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ABSTRACT 

Buffers are inventory held in between machines to avoid stockout of parts. When a 

company has large buffer quantities between machines the inventory holding cost increases. 

Reducing the amount in a buffer increases the chance of stockout and hence will have a direct 

impact on the throughput of the line. Hence there is a need to maximize the throughput of the 

production line for a minimum quantity of buffers carried between machines. 

In large volume manufacturing, homogeneous unreliable serial parallel production lines 

are typical. For this line, a method is developed to identify the buffer allocation that maximizes 

the throughput of the line with a constraint on the maximum buffer size that can be held in the 

line. The developed method is implemented in case studies to identify buffer allocation that 

maximizes throughput. 
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CHAPTER 1 

INTRODUCTION 

In a production line, machines are arranged next to each other and separated by buffers. 

The rate at which a production line produces finished goods is the throughput or throughput rate 

(Hopp and Spearman, 2007). If a company carries a large amount of buffers in between 

machines, the cost of holding buffers (inventory holding cost) increases. But having a large 

amount of buffers at certain locations in a production line increases the throughput of the line. 

Instead, if a company has fewer buffers in a production line it may reduce the throughput of the 

line since machines are subjected to breakdowns and may lead to stockouts. Most companies are 

reluctant to reduce their buffers at the cost of reducing their throughput. There is a need for 

striking a balance between the amount of inventory held between machines and the throughput of 

the production line. 

In this thesis, the production line under consideration is a homogeneously unreliable 

serial parallel line. A homogeneous production line is a line in which all the machines have same 

processing time (Nahas et al., 2006). Unreliable machines are subjected to occasional 

breakdowns of significant duration (Harris and Powell, 1999). In a serial parallel production line, 

machines are connected to one another in series with parallel machines in between. The parallel 

machines perform identical tasks. An example of a serial parallel production line is shown in 

figure 1.1. In this example, milling machines are connected in parallel to one another. The 

materials after passing through the drilling workstation should pass through one of the milling 

machines and finally through the grinding machine. 
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Figure 1.1: Serial parallel production line 

1.1 Thesis Objective 

In order to control the amount of buffers in a production line, a limit on the maximum 

number of buffers a production line can hold should be placed. But this does not necessarily 

produce the best throughput. The amount of buffers between each machine should be adjusted to 

obtain the maximum throughput for the maximum buffer size. The objective of this thesis is to 

determine the buffer allocation that achieves maximum throughput for a homogeneous, 

unreliable serial parallel production line subjected to maximum buffer size. 

1.2 SWOT analysis 

Strengths, weaknesses, opportunities and threats developed for buffer allocation in a 

production line are shown in figure 1.2. 

1.2.1 Strengths 

Effective buffer allocation in a production line increases efficiency and will lead to 

improved system performance such as increase in throughput. Lee and Ho (2002) proposed that 

optimizing buffer allocation will decouple the imbalance of processing time and breakdown time 

of machines in a line and will result in improved flow. Optimal buffer allocation also reduces the 

processing time of parts along a production line and reduces excessive inventory held in the 

production line (Enginarlar et al., 2002). 
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1.2.2 Weaknesses 

According to Alon et al. (2005), the buffer allocation problem is a complicated 

optimization problem since it is difficult or impossible to determine the exact value of the 

objective function. Another weakness of the buffer allocation problem is that it is difficult to 

develop efficient analytical models for large sized buffer allocation problems. 

 

Figure 1.2: SWOT analysis for buffer allocation in a production line 

1.2.3 Opportunities 

Buffer allocation allows flexible operations to be performed and helps in reducing the 

space consumed for storing inventory thus increasing space utilization (Lee and Ho, 2002). 

MacGregor Smith and Cruz (2005) suggested that buffer allocation problem can be applied to 
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various systems applications where buffer capacities exist such as telephone lines and computer 

networks. 

1.2.4 Threats 

As the buffer allocation problem size increases, determination of the optimal solution 

becomes difficult. The complexity and the number of feasible solutions of the buffer allocation 

problem increases with an increase in the number of buffer slot considered for buffer allocation 

and the total amount of buffers needed to be allocated to a line. 

1.3 Thesis road map 

The road map for this thesis is explained in this section. The thesis road map consists of 

the initial condition currently prevailing in many industries, the desired goal to be achieved, the 

obstacles faced to achieve the goal, the strategy to be employed to achieve the goal, and the 

objectives to achieve the strategy. Figure 1.3 explains the thesis road map. 

1.3.1 Initial condition 

The present condition prevailing in industries is that there is an excessive amount of 

inventory in a serial parallel production line. Companies do not have a constraint on the total 

buffer quantities that a production line should hold. This leads to increased holding costs. 

1.3.2 Desired condition 

The goal is to determine and allocate buffer allocation in a serial parallel production line 

that maximizes the throughput of the production line with a constraint on the maximum buffer 

size that can be held in a production line. This helps to control the amount of buffers held in a 

production line as well as to achieve the maximum throughput under the same circumstances. 



5 

   

 

Figure 1.3: Thesis road map 

1.3.3 Obstacles 

The following are the obstacles faced for attaining the goal. 

• Complicated combinatorial optimization problem 

The buffer allocation problem is a complex combinatorial optimization. The number of 

feasible solutions for this problem is large and it is not possible to test all the feasible 

solutions considering the time limitations. Hence an efficient buffer allocation algorithm 

should be used to determine the buffer allocation in a production line. 
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• Extremely difficult to identify optimal solution for large sized problems 

As per Sabuncuoglu et al. (2006), the buffer allocation problem is far from complete. 

Most buffer allocation is done for small sized problems and as the problem size increases, 

it becomes extremely difficult to identify the optimal buffer allocation. 

• Lack of unique solution 

According to Lambrecht et al. (1990), various assumptions were considered for buffer 

allocation problems and hence no unique solution was proposed. Considering the 

complexity of the problem, there is no known expression for buffer allocation that 

interrelate all the variables of the problem.  

1.3.4 Strategy 

To achieve the goal, the strategy that will be used in this thesis is to use an effective 

buffer allocation method to allocate buffers in a serial parallel production line. 

1.3.5 Objectives 

In this section, the objectives to achieve the desired conditions are addressed. 

• Develop a method to determine the buffer allocation in a serial parallel line 

To determine the buffer allocation in a serial parallel production line, a method should be 

developed that can be applied to a serial parallel production line of any size. This 

includes determining an effective buffer allocation algorithm that should be used to 

determine the buffer allocation. An analytical method will be used to determine the 
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throughput of the line for each buffer allocation. A C program for the analytical method 

will be developed in this thesis for determining the throughput of each buffer allocation.  

• Verify the buffer allocation using another buffer allocation algorithm and 

throughput using simulation 

To verify the buffer allocation obtained using the buffer allocation algorithm 1 in the 

thesis method, another buffer allocation algorithm will be used. The throughput obtained 

for the buffer allocation using the analytical method will be verified using simulation. 

The analytical method throughput will be compared with the throughput of the simulation 

model for the serial parallel production line to determine the accuracy of these throughput 

determined using an analytical method. ARENA simulation software will be used to 

construct the simulation model. 

• Validate the method in three case studies 

The proposed method for this thesis will be implemented in three case studies. From the 

data of a serial parallel production line, buffer allocation will be determined using the 

proposed method with a constraint on the total buffer size on the line and it will be 

verified using the second buffer allocation algorithm. 

1.4 Thesis contribution 

The main contribution of this thesis is that the proposed method can be used to identify 

the buffer allocation of any unreliable homogeneous serial parallel production line. For example, 

in large volume manufacturing industries where most of the lines are automated and well 

balanced, identifying the buffer quantities between each station in a production line and 
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allocating them at their respective location will increase the throughput of the line. This thesis 

will help to eliminate excess inventory in a production line and hence the inventory holding cost 

will be reduced. The flow of parts through a production line will also be improved. 

1.5 Chapter summary 

In this chapter, the thesis objective was first discussed followed by a SWOT analysis for 

buffer allocation in a production line. Finally, this chapter ended with thesis road map in which 

the initial condition prevailing in the industry, the desired goal, the obstacles for achieving the 

goal, the strategy to achieve the goal, and the objectives for achieving the desired goal was 

discussed. 
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CHAPTER 2 

LITERATURE REVIEW 

In this chapter, the literature is reviewed for topics related to buffer allocation in a 

production line. First, the categorization of a production line is explained followed by detailing 

the significance of effective buffer allocation in a production line. Then various articles are 

reviewed for understanding the characteristics of buffer allocation under different scenarios in a 

production line. Then different categories of buffer allocation methods are explained and various 

articles related to buffer allocation that fit in each category are detailed. This is followed by a 

literature review for buffer allocation in a serial parallel production line. Then the frequently 

used performance evaluation models for determining the performance of a production line are 

elaborated. Since in this thesis a parallel machine stage will be converted into an equivalent 

single machine, various articles are reviewed to identify the available methods for determining 

the equivalent single machine. Finally, different methods available for sensitivity analysis were 

reviewed. In conclusion, the summary of this chapter is explained followed by examining the 

necessity for buffer allocation in a homogeneous unreliable serial parallel production line. 

2.1 Categorization of production lines 

According to Li et al. (2009), the study of a production system can be categorized into a 

study of a production line with reliable machines and a study of a production line with unreliable 

machines. Reliable machines are not subjected to breakdowns whereas unreliable machines are 

subjected to occasional breakdowns of significant duration. Since this thesis is concerned with 

unreliable machines, a further classification of only unreliable machines is taken into account. A 

production line with unreliable machines can be classified into a production line with finite 



10 

   

buffer capacity and infinite buffer capacity. Buffers are inventory held in between machines to 

avoid stockouts. A finite buffer line is the interest of this research which is further classified into 

a production line with machines having a constant processing time and random processing time. 

Random processing time exists if a production line has manual operations. Large-volume 

manufacturing industries have automated production lines where the processing time of each 

machine is constant. A production line with machines having constant processing time can be 

further classified into homogeneous lines and inhomogeneous (sic) lines. In a homogeneous line, 

all the machines have same processing time or identical speed and inhomogeneous line has 

machines with different processing times. Homogeneous lines are also known as balanced lines. 

This thesis is concerned with a homogeneous unreliable production line with finite buffers in 

between machines. Figure 2.1 shows the categorization of production systems. 

 

Figure 2.1: Categorization of production systems (Li et al., 2009) 
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2.2 Significance of effective buffer allocation 

The abundance of articles on buffer allocation suggests that it is an important area which 

can influence the performance of a manufacturing system. Though various articles are available, 

the buffer allocation topic is still not completely covered considering the different types of 

systems available (assembly/disassembly lines, serial lines, rework loop systems and parallel 

lines) and their complexity. A production line may not achieve its maximum performance level 

because of the unexpected events that occur in the line such as machine failures, machine 

blocking and starving. Buffers which are inventory held in between machines helps to improve 

the performance of a line by decoupling the effect of the differences in processing time and 

breakdown times of machines by ensuring continuous flow of parts through a production line. In 

addition, Nahas et al. (2006) described that buffer allocation helps to improve the efficiency of 

the line. In some production lines, the cost of inventory is high and hence holding large buffers 

are not appropriate. Having appropriate levels of buffers between machines decreases the buffer 

holding cost and relieves some floor space. By allocating appropriate quantity of buffers between 

machines, the efficiency of the production line can be improved (Hiller, 2000). Hence effective 

buffer management and buffer allocation improves the performance of the line. 

2.3 Buffer allocation characteristics 

The characteristics of buffer allocation in a production line vary based on the type of 

production line (balanced/unbalanced, longer/shorter lines) considered and the situations under 

which the buffer allocation is studied (single or multiple bottleneck lines). Study of buffer 

allocation characteristics helps us to understand the buffer allocation pattern under different 

scenarios. Conway et al. (1988) studied buffer allocation in a production line with identical 
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reliable machines having same processing time and showed that more buffers are inclined 

towards the center of the line. This characteristic is known as the bowl phenomenon. He showed 

that there will be a considerable reduction in the increase in throughput as successive buffer units 

are placed in the same location of the production line. Hiller and So (1993) showed that buffer 

allocation follows the bowl phenomenon when applied to a serial production lines. Hiller (2000) 

identified that the buffer allocation characteristics deviates from the bowl phenomenon for 

unbalanced lines as more buffers will be allocated near the bottleneck. Sabuncuoglu et al. (2006) 

studied the effect of single and multiple bottlenecks on the behavior of buffer allocation. For a 

single bottleneck, three observations were made for the buffer allocation. First, if the coefficient 

of variation (cv) of the line is increased below a threshold value the machines adjacent to the 

bottleneck will attract more buffers towards it. But if the coefficient of variation of the line is 

increased beyond the threshold value the effect of bottleneck machine diminishes. Second, if the 

length of the production line increases, the effect of the bottleneck decreases and it will draw few 

buffers towards it. Lastly, a variance bottleneck (bottleneck with the largest variance of 

processing time) attracts more buffers towards itself but it is not as intense as the mean 

bottleneck (bottleneck with larger mean processing time than other machines). For lines with 

multiple bottlenecks, many observations were taken. If a line with two bottleneck machines is 

considered, the bottleneck located in the middle of the line draws more buffers than the 

bottleneck at the end of the line. If two bottlenecks are located at the opposite end of a line, each 

bottleneck draws more buffers towards it and only a few buffers remain at the center. Powell and 

Pyke (1996) identified that the best buffer that should be moved to the bottleneck is the one that 

is farthest away from the bottleneck. They also identified that for reducing the line imbalance of 

small buffer lines, the necessity required to move buffers to balance the line decreases when the 
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bottleneck is located closer to the center of the line. Lambrecht and Segaert (1990) showed that 

as the coefficient of variation increases the maximum buffer size needed to obtain 96% of the 

maximum throughput increases. 

2.4 Buffer allocation methods 

Starting from 1960, various articles concentrated on the buffer allocation of a production 

line. Numerous buffer allocation problems have been created that helps to identify the optimal or 

near optimal buffer allocation that satisfies a given objective. Buffer allocation problems were 

classified based on the structure of the method used to identify the optimal buffer allocation. 

Several authors, including MacGregor Smith and Cruz (2005) and Battini et al. (2009), have 

classified buffer allocation problems according to the type of method used to determine the 

optimal buffer allocation. 

In the subsections below, four major classifications of buffer allocation problems are 

described with articles related to buffer allocation for each category. For each article reviewed, 

the objective of the article and the buffer allocation algorithm type were discussed. Table 2.1 

summarizes the articles reviewed for buffer allocation in a production line. It lists sixteen articles 

with the objective, the kind of production line addressed and the type of buffer allocation 

algorithm used. Battini et al. (2009) studied about 40 buffer allocation articles and tabulated the 

problem addressed in each article, their objective, the type of production line considered and the 

buffer allocation algorithm used. Of the 16 articles mentioned in table 2.1 four articles were 

already mentioned in Battini et al., 2009. The difference between the contents in table 2.1 and 

Battini et al., 2009 is shown by table 2.1 which provides additional information whether the 

production line studied in each article has same processing time machines or different processing 
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time machines. This will help readers to identify whether the articles focus on homogeneous or 

non-homogeneous lines which was not mentioned in Battini et al., 2009  

Table 2.1: Buffer allocation problem articles 

Article Objective 

Reliable/ 

Unreliable 

machines 

Same/Different 

processing rate 

machines 

Buffer 

allocation 

algorithm 

Andijani and 

Anwarul 

(1997) 

Maximize throughput and 

minimize work in process and 

system time subjected to total 

number of buffers 

Reliable 

Same processing 

rate 

(Homogeneous) 

Simulation  

Powell and 

Pyke (1998) 
Maximize throughput subjected 

to total number of buffers 
Reliable 

Different 

processing rate 
Heuristics 

Vouros and 

Papadopoulos 

(1998) 

Maximize throughput subjected 

to total number of buffer slots 
Unreliable 

Different 

processing rate 

Other Methods – 

Knowledge 

based system 

Harris and 

Powell (1999) 
Maximize throughput subjected 

to total number of buffers 
Reliable 

Different 

processing rate 
Heuristics 

Gershwin and 

Schor (2000) 
Maximize throughput Unreliable 

Different 

processing rate 

Other Methods - 

Primal and dual 

problem 

Gurkan (2000) 
Minimize reciprocal of 

throughput and a cost function 
Unreliable 

Different 

processing rate 
Simulation  

Spinellis and 

Papadopoulos 

(2000) 

Maximize throughput subjected 

to total number of buffers 
Reliable 

Different 

processing rate 
Heuristics 

Huang et al. 

(2002) 

Minimize work in process, 

maximize throughput and 

minimize cycle time 

Reliable 
Different 

processing rate 

Dynamic 

Programming 

Lee and Ho 

(2002) 
Minimize production loss cost Unreliable 

Different 

processing rate 
Heuristics 

Diamantidis 

and 

Papadopoulos 

(2004) 

Maximize throughput subjected 

to total number of buffers 

Asymptotic

ally reliable 

Same processing 

rate 

(Homogeneous) 

Dynamic 

Programming 

Alon et al. 

(2005) 
Maximize throughput subjected 

to total number of buffers 
Unreliable 

Different 

processing rate 
Simulation  
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Table 2.1 (continued) 

Nourelfath et 

al.(2005) 
Maximize line efficiency Unreliable 

Different 

processing rate 
Heuristics 

Nahas et al. 

(2006) 
Maximize throughput subjected 

to total number of buffers 
Unreliable 

Different 

processing rate 
Heuristics 

Sabuncuoglu 

et al. (2006) 
Maximize throughput subjected 

to total number of buffers 
Unreliable 

Different 

processing rate 
Heuristics 

Cruz et al. 

(2008) 

Minimize total buffer 

allocation subjected to a 

minimum throughput 

Reliable 
Different 

processing rate 

Other Methods – 

Lagrangian 

relaxation 

Battini et al. 

(2009) 
Maximize reliability Unreliable 

Different 

processing rate 
Simulation  

 

2.4.1 Dynamic programming 

Dynamic programming is one of the effective approaches to solve buffer allocation 

problem. According to Diamantidis and Papadopoulos (2004), dynamic programming 

approximates the steady state throughput of a production line with a closed recursive form and 

allocates buffers according to the way the dynamic programming was coded. To efficiently 

determine the performance of a production line, dynamic programming has to make some 

restrictive assumptions that limit the behavior of the production line. 

Huang et al. (2002) used a dynamic programming buffer allocation algorithm to 

determine the optimal buffer allocation in a tandem production line. The objective of their work 

is to minimize work in process, maximize throughput and minimize cycle time subjected to total 

number of buffers and buffer capacity of each workstation. The arrival time for each machine 

follows a probability distribution and the service time in each machine is independent of one 

another. 
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Diamantidis and Papadopoulos (2004) used a dynamic programming algorithm to 

determine optimal or near-optimal buffer allocation that maximizes throughput for a 

homogeneous asymptotically reliable production line. They used an aggregation method to 

determine the throughput of the production line. 

The main disadvantage of dynamic programming is that when applied to larger lines, the 

number of feasible solutions grows exponentially and hence this method requires exponential 

memory space. This increases the search time and hence it is applicable only to small buffer 

allocation problems (MacGregor Smith and Cruz, 2005). 

2.4.2 Heuristics procedure 

Various heuristic algorithms were successfully applied to solve combinatorial 

optimization problems like buffer allocation problem. These procedures are generic and can be 

applied to various other problems with a little modification (Avriel and Golany, 1996). Unlike 

dynamic programming, heuristic methods easily switch from one buffer allocation to another to 

identify a better solution than the existing one. Heuristics are a search tool to determine the 

optimal or near optimal buffer allocation with the help of an evaluative method which determines 

the performance measure of the production line. According to Avriel and Golany (1996), 

heuristics do not guarantee to identify an optimal solution but will identify a near optimal 

solution in a short period. Heuristic algorithms search the neighborhood to replace the current 

solution by a new solution which is better than the current solution. The search algorithm stops 

when a stopping condition is reached. Some popular heuristics include genetic algorithm, 

simulated annealing and tabu search. 
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Powell and Pyke (1998) determined an optimal buffer allocation for assembly lines using 

the heuristic algorithm. They developed this algorithm based on the study of unbalanced 

assembly systems with machines having random processing time. The objective is to maximize 

the throughput of the line subjected to total number of buffers in a line. 

Harris and Powell (1999) used a simplistic search algorithm to determine the optimal 

buffer allocation of a reliable serial line with variable processing time machines that maximizes 

throughput for a given number of buffers in a production line. 

In Spinellis and Papadopoulos (2000), a simulated annealing algorithm is used to 

determine the optimum buffer allocation in a reliable production line along with the 

decomposition method for evaluating the performance measure of the line. The objective of their 

work is to maximize the throughput of the line subjected to total buffer slots. 

Lee and Ho (2002) developed a three phase heuristic procedure that helps to determine 

optimal or near optimal buffer allocation for an unreliable production line. It minimizes the cost 

related to production loss since minimizing production loss in turn increases throughput. 

Nourelfath et al. (2005) used an ant system algorithm to determine the optimum design 

characteristics of a serial production line namely the number of buffers and the type of machines 

that maximizes the efficiency of the line with a constraint on the total cost. Each type of machine 

has a different cost, failure rate and repair rate. Similarly there are different kinds of buffers each 

having a different cost. They used Dallery-David-Xie (DDX) algorithm, a decomposition 

technique, to determine the performance of the model. 
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Nahas et al. (2006) proposed a local search heuristic named degraded ceiling algorithm to 

determine the buffer allocation that maximizes the throughput of the production line with 

machines having different processing rates. He used an accelerated Dallery-David-Xie (ADDX) 

algorithm to determine the throughput of the production line. He showed that in an acceptable 

time, the degraded ceiling algorithm produced better results than the simulated annealing 

algorithm. In this thesis, degraded ceiling algorithm will be used to determine the buffer 

allocation and hence will be explained in detail in chapter 3. 

Sabuncuoglu et al. (2006) developed a heuristic to allocate buffers in serial production 

line with the objective of maximizing throughput for a maximum total buffer limit. They studied 

the effect of single and multiple bottleneck stations on buffer allocation. 

The disadvantage with heuristics is that the computation time to determine a solution is 

long compared to other rigorous approaches (Avriel and Golany, 1996). 

2.4.3 Simulation 

When the complexity of a model increases, it becomes difficult to model the problem 

using an approximation technique. Approximation techniques have restrictive assumptions that 

have significant errors for some system configurations (Gurkan, 2000). Hence, simulation can be 

used to determine the performance of a more complex production line. Computer simulation 

provides valuable information about the operating characteristics of a production line for a buffer 

allocation. 

Unlike many other articles, Andijani and Anwarul (1997) maximized throughput and 

minimized work in process and system time for a serial production line subjected to maximum 
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number of buffers in the line. First, they used stochastic simulation to identify efficient buffer 

allocations and then they used a decision analysis method namely analytical hierarchy process to 

determine the preferred buffer allocation that satisfies the objective. 

Gurkan (2000) used sample path optimization method which is a simulation based 

method to determine the optimal buffer allocation. The objective of their work is to minimize the 

reciprocal of throughput and a cost function. This method can be applied to tandem production 

lines with machines subjected to failures and repairs. 

Alon et al. (2005) proposed a new cross entropy method which is a simulation based 

optimization approach for the buffer allocation problem. This article is applicable to production 

lines with unreliable, different processing machines. The objective of their work is to maximize 

the throughput of the line with a constraint on the total buffer space. 

Battini et al. (2009) used a simulation approach to determine the optimal buffer allocation 

for a serial production line that increases the reliability of the production line by minimizing the 

micro-downtime of machines. 

Because of the generality of the simulation method, the computation time for the optimal 

buffer allocation using a simulation model is large. 

2.4.4 Other methods 

Other buffer allocation methods include methods that do not fit into the former three 

types such as non-linear mathematical models, knowledge based systems and mathematical 

models. 
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Vouros and Papadopoulos (1998) proposed a knowledge based system that determines 

the optimal buffer allocation that maximizes throughput subjected to total amount of buffer slots 

in an unreliable, balanced/unbalanced production lines. The knowledge based system operates 

alongside simulation to determine the performance of a line. 

Gershwin and Schor (2000) developed an efficient algorithm to determine optimal buffer 

allocation that maximizes throughput in unreliable lines. They used a primal problem which 

minimizes the total buffer space used with a constraint on the required production rate. They 

have a dual problem that maximizes production rate subjected to the total buffer space. First, 

they solved the dual problem using a gradient approach. Then the primal problem is solved using 

the dual solution. 

Cruz et al. (2008) defined a non-linear mathematical formulation for determining the 

optimum buffer allocation for networks consisting of M/G/1/K queues. This non-linear 

mathematical model is solved using a lagrangian relaxation approach. The objective of his work 

is to minimize the total buffer allocation subjected to obtaining a minimum throughput. An 

algorithm namely generalized performance measure is used to determine the throughput of the 

line. 

2.5 Buffer allocation in a serial parallel production line 

In this section, various articles that addressed the buffer allocation in a serial parallel 

production line are discussed. The machines in a serial parallel production line may be reliable if 

it is not subjected to breakdowns and unreliable if it is subjected to occasional breakdowns of 

significant duration. The processing rate of machines in a serial parallel line may be same 
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(homogeneous production line) or different (non-homogeneous production line) from one 

another. 

Table 2.2 summarizes all the articles concerned with buffer allocation in a serial parallel 

production line. For each article, the objective of the work, the type of production line they 

addressed (production line with reliable/unreliable machines and same/different processing rate 

machines), the method and buffer allocation algorithm used are discussed. Table 2.2 will help 

readers identify the area of focus of the articles concerned with buffer allocation in a serial 

parallel production line and the type of buffer allocation algorithm each article used. 

Table 2.2: Buffer allocation in serial parallel production line articles 

Article Objective 

Reliable/ 

Unreliable 

machines 

Same/Different 

processing rate 

machines 

Buffer allocation 

algorithm 

Dolgui et al. 

(2002) 

Optimize production rate, 

inventory holding cost 

and buffer acquisition 

cost 

Unreliable 
Different 

processing rate 
Heuristics 

Daskalaki and 

MacGregor 

Smith (2004) 

Optimize buffer and router 

allocation to maximize 

throughput 

Reliable 
Different 

processing rate 

Other Method - 

Expansion method and 

Powell’s search 

optimization 

MacGregor 

Smith and 

Cruz (2005) 

Maximize throughput and 

minimize total number of 

buffers 

Reliable 
Different 

processing rate 

Other Method - Closed 

form expression 

Nahas et al 

(2008) 

Allocate buffers and no. of 

machines that maximizes 

throughput  with a 

constraint on total cost 

Unreliable 
Different 

processing rate 
Heuristics 

Nahas et al 

(2009) 

Allocate buffers and no. of 

machines that maximizes 

throughput  with a 

constraint on total cost 

Unreliable 
Different 

processing rate 

Heuristic procedure 

(Ant colony 

optimization + 

improvement and 

simulated annealing) 



22 

   

Dolgui et al. (2002) used a genetic algorithm for buffer allocation in a series of unreliable 

machines with different production rate and exponentially distributed failure and repair rate. The 

objective is to optimize a function that includes the production rate of a line, the cost of holding 

inventory and the buffer acquisition cost. A markov model is used to determine the performance 

of the model. This method can be applied to a production line with series/parallel machines. The 

algorithm is terminated when a specific number of iterations are performed or a given 

computation time is reached. This method cannot be used for large production lines since the 

markov model cannot be used to determine the performance of larger lines. 

The article by Daskalaki and MacGregor Smith (2004) is concerned with the 

determination of optimal buffer and router allocation that maximizes the throughput of a tandem 

serial parallel network with workstations having exponential processing time and finite buffer 

capacity. This is a complicated non-linear stochastic optimization problem and is solved in two 

steps. First, an expansion method is used followed by Powell’s search optimization which 

allocates buffers in the production line. A decomposition method is used to determine the 

performance of the line. 

MacGregor Smith and Cruz (2005) developed an approximate formula for buffer 

allocation in M/M/1/K systems for serial, splitting and merging topologies. The objective of their 

buffer allocation is to maximize throughput and minimize total amount of buffers. For the buffer 

allocation, they used a closed form expression that generates optimal buffer allocation. 

Unlike many models that only focused on the buffer allocation in a production line, the 

objective of Nahas et al. (2008) is to choose the version of machine and buffer as well as select 

the required number of machines in each parallel stage that maximizes the throughput of the 
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serial parallel production line with a constraint on the total cost. The combinatorial optimization 

is solved using the following method. First, each parallel machine stage is converted into an 

equivalent single machine using the approximation method proposed by Burman (1995). Hence a 

serial parallel production line will be converted into a serial production line. The obtained 

equivalent serial production line is a non-homogeneous line. This non-homogeneous line is 

converted into an equivalent homogeneous line using the completion time approximation 

proposed in Dallery and Le Bihan (1997). Ant colony optimization is used to identify the 

required number of parallel machine in each stage and identify the buffers required in each stage 

to satisfy the objective. The DDX algorithm is used to determine the performance of the resulting 

homogeneous line. The completion time approximation method used in this article for converting 

a non-homogeneous line into a homogeneous line is not a good approximation and does not give 

accurate results when used for a production line in which machines have different processing 

times. Hence this article cannot be implemented for non-homogeneous production lines. 

The Nahas et al. (2009) article is similar to Nahas et al. (2008) article but instead of using 

ant colony optimization to determine the optimal number of machines and buffers, this article 

compared ant colony optimization algorithm with a simulated annealing algorithm through 

several case studies. When the ant colony algorithm is coupled with an improvement procedure 

which is explained in this article, the solution obtained is better compared to simulated 

annealing. But the computation time required for arriving at the optimal solution using simulated 

annealing is less compared to the ant colony optimization with or without the improvement 

procedure. Since the completion time approximation method is used in this article to convert a 

non-homogeneous line into a homogeneous line, this method does not give accurate results for 

non-homogeneous production lines. 
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2.6 Performance evaluation Methods 

Performance of a line can be analyzed with parameters such as throughput and average 

work in process. But throughput is the most common parameter used to analyze the performance 

of a line. The performance of a production line for a particular buffer allocation can be 

determined using a performance evaluation model. Several methods were developed to 

determine the performance of a line. Among them, the discrete model and continuous model 

methods were mostly used to determine the line performance. 

2.6.1 Discrete time model 

Discrete markov models have been developed to model discrete systems. In this model, 

the processing time of all machines is deterministic. Moreover a machine changes its state only 

at a discrete time interval. The change of state may be due to machine failure, repair, blocking or 

starving. 

2.6.2 Continuous flow model 

In a continuous flow model, the flow of materials through a production line is treated as 

continuous rather than discrete, for example, the flow of continuous fluid. Each machine 

processes materials at a constant rate of P=1/t known as processing rate where t is the processing 

time of the machine. Hence P∆t is the amount of material transferred in time ∆t. In continuous 

models, the buffer quantities are real numbers. A machine can either be up or down. When up the 

machine is either working or idle. A machine is idle when it is blocked or starved. A machine 

can fail only when it is working. In addition to describing continuous systems, the continuous 

flow model can also be approximated for discrete systems. A continuous model provides a good 
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approximation of the performance measure compared to other models provided that the mean 

time to failure is larger than the processing time (Frein et al., 1996). 

The performance of a production line for a given buffer allocation can be determined 

using markovian analysis. But the problem with the markovian analysis is that it can be used 

only for small production lines with six or seven machines (Diamantidis et al., 2007). As the 

length of the production line and the intermediate buffer capacity increases, the search space of 

markovian analysis increases exponentially. Hence the performance of very large production 

lines cannot be determined by markovian analysis. Therefore analytical models should be used to 

determine the performance of a line. Analytical models are accurate enough to determine the 

performance of a line. Two analytical methods extensively used to determine the performance of 

a line are decomposition method and aggregation method. 

2.6.2.1 Decomposition method 

This method decomposes a production line with n machines into n-1 two machine lines Li 

as shown in figure 2.2. In each two machine line the buffer B(i) corresponds to the buffer Bi of 

the original production line. Machine Mu(i) represents the machines in the upstream of buffer Bi 

and Md(i) represents the machines in the downstream of buffer Bi. Mu(i) is never starved and 

Md(i) is never blocked. The failure of machine Mu(i) represents the failure of machine Mi and the 

failure of machines upstream of machine Mi. Similarly failure of Md(i) represents the failure of 

machine Mi+1 and the failure of machines to the downstream of machine Mi+1. The objective of 

this method is to determine the value of Mu(i) and Md(i) for all decomposed two machine lines Li 

such that the behavior of flow through buffer B(i) is the same as the behavior of flow through the 

buffer Bi in the original line. Accomplishing this objective gives the average throughput of the 
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original production line. Decomposition algorithms were developed for tandem lines (Le Bihan 

and Dallery, 2000), assembly/disassembly systems (Gershwin and Burman, 2000; Gershwin, 

1991), closed loop systems (Gershwin and Werner, 2007; Frein et al., 1996) and parallel lines 

(Diamantidis et al., 2007; Li, 2004a). 

 

Figure 2.2: Decomposition method (Nahas et al., 2008) 

2.6.2.2 Aggregation method 

In the aggregation method, two machines separated by a buffer are aggregated into an 

equivalent single machine. The aggregated machine is combined with the next machine in the 

original production line to obtain the new aggregated machine. The aggregated single machine 

produces parts at the same rate as that of the output from the second machine of the two machine 

line considered. Hence in a line with n machines, n-1 aggregation steps will be performed. 
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Aggregation can be done in a forward as well as a backward direction. The forward and 

backward aggregation should be alternatively performed on a line until the finally aggregated 

machine formed by forward and backward aggregation has the same efficiency. Several authors 

have used the aggregation method to determine the throughput of the line (De Koster, 1987; De 

Koster, 1988; Chiang et al., 2000; Enginarlar et al., 2002; Li, 2004a; Li, 2004b; Diamantidis and 

Papadopoulos, 2004). The aggregation method will be used in this thesis to determine the 

performance of a line and hence will be discussed in detail in chapter 3. 

2.7 Replacing a parallel machine stage by a single component 

In this thesis, each parallel machine stage is converted into an equivalent single machine. 

The parameters of the equivalent single machine should be determined such that the behavior of 

the equivalent single machine and the parallel machine stage are the same. Therefore, several 

articles are reviewed by the list of techniques available for converting a parallel machine stage 

into a single machine. As Nahas et al. (2008) proposed that state space will be reduced when a 

parallel machine stage is converted into a single machine, implementing this technique will 

reduce the computation time. 

Ancelin and Semery (1987) were the first to derive the method for determining the 

equivalent single machine from a parallel machine stage. But according to Patchong and 

Willaeys (2001), this method was meaningless and unrealistic given that this method performed 

poorly when its performance was analyzed. 

Li (2004a) proposed a method to determine the production rate of the equivalent single 

machine. One of their assumptions, namely all the parallel machines should have identical speed, 

is not realistic. 
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Patchong and Willaeys (2001) determined the parameters of the single equivalent 

machine that includes the equivalent processing time, equivalent failure and repair rate for 

machines subject to idleness (blocking and starving state) and machines that are not subject to 

idleness. While it was easy to implement this method for machines not subject to idleness, the 

method for machine idleness had equations with various probability terms for which no method 

was proposed. 

Burman (1995) proposed a method to determine the parameters of the equivalent single 

machine. Their method assumes that all the parallel machines in a stage are similar to each other 

and each machine operates independent of one another. According to Nahas et al. (2008), this 

method may not be much accurate for smaller buffer lines but it will provide very good 

approximation for large buffer lines. This method will be used in this thesis and it will be 

described in detail in chapter 3. 

2.8 Sensitivity analysis 

Sensitivity analysis is performed to study the variation of the output of a system with 

respect to the variation in the input(s) of the system. Because of different sources of variation in 

the system, the inputs parameters of a system are subjected to vary from that of the ideal 

situation. This causes a variation in the behavior of the system which can be studied by 

sensitivity analysis. In this thesis, all the stages have a processing time of 1 unit. In reality, even 

in well balanced production lines, there will be a minute variation in the processing time of one 

stage from the other because of variability in the system and this will lead to variation in the 

processing time. Hence to identify whether the developed thesis method can be applied to 

balanced production lines with processing time other than 1 unit, sensitivity analysis is 
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performed to determine the allowable variation in the processing time of each stage of a 

production line so that the developed thesis method can be applied to it. 

Methods for sensitivity analysis of scheduling problems (Hall and Posner, 2004) and 

assignment problems (Amini et al., 1998) were developed. Different methods were available for 

performing sensitivity analysis and no one method is best compared to other methods (Frey and 

Patil, 2002). The choice of a method depends on the problem under study, the characteristics of 

the model used for solving the problem and the cost of computation the modeler is willing to 

afford (Saltelli et al., 2000). According to Frey and Patil (2002), the sensitivity analysis methods 

can be classified as mathematical methods, statistical methods and graphical methods. 

Mathematical models determine the sensitivity of the output of a model based on the range of 

variation of model inputs. Break-even analysis and differential analysis are examples of 

mathematical models. They cannot be used to determine the variance of the model output for 

variance of the model input. Statistical methods can be employed to overcome this limitation. 

Monte carlo simulation, regression analysis, sampling-based methods such as stratified sampling, 

Latin-Hypercube sampling procedure and analysis of variance (ANOVA) examples of statistical 

methods. They help to identify the effect of interactions of model inputs on the model output. 

Cacuci and Bujor (2004) reviewed many statistical models used for performing sensitivity 

analysis of large sized models. Graphical methods show the variation of output of a model with 

respect to the input in the form of visual aids such as graphs, charts and surfaces. Scatter plot, 

radar graphs and cobweb plots are graphical sensitivity analysis methods. 

In this thesis, hypothesis testing of difference between means which is a two sample t-test 

statistical model will be used to perform the sensitivity analysis for determining the allowable 
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variation of the processing time of each stage in a production line so that the thesis method can 

be used to determine the buffer allocation of the new line. 

2.9 Conclusion 

In this chapter, first, the classification of production system was discussed and then the 

type of production line concerned with this thesis was addressed. Then the significance of 

effective buffer allocation in a production line was elaborated. This helped to understand the 

need for effective buffer allocation in a production line which not only decreases the inventory 

holding cost but also increases the productivity of the line. Then the buffer allocation 

characteristics observed by various articles for different production line scenarios were 

discussed. This was helpful in understanding the optimal buffer allocation behavior for various 

scenarios and may be used as a tool to develop a new buffer allocation algorithm. 

Major classifications of the buffer allocation algorithms were explained and articles 

concerned with each classification were detailed. For each article, their objective, the type of 

production line they addressed and the buffer allocation problem they used were detailed. Then, 

a literature review was performed for buffer allocation in a serial parallel production line. 

Considering the abundance of articles for buffer allocation, relatively few articles concentrated 

on buffer allocation in a serial parallel production line. Among these, some of the 

approximations used in a few articles were not appropriate. Moreover, no article concentrated on 

a homogeneous production line which exists in large volume manufacturing industries where 

most of the lines are automated and well balanced (Li, 2004b). This thesis will address this 

shortcoming. 



31 

   

For determining the performance of a production line, the most commonly used methods, 

namely discrete time models and continuous models, were discussed. Under the continuous 

model, the decomposition method and aggregation method were explained. Literatures were 

reviewed on the available methods for converting a parallel machine stage into a single machine. 

This helped to evaluate various methods available for determining the equivalent single machine 

and choose the best method for this thesis. Finally, different methods available for sensitivity 

analysis were reviewed and hypothesis testing of the difference between means will be used in 

this thesis for determining the allowable variation of the processing time of each stage in a 

production line so that the thesis method can be used to determine the buffer allocation of the 

new line. 
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CHAPTER 3 

METHOD AND CASE STUDIES 

The method for buffer allocation in a homogeneous unreliable serial parallel production 

line is explained in this chapter. First, a description of the serial parallel production line 

considered in this thesis is explained followed by detailing the assumptions. The method for 

identifying the buffer allocation in the serial parallel production line is detailed. Then the 

techniques to be used in the method, namely converting a serial parallel production line into an 

equivalent serial production line and a degraded ceiling algorithm for determining the buffer 

allocation that maximizes throughput, aggregation method for throughput determination and 

Harris and Powell (1999) buffer allocation algorithm for comparing buffer allocation obtained 

using degraded ceiling algorithm are explained. Finally the thesis method is implemented in a 

sample case study and three additional case studies. 

3.1 Model description 

Figure 3.1 shows a serial parallel production line with n stages separated by n-1 buffer 

slots. Here stages are connected to each other in series. Each stage may consist of several 

identical machines which are parallel to each other. 

 

Figure 3.1: Serial parallel production line 
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The machines are represented by a rectangle and the buffers are represented by a circle. 

Parts will be processed by any one of the parallel machines in a stage and then it is transferred to 

the buffer next to it. Raw materials enter the production line and are processed by any one of the 

parallel machines in stage 1. After processing, it goes to buffer B1 and then enters stage 2 where 

it will be processed by any one of the parallel machines in stage 2. Then the parts pass through 

subsequent buffers and stages and then exit the production line after processed by the nth stage. 

Each buffer has limits on the number of parts it can hold. When a buffer becomes full it can no 

longer accept any part from the upstream machine(s) unless it discharges a part to the 

downstream machine(s). The machines are unreliable and subject to breakdown. A machine may 

be in one of two states namely up or down. When a machine is up, it is either operational or idle. 

When operational, it is capable of producing parts and when idle it is either blocked or starved. If 

a buffer is full, the machine(s) before the buffer will be blocked and it cannot discharge the part 

it produced to the buffer in front of it until the buffer discharges some parts to the downstream 

machine(s). A machine will be starved when it no longer can process a part if the buffer 

immediately before it becomes empty. 

3.1.1 Model Notation 

The following notation will be used in this thesis. 

Tij = Processing time of machine Mij 

Mfij = Mean time to failure of machine Mij  

Mrij = Mean time to repair of machine Mij 

Pij = Mean processing rate of machine Mij = 1/tij 

λij = Mean failure rate of machine Mij = 1/ Mfij 
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µij = Mean repair rate of machine Mij = 1/ Mrij 

K = Maximum buffer limit in a production line 

3.1.2 Model Assumptions 

The various assumptions used in this thesis are 

1. The machines in the first stage are never starved. There is an unlimited supply of raw 

materials to the first stage. 

2. The machines in last stage are never blocked. There is an unlimited demand of finished 

product from the production line. 

3. Machine failures are operation dependent. That is a failure occurs only when a machine is 

working and not during machine idle time. 

4. The mean time to failure and the mean time to repair are exponentially distributed. 

5. The combined processing rate of all the machines in a parallel stage is deterministic and 

is equal to 1 unit/time. 

6. The transportation time of materials between machine stages is negligible. 

An additional assumption is concerning a homogeneous line. 

3.2 Method 

The following method is used to identify the buffer allocation that maximizes the 

throughput of a serial parallel production line with a constraint on the total buffer size. 

1. The serial parallel production line considered will be converted into an equivalent serial 

production line. The approximation technique proposed by Burman (1995) will be used 

in this thesis for converting each parallel machine stage into a single machine. The 

equivalent serial production line produces parts at the same rate as that of the original 

serial parallel production line. 
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2. Buffers are allocated to the obtained serial production line using a buffer allocation 

algorithm and its throughput is determined. The degraded ceiling algorithm proposed by 

Nahas et al. (2006) will be used in this thesis for buffer allocation. The aggregation 

method, which is an analytical method for determining throughput, will be used in this 

thesis for determining the throughput for each buffer allocation. 

3. The buffer allocation is changed according to the degraded ceiling algorithm and the 

buffer allocation for which maximum throughput is obtained under the total buffer size 

constraint is chosen as the buffer allocation. 

4. To determine whether the degraded ceiling algorithm provided better buffer allocation it 

will be compared with another buffer allocation algorithm. Algorithm proposed by Harris 

and Powell (1999) will be used for verifying buffer allocation obtained through degraded 

ceiling algorithm. 

5. The throughput obtained by the aggregation method for the buffer allocation is verified 

using simulation. A simulation model will be created using the ARENA simulation 

software to verify the accuracy of the throughput of the aggregation method. 

3.2.1 Conversion of a serial parallel production line into a serial production line 

Several articles were reviewed in chapter 2 about the approximation technique developed 

for converting a serial parallel production line into an equivalent serial production line. The 

advantage of converting a serial parallel line into a serial line is that the number of state space 

reduces considerably and hence the complexity of the problem is reduced. When the set of 

parallel machines in each stage are converted into an equivalent single machine, a serial parallel 
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production line will be converted into a serial production line. The single equivalent machine 

should behave in the same way as that of the parallel machine stage. For this, the parameters of 

the equivalent single machine, namely processing rate, failure rate and repair rate should be 

determined. Burman (1995) proposed an effective approximation technique to determine these 

unknown parameters. He considered a continuous model production line. The equations were 

derived based on the condition that parallel machines in a stage operate independently, the 

failure of a machine does not have any effect on other machines and all the parallel machines in a 

stage are similar. 

According to Burman (1995), the processing rate of the equivalent single machine is 

equal to the sum of the processing rate of the parallel machines. Similarly, the failure and repair 

rate of the equivalent machine is the sum of the failure and repair rates of parallel machines 

respectively. 

Processing rate of the equivalent machine ∑
=

=
n

j

ijP
1

i P  (3.1) 

Failure rate of the equivalent machine ∑
=

=
n

j

iji

1

λλ
 (3.2) 

Repair rate of the equivalent machine ∑
=

=
n

j

iji

1

µµ
 (3.3) 

Nahas et al. (2009) and Nahas et al. (2008) have implemented Burman’s (1995) 

approximation to convert a serial parallel line into a serial line. The only disadvantage of this 

model is that the accuracy of this approximation decreases when a production line with small 

buffers is considered. 
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3.2.2 Degraded ceiling buffer allocation algorithm 

This section describes the degraded ceiling buffer allocation algorithm that will be used 

in this thesis. The degraded ceiling algorithm is a heuristic algorithm originally developed by 

Burke et al. (2002) for examination time table problems in universities. Examination time table 

problems involve scheduling exams for students within a given time period by satisfying certain 

predefined constraints. Burke et al. (2002) tested the algorithm in real-time university 

examination time table problems and the algorithm proved to be effective. Nahas et al. (2006) 

modified the degraded ceiling algorithm for buffer allocation in a production line. 

Many buffer allocation algorithms have numerous uncertain variables which should be 

set at a particular value to obtain the best result. The uncertainty of the values of these variable 

increases the time to solve the problem. Unlike these algorithms that have numerous variables 

that impact the effectiveness of the algorithm, degraded ceiling algorithm has only one parameter 

that determines the efficiency of the algorithm. This parameter determines the search time and 

the quality of the solution. 

The degraded ceiling algorithm accepts any new solution which is better than or equal to 

the current solution or the ceiling L. The ceiling L is increased in every step by ∆L. First, the 

initial buffer values are determined for each buffer slot by the formula K/(n-1) where K is the 

total buffers allowable in a serial parallel line and n-1 is the number of buffer slots in a n-stage 

serial parallel production line. The remaining buffers are placed in the center buffer slots. Then 

the initial solution TH(old) for the initial buffer allocation is determined. The value of the only 

input parameter of this algorithm ∆L should be specified. The value of the ceiling L is set to the 

initial solution TH(old). To move from one feasible solution to another, two buffer locations Bp 
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and Bq are selected and modified to Bp = Bp-1 and Bq=Bq+1. The value of the new feasible 

solution TH(new) for the new buffer allocation is determined. If the new feasible solution 

TH(new) is greater than or equal to the old feasible solution TH(old) or the ceiling L then, the 

new feasible solution is accepted and it is set as the old feasible solution TH(old). The value of 

the ceiling is increased by ∆L. To move to the next neighborhood, two buffer slots are selected 

and the above loop is repeated until a stopping condition is reached. The stopping condition may 

vary based on the requirements such as allowable search time and the required quality of the 

solution. Hence, setting the value of ∆L determines the search time and the quality of the 

solution obtained. The optimal solution is reached when there is no improvement in the 

throughput obtained. The flowchart of the degraded ceiling algorithm is shown in figure 3.2. 
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Figure 3.2: Degraded ceiling algorithm flowchart 

Nahas et al. (2006) compared the solution obtained using the degraded ceiling algorithm 

and the solution obtained using a simulated annealing algorithm, a heuristic algorithm widely 

used for buffer allocation. The figure shows that in a short period of time the degraded ceiling 

algorithm produces better result (throughput) than the simulated annealing algorithm. Moreover, 
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when there is no chance of improvement in the solution, the degraded ceiling algorithm 

converges rapidly towards the optimal solution. 

 

Figure 3.3: Comparison of buffer allocation algorithm solutions 

3.2.3 Performance evaluation using aggregation method 

The throughput for each buffer allocation identified using the degraded ceiling algorithm 

is determined through aggregation method. In an aggregation method, two machines separated 

by a buffer are aggregated into an equivalent single machine. The aggregated machine produces 

parts at the same rate as that of the second machine of the two machine line considered. In a line 

with n machines, n-1 aggregation will be performed. Aggregation can be performed in forward 

as well as backward direction. If aggregation is performed along the direction of the flow of 

material it is called forward aggregation or it is called backward aggregation. The forward and 

backward aggregation should be alternatively performed on a line until the finally aggregated 

single machine formed by forward and backward aggregation has the same efficiency. 

The following aggregation method was developed by Chiang et al. (2000). Consider a 

four machine production line (M1, M2, M3 and M4) with three buffers (B1, B2, B3) as shown in 
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figure 3.4. Each of these machines has parameters λi and µi defined as failure rate and repair rate 

where i = 1,2,3,4. In the forward aggregation, the machines M1 and M2 are aggregated along with 

buffer B1 to machine M2
f 

with parameters λ2
f
 and µ2

f
. The formula for determining these two 

parameters is shown in equation 3.4 and 3.5 respectively. The aggregated machine M2
f
 is then 

aggregated with machine M3 to produce M3
f
 with parameters λ3

f
 and µ3

f
. The aggregated machine 

M3
f
 is then aggregated with machine M4 to produce the finally aggregated machine in the 

forward direction M4
f
. 

 

Figure 3.4: First forward aggregation step 

In the backward aggregation, the machines M4 and M3
f
 are aggregated to form M3

b
 with 

parameters λ3
b
 and µ3

b
. Equations 3.6 and 3.7 should be used to calculate these two parameters. 

The aggregated machine M3
b 

and M2
f 

are aggregated to produce M2
b 

which is then aggregated 

with M1 to produce the finally aggregated machine in the backward aggregation M1
b
. Figure 3.5 

shows the first backward aggregation steps. 

 

Figure 3.5: First backward aggregation step 
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The formula for forward aggregation is  
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The formula for backward aggregation is  
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 To identify whether the finally aggregated machine obtained by forward as well 

as the backward aggregation step is equal, the condition in equation 3.12 is verified. 

 

(3.12) 

If equation 3.4 does not hold true, then the forward aggregation is performed again as 

shown in figure 3.6 followed by backward aggregation and then the condition in equation 3.12 is 

checked whether it holds true. If it is not true the forward and backward aggregation is repeated 

until equation 3.12 holds true. After the above mentioned condition is satisfied, the throughput of 

the line is calculated using the formula shown in equation 3.13. Chiang et al. (2000) showed that 

the above procedure is convergent and he showed the proof for convergence in his article. 

 

Figure 3.6: Second forward aggregation step 
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In this thesis, a C program was written that calculates the throughput of the equivalent 

serial production line. The C program is shown in appendix A. The inputs to the C program are 

the number of machines in a serial production line, the uptime and downtime of each machine, 

b

b

f

M

f

M

1

1

λ

µ

λ

µ
=



44 

   

and the buffer quantities between each machine. The advantage of using a C program for 

performing the aggregation method is that the time taken to provide the output result, namely 

throughput, for a buffer allocation is only two or three seconds. 

3.2.4 Buffer allocation comparison using Harris and Powell (1999) buffer allocation 

algorithm 

Buffer allocation that maximizes throughput obtained using degraded ceiling algorithm 

will be compared with the buffer allocation obtained using Harris and Powell (1999) buffer 

allocation algorithm to determine if the degraded ceiling algorithm provides the same or better 

buffer allocation than the Harris and Powell (1999) algorithm. Harris and Powell used an 

algorithm for buffer allocation problems in reliable production lines. Their original heuristic 

buffer allocation algorithm uses simulation to determine the throughput for each buffer allocation 

but the algorithm is modified for calculating throughput using aggregation method. The modified 

algorithm is shown in figure 3.7. 

Consider a production line with n stations and K units of buffer allocated to it. In this 

algorithm, first an initial buffer allocation is determined by allocating initial buffer value of K/(n-

1) to each buffer slot and placing the remaining buffers in the center buffer slot. Then n-2 

adjacent candidate solution for the initial buffer allocation is determined by subtracting one 

buffer value from the largest buffer value of the initial buffer allocation and adding it 

sequentially to each other buffer slot. These n-2 adjacent candidate solutions along with the 

initial buffer allocation forms n-1 simplex allocation. The throughput of each simplex is 

determined using aggregation method and sorted in the order of decreasing throughput. The best 
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candidate is the one that has the highest throughput and the worst candidate has the lowest 

throughput. 

To determine the search direction to find a better allocation, a feasible reflection should 

be identified. Harris and Powell (1999) determined the feasible reflection by subtracting the 

worst allocation from twice the best allocation. The obtained feasible reflection is expected to be 

in the direction of buffer allocation that gives maximum throughput. For example, consider a 

four station line with 10 units of buffer allocated to this line. If the best simplex allocation is 

(3,4,3) and the worst simplex is (3,3,4), the reflection is calculated as 2 * (3,4,3) – (3,3,4)  equals 

(3,5,2). Here the obtained reflection is a feasible reflection as all the buffer values are non-

negative. Suppose if a infeasible reflection is obtained, then the procedure is repeated by 

subtracting the twice the best allocation from the second worst, and if necessary from the third 

worst and so on until a feasible reflection is identified. The throughput of the feasible reflection 

is determined using aggregation method. 

If the reflection throughput is better than the worst allocation, the worst allocation is 

replaced with the reflection and the stopping criterion is verified. If the stopping criterion is not 

reached then the procedure is repeated again by sorting all the candidate solutions by throughput 

and calculating the feasible reflection. If the reflection throughput is worse than the worst 

allocation throughput or if no feasible reflection is determined, the search is restarted by 

generating simplex around the best candidate solution in the current iteration. The best candidate 

solution is chosen and its neighborhoods are determined by moving one buffer unit from the 

largest buffer slot and allocating the same to subsequent buffer slots and their throughput will be 
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determined using aggregation method and if the stop criterion is not reached the candidate 

allocations will be sorted by throughput and the procedure is repeated. 
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Figure 3.7: Buffer allocation heuristics (Harris and Powell, 1999) 

The buffer allocation algorithm is stopped when all the candidate allocations of the 

current iteration are the same as that of any previous iteration. Since the situation again repeats 

the iterations that were previously tested, the procedure is stopped. The advantage of this 

algorithm is that the new reflection determined will be farther away from the current allocations. 
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3.3 Sample case study 

In this section, the method for identifying the buffer allocation in a homogeneous 

unreliable serial parallel production line is tested using a hypothetical case study. 

Figure 3.8 shows a hypothetical serial parallel production line that will be considered in 

this case study. It has four stages Mi with parameters ti, mfi and mri namely the processing time, 

the mean time to failure and the mean time to repair. The mean time to failure and mean time to 

repair are exponentially distributed. Three buffers Bi lie between each stage. The stage M2 has 

two parallel machines M21 and M22. The maximum buffer size in the production line is assumed 

to be 10 units. Now the amount of buffer quantities B1, B2 and B3 should be determined that 

maximizes the throughput of this production line subjected to a maximum buffer size of 10 units. 

 

Figure 3.8: Hypothetical serial parallel production line 

3.3.1 Convert the serial parallel line into a serial line 

 The first step in this thesis method is to convert a serial parallel production line 

into a serial production line. The second stage in the serial parallel line has two machines parallel 

to one another. These two machines should be replaced by an equivalent single machine such 

that the equivalent single machine should behave in the same way as that of the two parallel 



48 

   

machines in stage 2. The formulae proposed by Burman (1995) will be used to determine the 

parameters of the equivalent single machine. The value of each parameter of machines M21 and 

M22 are shown in table 3.1. 

Table 3.1: Parameters of the two parallel machines 

Parameter M21 M22 

tij (min) 2 2 

mfij (min) 25 14.29 

mrij (min) 5 5.88 

Pij  (parts/min) 0.5 0.5 

λij (parts/min) 0.04 0.07 

µij (parts/min) 0.2 0.17 

 

Using equations 3.1, 3.2 and 3.3, the parameters of the equivalent single machine is 

determined and is shown in table 3.2 

Table 3.2: Parameters of the equivalent single machine 

Parameter Formula Equivalent Machine M2 

Pi (parts/min) ∑
=

=
n

j

ijP
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i P  1 

λi (parts/min) ∑
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=
n
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λλ  0.11 

µi (parts/min) ∑
=

=
n

j

iji

1
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Table 3.2 (continued) 

ti (min) ti = 1/Pi 1 

mfi (min) mfi = 1/λi 9.09 

mri (min) mri = 1/µi 2.7 

 

The two parallel machines in stage 2 will be replaced by a single equivalent machine M2. 

Hence the serial parallel production line is converted into a serial production line as shown in 

figure 3.9. 

 

Figure 3.9: Equivalent serial production line 

3.3.2 Identification of buffer allocation using degraded ceiling algorithm 

The degraded ceiling algorithm for buffer allocation and aggregation method for 

throughput determination should be used together to identify the buffer allocation for this 

equivalent serial production line. 

Table 3.3 shows the brief buffer allocation steps carried out using a degraded ceiling 

algorithm for this case study. Appendix B contains the detailed buffer allocation steps using 

degraded ceiling algorithm for this case study. It has columns with heading tested and chosen 
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which corresponds to the buffer allocation that is tested in an iteration and the buffer allocation 

that is finally accepted at the end of an iteration respectively. 

Since 10 units is the maximum allowable buffer size for the serial parallel line considered 

in this case study with n = 4 stages, the value of Bi calculated in the first step of the degraded 

ceiling algorithm is 10/(4-1) equals 3 with a remainder of 1. Since the remainder is allocated to 

the center, the initial buffer allocation to be tested is obtained as (3,4,3). As the time constraint to 

identify the buffer allocation is not considered in this thesis, the value of ∆L is initialized as 

0.0005. By assuming a low value for ∆L, the computation time of the algorithm increases but the 

accuracy of the solution obtained is better. The throughput for the initial buffer allocation (3,4,3) 

is obtained through analytical method C program as 0.487930. This buffer allocation is set as the 

buffer allocation chosen for the first iteration and its throughput is set as the value of the ceiling 

L and TH(old). 

Table 3.3: Bufer allocation using degraded ceiling algorithm 

 Tested Chosen  

Iteration Buffer 

Allocation 

Throughput 

Rate (units/min) 

Buffer 

Allocation 

Throughput Rate 

TH(old) 

(units/min) 

L 

1 (3, 4, 3) 0.487930 (3, 4, 3) 0.487930 0.487930 

2 (2, 5, 3) 0.488753 (2, 5, 3) 0.488753 0.488430 

3 (2, 6, 2) 0.484989 (2, 5, 3) 0.488753 0.488430 

4 (1, 7, 2) 0.480849 (2, 5, 3) 0.488753 0.488430 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

72 (10, 0, 0) 0.333782 (2, 5, 3) 0.488753 0.488930 
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The next neighborhood should be identified. For this, the first and second buffer slot is 

considered. The first buffer slot is decreased by 1 unit and the second buffer slot is increased by 

1 unit and the third buffer slot is kept the same. Hence the new buffer allocation chosen is 

(2,5,3). The throughput of the buffer allocation (2,5,3) is calculated using the aggregation 

method C program as 0.488753. Since the new throughput is better than or equal to the old 

throughput TH(old) or the ceiling L, the new buffer allocation (2,5,3) is accepted and its 

throughput is set as the TH(old) and the value of the ceiling L is increased by ∆L to a new value 

0.488430. The buffer allocation to be tested for the next iteration is obtained as (2,6,2) after the 

second and third buffer slot are taken into consideration in which the second buffer slot is 

increased by one unit and the third buffer slot is decreased by 1 unit. The throughput obtained for 

buffer allocation (2,6,2) is 0.484989. Since the throughput for the buffer allocation (2,6,2) is less 

than the throughput TH(old) of the buffer allocation (2,5,3) in the previous iteration and the 

value of the ceiling L=0.488430, the buffer allocation (2,6,2) is not chosen and the buffer 

allocation (2,5,3) is retained as the buffer allocation chosen for the iteration 3 and the value of L 

remains the same as 0.488430. Note that the value of L will be increased by ∆L only when the 

buffer allocation tested in a particular iteration is chosen in that iteration. The next neighborhood 

is chosen as (1,7,2) and its throughput is determined as 0.480849. Moreover as this throughput is 

also less than the throughput TH(old) or the ceiling L of the previous iteration, the new buffer 

allocation (1,7,2) is not accepted and the buffer allocation (2,5,3) is retained as the buffer 

allocation chosen for this iteration. Now the neighborhood is searched to find if there is any other 

buffer allocation that has throughput greater than or equal to the ceiling L or the current chosen 

throughput TH(old). Since no new buffer allocation had a better throughput, at the end of 72
nd

 

iteration after all the possible buffer combinations were tested for the sample case study the 
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buffer allocation (2,5,3) is chosen as the buffer allocation that maximizes the throughput. 

Moreover, since there was no improvement in throughput it can be inferred that the optimality 

has reached. Hence the buffer allocation is B1 = 2 units, B2 = 5 units and B3 = 3 units. The 

throughput obtained using aggregation method for this buffer allocation is 0.488753. 

3.3.3 Identification of buffer allocation using Harris and Powell (1999) buffer algorithm 

The buffer allocation for sample case study obtained using degraded ceiling buffer 

allocation algorithm will be compared with the buffer allocation obtained using Harris and 

Powell (1999) buffer allocation algorithm. The table 3.4 shows the steps to identify the buffer 

allocation using Harris and Powell (1999) buffer allocation algorithm. 

Table 3.4: Buffer allocation using Harris and Powell (1999) 

Iteration  Buffer Allocation Throughput 

0 Initial allocation (3,4,3) 0.487930 

 Initial Simplex (3,4,3) 0.487930 

  (4,3,3) 0.482640 

  (3,3,4) 0.481250 

1 Reflection (3,5,2) F  

 New simplex (3,4,3) 0.487930 

  (3,5,2) 0.485531 

  (4,3,3) 0.482640 

2 Reflection (2,5,3)F  

 New simplex (2,5,3) 0.488753 

  (3,4,3) 0.487930 

  (3,5,2) 0.485531 

3 Reflection (1,5,4) 0.482561 

  Reflection is no improvement  

4 New simplex (2,5,3) 0.488753 

  (3,4,3) 0.487930 

  (2,4,4) 0.484662 

5 New simplex (2,6,2) F  

  (2,5,3) 0.488753 

  (3,4,3) 0.487930 

  (2,6,2) 0.484989 

6 Reflection (2,4,4) 0.484662 
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Table 3.4 (continued) 

  Reflection is no improvement  

7 New simplex (2,5,3) 0.488753 

  (3,4,3) 0.487930 

  (2,4,4) 0.484662 

 Candidate allocations same as 

a previous iteration 

  

 Search completed   

 

The initial buffer allocation is calculated using the same method as degraded ceiling 

algorithm and it came out to be (3,4,3). The n-2 adjacent candidates for the initial buffer 

allocation should be identified by moving one unit of buffer from the largest buffer slot and 

adding it subsequently to other buffer slots. Hence the initial simplex determined includes buffer 

allocation (3,4,3), (4,3,3) and (3,3,4). The throughput for each buffer allocation is determined 

using aggregation method and sorted in the order of decreasing throughput as shown in iteration 

0 of table 3.4. Now, a feasible reflection should be determined by subtracting twice the best 

allocation (3,4,3) by the worst allocation (3,3,4). The obtained reflection (3,5,2) is feasible as all 

the buffer values are non-negative. The throughput of the reflection (3,5,2) is determined using 

degraded ceiling algorithm as 0.485531 units/min. Since the reflection throughput is better than 

the throughput of the worst allocation (3,3,4), the worst allocation (3,3,4) is replaced with the 

reflection (3,5,2) and all the simplex are sorted in the order of decreasing throughput as shown in 

iteration 1. A feasible reflection (2,5,3) for iteration 2 is determined by subtracting the worst 

allocation (4,3,3) from twice the best allocation (3,4,3). The throughput of the reflection (2,5,3) 

is better compared to the worst allocation (4,3,3) and hence the worst allocation is replaced by 

reflection (2,5,3) in iteration 2 and all the simplex are sorted in the order of decreasing 

throughput. A feasible reflection for iteration 3 is determined by subtracting the worst allocation 
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(3,5,2) from twice the best allocation (2,5,3). The obtained feasible reflection (1,5,4) has a 

throughput of 0.482561 units/min and is worse than the worst allocation (3,5,2) throughput of 

0.485531. Hence the reflection will not be accepted and the iteration 4 simplex candidates were 

generated by selecting the best candidate (2,5,3) from iteration 2 and generating adjacent 

candidates by moving one unit of buffer from the largest buffer slot and adding it subsequently to 

other buffer slots. The adjacent candidates generated are (3,4,3) and (2,4,4). The throughput for 

each candidate is determined using aggregation method and sorted in the order of decreasing 

throughput as shown in iteration 4. 

A feasible reflection for iteration 5 is determined as (2,6,2). Since the throughput of the 

reflection (2,6,2) is better than the worst allocation (2,4,4) of iteration 5, it replaces the worst 

allocation and all the candidates were arranged in the order of decreasing throughput in iteration 

5. Feasible reflection for iteration 6 is determined as (2,4,4). Since the reflection (2,4,4) 

throughput is worse than the throughput of the worst allocation (2,6,2) in iteration 5, the 

reflection didn’t show any improvement and hence it will not be accepted. In iteration 7, the best 

candidate (2,5,3) of iteration 5 will be chosen and its adjacent allocations will be generated as 

(3,4,3) and (2,4,4). Since the three candidate allocations of iteration 7 namely (2,5,3), (3,4,3) and 

(2,4,4) had already appeared in iteration 4, proceeding further will only repeat the already 

executed steps. Hence the algorithm is terminated and the buffer allocation for the sample case 

study according to Harris and Powell (1999) buffer allocation algorithm is (2,5,3) and its 

throughput is 0.488753 units/min. 
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3.3.4 Comparison of buffer allocation obtained using degraded ceiling algorithm and 

Harris and Powell (1999) algorithm 

Both the degraded ceiling algorithm and the buffer allocation algorithm proposed by 

Harris and Powell (1999) determined (2,5,3) as the buffer allocation that maximizes throughput 

for the sample case study. Hence both the methods were efficient enough to identify the buffer 

allocation of the sample case study. 

3.3.5 Throughput verification using simulation 

The throughput for the buffer allocation obtained using the aggregation method is 

verified using simulation. This helps us to assess the accuracy of the aggregation method for 

throughput determination. Simulation models are constructed in ARENA simulation software for 

the original serial parallel production and its equivalent serial production line. 

Figure 3.10 shows the simulation model of the serial parallel production line considered 

in this case study. The model is simulated for a warm-up period of 10,000 minutes, 20 

replications and simulation time of 80,000 minutes. The throughput obtained using simulation of 

the serial parallel line for the buffer allocation (2,5,3) is 0.595788 units/min with a standard 

deviation of 0.0027 units/min. 

Similarly a simulation model of the equivalent serial production line (figure 3.8) is 

developed. The model is shown in figure 3.11. The model is simulated for a warm-up period of 

10,000 minutes, 20 replications and simulation time of 80,000 minutes. The throughput obtained 

using simulation of the equivalent serial line for the buffer allocation (2,5,3) is 0.586675 

units/min with a standard deviation of 0.003713 units/min. 
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Figure 3.10: Simulation model of the original serial parallel production line 

 

Figure 3.11: Simulation model of the equivalent serial line 

Table 3.5 shows the comparison of the throughput obtained using aggregation method 

and simulation for the serial parallel line and its equivalent serial line. The error is calculated as 

the difference in throughput obtained using method 1 and method 2. From table 3.5 it is clear 

that there is a significant difference in throughput between simulation and aggregation method 
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for the buffer allocation (2,5,3). Hence there is a need to assess the accuracy of the aggregation 

method in determining the throughput of a line. It can be inferred from the negligent error 

between the throughput obtained by simulating the original serial parallel line and its equivalent 

serial line that the approximation provided by Burman (1995) for converting a parallel stage into 

a single machine is precise. 

Table 3.5: Comparison of throughput 

 Method 1 Method 2 
Error = Method 1 

- Method 2 

1 
Simulation serial parallel line 

throughput = 0.595788 units/min 

Aggregation method throughput 

= 0.488753 units/min 
0.107035 

2 
Simulation serial parallel line 

throughput = 0.595788 units/min 

Simulation equivalent serial line 

throughput = 0.586675 units/min 
0.009113 

3.3.6 Buffer allocation to maximize throughput 

For 10 units as the maximum buffer quantity allocated to the sample case study serial 

parallel production line, the buffer allocation (2,5,3) maximizes the throughput of the production 

line. The throughput obtained for this buffer allocation using aggregation method is 0.488753 

units/min. 

3.4 Case study setting 

Previous sections described the method to determine the buffer allocation that maximizes 

the throughput in a serial parallel production line and showcased the implementation of the thesis 

method in a sample case study which had only four stages. To determine whether the proposed 

thesis method can be implemented in larger lines, the method will be tested in three cases. The 

three cases were developed such that each case will be different from one another in various 
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categories. Table 3.6 shows the three case studies and the parameters considered for each case 

study. 

Table 3.6: Case study setting 

 Case 1 Case 2 Case 3 

Number of stages 6 9 12 

Bottleneck location Upstream Center Downstream 

First stage 3 machines 1 machine 1 machine 

Last stage 4 machines 1 machine 1 machine 

Total buffers 50 25 30 

3.5 Case study 1 

In this case study, a serial parallel production line with six stages is considered with 

bottleneck located in the upstream of the 6-stage production line. In this case, the first stage of 

the production line has three parallel machines, the fourth stage has two parallel machines and 

the last stage has four parallel machines. The total buffers in this line are restricted to 50 units. 

Figure 3.12 shows the production line considered in this case study. For each machine, its 

processing time, mean time to failure and mean time to repair were mentioned and stages are 

separated by a buffer. The mean time to failure and mean time to repair are exponentially 

distributed. Using the thesis method, the buffer allocation that maximizes the throughput of the 

line should be determined with a constraint on the total buffer size allocated to this line. 
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Figure 3.12: Case study 1 serial parallel line 
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3.5.1 Convert the serial parallel line into a serial line 

First, the serial parallel line should be converted into an equivalent serial production line 

using the formulae proposed by Burman (1995). The first stage has three parallel machines, 

fourth stage has two parallel machines and the sixth stage has four parallel machines. The 

parameters of each machine in these stages are shown in table 3.7. 

Table 3.7: Parameters of the parallel machines 

 Stage 1 Stage 4 Stage 6 

Parameter M11 M12 M13 M41 M42 M61 M62 M63 M64 

tij (min) 3 3 3 2 2 4 4 4 4 

mfij (min) 30.2 25 26 80.1 72 23 20.3 27.3 25 

mrij (min) 4.9 3.7 3 23 40.4 3.5 4.22 4.9 3 

Pij  (parts/min) 0.333 0.333 0.334 0.5 0.5 0.25 0.25 0.25 0.25 

λij (parts/min) 0.033 0.040 0.038 0.012 0.014 0.043 0.049 0.037 0.040 

µij (parts/min) 0.204 0.270 0.333 0.043 0.025 0.286 0.237 0.204 0.333 

 

Using formulae proposed by Burman (1995), the parameters of the equivalent single 

machine were determined as shown in table 3.8. 

Table 3.8: Parameters of the equivalent single machine 

Parameter Formula 
Equivalent 

Machine M1 

Equivalent 

Machine M4 

Equivalent 

Machine M6 

Pi (parts/min) ∑
=

=
n

j

ijP
1

i P  1 1 1 
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Table 3.8 (continued) 

λi (parts/min) ∑
=

=
n

j

iji

1

λλ  0.112 0.026 0.169 

µi (parts/min)     ∑
=

=
n

j

iji

1

µµ  0.808 0.068 1.060 

ti (min) ti = 1/Pi 1 1 1 

mfi (min) mfi = 1/λi 8.963 37.917 5.904 

mri (min) mri = 1/µi 1.238 14.656 0.943 

 

The parallel machines in each stage will be replaced by its equivalent single machine 

whose parameters were calculated in table 3.8. Hence the serial parallel production line 

considered in this case study will be converted into an equivalent serial production line as shown 

in figure 3.13. 

 

Figure 3.13: Case study 1 equivalent serial production line 

3.5.2 Identification of buffer allocation using degraded ceiling algorithm 

The buffer allocation of the equivalent serial production line shown in figure 3.13 is 

determined using degraded ceiling algorithm. Table 3.9 shows a brief buffer allocation steps 
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using degraded ceiling algorithm. Appendix C contains the detailed buffer allocation steps using 

degraded ceiling algorithm for case study 1. 

Table 3.9: Buffer allocation of case study 1 using degraded ceiling algorithm 

 Tested Chosen  

Iteration Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (10,10,10,10,10) 0.473311 (10,10,10,10,10) 0.473311 0.473311 

2 (9,11,10,10,10) 0.475140 (9,11,10,10,10) 0.475140 0.473811 

3 (8,12,10,10,10) 0.476545 (8,12,10,10,10) 0.476545 0.474311 

4 (7,13,10,10,10) 0.477501 (7,13,10,10,10) 0.477501 0.474811 

5 (6,14,10,10,10) 0.477980 (6,14,10,10,10) 0.477980 0.475311 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

70 (8,16,19,1,6) 0.493086 (7,17,19,2,5) 0.493682 0.496311 

 

Since 50 units is the maximum allowable buffer size for the serial parallel line considered 

in this case study with n = 6 stages, the value of Bi calculated in the first step of the degraded 

ceiling algorithm is 50/(5-1) equals 10 with a remainder of 0. Hence the initial buffer allocation 

to be tested in iteration 1 is obtained as (10,10,10,10,10). The value of ∆L assumed for this case 

study is 0.0005. The throughput for the initial buffer allocation (10,10,10,10,10) is obtained 

through analytical method C program as 0.473311. This buffer allocation is set as the buffer 

allocation chosen for the first iteration and its throughput is set as the value of the ceiling L and 

TH(old). 
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The next neighborhood is identified by decreasing the first buffer slot value by 1 unit and 

increasing the second buffer slot by 1 unit and keeping the rest of the buffer slot value as same. 

The throughput of the new buffer allocation chosen (9,11,10,10,10) is calculated using the 

aggregation method C program as 0.475140. Since the new throughput is better than or equal to 

the old throughput TH(old) or the ceiling L, the new buffer allocation (9,11,10,10,10) is accepted 

and its throughput is set as the TH(old) and the value of the ceiling L is increased by ∆L to a new 

value 0.473811. The buffer allocation to be tested for the third iteration is obtained as 

(8,12,10,10,10) after the first and second buffer slot are taken into consideration in which the 

first buffer slot is decreased by one unit and the second buffer slot is increased by 1 unit. The 

throughput obtained for buffer allocation (8,12,10,10,10) is 0.476545. Since the throughput for 

the buffer allocation (8,12,10,10,10) is greater than the throughput TH(old) of the buffer 

allocation (9,11,10,10,10) in the previous iteration or the value of the ceiling L=0. 473811, the 

buffer allocation (8,12,10,10,10) is accepted and the value of L is increased to 0.474311. The 

next neighborhood is chosen as (7,13,10,10,10) and its throughput is determined as 0.477501. 

Since this throughput is greater than the throughput TH(old) or the ceiling L of the previous 

iteration, the new buffer allocation (7,13,10,10,10) is accepted and the value of L is increased to 

0.474811. In iteration 5, the buffer allocation (6,14,10,10,10) is considered and selected as the 

buffer allocation chosen for that iteration since its throughput is better than the TH(old) or the 

ceiling L of the previous iteration. The search procedure is executed as shown in appendix C and 

at the end of 70
th

 iteration the search procedure is stopped since no improvement in throughput is 

identified in the last 15 iterations and the buffer allocation (7,17,19,2,5) with a throughput of 

0.493682 units/min is chosen as the buffer allocation for serial parallel production line 

considered in this case study. 
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3.5.3 Identification of buffer allocation using Harris and Powell (1999) buffer algorithm 

The buffer allocation for this case study obtained using degraded ceiling buffer allocation 

algorithm will be compared with the buffer allocation determined by Harris and Powell (1999) 

algorithm. The table 3.10 shows the brief steps to identify the buffer allocation using Harris and 

Powell (1999) buffer allocation algorithm. Appendix D contains the detailed buffer allocation 

steps using Harris and Powell (1999) buffer allocation algorithm for this case study. 

The initial buffer allocation is calculated using the same method as degraded ceiling 

algorithm and it came out to be (10,10,10,10,10). The n-2 adjacent candidates for the initial 

buffer allocation should be identified by moving one unit of buffer from the largest buffer slot 

and adding it subsequently to other buffer slots. Since all the buffer slots have 10 units of buffer 

one unit of buffer can be removed from any buffer slot and added successively to other buffer 

slots. The second buffer slot is selected from which one unit of buffer will be removed and added 

subsequently to other buffer slots. Hence the initial simplex determined includes buffer 

allocations (10,10,10,10,10), (11,9,10,10,10), (10,9,11,10,10), (10,9,10,11,10) and 

(10,9,10,10,11). The throughput for each buffer allocation is determined using aggregation 

method and sorted in the order of decreasing throughput as shown in iteration 0 of table 3.10. 

Now, a feasible reflection should be determined by subtracting twice the best allocation 

(10,9,11,10,10) by the worst allocation (10,9,10,10,11). The obtained reflection (10,9,12,10,9) is 

feasible as all the buffer values are non-negative. The throughput of the reflection (10,9,12,10,9) 

is determined using degraded ceiling algorithm as 0.476239 units/min. Since the reflection 

throughput is better than the throughput of the worst allocation (10,9,10,10,11) in iteration 0, the 

worst allocation (10,9,10,10,11) is replaced with the reflection (10,9,12,10,9) and all the simplex 
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are sorted in the order of decreasing throughput as shown in iteration 1. A feasible reflection 

(10,9,14,9,8) for iteration 2 is determined by subtracting the worst allocation (10,9,10,11,10) 

from twice the best allocation (10,9,12,10,9). Since the throughput of the reflection (10,9,14,9,8) 

is better than the worst allocation (10,9,10,11,10) it replaces the worst allocation of iteration 1 in 

iteration 2 and all the simplex are sorted in the order of decreasing throughput. A feasible 

reflection for iteration 3 is determined by subtracting the worst allocation (11,9,10,10,10) from 

twice the best allocation (10,9,14,9,8). The obtained feasible reflection (9,9,18,8,6) has a 

throughput of 0.485567 units/min which is better than the worst allocation (11,9,10,10,10) with a 

throughput of 0.471071. Hence the new reflection replaces the worst allocation in iteration 3 and 

all the candidates are sorted in the order of decreasing throughput as shown in iteration 3. 

The procedure is repeated until iteration 39 after which the search procedure is stopped. 

Since all the simplex allocations generated in iteration 39 is the same as that of iteration 35, 

proceeding further will only repeat the already executed steps. Hence the algorithm is terminated 

and the buffer allocation for this case study according to Harris and Powell (1999) buffer 

allocation algorithm is (7,17,19,2,5) and its throughput is 0.493682 units/min. 

Table 3.10: Buffer allocation of case study 1 using Harris and Powell (1999) algorithm 

Stage  Buffer Allocation Throughput 

0 Initial allocation (10,10,10,10,10)  

 Initial Simplex (10,9,11,10,10) 0.473583 

  (10,10,10,10,10) 0.473311 

  (11,9,10,10,10) 0.471071 

  (10,9,10,11,10) 0.470679 

  (10,9,10,10,11) 0.470520 

1 Reflection (10,9,12,10,9) F  

 New simplex (10,9,12,10,9) 0.476239 

  (10,9,11,10,10) 0.473583 

  (10,10,10,10,10) 0.473311 
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Table 3.10 (continued) 

  (11,9,10,10,10) 0.471071 

  (10,9,10,11,10) 0.470679 

2 Reflection (10,9,14,9,8) F  

 New simplex (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

  (10,9,11,10,10) 0.473583 

  (10,10,10,10,10) 0.473311 

  (11,9,10,10,10) 0.471071 

3 Reflection (9,9,18,8,6) F  

 New simplex (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

  (10,9,11,10,10) 0.473583 

  (10,10,10,10,10) 0.473311 

. 

. 

. 

. 

. 

. 

. 

. 

35 New simplex (7,17,19,2,5) 0.493682 

  (7,17,18,3,5) 0.493629 

  (7,18,18,2,5) 0.493617 

  (7,17,18,2,6) 0.493479 

  (8,17,18,2,5) 0.493396 

. 

. 

. 

. 

. 

. 

. 

. 

39 New simplex (7,17,19,2,5) 0.493682 

  (7,17,18,3,5) 0.493629 

  (7,18,18,2,5) 0.493617 

  (7,17,18,2,6) 0.493479 

  (8,17,18,2,5) 0.493396 

 Candidate allocations same 

as a previous iteration 

  

 Search completed   

 

3.5.4 Comparison of buffer allocation obtained using degraded ceiling algorithm and 

Harris and Powell (1999) algorithm 

Both the degraded ceiling algorithm and the Harris and Powell (1999) buffer allocation 

algorithm identified (7,17,19,2,5) as the buffer allocation that maximizes throughput for this case 
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study. Hence both the methods were efficient enough to identify the buffer allocation of this case 

study. 

3.5.5 Throughput verification using simulation 

The throughput of the buffer allocation obtained using the aggregation method is verified 

using simulation. ARENA simulation models are constructed for the original serial parallel 

production line and its equivalent serial production line. Figure 3.14 shows the simulation model 

of the serial parallel production line considered in this case study. The model is simulated for a 

warm-up period of 10,000 minutes, 20 replications and simulation time of 80,000 minutes. The 

throughput obtained using simulation of the serial parallel line for the buffer allocation 

(7,17,19,2,5) is 0.523638 units/min. The standard deviation of throughput is 0.007263 units/min. 

 

Figure 3.14: Simulation model of the case study 1 serial parallel production line 
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Similarly a simulation model of the equivalent serial production line (figure 3.15) is 

developed. The model is shown in figure 3.15. The model is simulated for a warm-up period of 

10,000 minutes, 20 replications and simulation time of 80,000 minutes. The throughput obtained 

using simulation of the equivalent serial line for the buffer allocation (7,17,19,2,5) is 0.521138 

units/min with a standard deviation of 0.009 units/min. 

 

Figure 3.15: Simulation model of the case study 1 equivalent serial production line 

Table 3.11 shows the comparison of the throughput obtained using aggregation method 

and simulation for the case study 1 serial parallel production line and its equivalent serial 

production line. The error is calculated as the difference in throughput obtained using method 1 

and method 2. From table 3.11 it is clear that there is not much significant difference in 

throughput between simulation and aggregation method for the buffer allocation. Hence the 

aggregation method is precise in determining the throughput of the serial parallel line considered 
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in this case study. It can be inferred from the negligent error between the throughput obtained by 

simulating the original serial parallel line and its equivalent serial line that the approximation 

provided by Burman (1995) for converting a parallel stage into a single machine is also precise. 

Table 3.11: Comparison of throughput 

 Method 1 Method 2 
Error = Method 

1 - Method 2 

1 
Simulation serial parallel line 

throughput = 0.523638 units/min 

Aggregation method throughput 

= 0.493682 units/min 
0.029956 

2 
Simulation serial parallel line 

throughput = 0. 523638 units/min 

Simulation equivalent serial line 

throughput = 0.521138 units/min 
0.002544 

 

3.5.6 Buffer allocation to maximize throughput 

For 50 units as the maximum buffer quantity allocated to the case study 1 serial parallel 

production line, the buffer allocation (7,17,19,2,5) maximizes the throughput of the production 

line. The throughput obtained for this buffer allocation using aggregation method is 0.493682 

units/min. 

3.6 Case study 2 

In case study 2 a serial parallel production line with nine stages is considered with 

bottleneck located in the center of the 9-stage production line as shown in figure 3.16. In this 

case, the second stage of the production line has four parallel machines, the fourth and fifth stage 

has two parallel machines and the seventh stage has three parallel machines. 



70 

   

 

Figure 3.16: Case study 2 serial parallel line 

A total of 25 units of buffers are allocated to this line. For each machine, its processing 

time, exponentially distributed mean time to failure and exponentially distributed mean time to 
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repair are mentioned and stages are separated by a buffer. For this line, using the thesis method, 

the buffer allocation that maximizes the throughput of the line should be determined with a 

constraint on the total buffer size allocated to this line. Also, a sensitivity analysis will be 

performed for the serial parallel production line considered in this case study to determine the 

allowable variation in processing time so that the thesis method can be applied to determine the 

buffer allocation within this allowable processing time variation. This will help to determine the 

robustness of variation in processing time. 

3.6.1 Convert the serial parallel line into a serial line 

Using the formulae proposed by Burman (1995) the serial parallel line should be 

converted into an equivalent serial production line. The second stage has four parallel machines, 

fourth and fifth stage has two parallel machines and the seventh stage has three parallel 

machines. The parameters of each machine in these stages are shown in table 3.12. 

Table 3.12: Parameters of the parallel machines 

 Stage 2 Stage 4 Stage 5 Stage 7 

Parameter M21 M22 M23 M24 M41 M42 M51 M52 M71 M72 M73 

tij (min) 4 4 4 4 2 2 2 2 3 3 3 

mfij (min) 68.5 64 70 65 82 72 120.4 115 75 69 65 

mrij (min) 13 9 12 8 23 30.4 64 70 14 16 15 

Pij  (parts/min) 0.25 0.25 0.25 0.25 0.5 0.5 0.5 0.5 0.333 0.333 0.334 

λij (parts/min) 0.015 0.016 0.014 0.015 0.012 0.014 0.008 0.009 0.013 0.014 0.015 

µij (parts/min) 0.077 0.111 0.083 0.125 0.043 0.033 0.016 0.014 0.071 0.063 0.067 
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Using formulae proposed by Burman (1995), the parameters of the equivalent single 

machine were determined as shown in table 3.13. 

Table 3.13: Parameters of the equivalent single machine 

Parameter Formula 
Equivalent 

Machine M2 

Equivalent 

Machine M4 

Equivalent 

Machine M5 

Equivalent 

Machine M7 

Pi (parts/min) ∑
=

=
n

j

ijP
1

i P  1 1 1 1 

λi (parts/min) ∑
=

=
n

j

iji

1

λλ  0.060 0.026 0.017 0.043 

µi (parts/min)     ∑
=

=
n

j

iji

1

µµ  0.396 0.076 0.030 0.201 

ti (min) ti = 1/Pi 1 1 1 1 

mfi (min) mfi = 1/λi 16.696 38.338 58.819 23.142 

mri (min) mri = 1/µi 2.523 13.094 33.433 4.985 

 

The parallel machines in each stage will be replaced by its equivalent single machine 

whose parameters were calculated in table 3.13. Hence the serial parallel production line 

considered in this case study will be converted into an equivalent serial production line as shown 

in figure 3.17. 
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Figure 3.17: Case study 2 equivalent serial production line 
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3.6.2 Identification of buffer allocation using degraded ceiling algorithm 

The buffer allocation of the equivalent serial production line shown in figure 3.17 is 

determined using degraded ceiling algorithm. Table 3.14 shows a brief buffer allocation steps 

using degraded ceiling algorithm. Appendix E contains the detailed buffer allocation steps using 

degraded ceiling algorithm for case study 2. 

Table 3.14: Buffer allocation of case study 2 using degraded ceiling algorithm 

 Tested Chosen  

Iteration Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (3,3,3,3,4,3,3,3) 0.231976 (3,3,3,3,4,3,3,3) 0.231976 0.231976 

2 (2,3,3,3,5,3,3,3) 0.233324 (2,3,3,3,5,3,3,3) 0.233324 0.232476 

3 (1,3,3,3,6,3,3,3) 0.234257 (1,3,3,3,6,3,3,3) 0.234257 0.232976 

4 (0,3,3,3,7,3,3,3) 0.234756 (0,3,3,3,7,3,3,3) 0.234756 0.233476 

5 (0,2,3,3,8,3,3,3) 0.233053 (0,3,3,3,7,3,3,3) 0.234756 0.233476 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

82 (0,4,2,3,0,8,8,0) 0.245807 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

 

Since 25 units is the maximum allowable buffer size for the serial parallel line considered 

in this case study with n = 9 stages, the value of Bi calculated in the first step of the degraded 

ceiling algorithm is 25/(9-1) equals 3 with a remainder of 1. The remainder is allocated to the 

center buffer slot and hence the initial buffer allocation to be tested in iteration 1 is obtained as 

(3,3,3,3,4,3,3,3). The value of ∆L assumed for this case study is 0.0005. The throughput for the 

initial buffer allocation (3,3,3,3,4,3,3,3) is obtained through analytical method C program as 
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0.231976. This buffer allocation is set as the buffer allocation chosen for the first iteration and its 

throughput is set as the value of the ceiling L and TH(old). 

A neighborhood is determined by decreasing the first buffer slot value by 1 unit and 

increasing the fifth buffer slot by 1 unit and keeping the rest of the buffer slot value as same. The 

throughput of the new buffer allocation chosen (2,3,3,3,5,3,3,3) is calculated using the 

aggregation method C program as 0.233324. Since the new throughput is better than or equal to 

the old throughput TH(old) or the ceiling L, the new buffer allocation (2,3,3,3,5,3,3,3) is 

accepted and its throughput is set as the TH(old) and the value of the ceiling L is increased by 

∆L to a new value 0.232476. The buffer allocation to be tested for the third iteration is obtained 

as (1,3,3,3,6,3,3,3) after the first and fifth buffer slot are taken into consideration in which the 

first buffer slot is decreased by one unit and the fifth buffer slot is increased by 1 unit. The 

throughput obtained for buffer allocation (1,3,3,3,6,3,3,3) is 0.234257. Since the throughput for 

the buffer allocation (1,3,3,3,6,3,3,3) is greater than the throughput TH(old) of the buffer 

allocation (2,3,3,3,5,3,3,3) in the previous iteration or the value of the ceiling L=0.232476, the 

buffer allocation (1,3,3,3,6,3,3,3) is accepted and the value of L is increased to 0.232976. The 

next neighborhood is chosen as (0,3,3,3,7,3,3,3) and its throughput is determined as 0.234756. 

Since this throughput is greater than the throughput TH(old) or the ceiling L of the previous 

iteration, the new buffer allocation (0,3,3,3,7,3,3,3) is accepted and the value of L is increased to 

0.233476. In iteration 5, the buffer allocation (0,2,3,3,8,3,3,3) is considered and since its 

throughput is worse than the TH(old) or the ceiling L of the previous iteration, the buffer 

allocation (0,2,3,3,8,3,3,3) will not be accepted and so buffer allocation (0,3,3,3,7,3,3,3) is also 

chosen for iteration 5 and the value of ceiling remains the same at 0.233476. The search 

procedure is executed as shown in appendix E and at the end of the 82
nd

 iteration the search 
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procedure is stopped since no improvement in throughput is identified in the last 15 iterations 

and the buffer allocation (0,4,3,4,0,7,7,0) with a throughput of 0.246488 units/min is chosen as 

the buffer allocation for serial parallel production line considered in this case study. 

3.6.3 Identification of buffer allocation using Harris and Powell (1999) buffer algorithm 

The buffer allocation for this case study obtained using degraded ceiling buffer allocation 

algorithm will be compared with the buffer allocation algorithm proposed by Harris and Powell 

(1999). The table 3.15 shows the brief steps to identify the buffer allocation using Harris and 

Powell (1999) buffer allocation algorithm. Appendix F contains the detailed buffer allocation 

steps using Harris and Powell (1999) buffer allocation algorithm for this case study. 

The initial buffer allocation is calculated using the same method as the degraded ceiling 

algorithm and it came out to be (3,3,3,3,4,3,3,3). The n-2 adjacent candidates for the initial 

buffer allocation should be identified by moving one unit of buffer from the largest buffer slot 

and adding it subsequently to other buffer slots. The fifth buffer slot that has the maximum 

buffer is selected from which one unit of buffer will be removed and added subsequently to other 

buffer slots. Hence the initial simplex determined includes buffer allocations (3,3,3,3,4,3,3,3), 

(4,3,3,3,3,3,3,3), (3,4,3,3,3,3,3,3), (3,3,4,3,3,3,3,3), (3,3,3,4,3,3,3,3), (3,3,3,3,3,4,3,3), 

(3,3,3,3,3,3,4,3) and (3,3,3,3,3,3,3,4). The throughput for each buffer allocation is determined 

using aggregation method and sorted in the order of decreasing throughput as shown in iteration 

0 of table 3.15. Now, a feasible reflection should be determined by subtracting twice the best 

allocation (3,3,3,3,3,3,4,3) by the worst allocation (4,3,3,3,3,3,3,3). The obtained reflection 

(2,3,3,3,3,3,5,3) is feasible as all the buffer values are non-negative. The throughput of the 

reflection (2,3,3,3,3,3,5,3) is determined using degraded ceiling algorithm as 0.236512 units/min. 
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Since the reflection throughput is better than the throughput of the worst allocation 

(4,3,3,3,3,3,3,3) in iteration 0, the worst allocation (4,3,3,3,3,3,3,3) is replaced with the reflection 

(2,3,3,3,3,3,5,3) and all the simplex are sorted in the order of decreasing throughput as shown in 

iteration 1. A feasible reflection (1,3,3,3,3,3,7,2) for iteration 2 is determined by subtracting the 

worst allocation (3,3,3,3,3,3,3,4) from twice the best allocation (2,3,3,3,3,3,5,3). Since the 

throughput of the reflection (1,3,3,3,3,3,7,2) is better than the worst allocation (3,3,3,3,3,3,3,4) it 

replaces the worst allocation of iteration 1 in iteration 2 and all the simplex values are sorted in 

the order of decreasing throughput. 

The procedure is repeated until iteration 23 after which the search procedure is stopped. 

Since all the simplex allocations generated in iteration 23 is the same as that of iteration 17, 

proceeding further will only repeat the already executed steps. Hence the algorithm is terminated 

and the buffer allocation for this case study according to Harris and Powell (1999) buffer 

allocation algorithm is (0,4,3,3,1,7,7,0) and its throughput is 0.246318 units/min.  

Table 3.15: Buffer allocation of case study 2 using Harris and Powell (1999) algorithm 

Stage  Buffer Allocation Throughput 

0 Initial allocation (3,3,3,3,4,3,3,3) 0.231976 

 Initial Simplex (3,3,3,3,3,3,4,3) 0.233782 

  (3,3,3,3,3,4,3,3) 0.233402 

  (3,3,3,4,3,3,3,3) 0.232159 

  (3,3,3,3,4,3,3,3) 0.231976 

  (3,4,3,3,3,3,3,3) 0.231919 

  (3,3,4,3,3,3,3,3) 0.231667 

  (3,3,3,3,3,3,3,4) 0.230833 

  (4,3,3,3,3,3,3,3) 0.230232 

1 Reflection (2,3,3,3,3,3,5,3) F  

 New simplex (2,3,3,3,3,3,5,3) 0.236512 

  (3,3,3,3,3,3,4,3) 0.233782 

  (3,3,3,3,3,4,3,3) 0.233402 

  (3,3,3,4,3,3,3,3) 0.232159 
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Table 3.15 (continued) 

  (3,3,3,3,4,3,3,3) 0.231976 

  (3,4,3,3,3,3,3,3) 0.231919 

  (3,3,4,3,3,3,3,3) 0.231667 

  (3,3,3,3,3,3,3,4) 0.230833 

2 Reflection (1,3,3,3,3,3,7,2) F  

 New simplex (1,3,3,3,3,3,7,2) 0.240193 

  (2,3,3,3,3,3,5,3) 0.236512 

  (3,3,3,3,3,3,4,3) 0.233782 

  (3,3,3,3,3,4,3,3) 0.233402 

  (3,3,3,4,3,3,3,3) 0.232159 

  (3,3,3,3,4,3,3,3) 0.231976 

  (3,4,3,3,3,3,3,3) 0.231919 

  (3,3,4,3,3,3,3,3) 0.231667 

. 

. 

. 

. 

. 

. 

. 

. 

17 New simplex (0,4,3,3,1,7,7,0) 0.246318 

  (0,4,3,4,1,6,7,0) 0.246277 

  (0,5,3,3,1,6,7,0) 0.246184 

  (0,4,3,3,1,6,8,0) 0.246183 

  (0,4,3,3,2,6,7,0) 0.246024 

  (0,4,4,3,1,6,7,0) 0.246009 

  (0,4,3,3,1,6,7,1) 0.245084 

  (1,4,3,3,1,6,7,0) 0.245053 

. 

. 

. 

. 

. 

. 

. 

. 

23 New simplex (0,4,3,3,1,7,7,0) 0.246318 

  (0,4,3,4,1,6,7,0) 0.246277 

  (0,5,3,3,1,6,7,0) 0.246184 

  (0,4,3,3,1,6,8,0) 0.246183 

  (0,4,3,3,2,6,7,0) 0.246024 

  (0,4,4,3,1,6,7,0) 0.246009 

  (0,4,3,3,1,6,7,1) 0.245084 

  (1,4,3,3,1,6,7,0) 0.245053 

 Candidate allocations same 

as a previous iteration 

  

 Search completed   
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3.6.4 Comparison of buffer allocation obtained using degraded ceiling algorithm and 

Harris and Powell (1999) algorithm 

For this case study, the degraded ceiling algorithm and the Harris and Powell (1999) 

buffer allocation algorithm identified different buffer allocations that maximizes throughput for 

this case study. Degraded ceiling algorithm identified (0,4,3,4,0,7,7,0) as the buffer allocation 

that maximizes throughput with a throughput of 0.246488 units/min whereas Harris and Powell 

(1999) algorithm identified (0,4,3,3,1,7,7,0) with a throughput of 0.246318 units/min as the 

buffer allocation that maximizes throughput of this case study. Comparing these two algorithms, 

degraded ceiling algorithm is better than Harris and Powell (1999) algorithm as it identified a 

buffer allocation that has a better throughput compared to the other algorithm. Hence buffer 

allocation (0,4,3,4,0,7,7,0) is chosen as the buffer allocation for this case study that maximizes 

throughput. 

3.6.5 Throughput verification using simulation 

The throughput of the buffer allocation (0,4,3,4,0,7,7,0) obtained using the aggregation 

method is verified using simulation. ARENA simulation models are constructed for the original 

serial parallel production line and its equivalent serial production line. Figure 3.18 shows the 

simulation model of the serial parallel production line considered in this case study. The model is 

simulated for a warm-up period of 10,000 minutes, 20 replications and simulation time of 80,000 

minutes. The throughput obtained using simulation of the serial parallel line for the buffer 

allocation (0,4,3,4,0,7,7,0) is 0.347063 units/min with a standard deviation of 0.005988 

units/min. 



80 

   

Similarly a simulation model of the equivalent serial production line (figure 3.17) is 

developed as shown in figure 3.19. The model is simulated for a warm-up period of 10,000 

minutes, 20 replications and simulation time of 80,000 minutes. The throughput obtained using 

simulation of the equivalent serial line for the buffer allocation (0,4,3,4,0,7,7,0) is 0.29635 

units/min with a standard deviation of 0.0062 units/min. 

 

Figure 3.18: Simulation model of the case study 2 serial parallel production line 
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Figure 3.19: Simulation model of the case study 2 equivalent serial production line 

 

Table 3.16 shows the comparison of the throughput obtained using aggregation method 

and simulation for the case study 1 serial parallel production line and its equivalent serial 

production line. The error is calculated as the difference in throughput obtained using method 1 

and method 2. From table 3.16 it is clear that there is a significant difference in throughput 

between simulation and aggregation method for the buffer allocation. Hence there is a need to 

assess the accuracy of the aggregation method in determining the throughput of a line. It can be 

inferred from the negligent error between the throughput obtained by simulating the original 

serial parallel line and its equivalent serial line that the approximation provided by Burman 

(1995) for converting a parallel stage into a single machine is precise. 
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Table 3.16: Comparison of throughput 

 Method 1 Method 2 
Error = Method 

1 - Method 2 

1 
Simulation serial parallel line 

throughput = 0.347063 units/min 

Aggregation method throughput 

= 0.246488 units/min 
0.100575 

2 
Simulation serial parallel line 

throughput = 0. 347063 units/min 

Simulation equivalent serial line 

throughput = 0.29635 units/min 
0.050713 

 

3.6.6 Buffer allocation to maximize throughput 

For 25 units as the maximum buffer quantity allocated to the case study 2 serial parallel 

production line, the buffer allocation (0,4,3,4,0,7,7,0) maximizes the throughput of the 

production line. The throughput obtained for this buffer allocation using aggregation method is 

0.246488 units/min. 

3.6.7 Sensitivity Analysis 

In this thesis, all the stages of a production line have a combined processing time of 1 

unit. Because of variability in the system, the processing time may vary from the ideal condition 

which will cause a variation in the output parameter namely throughput. To determine whether 

the thesis method can be applied to balanced production lines with processing time other than 1 

unit, sensitivity analysis is performed. Sensitivity analysis will identify the allowable variation in 

the processing time of each stage of a production line so that the developed thesis method can be 

applied to it. 

To perform a sensitivity analysis, the processing time is varied in terms of 0.2 units. The 

different levels of combined processing time tested successively for each stage are 0.2 unit, 0.4 
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unit, 0.6 unit, 0.8 unit, 1.2 unit, 1.4 unit, 1.6 unit and 1.8 unit. For each level of the processing 

time, the throughput and its standard deviation are determined using simulation. Using 

hypothesis testing of the difference between means, the throughput of the production line with 

processing time of 1 unit is compared successively with the throughput of the production line 

with processing time at all other levels mentioned above. If there is a statistically significant 

difference in throughput between processing time of 1 unit and any other level, it is concluded 

that the thesis method cannot be implemented for that variation of processing time. In this way 

the allowable variation of the processing time for which the thesis method can be applied can be 

determined. 

Since the combined processing time of each stage in a serial parallel line will be tested at 

different levels, the processing time of individual machines in the parallel machine stages has to 

be determined for each level such that the combined processing time of all the machines in a 

parallel stage will equate to the combined processing time to be tested. The processing time of 

each machine in parallel machine stages 2, 4, 5 and 7 for different levels of combined processing 

time to be tested is shown in table 3.17. 

Simulation models are developed for each level of the combined processing time. 

Simulation is performed for 20 replications with 10,000 minutes of warm-up period and 80,000 

minutes of simulation time. The throughput of the line is determined for buffer allocation 

(0,4,3,4,0,7,7,0) as it is the buffer that maximizes the throughput of the line. Table 3.18 provides 

the simulation throughput and standard deviation for different levels of combined processing 

time. 
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Table 3.17: Processing time of individual machines 

 Processing Time (min) 

Combined 

Processing 

Time (min) 

Stage 2 Stage 4 Stage 5 Stage 7 

M21 M22 M23 M24 M41 M42 M51 M52 M71 M72 M73 

0.2 0.8 0.8 0.8 0.8 0.4 0.4 0.4 0.4 0.6 0.6 0.6 

0.4 1.6 1.6 1.6 1.6 0.8 0.8 0.8 0.8 1.2 1.2 1.2 

0.6 2.4 2.4 2.4 2.4 1.2 1.2 1.2 1.2 1.8 1.8 1.8 

0.8 3.2 3.2 3.2 3.2 1.6 1.6 1.6 1.6 2.4 2.4 2.4 

1.2 4.8 4.8 4.8 4.8 2.4 2.4 2.4 2.4 3.6 3.6 3.6 

1.4 5.6 5.6 5.6 5.6 2.8 2.8 2.8 2.8 4.2 4.2 4.2 

1.6 6.4 6.4 6.4 6.4 3.2 3.2 3.2 3.2 4.8 4.8 4.8 

1.8 7.2 7.2 7.2 7.2 3.6 3.6 3.6 3.6 5.4 5.4 5.4 

 

Table 3.18: Throughput at different processing time 

Processing Time 

(min) 

Throughput 

(Units/min) 

Standard Deviation 

(Units/min) 

0.2 0.448038 0.0072 

0.4 0.44365 0.007175 

0.6 0.421688 0.006963 

0.8 0.3822 0.006488 

1.0 0.347063 0.005988 

1.2 0.311625 0.005225 

1.4 0.282913 0.004613 

1.6 0.259225 0.004038 

1.8 0.239363 0.0036 

 

A hypothesis testing of the difference between means is performed. A confidence interval 

of 95% is assumed. The null hypothesis is that there is no difference between means that were 
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compared and the alternate hypothesis is that the two means compared are not equal. Table 3.19 

shows the result of the hypothesis testing of the difference between throughput at processing 

time 1.0 and processing time at other levels 0.2, 0.4, 0.6, 0.8, 1.2, 1.4, 1.6 and 1.8. For all 

hypothesis testing, the p-value obtained was 0.0. Since the p-value obtained is less than the value 

of alpha (0.05), the null hypothesis is rejected and concluded that the there is a significant 

difference in throughput between processing time 1.0 and processing time at all other levels. 

Hence it can be concluded that the thesis method cannot be implemented in serial parallel line 

whose combined processing time in each stage is not equal to 1.0 units. 

Table 3.19: Hypothesis testing of means 

 Processing time 1.0 

CI for difference between 

means 

P-value Computed t 

statistic 

Result 

Processing time 0.2 (-0.105219,-0.0967313) 0.0 -48.2213 Reject Null 

Processing time 0.4 (-0.100822,-0.0923522) 0.0 -46.2206 Reject Null 

Processing time 0.6 (-0.0787852,-0.0704648) 0.0 -36.3399 Reject Null 

Processing time 0.8 (-0.0391344,-0.0311396) 0.0 -17.798 Reject Null 

Processing time 1.2 (0.0318384,0.0390376) 0.0 19.9423 Reject Null 

Processing time 1.4 (0.060721,0.067579) 0.0 37.954 Reject Null 

Processing time 1.6 (0.0845535,0.0911225) 0.0 54.3904 Reject Null 

Processing time 1.8 (0.104514,0.110886) 0.0 68.9365 Reject Null 

 

3.7 Case study 3 

In this case study, a serial parallel production line with twelve stages is considered with 

bottleneck located in the downstream of the 12-stage production line. In this case, the third stage 

of the production line has 3 parallel machines, stage 5 has 2 parallel machines, stage 6 has 6 

parallel machines, stage 7 has three parallel machines and stage 9 has 2 parallel machines. The 

total buffers in this line are restricted to 30. Figure 3.20 shows the production line considered in 
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this case study. For each machine, its processing time, exponentially distributed mean time to 

failure and exponentially distributed mean time to repair were mentioned and stages are 

separated by a buffer. Using the thesis method, the buffer allocation that maximizes the 

throughput of the line should be determined with a constraint on the total buffer size allocated to 

this line. 

3.7.1 Convert the serial parallel line into a serial line 

First, the serial parallel line should be converted into a serial production line using the 

formulae proposed by Burman (1995). The first stage has three parallel machines, fourth stage 

has two parallel machines and the sixth stage has four parallel machines. The parameters of each 

machine in these stages are shown in table 3.20 and table 3.21. 
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Figure 3.20: Case study 3 
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Table 3.20: Parallel machine parameters 

 Stage 3 Stage 5 Stage 6 

Parameter M31 M32 M33 M51 M52 M61 M62 M63 M64 

tij (min) 3 3 3 2 2 6 6 6 6 

mfij (min) 140 159 167 89 81 101 98 121 110 

mrij (min) 26.3 20.7 24.4 3 7 16 9 19 17 

Pij  (parts/min) 0.333 0.333 0.334 0.5 0.5 0.167 0.167 0.167 0.167 

λij (parts/min) 0.007 0.006 0.006 0.011 0.012 0.010 0.010 0.008 0.009 

µij (parts/min) 0.038 0.048 0.041 0.333 0.143 0.063 0.111 0.053 0.059 

 

Table 3.21: Parallel machine parameters 

 Stage 6 Stage 7 Stage 9 

Parameter M65 M66 M71 M72 M73 M91 M92 

tij (min) 6 6 3 3 3 2 2 

mfij (min) 114.2 106 88 79 82.1 145 139 

mrij (min) 13 14 13.3 16.7 12 43.4 21.9 

Pij  (parts/min) 0.166 0.166 0.333 0.333 0.334 0.5 0.5 

λij (parts/min) 0.009 0.009 0.011 0.013 0.012 0.007 0.007 

µij (parts/min) 0.077 0.071 0.075 0.060 0.083 0.023 0.046 

 

Using formulae proposed by Burman (1995), the parameters of the equivalent single 

machine were determined as shown in table 3.22. 



89 

   

Table 3.22: Parameters of the equivalent single machine 

Parameter Formula 
Equivalent 

Machine M3 

Equivalent 

Machine M5 

Equivalent 

Machine M6 

Equivalent 

Machine M7 

Equivalent 

Machine M9 

Pi 

(parts/min) 
∑

=

=
n

j

ijP
1

i P  1 1 1 1 1 

λi 

(parts/min) 
∑

=

=
n

j

iji

1

λλ  0.019 0.024 0.056 0.036 0.014 

µi 

(parts/min) 
∑

=

=
n

j

iji

1

µµ  0.127 0.476 0.433 0.218 0.069 

ti (min) ti = 1/Pi 1 1 1 1 1 

mfi (min) mfi = 1/λi 51.493 42.406 17.969 27.623 70.968 

mri (min) mri = 1/µi 7.854 2.1 2.307 4.579 14.555 

 

The parallel machines in each stage will be replaced by its equivalent single machine 

whose parameters were calculated in table 3.22. Hence the serial parallel production line 

considered in this case study will be converted into an equivalent serial production line as shown 

in figure 3.21. 
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Figure 3.21: Case study 3 equivalent serial production line 
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3.7.2 Identification of buffer allocation using degraded ceiling algorithm 

The buffer allocation of the equivalent serial production line shown in figure 3.21 is 

determined using degraded ceiling algorithm. Table 3.23 shows a brief buffer allocation steps 

using degraded ceiling algorithm. Appendix G contains the detailed buffer allocation steps using 

degraded ceiling algorithm for case study 3. 

Table 3.23: Buffer allocation of case study 3 using degraded ceiling algorithm 

 Tested Chosen  

Iteration Buffer Allocation Throughput 

Rate 

(units/min) 

Buffer Allocation Throughput 

Rate TH(old) 

(units/min) 

L 

1 (2,2,3,3,3,3,3,3,3,3,2) 0.221358 (2,2,3,3,3,3,3,3,3,3,2) 0.221358 0.221358 

2 (1,2,3,3,3,3,4,3,3,3,2) 0.223264 (1,2,3,3,3,3,4,3,3,3,2) 0.223264 0.221858 

3 (0,2,3,3,3,3,5,3,3,3,2) 0.224982 (0,2,3,3,3,3,5,3,3,3,2) 0.224982 0.222358 

4 (0,1,3,3,3,3,6,3,3,3,2) 0.225823 (0,1,3,3,3,3,6,3,3,3,2) 0.225823 0.222858 

5 (0,0,3,3,3,3,7,3,3,3,2) 0.226422 (0,0,3,3,3,3,7,3,3,3,2) 0.226422 0.223358 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

103 (0,0,0,0,8,9,4,6,2,0,1) 0.260002 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

 

Since 30 units is the maximum allowable buffer size for the serial parallel line considered 

in this case study with n = 12 stages, the value of Bi calculated in the first step of the degraded 

ceiling algorithm is 30/(12-1) equals 2 with a remainder of 8. The remainder is allocated to the 

center buffer slot and hence the initial buffer allocation to be tested in iteration 1 is obtained as 

(2,2,3,3,3,3,3,3,3,3,2). The value of ∆L assumed for this case study is 0.0005. The throughput for 
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the initial buffer allocation (2,2,3,3,3,3,3,3,3,3,2) is obtained through analytical method C 

program as 0.221358. This buffer allocation is set as the buffer allocation chosen for the first 

iteration and its throughput is set as the value of the ceiling L and TH(old). 

A neighborhood is determined by decreasing the first buffer slot value by 1 unit and 

increasing the seventh buffer slot by 1 unit and keeping the rest of the buffer slot value as same. 

The throughput of the new buffer allocation chosen (1,2,3,3,3,3,4,3,3,3,2) is calculated using the 

aggregation method C program as 0.223264. Since the new throughput is better than or equal to 

the old throughput TH(old) or the ceiling L, the new buffer allocation (1,2,3,3,3,3,4,3,3,3,2) is 

accepted and its throughput is set as the TH(old) and the value of the ceiling L is increased by 

∆L to a new value 0.221858. The buffer allocation to be tested for the third iteration is obtained 

as (0,2,3,3,3,3,5,3,3,3,2) after the first and seventh buffer slot are again taken into consideration 

in which the first buffer slot is decreased by one unit and the seventh buffer slot is increased by 1 

unit. The throughput obtained for the new buffer allocation is 0.224982. Since the throughput for 

the buffer allocation (0,2,3,3,3,3,5,3,3,3,2) is greater than the throughput TH(old) of the buffer 

allocation (1,2,3,3,3,3,4,3,3,3,2) in the previous iteration or the value of the ceiling L=0.221858, 

the buffer allocation (0,2,3,3,3,3,5,3,3,3,2) is accepted and the value of L is increased to 

0.222358. The next neighborhood is chosen as (0,1,3,3,3,3,6,3,3,3,2) and its throughput is 

determined as 0.225823. Since this throughput is greater than the throughput TH(old) or the 

ceiling L of the previous iteration, the new buffer allocation (0,1,3,3,3,3,6,3,3,3,2) is accepted 

and the value of L is increased to 0.222858. The search procedure is executed as shown in 

appendix G and at the end of the 103
rd

 iteration the search procedure is stopped since no 

improvement in throughput is identified in the last 15 iterations and the buffer allocation 
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(0,0,0,0,8,10,4,6,2,0,0) with a throughput of 0.261195 units/min is chosen as the buffer 

allocation for serial parallel production line considered in this case study. 

3.7.3 Identification of buffer allocation using Harris and Powell (1999) buffer algorithm 

The buffer allocation for this case study obtained using degraded ceiling buffer allocation 

algorithm will be compared with the buffer allocation algorithm proposed by Harris and Powell 

(1999). The table 3.24 shows the brief steps to identify the buffer allocation using Harris and 

Powell (1999) buffer allocation algorithm. Appendix H contains the detailed buffer allocation 

steps using Harris and Powell (1999) buffer allocation algorithm for this case study. 

The initial buffer allocation is calculated using the same method as degraded ceiling 

algorithm and it came out to be (2,2,3,3,3,3,3,3,3,3,2). The n-2 adjacent candidates for the initial 

buffer allocation should be identified by moving one unit of buffer from the largest buffer slot 

and adding it subsequently to other buffer slots. Since most of the buffer slots have 3 buffers, any 

buffer slot among them can be chosen. The third buffer slot is selected from which one unit of 

buffer will be removed and added subsequently to other buffer slots. Hence the initial simplex 

determined includes buffer allocations (2,2,3,3,3,3,3,3,3,3,2), (3,2,2,3,3,3,3,3,3,3,2), 

(2,3,2,3,3,3,3,3,3,3,2), (2,2,2,4,3,3,3,3,3,3,2), (2,2,2,3,4,3,3,3,3,3,2), (2,2,2,3,3,4,3,3,3,3,2), 

(2,2,2,3,3,3,4,3,3,3,2), (2,2,2,3,3,3,3,4,3,3,2), (2,2,2,3,3,3,3,3,4,3,2), (2,2,2,3,3,3,3,3,3,4,2) and 

(2,2,2,3,3,3,3,3,3,3,3). The throughput for each buffer allocation is determined using aggregation 

method and sorted in the order of decreasing throughput as shown in iteration 0 of table 3.24. 

Now, a feasible reflection should be determined by subtracting twice the best allocation 

(2,2,2,3,3,4,3,3,3,3,2) by the worst allocation (3,2,2,3,3,3,3,3,3,3,2). The obtained reflection 

(1,2,2,3,3,5,3,3,3,3,2) is feasible as all the buffer values are non-negative. The throughput of the 
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reflection (1,2,2,3,3,5,3,3,3,3,2) is determined using degraded ceiling algorithm as 0.232339 

units/min. Since the reflection throughput is better than the throughput of the worst allocation 

(3,2,2,3,3,3,3,3,3,3,2) in iteration 0, the worst allocation is replaced with the reflection 

(1,2,2,3,3,5,3,3,3,3,2) and all the simplex are sorted in the order of decreasing throughput as 

shown in iteration 1. A feasible reflection (0,2,2,3,3,7,3,3,3,3,1) for iteration 2 is determined by 

subtracting the worst allocation (2,2,2,3,3,3,3,3,3,3,3) from twice the best allocation 

(1,2,2,3,3,5,3,3,3,3,2). Since the throughput of the reflection (0,2,2,3,3,7,3,3,3,3,1) is better than 

the worst allocation (2,2,2,3,3,3,3,3,3,3,3) it replaces the worst allocation of iteration 1 in 

iteration 2 and all the simplex are sorted in the order of decreasing throughput. 

The procedure is repeated until iteration 29 after which the search procedure is stopped. 

Since all the simplex allocations generated in iteration 29 is the same as that of iteration 27, 

proceeding further will only repeat the already executed steps. Hence the algorithm is terminated 

and the buffer allocation for this case study according to Harris and Powell (1999) buffer 

allocation algorithm is (0,0,0,0,7,11,5,5,2,0,0) with a throughput of 0.261190 units/min.  

Table 3.24: Buffer allocation of case study 3 using Harris and Powell (1999) algorithm 

Stage  Buffer Allocation Throughput 

0 Initial allocation (2,2,3,3,3,3,3,3,3,3,2) 0.221358 

 Initial Simplex (2,2,2,3,3,4,3,3,3,3,2) 0.227114 

  (2,2,2,3,4,3,3,3,3,3,2) 0.225645 

  (2,2,2,3,3,3,4,3,3,3,2) 0.222987 

  (2,2,2,3,3,3,3,4,3,3,2) 0.222618 

  (2,2,2,3,3,3,3,3,4,3,2) 0.222292 

  (2,3,2,3,3,3,3,3,3,3,2) 0.221727 

  (2,2,2,4,3,3,3,3,3,3,2) 0.221615 

  (2,2,2,3,3,3,3,3,3,4,2) 0.221538 

  (2,2,3,3,3,3,3,3,3,3,2) 0.221358 

  (2,2,2,3,3,3,3,3,3,3,3) 0.221234 

  (3,2,2,3,3,3,3,3,3,3,2) 0.221021 
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Table 3.24 (continued) 

1 Reflection (1,2,2,3,3,5,3,3,3,3,2) F  

 New simplex (1,2,2,3,3,5,3,3,3,3,2) 0.232339 

  (2,2,2,3,3,4,3,3,3,3,2) 0.227114 

  (2,2,2,3,4,3,3,3,3,3,2) 0.225645 

  (2,2,2,3,3,3,4,3,3,3,2) 0.222987 

  (2,2,2,3,3,3,3,4,3,3,2) 0.222618 

  (2,2,2,3,3,3,3,3,4,3,2) 0.222292 

  (2,3,2,3,3,3,3,3,3,3,2) 0.221727 

  (2,2,2,4,3,3,3,3,3,3,2) 0.221615 

  (2,2,2,3,3,3,3,3,3,4,2) 0.221538 

  (2,2,3,3,3,3,3,3,3,3,2) 0.221358 

  (2,2,2,3,3,3,3,3,3,3,3) 0.221234 

2 Reflection (0,2,2,3,3,7,3,3,3,3,1) F  

  (0,2,2,3,3,7,3,3,3,3,1) 0.240389 

  (1,2,2,3,3,5,3,3,3,3,2) 0.232339 

  (2,2,2,3,3,4,3,3,3,3,2) 0.227114 

  (2,2,2,3,4,3,3,3,3,3,2) 0.225645 

  (2,2,2,3,3,3,4,3,3,3,2) 0.222987 

  (2,2,2,3,3,3,3,4,3,3,2) 0.222618 

  (2,2,2,3,3,3,3,3,4,3,2) 0.222292 

  (2,3,2,3,3,3,3,3,3,3,2) 0.221727 

  (2,2,2,4,3,3,3,3,3,3,2) 0.221615 

  (2,2,2,3,3,3,3,3,3,4,2) 0.221538 

  (2,2,3,3,3,3,3,3,3,3,2) 0.221358 

. 

. 

. 

. 

. 

. 

. 

. 

27 New simplex (0,0,0,0,7,11,5,5,2,0,0) 0.261190 

  (0,0,0,0,8,10,5,5,2,0,0) 0.261186 

  (0,0,0,0,7,10,5,6,2,0,0) 0.261144 

  (0,0,0,0,7,10,5,5,3,0,0) 0.261140 

  (0,0,0,0,7,10,6,5,2,0,0) 0.261041 

  (0,0,0,0,7,10,5,5,2,1,0) 0.260435 

  (0,0,0,0,7,10,5,5,2,0,1) 0.260183 

  (0,1,0,0,7,10,5,5,2,0,0) 0.259893 

  (0,0,0,1,7,10,5,5,2,0,0) 0.259617 

  (0,0,1,0,7,10,5,5,2,0,0) 0.259528 

  (1,0,0,0,7,10,5,5,2,0,0) 0.259428 

. 

. 

. 

. 

. 

. 

. 

. 

29 New simplex (0,0,0,0,7,11,5,5,2,0,0) 0.261190 

  (0,0,0,0,8,10,5,5,2,0,0) 0.261186 

  (0,0,0,0,7,10,5,6,2,0,0) 0.261144 
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Table 3.24 (continued) 

  (0,0,0,0,7,10,5,5,3,0,0) 0.261140 

  (0,0,0,0,7,10,6,5,2,0,0) 0.261041 

  (0,0,0,0,7,10,5,5,2,1,0) 0.260435 

  (0,0,0,0,7,10,5,5,2,0,1) 0.260183 

  (0,1,0,0,7,10,5,5,2,0,0) 0.259893 

  (0,0,0,1,7,10,5,5,2,0,0) 0.259617 

  (0,0,1,0,7,10,5,5,2,0,0) 0.259528 

  (1,0,0,0,7,10,5,5,2,0,0) 0.259428 

 Candidate allocations same 

as a previous iteration 

  

 Search completed   

 

3.7.4 Comparison of buffer allocation obtained using degraded ceiling algorithm and 

Harris and Powell (1999) algorithm 

For this case study, the degraded ceiling algorithm and the Harris and Powell (1999) 

buffer allocation algorithm identified different buffer allocations that maximizes throughput for 

this case study. Degraded ceiling algorithm identified (0,0,0,0,8,10,4,6,2,0,0) as the buffer 

allocation that maximizes throughput with a throughput of 0.261195 units/min whereas Harris 

and Powell (1999) algorithm identified (0,0,0,0,7,11,5,5,2,0,0) with a throughput of 0.261190 

units/min as the buffer allocation that maximizes throughput of this case study. Comparing these 

two algorithms, degraded ceiling algorithm is better than Harris and Powell (1999) algorithm as 

it identified a buffer allocation that has a better throughput compared to the other algorithm. 

Hence buffer allocation (0,0,0,0,8,10,4,6,2,0,0) is chosen as the buffer allocation for this case 

study that maximizes throughput. 
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3.7.5 Throughput verification using simulation 

The throughput of the buffer allocation (0,0,0,0,8,10,4,6,2,0,0) obtained using the 

aggregation method is verified using simulation. ARENA simulation models are constructed for 

the original serial parallel production line and its equivalent serial production line. Figure 3.22 

shows the simulation model of the serial parallel production line considered in this case study. 

The model is simulated for a warm-up period of 10,000 minutes, 20 replications and simulation 

time of 80,000 minutes. The throughput obtained using simulation of the serial parallel line for 

the buffer allocation (0,0,0,0,8,10,4,6,2,0,0) is 0.269625 units/min with a standard deviation of 

0.008575 units/min. 

 

Figure 3.22: Simulation model of the case study 3 serial parallel production line 

Similarly a simulation model of the equivalent serial production line (figure 3.21) is 

developed as shown in figure 3.23. The model is simulated for a warm-up period of 10,000 

minutes, 20 replications and simulation time of 80,000 minutes. The throughput obtained using 
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simulation of the equivalent serial line for the buffer allocation (0,0,0,0,8,10,4,6,2,0,0) is 

0.252638 units/min with a standard deviation of 0.007788 units/min. 

 

Figure 3.23: Simulation model of the case study 3 equivalent serial production line 

Table 3.25 shows the comparison of the throughput obtained using aggregation method 

and simulation for the case study 1 serial parallel production line and its equivalent serial 

production line. The error is calculated as the difference in throughput obtained using method 1 

and method 2. From table 3.25 it is clear that there is not much significant difference in 

throughput between simulation and aggregation method for the buffer allocation. Hence the 

aggregation method is precise in determining the throughput of the serial parallel line considered 

in this case study. It can be inferred from the negligent error between the throughput obtained by 

simulating the original serial parallel line and its equivalent serial line that the approximation 

provided by Burman (1995) for converting a parallel stage into a single machine is precise. 
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Table 3.25: Comparison of throughput 

 Method 1 Method 2 
Error = Method 

1 - Method 2 

1 
Simulation serial parallel line 

throughput = 0.269625 units/min 

Aggregation method throughput 

= 0.261195 units/min 
0.00843 

2 
Simulation serial parallel line 

throughput = 0. 269625 units/min 

Simulation equivalent serial line 

throughput = 0.252638 units/min 
0.016987 

3.7.6 Buffer allocation to maximize throughput 

For 30 units as the maximum buffer quantity allocated to the case study 3 serial parallel 

production line, the buffer allocation (0,0,0,0,8,10,4,6,2,0,0) maximizes the throughput of the 

production line. The throughput obtained for this buffer allocation using aggregation method is 

0.261195 units/min. 

3.8 Overall comparison of buffer allocation methods 

The buffer allocation for the sample case study and three main case studies was 

determined using degraded ceiling algorithm and compared with the result obtained using Harris 

and Powell (1999) buffer allocation algorithm. Table 3.26 shows the comparison of the two 

buffer allocation for all the case studies. It can be seen that while both the buffer allocation 

methods determined the same buffer allocation for two case studies, degraded ceiling algorithm 

identified better buffer allocation for two case studies compared to Harris and Powell (1999) 

algorithm. Hence it can be concluded that the degraded ceiling algorithm is better than the Harris 

and Powell (1999) algorithm in determining buffer allocation for a production line. 
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Table 3.26: Cumulative comparison of buffer allocation methods 

Case Study 
Degraded Ceiling Algorithm Harris and Powell (1999) algorithm 

Buffer Allocation Throughput Buffer Allocation Throughput 

Sample case (2,5,3) 0.488753 (2,5,3) 0.488753 

Case study 1 (7,17,19,2,5) 0.493682 (7,17,19,2,5) 0.493682 

Case study 2 (0,4,3,4,0,7,7,0) 0.246488 (0,4,3,3,1,7,7,0) 0.246318 

Case study 3 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 (0,0,0,0,7,11,5,5,2,0,0) 0.261190 

 

3.9 Conclusion 

In this chapter, the working of a serial parallel production line model was discussed 

followed by the description of various assumptions considered in this thesis. Then the method for 

identifying the buffer allocation that maximizes throughput in a serial parallel production line 

was elaborated. The proposed thesis method was implemented in four case studies to identify the 

buffer allocation that maximizes the throughput of the serial parallel line. From the results 

obtained from the case studies it can be concluded that degraded ceiling buffer allocation 

algorithm is better than Harris and Powell (1999) algorithm in identifying buffer allocation that 

maximizes the throughput of the line. In the sample case study and second case study there was a 

significant difference in throughput between simulation and aggregation method and hence the 

accuracy of throughput determined using aggregation method has to be ascertained. Moreover, 

from the results of the sensitivity analysis in case study 2, it can be concluded that the thesis 

method cannot be implemented in serial parallel line whose combined processing time in each 

stage is not equal to 1.0 units. 
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CHAPTER 4 

DISCUSSION 

In the previous chapter, the method for determining the buffer allocation in a serial 

parallel production line is discussed followed by implementing the method in a sample case 

study and three different case studies. The previous chapter addressed that there is a significant 

difference between throughput of the simulation model of the serial parallel line and throughput 

of the equivalent serial production line determined using aggregation method in two case studies. 

In this chapter, the cause for the throughput difference between simulation and aggregation 

method will be determined. 

4.1 Reevaluation of sample case study 

The sample case study shown in figure 3.8 will be considered for determining the cause 

of throughput difference between the simulation and the aggregation methods. The cause of the 

throughput difference may be because of the following three reasons. 

1. The conversion of a serial parallel line into a serial line using the formulae proposed by 

Burman (1995) may not be accurate. 

2. The aggregation method may not be an accurate model for throughput determination. 

3. Both the factors could have contributed to the difference in throughput. 

To determine the cause of throughput difference, the buffer allocation of the sample case 

study using degraded ceiling algorithm will be executed again with simulation as the mode for 

determining throughput for each buffer allocation as opposed to aggregation method used in 
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chapter 3. Simulation models were built for the original serial parallel line and its equivalent 

serial line and buffer allocation will be determined separately for the sample case study using 

original serial parallel line simulation model and its equivalent serial line simulation model for 

throughput determination. The difference in throughput between the aggregation method and the 

equivalent serial line simulation model gives the error of throughput determination by 

aggregation method. The difference in throughput between the the simulation model of serial 

parallel line and the simulation model of equivalent serial line gives the error of converting a 

parallel machine stage into a single machine using Burman (1995) formulae. By this technique 

the source of error can be determined. 

4.1.1 Buffer allocation of sample case study using original serial parallel line simulation 

model for throughput determination 

Table 4.1 shows the buffer allocation using degraded ceiling algorithm for the original 

serial parallel line. The throughput for each buffer allocation was determined using a simulation 

of the original serial parallel line. Simulation was done for 20 replications, 10,000 minutes of 

warm-up period and 80,000 minutes of simulation time. From table 4.1 it can be seen that the 

buffer allocation (3,4,3) with a throughput of 0.59845 units/min and standard deviation of 

0.00269 units/min will maximize the throughput of the line. Appendix I shows the detailed 

buffer allocation steps using degraded ceiling algorithm and simulation model of the original 

serial parallel line for throughput determination. 
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Table 4.1: Buffer allocation using original serial parallel line simulation model 

 
Tested Chosen 

 

Iteration 
Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Standard 

Deviation 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (3,4,3) 0.59845 0.00269 (3,4,3) 0.59845 0.59845 

2 (2,5,3) 0.59579 0.00270 (3,4,3) 0.59845 0.59845 

3 (2,6,2) 0.59375 0.00260 (3,4,3) 0.59845 0.59845 

4 (1,7,2) 0.58780 0.00260 (3,4,3) 0.59845 0.59845 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

72 (10,0,0) 0.52538 0.00198 (3,4,3) 0.59845 0.59895 

 

4.1.2 Buffer allocation of sample case study using equivalent serial line simulation model 

for throughput determination 

Table 4.2 shows the buffer allocation using degraded ceiling algorithm for the equivalent 

serial line. The throughput for each buffer allocation was determined using simulation of the 

equivalent serial line. The simulation was done for 20 replications, 10,000 minutes of warm-up 

period and 80,000 minutes of simulation time. From table 4.2 it can be seen that the buffer 

allocation (3,4,3) with a throughput of 0.59845 units/min and standard deviation of 0.00269 

units/min will maximize the throughput of the line. Appendix J shows the detailed buffer 

allocation steps using degraded ceiling algorithm and simulation model of the equivalent serial 

line for throughput determination. 
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Table 4.2: Buffer allocation using equivalent serial line simulation model 

 
Tested Chosen 

 

Iteration 
Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Standard 

Deviation 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (3,4,3) 0.58930 0.00360 (3,4,3) 0.58930 0.58930 

2 (2,5,3) 0.58668 0.00371 (3,4,3) 0.58930 0.58930 

3 (2,6,2) 0.58536 0.00358 (3,4,3) 0.58930 0.58930 

4 (1,7,2) 0.57889 0.00374 (3,4,3) 0.58930 0.58930 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

72 (10,0,0) 0.51221 0.00270 (3,4,3) 0.58930 0.58980 

 

4.1.3 Buffer allocation comparison for sample case study 

While simulation showed (3,4,3) as the buffer allocation that maximizes throughput of 

the sample case study for the original serial parallel line and its equivalent serial line, 

aggregation method showed (2,5,3) as the buffer allocation for the equivalent serial line. This 

shows that there is a difference in identifying buffer allocation between simulation and 

aggregation methods. This can be attributed to the difference in throughput determined using 

simulation and aggregation methods. 

4.1.4 Hypothesis testing of throughput difference between simulation serial parallel line 

and simulation equivalent serial line 

The difference in throughput between simulation model of serial parallel line and 

simulation model of equivalent serial line gives the error of converting a parallel machine stage 
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into a single machine using formulae proposed by Burman (1995). Hence a hypothesis testing of 

matched pairs of the difference in means between simulation throughput of serial parallel line 

and simulation throughput of equivalent serial line is performed. The null hypothesis is that there 

is no difference in means between throughput of simulation serial parallel line and throughput of 

simulation equivalent serial line. The alternate hypothesis is that there is a significant difference 

in throughput. From the hypothesis testing, it is concluded that there is a significant difference in 

throughput mean between simulation serial parallel line and simulation equivalent serial line. 

Hence it can be concluded that the approximation provided by Burman (1995) for converting a 

parallel machine stage into a single machine is not very accurate. This coincides with the 

observation by two journals about Burman (1995) model of converting parallel machines into a 

single machine. Nahas et al. (2009) stated that even though the approximation provided by 

Burman (1995) for converting parallel machines into a single machine is good, the 

approximation is inaccurate when the number of buffers considered is small. Patchong and 

Willaeys (2001) proposed that Burman (1995) is difficult to implement as it uses the theorem of 

Drake which requires an appropriate time value to resolve and the method proposed by Burman 

(1995) for identifying the time value is complicated. Table 4.3 shows the results of hypothesis 

testing. 

Table 4.3: Hypothesis testing of difference in means 

Number of samples, n 66 

Throughput difference mean 0.01073 units/min 

Throughput difference standard deviation 0.002919 units/min 

Test statistic, Z 29.84833 

Zα/2 1.96 

Conclusion Reject Ho i.e. Reject that the two means are 

equal 
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4.1.5 Hypothesis testing of throughput difference between aggregation method and 

simulation equivalent serial line 

The difference in throughput between the aggregation method and the simulation model 

of the equivalent serial line gives the error of throughput determination using the aggregation 

method. A hypothesis testing of matched pairs of the difference in means between throughput of 

the aggregation method of the equivalent serial line and simulation throughput of equivalent 

serial line is performed. The null hypothesis is that there is no difference in means between the 

throughput of the aggregation method and throughput of the simulation model of the equivalent 

serial line. The alternate hypothesis is that there is a significant difference in throughput. From 

the hypothesis testing there is a significant difference in throughput between the aggregation 

method of the equivalent serial parallel line and the simulation equivalent serial line. Hence it 

can be concluded that the aggregation method proposed by Chiang et al. (2000) used for 

determining the throughput of a serial line does not appear to be accurate. Table 4.4 shows the 

results of the hypothesis testing. 

Table 4.4: Hypothesis testing of difference in means 

Number of samples, n 66 

Throughput difference mean 0.11987 units/min 

Throughput difference standard deviation 0.02012 units/min 

Test statistic, Z 48.3915 

Zα/2 1.96 

Conclusion Reject Ho i.e. Reject that the two means are 

equal 
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4.1.6 Cause for throughput difference 

From the above two hypothesis tests, it can be concluded that the approximation provided 

by Burman (1995) for converting a parallel machine stage into a single machine and the 

aggregation method used for throughput determination were both the cause for the throughput 

difference between equivalent serial line aggregation method and simulation results of serial 

parallel line in sample case study shown in chapter 3. From the larger difference in means 

between the two methods, it can be concluded that there is a higher difference in throughput 

between aggregation method and simulation equivalent serial line compared to throughput 

difference between simulation serial parallel line and simulation equivalent serial line. 

4.2 Conclusion 

In this chapter, the reason for the throughput difference between aggregation method and 

simulation for the sample case study was determined. Hypothesis testing of the difference in 

means were carried out to determine the cause for the throughput difference. The results of the 

hypothesis testing showed that the approximation provided by Burman (1995) for converting a 

parallel machine stage into a single machine and aggregation method provided by Chiang et al. 

(2000) used for throughput determination were both the cause for the throughput difference 

between aggregation method and simulation results in sample case study. 
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CHAPTER 5 

SUMMARY AND FUTURE WORK 

Inventory adds cost to the production line. In order to control the amount of inventory or 

buffers in a production line, a limit on the maximum number of buffers a production line can 

hold should be placed. But to achieve maximum throughput, the buffer quantity between each 

machine should be determined with a limit on the maximum buffer allocated to the line. This 

thesis helped to identify the buffer allocation between each machine that maximizes the 

throughput of an unreliable homogeneous serial parallel line subjected to the maximum buffer 

size. In this chapter, the summary of the thesis will be described followed by future work. 

5.1 Summary 

The objective of this thesis is to determine the buffer allocation that achieves maximum 

throughput for a homogeneous, unreliable serial parallel production line subjected to the 

maximum buffer size. In chapter 1, the SWOT analysis for buffer allocation in a production line 

was described followed by a road map for buffer allocation in a serial parallel production line. In 

chapter 2, the major classifications of buffer allocation algorithms were explained and methods 

for performance evaluation of a production line were discussed. In chapter 3, the method for 

identifying the buffer allocation that maximizes throughput in a serial parallel production line 

was elaborated. The proposed thesis method was implemented in a sample case study and three 

main case studies to identify the buffer allocation that maximizes the throughput of the serial 

parallel line. From the results obtained from the case studies it can be concluded that degraded 

ceiling buffer allocation algorithm is better than Harris and Powell (1999) algorithm in 

identifying buffer allocation that maximizes the throughput of the line. Based on the sensitivity 
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analysis result in case study 2, it can be concluded that the thesis method cannot be implemented 

in a serial parallel line whose combined processing time in each stage is not equal to 1.0 units. In 

chapter 4, the reason for the significant throughput difference between the simulation and the 

aggregation method was detailed. 

5.2 Achievements 

1. Identified a method for determining buffer allocation that maximizes the throughput in an 

unreliable homogeneous serial parallel production line. 

2. Implemented the thesis method in a sample case study and three different case studies to 

determine the buffer allocation that maximizes the throughput. 

3. Identified that the degraded ceiling algorithm is better than the Harris and Powell (1999) 

algorithm in identifying buffer allocation of a production line. 

4. Performed a sensitivity analysis to determine whether the thesis method is robust for 

application in production lines that have processing time in each stage other than 1.0 unit. 

5. Studied the throughput difference between the simulation and the aggregation method. 

5.3 Future work 

Even though this thesis method helped in identifying buffer allocation in an unreliable 

homogeneous serial parallel production line, some additions can be added to this thesis in the 

future to make it a better method. They are: 

1. The thesis method can be only applied to a homogeneous production line in which all the 

stations should have a processing of 1.0 units. The method should be improved so that it can 
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be applied to non-homogeneous lines in which the processing time of one station can be 

different from other stations. 

2. The aggregation method used in this thesis for determining the throughput of a production 

line is not accurate enough as there is a considerable difference in throughput when 

compared with simulation results. Hence if the reason for this throughput difference is 

determined and corrections in the equations of the aggregation method were identified then 

the aggregation method can be used for performance evaluation of a production line. 

3. In this thesis, the degraded ceiling algorithm is used for buffer allocation in a production line. 

Some better buffer allocation algorithms such as a genetic algorithm, a simulated annealing 

or a tabu search can be used for buffer allocation. 

4. The approximation for converting a serial parallel line into a serial line is not very accurate as 

there is a slight difference in throughput between a serial parallel line and its equivalent serial 

line. This step can be eliminated if a simulation model can be used to determine the 

performance of the line instead of using the aggregation method as it can be applied only for 

a serial production line. 

5. It is assumed that the buffers between each station are of the same cost. Since value is added 

to work-in-process as it moves from upstream to downstream of a production line, 

considering different cost for buffers in between machines and determining the buffer 

allocation of the new model with the constraint on total cost and maximum buffer size will be 

of greater significance. 
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5.4 Conclusion 

In this chapter, the summary of the thesis was described followed by achievements of the 

thesis. Then the future work that can be included to improve this thesis was explained. Finally, 

this thesis helped in identifying buffer allocation to maximize throughput of an unreliable 

homogeneous serial parallel production line. If implemented, it will help to improve the 

performance of a production line. 
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Appendix A 

C Program for aggregation method 

#include<stdio.h> 

#include<math.h> 

 

int n; 

int i,j; 

float Tup[100],Tdown[100], p[100], r[100];  

int buffer[100]; 

float pf[100],rf[100],pb[100],rb[100]; 

float q(float q_p1,float q_r1,float q_p2,float q_r2,int n1);   

int compare_float(float f1, float f2); 

float throughput; 

float ratio1, ratio2, diff; 

 

 

main() 

 { 

   printf("\n Enter the number of machines in the serial production line:"); 

   scanf("%d", &n); 

    

   printf("\n Enter the mean time to failure of each machine in the serial production line:"); 

 

   for (i = 1 ; i<=n; i++) 

     { 

       scanf("%f", &Tup[i]); 

     } 

    

   printf("\n Enter the mean time to repair of each machine in the serial production line:");    

 

   for (i = 1 ; i<=n; i++)     

     {      

       scanf("%f", &Tdown[i]); 

     }   

    

   for (i = 1 ; i<=n; i++) 

     { 

       p[i] = 1/Tup[i]; 

       r[i] = 1/Tdown[i]; 

     } 

    

   printf("\n Enter the buffer quantities between each machine:"); 

   for (i = 1 ; i<n; i++)     

     {      

       scanf("%d", &buffer[i]); 
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APPENDIX A (continued) 

     } 

    

   

   /* code for initializing all values */ 

    

   for (i = 1 ; i<=n; i++)     

     { 

       pf[i] = p[i]; 

       rf[i] = r[i]; 

       pb[i] = p[i]; 

       rb[i] = r[i];  

     } 

    

    

   do 

    { 

      /* code for forward aggregation */ 

  

      for(i=2; i<=n; i++) 

       {       

      pf[i] = p[i]/(1-q(pf[i-1],rf[i-1],pb[i],rb[i],buffer[i-1]));   

      printf("\n\n The value of pf[i] is %f", pf[i]);    

      rf[i] = 1/((q(pf[i-1],rf[i-1],pb[i],rb[i],buffer[i-1])/p[i])+(1/r[i])); 

      printf("\n The value of rf[i] is %f", rf[i]); 

       } 

 

      /* code for backward aggregation */ 

 

      for(i=n-1; i>=1; i--) 

       { 

        pb[i] = p[i]/(1-q(pb[i+1],rb[i+1],pf[i],rf[i],buffer[i])); 

   printf("\n\n The value of pb[i] in bckward agg is %f", pb[i]); 

        rb[i] = 1/((q(pb[i+1],rb[i+1],pf[i],rf[i],buffer[i])/p[i])+(1/r[i])); 

   printf("\n The value of rb[i] in bckward agg is %f", rb[i]); 

       }  

       

  ratio1 = rf[n]/pf[n]; 

  ratio2 = rb[1]/pb[1]; 

              printf("\n The value of ratio 1 is %f", ratio1); 

  printf("\n The value of ratio 2 is %f", ratio2);      

   

       if (ratio1 > ratio2) 

 diff = ratio1- ratio2; 

      else 

             diff = ratio2- ratio1; 

      printf(" \t %f", diff); 
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APPENDIX A (continued) 

   } while (diff > 0.000001);    

   

   throughput = rf[n]/(pf[n]+rf[n]); 

   

   printf("\n \n The throughput of the production line is %f",throughput);  

      

   return 0; 

 } 

 

 /* Function "q" declaration  */ 

 

 float q(float q_p1,float q_r1,float q_p2,float q_r2,int n1) 

  { 

    float e1, e2, phi, beta, fnvalue, expvalue, num1, num2; 

    if ((q_p1/q_r1) != (q_p2/q_r2)) 

    { 

       e1 = q_r1/(q_p1+q_r1); 

       e2 = q_r2/(q_p2+q_r2); 

       phi = (e1 * (1-e2))/(e2 * (1-e1)); 

       beta = ((q_r1+q_r2+q_p1+q_p2)*(q_p1*q_r2-q_p2*q_r1)) / ((q_r1+q_r2)*(q_p1+q_p2)); 

       expvalue = exp(-beta*n1); 

       fnvalue = ((1-e1)*(1-phi)) / (1- phi*expvalue);     

       return fnvalue; 

    } 

  else 

   { 

       num1 = q_p1*(q_p1+q_p2)*(q_r1+q_r2); 

       num2 = (q_p1+q_r1)* ((q_p1+q_p2)*(q_r1+q_r2)+(q_p2*q_r1)*(q_p1+q_p2+q_r1+q_r2)*n1); 

       fnvalue = num1/num2; 

       return fnvalue; 

   } 

} 
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Appendix B 

Sample case study – Buffer allocation using degraded ceiling algorithm 

Assumed value of ∆L = 0.0005 

 
Tested Chosen 

 

Iteration 
Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (3,4,3) 0.487930 (3,4,3) 0.487930 0.487930 

2 (2,5,3) 0.488753 (2,5,3) 0.488753 0.488430 

3 (2,6,2) 0.484989 (2,5,3) 0.488753 0.488430 

4 (1,7,2) 0.480849 (2,5,3) 0.488753 0.488430 

5 (1,8,1) 0.464713 (2,5,3) 0.488753 0.488430 

6 (1,9,0) 0.421124 (2,5,3) 0.488753 0.488430 

7 (0,10,0) 0.415797 (2,5,3) 0.488753 0.488430 

8 (0,9,1) 0.456933 (2,5,3) 0.488753 0.488430 

9 (0,8,2) 0.471952 (2,5,3) 0.488753 0.488430 

10 (0,7,3) 0.476132 (2,5,3) 0.488753 0.488430 

11 (0,6,4) 0.474267 (2,5,3) 0.488753 0.488430 

12 (0,5,5) 0.467967 (2,5,3) 0.488753 0.488430 

13 (0,4,6) 0.457459 (2,5,3) 0.488753 0.488430 

14 (0,3,7) 0.442019 (2,5,3) 0.488753 0.488430 

15 (0,2,8) 0.419812 (2,5,3) 0.488753 0.488430 

16 (0,1,9) 0.387056 (2,5,3) 0.488753 0.488430 

17 (0,0,10) 0.415797 (2,5,3) 0.488753 0.488430 

18 (1,0,9) 0.361196 (2,5,3) 0.488753 0.488430 
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19 (1,1,8) 0.409894 (2,5,3) 0.488753 0.488430 

20 (1,2,7) 0.440656 (2,5,3) 0.488753 0.488430 

21 (1,3,6) 0.461072 (2,5,3) 0.488753 0.488430 

22 (1,4,5) 0.474560 (2,5,3) 0.488753 0.488430 

23 (1,5,4) 0.482561 (2,5,3) 0.488753 0.488430 

24 (1,6,3) 0.485167 (2,5,3) 0.488753 0.488430 

25 (1,7,2) 0.480849 (2,5,3) 0.488753 0.488430 

26 (1,8,1) 0.464713 (2,5,3) 0.488753 0.488430 

27 (1,9,0) 0.421124 (2,5,3) 0.488753 0.488430 

28 (2,8,0) 0.423751 (2,5,3) 0.488753 0.488430 

29 (2,7,1) 0.468566 (2,5,3) 0.488753 0.488430 

30 (2,6,2) 0.484989 (2,5,3) 0.488753 0.488430 

31 (2,5,3) 0.488753 (2,5,3) 0.488753 0.488930 

32 (2,4,4) 0.484662 (2,5,3) 0.488753 0.488930 

33 (2,3,5) 0.473922 (2,5,3) 0.488753 0.488930 

34 (2,2,6) 0.455726 (2,5,3) 0.488753 0.488930 

35 (2,1,7) 0.427048 (2,5,3) 0.488753 0.488930 

36 (2,0,8) 0.380623 (2,5,3) 0.488753 0.488930 

37 (3,0,7) 0.395441 (2,5,3) 0.488753 0.488930 

38 (3,1,6) 0.439696 (2,5,3) 0.488753 0.488930 

39 (3,2,5) 0.465976 (2,5,3) 0.488753 0.488930 

40 (3,3,4) 0.481250 (2,5,3) 0.488753 0.488930 

41 (3,4,3) 0.487930 (2,5,3) 0.488753 0.488930 
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42 (3,5,2) 0.485531 (2,5,3) 0.488753 0.488930 

43 (3,6,1) 0.469585 (2,5,3) 0.488753 0.488930 

44 (3,7,0) 0.424500 (2,5,3) 0.488753 0.488930 

45 (4,6,0) 0.423651 (2,5,3) 0.488753 0.488930 

46 (4,5,1) 0.468122 (2,5,3) 0.488753 0.488930 

47 (4,4,2) 0.482735 (2,5,3) 0.488753 0.488930 

48 (4,3,3) 0.482640 (2,5,3) 0.488753 0.488930 

49 (4,2,4) 0.471557 (2,5,3) 0.488753 0.488930 

50 (4,1,5) 0.448339 (2,5,3) 0.488753 0.488930 

51 (4,0,6) 0.406505 (2,5,3) 0.488753 0.488930 

52 (5,0,5) 0.414109 (2,5,3) 0.488753 0.488930 

53 (5,1,4) 0.452846 (2,5,3) 0.488753 0.488930 

54 (5,2,3) 0.471741 (2,5,3) 0.488753 0.488930 

55 (5,3,2) 0.476140 (2,5,3) 0.488753 0.488930 

56 (5,4,1) 0.464010 (2,5,3) 0.488753 0.488930 

57 (5,5,0) 0.421114 (2,5,3) 0.488753 0.488930 

58 (6,4,0) 0.416431 (2,5,3) 0.488753 0.488930 

59 (6,3,1) 0.456522 (2,5,3) 0.488753 0.488930 

60 (6,2,2) 0.464367 (2,5,3) 0.488753 0.488930 

61 (6,1,3) 0.452286 (2,5,3) 0.488753 0.488930 

62 (6,0,4) 0.417972 (2,5,3) 0.488753 0.488930 

63 (7,0,3) 0.416991 (2,5,3) 0.488753 0.488930 

64 (7,1,2) 0.444307 (2,5,3) 0.488753 0.488930 
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65 (7,2,1) 0.444068 (2,5,3) 0.488753 0.488930 

66 (7,3,0) 0.408623 (2,5,3) 0.488753 0.488930 

67 (8,2,0) 0.395768 (2,5,3) 0.488753 0.488930 

68 (8,1,1) 0.423307 (2,5,3) 0.488753 0.488930 

69 (8,0,2) 0.408547 (2,5,3) 0.488753 0.488930 

70 (9,0,1) 0.386467 (2,5,3) 0.488753 0.488930 

71 (9,1,0) 0.373917 (2,5,3) 0.488753 0.488930 

72 (10,0,0) 0.333782 (2,5,3) 0.488753 0.488930 

 

Buffer allocation: (2, 5, 3); Buffer allocation throughput = 0.488753 units/min 
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Appendix C 

Case study 1 – Buffer allocation using degraded ceiling algorithm 

Assumed value of ∆L = 0.0005 

 Tested Chosen  

Iteration Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (10,10,10,10,10) 0.473311 (10,10,10,10,10) 0.473311 0.473311 

2 (9,11,10,10,10) 0.475140 (9,11,10,10,10) 0.475140 0.473811 

3 (8,12,10,10,10) 0.476545 (8,12,10,10,10) 0.476545 0.474311 

4 (7,13,10,10,10) 0.477501 (7,13,10,10,10) 0.477501 0.474811 

5 (6,14,10,10,10) 0.477980 (6,14,10,10,10) 0.477980 0.475311 

6 (5,15,10,10,10) 0.477940 (5,15,10,10,10) 0.477940 0.475811 

7 (5,16,10,10,9) 0.479672 (5,16,10,10,9) 0.479672 0.476311 

8 (5,17,10,10,8) 0.481131 (5,17,10,10,8) 0.481131 0.476811 

9 (5,18,10,10,7) 0.482305 (5,18,10,10,7) 0.482305 0.477311 

10 (5,19,10,10,6) 0.483175 (5,19,10,10,6) 0.483175 0.477811 

11 (5,20,10,10,5) 0.483715 (5,20,10,10,5) 0.483715 0.478311 

12 (5,21,10,10,4) 0.483895 (5,21,10,10,4) 0.483895 0.478811 

13 (5,22,10,10,3) 0.483674 (5,22,10,10,3) 0.483674 0.479311 

14 (5,22,11,9,3) 0.485715 (5,22,11,9,3) 0.485715 0.479811 

15 (5,22,12,8,3) 0.487433 (5,22,12,8,3) 0.487433 0.480311 

16 (5,22,13,7,3) 0.488847 (5,22,13,7,3) 0.488847 0.480811 

17 (5,22,14,6,3) 0.489971 (5,22,14,6,3) 0.489971 0.481311 

18 (5,22,15,5,3) 0.490813 (5,22,15,5,3) 0.490813 0.481811 
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19 (5,22,16,4,3) 0.491377 (5,22,16,4,3) 0.491377 0.482311 

20 (5,22,17,3,3) 0.491663 (5,22,17,3,3) 0.491663 0.482811 

21 (5,22,18,2,3) 0.491665 (5,22,18,2,3) 0.491665 0.483311 

22 (5,22,19,1,3) 0.491372 (5,22,19,1,3) 0.491372 0.483811 

23 (6,21,19,1,3) 0.492056 (6,21,19,1,3) 0.492056 0.484311 

24 (7,20,19,1,3) 0.492322 (7,20,19,1,3) 0.492322 0.484811 

25 (8,19,19,1,3) 0.492214 (8,19,19,1,3) 0.492214 0.485311 

26 (7,20,19,1,3) 0.492322 (7,20,19,1,3) 0.492322 0.485811 

27 (7,19,20,1,3) 0.492511 (7,19,20,1,3) 0.492511 0.486311 

28 (7,18,21,1,3) 0.492534 (7,18,21,1,3) 0.492534 0.486811 

29 (7,17,22,1,3) 0.492391 (7,17,22,1,3) 0.492391 0.487311 

30 (7,18,21,1,3) 0.492534 (7,18,21,1,3) 0.492534 0.487811 

31 (7,18,20,2,3) 0.492994 (7,18,20,2,3) 0.492994 0.488311 

32 (7,18,19,3,3) 0.493169 (7,18,19,3,3) 0.493169 0.488811 

33 (7,18,18,4,3) 0.493073 (7,18,18,4,3) 0.493073 0.489311 

34 (7,18,19,3,3) 0.493169 (7,18,19,3,3) 0.493169 0.489811 

35 (7,17,19,4,3) 0.493144 (7,17,19,4,3) 0.493144 0.490311 

36 (7,18,19,3,3) 0.493169 (7,18,19,3,3) 0.493169 0.490811 

37 (7,17,19,3,4) 0.493603 (7,17,19,3,4) 0.493603 0.491311 

38 (7,16,19,3,5) 0.493583 (7,16,19,3,5) 0.493583 0.491811 

39 (7,17,19,3,4) 0.493603 (7,17,19,3,4) 0.493603 0.492311 

40 (6,18,19,3,4) 0.493487 (6,18,19,3,4) 0.493487 0.492811 

41 (7,17,19,3,4) 0.493603 (7,17,19,3,4) 0.493603 0.493311 
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42 (6,17,20,3,4) 0.493433 (6,17,20,3,4) 0.493433 0.493811 

43 (7,17,19,3,4) 0.493603 (7,17,19,3,4) 0.493603 0.494311 

44 (6,17,19,4,4) 0.493342 (7,17,19,3,4) 0.493603 0.494311 

45 (6,17,19,3,5) 0.493536 (7,17,19,3,4) 0.493603 0.494311 

46 (7,17,19,3,4) 0.493603 (7,17,19,3,4) 0.493603 0.494811 

47 (7,16,20,3,4) 0.493479 (7,17,19,3,4) 0.493603 0.494811 

48 (7,16,19,4,4) 0.493387 (7,17,19,3,4) 0.493603 0.494811 

49 (7,16,19,3,5) 0.493583 (7,17,19,3,4) 0.493603 0.494811 

50 (7,17,19,3,4) 0.493603 (7,17,19,3,4) 0.493603 0.495311 

51 (7,17,18,4,4) 0.493430 (7,17,19,3,4) 0.493603 0.495311 

52 (7,17,18,3,5) 0.493629 (7,17,18,3,5) 0.493629 0.495811 

53 (8,17,18,2,5) 0.493396 (7,17,18,3,5) 0.493629 0.495811 

54 (7,18,18,2,5) 0.493617 (7,17,18,3,5) 0.493629 0.495811 

55 (7,17,19,2,5) 0.493682 (7,17,19,2,5) 0.493682 0.496311 

56 (7,17,18,3,5) 0.493629 (7,17,19,2,5) 0.493682 0.496311 

57 (7,17,18,2,6) 0.493479 (7,17,19,2,5) 0.493682 0.496311 

58 (8,17,18,2,5) 0.493396 (7,17,19,2,5) 0.493682 0.496311 

59 (8,18,18,2,4) 0.493194 (7,17,19,2,5) 0.493682 0.496311 

60 (8,17,19,2,4) 0.493299 (7,17,19,2,5) 0.493682 0.496311 

61 (8,17,18,3,4) 0.493315 (7,17,19,2,5) 0.493682 0.496311 

62 (8,18,18,2,4) 0.493194 (7,17,19,2,5) 0.493682 0.496311 

63 (8,17,19,2,4) 0.493299 (7,17,19,2,5) 0.493682 0.496311 

64 (9,16,19,2,4) 0.492717 (7,17,19,2,5) 0.493682 0.496311 
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65 (8,16,20,2,4) 0.493215 (7,17,19,2,5) 0.493682 0.496311 

66 (8,16,19,3,4) 0.493311 (7,17,19,2,5) 0.493682 0.496311 

67 (8,16,19,2,5) 0.493391 (7,17,19,2,5) 0.493682 0.496311 

68 (8,17,19,1,5) 0.493234 (7,17,19,2,5) 0.493682 0.496311 

69 (8,16,20,1,5) 0.493151 (7,17,19,2,5) 0.493682 0.496311 

70 (8,16,19,1,6) 0.493086 (7,17,19,2,5) 0.493682 0.496311 

 

Buffer allocation: (7, 17, 19, 2, 5); Buffer allocation throughput = 0.493682 units/min 



130 

   

Appendix D 

Case study 1 – Buffer allocation using Harris and Powell (1999) buffer allocation algorithm 

Stage  Buffer Allocation Throughput 

0 Initial allocation (10,10,10,10,10)  

 Initial Simplex (10,9,11,10,10) 0.473583 

  (10,10,10,10,10) 0.473311 

  (11,9,10,10,10) 0.471071 

  (10,9,10,11,10) 0.470679 

  (10,9,10,10,11) 0.470520 

1 Reflection (10,9,12,10,9) F  

 New simplex (10,9,12,10,9) 0.476239 

  (10,9,11,10,10) 0.473583 

  (10,10,10,10,10) 0.473311 

  (11,9,10,10,10) 0.471071 

  (10,9,10,11,10) 0.470679 

2 Reflection (10,9,14,9,8) F  

 New simplex (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

  (10,9,11,10,10) 0.473583 

  (10,10,10,10,10) 0.473311 

  (11,9,10,10,10) 0.471071 

3 Reflection (9,9,18,8,6) F  

 New simplex (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

  (10,9,11,10,10) 0.473583 

  (10,10,10,10,10) 0.473311 

4 Reflection (8,8,26,6,2) F  

 New simplex (9,9,18,8,6) 0.485567 

  (8,8,26,6,2) 0.484702 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

  (10,9,11,10,10) 0.473583 

5 Reflection (8,9,25,6,2) F  

 New simplex (8,9,25,6,2) 0.486394 

  (9,9,18,8,6) 0.485567 

  (8,8,26,6,2) 0.484702 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

6 Reflection (6,9,38,2,-5) NF  

  (6,9,36,3,-4) NF  
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  (8,10,24,6,2) F  

 New simplex (8,10,24,6,2) 0.487825 

  (8,9,25,6,2) 0.486394 

  (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

7 Reflection (6,11,36,2,-5) NF  

  (6,11,34,3,-4) NF  

  (7,11,30,4,-2) NF  

  (8,11,23,6,2) F  

 New simplex (8,11,23,6,2) 0.489011 

  (8,10,24,6,2) 0.487825 

  (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

8 Reflection (6,13,34,2,-5) NF  

  (6,13,32,3,-4) NF  

  (7,13,28,4,-2) NF  

  (8,12,22,6,2) F  

 New simplex (8,12,22,6,2) 0.489967 

  (8,11,23,6,2) 0.489011 

  (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

9 Reflection (6,15,32,2,-5) NF  

  (6,15,30,3,-4) NF  

  (7,15,26,4,-2) NF  

  (8,13,21,6,2) F  

 New simplex (8,13,21,6,2) 0.490700 

  (8,12,22,6,2) 0.489967 

  (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

10 Reflection (6,17,30,2,-5) NF  

  (6,17,28,3,-4) NF  

  (7,17,14,4,-2) NF  

  (8,14,20,6,2) F  

 New simplex (8,14,20,6,2) 0.491219 

  (8,13,21,6,2) 0.490700 

  (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 
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  (10,9,12,10,9) 0.476239 

11 Reflection (6,19,28,2,-5) NF  

  (6,19,26,3,-4) NF  

  (7,19,22,4,-2) NF  

  (8,15,19,6,2) F  

 New simplex (8,15,19,6,2) 0.491527 

  (8,14,20,6,2) 0.491219 

  (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

12 Reflection (6,21,26,2,-5) NF  

  (6,21,24,3,-4) NF  

  (7,21,20,4,-2) NF  

  (8,16,18,6,2) F  

 New simplex (8,16,18,6,2) 0.491628 

  (8,15,19,6,2) 0.491527 

  (9,9,18,8,6) 0.485567 

  (10,9,14,9,8) 0.480500 

  (10,9,12,10,9) 0.476239 

13 Reflection (6,23,24,2,-5) NF  

  (6,23,22,3,-4) NF  

  (7,23,18,4,-2) NF  

  (8,17,17,6,2) F 0.491523 

  Reflection is no improvement  

14 New simplex (8,16,17,6,3) 0.492043 

  (8,16,18,6,2) 0.491628 

  (8,17,17,6,2) 0.491523 

  (8,16,17,7,2) 0.491035 

  (9,16,17,6,2) 0.490908 

15 Reflection (7,16,17,6,4) F  

 New simplex (7,16,17,6,4) 0.492452 

  (8,16,17,6,3) 0.492043 

  (8,16,18,6,2) 0.491628 

  (8,17,17,6,2) 0.491523 

  (8,16,17,7,2) 0.491035 

16 Reflection (6,16,17,5,6) F  

 New simplex (7,16,17,6,4) 0.492452 

  (6,16,17,5,6) 0.492326 

  (8,16,17,6,3) 0.492043 

  (8,16,18,6,2) 0.491628 

  (8,17,17,6,2) 0.491523 
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17 Reflection (6,15,17,6,6) F 0.491500 

  Reflection is no improvement  

18 New simplex (7,16,17,6,4) 0.492452 

  (7,17,16,6,4) 0.492302 

  (7,16,16,6,5) 0.492074 

  (8,16,16,6,4) 0.491983 

  (7,16,16,7,4) 0.491616 

19 Reflection (7,16,18,5,4) F  

 New simplex (7,16,18,5,4) 0.493043 

  (7,16,17,6,4) 0.492452 

  (7,17,16,6,4) 0.492302 

  (7,16,16,6,5) 0.492074 

  (8,16,16,6,4) 0.491983 

20 Reflection (6,16,20,4,4) F  

 New simplex (6,16,20,4,4) 0.493179 

  (7,16,18,5,4) 0.493043 

  (7,16,17,6,4) 0.492452 

  (7,17,16,6,4) 0.492302 

  (7,16,16,6,5) 0.492074 

21 Reflection (5,16,24,2,3) F 0.491425 

  Reflection is no improvement  

22 New simplex (7,16,19,4,4) 0.493387 

  (6,17,19,4,4) 0.493342 

  (6,16,19,4,5) 0.493210 

  (6,16,20,4,4) 0.493179 

  (6,16,19,5,4) 0.492921 

23 Reflection (8,16,19,3,4) F  

  (7,16,19,4,4) 0.493387 

  (6,17,19,4,4) 0.493342 

  (8,16,19,3,4) 0.493311 

  (6,16,19,4,5) 0.493210 

  (6,16,20,4,4) 0.493179 

24 Reflection (8,16,18,4,4) F 0.493133 

  Reflection is no improvement  

25 New simplex (7,17,18,4,4) 0.493430 

  (7,16,19,4,4) 0.493387 

  (7,16,18,4,5) 0.493341 

  (8,16,18,4,4) 0.493133 

  (7,16,18,5,4) 0.493043 

26 Reflection (7,18,18,3,4) F  

  (7,18,18,3,4) 0.493537 
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  (7,17,18,4,4) 0.493430 

  (7,16,19,4,4) 0.493387 

  (7,16,18,4,5) 0.493341 

  (8,16,18,4,4) 0.493133 

27 Reflection (6,20,18,2,4) F 0.493119 

  Reflection is no improvement  

28 New simplex (7,17,18,3,5) 0.493629 

  (7,17,19,3,4) 0.493603 

  (7,18,18,3,4) 0.493537 

  (7,17,18,4,4) 0.493430 

  (8,17,18,3,4) 0.493315 

29 Reflection (6,17,18,3,6) F 0.493274 

  Reflection is no improvement  

30 New simplex (7,17,18,3,5) 0.493629 

  (7,18,17,3,5) 0.493477 

  (7,17,17,4,5) 0.493297 

  (7,17,17,3,6) 0.493274 

  (8,17,17,3,5) 0.493252 

31 Reflection (6,17,19,3,5) F  

 New simplex (7,17,18,3,5) 0.493629 

  (6,17,19,3,5) 0.493536 

  (7,18,17,3,5) 0.493477 

  (7,17,17,4,5) 0.493297 

  (7,17,17,3,6) 0.493274 

32 Reflection (7,17,19,3,4) F  

 New simplex (7,17,18,3,5) 0.493629 

  (7,17,19,3,4) 0.493603 

  (6,17,19,3,5) 0.493536 

  (7,18,17,3,5) 0.493477 

  (7,17,17,4,5) 0.493297 

33 Reflection (7,17,19,2,5) F  

 New simplex (7,17,19,2,5) 0.493682 

  (7,17,18,3,5) 0.493629 

  (7,17,19,3,4) 0.493603 

  (6,17,19,3,5) 0.493536 

  (7,18,17,3,5) 0.493477 

34 Reflection (7,16,21,1,5) F 0.493249 

  Reflection is no improvement  

35 New simplex (7,17,19,2,5) 0.493682 

  (7,17,18,3,5) 0.493629 

  (7,18,18,2,5) 0.493617 
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  (7,17,18,2,6) 0.493479 

  (8,17,18,2,5) 0.493396 

36 Reflection (6,17,20,2,5) F  

 New simplex (7,17,19,2,5) 0.493682 

  (7,17,18,3,5) 0.493629 

  (7,18,18,2,5) 0.493617 

  (6,17,20,2,5) 0.493510 

  (7,17,18,2,6) 0.493479 

37 Reflection (7,17,20,2,4) F  

 New simplex (7,17,19,2,5) 0.493682 

  (7,17,18,3,5) 0.493629 

  (7,18,18,2,5) 0.493617 

  (6,17,20,2,5) 0.493510 

  (7,17,20,2,4) 0.493505 

38 Reflection (7,17,18,2,6) F 0.493479 

  Reflection is no improvement  

39 New simplex (7,17,19,2,5) 0.493682 

  (7,17,18,3,5) 0.493629 

  (7,18,18,2,5) 0.493617 

  (7,17,18,2,6) 0.493479 

  (8,17,18,2,5) 0.493396 

 
Candidate allocations same 

as a previous iteration 
  

 Search completed   

 

Buffer allocation: (7, 17, 19, 2, 5); Buffer allocation throughput = 0.493682 units/min 
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Case study 2 – Buffer allocation using degraded ceiling algorithm 

Assumed value of ∆L = 0.0005 

 Tested Chosen  

Iteration Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (3,3,3,3,4,3,3,3) 0.231976 (3,3,3,3,4,3,3,3) 0.231976 0.231976 

2 (2,3,3,3,5,3,3,3) 0.233324 (2,3,3,3,5,3,3,3) 0.233324 0.232476 

3 (1,3,3,3,6,3,3,3) 0.234257 (1,3,3,3,6,3,3,3) 0.234257 0.232976 

4 (0,3,3,3,7,3,3,3) 0.234756 (0,3,3,3,7,3,3,3) 0.234756 0.233476 

5 (0,2,3,3,8,3,3,3) 0.233053 (0,3,3,3,7,3,3,3) 0.234756 0.233476 

6 (0,2,3,3,8,4,3,2) 0.235184 (0,2,3,3,8,4,3,2) 0.235184 0.233976 

7 (0,2,3,3,8,5,3,1) 0.236858 (0,2,3,3,8,5,3,1) 0.236858 0.234476 

8 (0,2,3,3,8,6,3,0) 0.238084 (0,2,3,3,8,6,3,0) 0.238084 0.234976 

9 (0,2,3,3,7,7,3,0) 0.239123 (0,2,3,3,7,7,3,0) 0.239123 0.235476 

10 (0,2,3,3,7,8,2,0) 0.237725 (0,2,3,3,7,8,2,0) 0.237725 0.235976 

11 (0,2,3,3,7,7,3,0) 0.239123 (0,2,3,3,7,7,3,0) 0.239123 0.236476 

12 (0,1,3,3,7,7,4,0) 0.238382 (0,1,3,3,7,7,4,0) 0.238382 0.236976 

13 (0,2,3,3,7,7,3,0) 0.239123 (0,2,3,3,7,7,3,0) 0.239123 0.237476 

14 (0,2,2,3,7,7,4,0) 0.239787 (0,2,2,3,7,7,4,0) 0.239787 0.237976 

15 (0,2,1,3,7,7,5,0) 0.239556 (0,2,1,3,7,7,5,0) 0.239556 0.238476 

16 (0,2,2,3,7,7,4,0) 0.239787 (0,2,2,3,7,7,4,0) 0.239787 0.238976 

17 (0,2,2,2,7,7,5,0) 0.240116 (0,2,2,2,7,7,5,0) 0.240116 0.239476 

18 (0,2,2,1,7,7,6,0) 0.239821 (0,2,2,1,7,7,6,0) 0.239821 0.239976 
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19 (0,2,2,2,7,7,5,0) 0.240116 (0,2,2,2,7,7,5,0) 0.240116 0.240476 

20 (0,2,2,2,6,7,6,0) 0.241152 (0,2,2,2,6,7,6,0) 0.241152 0.240976 

21 (0,2,2,2,5,7,7,0) 0.241781 (0,2,2,2,5,7,7,0) 0.241781 0.241476 

22 (0,2,2,2,4,7,8,0) 0.242013 (0,2,2,2,4,7,8,0) 0.242013 0.241976 

23 (0,2,2,2,3,7,9,0) 0.241855 (0,2,2,2,4,7,8,0) 0.242013 0.241976 

24 (0,2,2,2,4,7,8,0) 0.242013 (0,2,2,2,4,7,8,0) 0.242013 0.242476 

25 (0,3,2,2,3,7,8,0) 0.244130 (0,3,2,2,3,7,8,0) 0.244130 0.242976 

26 (0,4,2,2,2,7,8,0) 0.245396 (0,4,2,2,2,7,8,0) 0.245396 0.243476 

27 (0,5,2,2,1,7,8,0) 0.245893 (0,5,2,2,1,7,8,0) 0.245893 0.243976 

28 (0,6,2,2,0,7,8,0) 0.245685 (0,6,2,2,0,7,8,0) 0.245685 0.244476 

29 (0,5,2,2,1,7,8,0) 0.245893 (0,5,2,2,1,7,8,0) 0.245893 0.244976 

30 (1,4,2,2,1,7,8,0) 0.244666 (0,5,2,2,1,7,8,0) 0.245893 0.244976 

31 (0,4,3,2,1,7,8,0) 0.245903 (0,4,3,2,1,7,8,0) 0.245903 0.245476 

32 (0,3,4,2,1,7,8,0) 0.245307 (0,4,3,2,1,7,8,0) 0.245903 0.245476 

33 (0,3,3,3,1,7,8,0) 0.245541 (0,3,3,3,1,7,8,0) 0.245541 0.245976 

34 (0,3,3,2,2,7,8,0) 0.244972 (0,3,3,3,1,7,8,0) 0.245541 0.245976 

35 (0,3,3,2,1,8,8,0) 0.244902 (0,3,3,3,1,7,8,0) 0.245541 0.245976 

36 (0,3,3,2,1,7,9,0) 0.244674 (0,3,3,3,1,7,8,0) 0.245541 0.245976 

37 (0,3,3,2,1,7,8,1) 0.243809 (0,3,3,3,1,7,8,0) 0.245541 0.245976 

38 (1,3,2,2,1,7,8,1) 0.242590 (0,3,3,3,1,7,8,0) 0.245541 0.245976 

39 (1,4,2,2,1,7,8,0) 0.244666 (0,3,3,3,1,7,8,0) 0.245541 0.245976 

40 (0,5,2,2,1,7,8,0) 0.245893 (0,5,2,2,1,7,8,0) 0.245893 0.246476 

41 (0,4,2,3,1,7,8,0) 0.245961 (0,4,2,3,1,7,8,0) 0.245961 0.246976 
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42 (0,4,1,4,1,7,8,0) 0.245553 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

43 (0,4,1,3,2,7,8,0) 0.245094 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

44 (0,4,1,3,1,8,8,0) 0.245026 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

45 (0,4,1,3,1,7,9,0) 0.244799 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

46 (0,4,1,3,1,7,8,1) 0.243938 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

47 (0,4,2,2,1,7,8,1) 0.244236 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

48 (0,5,2,2,1,7,8,0) 0.245893 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

49 (0,4,2,2,2,7,8,0) 0.245396 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

50 (0,4,2,2,1,8,8,0) 0.245331 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

51 (0,4,2,2,1,7,9,0) 0.245103 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

52 (0,4,2,2,1,7,8,1) 0.244236 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

53 (0,5,2,2,0,7,8,1) 0.244621 (0,4,2,3,1,7,8,0) 0.245961 0.246976 

54 (0,5,2,3,0,7,8,0) 0.246275 (0,5,2,3,0,7,8,0) 0.246275 0.247476 

55 (0,4,3,3,0,7,8,0) 0.246284 (0,4,3,3,0,7,8,0) 0.246284 0.247976 

56 (1,4,3,3,0,6,8,0) 0.245114 (0,4,3,3,0,7,8,0) 0.246284 0.247976 

57 (0,5,3,3,0,6,8,0) 0.246259 (0,4,3,3,0,7,8,0) 0.246284 0.247976 

58 (0,4,4,3,0,6,8,0) 0.246081 (0,4,3,3,0,7,8,0) 0.246284 0.247976 

59 (0,4,3,4,0,6,8,0) 0.246352 (0,4,3,4,0,6,8,0) 0.246352 0.248476 

60 (0,4,3,3,1,6,8,0) 0.246183 (0,4,3,4,0,6,8,0) 0.246352 0.248476 

61 (0,4,3,3,0,6,9,0) 0.245908 (0,4,3,4,0,6,8,0) 0.246352 0.248476 

62 (0,4,3,3,0,6,8,1) 0.244996 (0,4,3,4,0,6,8,0) 0.246352 0.248476 

63 (0,4,3,3,0,7,8,0) 0.246284 (0,4,3,4,0,6,8,0) 0.246352 0.248476 

64 (1,4,3,3,0,7,7,0) 0.245256 (0,4,3,4,0,6,8,0) 0.246352 0.248476 
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65 (0,5,3,3,0,7,7,0) 0.246397 (0,5,3,3,0,7,7,0) 0.246397 0.248976 

66 (0,4,4,3,0,7,7,0) 0.246219 (0,5,3,3,0,7,7,0) 0.246397 0.248976 

67 (0,4,3,4,0,7,7,0) 0.246488 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

68 (0,4,3,3,1,7,7,0) 0.246318 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

69 (0,4,3,3,0,8,7,0) 0.246281 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

70 (0,4,3,3,0,7,7,1) 0.245209 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

71 (0,4,4,3,0,7,7,0) 0.246219 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

72 (0,4,4,4,0,6,7,0) 0.246084 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

73 (0,4,4,4,0,7,6,0) 0.245958 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

74 (0,4,3,4,0,6,7,1) 0.245242 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

75 (1,4,3,4,0,6,7,0) 0.245144 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

76 (0,5,3,4,0,6,7,0) 0.246256 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

77 (0,5,4,4,0,6,6,0) 0.245371 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

78 (0,5,4,3,0,7,6,0) 0.245718 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

79 (0,4,4,3,1,7,6,0) 0.245885 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

80 (0,5,3,3,0,8,6,0) 0.246138 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

81 (0,5,2,3,0,8,7,0) 0.246272 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

82 (0,4,2,3,0,8,8,0) 0.245807 (0,4,3,4,0,7,7,0) 0.246488 0.249476 

 

Buffer allocation: (0,4,3,4,0,7,7,0); Buffer allocation throughput = 0.246488 units/min 



140 

   

Appendix F 

Case study 2 – Buffer allocation using Harris and Powell (1999) buffer allocation algorithm 

Stage  Allocation Throughput 

0 Initial allocation (3,3,3,3,4,3,3,3) 0.231976 

 Initial Simplex (3,3,3,3,3,3,4,3) 0.233782 

  (3,3,3,3,3,4,3,3) 0.233402 

  (3,3,3,4,3,3,3,3) 0.232159 

  (3,3,3,3,4,3,3,3) 0.231976 

  (3,4,3,3,3,3,3,3) 0.231919 

  (3,3,4,3,3,3,3,3) 0.231667 

  (3,3,3,3,3,3,3,4) 0.230833 

  (4,3,3,3,3,3,3,3) 0.230232 

1 Reflection (2,3,3,3,3,3,5,3) F  

 New simplex (2,3,3,3,3,3,5,3) 0.236512 

  (3,3,3,3,3,3,4,3) 0.233782 

  (3,3,3,3,3,4,3,3) 0.233402 

  (3,3,3,4,3,3,3,3) 0.232159 

  (3,3,3,3,4,3,3,3) 0.231976 

  (3,4,3,3,3,3,3,3) 0.231919 

  (3,3,4,3,3,3,3,3) 0.231667 

  (3,3,3,3,3,3,3,4) 0.230833 

2 Reflection (1,3,3,3,3,3,7,2) F  

 New simplex (1,3,3,3,3,3,7,2) 0.240193 

  (2,3,3,3,3,3,5,3) 0.236512 

  (3,3,3,3,3,3,4,3) 0.233782 

  (3,3,3,3,3,4,3,3) 0.233402 

  (3,3,3,4,3,3,3,3) 0.232159 

  (3,3,3,3,4,3,3,3) 0.231976 

  (3,4,3,3,3,3,3,3) 0.231919 

  (3,3,4,3,3,3,3,3) 0.231667 

3 Reflection (-1,3,2,3,3,3,11,1) NF  

  (-1,2,3,3,3,3,11,1) NF  

  (-1,3,3,3,2,3,11,1) NF  

  (-1,3,3,2,3,3,11,1) NF  

  (-1,3,3,3,3,2,11,1) NF  

  (-1,3,3,3,3,3,10,1) NF  

  (0,3,3,3,3,3,9,1) F  

 New simplex (0,3,3,3,3,3,9,1) 0.242192 

  (1,3,3,3,3,3,7,2) 0.240193 

  (3,3,3,3,3,3,4,3) 0.233782 

  (3,3,3,3,3,4,3,3) 0.233402 

  (3,3,3,4,3,3,3,3) 0.232159 
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  (3,3,3,3,4,3,3,3) 0.231976 

  (3,4,3,3,3,3,3,3) 0.231919 

  (3,3,4,3,3,3,3,3) 0.231667 

4 Reflection (-3,3,2,3,3,3,15,-1) NF  

  (-3,2,3,3,3,3,15,-1) NF  

  (-3,3,3,3,2,3,15,-1) NF  

  (-3,3,3,2,3,3,15,-1) NF  

  (-3,3,3,3,3,2,15,-1) NF  

  (-3,3,3,3,3,3,14,-1) NF  

  (-1,3,3,3,3,3,11,0) NF  

5 New simplex (0,3,3,3,3,4,8,1) 0.243198 

  (0,4,3,3,3,3,8,1) 0.243044 

  (0,3,3,4,3,3,8,1) 0.242615 

  (0,3,4,3,3,3,8,1) 0.242476 

  (0,3,3,3,3,3,9,1) 0.242192 

  (0,3,3,3,4,3,8,1) 0.242132 

  (1,3,3,3,3,3,8,1) 0.241542 

  (0,3,3,3,3,3,8,2) 0.241069 

6 Reflection (0,3,3,3,3,5,8,0) F  

 New simplex (0,3,3,3,3,5,8,0) 0.244843 

  (0,3,3,3,3,4,8,1) 0.243198 

  (0,4,3,3,3,3,8,1) 0.243044 

  (0,3,3,4,3,3,8,1) 0.242615 

  (0,3,4,3,3,3,8,1) 0.242476 

  (0,3,3,3,3,3,9,1) 0.242192 

  (0,3,3,3,4,3,8,1) 0.242132 

  (1,3,3,3,3,3,8,1) 0.241542 

7 Reflection (-1,3,3,3,3,7,8,-1) NF  

 New simplex (0,3,3,3,2,7,8,-1) NF  

  (0,3,3,3,3,7,7,-1) NF  

  (0,3,2,3,3,7,8,-1) NF  

  (0,3,3,2,3,7,8,-1) NF  

  (0,2,3,3,3,7,8,-1) NF  

  (0,3,3,3,3,6,8,-1) NF  

8 New simplex (0,4,3,3,3,5,7,0) 0.245401 

  (0,3,3,3,3,6,7,0) 0.245132 

  (0,3,3,4,3,5,7,0) 0.244953 

  (0,3,3,3,3,5,8,0) 0.244843 

  (0,3,4,3,3,5,7,0) 0.244831 

  (0,3,3,3,4,5,7,0) 0.244452 

  (1,3,3,3,3,5,7,0) 0.243909 
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  (0,3,3,3,3,5,7,1) 0.243741 

9 Reflection (0,5,3,3,3,5,7,-1) NF  

  (-1,5,3,3,3,5,7,0) NF  

  (0,5,3,3,2,5,7,0) F  

 New simplex (0,5,3,3,2,5,7,0) 0.245630 

  (0,4,3,3,3,5,7,0) 0.245401 

  (0,3,3,3,3,6,7,0) 0.245132 

  (0,3,3,4,3,5,7,0) 0.244953 

  (0,3,3,3,3,5,8,0) 0.244843 

  (0,3,4,3,3,5,7,0) 0.244831 

  (1,3,3,3,3,5,7,0) 0.243909 

  (0,3,3,3,3,5,7,1) 0.243741 

10 Reflection (0,7,3,3,1,5,7,-1) NF  

  (-1,7,3,3,1,5,7,0) NF  

  (0,7,2,3,1,5,7,0) F 0.244513 

  Reflection is no improvement  

11 New simplex (0,5,3,3,2,6,6,0) 0.245654 

  (0,5,3,3,2,5,7,0) 0.245630 

  (0,5,3,4,2,5,6,0) 0.245150 

  (0,5,3,3,3,5,6,0) 0.244925 

  (0,5,4,3,2,5,6,0) 0.244737 

  (0,6,3,3,2,5,6,0) 0.244566 

  (0,5,3,3,2,5,6,1) 0.244264 

  (1,5,3,3,2,5,6,0) 0.243757 

12 Reflection (-1,5,3,3,2,7,6,0) NF  

  (0,5,3,3,2,7,6,-1) NF  

  (0,4,3,3,2,7,6,0) F  

 New simplex (0,4,3,3,2,7,6,0) 0.245902 

  (0,5,3,3,2,6,6,0) 0.245654 

  (0,5,3,3,2,5,7,0) 0.245630 

  (0,5,3,4,2,5,6,0) 0.245150 

  (0,5,3,3,3,5,6,0) 0.244925 

  (0,5,4,3,2,5,6,0) 0.244737 

  (0,5,3,3,2,5,6,1) 0.244264 

  (1,5,3,3,2,5,6,0) 0.243757 

13 Reflection (-1,3,3,3,2,9,6,0) NF  

  (0,3,3,3,2,9,6,-1) NF  

  (0,3,2,3,2,9,6,0) F 0.244532 

  Reflection is no improvement  

14 New simplex (0,4,3,3,2,6,7,0) 0.246024 

  (0,4,3,3,2,7,6,0) 0.245902 
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  (0,4,3,4,2,6,6,0) 0.245751 

  (0,5,3,3,2,6,6,0) 0.245654 

  (0,4,4,3,2,6,6,0) 0.245482 

  (0,4,3,3,3,6,6,0) 0.245425 

  (0,4,3,3,2,6,6,1) 0.244713 

  (1,4,3,3,2,6,6,0) 0.244537 

15 Reflection (-1,4,3,3,2,6,8,0) NF  

  (0,4,3,3,2,6,8,-1) NF  

  (0,4,3,3,1,6,8,0) F  

 New simplex (0,4,3,3,1,6,8,0) 0.246183 

  (0,4,3,3,2,6,7,0) 0.246024 

  (0,4,3,3,2,7,6,0) 0.245902 

  (0,4,3,4,2,6,6,0) 0.245751 

  (0,5,3,3,2,6,6,0) 0.245654 

  (0,4,4,3,2,6,6,0) 0.245482 

  (0,4,3,3,2,6,6,1) 0.244713 

  (1,4,3,3,2,6,6,0) 0.244537 

16 Reflection (-1,4,3,3,0,6,10,0) NF  

  (0,4,3,3,0,6,10,-1) NF  

  (0,4,2,3,0,6,10,0) F 0.244988 

  Reflection is no improvement  

17 New simplex (0,4,3,3,1,7,7,0) 0.246318 

  (0,4,3,4,1,6,7,0) 0.246277 

  (0,5,3,3,1,6,7,0) 0.246184 

  (0,4,3,3,1,6,8,0) 0.246183 

  (0,4,3,3,2,6,7,0) 0.246024 

  (0,4,4,3,1,6,7,0) 0.246009 

  (0,4,3,3,1,6,7,1) 0.245084 

  (1,4,3,3,1,6,7,0) 0.245053 

18 Reflection (-1,4,3,3,1,8,7,0) NF  

  (0,4,3,3,1,8,7,-1) NF  

  (0,4,2,3,1,8,7,0) F 0.245960 

  Reflection is no improvement  

19 New simplex (0,4,3,3,1,7,7,0) 0.246318 

  (0,4,3,4,1,7,6,0) 0.246152 

  (0,4,3,3,1,8,6,0) 0.246065 

  (0,5,3,3,1,7,6,0) 0.246059 

  (0,4,3,3,2,7,6,0) 0.245902 

  (0,4,4,3,1,7,6,0) 0.245885 

  (0,4,3,3,1,7,6,1) 0.245036 

  (1,4,3,3,1,7,6,0) 0.244934 
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20 Reflection (-1,4,3,3,1,7,8,0) NF  

  (0,4,3,3,1,7,8,-1) NF  

  (0,4,2,3,1,7,8,0) F  

 New simplex (0,4,3,3,1,7,7,0) 0.246318 

  (0,4,3,4,1,7,6,0) 0.246152 

  (0,4,3,3,1,8,6,0) 0.246065 

  (0,5,3,3,1,7,6,0) 0.246059 

  (0,4,2,3,1,7,8,0) 0.245961 

  (0,4,3,3,2,7,6,0) 0.245902 

  (0,4,3,3,1,7,6,1) 0.245036 

  (1,4,3,3,1,7,6,0) 0.244934 

21 Reflection (-1,4,3,3,1,7,8,0) NF  

  (0,4,3,3,1,7,8,-1) NF  

  (0,4,3,3,0,7,8,0) F  

 New simplex (0,4,3,3,1,7,7,0) 0.246318 

  (0,4,3,3,0,7,8,0) 0.246284 

  (0,4,3,4,1,7,6,0) 0.246152 

  (0,4,3,3,1,8,6,0) 0.246065 

  (0,5,3,3,1,7,6,0) 0.246059 

  (0,4,2,3,1,7,8,0) 0.245961 

  (0,4,3,3,1,7,6,1) 0.245036 

  (1,4,3,3,1,7,6,0) 0.244934 

22 Reflection (-1,4,3,3,1,7,8,0) NF  

  (0,4,3,3,1,7,8,-1) NF  

  (0,4,4,3,1,7,6,0) F 0.245885 

  Reflection is no improvement  

23 New simplex (0,4,3,3,1,7,7,0) 0.246318 

  (0,4,3,4,1,6,7,0) 0.246277 

  (0,5,3,3,1,6,7,0) 0.246184 

  (0,4,3,3,1,6,8,0) 0.246183 

  (0,4,3,3,2,6,7,0) 0.246024 

  (0,4,4,3,1,6,7,0) 0.246009 

  (0,4,3,3,1,6,7,1) 0.245084 

  (1,4,3,3,1,6,7,0) 0.245053 

 Candidate allocations same 

as a previous iteration 

  

 Search completed   

 

Buffer allocation: (0,4,3,3,1,7,7,0); Buffer allocation throughput = 0.246318 units/min 
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Case study 3 – Buffer allocation using degraded ceiling algorithm 

Assumed value of ∆L = 0.0005 

 Tested Chosen  

Iteration Buffer Allocation Throughput 

Rate 

(units/min) 

Buffer Allocation Throughput 

Rate TH(old) 

(units/min) 

L 

1 (2,2,3,3,3,3,3,3,3,3,2) 0.221358 (2,2,3,3,3,3,3,3,3,3,2) 0.221358 0.221358 

2 (1,2,3,3,3,3,4,3,3,3,2) 0.223264 (1,2,3,3,3,3,4,3,3,3,2) 0.223264 0.221858 

3 (0,2,3,3,3,3,5,3,3,3,2) 0.224982 (0,2,3,3,3,3,5,3,3,3,2) 0.224982 0.222358 

4 (0,1,3,3,3,3,6,3,3,3,2) 0.225823 (0,1,3,3,3,3,6,3,3,3,2) 0.225823 0.222858 

5 (0,0,3,3,3,3,7,3,3,3,2) 0.226422 (0,0,3,3,3,3,7,3,3,3,2) 0.226422 0.223358 

6 (0,0,2,3,3,3,7,4,3,3,2) 0.227522 (0,0,2,3,3,3,7,4,3,3,2) 0.227522 0.223858 

7 (0,0,1,3,3,3,7,5,3,3,2) 0.228518 (0,0,1,3,3,3,7,5,3,3,2) 0.228518 0.224358 

8 (0,0,0,3,3,3,7,6,3,3,2) 0.229390 (0,0,0,3,3,3,7,6,3,3,2) 0.229390 0.224858 

9 (0,0,0,2,3,3,7,7,3,3,2) 0.230043 (0,0,0,2,3,3,7,7,3,3,2) 0.230043 0.225358 

10 (0,0,0,1,3,3,7,8,3,3,2) 0.230606 (0,0,0,1,3,3,7,8,3,3,2) 0.230606 0.225858 

11 (0,0,0,0,3,3,7,9,3,3,2) 0.231081 (0,0,0,0,3,3,7,9,3,3,2) 0.231081 0.226358 

12 (0,0,0,0,2,3,7,10,3,3,2) 0.226632 (0,0,0,0,2,3,7,10,3,3,2) 0.226632 0.226858 

13 (0,0,0,0,4,3,7,9,3,3,1) 0.235887 (0,0,0,0,4,3,7,9,3,3,1) 0.235887 0.227358 

14 (0,0,0,0,5,3,7,9,3,3,0) 0.240055 (0,0,0,0,5,3,7,9,3,3,0) 0.240055 0.227858 

15 (0,0,0,0,6,3,7,9,3,2,0) 0.243454 (0,0,0,0,6,3,7,9,3,2,0) 0.243454 0.228358 

16 (0,0,0,0,7,3,7,9,3,1,0) 0.246344 (0,0,0,0,7,3,7,9,3,1,0) 0.246344 0.228858 

17 (0,0,0,0,8,3,7,9,3,0,0) 0.248767 (0,0,0,0,8,3,7,9,3,0,0) 0.248767 0.229358 

18 (0,0,0,0,9,3,7,9,2,0,0) 0.250121 (0,0,0,0,9,3,7,9,2,0,0) 0.250121 0.229858 
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19 (0,0,0,0,10,3,7,9,1,0,0) 0.251054 (0,0,0,0,10,3,7,9,1,0,0) 0.251054 0.230358 

20 (0,0,0,0,11,3,7,9,0,0,0) 0.251590 (0,0,0,0,11,3,7,9,0,0,0) 0.251590 0.230858 

21 (0,0,0,0,11,4,7,8,0,0,0) 0.254594 (0,0,0,0,11,4,7,8,0,0,0) 0.254594 0.231358 

22 (0,0,0,0,11,5,7,7,0,0,0) 0.256764 (0,0,0,0,11,5,7,7,0,0,0) 0.256764 0.231858 

23 (0,0,0,0,11,6,7,6,0,0,0) 0.258200 (0,0,0,0,11,6,7,6,0,0,0) 0.258200 0.232358 

24 (0,0,0,0,11,7,7,5,0,0,0) 0.258984 (0,0,0,0,11,7,7,5,0,0,0) 0.258984 0.232858 

25 (0,0,0,0,11,8,7,4,0,0,0) 0.259182 (0,0,0,0,11,8,7,4,0,0,0) 0.259182 0.233358 

26 (0,0,0,0,11,9,7,3,0,0,0) 0.258845 (0,0,0,0,11,9,7,3,0,0,0) 0.258845 0.233858 

27 (0,0,0,0,12,8,7,3,0,0,0) 0.258213 (0,0,0,0,12,8,7,3,0,0,0) 0.258213 0.234358 

28 (0,0,0,0,12,8,6,4,0,0,0) 0.258709 (0,0,0,0,12,8,6,4,0,0,0) 0.258709 0.234858 

29 (0,0,0,0,12,7,7,4,0,0,0) 0.258311 (0,0,0,0,12,7,7,4,0,0,0) 0.258311 0.235358 

30 (0,0,0,0,11,8,7,4,0,0,0) 0.259182 (0,0,0,0,11,8,7,4,0,0,0) 0.259182 0.235858 

31 (0,0,0,0,10,9,7,4,0,0,0) 0.259766 (0,0,0,0,10,9,7,4,0,0,0) 0.259766 0.236358 

32 (0,0,0,0,9,10,7,4,0,0,0) 0.260100 (0,0,0,0,9,10,7,4,0,0,0) 0.260100 0.236858 

33 (0,0,0,0,8,11,7,4,0,0,0) 0.260208 (0,0,0,0,8,11,7,4,0,0,0) 0.260208 0.237358 

34 (0,0,0,0,7,12,7,4,0,0,0) 0.260104 (0,0,0,0,7,12,7,4,0,0,0) 0.260104 0.237858 

35 (0,0,0,0,8,11,7,4,0,0,0) 0.260208 (0,0,0,0,8,11,7,4,0,0,0) 0.260208 0.238358 

36 (0,0,0,0,7,11,8,4,0,0,0) 0.260096 (0,0,0,0,7,11,8,4,0,0,0) 0.260096 0.238858 

37 (0,0,0,0,7,11,7,5,0,0,0) 0.260575 (0,0,0,0,7,11,7,5,0,0,0) 0.260575 0.239358 

38 (0,0,0,0,6,11,7,6,0,0,0) 0.260516 (0,0,0,0,6,11,7,6,0,0,0) 0.260516 0.239858 

39 (0,0,0,0,6,12,7,5,0,0,0) 0.260344 (0,0,0,0,6,12,7,5,0,0,0) 0.260344 0.240358 

40 (0,0,0,0,6,11,8,5,0,0,0) 0.260155 (0,0,0,0,6,11,8,5,0,0,0) 0.260155 0.240858 

41 (0,0,0,0,6,11,7,6,0,0,0) 0.260516 (0,0,0,0,6,11,7,6,0,0,0) 0.260516 0.241358 
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42 (0,0,0,0,7,11,7,5,0,0,0) 0.260575 (0,0,0,0,7,11,7,5,0,0,0) 0.260575 0.241858 

43 (0,0,0,0,8,10,7,5,0,0,0) 0.260571 (0,0,0,0,8,10,7,5,0,0,0) 0.260571 0.242358 

44 (0,0,0,0,7,10,8,5,0,0,0) 0.260278 (0,0,0,0,7,10,8,5,0,0,0) 0.260278 0.242858 

45 (0,0,0,0,7,10,7,6,0,0,0) 0.260641 (0,0,0,0,7,10,7,6,0,0,0) 0.260641 0.243358 

46 (0,0,0,0,8,10,6,6,0,0,0) 0.260863 (0,0,0,0,8,10,6,6,0,0,0) 0.260863 0.243858 

47 (0,0,0,0,8,11,5,6,0,0,0) 0.260815 (0,0,0,0,8,11,5,6,0,0,0) 0.260815 0.244358 

48 (0,0,0,0,8,10,5,7,0,0,0) 0.260970 (0,0,0,0,8,10,5,7,0,0,0) 0.260970 0.244858 

49 (0,0,0,0,9,10,5,6,0,0,0) 0.260703 (0,0,0,0,9,10,5,6,0,0,0) 0.260703 0.245358 

50 (1,0,0,0,8,10,5,6,0,0,0) 0.259212 (1,0,0,0,8,10,5,6,0,0,0) 0.259212 0.245858 

51 (0,1,0,0,8,10,5,6,0,0,0) 0.259632 (0,1,0,0,8,10,5,6,0,0,0) 0.259632 0.246358 

52 (0,0,1,0,8,10,5,6,0,0,0) 0.259303 (0,0,1,0,8,10,5,6,0,0,0) 0.259303 0.246858 

53 (0,0,0,1,8,10,5,6,0,0,0) 0.259383 (0,0,0,1,8,10,5,6,0,0,0) 0.259383 0.247358 

54 (0,0,0,0,8,10,5,6,1,0,0) 0.261132 (0,0,0,0,8,10,5,6,1,0,0) 0.261132 0.247858 

55 (0,0,0,0,8,10,5,5,1,1,0) 0.260427 (0,0,0,0,8,10,5,5,1,1,0) 0.260427 0.248358 

56 (0,0,0,0,8,10,5,5,1,0,1) 0.260168 (0,0,0,0,8,10,5,5,1,0,1) 0.260168 0.248858 

57 (0,0,0,0,8,10,5,6,1,0,0) 0.261132 (0,0,0,0,8,10,5,6,1,0,0) 0.261132 0.249358 

58 (0,0,0,0,9,9,5,6,1,0,0) 0.260872 (0,0,0,0,9,9,5,6,1,0,0) 0.260872 0.249858 

59 (0,0,0,0,8,9,6,6,1,0,0) 0.260841 (0,0,0,0,8,9,6,6,1,0,0) 0.260841 0.250358 

60 (0,0,0,0,8,9,5,7,1,0,0) 0.260898 (0,0,0,0,8,9,5,7,1,0,0) 0.260898 0.250858 

61 (0,0,0,0,8,9,5,6,2,0,0) 0.260994 (0,0,0,0,8,9,5,6,2,0,0) 0.260994 0.251358 

62 (0,0,0,0,9,9,5,5,2,0,0) 0.260924 (0,0,0,0,9,9,5,5,2,0,0) 0.260924 0.251858 

63 (0,0,0,0,8,10,5,5,2,0,0) 0.261186 (0,0,0,0,8,10,5,5,2,0,0) 0.261186 0.252358 

64 (0,0,0,0,8,9,6,5,2,0,0) 0.260893 (0,0,0,0,8,9,6,5,2,0,0) 0.260893 0.252858 
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65 (0,0,0,0,8,9,5,5,3,0,0) 0.260988 (0,0,0,0,8,9,5,5,3,0,0) 0.260988 0.253358 

66 (0,0,0,0,8,10,5,5,2,0,0) 0.261186 (0,0,0,0,8,10,5,5,2,0,0) 0.261186 0.253858 

67 (1,0,0,0,8,10,5,5,1,0,0) 0.259319 (1,0,0,0,8,10,5,5,1,0,0) 0.259319 0.254358 

68 (0,1,0,0,8,10,5,5,1,0,0) 0.259742 (0,1,0,0,8,10,5,5,1,0,0) 0.259742 0.254858 

69 (0,0,1,0,8,10,5,5,1,0,0) 0.259410 (0,0,1,0,8,10,5,5,1,0,0) 0.259410 0.255358 

70 (0,0,0,1,8,10,5,5,1,0,0) 0.259491 (0,0,0,1,8,10,5,5,1,0,0) 0.259491 0.255858 

71 (0,0,0,0,9,10,5,5,1,0,0) 0.260820 (0,0,0,0,9,10,5,5,1,0,0) 0.260820 0.256358 

72 (0,0,0,0,8,11,5,5,1,0,0) 0.260933 (0,0,0,0,8,11,5,5,1,0,0) 0.260933 0.256858 

73 (0,0,0,0,8,10,6,5,1,0,0) 0.260979 (0,0,0,0,8,10,6,5,1,0,0) 0.260979 0.257358 

74 (0,0,0,0,8,10,5,6,1,0,0) 0.261132 (0,0,0,0,8,10,5,6,1,0,0) 0.261132 0.257858 

75 (0,0,0,0,8,10,5,5,1,1,0) 0.260427 (0,0,0,0,8,10,5,5,1,1,0) 0.260427 0.258358 

76 (0,0,0,0,8,10,5,5,1,0,1) 0.260168 (0,0,0,0,8,10,5,5,1,0,1) 0.260168 0.258858 

77 (0,0,0,0,8,10,4,6,1,0,1) 0.260182 (0,0,0,0,8,10,4,6,1,0,1) 0.260182 0.259358 

78 (1,0,0,0,8,10,4,6,1,0,0) 0.259348 (0,0,0,0,8,10,4,6,1,0,1) 0.260182 0.259358 

79 (0,1,0,0,8,10,4,6,1,0,0) 0.259777 (0,1,0,0,8,10,4,6,1,0,0) 0.259777 0.259858 

80 (0,0,1,0,8,10,4,6,1,0,0) 0.259441 (0,1,0,0,8,10,4,6,1,0,0) 0.259777 0.259858 

81 (0,0,0,1,8,10,4,6,1,0,0) 0.259523 (0,1,0,0,8,10,4,6,1,0,0) 0.259777 0.259858 

82 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.260358 

83 (0,0,0,0,8,10,3,6,2,1,0) 0.260337 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.260358 

84 (0,0,0,0,8,10,3,6,2,0,1) 0.260081 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.260358 

85 (0,0,0,0,8,9,4,6,2,0,1) 0.260002 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.260358 

86 (0,0,0,0,8,9,4,6,2,1,0) 0.260253 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.260358 

87 (0,0,0,0,8,9,4,6,3,0,0) 0.260954 (0,0,0,0,8,9,4,6,3,0,0) 0.260954 0.260858 
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88 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

89 (0,0,0,1,8,9,4,6,2,0,0) 0.259453 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

90 (0,0,1,0,8,9,4,6,2,0,0) 0.259363 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

91 (0,1,0,0,8,9,4,6,2,0,0) 0.259731 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

92 (1,0,0,0,8,9,4,6,2,0,0) 0.259261 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

93 (1,0,0,0,7,10,4,6,2,0,0) 0.259415 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

94 (0,1,0,0,7,10,4,6,2,0,0) 0.259885 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

95 (0,0,1,0,7,10,4,6,2,0,0) 0.259517 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

96 (0,0,0,1,7,10,4,6,2,0,0) 0.259607 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

97 (0,0,0,0,7,10,4,6,3,0,0) 0.261107 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

98 (0,0,0,0,7,10,4,6,2,1,0) 0.260406 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

99 (0,0,0,0,7,10,4,6,2,0,1) 0.260155 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

100 (0,0,0,0,7,9,4,6,3,0,1) 0.259667 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

101 (0,0,0,0,7,9,4,7,2,0,1) 0.259649 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

102 (0,0,0,0,7,9,5,6,2,0,1) 0.259761 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

103 (0,0,0,0,8,9,4,6,2,0,1) 0.260002 (0,0,0,0,8,10,4,6,2,0,0) 0.261195 0.261358 

 

Buffer allocation: (0,0,0,0,8,10,4,6,2,0,0); Buffer allocation throughput = 0. 261195 units/min 
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Case study 3 – Buffer allocation using Harris and Powell (1999) buffer allocation algorithm 

Stage  Buffer Allocation Throughput 

0 Initial allocation (2,2,3,3,3,3,3,3,3,3,2) 0.221358 

 Initial Simplex (2,2,2,3,3,4,3,3,3,3,2) 0.227114 

  (2,2,2,3,4,3,3,3,3,3,2) 0.225645 

  (2,2,2,3,3,3,4,3,3,3,2) 0.222987 

  (2,2,2,3,3,3,3,4,3,3,2) 0.222618 

  (2,2,2,3,3,3,3,3,4,3,2) 0.222292 

  (2,3,2,3,3,3,3,3,3,3,2) 0.221727 

  (2,2,2,4,3,3,3,3,3,3,2) 0.221615 

  (2,2,2,3,3,3,3,3,3,4,2) 0.221538 

  (2,2,3,3,3,3,3,3,3,3,2) 0.221358 

  (2,2,2,3,3,3,3,3,3,3,3) 0.221234 

  (3,2,2,3,3,3,3,3,3,3,2) 0.221021 

1 Reflection (1,2,2,3,3,5,3,3,3,3,2) F  

 New simplex (1,2,2,3,3,5,3,3,3,3,2) 0.232339 

  (2,2,2,3,3,4,3,3,3,3,2) 0.227114 

  (2,2,2,3,4,3,3,3,3,3,2) 0.225645 

  (2,2,2,3,3,3,4,3,3,3,2) 0.222987 

  (2,2,2,3,3,3,3,4,3,3,2) 0.222618 

  (2,2,2,3,3,3,3,3,4,3,2) 0.222292 

  (2,3,2,3,3,3,3,3,3,3,2) 0.221727 

  (2,2,2,4,3,3,3,3,3,3,2) 0.221615 

  (2,2,2,3,3,3,3,3,3,4,2) 0.221538 

  (2,2,3,3,3,3,3,3,3,3,2) 0.221358 

  (2,2,2,3,3,3,3,3,3,3,3) 0.221234 

2 Reflection (0,2,2,3,3,7,3,3,3,3,1) F  

  (0,2,2,3,3,7,3,3,3,3,1) 0.240389 

  (1,2,2,3,3,5,3,3,3,3,2) 0.232339 

  (2,2,2,3,3,4,3,3,3,3,2) 0.227114 

  (2,2,2,3,4,3,3,3,3,3,2) 0.225645 

  (2,2,2,3,3,3,4,3,3,3,2) 0.222987 

  (2,2,2,3,3,3,3,4,3,3,2) 0.222618 

  (2,2,2,3,3,3,3,3,4,3,2) 0.222292 

  (2,3,2,3,3,3,3,3,3,3,2) 0.221727 

  (2,2,2,4,3,3,3,3,3,3,2) 0.221615 

  (2,2,2,3,3,3,3,3,3,4,2) 0.221538 

  (2,2,3,3,3,3,3,3,3,3,2) 0.221358 

3 Reflection (-2,2,1,3,3,11,3,3,3,3,0) NF  

  (-2,2,2,3,3,11,3,3,3,2,0) NF  
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  (-2,2,2,2,3,11,3,3,3,3,0) NF  

  (-2,1,2,3,3,11,3,3,3,3,0) NF  

  (-2,2,2,3,3,11,3,3,2,3,0) NF  

  (-2,2,2,3,3,11,3,2,3,3,0) NF  

  (-2,2,2,3,3,11,2,3,3,3,0) NF  

  (-2,2,2,3,2,11,3,3,3,3,0) NF  

  (-2,2,2,3,3,10,3,3,3,3,0) NF  

  (-1,2,2,3,3,9,3,3,3,3,0) NF  

4 New simplex (0,2,2,3,3,7,3,3,3,3,1) 0.240389 

  (0,2,2,3,4,6,3,3,3,3,1) 0.240241 

  (0,2,2,3,3,6,4,3,3,3,1) 0.238345 

  (0,2,2,3,3,6,3,4,3,3,1) 0.238089 

  (0,2,2,3,3,6,3,3,4,3,1) 0.237816 

  (0,2,2,3,3,6,3,3,3,4,1) 0.237083 

  (0,3,2,3,3,6,3,3,3,3,1) 0.237067 

  (0,2,2,4,3,6,3,3,3,3,1) 0.236874 

  (0,2,2,3,3,6,3,3,3,3,2) 0.236826 

  (0,2,3,3,3,6,3,3,3,3,1) 0.236690 

  (1,2,2,3,3,6,3,3,3,3,1) 0.236524 

5 Reflection (-1,2,2,3,3,8,3,3,3,3,1) NF  

  (0,2,1,3,3,8,3,3,3,3,1) F  

 New simplex (0,2,1,3,3,8,3,3,3,3,1) 0.243603 

  (0,2,2,3,3,7,3,3,3,3,1) 0.240389 

  (0,2,2,3,4,6,3,3,3,3,1) 0.240241 

  (0,2,2,3,3,6,4,3,3,3,1) 0.238345 

  (0,2,2,3,3,6,3,4,3,3,1) 0.238089 

  (0,2,2,3,3,6,3,3,4,3,1) 0.237816 

  (0,2,2,3,3,6,3,3,3,4,1) 0.237083 

  (0,3,2,3,3,6,3,3,3,3,1) 0.237067 

  (0,2,2,4,3,6,3,3,3,3,1) 0.236874 

  (0,2,2,3,3,6,3,3,3,3,2) 0.236826 

  (1,2,2,3,3,6,3,3,3,3,1) 0.236524 

6 Reflection (-1,2,0,3,3,10,3,3,3,3,1) NF  

  (0,2,0,3,3,10,3,3,3,3,0) F  

 New simplex (0,2,0,3,3,10,3,3,3,3,0) 0.248482 

  (0,2,1,3,3,8,3,3,3,3,1) 0.243603 

  (0,2,2,3,3,7,3,3,3,3,1) 0.240389 

  (0,2,2,3,4,6,3,3,3,3,1) 0.240241 

  (0,2,2,3,3,6,4,3,3,3,1) 0.238345 

  (0,2,2,3,3,6,3,4,3,3,1) 0.238089 

  (0,2,2,3,3,6,3,3,4,3,1) 0.237816 
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  (0,2,2,3,3,6,3,3,3,4,1) 0.237083 

  (0,3,2,3,3,6,3,3,3,3,1) 0.237067 

  (0,2,2,4,3,6,3,3,3,3,1) 0.236874 

  (1,2,2,3,3,6,3,3,3,3,1) 0.236524 

7 Reflection (-1,2,-2,3,3,14,3,3,3,3,-1) NF  

  (0,2,-2,2,3,14,3,3,3,3,-1) NF  

  (0,1,-2,3,3,14,3,3,3,3,-1) NF  

  (0,2,-2,3,3,14,3,3,3,2,-1) NF  

  (0,2,-2,3,3,14,3,3,2,3,-1) NF  

  (0,2,-2,3,3,14,3,2,3,3,-1) NF  

  (0,2,-2,3,3,14,2,3,3,3,-1) NF  

  (0,2,-2,3,2,14,3,3,3,3,-1) NF  

  (0,2,-2,3,3,13,3,3,3,3,-1) NF  

  (0,2,-1,3,3,12,3,3,3,3,-1) NF  

8 New simplex (0,2,0,3,4,9,3,3,3,3,0) 0.249004 

  (0,2,0,3,3,10,3,3,3,3,0) 0.248482 

  (0,2,0,3,3,9,4,3,3,3,0) 0.247759 

  (0,2,0,3,3,9,3,4,3,3,0) 0.247587 

  (0,2,0,3,3,9,3,3,4,3,0) 0.247350 

  (0,2,0,3,3,9,3,3,3,4,0) 0.246620 

  (0,2,0,3,3,9,3,3,3,3,1) 0.246402 

  (0,3,0,3,3,9,3,3,3,3,0) 0.246363 

  (0,2,0,4,3,9,3,3,3,3,0) 0.246166 

  (0,2,1,3,3,9,3,3,3,3,0) 0.246070 

  (1,2,0,3,3,9,3,3,3,3,0) 0.245895 

9 Reflection (-1,2,0,3,5,9,3,3,3,3,0) NF  

  (0,2,-1,3,5,9,3,3,3,3,0) NF  

  (0,2,0,2,5,9,3,3,3,3,0) F  

 New simplex (0,2,0,2,5,9,3,3,3,3,0) 0.251490 

  (0,2,0,3,4,9,3,3,3,3,0) 0.249004 

  (0,2,0,3,3,10,3,3,3,3,0) 0.248482 

  (0,2,0,3,3,9,4,3,3,3,0) 0.247759 

  (0,2,0,3,3,9,3,4,3,3,0) 0.247587 

  (0,2,0,3,3,9,3,3,4,3,0) 0.247350 

  (0,2,0,3,3,9,3,3,3,4,0) 0.246620 

  (0,2,0,3,3,9,3,3,3,3,1) 0.246402 

  (0,3,0,3,3,9,3,3,3,3,0) 0.246363 

  (0,2,1,3,3,9,3,3,3,3,0) 0.246070 

  (1,2,0,3,3,9,3,3,3,3,0) 0.245895 

10 Reflection (-1,2,0,1,7,9,3,3,3,3,0) NF  

  (0,2,-1,1,7,9,3,3,3,3,0) NF  
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  (0,1,0,1,7,9,3,3,3,3,0) F  

 New simplex (0,1,0,1,7,9,3,3,3,3,0) 0.255370 

  (0,2,0,2,5,9,3,3,3,3,0) 0.251490 

  (0,2,0,3,4,9,3,3,3,3,0) 0.249004 

  (0,2,0,3,3,10,3,3,3,3,0) 0.248482 

  (0,2,0,3,3,9,4,3,3,3,0) 0.247759 

  (0,2,0,3,3,9,3,4,3,3,0) 0.247587 

  (0,2,0,3,3,9,3,3,4,3,0) 0.247350 

  (0,2,0,3,3,9,3,3,3,4,0) 0.246620 

  (0,2,0,3,3,9,3,3,3,3,1) 0.246402 

  (0,2,1,3,3,9,3,3,3,3,0) 0.246070 

  (1,2,0,3,3,9,3,3,3,3,0) 0.245895 

11 Reflection (-1,0,0,-1,11,9,3,3,3,3,0) NF  

  (0,0,-1,-1,11,9,3,3,3,3,0) NF  

  (0,0,0,-1,11,9,3,3,3,3,-1) NF  

  (0,0,0,-1,11,9,3,3,3,2,0) NF  

  (0,0,0,-1,11,9,3,3,2,3,0) NF  

  (0,0,0,-1,11,9,3,2,3,3,0) NF  

  (0,0,0,-1,11,9,2,3,3,3,0) NF  

  (0,0,0,-1,11,8,3,3,3,3,0) NF  

  (0,0,0,-1,10,9,3,3,3,3,0) NF  

  (0,0,0,0,9,9,3,3,3,3,0) F  

 New simplex (0,0,0,0,9,9,3,3,3,3,0) 0.258299 

  (0,1,0,1,7,9,3,3,3,3,0) 0.255370 

  (0,2,0,3,4,9,3,3,3,3,0) 0.249004 

  (0,2,0,3,3,10,3,3,3,3,0) 0.248482 

  (0,2,0,3,3,9,4,3,3,3,0) 0.247759 

  (0,2,0,3,3,9,3,4,3,3,0) 0.247587 

  (0,2,0,3,3,9,3,3,4,3,0) 0.247350 

  (0,2,0,3,3,9,3,3,3,4,0) 0.246620 

  (0,2,0,3,3,9,3,3,3,3,1) 0.246402 

  (0,2,1,3,3,9,3,3,3,3,0) 0.246070 

  (1,2,0,3,3,9,3,3,3,3,0) 0.245895 

12 Reflection (-1,-2,0,-3,15,9,3,3,3,3,0) NF  

  (0,-2,-1,-3,15,9,3,3,3,3,0) NF  

  (0,-2,0,-3,15,9,3,3,3,3,-1) NF  

  (0,-2,0,-3,15,9,3,3,3,2,0) NF  

  (0,-2,0,-3,15,9,3,3,2,3,0) NF  

  (0,-2,0,-3,15,9,3,2,3,3,0) NF  

  (0,-2,0,-3,15,9,2,3,3,3,0) NF  

  (0,-2,0,-3,15,8,3,3,3,3,0) NF  
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  (0,-2,0,-3,14,9,3,3,3,3,0) NF  

  (0,-1,0,-1,11,9,3,3,3,3,0) NF  

13 New simplex (0,0,0,0,9,9,3,3,3,3,0) 0.258299 

  (0,0,0,0,9,8,4,3,3,3,0) 0.258055 

  (0,0,0,0,9,8,3,4,3,3,0) 0.257975 

  (0,0,0,0,9,8,3,3,4,3,0) 0.257772 

  (0,0,0,0,10,8,3,3,3,3,0) 0.257736 

  (0,0,0,0,9,8,3,3,3,4,0) 0.257037 

  (0,0,0,0,9,8,3,3,3,3,1) 0.256828 

  (0,1,0,0,9,8,3,3,3,3,0) 0.256603 

  (0,0,0,1,9,8,3,3,3,3,0) 0.256322 

  (0,0,1,0,9,8,3,3,3,3,0) 0.256229 

  (1,0,0,0,9,8,3,3,3,3,0) 0.256123 

14 Reflection (-1,0,0,0,9,10,3,3,3,3,0) NF  

  (0,0,-1,0,9,10,3,3,3,3,0) NF  

  (0,0,0,-1,9,10,3,3,3,3,0) NF  

  (0,-1,0,0,9,10,3,3,3,3,0) NF  

  (0,0,0,0,9,10,3,3,3,3,-1) NF  

  (0,0,0,0,9,10,3,3,3,2,0) F  

 New simplex (0,0,0,0,9,10,3,3,3,2,0) 0.259111 

  (0,0,0,0,9,9,3,3,3,3,0) 0.258299 

  (0,0,0,0,9,8,4,3,3,3,0) 0.258055 

  (0,0,0,0,9,8,3,4,3,3,0) 0.257975 

  (0,0,0,0,9,8,3,3,4,3,0) 0.257772 

  (0,0,0,0,10,8,3,3,3,3,0) 0.257736 

  (0,0,0,0,9,8,3,3,3,3,1) 0.256828 

  (0,1,0,0,9,8,3,3,3,3,0) 0.256603 

  (0,0,0,1,9,8,3,3,3,3,0) 0.256322 

  (0,0,1,0,9,8,3,3,3,3,0) 0.256229 

  (1,0,0,0,9,8,3,3,3,3,0) 0.256123 

15 Reflection (-1,0,0,0,9,12,3,3,3,1,0) NF  

  (0,0,-1,0,9,12,3,3,3,1,0) NF  

  (0,0,0,-1,9,12,3,3,3,1,0) NF  

  (0,-1,0,0,9,12,3,3,3,1,0) NF  

  (0,0,0,0,9,12,3,3,3,1,-1) NF  

  (0,0,0,0,8,12,3,3,3,1,0) F  

 New simplex (0,0,0,0,8,12,3,3,3,1,0) 0.259523 

  (0,0,0,0,9,10,3,3,3,2,0) 0.259111 

  (0,0,0,0,9,9,3,3,3,3,0) 0.258299 

  (0,0,0,0,9,8,4,3,3,3,0) 0.258055 

  (0,0,0,0,9,8,3,4,3,3,0) 0.257975 



155 

   

APPENDIX H (continued) 

  (0,0,0,0,9,8,3,3,4,3,0) 0.257772 

  (0,0,0,0,9,8,3,3,3,3,1) 0.256828 

  (0,1,0,0,9,8,3,3,3,3,0) 0.256603 

  (0,0,0,1,9,8,3,3,3,3,0) 0.256322 

  (0,0,1,0,9,8,3,3,3,3,0) 0.256229 

  (1,0,0,0,9,8,3,3,3,3,0) 0.256123 

16 Reflection (-1,0,0,0,7,16,3,3,3,-1,0) NF  

  (0,0,-1,0,7,16,3,3,3,-1,0) NF  

  (0,0,0,-1,7,16,3,3,3,-1,0) NF  

  (0,-1,0,0,7,16,3,3,3,-1,0) NF  

  (0,0,0,0,7,16,3,3,3,-1,-1) NF  

  (0,0,0,0,7,16,3,3,2,-1,0) NF  

  (0,0,0,0,7,16,3,2,3,-1,0) NF  

  (0,0,0,0,7,16,2,3,3,-1,0) NF  

  (0,0,0,0,7,15,3,3,3,-1,0) NF  

  (0,0,0,0,7,14,3,3,3,0,0) F  

 New simplex (0,0,0,0,8,12,3,3,3,1,0) 0.259523 

  (0,0,0,0,7,14,3,3,3,0,0) 0.259225 

  (0,0,0,0,9,9,3,3,3,3,0) 0.258299 

  (0,0,0,0,9,8,4,3,3,3,0) 0.258055 

  (0,0,0,0,9,8,3,4,3,3,0) 0.257975 

  (0,0,0,0,9,8,3,3,4,3,0) 0.257772 

  (0,0,0,0,9,8,3,3,3,3,1) 0.256828 

  (0,1,0,0,9,8,3,3,3,3,0) 0.256603 

  (0,0,0,1,9,8,3,3,3,3,0) 0.256322 

  (0,0,1,0,9,8,3,3,3,3,0) 0.256229 

  (1,0,0,0,9,8,3,3,3,3,0) 0.256123 

17 Reflection (-1,0,0,0,7,16,3,3,3,-1,0) NF  

  (0,0,-1,0,7,16,3,3,3,-1,0) NF  

  (0,0,0,-1,7,16,3,3,3,-1,0) NF  

  (0,-1,0,0,7,16,3,3,3,-1,0) NF  

  (0,0,0,0,7,16,3,3,3,-1,-1) NF  

  (0,0,0,0,7,16,3,3,2,-1,0) NF  

  (0,0,0,0,7,16,3,2,3,-1,0) NF  

  (0,0,0,0,7,16,2,3,3,-1,0) NF  

  (0,0,0,0,7,15,3,3,3,-1,0) NF  

  (0,0,0,0,9,10,3,3,3,2,0) F 0.259111 

  Reflection is no improvement  

18 New simplex (0,0,0,0,8,11,4,3,3,1,0) 0.260130 

  (0,0,0,0,8,11,3,4,3,1,0) 0.260125 

  (0,0,0,0,8,11,3,3,4,1,0) 0.259948 
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  (0,0,0,0,8,12,3,3,3,1,0) 0.259523 

  (0,0,0,0,9,11,3,3,3,1,0) 0.259523 

  (0,0,0,0,8,11,3,3,3,2,0) 0.259229 

  (0,0,0,0,8,11,3,3,3,1,1) 0.258982 

  (0,1,0,0,8,11,3,3,3,1,0) 0.258498 

  (0,0,0,1,8,11,3,3,3,1,0) 0.258261 

  (0,0,1,0,8,11,3,3,3,1,0) 0.258184 

  (1,0,0,0,8,11,3,3,3,1,0) 0.258097 

19 Reflection (-1,0,0,0,8,11,5,3,3,1,0) NF  

  (0,0,-1,0,8,11,5,3,3,1,0) NF  

  (0,0,0,-1,8,11,5,3,3,1,0) NF  

  (0,-1,0,0,8,11,5,3,3,1,0) NF  

  (0,0,0,0,8,11,5,3,3,1,-1) NF  

  (0,0,0,0,8,11,5,3,3,0,0) F  

 New simplex (0,0,0,0,8,11,5,3,3,0,0) 0.260833 

  (0,0,0,0,8,11,4,3,3,1,0) 0.260130 

  (0,0,0,0,8,11,3,4,3,1,0) 0.260125 

  (0,0,0,0,8,11,3,3,4,1,0) 0.259948 

  (0,0,0,0,8,12,3,3,3,1,0) 0.259523 

  (0,0,0,0,9,11,3,3,3,1,0) 0.259523 

  (0,0,0,0,8,11,3,3,3,1,1) 0.258982 

  (0,1,0,0,8,11,3,3,3,1,0) 0.258498 

  (0,0,0,1,8,11,3,3,3,1,0) 0.258261 

  (0,0,1,0,8,11,3,3,3,1,0) 0.258184 

  (1,0,0,0,8,11,3,3,3,1,0) 0.258097 

20 Reflection (-1,0,0,0,8,11,7,3,3,-1,0) NF  

  (0,0,-1,0,8,11,7,3,3,-1,0) NF  

  (0,0,0,-1,8,11,7,3,3,-1,0) NF  

  (0,-1,0,0,8,11,7,3,3,-1,0) NF  

  (0,0,0,0,8,11,7,3,3,-1,-1) NF  

  (0,0,0,0,7,11,7,3,3,-1,0) NF  

  (0,0,0,0,8,10,7,3,3,-1,0) NF  

  (0,0,0,0,8,11,7,3,2,-1,0) NF  

  (0,0,0,0,8,11,7,2,3,-1,0) NF  

  (0,0,0,0,8,11,6,3,3,-1,0) NF  

21 New simplex (0,0,0,0,8,10,5,4,3,0,0) 0.261134 

  (0,0,0,0,8,10,5,3,4,0,0) 0.260978 

  (0,0,0,0,8,10,6,3,3,0,0) 0.260882 

  (0,0,0,0,8,11,5,3,3,0,0) 0.260833 

  (0,0,0,0,9,10,5,3,3,0,0) 0.260719 

  (0,0,0,0,8,10,5,3,3,1,0) 0.260295 
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  (0,0,0,0,8,10,5,3,3,0,1) 0.260037 

  (0,1,0,0,8,10,5,3,3,0,0) 0.259630 

  (0,0,0,1,8,10,5,3,3,0,0) 0.259377 

  (0,0,1,0,8,10,5,3,3,0,0) 0.259295 

  (1,0,0,0,8,10,5,3,3,0,0) 0.259202 

22 Reflection (-1,0,0,0,8,10,5,5,3,0,0) NF  

  (0,0,-1,0,8,10,5,5,3,0,0) NF  

  (0,0,0,-1,8,10,5,5,3,0,0) NF  

  (0,-1,0,0,8,10,5,5,3,0,0) NF  

  (0,0,0,0,8,10,5,5,3,0,-1) NF  

  (0,0,0,0,8,10,5,5,3,-1,0) NF  

  (0,0,0,0,7,10,5,5,3,0,0) F  

 New simplex (0,0,0,0,7,10,5,5,3,0,0) 0.261140 

  (0,0,0,0,8,10,5,4,3,0,0) 0.261134 

  (0,0,0,0,8,10,5,3,4,0,0) 0.260978 

  (0,0,0,0,8,10,6,3,3,0,0) 0.260882 

  (0,0,0,0,8,11,5,3,3,0,0) 0.260833 

  (0,0,0,0,8,10,5,3,3,1,0) 0.260295 

  (0,0,0,0,8,10,5,3,3,0,1) 0.260037 

  (0,1,0,0,8,10,5,3,3,0,0) 0.259630 

  (0,0,0,1,8,10,5,3,3,0,0) 0.259377 

  (0,0,1,0,8,10,5,3,3,0,0) 0.259295 

  (1,0,0,0,8,10,5,3,3,0,0) 0.259202 

23 Reflection (-1,0,0,0,6,10,5,7,3,0,0) NF  

  (0,0,-1,0,6,10,5,7,3,0,0) NF  

  (0,0,0,-1,6,10,5,7,3,0,0) NF  

  (0,-1,0,0,6,10,5,7,3,0,0) NF  

  (0,0,0,0,6,10,5,7,3,0,-1) NF  

  (0,0,0,0,6,10,5,7,3,-1,0) NF  

  (0,0,0,0,6,9,5,7,3,0,0) F 0.259980 

  Reflection is no improvement  

24 New simplex (0,0,0,0,7,10,5,5,3,0,0) 0.261140 

  (0,0,0,0,8,9,5,5,3,0,0) 0.260988 

  (0,0,0,0,7,9,5,6,3,0,0) 0.260699 

  (0,0,0,0,7,9,6,5,3,0,0) 0.260645 

  (0,0,0,0,7,9,5,5,4,0,0) 0.260639 

  (0,0,0,0,7,9,5,5,3,1,0) 0.259984 

  (0,0,0,0,7,9,5,5,3,0,1) 0.259737 

  (0,1,0,0,7,9,5,5,3,0,0) 0.259579 

  (0,0,0,1,7,9,5,5,3,0,0) 0.259279 

  (0,0,1,0,7,9,5,5,3,0,0) 0.259183 
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  (1,0,0,0,7,9,5,5,3,0,0) 0.259074 

25 Reflection (-1,0,0,0,7,11,5,5,3,0,0)NF  

  (0,0,-1,0,7,11,5,5,3,0,0)NF  

  (0,0,0,-1,7,11,5,5,3,0,0)NF  

  (0,-1,0,0,7,11,5,5,3,0,0)NF  

  (0,0,0,0,7,11,5,5,3,0,-1)NF  

  (0,0,0,0,7,11,5,5,3,-1,0)NF  

  (0,0,0,0,7,11,5,5,2,0,0) F  

 New simplex (0,0,0,0,7,11,5,5,2,0,0) 0.261190 

  (0,0,0,0,7,10,5,5,3,0,0) 0.261140 

  (0,0,0,0,8,9,5,5,3,0,0) 0.260988 

  (0,0,0,0,7,9,5,6,3,0,0) 0.260699 

  (0,0,0,0,7,9,6,5,3,0,0) 0.260645 

  (0,0,0,0,7,9,5,5,3,1,0) 0.259984 

  (0,0,0,0,7,9,5,5,3,0,1) 0.259737 

  (0,1,0,0,7,9,5,5,3,0,0) 0.259579 

  (0,0,0,1,7,9,5,5,3,0,0) 0.259279 

  (0,0,1,0,7,9,5,5,3,0,0) 0.259183 

  (1,0,0,0,7,9,5,5,3,0,0) 0.259074 

26 Reflection (-1,0,0,0,7,13,5,5,1,0,0) NF  

  (0,0,-1,0,7,13,5,5,1,0,0) NF  

  (0,0,0,-1,7,13,5,5,1,0,0) NF  

  (0,-1,0,0,7,13,5,5,1,0,0) NF  

  (0,0,0,0,7,13,5,5,1,0,-1) NF  

  (0,0,0,0,7,13,5,5,1,-1,0) NF  

  (0,0,0,0,7,13,4,5,1,0,0) F 0.260281 

  Reflection is no improvement  

27 New simplex (0,0,0,0,7,11,5,5,2,0,0) 0.261190 

  (0,0,0,0,8,10,5,5,2,0,0) 0.261186 

  (0,0,0,0,7,10,5,6,2,0,0) 0.261144 

  (0,0,0,0,7,10,5,5,3,0,0) 0.261140 

  (0,0,0,0,7,10,6,5,2,0,0) 0.261041 

  (0,0,0,0,7,10,5,5,2,1,0) 0.260435 

  (0,0,0,0,7,10,5,5,2,0,1) 0.260183 

  (0,1,0,0,7,10,5,5,2,0,0) 0.259893 

  (0,0,0,1,7,10,5,5,2,0,0) 0.259617 

  (0,0,1,0,7,10,5,5,2,0,0) 0.259528 

  (1,0,0,0,7,10,5,5,2,0,0) 0.259428 

28 Reflection (-1,0,0,0,7,12,5,5,2,0,0) NF  

  (0,0,-1,0,7,12,5,5,2,0,0) NF  

  (0,0,0,-1,7,12,5,5,2,0,0) NF  
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  (0,-1,0,0,7,12,5,5,2,0,0) NF  

  (0,0,0,0,7,12,5,5,2,0,-1) NF  

  (0,0,0,0,7,12,5,5,2,-1,0) NF  

  (0,0,0,0,7,12,4,5,2,0,0) F 0.260928 

  Reflection is no improvement  

29 New simplex (0,0,0,0,7,11,5,5,2,0,0) 0.261190 

  (0,0,0,0,8,10,5,5,2,0,0) 0.261186 

  (0,0,0,0,7,10,5,6,2,0,0) 0.261144 

  (0,0,0,0,7,10,5,5,3,0,0) 0.261140 

  (0,0,0,0,7,10,6,5,2,0,0) 0.261041 

  (0,0,0,0,7,10,5,5,2,1,0) 0.260435 

  (0,0,0,0,7,10,5,5,2,0,1) 0.260183 

  (0,1,0,0,7,10,5,5,2,0,0) 0.259893 

  (0,0,0,1,7,10,5,5,2,0,0) 0.259617 

  (0,0,1,0,7,10,5,5,2,0,0) 0.259528 

  (1,0,0,0,7,10,5,5,2,0,0) 0.259428 

 Candidate allocations 

same as a previous 

iteration 

  

 Search completed   

 

Buffer allocation: (0,0,0,0,7,11,5,5,2,0,0); Buffer allocation throughput = 0. 261190 units/min 
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Sample case study – Buffer allocation using degraded ceiling algorithm and original serial 

parallel line simulation model for throughput determination 

Assumed value of ∆L = 0.0005 

 
Tested Chosen 

 

Iteration 
Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Standard 

Deviation 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (3,4,3) 0.59845 0.00269 (3,4,3) 0.59845 0.59845 

2 (2,5,3) 0.59579 0.00270 (3,4,3) 0.59845 0.59845 

3 (2,6,2) 0.59375 0.00260 (3,4,3) 0.59845 0.59845 

4 (1,7,2) 0.58780 0.00260 (3,4,3) 0.59845 0.59845 

5 (1,8,1) 0.58065 0.00239 (3,4,3) 0.59845 0.59845 

6 (1,9,0) 0.56224 0.00211 (3,4,3) 0.59845 0.59845 

7 (0,10,0) 0.55370 0.00220 (3,4,3) 0.59845 0.59845 

8 (0,9,1) 0.56950 0.00249 (3,4,3) 0.59845 0.59845 

9 (0,8,2) 0.57543 0.00264 (3,4,3) 0.59845 0.59845 

10 (0,7,3) 0.57716 0.00275 (3,4,3) 0.59845 0.59845 

11 (0,6,4) 0.57639 0.00278 (3,4,3) 0.59845 0.59845 

12 (0,5,5) 0.57368 0.00279 (3,4,3) 0.59845 0.59845 

13 (0,4,6) 0.56874 0.00290 (3,4,3) 0.59845 0.59845 

14 (0,3,7) 0.56119 0.00289 (3,4,3) 0.59845 0.59845 

15 (0,2,8) 0.54988 0.00296 (3,4,3) 0.59845 0.59845 

16 (0,1,9) 0.53255 0.00281 (3,4,3) 0.59845 0.59845 

17 (0,0,10) 0.50243 0.00269 (3,4,3) 0.59845 0.59845 
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APPENDIX I (continued) 

18 (1,0,9) 0.52384 0.00265 (3,4,3) 0.59845 0.59845 

19 (1,1,8) 0.55263 0.00274 (3,4,3) 0.59845 0.59845 

20 (1,2,7) 0.56861 0.00288 (3,4,3) 0.59845 0.59845 

21 (1,3,6) 0.57878 0.00285 (3,4,3) 0.59845 0.59845 

22 (1,4,5) 0.58523 0.00283 (3,4,3) 0.59845 0.59845 

23 (1,5,4) 0.58884 0.00274 (3,4,3) 0.59845 0.59845 

24 (1,6,3) 0.58984 0.00269 (3,4,3) 0.59845 0.59845 

25 (1,7,2) 0.58780 0.00260 (3,4,3) 0.59845 0.59845 

26 (1,8,1) 0.58065 0.00239 (3,4,3) 0.59845 0.59845 

27 (1,9,0) 0.56224 0.00211 (3,4,3) 0.59845 0.59845 

28 (2,8,0) 0.56639 0.00206 (3,4,3) 0.59845 0.59845 

29 (2,7,1) 0.58611 0.00236 (3,4,3) 0.59845 0.59845 

30 (2,6,2) 0.59375 0.00260 (3,4,3) 0.59845 0.59845 

31 (2,5,3) 0.59579 0.00270 (3,4,3) 0.59845 0.59845 

32 (2,4,4) 0.59425 0.00278 (3,4,3) 0.59845 0.59845 

33 (2,3,5) 0.58954 0.00285 (3,4,3) 0.59845 0.59845 

34 (2,2,6) 0.58086 0.00285 (3,4,3) 0.59845 0.59845 

35 (2,1,7) 0.56656 0.00274 (3,4,3) 0.59845 0.59845 

36 (2,0,8) 0.53951 0.00265 (3,4,3) 0.59845 0.59845 

37 (3,0,7) 0.55119 0.00263 (3,4,3) 0.59845 0.59845 

38 (3,1,6) 0.57656 0.00275 (3,4,3) 0.59845 0.59845 

39 (3,2,5) 0.58918 0.00289 (3,4,3) 0.59845 0.59845 

40 (3,3,4) 0.59596 0.00284 (3,4,3) 0.59845 0.59845 
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41 (3,4,3) 0.59845 0.00269 (3,4,3) 0.59845 0.59895 

42 (3,5,2) 0.59678 0.00260 (3,4,3) 0.59845 0.59895 

43 (3,6,1) 0.58900 0.00234 (3,4,3) 0.59845 0.59895 

44 (3,7,0) 0.56856 0.00206 (3,4,3) 0.59845 0.59895 

45 (4,6,0) 0.56939 0.00213 (3,4,3) 0.59845 0.59895 

46 (4,5,1) 0.59005 0.00234 (3,4,3) 0.59845 0.59895 

47 (4,4,2) 0.59755 0.00254 (3,4,3) 0.59845 0.59895 

48 (4,3,3) 0.59834 0.00266 (3,4,3) 0.59845 0.59895 

49 (4,2,4) 0.59398 0.00279 (3,4,3) 0.59845 0.59895 

50 (4,1,5) 0.58330 0.00270 (3,4,3) 0.59845 0.59895 

51 (4,0,6) 0.55960 0.00260 (3,4,3) 0.59845 0.59895 

52 (5,0,5) 0.56524 0.00253 (3,4,3) 0.59845 0.59895 

53 (5,1,4) 0.58693 0.00265 (3,4,3) 0.59845 0.59895 

54 (5,2,3) 0.59518 0.00266 (3,4,3) 0.59845 0.59895 

55 (5,3,2) 0.59619 0.00254 (3,4,3) 0.59845 0.59895 

56 (5,4,1) 0.58945 0.00229 (3,4,3) 0.59845 0.59895 

57 (5,5,0) 0.56908 0.00213 (3,4,3) 0.59845 0.59895 

58 (6,4,0) 0.56760 0.00208 (3,4,3) 0.59845 0.59895 

59 (6,3,1) 0.58706 0.00229 (3,4,3) 0.59845 0.59895 

60 (6,2,2) 0.59201 0.00251 (3,4,3) 0.59845 0.59895 

61 (6,1,3) 0.58725 0.00253 (3,4,3) 0.59845 0.59895 

62 (6,0,4) 0.56805 0.00244 (3,4,3) 0.59845 0.59895 

63 (7,0,3) 0.56763 0.00240 (3,4,3) 0.59845 0.59895 
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64 (7,1,2) 0.58329 0.00241 (3,4,3) 0.59845 0.59895 

65 (7,2,1) 0.58211 0.00221 (3,4,3) 0.59845 0.59895 

66 (7,3,0) 0.56453 0.00206 (3,4,3) 0.59845 0.59895 

67 (8,2,0) 0.55891 0.00206 (3,4,3) 0.59845 0.59895 

68 (8,1,1) 0.57255 0.00218 (3,4,3) 0.59845 0.59895 

69 (8,0,2) 0.56299 0.00221 (3,4,3) 0.59845 0.59895 

70 (9,0,1) 0.55123 0.00215 (3,4,3) 0.59845 0.59895 

71 (9,1,0) 0.54841 0.00193 (3,4,3) 0.59845 0.59895 

72 (10,0,0) 0.52538 0.00198 (3,4,3) 0.59845 0.59895 

 

Buffer allocation: (3,4,3); Buffer allocation throughput = 0.59845 units/min 



164 

   

Appendix J 

Sample case study – Buffer allocation using degraded ceiling algorithm and equivalent 

serial line simulation model for throughput determination 

Assumed value of ∆L = 0.0005 

 
Tested Chosen 

 

Iteration 
Buffer 

Allocation 

Throughput 

Rate 

(units/min) 

Standard 

Deviation 

(units/min) 

Buffer 

Allocation 

Throughput 

Rate TH(old) 

(units/min) 

L 

1 (3,4,3) 0.58930 0.00360 (3,4,3) 0.58930 0.58930 

2 (2,5,3) 0.58668 0.00371 (3,4,3) 0.58930 0.58930 

3 (2,6,2) 0.58536 0.00358 (3,4,3) 0.58930 0.58930 

4 (1,7,2) 0.57889 0.00374 (3,4,3) 0.58930 0.58930 

5 (1,8,1) 0.57243 0.00368 (3,4,3) 0.58930 0.58930 

6 (1,9,0) 0.55495 0.00345 (3,4,3) 0.58930 0.58930 

7 (0,10,0) 0.54673 0.00366 (3,4,3) 0.58930 0.58930 

8 (0,9,1) 0.56214 0.00388 (3,4,3) 0.58930 0.58930 

9 (0,8,2) 0.56778 0.00396 (3,4,3) 0.58930 0.58930 

10 (0,7,3) 0.56918 0.00408 (3,4,3) 0.58930 0.58930 

11 (0,6,4) 0.56793 0.00411 (3,4,3) 0.58930 0.58930 

12 (0,5,5) 0.56443 0.00410 (3,4,3) 0.58930 0.58930 

13 (0,4,6) 0.55850 0.00405 (3,4,3) 0.58930 0.58930 

14 (0,3,7) 0.54949 0.00400 (3,4,3) 0.58930 0.58930 

15 (0,2,8) 0.53609 0.00385 (3,4,3) 0.58930 0.58930 

16 (0,1,9) 0.51563 0.00370 (3,4,3) 0.58930 0.58930 

17 (0,0,10) 0.48261 0.00345 (3,4,3) 0.58930 0.58930 
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18 (1,0,9) 0.50660 0.00333 (3,4,3) 0.58930 0.58930 

19 (1,1,8) 0.53658 0.00359 (3,4,3) 0.58930 0.58930 

20 (1,2,7) 0.55486 0.00370 (3,4,3) 0.58930 0.58930 

21 (1,3,6) 0.56668 0.00380 (3,4,3) 0.58930 0.58930 

22 (1,4,5) 0.57424 0.00381 (3,4,3) 0.58930 0.58930 

23 (1,5,4) 0.57871 0.00389 (3,4,3) 0.58930 0.58930 

24 (1,6,3) 0.58040 0.00388 (3,4,3) 0.58930 0.58930 

25 (1,7,2) 0.57889 0.00374 (3,4,3) 0.58930 0.58930 

26 (1,8,1) 0.57243 0.00368 (3,4,3) 0.58930 0.58930 

27 (1,9,0) 0.55495 0.00345 (3,4,3) 0.58930 0.58930 

28 (2,8,0) 0.55970 0.00331 (3,4,3) 0.58930 0.58930 

29 (2,7,1) 0.57843 0.00354 (3,4,3) 0.58930 0.58930 

30 (2,6,2) 0.58536 0.00358 (3,4,3) 0.58930 0.58930 

31 (2,5,3) 0.58668 0.00371 (3,4,3) 0.58930 0.58930 

32 (2,4,4) 0.58423 0.00370 (3,4,3) 0.58930 0.58930 

33 (2,3,5) 0.57836 0.00364 (3,4,3) 0.58930 0.58930 

34 (2,2,6) 0.56825 0.00356 (3,4,3) 0.58930 0.58930 

35 (2,1,7) 0.55176 0.00351 (3,4,3) 0.58930 0.58930 

36 (2,0,8) 0.52411 0.00326 (3,4,3) 0.58930 0.58930 

37 (3,0,7) 0.53703 0.00319 (3,4,3) 0.58930 0.58930 

38 (3,1,6) 0.56274 0.00345 (3,4,3) 0.58930 0.58930 

39 (3,2,5) 0.57735 0.00351 (3,4,3) 0.58930 0.58930 

40 (3,3,4) 0.58561 0.00361 (3,4,3) 0.58930 0.58930 
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41 (3,4,3) 0.58930 0.00360 (3,4,3) 0.58930 0.58980 

42 (3,5,2) 0.58853 0.00346 (3,4,3) 0.58930 0.58980 

43 (3,6,1) 0.58158 0.00344 (3,4,3) 0.58930 0.58980 

44 (3,7,0) 0.56214 0.00324 (3,4,3) 0.58930 0.58980 

45 (4,6,0) 0.56299 0.00320 (3,4,3) 0.58930 0.58980 

46 (4,5,1) 0.58259 0.00336 (3,4,3) 0.58930 0.58980 

47 (4,4,2) 0.58913 0.00343 (3,4,3) 0.58930 0.58980 

48 (4,3,3) 0.58880 0.00354 (3,4,3) 0.58930 0.58980 

49 (4,2,4) 0.58285 0.00351 (3,4,3) 0.58930 0.58980 

50 (4,1,5) 0.57018 0.00344 (3,4,3) 0.58930 0.58980 

51 (4,0,6) 0.54643 0.00315 (3,4,3) 0.58930 0.58980 

52 (5,0,5) 0.55270 0.00319 (3,4,3) 0.58930 0.58980 

53 (5,1,4) 0.57434 0.00345 (3,4,3) 0.58930 0.58980 

54 (5,2,3) 0.58459 0.00348 (3,4,3) 0.58930 0.58980 

55 (5,3,2) 0.58709 0.00339 (3,4,3) 0.58930 0.58980 

56 (5,4,1) 0.58158 0.00333 (3,4,3) 0.58930 0.58980 

57 (5,5,0) 0.56239 0.00315 (3,4,3) 0.58930 0.58980 

58 (6,4,0) 0.56024 0.00314 (3,4,3) 0.58930 0.58980 

59 (6,3,1) 0.57834 0.00328 (3,4,3) 0.58930 0.58980 

60 (6,2,2) 0.58169 0.00331 (3,4,3) 0.58930 0.58980 

61 (6,1,3) 0.57501 0.00340 (3,4,3) 0.58930 0.58980 

62 (6,0,4) 0.55598 0.00319 (3,4,3) 0.58930 0.58980 

63 (7,0,3) 0.55574 0.00310 (3,4,3) 0.58930 0.58980 
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64 (7,1,2) 0.57108 0.00323 (3,4,3) 0.58930 0.58980 

65 (7,2,1) 0.57183 0.00324 (3,4,3) 0.58930 0.58980 

66 (7,3,0) 0.55599 0.00311 (3,4,3) 0.58930 0.58980 

67 (8,2,0) 0.54844 0.00313 (3,4,3) 0.58930 0.58980 

68 (8,1,1) 0.56005 0.00315 (3,4,3) 0.58930 0.58980 

69 (8,0,2) 0.55085 0.00295 (3,4,3) 0.58930 0.58980 

70 (9,0,1) 0.53856 0.00286 (3,4,3) 0.58930 0.58980 

71 (9,1,0) 0.53534 0.00296 (3,4,3) 0.58930 0.58980 

72 (10,0,0) 0.51221 0.00270 (3,4,3) 0.58930 0.58980 

 

Buffer allocation: (3,4,3); Buffer allocation throughput = 0.58930 units/min 

 


