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ABSTRACT 

There is a growing need for models that can determine the time buffer (TB) in 

applications of the theory of constraints (TOC) for production control, in particular the drum-

buffer-rope (DBR) and the simplified drum-buffer-rope (S-DBR) applications. Several recent 

studies have emphasized the importance of assigning appropriate buffer size to minimize the 

total manufacturing costs and ensure on-time delivery. In this research, a new model was 

developed for determining the size of the TB based on six process and cost parameters. The 

model was developed based on Taguchi’s loss function, and allows a tradeoff between capacity 

and delay losses in determining the buffer size. This provided the means for overcoming 

limitations of existing models while maintaining simplicity as an appealing feature for 

practitioners. A numerical example is included to illustrate the model’s applicability and 

highlight its advantages. In addition, statistical analysis was conducted to investigate model 

performance over a wide range of parameters. Results indicated that the model is most sensitive 

to changes in the processing time at the capacity-constrained resource (CCR) and the maximum 

delay that can be tolerated.  
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CHAPTER 1 

INTRODUCTION 

Since the 1970s, many production planning and control techniques have been developed 

and implemented to help organizations meet market demands. These range from simple manual 

scheduling procedures to highly computerized systems. The theory of constraints (TOC) is one 

of the emerging techniques for production management in the United States. During the 1980s, it 

was adopted by many manufacturing and service companies. One of the most important 

applications of the TOC is called the drum-buffer-rope (DBR), a production planning and control 

technique that synchronizes the system with its slowest operation (i.e., constraint). Basically, 

DBR is a hybrid push/pull system where materials are pulled by the constraint and pushed to 

shipping after processing.  

The DBR application consists of three main parts. The first represents a plan to exploit 

the constraint (drum). The second utilizes a protective cushion (buffer) expressed in time rather 

than physical stock. The third is a material release schedule (rope) to guard against starvation of 

the constraint.  

In 2000, Schragenheim and Dettmer proposed the simplified-DBR (S-DBR) application 

for a make-to-order (MTO) environment. This contribution represented a new generation of the 

DBR as a pure-pull production planning and control strategy. It treats the market as the only true 

constraint for the entire system. As such, all operations must be subordinated to the market, even 

if the internal capacity is constrained. This concept was introduced to make the DBR application 

more efficient, reliable, and easy to implement with only one time buffer (TB).  

The time buffer and its allocation play a significant role in successful implementation of 

both the DBR and the S-DBR applications. The buffer allocation has been given considerable 
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attention in the literature. However, practitioners must rely on heuristic approaches in 

determining an appropriate buffer size, which should be monitored and adjusted in order to avoid 

disruptions. Limited research efforts have been made to provide objective methods for 

determining the length of the TB.   

Chapter 2 of this dissertation represents an intensive literature review of many production 

planning and control techniques, including major details of the TOC. In Chapter 3, discussion 

focuses on different approaches for estimating the length of the time buffer and narrows the 

search to fulfill the research gap.  

An economic model used to estimate the size of the time buffer as a function of system 

parameters is discussed in Chapter 4. This economic formulation is based on loss functions 

proposed by Taguchi, Elsayed, and Hsiang (1989), which are used to calculate losses resulting 

from assigning a buffer of any size to protect the capacity-constrained resource (CCR). Two loss 

functions are developed here. The first represents the relationship between the system capacity 

and the buffer size, which accounts for losses resulting from synchronizing the production 

system to the CCR. The second represents the relationship between the delay costs and the TB 

size. These two functions are incorporated into a total cost function in order to determine the 

economic buffer size. In addition, an illustrative example and a factorial experiment are utilized 

to investigate the effect of changes in the input parameters on the decision variable. In setting up 

this experiment, six independent parameters are identified. The statistical design used is an 

unreplicated 26 factorial with 64 runs. The procedure used for the analysis closely follows that of 

Montgomery (2013). Conclusions and future research are presented in Chapter 5. 

  



 

3 

CHAPTER 2 

 

LITERATURE REVIEW 

 

 

This chapter includes a major review of the most critical production methods including 

push, pull, and push-pull systems. Stevenson, Hendry, and Kingsman (2005) provided a review 

of production planning and control systems in make-to-order manufacturing environments 

including material requirements planning (MRP), Kanban, and the theory of constraints. Gupta 

and Snyder (2009) compared the long-range performance of manufacturing resource planning 

(MRPII), the just-in-time (JIT) philosophy, and the TOC, highlighting both their similarities and 

differences. Olhager (2013) presented an evolutionary review of operations planning and control 

systems over the past 50 years. Purposely, this section will concentrate on MRP, JIT (represented 

by Kanban), and the TOC. For the purpose of this research, the TOC will be presented in greater 

detail in Section 2.4 in order to support efforts of the proposed research. 

2.1 Brief History 

Delivering goods on time has become increasingly imperative; however, many 

companies need to improve their production planning to meet this need. The production process 

and business management are significantly different today than two decades ago. In an effort to 

stay relevant, many managers, business leaders, and decision-makers devote much time and 

money to avoid the risk of falling behind the competition. One of the most obvious competitive 

strategies is to deliver a quality product in the exact time and in a quantity at an affordable price. 

The internal production process is inherently complex and requires the integration of technology 

and knowledge to develop the desired outputs. Necessarily, all operational activities require 

planning and system control, even if the details vary from machine to machine or person to 
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person. Under all conditions, the goal is always to fulfill customer demand within the expected 

timeframe.  

Olhager (2013) described the evolution of production planning and control techniques 

using five levels, each representing one decade and ranging from shop floor control all the way 

to supply chain planning (Figure 2.1).  

 

Figure 2.1: Evolution of planning over time  

Source: Olhager (2013) 

 

Figure 2.1 starts with the early processes in the 1960s, which were simple and required no 

advanced technology. During the 1970s, material requirements planning was introduced in order 

to integrate all operational processes for better results. The evolution continued as new 

technology became available, and the process developed into advanced programs capable of 

handling diverse situations. Take, for example, enterprise resource planning (ERP), a 

modification of MRPII, and considered one of the most modern and integrated software systems 

for production planning and control.  
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Two significant changes occurred between 1960 and today. The first took place in the 

1980s when quality concepts emphasized waste reduction and operational productivity 

enhancement techniques. The second shift occurred in the early 2000s when the supply chain 

(SC) came to the stage. The SC integrates suppliers, retailers, and customers with internal 

production processes.   

2.2 Material Requirements Planning  

MRP systems were introduced to U.S. industrial markets in the late 1970s and have been 

used by numerous organizations. These software systems facilitate the purchasing, ordering, 

processing, and scheduling of all materials. They help control manufacturing activities based on 

anticipated demand (Lee & Adam, 1986). 

According to Du and Wolfe (2000) and Moustakis (2000), MRP provides the right 

amount of materials at the right time needed at the right place. MRP systems utilize the bill of 

materials (BOM) as input and report planned-order schedules as primary output (Figure 2.2). 

 

Figure 2.2: Inputs and outputs of MRP  

Source: Moustakis (2000) 
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Taylor (2002) pointed out that MRP can significantly increase the work-in-process (WIP) 

inventory by pushing products through the system because it is scheduling-based. WIP inventory 

is a measure used for buffer management (BM) to identify the total number of items in each 

buffer. Therefore, the WIP should always be kept in small quantities for the benefit of low-cycle 

times, decreased costs associated with space and overhead, and increased customer 

responsiveness (Tsourveloudis, Dretoulakis, & Ioannidis, 2000).  

Orlicky (1975) indicated that MRP has the same objectives as any inventory management 

system: (1) to improve customer service, (2) to minimize inventory investment, and (3) to 

maximize production operating efficiency. Properly implemented MRP systems allow firms to 

price more competitively, reduce prices, reduce inventory, provide better service, respond 

adeptly to market demands, change the master schedule, reduce setup and tear-down costs, and 

reduce idle time.  

Continuous design and implementation and monitoring activities drive successful MRP 

applications. To this end, Moustakis (2000) proposed a tool that can be used to define 

appropriate performance metrics with regard to production specifics. As shown in Figure 2.3, he 

linked product characteristics with material attributes. In terms of products, distinctions are made 

among three types by focusing on demand profiles and production setup costs. With respect to 

materials, four types have been identified by focusing on the pattern of usage in production 

(steady vs. varying use), degree of cooperation with supplier, demand, and cost. 

Aggarwal (1985) pointed out that MRP requires a high level of accuracy in estimating 

demand and preparing the BOM. It requires that all involved workers cooperate and update the 

system continually at every single step.  He indicated that although MRP is a complex system, it 

must be updated frequently and does not require highly skilled workers. According to Du and 
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Wolfe (2000), MRP does not recognize the bottleneck or constraints of production systems and 

assumes fixed lead times. Both demand and lead times are assumed to be deterministic. 

Miltenburg (1997) showed that the MRP is flexible, shares many elements with JIT and TOC, 

and can easily behave like them. Cerveny and Scott (1989) conducted a survey of MRP 

implementation for users and nonusers that was administered to 2,892 firms. They included four 

questions to assess user perceptions of MRP. Most responses were positive with high percentage 

reporting profits. 

 
 

Figure 2.3: MRP performance metrics  

Source: Moustakis (2000) 
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MRP generally benefits firms that produce in large quantities, while it can be a bad 

choice for small companies that produce low volumes. For companies that produce complex and 

highly customized products, MRP is not the right method (Moustakis, 2000). Figure 2.4 

represents a classification of the MRP application in industry.  

 
 

Figure 2.4: Industrial applications of MRP  

Source: Moustakis (2000) 

2.3 Kanban (Just-in-Time) 

Just-in-time is a manufacturing philosophy commonly abbreviated to JIT. It employs a 

production pull system that releases the required materials at the right time and in the right 

quantity. As with any method associated with a pull system, it does not start one job until 

completion of the previous job.  Kanban usually stands for card but could stand for anything, 
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such as container, light, or even a verbal word, in order to request a part or material from the 

previous station. In addition, the schedule of the manufacturing process is not constantly running 

as high as possible (maximum capacity); rather it is determined by customer demand, and 

accordingly, the capacity and scheduling process meet whatever production level is needed 

(Lorefice, 1998). Jodlbauer and Huber (2008) pointed out that Kanban is a pure-pull system. 

Production-order replenishment directly corresponds to material consumption downstream. 

Another definition of JIT was articulated as a method that eliminates waste, which is anything 

that reduces the value of the product or process (Canel, Rosen, & Anderson, 2000).  

Abdulmalek and Rajgopal (2007) expressed JIT as a system where a customer initiates 

demand, and the demand is then transmitted backward from the final assembly all the way to raw 

materials, thus “pulling” all requirements just when they are required. They also defined Kanban 

as a signaling system for implementing JIT production. 

The evolution of JIT in Toyota production plants was mentioned by Lorefice (1998), who 

maintained that JIT was developed in the early 1970s for Toyota manufacturing by Taiichi Ohno. 

Ohno’s clever idea, probably triggered by the oil embargo, was intended to minimize waste, 

reduce inventory, and increase efficiency. He crafted this theory on the basis of his firmly held 

beliefs about customer service—that the competitive advantage lies in offering superb service 

quality as quickly as possible. At its inception, Toyota used JIT primarily to reduce shipyard 

inventories, but the company eventually developed it into a management philosophy 

encompassing diverse techniques, applicable in many contexts.   

According to Manou (2007), the modern JIT philosophy eliminates the following: (1) 

overproduction, (2) waiting time, (3) defects, (4) inventory, (5) poor processing, (6) unnecessary 
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movement, and (7) material transporter. Such streamlining has enabled Toyota to compete with 

U.S. manufacturing companies that use a push system (i.e., MRP).  

Kanban combines two Japanese terms: kan, the signal, and ban, the card. Kanban is an 

essential part of the whole JIT system, as shown in Figure 2.5. It controls the flow of materials 

between upstream and downstream processes. The two common types of Kanban cards are the 

production order Kanban (POK) and a move or withdrawal Kanban (WLK). The POK is a signal 

to start the process and to identify the right part and its quantity, whereas the WLK connects 

workstations and facilitates demand fulfillment.  

 

Figure 2.5: JIT elements  

Source: Manou (2007) 
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As Spearman, Woodruff, and Hopp (1990) pointed out, Kanban and JIT are often 

confused with each other, but in reality they function in different roles. Kanban is a production 

control system, while JIT is a management philosophy. JIT encompasses Kanban but also 

addresses a myriad of other production areas including quality control and staff participation and 

morale. Kanban attempts to dramatically reduce the work-in-process, setup times, and lead times. 

This pure-pull system emphasizes small lot sizes in order to maintain small inventories and 

achieve short lead times (Aggarwal, 1985).   

Taylor (2002) indicated that low inventory is something appreciated in the production 

process, especially the WIP, and is one of the dominant factors to increase profit. The variability 

is an inherent challenge in any manufacturing system. To enable the process to work effectively, 

it is necessary to set up a protection buffer, which costs much less than directly reducing the 

variability itself. But this protection buffer has a negative impact on scheduling performance and 

delivery obligations. Hence, it is not easy to manage the WIP. Therefore, this managing issue 

needs to tie together knowledge with good experience. The WIP in JIT is determined by the 

number of Kanban cards that are used. 

Even though the objective of JIT is to maintain good quality, low cost, and on-time 

delivery, it is impossible to handle any fluctuation in a load of less or more than 10%, and using 

JIT requires high levels of skill for all involved employees so that each person can easily 

multitask and work outside his or her station. Each employee must have the ability to pause any 

process to help someone else or to take on another task in order to improve the total work 

productivity. Some results of implementing JIT have shown great achievement: “Japanese 

companies that have used Kanban for five or more years are reporting close to a 30% increase in 

labor productivity, a 60% reduction in inventories, a 90% reduction in quality rejection rates, and 
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a 15% reduction in necessary plant space.” In contrast, some U.S. companies have claimed 

problems such as unreliability, poor quality, and non-relevance (Aggarwal, 1985). 

Younies, Barhem, and Hsu (2007) pointed out that the JIT method contradicts 

conventional production methods. Traditionally, firms produced as much as they could in order 

to keep the highest inventory to satisfy demands. JIT ideally manages lower inventory and only 

produces whatever is immediately needed in order to eliminate any excess WIP. They also 

mentioned some advantages of implementing JIT, including increased skills for problem-solving 

(by catching problems at the moment they occur), reduced lead times and effective equipment 

use as a function of smaller batch sizes, and worker involvement with improved involvement and 

morale. Employing JIT reduces paperwork, simplifies planning, and reduces inventory, because 

the JIT philosophy, at its core, works to eradicate waste, both physical (materials, machinery, 

etc.) and non-physical (time).  

Younies et al. (2007) also pointed out some disadvantages and weaknesses associated 

with the just-in-time philosophy, saying that JIT is not ideal for all environments and that it 

requires good communication, trust, and relations among workers and management. 

Additionally, since JIT emphasizes small lots, it requires frequent and fast shipments from 

suppliers.  

Spearman et al. (1990) mentioned that Kanban is difficult, or impossible to use when 

there are the following: (1) job orders with short production runs, (2) significant setups, (3) scrap 

loss, or (4) large, unpredictable fluctuations in demand.  

According to Younies et al. (2007), JIT can be applied to both the purchasing sector and 

the manufacturing sector. Any firm may seek to apply JIT methodology in the manufacturing 

area, but JIT in the purchasing area is mandatory to complete the whole process.  
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Aggarwal (1985) reported Kanban’s global popularity with mass production use in Japan, 

Europe, and North America and noted that the Kanban system has effectively replaced the job-

order and routing-sheet systems that previously have been so prevalent.  

Duclos, Sih, and Lummus (1995) presented similar methods for application in the service 

industry. Since service is intangible and depends on customers and their expectations rather than 

material supply and inventory, services are the focus of the model and are classified into three 

different categories: (1) mass, (2) service shop, and (3) professional. These service categories are 

further divided into six different dimensions.  

In the purchasing sector, JIT is crucial to increase total productivity. Gunasekaran (1999) 

considered two main issues that help reduce the replenishment lead time: optimal location of the 

supplier and small-quantity ordering. Many aspects apply to the JIT purchasing design, as shown 

in Figure 2.6.  

 
 

Figure 2.6: Role of concurrency in JIT purchasing  

Source: Gunasekaran (1999) 
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2.4 Theory of Constraints  

In the early 1980s, Eliyahu Goldratt (1947–2011), an Israeli physicist, contributed to the 

production-scheduling field by inventing a revolutionary management philosophy called the 

theory of constraints. Goldratt became one of the most well-known experts in the field of 

business management and manufacturing processes. He has written many books, but The Goal:  

A Process of Ongoing Improvement, written with Jeff Cox, is his best-selling book and 

considered one of the best business novels (Goldratt & Cox, 1992). Goldratt has also developed 

additional techniques such as critical chain project management (CCPM) and thinking process 

(TP), among others.  

The TOC was widely spread throughout the U.S. in the 1980s and adopted by many 

service and industrial companies for numerous applications. Goldratt and Cox (1992) expressed 

the main steps of TOC in their book, The Goal. They wrote the novel in the context and manner 

of a day-to-day operational and manufacturing management process in order to educate 

managers and workers about how to resolve a plant’s constraint, which is the least resource. This 

story is ultimately concerned with resolving system constraints—bottlenecks—in order to 

mitigate the risk of wasted time, money, and materials, as well as to maximize system 

performance. Numerous journals have contributed to the TOC and its applications. Rahman 

(1998) reviewed the concept of TOC and its history, applications, and buffer types. Watson, 

Blackstone, and Gardiner (2007) articulated the evolution of the body of knowledge and different 

eras of the TOC. The academic perspective of the TOC with its evolution and influence was 

presented by Balakrishnan, Cheng, and Trietsch (2008). The Theory of Constraints Handbook 

might be considered the most extensive review ever of the TOC (Cox & Schleier, 2010). Tulasi 

and Rao (2012) adequately articulated a general review of the theory of constraints and showed 
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its relevance for many different applications. They classified the TOC based on its paradigm 

applications. Şimşit, Günay, and Vayvay (2014) offered a short review of the TOC and its 

evolution.  

The theory of constraints has evolved steadily since it was invented by Goldratt, and 

accordingly, many publications have adopted its definitions, applications, reviews, and 

comparisons. Watson et al. (2007) pointed out that the TOC evolved five different times, and 

titled its era divisions as follows: 

 The Optimized Production Technology (OPT) Era—the secret algorithm. 

 The Goal Era—articulation of drum-buffer-rope scheduling. 

 The Haystack Syndrome Era—articulation of TOC measures. 

 The It’s Not Luck Era—thinking processes applied to various topics. 

 The Critical Chain Era—TOC project management. 

The following review particularly focuses on the first two evolutionary eras. 

The Optimized Production Technology Era—The Secret Algorithm 

The theory of constraints was developed from the optimized production timetable before 

it officially changed and was commercially referred to as optimized production technology 

(Tulasi & Rao, 2012). According to Fry, Cox, and Blackstone (1992), OPT is a computer 

software system that administers the shop floor scheduling process. The system functions on four 

main components: (1) buildnet, (2) split, (3) OPT, and (4) serve. They explained the software 

and its four modules in great detail, including the advantages and disadvantages of the OPT 

software, which were determined through a massive survey of more than 60 organizations that 

implemented it. Based on the survey analysis, Fry et al. (1992) concluded that automotive 

manufacturers had gained the most from OPT. They also found that users tended to be made-to-
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order manufacturers over made-to-stock manufacturers. They conjectured that the reason was 

because made-to-order processes are more difficult to regulate. The initial components of OPT 

are shown in Figure 2.7 . 

 
 

Figure 2.7: OPT flowchart  

Source: Fry et al. (1992) 

Spencer and Cox (1995) argued that despite common belief, OPT did not appear in The 

Goal by Goldratt and Cox (1992). They state that since The Goal mainly focused on bottleneck 

issues, performance, and whole system productivity, there was little reason to reference OPT, 

and there is no evidence of OPT software in the book’s limited reference to a scheduling 

technique. 
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According to Goldratt (1988), materials requirements planning, which came about in the 

late 1960s, was the first approach to computerize shop floor scheduling processes. At that time, 

another similar computer software program called the finite scheduling approach existed in 

Germany. IBM adopted both MRP and finite scheduling. Later, finite scheduling fell out of use, 

but MRP continued to remain popular. In the late 1970s, optimized production technology was 

introduced. The main difference that led to its success was that it integrated both of the structures 

for products and materials. Finally, Goldratt (1988) emphasized and concluded the following: I 

must stress that no software has yet been written according to this latest thought. According to 

my knowledge and judgment, the OPT® software as it exists today is currently the most 

powerful and successful software for shop floor scheduling.  

Goldratt and Fox released the nine global rules for OPT, as stated in The Race (1986): 

1. Balance flow, not capacity. 

2. The level of utilization of a non-bottleneck is not determined by its own potential but by 

some other constraint in the system. 

3. Utilization and activation of a resource are not synonymous. 

4. An hour lost at a bottleneck is an hour lost for the total system. 

5. An hour saved at a non-bottleneck is just a mirage.  

6. Bottlenecks govern both throughput and inventories. 

7. The transfer batch may not and many times should not be equal to the process batch. 

8. The process batch should be variable, not fixed. 

9. Schedules should be established by looking at all of the constraints simultaneously. Lead 

times are the result of a schedule and cannot be predetermined. 
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The Goal Era—Articulation of Drum-Buffer-Rope Scheduling 

The Goal (a business novel) by Goldratt and Cox (1992) was written as a narrative 

illustrating useful management philosophy in an illustrative format. It quickly spread globally 

and sold millions of copies due to its common sense approach to whole plant problems and its 

practical Socratic solutions for resolving those problems. The authors’ ultimate goal was to help 

organizations make money. Accordingly, they revealed some techniques to help managers 

overcome disruptions and inefficiencies in the system process by first identifying the problem 

and then going through a series of steps that requires critical thinking to find a proper solution. 

This era is considered the mother of the drum-buffer-rope application because of the five 

focusing steps (5FS). These steps will be presented later in the logistics section. Ronen and 

Spector (1992) extended the 5FS by adding two earlier steps to the 5FS: (1) set up the system’s 

goal, and (2) determine the performance measures.  

Goldratt and Cox (1992) argued in their book that the goal of running any business is 

only to make money, and that everything else—labor, machines, plans—are tools to achieve the 

goal. Following that mindset, synchronous manufacturing is crucial in the theory of constraints, 

and all materials should be smoothly working and synchronized in order to increase the 

efficiency of the system.  

As indicated by Spencer and Cox (1995), the theory of constraints can be divided into 

three different categories: (1) logistics, (2) performance system (performance measurement), and 

(3) problem solving/thinking process (Figure 2.8):  

 Logistics consists of three main elements: (a) the five-step focusing process, (b) VAT 

plant analysis, and (c) the scheduling process, which comprises two further divisions: 

DBR and BM.  
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 The performance system is also divided into three main elements: (a) throughput (T), 

inventory (I), and local operating expense (LOE); (b) product mix; and (c) throughput 

dollar days (TDD) and inventory dollar days (IDD). 

 The problem-solving and thinking process comprises four main elements: (a) effect-

cause-effect (ECE) diagrams, (b) effect-cause-effect audit, (c) cloud diagrams, and (d) 

five-step focusing process.  

 

Figure 2.8: Theory of constraints categories 

Source: Groop (2012) 
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To discuss the essence of the TOC, it is crucial to focus on the constraints. However, 

possible constraints are diverse and can include anything (machine, labor skills, and/or time) that 

could make the system function at a lowered capacity. Therefore, the constraint is defined as 

anything that limits a system from achieving higher performance versus its goal (Goldratt, 1988). 

According to Dettmer (2000), the type of constraint is either physical or non-physical (policy). 

All labor, machines, tools, and any tangible resources that can limit the system’s performance are 

considered physical constraints. However, the policy constraint is all about the managerial and 

any intangible resources that could slow system performance and decrease productivity (i.e., 

market demand). Watson et al. (2007) said that when demands exceed resources, then the 

physical constraint exists, whereas when the demand level is lower than the resource level, 

market constraint occurs. Any formal or informal regulations that limit productivity are 

considered a policy constraint.   

Each plant has at least one bottleneck constraint, which is not necessarily bad. Therefore, 

rather than raising the whole plant capacity to capture the demand, a plant should increase the 

bottleneck capacity to meet the highest efficiency, which will make more money. According to 

TOC techniques, throughput of the entire plant is dictated by whatever the bottleneck constraint 

produces at a time. In other words, to increase the capacity of the plant is to increase the capacity 

of only the bottlenecks (Goldratt & Cox, 1992). Therefore, while increasing the bottleneck 

capacity, it is mandatory to avoid any disruption or waste during the process. Quality control in 

the bottleneck scenario is crucial in order to prevent extra expense and in order to better meet 

customer expectations (Goldratt & Cox, 1992).  

The next sections will explain the three TOC categories of logistics and performance 

measurement. However, since the objective of this dissertation is to extend the study of the 
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TOC’s application in production management, this literature will primarily focus on DBR and S-

DBR applications along with their BM philosophy.    

2.4.1 Logistics 

The preliminary part of the logistics category is the process of ongoing improvement 

(POOGI). It comprises the adopted five focusing steps to ensure effectiveness of the TOC, as  

shown in Figure 2.9.  

 
 

Figure 2.9: Process of ongoing improvement  

Source: Rahman (1998) 

The drum-buffer-rope application relative to the logistics category is one of production 

management. It is derived from the 5FS and evolved into a new generation known as the 

simplified-DBR application. The 5FS enable continued improvements (Goldratt, 1990), as 

follows: 

1.  Identify the system’s constraints. The constraint can be either physical or non-

physical. The physical constraint is workers, machines, materials, or demand, while the non-
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physical constraint is any managerial issues such as policy. The current reality tree (CRT) as a 

main branch of the thinking process becomes a powerful managerial technique to identify policy 

constraints. Furthermore, the constraint is not necessarily singular or fixed to one location. 

Rather, it can be multiple and move from one place to another (Rahman, 1998). 

2.  Decide how to exploit the system’s constraints. After the constraint has been 

identified, it must be adjusted to be a benefit rather than a detriment (if physical). Otherwise, an 

effective policy must be made to support the system’s throughput. According to Watson et al. 

(2007), the goal of exploiting the constraint is to reach the highest efficiency possible within a 

given system with existing resources. 

3.  Subordinate everything else to the above decision. This simply means that since the 

constraint dictates the system’s throughput, the non-constraint should always support the 

constraint in order to reach maximum capacity. Accordingly, the constraint exploitation must be 

at the maximum level in order to avoid the system’s loss (starvation). This will ensure that there 

is no waste on throughput, which guarantees the maximum responsiveness and sale (Rahman, 

1998; Watson et al., 2007). 

4.  Elevate the system’s constraints. Invest in the system’s throughput (sale) by adding 

more resources to the system’s constraint capacity. This will increase system performance, thus 

leading to overall improvement.  

5.  If a constraint has been broken in the previous steps, then go back to step one, 

but do not allow inertia to cause a system constraint.  

Rahman (1998) warned not to make torpor the next constraint. While the first instruction 

makes TOC continuous, the second warns that no mandate, instruction, or action is a suitable 

solution for all situations. Therefore, it is vital for each organization to closely monitor the 
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business environment, their own development, and their policies, and account for those changes 

by making adjustments to their processes. Failure to do so will lead to detriment. 

2.4.1.1 Drum-Buffer-Rope  

The DBR application is a production scheduling method that operates a whole (plant) 

according to its slowest point of operation (bottleneck) known as the capacity-constrained 

resource, the theory being that this constraint can serve to balance the whole if the unconstrained 

components operate according to the limits set forth by the constraint. In both his books, The 

Goal followed by The Race, Goldratt expertly illustrates DBR’s functional use within the plant 

using an illustration of a scouting troop on a hike. Here, a group of scouts sets out on a hike with 

a predetermined route and a set end time goal. The hike will be over when the last scout finishes. 

While on the hike, each scout is required to walk in a straight line and may not pass the person 

preceding him. When the scouts do not abide by this rule, they fail to meet their goal. For 

example, if the slowest person of the seven scouts is the fourth person in line (three ahead and 

three behind), and the first three continue on the hike without regard for the rest, they (the first 

three) will become idle, having reached their own goal point, but will not help the group achieve 

its shared objective. Likewise, if the last three in the line work ahead and bypass their slow 

companion, they too will have idle time and will not have contributed to helping their group 

reach the goal. 

According to Cox and Schleier (2010), the DBR application was initially evolved based 

on Goldratt’s experience in the shop floor scheduling environment. During that time, Goldratt 

was using OPT for the repetitive scheduling environment, and this software is considered a 

precursor to the DBR application. Later on, Goldratt recognized that not all machines are 

expected to function 100%; instead, the constraint should be scheduled to be utilized at its full 
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capacity. Therefore, in order to utilize the constraint 100%, an upstream time buffer is always 

needed to balance the entire flow, and all capacities of non-constraints resources must be 

ignored.  

In this scouting illustration, the troop represents a typical production environment where 

the first three scouts are the production launch functions of any production process, and the last 

scout represents shipping. The average company’s solution to bridge the gap between the 

constrained resource (fourth scout) and the non-constrained resources (remaining scouts) is to 

allow the non-constrained resources to work ahead, building inventory and avoiding idleness. 

However, such a drive to maintain operational efficiency forces many companies to accumulate 

massive buffer stocks in effort to prevent machine or staff idleness.  

Conversely, rather than accumulate stock in an effort to assuage idleness, the TOC 

approach is to identify the constrained resource, or fourth hiker (bottleneck), and allow him to set 

the pace (throughput) of the hike (job). The lead scout (non-constrained resource) is tied to the 

fourth scout by a set length of rope, ensuring that the three leading scouts (non-constrained 

resources) do not progress too far ahead of the troop. The other hikers (non-constrained 

resources) following the fourth hiker can be trained to close up any gaps to ensure that the hike is 

completed within the time limit.  

Basically, the DBR scheduling technique helps both manufacturing and non-

manufacturing sectors to maximize throughput by dealing directly with system constraints. 

However, to identify the constraint in any environment, the five focusing steps must be used to 

ensure the effectiveness of the entire system. The system might contain more than one 

bottleneck; however, only one bottleneck has significant impact on the system and becomes the 

constraint. Any constraint in the system is due to either a lack of materials or machining issues 
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such as capacity problem or breakdown. In addition, a policy constraint exists when strategies 

and policies remain constant without meeting changes in the business. The third factor of a 

constraint’s existence concerns labor skills or behaviors, whereby lack of training or accuracy of 

working can have a negative impact on the entire productivity (Mabin & Balderstone, 2003).  

A realistic troop (plant) comprises people with varying personal characteristics including 

height, weight, speed, and strength. When members of the troop move forward, their pace and 

ability to equalize with their peers are vastly unequal. Accordingly, different gaps among them 

occur. In fact, moving at the same speed would result in different line fluctuations caused by 

each body’s strength. If the first person (scout leader) continuously walks at the same rate as his 

power strength, then the shortest person (slowest scout) might have difficulty matching pace with 

the scout leader. Consequently, line disruption causes spreading in front of the slowest scout, and 

the more the leader walks, the more chance there is for additional spreading. In this example, the 

scout troop represents a real production environment. Usually, laborers and their skills, as well as 

other resources, vary from one work station to another. Unfortunately, the imbalance caused by 

variability (statistical fluctuation and random events) influences the throughput of the entire 

process. In the case of an imbalanced line, speeding up or increasing the capacity to catch up will 

increase operational costs (carrying cost) as the work-in-process increases and the rate of sales or 

throughput drastically decreases. In fact, throughput is dictated by the slowest capacity for any 

machine, which is the slowest scout in the troop analogy above. From this point of view, 

Goldratt invented the new scheduling and controlling method in an effort to prevent a stack of 

materials in front of the bottleneck, which causes a huge loss in total profit.  

 This evolving technique derived from the TOC was developed by the same originator, 

Goldratt, who was able to achieve great success in the field of operations management, 
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specializing in manufacturing performance. A while later, Goldratt and his colleague Fox (1986) 

expanded upon this approach with great detail in a separate book called The Race. However, the 

DBR application is an initial element of the TOC. Moreover, it is recognized as one of the most 

promising and worthwhile approaches that appropriately regulates the production line and 

reveals better outcomes. In fact, since its invention in the 1980s, this scheduling system has 

grown rapidly. DBR is uniquely known by its materials synchronization during processing. 

Therefore, any contribution or performance of any resource is strongly related to another; for 

example, any human effort or machine process depends on others, and they in turn depend on 

others as well. 

The drum-buffer-rope application consists of three main parts, as shown in Figure 2.10.  

 

Figure 2.10: Drum-buffer-rope application 

Source: Schragenheim et al. (2009) 

According to Schragenheim and Dettmer (2000), DBR is a plan to exploit a capacity constraint 

(drum), a protective cushion expressed in time (buffer) rather than stock, and a material release 



 

27 

schedule (rope) to guard against over production and priority mix-up. DBR assumes proper 

inventory availability and management to supply any required materials.  

The rope length should be determined correctly. This is challenging because its purpose 

is to either underestimate the buffer or overestimate it. A buffer that is too short will leave the 

constrained capacity vulnerable to lost throughput, thereby affecting the whole plant, while a 

buffer that is too long will increase the cost and cycle time and decrease inventory turns, which 

will stunt cash flow (CF).  

Schragenheim, Dettmer, and Patterson (2009) pointed out that the DBR scheduling 

technique represents a radical change in manufacturing philosophy and execution. To argue that 

efficiency only matters at one point in production—the capacity-constrained resource—would be 

audacious, yet that is the fulcrum upon which DBR rests: that workflow speed throughout 

production and reduction of WIP inventory is more important than efficiency at the work station 

level.  

According to Schragenheim and Ronen (1990), DBR is widely versatile in business 

applications and is quickly growing in popularity in the manufacturing sector, primarily because 

it enables better scheduling and informed decision-making on the shop floor. According to 

Watson et al. (2007), rigorous testing of DBR indicates that TOC systems produce greater 

numbers of products while reducing inventory, manufacturing lead time, and the standard 

deviation of cycle time. Tulasi and Rao (2012) suggested that DBR is applicable to the service 

industry as well as manufacturing. While the manufacturing DBR schedules machinery, the 

service industry DBR can be used to maintain employee schedules, set client appointments, or 

predict service completion lead times.  
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For the best function for DBR, Goldratt (1990) adopted five focusing steps, which were 

preceded by the nine principles of OPT, as follows:   

1. Identify the system’s constraints.  

2. Decide how to exploit the system’s constraints.  

3. Subordinate everything else to the above decision.  

4. Elevate the system’s constraints.  

5. If in the previous steps a constraint has been broken, then go back to step one, but do not 

allow inertia to cause a system constraint.  

Since the DBR scheduling technique identifies the slowest capacity (bottleneck) in the 

system based on the TOC, there is nothing to do with the non-constraint capacity. If there is 

more than one bottleneck at a time, then the constraint is obviously determined as the slowest 

capacity/operation in the plant. There are three different types of non-constraint capacity: (1) 

productive, (2) protective, and (3) excess. Productive capacity has the same capability as the 

constraint, but protective capacity has greater capability in order to restore the smooth and 

efficient process by continually feeding the buffer. This action is very important to guard against 

the constraint’s starvation. Excess capacity has a higher capability than the others (Cox & 

Schleier, 2010).  

Synchronous manufacturing focuses on the most constrained bottleneck resource. The 

output rate is the drum, setting the pace for the whole production process. To guard against 

idleness at the bottleneck, a WIP inventory is included adjacent to the bottleneck, and to prevent 

excessive WIP, the material release schedule is tied to the rate of production at the bottleneck, 

which synchronizes the whole system. 
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Schragenheim and Dettmer (2000) mentioned some beneficial functions that the 

traditional DBR always strives to achieve: (1) reliable due-date performance, (2) effective 

exploitation of the constraint, and (3) timely response. They suggested the simplified drum-

buffer-rope application instead of the traditional drum-buffer-rope application. Basically, the 

difference between the two is that DBR treats the market as the major constraint, even if the 

internal/operational capacity is constrained. DBR is better at achieving full throughput capacity 

(due to exploiting), while S-DBR more easily achieves consistent customer satisfaction because 

it focuses on the shipping buffer and treats the market as the constraint. In addition, S-DBR 

requires less lead time to deliver the promised products. S-DBR handles the shift between peak 

and off-peak demand better than DBR, its simplicity allows it to be supported by MRP, and it is 

easy to implement—qualities that encourage many companies to transition to it. Corbett and 

Csillag (2001) indicated the advantage and disadvantages of DBR by studying seven companies 

that executed it in Brazil. All but one achieved good results and were happy with its 

implementation. These companies claimed that the due-date performance improved, inventory 

decreased, lead times were reduced, and revenue per employee per year increased. Additionally, 

most of the companies increased production capacity. Other advantages mentioned by most of 

the companies that participated in this study include the following: (1) freed time for production 

staff, (2) decreased area friction, (3) balanced flow, (4) focused ongoing improvement, and (5) 

decreased overtime. Some disadvantages were reported as well: (1) TOC defenders seen as 

contestants, (2) relaxed operation expense control, and (3) increased scrap due to batch size.  

Trietsch (2005) defeated the DBR scheduling technique by introducing management by 

constraints (MBC). His contribution to MBC was allowing the balance, which directly opposes 

the initial notion of DBR forbidding the balance. Moreover, he extended MBC to management 
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by criticalities (MBCII), which takes into consideration economic balance. Trietsch mentioned 

some disadvantages of the DBR application, arguing the following: (1) it is an incorrect method 

to deal with scheduling (even deterministic); (2) in scheduling a conflicts situation, the 

bottleneck is not clearly defined; and (3) DBR is no longer considered modern and has been 

eclipsed by more advanced software. However, he did concede that DBR can still be used for 

inventory control with no software. Trietsch also explained in detail some advantages of the 

constant work in process (CONWIP) over DBR.  

Nanfang, Kaijun, and Tian (2008) discussed market competition, which depends on a 

quick response and increases business profitability. They criticized the traditional DBR 

application, which emphasizes more than the needed buffers (i.e., three buffers) for protecting 

the capacity and due dates. They preferred the simplified DBR over the traditional one because it 

suggests only one buffer for shipping. Even if the internal capacity-constrained resource is 

active, then S-DBR can effectively work under two concerns: a failure to adequately exploit the 

CCR, causing either starvation or too much preparation time, or a failure to smooth the load 

through the planning timeframe. The unlikely outcome could be an excessive buffer or an 

unachievable deadline.  

According to Wu and Liu (2008), the DBR application is unlike other scheduling systems 

because it is finite. In contrast, since DBR does not involve detailed station scheduling, each 

station functions uniquely. The CCR station’s dispatch is tied to the drum’s order sequence. If an 

order is delayed, then the following order can be executed, which prevents idleness. Since the 

rope is designed to respond to the drum, the raw materials must follow a designated plan, and 

customary material release (which functions in relation to the gateway station’s idle status) is 

prohibited. Finally, since the DBR application does not schedule non-CCRs in the planning 



 

31 

phase, orders at such stations cannot follow a plan. Therefore, each dispatch decision at a non-

CCR station is made by someone at that station. Guide (1996) found that the simple priority 

dispatching rules (first-in first-out [FIFO] or earliest due date) work best to support DBR at non-

CCR stations.  

Marton and Paulová (2010) noted that the TOC is simple to communicate and apply, and 

it offers immediate benefits, thus making it ideal for kick-starting improvements and creating 

team cohesion. Additionally, it offers the potential for significant productivity and production 

increase with minimal operational changes, and offers a means to accurately assess the value of 

implemented changes. Despite such obvious benefits, they also noted that the TOC has 

disadvantages as well, chiefly that it can be difficult to apply if the constrained resource is not 

consistent.  

Cox and Schleier (2010) pointed out additional problems with the DBR application: (1) 

product mix increases the likelihood of bottleneck changeability; (2) materials released before 

the rope request will build up inventory during the process, thereby disrupting the drum; (3) 

continuously used non-constraints make the protective capacity a waste, and (4) increasing the 

batch size to reduce setups can damage the shop by stacking materials and cause changeable 

bottlenecks. 

According to Cox and Schleier (2010), numerous articles include DBR studies in 

different environments and proposed plant classifications including supply chain and the service 

sector. Goldratt (1988) developed VAT plant categories in the 1980s, whereby the V-plant 

(divergence point) is a V-shape and indicates that the finished products are much larger than the 

A-plant, but the raw materials are very small. The A-plant (convergent point) is A-shaped and 

opposite to the V-plant; the number of raw materials is large but the number of end items is very 
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small. The T-plant shape represents a mixture of convergent and divergent points. A number of 

simulation case studies of DBR in A and V plants exist, but Cox and Schleier (2010) could not 

find any dealing with the T-plant. They noted that often simulation models used to study aspects 

of the DBR application are I-shape rather than A-, V-, or T-shape because issues like adequate 

capacity or a buffer’s impact on lead time are easier to study in an I-environment and are less 

likely to encounter complications.    

Schragenheim and Ronen (1990) suggested that improving exploitation and 

subordination will improve the DBR application. In addition, they mentioned that the three times 

buffer size average is based on experience and relies on realistic lead time.  

Demmy and Petrini (1992) pointed out that the DBR application has critically benefited 

many different work sectors of the U.S. Air Force. Service facilities such as the maintenance 

depot have dramatically increased total productivity and saved time. They provided an example 

of Air Logistics Centers (ALCs) at Ogden, Utah, where they applied DBR, and throughput 

increased by 38% and flow days decreased by 75%.  

Guide and Ghiselli (1995) implemented the DBR scheduling technique in a military 

engine rework area at the Alameda Naval Aviation Depot, which manufactures components of 

military aircraft industry including engines and jet turbine engines. They reduced the turnaround 

time (TAT) and WIP by 40% and 50%, respectively. In another study, Guide (1996) applied 

DBR at the same facility by constructing a simulation DBR model. Results showed that DBR 

overcame the traditional MRP and functioned much better in all buffer sizes. He emphasized that 

in this kind of environment, the larger the buffer, the better the ability to absorb a high level of 

variability.  
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Russell and Fry (1997) constructed a simulation of a V-shape plant to study order 

review/release and lot splitting in the DBR application, modeling the capacity between 

bottleneck and non-bottleneck operations.  They concluded that a real-time release methodology 

results in a lower system inventory than backward finite loading or backward infinite loading, 

regardless of capacity balance level or batch-splitting policy. They also noted that as the capacity 

balance increases, the necessary inventory buffers increase dramatically. 

Miltenburg (1997) implemented a comparison between DBR and JIT, and embedded 

them into MRP. He used a Markov chain model of a simple production line for analysis and used 

four measurement criteria (inventory, cycle time, output, and shortage) to conclude that the 

traditional MRP performs poorest. The DBR application has higher output than others, but JIT 

promises the lowest WIP inventory and shortest cycle time with no expediting. DBR has a higher 

WIP inventory than JIT, and sometimes expediting is needed. 

Steele, Philipoom, Malhotra, and Fry (2005) expressed an analytical case study for the 

bearing manufacturing company that used to manufacture traditionally by the MRP process and 

then shifted to the DBR application, thus demonstrating that the DBR application overcame 

MRP.  

Hasgul and Kartal (2007) used the Wagner-Whitin algorithm and finite loading to 

determine optimal lot sizing. They simulated the scheduling model by using Arena 6 at a 

refrigerator plant between a CCR and a non-CCR. They concluded that the cycle time drops from 

12 to 7 days when they applied DBR. 

Wu and Liu (2008) proposed the capacity available-to-promise (CATP) concept along 

with the DBR application. They mentioned that their model can help the DBR users improve 

due-date completion and bottleneck exploitation, thereby enhancing system effectiveness. 
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Kasemset and Kachitvichyanukul (2008) extended their single-bottleneck study to 

include a multi-bottleneck, implementing the DBR application in a manufacturing environment 

and providing a simulation case. Furthermore, they only used FIFO as a machine-sequencing 

rule. They concluded that the implementation of DBR in systems with multiple bottlenecks is 

very difficult.  

Yang and Tsai (2008) represented an application of DBR in a high-rise building. They 

concluded that the DBR scheduling technique can enhance reliability and reduce uncertainty.  

Gupta and Snyder (2009) conceptually reviewed a comparison of the TOC, once with 

MRP, then with JIT, and finally with both MRP and JIT simultaneously. This study did not 

provide any statistical analysis, cases, or recommendations about the comparison, but it suggests 

some further studies on the applications mentioned. Even though the TOC defeats the other 

approaches, they pointed out that it is still inconclusive, and they did not find strong evidence 

due to the lack of realistic studies. Moreover, they suggested some empirical works for the TOC 

approach because it is considered one of the most promising. 

Xu, Ru, and Liu (2010) applied the DBR method to a constructed mathematical model of 

a clothing firm. They effectively minimized total tardiness and improved due date performance 

of the system.  

Tulasi and Rao (2012) adequately articulated a general review of the theory of constraints 

and showed its relevance for many different applications. However, they classified the TOC 

according to its application of paradigms. Based on their review, the majority of applicants that 

had been studied were in the logistics category. Specifically, many of the applicants studied were 

in project management and manufacturing. In addition, the authors classified the TOC paradigms 
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into three different categories: (1) logistics, (2) global performance measure, and (3) thinking 

process. They pointed out that there are not enough studies with a realistic case. 

Georgiadis and Politou (2013) analyzed a dynamic mathematical model in flow-shop 

production environment. This model considers a single-product with three operations and a 

DBR-based production planning and control system. They defined the production time buffer as 

the total of the constraint and shipping TBs. The analysis indicated that the production TB is 

crucial to changes in the operational parameters and levels of demand.  

Huang, Pei, Wu, and May (2013) proposed a mathematical model to reschedule a flow-

shop mixed-line production problem by using DBR and BM. They concluded that implementing 

the DBR method is better than the traditional early due date (EDD) performance for improving 

completion time and production flexibility. 

Demmy and Demmy (1994) illustrated how to use the DBR application in the service 

sector by employing it in a picture-taking day at Ferguson Junior High School in Arlington, 

Texas. Their results showed that DBR scheduling saved the students classroom time, and also 

improved the flow time and quality of arranging each group of students.  

Motwani, Klein, and Harowitz (1996a, 1996b) applied the TOC in health care service. 

Their contributions are reported in two different papers. They concluded that in service 

organizations such as health care, the same procedure can be used to exploit the constraint and 

subordinate the resources.  

Bramorski, Madan, and Motwani  (1997) represented an application of the DBR in a 

bank.  They noted that the constraint is not a physical resource, but rather a policy or 

measurement process. They concluded that successful application requires attention to the total 

system and a focus on operating expense, inventory, and throughput.  
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Siha (1999) addressed the issues and problems of service organizations by applying the 

TOC. She provided four different types of service organizations—service factory, service shop, 

mass service, and professional service—and their TOC solutions, as shown in Figure 2.11.   

 
 

Figure 2.11: TOC solutions for all service types  

Source: Siha (1999) 

Siha concluded that even though the DBR application was invented to treat physical constraints 

in the manufacturing sector, it could be applied in the service sector as well. Since the constraint 

sometimes can be policy, any service organization can easily exploit the constraint and 

subordinate the resource to it.   

Groop (2012) applied the TOC in his productivity analysis of home healthcare in order to 

pinpoint what devices and practices hinder strong resource application and then to develop 

general guidelines to overcome these challenges.  
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Walker (2002) presented a case study to synchronize resources to the international supply 

chain. He changed the traditional push methodology to implement the drum-buffer-rope 

methodology into capacity, inventory, and customer demand, respectively. Walker claimed 

success, dropping the supplier’s time response from three to five weeks to ten days and achieving 

quick and excellent delivery and performance.  

Simatupang, Wright, and Sridharan (2004) articulated the application of DBR to the 

supply chain by linking all entities together from supplier to end customer. They showed how 

goods physically flow through the entire chain. They also provided performance metrics in order 

to assess the success of total performance, dividing it into three types: (1) throughput dollar days  

(2) inventory dollar days, and (3) local operating expense.  

2.4.1.2 Simplified Drum-Buffer-Rope 

The S-DBR application was introduced in Supply Chain Manufacturing at Warp Speed 

by Schragenheim et al. (2009) using simulation software for the make-to-order environment. 

This contribution presents, in detail, a new and modified generation of the original DBR. The 

S-DBR method treats the market as the true constraint for the entire system; therefore, all 

operations must be subordinated to the market, even if the internal capacity is constrained. This 

concept always elevates the system’s capacity to the level of market demands without any 

internal restrictions. The preliminary aspect of S-DBR is guaranteeing safe product delivery by 

ensuring that the due date is less than the quoted lead time (QLT), which is usually the industry 

lead time (ILT). In addition, the S-DBR application smooths the load without creating any WIP 

piles on the floor by releasing the right materials at the right time, utilizing the planned load 

(PL). The PL converts the load capacity for each order into an estimated period of time and 

smoothly runs the load to determine the finishing time of the current order as well as the 
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accepting and delivering times of the next order. The rope chokes the release onto the floor at the 

right time, based on the production bugger and according to the PL.  

Many ramifications of the S-DBR application make it much easier than the DBR method 

in terms of implementation and operation. Schragenheim et al. (2009) suggested that there is no 

need to have detailed scheduling for the CCR as is necessary in the DBR application. However, 

this might slow the entire system, sometimes leading to violations of the promised due date by 

propelling work on orders with advanced due dates. The DBR scheduling technique adopts three 

different buffers (constraint, assembly, and shipping), which can be complex and confusing. For 

example, suppose the order’s priority changes for a rework (or any other reason); then a complex 

rescheduling is needed to ensure the promised due date. However, with the S-DBR application, 

there is only one production buffer (PB), which represents the cycle time for the entire process 

and guarantees the promised due date. Therefore, if the line is interrupted, it is not necessary to 

move up some promised due date or calculate new priorities. The lead time consumes 

unnecessary time; consequently, the response to orders takes more time. In addition, three 

different buffers make expediting a challenge among the other orders that are still being 

processed. In the DBR application, the internal constraint can be easily shifted to another 

resource, sometimes causing overlap or interruption. But with the S-DBR application, the market 

is the only constraint, and if the internal constraint is active, then it should be subordinated to the 

market. The DBR technique also creates inflexibility when any new order suddenly comes to the 

floor while the entire system is only dictated by the CCR resource. Finally, DBR is complex to 

implement and requires special software, whereas S-DBR is very simple and can be supported by 

MRP (Schragenheim & Dettmer, 2000).  



 

39 

The drum in the S-DBR application is the customer orders connected to material released 

by a non-physical rope in order to pull the required materials. Therefore, the promised delivery 

date may vary because of different orders loaded on the PL. Finally, the initial reason to 

synchronize operations with sales in the S-DBR application is that the market always fluctuates, 

and it is difficult to obtain an accurate forecasting. Regarding the prime assumption of S-DBR, 

Figure 2.12, illustrates the normal sales variation over a period of time (i.e., one year). The 

dotted line expresses the maximum possible capacity of the system, whereas the solid line 

represents customer demands over the same period of time. Both ends show a lack of capacity, 

i.e., not able meet customer demands. In other words, two peak periods of sales during the year 

become a loss since the system cannot be elevated up to the market demand level to take 

advantage of sales. Over a period of time, the graph shows the system is not expected to be 

heavily loaded and therefore is more often idle 

 
 

Figure 2.12: Variation in demand over time  

Source: Schragenheim et al. (2009) 
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Another important principle of the S-DBR application is the master production 

scheduling (MPS). It is crucial to determine what the plant can accomplish with its available 

capacity in order to create the MPS. Once the MPS indicates sufficient capacity with the least 

resource, the plant can efficiently commit to the market (Schragenheim & Dettmer, 2000). 

Determining Materials Release Dates and Delivery Due Dates  

In order to quote a safe due date for any order, it is necessary to monitor the CCR through the 

planned load, as depicted in Figure 2.13. The PL is defined as the accumulation of the derived 

load on the CCR (the weakest link) for all the firm orders that have to be delivered within a 

certain horizon of time (Schragenheim and Dettmer, 2000). The PL is expressed in time units; 

for instance, if there are four products—P1, P2, P3, and P4—loaded on a CCR and each requires 4, 

3, 2, and 5 days, respectively, then the total load on the PL is the sum of these required days (14 

days). The production buffer is the estimated time from the materials’ release until the time the 

order is completed. The PB is a liberal estimation based on both the total load of the PL and on 

experience.  

 
 

Figure 2.13: Planned load of S-DBR  

Source: Chang and Huang (2014) 
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Mathematically, to calculate the due date for any order, half of the PB should be added to 

the PL (+ ½ PB), but to identify the release date, half of the same PB must be subtracted (moving 

backward) from in front of the CCR (– ½ PB). The prime notion of the PL is that it is 

continuously working on the assigned load and does not provide any scheduling, as depicted in 

Figure 2.14. 

 
 

Figure 2.14: Framework of planned load  

Source: Schragenheim (2006) 

The S-DBR application is a planning methodology, and the PL does not require the flow 

to be in order. However, the control mechanism, or buffer management, is responsible for 

prioritizing all orders and expediting any order that gets moved to the red zone. Therefore, if any 

order is delayed for any reason, the PL will continuously work on the next order that has shortest 

due date, regardless of the order’s sequence (Schragenheim, 2006). 

Schragenheim (2006) utilized the S-DBR scheduling technique in a make-to-order 

environment for rapid response. He reserved some capacity in the CCR to satisfy rushed orders. 

Chang and Huang (2011) proposed a mathematical model to calculate the PL in the multi-

reentrant layers. They showed that their modified model has better performance in the 

manufacturing sector. Wang, Li, Chen, Chen, and Tsai (2009) conducted a study on the shop 
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floor with three different scenarios to test the due date performance (DDP). This study excluded 

the variation in all experimental test scenarios. Lee, Chang, Tsai, and Li (2010) opposed the 

notion that the CCR is always assumed to be in the middle. They addressed the notion that the 

CCR could be multiple, either in front or in back of the line. Accordingly, the due date and 

material release equation have been enhanced. Schragenheim and Dettmer (2000) introduced the 

S-DBR application and its ramifications, and discussed its evolution from the traditional DBR. 

Chang and Huang (2014) proposed a model to determine the best due date and materials-release 

date in a reentrant flow shop (RFS).  

2.4.1.3 Buffer Management  

The buffer has been given consideration in many studies for successful implementation of 

the DBR application. Therefore, buffer size is necessary for better DBR scheduling and control. 

Schragenheim and Dettmer (2000) pointed out that buffer management allows managers to 

monitor the state of the buffers and warns when they are in danger of exhaustion. An effective, 

robust schedule results when the DBR application’s fairly simple planning, which considers the 

impact of uncertainty, is combined with focused control on the state of the buffers.  

According to Rahman (1998), there are three types of time buffers in the DBR method: 

(1) constraint, (2) assembly, and (3) shipping. The constraint buffer should be placed for a 

certain time in front of the CCR, but the assembly buffer is located in front of the assembly and 

subassembly lines. The shipping buffer is located at the end, just before shipping the finished 

products in order to protect the delivery from being overdue, as shown in Figure 2.15. 
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Figure 2.15: Location of time buffers 

Source: Rahman (1998) 

The DBR approach differs from other approaches by the way of the buffer measured. For 

example, MRP is considered an actual buffer that is counted physically, whereas DBR only 

considers the time buffer units. Taylor (2002) mentioned that buffering a non-constraint with 

added inventory will increase the lead time and work-in-process with little benefit, while 

buffering the constraint against various non-constraint challenges will maintain the constraint’s 

workload, thereby maintaining production progress.  

The buffer is divided into three different time zones, each representing one-third of the 

total length. These zones, or time buffers, are depicted as green, yellow, and red in Figure 2.16. 

The red zone indicates the oldest batches, which need to be processed as soon as possible, 
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whereas the yellow zone represents the intermediate batches, which are in normal range. The 

green buffer indicates the most recent materials, which are expected to be held for a while.  

 

Figure 2.16: Time buffer zones of DBR application 

Watson et al. (2007) mentioned that the system’s WIP inventory is a function of the 

protection amount (in time) allocated to a critical resource. Shipping buffers protect deadline 

achievement by maintaining a small inventory of finished product. 

2.4.2 Performance Measurement  

The TOC posits that the goal of any business is to make money, both now and in the 

future; considering this focus, Goldratt and Fox (1986) expressed operational measurements in 

three different terms: throughput, inventory, and operating expense. Throughput is the rate at 

which the organization generates money through sales, while the inventory is all the money that 

the system invests in purchasing things that it intends to sell. Operating expense is all the money 

the system spends in turning inventory into throughput. Furthermore, Goldratt tackled the bottom 

line of the financial measurements, which are expressed as follows: (1) net profit (NP), (2) return 

on investment (ROI), and (3) cash flow. NP is a direct measurement of revenue, while ROI is a 

measurement of investment increase. The CF is a measure of survival, for example, how far the 

investment level is from bankruptcy. The synchronicity between the operation measurements and 

the financial bottom line is called a bridge, which links those measurement assessments and 

becomes the essential concept of the TOC. Figure 2.17 illustrates the relationship and the impact 

(direct and indirect) between financial and operational measurements. For example, increasing T 

has no impact on OE but directly affects NP, ROI, and CF, whereas decreasing OE will increase 
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NP, ROI, and CF simultaneously. Reducing I will directly impact the ROI and CF by increasing 

them but will indirectly affect T by reducing carrying costs, which in turn increases NP (Goldratt 

& Fox, 1986). 

 
 

Figure 2.17: Connection between operational and financial measurements  

Source: Groop (2012) 

In fact, maintaining a good cash flow in addition to NP and ROI is important; otherwise, 

the firm could easily go bankrupt. Therefore, the CF is crucial for improving the business 

process, but the business has nothing to lose if CF is dramatically decreased (Goldratt & Cox, 

1992). Tulasi and Rao (2012), in their review, indicated some equations that link both financial 

and operational measurements in order to increase throughput and reduce inventory and 

operating costs:  

Net Profit = T – OE 

Return on Investment = (T – OE)/I 

Cash Flow = T – OE ± ΔI 

These equations are clearly explained by Simatupang et al. (2004): The supply chain net 

profit is equal to throughput minus operating expenses for a given period, or NP = T – OE. The 

supply chain productivity is essentially the ratio between throughput and operating expense, or 
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P  = T/OE. The supply chain return-on-investment is net profit divided by investment, or 

ROI = (T – OE)/Investment (I materials + I others). Cash flow is net profit plus or minus the 

change of investment for the same period, or CF = T – OE ± ΔI.  

Goldratt and Cox (1992) or Goldratt and Fox (1986) directly and indirectly related both 

the operational measurements with the financial measurements. However, this linkage indicates 

better progress in the entire production process. When focusing on the inventory itself by 

reducing its level, results directly increase both the cash flow and return on investment, but the 

inventory does not directly affect the net profit. Additionally, decreasing operating expenses will 

dramatically increase all of the financial measurements: net profit, return on investment, and 

cash flow. On the other hand, increasing throughput will increase all of the financial 

measurements: net profit, return on investment, and cash flow. The indirect effect is 

demonstrated by the inventory level, and the carrying cost is the critical impact used for 

estimation. However, carrying cost is part of total operating costs and is controlled by the 

inventory level. The more stocks kept in inventory, the more operating costs, such as storage 

space, interest charge, labor, overhead, scrap, and obsolescence. Therefore, the net profit 

indirectly decreases through the term of carrying cost. The opposite is true when the inventory 

level is reduced; i.e., operating costs (carrying charges) will reduce and net profit will increase 

(Goldratt & Fox, 1986). Goldratt and Cox (1992) explain that for businesses to profit, both the 

product’s value and price must be greater than the total of the inventory investment and 

operating expenses per item. 

2.5 Taguchi’s Loss Function 

Taguchi loss function is a philosophy developed by Taguchi et al. (1989) that focuses on 

estimation of losses resulting from deviations from target values. This loss is only expressed as a 
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monetary loss, not only the customers’ but also society’s, due to the poor performance and high 

variation of products or services. This principle quadratically identifies the loss that increases 

with the increase in deviation. The essence of this monetary loss not only comes from the waste 

and defects that resulted from not meeting the target value of the product but also from 

dissatisfied customers who found a variation in the product’s specifications or services. 

Therefore, any additional costs or any loss will significantly impact the profit.  According to 

Mitra (1998), Taguchi expressed the loss functions based on three different situations: target is 

best, smaller is better, and larger is better, as explained here.  

2.5.1 Target is Best 

In the “target is best” case, the nominal or target value is more appropriate; therefore, the 

loss quadratically increases when the quality characteristic deviates from the nominal or target. 

An example of this is in product dimensions, such as thickness or length (Mitra, 1998). Taguchi 

expressed the formula for this case as equation (2.1), which is also shown in Figure  2.18.  

                             L(y) = k (y – m)2  (2.1) 

where k is a proportionality constant, y is the value of quality characteristic, and m is the 

target value. The loss L(y) is proportional to the squared deviation from the target and is equal to 

zero when the quality characteristic y is at the target value of m. To determine the value of 

constant k, it is necessary to identify the tolerance range Δ, which determines the specification 

limits of the design as m ± Δ, as depicted in Figure 2.18. Any deviation from the nominal (m) is 

represented by A as a monetary loss (Mitra,1998). The proportionality constant k can be 

determined as  

 k = 
𝐴

∆2 (2.2) 

Thus, function (2.1), which represents the best case of the target, can be rewritten as 
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 L(y) = (k = 
𝐴

∆2) (y – m)2   (2.3) 

  

Figure 2.18: Taguchi’s loss function (target is best) 

2.5.2 Smaller is Better 

In the “small is better” case, the quality characteristics are non-negative, and the ideal 

value is zero. Therefore, the smaller value is better. For example, waiting time for any customer 

is better if it is shorter (smaller). Figure 2.19 illustrates this case, and the loss function is 

expressed as  

 L(y) = k y2  (2.4) 

where k is a proportionality constant and equals A/∆2, and A represents the loss as a result 

of exceeding the customer’s tolerance by Δ (Mitra,1998).  

 

Figure 2.19: Taguchi’s loss function (smaller is better) 
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2.5.3 Larger is Better 

In the “larger is better” case, the ideal value of the non-negative quality characteristics is 

infinite or as large as possible, that is, the greater the customer satisfaction, the greater the 

acceptance rate of the product. Figure 2.20 illustrates this case, and the loss function can be 

expressed as 

 L(y) = k (
1

𝑦2)  (2.5) 

where k is a proportionality constant and equals A∆2, and A represents the loss resulting 

from the characteristics that fall below the customer’s tolerance by Δ (Mitra,1998). 

 

Figure 2.20: Taguchi’s loss function (larger is better) 
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CHAPTER 3 

 

DISCUSSION ON DIFFERENT APPROACHES AND RESEARCH GAP 

 

 

The time buffer length is directly associated with customer satisfaction and business 

survival. Therefore, it is being increasingly recognized that the TB size of the DBR and S-DBR 

applications need more investigation. The main goal of this chapter is to focus on the TB length 

in different approaches from all cited publications. In addition, all advantages and limitations of 

cited approaches are summarized.  

3.1 Size of Time Buffer 

The time buffer plays a significant role in the implementation of DBR and S-DBR. It 

must be constantly monitored in order to avoid disruption. Therefore, it is considered both an 

execution component and a warning alarm for managers. The buffer mechanisms in both DBR 

and S-DBR share a common goal: to minimize constraint idleness resulting from upstream 

disruptions, thereby preventing throughput loss (Ye & Han, 2008).  

According to Schragenheim et al. (2009), the buffer is the protective device used to 

ensure that a CCR is not starved and its capacity not lost. It represents the amount of time in 

advance of need that work-in-process is scheduled to arrive at a particular control point. Goldratt 

(1990) emphasized that the TB determination is not easily acquired and must be selected 

carefully because it may affect the net profit.  

According to Zhao and Hou (2014), the smaller the time buffer, the more likely that it 

will not protect the CCR from some of the disruptions in the production process. But a too-large 

time buffer can cause a significant waste of resources by accumulating unnecessary inventory 

stock in the fort of the CCR.   
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Approaches for determining the size of TB appear to fall under one of two categories: 

heuristic or qualitative. These are reviewed in the following two subsections. 

3.2 Heuristic Approaches to Determining Size of Time Buffer 

Goldratt (1988) suggested that an initial buffer estimate can be obtained by taking one-

half the current lead time. This estimated buffer size can be adjusted up or down according to the 

number of jobs that require expediting. Schragenheim and Ronen (1990) proposed that the buffer 

may be triple the constraint’s average lead time. They pointed out that this hypothesis is drawn 

from their experience and contingent on realistic lead times.  

Chase and Aquilano (1995) recommended using one-fourth of the total lead time of the 

system as an initial time buffer.  Schragenheim (2000) said that the addition of the 50% time 

buffer to the planned load is enough to meet the customer’s expected delivery date but not to 

deliver earlier than promised. Then, Schragenheim et al. (2009) indicated that the buffer size in 

S-DBR should represent a liberal estimate of the time segment between the release of the 

manufacturing components and the completed product’s arrival to the shipping dock. They also 

indicated that most shipping buffers in make-to-order situations should not exceed the quoted 

lead time. However, Spencer (1991) recommended the use of a trial-and-error approach in 

determining buffer size.  

3.3 Quantitative Approaches to Determining Size of Time Buffer 

Radovilsky (1998) developed an economical model that allows a trade-off between 

throughput and operating expenses. Following the notation of the TOC, he estimated net profit as 

the difference between throughput and operating expenses. He formulated the model assuming 

exponential service and Poisson distribution for arrivals for a single server with a finite queue of 

no more than K units. Under the assumption that the arrival rate is equal to the service rate 
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(ρ = 1), he developed a model that takes on the general form of the economic order quantity 

formula. However, it did not provide formulas for determining the buffer size when arrival and 

service rates are not equal.  

Adetunji, Adendorff, and Yadavalli (2011) extended the applicability of Radovilsky’s 

(1998) model to the case of ρ < 1. They determined the buffer size required to achieve an optimal 

material flow in the system.  

Tu and Li (1998) proposed a model for determining the time buffer required to protect 

the constrained resource. This model is focused on the operational flow of products and the 

relationship between the constrained resource and its feeders. Here the time buffer required to 

protect the constraint is expressed as a function of the mean time between failures (MTBF) and 

the mean time to repair (MTTR) all feeder machines. They proposed a six-step algorithm for 

determining the maximum desirable buffer size at a stated level of confidence. They employed 

numerical examples and simulation experiments to validate their model. Similar work was 

presented by Ye and Han (2008), who reported that the more feeder machines, the larger the 

buffer size needed.  

Louw and Page (2004) used an open queuing network approach to estimate the length of 

the time buffer. This procedure starts with the demand and demand variability for each product. 

The routing for each product through the network is characterized by a production flow network 

determined by a computerized procedure that combines the bill-of-material date and routing data 

given for each product as input by the user. Workstation data specifying the number of each 

resource as well as its mean time between failures and mean time to repair are also provided by 

the user. The averages and variances of flow time along the longest flow time are calculated and 

added to obtain an estimate of the total time buffer length as follows: 
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Buffer Length = Average Flow Time + Z (Variance of Flow Time)1/2 – Sum of Processing Times 

where Z is the standard normal variable corresponding to the target service level. This procedure 

requires an accurate estimation of 18 system parameters to provide an initial estimate of the time 

buffer length.  

Also, Zhao and Hou (2014) utilized the queuing theory to study the conflict between 

unpredictable arrivals and finite-capacity resources. Their resulting model makes use of the mean 

and standard deviation, or the coefficient of variation of the inter-arrival and service time 

distributions as well as the number of servers. A spreadsheet was developed to help obtain 

approximate values. Approximations were compared with results from a Monte Carlo simulation 

at various levels of utilization, and coefficients of variations were used for both inter-arrival and 

service times. They noted that the quality of approximation was not the same for all cases. 

3.4 Summary  

The most important goal in managing a process is to minimize total cost while increasing 

customer satisfaction. One of the difficulties in achieving this goal is variability. Variability 

negatively impacts the performance of the system. To protect internal activities and assure 

smooth operations, adequate buffer must be allowed. Without appropriate buffering, the total 

costs will increase, thus causing the total net profit to decrease.  

Under the synchronous manufacturing philosophy, the physical inventory, or work-in-

process, is eliminated by establishing a time buffer. This time buffer prevents the accumulation 

of WIP in front of the bottleneck (CCR) or reduces it to a minimal level.   

Based on the literature in the preceding section, the heuristic approaches for determining 

the size of the time buffer are simple and require knowledge of the total lead time only. 

However, they are supported by experience only, without any quantitative justifications. The 
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underlying assumption common to these heuristic approaches is that the lead time is very small 

compared to the industrial benchmark. It is commonly assumed that there is always room to add 

slack (buffer) to the actual lead time. While this may be true for some markets, it is not the 

general case. Customer demand for a short lead time has been a driver for competition over the 

last decade. Fewer and fewer customers are willing to wait for delivery if the product is readily 

available from the competitor. In addition, the idea of trying different buffer sizes to determine 

the appropriate size through trial-and-error during actual production would increase variability 

and cause unwarranted losses. Also, as noted by Radovilsky (1998), if the initial buffer size is 

selected without preliminary evaluation, it may take a significant amount of time to decrease it to 

an appropriate level.  

The quantitative approaches cited provide models that can be classified as economic 

(Radovilsky, 1998; Adetunji et al. 2011) or analytic (Tu & Li, 1998; Louw & Page, 2004; Ye & 

Han, 2008; Zhao & Hou, 2014). Economic models allow a trade-off between the system’s 

throughput and the inventory carrying costs. Both have been expressed as functions of buffer 

size under specific assumptions regarding the process behavioral model. This has restricted 

development efforts to single-product, single-server systems with Poisson arrivals and negative 

exponential service times. In addition, the models do not account for the effect of disruptions in 

upstream resources on arrivals at the CCR, as noted by Louw and Page (2004).  

Also, cited economic models do not account for any delay penalties that could be 

incurred when the quoted due dates are violated. These penalties could be substantial and cannot 

be ignored. In addition, the models do not account for losses resulting from sacrificing system 

capacity. It is implicitly assumed that such losses are much lower than inventory carrying costs 

and that excess capacity in non-constrained resources cannot be utilized in any other way.    
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On the other hand, the analytical approach attempts to quantify the magnitude of the 

variability in the system (i.e., Murphy) to determine the size of the time buffer. This involves 

extensive modeling efforts leading to complex formulas more likely to repel practitioners than 

guide their applications. The model proposed by Tu and Li (1998) and extended by Ye and Han 

(2008) assumes stability of all stations. The time buffer is allocated based on the failure rates of 

the feeders preceding the CCR. Larger TBs are allowed to absorb variations in the input. This 

additional time will enlarge the total lead time and contribute to extra costs. In fact, a large TB 

may cause the CCR to become idle. This is in sharp contrast with principles of the TOC, which 

attempt to exploit the CCR to assure its full utilization.    

The procedure proposed by Louw and Page (2004) utilized Whitt’s (1983) queuing 

network analyzer. They used queuing formulas to estimate flow time parameters within the entire 

network. This requires users to specify product demand data, bill-of-material data, routing data 

and workstation data including MTBF and MTTR for each workstation within the network. 

However, this procedure would work only for existing and stable processes with known 

parameters. Changes in demand, product mix, or routing are expected to result in different 

estimates. Also, the procedure does not support applications of the S-DBR, which allocates the 

time buffer at the end of the production line. 

The quantitative model proposed by Zhao and Hou (2014) also utilized the queuing 

theory in an effort to study the conflict between unpredictable arrivals and finite-capacity 

resources. Their modeling procedures are based on the same assumptions made by Louw and 

Page (2004). They also assumed that customers are served on a first-in first-out basis. This is an 

unrealistic assumption, since customers in a TOC-managed system are served based on priorities 

set by the status of the time buffer. The TB is typically divided into three zones and based on the 
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buffer status. Each customer is served based on the remaining time. For example, if order (A) is 

received three days ago and the delivery due date is next week and another order (B) is received 

two days ago but should be delivered after two days, then order (B) will be expedited.  

A summary of the cited approaches is shown in Table 3.1, including advantages and 

limitations of each. As can be seen, there appears to be a need for models that are simple and 

more realistic for determining the time buffer with due consideration of the economic 

consequences of its magnitude. 

TABLE 3.1  

SUMMARY OF CITED APPROACHES 

Approach Advantages Limitations 

Heuristic Approaches  Are simple to calculate 

 Require knowledge of the total 

lead time only 

 

 Based on experience  

 Lack analytical evidence  

 Require adjustment  

 Assume large industrial lead 

times 

Economic Models  Appeal to managers  

 Are flexible 

 

 Allow trade-off between 

throughput and inventory 

carrying costs only 

 Ignore delay penalties 

 Exclude losses resulting from 

sacrificing system capacity  

 Do not account for upstream 

resources 

Analytic Models 

 
 Account for a majority of 

system parameters  

 Utilize computerized 

procedures  

 Account for flow only  

 Require knowledge of 

variability in entire system  

 Assume system stability  

 Utilize complex algorithms 

 Are inflexible 
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CHAPTER 4 

1 ECONOMIC MODELING 

The size of the time buffer has been addressed in several ways, as mentioned in  

Chapter 3; however, this chapter formulates an economic model for estimating it. This 

formulation is based on loss functions proposed by Taguchi et al. (1989). The philosophy 

captures the resulting loss from the target value deviation. This model uses three quadratic 

functions to calculate total losses of the buffer size. The first loss comes from the idleness of 

excessive capacity, which is assigned to the order by assigning the buffer. This developed 

function represents the relationship between the system capacity and buffer size. The relationship 

accounts for losses from synchronizing the production system to the capacity-constrained 

resource . Quality losses both before and after the CCR have been considered. The second loss is 

required to develop a function representing the relationship between the delay penalty and the 

TB size. Therefore, this function accounts for the risk of violating the quoted due date.   

Those two functions are incorporated into a comprehensive cost function in order to 

estimate the economic buffer size. This mathematical formulation to quantify the loss results 

from the positive and negative deviations of the time buffer from the target level, allowing us to 

represent the expected TB with the lowest associated cost. 

This chapter is organized as follows: Notations are detailed Section 4.1, followed by the 

first loss function. Then, the second loss function is presented followed by the final estimate of 

total losses, which determines the appropriate time buffer. In addition, numerical examples with 

sensitivity analysis experiments are provided to demonstrate the performance over a wide range 

of process parameters. 
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4.1 Notations 

The economic model was developed using the following notations:  

𝐴1  Cost of idle capacity ($) 

𝐴2   Incremental cost of expedited shipping ($) 

𝜌1   Planned load on CCR (time) 

𝜌2   Amount of delay tolerated by expedited shipping (time) 

𝑘1   Proportional constant for capacity loss 

𝑘2   Proportional constant for delay loss 

𝐿1(𝑦)   Capacity loss as function of y ($) 

𝐿2(𝑦)   Delay loss as function of y ($) 

𝑇𝐿(𝑦)   Total loss as function of y ($) 

𝑦   Time buffer (time)  

𝛼i  Relative utilization for workstation (i) 

𝜆i   Capacity of workstation (i) 

𝜆CCR   Capacity of CCR workstation 

𝑡CCR   Processing time on CCR (time/unit)  

Q  Order quantity (units/order)  

𝑝   Proportion of nonconforming units under stable operation 

𝛥i   Idle capacity at workstation (i)  

𝜈i   Value added to unit at workstation (i) ($/unit) 

𝐿𝑇   Actual lead time for processing order (time) 
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4.2 Capacity Loss Function  

Synchronous manufacturing was designed to keep the CCR busy all the time in order to 

attain maximum output. However, keeping all non-constraint resources under the control of the 

CCR with a time buffer in front of the CCR to prevent any disruption increases the likelihood of 

idle resources (upstream and downstream); in fact, the greater the buffer size, the greater the loss. 

This relationship can be represented by the smaller-is-better loss function, proposed by Taguchi 

et al. (1989): 

 𝐿1(𝑦) = 𝑘1𝑦2 (4.1) 

Figure 4.1 illustrates the relationship between the time buffer (y) and the associated loss 

(L) per order, as depicted on the X-axis and Y-axis, respectively.  

 

Figure 4.1: Capacity loss function 

This curve originates from the point y = 0 at which L1 = 0. Over-assigning the buffer will result 

in increased losses, which are attributed to idle non-CCR resources. Therefore, the more the 

buffer length is used for protection, the more losses are incurred. The constant k1 is the 

proportionality constant representing the loss rate. Assuming that the loss associated with a target 

buffer of ρ1 is A1, then according to equation (4.1),  
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 𝐴1 = 𝑘1𝜌1
2  (4.2) 

That is, the proportionality constant k1 is given by 

 𝑘1 =
𝐴1

𝜌1
2 (4.3) 

Practically, quoted lead time is the sum of the time buffer (y) and the total lead time (LT), 

which is needed to process the order, as depicted in Figure 4.2. The QLT is the quote given to the 

customer regarding delivery date. It is important to note that QLT should be established at or 

below the industry lead time. Quotes exceeding the ILT are not typically accepted by customers 

and may result in excessive losses.  

 

Figure 4.2: Lead time and time buffer 

The value of ρ1, can be obtained as a function of the order size Q and other key 

performance characteristics of the CCR. Assuming that the unit processing time at the CCR is 

tCCR and that the proportion of nonconforming units made under stable levels of operation is 

p (p > 0), then a possible value of ρ1 can be obtained as 

 𝜌1 = 𝑄 (1 + 𝑝) 𝑡𝐶𝐶𝑅 (4.4) 

Basically, ρ1 represents the planned load as defined by Schragenheim and Dettmer 

(2000). However, the value of ρ1 in equation (4.4) considers the processing time of the CCR and 

the throughput yield of the system. All non-CCR resources contain residual capacities that have 

not been utilized, as shown in Figure 4.3. The idle capacity 𝛥𝑖  for each non-CCR resource can be 

determined as 

 𝛥𝑖 =  (1 − 𝛼𝑖) (4.5) 
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where 𝛼𝑖 is the relative utilization for resource (𝑖). This is computed by dividing the capacity of 

the CCR (𝜆𝐶𝐶𝑅) by the capacity of each non-CCR (𝜆𝑖) as 

 𝛼𝑖 =
𝜆𝐶𝐶𝑅

𝜆𝑖
 (4.6) 

 

Figure 4.3: Idle capacity diagram 

As such, the loss associated with a buffer of size ρ1 is given by 

 𝐴1 = 𝑄 (1 + 𝑝)[∑ Δ𝑖 𝜈𝑖
𝑚
𝑖=1 ]  (4.7) 

where 𝜈𝑖 is the value added by each non-CCR resource if the idle capacity was utilized. This 

value represents revenue that could have been generated if all resources were utilized.  

4.3 Delay Loss Function  

On the other hand, the second function determines the relationship between the buffer 

size and the delay costs. Again, this relationship can be modeled by utilizing the larger-is-better 

loss function developed by Taguchi et al. (1989), which is given by 

 𝐿2(𝑦) =  𝑘2
1

𝑦2
  (4.8) 
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As depicted in Figure 4.4, the function represents infinite losses when no buffer (y = 0) is 

allowed. The higher the buffer y assigned, the higher the chances of on-time delivery (and 

consequently the lower the loss). Applying this concept to the delay loss function requires the 

calculation of the proportionality constant k2. Assuming that ρ2 is the delay time that can be 

compensated for through expedited shipping at an additional (incremental) cost of A2, then 

 𝑘2 = 𝐴2𝜌2
2   (4.9) 

 

Figure 4.4: Bigger buffer is better 

Establishing an appropriate level of 𝑘2 requires a close consideration of the cost schedule 

offered by various carriers.  For example, a delay of two days may be compensated for by 

changing the transportation mode at some additional cost.   

4.4 Total Loss Function  

Based on the above, the total loss associated with any time buffer y can be calculated as 

 𝑇𝐿(𝑦) = 𝐿1(𝑦) + 𝐿2(𝑦) (4.10) 

Substituting for L1 (y) and L2 (y) from equations (4.1) and (4.8), the economic buffer size appears 

at the intersection of the two functions, as shown in Figure 4.5. At this point, the determined 

length of the time buffer is  
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 𝑦∗ = (
𝐴2

𝐴1
)

0.25

 (𝜌1 ∗ 𝜌2)0.5 (4.11) 

And the minimum loss at y* is given by 

 𝑇𝐿(𝑦∗) =
𝐴1

𝜌1
2  (𝑦∗)2 +

𝐴2𝜌2
2

(𝑦∗)2 (4.12) 

 

Figure 4.5: Total loss function 

4.5 Illustrative Application   

As an example, consider the application represented by AlGhamdi, Weheba, and 

Abdulaziz (2015), which involves a computer assembly shop with five workstations in which M2 

is identified as the CCR when processing personal computer orders with a specific configuration. 

The unit processing time on M2, (tCCR) is 1.5 hours per unit. The fraction of nonconforming units 

made under a stable operation is estimated at 5%. Synchronizing all workstations to M2 resulted 

in α1 = 0.50, α3 = 0.38, α4 = 0.63, and α5 = 0.77.  Each workstation contributes an equal amount 

to the added value of $20 per unit. For an order of 100 units (Q) and according to equation (4.7), 

(A1) amounts to $3,612. By using equation (4.4), ρ1 is calculated as 157.5 hours. On the other 
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hand, orders that suffer a delay of (ρ2) 24 hours can be expedited at an additional cost (A2) of 

$100. Using equations (4.11) and (4.12), the buffer size is determined as 25.4 hours, at which a 

minimum loss of $183.16 is achieved.  

This buffer should be added to the estimated lead time in establishing the QLT. In 

applications of the S-DBR, this represents the shipping buffer. Whereas, in the traditional DBR 

application, the total buffer from equation (4.11) should be divided equally into three 

components representing buffers for the CCR, assembly, and shipping.  

4.6 Performance Analysis 

Here, a factorial experiment is utilized to investigate the effect of changes in the input 

parameters on the decision variable. In setting up the experiment, the application in the previous 

section was utilized. Six independent parameters were identified are shown in Table 4.1.  

TABLE 4.1  

MODEL PARAMETERS AND THEIR LEVELS 

Model 

Parameter 

Level 

Low High 

A2 90 110 

ρ2 21.6 26.4 

tCCR 81 99 

Q 90 110 

p 0.045 0.055 

θ 30.96 37.84 

 

The statistical design used is an unreplicated 26 factorial with 64 runs. The values of θ represent 

values of (∑ ∆𝑖 . 𝑉𝑖 ) used to calculate A1 based on equation (4.7).  Each factor is assigned two 

levels: a low level at 10% below the nominal level, and a high level at 10% above the nominal 

level. Nominal values represent the parameters used in the application and are shown in Table 
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4.1. Such settings would allow an examination of the model sensitivity to errors in estimating 

process or cost parameters. 

The design matrix used and calculated values of the buffer size at the corresponding 

levels of the six parameters are shown in Table 4.2. The procedure used for the analysis follows 

closely that given by Montgomery (2013).  

TABLE 4.2  

DESIGN MATRIX 

Order A2 ρ2 tCCR Q p θ 
Buffer 

(y*) 

1 90 21.6 81 90 0.045 30.96 22.20 

2 110 21.6 81 90 0.045 30.96 23.34 

3 90 26.4 81 90 0.045 30.96 24.54 

4 110 26.4 81 90 0.045 30.96 25.81 

5 90 21.6 99 90 0.045 30.96 24.54 

6 110 21.6 99 90 0.045 30.96 25.81 

7 90 26.4 99 90 0.045 30.96 27.13 

8 110 26.4 99 90 0.045 30.96 28.53 

9 90 21.6 81 110 0.045 30.96 23.34 

10 110 21.6 81 110 0.045 30.96 24.54 

11 90 26.4 81 110 0.045 30.96 25.81 

12 110 26.4 81 110 0.045 30.96 27.13 

13 90 21.6 99 110 0.045 30.96 25.81 

14 110 21.6 99 110 0.045 30.96 27.13 

15 90 26.4 99 110 0.045 30.96 28.53 

16 110 26.4 99 110 0.045 30.96 30.00 

17 90 21.6 81 90 0.055 30.96 22.31 

18 110 21.6 81 90 0.055 30.96 23.45 

19 90 26.4 81 90 0.055 30.96 24.66 

20 110 26.4 81 90 0.055 30.96 25.93 

21 90 21.6 99 90 0.055 30.96 24.66 

22 110 21.6 99 90 0.055 30.96 25.93 

23 90 26.4 99 90 0.055 30.96 27.26 

24 110 26.4 99 90 0.055 30.96 28.67 

25 90 21.6 81 110 0.055 30.96 23.45 

26 110 21.6 81 110 0.055 30.96 24.66 

27 90 26.4 81 110 0.055 30.96 25.93 

28 110 26.4 81 110 0.055 30.96 27.26 
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TABLE 4.2 (continued) 

Order A2 ρ2 tCCR Q p θ 
Buffer 

(y*) 

29 90 21.6 99 110 0.055 30.96 25.93 

30 110 21.6 99 110 0.055 30.96 27.26 

31 90 26.4 99 110 0.055 30.96 28.67 

32 110 26.4 99 110 0.055 30.96 30.14 

33 90 21.6 81 90 0.045 37.84 21.11 

34 110 21.6 81 90 0.045 37.84 22.20 

35 90 26.4 81 90 0.045 37.84 23.34 

36 110 26.4 81 90 0.045 37.84 24.54 

37 90 21.6 99 90 0.045 37.84 23.34 

38 110 21.6 99 90 0.045 37.84 24.54 

39 90 26.4 99 90 0.045 37.84 25.81 

40 110 26.4 99 90 0.045 37.84 27.13 

41 90 21.6 81 110 0.045 37.84 22.2 

42 110 21.6 81 110 0.045 37.84 23.34 

43 90 26.4 81 110 0.045 37.84 24.54 

44 110 26.4 81 110 0.045 37.84 25.81 

45 90 21.6 99 110 0.045 37.84 24.54 

46 110 21.6 99 110 0.045 37.84 25.81 

47 90 26.4 99 110 0.045 37.84 27.13 

48 110 26.4 99 110 0.045 37.84 28.53 

49 90 21.6 81 90 0.055 37.84 21.22 

50 110 21.6 81 90 0.055 37.84 22.31 

51 90 26.4 81 90 0.055 37.84 23.45 

52 110 26.4 81 90 0.055 37.84 24.66 

53 90 21.6 99 90 0.055 37.84 23.45 

54 110 21.6 99 90 0.055 37.84 24.66 

55 90 26.4 99 90 0.055 37.84 25.93 

56 110 26.4 99 90 0.055 37.84 27.26 

57 90 21.6 81 110 0.055 37.84 22.31 

58 110 21.6 81 110 0.055 37.84 23.45 

59 90 26.4 81 110 0.055 37.84 24.66 

60 110 26.4 81 110 0.055 37.84 25.93 

61 90 21.6 99 110 0.055 37.84 24.66 

62 110 21.6 99 110 0.055 37.84 25.93 

63 90 26.4 99 110 0.055 37.84 27.26 

64 110 26.4 99 110 0.055 37.84 28.67 
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In general, the proposed model is sensitive to changes in all six parameters. Changes 

within + 10% resulted in an average buffer of 25.4 hours over a range of nine hours. Five of the 

six parameters are shown to have a positive effect on the average buffer. Absolute values of the 

estimated effects are plotted on a half-normal plot, as shown in Figure 4.6. As can be seen, both 

the processing time at the CCR (tCCR) and the delay that can be tolerated by expediting (ρ2) have 

the highest positive effects. This is followed by the effects of the order quantity (Q) and the 

incremental cost (A2). Only parameter (𝑝) appears to have a negative effect. 

 

Figure 4.6: Half-normal probability plot 

Results from the analysis of variance (ANOVA) of Log (y) are shown in Table 4.3. This 

type of transformation was needed to stabilize the variance, as recommended by Box and Cox 

(1964). As shown, all main effects have a significant impact on the average buffer size.  
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TABLE 4.3 

 ANOVA TABLE FOR TRANSFORMED VALUES OF BUFFER SIZES 

 

Source 

Sum of 

Squares 
df 

Mean 

Square 

F 

Value 

p-value 

Prob > F 

A2 0.04 1 0.04 2.70E + 06 < 0.0001 

ρ2 0.16 1 0.16 1.08E + 07 < 0.0001 

tCCR 0.16 1 0.16 1.08E + 07 < 0.0001 

Q 0.04 1 0.04 2.70E + 06 < 0.0001 

p 3.68E – 04 1 3.68E-04 24595.74 < 0.0001 

θ 0.04 1 0.04 2.70E + 06 < 0.0001 

Residual 8.52E – 07 57 1.50E-08 
  

Total 0.44 63 
   

 

The model appears more sensitive to changes in the processing time at the CCR (tCCR) 

and the amount of delay that can be tolerated by expediting (ρ2), both contributing 72% of the 

total variability in the average buffer. Figure 4.7 represents the effect of changes in the amount of 

delay ρ2. This is followed by contributions caused by changes in the order quantity (Q) and the 

incremental cost (A2), both amounting to about 18% of the total variability. Changes in the 

parameter θ contributed only 9% to the total variability. It should be pointed out that results 

obtained are expected to vary, should parameter values change. As such, it is recommended that 

users of the proposed model follow similar procedures in investigating its performance at their 

specified parameter levels.  
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Figure 4.7: Effect of changes in amount of delay (A2) 
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CHAPTER 5 

CONCLUSIONS AND FUTURE RESEARCH 

5.1 Conclusions  

The main objective of this research was to develop an economic model to help determine 

the length of the time buffer required for the implementation of both the drum-buffer-rope 

application and the simplified-DBR. A comprehensive review of the pertinent literature indicated 

that all existing models exclude delay and capacity losses associated with the size of the TB. 

This includes all analytical and economic models cited in Chapter 3.  

A new model for estimating the size of the time buffer was formulated based on loss 

functions proposed by Taguchi et al. (1989). Research efforts resulted in the formulation of two 

quadratic functions. The first represents capacity losses resulting from synchronizing the 

production line to the capacity-constrained resource, and accounts for quality losses before and 

after the CCR. The second loss function represents the relationship between the delay losses and 

the size of the TB assigned. This function accounts for the risk of violating the quoted due dates.  

The resulting two functions were utilized in the development of the total loss function, 

which can be used to determine the buffer size. This author believes that the resulting model is in 

line with the simplicity of the DBR, which appeals to its users. The model requires estimates of 

six parameters only and allows for buffer size determination with minimum associated loss. In 

contrast to the cited models, users of the proposed model do not need to assume that the process 

lead time can always be extended or that all units produced will be acceptable. Also, no 

assumptions were made regarding the relative contribution of the CCR to the total value of the 

product. The proposed model accounts for the price (loss) of synchronizing the entire production 

system to the CCR.       
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A numerical example was used to illustrate the applicability of the model based on data 

from a study performed at a local computer assembly plant by AlGhamdi et al. (2015). A 

minimum loss buffer was calculated based on estimated values of the six parameters. These 

results are shown in Section 4.5 and were presented by AlGhamdi and Weheba (2016).  

To further evaluate the performance of the model, a factorial experiment was utilized to 

investigate the effect of changes in the input parameters on the decision variable. The 

investigation was based on data from the illustrative example and utilized six independent 

factors. The statistical design used involves an unreplicated 26 factorial with 64 runs. Each factor 

was assigned two levels at + 10% the nominal level used in the example. Statistical analysis of 

the results revealed that the model is sensitive to changes in all six parameters. Both processing 

time at the CCR and the amount of delay that can be tolerated by expedited shipping have the 

highest positive effects on the average buffer size. This indicates that practitioners need to pay 

special attention when estimating values of these parameters in future applications of the 

proposed model.      

5.2 Future Research  

In formulating the proposed mode, all process and cost parameters were assumed to be 

deterministic. This assumption may not hold true in some applications where processes are 

characterized by random variables with specified probability distributions. Future research 

efforts are needed to account for probabilistic estimates of the process parameters and losses 

associated with their variances. Also of interest are areas discussed in the following subsections.   

5.2.1 Line Configuration 

In supporting the most common applications of the DBR and S-DBR, this research 

utilized an additive model for calculating the relative contribution of all unrestricted resources. 
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This will hold true for the most common I-shaped and A-shaped production and assembly lines. 

Future research on the impact of changes in line configuration may also be of interest. Such 

research may result in more appropriate methods for calculating the relative contributions for V-

shaped as well as T-shaped lines. The location of the CCR along these lines and the number of 

different products made may impact the relative contribution of unrestricted resources, resulting 

in different estimates of the total loss. 

5.2.2 Other Performance Targets 

This research was aimed at determining the buffer size at which the minimum loss is 

achieved. However, other performance parameters may be as important. For example, 

management may establish targets for throughput, productivity, and flow. In these cases, further 

investigation needs to consider the impact of utilizing the minimum loss buffer on the ability to 

achieve these targets. Simulated studies may help determine the long-term impact on such 

performance targets. 
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