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Ross Software Estimating Framework

The Ross Software Estimating Framework (rSEF) is a set of general software
effort, duration, and defects estimating relationships that are based on the notion
that software construction is the application of effort (labor) over some duration
(period of elapsed calendar time) that produces a desired software product (size)
and undesired byproducts (defects). The fundamental rSEF relationships are

Software Productivity Law

Effort"®™) x Duration'®™) = _ Size
Efficiency
Defect Propensity Law
Effort?) 3 Defects

Duration™ Defect Vulnerability

Management Stress Law
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Duration"”
Brooks’ Law (Limit) — Minimum Time
S Effort
" Duration"”
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Duration_, ")

Management Stress

. Management Stress,,,, =

Parkinson’s Law (Limit) — Minimum Effort
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Management Stressmin < L()
Duration"”
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Duration,, ;"

rSEF Parameters Included in Category Specification

o Effort Exponent «,

e Duration Exponent ¢,

o Defect Effort Exponent ¢,

e Defect Duration Exponent ¢,

e Gamma y

e Minimum Management Stress M,

e Nominal (Typical) Management Stress M.

e Maximum Management Stress M,
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e Efficiency Scale Vector n (Efficiency values from -3 standard deviations
to +3 standard deviations in increments of 0.5 standard deviations)

e Defect Vulnerability Scale Vector 5 (Defect Vulnerability values from -3
standard deviations to +3 standard deviations in increments of 0.5 standard
deviations)

rSEF Parameters Included in Profile Specification
e Efficiency 3-point Estimate n = [nLowm s Mtost Likety nHighex,]

Defect Vulnerability 3-point Estimate & = [5Lowest,5M0S, L,,kdy,5mg,m,]
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PRICE® True S™ Model

Model Overview

PRICE® True S™, introduced by PRICE Systems in 2003, is a parametric-based predictive
model. Built on the same core methodology of its predecessor, PRICE S, PRICE® True S applies a
comprehensive approach to estimating software size, reuse, productivity, and the true cost of integrating
COTS. PRICE® True S™ calculates the effort of each resource consumed by the software development,
acquisition, and support activities and produces an estimate that aligns activity and resource costs with
real world practices.

PRICE® True S calculates the predicted cost of software development and support projects as
effort (hours, weeks, months, or currency) and estimates a typical schedule. PRICE® True S ban be used
to credibly predict cost and schedule when information is limited (such as during the system concept
phase of a project).

PRICE® True S is applicable to all types of software projects, including project planning,
proposal preparation, proposal evaluation, bid and no-bid decisions. The model distributes estimated costs
and labor requirements over time to enable budget planning, and provides model calibration and
uncertainty analysis tools.

Four different sizing tools enable cost estimators to estimate software size based on source lines
of code (SLOC), function points (FPs), use case conversion points (UCCPs), or predictive object points
(POPs). When estimating COTS components as part of a software project, the Functional Size sizing tool
is available to estimate the magnitude of the component based upon the requirements it must meet.
Systems that include COTS components also require a Glue Code Size value to define the amount of code
that must be written to incorporate the COTS component into the system (such as, to provide interfaces,
interpret returns codes, translate data to proper formats, and to compensate for inadequacies or errors in
the selected COTS component).

The PRICE® True S™ model provides advanced project planning, estimating, management, and
control capabilities that:

o Estimate system-level costs, resources, and schedule for integrated hardware, software, and IT
projects

e Account for project level costs of managing and integrating multiple system components

o Estimate software size in categories of new, reused, adapted, deleted, auto-generated, and auto-
translated

o Credibly account for the true cost of selecting, acquiring, updating, and integrating COTS
(Commercial Off-The-Shelf) software and COTS-intensive systems

o Quantify the characteristics that affect organizational productivity, such as CMM level, the use of
IPTs, and collaboration

e Analyze resource capacity and utilization

o Create, preserve, apply, and document multiple sets of custom inputs and calibration settings to
explore what-if scenarios

e Perform management tasks such as authorizing users, maintaining projects, allowing server
connections, and capturing organization workflow

e Import and export from PRICE S and third party software like Microsoft Project and ACEIT

System Level Estimating

PRICE® True S™ is one of several activity-based predictive models that represent the most
recent generation of commercial models developed by PRICE Systems, L.L.C. The PRICE®
TruePlanning® proprietary framework supports interoperability of multiple, industry-specific models to
create system-level estimates. TruePlanning employs universal assemblies to account for both technical
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and organizational overhead of diverse projects by rolling up costs and schedules simultaneously from
software, hardware, and IT cost models. The client server version of PRICE® TruePlanning®
incorporates project management tools, project sharing, workflow management, and other multi-user
capabilities.

PRICE® True S™ Cost Methodology

PRICE® True S™ is a collection of predictive models (cost objects) that simulate the activities
and resources required for software project development and support. Assembly-level cost objects model
the activities that comprise the technical and organizational project level tasks of software projects, such
as: requirements definition and analysis, system design, integration and test, verification and validation,
planning and oversight, management and control, quality assurance, configuration management, vendor
management, and documentation.

Each PRICE cost model is defined by a collection of dynamic cost estimating relationships.
These PRICE relationships are not bounded by a single database; nor does the PRICE cost model depend
on a single set of fixed CERs.

The PRICE cost methodology is best understood as a reality ring like the one shown in Figure 1.
The center of the ring represents the core cost estimating relationships of the cost model. The core CER is
based on software size and productivity. It represents software development in an ideal world. Outer rings
represent additional cost-to-cost relationships, CERs, and other cost factors that adjust the core cost to
account for the realities and complications of a real world project. PRICE® True S™ actually contains
thousands of mathematical equations that relate input parameters to cost.

PhasefFunction
Allocations

Ferszormel
Skill Lewel

rtemal/Exterral
rterfaces

Cast of Morey Estimate

Figure 1: PRICE Cost Methodology

The core equation calculates the amount of effort based on the consumption of resources by each
activity. A description of the form of this fundamental relationship follows.

EFFORT = Size*Baseline Productivity*Productivity Adjustments
Where:
Size = Expressed in SLOC, FPs, POPs, or Use Case Conversion Points (UCCPs)

Baseline Productivity = an industry standard

Productivity Adjustment = the effects of cost drivers on productivity

PRICE® True S™ starts with an industry ideal productivity baseline and proceeds to adjust to an
expected productivity of each activity based on cost driver inputs that describe the unique conditions of

the software project in question. The effort calculation establishes the activity requirements that are used
to calculate the optimal team size and resource requirements.
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RESOURCE REQUIREMENTS = Activity Requirements* f(size, functional characteristics,
operating specification)

Where:
Resource Requirements = the number of labor hours

Activity Requirements = the number of activity units that are required

Size = Expressed in SLOC, FPs, POPs, or UCCPs

Functional Complexity = quantification of code complexity

Operating Specification = operating environment specified by the customer

SCHEDULE = Effort/Optimal Team Size
Where:
Optimal Team Size = f{size, functional complexity, operating specification)

The calculated values for effort, team size, and schedule are determined by cost driver inputs that
describe the software development project. PRICE® True S™ calculates a reference schedule based on
ideal conditions. Inputs for schedule multipliers adjust the schedule to reflect performance history; inputs
for the schedule effect parameters control the application of penalties for schedule compression and
expansion.

PRICE® True S™ Principal Inputs

A listing of the principal PRICE® True S™ cost drivers that adjust software development
productivity follows.

e Software Size.
Amount of Reuse
Functional Complexity
Operating Specification
Project Constraints
Programming Language/
Implementation Tool
Development Team Complexity
Security Process Level and
Security Level
Organizational Productivity
Project Complexities
Multiple Site Development
Development Process
Internal Integration Complexity
COTS Component Evaluation Process
COTS Integration Team Maturity
Vendor and Product Complexity
Upgrade Frequency
Tailoring Complexity
Glue Code Programming Language

PRICE® True S™ Support Cost Methodology

PRICE® True S™ calculates maintenance costs and labor requirements from acquisition and
deployment data for software and COTS components. Assembly-level deployment and retirement dates
establish the boundaries of the maintenance period for software and COTS components. PRICE® True
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S™ profiles maintenance activity costs and labor requirements over time based upon the number of
anticipated software installations and the selected distribution. The model also accounts for the impact
that software maintenance activity has on planning and oversight activities, including project
management, quality assurance, configuration management, and documentation.

PRICE® True S™ Calibration

The cost estimator controls much of the cost estimating process through calibration and by
overriding the preset values of the PRICE cost models. Calibration enables cost estimators to accurately
characterize an organization’s cost allocation practices and to improve cost estimates by incorporating
empirical complexity values that are specific to a software project. The PRICE reality ring process
described in the previous sections also describes the PRICE calibration methodology. When known
values (recorded cost) are available for the purpose of calibration, the model can better deduce the
complexities that affect productivity and are inherent to an organization’s software development
experiences. A second level of calibration enables cost estimators to match the software model cost
allocations to actual experience.

PRICE® True S™ OQutputs

PRICE® True S™ offers multidimensional views of project data, including inputs and calculated
outputs. The tracking and reporting features of PRICE® True S™ enable cost estimators to document the
source and rationale for these custom inputs and to preserve a record of all inputs to the project, including
throughput costs that were not calculated by the PRICE model. PRICE® True S™ collects input
information in the Project Audit report and can populate the U.S. government’s Exhibit 300 report with
text and project data.

The model provides total system-level cost, incorporating preset or user-defined rates for labor,
indirect costs, and escalation. Customizable project settings enable cost estimators to view results as
constant year Of as spent COStS.

Calculated labor requirements and resource capacity profiles can be viewed in hours,
week, months, or currency units. Cost estimators can tailor schedule effects, constraining or
eliminating schedule penalties, and adjust or eliminate activities and resources.

In addition to labor and cost profiles, PRICE® True S™ calculates maintenance cost per size
unit, total maintenance hours, and total maintenance cost. Both graphical charts and text-based upon
output reports are available. Project results can be copied and pasted to third-party programs, and
exported to a variety of file formats, including formats compatible with Microsoft Project and ACEIT.
Cost Risk Analysis is also incorporated within PRICE® True S™.
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PRICE® H™ and PRICE® True H™ Models

Overview of Features

PRICE® H was the first commercially-available hardware acquisition and development cost
model in 1975. For more than 30 years its capabilities have been continuously updated by ongoing cost
research and the experience gained from thousands of federal and commercial projects. PRICE® True
H™ developed in 2005, is one of several predictive models that represent the most recent generation of
commercial models from PRICE Systems, L.L.C. The PRICE® TruePlanning® proprietary framework
supports interoperability of these industry-specific models, rolling up cost and schedule from software,
hardware, and IT cost models to generate a system-level project estimate. Interoperability with other
models is the key to planning and managing system-of-systems (SoS) projects. The client server version
also incorporates project management features, project sharing, and other multi-user capabilities.
Estimates produced by PRICE® H™ and PRICE® True H™ are based on the same core cost
methodology.

PRICE® H™ and PRICE® True H™ estimate the cost, resources, and schedule required to
develop, produce, modify, integrate, and test hardware systems, assemblies, subassemblies, and single
components (including purchased and furnished items).

Both models offer the flexibility to produce rough order of magnitude (ROM) and detailed budget
estimates for development and production, development only, paper studies (no hardware built),
production only, and development in production (no prototypes built). The models spread estimated costs
and labor hours or months over time to enable budget planning, and both support comprehensive model
calibration and rigorous risk analysis.

PRICE® H™ and PRICE® True H™ include methods to estimate single hardware items as well as
complex systems of hardware items and/or hardware subsystems and systems. Among the capabilities are:
integration and management of subcontracted and COTS hardware; identification of production costs by
lot; schedule costs assessment; systems integration and project level cost identification; integration with
third party spreadsheet, project management, and engineering software; client/server version installation
with associated client management capability.

Functional Relationships and Methodology

The PRICE® H™ and PRICE® True H™ models estimate hardware cost from quantitative
parameters (such as, manufacturing quantities, weight, and size); qualitative parameters (such as,
specification level, equipment function, and level of integration), and schedule-driving parameters (such
as, the number of months to the first prototype, the manufacturing rate, and the amount of new design).
PRICE models can deduce input values when a limited amount of hardware information is available
(during the concept phase, for example).

Each PRICE cost model is defined by a collection of dynamic cost estimating relationships,
including non-cost to cost relationships and cost-to-cost relationships. The PRICE relationships are not
bounded by a single database and the PRICE cost models do not depend on a single set of fixed CERs.
The most effective implementation of the PRICE model relies on the database of the user—through
calibration.

The PRICE cost methodology is best understood as a reality ring like the one shown in Figure 1.
The center of the ring represents the core cost estimating relationships of the cost model. Outer rings
represent additional cost-to-cost relationships, CERs, and other cost factors that adjust the core cost to
account for the realities and complications inherent in a real project. The diagram in Figure 1 provides a
simplified view; both PRICE hardware cost models actually contain thousands of mathematical equations
that relate input parameters to cost.
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Cost Methodology

Secondary Cost

Figure 1: PRICE Cost Methodology

The PRICE hardware models generate a cost estimate in three steps:

Step 1. The primary cost estimate is developed from core CERs based on weight and manufacturing
complexity. Manufacturing complexity measures the technology, producibility, yield, labor, and
materials that are required to produce a hardware item. This complexity index provides a measure of
the cost per weight unit (cost density).

Step 2: Moving from the ideal world at the core to the reality of the world, step 2 applies cost-to-cost
relationships and additional CERs to adjust the core cost estimate to account for design reuse,
specification level, technological maturity, the amount of new design effort, the degree of automation
in production processes, and other relevant factors that describe actual project complications.

Step 3: The final stage splits the estimate into labor, material, and other direct costs and applies
economics, labor rates, and the organizational burdening to generate an estimate that matches the cost
estimator’s experience.

The information shown in Table 1 summarizes the key drivers and fundamental input parameters.
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Weight and Manufacturing Complexity: The most crucial PRICE input parameters

Electronics Non-Electronics
Weight Module weight of components, | Chassis, antennae, optics, motors,
connectors and board. engines, precision assemblies, etc.
Manufacturing Measure of cost per weight unit based | Measure of cost per weight unit
Complexity on technology and function. based on material, function, precision
and others.

Fundamental input parameters to PRICE hardware models

Quantities of equipment developed, produced, modified, purchased, integrated, and
tested; Amount of design inventory and complexity of development engineering;
Operating environment and hardware specification requirements; Schedules for
development, production, procurement, modification, integration, and testing;
Production fabrication process; Pertinent labor, overhead, material burden, and
escalation rates; cost mark-ups for G&A fees; profit; and cost of money; Factors that
profile the organization’s financial and labor accounting.

Table 1 Principle PRICE Hardware Model Inputs

Calibration Methodology

Calibration enables cost estimators to accurately characterize an organization’s cost allocation
practices and to improve cost estimates by incorporating empirical complexity values that are specific to
the hardware.

The PRICE reality ring process defines the PRICE calibration methodology. When product
experience (recorded cost) for a completed item is available, a product complexity value can be deduced
by using only the characteristics that are responsible for the difficulty inherent to designing or building
the item. Cost density is computed after the reality ring relationships that are not product-specific are
measured.

A second level of calibration enables cost estimators to match the hardware model cost
allocations to actual experience. This is achieved by producing a default allocation with
calibrated complexities and then comparing the defaults to previously recorded data. Next, the default
results are re-allocated by using simple scalar factors to match the historical data. Both the calibrated
complexities and allocation scalars become data points within a PRICE knowledge base. These
knowledge bases customize PRICE and support the credibility of the estimates that rely on them.

Both PRICE® H™ and PRICE® True H™ provide the capability to calibrate the model based on
historical cost and past performance. PRICE® H™ provides a special Calibration item for this purpose.
Data from the Calibration item can be copied to an appropriate element item in the WBS. PRICE® True
H™ provides a Calibration tool that preserves multiple calibration records for editing and reuse.

Risk Analysis Methodologies

The two PRICE hardware models employ different risk methodologies for cost risk analysis.

PRICE® H™ randomly samples the selected statistical distribution (normal, triangular, beta, or
uniform), based on the uncertainty specified by the cost estimator, and calculates a separate cost estimate
for each iterative pass. This Monte Carlo approach generates a cumulative probability distribution graph
that displays the probability of cost and schedule overrun (and underrun) as well as a tabular risk analysis
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report that displays cost and schedule estimates in 5% increments of confidence, statistical figures of
merit, and the specified uncertainty for each input parameter.

PRICE® True H™ cost risk analysis is based on FRISK, a methodology widely used in the U.S.
aerospace industry. This methodology recognizes the degree of correlation between cost items as a
significant driver of uncertainty. PRICE® True H™ offers the ability to set correlation values to describe
this interdependence. The True H model calculates uncertainty based on project settings for project phase
and technology maturity and applies a triangular distribution based on likely, optimistic, and pessimistic
values for each risk driver (preset, auto-calculated, or user-selected).

Output Information

Both PRICE hardware models provide multidimensional views of project data, including inputs
and calculated outputs.

Cost estimators can document their work with reports that describe all project inputs, including
user-defined values, derived inputs, default tables and multipliers, and the cost estimator’s custom notes
documenting the rationale for input decisions. PRICE® True H™ collects input information in the Project
Audit report, and can populate an Exhibit 300 report with text and project data.

Cost estimators can customize report formats to include program cost and schedule for
development and production, development only, production only, summary totals, cost allocations, labor
hours and material costs, multiple lot totals, expenditure and labor profiles (spread over time) for multiple
reporting periods, and risk analysis data. By using analyst-controlled rates for labor and indirect costs, the
model also provides total cost for the elements contained in the WBS. Project settings enable the analyst
to view constant year Or as spent project costs. Both hardware models convert all cost estimates to a
single output currency. Cost estimators can tailor schedule outputs as well. For example, estimators can
opt to take into account interdependent elements when calculating Integration and Test schedule dates and
they can constrain or eliminate schedule penalties. Graphical charts and text based output reports are
available.
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The Detailed Math of Cost-Estimating Relationships

l. INTRODUCTION AND OVERVIEW OF CER DEVELOPMENT PROCESS

The Cost Estimating Relationship (CER) is the distinguishing feature of parametric
estimating. A CER is a mathematical expression, which describes how the values of, or changes
in, a “dependent” variable are partially determined, or “driven,” by the values of, or changes in,
one or more “independent” variables. The CER defines the relationship between the dependent
and independent variables, and describes how it behaves. Since a parametric estimating method
relies on the value of one or more input variables, or parameters, to estimate the value of another
variable, a CER is actually the quintessential parametric estimating technique.

The dependent variable of a CER is cost or a closely related resource measure such as
staff hours. The independent variable or variables are typically technical parameters that have
been demonstrated to correlate with cost. In a cost-to-cost relationship, the independent
variables are also costs — examples are CERs which use manufacturing cost to estimate quality
assurance cost, or to estimate the cost of expendable material such as rivets, primer, or sealant.
The cost of one element is used to estimate, or predict, that of another. In a non cost-to-cost
relationship, the CER uses a characteristic of an item to predict its cost. Examples are CERs that
estimate an item’s manufacturing costs based on its weight (independent variable), or the design
engineering costs from the number of engineering drawings (independent variable) involved.

It is important to note that the term “cost driver” is meant in a fairly broad sense, to
include cases like those above where the “independent” variable does not actually cause the
“dependent” variable to be what it is. But the two variables may be sufficiently correlated with
(or “track”) each other such that if one is known or estimated, then the other can be known or
estimated fairly well. Thus, in the cost-to-cost relationship example above, the size, quantity and
complexity of the item being produced may be the real cost drivers of both the manufacturing
costs and the quality assurance costs. The design engineering CER example illustrates true
cause-and-effect behavior, where the design-engineering costs are caused to be what they are by
the number of drawings required.

The manufacturing cost CER example is a little murkier. The item’s weight and cost may
correlate well, but the weight is not exactly the cause for the cost to be what it is. It is usually the
basic requirements that the item must satisfy which drive both cost and weight (or size). In fact,
if the requirements dictate that the item’s weight be limited to the extent that unusually
expensive production methods must be used, then weight per se and cost may have an inverse
(i.e., negatively correlated) relationship.

Regardless of the underlying cause and effect relationships, in the context of this chapter
CER cost drivers are assumed to be either true drivers of cost or surrogates for the true cost
driving requirements and constraints on the item being estimated. In many cases weight may be
viewed as a good representative for most of the requirements that drive cost. In other cases it
may represent cost driving requirements poorly — particularly in cases where smallness or
lightness are at a premium. The same might be true for other variables that represent size or



magnitude of the cost element being estimated, such as software source lines of code or
processing throughput.

A CER is a valuable estimating tool and can be used at any time in the estimating
process. For example, CERs may be used in the program concept or validation phase to estimate
costs when there is insufficient system definition for more detailed approaches, such as the
classical “grass roots” or “bottoms-up” methods. CERs can also be used in a later phase of a
program as primary estimates or as crosschecks of non-parametric estimates. CERs may also
form the primary Basis of Estimate for proposals submitted to the Government or higher-tier
contractors. They are also used extensively by government agencies to develop Independent
Cost Estimates for major elements of future programs. In practice, a reasonable estimate of a
program can sometimes be made parametrically with as little as one simple CER consisting of a
single independent variable. As the program definition is fleshed out, additional parameters
become available for use in cost estimation. Parametric cost models comprised of several CERs
can then give estimates at lower levels of definition. Before developing complex parametric
models, analysts typically create simple CERs which demonstrate the utility and validity of the
basic parametric modeling approach to company and Government representatives.

The proper development and application of CERs depends on the collection and
preparation of data on historical programs and on applying appropriate mathematical and
statistical techniques. Figurel is a schematic of the CER development process. This chapter
explains each step of this process. The next section describes data collection and analysis.
Topics include types and sources of data, collection methods, and evaluation and normalization
to ensure homogeneity. The third section presents the methods for developing CERs. In
particular, the identification of cost drivers is described along with challenges in dealing with
limited data sets. An overview of the most mathematically correct techniques for regression and
curve fitting is included. CER selection is the subject of the fourth section which includes a table
of simple CERs that are useful as rules of thumb. The fifth section covers calibration and
validation of the CERs. The sixth and final section relates common issues and pitfalls in
developing CERs.
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Figure 1: CER Development Process

1. DATA COLLECTION

All parametric estimating techniques, including CERs and complex models, require
credible data before they can be used effectively. This section discusses the processes needed to
collect and analyze the data used in parametric applications, as well as data types, sources, and
adjustment techniques. It also:

o Identifies sources of information that can be collected to support data analysis

activities.

o Describes various methods of adjusting raw data to put it on a common basis (i.e.,

data normalization).

o Discusses the importance of collecting historical cost and non-cost (e.g., technical or

programmatic) data to support parametric estimating techniques.

A. DETAILED DISCUSSION
Data Types and Collection

Parametric techniques require the collection of historical cost data (including
labor hours) and the associated non-cost information and factors that describe and strongly
influence those costs. Data should be collected and maintained in a manner that provides a
complete audit trail with expenditure dates so that costs can be adjusted for inflation. Non-
recurring and recurring costs should be separately identified. While there are many formats for
collecting data, one commonly used by industry is the Work Breakdown Structure (WBS), which
provides for the uniform definition and collection of cost and certain technical information. DoD



Handbook — MIL-HDBK-881A provides detailed guidance on the use of WBS. Regardless of
the method, a contractor’s data collection practices should be consistent with the processes used
in estimating, budgeting, and executing the projects from which the data was collected. If this is
not the case, the data collection practices should contain procedures for mapping the cost data to
the cost elements of the parametric estimating technique(s) which will be used.

The collection point for cost data is generally the company’s management
information system (MIS), which in most instances contains the general ledger and other
accounting data. All cost data used in parametric techniques must be consistent with, and
traceable to, the collection point. The data should also be consistent with the company’s
accounting procedures and generally accepted cost accounting practices.

Technical non-cost data describe the physical, performance, and engineering
characteristics of a system, sub-system or individual item. For example, weight is a common
non-cost variable used in CERs and parametric estimating models. Other examples of cost
driver variables are horsepower, watts, thrust, and lines of code. A fundamental requirement for
the inclusion of a technical non-cost variable in a CER is that it must be a significant predictor of
cost. Technical non-cost data come from a variety of sources including the MIS (e.g., materials
requirements planning (MRP) or enterprise resource planning (ERP) systems), engineering
drawings, engineering specifications, certification documents, interviews with technical
personnel, and through direct experience (e.g., weighing an item). Schedule, quantity, equivalent
units, and similar information come from industrial engineering, operations departments,
program files, or other program intelligence.

Other generally available programmatic information that should be collected
relates to the tools and skills of the project team, the working environment, ease of
communications, and compression of schedule. Project-to-project variability in these areas can
have a significant effect on cost. For instance, working in a secure facility under “need to know”
conditions or achieving high levels in various team certification processes can have a major
impact on costs.

Once collected, cost data must be adjusted to account for the effect of certain non-
cost factors, such as production rate, improvement curve, and inflation - this is data
normalization. Relevant program data including development and production schedules,
quantities produced, production rates, equivalent units, breaks in production, significant design
changes, and anomalies such as strikes, explosions, and other natural disasters are also necessary
to fully explain any significant fluctuations in the data. Such historical information can generally
be obtained through interviews with knowledgeable program personnel or through examination
of program records. Fluctuations may exhibit themselves in a profile of monthly cost accounting
data; for example, labor hours may show an unusual "spike" or "depression™ in the level of
charges. Later in this chapter is a description of the data analysis and normalization processes.

Data Sources

The specification of an estimating methodology is an important step in the
estimating process. The basic estimating methodologies (analogy, grassroots, standards, quotes,
and parametric) are all data-driven. Credible and timely data inputs are required to use any of



these methodologies. If data required for a specific approach are not available, then that
estimating methodology cannot be used. Because of this, the estimator must identify the best
sources for the method to be used.

Figure 2 shows nine basic sources of data and whether they are considered a
primary or secondary source of information. When preparing a cost estimate, estimators should
consider all credible data sources; whenever feasible, however, primary sources of data have the
highest priority of use.

Primary data are obtained from the original source, and considered the best in
quality and the most reliable. Secondary data are derived (possibly "sanitized") from primary
data, and are not obtained directly from the source. Because of this, they may be of lower
overall quality and usefulness. The collection of the data necessary to produce an estimate, and
its evaluation for reasonableness, is critical and often time-consuming. Collected data includes
cost, program, technical, and schedule information because these programmatic elements drive
those costs. For example, assume the cost of an existing program is available and the engineers
of a new program have been asked to relate the cost of the old to the new. If the engineers are
not provided with the technical and schedule information that defines the old program, they
cannot accurately compare them or answer questions a cost estimator may have about the new
program’s costs. The bottom line is that the cost analysts and estimators are not solely
concerned with cost data - they need to have technical and schedule information to adjust,
interpret, and support to the cost data being used for estimating purposes. The same is true of
programmatic data when it affects costs. As an example, assume that an earlier program
performed by a team at CMMI (Capability Maturity Model Integration) level 2 is to be compared
to a new program where the team will be at CMMI level 4. The expectation is that the CMMI
level 4 team will perform much more efficiently than the level 2 team.

Sources of Data

Source Source Type
Basic Accounting Records Primary
Cost Reports Either (Primary or Secondary)
Historical Databases Either
Functional Specialist Either
Technical Databases Either
Other Information Systems Either
Contracts Secondary
Cost Proposals Secondary

Figure 2: Sources of Data

A cost estimator has to know the standard sources of historical cost data. This
knowledge comes both from experience and from those people capable of answering key
questions. A cost analyst or estimator should constantly search out new sources of data. A new
source might keep cost and technical data on some item of importance to the current estimate.
Internal contractor information may also include analyses such as private corporate inflation



studies, or "market basket™ analyses (a market basket examines the price changes in a specified
group of products). Such information provides data specific to a company's product line, but
which could also be relevant to a general segment of the economy. Such specific analyses would
normally be prepared as part of an exercise to benchmark government provided indices, such as
the consumer price index, and to compare corporate performance to broader standards.

Some sources of data may be external. This includes databases containing pooled

and normalized information from a variety of sources (e.g., other companies, public record
information). Although such information can be useful, it may have weaknesses:

e No knowledge of the manufacturing and/or software processes used and how they

compare to the current scenario being estimated.
e No knowledge of the procedures (e.g., accounting) used by the other contributors.

e No knowledge on the treatment of anomalies (how they were handled) in the original

data.
e The inability to accurately forecast future indices.

Sources of data are almost unlimited, and all relevant information should be
considered during data analysis. Figure 3 summarizes the key points about data collection,
evaluation, and normalization.

Data Collection, Evaluation and Normalization
Very Critical Step

Can Be Time-Consuming
Need Actual Historical Cost, Schedule, and Technical Information
Know Standard Sources
Search Out New Sources
Capture Historical Data
Provide Sufficient Resources

Figure 3: Data Collection, Evaluation & Normalization

Routine Data Normalization Adjustments

Cost data must be adjusted to eliminate any bias or “unevenness” which other
factors may cause in it. This is called normalization and is intended to make the data set
homogeneous, or consistent. The analyst needs to examine every data set to ensure it is free
from the effects of:

e the changing value of the dollar over time

e cost improvement as the organization improves its efficiency



e various production quantities and rates during the period from which the data were
collected

Non-recurring and recurring costs are also segregated as part of the normalization process.

Figure 4 shows the typical data normalization process flow. This does not describe all
situations, but does depict the primary activities followed in data normalization.

Normalizing Cost Data Normalizing the Size Data Mission Application

-Making units/elements of ‘Weight and density -Grouping products by
cost consistent comparisons complexity
-Making year of economics » ‘Weight contingency » -Calibrating like products

consistent applications
-Percent electronics

Homogeneity of End Items Recurring/Non-Recurring State cijaliizvbel‘leospment

-Account for absent cost -Prime contractor's estimates -Mission uniqueness
items -Time-phased costs -Product uniqueness
-Removing inapplicable cost »{-Product equivalent units >

items

Normalizing the

Environment (Platform)
-Manned space vehicle
-Unmanned space vehicle
-Aerospace
-Shipboard
-Commercial

Figure 4: Data Normalization Process Flow

Some data adjustments are routine in nature and relate to items such as inflation. These are
discussed below. Other adjustments are more complex in nature (e.g., relating to anomalies),

and will be discussed later.

Inflation
Inflation is defined as a rise in the general level of prices, without a rise in output or

productivity. There are no fixed ways to establish universal inflation indices (past, present,
or future) that fit all possible situations. Inflation indices generally include internal and
external information and factors (such as Section 11 discusses). Examples of external
information are: the Consumer Price Index (CPI), Producer Price Index (PPI), and other
forecasts of inflation from various econometric models. Therefore, while generalized
inflation indices may be used, it may also be possible to tailor and negotiate indices used on



an individual basis to specific labor rate agreements (e.g., forward pricing rates) and the
actual materials used on a project. Inflation indices should be based on the cost of materials
and labor on a unit basis (e.g., pieces, pounds, hours), and should not include other
considerations such as changes in manpower loading, or the amount of materials used per
unit of production. The key to inflation adjustments is consistency. If cost is adjusted to a
fixed reference date for calibration purposes, the same type of inflation index must be used in
escalating the cost forward or backwards from the reference date, or to the date of the
estimate.

Non-Recurring and Recurring Costs
The prediction of system acquisition costs requires that non-recurring and recurring costs be
separately estimated.

Non-recurring costs include all the efforts required to develop and qualify a given
item, such as requirements definition/allocation, design, analysis, development, and
qualification/verification. Manufacturing and test of development (breadboard and engineering)
units, qualification units, and life test units are typically included in the non-recurring cost of
hardware end items. Retrofitting and refurbishment of development hardware for
requalification is also treated as non-recurring. Virtually all software development and testing
costs prior to initiation of routine system operation are non-recurring. Non-recurring integration
and test efforts usually end when qualification tests are complete. The non-recurring portions of
services costs and some hardware end item costs, such as engineering, are commonly defined as
those which take place prior to and during Critical Design Review (CDR). Development,
acquisition, production, and checkout of all tooling, ground handling, and support equipment,
test equipment, test software, and test procedures are also usually classified as non-recurring.

Recurring costs cover all the efforts required to produce end-item hardware,
including manufacturing and test, engineering support for production, and spare units or parts.
Recurring integration and test efforts include integration of production units and acceptance
testing of the resulting assemblies at all levels. Refurbishment of hardware for use as
operational or spare units is usually recurring. Maintenance of test equipment and production
support software costs are commonly classified as recurring, while maintenance of system
operational software, although recurring in nature, is often considered part of Operating and
Support costs (which may also have nonrecurring components).

Cost Improvement Curve
When first developed, cost improvement was referred to as "learning curve"

theory, which states that as the quantity of a production item doubles, the manufacturing
hours per unit expended producing it decrease by a constant percentage. The learning curve,
as originally conceived, analyzed labor hours over successive production units of a
manufactured item, but the theory behind it has now been adapted to account for cost
improvement across the organization. Both cost improvement and the traditional learning
curve are defined by:

Y = AX"



Where:

Hours/unit (or constant dollars per unit)

First unit hours (or constant dollars per unit)

Unit number

Slope of the curve related to learning.

(There are two interpretations concerning how to apply this equation. In the unit
interpretation, Y is the hours or cost of unit X only. In the cumulative average interpretation,
Y is the average hours or cost of all units from 1 to X, inclusive.)

In parametric models, the learning curve is often used to analyze the direct cost of
successively manufactured units. Direct cost equals the cost of both touch labor and direct
materials in fixed year dollars. This is sometimes called an improvement curve. The slope is
calculated using hours or constant year dollars. Chapters 3, Cost Estimating Relationships,
and 10, Technical Evaluation of Parametrics, present a more detailed explanation of
improvement curve theory.

o X > <

Production Rate

Many innovations have been made in cost improvement curve theory. One is the
addition of a variable to the equation to capture the organization's production rate. The
production rate is defined as the number of items produced over a given time period. This
equation modifies the basic cost improvement formula to capture changes in the production
rate (Q") and organizational cost improvement (X"):

Y = AX Q"

Where:
Hours/unit (or constant dollars per unit)
First unit hours (or constant dollars per unit)
Unit number
Slope of the curve related to learning
Production rate (quantity produced during the period)
=  Slope of the curve related to the production rate.

The equation is generally applicable only when there is substantial production at
various rates. The production rate variable (Q") adjusts the first unit dollars (A) for various
production rates during the life of the production effort. The equation also yields a rate-
affected slope related to learning. Chapter 10 provides additional information on data
adjustments for inflation, learning, and production rate.
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Significant Data Normalization Adjustments

The section describes some of the more complex adjustments analysts make to the
historical cost data used in parametric analysis.

Adjustment for Consistent Scope
Adjustments are necessary to correct for differences in program or product scope between the
historical data and the estimate being made. For example, suppose the systems engineering
department compared five similar programs, and found that two included design-to-cost
(DTC) requirements. To normalize the data, the DTC hours must be deleted from those two
programs to create a data set with consistent program scope.



Adjustment for Anomalies
Historical cost data should be adjusted for anomalies (unusual events) when it is not
reasonable to expect the new project estimates to contain these unusual costs. The
adjustments and judgments used in preparing the historical data for analysis should be fully
documented. For example, development test program data are collected from five similar
programs, and it is noted that one program experienced a major test failure (e.g.,
qualification, ground test, flight test). A considerable amount of labor resources were
required to fact-find, determine the root cause of the failure, and develop an action plan for a
solution. Should the hours for this program be included in the database or not? This is the
kind of issue analysts must consider and resolve. If an adjustment is made to this data point,
then the analyst must thoroughly document the actions taken to identify the anomalous hours.
There are other changes for which data can be adjusted, such as changes in technology. In
certain applications, particularly if a commercial model is used, the model inputs could be
adjusted to account for improved technologies (see the discussion of commercial models in
Chapter 3). In addition, some contractors, instead of normalizing the data for technology
changes, may deduct estimated savings from the bottom-line estimate. Any adjustments
made by the analyst to account for a technology change in the data must be adequately
documented and disclosed.

For instance, suppose electronic circuitry was originally designed with discrete components,
but now the electronics are a more advanced technology. Or, a hardware enclosure which
was made from aluminum is now made, due to weight constraints, of magnesium -- what is
the impact on production hours? Perfect historical data may not exist, but good judgment
and analysis by an experienced analyst should supply reasonable results.

Suppose the analyst has collected four production lots of manufacturing hours data:

Lot | Total Hours | Units | Average hours per unit
Lot 1 256,000 300 853 hours/unit
Lot 2 332,000 450 738 hours/unit
Lot 3 361,760 380 952 hours/unit
Lot 4 207,000 300 690 hours/unit

Clearly, Lot 3's history should be investigated since the average hours per unit appear high.
It is not acceptable, though, to merely "throw out™ Lot 3 and work with the other three lots.
A careful analysis should be performed on the data to determine why it exhibits this
behavior.

Data Adjustment Analysis Example
Suppose the information in the table represents a company’s historical data, and that the
planned system is similar to one built several years ago.

Parameter Historical System Planned System
Date of Fabrication | Jul 98-Jun 00 Jul 03-Dec 03
Production Quantity | 500 750
Size - Weight 22 Ib. external case 20 Ib. external case

5 Ib. int. chassis 5 Ib. int. chassis
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8lb. elec. parts 10 Ib. elec. parts

Volume 1 cu ft-roughly cubical | .75 cu ft-rec. solid
12.1x11.5x12.5 8x10x16.2
Other Prog Features | 5% elec. 5% elec.

Additional spare parts No spare parts

These data need several adjustments. In this example, the inflation factors, the difference in
production quantity, the rate of production effect, and the added elements in the original
program (spare parts) all require adjustment. The analyst must be careful when normalizing
the data. General inflation factors are usually not appropriate for most situations; ideally, the
analyst will have a good index of costs specific to the industry and will use labor cost
adjustments specific to the company. The quantity and rate adjustments must consider the
effects of quantity changes on the company's vendors and the ratio of overhead and setup to
the total production cost. Likewise, for rate factors each labor element will have to be
examined to determine how strongly the rate affects labor costs. On the other hand, the
physical parameters do not require significant adjustments.
The first order normalization of the historic data would consist of:
Material escalation using industry or company material cost history.
Labor escalation using company history.
Material quantity price breaks using company history.
Possible production rate effects on touch labor (if any) and unit overhead
costs.

Because both cases are single lot batches, and are within a factor of two in
quantity, only a small learning curve adjustment would be required. Given the schedule shown, a
significant production rate adjustment is needed.

Evaluation Issues

DFARS 215-407-5, “Estimating Systems,” states that “contractors should use historical data
whenever appropriate....” and that, “a contractor’s estimating system should provide for the
identification of source data and the estimating methods and rationale used to develop an
estimate.” Therefore, all data, including any adjustments made, should be thoroughly
documented by a contractor so that a complete trail is available for verification purposes. Some
key questions evaluators may ask during their review of data collection and analysis processes
include:
e Are sufficient data available to adequately develop parametric techniques?
e Has the contractor established a methodology to obtain, on a routine basis, relevant
data on completed projects?
e Are cost, technical, and program data collected in a consistent format?
e Will data be accumulated in a manner that will be consistent with the contractor’s
estimating practices?
e Are procedures established to identify and examine any data anomalies?
e Were the source data used as is, or did they require adjustment?
e Are adjustments made to the data points adequately documented to demonstrate that
they are logical, reasonable, and defensible?
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Chapter 7, Government Compliance, provides additional information on Government evaluation
criteria.

Other Considerations
Several other issues should be considered when performing data collection and analysis.

Resources
Data collection and analysis activities require that companies establish sufficient
resources to perform them, as well as formal processes describing data collection and analysis.
Chapter 7, Regulatory Compliance, provides information on estimating system requirements, and
discusses data collection and analysis procedures.

Information in the Wrong Format

While the contractor may indeed possess a great deal of data, in many cases the
data is not in an appropriate format to support the parametric techniques being used. For
example, commercial parametric models may have a unique classification system for cost
accounts that differ from those used by a company. As a result, companies using these models
would have to develop a process that compares their accounting classifications to those used by
the model (also known as “mapping”). In other situations, legacy systems may generate data, to
meet the needs for reporting against organizational objectives, which do not directly translate
into the content or format needed for cost estimating and analysis. For example, many past and
existing information systems have focused on the input side with little or no provision for
making meaningful translations of output data for CER development or similar types of analysis.
The growing use of ERP systems, which have a common enterprise-wide database, should
improve this situation. Most large organizations are implementing ERP systems, or are
reengineering their existing information systems, so that parametric estimating models can easily
interface with them.

Differences in Definitions of Categories
Many problems occur when the analyst or the database fails to account for

differences in the definitions of the WBS elements across the projects it contains. Problems also
occur when the definitions of the contents of cost categories fail to correspond to the definitions
of analogous categories in existing databases. For example, some analysts put engineering
drawings into the data category while others put engineering drawings into the engineering
category. A properly defined WBS product tree and dictionary can avoid or minimize these
inconsistencies.

The Influence of Temporal Factors
Historical data are generated over time. This means that numerous dynamic

factors will influence data being collected in certain areas. For example, the definition of the
content of various cost categories being used to accumulate the historical data may change as a
system evolves. Similarly, inflation changes will occur and be reflected in the cost data being
collected over time. As DoD deals with a rapidly changing technical environment, both cost and
non-cost data generated for a given era or class of technology can quickly become obsolete.
Many analysts therefore consider a data-gathering project a success if they obtain five to ten
good data points for certain types of hardware.
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Comparability Problems

Comparability problems include, but are not limited to, changes in a company's
department numbers, accounting systems, and disclosure statements. They also include changing
personnel from indirect to direct charge for a given function. When developing a database, the
analyst must normalize it to ensure the data are comparable. For example, when building a cost
database, the analyst must remove the effects of inflation so that all costs are displayed in
constant dollars.

The analyst must also normalize data for consistency in content. Normalization
for content ensures that a particular cost category has the same definition in terms of content for
all observations in the database. Normalizing cost data is a challenging problem, but it must be
resolved if a good database is to be constructed.

Database Requirements

Resolving database problems to meet user needs is not easy. For example, cost
analysis methodologies may vary considerably from one analysis or estimate to another, and the
data and information requirements for CERs may not be constant over time. An analyst’s data
needs now do not determine all future needs, and must be periodically reviewed.

The routine maintenance and associated expense of updating the database must
also be considered. An outdated database is of little use in forecasting future acquisition costs.
The more an organization develops and relies on parametric estimating methods, the more it
needs to invest in data collection and analysis activities. The contractor must balance this
investment against the efficiency gains it plans to achieve through use of parametric estimating
techniques. If the contractor moves towards an ERP system, the incremental cost to add a
parametric estimating capability may not be significant.

Good data underpins the quality of any estimating system or method. As the
acquisition community moves toward estimating methods that increase their reliance on the
historical costs of the contractor, the quality of the data cannot be taken for granted. Industry
and their Government customers should find methods to establish credible databases that are
relevant to the history of the contractor. From this, the contractor will be in a better position to
reliably predict future costs, and the Government to evaluate proposals based on parametric
techniques.

I11. CER DEVELOPMENT

INTRODUCTION

In estimating the probable cost of a proposed new system, the basis of parametric cost
estimating is the philosophy of “what’s past is prologue.” The structural foundation of modern
cost analysis is the cost-estimating relationship (CER), statistically derived from historical cost
data. CERs are usually expressed in the form of linear or curvilinear statistical regression
equations that predict cost (the “dependent” variable) as a function of one or more "cost drivers"
(“independent” variables). However, the CER tells only part of the story. At the beginning of a
cost-estimating task lies the work-breakdown structure (WBS), a list of everything that has to be
paid for in order to bring a system to its full operational capability. A WBS includes “high-
level” categories such as research, development, and testing; production; launch (if applicable);
and operations, maintenance, and support. At “lower” levels of the WBS, costs of software
modules, electronic boxes and other components are accounted for. A CER can be established
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for any WBS element at any level, as long as data are available to support its derivation. It
should be pointed out, though, that in addition to CERs, the cost estimator uses analogies to
specific items already developed and produced, vendor price quotes for off-the-shelf items, or
other appropriate techniques to assign a dollar value of estimated cost to each item listed in the
WBS. This section, however, focuses solely on the development of CERs, the primary
development tool of which is statistical regression.

Simply stated, a CER is a mathematical expression, most commonly an algebraic
function, that describes the cost of a system, subsystem, component, or activity in terms of
numerical values of one or more “cost drivers.” The cost drivers are the independent variables of
the functional relationship, and the cost being described is the dependent variable. The values of
the dependent variable are determined, or “driven,” by the values of the independent variables.
The CER has a great advantage over other estimating methods in its ability to assess sensitivity
of the cost to variations in the cost drivers. This can be done through an application of (usually)
simple calculus. Those analysts who are familiar with the derivative and its meaning will realize
that the partial derivative of cost with respect to any one cost driver expresses the rate of change
of cost value with respect to changes in that cost-driver value. This means that, applying the
derivatives of the CER, we can say that cost rises (for example) $2,000 for each pound of
increase in weight of the avionics or $650 for each additional line of code in the command and
control software CSCI.

Cost-to-cost CERs are CERs of a special kind in which cost of a system, subsystem,
component, or activity is the dependent variable, while costs of other items are the independent
variables. Examples include (but are not restricted to) system engineering and program
management costs, which are often expressed as a percentage of hardware and software costs,
quality assurance costs, which are sometimes expressed as a percentage of manufacturing costs,
and development costs, which are occasionally expressed as a percentage of production costs. In
general, the cost of one element is used to estimate, or predict, that of another.

The more common kind of CER expresses the cost of an item (system, subsystem,
component, or activity) in terms of some intrinsic characteristics of the item. For example, CERs
express the cost (dependent variable) of an item in terms of independent variables such as its
weight, the number engineering drawings required for its design, some measure of its heritage
from previously produced items of the same kind, or the difference between its current
technology-readiness level (TRL) and the TRL required for its final production and deployment.

Occasionally, it may be appropriate to use “yes or no” discrete cost drivers, such as
whether a satellite is spin-stabilized or three-axis stabilized or whether an airplane is land-based
or carrier-based. To turn *“yes or no” into numerical terms so that cost driver can be part of a
statistically-derived CER, we can indicate “yes” by the number 1 and “no” by the number 0.
Such a cost driver typically enters the CER in the form of an independent variable that is the
exponent of a coefficient ¢ of the CER, say ¢": for items in the satellite data base, for example,
we define w = 0 for spin-stabilized and w = 1 for three-axis stabilized satellites, and for items in
the airplane data base, we define w = 0 for land-based and w = 1 for carrier-based airplanes. The
coefficient c is one of those solved for when the CER is statistically derived from the supporting
data base.
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It is important to note that use of the term “cost driver” to describe the independent
variables in a CER does not necessarily imply that variations in the cost driver actually cause
changes in cost. In many situations cost drivers, such as weight, represent a conglomeration of
other factors, such as complexity, redundancy, multimission capability, etc., that themselves
cause cost changes but are difficult individually to quantify explicitly. However, when weight is
substituted for these “real” cost drivers, it may be correlated with (or “track”) cost well enough,
so that if the weight is known, then the cost can be estimated fairly well. In other cases, of
course, weight may be an inappropriate representative of the real cost drivers, particularly in
cases where smallness or lightness considerations are primary, such as in the case of electronic
devices. Both sides of the argument also apply as well to other “surrogate” cost drivers, such as
solar-array area, software lines of code, or data-processing throughput.

Regardless of the underlying cause and effect relationships, if there are any, in the
context of this section cost drivers are assumed to be either true drivers of cost or valid
surrogates for true cost drivers of the item being estimated.

CERs can also be used to estimate labor hours, developer-months, and other cost-like
metrics, instead of raw dollar-valued costs. In addition, a related concept called the “time-
estimating relationship” (TER) expresses project schedule duration in terms of “schedule
drivers.” TER-development theory in the abstract is indistinguishable from CER-development
theory.

In general a CER is a valuable estimating tool that can be used at any time in the
estimating process. For example, CERs may be used in the program concept or validation phase
to estimate costs when there is insufficient system definition for more detailed approaches, such
as the classical “grass roots” or “bottom-up” methods. CERs can also be used in a later phase of
a program as primary estimates or as crosschecks of results based on non-parametric estimating
methods, such as analogies or activity-based costing. CERs may also form the primary Basis of
Estimate for proposals submitted to the Government or higher-tier contractors. They are also
used extensively by government agencies to develop Independent Cost Estimates for major
elements of future programs.

Classical least-squares regression (often referred to as “ordinary least squares” or
“OLS”), developed by mathematicians in the 18" Century, has in the past been the statistical
procedure of choice in deriving CERs. However, OLS has always imposed severe restrictions on
an analyst who wants to derive functional relationships between dependent y and independent x
variables, forcing him or her to model the error as additive when the relationship is linear (y =
a+bx), logarithmic (y = a + b logx), or polynomialic, but as multiplicative when the relationship
is exponential (y = ax”) or power (y = ab*). This severely restricts his or her ability to optimally
model cost-related phenomena. "General-error regression,” introduced a decade ago to
circumvent these problems, takes advantage of modern computing capability and advanced
numerical analysis techniques, thereby offering the analyst the choice of optimizing the CER's
quality metrics by minimizing additive or multiplicative error, regardless of the functional form
of the relationship. In this section, we will discuss the merits and deficiencies of all these CER-
development techniques.
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A. QUALITY METRICS OF A COST-ESTIMATING RELATIONSHIP

In order to derive a CER for, say, a satellite’s solar array panels, cost and technical data
on solar arrays that have already been produced must be collected and organized into a consistent
data base. For each array in the data base, cost is lined up against numerical values of
appropriate cost-driving technical characteristics such as weight, area, and storage capacity.
Various algebraic relationships between cost and one or more possible cost drivers that make
both engineering and statistical sense are then compared to find out which relationship is the
“optimal” predictor of solar-array cost. It is important to understand that which criteria are the
best ones to use for assessing CER optimality is neither a priori obvious nor derivable
mathematically nor a subject on which all cost analysts agree. Three statistical criteria, however,
lie at or near the top of almost everyone’s list: the sample standard error of estimates made by the
CER of points in the data base, the sample bias of estimates of the points in the data base, and the
correlation between the actual costs in the data base and the CER-based predictions of those
costs. Descriptors of regression-function quality that require almost fortuitous juxtapositions of
special statistical circumstances (e.g., statistical independence, linearity, Gaussian residuals,
homoscedasticity, and non-multicollinearity) whose existence in the cost-analysis context can
rarely, if ever, be convincingly established are less valuable as quality metrics because their
applicability generally cannot be validated. Included among these descriptors are the classical t
and F scores, analysis-of-variance (ANOVA) tables, and alpha levels for statistical tests of
significance.

Formal definitions of the three primary measures of CER statistical quality may be given
as follows, for additive-error and multiplicative-error CERs, respectively:

1. The sample standard error of the estimate is a “one-sigma” number that can be used to
bound actual cost within an interval surrounding the estimate with some degree of confidence:

Sample Standard Error (Additive-Error CERS): Root-mean-square (RMS) of all additive
errors (i.e., differences between estimate and actual) made in estimating points of the data
base using the CER, normalized by the number of data points and CER coefficients;
Sample Standard Error (Multiplicative-Error CERS): Root-mean-square (RMS) of all
percentage errors (i.e., differences between estimate and actual,divided by the estimate)
made in estimating points of the data base using the CER, normalized by the number of
data points and CER coefficients;

2. The sample bias of the estimate is a measure of how well overestimates and
underestimates of data-base actuals are balanced:

Sample Additive Bias: Algebraic sum, including positives and negatives, of all additive
errors (i.e., differences between estimate and actual) made in estimating points of the
data base using the CER, divided by the number of data points;

Sample Percentage Bias: Algebraic sum, including positives and negatives, of all
percentage errors (i.e., differences between estimate and actual,divided by the estimate)

16



made in estimating points of the data base using the CER, divided by the number of data
points;

3. The sample correlation-squared is the R-squared value of the relationship between
estimates and their corresponding actuals, which ideally should be the straight line y = x.

Sample Correlation-Squared between Estimates and Actuals: If the CER were a perfect
predictor of the actual cost values of elements of the data base, a plot of estimates against
the actuals would follow the 45° line y = x quite closely (correlation-squared, or R?, a
statistical measure of the extent of linearity in a relationship between two quantities, will
be high if estimates do indeed track actuals but low if they do not).

1. ORDINARY LEAST SQUARES LINEAR REGRESSION

Suppose we have a set of pairs of data points, (X;,Y;),(X,,Y, ), (X, .Y, ), where each

x value represents a numerical value of a technical or performance parameter (such as weight,
power, or thrust, for example) that is a cost driver, while the corresponding y value represents the
cost of a system, subsystem, or component whose cost driver is x. It is desired to establish a
mathematical relationship y = f(x) between x and y so that cost can be estimated on the basis of
the cost driver. Unfortunately, it is almost always the case that the points do not lie exactly along
a straight line or simple curve y = f(x). Furthermore there is no single “best-fitting” line or
curve, because the meaning of the term "best fitting™ is not universally agreed up. There is,
instead, a wide range of lines or curves from among which the cost analyst must make his or her
selection in order to satisfy a set of preferred optimization criteria.

Ordinary least squares (OLS), the most popular theory of curve fitting for over three
centuries, is well-known to anyone acquainted with elementary statistics. The reasons for the
popularity of OLS are the simplicity of its optimization criterion and the fact that it was
amenable to hand computation in the pre-computer age. Yet, OLS is only one of many
techniques that can be used to fit lines or curves. Nevertheless, any discussion CER
development must begin with OLS.

OLS theory asserts that y = a + bx + & where a and b are constants derived from the
historical data and ¢ is a Gaussian (i.e., normally distributed) mean-zero random error term
independent of the cost-driver value x (“homoscedasticity””). The regression model y =a + bx +
£1s an "additive-error" model, where the error of estimation & is expressed in the same kind of
units as is y, namely dollars. Furthermore, the Gaussian assumption on & implies that, given x, y
is a normally distributed random variable with mean a+bx and variance ¢ equal to that of &.
Given x = x;, the historical data point y; is then a realization of a Gaussian random variable with
mean a+bx; and variance o?. For each i, the difference (i.e., residual) yi-(a+bx;) = yi-a-bx;
between the observed and expected values of y is an indicator of how well the straight line y =
a+bx “fits” the data. According to OLS theory, the constants a and b are chosen so that the sum
of squared differences (“additive errors”)

E(a,b)= § (yz- —a—b.xz-)z
i=1
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is as small as possible. This criterion is the origin of the term “least squares.” See Figure 5 for
an illustration.
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Figure 5: Historical Data Fitted to y = a+bx.

The attractiveness of OLS derives in large part from the fact that explicit expressions for
a and b can be found by solving a pair of simultaneous linear equations.

There are several ways to measure the quality of an OLS CER, ranging from statistical t
tests of the significance of the coefficients a and b to F tests of significance of the R? value to the
sample standard error and bias of the CER itself. Details of those statistical tests, which work
best under conditions of independent normally distributed residuals (i.e., differences between
estimates and actuals) and homoscedasticity, can be found in elementary statistics textbooks of
the kind you may have used in college. In this section, we will focus on the three quality metrics
defined above. The sample standard error of the estimate, expressed in dollars for an OLS CER
is, a multiple of the square root of the expression E(a,b) above that is minimized in order to
determine the coefficients a and b of the straight-line CER. This means that the OLS CER is the
linear relationship between cost and cost driver that has the smallest possible sample standard
error of the estimate.

The sample bias, also expressed in dollars, is the mean of the residuals (a+bx;)-yi, but
does not have to be calculated by the analyst, since its numerical value always works out to be
zero for an OLS CER.

The correlation-squared, denoted R?, is a unitless quantity that, in the case of OLS linear
CERs only, represents both (1) the percentage of variation in actual cost that is attributable to
variations in the value of the cost driver and (2) the percentage of variation in estimated costs
that is attributable to variations in the corresponding actual costs. The algebraic formula for R?,
in the OLS case always (if calculated correctly) results in a number between 0 and 1 and, when
converted to a percentage, between 0% and 100%.

EXAMPLE: AN OLS LINEAR CER
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Consider the following set of cost and technical data, where n represents the number of
data points in the data base supporting the CER, x represents the diameter in feet of a ground
antenna and y represents is cost in thousands of FY07 dollars.

H X ¥
T 7.9 5.900
8.2 13.300
9.8 43.585

11.5 72.944
16.4 95.434
19.7 106.074
23.6 116.274

Table 1. Cost/Technical Data Base (x = technical parameter, y = cost)

We would like to derive a CER of the linear algebraic formy = a + bx to model the data base and
to apply to future estimating situations. If we choose to derive an OLS linear CER, we can apply
the formulas that were established for that purpose. It should be noted that these formulas are
built into Microsoft’s Excel® program, so the computation of a and b can be immediate for those
analysts knowledgeable in the intricacies of Excel®. No matter how the derivation is done, the
results are the following:

OLS Linear CER: y =-29.499 + 6.797x
Std Error = 17.503, R*2 = 87.16%

140
= 6.797
b 120 1 @ Actual Data Points //r
a=-29.499 < 100 +{——OLS Linear CER °
+
r= 0934 5 go
2 1 e
R” = 87.1589% = 60
Std Error=__ 17.503 g W //
Bias= _ 0.000 20
e
0 T T T T
0 5 10 15 20 25

Cost Driver Value x

Figure 6: OLS Linear CER and its Quality Metrics.

You will notice that we have superimposed a linear model on a set of data that is
obviously nonlinear. We have done this with two specific instructional purposes in mind: (1) to
demonstrate that a CER of any algebraic form can be imposed on any set of data; and (2) to
demonstrate that the validity of the statistical modeling process can be assessed using the quality
metrics, as well as the graphical comparison above.

The OLS linear approach to CER development has both advantages and disadvantages.
Its primary advantage is the fact that, having been developed in the 18" century and publicized
since then in almost all venues where statistics is taught and studied, it is very well known by
almost all cost analysts and its processes are fully understood by most. Another major advantage
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is that its implementation is very simple, as the required formulas have been built into not only
Excel®, as noted above, but into all other COTS and GOTS statistical and cost-estimating
software products.

On the other hand, OLS also has a number of characteristics that are disadvantages from
the cost estimator’s point of view. One disadvantage of the OLS linear approach to CER
development is that the accuracy of the statistical inferences associated with it, namely the t and
F tests for the validity of the coefficients a and b and the R? value, is heavily dependent on the
required underlying conditions, namely independent normally distributed residuals and
homoscedasticity, being satisfied. Due to the common paucity of data upon which CERs are
based, it is almost impossible for these underlying conditions to be validated. However, the
primary disadvantage using OLS to derive linear CERs is that it is an “additive-error” model,
i.e., the standard error of the estimate is expressed in dollars, not as a percentage of the estimate.
Many cost estimators have been asked, after delivering their estimates, “How accurate is your
estimate — to within what percent?” Answering this question can be a problem for a cost analyst
who has used an OLS-derived CER. Consider, for example, the CER in Figure 2, whose
standard error is $17,503. If the value of the cost driver is around 20 or 25, there is no problem
as the estimate is around $110,000, so the one-sigma error is about 16% of the estimate.
However, if the value of the cost driver is around 7 or 8, the estimate itself is only around
$25,000, so one-sigma error of $17,503 represents a possible error of around 70%. Not so
impressive, is it?

WHY PERCENTAGE ERROR?

While it is true that the computational simplicity of OLS is impressive, the fact noted
above that it requires an additive-error model reduces its value to cost analysts. A multiplicative-
error model, in which both the standard error of the estimate and the bias are expressed as
percentages of the estimate, is more meaningful in the cost-estimating context. Two practical
benefits of the multiplicative-error model accrue to the estimator.

First, expressing cost-estimating error in percentage terms offers stability of meaning
across a wide range of programs, time periods, and estimating situations. A percentage error of,
say 40%, retains its meaning whether a $10,000 component or a $10,000,000,000 program is
being estimated. A standard error expressed in dollars, say $59,425, is an extremely huge error
when estimating a $10,000 component, but is even less significant than a typographical misprint
when reported in connection with a $10,000,000,000 program. Even in cases that are not so
extreme, a standard error expressed in dollars quite often makes a CER virtually unusable at the
low end of its data range, where relative magnitudes of the estimate and its standard error are
inconsistent.

Second, in the case of bias, a dollar-valued expression (the algebraic sum, including
positives and negatives, of dollar-valued errors made in estimating points of the data base) would
not be as informative as an expression of bias in terms of percentage of the estimate, because a
particular amount of dollars of bias would not have the same impact at all points of the data base.
See Figure 7 for an illustration of the difference between the error patterns of additive-error and
multiplicative-error CERSs.
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Furthermore, use of OLS additive-error regression sometimes produces a curve fit that is
biased toward high-cost programs, namely those data points with the larger observed values.
This is due to the fact that the additive-error model attempts to minimize the sum of squared
deviations from all data points, thus giving the larger data points a perhaps unduly large
influence in determining the “best-fitting” curve. Use of the percentage-error model will reduce
the influence of the large data values, because it will be the percentage errors in all estimates that
will be reduced to their minima. It is therefore useful to have a general least-squares
methodology that can treat not only additive, but also percentage-error models.

Multiplicative Error Additive Error

X X

Figure 7: Error Patterns Surrounding the CER, Based on Percentage Error and Additive Error,
Respectively. (H..L. Eskew and K.S. Lawler, Reference 7, page 107).

2. THE LOGARITHMIC-TRANSFORMATION TECHNIQUE

Development of nonlinear CERs in most cost models involving historical data has in the
past been based largely on explicit solutions of the classical least-squares linear regression
equation Y = A + bX + E, where Y is the logarithm of the cost y, X is the logarithm of the
numerical value x of a cost driver, E is a Gaussian error term whose variance does not depend on
the numerical value of X, and A and b are numerical coefficients derived from the historical data.
The coefficients of nonlinear CERs such as the most common “power” CER formy = ax’¢ have,
since the 18" Century, been derived by taking logarithms of both sides and reducing the
formulation to the linear form log(y) = log(a) + blog(x) + log(&), which is equivalent to the
expression above if we denote Y = log(y), X = log(X), A =log(a) and E = log(&). The symbol
"log" can represent either the common (base 10) or natural (base €) logarithm or, for that matter,
a logarithm of any base whatsoever, as long as it retains the same meaning throughout a
complete sequence of computations. The explicit OLS expressions for a and b in nthe linear
model can then be applied to calculate the numerical values of A = log(a) and b, respectively.
We calculate a using the formula a = 10* if common logarithms are being used and a = e” in the
case of natural logarithms. By analogy, the standard error of the estimate is output by most
statistical software packages according to the same formulas as those for OLS linear CERs,
except that the numerical values of x and y are replaced by their logarithms. This means that the
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standard error of the estimate and bias are optimized to maximize the accuracy with which log x
can be used to predict log y, not the accuracy with which x can be used to predict y. The value of

R?, furthermore, measures the quality of the linear fit of log y to log x, not the nonlinear fit of y
to Xx.

EXAMPLE: AN OLS-DERIVED NONLINEAR CER

Using the same data set as before, but applying the logarithmic transformation before
exercising the computational formulas, we make the required calculations and

n X Vi X =log(x)| Y = log(y)

7 7.9 5.900 0.898 0.771
8.2 13.300 0.914 1.124
9.8 43.595 0.991 1.639
11.5 72.944 1.061 1.863
16.4 95.434 1.215 1.980
19.7 106.074 1.294 2.026
23.6 116.274 1.373 2.065

Table 2. Data Base Set Up for Deriving OLS Logarithmic-Transformed “CER”.

obtain the following coefficients and quality measures for the log-log linear “CER” logy = A +b
log x and its back-transformed power CER y = ax”;

b= 2.304 T 2304
= -0.911 = 0123
r=| 086 R? - 75 51730,4’
R?=| 74.9673% — °
std Error =| 71.7553%
Std Error = 0.276 Bias = | -14.7891%
Bias = 0.000 T i

Table 3. Coefficients and Quality Statistics of
OLS Logarithmic-Transformed “CER” (at left) and its Corresponding Power CER (at right).

The following graph displays the power CER superimposed on the data set:
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"OLS" Log-log CER:y = 0.123(x"2.304)
Std Error = 35.636, Bias = 1.132, R*"2 = 75.52%
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Figure 8: OLS-Derived Power CER Superimposed on the Data Base.

A few quick observations can be made on the basis of the material displayed in Table 3
and Figure 4. First of all, we notice from Table 3 that the bias of power CER is negative, namely
-14.7891%. This means that a power CER that is derived by back-transforming an OLS-derived
log-log “CER” on the average underestimates the costs of projects in its data base. This means
that, if nothing is done to fix the problem, such a CER will probably underestimate the cost of a
project to which it is being applied. We will discuss below methods that have been used to bring
power CER bias back to zero.

Second, we notice from Figure 8 that the CER’s convexity (the way it bends) is different
from the convexity of the data base. If enough of us deliver CERs like this to individuals outside
our profession, our reputations for common sense will be dealt a fatal blow! To avoid situations
like this in the future, we must understand the reason it has occurred here. The power CERy =
ax” has no “fixed-cost” or intercept term like the a in the linear CER y = a + bx. This means that
a power CER must pass through the origin, namely the zero-zero point on its graph. You might
remember from your study of regression in your statistics class that a regression line or curve
does not necessarily pass through any of the points in its data base. That’s true — a power CER
does not have to pass through any of the real data points. But all power CERs do have to pass
through the origin (which is usually not a data point), because a power CER has no intercept
term. The fact that the power CER must pass through the origin is what accounts for the
mismatch between the convexities of the CER and its supporting data base in Figure 8. We will
discuss later how to fix this problem by introducing the so-called “triad” CER form, namely y =
a + bx®, which includes both the linear and the power CER forms as special cases, the linear
when ¢ =1 and the power when a = 0.

3. ISSUES ASSOCIATED WITH THE LOGARITHMIC
TRANSFORMATION

Unfortunately, the meanings of the quality metrics standard error, bias, and R?, are, the
case of nonlinear CERs derived by OLS methods, easy to misunderstand and, if fact, are almost
always misrepresented. This situation is due to the fact that all computations are being made in
“logarithmic space,” i.e., we are working with the logarithms of the data points, rather than with
the data points themselves. It is important that we discuss this issue in full detail, so that the
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correct meanings of the quality metrics of nonlinear CERs are understood, at least by readers of
the Parametric Estimating Handbook.

First, the standard error of the estimate SEE is expressed in meaningless units (“log
dollars™), just as the data-base values of log y are. It would be useful if this quantity, 0.276 in
Table 3 above, were equivalent to a percentage of the estimate, namely 27.6%, as one would
think the case to be in a multiplicative-error model such asy = ax’¢. In fact, the power CER
standard error has been incorrectly reported as such on many occasions. However, P.H. Young
(Reference 13) shows that this SEE is not often equal or even close to the percentage error of the
estimate, and he recommends that the standard percentage error be calculated directly in
“arithmetic space,” namely using the data points themselves, rather than their logarithms. To do
this, we have to go back to the original data points and the “de-logged” CER of the form y = ax".
The percentage standard error of the estimate will then have the formula

%SEE = | (y‘ aXiJ ,

n—2 ax?’

which expresses the error as a ratio of actual residual to the actual estimate, without the
interposition of logarithms. Notice that in Table 3, the correct standard error of the power CER
is reported as 71.7553%, while the logarithmic standard error of 0.276 would, if converted to a
percentage, indicate 27.6%.

Having said all this, we now have some more bad news to report. The CER y = ax®, as
calculated in logarithmic space, will not actually have the smallest possible %SEE, i.e., it will
not be the CER of that form that “best fits” the data points. The reason for this is that the
numerical values of a and b were selected to minimize the standard error of the estimate in
logarithmic space. But because, when we apply the CER, we will be doing our estimating in
arithmetic space, i.e., the geometric space where the actual data points reside, we really should
have selected our a and b values to minimize the %SEE quantity just above. Then we would
have obtained the CER of the form y = ax” that has the smallest possible sample percentage error
of the estimate. We will illustrate this process later in this section when we introduce the MPE-
ZPB method.

The same can be said about the Bias value. Although the logarithmic-space CER log(y)
= log(a) + blog(x) + log(é) is unbiased (inheriting that property from the OLS mathematics by
which it was derived), the back-transformed arithmetic space CER y = ax”, the one we plan to
use for estimating, is usually biased low in the additive (dollar-valued) sense. Note the bias of -
14.7891 among the quality metrics of Table 3. This fact was forcing estimators to unknowingly
produce “low-ball” cost estimates on a consistent basis until the bias was recognized by the cost-
estimating community and a correction term developed for it. The existence of the bias was
known and understood in the statistical community at least since 1960 when J. Neyman and E.
Scott (Reference 11) published a number of correction factors. The one that has taken hold
among cost estimators is the so-called “Ping factor”
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where s is the standard error of the estimate in logarithmic space. For details of the Ping factor,
brought to the attention of the cost-estimating community in the middle 1980s, see S.P. Hu and
A.R. Sjovold (Reference 9). Additional remarks on the subject can be found in References 1 and
2.

To obtain a zero-additive-bias CER of the form y = ax”, we simply multiply the CER (or
the constant a) by the Ping factor. Unfortunately, the process is not as simple as it sounds. After
we carry out the multiplication, we now have a new CER, which we can denote asy = cx®, where
c equals a times the Ping factor. This new CER now has new quality metrics, because the old
ones no longer apply. In general, its standard error will be larger and its R? will be smaller,
assuming that the original CER (before applying the Ping factor) had the smallest possible
standard error (in logarithmic space) and the largest possible R? (in logarithmic space). The only
improvement is in the bias, which is now zero (dollars). To report the CER’s full suite of correct
quality metrics, it is therefore necessary to recalculate the standard error and R? of the new, Ping-
adjusted CER, though model developers rarely carry out this step.

Finally, there is another issue associated with R?, beyond the fact that it is routinely
calculated using log x and log y values, rather than x and y values. Unless the CER is an OLS
CER of linear form, even R? calculated using the OLS formula no longer signifies the percentage
of variation in actual cost that is attributable to variations in the value of the cost driver or the
percentage of variation in estimated costs that is attributable to variations in the corresponding
actual costs. See Reference 4 for an explanation of this problem. To obtain a meaningful
version of R?, we must default to the definition of R? provided in the “QUALITY METRICS
...” section above, namely the correlation-squared between estimates and actuals. In general, to
obtain the correct values of Bias and R?, it remains true that the CER’s computation must be
carried out in arithmetic space, not logarithmic space.

A further, and more serious, weakness of the logarithmic transformation method, is that
an analyst using OLS for both linear and nonlinear CERs, is forced to assume an additive-error
(uniform dollar value across the entire range of the cost driver) model when historical data
indicate a linear relationship between cost driver and cost, but a multiplicative-error (a
percentage of the estimate) model when a nonlinear relationship is indicated by the data. This
means that a model that contains both linear and nonlinear CERs for different WBS elements
will express the estimating error in dollars when the CER is linear, but as a percentage of the
estimate when the CER happens to be nonlinear. This kind of inconsistency makes it difficult to
explain cost estimating to external parties and brings disrepute upon the cost-estimating
community.

Finally, use of the OLS-based transformations a priori excludes from consideration
certain potentially attractive nonlinear forms, such as the aforementioned triad form y= a + bx",
because a logarithmic (or any other reasonable) transformation fails to reduce the least-squares
problem to the OLS framework. The idea that a linear CER can have a nonzero constant term a,
but a nonlinear one cannot and so must pass through the origin, is another notion that has the
potential to subject cost estimators to ridicule.
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4. THE GENERAL-ERROR MODEL

The general-error regression model has been designed to circumvent the inherent
difficulties that OLS presents to the cost-estimating community. It allows the analyst to specify,
given any set of historical-cost data, that a percentage-error model, rather than OLS or any other
additive-error model, is to be used in deriving linear or nonlinear least-squares CERs . Should
there be a good reason to prefer an additive-error model in a particular circumstance, however,
the general-error model can accommodate it for both linear and nonlinear CERs. The primary
benefit of general percentage-error regression, though, is its ability to correctly model nonlinear
CERs of any algebraic form. See Reference 2 for further comments and details.

All known weaknesses of OLS can be circumvented by applying general-error regression,
which allows the analyst to determine the optimal coefficients for any curve shape and to choose
the error model independently of the CER shape. Because of our inability to solve simultaneous
equations that are nonlinear with respect to the unknowns, the general nonlinear regression
solution must be obtained by an iterative procedure. Several such procedures, most of them
based on Newton’s method from elementary calculus, have been proposed and discussed in the
statistical literature over the years. The optimal (error-minimizing) solution is found by
sequential computer search rather than by explicit solution of simultaneous equations, as in OLS.
No one should find this unusual as OLS was developed in the 18" Century, when explicit
formulas were necessary for calculating anything. Nowadays, with 100 years of numerical
analysis (i.e., calculus by computer) and 50 years of machine-computation experience in the
general population behind us, we should feel comfortable deriving CERs by mathematical
optimization techniques such as those available via the Excel® Solver routine, rather than by
explicit formulas that we can work out using a hand calculator or even a slide rule.

Once we leave the domain of OLS, as noted above, there do not exist explicit formulas
for CER coefficients that minimize the percentage standard error of the estimate or optimize
other CER quality metrics. General-error regression is instead implemented in a number of
commercial software packages, including Microsoft's Excel spreadsheet using the Excel® Solver
routine, which handles complex nonlinear problems by building a worksheet with multiple
changing cells. Suppose, for example, the analyst wants to fit a set of historical cost data to the
nonlinear CER triad formy = a + bx°. In order to apply least-squares theory in the
multiplicative-error environment, the analyst has to find the numerical values of a, b, and c that
minimize the sum of squared percentage errors of estimating each data point in the historical data
base. The multiplicative-error CER is

y =(a+bx‘e¢
where gis the error. While the ideal magnitude of an additive-error term is O (which indicates
that estimated cost exactly equals actual cost), the ideal magnitude of a multiplicative-error terms
is 1 (which indicates in the multiplicative-error context that estimated cost exactly equals actual
cost). The error term is then equal to

E= y -
a+bx
We want to choose values of a, b, and ¢ that minimize the sum of squared percentage
errors of estimating each data point:
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i1 =\ a+bx’ —

y; —a—bx® i
a+bxt |’

SS%E = Zn:(ei -1)*= ZHZ(L‘J =Z(

Using Excel® Solver or some other appropriate mathematical tool, we can in fact find
values of a, b, and c that nearly minimize SS%E. (With any implementation of a numerical
analysis technique, especially one included free with a general-usage computer program as
Excel® Solver is, we can never be sure of attaining the exact minimum point, because
complicated multivariate mathematical expressions have too many hills and valleys to be tested —
but we can get fairly close in most cases.) However, it turns out that percentage bias of the
resulting CER is positive, not zero. There are two different excursions of this technique that can
be used to derive percentage-error CERs having zero bias: (1) iteratively reweighted least
squares (IRLS) and (2) MPE-ZPB constrained optimization, i.e. minimizing standard percentage
error subject to the constraint that the percentage bias be zero. We will discuss each of these
excursions in turn.

5. ITERATIVELY REWEIGHTED LEAST SQUARES

IRLS was originally proposed in a 1968 article by J.A. Nelder (Reference 10) as a
method of deriving multiplicative-error “generalized linear” CERS having zero percentage bias.
The theory of IRLS was advanced significantly to CERs of arbitrary algebraic form in a
tradition-breaking article by R.W.M. Wedderburn (Reference 14) six years later. Wedderburn,
however, did not claim in his thoroughgoing 1974 article that IRLS CERs actually minimize the
percentage error of the estimate. Rather, Wedderburn demonstrated that IRLS maximized a
construct called the “quasi-likelihood,” which is related to the statistical likelihood function and,
in fact, equal to it in the special case when the standard error of the estimate is proportional to the
estimate (as in the percentage-error model) and the random error has a gamma distribution.
Ordinary least squares (OLS), it should be noted, maximizes the “likelihood” function under its
classical conditions of normally distributed additive errors with constant variance across the
range of data (“homoscedasticity”).

It is important to note that IRLS CERs populate the Air Force’s Unmanned Space
Vehicle Cost Model, Version 7 (Reference 12) and its successors. In addition, IRLS is
recommended by M.S. Goldberg and A. Tuow (Reference 8) as the technique of choice for
deriving learning curves.

The fact that Wedderburn did not claim error-minimizing properties for IRLS leads one
to ask whether or not IRLS does, in fact, produce the minimum-percentage-error CER among all
possible unbiased CERs for a given set of cost data. As it turns out, IRLS does not yield
percentage-unbiased CERs that have the smallest possible percentage standard error. For such
CERs, we must look elsewnhere.

B. MINIMUM-PERCENTAGE-ERROR, ZERO-PERCENTAGE-BIAS CERs
The minimum-percentage-error, zero-percentage-bias (MPE-ZPB) idea was first floated

in a paper at the U.S. Army Conference on Applied Statistics in 1998 (Reference 3), as a solution
to the open (at the time) question of whether or not IRLS CERs had minimum possible

27



percentage error as well as zero percentage bias. Since then, it has been demonstrated in all
examples tested that MPE-ZPB CERs (referred to by some organizations as “ZMPE” or “zimpy”
CERs) have smaller standard error and the same zero percentage bias as the IRLS CER of the
same algebraic form for the same set of data. MPE-ZPB CERs are also derived using numerical
analysis techniques implementable in Excel® Solver and other software packages. It has been
convincingly shown that, if we take the IRLS coefficients as our “initial”” coefficient set, and
then run Excel Solver under MPE-ZPB conditions, the solution is a new coefficient set that
results in a smaller percentage standard error (Reference 6).

MPE-ZPB is a “constrained optimization” method, i.e., it seeks coefficients for which the
resulting CER has smallest possible percentage error, subject to the constraint that its
percentage bias be zero. In other words, the minimum-percentage-error CER is selected, not
from among all possible CERs, but only from among those that are pre-selected in advance to
have zero bias. The constrained optimization process can be easily carried out using Excel®
Solver.

THE FOUR BASIC CER FORMS

Most CERs fall into one of four major algebraic categories: (1) the factor CER; (2) the
linear CER; (3) the power CER; and (4) the triad CER. If only one cost driver is involved (the
types of CERs we have been discussing so far), the algebraic expressions for these respective
CER forms are displayed in Table 4 below.

Category | Cost | Cost Driver | Coefficients | Basic Algebraic Form
Factor y X a y = ax
Linear y X a,b y = a+bx
Power y X a, b y = ax’
Triad y X a,b,c y = a+bx°

Table 4. CER Categories and Algebraic Forms

In many situations, it is determined that a subsystem or component cost has more than
one significant cost driver, e.g., weight, beginning-of-life power, and battery capacity for a
power subsystem. In such cases, the resulting “multivariate” CER is typically a combination of
the four basic CER forms listed in Table 1.

The “multiple linear” CER form is a combination of the univariate (i.e., one cost driver)
factor and linear CERs. Its generic algebraic form is

y=a+bx+cw+dz+ ...,
where X, w, and z are cost-driver values and a, b, ¢, and d are coefficients.

The “multiple power” CER form is a combination of the univariate factor and power
CERs. Its algebraic form is
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y = axwz® ...,

where again x, w, and z are cost-driver values and a, b, ¢, and d are coefficients.
The “multiple triad” CER comes in two possible forms, either

y=a+bx®+dw® + 2%+ ...,
or
y = a+ bxw'z® ...,

where again x, w, and z are cost-driver values and a, b, c, d, e, f, and g are coefficients.

It is no more difficult to write Excel® spreadsheets carry out the calculation for these
multivariate CERs and their quality metrics than it is to write them for the original univariate
CERs, so in the examples that follow, we will focus on univariate CERs.

EXAMPLE 1. OLS and IRLS/MPE-ZPB FACTOR CERs

By the term “factor CER,” we mean a cost-estimating relationship (CER) of the formy =
ax, where y is cost, x is the numerical value of a cost driver, and the coefficient a is the ratio
between cost and cost driver. In rough-order-of-magnitude (ROM) CERs, the coefficient a
typically represents dollars per pound, dollars per kilowatt, or something of that kind. More
generally, in the case of so-called “cost to cost” CERSs, a can represent dollars of system
engineering, integration and testing, or program management (“SEIT/PM”) per dollar of “prime
mission product” (PMP), namely the developed or delivered hardware and software. In the latter
case, y is the SEIT/PM cost and x is the PMP cost.

Univariate factor CERs have the unique characteristic that there are explicit algebraic
formulas for the coefficient a in the case of OLS, IRLS, and MPE-ZPB, the latter two of which
have the same solution. In the case of OLS, the formula for a is

n
PRAD
_ k=
a=tl
2%
k=1
In the cases of both IRLS and MPE-ZPB factor CERs, a is given by the formula

a1

N Xg

This situation makes it particularly simple to derive univariate factor CERs from a set of cost and
technical data, regardless of your personal philosophy on what the optimal CER characteristics
are.
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Further details, including mathematical derivations, about the factor-CER formulas are

presented in Table 5.

Using the same data set as in the two earlier examples, we will now illustrate the factor
CERs under both OLS and IRLS/MPE-ZPB criteria. The following set of computations
implements the application of the OLS factor CER coefficient formula appearing above:

n X v x2 Xy
T 7.9 5.900 62.410 46.610
8.2 13.300 67.240 109.060
9.8 43.595 96.040 427.231
11.5 72.944 | 132.250 838.856
16.4 95.434 | 268.960 | 1,565.118
19.7 106.074 | 388.090 | 2,089.658
23.6 116.274 | 556.960 | 2,744.066
Sums = 97.1 453.521 [1,571.950( 7,820.599

Table 5. Computations Leading to the OLS Factor CER’s Coefficient a.

According to the formula, the coefficient of the OLS factor CER isa =
7820.599/1571.950 = 4.975. The quality metrics associated with the OLS factor CER appear in
the table on the left side of Figure 9, and the graph of the CER is superimposed on the
scattergram of the data point on the right side.

"OLS" Factor CER: y =4.975x

Std Error = 20.016, Bias = 4.223, R*2 = 87.16%

140

4= 4.975 g iiz ® Actual Data Points ‘/
R = 87.1589% |5 " ——"OLS" Factor CER y
StaError= 20016 | & e —
Bas= 4223 |\ % _
%Std Error = 46.5297% 0
%Bias = 15.8934% . g

10

15

Cost Driver Value x

20 25

Figure 9: Quality Metrics and Graphical Representation of the OLS Factor CER.

As a sidelight to the OLS factor CER’s quality metrics, we have appended the percentage
standard error and bias information for comparison with those of the IRLS/MPE-ZPB factor

CER, which we shall present next.
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n X Y yix
7 7.9 5.9 0.747
8.2 13.3 1.622
9.8 43.585 4.448
11.5 T72.944 6.343
16.4 95.434 5.819
18.7 106.074 5.384
23.6 116.274 4.927
Sums = 97 .1 453.521 29.291

Table 6. Computations Leading to the IRLS/MPE-ZPB Factor CER’s Coefficient a.

According to the formula, the coefficient of the IRLS/MPE-ZPB factor CER is a =
29.291/7 = 4.184. There is no other IRLS/MPE-ZPB CER form whose coefficients can be
derived using an explicit algebraic formula. All other MPE-ZPB CERs, for example, must be
derived using a mathematical optimization scheme, such as that carried out by Excel® Solver.

Figure 10 below displays the inputs to the Solver dialogue box as it is being set up to solve the
MPE-ZPB problem.

n X v ESTy ESTy-y | [ESTy-yI’  (ESTy-yVESTy [(ESTy-y/ESTy]
7 7.9 5.900 39.303 33.403 1,115.727 | 84.9882% 72.2300%
8.2 13.300 | 40.795 27.495 755.975 | 67.3980% 45.4249%
9.8 43.595 | 48.755 5.160 26.626 | 10.5835% 1.1201%
11.5 72.944 | 57.213  -15.732 247.480 |  -27.4966% 7.5606%
16.4 95.434 | 81.590  -13.844 191.656 | -16.9678% 2.8791%
19.7 106.074 = 98.008 -8.067 65.068 |  -8.2306% 0.6774%

23.6 116.274 | 117.410 1.136 1200 7 09675% 0.0094%

Sums = 97.1 453.521 | 483.0725 | 29.5515 |2403.82208 | 111.2424% 129.9014% 1_

Bias = | 4.222 %Bias = 15.8918%
Std Error= | 20.016 %Std Error = 46.5298%
a= 4.975 R? = 87.1589% R’ = 87.1589%

Solver Parameters

( $Ch14

Ted
- o

$HELWD = 0

Figure 10: Excel® Solver Ready to Calculate MPE-ZPB Factor CER’s Coefficient.

This is the same spreadsheet after Solver has been exercised (by clicking the “Solve” box) to
obtain the coefficient value of 4.184:
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n X v ESTy ESTy-y [ESTy-yT (ESTy-y)/ESTyY [(ESTy-y)/ESTYF

7 7.9 5.900 33.057 27.167 737.483 82.1518% 67.4893%

8.2 13.300 | 34.312 21.012 441.502 61.2380% 37.5009%
9.8 43.595 | 41.007 -2.588 6.698 -6.3112% 0.3983%

11.5 72.944 | 48120  -24.824 616.210 -51.5864% 26.6115%

16.4 95.434 | 68.624  -26.810 718.781 -39.0682% 15.2632%
19.7 106.074 82432  -23.642 558.927 -28.6800% 8.2254%
23.6 116.274  98.761  -17.523 307.039 17.7441% 3.1485%

Sums = 97.1 453.521 | 406.3037  -47.2173 | 3386.64041 0.0000% 158.6372%
Bias=  6.745 %Bias = 0.0000%

Std Error=  23.758 %Std Error = 51.4194%

a=  4.184 R’ = 87.1589% R’ = 87.1589%

Solver Results

HH

Ansuer

(o Sensitivity
Limits

)

[ | [ | [eesmeh. | [ &b

Figure 11: Excel® Solver Exercised to Calculate the MPE-ZPB Factor CER’s Coefficient.

Note the quality metrics associated with the MPE-ZPB factor CER. They are listed in the table
on the left side of Figure 12, with the CER’s graph appearing on the right side.

MPE-ZPB Factor CER: y = 4.184x
Std Error = 51.42%, Bias = 0.00%, R"2 = 87.16%
140
120 + Y
— ® Actual Data Points ®
a=_ 4.184 g 100 —— MPE-ZPB Factor CER )
R’= 87.1589% || 5 4 __—
%Std Error = 51.4194% || (L °
%Bias = 0.0000% ?(7)’ 601
8 40 1
20
®
0 T L) T T T
[0] 5 10 15 20 25
Cost Driver Values x

Figure 12: Quality Metrics and Graphical Representation of the MPE-ZPB Factor CER.

A comparison of the OLS and MPE-ZPB factor CER quality metrics and graphics is
instructive. Notice from Figure 9 that the OLS CER’s percentage standard error is smaller than
that of the MPE-ZPB CER, although its bias is positive and rather large (15.89%). When the
bias is reduced to zero, it can be seen in the graph of Figure 8 that the MPE-ZPB line is
somewhat lower than the OLS line of Figure 9, noticeable especially in their respective positions
relative to the largest actual data point.
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EXAMPLE 2. IRLS and MPE-ZPB LINEAR CERs

A linear CER has both a nonzero (usually) constant term plus a constant multiple of the
cost-driver value. That means a linear CER can represent either an extension of the situation that
leads to a factor CER, e.g., a certain amount of dollars for each pound of the components weight
plus a fixed cost not related to weight or anything else, or an entirely new situation in which the
cost starts out at some nonzero fixed-cost value and rises linearly with some cost driver. The
linear CER’s algebraic form, as we have noted earlier, is y = a+bx, where y is cost, X is the
numerical value of a cost driver, and the coefficients a and b represent the intercept and slope of
the CER.

We already have discussed the OLS case, where there are explicit formulas for the
coefficients a and b. In the case of IRLS and MPE-ZPB, however, there are no such formulas, so
we shall illustrate the use of an Excel® spreadsheet that implements the required mathematics.

As it turns out, in the case of IRLS we can go partway toward finding explicit formulas
for the coefficients a and b. The mathematical details can be found in the appendix, but in
Figure 13 below, we illustrate the results of setting up and exercising an Excel® spreadsheet that
carries out the required computations. We again use the same set of cost data that we have used
before.

IRLS Linear CER: y = -85.094+11.776x
Std Error = 38.31%, Bias = 0.00%, R"2 = 87.16%

Iteration #

0

12

-29.499

-85.094

b=

6.797

11.776

%Bias =

7.2519%

0.0000%

%Std Error =

47.6226%

38.3102%

R =

87.1589%

87.1589%

® Actual Data Points /
11| —IRLS Linear CER /

Cost Driver Value x

Figure 13: IRLS Linear CER and Quality Metrics.

The initial (starting) values of a and b (Iteration #0 on the left side of Figure 9) have been

selected by using the parameters of the linear CER derived on the basis of OLS criteria several
pages back. With IRLS we are working with percentage, rather than dollar-valued, error and
forcing the percentage bias to zero. Comparing the results in Figure 13 with those in Figure 2,
we see that the percentage-error criterion of Figure 13 moves the CER closer to the lower-cost
data points and farther from the higher-cost data points. This is the effect of equalizing the
percentage error across the data base. In Table 2, the dollar-valued error is equalize across the
data base, leading to a CER that is closer to the higher-cost points and (relatively) farther from
the lower-cost points, but in fact the same absolute distance from both.,
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For the MPE-ZPB linear CER, we use a spreadsheet format based on Excel® Solver much
like that of Figures 10 and 11 that we applied to the case of the MPE-ZPB factor CER. Our
starting point for the optimization will be the values of the a and b coefficients of the IRLS linear
CER, because we want to verify that the MPE-ZPB process will indeed improve the CER’s
quality metrics.

MPE-ZPB Linear CER: y = -91.04+12.42x
Std Error = 38.03%, Bias = 0.00%, R"2 = 87.16%

250

a=| -91.041
b= 12.423

® Actual Data Points
MPE-ZPB Linear CER

= N
[ o
o o

R? =| 87.1580%
%Bias = | 0.0000%
o%Std Error = 38.0323%

Cost (FY0O7$K)
=)
o
.\
[ ]

\

\

0 5 10 15 20 25
Cost Driver Value x

Figure 14: MPE-ZPB Linear CER and Quality Metrics.

Notice from the table of quality metrics in Figure 14 that the percentage standard error of
38.03% is somewhat lower in the case of the MPE-ZPB linear CER than it is in the case of the
IRLS linear CER, which is 38.31%, as shown in Figure 10. Given that it takes less effort to
derive an MPE-ZPB CER than it does to derive an IRLS CER, this is a useful fact to know.

Note also that all linear CERS, factor CERs included, have the same R? value. This is due
to the fact that R? actually measures the linearity of the points in the data base with respect to the
linearity of the CER. Since we are using the same data base, the relative linearity of the data
base is the same with respect to any linear CER. This is about to change, though, as we will
soon begin working with nonlinear CERs again. Recall that the R* value of the power CER
describe in Table 3 and Figure 8 was, at 75.52%, considerably lower than the 87.16% that
characterizes all the linear CERs.

Before we leave this subject, we should point out that Excel® Solver is only the most
readily available computational aid that can be used to carry out IRLS- and MPE-ZPB-required
calculations. In addition to more capable optimization routines, some of which are marketed as
high-capability add-ons to Microsoft Excel®, several professional statistical computing packages
that do IRLS calculations are commercially available. For analysts who do a lot of CER
development, it might very well be worthwhile to investigate the tools available to professional
statisticians. As noted earlier, however, it is not always required that numerical analysis
software such as Excel® Solver be applied to derive IRLS CERs. Reference 5 shows how the
coefficients of factor CERs in particular, i.e., those of the form y = ax, can be worked out
explicitly.
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EXAMPLE 3. MPE-ZPB POWER CER

Several pages back, we used the method of logarithmic transformation followed by OLS
applied to the logarithms of x and y to find a power CER of the form y = 0.123x**** for our data
set, with R? = 75.5173%, percentage standard error of 71.7553%, and bias of -14.7891%. Now
we apply the MPE-ZPB technique to obtain a percentage-unbiased CER that has smallest
possible percentage standard error.

Notice that, in addition to the smaller percentage standard error (54.0456% vs.
71.7553%), zero percentage bias (vs. -14.7891%), and higher R (83.3430% vs.75.5173%), the
MPE-ZPB CER is less convex than the log-log-derived CER and so “bends” closer to the points
than the latter. The MPE-ZPB CER is still handicapped by having to pass through the origin, so
it’s convexity cannot more closely match the convexity pattern of the actual data points, but it
does get as close to them as possible.

MPE-ZPB Power CER: y = 1.29%(x"1.45)
Std Error = 54.05%, Bias = 0.00%, R*2 = 83.34%

[
N
o

® Actual Data Points
= MPE-ZPB Power CER

I . >

a=| 1.286
b=| 1445

R’ =(83.3430%
%Std Error =| 54.0456%
%Bias= | 0.0000%

[
\

Cost (FYO7$K)
o
\

N
o
L

o

0 5 10 15 20 25
Cost Driver Value x

Figure 15: Solution to the Power MPE-ZPB CER Problem Using Excel® Solver

EXAMPLE 4. MPE-ZPB TRIAD CER

Finally, we arrive at the case of the “triad” CER y = a + bx°. One way to describe this
kind of CER is that it is a power CER that is not required to pass through the origin and so can
track data points of any convexity tendency equally well. Furthermore, the linear CER is a
special case of the triad CER obtained by setting the exponent ¢ = 1. In other words, the triad
CER becomes a power CER when a = 0 and a linear CER when ¢ = 1. Allowing both a and c to
assume numerical values different from 0 and 1, respectively, means that the triad CER offers
the benefits of both the power (curvature) and linear (nonzero intercept) CER classes without
imposing the disadvantages of either.
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MPE-ZPB Triad CER: y = -2,865.30 + 2,609.39(x”0.046)
Std Error = 26.16%, Bias = 0.00%, R*2 = 94.03%

N
o
o

a=| -2,865.297 @ Actual Data Points
b=| 2,609.387 < 160 +— MPE-ZPB Triad CER
c=| 0.046 4 /
Ri=| sa0sas% | |2 / o o
%Std Error =| 26.1552% = 80
%Bias = | 0.0000% ;4 ]
© 40
0

20 25

0 15
Cost Driver Value x

Figure 16: Linear MPE-ZPB CER Setup Prior to Activation of Solver
Using Visual Choices of Initial Coefficient Values

Note that triad CER is superior to both the linear and power CERs, both visually with
respect to tracking the data points and on the basis of the CER quality metrics. It has a higher
R?, a lower percentage standard error, and the same zero bias.

IV. CERSELECTION

When a CER has passed its evaluation, it is ready for application. A CER may be used as
a primary estimating method to forecast costs, or to cross check an estimate developed using
another estimating technique. For example, an analyst may have generated an estimate using a
grassroots approach (e.g., a detailed build-up by hours and rates), and then used a CER estimate
based on the same data as a sanity test of the grassroots’ results. A CER can provide more
realistic estimates than grass roots approaches if the latter are not closely and objectively tied to
actual cost history.

A CER developed to make a specific forecast may be used with far more confidence than
a “generic” CER developed for a wider range of applications. Care must be especially taken in
using a generic CER when the characteristics of the forecasting universe are, or are likely to be,
different from those of the CER database used to build it. A generic CER may have to be
revalidated or modified for use in a particular application, and the changes made to it
documented.

In order to apply good judgment in the use of CERs, the analyst needs to know their
strengths and weaknesses.

Strengths
1. Mathematical derived CERs based on historical data can claim
“objectivity.”
2. CERs reveal sensitivity of cost to physical and performance attributes
3. Use of valid CERs can reduce proposal preparation, evaluation,

negotiation costs, and cycle time, particularly with regard to low-cost items that are time and cost
intensive to estimate using other techniques.
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4, Given a CER equation and the required input parameters, developing an
estimate is a quick and easy process.

5. Most CERs can be used with a small amount of top-level information
about the product or service being estimated.; consequently, CERs are especially useful in the
research, development, test and evaluation (RDT&E) phase of a program.

Weaknesses
1. CERs may be too simple to be used to estimate certain costs. When

detailed information is available, a detailed estimate may be more reliable than one based on a
CER.

2. Historical data are difficult to obtain and properly normalize. Problems
with the database may mean that a particular CER should not be used. While the analyst
developing a CER should also validate both the CER and the database, it is the responsibility of
the estimator to determine whether it is appropriate to use a CER in given circumstances by
reviewing its source documentation. The user should determine what the CER is supposed to
estimate, what data were used to build it, how current are the data, and how the data were
normalized. Never use a CER or cost model without reviewing the source documentation.

3. CERs cannot account for “New” Ways of Doing Business.

4. CERs cannot estimate costs of Beyond-State-of-the-Art technology.

Examples of CERs in Use

This section contains examples of CER provided by contractors who participated in the
Parametric Estimating Reinvention Laboratory. A CER calculates changes in prices or costs (in
constant dollars) as some physical, performance, or other cost-driving parameter changes. Such
a relationship may be applied to a variety of items and services.

A. Construction

Many construction contractors use a rule of thumb that relates floor space to
building cost. Once a general structural design is determined, the contractor or buyer can use
this relationship to estimate total building price or cost, excluding the cost of land. For example,
when building a brick two-story house with a basement, a builder may use $60/square foot to
estimate the price of the house. Assume the plans call for a 2,200 square foot home. The
estimated build price, excluding the price of the lot, would be $60/sq. ft. x 2,200 sq. ft. =
$132,000.

B. Electronics

Manufacturers of certain electronic items have discovered that the cost of a
completed item varies directly with the number of total electronic parts in it. Thus, the sum of
the number of integrated circuits in a specific circuit design may serve as an independent
variable (cost driver) in a CER to predict the cost of the completed item. Assume a CER
analysis indicates that $57.00 is required for set-up, and an additional cost of $1.10 per integrated
circuit required. If evaluation of the engineering drawing revealed that an item was designed to
contain 30 integrated circuits, substituting the 30 parts into the CER gives:
Estimated item cost = $57.00 + $1.10 per integrated circuit * number of integrated circuits

= $57.00 + $1.10 (30)
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= $57.00 + $33.00
=$90.00

C. Weapons Procurement
CERs are often used to estimate the cost of the various parts of an aircraft, such as
that of a wing of a supersonic fighter. Based on historical data, an analyst may develop a CER
relating wing surface area to cost, finding that there is an estimated $40,000 of wing cost (for
instance, nonrecurring engineering) not related to surface area, and another $1,000/square foot
that is related to the surface area of one wing. For a wing with 200 square feet of surface area:
Estimated price = $40,000 + (200 sq ft x $1,000 per sq. ft.)
= $40,000 + 200,000
= $240,000

Examples of Simple CERs
Figure 17 provides examples of simple CERs implemented by various companies in the

Parametric Estimating Initiative Reinvention Laboratories.

CER Title

Pool Description

Base Description

Application

Panstock Material

Allocated panstock
dollars charged.

Manufacturing
assembly “touch” direct
labor hours charged.

Panstock is piece-part materials
consumed in the manufacturing
assembly organization. The
panstock CER is applied to 100%
of estimated direct labor hours for
manufacturing assembly effort.

F/A-18 Software
Design Support

Allocated effort required
performing software tool
development and support
for computer & software
engineering.

Computer and software
engineering direct labor
hours charged.

F/A-18 computer and software
engineering support direct labor
hours estimated for tool
development.

Design Hours

Design engineering
including analysis and
drafting direct labor
hours charged.

Number of design
drawings associated with
the pool direct labor hours.

The design hours per drawing
CER is applied to the engineering
tree (an estimate of the drawings
required for the proposed work).

Systems
Engineering

Systems engineering
(including requirements
analysis and
specification
development), direct
labor hours charged.

Design engineering direct
labor hours charged.

The system engineering CER is
applied to the estimated design
engineering direct labor hours.

Tooling Material

Nonrecurring, in-house,
tooling raw material
dollar costs charged.

Tooling nonrecurring
direct labor hours charged.

The tooling material CER is
applied to the estimated
nonrecurring tooling direct labor
hours.

Test/Equipment
Material (dollars
for avionics)

Material dollars (<$10k)

Total avionics engineering
procurement support group
direct labor hours charged.

The test/equipment material
dollars CER is applied to the
estimated avionics engineering
procurement support group direct
labor hours.

Figurel7: Examples of Simple CER
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Summary of CER Evaluation
The following list suggests additional questions which might be asked about a
CER in order to determine its limitations and applicability. Consider the importance of the costs
which a CER estimates when using the questions -- don’t spend a lot of time asking them, or
getting their answers, for example, when the CER’s result is a minor cost, or is lost in rounding
when rolled into higher-level estimate.

1.
2.

10.

11.
12.

13.
14.
15.
16.

What proportion of the estimate is directly affected by the CER?

How much precision is needed for the total estimate, and for the part of it
affected by the CER?

Is there a logical relationship between a CER’s dependent variable and its
independent variables?

Is this relationship functional or statistical? If functional, what is it, and
why? If statistical, does the associated data support the CER’s intended
application?

Avre relationship and the independent variables statistically significant? At
what level of confidence?

What happens to the estimate when reasonable variations of the input
parameters are used?

Are the analytical methods and techniques used to develop and use the
CER sound and appropriate?

Does the CER generate the type of estimate required?

Are the model input parameters available and reliable in the phases of the
system life cycle when it will be used?

Are the concepts behind the CER widely accepted in industry and
generally understood?

Are the CER’s strengths and limitations reasonable?

What is the effect of input uncertainty on the estimate’s confidence
interval?

Are the mathematical procedures used to develop the CER rigorous?

Does the CER integrate information from other systems?

Is the CER compatible with other CERs/models in theory and operation?
Is a sufficient amount of accurate and relevant historical data available for

model development?
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17.

18.
19.
20.

21.
22,

23.
24,
25.

26.

217,
28.

29.
30.

31.
32.
33.
34.
35.
36.

Avre the cost estimates made with the model consistent with user/contractor
performance?

Does the CER model documentation provide insight into historical data?
What parametric development concepts does the CER incorporate?

Are the developing organization’s estimating systems and policies
current?

Are the CER’s source data verifiable?

Does the developing organization have written guidelines for the
development and support of parametric estimates?

How are users trained to use the CER?

How is the CER updated?

Do the CER’s parameters adequately describe the item/service which is
estimated?

Are the engineering input decisions that contributed to the CER
development documented?

How difficult is it to use the CER?

Is the CER flexible (e.g., to changing programmatic and technical issues,
or parameters)?

Is the CER model useful at varying levels of input detail?

Can the CER be used across a range of time, products, and technology
changes?

How easy is it to misuse the CER?

Does the CER avoid personal or organizational bias?

Can the CER results be adjusted?

Does use of the CER require experienced analysts and/or special training?
Have the CER’s results been checked against test cases?

Are the CER’s results in the correct format and level of detail?
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V. Validation

A. Validation Requirements

A CER, as any other parametric estimating tool, must produce, to a given level of
confidence, results within an acceptable range of accuracy. It must also demonstrate estimating
reliability over a range of data points or test cases. The validation process ensures that a CER
meets these requirements. Since a CER developer and customer must, at some point, agree on
the validation criteria for a new CER, the Parametric Estimating Reinvention Laboratory
determined that the use of an IPT is a best practice for reviewing and implementing it. The
contractor, buying activity, DCMA, and DCAA should be part of the IPT. Chapter _, provides
detailed guidance.

Figure 18 illustrates the validation process flow, which incorporates the CER
testing methodology discussed earlier in the chapter. The process, described in Figure 19, is a
formal procedure which a company should use when developing and implementing a CER. It
describes the activities and criteria for validating simple CERs, complex CERs, and parametric
models. Figure 20 contains the guidelines for statistical validation.
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Rationalize
Pool/Base
Definitions

Nominate
ERto
Examine

ER is “Flagged”.
JEROP determines next course of action.
Determine Acquire
Structure Data »| &Pt
Rational? Parameters Data

Note: An MOA is defined as an interim agreement

3 of ERs with a PRT to further investigate the
relationship.
Can Fix
Problem?
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NO
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PRT. |—> FPA
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agree on . ; -
FPAor MOA ||« alternate method ER = Estimating Relationship
13

A

PRT = Problem Resolution Team
FPA = Forward Pricing Agreement
PIF = Problem Identification Form

MOA = Memorandum of Agreement

Figure 18: Estimating Relationship Validation Process
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Discussion of Activities

A WNPE
'
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10

11-
12 -
13-

Assess materiality.

Examine rationale and data, or use additional historical data.

Investigate alternative forms.

Team is encouraged to review data beyond that used to develop the current CER, i.e., additional completed

jobs for Steps 1 & 2 CERs, or longer time periods for Steps 3 & 4 CERs.

Multivariate (more than one independent variable) solutions may be considered.

Examine ER across programs for rationalization of differences.

Team may explore linear, logarithmic, exponential, polynomial, power, moving average, or any other model structures implied by
the data patterns and/or rationale of the effort.

Check for evidence of outliers, influentials, time trends, bi-modal data, etc.

Team analyzes data sources.

Develop results based on weighted factor methodology and linear regression with intercept, unless otherwise agreed.

Construct ‘report card’ with F-stat, R-squared, CV, and narrative for stat method; with MAD and narrative for factor method.

Plot results. Analyze residuals, checking for patterns in the residuals to ensure that the regression assumptions were not
violated. Examine raw versus fitted data for outliers, using a rule of thumb of 2 to 3 standard deviations as a
means of flagging data points for further investigation.

Team analyzes ‘report card’ for ER based upon guidance shown in Figure 3-9.

Team decides by consensus whether one or more of the methods presented are acceptable. Unless a compelling argument is
presented by one of the organizations, the statistical model is to be preferred. Lack of consensus among the three
organizations, or consensus that no available model is satisfactory, results in process flow to Step 13.

Qualitative decision by team determining whether stat model is “Good” or “Marginal’, using report card criteria as guide.

Team determines materiality of the ER based on dollar impact, breadth of application, etc.

Alternative methods include, but are not limited to, other statistical models, simple or weighted averaging and other factors,
discreet estimating, accounting changes, investigation of other options for ‘base’, etc.

PIF should be completed and forwarded to JEROP.
JEROP will determine next action, including possibility of establishing PRT to study ER.

(6\ Flagging: . If tasked with remedial investiga_tion, PRT may:
W 1. Assess materiality.
2. Re-examine rationale and data, or use additional historical data.

3. Investigate alternative forms.
. PRT will determine requirements for accepting, rejecting, or restructuring ER.

0w

o

Figure 19: Estimating Relationship Validation Process Activities
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Summary of ER Report Card Criteria

This ‘report card’ is a summary of the key attributes of the statistically derived model and of the weighted factor, and serves as a starting point for the
qualitative analysis of the proposed estimating tool.

The p-values of the F-test and of the t-test are the most critical, being viewed as essentially pass/fail. The other criteria, including the comments in the
narrative portion of the report card, should be weighed in composite to determine the acceptability of the tool. This overall qualitative opinion should
weigh the quality of the statistical results against the materiality of the effort and the quality of possible alternative methods.

Good Marginal
Statistically Derived ER: p-value of the F-test: <0.10 <0.15
p-value of the t-test: <0.10 <0.15
Coefficient of Variation (CV) : <0.25 0.25— 0.30
R-squared: >0.70 0.35 > 0.70
Narrative: This section of the report card should be used to record other pertinent information,

particularly non-quantitative information, about the effort to be modeled or about the
proposed estimating tool. For example, data constraints, materiality, exogenous
influences, etc., may impact the acceptability of the proposed tool.

Weighted Factor: MAD as % of ER mean: <0.25 0.25 > 0.30
Narrative: - same as above for statistically derived model -
Terminology:
F-test: Tests for trend in the data versus random dispersion.
t-test: Measures the significance of the individual components of the model; where there is only one independent
variable (one ‘base’ variable), the significances of the t-test and of the F-test are identical.
R-squared: Measures the percentage of variation in the pool explained by the CER or model; varies between 0% and 100%.
CV: Coefficient of variation is a measure of dispersion; produces a measure of ‘average estimating error’.
MAD: Mean absolute deviation is a measure of dispersion comparing how well the individual point relationships

match the mean relationship of the composite data.

Figure 20: Summary of Estimating Relationship Report Card

V1. Common issues and pitfalls in CER Development
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