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ABSTRACT

As Sputnik orbited the earth in 1957, the American Department of Defense took just two years to launch the Polaris nuclear missile thanks to innovative scheduling of the Program Evaluation and Review Technique.  Unfortunately, project management has changed little since then.  In 1984, Eliyahu M. Goldratt introduced the Theory of Constraints and later Critical Chain Project Management techniques.  Critical Chain management modifies a standard project network by reducing activity lengths and adding buffers to counter the human tendency to expand work to fill the time allotted, thereby improving project efficiency.  Unfortunately, Goldratt’s buffer sizing technique provides only rough guidance about how to size a buffer and fails to take into account activity variability.  This project compares a project planned with the traditional Critical Path Method, a project using Goldratt’s method of buffer sizing, and a technique that varies buffer sizing based on activity variability.  The 50% buffer size recommended by Goldratt provides a simple, “good enough” solution that, when coupled with active buffer management, provides an effective project management tool.
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I.
Introduction
Project management had for many years remained relatively unchanged, where the Critical Path Method (CPM) and Program Evaluation and Review Technique (PERT) were used by project managers with varying degrees of success.  Project management received a jolt in 1997, when Eliyahu Goldratt published his business novel, Critical Chain, which outlined a new method of project management that consolidated activity risk into buffers that were smaller than the sum of the risk of each activity.  

In order to counter human nature, Goldratt introduced the concept of buffers to reduce overall project duration. Activity managers build in safety time consciously or unconsciously to make sure that their individual activities are completed on time, but then consistently use the full amount of time allotted.  Consolidating this slack and tightening expected activity durations forces activity managers to start tasks sooner and avoids the “student syndrome” of waiting to the last minute, where the human desire to procrastinate and conserve resources causes work to fill the time allotted.  If all tasks meet their new shortened duration, the project proceeds accordingly – summing the individual tasks to determine overall project length.  If activities overrun their duration, that overrun comes out of the buffer.  Only when the sum of all activity overruns is greater than the size of the buffer will the project end late.


A good project manager is constantly looking at buffer sizes and adjusting them with a focus on finding a good enough solution to keep the project proceeding on schedule.  However, determining the appropriate sizing for these buffers turns out to be an important task for providing initial estimates and reducing project creep as the project proceeds.  


The objective of this paper is to gain insight into which of several buffer sizing methods produces buffers that will end projects on time with minimal excess capacity.  To do this, a simple example of a critical chain with activities of varying duration was simulated.  


This paper is broken into several sections.  The first will provide background on project management techniques and critical chain in particular.  The next section delves into methodology and describes how the simulation models a critical chain.  The Results and Analysis section addresses the results of the experimentation and compares them based on a variety of metrics.  The Conclusion section looks at the results and establishes Goldratt’s suggestion as a reasonable starting place for any project manager.  Finally, areas for future research are outlined based on the limitations of this paper.  The appendices contain results and works cited.
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II.
background
In response to the Sputnik crisis, the United States launched the ambitious project to develop the Polaris submarine launched ballistic missile.  With large numbers of people working on the project, different activities ran the risk of interfering with each other and compounding the project’s challenges.  The Program Evaluation and Review Technique, or PERT, was developed to speed the construction of the submarine.  PERT, and its younger cousin Critical Path Method, makes sure that projects are organized sequentially and that resources are allocated properly.   Both of these techniques analyze the length of each activity in the project, determine which activities must be completed before others can begin, and order the activities.  A “critical path” is calculated to determine which projects should be the focus of the project manager, as delaying those projects will delay the entire project.  PERT and CPM remain the mainstays of project management today.  These techniques are employed in construction, software development, engineering, research and development, among many other uses.  

PERT and CPM focus on a project’s length and order, which allows contractors and project managers to plan and resource large projects.  However, both techniques have three significant weaknesses.  The first weakness is the conservative time estimates that project managers receive from those carrying out activities.  No one desires to have a project held up because of their shortcomings or inefficiency, so the natural tendency towards padding activities adds unnecessary length to the entire project.  In a project where every activity has a conservative time estimate, time overruns would seem impossible. In fact, poor management and the “student syndrome,” a desire to complete activities on the due date and not sooner, often lead to overruns in even the most generously scheduled project.  The final weakness is the difficulty in tracking large projects.  In an ideally managed project, each activity manager would provide daily progress updates to the project manager with the exact amount of progress made each day.  In reality, a project might have dozens of activities going on simultaneously making accountability difficult while activity managers report only a rough estimate of completion time.  These workplace challenges lead to “seat of the pants” estimations rather than true project management.  

Critical Chain theory emerged from research into the Theory of Constraints done by Eliyahu Goldratt.  Theory of Constraints proposes that each organization has constraints that must be identified and dealt with to optimize organizational goals, usually profit. Several features distinguish Critical Chain Project Management (CCPM) from Critical Path Management (CPM).  The first is analysis of resource dependencies.  These dependencies may or may not be visible in the project network, but must be addressed in order to understand the system.  The next is the lack of an optimal solution.  CCPM emphasizes that seeking a good enough solution is more important than finding the optimal solution with CPM or PERT.  Because of the inherent lack of certainty in project estimates, any solution is subject to a great range in variability that might change the optimal solution.  The third feature is the insertion of buffers to manage risks of time overruns.  

In CCPM, buffers are implemented to consolidate activity safety times and to counter the “student syndrome.”  Figure 1 vertically traces the progression of a regularly organized project to a project with CCPM organization.  Each black box represents an activity, the white areas represent time needed to complete the activity, the hash marked areas represent safety time, and the horizontal arrows show the flow of the project.  The important takeaway from Figure 1 is the fact that activity safety durations have been consolidated and reduced in size.  Transitioning from the regularly organized project requires that each activity duration be cut down in size (leaving the white areas) and that those cuts be consolidated into a buffer controlled by the project manager versus the activity owner (grey areas brought together).  The buffer can then be reduced in size because it is more likely that each activity will finish on time rather than overtime (third line).  The CCPM organized project at the bottom of Figure 1 has no safety built into the activities.  However, it includes a reduced safety buffer at the end which can then be more readily controlled by the project manager.  
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Figure 1. Progression of Safety Times from CPM to CCPM

Critical Chain Project Management offers three advantages to CPM.  The most important advantage is how CCPM realistically approaches human nature.  When assigned a paper due in a week, the average student will not begin work the day assigned and work at a consistent rate throughout the period allotted.  Instead, the student may watch television, go out with friends, and do anything to avoid the work until a day or two before it is due, when work will begin in earnest.  Likewise, those managing activities tend to apply a low level of effort and resources until the activity approaches its conclusion.  Goldratt suggests that each activity’s estimated time be cut in half to encourage an earlier start with greater resources by the activity manager.  Some amount of the discarded time will be consolidated in a buffer, explained below.  

The next advantage is in defeating idle time.  In the construction world, the desire to get contractors to put their resources into a project can be exacerbated by contractor desires to keep his labor force employed at all times.  If a project is delayed for any reason, the contractor’s men will still earn pay during the period of a delay to compensate them for not working somewhere else.  Activity managers desire to keep their labor and machines employed at all times, so they cannot be expected to rush to complete a project early without other incentives.  CCPM reduces the amount of time they have to work and therefore cuts down the temptation to delay.  

The final advantage afforded by CCPM is buffer management.  Buffer management is defined as the ability to control where safety time is allotted and to shift the buffer sizes to respond to changing project needs.  Rather than giving an equal amount of safety to each action, the project manager can reinforce areas that need reinforcing and more easily hold activity managers accountable if their projects run over.  This is done through the system of buffers, which are explained below.  

The net effect of employing Critical Chain Project Management is that shorter activities force activity managers to start projects sooner (countering the “student syndrome”), while safety times are consolidated in buffers and controlled by the project manager.  Buffer control enables the project manager to allot time as necessary while simultaneously maintaining a tight leash on activity managers, almost guaranteeing a an on time project that is under budget.  This is made even more likely by the fact that buffer sizes are not equal to the sum of reduced activity sizes, but equal to a percentage of the sum.  Even if the project greatly breaks the buffer, there is still a substantial amount of time between the length of a CCPM organized project and a CPM or PERT organized project (See Figure 1). 
Buffers are the keystone of Critical Chain Project Management.  Whenever an activity overruns its time estimate, the buffer absorbs the time overrun.  Activities that are completed early are immediately followed up by the next activity, in an attempt to complete the project as soon as possible.  Subsequent activities may only use their allotted time and may not add use left over time from a predecessor to increase allotted activity length.   A buffer is considered broken if all of the time in the buffer is used up by the projects that feed into it.  Figure 2 shows both a functioning critical chain and a broken critical chain.  A broken critical chain may be the sign of overly aggressive planning or poor project management and is not the desired result when employing CCPM.  It is important to note that unusual delays may still occur based on weather, supplies, maintenance, etc.  Each activity is represented by a box, with a colored area representing an example amount of actual time used, and a hash marked buffer at the end.  The first chain has two activities that ran over (yellow and orange), but the sum of their overruns is still smaller than the size of the buffer at the end (note the un-colored hash marked area).  The second chain has four activities that overran their allotted length (yellow, blue, orange, and purple).  The buffer cannot compensate for the time increased overruns (purple extending past buffer box).  The buffer of the second chain is considered broken.
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Figure 2.  Critical Chain with buffer and tapped buffer.

There are three types of buffers in Critical Chain theory.  The project buffer provides a final level of protection for the entire project.  If the project has parallel activities, feeding buffers are attached to a series of activities before they feed back into the heart of the project to protect the project from overruns in that side series (See Figure 4 on page 14).  Finally, the resource buffer seeks to protect a key resource from becoming the bottleneck for the entire project and is placed in strategic areas where overruns would have strong, negative effects on project completion. 


Determining the appropriate length of each buffer is important to the overall length of the project and is a subject of much debate.  When faced with providing information about how long an activity will take, an activity manager typically provides a very conservative estimate to ensure he does not hold up the project.  Goldratt recommends that a buffer be half the sum of the variability in all of the preceding activities.  Most activity managers will respond to the halved activity lengths by doing what is required to complete the activity in that amount of time.  That said, Goldratt’s recommendation of halving seems to be an arbitrary number that happens to work well in most cases. 


In this paper, a normal activity path is compared to a path buffered with Goldratt’s method and a path that takes into account variability in different activities.  The activity variability method was developed by Yongyi Shou and K T Yeo in their paper “Estimation of Project Buffers in Critical Chain Project Management.”  Shou and Yeo classify activities into four groups based on each activity’s variability and take into account project manager risk preference when sizing buffers.  Borrowing a method for activity length from CPM, Shou and Yeo calculate “relative dispersion” based on estimated standard deviation divided by activity length.  Relative dispersion of uncertain activities will be high, while the opposite is true of more certain activities.  Using the relative dispersion technique, activities can be categorized into the four groups.  Table 1 shows the percents to be used for activity and buffer sizing based on category and project manager risk preference.  Shou and Yeo’s method addresses the project manager’s preferences and should work well for projects with wide ranges in variability.  
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Table 1.  Shou and Yeo’s Buffer Sizing Percentages. 
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Iii. METHODOLOGY
Comparing the different methods of planning projects requires a standard project network be established.  Microsoft Excel, though a simple program, provided an effective medium for this project, having the additional benefits of portability and ease of implementation.  Twenty-two different activities were combined in a project model that reflects a wide variety of possible occurrences in the overall project network.  These include sequential activities, multiple predecessors, and parallel processes.  Units used in this paper are generic time units.   Each activity was randomly assigned a letter from A-D, which denotes the variability of an activity.  

Assumptions

Effective buffer use requires buffer management to keep projects on time.  Buffer management is the active process taken by the project manager to keep the project on track by manipulating buffer sizes and resource allocation.  This paper tests only the effectiveness of the initial buffer criteria, assuming that the best buffer calculation method is the one that would require the least input by the project manager.  Because this paper deals primarily with buffer sizing, all discussion of resources and resource management were eliminated for simplicity.  Therefore, each activity is assumed to require no resources beyond time.  Activities are normally distributed with a mean that is 1.1 times the allotted time for that activity, which is a percentage of the estimated time (10% increase).   This mean makes it likely that the buffers will be required and takes into account the effects of the “student syndrome.”  This paper assumes that activities can continue to decrease in length as allotted time decreases, though common sense would suggest that activity times can not be cut down forever.  The standard deviations of these activities range from .5 to 2.  This range is assumed to be a broad enough to reflect actual deviation in project lengths.  

Basic Network
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Figure 3.  Basic Network
The basic network was first created by hand on paper and then created in excel in a graphical form to show the logic flow of the project.  This network diagram made it clear which activities are predecessors and which are successors (See Figure 3).  Each of these activities had four numbers associated with it to track activity and project length.  

Applying Buffer Methods 
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Figure 4.  Network with Buffers

Applying the Goldratt and Variability methods required several changes to the default model to compensate for the buffers.  Instead of four associated values with each activity, six values for each activity and buffer were implemented.  Goldratt’s method cut down the estimated time for each activity to a percent of the estimated time, while the Variability method used a table to decide what percentages to use based on the activity variability assigned earlier.

Verification

Before the project moved on to data collection and analysis, the network without buffers, the Goldratt method, and the variability method all needed to be verified (validation follows in the Results and Analysis Section).  Verification required that each network worked the same and would return approximate values despite the differences inherent in each alternative’s network design.  That is, each activity accumulated activity times the same way, each buffer added up overruns the same way and did not double count overruns, etc.  Once each network was in sync, the networks were consolidated into tables.  The data on the tabulated activities appeared consistent and was therefore considered verified.  
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IV.  RESULTS AND ANALYSIS
Simulation of the test project outlined above produced results verifying the assertion that those willing to take more risk are more likely to have buffers broken.  Four criteria were used for comparison of buffer sizing methods.  This first criterion was the amount of time each method reduced project length.  The next criterion is ease of implementation.  Alternatives using Goldratt’s percent method are assumed to be easier to use than those that require variability categorization because the project manager did not have to estimate the variability of each activity.  

Exploration of the results breaks out into three categories: number of times that the buffers were overrun, average size of the buffer overruns, and percentage of the buffer used.  Each of these three areas has particular application to exploring the validation or enhancing conclusions about the efficacy of different buffer calculation methods.  The results are presented in pairs of figures from Figure 5 to Figure 8.  The first figure in each pair displays information about simulation using Goldratt’s method while the latter refers to the variability method.  The x-axis of all figures refer to risk, ranging from low risk to high risk as you read from left to right.  When reading the x-axis for Goldratt method figures, note that decimal value corresponds to a buffer made up of the sum of the percent (.5 = 50%) of each activity’s estimate.  For the variability alternative, note that alternatives labeled “High,” “Medium,” and “Low” use Shou and Yeo’s method and the title reflects the project manager’s risk preference.

Number of Buffer Overruns


Based on the number of buffer overruns in Figure 5a and Figure 5b, it is appears that when a project manager decides to accept more risk by making activity sizes and buffer lengths shorter, he is more likely to break buffers.  When the Goldratt method was tested, a variety of percentages (from 20-70%) were also tried in place of the 50% originally suggested.  At 20%, the project manager has decided to give each project only two-tenths of the original time estimate for that activity, making it more likely to overrun.  Likewise, the shift from lower to higher safety also denotes smaller buffers that come with reducing activity size.  The important point to note in Figure 5a is that the shape of the graph changes dramatically at 50%.  Before this point, the slope of the number of buffer runs is gradual, but at the 50% point it becomes quite steep.  This break point corresponds to the value recommended by Goldratt as a “good enough” value for project managers to use when estimating buffer lengths.  
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Figure 5a.  Number of Goldratt Method Buffer Overruns.
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Figure 5b.  Number of Variability Method Buffer Overruns.

Percent of Buffer Used

No other category provides a better comparison of the effect of the two different methods of buffer calculation than looking at the percent of buffer used.   In Figure 6a and Figure 6b there is a consistent bias towards a greater feeding buffer versus project buffer use.  This is counter intuitive in that one would assume that more of the project buffer would be used because feeding buffer overflow would spill over into the project buffer.  The greater use of the feeding buffer may result from the activities on the short chain protected by the feeding buffer.  Coupled with the mean that is greater than the Allotted Time, higher average variability could account for the greater use of the feeding buffer.  Further research into longer paths and multiple feeding buffers may be able to generate insight into the feeder buffers.

The shape of Figure 6a shows that the values simulated cover the full range of possible values.  At very low risk levels, the curve representing the percent of the buffer used flattens out as the buffers almost never break and only a very small portion is used.  Likewise, at the high risk end, the curve approaches full buffer use as would be expected at a size when the buffers break more often increasing the mean percent used significantly.  This same trend is not evident with the variability method, likely because it is designed with greater safety in mind and rarely completely uses any buffer.  
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Figure 6a.  Percent of Goldratt Buffers Used.
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Figure 6b.  Percent of Variability Buffers Used.

Size of Buffer Overruns


While Figure 6a shows that the percent of buffers used trends toward one as risk increases, Figure 7a and Figure 7b provide excellent validation of the underlying model.  Figure 7a and Figure 7b feature the average size of the feeding and project buffer overruns as an average of overruns and as an average of total runs respectfully.  The reason that average buffer overrun of the number of total overruns and average buffer overrun of total runs converge is that the number of overruns and the number of total runs approach one another as risk increases.  Note that the lines do not converge in 7b.  This is likely due to their lower risk situation and limited number of observations.  Looking at the runs from both perspectives is valuable, but dividing by a constant 1000 provides a consistent metric and more meaningful results.


In addition to being valuable for verification, the average amount of time over the buffer size is another indicator of how much of the buffer is being used.  The trend towards greater overruns is consistent with the trend towards a higher percentage of the buffer used.  
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Figure 7a. Size of Goldratt Buffer Overruns.
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Figure 7b. Size of Variability Buffer Overruns.


Exploring the relationship between feeding buffer overrun and use of the project buffer provides meaningful insights into CCPM.  If the feeding buffer is using a majority of the project buffer and the project buffer is breaking, it is likely that the feeding and project buffers are not large enough.  Examining the percent of the project buffer used by feeding buffer overflow required that the feeding overflow be divided by the project buffer size, which creates a convenient ratio for comparison.  Figure 8a and Figure 8b show the percent of the project buffer used by the feeding buffer.  The 40% alternative seems to be the critical value since project buffer borrowing by feeding buffer overruns remained at a manageable 20%.  It appears that with a Goldratt 40% method the size of feeding overruns reached a critical mass and caused project buffer use to jump as overruns increased and buffer sized decreased.  With a Goldratt 30% method, use jumped to 45% of the project buffer and at 20% use jumped dramatically to almost 111%.  This jump to 111% indicates that the remains of the feeding buffer used up more than the project buffer – a clear indication that by a Goldratt 20% method both buffers were much too small.  Figure 4 indicated the relatively flat line of the High to 40% sections and the steep line of the 40% to 20% sections.  
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Figure 8a.  Feeding and Project Goldratt Method Buffer Relations.
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Figure 8b.  Feeding and Project Variability Method Buffer Relations.
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V. CONCLUSIONS
Goldratt’s 50% method provides a good starting point for any project manager.  The results of both the “Low” and 50% buffer calculation methods were, while not the same, comparable when compared to either their low or high risk cousins.  The simplicity of Goldratt’s method provides the final criteria for acceptance of it as the ideal starting point.  The “Low” alternative requires that the variability of the project be fitted into one of four categories which effect activity and buffer size.  Goldratt’s method requires none of this categorization and simply relies on averaging of a large number of activities to successfully cancel out variability.  That said, the notion that the 50% method is just the starting point is vitally important.  Using 50% activity sizes and buffers, the project manager must to take a hard look at techniques being used, outside factors, and resource requirements that might cause strain in particular areas.  These areas of strain can be addressed through manipulation of initial buffer size or through intelligent buffer management.  
Critical Chain theory is based on the idea that a “good enough” solution that is constantly refined by an active project manager provides more value added than a perfect solution that cannot be sustained.  Of the factors considered in this paper for selecting a buffer sizing technique, none favored a particular alternative over the Goldratt 50% rule.  The low risk alternatives (“High” to a 60% buffer), the feeding buffers broke less than 2.0% of the time, used less than 40.5% of the feeding buffers, and broke the project buffer by less than .644, on average.  The two middle range alternatives, “Low” and 50% buffer both performed slightly worse than the low risk alternatives, but not substantially so.  Their buffers broke less than 14.8% of the time, used less than 57.4% of their buffers, and broke by less than 2.97, on average, when they did break.  The high risk alternatives performed worse.  Goldratt’s 40% method, the next sizing alternative, broke the feeding buffer 43.3% of the time, used 74.1% of the feeding buffer, and broke the project buffer by 3.94 on average.  From the 40% to the 20% alternative, the scores continued to fall off dramatically, removing them for consideration for broad application.
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Table 2.  Performance Metrics broken out by Risk


The question remains whether to take a conservative approach towards buffer sizing.  Low risk buffer sizing runs almost no risk of running over the forecast finish date and, even if it does overrun, it will be by a very small amount.  The advantages of conservative sizing are obvious, but undermine the reason for adopting critical chain project management in the first place.  Conservatively sizing buffers requires that both the buffers and activities be larger.  Larger activities and buffers undermine the ability of CCPM to consolidate activity risk into one, smaller group risk.  By adopting larger buffers and activities, the critical chain may never break.  However, it does not provide a competitive project completion time.  
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VI. AREAS FOR FUTURE RESEARCH
Though broadly conceived, the limited scope of this project leads to several areas worthy of further study.  The most basic level for further research would be in the area of more buffer calculation methods for Critical Chain Project Management.  Deciding on accurate buffer sizes is an area that has been investigated by a number of different teams, many of which have determined their own methods to better size buffers.  This project considered only two methods for calculating buffer size based on their simplicity.  More sizing techniques should be considered in a project with broader scope.  One hybrid technique that emerged for consideration during this project is to use different percentages for the size of the buffer and the size of the activity.  An activity might be cut down 50%, while the buffer was the sum of 30% of every initial activity estimate.  

Because this project was aggressively scoped, a very simple project was used to compare buffer sizing alternatives.  The project used has one primary path and only one alternate path.  A more comprehensive look at a broad spectrum of possible projects should be addressed in future studies.  Further, this simple project did not address resource allocation, an important part of project management.  

The next area of project management open to further research is determining how much shorter the average activity can be completed than the estimate provided by an activity manager.  Goldratt explored the interest that any activity manager has in completing projects on time and the fact that the “student syndrome” effects all activities.  Cutting projects down by a certain percentage is an effective way to mitigate the student syndrome, but without evidence showing how much the student syndrome effects activity duration it is hard to create a good approximation for how the percentage should be sized.  

This project used 1.1 times the allotted time for an activity as the mean for a project duration, but that value was based primarily on limited manual sensitivity analysis.  Further sensitivity analysis might yield a value that provides cleaner results or more research might uncover data regarding forecast versus actual activity lengths.  The point of addressing the mean value for a normally distributed activity length leads to further questions about the selection of distributions for activities.  A chi squared or exponential might more accurately model an “average” activity than the normal distribution.  

Eliyahu Goldratt discusses buffer management as a critical aspect of project management using Critical Path Project Management.  Managing a project with CCPM requires that the project manager adjust buffer sizes as necessary to keep the project on time.   CCPM favors a “good enough” style of project management.  Buffer management allows the simplistic percentage approach to be adjusted by an intelligent and observant project manager.  This paper assumes that a project manager will not adjust buffer length.  That CCPM project managers have been tasked with adjusting buffer lengths should be an area of research to determine how detailed the process of determining buffer length should be versus how much project managers should get involved. 
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APPENDIX A: SIMULATION DATA
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APPENDIX B:  DETAILED METHODOLOGY

Comparing the different methods of planning projects requires a standard project network be established.  Microsoft Excel, though a simple program, provided an effective medium for this project having the additional benefits of portability and ease of implementation.  Thirteen different activities were combined in a project model that reflects a wide variety of possible occurrences in a project network.  These include sequential activities, multiple predecessors, and parallel processes of equivalent and different lengths (See Figure C1).  Units used in this paper are generic time units and are not based on any specific unit of time.   Each activity was randomly assigned a letter from A-D, which denotes the variability of an activity.  Variability A had a standard deviation of .5, B of 1, C of 1.5, and D of 2.  
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Figure B1.  Activity Network.

Assumptions

Effective buffer use requires the use of buffer management to keep projects on time.  Buffer management is the active process taken by the project manager to keep the project on track by manipulating buffer sizes and resource allocation.  This paper tests only the effectiveness of the initial buffer criteria, assuming that the best buffer calculation method is the one that would require the maintenance by the project manager.  Because this paper deals primarily with buffer sizing, all discussion of resources and resource management were eliminated for simplicity.  In this paper, each activity is assumed to require no resources beyond time.  Activities are normally distributed with a mean that is 1.1 times the allotted time for that activity, which is a percentage of the estimated time.   This mean makes it likely that the buffers will be required and takes into account the effects of the “student syndrome.”  This paper assumes that activities can continue to decrease in length as allotted time decreases, though common sense would suggest that to show the logic flow of the project.  This logic diagram activity times can not be cut down forever.  The standard deviations of these activities range from .5 to 2.  This range is assumed to be a broad enough to reflect actual deviation in project lengths.  

Basic Network

The basic network was first created by hand on paper and then created in excel in a graphical form to show the logic flow of the project.  This logic diagram made it clear what activities are predecessors and which are successors (See Figure B1).  Each of these activities had four numbers associated with them: Estimated Time, Allotted Elapsed Time, Activity Time, and Elapsed Time.  

· The Estimated Time (EsT) is the value supplied by the activity manager based on experience to estimate the length of the activity.  
· The Activity Time (AcT) uses a random number generator and normal distribution to return a simulated time.  AcT = Norm(1.1*EsT,σ)

· Allotted Elapsed Time (AET) is the sum of the predecessors Estimated Times.  AET = Σ previous EsT

· The Elapsed Time (ElT) sums all previous activity times.  ElT = Σ AcT

Using this method, the final activity has both the amount of time the project should have taken and the amount of time that the project took on that simulated run.  These activities, and their associated values, were then consolidated into a table so many simulations could be run and analyzed quickly.

Creating Buffers


The different methods of buffer calculation were applied to the standard project network.  The graphical representation of the project network was modified to make room for buffers (See Figure B2).  The first buffer method considered was the technique devised by Elyihau Goldratt.  This method consisted of reducing each activity to fifty percent of the original estimate and then making the buffers equal to the sum of the reductions.  The second method requires that each activity have a designated variability to model situations like weather causing high variability in the time to lay a foundation but not electrical work.   Buffer and activity lengths are based on variability categorization and Table 1.
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Figure B2. Activity Network with Buffers.

Goldratt’s Method Network
Applying Goldratt’s method required several changes to the default model.  Instead of four associated values with each activity, six values for each activity and buffer were implemented.  The six associated values for each activity were Estimated Time, Allotted Time, Activity Time, Amount over Allotted Time, Allotted Elapsed Time, and Elapsed Time.  

· Estimated time (EsT) is the same value in the basic network used for the original planning purposes.  

· Allotted Time (AlT) is a set percentage of the Estimated Time.  AT = % EsT

· Activity Time (AcT) is similar to the standard project network, but uses the Allotted Time to adjust for the reduction in expected activity length.
AcT = Norm(1.1*AlT,σ)

· The Amount over Allotted Time (AoAT) is the amount that the Activity Time is over the new Allotted Time.  If the Activity Time is not greater than the Allotted Time, zero is returned.  
AoAT = if ( AcT > AlT, AcT – AlT, 0 )

· Allotted Elapsed Time (AET) sums the previous Allotted Times.  However, if an activity uses less than its Elapsed Time, the actual amount of time used is passed on rather than the Elapsed Time for that activity.  This method simulates the beginning of a new activity and prevents activity managers from using previous activity’s extra time for their projects.  
AET = Σ AlT, unless AlT < Act, in which case AcT is substituted for AlT

· Elapsed Time (ElT) is the sum of activity times.  
AET = Σ AcT

The buffer’s six values are Maximum Buffer Size, Amount of Buffer Used, Amount over Allotted Time, Amount Buffer Broken By, Max Allotted, Allotted Elapsed Time, and Elapsed Time.  Buffers protect different areas of the project network depending on the project manager’s intent.  Note that one buffer protects activities A-E and the other activities 1-8.  Some values reference the “previous activity.”  This is the activity that occurred directly before the buffer in the chain.  For example, Activity E is the previous activity for the Feeding Buffer in Figure 4.

· Maximum Buffer Size (MBS) is the size the buffer, which is equal to the sum of the Allotted Times (AlT) for all activities that buffer protects.  
MBS = Σ AlT 

· Amount over Allotted Time (AoAT) is the sum all protected activity AoATs.  
AoAT = Σ (protected activity AoAT)

· Amount Buffer Broken By (ABBB) is the amount by which the Amount over Allotted Time exceeds the Maximum Buffer Size.  If the AoAT does not exceed MBS, none of the buffer is used.  
ABBB = if ( AoAT > MBS, AoAT – MBS, 0 )

· Amount of Buffer Used (ABU) is the sum of the AoAT for all protected activities.  If the amount used is greater than the size, the maximum value is displayed.
ABU = if ( AoAT < MBS, AoAT, MBS) 

· Max Allotted (MA) is the sum of the previous activity’s Allotted Elapsed Time and the Maximum Buffer Size.  This serves as a reference point for the largest size the chain may be and remain unbroken.  
MA = AET (previous activity) + MBS

· Allotted Elapsed Time is the sum of the previous activity’s Allotted Elapsed Time and the Amount of Buffer Used.  
AET = AET (previous activity) + ABU

· Elapsed Time is the sum of the previous activities elapsed time and the Amount of Buffer Used.  
ElT = ET (previous activity) + ABU

Allotted Elapsed Time and Elapsed Time should be equal, unless the buffer is broken, in which case the Elapsed Time will be greater than the Allotted Elapsed Time by the Amount the Buffer is Broken By.  In short, this method creates buffers based on a percentage of the sum of activity durations.  

Variability Based Method Network

The second method, which takes activity variability into account, required only a few changes from implementing Goldratt’s method.  First, each activity was randomly assigned a letter A-D to simulate four different variability brackets.  Next, a table of percentages for buffer sizing, found in the research of Yongyi Shou and K T Yeo was coded into excel (See Table B1).  Instead of using one percentage to determine all Allotted Times, percentages from this table were used.  Sizing the buffers and taking elapsed time worked that same was as in Goldratt’s implementation.  
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Table B1.  Table 1.  Shou and Yeo’s Buffer Sizing Percentages.

Data Collection

Once these varied methods were established in network form, they had to be distilled down to facilitate data collection.  The activity networks were put in tabular form.  Fifty of these tables were placed on a worksheet to facilitate data collection of one-thousand runs for each buffer calculation method.  In addition to run times, a variety of data was collected (see Appendix A).  This data was compared and the best alternative determined.

Verification

Before the project moved on to data collection and analysis, the network without buffers, the Goldratt method, and the variability method all needed to be verified (validation follows in the Results and Analysis Section).  Verification required that each network worked the same and would return proximate values despite the differences inherent in each alternative’s network design.  That is, each activity accumulated activity times the same way, each buffer added up overruns the same way and did not double count overruns, etc.  Once each network ran like the others, the networks were consolidated into tables.  Often, the tables would have difficulties with addition, cell references, etc. that were a product of movement and creating a large number of copies.  Several copies were made and then those activities were compared by hand, while results were noted to make sure they behaved like the other activities.  Once content with those tables, they were duplicated and the average of the full range of activities was compared to the original small sample.  These activities were similar and each alternative’s data collection was then considered verified.  
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