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ABSTRACT 

This thesis addresses the issue of implementing a series - parallel production line for the 

purpose of increasing output and eliminating an intermediate buffer. Simulation, 

experimental design, and economic analysis are applied to analyze and evaluate results 

for a serial and series — parallel production line. Results show that a parallel machine can 

be applied to serial production line when a downstream machine has a higher failure rate 

and lower repair rate than the adjacent upstream machine. When this situation arises the 

intermediate buffer between the two machines can be eliminated, and a parallel machine 

is placed parallel to the downstream machine. 

Simulation results for a two — stage and five — stage series — parallel production line 

showed an increase in production output, a decrease in work — in — process, a reduction in 

line variability, and a reduction in blocked parts in the line compared to the serial 

production line. The reduction in production output variability means that daily and 

weekly production output could be more accurately predicted for a series — parallel line 

compared to the serial line. 

The simulation — based experimental design methodology outlined in this thesis can be 

easily applied to a real manufacturing situation. Through the use of simulation and 

economic analysis, informed decisions can be made on the most appropriate line 

configuration and equipment purchases. 
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CHAPTER 1 

INTRODUCTION 

In recent years, the manufacturing industry has become extremely competitive. 

Manufacturers are aggressively trying to optimize operations so that they can maximize 

production output and maintain profitability. The manufacturing production line is of 

significant economic importance and must be designed to operate effectively and 

efficiently. This thesis will focus on a discrete production system where distinct items 

are manufactured on a serial production line as illustrated in Figure 1. The squares 

represent machines and the circles represent buffers. Material moves in the direction of 

the arrows. 

Incoming 
Material 

Machines Buffers 

M k-1 

Figure 1: Multi-Stage Serial Production Line 

M k 

Outgoing 
Material 

A serial production line operates in the following way. Raw material flows from outside 

the work area to the first machine for processing. Once complete, the unfinished part 

moves to the adjacent buffer, and waits to be processed at the next machine in the 

sequence. Parts visit each machine and buffer exactly once in a fixed sequence. 

Each machine in the production line can be in two possible states: operational (up) or 

under repair (down). When a machine is operational and not starved or blocked, it can 

process material. The machine continues operating until it completes the part or a failure 

1 
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occurs. When a part is completed, it is moved into the downstream buffer, if space is 

available. If a failure occurs, the machine must be repaired and is then unavailable for 

processing parts. An unexpected equipment breakdown or failure can be due to 

operational wear, component failure, tool breakage, or motor wear out. 

A machine is blocked when the downstream buffer is filled to capacity or it has failed. 

This prevents the machine from discharging its finished part, and stops further 

processing. Similarly, a machine is starved when the upstream buffer is empty of any 

parts or has failed. Both blockage and starvation of machines are collectively referred to 

as idle conditions, which are not favourable in maximizing production line output. 

Unexpected equipment failure is the greatest cause of variation in a serial production line. 

Storage buffers are placed between machines to improve production line performance. 

Buffers mitigate the effects of variations caused by sudden machine breakdowns or high 

variation in processing times (Conway et al., 1988). The inclusion of buffers in a 

production line will not only absorb valuable plant floor space, but may require additional 

capital investment for totes, pallets, or conveyors to hold extra inventory. 

The allocation of buffer capacity is very important in reducing production output 

variations and minimizing work-in-process (WIP). According to Buzacott (1972), the 

buffer capacity, in terms of the number of parts it can hold, should be approximately the 

number of parts an adjacent machine can process while the other adjacent machine is 

down and under repair. 
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In some serial production lines there are workstations consisting of machines in parallel. 

There are two reasons why machines are placed in parallel: 1) to achieve a greater 

production rate; or 2) to achieve greater reliability (Dallery and Gershwin, 1992). The 

first is observed when some operation is inherently much slower than the others. The 

second is encountered when a machine is much less reliable than the others. When a 

parallel machine is incorporated into a serial production, the system operates in a manner 

similar to a classical serial production line (Patchong and Willaeys, 2000). This type of 

line is referred to as a series-parallel production line and it is the main focus of research 

in this thesis. The series — parallel line is illustrated in Figure 2. 

Figure 2: Series — Parallel Production Line 

The design and analysis of real world manufacturing production lines can be very 

complex. As the length of a production line increases, so does the number of variables 

that can affect the performance measures. The complexity of tradeoffs in performance 

measures makes the decision process very difficult. On a daily basis, quick decisions are 

made that can dramatically affect production line performance and costs. The majority of 

these decisions are made with ad hoc techniques or intuition rather than systematic 

methods because of ongoing time constraints applied to the staff of manufacturers. For 

this reason, there is an increasing need for a simple and efficient method to improve the 

3 
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decision making process with regard to the study of production line performance and 

cost. 

There are three possible means of increasing the production output of a serial production 

line (Patchong and Willaeys, 2001). They are: 

(i) Increase intermediate storage capacity 

(ii) Improve the availability of machines 

(iii) Increase the working capacity of machines 

There are performance and economic tradeoffs for each solution. By increasing 

intermediate storage, additional plant floor space is required to hold the extra work-in-

process (WIP). Higher WIP can create more material handling, longer lead times, poor 

quality, and higher carrying costs. Machine availability can be improved by reducing 

failure rates through the implementation of preventive maintenance (PM). The 

economic benefit of preventive maintenance on a production line depends on the 

frequency of PM, and the cost of the PM. The increase of machine working capacity is 

limited by the machine design, available plant floor space, and the cost of purchasing a 

parallel machine. Gershwin and Schick (1983) showed that it is possible to compensate 

for workstation failures by providing redundancy; however, this could be prohibitively 

expensive. Selection between the three solutions can be accomplished by simulation and 

economic analysis. 

The analysis and design of a multi-machine production line can be achieved through the 

application of analytical or simulation methods. The research community has focused 
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heavily on analytical methods involving the Markov chain for analyzing and designing 

serial production lines. Markov chain models for production lines have two major 

limitations. They have large state spaces and they are not decomposable (Gershwin, 

1994). The number of distinct states of a discrete space Markov chain is the product of 

the number of different machine states and the number of distinct buffer levels. This 

Markov chain representation is shown in Equation 1.1 for an m-machine line with m-1 

buffers, each buffer having capacity Ci. The number of distinct states (DS) is calculated: 

DS = 2m n (Ci + 1)
i-,0 

The excessive state space can be illustrated with a 20 machine - 19 buffer line, with 

buffer capacities of 10. The number of distinct states (DS) is calculated as over 6.41 x 

1024. With such a high number of distinct states, it is extremely difficult to efficiently 

calculate performance measures even with a high-speed computer. The other limitation 

of Markov chain models of production lines is that the mathematical models cannot be 

decomposed exactly into smaller models with simple relationships. Because of these two 

limitations, Gershwin (1994) states that most practical work on estimating production line 

behaviour is done by rules of thumb or simulation. 

Simulation, in conjunction with experimental design, can be effectively applied to 

analyze and design more complex manufacturing systems. Simulation provides a very 

good visual representation of a manufacturing production line that can be easily 

understood by individuals of varying backgrounds. More variables such as multiple 

5 
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products, set-up times, quality inspection, and preventive maintenance can be easily 

incorporated into a simulation model. In the past, computation time for simulation was a 

factor that made it uneconomical. Today, however, computers have faster processing 

capability, making simulation an effective tool for analyzing and designing complex 

manufacturing production lines. 

In the study of serial production lines, most papers discuss the use of buffers to increase 

production output and reduce variance. There are no papers that specifically address the 

use of parallel machines to accomplish the same results without the use of an 

intermediate buffer. It is believed that, under special circumstances the installation of a 

parallel machine will be a more cost effective option compared to buffer allocation. This 

option will be studied using simulation and factorial experimentation. 

This thesis will address the issue of implementing a series - parallel production line for 

the purpose of increasing output and eliminating an intermediate buffer. The paper will 

focus on the following four areas: 

1) Analyze the production output simulation results for a two machine — one 

buffer serial production line and a series - parallel machine line. The serial 

line model will exhibit a reliable and an unreliable buffer. 

2) Determine which factors have the greatest impact on the production output for 

a serial and series - parallel production line. Under what conditions is a 

parallel machine most applicable? 
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3) Apply parallel machines to multiple workstations of longer series — parallel 

production lines and compare the simulation production output results. 

4) Study a real manufacturing scenario and illustrate the application of 

simulation and economic analysis in production line design and analysis. 

The remainder of this paper is organized as follows: Chapter 2 gives a review of research 

papers related to serial and series — parallel production lines, unreliable buffers, and 

variance. Chapter 3 introduces the notation, working assumptions, and parameters that 

are followed in the thesis. In Chapter 4, the methodology to create a simulation model of 

a series - parallel production line is outlined. Also, the methodology applied for designed 

experiments and economic analysis is provided. In Chapter 5, a two machine — one 

buffer serial production line simulation model and the corresponding series — parallel line 

model is compared. Analysis of variance (ANOVA) is applied to a designed experiment 

to understand when a parallel machine can be applied to a serial production line. Parallel 

machines are then applied to multiple workstations for a longer series — parallel line and 

results are compared. Chapter 6 analyzes and discusses the results of the previous 

chapter. Chapter 7 outlines the use of simulation and economic analysis in a real 

manufacturing scenario. Finally, Chapter 8 makes some concluding remarks with 

recommendations. 
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CHAPTER 2 

LITERATURE REVIEW 

Based on the research papers reviewed, there are no known studies that examine the 

replacement of an intermediate buffer with a parallel machine to increase overall 

production output and reduce output variance. The majority of serial production line 

research has involved the development of analytical models to predict the performance of 

multi-stage machine lines with unreliable machines and finite buffers. 

Buzacott (1972) was one of the earliest researchers to make a significant impact by 

investigating serial production lines. He developed an approximate method to predict the 

effect of given buffer capacities on the performance of a two-machine production line 

with random processing times and machine breakdown. In his model, the probability of a 

failure is independent of time spent on working on the piece. Buzacott (1972) laid the 

groundwork in production line analytical analysis. 

Gershwin and Berman (1981) studied the same two-machine line as Buzacott (1972), but 

differed with the probability of a failure being dependent on operation time. The longer 

an operation takes, the more likely that a failure occurs before the operation is complete. 

Operation dependent failures are most commonly found in reality and it is therefore 

applied in this thesis. Gershwin and Berman (1981) applied discrete Markov chain 

analysis. The Markov chain is a stochastic process in which the future state depends only 

on the present and not the past. The Markov chain for the two machine — one buffer 

model having a buffer capacity of 3 is represented graphically in Figure 3. The Markov 
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chain of this simple production line model has 16 distinct states. As the number of 

machines, number of buffers, and buffer capacities increase, the Markov chain state space 

increases exponentially. 

Figure 3: Markov Chain for Model 

Gershwin and Berman (1981) developed an efficient analytical technique to calculate the 

steady state probability distribution of the two machine Markov chain. The probability 

distribution was then used to calculate performance measures such as system production 

rate, machine efficiency, and average in-process inventory. For a two machine — one 

buffer production line the analytical method is very quick and simple, but becomes more 

complex for longer production lines. Their analytical methodology worked very well for 

two machine lines, but the majority of real manufacturing systems have many more 

machines in series. 

Gershwin and Schick (1983) attempted to extend the use of the Markov chain to calculate 

exact solutions to a three machine two buffer line, but they ran into some numerical 
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problems regarding boundary conditions. Their results clearly showed that exact 

solutions could not be established for long lines and this proved the limitations of Markov 

chain analysis. 

For larger production lines consisting of more than two machines, approximate 

methodologies are better applied. The reason for this is because of the exponential 

increase in the cardinality of the state space. Gershwin (1987) developed a 

decomposition method that divided a k-machine production line into a set of k-1 

subsystems, each subsystem associated with a buffer of the original line. The 

decomposition method is illustrated in Figure 4. 
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Figure 4: Decomposition of Serial Production Line 

The key to the decomposition method is to find parameters so that flow into and out of a 

buffer in a two-machine line matches the flow out of corresponding buffers of the long 

serial line. Gershwin (1987) established a set of equations related to conservation of 

flow, flow-rate-idle time relationship, and resumption of flow. He used an iterative 
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procedure to solve this set of equations, but the algorithm lacked robustness and failed to 

converge at times. 

Dallery et al. (1988) expanded on the decomposition method of Gershwin (1987) without 

the numerical problems. They developed an efficient algorithm, referred to as the DDX 

algorithm (named after the authors Dallery, David, and Xie) to solve the set of equations 

determined by Gershwin (1987). This algorithm created a good and efficient estimate of 

performance measures for long serial production lines. The DDX algorithm was 

successfully applied in the preliminary design stages of the Hewlett-Packard plant layout 

project (Burman et al.,1998). 

From 1988 to the present, most analytical research regarding long serial production lines 

focused on improving the accuracy of approximation methods. One example of this was 

by Le Bihan and Dallery (2000), where they developed an improved decomposition 

method based on a better approximation of repair time distributions. Their method had a 

2% error compared to simulation results, while other methods had a 5% error or greater. 

The complexity of solving such analytical approximations makes it an undesirable choice 

for long production line analysis. For this reason, simulation and not analytical methods 

are applied to the study of serial and series —parallel production lines in this thesis. 

One topic that has received little attention has been the study of unreliable buffers in 

serial production lines. All but two of the papers reviewed assume buffers to be 

completely reliable. In many cases this may be acceptable, but there are situations where 
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accumulating conveyors, automatic storage retrieval systems (AS/RS), or other 

applicable electro-mechanical devices are operating in real manufacturing plants. 

Because these buffers are mechanical devices, they have moving components and are 

subject to random failure. Only two papers were discovered that investigate the impact 

of an unreliable buffer on the performance of a serial production line. 

Lipset et al. (1998) developed an analytical model using the Markov chain for a two 

machine production line with an unreliable buffer. They followed the same methodology 

applied by Gershwin and Berman (1981) for a reliable buffer. They incorporated an 

unreliable buffer state into the steady state probability distribution. From the probability 

distribution, Lipset et al. (1998) developed an approximation formula for machine 

efficiencies that resulted in an error of 1.6% when compared to simulation. Then they 

applied the machine efficiency approximations to calculating system production rate and 

average in-process inventory. Lipset et al. (1999) extended their research to longer serial 

production lines by applying unreliable buffers using the decomposition method. Their 

results provided only approximations of performance measures. Their papers are very 

important in demonstrating the effect that an unreliable buffer can have on the 

performance of a production line. However, simulation has the capability of providing 

more extensive and detailed results. 

There is a large volume of research describing methods for analyzing multi-machine 

production lines, but the area of series-parallel production lines has remained somewhat 

an unexplored field (Dallery and Gershwin, 1992). Patchong and Willaeys (2001) 
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developed a method for modeling and analyzing a series-parallel production line. They 

replaced sets of parallel machines with an equivalent machine. To avoid possible 

inaccuracies due to imperfections of analytic methods, they applied simulation to 

compare the original series-parallel production line with the equivalent series-structured 

production line. This study examined series-parallel production lines with intermediate 

buffers. Their study did not involve the use of a parallel machine to replace an 

intermediate buffer for the purpose of increasing production output and eliminating WIP. 

All the analytical models outlined above are planning models that are applied in planning 

or designing a production line. These models provide averages for performance 

measures such as production output and work-in-process. They have a limited use in 

controlling the daily or weekly operation of a production line. Miltenburg (1987) 

expanded on the other analytical models and established a method to calculate the 

variances for serial production line models that are modeled as Markov chains. He 

showed that as sources of randomness on production lines increase, the number of 

variables in the Markov chain models increase. As the number of variables increase, so 

does the variance. Low variances are preferred to high variances for production lines that 

are used on a daily basis, because daily performance measures such as production output 

can be more closely predicted. Miltenburg (1987) took an analytical approach for two 

and three station production lines, but the procedure was very complex and took 

extensive computer computation for larger buffer sizes and larger production lines. His 

research has very practical application, but simulation could be applied for faster 

calculation and easier reporting of mean and variance of performance measures. 
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A simulation-based experimental design methodology is outlined in the paper by Abdul-

Kader and Gharbi (2002). Their methodology is used to locate/allocate buffers between 

workstations for a multi-product serial production line. They have taken a thorough 

simulation modeling approach that generates a complete set of performance measures 

such as machine utilization, set-up time, downtimes, blocking and starvation from the 

many production line input parameters. By having these many performance measures, a 

thorough evaluation of the manufacturing system can be performed and suitable 

strategies implemented. This thesis will complement the methodology applied by Abdul-

Kader and Gharbi (2002) by studying the incorporation of a parallel machine to replace 

the intermediate buffer, as well as applying economic analysis to the many performance 

measures generated by the simulation model. This simulation approach has the potential 

of being applied for the purpose of virtually designing and analyzing real manufacturing 

production lines. 
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CHAPTER 3 

PROBLEM FORMULATION 

This chapter outlines the notation, working assumptions, performance measures, and cost 

parameters that are applied in the simulation study of this thesis. 

3.1 Notation 

The following notation is applied in this thesis. The machines of a series — parallel 

production line are denoted by Mii , where i = 1, 2, .....m and m refers to the number of 

serial workstations, and where j = 1, 2, .. ..k and k refers to the number of machines in 

parallel. The basic problem is defined by the following parameters: 

tip = mean processing time of machine Mid 

pii = mean processing rate of machine Mii 

MTTFii = mean time to failure of machine Mii 

Xii = mean failure rate of machine Mid

MTTRii = mean time to repair of machine Mij

= mean repair rate of machine Mii 

Based on exponential distribution, the parameters are related in the following way: 

pij = 1 / tij (3.1) 

Xjj = 1 / MTTFjj (3.2) 

j.tij = 1 / MTTRii (3.3) 
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The buffer between each machine pair is denoted by B, where i = 1, 2. ...m-1 and the 

basic parameters for the isolated buffers are: 

MTTFB, = mean time to failure of buffer B, 

a, = mean failure rate of buffer B, 

MTTRB, = mean time to repair of buffer B, 

Ti = mean repair rate of buffer B, 

C, = maximum buffer size of buffer B, 

Based on exponential distribution, the parameters are related in the following way: 

a, = 1 / MTTFBi (3.4) 

tii = 1 / MTTRBi (3.5) 

3.2 Simulation Model Working Assumptions 

The following is a list of assumptions regarding the serial and series - parallel machine 

production line simulation models: 

(a) There is an infinite raw material supply to the first machine; therefore, it is never 

starved. Also, the last machine of the line is never blocked because there is an 

infinite buffer capacity provided for finished parts. 

(b) Only one product is produced in the production line; therefore, no set-up of 

machines is required. 

(c) Each machine of the production line processes only one part at a time. 
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(d) Random variations in processing time are assumed for the purpose of studying the 

effect of variability in production output. To represent this, the processing rate at 

each machine, pig is exponentially distributed. 

(e) The material handling, loading and unloading times are considered negligible. 

(f) Each machine is subject to accidental breakdown that is operationally dependent. 

Due to random variations in machine failure rate, X,J and repair rate, 1.1,j they are 

assumed exponentially distributed. 

(g) Buffer Bi is subject to random failure. Buffer failures are assumed to be time 

dependent with failure rate, a, and repair rate, ti, exponentially distributed. 

(h) Intermediate buffers have finite capacity. Maximum buffer capacity is Ci. 

(i) Maintenance resources are assumed unlimited and always available. Corrective 

maintenance on failed machines or buffers are performed on a first down - first 

repaired basis. 

(j) When a workstation consists of parallel machines, parts are transferred to the first 

available parallel machine 
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3.3 Performance Measures 

There are a number of performance measures generated from the simulation output 

reports. The most important performance measures of consideration in this thesis are: 

PO — total production output for production line 

BTr — mean time spent in buffer 

MDii — total downtime for machine Mid

BDi — total downtime for buffer Bi 

BCi — average buffer contents 

Tb — average time machine is blocked 

These performance measures are used in the line configuration comparisons, analysis of 

variance (ANOVA), and economic analysis. 

3.4 Economic Analysis Notation 

The following cost parameters are applied in the economic analysis: 

cp — production output cost per unit 

cr — cost to repair machine or buffer per unit time 

ch — cost of holding a part in buffer for one time unit 

sp — sales price per unit 

The production output cost (cp) consists of variable and fixed costs. The variable costs 

include costs such direct labour, indirect labour, raw material, etc, while the fixed costs 

include marketing, management salaries, etc. The cost to repair (cr) is made up of the 

direct maintenance labour, supervision, indirect maintenance costs, and part replacement 

costs. The holding cost (ch) is estimated as lost opportunity cost of inventory investment, 
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storage cost, taxes, insurance, etc. The sales price (sp) is set at a price that the market is 

will to pay. These cost parameters are used in conjunction with the performance 

measures outlined in Section 3.3 to calculate the total revenue, total cost, and gross profit. 

The following notation (Riggs, 1986) is applied in the calculation of gross profit. 

TR — total revenue 

TC — total costs 

Z — gross profit 

EAC — equivalent annual cost 
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CHAPTER 4 

METHODOLOGY 

This chapter outlines the methodologies to simulate a series — parallel production line 

model, to conduct a two-level full factorial 2' experiment, and to perform economic 

analysis in conjunction with simulation. 

4.1 Simulation Model of Production Line 

The flow of parts through a multi-stage series - parallel production line is illustrated in 

the operational flowchart of Figure 5. The notation of Section 3.1 is followed in the 

illustration. 

In the multi-stage series - parallel production line, each part starts in raw materials 

inventory. This storage location has infinite capacity as stated in assumption (a) of 

Section 3.2. Parts move through the serial stages (i = 1 to m) as outlined in Box 2 with 

initial j = 1. 

A part first moves to Machine My, if the machine is available to accept the part. The 

availability of Machine Mid depends on whether it is processing another part, or it has 

failed and is under repair. If Machine Mii is available (Box 3) then the processing of a 

part begins (Box 4). If Machine Mii fails (Box 5) while it is processing a part, the 

machine will be repaired and the machine downtime MDij, is recorded (Box 7). Once the 

machine has completed processing, and the time to process the part, tii, is measured (Box 

6). 
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However, if Machine Mii is unavailable and there is no parallel machine the part waits 

until that machine becomes available and the blocked time Tb is recorded (Box 8). If 

there is a parallel machine (j = 2) then the part moves to that machine for processing if it 

is available (Box 11). If it is also not available then the part will await the first available 

parallel machine and the blocked time is recorded Tb. 

Once the part is finished processing at Machine Mij, the part maybe transferred into a 

buffer B1 if it is available. If the buffer B, is down it will be repaired and the buffer 

downtime BD, is recorded (Box 15). Also, if the buffer contents are less than the 

maximum buffer capacity C, (Box 16) then the part can be placed into the buffer Bi, 

otherwise the part must wait Tb until space becomes available in the buffer (Box 17). 

A part is transferred out of buffer B, according to the First In — First Out (FIFO) rule and 

is moved to the next stage of the production line (Box 19). Once the part has passed 

through all the machine stages of the production line (i = m), the part leaves the 

production line and is placed in finished goods inventory ready for shipment. It is 

counted as production output (PO) in Box 20. 
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4.2 Experimental Design 

In a two-stage production line there are a number of factors (independent variables) that 

can impact the overall production output (dependent variable) of the production line. A 

two-level full factorial 2P experiment has been designed to investigate the main effects 

and interactions of these factors. Analysis of variance (ANOVA) will be applied to 

determine the greatest contributing factors. 

4.3 Economic Analysis 

Economic analysis is applied with simulation to decide between line configurations. For 

each alternative production line layout, the following steps are involved in calculating the 

annual gross profit. The notation outlined in Section 3.3 and Section 3.4 is applied with 

formulas from Riggs (1986): 

1. The performance measures are identified from the simulation results report. The 

Total Annual Cost (TC) is calculated using the formula below. For simplicity, 

the repair costs (cr) are assumed to be the same for both machine and buffer 

repairs. 

m - 1 m k m - 1 

TC = cp PO + ch BTi + cr ( E MDii + E BDi ) 
i = 1 i=1 j = 1 i=1 

2. The Total Annual Revenue (TR) is calculated: 

(4.1) 

TR = PO x sp (4.2) 
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3. The Equivalent Annual Cost (EAC) for capital recovery is calculated: 

EAC = (P — S) * [ i (i + 1)N ] / [ (i + 1)N — 1 ] + Si 

where P — present value or purchase price of equipment 

S — salvage value or resale price of equipment 

N — economic life of the equipment 

i — minimum attractive rate of return 

(4.3) 

4. The Total Annual Gross Profit (Z) for a given alternative is calculated. The 

calculation includes the equivalent annual cost (EAC) for capital investment: 

Z = TR — (TC — EAC) (4.4) 
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CHAPTER 5 

CASE STUDY 

The simplest form of serial production line is a two machine — one buffer line. It has 

received a significant amount of attention from researchers such as Buzacott (1972), 

Gershwin and Berman (1981), and Lipset et al. (1998). The reason for this attention was 

to understand the performance of simple systems, so that methodologies could be 

developed and applied to longer and more complex systems. 

In this section, simulation models of a two machine — one buffer serial production line 

and a two-stage series — parallel line are compared. Analysis of variance (ANOVA) is 

conducted on the simulation results for both lines, and the findings are applied and tested 

on a longer production line. 

5.1 Two Machine — One Buffer Production Line Model 

A simulation model composed of two machines and one buffer wass constructed in the 

simulation software package ProModel. This model is illustrated in Figure 6. 

Raw 
Storage 

Line 
Output 

Figure 6: Two Machine — One Buffer Serial Production Line Model 
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The input parameters applied to this simulation model are outlined in Table 1. The 

processing, failure, and repair rates for the machines and buffer are all exponentially 

distributed as previously stated in Section 3.2. 

Table 1: Input Parameters for Two Machine — One Buffer Simulation Model 

Mean 
Processing Rate / 

Capacity 

Mean Mean 
Failure Rate Repair Rate 

Machine M11 Pii =40 parts/hr A11 = 2 failures / hr = 12 repairs / hr 

Buffer B1 C = 5 61 = 0 failures / hr T1 = 0 repairs / hr 

Machine M21 P21 = 50 parts / hr A21 = 3 failures / hr /-121 = 6 repairs / hr 

5.2 Series — Parallel Production Line Model 

The two-stage production line simulation model of Figure 6 was modified into a series — 

parallel production line. The intermediate buffer was eliminated and a parallel machine, 

M22 was added at the second stage of the production line. The series — parallel simulation 

model is shown in Figure 7. 

Raw 
Storage 

Machinel 

Machine21 

Machine22 

Line 
Output 

Figure 7: Series - Parallel Production Line Simulation Model 

The input parameters applied to the series - parallel production line simulation model are 

tabulated in Table 3. Processing, failure, and repair rates are the same for both parallel 

machines, M21 and M22. 
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Table 2: Input Parameters for Series - Parallel Simulation Model 

Mean 
Processing Rate / 

Capacity 

Mean 
Failure Rate 

Mean 
Repair Rate 

Machine M11 

Machine M21 

Machine M22

Pi, =40 parts/hr 

P21 = 50 parts / hr 

P22 = 50 parts / hr 

Xi, = 2 failures / hr 

X21 = 3 failures / hr 

X22 = 3 failures / hr 

= 12 repairs / hr 

= 6 repairs / hr 

1422 = 6 repairs / hr 

5.3 Determination of Warm-Up Period 

In simulation, the warm-up period is essential to remove the initialization bias from the 

operational data. By not including the data collected in the warm-up period, the data 

analysis results are more statistically stable. The warm-up period does not represent a 

real manufacturing situation and is only applied to ensure that steady-state performance 

results are reported. The warm-up period is determined by applying the Welch graphical 

method (Law and Kelton, 1991). This method involves calculating the moving average 

using Equation 5.1: 

Y1 = 

1 

- 1) I vii„ s=-(i-1) 
1 

(2w + 1) IV! + S 
s=-w 

i = 1, .... , w 

i = w + 1 , . . . , m - w 

(5.1) 

o Y1 (w) represents the computed moving average output for the i th period. 
o m denotes the total number of periods in each model replication. 
o w represents the "window" of the moving average. If i <= w, then the value 

of the current period is averaged with the values from the w preceding periods 
and the w following periods. 

o The value of m must be chosen to be large, and w must be less than or equal 
to m/2. 
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The two machine — one buffer simulation model was run for a total of 5,000 hours. The 

total simulation time was divided into 59 intervals, and the total production output for 

each interval was collected and tabulated into an Excel spreadsheet. These results are 

plotted in Figure 8a. Moving averages were calculated for different windows (w) and the 

curve for w = 20 (Figure 8b) was selected for estimating the warm-up period because the 

graph showed stabilization. The warm-up period for the serial production line was 

determined to be at 500 hours, while the series - parallel simulation model showed that 

the transient mean flattens out at approximately 1000 hours. 
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Figure 8: Warm-up Period for Serial Production Line 

5.4 Determination of Number of Replications 

Multiple and independent model replications are always required with stochastic 

simulations to ensure that the output results are within a 95% confidence level of the 

mean. In this thesis, the procedure for determining the number of replications was 

applied from Law and Kelton (1991): 
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n-1,1-oct2 s(n) 
N 

e 
(5.2) 

N = number of model replications for desired accuracy 
S(n) = point estimate of a based on n model replications 
e = amount of error between estimated mean and the true mean 

Initially, the two machine — one buffer model was run for 10 replications and the 

production output results were collected and tabulated into Table 3. The mean and 

standard deviation were then calculated. 

Table 3: Production Output for Replication Calculation 

Ith 
Replication 

Total Production Output 

C I 
CO 

- 
1
0
 

CO
 

N
- 

CO 
° 

67,642 

67,951 

67,669 

67,577 

67,603 

68,233 

67,463 

66,989 

68,074 

68,286 

Total Averaged 68,748.7 

Standard Deviation 34.01 

A 95% confidence level and an error (e) of 34.01 (equal to one standard deviation) was 

selected as the desired relative precision. From the t-distribution table the following 

calculation of replications was made: 

to _ 1,1 - o / 2 = t10-1,1-.05/2 = t9,0.975 = 2.262 

N = (2.262 * 34.01 / 34.01)2 = 5 replications 
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Based on this procedure it was determined that 5 replications would yield the desired 

accuracy level of one standard deviation. The same procedure was performed on the 

series — parallel production line model and the results showed that 5 replications would 

also provide the 95% confidence level. 

5.5 Two — Stage Simulation Model Comparisons 

The designed experiment for the two serial production line model was composed of one 

factor (buffer) with many levels. All the parameters from Table 1 remained the same and 

the buffer capacity was varied from 1 to 35. For the series - parallel production line 

model, the input parameters of Table 2 were applied. In order to study both models under 

highly variable conditions the processing rates, failure rates, and repair rates were all 

assumed exponentially distributed. 

Each simulation experiment for the two machine — one buffer and series - parallel models 

was run for the specified warm-up period, followed by a run period of 2,500 hours for 

five replications. The total production output was collected for the 2,500 hour period. 

Simulations for the two machine — one buffer model were run with a reliable buffer (al = 

0, T1 = 0) and then with an unreliable buffer (al = 2, T1 = 10). The total production output 

results for a serial production line with a reliable and unreliable buffer are shown in Table 

4. The simulation results for the series - parallel line are shown in Table 5. 
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Table 4: Serial Production Output for Reliable and Unreliable Buffer 

Buffer Size 
Total Production Output 

for Reliable Buffer 
Total Production Output 

for Unreliable Buffer 

1 58861 50670 

5 67688 56658 

10 72311 58413 

15 74238 58537 

20 74768 59370 

25 74901 59338 

30 74927 59424 

35 74962 59577 

Table 5: Production Output for Two — Stage Series - Parallel Line 

Line Configuration 
Total Production 

Output 

Series - Parallel Line 74845 

According to the results of Table 4, the production output increases dramatically for 

buffer capacities between 1 and 10. Between buffer capacities of 10 and 35, the 

production output for both the reliable and unreliable production line begins to level off 

in an asymptotic fashion. This is illustrated in Figure 9. 

According to Gershwin (1994), the system efficiency of a serial production line 

asymptotically approaches the efficiency of the least efficient machine in the system as 

the buffer capacity approaches infinity. In this case, the isolated production output for 

M11 and M21 were determined through simulation as 74,996 and 74,963, respectively. 

Because M21 is the least efficient machine, it is the limiting factor for the output of the 

serial production line. This is evident from Table 5 where, at a buffer capacity of 35, the 

reliable buffer serial production line reaches an output of 74,962. 

31 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

Table 4: Serial Production Output for Reliable and Unreliable Buffer

Buffer Size
Total Production Output 

for Reliable Buffer
Total Production Output 

for Unreliable Buffer

1 58861 50670

5 67688 56658

10 72311 58413

15 74238 58537

20 74768 59370

25 74901 59338

30 74927 59424

35 74962 59577

Table 5: Production Output for Two -  Stage Series - Parallel Line

Line Configuration
Total Production 

Output

S e rie s  - Parallel Line 74845

According to the results of Table 4, the production output increases dramatically for 

buffer capacities between 1 and 10. Between buffer capacities of 10 and 35, the 

production output for both the reliable and unreliable production line begins to level off 

in an asymptotic fashion. This is illustrated in Figure 9.

According to Gershwin (1994), the system efficiency of a serial production line 

asymptotically approaches the efficiency of the least efficient machine in the system as 

the buffer capacity approaches infinity. In this case, the isolated production output for 

M n and M2i were determined through simulation as 74,996 and 74,963, respectively. 

Because M2i is the least efficient machine, it is the limiting factor for the output of the 

serial production line. This is evident from Table 5 where, at a buffer capacity of 35, the 

reliable buffer serial production line reaches an output of 74,962.
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The output for an unreliable buffer seems to be about 20% less than a reliable buffer. 

The production output for the series - parallel line is 74,845. This is much better than the 

results of the two machine — one buffer line with a reliable buffer having capacities of 10 

or less. At a buffer capacity of 24, the production output for both line configurations are 

equal. This intersection is graphically illustrated in Figure 9. 
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Figure 9: Production Output vs. Buffer Capacity Graph 

This comparative study of the serial and series — parallel production lines involved input 

parameters such as processing, failure, and repair rates that are all assumed exponential 

distributions. However, this assumption may not be always acceptable depending on the 

manufacturing environment. 

To determine if results of Figure 9 are applicable when other distributions are assumed, 

simulations were run with different distributions (constant, uniform, normal, user 

defined) for machine processing rates. The production output simulation results for 
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This comparative study of the serial and series -  parallel production lines involved input 

parameters such as processing, failure, and repair rates that are all assumed exponential 

distributions. However, this assumption may not be always acceptable depending on the 

manufacturing environment.

To determine if results of Figure 9 are applicable when other distributions are assumed, 

simulations were run with different distributions (constant, uniform, normal, user 

defined) for machine processing rates. The production output simulation results for
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other distributions are illustrated in Appendix A. All of the graphs show similar results to 

Figure 9 with intersections between serial and series — parallel production lines at around 

the 21 — 27 buffer capacity range. 

5.6 Production Variance Comparison 

According to Tables 4 and 5, the mean production output for the two production lines is 

equal when the buffer capacity is 24. However, the results did not provide any indication 

of the variance. Miltenburg (1987) states that determining the variance of the production 

output is extremely important for predicting daily or weekly production. The mean 

production output is only an average and does not illustrate the variance spread. 

To compare the variance of both line configurations, simulations were run for 10,000 

hours, and the production output was collected for time intervals of 480 minutes 

(approximately an 8 hour day). The production output mean and standard deviation that 

were collected are tabulated in Table 6. 

Table 6: Two-Stage Production Mean and Variance Results 

Line Configuration Output Mean / day Variance / day 
Output 

Standard Deviation / day 

Two Machine — One 
Buffer 

239.69 495.51 22.26 

Series - Parallel 239.41 292.07 17.09 
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As stated previously, the mean production outputs for both line configurations are equal, 

but the variance is clearly less for the series — parallel production line compared to the 

two machine — one buffer line. 

5.7 Determination of Contributing Factors 

In this section, a two-level seven-factors full factorial (2') experiment was 

applied to determine the significance of the seven factors and their two-

way interactions on the mean difference of production output for the two 

production line configurations. The two machine - one buffer model was 

simulated using a buffer capacity of 24, so that both models would have 

comparative production outputs. 

5.7.1 27 Full Factorial Experiment 

There are seven factors that can be considered as impacting the production output (PO) of 

a series — parallel manufacturing production line. The seven factors are: 

• Line Configuration 

• Mii failure rate - Ali 

• Mli repair rate - 

• M2j failure rate - X2j 

• M2i repair rate - tt2j 

• Mlj processing rate - Pli 

• M2,1 processing rate - p2, 
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5.7.1 27 Full Factorial Experiment

There are seven factors that can be considered as impacting the production output (PO) of 

a series -  parallel manufacturing production line. The seven factors are:

•  Line Configuration

• My failure rate - Ay

• My repair rate - gy

•  M 2j failure rate - A2j

• M2j repair rate - p 2j

• M y  processing rate - py

• M2j processing rate - p2|
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There is no buffer capacity factor applied in the series — parallel line. For simplicity in 

the experimental analysis, the failure, repair, and processing rates are displayed in the 

form of MTTFii (1 / MTTRij (1 / µ,j), and processing time, t,j (1 / pii). They are 

applied in this manner because manufacturers are more familiar with these terms. 

These seven factors are set at two levels: a low and a high. The line configuration factor 

is the only qualitative factor where the two machine — one buffer line represents the low 

level, while the series — parallel line represents the high level. For the other six 

quantitative factors the original parameters of Table 1 provide the basis from which the 

low and high levels were determined. The seven factors and two levels are tabulated in 

Table 7. 

Table 7: Factors and Levels for Full Factorial Experiment 

Factor Units Low Level (-) High Level (+) 

Line Configuration Type Two Machine — Series - Parallel 
One Buffer 

MT-F 11 Minutes 20 40 

MTTR11 Minutes 2 8 

MTTF21 / MTTF22 Minutes 10 30 

MTTR21 / MTTR22 Minutes 5 15 

M11 Processing Time, t11 Minutes 1.3 1.7 

M21 / M22 Processing Time, t21, t22 Minutes 1 1.4 
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There is no buffer capacity factor applied in the series -  parallel line. For simplicity in 
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From the data in Table 7, a two-level seven-factors full-factorial experimental study with 

27 = 128 experiments was conducted. Each simulation experiment was run for a warm-

up period followed by a run period of 2,500 hours for five replications. The buffer was 

assumed to be completely reliable. The production output (PO) was recorded for each 

experiment. The results of the 128 experiments are shown in Appendix B. 

5.7.2 Analysis of Variance (ANOVA) 

Analysis of variance (ANOVA) was performed on the production output results of the 

128 experiments. Because of the extensive calculations involved, Design-Ease statistical 

software was used to perform the ANOVA and to graphically illustrate the factor 

interactions. The factors and levels of Table 7 were entered into the software, along with 

the 128 simulation results. The complete ANOVA results are tabulated in Appendix C, 

and the main interaction plots are illustrated in Appendix D. The overall regression and 

analysis of variance is presented in Table 8. The regression analysis reports an R2 = 0.94, 

which indicates a good fit. The F ratio is reasonably high and equal to 87.02. 

Table 8: Regression and Analysis of Variance 

Multiple R 0.9722 
R2 0.9452 
Adjusted R2 0.9343 
Standard Error 3.1198 
Observations 128 

df SS MS F Ratio P 

Regression 21 8406724183 400320199 87.02 < 0.0001 
Residual 106 487639045 4600368 
Total 127 8894363228 
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The effects of each term and interactions were also determined. The main effect of a 

factor is the average change in the response due to moving from its "low (-)" level to 

"high (+)" level while holding all other factors fixed. Table 9 lists which factors are most 

influential in descending order. 

The letters in the Table 9 refer to the following factor descriptions: 

A = Line Configuration 

B = MTTFii

C = 11 

D = MTTF21 / MTTF22 

E = MTTR21 / MTTR22 

F = Processing time for Mu 

G = Processing time for M21 / M22 

Table 9: Effects and Contributions 

Factor Effects Sum of Squares % Contribution 

E -7709.09 1901764046 21.38 
D 6556.88 1375763513 15.47 
DE 5852.25 1095962562 12.32 
F -4577.16 670411498.8 7.54 
G -4377.16 613103898.8 6.89 
C -4062.91 528230630.3 5.94 
AE 3421.91 374702156.3 4.21 
CF -2890.41 267342345.3 3.01 
EG -2745.59 241225121.3 2.71 
ADE -2663.56 227026086.1 2.55 
DG 2511.56 201854278.1 2.27 
A 2468.34 194967067.8 2.19 
AD -2293.44 168315378.1 1.89 
B 2206.56 155805378.1 1.75 
AF -1873.41 112308831.3 1.26 
BC 1660.00 88179200 0.99 
AG 1452.91 67549970.28 0.76 
DEG 1441.06 66453156.13 0.75 
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Of all these factors, there are 7 main effects, 10 two-factor interactions, and 2 three-factor 

interactions. The terms A, B, C, D, E, F, and G are all involved in two-factor interactions 

and the main effects cannot be interpreted directly as the change in response, without 

producing misleading interpretations. 

The main focus of this section is determining which factors are most influential to the 

production output. To compare between the serial and series — parallel production lines, 

the main effects and interactions of Factor A were analyzed. Because Factor A is 

involved in two — factor interactions, these interactions were studied for interpretations. 

All interaction plots involving Factor A are located in Appendix D and will be interpreted 

in Section 6.2. 

5.8 Extension to Longer Production Lines 

In Section 5.5, simulation results for a two-stage production line showed that parallel 

machines could be used to replace an intermediate buffer and increase production output 

while decreasing output variability. In this section, simulation is used to determine if 

parallel machines can be effectively applied to longer production lines. 

5.8.1 Five — Stage Configuration Comparisons 

A serial production line composed of five machines and four buffers is studied. This line 

operates in the same manner as the two-stage line of Section 5.5. It is a single product 

line and the processing, failure, and repair rates are all assumed to have an exponential 
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distribution. The five-stage line is illustrated in Figure 10, and its parameters are 

presented in Table 10. All buffers are assumed to be reliable. 

Stordee Huffer) 

lef;hine3 

Huffer3 

et 
Mai hinel 

Figure 10: Five-Stage Serial Production Line Simulation Model 

Table 10: Input Parameters for Five-Stage Simulation Model 

Processing Rate / 
Capacity Failure Rate Repair Rate 

M11 Pii = 46.2 parts / hr 

B1 C1 = 5 

M21 P21 = 40 parts / hr 

B2 C2 = 5 

M31 P31 = 50 parts / hr 

B3 C3 = 5 

M41 1341 = 54.5 parts / hr 

B4 C4 = 5 

M51 P51 = 46.2 parts / hr 

= 0.6 failures / hr 

ai = 0 failures / hr 

X21 = 0.5 failures / hr 

= 0 failures / hr 

X31 = 0.75 failures / hr 

a3 = 0 failures / hr 

X41 = 1.0 failures / hr 

CY4 = 0 failures / hr 

X51 = 0.5 failures / hr 

= 12 repairs / hr 

t i = 0 repairs / hr 

1121 = 10 repairs / hr 

T2 = 0 repairs / hr 

1131 = 7.5 repairs / hr 

= 0 repairs / hr 

1,1,31 = 6 repairs / hr 

T4 = 0 repairs / hr 

1151 = 10 repairs / hr 

In this five-stage production line, M31 and M41 have higher failure rates and lower repair 

rates compared to their adjacent upstream machines. According to the results of Section 

5.7.2, these two machines are candidates for implementing a parallel machine and 

eliminating the preceding buffer. 
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Table 10: Input Parameters for Five-Stage Simulation Model

Processing Rate /  

Capacity Failure Rate Repair Rate

M u Pn = 46.2 parts /  hr X u  = 0.6 failures /  hr P11 = 12 repairs /  hr

B i p ii cn o-i = 0 failures /  hr T1 = 0 repairs /  hr

M 2 i P21 = 40 parts /  hr X21 = 0.5 failures /  hr P21 = 10 repairs /  hr

b2 C2 = 5 a2 = 0 failures /  hr x2 = 0 repairs /  hr

M 3 1 p31 = 50 parts /  hr X3i = 0.75 failures /  hr p3i = 7.5 repairs /  hr

b3 C3 = 5 o3 = 0 fa ilu re s /h r x3 = 0 repairs /  hr

M 4 1 p4i = 54.5 parts /  hr X41 = 1.0 failures /  hr p31 = 6 repairs /  hr

b 4 C4 = 5 o4 = 0 failures /  hr x4 = 0 repairs /  hr

MSi p51 = 46.2 parts /  hr X51 = 0.5 failures /  hr P51 = 10 repairs /  hr

In this five-stage production line, M31 and M 41 have higher failure rates and lower repair 

rates compared to their adjacent upstream machines. According to the results of Section 

5.7.2, these two machines are candidates for implementing a parallel machine and 

eliminating the preceding buffer.
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The five — stage serial production line model was first modified by removing B2. Then 

an identical parallel machine (M32) was incorporated at Stage #3. The simulation model 

is shown in Figure 11. 

Machine31 

Storage Bufferl 

Mechinel 

Line Output 

Throughput/hr 
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Figure 11: Five — Stage Line with Parallel Machines at Stage #3 

To determine if parallel machines can be applied back-to-back, the model was further 

modified with the installation of another identical parallel machine (M42) at Stage #4. B3 

is removed from the system. This series — parallel production line model is illustrated in 

Figure 12. 
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Figure 12: Five — Stage Line with Parallel Machines at Stages #3 and #4 
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To determine if parallel machines can be applied back-to-back, the model was further 

modified with the installation of another identical parallel machine (M42) at Stage #4. B3 

is removed from the system. This series -  parallel production line model is illustrated in 
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The warm-up period and the number of replications were determined for the three line 

configuration simulation models listed in Table 11. Each model was run for a 2,500 hour 

warm-up period, followed by a run period of 7,500 hours for five replications. The total 

production output was collected for the 7,500 hour period. The simulation results for the 

three production lines are shown below in Table 11 

Table 11: Performance Measures for Three Line Configurations 

Line 
Configuration 

Total Production 
Output 
(PO) 

Total Average. 
Buffer Contents 

(MCI) 

Total Average Minutes 
Part Blocked 

(ITO 

Line #1 

Line #2 

Line #3 

Serial Line 

Parallel Machine at Stage #3 

Parallel Machine at Stages #3 & #4 

154,564 

233,824 

243,065 

9.10 

6.95 

5.11 

8.30 

7.14 

5.73 

The results in Table 11 show that the production output increases with the incorporation 

of parallel machines at workstations with high failure rates and low repair rates. The 

number of parts waiting in intermediate storage decreases with the removal of B2 and B3. 

The most interesting trend is that the average time that a part is blocked decreases, even 

with the removal of intermediate buffers. 

5.8.2 Production Output Variance Comparison 

The daily production output variance for each model was also compared. The simulation 

models were each run for a total of 10,000 hours and the production output was collected 

every 480 minutes (approximately an 8 hour day). The production output mean and 

variance are tabulated in Table 12. Again, the results coincide with the results of the two-
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stage line. There is less output variability for the series — parallel production lines 

compared to the serial line. 

Table 12: Five — Stage Production Mean and Variance Results 

Line Configuration Output Mean / day Variance / day Output Standard Deviation / day 

Serial Line 246.31 350.44 18.72 

Parallel Machine at M3 250.05 303.46 17.42 

Parallel Machine at M3 and M4 256.17 244.30 15.63 
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CHAPTER 6 

SIMULATION RESULTS ANALYSIS 

The simulation results of Chapter 5 are analyzed and summarized according to buffer 

reliability, factor analysis, and parallel machine contribution. 

6.1 Buffer Reliability 

According to the simulation results of Section 5.5, an unreliable buffer can dramatically 

lower the production output of a two machine — one buffer production line compared to 

the same line with a reliable buffer. This is not surprising because an unreliable buffer 

adds another level of variability to a production line due to random failure and repair. No 

matter how much the buffer capacity is increased, the output will never reach the level of 

the reliable buffer line. For example, at a buffer capacity of 35 the production output for 

the unreliable buffer line is 59,577, while the reliable buffer line is at 74,962. 

6.2 Factor Analysis 

The factor analysis was conducted by three methods. The first method involved studying 

the ANOVA results and determining which factors have the greatest effects. Table 9 

shows that factor E (MTTR21) has the greatest effect and greatest contribution at 21.38%. 

It is then followed by factor D (MTTF21) at 15.47%. Factor F (t11) and factor G (t 21) then 

make the next contributions at 7.54% and 6.89% respectively. 

The second method involved studying the interaction plots. Because factor A 

differentiates between the serial and series — parallel production lines it is the main focus. 

The interaction plots show the effects of varying factors and the impact on the production 
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output. The five interaction plots involving Factor A are AC, AD, AE, AF, and AG and 

these plots are shown in Appendix D. These plots clearly showed that the greatest impact 

on the production output was when there was a high failure and low repair rate for M21. 

This was exhibited by the greater spread of production output for the series — parallel line 

compared to the serial line. 

The third method of factor analysis involved direct observation of the experimental 

results from Appendix B. From direct observation it is possible to determine how a 

specific factor level can impact production output for a line configuration. Experimental 

results showed that the series — parallel production line had a higher production output 

compared to the serial production line in 37 out of 64 experiments with an average 

increase of 5,484. The serial production line only had a production output higher than the 

series — parallel production line in 25 out of the 64 experiments and only had an average 

increase of 1,797 over the series — parallel production line. 

There are four distinct areas where the production output of a series - parallel line far 

exceeds the output of the serial production line. These four areas have two factors in 

common: MTTF21 = MTTF22 = 10 and MTTR21 = MTTR22 = 15. Within these four 

areas, it is evident that the difference in processing time between M11 and M21 also has an 

effect. When the difference in processing time is small (t11 = 1.3 and t21 = t22 = 1.4), the 

production output for parallel machine is the greatest, compared to the serial production 

output. However, when the difference is larger (t11 = 1.7 and t21 = t22 = 1), the production 

44 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 

output. The five interaction plots involving Factor A are AC, AD, AE, AF, and AG and 

these plots are shown in Appendix D. These plots clearly showed that the greatest impact 

on the production output was when there was a high failure and low repair rate for M 21 . 

This was exhibited by the greater spread of production output for the series -  parallel line 

compared to the serial line.

The third method of factor analysis involved direct observation of the experimental 

results from Appendix B. From direct observation it is possible to determine how a 

specific factor level can impact production output for a line configuration. Experimental 

results showed that the series -  parallel production line had a higher production output 

compared to the serial production line in 37 out of 64 experiments with an average 

increase of 5,484. The serial production line only had a production output higher than the 

series -  parallel production line in 25 out of the 64 experiments and only had an average 

increase of 1,797 over the series -  parallel production line.

There are four distinct areas where the production output of a series - parallel line far 

exceeds the output of the serial production line. These four areas have two factors in 

common: MTTF2i = MTTF22 = 10 and MTTR2i = MTTR22 = 15. Within these four 

areas, it is evident that the difference in processing time between M u and M2i also has an 

effect. When the difference in processing time is small ( t n  = 1.3 and t2i = t22 = 1.4), the 

production output for parallel machine is the greatest, compared to the serial production 

output. However, when the difference is larger ( t n  = 1.7 and t2i = t22 = 1), the production

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



output for the series - parallel line is much closer to the output of the serial production 

line. 

From the study of the experimental results the following conclusions are made. A 

parallel machine can be applied to a serial production line when: 

1) 

2) 

M21 has a higher failure rate than Mi l (X21 < X11), 

M21 has a lower repair rate than M11 and processing rates for machines M11 and M21 

are near equal (µ2l < n and pH -'-"-- P21 ). 

6.3 Parallel Machine Contribution 

Simulation results of Section 5.5 show that the production outputs of the serial production 

line and series — parallel lines intersect when the serial line buffer capacity reaches 24. 

At buffer capacities less than 24, the serial — parallel line has the greatest production 

output capability, while with buffer capacities greater than 24, the serial production line 

outperforms the series — parallel production line. The problem with large buffer capacity 

is that it requires significant floor space, and this increases work-in-process (WIP) and 

costs into the manufacturing process. 

The production output comparisons between the two small production line configurations 

are very important. They show that in this particular situation with the given parameters, 

the replacement of a buffer with a parallel machine will increase output up to a limiting 

factor for a reliable buffer. 
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The impact of incorporating parallel machines into longer lines was demonstrated in 

Section 5.8. Results for the five — stage line clearly shows that a parallel machine can be 

effectively used to replace an intermediate buffer for the purpose of increasing production 

output and reducing work-in-process. 

In the study of these two line configurations, the positive impact on production output is 

evident. However, decisions cannot be based solely on these simulation results. 

Economic analysis must be considered before a line configuration can clearly be chosen. 

Chapter 7 describes a real life manufacturing production line, and incorporates simulation 

and economic analysis into a comparative study between a serial and a series - parallel 

production line. 

6.4 Variability 

The daily variability of production output for serial and series — parallel production lines 

were compared. In the case of the two — stage lines, the mean production output for both 

lines were equal at 239 parts per day when the serial buffer size was 24. However, the 

variance for the serial line is greater than the series - parallel line with no intermediate 

buffer. The results for the five — stage production lines showed the same trend. 

Production output variability decreased with one or more workstations having parallel 

machines and no intermediate buffer. 

In serial production lines, buffers are placed between machines to mitigate variability. In 

this paper, it can be concluded that the parallel machine with no buffer has greater 
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capability of mitigating the variations of the production output compared to the serial 

production line with a buffer. This means that daily or weekly production can be more 

accurately predicted for a series — parallel line compared to a serial line with an 

intermediate buffer. 
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CHAPTER 7 

ECONOMIC ANALYSIS IN REAL WORLD APPLICATION 

In this final section, a real life manufacturing line is studied to illustrate how simulation 

and economic analysis can be applied together in the design and analysis of production 

line configurations. 

7.1 Roofing Slate Sawing Production Line 

The roofing slate industry is one industry where the installation of a parallel machine to 

replace an intermediate buffer can be applicable. This industry is selected because of the 

author's previous work experience at a slate manufacturer. The entire process of 

manufacturing roofing slate is a serial production line with roller conveyors acting as 

buffers between machines. 

The sawing line was a problem area in the facility because it could not meet the slate 

block requirements of the splitting / trimming department. The sawing line was a two 

machine — one buffer line configuration. It consisted of a primary block saw and a 

secondary block saw connected together by a 16 foot long roller conveyor. The conveyor 

had a buffer capacity of approximately 8 slate blocks. The two — stage sawing line is 

illustrated in Figure 13. 
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Figure 13: The Serial Machine Sawing Operation 

The two machine — one buffer line simulation model studied in Section 5.1 can represent 

this slate sawing production line very well. The input parameters of Table 1 are similar 

to the operating conditions of this line. The processing time for the primary block saw 

was greater than the processing time for the secondary block saw and the times ranged 

between 1 — 2 minutes. The processing times can be considered as completely random 

because the slate slabs varied in size, thickness, density, and hardness. The saws had 

variable electrical motors and the cutting speeds varied automatically, according to the 

torque resistance on the saw blades during cutting. Exponential distribution of 

processing rate is a reasonable assumption for this real situation. The failure and repair 

rates occurred randomly and will also be assumed to have exponential distributions. 

For simplicity in this economic analysis of a real manufacturing example, some of the 

input parameters of Section 5.1 are applied. The processing rate for the secondary block 

is greater than the primary block saw and it more prone to failure due to the double saw 

blades and motors. The input parameters for the slate production line are entered in 

Table 13. 
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to the operating conditions of this line. The processing time for the primary block saw 
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because the slate slabs varied in size, thickness, density, and hardness. The saws had 

variable electrical motors and the cutting speeds varied automatically, according to the 

torque resistance on the saw blades during cutting. Exponential distribution of 

processing rate is a reasonable assumption for this real situation. The failure and repair 

rates occurred randomly and will also be assumed to have exponential distributions.

For simplicity in this economic analysis of a real manufacturing example, some of the 

input parameters of Section 5.1 are applied. The processing rate for the secondary block 

is greater than the primary block saw and it more prone to failure due to the double saw 

blades and motors. The input parameters for the slate production line are entered in

Table 13.
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Table 13: Input Parameters Two Stage Sawing Model 

Mean 
Processing Rate / 

Capacity 

Mean Mean 
Failure Rate Repair Rate 

Primary Block Saw Pii =40 parts/hr Ati = 2 failures / hr 1-111 = 12 repairs / hr 

Buffer #1 C = 8 = 2 failures / hr = 10 repairs / hr 

Secondary Block Saw I021 = 50 parts / hr X2i = 3 failures / hr 1-t2, = 6 repairs / hr 

For demonstration purposes, the sales price, holding cost, production cost, and repair cost 

of the slate sawing line model are all roughly approximated. The sales price per block 

was determined by estimating that 10 roofing slate tiles can be produced from one block 

and they retail price at approximately $5 per piece. The production cost per block was 

estimated at 50% of the sales price. The holding cost was unknown, but a common figure 

of $1 / block / hour was applied. Because of the high cost of replacing diamond bit saw 

blades ($1,000 / blade) this cost was incorporated with maintenance labour, supervision, 

and indirect costs into the repair cost rate at an estimated value of $900 / hour. All of 

these cost estimates are tabulated in Table 14. 

Table 14: Cost Estimations 

Parameter Notation Dollars ($) 

Sales Price ($ / block) 

Holding Cost ($ / block / hr) 

Production Cost ($ / block) 

Repair Cost ($ / hour) 

sp 

Ch 

Cp 

Cr 

$50 

$1 

$25 

$900 
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7.2 Production Line Configuration Alternatives 

In this real world example there are four slate sawing line configurations that are 

compared using simulation and economic analysis. The four line configurations are: 

1) The existing two machine — one buffer saw line (Figure 13) with a 16 ft roller 

conveyor (al = 0 failures / hr and ti = 0 repairs / hr) acting as the buffer. 

Buffer capacity = 8 

2) Existing production line with the roller conveyor replaced with a motorized 

roller conveyor that is subject to random failure (al = 2 failures / hr and t i = 

10 repairs / hr). Buffer capacity = 8 

3) Existing production line with the roller conveyor (buffer) extended by 8 ft to 

increase production rate - = 0 failures / hr and t = 0 repairs / hr). 

Buffer capacity = 12 

4) Series — parallel line with roller conveyor removed and replaced with parallel 

secondary block saw as illustrated in Figure 14. 
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Figure 14: Parallel Machine Sawing Operation 

For the three proposed alternatives, there are three pieces equipment that have to be 

purchased and they are outlined in Table 15. The equipment costs were determined 

through available product catalogues and estimation, and these costs are applied in the 

economic analysis. 

Table 15: Equipment Investment for Alternatives 

Machine / Buffer Equipment Cost / ft ($) Total Cost ($) 

Motorized Roller Conveyor (16 ft) 
(8 block capacity) 

Roller Conveyor Extension (extra 8 ft) 
(12 block capacity) 

Secondary Block Saw 

$500 / ft $8,000 

$100 /ft $800 

$30,000 
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For the three proposed alternatives, there are three pieces equipment that have to be 

purchased and they are outlined in Table 15. The equipment costs were determined 

through available product catalogues and estimation, and these costs are applied in the 

economic analysis.
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7.3 Economic Analysis of Production Line Configurations 

Simulation models for the four line configurations were constructed and run using the 

input parameters of Table 13. The production output (PO), mean time spent in buffer 

(BT,), total downtime for machine Mu (MD,i), and total downtime for buffer B, (BD) 

were all collected from the simulation results. For each line configuration the annual 

gross profit was calculated using the methodology in Section 4.3 and then the four values 

were compared. The results are tabulated in Table 16. 

Table 16: Line Configuration Economic Comparisons 

Line 
Config. 

Maximum 
Annual 

Production 
Output 
(PO) 

Total 
Production 

Cost 

Total 
Holding 

Cost 

Total 
Downtime 

Cost 

Total 
Costs 
(TC) 

Total 
Revenue 

(TR) 

Annual Gross 
Profit 

(no capital cost 
included) 

(Z=TR — TC) 

Difference in 
Annual Gross 

Profit 

#1 
Existing 

Buffer = 8 
59,106 $1,447,650 $7,880 $701,595 $2,187,126 $2,955,300 $768,174 -

#2 
Motorized 
Conveyor 
Buffer = 8 

48,300 $1,207,500 $4,725 $886,455 $2,098,680 $2,415,000 $316,320 ($451,854) 

#3 
Conveyor 
Extension 

Buffer = 12 

60,924 $1,523,100 $11,768 $732,270 $2,257,138 $3,046,200 $779,062 $10,888 

#4 
Series — 
Parallel 

No Buffer 

62,271 $1,556,775 $749,505 $2,306,280 $3,113,550 $807,270 $39,096 

The existing production line #1 has a maximum annual production output of 59,106 with 

a gross profit of $768,174 a year. The production output and annual gross profit are the 

main focus of comparison with the three alternative line configurations. 
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Annual Gross 
Profit 

(no capital cost 
included) 

(Z=TR -  TC)

Difference in 
Annual Gross 

Profit

#1 
Existing 

Buffer = 8
59,106 $1,447,650 $7,880 $701,595 $2,187,126 $2,955,300 $768,174 -

#2 
Motorized 
Conveyor 
Buffer = 8

48,300 $1,207,500 $4,725 $886,455 $2,098,680 $2,415,000 $316,320 ($451,854)

#3 
Conveyor 
Extension 
Buffer = 12

60,924 $1,523,100 $11,768 $732,270 $2,257,138 $3,046,200 $779,062 $10,888

#4 
Series -  
Parallel 

No Buffer

62,271 $1,556,775 - $749,505 $2,306,280 $3,113,550 $807,270 $39,096

The existing production line #1 has a maximum annual production output of 59,106 with 

a gross profit of $768,174 a year. The production output and annual gross profit are the 

main focus of comparison with the three alternative line configurations.
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Production line #2 involves the installation of a motorized conveyor that is expected to 

automate the movement of the block from the primary to the secondary block saw. It acts 

as a buffer that is subject to random breakdown and repair. Through the use of 

simulation and economic analysis, the results show that the production output of 

production line #2 (48,300 blocks) is less than with the original roller conveyor (59,106 

blocks). More importantly, the annual gross profit drops from $768,174 to $316,320. 

Clearly, the $8,000 investment in a motorized roller conveyor would not be a wise 

decision and this alternative can be removed as a viable alternative. 

According to the results of Table 16, the extension of the existing roller conveyor 

(production line #3) and the installation of a parallel secondary saw (production line #4) 

are acceptable alternatives. Both alternatives increase annual production output and 

increase annual gross profit above the existing production line #1. 

However, in order to effectively compare both alternatives the equivalent annual cost 

(EAC) for the capital equipment was included and the calculations are tabulated in Table 

17. The roller conveyor extension is assumed to have an expected life of 10 years and no 

salvage value at the end of its life. The secondary block saw has an expected life of 5 

years with no salvage value. In the calculations it is assumed that i = 15% is an attractive 

rate of return for the manufacturer. 
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Table 17: Annual Capital Recovery Cost Calculations 

Capital Equipment Purchase 
Cost 
(P) 

Expected Life 
(N) yrs 

Salvage 
Value 

(S) 

Capital Recovery 
Factor 
i = 15% 

Annual Capital 
Recovery Cost 

(EAC) 

Roller Conveyor 
Extension 

$800 10 $0 0.14238 $160 

Secondary 
Block Saw 

$30,000 5 $0 0.24389 $8,950 

The annual capital recovery cost was determined to be only $160 per year for the roller 

conveyor and $8,950 for the secondary block saw. When these costs are incorporated 

into the overall annual costs it does have an impact on the profit. These results are 

clearly illustrated in Table 18. 

Table 18: Profit Per Part Comparison 

Line 
Config. 

Annual 
Production 

Output 
(PO) 

Total 
Production 

Cost 

Total 
Holding 

Cost 

Total 
Downtime 

Cost 

Capital 
Recovery 

Cost 
(EAC) 

Total 
Costs 
(TC) 

Total 
Revenue 

(TR) 

Annual 
Gross 
Profit 

(Z) 

Profit 
Per 

Block 

#3 
Conveyor 
Extension 
Buffer = 12 

60,924 $1,523,100 $11,768 $732,270 $160 $2,257,298 $3,046,200 $778,902 $12.78 

#4 
Series — 
Parallel 

No Buffer 

62,271 $1,556,775 - $749,505 $8,950 $2,315,230 $3,113,550 $798,320 $12.82 

In this situation whereby the slate manufacturer must increase their level of production 

output, production line #4 provides the best results. Production line #3 can only produce 

a maximum output of 60,924, while production line #4 can produce 62,271. With the 

annual cost of capital investment included into the total costs production line #4 is still a 
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preferable economic choice at an annual profit of $798,320. Production line #4 can 

manufacture blocks at $0.04 more profit per block compared to production line #3. 

Not only does the series — parallel production line improve profitability, but with more 

available production capacity the company will be able to maintain customer satisfaction 

in a growing market. Since 32% of the total costs for production line #4 consists of repair 

costs, the company could implement a preventative maintenance program that could 

further improve profitability. Another benefit of implementing a parallel machine is that 

it can free up valuable floor space taken up by the 24 foot roller conveyor. The amount 

of floor space occupied by the parallel secondary saw is only about 25 sq. ft., which is 

half of the floor space occupied by the roller conveyor. The series - parallel line is very 

compact and will allow for future growth and maybe the implementation of a new 

production line. Also, the existing operator for the secondary block saw can effectively 

operate both parallel machines. 

Production line simulation, in conjunction with economic analysis, is a powerful tool that 

can be applied to real manufacturing line situations. This is clearly illustrated in the 

results outlined in this section. In this specific example, the series — parallel line 

configuration provides the greatest output at the lowest cost. The methodology outlined 

in this section can be easily applied in the design and analysis of other real manufacturing 

situations. 
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

Until now, the most common methodology to increase production output and reduce 

variability of a serial production line was to provide more buffer capacity between 

machines. This creates more work-in-process, which can lead to higher holding costs and 

product quality issues. The extra work-in-process will not only take up valuable floor 

space, but may require some capital investment in containment / moving equipment. In 

some cases the buffer maybe an accumulating conveyor or automated storage and 

retrieval system (AS/RS), which is subject to failure. Such a buffer will add further 

variability to a production line, limiting the production output. 

This current study applied a simulation-based experimental design methodology to show 

that a parallel machine can be used to replace an intermediate buffer in a series — parallel 

production line. A parallel machine is most applicable when a workstation has a higher 

failure rate and lower repair rate than the adjacent upstream workstation. If this is true, 

then the intermediate buffer between the two workstations can be removed, and a parallel 

machine can be incorporated into the downstream workstation. For a two — stage and a 

five — stage series — parallel production line, results showed that there is an increase in 

production output, a decrease in work — in — process, a reduction in line variability, and a 

reduction in blocked parts in the line. A reduction in variability means that daily and 

weekly production output can be more easily predicted for a series — parallel line 

compared to the serial production line. 
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Overall, this thesis has clearly shown that a parallel machine can be applied to short and 

long serial production lines with improvement to performance measures. The simulation-

based methodology outlined in this thesis can be easily applied in the design and analysis 

of other real manufacturing situations in determining the most economical production 

line configuration. Future research could involve the development of a metamodel of a 

series — parallel production line that could be compared to a serial production line. Also, 

a more extensive study of a series — parallel production line could be conducted involving 

multiple products and preventative maintenance. 
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Comparison Between Different Distributions applied to Processing Time 

Processing Time 
Distribution 

1\11j 
Processing Time (min) 

Mzi 
Processing Time (min) 

Constant 1.5 1.2 
Uniform Distribution Mean = 1.5 Half Range = 0.85 Mean = 1.2 Half Range = 0.65 
Normal Distribution Mean = 1.5 Std. Dev. = 0.72 Mean = 1.2 Std. Dev. = 0.58 
Exponential Distribution Mean = 1.5 Mean =1.2 
User Defined Distribution #1 See below See below 
User Defined Distribution #2 See below See below 

User Defined Distribution #1 (more variable) 

M11 Processing Time (min) M21 Processing Time (min) 
Percent Value Percent Value 

0 0.4 0 0.3 
10 0.8 15 0.9 
20 1.2 30 1.2 
40 2.3 20 1.4 
30 3.0 35 1.8 
0 3.5 0 2.6 

User Defined Distribution#2 

M1 M2 
Percent Value Percent Value 

0 0.5 0 0.2 
20 1.0 10 0.8 
15 1.2 40 1.3 
35 1.7 35 1.7 
30 2.6 15 2.2 
0 3.5 0 2.8 

The following is 

Processing Time (min) 

Buffer Constant Uniform Normal Exponential User Defined User Defined 
Capacity Distribution Distribution Distribution Distribution #1 Distribution #2 

1 67499 66093 64936 58861 59199 65068 

5 72525 71928 71040 67688 64453 70528 

10 74555 74335 73972 72311 67597 73270 

15 74905 74806 74816 74238 69595 74281 

20 74959 75004 74885 74768 70711 74794 

25 75015 74987 74945 74901 71557 74338 

Processing Time (min) 

Constant Uniform 
Distribution 

Normal 
Distribution 

Exponential 
Distribution 

User Defined 
Distribution #1 

User Defined 
Distribution #2 

74998 74995 75001 74845 70766 75005 
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Processing Time Distribution Comparison 
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Serial vs. Parallel - Normal Distribution 
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27 Full Factorial Experiment 

Run Line MTTF MTTR MTTF MTTR Process Process Production 
Type #1 #1 #2 #2 M1 M2 Output 

1 Serial 20 2 10 5 1.3 74,997 

2 Serial 20 2 10 5 1.3 1.4 74,075 

3 Serial 20 2 10 5 1.7 74,995 

4 Serial 20 2 10 5 1.7 1.4 72,196 

5 Serial 20 2 10 15 1.3 62,954 

6 Serial 20 2 10 15 1.3 1.4 46,304 

7 Serial 20 2 10 15 1.7 60,775 

8 Serial 20 2 10 15 1.7 1.4 45,963 

9 Serial 20 2 30 5 1.3 75,000 

10 Serial 20 2 30 5 1.3 1.4 71,436 

11 Serial 20 2 30 5 1.7 75,000 

12 Serial 20 2 30 5 1.7 1.4 74,991 

13 Serial 20 2 30 15 1.3 74,990 

14 Serial 20 2 30 15 1.3 1.4 71,436 

15 Serial 20 2 30 15 1.7 74,869 

16 Serial 20 2 30 15 1.7 1.4 68,636 

17 Serial 20 8 10 5 1.3 74978 

18 Serial 20 8 10 5 1.3 1.4 71050 

19 Serial 20 8 10 5 1.7 74176 

20 Serial 20 8 10 5 1.7 1.4 62614 

21 Serial 20 8 10 15 1.3 60502 

22 Serial 20 8 10 15 1.3 1.4 45900 

23 Serial 20 8 10 15 1.7 55278 

24 Serial 20 8 10 15 1.7 1.4 45094 

25 Serial 20 8 30 5 1.3 74996 

26 Serial 20 8 30 5 1.3 1.4 74970 

27 Serial 20 8 30 5 1.7 64319 

28 Serial 20 8 30 5 1.7 1.4 64388 

29 Serial 20 8 30 15 1.3 74692 

30 Serial 20 8 30 15 1.3 1.4 68139 

31 Serial 20 8 30 15 1.7 62794 

32 Serial 20 8 30 15 1.7 1.4 60042 

33 Serial 40 2 10 5 1.3 74999 

34 Serial 40 2 10 5 1.3 1.4 74117 

35 Serial 40 2 10 5 1.7 74998 

36 Serial 40 2 10 5 1.7 1.4 73392 

37 Serial 40 2 10 15 1.3 63259 

38 Serial 40 2 10 15 1.3 1.4 46032 

39 Serial 40 2 10 15 1.7 61350 

40 Serial 40 2 10 15 1.7 1.4 45861 

41 Serial 40 2 30 5 1.3 74999 

42 Serial 40 2 30 5 1.3 1.4 75002 

43 Serial 40 2 30 5 1.7 75001 

44 Serial 40 2 30 5 1.7 1.4 75003 
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27 Full Factorial Experiment

Run
#

Line
Type

MTTF
#1

MTTR
#1

MTTF
#2

MTTR
#2

Process
M1

Process
M2

Production
Output

1 Serial 20 2 10 5 1.3 1 74,997
2 Serial 20 2 10 5 1.3 1.4 74,075
3 Serial 20 2 10 5 1.7 1 74,995
4 Serial 20 2 10 5 1.7 1.4 72,196
5 Serial 20 2 10 15 1.3 1 62,954
6 Serial 20 2 10 15 1.3 1.4 46,304
7 Serial 20 2 10 15 1.7 1 60,775
8 Serial 20 2 10 15 1.7 1.4 45,963
9 Serial 20 2 30 5 1.3 1 75,000
10 Serial 20 2 30 5 1.3 1.4 71,436
11 Serial 20 2 30 5 1.7 1 75,000
12 Serial 20 2 30 5 1.7 1.4 74,991
13 Serial 20 2 30 15 1.3 1 74,990
14 Serial 20 2 30 15 1.3 1.4 71,436
15 Serial 20 2 30 15 1.7 1 74,869
16 Serial 20 2 30 15 1.7 1.4 68,636
17 Serial 20 8 10 5 1.3 1 74978
18 Serial 20 8 10 5 1.3 1.4 71050
19 Serial 20 8 10 5 1.7 1 74176
20 Serial 20 8 10 5 1.7 1.4 62614
21 Serial 20 8 10 15 1.3 1 60502
22 Serial 20 8 10 15 1.3 1.4 45900
23 Serial 20 8 10 15 1.7 1 55278
24 Serial 20 8 10 15 1.7 1.4 45094
25 Serial 20 8 30 5 1.3 1 74996
26 Serial 20 8 30 5 1.3 1.4 74970
27 Serial 20 8 30 5 1.7 1 64319
28 Serial 20 8 30 5 1.7 1.4 64388
29 Serial 20 8 30 15 1.3 1 74692
30 Serial 20 8 30 15 1.3 1.4 68139
31 Serial 20 8 30 15 1.7 1 62794
32 Serial 20 8 30 15 1.7 1.4 60042
33 Serial 40 2 10 5 1.3 1 74999
34 Serial 40 2 10 5 1.3 1.4 74117
35 Serial 40 2 10 5 1.7 1 74998
36 Serial 40 2 10 5 1.7 1.4 73392
37 Serial 40 2 10 15 1.3 1 63259
38 Serial 40 2 10 15 1.3 1.4 46032
39 Serial 40 2 10 15 1.7 1 61350
40 Serial 40 2 10 15 1.7 1.4 45861
41 Serial 40 2 30 5 1.3 1 74999
42 Serial 40 2 30 5 1.3 1.4 75002
43 Serial 40 2 30 5 1.7 1 75001
44 Serial 40 2 30 5 1.7 1.4 75003
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Run 
# 

Line 
Type 

MTTF 
#1 

MTTR 
#1 

MTTF 
#2 

MTTR 
#2 

Process 
M1 

Process 
M2 

Production 
Output 

45 Serial 40 2 30 15 1.3 1 74990 

46 Serial 40 2 30 15 1.3 1.4 72005 

47 Serial 40 2 30 15 1.7 1 74986 

48 Serial 40 2 30 15 1.7 1.4 69815 

49 Serial 40 8 10 5 1.3 1 75000 

50 Serial 40 8 10 5 1.3 1.4 73121 

51 Serial 40 8 10 5 1.7 1 73224 

52 Serial 40 8 10 5 1.7 1.4 68681 

53 Serial 40 8 10 15 1.3 1 61815 

54 Serial 40 8 10 15 1.3 1.4 46260 

55 Serial 40 8 10 15 1.7 1 58991 

56 Serial 40 8 10 15 1.7 1.4 45926 

57 Serial 40 8 30 5 1.3 1 74998 

58 Serial 40 8 30 5 1.3 1.4 74994 

59 Serial 40 8 30 5 1.7 1 73566 

60 Serial 40 8 30 5 1.7 1.4 73302 

61 Serial 40 8 30 15 1.3 1 74977 

62 Serial 40 8 30 15 1.3 1.4 70755 

63 Serial 40 8 30 15 1.7 1 71295 

64 Serial 40 8 30 15 1.7 1.4 65701 

65 Parallel 20 2 10 5 1.3 1 75000 

66 Parallel 20 2 10 5 1.3 1.4 75000 

67 Parallel 20 2 10 5 1.7 1 74821 

68 Parallel 20 2 10 5 1.7 1.4 71267 

69 Parallel 20 2 10 15 1.3 1 74928 

70 Parallel 20 2 10 15 1.3 1.4 66997 

71 Parallel 20 2 10 15 1.7 1 66248 

72 Parallel 20 2 10 15 1.7 1.4 58861 

73 Parallel 20 2 30 5 1.3 1 75000 

74 Parallel 20 2 30 5 1.3 1.4 75000 

75 Parallel 20 2 30 5 1.7 1 74997 

76 Parallel 20 2 30 5 1.7 1.4 74542 

77 Parallel 20 2 30 15 1.3 1 75000 

78 Parallel 20 2 30 15 1.3 1.4 75003 

79 Parallel 20 2 30 15 1.7 1 74637 

80 Parallel 20 2 30 15 1.7 1.4 70319 

81 Parallel 20 8 10 5 1.3 1 74632 

82 Parallel 20 8 10 5 1.3 1.4 71555 

83 Parallel 20 8 10 5 1.7 1 61290 

84 Parallel 20 8 10 5 1.7 1.4 58382 

85 Parallel 20 8 10 15 1.3 1 66905 

86 Parallel 20 8 10 15 1.3 1.4 58863 

87 Parallel 20 8 10 15 1.7 1 56005 

88 Parallel 20 8 10 15 1.7 1.4 50569 

89 Parallel 20 8 30 5 1.3 1 74901 

90 Parallel 20 8 30 5 1.3 1.4 74456 
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Run
#

Line
Type

MTTF
#1

MTTR
#1

MTTF
#2

MTTR
#2

Process
M1

Process
M2

Production
Output

45 Serial 40 2 30 15 1.3 1 74990
46 Serial 40 2 30 15 1.3 1.4 72005
47 Serial 40 2 30 15 1.7 1 74986
48 Serial 40 2 30 15 1.7 1.4 69815
49 Serial 40 8 10 5 1.3 1 75000
50 Serial 40 8 10 5 1.3 1.4 73121
51 Serial 40 8 10 5 1.7 1 73224
52 Serial 40 8 10 5 1.7 1.4 68681
53 Serial 40 8 10 15 1.3 1 61815
54 Serial 40 8 10 15 1.3 1.4 46260
55 Serial 40 8 10 15 1.7 1 58991
56 Serial 40 8 10 15 1.7 1.4 45926
57 Serial 40 8 30 5 1.3 1 74998
58 Serial 40 8 30 5 1.3 1.4 74994
59 Serial 40 8 30 5 1.7 1 73566
60 Serial 40 8 30 5 1.7 1.4 73302
61 Serial 40 8 30 15 1.3 1 74977
62 Serial 40 8 30 15 1.3 1.4 70755
63 Serial 40 8 30 15 1.7 1 71295
64 Serial 40 8 30 15 1.7 1.4 65701
65 Parallel 20 2 10 5 1.3 1 75000
66 Parallel 20 2 10 5 1.3 1.4 75000
67 Parallel 20 2 10 5 1.7 1 74821
68 Parallel 20 2 10 5 1.7 1.4 71267
69 Parallel 20 2 10 15 1.3 1 74928
70 Parallel 20 2 10 15 1.3 1.4 66997
71 Parallel 20 2 10 15 1.7 1 66248
72 Parallel 20 2 10 15 1.7 1.4 58861
73 Parallel 20 2 30 5 1.3 1 75000
74 Parallel 20 2 30 5 1.3 1.4 75000
75 Parallel 20 2 30 5 1.7 1 74997
76 Parallel 20 2 30 5 1.7 1.4 74542
77 Parallel 20 2 30 15 1.3 1 75000
78 Parallel 20 2 30 15 1.3 1.4 75003
79 Parallel 20 2 30 15 1.7 74637
80 Parallel 20 2 30 15 1.7 1.4 70319
81 Parallel 20 8 10 5 1.3 1 74632
82 Parallel 20 8 10 5 1.3 1.4 71555
83 Parallel 20 8 10 5 1.7 1 61290
84 Parallel 20 8 10 5 1.7 1.4 58382
85 Parallel 20 8 10 15 1.3 1 66905
86 Parallel 20 8 10 15 1.3 1.4 58863
87 Parallel 20 8 10 15 1.7 1 56005
88 Parallel 20 8 10 15 1.7 1.4 50569
89 Parallel 20 8 30 5 1.3 1 74901
90 Parallel 20 8 30 5 1.3 1.4 74456
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Run 
# 

Line 
Type 

MTTF 
#1 

MTTR 
#1 

MTTF 
#2 

MTTR 
#2 

Process 
M1 

Process 
M2 

Production 
Output 

91 Parallel 20 8 30 5 1.7 1 62742 

92 Parallel 20 8 30 5 1.7 1.4 60667 

93 Parallel 20 8 30 15 1.3 1 74458 

94 Parallel 20 8 30 15 1.3 1.4 74456 

95 Parallel 20 8 30 15 1.7 1 61005 

96 Parallel 20 8 30 15 1.7 1.4 58286 

97 Parallel 40 2 10 5 1.3 1 75000 

98 Parallel 40 2 10 5 1.3 1.4 75002 

99 Parallel 40 2 10 5 1.7 1 74996 

100 Parallel 40 2 10 5 1.7 1.4 73373 

101 Parallel 40 2 10 15 1.3 1 74965 

102 Parallel 40 2 10 15 1.3 1.4 68477 

103 Parallel 40 2 10 15 1.7 1 68276 

104 Parallel 40 2 10 15 1.7 1.4 60229 

105 Parallel 40 2 30 5 1.3 1 75001 

106 Parallel 40 2 30 5 1.3 1.4 75001 

107 Parallel 40 2 30 5 1.7 1 75005 

108 Parallel 40 2 30 5 1.7 1.4 75001 

109 Parallel 40 2 30 15 1.3 1 74997 

110 Parallel 40 2 30 15 1.3 1.4 75004 

111 Parallel 40 2 30 15 1.7 1 74991 

112 Parallel 40 2 30 15 1.7 1.4 72600 

113 Parallel 40 8 10 5 1.3 1 75001 

114 Parallel 40 8 10 5 1.3 1.4 74990 

115 Parallel 40 8 10 5 1.7 1 69533 

116 Parallel 40 8 10 5 1.7 1.4 65592 

117 Parallel 40 8 10 15 1.3 1 73582 

118 Parallel 40 8 10 15 1.3 1.4 63560 

119 Parallel 40 8 10 15 1.7 1 61812 

120 Parallel 40 8 10 15 1.7 1.4 55543 

121 Parallel 40 8 30 5 1.3 1 74998 

122 Parallel 40 8 30 5 1.3 1.4 75004 

123 Parallel 40 8 30 5 1.7 1 71263 

124 Parallel 40 8 30 5 1.7 1.4 69052 

125 Parallel 40 8 30 15 1.3 1 75002 

126 Parallel 40 8 30 15 1.3 1.4 74940 

127 Parallel 40 8 30 15 1.7 1 69266 

128 Parallel 40 8 30 15 1.7 1.4 65090 
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Run
#

Line
Type

MTTF
#1

MTTR
#1

MTTF
#2

MTTR
#2

Process
M1

Process
M2

Production
Output

91 Parallel 20 8 30 5 1.7 1 62742
92 Parallel 20 8 30 5 1.7 1.4 60667
93 Parallel 20 8 30 15 1.3 1 74458
94 Parallel 20 8 30 15 1.3 1.4 74456
95 Parallel 20 8 30 15 1.7 1 61005
96 Parallel 20 8 30 15 1.7 1.4 58286
97 Parallel 40 2 10 5 1.3 1 75000
98 Parallel 40 2 10 5 1.3 1.4 75002
99 Parallel 40 2 10 5 1.7 1 74996
100 Parallel 40 2 10 5 1.7 1.4 73373
101 Parallel 40 2 10 15 1.3 1 74965
102 Parallel 40 2 10 15 1.3 1.4 68477
103 Parallel 40 2 10 15 1.7 1 68276
104 Parallel 40 2 10 15 1.7 1.4 60229
105 Parallel 40 2 30 5 1.3 1 75001
106 Parallel 40 2 30 5 1.3 1.4 75001
107 Parallel 40 2 30 5 1.7 1 75005
108 Parallel 40 2 30 5 1.7 1.4 75001
109 Parallel 40 2 30 15 1.3 1 74997
110 Parallel 40 2 30 15 1.3 1.4 75004
111 Parallel 40 2 30 15 1.7 1 74991
112 Parallel 40 2 30 15 1.7 1.4 72600
113 Parallel 40 8 10 5 1.3 1 75001
114 Parallel 40 8 10 5 1.3 1.4 74990
115 Parallel 40 8 10 5 1.7 1 69533
116 Parallel 40 8 10 5 1.7 1.4 65592
117 Parallel 40 8 10 15 1.3 1 73582
118 Parallel 40 8 10 15 1.3 1.4 63560
119 Parallel 40 8 10 15 1.7 1 61812
120 Parallel 40 8 10 15 1.7 1.4 55543
121 Parallel 40 8 30 5 1.3 1 74998
122 Parallel 40 8 30 5 1.3 1.4 75004
123 Parallel 40 8 30 5 1.7 1 71263
124 Parallel 40 8 30 5 1.7 1.4 69052
125 Parallel 40 8 30 15 1.3 1 75002
126 Parallel 40 8 30 15 1.3 1.4 74940
127 Parallel 40 8 30 15 1.7 1 69266
128 Parallel 40 8 30 15 1.7 1.4 65090
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Source Squares DF Square Value Prob > F 

Model 8406724184 21 400320199.2 87.01916211 < 0.0001 significant 

A 194967067.8 1 194967067.8 42.38075148 < 0.0001 

B 155805378.1 1 155805378.1 33.86802235 < 0.0001 

C 528230630.3 1 528230630.3 114.8235511 < 0.0001 

D 1375763513 1 1375763513 299.0550773 < 0.0001 

E 1901764046 1 1901764046 413.3938636 < 0.0001 

F 670411498.8 1 670411498.8 145.7299607 < 0.0001 

G 613103898.8 1 613103898.8 133.2727843 < 0.0001 

AC 55453613.28 1 55453613.28 12.05416807 0.0007 

AD 168315378.1 1 168315378.1 36.58736982 < 0.0001 

AE 374702156.3 1 374702156.3 81.45046826 < 0.0001 

AF 112308831.3 1 112308831.3 24.41300842 < 0.0001 

AG 67549970.28 1 67549970.28 14.68360034 0.0002 

BC 88179200 1 88179200 19.16785642 < 0.0001 

CD 16653.125 1 16653.125 0.003619955 0.9521 

CF 267342345.3 1 267342345.3 58.11324766 < 0.0001 

DE 1095962562 1 1095962562 238.233654 < 0.0001 

DF 288800 1 288800 0.062777582 0.8026 

DG 201854278.1 1 201854278.1 43.87785124 < 0.0001 

EG 241225121.3 1 241225121.3 52.43604488 < 0.0001 

ADE 227026086.1 1 227026086.1 49.34954526 < 0.0001 

DEG 66453156.13 1 66453156.13 14.44518157 0.0002 

Residual 487639045.1 106 4600368.35 

Cor Total 8894363229 127 

The Model F-value of 87.02 implies the model is significant. There is only 

a 0.01% chance that a "Model F-Value" this large could occur due to noise. 

Values of "Prob > F" less than 0.0500 indicate model terms are significant. 

In this case A, B, C, D, E, F, G, AC, AD, AE, AF, AG, BC, CF, DE, DG, EG, ADE, DEG 

are significant model terms. 

Values greater than 0.1000 indicate the model terms are not significant. 

If there are many insignificant model terms (not counting those required to support hierarchy), 

model reduction may improve your model. 

The "Pred R-Squared" of 0.9201 is in reasonable agreement with the "Adj R-Squared" of 0.9343. 

"Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. Your 

ratio of 42.222 indicates an adequate signal. This model can be used to navigate the design space. 

Std. Dev. 2144.846929 R-Squared 0.945174373 

Mean 68749.23438 Adj R-Squared 0.934312692 

C.V. 3.119812095 Pred R-Squared 0.920054906 

PRESS 711060708 Adeq Precision 42.22208635 
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Source Squares DF Square Value Prob > F
Model 8406724184 21 400320199.2 87.01916211 <0.0001
A 194967067.8 1 194967067.8 42.38075148 <0.0001
B 155805378.1 1 155805378.1 33.86802235 <0.0001
C 528230630.3 1 528230630.3 114.8235511 <0.0001
D 1375763513 1 1375763513 299.0550773 <0.0001
E 1901764046 1 1901764046 413.3938636 <0.0001
F 670411498.8 1 670411498.8 145.7299607 <0.0001
G 613103898.8 1 613103898.8 133.2727843 <0.0001
AC 55453613.28 1 55453613.28 12.054168070.0007
AD 168315378.1 1 168315378.1 36.58736982 < 0.0001
AE 374702156.3 1 374702156.3 81.45046826 <0.0001
AF 112308831.3 1 112308831.3 24.41300842 <0.0001
AG 67549970.28 1 67549970.28 14.68360034 0.0002
BC 88179200 1 88179200 19.16785642 < 0.0001
CD 16653.125 1 16653.125 0.0036199550.9521
CF 267342345.3 1 267342345.3 58.11324766< 0.0001
DE 1095962562 1 1095962562 238.233654 <0.0001
DF 288800 1 288800 0.062777582 0.8026
DG 201854278.1 1 201854278.1 43.87785124 <0.0001
EG 241225121.3 1 241225121.3 52.43604488 <0.0001
ADE 227026086.1 1 227026086.1 49.34954526 <0.0001
DEG 66453156.13 1 66453156.13 14.445181570.0002
Residual 487639045.1 106 4600368.35
Cor Total 8894363229 127

The Model F-value of 87.02 implies the model is significant. There is only 
a 0.01% chance that a "Model F-Value" this large could occur due to noise.

Values of "Prob > F" less than 0.0500 indicate model terms are significant.
In this case A, B, C, D, E, F, G, AC, AD, AE, AF, AG, BC, CF, DE, DG, EG, ADE, DEG 
are significant model terms.
Values greater than 0.1000 indicate the model terms are not significant.
If there are many insignificant model terms (not counting those required to support hierarchy), 
model reduction may improve your model.

The "Pred R-Squared" of 0.9201 is in reasonable agreement with the "Adj R-Squared" of 0.9343.

"Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. Your 
ratio of 42.222 indicates an adequate signal. This model can be used to navigate the design space.

Std. Dev. 2144.846929
Mean 68749.23438
C.V. 3.119812095
PRESS 711060708

R-Squared 
Adj R-Squared 
Pred R-Squared 
Adeq Precision

0.945174373
0.934312692
0.920054906
42.22208635

significant
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Factor Coefficient Estimate DF Standard Error 95% CI Low 95% CI High VIF 

Intercept 68749.23438 1 189.579476 68373.37462 69125.094 

A-Line Type 1234.171875 1 189.579476 858.3121249 1610.0316 1 

B-Fail Rate #1 1103.28125 1 189.579476 727.4214999 1479.141 1 

C-Repair Rate #1 -2031.453125 1 189.579476 -2407.312875 -1655.593 1 

D-Fail Rate #2 3278.4375 1 189,579476 2902.57775 3654.2973 1 

E-Repair Rate #2 -3854.546875 1 189.579476 -4230.406625 -3478.687 1 

F-Process #1 -2288.578125 1 189.579476 -2664.437875 -1912.718 1 

G-Process #2 -2188.578125 1 189.579476 -2564.437875 -1812.718 1 

AC -658.203125 1 189.579476 -1034.062875 -282.3434 1 

AD -1146.71875 1 189,579476 -1522.5785 -770.859 1 

AE 1710.953125 1 189.579476 1335.093375 2086.8129 1 

AF -936.703125 1 189,579476 -1312.562875 -560.8434 1 

AG 726.453125 1 189,579476 350.5933749 1102.3129 1 

BC 830 1 189.579476 454.1402499 1205.8598 1 

CD -11.40625 1 189.579476 -387.2660001 364.4535 1 

CF -1445.203125 1 189,579476 -1821.062875 -1069.343 1 

DE 2926.125 1 189.579476 2550.26525 3301.9848 1 

DF 47.5 1 189.579476 -328.3597501 423.35975 1 

DG 1255.78125 1 189.579476 879.9214999 1631.641 1 

EG -1372.796875 1 189.579476 -1748.656625 -996.9371 1 

ADE -1331.78125 1 189.579476 -1707.641 -955.9215 1 

DEG 720.53125 1 189.579476 344.6714999 1096.391 1 

Final Equation in Terms of Coded Factors: 

Output 

68749.23438 

1234.171875 * A 

1103.28125 * B 

-2031.453125 * C 

3278.4375 * D 

-3854.546875 * E 

-2288.578125 * F 

-2188.578125 * G 

-658.203125 * A * C 

-1146.71875 * A * D 

1710.953125 " A * E 

-936.703125 * A * F 

726.453125 * A " G 

830 * B " C 

-11.40625 " C * D 

-1445.203125 * C * F 

2926.125 " D * E 

47.5 " D F 

1255.78125 * D G 

-1372.796875 * E " G 

-1331.78125 *A*D*E 

720.53125 *D*E*G 
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Factor Coefficient Estimate DF Standard Error 95% Cl Low 95% Cl High VIF
Intercept 68749.23438 1 189.579476 68373.37462 69125.094
A-Line Type 1234.171875 1 189.579476 858.3121249 1610.0316
B-Fail Rate #1 1103.28125 1 189.579476 727.4214999 1479.141
C-Repair Rate #1 -2031.453125 1 189.579476 -2407.312875 -1655.593
D-Fail Rate #2 3278.4375 1 189.579476 2902.57775 3654.2973
E-Repair Rate #2 -3854.546875 1 189.579476 -4230.406625 -3478.687
F-Process #1 -2288.578125 1 189.579476 -2664.437875 -1912.718
G-Process #2 -2188.578125 1 189.579476 -2564.437875 -1812.718
AC -658.203125 1 189.579476 -1034.062875 -282.3434
AD -1146.71875 1 189.579476 -1522.5785 -770.859
AE 1710.953125 1 189.579476 1335.093375 2086.8129
AF -936.703125 1 189,579476 -1312.562875 -560.8434
AG 726.453125 1 189.579476 350.5933749 1102.3129
BC 830 1 189.579476 454.1402499 1205.8598
CD -11.40625 1 189.579476 -387.2660001 364.4535
CF -1445.203125 1 189.579476 -1821.062875 -1069.343
DE 2926.125 1 189.579476 2550.26525 3301.9848
DF 47.5 1 189.579476 -328.3597501 423.35975
DG 1255.78125 1 189.579476 879.9214999 1631.641
EG -1372.796875 1 189.579476 -1748.656625 -996.9371
ADE -1331.78125 1 189.579476 -1707.641 -955.9215
DEG 720.53125 1 189.579476 344.6714999 1096.391

Final Equation in Terms of Coded Factors:
Output

68749.23438
1234.171875 * A
1103.28125 * B

-2031.453125 * C

3278.4375 * D
-3854.546875 * E
-2288.578125 *  F
-2188.578125 * G
-658.203125 * A * C

-1146.71875 * A * D
1710.953125 * A * E
-936.703125 > T

l

726.453125 * A * G
830 * B * C

-11.40625 * C  * D
-1445.203125 * C * F

2926.125 * D * E
47.5 * D * F

1255.78125 * D * G
-1372.796875 * E * G
-1331.78125 * A* D

720.53125 * D * E
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Final Equation in Terms of Actual Factors: 

Line Type 

Output 

Serial 

81498.03385 

-28.00520833 * Fail Rate #1 

2332.861979 * Repair Rate #1 

-331.6208333 * Fail Rate #2 

560.36875 * Repair Rate #2 

4808.984375 * Process #1 

1005.625 * Process #2 

27.66666667 * Fail Rate #1 * Repair Rate #1 

-0.380208333 * Repair Rate #1 * Fail Rate #2 

-2408.671875 * Repair Rate #1 * Process #1 

-1.305625 * Fail Rate #2 * Repair Rate #2 

23.75 * Fail Rate #2 * Process #1 

-92.640625 * Fail Rate #2 * Process #2 

-2813.859375 * Repair Rate #2 * Process #2 

72.053125 * Fail Rate #2 * Repair Rate #2 * Process #2 

Line Type Parallel 

Output 

78582.3099 

-28.00520833 * Fail Rate #1 

1894.059896 * Repair Rate #1 

-28.25208333 * Fail Rate #2 

2310.175 * Repair Rate #2 

-4558.046875 * Process #1 

8270.15625 * Process #2 

27.66666667 * Fail Rate #1 * Repair Rate #1 

-0.380208333 * Repair Rate #1 * Fail Rate #2 

-2408.671875 * Repair Rate #1 * Process #1 

-54.576875 * Fail Rate #2 * Repair Rate #2 

23.75 * Fail Rate #2 * Process #1 

-92.640625 * Fail Rate #2 * Process #2 

-2813.859375 * Repair Rate #2 * Process #2 

72.053125 * Fail Rate #2 * Repair Rate #2 * Process #2 
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Final Equation in Terms of Actual Factors:

Line Type Serial
Output =

81498.03385
-28.00520833 * Fail Rate #1
2332.861979 * Repair Rate #1
-331.6208333 * Fail Rate #2

560.36875 * Repair Rate #2
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1005.625 * Process #2
27.66666667 * Fail Rate #1 * Repair Rate #1

-0.380208333 * Repair Rate #1 * Fail Rate #2
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-92.640625 * Fail Rate #2 * Process #2
-2813.859375 * Repair Rate #2 * Process #2

72.053125 * Fail Rate #2 * Repair Rate #2 * Process #2

Line Type Parallel
Output

78582.3099
-28.00520833 * Fail Rate #1
1894.059896 * Repair Rate #1

-28.25208333 * Fail Rate #2
2310.175 * Repair Rate #2

-4558.046875 * Process #1
8270.15625 * Process #2

27.66666667 * Fail Rate #1 * Repair Rate #1
-0.380208333 * Repair Rate #1 * Fail Rate #2
-2408.671875 * Repair Rate #1 * Process #1

-54.576875 * Fail Rate #2 * Repair Rate #2
23.75 * Fail Rate #2 * Process #1

-92.640625 * Fail Rate #2 * Process #2
-2813.859375 * Repair Rate #2 * Process #2

72.053125 * Fail Rate #2 * Repair Rate #2 * Process #2
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Effects and Contribution 

Term Effect Sum of Squares % Contribution 

Model A 2468.34375 194967067.8 2.19202952 

Model B 2206.5625 155805378.1 1.75173168 

Model C -4062.90625 528230630.3 5.93893702 

Model D 6556.875 1375763513 15.46781346 

Model E -7709.09375 1901764046 21.38167733 

Model F -4577.15625 670411498.8 7.5374873 

Model G -4377.15625 613103898.8 6.893173609 

Error AB 460.75 6793298 0.076377564 

Model AC -1316.40625 55453613.28 0.623469178 

Model AD -2293.4375 168315378.1 1.892382555 

Model AE 3421.90625 374702156.3 4.212804747 

Model AF -1873.40625 112308831.3 1.262696703 

Model AG 1452.90625 67549970.28 0.759469436 

Model BC 1660 88179200 0.99140543 

Error BD 213.34375 1456497.781 0.016375515 

Error BE 26.0625 21736.125 0.000244381 

Error BF 1291.75 53395778 0.60033278 

Error BG 198.6875 1263255.125 0.014202873 

Model CD -22.8125 16653.125 0.000187232 

Error CE -257.53125 2122315.031 0.023861349 

Model CF -2890.40625 267342345.3 3.005750253 

Error CG -187.03125 1119382.031 0.012585297 

Model DE 5852.25 1095962562 12.32199016 

Model DF 95 288800 0.003247 

Model DG 2511.5625 201854278.1 2.26946295 

Error EF -767.65625 18857475.78 0.21201603 

Model EG -2745.59375 241225121.3 2.712112324 

Error FG -358.03125 4101964.031 0.046118693 

Error ABC 363.6875 4232595.125 0.047587388 

Error ABD -584.03125 10914960.03 0.122717723 

Error ABE 168.75 911250 0.010245253 

Error ABF 227.4375 1655290.125 0.018610552 

Error ABG -101.3125 328455.125 0.003692846 

Error ACD 620.125 12305760.5 0.138354598 

Error ACE -125.03125 500250.0313 0.005624349 

Error ACF -734.40625 17259281.28 0.194047408 

Error ACG -100.59375 323811.2812 0.003640635 

Model ADE -2663.5625 227026086.1 2.552471495 

Error ADF 808.1875 20901345.13 0.234995408 

Error ADG -764.9375 18724140.13 0.210516927 

Error AEF -494.28125 7818046.531 0.08789889 

Error AEG 1089.84375 38008300.78 0.427330207 

Error AFG -312.34375 3121875.781 0.035099486 
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Error 

Error 

Error 

Error 

BCD 

BCE 

BCF 

BCG 

225.84375 

-47.1875 

1103.3125 

-122.75 

1632172.781 

71253.125 

38953551.13 

482162 

0.018350642 

0.000801104 

0.437957728 

0.005420984 

Error BDE -92.71875 275096.5312 0.003092931 

Error BDF 582.28125 10849646.53 0.121983398 

Error BDG -24.71875 19552.53125 0.000219831 

Error BEF -252.4375 2039190.125 0.022926769 

Error BEG -373.1875 4456605.125 0.050105949 

Error BFG -113 408608 0.004594011 

Error CDE -243 1889568 0.021244556 

Error CDF -999.8125 31988001.13 0.359643521 

Error CDG 113.25 410418 0.004614361 

Error CEF 603.40625 11651171.28 0.130995002 

Error CEG 481.34375 7414137.781 0.083357713 

Error CFG 70.34375 158343.7813 0.001780271 

Error DEF -157.1875 790653.125 0.008889373 

Model DEG 1441.0625 66453156.13 0.747137872 

Error DFG -170.1875 926841.125 0.010420545 

Error EFG 353.09375 3989606.281 0.044855446 

Error ABCD -340.65625 3713493.781 0.041751092 

Error ABCE -57.625 106260.5 0.001194695 

Error ABCF -37.875 45904.5 0.000516108 

Error ABCG -98.5 310472 0.00349066 

Error ABDE -57.96875 107532.0313 0.001208991 

Error ABDF -13.96875 6244.03125 7.02021E-05 

Error ABDG 1.09375 38.28124997 4.30399E-07 

Error ABEF -144.25 665858 0.007486292 

Error ABEG 174.8125 977901.125 0.010994616 

Error ABFG 27.5 24200 0.000272082 

Error ACDE 401.5625 5160078.125 0.05801515 

Error ACDF 66.5 141512 0.00159103 

Error ACDG -108.5 376712 0.004235402 

Error ACEF 210.15625 1413300.781 0.015889848 

Error ACEG -204.71875 1341112.531 0.01507823 

Error ACFG 95.03125 288990.0312 0.003249137 

Error ADEF 383.25 4700178 0.052844458 

Error ADEG -314.9375 3173940.125 0.035684849 

Error ADFG -275.4375 2427706.125 0.027294884 

Error AEFG -195.59375 1224221.281 0.013764013 

Error BCDE -47.65625 72675.78125 0.000817099 

Error BCDF 753.40625 18163871.28 0.204217782 

Error BCDG -177.71875 1010686.531 0.011363225 

Error BCEF -419.1875 5622981.125 0.063219603 

Error BCEG -244.9375 1919820.125 0.021584683 

Error BCFG -118.9375 452676.125 0.005089472 

Error BDEF 169.65625 921063.7813 0.01035559 
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Error ACDG -108.5 376712 0.004235402
Error ACEF 210.15625 1413300.781 0.015889848
Error AC EG -204.71875 1341112.531 0.01507823
Error ACFG 95.03125 288990.0312 0.003249137
Error ADEF 383.25 4700178 0.052844458
Error ADEG -314.9375 3173940.125 0.035684849
Error ADFG -275.4375 2427706.125 0.027294884
Error AEFG -195.59375 1224221.281 0.013764013
Error BCDE -47.65625 72675.78125 0.000817099
Error BCDF 753.40625 18163871.28 0.204217782
Error BCDG -177.71875 1010686.531 0.011363225
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Error 

Error 

Error 

Error 

Error 

BDEG 

BDFG 

BEFG 

CDEF 

CDEG 

295.09375 

-143.28125 

-110.0625 

-548.6875 

-497.4375 

2786570.281 

656944.5313 

387640.125 

9633855.125 

7918210.125 

0.031329621 

0.007386077 

0.004358267 

0.108314163 

0.089025037 

Error CDFG -68 147968 0.001663615 

Error CEFG 488.65625 7641117.781 0.085909666 

Error DEFG -824 21727232 0.244280916 

Error ABCDE -73.90625 174788.2812 0.001965158 

Error ABCDF -119.09375 453866.2812 0.005102853 

Error ABCDG 174.96875 979650.0313 0.01101428 

Error ABCEF -88.25 249218 0.002801977 

Error ABCEG 25.9375 21528.125 0.000242042 

Error ABCFG -104.0625 346528.125 0.003896042 

Error ABDEF 223.78125 1602497.531 0.018017001 

Error ABDEG -118.71875 451012.5312 0.005070768 

Error ABDFG 253.15625 2050818.781 0.023057511 

Error ABEFG 168.6875 910575.125 0.010237665 

Error ACDEF -425.75 5800418 0.065214539 

Error ACDEG 471.1875 7104565.125 0.079877164 

Error ACDFG -316.125 3197920.5 0.035954463 

Error ACEFG -200.15625 1282000.781 0.014413632 

Error ADEFG 88.75 252050 0.002833817 

Error BCDEF -66.78125 142711.5312 0.001604517 

Error BCDEG 196.03125 1229704.031 0.013825656 

Error BCDFG -94.28125 284446.5312 0.003198054 

Error BCEFG -117.4375 441330.125 0.004961908 

Error BDEFG 106.71875 364444.5313 0.004097477 

Error CDEFG -42.125 56784.5 0.000638432 

Error ABCDEF 299.46875 2869809.031 0.03226548 

Error ABCDEG -184.03125 1083760.031 0.012184796 

Error ABCDFG 44.90625 64530.28125 0.000725519 

Error ABCEFG 336.0625 3614016.125 0.040632657 

Error ABDEFG -123.96875 491784.0313 0.005529165 

Error ACDEFG -41.625 55444.5 0.000623367 

Error BCDEFG -230.96875 1707090.031 0.019192943 

Error ABCDEFG -130.28125 543142.5312 0.006106593 
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