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Increasingly, statistical methods are being applied to earned value (EV) data [1, 2]. In a previous publication [3] the
author has discussed the use of statistical process control (SPC) with the earned value indicators and cost and schedule
performance indexes. This application provides strategies and methods for gauging the performance of software projects and achieving project commitments. As an extension of managing performance, this article branches to using the
statistical representation of the EV information to prepare project plans. Interestingly, the statistical approach yields
not only the expected cost and completion date, but the management reserve required for an acceptable level of risk.
Nearly 15 years ago the Test Software and Industrial Automation branches of the Directorate of Aircraft Management began
using EV methods to manage software development. During this
time several refinements in the application of EV were made. The
work breakdown structures have evolved and are much more
sophisticated today than they were for the first few projects where
EV was applied. The planning and scheduling practices have
improved tremendously from simple paper and pencil tabulations
to the use of commercially available automated tools. With these
tools what if scenarios can now be performed during planning to
account for possible risk areas. Along with these improvements,
the ability to predict project outcomes and to strategize needed
recovery actions was significantly enhanced three years ago by
applying EV cost and schedule performance indexes [4]. Project
managers now have a tool to help them choose the appropriate
recovery strategy along with necessary actions.
Although these are significant improvements that have aided
greatly in managing software projects to achieve the required
performance at the negotiated cost and completion date, software organizations today are feeling pressure to apply the control
chart method of SPC. Control charts began in the 1930s and
were applied to manufacturing processes to maintain quality
control of assembly line products. Control chart concepts and
methods fell out of favor in the United States by the 1950s,
but were revived in the 1980s. Dr. Edward Deming became an
international celebrity from the impact control charts had on
the success of the Japanese production of automobiles.
The application of SPC to software management is not very
straight-forward; the automobile assembly-line application does
not translate directly to software. The rate of software development is low, and none of the products are prepared to identical
specifications. Yet a belief persists that SPC control charts must
be used in order for software management to know that the
development process is in control. Just as in manufacturing, if
anomalous behavior occurs in the software process it should be
recognized and corrected in order to minimize the impact on
the delivered product.
Along with the rest of the software industry, we have struggled to develop a meaningful application of SPC control charts.
EV indicators and cost and schedule performance indexes is
proving very useful. In the publication [3] cited previously, the
indicators were shown to be a management tool for statistically
representing project performance. That paper also provided
project managers with methods to overcome poor performance,
and it alluded to further application in the areas of software
project planning and process improvement. This paper addresses
project planning, including the quantification of risk in both
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Figure 1. Earned Value

cost and schedule. Mitigating the risk with management reserve
is included in the discussion.

Earned Value
For this subject the book [5], Cost/Schedule Control Systems
Criteria, The Management Guide to C/SCSC, by Quentin
Fleming, is highly recommended for a more complete discussion of EV and its application to project management. For our
specific application, an understanding of the EV indicators, cost
performance index (CPI), and schedule performance index
(SPI) is needed. To begin this discussion, refer to the point on
Figure 1 labeled budget at completion (BAC). BAC is the performance expectation of the project; it identifies the cost and
completion date for the project manager. Similarly, the point
labeled customer expectation is the price and product delivery
completion date promised to the customer. (The customer
expectation is different from the planned project performance to
allow for anticipated risk.)
EV management tools are based upon establishing a project
baseline to achieve BAC. The project’s performance is tracked
against that baseline. The baseline performance is illustrated by
the S-curve in Figure 1 marked BCWS, i.e., budgeted cost of
work scheduled. The in-process performance tracking is facilitated by the two remaining curves shown: actual cost of work
performed (ACWP) and budgeted cost of work performed
(BCWP). BCWP is the earned value to date; it is a representation of the completion of project tasks and is traceable to the
values allocated to project tasks during the planning phase.
During project execution, CPI and SPI provide information
of performance efficiency. The CPI describes the rate of achieving
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Figure 2. Control Chart, Individuals and Moving Range

the control limits of the process (i.e thresholds beyond which a measurement has an
extremely low probability of occurrence).
Control limits (upper and lower natural process limits [UNPL, LNPL] and
upper and lower control limits [UCL,
LCL]) are established at six sigma (6 σ),
where sigma is a standard statistical measure of the variation in the process being
observed. Measured values outside of the
six sigma limits have a probability of
occurrence of only 0.27 percent—virtually zero. any measured value occurring
outside of these limits is an anomaly
requiring management attention.
One of the applications of control
limits is testing the capability of the
process. For a product to be satisfactory
for a customer, it will normally have a
specification that establishes its accept-

ability in terms of upper and lower limits.
By comparing the product limits to the
process limits, we can predict the percentage of product not expected to meet customer requirements. The calculated value
is the probability or risk of manufacturing unacceptable product.

Performance Analysis
As mentioned earlier, we have merged
EV and SPC to create another software
management tool [3] depicted in Figure
3. By establishing performance limits in
the form of cost and schedule ratios, the
average of the monthly values for CPI-1
and SPI-1 can be compared, respectively.
The ratios are simply the quotients of the
customer requirement to the expected
project performance. The cost and schedule ratios establish the poorest perform-

Figure 3. Performance Analysis
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There are several methods of performing SPC: scatter diagrams, run
charts, cause and effect diagrams, histograms, bar charts, Pareto charts, and
control charts [6, 7]. Although the other
methods are useful, the application of
control charts will be the only SPC application discussed in this paper.
As mentioned earlier, the question
the software industry desires to answer is,
“How do I know if my software development process is in control?” The answer is
in the use of control charts. The inherent
statistical variation in the process gives
definition to anomalous behavior. In the
statistical sense, anomalous behavior has
an extremely low numerical value for its
probability of occurrence. Consequently,
if anomalous behavior is not observed,
then the process is in control.
There are several applications for control charts with a division between two
basic types, i.e., those with attribute data
and those with variable data. An attribute
is a characteristic that is either present, or
is not. Conversely, a variable characteristic
is measurable on a continuous scale. The
control chart method chosen for our application is termed Individuals and Moving
Range. Symbolically, it is shown as XmR,
where X represents individuals, and mR is
the moving range. This method can be
used for both attribute and variable data.
It is the appropriate control chart choice
when only a single data point is available
per sampling. The Individuals and Moving
Range method fits our application because
CPI and SPI are variables, and there is just
one data point per month for each.
Figure 2 illustrates the XmR control
chart. The symbol X used in the figure
represents CPI-1 or SPI-1. The symbol mR
represents the difference in X’s value
between i = n and i = n+1. The equations,
along with the value of the correction factors necessary for creating the chart are
also included in the figure. The correction
factors (d2, D3, and D4) are derived from
statistical theory, and are used to calculate

UNPL = x + 3mR d2
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earned value with respect to the funding
outlay. SPI is the rate of achieving earned
value with respect to the schedule baseline,
BCWS. These two indicators, taken
together, have been shown to be a very
useful software management tool [3, 4].
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ance efficiency allowed for the project to
achieve the customer requirement.
It is a simple matter to color code the
performance. If performance indicates the
project will be completed within the
planned cost and schedule, the status is
green. In this case, if the average value of
CPI-1 and SPI-1 (subsequently shown as
<CPI-1 > and <SPI-1 >) is reported to be
1.0 or less, then we can expect the plan to
be achieved. If performance indicates the
project plan will be exceeded, yet the customer requirement will be met, then the
status is yellow. For this case, the values of
<CPI-1 > and <SPI-1 > will exceed 1.0, but
be less than the comparable ratio. Of
course if the indicators show efficiencies
in excess of the ratios (i.e., the limit above
which performance is unacceptably poor),
then the status is red.
Likewise from the article referenced
earlier in this section [3], the color coding of the performance status leads to a
recommended management action, i.e.,
adjustment of overtime or staffing,
realignment of personnel, or customer
negotiation. The calculation methods for
adjusting overtime and staffing are also
discussed in the article.

Project Planning
We have used the EV-SPC method
for approximately one year as a tool for
managing software developments. It
occurred to us that the method could also
assist with project planning. The basic
idea is that data (<CPI-1 >, <mRc>, <SPI-1
>, and <mRs>) from past projects could
be used to amend the draft project plan
to establish a project baseline (cost and

completion date). Using the project baseline and risk level that the company or
project manager is willing to accept,
computations can be made of the customer price (without profit) and delivery
completion. The differences between customer values and project baseline then
determine the values for management
reserve. The planning process is schematically shown in Figure 4.
In the figure the computation of safe
performance indexes is shown, i.e., the
highest average values of CPI-1 or SPI-1
that will not exceed the 3 sigma variation
from the historical average value. There
are times when to be safe is not much
more expensive in cost and schedule than
for the risk defined. This condition
occurs when the process is highly refined
and is indicated by extremely small values
of <mR>. Certainly, if being safe does not
make the project’s bid noncompetitive, it
is the ideal project plan. However, in general all project managers will need to
accept some risk of failure to win the
contract. This planning method quantifies the risk and computes the commensurate management reserve.
Before elaborating on the computations, the expected result of this planning
method needs to be discussed. Our
hypothesis is that, at minimum, we could
expect the new project to execute closer to
the plan. After all, the adjustment to the
project baseline is, in essence, the use of a
lesson learned. Also, if little change is
made to the planning methods, then we
could expect the variation of the performance indexes from the new project to be
approximately the same as those from the

historical project. On the other hand, if
improvements are made in the planning
method or the software development
process, it becomes more difficult to predict the result. Nevertheless, what we hope
for is performance indexes closer to the
planned values and decreased variation.

Calculation Procedure
This procedure follows the flow
depicted in Figure 4. It may be helpful to
consult the figure as the calculations are
described.
Step 1. Select the historical project
that has the greatest amount of similarity to the project being planned. The
variables of programming language used,
staff experience, software engineering
environment etc., variation in the work
breakdown structure (WBS), and values
allocated to the tasks are to be considered
in selecting the historical project. Also,
the planning team’s biases should be considered for historical and new projects,
along with the customer’s behavior attributes. Once the selection is made, obtain
the historical data: <CPI-1 >h, <mRc>h,
<SPI-1 >h, <mRs>h. Note that the performance of tasks, which are out of
scope with respect to the contract, may
be imbedded in these numbers. If the
value of these tasks is known, it is appropriate to remove their effects and adjust
the historical data accordingly.
Step 2. Develop the draft plan to
establish the initial budget at completion (BACi) and period of performance
(POPi).
Step 3. Create the baseline project
plan by using the performance efficiencies from historical project data to
adjust the initial plan.
POPi x <SPI-1 >h = POPp

Figure 4. Planning Method

[Start Date + POPp => Expected
Completion Date (CDp)]
BACi x <CPI-1 >h = BACp

At this point, it is probably worthwhile for the planning team to reflect
again on the differences between the historical and new projects. To finalize the
baseline plan, Steps 2 and 3 may need to
be iterated.
Step 4. Next, calculate the safe performance indexes for future reference.
Recall from the earlier discussion that it
may not cost much to be safe. Later on a
comparison will be made between safe vs.
risk performance.
12
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<CPI-1 >3[σ] = 1.0 + 3 <mRc>/1.128
<SPI-1 >3[σ] = 1.0 + 3 <mRs>/1.128

The formulas used above are shown in Figure 2.
Step 5. Define the acceptable risk level. Defining risk is a
tricky business. The project manager desires sufficient management reserve to cover all anticipated risk. But, the company
wants to win the contract, which means accepting more risk.
Therefore, the planning team feels pressure to lower the price
and shorten the schedule. The level of risk selected will be a
compromise between these two extremes. Generally, the risk
associated with achieving the project cost is lower than the risk
for delivering the product on time. The planning method allows
for establishing risk levels for both cost and schedule. For the
remainder of the discussion, the risk acceptable is equated to the
probability of failure (Pf).
Step 6. Establish the boundary for red performance. The
upper specification limits (USLc and USLs) for <CPI-1 > and
<SPI-1 >, respectively, are calculated from statistical data. The
procedure is general to both cost and schedule; the calculations
for each are performed identically. To illustrate this, an example
of the calculations for 30 percent risk is shown below.
The probability of failure can be determined from the
mathematical table of the cumulative normal distribution [8]:
Z
1 −z2 2
e
dz
Pf(z) = 1 – F(z), where F(z) = ∫
− ∞ 2ð
(The representation of F(z) shown is one of the forms available in mathematical tables; there are other forms that can be used equally as well.)

For risk = 30 percent, Pf(z) = 0.30 = 1 – F(z)
Thus, F (z) = 0.70

Using the mathematical table of the cumulative normal distribution, identify F(z) values adjacent to F(z) = 0.70.
F (.52) = 0.6985, F (.53) = 0.7019

Now, estimate the value of z for 30 percent risk (z (@30
percent)) by interpolation.
 0.7000 - 0.6985 
(0.53 − 0.52)
 0.7019 - 0.6985 

z (@30%) = 0.52 + 

Thus, z (@30%) = 0.5244

Using the z equation [6], calculate the value of the USL.
z = (x – u) / [σ] , where x is the value of the point
(in this example, USL), u is the average value (in this
example, 1.0), and [σ] is the standard deviation (in
this example, <mR>/1.128)
Therefore, z (@30%) = (USL – 1.0) / (<mR>/1.128)

With some algebraic manipulation, the equation can be
solved for USL.
To illustrate the calculation, we will use a value from an
actual project, <mR> = 0.2652.
USL (@30%) = (0.5244) (0.2652)/1.128) + 1.0

Performing the math, the performance index representing
the red boundary for 30 percent risk is computed to be 1.1233
for our example.
Step 7. Establish the customer baseline. Knowing the
value of USL, the customer baseline can be computed.
POPp x USLs = POPc
Start Date + POPc = Customer Completion Date (CDc)
December 2000

BACp x USLc = Price (without profit)

The above calculation should be repeated using the appropriate safe index from Step 4 in place of its respective USL multiplier. As stated earlier, to be safe may not raise the price or
increase the schedule significantly if the development process is
very refined (the average value of <mR> is small).
Step 8. Calculate the management reserve. The management reserve is simply the differences between the customer and
project baselines.
For Schedule Reserve, MRs = POPc – POPp (workdays)
or
MRs = CDc – CDp (calendar days)
For Cost Reserve, MRc = Price – BACp (dollars)

Prototype Application
The planning method and calculation procedures were tested against both a historical and current project. The in-work
project was planned using knowledge gained from the performance of the historical project. For reference, the products from
the historical project were 52 test program sets (TPS). TPSs are
a combination of the software and hardware needed to test the
performance and diagnose the failures of electronic circuit cards.
The project ran for five years and had a peak staffing of 12
engineers. The in-work project was to develop nine TPSs. It has
eight engineers presently assigned, and is 29 percent complete.
As we discussed in the calculation procedure, better results
are expected when data is used from historical projects having
similar attributes to the project to be planned. In this case, the
projects are highly similar. The circuit cards requiring the TPSs
are similar in structure, application, and component technology.
The automated test system, which uses the TPSs for performing
the circuit card testing, is the same for both projects. The programming language used for developing the software is also identical for both. The specification defining the TPSs came from the
same customer; there are only minor differences. The planning
team, project leader, and three engineers are common to both
projects. The planning team used the WBS from the historical
project with only minor changes. Schedules for the two projects
overlapped for approximately nine months.
The historical project has the following performance values:
<CPI-1 > = 1.12, <mRc> = 0.40, <SPI-1 > = 1.18, <mRs> = 0.46.
The numbers were derived from 61 monthly data points. The
<CPI-1 > and <SPI-1 > values indicate poorer than expected performance. While the project had enough cost reserve to avoid
an overrun, it did not plan for schedule reserve and did experience problems completing the product deliveries on time. The
amount of variation is somewhat larger than the values of <mR>
from our other software development areas. Thus, it was
thought that better planning was needed.
The results of using the EV-SPC planning method are
shown in Table 1. Here you see that the planning team covered
a greater amount of schedule risk (35 percent probability of failure) than was accommodated for cost (40 percent probability of
failure). To mitigate the anticipated risks, the cost reserve is 8.8
percent of the expected project cost, and the schedule reserve is
15.6 percent of the planned period of performance. As a point
of emphasis, the methods described provide a significantly more
www.stsc.hill.af.mil 13
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The new project is performing closer to the plan with less variation. Certainly this is improved software project performance.
And with improved performance, it is expected that customers
will be increasingly satisfied. Of course the bottom line to
achieving customer satisfaction is gaining additional business.
We believe the software management tool presented in this article can help to achieve these goals.
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Reflecting on the two projects, adjustments were made to the
earned values that were assigned the various WBS tasks during
the new project planning. The expectation of improving the project planning is the removal of statistical variation from some of
the common cause [6, 7] entities. But overall, the reduction is
enhanced from other lessons learned by the planning team, project leader, and the three experienced engineers. They used those
lessons from the historical project to guide themselves, and especially the new members of the project team. Thus far many pitfalls experienced during the historical project have been avoided.
Significant process improvement is evident.

Summary
The software project planning method proposed in this
article incorporates the use of past project performance data,
earned value management, and statistical process control. The
method provides several outputs:
• Project cost and customer price.
• Expected and customer completion dates.
• Management reserve for both cost and schedule.
• Quantified risk for cost and schedule.
• Statistical quantification of process improvement.
We have shown in the example application that the method
may have merit. In general, the results predicted were observed.
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