hand on a track and require very skilled workers. 

Quality of cut is usually poor, depending highly on worker’s expertise and mood. Also, tracks come 

only in certain standard shapes and sizes, so random shapes cannot be cut.  

 During our visit to engineering works agricultural machinery manufacturing division, I have seen 

various processes, activities, machines which they are using for production. There are so many 

components which are made up of mild steel sheet by manual marking and cutting using chisel and 

hammer and shearing mechanism very slowly , this effects the low productivity and time consuming 

processes, wastage of manpower , more waiting time to next operation , more material handling time. 
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1.1 Necessity Of The Sheet Cutting Into Different Profiles: 

 Sheet metal cutting is the primary process of all the processes. The sheet metal cutting is needed 

in manufacturing different shapes of parts of the thresher machine. Maximum (15-20) parts of the 

threshers are from sheet metal. Proper cutting provide the proper folding and close fits into the mating 

parts.  In threshers vibrations are very high so close fittings of mating parts is necessary. Sheet metal 

cutting is so equally important like any other operation otherwise the parts cannot be in required 

dimensions. 

 

1.2 Current Available Facility for Sheet Metal Cutting 

 The shape and geometry of the each part body is very different than any other component. The 

shapes of the some parts are intricate and difficult to manufacture. Presently sheet metal cutting 

operation is the first process before all the other process starts. The manual cutting by chisel- hammer  

and  manual  shear  machine  is  the  only  option  on  which  the  sheet  metal  cutting operation  can  

perform.  There  are  so  many  aspects  involved  in  the  actual  operation,  but currently there is no 

other option other than manual cutting. This is an unnatural type of operation on the shear cutter, 

sometimes at the time of cutting operation the accuracy of the machine is totally out of control. 

Clamping of metal sheet encountered a problem in shearing machine because it required more time and 

more manpower if clamping is not done properly the chances of improper shape cuts may occurred. 

Standard  size MS Sheets 

i) 914mm x 1828mm  

ii) 1219mm x 2438mm  

Thickness 1 mm to Max 2mm 

                
              Fig1: Manual Marking           Fig2: Manual Cutting                 Fig3: Shearing Machine 

         (Chisel & Hammer)     

 •    Marking according to standard size pattern (Manual Marking) 

 •    Every time new pattern for New Changes 

 •    Cut according to marking with the help of Chisel & Hammer 

 •    Cut according to marking with the help of Manual Cutter 

 •    Three Workers are engaged for cutting operation 

 •    Proper coordination required in three of them 

 •    Proper aligning is difficult 

 •    This process is continuous for whole year 

 •    Time consuming process 

 •    Labor Problem 

 •    Power press for cutting and bending of sheet 

 •    On power press for cutting desired shape dies are required 

 •    For new changes in dimension , new dies with modified dimension are required  

 •    Frequently  changes  in  dimensions  due  to  continuous  modification  according  to  
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 market demand and competitors 

 •    Consumes cost and time 

 •    Storage problem due to  

  a) Seasonal Product 

  b) Market demand around 5000 machines per year  

  c) Each machine has 15-20 sheet metal parts 

  d) For fulfillment of market demand, standard components needs to be stored 

  e) Every day new machine launch with advance sophistication , needs modification in s 

  ome components. 

  f) For fulfillment of market demand assembly done at the time of season 

 

2. Literature Review: 

 Many works have been done to carry out the various machining operations, for that 

special machine, tools, fixtures are invented. Some inventor had tried to carry out the Sheet Metal 

Cutting operation by inventing special purpose machine for it. Merrill L. Ridgway1, The present 

invention relates to mechanical presses, and is particularly concerned with a cupping press of unique and 

relatively simple design, A cupping press is a press in which stock, usually coil stock is blanked out and 

the blanked out work member is then formed, as by drawing, with both the blanking and drawing 

operations being performed in a single work cycle, with the work member remaining in the same 

position. 

 Harry C. Wold2, This invention relates to devices for cutting sheet metal and more particularly 

to the type of machine having a pair of relatively reciprocal shearing members which make successive 

short cuts or bites in a sheet as the latter is fed through the machine. 

Berthold  Leibinger3, This invention relates in general to metal working machines and, in particular, to a 

new and useful stamping machine equipped with a plurality of selectively individually drivable tools. 

Machines, particularly in the form of so-called turret type stamping machines are known. The various 

tools which, in the stamping machines, are formed of two parts, namely, a die and a punch, are carried 

by the turret head of such a machine, which, for example, has the shape of a disc. By indexing the turret, 

the tool necessary for the next working operation is brought into its working position and connected to 

the drive by suitable means. After the work is done, this tool is disconnected from the drive. The turret is 

then indexed until the next needed tool comes into the position of the former one. Once it is in this 

working position, it is also connected to the drive and the operation can be performed. 

 Hans Poersch4, The invention concerns a peripheral auxiliary system for the automatic feeding 

and unloading of a stamping /nibbling machine. In machines of this kind, the blanks have previously 

beed fed in by automatic devices. Other transport or depositing devices have been  provided  for  the  

stamped  parts  and  the  stamped-out  blanks.  For  these  purposes,  an industrial robot with a gripping 

mechanism is be used. According to the invention, the gripping mechanism of the robot is also designed 

to remove the stamped parts, and a stacking means is provided. 

 Joseph V. Warren5, The present invention relates to an apparatus for cutting metal work pieces, 

particularly metal plates. Metal cutting machines which employ a laser cutting head are known, wherein 

the laser cutting head is mounted on a moveable gantry, and so that the laser cutting head may be moved 

in a predetermined path of travel to cut a sheet metal plate or other product positioned on a table 

underlying the gantry. A  metal cutting apparatus which comprises a longitudinally moveable gantry and 

a transversely moveable carriage which is mounted on the gantry. 

 James E. Hulings6,A plasma cutting table includes an open frame table, a movable bridge 

extending across the table and a gas evacuation system. A pair of opposed plenums are positioned 
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adjacent the table on opposite sides of the table extending along the general length of the table with each 

plenum forming a channel. A hopper extends across an underside of the table and is attached to the 

bridge to be movable relative to the table with the bridge. 

 Daniel V. Palanker7, An apparatus and method for cutting a material including conducting and 

non conducting materials such as biological tissue, cellulose or plastic while the material is submerged 

in a conductive liquid medium. The two electrodes are immersed in the conductive medium and a 

voltage is applied between them to heat the medium, thus producing a vapor cavity around the elongate 

cutting portion and ionizing a gas inside the vapor cavity to produce plasma. 

 William Rudorff8, This invention relates to apparatus for cutting electrically conductive 

materials, more especially hard metals such as carbides, metal ceramic masses, tool steels, and stainless 

steels, by the erosive effect of electric sparks. An electric spark is a high frequency oscillatory discharge 

and as such is fundamentally different from the electric arc which constitutes a continuous electrically 

conductive gaseous bridge of high temperature between two electrodes. 

 Thomas Haar9, One is often confronted with the problem of cutting blanks from panels of sheet 

metal, for instance, of aluminum, or other materials of different thicknesses. ‘For this purpose, the panel 

is clamped in a feeding device and is moved between punch and die in such a manner that the latter cut a 

predetermined number of blanks out of the panel. For saving material it is required to obtain the largest 

possible number of blanks from a given panel area. 

 

2.1 Checklist of Information Useful in Investigation of Solution for Sheet Metal Cutting 

a)  The sheet metal cutting by manually is a not profitable, so we need to develop the solution which is 

having economical, simple in operation and less costly. 

b)  Properties of the materials which we have to cut or machine and cutting tools available for cutting 

these materials. 

c)  Focus on some current available facility which is helpful to make some new economical and useful 

solution. 

d)  The mechanism which is suitable for the type of operation of sheet cutting. 

e)  Selection of suitable drives for the mechanism like Belt drive, Chain drive and cam follower. Also 

find the advantages and disadvantages of this drives. 

f)   Dimensional requirement, finishing requirement of sheet metal cutting operation. g)  User friendly 

and low maintenance solution. 
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3. Proposed Mechanism of the Sheet Metal Cutting Machine 

  

 
Fig 4: Single Point Tool and X-Y Movement Table 

 

3.1 Construction And Working Of Mechanism:- 

 This system is used for sheet metal cutting operation. It consists of smaller pulley, V belt, larger 

pulley, eccentric shaft, Guide way for slider, tool holder, single point HSS tool bits, X-Y movement 

table, controller. 

Working: We can externally supply the power and speed from the motor to the belt drive mechanism. 

Output of belt drive to the eccentric shaft, is connected to the slider which allows to reciprocate the 

single point tool in the guide ways. This tool reciprocates in only vertical direction (Z). The metal sheet 

hold by X-Y movement table sheet holder, movement of sheet  is  controlled  by microcontroller with  

the help  of nut,  lead  screw and  stepper motor according to the profile coordinates feed manually to the 

microcontroller. 
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3.1.1 Belt Drive:- A Belt is a looped strip of flexible material, used to mechanically link two rotating 

shafts they may be used as a source of motion, to efficiently transmit power, or to track relative 

movement. Belts are looped over pulleys. Power transmission is achieved by specially designed belts 

and pulleys. Belts run smoothly and with little noise, and cushion motor and bearings against load 

changes, but have less strength than gears or chains. 

 

Advantages 

 •    Cheap 

 •    Allows misalignment 

 •    Protects from overload 

 •    Absorbs noise and vibrations 

 •    Cushion load fluctuations 

 •    High efficiency (90-98%). 

Disadvantages 

 •    Speed ratio is not constant due to slip & stretch 

 •    Heat accumulation 

 •    Power limited - 700 kW 

 •    Speed limited – 2000 m/min 

 

3.1.2 Eccentric shaft and slider:   

  It is often employed to convert rotary motion into linear reciprocating motion. As the speed of 

the rotating shaft increases, the reciprocation of the slider is also increases so the single point tool cut 

metal with high speed. This mechanism work as a cam and follower, eccentric shaft transfer the rotating 

power of motor to the tool through slider in to reciprocating motion. The eccentric shaft is supported by 

two  bearings and  slider is supported by v guide. One sensor is provided at the slider end which senses 

the position of the slider and send signal to the controller which is used for movement of the X-Y 

motion table. 

 

3.1.3 Single point cutting tool:   
 A tool bit is a non rotary cutting tool used in lathes, planers and shapers. Such cutters are known 

by the name single point cutting tool .the cutting edges is ground to suit a particular machining operation 

and it is reshaped as needed. Normally all tool bits were made of High Speed Steel (HSS) with 

appropriate tempering and hardening. Other tool materials like ceramics, carbides are used but these 

materials are expensive. 

 

4. Conclusion:-   
  In   this   paper   discussed   about   the   sheet   metal   cutting   operation   and methodology. In 

this suggesting special purpose machines for profile cutting operation perform on the sheet metal. In 

existing process required more time for completion of operation of profile cutting as well as difficult to 

achieving to each sheet metal cutting. This problem eliminating by providing dedicated sheet metal 

cutting machine i.e. providing special purpose machine. Above suggesting mechanisms in facilitate to 

loading the sheet in short time as well as unloading, easily performing operation on metal sheet. This 

system also increase rate of production with accurate dimensions. 
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Abstract 

 Artificial Neural Network (ANN) has become very widely used modelling and optimising tool in 

manufacturing processes because it can be fully exploited to gain numerous benefits. However this is 

possible only if we determine suitable training and architectural parameters which in itself, to design is 

very difficult. Conventionally, experimenters follow trial and error method to determine these suitable 

architectural parameters. In this paper a new approach is discussed in which Taguchi method is used to 

optimise these ANN architectural parameters. The result shows improved performance of ANN and 

reduction in error with high prediction accuracy. Niobium superalloy is turned and cutting parameters 

viz. speed, feed, depth of cut are used as input and Surface Roughness and Cutting Forces are selected as 

output for ANN. This paper introduces to use of systematic approach, eliminating tedious trial and error 

practices in ANN modeling. 

 

Keywords: Modeling, ANN, Taguchi, superalloy 

 

 

1. Introduction 

 There   are   various   mechanical   and   non-mechanical   methods   of   removing   material 

economically  from  hard  or  hardened  metals.  However,  it  is  still  possible  to  apply conventional 

cutting processes to hard metals and alloys by selecting an appropriate tool material and machine tools 

with high stiffness and high-speed spindles. Significant advances have been made in understanding the 

behaviour of engineering materials when machining at higher cutting conditions from practical and 

theoretical standpoints. As the hardness of the work piece increases, its machinability decreases 

accordingly and tool wear and fracture as well as surface finish and integrity, can become a significant 

problem. 

 The improvements achieved from research and development activities in this area have 

particularly enhanced the machining of difficult-to-cut materials such as superalloys that have 

traditionally exhibited low machinability due to their peculiar characteristics such as poor thermal 

conductivity, high strength at elevated temperature, resistance to wear and chemical degradation,  etc. A  

good understanding  of  the  cutting  tool  materials,  cutting  conditions, processing  time and  

functionality of  the machined component  will  lead  to  efficient  and economic machining of 

superalloys. 
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  One of most prominent and relatively less investigated superalloy is Niobium C103. Niobium are 

not rare and exclusive and are readily available for commercial applications. Today, the primary 

application for high temperature niobium alloys is in one form or another of rocket propulsion. Also 

other applications include fastener stock, and a growing use for resistance to ignition in certain elevated 

temperature chemical processing environments. Recent studies have showed its utility in medical field 

(Kathy Wang, 1996), in structural application (P. R. Subramanian, 1996), in developing a 

superconductor (James Drury McCambridge, 1995), etc. These applications constrain the machining of 

this superalloy to have high surface finish. The cutting forces induce internal stresses in the material 

(J.C. Outeiroa, et. al, 2008) and thus they have to minimized. Thus these two parameters i.e. Cutting 

forces and Surface Roughness have been chosen as objectives to be minimized. These two parameters 

are prominently influenced by cutting parameters namely, speed, feed, depth of cut as seen by research 

of Sharma,  V.S  (2008).  Hence an  attempt  is  made to  find  correlation  between  cutting  and 

performance parameters. 

 

 For optimising we need a very well designed model. The optimization problem stated here 

cannot  be  modelled  by  conventional  procedures;  rather  we  have  to  take  help  of  soft computing 

tools. Artificial Neural Network (ANN) is one amongst them and is often preferred over others. This is 

due to the fact that they do not require a user-specified problem solving algorithm (as is the case with 

classic programming) but instead they „„learn‟ ‟ from examples, much like human beings. Their second 

main advantage is that they possess inherent generalization ability. This means that they can identify and 

respond to patterns that are similar but not identical to the ones with which they have been trained. 

 

 Even though ANN demonstrates numerous advantages still it possess several problems. The 

most important being that there is no prior guarantee that the model will perform well for the problem at 

hand. Here ANN modelling procedure has been investigated with the aim of introducing systematic 

ways that would lead to ANN models with consistently good performance. The main elements of ANN 

which affects the performance as researched by Adenilson R, et. al. (2010) are: number of hidden layers, 

number of neurons in hidden layers, learning parameter, increment-decrement factors, transfer functions 

and initial weights. These parameters can be optimized so as to develop ANN model with high 

performance. 

 

 For this optimization Taguchi Method  (TM) is  implemented. TM is a methodology for finding 

the optimum setting of the control factors to make the product or process insensitive to the noise factors. 
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2. Experiment and Methodology 

The following flow chart represents the methodology used. 

 

 
Fig 1: Flow-chart for methodology 
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2.1 Experiment 
 Work material used here is Niobium C103, which consists of 89% niobium, 10% hafnium and 

1% titanium. Multi layered cemented carbide is used for turning. These inserts are manufactured by 

Widia. The coated carbide grade is TN6025, which is designed for light and medium  turning  operations  

of  high  temperature  alloys.  TN6025  inserts  are  Nano-multi layered TiAlN coated insert, has a very 

high wear resistance and good toughness. A double clamp-type tool holder is used to provide rigidity. It 

is fixed with a fixture that is fitted on the dynamometer and the overhang is kept as low as possible to 

increase the rigidity of the setup. Rigid, high power “Retrofitted VDF lathe” equipped with specially 

designed and fabricated tool post with dynamometer and experimental setup is used. For increasing 

rigidity of machining system, work-piece material is held between chuck (three jaws) and tailstock 

(revolving centre) and the tool over-hang was kept at the minimum possible value. 

 The measurements of average surface roughness (Ra) are made with HANDYSURF E 35 B 

instrument. Three measurements of surface roughness are taken at different locations and the average 

value is used in the analysis. This instrument Handysurf directly gives the value in digital format. 

Handysurf E35B is packed with powerful functions for convenient operations. It has powerful functions 

with ease at on-site measurements. It complies with major International standards such as ISO, DIN, 

CNOMO, JIS, ASME. Kistler make Four- component piezo-electric dynamometer is used to measure 

the cutting forces. This dynamometer can be used for measuring torque (Mz) and the three orthogonal 

components of a force (Fx, Fy, Fz). The dynamometer has a great rigidity and consequently a high 

natural frequency. Matlab software is used to implement ANN. 

 



ISCI 2014 

213 

 

Experimental data used for training ANN is shown in Table 1. 

 

 
Table 1: Data used for training. 
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Table 2 shows the experimental data used for testing. 

Speed Feed DOC Ra Fz 

42.5 0.16 1 1.31 284.8 

36.25 0.2 1.5 1.71 371.6 

36.25 0.2 0.5 0.82 93.39 

30 0.08 0.5 0.97 73.85 

36.25 0.08 0.5 0.72 120.2 

55 0.08 1.5 0.8433 226.3 

36.25 0.2 1 1.15 392.8 

30 0.16 0.5 2.58 209.8 

30 0.12 1.5 1.36 273.7 

48.75 0.16 0.5 0.97 130.2 

Table 2: Data used for testing 

2.2 Optimising using TM 

 The main objective of the proposed Taguchi based optimization is to develop accurate and robust 

ANN model. In other words, the goal is to select ANN training and architectural parameters, so that the 

ANN model yields best performance. The performance of the ANN is evaluated using a proposed 

Objective (Obj): 

Obj = R – RMSEtraining – RMSEtesting                                                                       (1) 

Here, R = correlation coefficient obtained for ANN predictions and experimental values using 

whole data, and RMSE is root mean squared error on training and testing data. 

 The ANN design parameters and the corresponding levels are shown in Table 3. This design 

problem has eight main parameters, where one has 2 levels and other seven 3 levels. If all of the possible 

combinations of the eight parameters were to be considered, then 21 * 37 = 4374 different ANN models 

would have to be created. This is unrealistic, so by using Taguchi‟ s OA this number is significantly 

reduced. As the total degree of freedom (DoF) for the eight parameters is 1 + 7 * 2 = 15, a mixed OA 

L18 (21 × 37) was used for experimentation as it has 17 DoF which is more than DoF of selected ANN 

design parameters. For each experiment corresponding to each row of the L18 OA, two replications are 

used. Thus a total of 36 experiments are conducted in order to assess the sensitivity of the ANN 

performance. The levels in the L18 OA and the S/N ratios (η) of each experiment are given in Table 4. 

Parameter A B C D E F G H 
 

 
 

Parameter 

Description 

 
Transfer 

Function 

in o/p 

layer 

 
Hidden 

neuron 

in first 

layer 

 

Hidden 

Neurons 

in 

second 

Layer 

 

 
 

Learning 

Parameter 

 

 
 

Increment 

factor 

 

 
 

Decrement 

factor 

 

Transfer 

function 

in 

hidden 

layer 

 

 
 

Initial 

weight 

 

Level 1 
 

Tansig 
 

2 
 

0 
 

0.001 
 

5 
 

0.05 
 

Tansig 
[-0.1, 
0.1] 

Level 2 Purelin 4 2 0.01 10 0.1 Logsig [-1, 1] 

Level 3 - 8 4 0.1 15 0.2 Purelin n-w 

Table 3: Levels for ANN parameters 
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Table 4: OA for ANN parameters 

 

2.3 Analysis of means (ANOM) 

Analysis of means (ANOM) is the process of estimating the factor effects.After carrying out ANOM it 

was observe that the optimal ANN parameter levels are A1B2C3D1E3F2G2H1. In other words, ANN 

having 4 hidden neurons in first and second hidden layer, using logsig transfer function in hidden layers 

and tansig transfer function in output layer, and trained with LM algorithm using μ = 0.001 as initial 

learning parameter, μ–= 0.1 as decrement factor and μ+ = 15 as increment factor, where training was 

started with weights initialized randomly from the interval [–0.1 and 0.1], is the optimal ANN model. 

 

3. Results 
 The correlation coefficient is a statistical measure of the strength of correlation between actual 

versus predicted values. For example, the value of +1 indicates perfect correlation. In that case, all 

points should lie on the line passing through the origin and inclined at 45°. The high performance of 

optimized ANN model is confirmed by very high correlation coefficient (i.e.0.999  for  Ra  and  0.999  

for  Fz)  between  experimental  and  predicted  resultant  surface roughness values as shown in Figure 2 

and cutting forces values as shown in Figure 3. 
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Fig 2: Performance of Taguchi optimized    Fig 2: Performance of Taguchi optimized 

ANN for Ra                                                        ANN for Fz 

 

 4. Conclusion 
 Thus TM is successfully implemented to optimize the ANN parameter and the resultant model 

also exhibits high correlation coefficient. 
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Abstract 

 In the Industrial sheet-metal disc teeth cutting operation, significant productivity gains can be 

achieved by utilizing a robotic gripper that is able to handle and accurately position the sheet-metal disc 

on the indexing machine, on a power press for each pick-and-place cycle. This paper reports on the 

development of a novel electromagnetic gripper based material handling system for such operation. The 

gripper will have a unique capability to selectively pick a given number of discs at a time (the usual 

requirement is one) from a stack. The paper consists of RULA Analysis of present worker conditions 

and CAD modelling and simulation of proposed system. The results from RULA Analysis confirmed the 

requirement of change in present manual handling of the material. Thus the development of new system 

is justified. Software used for analysis and model development is CATIA V5R19. 

 

Keywords: Electromagnetic, Modelling, Simulation, Prototype. 

 

 

1. Introduction 

 Material handling is a necessary, but wasteful and expensive activity in manufacturing and 

distributing. Insufficient material handling accounts for additional costs in two main ways: idle time and 

cost of labour. Effective material handling solutions can reduce a production  or  distribution  facility’s 

cost  by significant  amounts. The  aim  of the work described in this paper was to propose and construct 

a prototype system for a sheet-metal disc handling tasks and specifically for picking, transferring and 

placing, which have been identified as the most frequently encountered tasks in a number of industrial 

sectors and are currently performed manually. Their automation would greatly improve the productivity 

and cost effectiveness of these industries. 

 In the context of industrial jobs, manually transferring an object from one point to  another  

(pick-and-place  or  hand  transfer  tasks)  occurs  frequently in  the  retail  trades, manufacturing, and 

production assembly and is a common component for many machine- paced tasks. The time available to 

do one transfer (pick then place) will be referred to as cycle time (CT). There are certain effects and 

physical demands of speeding up the demands of the job by reducing the CT [5]. It results in mainly 

workers, muscle pain and tenderness of the neck and  shoulder areas, and forearm  extensors. Neck  and 

shoulder complaints  are also common in repetitive tasks, if the CT is reduced. 

 An MIDC, Hingna based steel industry named Bajaj steel Pvt. Ltd. is the leading manufacturer of 

the cotton ginning and pressing machinery in India. The sub-part of that machinery is an Impact Cleaner 
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Machine which is used for cleaning the raw cotton. In that machine saw blades in the form of teethed 

disc are required for freeing the raw cotton. The  teeth  cutting  on  the  disc  is  done  on  the  power  

press.  The  pick-transfer-and-place operation of the disc on power press is presently being done 

manually by the worker. This paper suggests an automated material handling system for that operation 

which will perform efficiently and productivity gain can be obtained. 

 

2. Literature Review 

 An  intensive  literature  survey  focused  on  industrial  grippers  utilized  in  material 

handling showed that the gripping systems can be grouped in four categories according to the type of 

gripping mechanism.  

(a) Rollers which are used mainly for pick and place operations and are based on the principle of rolling 

the material.  

(b) Two Fingered gripper mechanisms, utilizing mainly for operations of stacking and de-stacking. They 

usually employ auxiliary devices for the completion of the operation. Furthermore they are aided by 

sensors (infra-red, etc.) either to detect the existence of the material between the fingers or to align the 

fingers with the edge before they are closed [2].  

(c) Surface Grippers. These are either suction pins or needles arranged in groups or matrix for picking 

and placing the material.  

(d) Adaptable grippers. Adaptable Grippers are complex gripping systems which can grasp any irregular 

shaped flat material [3]. 

 There are only few gripping systems in this category. For the flat materials all the 

aforementioned gripping systems employ a number of gripping principles which can be classified in four 

categories:  

(a) Insertion or intrusion Such techniques are reliable for robust materials but they may create 

unrecoverable damages in the material,  

(b) Clamping, Clamps or jaws are used. Gripping is stable but should be achieved from the edge. In case 

of stacks of materials (e.g. discs) supplementary devices and sensors are necessary to ensure the disc 

separation and the gripping of one disc only,  

(c) Adhesion, Some form of adhesion principles is used (e.g. electro-adhesion, polymer adhesives, 

freezing, suction etc.). Although the use of adhesives as a basic design concept present several 

advantages, including the simplicity of acquiring the material, the low probability of acquiring more 

than one disc at a time when the material is stacked, the problems of material releasing mechanism, 

residual adhesive on the material prevail. 

 An intensive literature review, showed that the preference in intrusion and adhesive principles is 

due to the simple grasping methods which they involve and the fact that the proposed grippers were 

specialized to one type of material for which the principle disadvantages are not revealed. Intrusion as 

well as pinching principles may result in unrecoverable damages and distortions depending on the type 

of the handled material. Adhesion principles may present problems of material release, residual adhesive 

and they usually involve a bulky gripper. Grasping methods with these principles are basically simple 

and  reliable.  Clamping  principles  avoid  material  destruction,  present  the  least  distortion effects 

and they involve a non-bulky gripper but they usually require a more sophisticated grasping method to 

ensure reliability. 

 Considering the reviewed grippers complexity in terms of control, sensing and degrees of 

freedom, it was shown that 42% have high complexity and 47% are using conventional type of sensors 

(strain gauges, force-torque etc.) for the completion of the task. The aid of these devices have increased 

the flexibility of the task performed by these grippers. 
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 Also, the prevalence and incidence of work-related musculo-skeletal disorders (WMSDs) among 

industrial workers have been well recognized[5]. There have been documented work-related problems in 

the manufacturing industries such as electronics assembly, materials picking and assembly tasks, parts 

assembly, cashiering, laminate industry, and garment sewing and printing . Many of these jobs involve 

grasping and moving objects. The US Bureau of Labor Statistics reported that repetitive placing, 

grasping, and moving objects accounted for 31% of non-fatal occupational injuries in private industry 

workplaces that were associated with repetitive movement. Of these cases, 65% affected the fingers, 

hands, and the wrists and 11% make up shoulder-related complaints. Thus safe environment for workers 

is needed at the workplace. 

  

3. Research Methodology 

3.1 Subject 

 
Fig 1: Sheet-metal Disc 

The object to be handled is a sheet-metal disc having:  

Outer Dia.       40.64+/-0.12cm 

Inner Dia.        18cm 

No. of teeth    330 

Thickness       1mm. approximately 

Angle/step       1.01 deg. 

Material           Spring Steel                                             

Time req.         180sec. for total teeth cutting. 

 

3.2 The proposed gripping system 

 The objective in this work, was to use a gripper with the least possible size, complexity and cost, 

and with the greatest degree of flexibility and adaptability necessary to achieve secure and non-

destructive grasping for the disc. The final selection of gripper design is based on several parameters. An 

identification of significant functional parameters and the corresponding options which affect gripper 

design and are related to the performance of the operations is made (Table 1), 

Parameters Optional 

solution Initial state of material: Flat, Wrinkled/Folded, Bunched, Stacked 

Grasping features: From above, By an edge, Underneath, Combination 

Gripping principle: Insertion/intrusion, Clamping, Pinching, Adhesion 

Initial secure grasp: Gripper's sensors, External Sensors, Mechanisms 

Flexibility: Pick/Place, Stacking/De-stacking, Laying, Folding, Combination. 

Adaptability: Gripper mechanism, Grasping method, Combination. 

Material' s state: Flat, Hanging, Stretched (line), Stretched (surface). 

Table 1. Table of Functional parameters along with optional solutions. 
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 A number of alternative design solutions have been produced complied with the above 

conclusions. The final selection of the gripping system for construction was based on parameters 

concerning accuracy, construction simplicity, availability of the off self-part components and the time 

and cost constraints of the project. A gripper mounted with vacuum cups has been the popular choice in 

the industry for picking flat laminations from a stack but the practical problem in using vacuum cups is 

the unpredictable suction forces and timely wearing . Thus electromagnetic coil based gripper is selected 

for gripping the object. 

 

3.3 RULA Analysis 

 RULA  stands  for  Rapid  Upper  Limb  Assessment  which  is  used  for  rapid assessment on 

neck and upper limb loading in mainly sedentary tasks (repetitive tasks).It was developed to investigate 

the exposure of individual workers to risks associated with work- related upper limb disorders. The 

RULA analysis examines the following risk factors: number of movements, static muscle work, force, 

working posture, and time worked without a break. All these factors combine to provide a final score 

that ranges from 1(Good) to 7(Worse). 

  

3.3.1 Parameters Used for RULA Analysis 
 1) Posture:  Intermittent 

 2) Repeat Frequency: Fewer than 4 times per minute 

 3) Worker’s posture:  a. Arms are working across midline 

    b. Check balance 

 4) Load:  750 gm. Divided to 375 gm. on each arm. 

 5) Manikin: Japanese (Asian, closely resembling to Indian (Not listed in software)), male, weight  

    65 kg and height 170 cm approximately. 

 

According to above parameters, a manikin is built under human builder module in CATIA as shown in 

figure 2. The load of the disc is shown by downward green arrows. The posture of the manikin is 

equivalent to the worker. 

 
Fig 2: Manikin 
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3.3.2     Scores obtained 

1) For Left hand side of the body the RULA score obtained is 4 which says that further investigation is 

needed. It’s shown in figure 3. 

 

              
Fig 3: RULA score for LHS                        Fig 4: Tube view LHS 

 

2) For Right hand side of the body the RULA score obtained is 5 which says that further investigation is 

needed and changes are required soon. It’s shown in figure 5. 

 

          
Fig 5: RULA score for RHS                           Fig 6: Tube view RHS 

  

 

3.3.3 What these RULA score  suggest ? 

 These scores suggest that the present working conditions are not suitable for the worker and 

changes are required soon. The detail score analysis for RHS and LHS shows the effect of working 

conditions on workers forearm, wrist, upper arm, neck and trunk. Also, the disc to be handled has sharp 

edges which causes minor injuries and bruises. To avoid these problems an automated material handling 

system is the best solution available. 
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3.4 Conceptual CAD Model 
 

 
Fig 7: Conceptual Model 

 

 The conceptual model in figure 7 depict the material handling system proposed for disc handling 

operation. There is a vertical picker equipped with gripper system to which end effectors in the form of 

two bars are attached. The end effectors have slots one on each bar for mounting the electromagnetic 

coil. There will be a proximity and tactile sensor attached to the end  effector  which  will  calculate  the  

distance  of  the  end effector from the disc in the stack and for the touch detection respectively. Vertical 

stacker is placed concentrically with the two bars of end effector. Vertical stacker has a key slot in 

which the discs with key will be stacked so as to maintain there orientation with respect to indexing 

machine key slot.  
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Fig 8: LHS view of model 

 The horizontal support will be consists of two gripper systems having two bars each and the bars 

can be moved vertically when required. On each bar two electromagnetic coils will be mounted [4]. The 

vertical and horizontal movements to the gripper systems will be transferred by electric motors with the 

help of lead screw. A disc holder is attached to the press body which carries a thick metal disc and can 

be placed over the sheet-metal disc when clamping of the disc is required. The thick metal disc can be 

moved vertically with the help of a mechanism attached to a motor. There is another stacker serving as 

output bin in which the finished teethed disc will be placed. The vertical gripper system will be placed 

slightly above the horizontal gripper system. 

 

The operation will be carried out as follows: 

1)  The  vertical  gripper  system  will  move  downwards,  the  sensor  will  sense  the distance of the 

end effector from the disc in the stack and the motion will be transmitted from motor to the lead screw 

and ultimately to the end effector. As the end effector touches the disc in the stack the tactile sensor 

sense the touch and the current to the electromagnetic coil is passed which will create electromagnetism 

in the coil and the disc will be picked from the stack. The current  to  the electromagnetic coil will  be 

sent as per the magnetic strength required to lift one disc at a time. 

2) The vertical gripper carrying the disc will travel to its original top position. While going to top 

position the horizontal gripper proximity sensor will sense the vertical gripper movement and when the 

vertical gripper will be crossing the horizontal gripper the electromagnetic colis in the horizontal gripper 

will be energized also at the same time current polarity in electromagnetic coils of vertical gripper will 

be reversed so as to loose its electromagnetism. Thus the horizontal gripper will be carrying the disc at 

this time. 

3) Now the horizontal gripper will travel to its right with the disc attached to the end effector. The 

motion to the gripper will be transferred from motor to the lead screw and lead screw to the end effector. 

When the gripper will be above the indexing machine the end effector will travel downwards and will 

place the disc on the indexing machine. 

4) The disc holder will now travel downwards and hold the sheet-metal disc in its place till the teeth are 

cut onto it. During this time the leftmost gripper will travel to its original position and will grab another 

disc from the vertical gripper. 

5) When the teeth cutting will be completed onto the disc, the disc holder will move upwards. The 

rightmost horizontal gripper’s end effector will travel downward and pick the teethed disc from the 

indexing machine. It will carry the disc to the output vertical stacker, during  which  the  leftmost  

horizontal  gripper  will  place  another  disc  onto  the  indexing machine. This cycle will go on and on 

until the discs in the stack are finished. 



ISCI 2014 

225 

 

 

  

4. Results 

  The CAD model of the proposed material handling system is developed and its simulation is 

done successfully. The simulation results have shown that the system can be developed and can work in 

present working environment with negligible manual intervention. 

 

5. Conclusions 

 The phase (1) of the project is done successfully. The RULA analysis is carried out on the 

present worker conditions and its results have shown the need of change in the present material handling 

system which is manual. Thus the development of automated material handling system is justified. The 

conceptual model developed has several advantages over the manual system. It can work continuously 

without much downtime. Significant productivity gain can be obtained as labour costs will be optimized. 

Now, phase (2) of the project will be carried out which constitutes FEM analysis of the model under 

loading conditions and development of working prototype of the model. 
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Abstract 

 ‘Random vibrations’ come into existence when we consider an automobile traversing on road. 

An uneven irregularity of road causes random vibrations. The severity of damage due to random 

vibrations is described in terms of Power Spectral Density (PSD). If the value of PSD exceeds normal 

level it may damage to component mounted on body of automobile. Starter motor is mounted on an 

engine with the help of bolts. In present case this system is conceptualized as a single degree of freedom 

system. The paper aims to solve random vibrations problem of starter motor system using MATLAB 

Simulink and evaluate transmissibility of structure of motor. The average transmissibility of starter 

motor is found to be 9.2%. This can be further used as input in fatigue life assessment of structure of 

motor. 

Keywords: Power Spectral Density, Random Vibrations, Stiffness, Transmissibility 

 

1. Introduction 

 Automobile durability and comfort assessment requires each component to undergo either sine or 

random vibration test or both. If we focus upon a single frequency we will go for sine vibration test. But 

in real scenario generally there is a spectrum of all frequencies at given instant of time hence we need to 

go for random vibration test in many cases. Advantage of random vibration test is as it is being more 

realistic than sine vibration test; we can find how a particular product may fail because of environmental 

vibrations. 

 To perform random vibration testing, a random test spectrum must be defined. A statistical 

approach is used to specify this spectrum in terms of Power Spectral Density (PSD). Generally it is in 

tabular or graphical form. Unit of PSD is g2/Hz or ((m/sec)2)2/Hz. 

 

2. Literature Review 

 Einstein (1905) performed the first mathematical analysis that can be considered as random 

vibrations analysis. He was studying on the movement of particles suspended in a medium and called it 

as a ‘Brownian movement’. Finally, he concluded that movement of particle is function of mass and 

geometry of particle and also on physical property of medium. As this solution yields probabilistic 

description of mass and damper of mechanical system, his work can be considered as first initial 

solution to random vibration problems. 
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 Weiner (1930) defined the term Spectral Density as a quantitative description of random process. 

He assumed a random process to be a steady state process. 

Crandall (1958) published a paper on analysis of random vibrations and their design using random 

environments. 

Newland (1975) published a book on “Random vibrations, spectral and wavelet analysis”. This book 

thoroughly describes Power Spectral Density and its use in random vibrations. 

Simmons (1997) discussed the procedure to find Grms value of PSD. Grms is root-mean-square value of 

acceleration of area under the PSD vs. frequency curve. 

Department of defence (USA) (2000) released a technical manual MIL-STD-G for Environmental 

testing of Military Trucks. In this manual, PSD values for random vibration testing along three different 

axes are given for Military Trucks. 

Indian Standard (IS 9000: Part 32) (2006) discussed the random vibrations testing in details. Describing 

the specification of PSD and Test duration time for the test. 

 

3. Research Methodology 

 Starter Motor (SM) is mounted on an engine. The pinion of the motor engages with the gear of 

flywheel in order to provide necessary starting torque to start an engine. Once engine gets started and 

attains required rpm, pinion of motor disengages. Engagement and disengagement is operated by the 

lever or an inertia drive (Bendix drive) present inside the motor. Mounting is done with the help of two 

bolts. It is shown with red bubble in Fig 1.  

Equivalent bolt stiffness is evaluated by knowing bolt geometry and material used. MATLAB Simulink 

is used as a tool to determine output response to given input signal. Simulation procedure is described in 

later section.  

 

3.1 Method 

3.1.1 Conceptualization 

 Considering SM as a single degree of freedom system. It is shown in Fig 3. It is having mass ‘m’ 

and is attached with the help of bolts having stiffness ‘keq’ (As two bolts are used). For actual testing a 

fixture is used for mounting SM on vibration test rig as shown in Fig.2. We will first derive the formula 

for stiffness of bolt. 
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Fig 1: Mounting of SM 

  

 
Fig 2: Mounting on Shaker Table 

  

 
Fig 3: Free Body Diagram 

  

 
Fig 4: Simplified Free Body Diagram 

We know,  
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For mounting purpose, bolt M8 is used. It is having Young’s Modulus =200 GPa. The dimensions of 

bolt are as, boltL   is length of bolt=28mm, boltd   is diameter of bolt=8mm. Putting all these values in the 

Eq. 4.                            
83.59 10 /boltk N m 

     
 (5) 

Therefore, 2eq boltk k    (As two bolts are parallel to each other) 

87.18 10 /eqk N m   e    (6) 

According to Newton’s 2
nd

 law of motion, for single degree of freedom system, we know, 

F ma        (7) 

..

[ ( ) ]eqm x F t k x         (8) 

Where, ( )F t   is input function at time ‘t’ and x  is displacement. 
.. 1

[ ( ) ]eqx F t k x
m

         (9) 

 

3.1.2 Block Diagram Representation 

 According to Block diagram representations, we will consider, 
1

m
  and 

eqk   as a Gain blocks in 

Simulink. Input ( )F t   is given as a Band-limited white noise. Scope block is used to display Input and 

Output. Math operation block is used to ‘Add’ and ‘Subtract’. Value of 4m kg   and 

8 87.18 10 7 10eq

N
k

m
     . Therefore, Block properties of Gains are  

1

4
 and  7  (10

8
 will be assumed 

as a constant). To run the simulation ‘Continuous powergui’ is used. The complete block diagram is 

shown Fig. 5. 
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Fig 5: Block Diagram for Simulation 

 According to IS 9000 (Part 32: 2006), For Random vibrations the standard PSD values are given. 

The time duration of test is 10 Hours. So, For Band-Limited white noise the time will be 36000 seconds. 

PSD values can be found by adding Power Spectral Density blocks at Input and Output. As shown in 

Fig. 6. 

  

 
Fig 6: Block Diagram including PSD blocks 

3.1.3 Transmissibility 

 It is the term which is used frequently in the field of shock and vibration in order to show, how 

much output is transmitted by structure by giving an input. It is the ratio of output amplitude to input 

amplitude. It is denoted by  (zeta). 

 

3.1.4 Inputs for Simulation 

Results for following different input PSD values (i.e. 0.002, 0.001, 0.01, 0.02, 0.05, 0.1, 0.2) in (g2/Hz) 

will be tested using simulation. To obtain the values in given range of PSD, same input to Band-Limited 

white noise must be given.  
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4. Result  

 

 
Fig 7: Sample input signal 

  

 
Fig 8: Sample output signal 

  

 
Fig 9: Input PSD plot at given instant of time 
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Fig 10: Output PSD plot at given instant of time 

 

 Input to Band-Limited white noise is given as shown in Fig. 7. The PSD input obtained from 

Band-Limited white noise is shown in Fig. 9. Corresponding output result is shown in Fig. 8 and Fig. 10 

respectively. The results for various output values are collected and tabulated for transmissibility of SM 

as shown in Table 1. For evaluating transmissibility of SM, maximum output obtained from signal and 

maximum input given to signal is used. 

 

Sr. 

No. 

Max. Input to 

Band-limited 

white noise 

Max. Output from 

Band-limited white 

noise 

Transmissibility 

(  ) 

Transmissibility 

In Percentage 

1 0.17 0.016 0.094 9.4 

2 0.12 0.011 0.091 9.1 

3 0.4 0.035 0.0875 8.75 

4 0.5 0.05 0.1 10 

5 0.9 0.08 0.088 8.8 

6 1.2 0.11 0.091 9.1 

7 1.7 0.16 0.094 9.4 

Table 1. Comparison of Transmissibility 

 

5. Conclusion 

 Random vibrations can be simulated precisely and accurately using MATLAB Simulink. It gives 

the possibility to design reliable and low cost products. The average transmissibility of SM is found to 

be 9.2% based on MATLAB simulation. The simulation outcome of the current study is to be verified 

experimentally by conducting random vibrations test. Also the result can be further used to assess the 

fatigue behaviour SM.  
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Abstract 

 Personal transportation modes such as bikes and cars have advantage in terms of flexibility and 

convenience but they are very costly, require parking space and also contribute significantly to 

congestion of traffic streets. Public mode of transportation such as buses, trams and trains operate 

at fixed schedules and fixed routes that may not match the traveler’s demand. Auto-rickshaws and 

taxis are expensive for the user and may not be available when required. A Demand Responsive 

Transport System (DRTS) provides flexible point-to-point service based on casual requests. It operates 

at flexible routes and it does not have pre-defined schedules. It shares existing infrastructure and offers 

shared transport services, hence its fares are expected to be cheap. Before deploying a DRTS testing its 

design parameters, optimization, and economic feasibility is required. For this reason this paper provides 

a feasibility analysis of the capacity of the open-source software SUMO to simulate DRTS. 

 

Keywords: Demand Responsive Transport, SUMO, TraCI, DRTS, Simulation 

 

1. Introduction 

 There is a challenge in urban areas to maintain quality of life and economic sustainability while 

making public transport relevant to people’s needs and to improve quality of customer service. There are 

various factors which affect public transportation such as ageing communities, protection of the 

environment, problems associated with social isolation, increased need for access and mobility and 

regional economic growth. Additionally, there is growing pressure on urban transport systems for higher 

levels of service while congestion levels rise and fuel prices continue to increase. 

Personal vehicles offer flexibility and convenience in travel but they are costly, affect road congestion 

significantly and need parking space. They also create various environmental problems due to emissions 

and fuel consumption and create social problems in terms of road safety. Public transport like buses, 

trams and trains operate at fixed schedules and on fixed routes that may not match the traveler’s 

demand. They also require extensive purpose-specific infrastructure that is expensive to build and 

maintain and may not be available in low density urban areas. Private taxis are expensive for the user 

and may not be available when required. 
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 Sharing transport system suggests balancing between the flexibility of individual transport and 

the sustainability benefits of traditional public transport. Growth in mobile communication and 

intelligent tools makes shared travelling the smart solution to ad-hoc travel demand in urban areas. 

Demand Responsive Transport System (DRTS) is an important element in future public transport 

systems. It can provide rapid response transport services on demand from the passengers, and can also 

offer greater flexibility in time and location for them. It will also allow for higher number of passengers 

in every vehicle, helping reduce environmental pollution, traffic congestion and travel cost. The vehicles 

do not operate over a fixed route or on a fixed schedule and may be dispatched to pick up several 

passengers at different pick-up points before taking them to their respective destinations. 

 Similar to any other transportation systems’ feasibility, before deploying a DRTS its design 

parameters, its optimization strategies and its economic feasibility need to be investigated. Given the 

complexity of this endeavor only simulation can provide controllable insights. Due to its dynamic nature 

DRTS challenges current micro-simulation transport simulation platforms in their present form. Hence 

we investigate whether we can modify open- source software to meet our simulation demands. 

 This paper describes the feasibility of simulating a DRTS for ad-hoc requests for point- to-point 

transport within a city using open-source software SUMO. The paper will investigate the current 

limitations and conclude with recommendations. Firstly, we cover related work and SUMO in more 

detail; section 3 outlines our simulation requirements. In section 4 we present the results of using SUMO 

to experiment with its existing features, before discussing the results and identifying future work. 

 

2. Background and Related Work 

2.1   Demand Responsive Transport System 

 The problem of  DRTS has been studied under multiple terminology such as dial-a-ride, demand-

responsive transport, collaborative transport, or ad-hoc ride-sharing. Correspondingly there is no 

consistent body of knowledge, and different communities have developed similar solutions. The 

common challenge, however, has always been optimization between demand and supply in real-time. 

For example, Braun and Winter (2009) have demonstrated that collaborative transport can effectively 

solve classical transport planning problems in real-time. Modeling and optimizing a dial-a-ride system 

have been presented even before, for example, very early by Stein (1978), then by Colorni and Righini 

(2001), Miyamoto et al. (2003), or Hunsacker and Savelsbergh (2002), a tabu search heuristic had been 

suggested by Cordeau and Laporte (2003). MacLean and Dailey (2001) have looked at optimizing bus 

use from an information perspective. According to  Noda et  al.  (2003),  generally simulation has been 

accepted either to prove optimization procedures, or to evaluate heuristics. 

 According to Ambrosino et al. (2004), DRTS is an “intermediate form of transport, somewhere 

between bus and taxi which covers a wide range of transport services ranging from less formal 

community transport through to area-wide service networks”. According to Bakker (1999), DRTS is a 

“transportation option that falls between private car and conventional public bus services. It is usually 

considered to be an option only for less developed countries and for niches like elderly and disabled 

people”. 

 With development in information and communication technologies as well as advancement in 

optimization methods, DRTS has more potential to grow. It is a form of public transport which 

combines elements of traditional buses and private taxis. It can solve the challenges of public 

transportation in low density urban areas and the short distance pickup and delivery problem. It has the 

potential to improve accessibility and personal security at a more reasonable cost to the user than private 

taxis but with similar level of flexibility and short term response to demand. It solves the challenge of 
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reducing the general dependency on private vehicles and can be used to support people with mobility 

disadvantage. 

 According to Ronald et al. (2013), DRTS needs to operate along flexible routes and it does not 

have pre-defined schedules. It shares existing infrastructure and also offers shared transport services, 

hence its fares are expected to be cheap. Currently this form of transport exists in many cities but mostly 

for fixed origins or destinations, or fixed routes, or some form of pre-booking.  In this paper we are 

interested in true demand-response which involves providing vehicles to customers satisfying their 

demands to pick them up from certain places and drop them up to certain places in an ad-hoc manner. 

DRTS has a number of objectives, constraints and various decisions to undergo for its functioning which 

makes it very complex in terms of computation and implementation. Multiple customers might be in the 

vehicle at a particular time and vehicles might have to serve various demands simultaneously, so they 

may not travel directly between a customer’s origin and destination. Vehicles will have a fixed capacity. 

Route plans of vehicles also have to be updated during travel itself due to demand arising anytime, so 

travel time cannot be guaranteed for any customer before their trip. They will have to experience waiting 

times while picking up, possible changes in the length of trip and hence delays in delivery. We will have 

to optimize the system such that waiting time for a passenger at the origin and the amount of time taken 

to reach the destination are minimized. There is also need to minimize both the number of vehicles 

required and their total travel distance. Pick-up and drop-off locations for each vehicle in operation also 

need to be determined. 

 

2.2   Traffic Simulation 

 Traffic simulators are used to simulate vehicular movements in a transportation network. Several 

factors influence the design of a simulation model, so even deciding which simulator to use is an 

important step. With increase in complexity of network and size of flow, finding an existing system 

which can meet all demands of simulation we want to conduct is difficult. We have to either adapt to the 

tool specifications, alter the program to match our requirements or develop the software from scratch. 

Traffic simulation models have been used for research and design in reducing road congestion, road 

infrastructure modification, public transportation systems analysis and vehicular networking etc. Many 

traffic simulators exist and vary in their architecture and traffic modelling patterns. For testing DRTS we 

have to choose an open-source program which may be extended to fit our needs and also be used as a 

reference for new models. 

 In real-world situation to represent DRTS, the route cannot be computed unless traffic is known. 

So we can’t define the vehicle routes can before the beginning of a simulation. Also we require to 

change vehicle behavior and the modification of their routes as a very nature of DRTS. Hence, existing 

simulation tools have many drawbacks for DRTS analysis. But routing can be done using the Dynamic 

User Equilibrium approach developed by Gawron (1998), where routing and simulation are repeated 

several times to achieve a real-world behavior of drivers. The router also supports dynamic network load 

and the fact that the load depends on the time of day is also considered. 

 

2.3   SUMO: Simulation of Urban Mobility 

 SUMO is an open source, highly portable, multi-modal, microscopic, space-continuous and time-

discrete road traffic simulation package which is mainly developed by employees of the Institute of 

Transportation Systems at the German Aerospace Center.  It is purely microscopic in nature where each 

vehicle is modelled explicitly, has an own route, a certain place and speed and moves individually 

through the network. SUMO allows simulation for various vehicle types and various intersections with 

or without traffic signals. It is also capable of modelling traffic on networks larger than single cities 
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without any modifications. It includes procedures for dynamic traffic assignment and a graphical 

application that provides 2D graphical visualization of traffic simulation. It is focused on high 

processing speed for a large number of cars. 

  In SUMO the road network is simulated as a network of nodes connected by edges. It generates 

the road network using a directed graph encoded in XML format and the traffic simulated by SUMO is 

also defined in XML files containing definitions of routes and trips. SUMO supports origin-destination 

matrices, junction turning ratio-based, detector -based, population statistics- based, district-based, flow 

and trip definition-based and random traffic definition models. Application NETCONVERT is used to 

develop the geometric network which combines the nodes, edges and connections files. The network file 

combined with routes file and detectors file is used to develop the configuration file with extension 

.sumo.cfg which generates the simulation when given as input to SUMO or SUMO-GUI application 

(SourceForge.net: SUMO User Documentation). 

 During the run-time of simulation, SUMO can be connected to network simulator via TraCI 

interface which requests the parameters from SUMO and sends commands to change the state of 

simulation after every simulation time step. TraCI is the short term for "Traffic Control Interface". It is 

used for interlinking road traffic and allows us to control the behavior and mobility attributes of vehicles 

during simulation runtime. It permits to retrieve values of simulated objects and to manipulate their 

behavior on-line. TraCI Server and network simulator communicate through data transfer protocols over 

the TCP Socket connection. A TCP-based client/server architecture is used which are generally 

controlled by a Python-Script. According to Krajzewicz et al. (2012), for on-line interaction, SUMO has 

to be started with an additional option, which obtains the port number to listen to. SUMO listens on this 

port for an incoming connection and after that the client is responsible for triggering simulation steps in 

SUMO. The client can access values from almost all simulation artifacts. The client may also change 

values, change a vehicle’s velocity or force it to change a lane. 

 

3. Simulation Requirements 

A DRTS has special requirements for the implementation of vehicle and passenger agents: 

 

• Modelling agents of different nature including buses and taxis with passengers 

• Modelling vehicles as per their fixed capacity to accommodate 

• Vehicles without earlier description of their origin and destination and rerouting of network and  

 vehicle behavior change during the process of simulation itself 

• Demands by other passengers while demands of earlier passengers are being fulfilled, so  

   optimization of travel time and cost 

• Modelling of vehicles when there is no demand and they are waiting 

• Satisfying demands of every passenger in a particular time window 

• Real time demand by passengers for vehicles to travel to their choice of destination starting from  

 their place 

• Optimization on the basis of travel time determining the best possible routes and trips 

 

 No current simulation package can meet all of these requirements in its current form. There 

would be challenges both in terms of agent behavior and then also what follows from agents with this 

behavior in terms of route planning and optimization. These requirements are now discussed in detail 

with respect to the agents implemented in SUMO. The simulation is multi-modal: vehicles on street 

network and human beings need to be modelled. 
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 SUMO can be a feasible choice for our purpose of simulating DRTS because it supports single 

vehicle routing, the integration of different vehicle types, and multilane streets with lane changing 

features. Street networks can either be generated or imported from diverse map formats. A graphical 

interface to control a simulation run is included which can be extended to control an integrated 

simulation environment. SUMO has also been extended by capabilities for simulating intermodal traffic. 

This paper presents conceptual research studying the parameters of agents in a bus-on- demand system, 

however the focus is not on simulation nor algorithms for optimization. It provides a specification of an 

implementation in a concrete system by showing the parameters and characteristics of various agents 

involved, a brief simulation experiment to demonstrate how some of these requirements can be met 

using SUMO without modifications, and develops a framework for modification of the simulator to 

simulate all the requirements. 

 According to Behrisch et al. (2010), a bus is not fundamentally different from a car concerning 

the car following model, so we can extend SUMO by adding just another type of vehicle having 

parameters of bus. But public transport is different from individual driving as there are a number of pre-

defined stops on the route. These stops can be time triggered on the basis of schedule and stopping time 

at a stop or can be person triggered for some modes of transportation. Vehicles can also have a line 

attribute which groups vehicles together. The vehicle may be modelled to move to a parking site, to wait 

for individuals to appear. They can be modelled to have a required minimum waiting time or earliest 

time when to move on or both by changing stop parameters such as triggered and parking. 

 According to Behrisch et al. (2010), a person may be waiting for a vehicle, moving with a 

vehicle, walking and stopped. A simulated person may take his/her vehicle to the nearest public 

transport stop and continue his travel by other means of transport. A ride can stand for any vehicular 

transportation. It is specified by giving a starting edge, ending edge and a specification of the allowed 

vehicles. Stops correspond to non-traffic activities such as working or shopping. A walk can also stand 

for any mode of transport which do not interfere with road traffic. All of them need to be modelled 

individually and we have to define the departure time and her plan having a list of items to choose from. 

Behrisch et al. (2010) demonstrated that inter-modality can easily be added to SUMO and set of changes 

necessary to add public transport and person simulation fits nicely into the existing framework. For 

DRTS other than the requirement of simulating traffic in realistic manner, it is crucial to be able to 

influence the behavior and the routes of vehicles during the simulation. According to Krajzewicz et al. 

(2002), when departure times and a route’s origin and destination are given, the routes themselves must 

be computed. We can use SUMO- ROUTER to avoid online computation of these routes during 

simulation. It reads the departure times, origins and destinations then computes the routes through the 

network itself using the well-known Dijkstra routing algorithm by Dijkstra (1959). 

 

4. Experimental Implementation 

 In order to more deeply understand the features and limitations of SUMO, a simulation 

experiment is conducted for a particular area of Melbourne. The objective of this experiment is to 

compare how SUMO handles taxi services and traditional bus services. As already stated earlier, DRTS 

lies between these two services: by being on-demand and possibly point-to-point it has a lot in common 

with taxis, while the use of shared vehicles and the potential to deviated from fixed routes and time leans 

more towards bus services. Future modelling efforts will use these as base cases for comparison. In this 

case we will investigate the time spent travelling by the simulated passengers for both modes. 

  The already existing Lilydale - Chirnside Park bus service is selected for simulation purposes. 

This bus is a fixed line and timetable bus, however on request by passengers, will deviate to homes for 

pick-up and drop-off. The route is not fixed between the scheduled stops, as it depends on any home 
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pickups. The bus runs every half-hour. In order to create the street network, Open Street Map was used; 

SUMO provides a tool to convert from OSM to SUMO format. A set of 27 passengers who wished to 

travel in this area was created with different origins, destinations and departure times. The model was 

run twice: firstly by using only the bus service, and secondly by using the taxi service. The passengers 

and their associated travel demand were kept the same for both runs of the simulation.  

 Fig.1. shows the snapshot of SUMO simulator showing a part of the network with bus stops 

(green rectangles), bus (bright green pointed rectangle) and passengers walking. 

 
Fig 1: SUMO Snapshot. 

4.1.1 Bus only 

 A bus route is created which includes already existing six bus stops in the area. The locations of 

bus stops are as follows: 

 

 1.   Lilydale Railway Station/Maroondah Hwy (Lilydale) 

 2.   Peden St/Victoria Rd (Chirnside Park) 

 3.   Switchback Rd/Polaris Way (Chirnside Park) 

 4.   The Wallaby Run/Chirnside Dr (Chirnside Park) 

 5.   Chirnside Dr/Country Club Dr (Chirnside Park) 

 6.   Chirnside Park Shopping Centre/Maroondah Hwy (Chirnside Park) 

  

 A bus is generated which has origin and destination as bus stop 1 and 6 respectively. It stops at 

all the four intermediate stops and satisfies the demand of all 27 passengers. Each passenger leaves its 

designated origin at the defined departure time, walks to the nearest bus stop, and waits for the bus to 

arrive. The passenger then rides on the bus up to the bus stop which is nearest to its destination and 

walks onwards to the destination. The journey of each passenger therefore includes walking time from 

its origin to pick up bus stop (t1), waiting time at bus stop for the bus to come (t2), riding time in the bus 

(t3) and walking time to the destination from the drop off bus stop (t4). The sum of all these travel times 

is total trip time of each passenger (T). 

 

4.1.2 Taxi only 

 In case of a simulation with only a taxi service for satisfying the same passenger demand, 27 

taxis are used which pick up passengers at their origin at their defined departure time and drops them off 

at their destination. Trip time in this case is only riding time in the taxi (t). 
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4.2 Simulation Results 

Table 1 shows results of simulation experiments performed. All times are in units of seconds. 

 

 

 
Table 1. Simulation Results 

4.3 Inferences 

 Comparing the trip time, we can observe that there is significant difference in trip time for each 

passenger for the case of bus and taxi. This is because of walking time to and from the bus stop, 

stopping time at the bus stop and also difference between travel times for both the vehicles. 

The average time using the bus is 1441 seconds, consisting of 249s walking to the bus stop, 333s waiting 

at the stop, 673s travelling, and 185s walking to the destination after disembarking from the bus. For the 

taxi, the average travel time is 534 seconds. Note that the taxi case is not on-demand; the taxi arrives at 
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the origin at the desired time of departure, implying pre-booking. There was a significant difference 

between the two cases (t(26)=13.8521, p < 0.001). 

 Recall that the population is identical for both cases. While the taxis are quicker as they can take 

more direct routes, it required only one bus to satisfy the same demand which is satisfied by 27 taxis. 

The total distance travelled by all the taxis is very high compared to the bus which leads to higher fuel 

consumption, trip cost, pollution and congestion. Bus transportation is cheaper and more 

environmentally friendly but significantly less flexible than taxi transportation. 

 

5. Conclusions 

 This large difference between both the cases can be utilized to generate an alternate mode of 

transportation which exists somewhere in between both the cases. The number of vehicles required for 

this kind of transportation will be more than a single bus but definitely much lesser than 27 taxis. The 

total distance travelled and fuel consumption and hence cost will also be lesser than taxis but may be 

more than a traditional bus. Trip time will also be somewhere in between the bus and taxis. But 

passengers will not have to walk like in this case unlike bus transportation as it will be point to point 

transportation. So we have to optimize the system to satisfy the demand of passenger in such a way that 

it is both acceptable by passengers in terms of flexibility, travel time and cost. This will involve 

determining number of vehicles required, how many and which passengers each vehicle will pertain to. 

This transportation is called DRTS. Modelling DRTS vehicles is possible with SUMO after modification 

and further extension. We can already define all characteristics of a vehicle like size, speed, 

acceleration, deceleration properties, driving behavior etc. Also simulation of passengers can be done in 

SUMO as demonstrated in the above experiment. Stops can be defined which can be fixed or triggered 

by the passengers. “Triggered”, “Parking”, “Lanes”, “Expected” parameters will help to simulate the 

trips involving passengers, stopping of vehicles, waiting in parking when there is no demand etc. 

SUMO can  generate  a  large number of outputs  such  as  information  about  every individual vehicle 

at every time interval, including position with respect to network or lane, and speed. Also it is able to 

generate various detector based outputs on the basis of other DRTS simulation requirements such as 

flow, meanSpeed, occupancy, jamLength, haltingDuration, vehicleNumber, meanTravelTime and 

meanHaltsPerVehicle etc. 

 However, SUMO requires extensions to define vehicles with their capacity to accommodate 

passengers in a demand-responsive manner. Codes in class (.h) and constructor (.cpp) need to be 

modified to achieve that. For real time simulation involving satisfying real time demand, rerouting 

during simulation itself, and optimization on the basis of time window the additional interface to 

SUMO, i.e., TraCI has to be used. Various desired commands are Change Route State, Variable Add 

(adds a new route and the route gets the given id and follows the given edges), Change Vehicle State, 

Variable Change Target (the vehicle's destination edge is set to the given and the route is rebuilt), 

Variable Change Route (assigns the list of edges as the vehicle's new route assuming the first edge given 

is the one the vehicle is currently at), and Variable Reroute (computes a new route using the vehicle's 

internal and the global edge travel time information and replaces the current route by the found). 
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