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Abstract

One of the greatest challenges in managing costs on programs is the lack of cost, schedule, and risk integration. Despite the interconnection of these disciplines, it is rare when cost estimates, schedules, and risk registers are fully integrated artifacts. Analytical Program Management (APM) is a methodology, pioneered on highly complex NASA programs, for completely integrating cost, schedule and risk. APM allows projects to immediately determine the cost impacts of schedule growth and vice versa. Additionally, since the cost estimate and risk register are integrated with the schedule, the secondary and tertiary effects are uncovered, improving the quality of the individual artifacts. This provides a far more complete view of critical risks affecting cost and schedule. Through the use of Monte Carlo simulation, the risk-adjusted cost estimate and schedule are generated allowing program managers to budget and plan using statistical confidence levels. This methodology identifies actions that program managers can take, either by accelerating tasks, mitigating risks, or removing scope, to ensure their program fits within a constrained budget and schedule. 
 


i

Introduction and Problem

Prior to the rise of computing technology, navigation in the dark was intensely difficult, particularly if there was cloud cover over the ground. Flying in a British bomber during World War II was one of the most dangerous jobs imaginable. Some 55,000 aircrew died in raids over Europe between 1939 and 1945, the highest loss rate of any major branch of the British armed forces. Earlier in the war, bomber pilots were taught terrible lessons about their vulnerability. Missions over Europe were flown by day, and German fighters found the lumbering British aircraft easy targets. Many of the planes were flying so low that when they were hit there was no time to bail out. Daylight raids were abandoned. From then on, British bombers would fly mainly at night. [1]
	
Too often managing programs today, although not as dangerous, leaves many feeling like they are navigating in the dark, pursuing a comparatively small target and struggling to hit it accurately. Programs have increasingly experienced growth above and beyond their initial cost and schedule estimates. Studies have examined the reasons behind this growth reaching similar conclusions:  weaknesses in management visibility, direction, and oversight, as well as initial costing approaches. [2] Managing a complex program without the right resources is analogous to those British Bombers, flying blind in the night struggling to achieve their mission.

The Solution 

Programs, unlike the British pilots, have no need to fly blind. Today there are tools to aid program managers in managing cost, schedule, and risk. These tools help program managers use analytics to make informed, data-driven decisions. This paper will discuss a methodology, Analytical Program Management (APM), which integrates cost estimates, schedules and risk registers into a single, coherent model on which analysis can be performed. The paper will then demonstrate how program managers can use this integrated analysis to:

· Determine the cost impacts of schedule slips
· Determine the impact to the schedule of cost growth
· Identify key risks and activities driving both cost and schedule risk
· Accelerate or decelerate program activities with the aim of reducing cost and schedule growth
· Re-scope a program to fit into a constrained budget
Analytical Program Management Overview

Although cost estimating/budgeting, scheduling, and risk management are standard activities within any program management office, rare is the case where they are integrated; either in process or into a single artifact. Without an understanding of the relationship between cost, schedule, and risk, a program manager’s ability to predict and mitigate cost and schedule growth is greatly diminished.

[image: ]
Figure 1 — APM is the Integrated Analysis of Cost, Schedule, and Risk

APM provides a framework for integrating cost, schedule, and risk using existing artifacts to produce a cohesive analysis. The goal of APM is to provide a physical link between these three, currently independent, artifacts so that a change to one impacts the other two. This integrated model can then be run through a Monte Carlo simulation in order to determine the range of potential cost and schedule outcomes based on the uncertainties overlaid on the APM model. To understand how this works, let us first examine how each of these artifacts is linked, beginning with a discussion of the schedule.

Analytical Program Management: The Schedule

In APM, the schedule serves as the backbone for the analysis. It is the artifact into which the cost estimate and risk register are integrated. This schedule must represent all work needed for completion of the project, all activities within it must have a predecessor and a successor to drive the timeline, it must not be overly constrained to force certain dates, and assumptions used to develop it must be consistent with those used to develop the cost estimate. 

Either an analysis-level schedule or an Integrated Master Schedule (IMS) is required to begin the analysis. An analysis schedule is one that summarizes the IMS or is created in the absence of an IMS. Analysts may decide to use an analysis schedule if the IMS is too large (generally several thousand lines) or unhealthy (based on a schedule health check) to perform analysis. It is typically smaller and at a much higher level than the lowest-level IMS, which makes it easier to present to senior management. But the analysis schedule takes time to create and, as it is only a summary of the IMS, so it may result in the loss of some schedule fidelity. Conversely, performing APM using an IMS ensures a healthy schedule and results in no loss of fidelity due to a summarizing of schedule logic. Unfortunately, the IMS tends to be more difficult for senior management to understand, making the performing of excursion scenarios to the baseline plan more difficult. 

Whichever schedule is decided on for APM analysis, prior to its integration into the APM model the analyst must perform a health check on the schedule. There are many different schedule health check methodologies; however the APM authors have found the most success in applying the US Defense Contract Management Agency’s (DCMA) 14-point schedule health check. This schedule health check examines the linkages between schedule tasks, the size and frequency of lags, the type of constraints within the schedule, the presence of negative slack, as well as the ability of a schedule to flex in response to shifts in task durations or finish dates.

Once the schedule is corrected to pass a health check, uncertainty is applied to it. The duration of a task within a schedule is only one of a range of potential durations that the task may incur when actually completed. Describing the uncertainty of a task’s duration through the assignment of a probability distribution allows the APM analyst to use a Monte Carlo simulation to determine the potential range of finish dates for the project. This uncertainty does not need to be applied at the activity level. Agencies such as NASA have Schedule Estimating Relationships (SERs) describing the potential range of durations for various work products (systems or subsystems of space vehicles in the NASA example). Results from these SERs tend to align with higher level summary tasks within the schedule. In cases where this type of analysis exists, uncertainty distributions can be applied at a summary task level rather than the activity level. Once uncertainty is applied to the schedule, the analyst can begin the process of integrating it with the cost estimate.

Analytical Program Management: The Cost Estimate

In APM analysis, the cost estimate and schedule are integrated through the program’s Work Breakdown Structure (WBS). The WBS is a product-based decomposition of the total-scope of the project into its components. A WBS should be exhaustive of the scope of the project and map to the cost estimate and the schedule. 

To map the cost estimate into the schedule the APM analyst must first determine if this linking between the cost estimate, WBS, and schedule exists. If it does, through a resource-loaded schedule for example, no further thought is required. If it does not then the analyst must find another avenue of linking the cost estimate to the schedule. Contract invoices, Earned Value Management (EVM) data, and staffing plans with labor rates are all acceptable methods for linking the cost estimate and schedule.

Once this is complete, a worksheet is created, typically in Microsoft Excel, the next step is to map the cost estimate to the schedule. Each portion of the cost estimate (either the WBS or the Cost Estimating Structure (CES)) is linked to a task in the schedule (either at the summary or activity level). At this point 100% of the cost estimate should be linked to the schedule and each task in the schedule (either individually or because it falls under the umbrella of a summary level task) should have a cost assigned to it.

APM finds the relationship between cost and schedule by converting the cost estimate into a burn rate. This way, when the schedule flexes during the Monte Carlo simulation, the cost estimate will grow and contract accordingly. To calculate this, the cost estimate must first be divided into Time-Independent (TI) and Time-Dependent (TD) costs. Time Independent costs grow and contract independently from the extension or contraction of the schedule; these costs will not have a burn rate associated with them. These costs tend to be minimal on labor-intensive programs and most often represent materiel. Time Dependent costs grow and contract with the schedule and must be assigned a cost per day burn rate. They represent the additional costs from utilizing staff or resources for a greater amount of time. As the schedule grows or contracts based on the uncertainties assigned during the previous step and the risks assigned in the following step, these costs will increase or decrease accordingly. The final step in integrating the cost estimate into the schedule is to assign uncertainty to both the TI and TD costs. TI costs have probability distributions assigned to their total cost. TD costs have probability distributions assigned to their burn rate. 

Analytical Program Management: The Risk Register

The final step in APM analysis is linking the risk register, typically the primary product of the risk management process, into the APM model. Almost all risk management (RM) methodologies use a method from the “risk cube” family to quantify and rank risks. This methodology involves each risk being assigned a likelihood and consequence factor describing how likely a risk is to occur and the magnitude of the impact on the program should it occur. APM analysis takes these factors and converts them into probabilities of occurrence and cost/schedule impacts should the risk occur. This allows them to be modeled as probabilistic events during the Monte Carlo simulations. 

Likelihood
Consequence

Figure 2 — Risk Cubes are Quantified for APM Methodology

The one piece of information required for APM analysis that is typically not part of the traditional RM is the task within the schedule that each risk affects. This task must be a lowest-level activity (one cannot map to a summary level task) and must be linked to the program finish date through its successors. This mapping allows APM analysis to capture the downstream effect of each risk. Traditional RM methodologies look examine the localized impact of each risk. APM analyzes how each risk affects the overall program given its impact on the schedule. If a risk has a small localized impact but causes other tasks to be delayed, APM will capture the costs of keeping the affected staff in waiting while they wait for the risk-affected task to finish.

Running the APM Model

Once the schedule, cost estimate, and risks are combined into a single APM model, they are run through a Monte Carlo simulation. In the previous steps, as each artifact was integrated into the APM model, they were assigned probability distributions to account for uncertainty or risk. During the Monte Carlo simulation, these distributions are sampled thousands of times to produce distributions representing the potential cost and schedule outcomes for the program. These distributions allow the analyst to assign confidence levels to cost and schedule outcomes to answer questions such as: What is the probability the program finishes (or meets a certain milestone) by a certain date? What is the probability the program finishes at or under budget? 
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Figure 3 — Notional Statistical Outputs Generated through APM Analysis

These results allow a program manager to effectively allocate cost and schedule reserves so that they may more accurately manage programs and budgets through lifecycle development.

Mitigating Risk

For programs predicted to come in only slightly above cost and schedule or looking to find efficiencies, APM provides several sensitivity analyses unveiling the primary sources of risk to the program. Each of these analyses provides the program manager with specific actions he or she can take to mitigate the risk of overruns.

Cost, Schedule and Risk Sensitivity Analysis

Following the run of an APM simulation, correlation analysis is performed between cost, duration, and risk for all tasks in the schedule to uncover which activities are driving the program’s finish date and total cost. Once the Pearson’s correlation is calculated between each duration, cost, and risk occurrence, the top drivers are displayed in a rank-ordered chart. This chart displays several metrics, each providing program managers with specific actions they can take to reduce cost and schedule risk to their program.

1. Schedule Sensitivity: Displays the correlation between a task’s duration and the finish date of the program. The higher this correlation, the larger the impact of this task’s duration on the overall schedule. Tasks with high correlation should be monitored closely by the scheduling team and are also candidates for task acceleration or deceleration.
2. Cost Sensitivity: Displays the correlation between a task’s cost and the total cost of the program. The higher this correlation, the larger the impact of this task’s cost on the final cost of the program. Tasks with high correlation should be monitored closely by the budget and EVM team and may be candidates for Lean Six Sigma activities. This sensitivity can be performed at a detailed level to allow PMs to see what is driving cost in a specific year or for a specific set of activities
3. Schedule/Cost Sensitivity: Displays the correlation between a task’s duration and the cost of the program. The higher this correlation, the larger the impact of the task’s duration on the final cost of the program. Tasks with high correlation should be monitored closely by the scheduling team and may be candidates for task acceleration of deceleration. 
4. Criticality Index: Displays the probability that each task lies on the schedule’s critical path. Tasks with a higher criticality index will tend to fall on the critical path more often. These tasks should be closely monitored by the scheduling team and may be candidates for task acceleration or deceleration.
5. Risk Cost Sensitivity: Displays the correlation between the occurrence of a risk and the cost of the program. The higher this correlation, the larger the cost impact of the risk; accounting for the secondary and tertiary effects of marching army impacts caused by the risk occurring. These risks should be carefully monitored by the risk management team and are candidates for risk mitigation activities.
6. Risk Schedule Sensitivity: Displays the correlation between the occurrence of a risk and the program’s finish date. The higher this correlation, the larger the schedule impact of the risk; accounting for secondary and tertiary effects caused by the risk occurring. These risks should be carefully monitored by the risk management team and are candidates for risk mitigation activities.

The sensitivity analyses provided by APM differ from traditional risk analyses in that they include the physical integration of the risks into the schedule. Traditional risk management methods focus on the localized “expected value” impact of each risk; typically assessed using likelihood and consequence factors. Unfortunately, these factors are locally focused on the impact to the task affected by the risk. Lessons learned from managing complex programs, however, have yielded the insight that sometimes the greatest impact from a risk is not to its localized impact, but rather the down-the-road impacts. These impacts, typically ignored by traditional risk management methods, ignore the marching army cost impacts caused when staff must be paid to wait for a late-finishing activity, the change order caused by late delivery of government furnished equipment (GFE) to a fixed-price contractor, and the impact of late changes to requirements on other areas of the program. By integrating the risks with the schedule within the APM model, these impacts are captured.

Experience in applying this methodology has shown that the top risks from the risk management plan are typically not the top risks uncovered by APM analysis. These risks commonly have cost and schedule reserves and slack placed into the schedule to mitigate their downstream impacts should they occur. It tends to be a combination of lower-ranked risks, lying on or near the critical path, that have the largest impact on cost and schedule. These risks, typically without active mitigation plans, cause secondary and tertiary cost and schedule slips leading to overall program growth. With APM program managers have the ability to test the impacts of mitigating or accepting risks determining the optimal way to reduce cost and schedule.

Cost and Schedule Acceleration and Deceleration

Once programs have optimized their risk mitigation plans to reduce risk to the cost and schedule, there is one final step they can take to attempt to drive program efficiencies. In performing this analysis on government programs, the need to finish by a certain date, or within a constrained yearly budget, often drives the analysis. For these cases, the task accelerator/decelerator was included in the APM model. This feature provides analysts the ability to add additional resources to attempt to finish a task early, or lessen resources to reduce the year-to-year cost while finishing a task late. Both of these actions lead to in a net-increase to the total cost of each task; however they may result in a program that fits within a constrained yearly budget or finishes within a constrained schedule.
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Figure 4 — Fiscal year phased costs before and after accelerating tasks

Preplanning to Meet a Constrained Budget

Further analysis performed with APM addresses an unfortunate reality of managing programs in today's fiscally challenged environment: sometimes it is simply impossible to fulfill the original requirements within the available budget or schedule. Whether due to overly-optimistic starting baselines or late-breaking funding cuts, few methodologies exist today for re-scoping programs, on the fly, to fit within budgetary or schedule constraints.

Today, when managers endeavor to modify their program to fit within a constrained budget, they must develop a limited number of scenarios for their cost, schedule, and risk management teams to analyze. The teams must then return to their corners to develop the analysis, a process requiring weeks or months. For this reason, it's common for managers to eschew this analysis all together by simply cutting budgets by a fixed percentage across the board or removing the first requirement that comes to mind. Interviews with high ranking government program and portfolio managers have revealed they would prefer to  perform more detailed analysis when making budget cuts, but their organizations simply do not have the time or agility to perform quick-turnaround cost, schedule, risk, requirements, scope, and capability trade-offs.  

To remedy this, the APM methodology links each part of the schedule, and thus the cost estimate, to scope, requirements or capability. APM’s "category" feature allows each task, or group of tasks, to be categorized by any one of these categories. Once each task has been categorized, categories can be added or removed as desired with the effect on the cost and schedule immediately calculated. Additionally, since all of this is performed within the schedule, the program manager has the ability to quickly see exactly what other tasks were impacted by the removal of those tasks. 

The impact of this feature on the way programs are managed is revolutionary. If the categories represent requirements, scope can be added or removed, and the effect on cost and schedule calculated, in real-time, without ever leaving a meeting room; essentially allowing managers and engineers to design a system to cost and schedule. If the tasks represent programs, and the categories represent capability, a portfolio can be re-planned to provide maximum capability within a constrained budget. 

With APM’s ability to run complex Monte Carlo simulations in near real-time, we believe that, in the future, we will be able to incorporate optimization features into Analytical Program Management. Currently, the trade-offs discussed above must be performed by hand with the analyst selecting the combination they believe will have the desired effect. The ultimate goal is that program managers will be able to select a constrained yearly budget and program finish date, choose tasks amenable to acceleration or deceleration, define a minimum set of level-one requirements, and then allow the APM model to plan and re-scope the program so it provides the maximum capability within the constrained cost and schedule.

Conclusion

Analytical Program Management provides a first-of-its-kind, structured framework for integrating cost estimates, schedules, and risk registers, where typically these artifacts are fragmented in program management organizations. The APM methodology, developed and tested on NASA programs, ensures that these artifacts are compatible and results in a cohesive analysis. With APM, program managers can rapidly consider various actions to ensure their program fits within a constrained budget and schedule. Through simulation techniques, the process generates risk-adjusted analysis and unparalleled insight into a program’s status, along with a series of options for risk mitigation and cost/schedule re-planning. 
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