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Abstract

In the traditional cost estimating paradigm, estimators have fixed project scope with
which to produce cost estimates. However, in today’s agile and adaptive acquisition
environment, estimators must now invert the traditional paradigm by using a cost-as-
independent-variable/schedule-as-independent-variable (CAIV/SAIV) model when
definitive scope may still be undetermined. CAIV models can range from relatively
rudimentary parametric transformations to rigorous regression analysis. By
understanding the requisite model needs and properly using CAIV principles, analysts
can inform requirements, provide more realistic cost objectives, and participate in the
cost management process earlier. This paper discusses principles and best practices,
posits the tradeoffs of -AlV models, and showcases the development of the National
Nuclear Security Administration’s (NNSA’'s) Business Center Acquisition Toolkit Cost as
an Independent Variable (BAT-CAIV) model and how it informs leadership in actual

operations.
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1. Introduction
Understanding the scope of your project is difficult. Though not the sole reason, technical

scope uncertainty is a key contributor to cost, schedule, and scope growth. Between fiscal year
(FY) 1987 and FY 2001, Department of Defense (DOD) projects grew on average 37 percent —a
problem largely attributed to unrealistic cost estimates created during bust phases’. Too often
in these projects, requirements are established and scope decisions are made independently of
potential cost impacts. One analysis found that requirements based on quantitative data enable
better decision-making at the highest levels®, suggesting that methodologies that explicitly

consider cost during requirements development could reduce the incidence of growth.

Cost analysts use

a Design to Cost
approach to
estimate an

affordable range

of design
parameters based
on historic data

Mission
requirements and
cost targets are
defined

Engineers create a
design that meets
requirements and
fits within the
specified range of
design parameters

Cost analysts
estimate the cost
of the point design
that is developed
within the
provided
constraints

Adesign with a
sufficiently low
costis achieved

If cost or
performance gaps
exists, costs
analysts and
engineers run
trade-offs

Figure 1. Overview of cost-constrained design analysis process, adapted from Sukley, 20241°.

Cost-as-an-independent-variable, or CAIV, is a method wherein cost is treated as a fixed
constraint, rather than a variable outcome. Unlike standard parametric relationships, in which
scope determines cost, CAIV allows cost to dictate scope possibilities. CAIV, therefore, lends

itself nicely to the cost estimator’s toolkit for its use in balancing cost, performance, and
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schedule3. Asillustrated by Figure 1, it is most practical for implementing cost control and
tradeoff analysis in the early design phases of a project, when money has not yet been spent.
However, CAIV is also applicable in later years when budget constraints necessitate spending to

a certain cost target.

Research on CAIV perceptions among stakeholders has supported positive views towards the
methodology. In a survey of 70 government and industry respondents, CAIV applications were
rated as “highly effective®” Stakeholders also reported high confidence in the accuracy of CAIV
estimates. This research, although reinforcing CAIV’s utility, also highlighted the need to bolster
its implementation. CAIV activity was only supported by program budgets about half the time,
although this percentage was higher among government respondents — a fact can likely be

attributed to CAIV’s past application within government agencies.

Stakeholder Perceptions of CAIV Overall - Government and Industry Survey Averages

How effective are CAIV applications? WY/ Highly Effective
How accurate are CAIV estimates? R/ 1) High Confidence
Do customers support CAIV expense? Always

What is the level of CAIV understanding? WGIZ1 5 Well Understood

Is CAIV viewed as "standard work"? W AEIEREATE] Standard

Is CAIV activity supported by program

budgets? NotinBudget

Always in Budget

What is program manager view of

estimating need? NearTerm (Earned Value)

Far Term (LCC)

0 0.5 1 15 2 25 3 3.5 4 4.5 5

Average Survey Response (rated 1-5)

Figure 2. Summary of cost analyst perceptions of CAIV models, adapted from a survey by Kiviat et al. (2007)°.

One of these agencies is the DOD, which has historically used CAIV as a tool to lower total

ownership cost. The method gained recognition after it was mandated for defense program
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acquisition in 1996. The Office of the Secretary of Defense Flagship Programs Workshops put
the method to the test, selecting eight defense programs to demonstrate the efficiency of CAIV.
The cost savings from this effort were predicted to amount to more than 50 percent®. In reality,
the flagship programs did not achieve these lofty savings goals; more than half actually
experienced an average program acquisition unit cost increase of 15 percent or greater, with
none achieving the 50 percent savings mark. Reasons cited for this growth included changes to

military missions and strategies, evolving technology, and lapses in program schedules®.

Although the Flagship Programs fell short of this ambitious goal, they provided valuable lessons
in effective CAIV implementation. Project growth could have been mitigated by incorporating
CAIlV tool linkages throughout the entire project lifetime, rather than just in the preliminary
estimate stages. In other words, continuing to update the CAIV model as more cost information
becomes available allows project managers to monitor the tradeoffs between requirements and
cost in real time?. CAIV analysis saw continued development and application within the DOD
and is a recommended practice according to the Office of the Secretary of Defense’s Office of

Cost Assessment and Program Evaluation®.

CAIlV has also demonstrated its utility outside of the DOD. The National Aeronautics and Space
Administration (NASA) has used CAIV to set cost target ceilings and evaluate performance
tradeoffs, allowing comparison of parameters such as mass, power, and quantity'®. This is
increasingly relevant given NASA’s operating environment, wherein evolving technology,
hardware, and missions ensure consistently high costs for spacecraft. Furthermore, while NASA
funding continues to grow year after year, it decreases as a percentage of the Federal budget®®.
This is a sentiment shared by many government agencies; greater mission demands coupled
with limited funding mean that government organizations need to be conscious in their cost

estimating and creative in their approaches.

CAIlV has been attempted less within the National Nuclear Security Administration (NNSA). The
NNSA, a semi-autonomous agency within the Department of Energy (DOE), is responsible for
four primary mission areas: certifying and safeguarding the nuclear weapons stockpile,

upholding nuclear nonproliferation, promoting counterterrorism and counterproliferation, and
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supporting U.S. nuclear navy operations'®. Given these critical mission areas, the NNSA has
historically operated under a build-to-mission-need framework rather than build-to-budget,

which has largely limited the emergence of CAIV models.

However, similarly to NASA, the NNSA faces increasing mission complexity?® and greater
pressure managing its ever-growing portfolio. In a 2023 assessment of the NNSA, the
Government Accountability Office (GAO) found that among major projects, cost estimates had
been exceeded by more than $2 billion and schedules extended by nearly 10 years?. According
to GAQ, 6 out of 10 of these projects were experiencing “significant design changes”. This
therefore poses a timely opportunity to implement CAIV approaches in the context of today’s

DOE- and NNSA-specific challenges.

2. Theory and Methodology

CAIV can be useful at any point in a project’s life cycle but is generally regarded as most efficient
in the beginning stages of a project. This paper therefore focuses on CAIV application in early-
stage, low-maturity projects. As such, we adhere to the suggested methodological estimating
approach for early-stage projects, as advocated by the ICEAA Cost Estimation Book of
Knowledge3 and the Association for the Advancement of Cost Engineering (AACE). According to
both organizations, low-maturity projects use a combination of subject matter expert

judgement, analogy, and parametric models as their core estimating methodologies?.

A parametric estimating relationship leverages historical data and statistical relationships to
estimate an output®. The inherent advantage of a parametric lies within its simplicity and
predictive power, particularly in the early stages of an estimate; with only minimal inputs, cost
estimators can have confidence in the accuracy of their model outputs. While the strength of a
parametric function depends on several external factors (such as the quality of data or stability
of project parameters), parametric functions are generally cited for their simplicity, accuracy,

and transparency.

In an ideal scenario, a cost estimator conducts thorough analysis to create and validate his or

her CAIV parametric. The same considerations performed when creating a standard regression
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model should be employed when creating a CAIV parametric. A cost estimator should be able
to test multiple hypotheses to find the model that most adequately represents and explains the
output. As such, performing rigorous data exploration, cleaning, hypothesis testing, and

diagnostics evaluation is a lengthy process.

In scenarios in which thorough analysis cannot be conducted, it may be tempting to derive a
CAIV parametric by using an existing cost estimating relationship (CER) and solving for the
independent variable of choice. In many instances, this is a relatively straightforward process,
particularly for linear models. In particular, this is simplest for bivariate parametrics, as the
correspondence between the two variables is preserved when the relationship is inverted. It s,
however, important to note that bivariate parametrics may have limited viability for CAIV
applications due to potential underfitting and the inability to explain any potential multi-factor

influences.

In general, when transforming an existing CER, there are a number of considerations that should
be accounted for by the cost estimator. Non-linear models, for instance, may not be possible to
invert. Perhaps the biggest drawback to transforming an existing cost parametric is the risk of
losing predictive power after transformation. Any statistical guarantees obtained when
developing a model using regression are lost when the model is inverted, meaning measures

such as statistical significance and prediction intervals have no validity after altering the model.

The following example illustrates the reason to exercise caution when simply inverting an
existing parametric. In this example, we perform a standard linear ordinary least squares (OLS)
regression on a dataset consisting of two variables representing cost drivers (Driver_1 and
Driver_2) and a third variable representing the dependent variable, cost (see Table 1). In the
traditional cost estimating relationship, both predictor variables are statistically significant when
cost is treated as a dependent variable. Inverting this model to solve for Driver_1 and treating
cost as an independent variable yields an equation that still has two predictor variables (Cost
and Driver_2). However, if we perform a proper regression using Cost and Driver_2 as predictor
variables for Driver_1 (labeled “CAIV Model 1” in Table 1), we find that Driver_2 is no longer

considered a statistically significant predictor; the model actually performs marginally better

Peace Through Atomic Strength , U.S. DEPARTMENT

»f ENERGY

National Nuclear Security Administration




Presented at the ICEAA 2026 Professional Development & Training Workshop - www.iceaaonline.com/nfk2026

with Driver_2 removed (see “CAIV Model 2”). At the risk of oversimplifying, cost relationships

that work in one direction may not work in reverse.

Table 1. Tests of statistical significance show that predictiveness of parameters need not be bidirectional — see text

for details.
CER CAIV Model 1 | CAIV Model 2
Adj R Squared 0.73 0.68 0.69
F-test p-value| 1.3E-08 1.6E-07 1.5E-08
Driver_1 p-value| 1.4E-06 DV DV
Driver_2 p-value 0.03 0.87 -
Cost p-value DV 1.4E-06 1.5E-08

Equation 1. Parametric visualization of the above table.

CER:Cost ($) = a * Driver_1+ b * Driver_2 + €
CAIV Model 1: Driver_1 = a * Cost + b x Driver_2 (No Longer Significant) + €
CAIV Model 2: Driver_ 1 = a * Cost + €

Alternatively, it may be appropriate in some scenarios to rely on simple visualizations (such as
scatter plots) or heuristics (such as average cost per square foot or cost-per-occupant). Scatter
plotting heuristics can work well due to the assured relationship between the datapoints, as
explained above (please see figures 4 and 5 below). What these methods lack in rigor, they may
make up for in quickness. Ultimately however, the preferred regression methodology to be
used is subject to cost estimator choice. While a regression analysis is the most defensible

method, it may not be the most realistic in terms of time constraints or data availability.
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Figure 3. Scatter plot showing a notional, high-level relationship between cost and gross square footage (GSF) for

some set of projects.
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Figure 4. Scatter plot showing the inverse of figure 3.

3. BAT-CAIV
3.1 Background

Within the NNSA Office of Management and Budget, the Office of Programming, Analysis, and
Evaluation (PA&E) is responsible for designing and administering the Planning,

Programming, Budgeting, and Evaluation system, and for developing analytical models and
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tools that support capital acquisition decision-making. These tools inform leadership across
multiple mission areas, including weapons programs, capital acquisition, programming, and
portfolio management. PA&E’s arsenal of tools includes many parametric models in support of
construction projects and weapon programs. Notable examples include parametrics for the
cost of decommissioning and demolition!® and management costs'®. These parametric models
were developed under the conventional paradigm, in which pre-defined project requirements
inform the output. This approach makes sense for all-or-nothing projects with discrete,
irreducible requirements. However, other types of projects may be more amenable to an
incremental acquisition approach. For instance, PA&E has received requests to support build-
to-cost studies for office buildings and reconfigurable manufacturing spaces, whose capability is
not supported by existing models. The following section details the development of a CAIV
model for office buildings, which was developed to support one of these programmatic

requests.

3.2 Data Collection and Normalization
PA&E collected project cost and scope data from DOE databases and ad hoc data requests for

office-like facilities constructed during the past 20 years. Project costs were normalized to base
year (BY) 2024 dollars (BY 20245S) using the Engineering News-Record Construction Cost Index’s
historic index values, and location-specific adjustment factors from RSMeans were used to

account for locality-based cost impacts. The final normalized dataset included the following:
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Table 2. Summary Statistics of data used for BAT-CAIV Development.

Metric Quantity ‘
Count 14

Min GSF ~3,000
Max GSF ~350,000

Min TEC (BY$24) | ~$3M

Max TEC (BY$24) ~$200M

Min Occupants 16

Max Occupants | 991

3.3 Model Development

PA&E considered facility size in GSF and number of occupants as potential dependent variables
to model. Candidate independent variables included cost, number of floors, and number of
occupants (or facility size in GSF, depending on the choice of dependent variable). PA&E
explored potential linear and log-linear relationships between the independent predictor
variables and the dependent variable(s) using OLS regression and found that the log-linear

models had better performance.

Using backwards elimination, PA&E determined that number of floors was not a statistically
significant predictor variable, and that models containing all of the remaining variables
experienced multi-collinearity problems. Candidate models were subjected to statistical tests to
verify the correct usage of OLS regression (linearity, homoscedasticity, normality of residuals,
etc.). Influential point analysis revealed one datapoint that behaved somewhat differently than
the others. Upon investigation, PA&E found that this point corresponded to an administrative
building with several amenities, including housing and a credit union. Removing this datapoint
improved the model statistics slightly, but the team ultimately elected to leave it intact to make

the model more general.
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Two models qualified under the above criteria, both of which were bivariate models. The first
uses a project’s total estimated cost (TEC) to predict facility size in GSF, and the second uses
TEC to estimate the number of occupants. The first model has a lower variance, meaning
higher precision in the output for a given input. However, despite its higher variance, the
second model may be more applicable to the early-stage conceptual tradeoff studies for which
CAIV is found to be most useful. PA&E elected to maintain both models under the collective
nickname “Business Center Analytical Toolkit — Cost-As-Independent-Variable (BAT-CAIV).” As
shown in Figure 4 displaying the first model, 8 out of 10 validation points (data that had been
withheld from the model during training) fall within a 60 percent prediction interval (i.e.,

between the 20t and 80" percentiles).

X
of
_-7o
L ,"’
(7] o
@ - X
.-~ X
X¢
L. X
0 X x-"" ©
e
TEC
- - = - Estimate Prediction Interval O  Training X Validation

Figure 5. BAT-CAIV with a 60 percent prediction interval, with markers indicating both training and validation data
points.

4. Case Study

In recent years, the NNSA has been steadily dedicating more resources to fund the construction
of office space to support a growing number of staff at production and research sites®.
Traditional methods in which the NNSA has addressed office space needs have come in two

types: trailers or dedicated office buildings. Both solutions present a unique set of problems.
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Trailers, although cheap and modular, often become a permanent fixture to what is intended to
only be a temporary, stop-gap solution. Trailers typically have an effective lifespan of 20 years

before maintenance and upkeep costs become untenable!?.

On the other end of the spectrum are office buildings. While these serve as long-term solutions
for office space, they are often limited by cost and oversight obstacles. When an office is
anticipated to cost a certain amount of money (as of 2026, this is anything costlier than
$34M?™?), it must undergo an oversight pathway that can often last many years, impeding

immediately pressing office space needs.

A third solution has been introduced and successfully implemented in recent years:
Standardized Acquisition and Recapitalization (STAR) buildings. The main appeal for these
buildings is fourfold — they are often cheap (intentionally designed to fall below the $34M
threshold?), fulfill much needed office space needs, are built to a set of standardized technical
specifications to avoid extensive design costs, and can be built and operational in a short
amount of time (two to four years). Because of their relatively low costs, many sites are
attempting to build them to a specified budget target that falls under the minor construction
threshold. However, if construction costs increase without a corresponding increase in the
$34M oversight threshold, the STAR buildings may only continue to be a viable option for a
limited number of years. The Bat-CAIV model was used to conduct an analysis to assess the
long-term viability of constructing STAR buildings, operating under the assumption that the
minor construction threshold remains constant. For this analysis, each respective site’s 50th
percentile, non-nuclear inflation index was used, as reported by NNSA Policy 413.6 Guidance on

Confidence Level and Escalation for Cost Estimating*3.

Per various NNSA Budget Request (BR) documents and other documentation, these buildings
have a maximum size of 22,000 GSF. Figure 6 shows the results of an analysis centered around

this maximum being the baseline. It is important to note that this analysis assumes that each

1 By falling below $34M, a project avoids becoming a ‘line item’ project, requiring additional oversight.
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respective site would receive all of its execution funds within each given year. Additionally,

spend profiles were not considered.

35,000
30,000
25,000

20,000

GSF Afforded

15,000

10,000
2026 2028 2030 2032 2034 2036 2038

Fiscal Year

—— LANL SNL SRS PX Y-12 KCNSC —— LLNL —— NNSS = == Baseline

Figure 6. Lines indicate each site’s relative buying power in terms of GSF year over year.

In Figure 5, we can see that of the NNSA’s seven major laboratories, plants, and sites, only
Lawrence Livermore National Laboratory and Nevada National Security Site are unable to meet
the technical requirement of a STAR Building past 2030 and 2033, respectively. All other sites
are able to affordably build STAR buildings whose cost falls below the threshold until at least
2038. This demonstrates that STAR buildings are a viable option for quickly and cheaply standing

a mission need.

5. Future Improvements

5.1 Future Analysis within NNSA
While BAT-CAIV has already presented itself as a useful tool for estimating office buildings, there

are several ways in which it can be improved upon and expanded. PA&E has identified three

improvements that may advance the model.
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5.2 Improvements to BAT-CAIV

5.2.1 Average Gross Square Footage per Occupant Deep Dive
The reader will recall that BAT-CAIV has two potential outputs: GSF or number of occupants.

Astute readers may infer that these numbers should be roughly correlated. Indeed, General
Services Administration (GSA) issues guidance containing per-occupant space recommendations
for different types of work, with considerations such as workspace, meeting space, amenities
(e.g., restrooms, kitchenettes), stairs and corridors, and more!’. PA&E can investigate how
closely the BAT-CAIV models adhere to these recommendations, perhaps introducing them as

model constraints if violations are found.

5.2.2 Amenities
GSF-per-occupant factors can be a helpful benchmark in aggregate, but individual building costs

will vary depending on the specific purpose for which they are built. For instance, an office
campus might include one large building containing a cafeteria, large meeting space, and
offices, in addition to several smaller satellite buildings. The GSF-per-occupant ratio may match
the GSA recommended ratio when the campus is evaluated as a whole, but individual buildings
may deviate. PA&E’s dataset includes a variety of office buildings, containing a variety of
amenities such as cafeterias, auditoriums, general stores, and post offices. This dataset may
therefore be used to study how the inclusion or exclusion of amenities affects the facility

construction cost.

5.2.3 Limited Areas and Sensitive Compartmented Information Facility
One type of amenity that is of particular interest to the NNSA is classified workspace. Much of

NNSA’s work is tightly controlled, and data must therefore remain in specific locations with
strong security protocols, many of which apply at the time the facility is constructed.
Quantifying the construction cost impacts of these additional controls would require, at
minimum, additional scope information for the existing facilities. While PA&E does not

currently have access to this data, controlled space may improve BAT-CAIV’s utility.

5.3 Other PA&E Use-Cases for CAIV Models/CAIV for Major System Projects
Aside from the BAT-CAIV model, there are many additional ways in which CAIV is being explored

within PA&E. The NNSA has a recent history of growth in large major systems projects!4. One
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example is the Uranium Processing Facility, which has increased from an anticipated cost of S1
billion (BR 2005)*3 to be completed in FY 2025 (BR 2026)4, to costing $10 billion and completing
in FY 2032 (BR 2026)4.

Given these growth patterns, it could be argued that CAIV may have more impact informing or
validating requirements for these major projects than it does for comparatively low stakes
projects like office buildings. CAIV parametrics for major system projects would likely use
different variables than those in the BAT-CAIV model. Variables such as locality, mission
capability, facility type, or nuclear designation would be prime candidates for independent
variables, while items such as GSF, programmatic equipment capacity, or throughput may be
good dependent variables. However, while CAIV implementation continues to be explored at

the program-level, any full-scale agency-wide adoption would likely require policy changes.

5. Conclusion
CAIV is an exciting concept if done correctly. While CAIV is a more widely practiced

methodology in other governmental spaces, it remains relatively nascent within the NNSA.
Widespread adoption of CAIV within the agency can be presented as an opportunity, predicated
upon positive reinforcement of its effectiveness. Fortunately, it appears that the requisite
support for this method exists. According to the paper “Realities of Cost as an Independent
Variable (CAIV) — Stakeholder Perceptions,” nearly all government and industry respondents

believe that a “well-executed CAIV program is highly effective key to program success.”®

To conclude, CAIV is not a perfect process, but it shows promise. The status quo approach of
estimating to requirements, rather than the other way around, has proven to be an inherently
flawed methodology given the pervasive growth across the industry. What matters most,
however, is implementing CAIV correctly. BAT-CAIV provides a strong step in that direction,
given its usage in support of multiple programmatic analyses. Projects successfully executing
within the proposed budgetary constraints and fulfilling the requisite requirements will help

showcase the true value-add of CAIV analysis.

NNSA'’s standard approach of estimating cost based on requirements has been unable to rein in

pervasive cost growth across its project portfolio. In this paper, we have discussed an
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alternative — CAIV models — as a tool for limiting potential cost growth by constraining the
decision space. We have described how and why other government agencies have used CAIV
models and cost target ceilings to constrain scope tradeoff discussions. We introduced various
ways of developing a CAIV model, which we then illustrated using the example of PA&E’s BAT-
CAIV model. Finally, PA&E showed that the utility of CAIV models extends beyond single-project

planning by using BAT-CAIV to support and inform agency policy.

In all this discussion, PA&E wants to emphasize that successful CAIV implementation is about
more than just models. From early-stage project planning to crafting agency acquisitions
policies, cost-constrained thinking is an entire decision-making framework that uses cost targets
to set constraints on the decision space, which can inform requirements, provide more realistic

cost objectives, and support the cost management process.
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7. Acronyms

AACE Association for the Advancement of Cost Engineering
BAT-CAIV Business Center Acquisition Toolkit — Cost as an Independent Variable
BR Budget Request

BY Base year

CAlV Cost-as-independent-variable

CER Cost estimating relationship

DOD Department of Defense

DOE Department of Energy

FY Fiscal year

GAO Government Accountability Office

GSA General Services Administration

GSF Gross square footage

NASA National Aeronautics and Space Administration
NNSA National Nuclear Security Administration

oLs Ordinary least squares

PA&E Office of Programming, Analysis, and Evaluation
SAIV Schedule-as-independent-variable

STAR Standardized Acquisition and Recapitalization

TEC Total estimated cost
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Appendix A: Statistical Terminology

Backwards The systematic removal of predictors from your regression model, often
Elimination starting with the least statistically significant variable

Homoscedasticity When your datapoints show a comparable amount of variance

A correlated relationship that data has to each other, where changes in the
Linearity independent variable(s) have a proportional change to the dependent variable
When two independent variables in a regression model are highly correlated.
Multi-collinearity This can lead to inaccurate predictions in the model

A regression type that attempts to reduce the distance of each data observed

OLS Regression data point from the predicted values. Most common form of regression used.
Normality of Residuals are normally distributed. Necessary for the accuracy of standard
Residuals confidence and prediction intervals, and standard errors

Appendix B: Bat-CAIV Diagnostics

1. Statistical Appendix

Residuals vs Fitted (check for linearity)

0.4
0.3 ®
0.2

0.1
y = 3E-16x- 2E-15
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sqrt( Std Residuals)
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o

Std Residuals
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Scale-Location (check for homoscedacity)

y =0.1354x + 0.0826
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Q-Q (check for normality of residuals)
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Standard Residuals (check for outliers)

Cook's Distance (check for influential points)
0.014
[ J
0.012
0.01
0.008
01010 < O O S S

0.004 °®

0.002
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