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Abstract of Praxis

A Widely Accessible Cost Estimation Model for NASA Robotic Space Projects

Cost challenges are to be expected when developing complex robotic space flight
systems that seek to help discover the origins, evolution, and destiny of the universe, and
the nature of the strange phenomena that shapes it. However, many large NASA missions
routinely experience cost overruns resulting in a loss of confidence by the public and
government officials in the agency’s ability to complete space projects within cost and on
schedule. One of the primary causes of overruns is NASA’s culture of optimism which
leads to the development of unrealistic plans and performance baselines (NASA OIG,
2018). The wider space community, which includes universities and space advocacy
organizations like the Planetary Society, play a vital role in influencing the nation’s
priorities and policies on space science and exploration by providing independent
objective analysis; yet they are prohibited from having access to NASA’s robotic space
project database and cost estimation models. This praxis creates an expanded and
enhanced dataset and uses it to develop a robust multiple linear regression model to
forecast the future cost of NASA robotic space projects that is accessible to the wider
space community. The model was developed and refined using 57 robotic space projects
that started development between 1993 and 2017, after it was determined that this era
was most appropriate for developing a model for forecasting future development costs.

The final model has a R? of 77.48%, a R?(adj) of 75.27%, and a R?(pred) of 71.23%.
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Chapter 1 — Introduction
1.1 Background

Throughout its more than 60-year history, NASA has successfully developed one-of-
a-kind and first-of-their-kind robotic spacecraft and instrument technologies, designed to
survive and explore some of the most extreme environments and exotic worlds in our
universe, which have been directly responsible for numerous scientific discoveries and
technological innovations that have yielded useful applications on Earth. However, many
of NASA’s largest and most complex missions cost significantly more to complete and
take much longer to launch than originally planned. Finding ways to better manage its

projects remains an ongoing challenge for NASA (NASA OIG, 2018).

Some of leading causes for robotic space project cost overruns and schedule delays
were found to be NASA’s culture of optimism which leads to the development of
unrealistic plans and performance baselines, and the lack of development and retention of
experienced project managers (NASA OIG, 2018). While public confidence in NASA’s
technical capabilities remains high, the lack of faith in its management abilities
negatively impacts the willingness of the U.S. Congress to continue providing adequate

funding for future missions (Chapman, 2015).

The wider space community, which includes universities and space advocacy
organizations like the Planetary Society, playsa vital role in influencing the nation’s
priorities and policies on space science and exploration by providing independent
objective analysis, releasing policy recommendations, and generating useful data for
public and academic use (Society, 2022); yet they are prohibited from having access to

NASA’s robotic space project database and cost estimation models.



In the 1950°’s, around the same time that NASA was founded, the development of
computer-aided design and manufacturing (CAD/CAM) was started and some of the
earliest commercial applications were in the automotive and aerospace industries. In the
early 1990°s advancements in CAD/CAM technology and increased access to the
software resulted in a paradigm shift across the entire aerospace industry characterized by
increased productivity, and reductions in design and fabrication times, errors, and costs
(Weisberg, 2023). Determining whether these advancements were significant enough to
result in lower development costs for NASA robotic space projects could help focus

future research.

It is against this backdrop that this praxis seeks to reexamine the problem of
underestimation to help reduce NASA robotic space project cost overruns. If successful,
this research could help restore the public’s faith in NASA’s management abilities and

influence the U.S. Congress to continue providing adequate funding for future missions.

1.2 Research Motivation

Cost challenges are to be expected when developing complex robotic space flight
systems that seek to help discover the origins, evolution, and destiny of the universe, and
the nature of the strange phenomena that shapes it. However, many large NASA missions
routinely experience cost overruns resulting in a loss of confidence by the public and
government officials in the agency’s ability to complete space projects within cost and on

schedule (NASA OIG, 2018).

The motivation for this research was to develop a robust cost estimation model to
assist in establishing more realistic robotic space project plans and performance baselines

to restore the public’s faith in NASA’s management abilities and influence the U.S.



Congress to continue providing adequate funding for future missions. A second
motivation was to make the model, and the data set used to develop it, accessible to the

wider space community to unleash the positive force of academic research.

1.3 Problem Statement

NASA robotic space missions have experienced significant cost overruns and

schedule delays, which threaten future missions to explore our universe. (Chapman,

2015).

Many complex NASA missions routinely experience overruns resulting in a loss of
confidence by the public and government officials in the agency’s ability to complete

space projects within cost and on schedule.

1.4 Thesis Statement

The wider space community requires an accessible cost estimation model to

effectively forecast the development cost of future NASA robotic space projects.

The wider space community, including universities and space advocacy
organizations, plays a vital role in educating the U.S. Congress to support core enterprises
of space exploration and the search for life; yet do not have accurate models to
independently evaluate the feasibility of NASA's proposed budgets for future robotic
space missions. Although NASA maintains a detailed database of cost, schedule, and
technical information for every robotic space mission developed, it prohibits access to the

wider space community for academic purposes.

1.5 Research Objectives

The objectives of this praxis are as follows:



1. Explore the causes of NASA robotic space project cost overruns based on key

literature and the prevailing schools of thought.

2. Explore the efforts to reduce NASA robotic space project cost overruns based on

key literature and the prevailing schools of thought.

3. Determine the most appropriate era of NASA robotic space projects to use for

forecasting future development costs.

4. Create an expanded and enhanced NASA robotic project data set and make it

accessible to the wider space community.

5. Create and validate a multiple linear regression model for estimating the

development cost of future NASA robotic space projects.

1.6 Research Questions and Hypotheses

Three research questions and three related hypotheses were explored in this praxis.
The first question seeks to determine if the advancements of computer-aided design and
manufacturing in the early 1990’s resulted in a paradigm shift that drove the development
cost of modern CAD/CAM era projects lower than pre-CAD/CAM era projects, forming
two distinct populations. The second question seeks to determine and quantify the
association between project cost elements and the development cost of NASA robotic
space projects. The third question aims to assess the performance and accuracy of the

cost estimation model.

The research questions specific to the development of NASA robotic space projects

arc:

RQ1: Did the use of CAD/CAM result in lower development costs for NASA robotic



space projects?

RQ2: What are the key predictors that impact the development cost of NASA robotic
space projects?

RQ3: How does the predicted development cost of NASA robotic space projects

compare to the actual development cost?

The research hypotheses specific to the development of NASA robotic space projects

arc:

H1: Utilization of CAD/CAM resulted in lower development costs for NASA robotic

space projects, forming two distinct populations.

H2: Development duration, dry mass, and mission type are the key predictors that

determine the development cost for NASA robotic space projects.

H3: Cost estimation model will generate predicted development cost estimates within

30% of the actual development cost of NASA robotic space projects.
1.7 Scope of Research

This praxis seeks to address the problem of overruns by creating and validating a
widely accessible multiple linear regression model for estimating the future development
cost of NASA robotic space projects. The ability of the wider space community to
provide independent objective analysis and advice to the nation to help solve complex
problems and inform public policy decisions would be greatly improved by having access
to a robust cost estimation model and an expanded and enhanced data set to further

unleash the positive force of academic research.



1.8 Research Limitations

NASA’s Science Mission Directorate (SMD) seeks to understand the origins,
evolution, and destiny of the universe, and the nature of the strange phenomena that
shapes it, primarily through robotic space missions (NASA Science, n.d.). This research
was developed using data from, and the application of its results are limited to, robotic
space projects developed for SMD’s Planetary Science, Heliophysics, Astrophysics, and

Earth Science Divisions.

Additional limitations result from the relatively few number of robot space projects
NASA has developed since 1960. The initial data set used for this research, provided by
the Planetary Society, consisted of only 44 NASA robotic space projects that began
development between 1960 and 2016. The data set was later expanded to 79 data points
using the data set expansion process described in Section 3.3.2, and then reduced to 57
data points as a result of the data set stratification and removal of outlier methodologies

detailed in Sections 3.4 and 3.5, respectively.

The available scholarly literature on this topic is limited due to NASA’s policies

restricting access to its Cost Analysis Data Requirement (CADRe) database.

Limitations associated with statical testing and regression modeling are detailed in

Chapter 3.

1.9 Organization of Praxis
The remainder of this praxis is organized as follows:

e Chapter 2 — Literature Review: this chapter provides a summary of the NASA life
cycle development process and cost elements, NASA’s robotic space project database

and access restrictions, the role played by the wider space community in influencing

6



the nation’s space priorities and policy, and the impact the introduction of computer-
aided design and manufacturing had on the aerospace industry. It also provides an

overview of the NASA cost overrun problem, possible causes, and control efforts.

Chapter 3 — Methodology: this chapter details the research methodology and the
rationale behind its approach for developing a cost estimation model for NASA
robotic space projects. It also provides an overview of the cost estimation modeling

process based on multiple linear regression analysis.

Chapter 4 — Results: this chapter details the results of the research methodology to
develop a cost estimation model to forecast the development cost of future NASA
robotic space projects. It also includes the final developed model for predicting the

future development cost of NASA robotic space projects.

Chapter 5 — Discussion and Conclusions: this chapter explores the praxis findings and
resulting conclusions. The discussion focuses on whether the research objectives were
met, and the conclusion reexamines the research questions and hypotheses to
determine if they were adequately answered and evaluated. The contributions to the
body of knowledge by the praxis, as well as suggestions for future work are also

discussed.



Chapter 2 — Literature Review

2.1 Introduction

This chapter provides a summary of the NASA space project life-cycle phases, cost
elements, and work breakdown structure. It explores the nature of cost overruns, their
impact and causes, and efforts to reduce them. It provides an overview of the database
that contains a historical record of cost, schedule, and technical design attributes for
NASA space projects and restrictions on accessing the data. It highlights the vital role
played by the wider space community in influencing the nation’s priorities and policies
on space science and exploration, and the impact the utilization of computer-aided design
and manufacturing had on the aerospace industry. The available literature on this topic is
limited due to NASA’s policies that restrict access to the CADRe database which are

described in Section 2.5.
2.2 NASA Space Project Life-Cycle Phases

NASA decomposes the project life cycle into seven distinct phases to make the
process of developing, maturing, and integrating one-of-a-kind and first-of-their-kind
spacecraft and instrument technologies more manageable. The phases are separated by
Key Decision Points (KDPs), which are go/no-go decision points, where the decision
authority determines the readiness of a project to proceed to the next phase of the life

cycle as shown in Figure 2.1 (NASA NPR, 2021).
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Figure 2.1: NASA Space Project Life-Cycle Phases

The Formulation Phase of the NASA Life Cycle includes Pre-Phase A: Concept

Studies, Phase A: Concept and Technology Development, and Phase B: Preliminary

Design and Technology Completion. The Implementation Phase is comprised of Phase C:

Final Design and Fabrication, Phase D: System Assembly, Integration and Test, Launch,

Phase E: Operations and Sustainment, and Phase F: Closeout (NASA NPR, 2021).

2.2.1 Pre-Phase A: Concept Studies

During Pre-Phase A, a broad range of mission concepts that fall within technical,

cost, and schedule constraints are explored and proposed. Pre-Phase A activities typically

include identifying customer requirements, assessments of developing high-risk advanced

technologies, and developing a baseline concept of operations. If deemed feasible, one or
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more of these mission concepts may be selected to proceed into Phase A at KDP-A.

2.2.2 Phase A: Concept and Technology Development

During Phase A, a credible mission concept and system architecture, which meets
project requirements and constraints, are matured and proposed. Phase A activities
typically include developing and baselining top-level requirements and constraints,
identifying and updating technical risks, and developing preliminary verification and
validation plans. A concept may be elevated to project status and selected to proceed into
Phase B at KBD-B if it is determined that the project successfully demonstrated adequate
readiness to begin preliminary design activities at the System Requirements Review
(SRR)/Mission Definition Review (MDR). At SRR/MDR projects are also required to
start providing cost, schedule, and technical design attribute information to the Cost
Analysis Data Requirement (CADRe) database throughout development so that NASA

can better estimate the cost of future projects.
2.2.3 Phase B: Preliminary Design and Technology

During Phase B, engineering teams usually focus on completing hardware/software
heritage assessments, engineering prototyping, technology development, and other risk-
mitigation activities, resulting in a preliminary system design that meets mission
requirements. Meanwhile the project team demonstrates that the project’s technical, cost,
and schedule baselines are thorough and complete, with adequate margin during the
Preliminary Design Review (PDR). At KDP-C the decision authority will only approve
proceeding into Phase C if it determines that the PDR results demonstrate that the project
is sufficiently mature to enable mission success with an acceptable level of risk. NASA

baselines the project’s cost and schedule using cost estimation models like Joint Cost and
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Schedule Confidence Level (JCL) analysis, and commits to accomplishing mission’s
objectives at KDP-C. The project’s commitment to NASA is captured in a Management
Agreement (MA) and includes the project’s cost and schedule baseline estimates along
with adequate reserves/margin forrisk mitigation. NASA’s commitment is captured in an
Agency Baseline Commitment (ABC), which envelopesthe MA and includes additional
Unallocated Future Expenses (UFE) to address any unforeseen issues (e.g., launch slips).
NASA’s ABC also represents a commitment to the U.S. Congress and the Office of
Management and Budget (OMB) for projects with a Life Cycle Cost (LCC) greater than

$250 million.

2.2.4 Phase C: Final Design and Fabrication

During Phase C, engineering teams usually focus on refining and documenting the
final detailed design, building, and testing engineering models, ensuring that the various
subsystems are compatible and will work together as intended, and confirming that
planned manufacturing processes and controls are defined. The maturity of the final
detailed system design is assessed during the Critical Design Review (CDR), which is
usually the gate for proceeding into fabrication of flight hardware. Meanwhile the project
management team continuously monitors technical, cost, and schedule performance
against the MA commitments made at KDP-C. KDP-D is the gate for proceeding into
Phase D if it is determined that the project successfully demonstrated adequate readiness

to begin final flight system integration at the System Integration Review (SIR).

2.2.5 Phase D: System Assembly, Integration and Test, Launch

During Phase D, the project team focuses on assembling, integrating, testing, and

launching the final flight system. Verification and validation of expected performance is
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accomplished through testing the flight system and assessing its performance against
system requirements, with margin, in anticipated environments to confirm the flight
system and support elements are ready for launch and operations. The focus of activities
then shifts to prelaunch integration, launch, and on-orbit commissioning of the flight
system to confirm that it is ready to begin mission operations. Meanwhile the project
management team continues to monitor technical, cost, and schedule performance against
the MA commitments made at KDP-C. KDP-E is the gate for proceeding into Phase E if
it is determined that the project successfully demonstrated adequate readiness to begin

mission operations at the Operational Readiness Review (ORR).

2.2.6 Phase E: Operations and Sustainment

During Phase E, the project team focuses on conducting science operations to meet
the prime mission objectives. Engineering teams are responsible for operating the
spacecraft, down-linking and archiving the science data, resolving any in-flight
anomalies, and updating the flight and/or ground system software as needed. Science
teams focus on analyzing the science data and publishing the results. For some projects
there may be an extended period of cruise and orbit insertion before beginning on-orbit
science operations. The project may apply for a mission extension to continue science
operations after the prime mission objectives are accomplished. KDP-F is the gate for
proceeding into Phase F if it is determined that the project is at the end of its mission and
has successfully demonstrated readiness to begin final science data archival and
decommissioning/disposal of the flight system at the Decommissioning Review (DR).

2.2.7 Phase F: Closeout

During Phase F, the project team focuses on implementing the decommissioning
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and/or disposal plans developed in Phase E and analyzing and archiving the final bits of

data collected during science operations. Activities also include capturing lessons learned

and issuing a final mission report.

2.3 NASA Cost Elements

NASA projects are required to organize the work planned for each phase of the

NASA Life Cycle using a product-based Work Breakdown Structure (WBS). A WBS is a

product-oriented structure that identifies the hardware, software, services, and other

deliverables required to meet a project’s end objective. The WBS is subdivided into

manageable elements to enable planning, monitoring, controlling, and reporting of

project cost, schedule, and technical status as shown in Figure 2.2 (NASA NPR, 2021).

Space Flight
Project

Project Systems Safety and Mission Science/
Management Engineering Assurance Technology Payloads Spacecraft
01 02 03 04 05 06
| l
Mission Launch Vehicle/ Ground Systems Integration STEM and Public
Operations Sarvices Systems and Testing Outreach
07 08 09 10 11

Figure 2.2: NASA WBS Elements for Space Flight Projects

Project costs incurred throughout the NASA Life Cycle are tracked, monitored, and

reported by the following WBS elements (NASA, 2021):

e FElement 01 — Project Management: includes costs associated with project-level

planning, organizing, coordinating, and directing all aspects of the project.
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Element 02 — Systems Engineering: includes costs associated with project-level
engineering required to ensure that all spacecraft subsystems and instruments are
compatible and work together as intended to achieve flight system requirements.

Element 03 — Safety and Mission Assurance: includes costs associated with

project-level functions such as quality control and product assurance.

Element 04 — Science/Technology: includes costs associated with managing,
directing, and controlling the science investigation and/or technology demonstration
aspects of the project.

Element 05 — Payloads: includes costs associated with designing, developing,
assembling, and testing scientific instruments up to delivery for system integration.
Element 06 — Spacecraft: includes costs associated with designing, developing, and
fabricating (or procuring) the spacecraft subsystems up to the start of system
integration, including multiple spacecraft and module systems (e.g., cruise stages,
entry/descent/landing systems).

Element 07 — Mission Operations: includes pre-launch costs associated planning
activities to meet post-launch science objectives including instrument operations and
spacecraft navigation, control, pointing, health monitoring, and commissioning.
Different accounts are used for Phase E due to NASA cost reporting requirements.
Element 08 — Launch Vehicle/Services: includes costs associated with the
management, implementation, or procurement of launch vehicle/services required to
place the flight system directly into, or on a trajectory towards, its operational
environment.

Element 09 — Ground System: includes costs associated with planning, developing,
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and procuring the equipment, hardware, software, networks, and facilities required to
conduct mission operations.

e FElement 10 — Systems Integration and Testing: includes costs associated with
managing and performing the integration and testing of the final flight system
including spacecraft subsystems, instruments, mission operation, and launch
vehicle/services.

e Element 11 — STEM and Public Outreach: includes costs associated with planning
and coordinating activities designed to enhance science, technology, engineering, and

math (STEM) education, public outreach, media support, and website development.
2.4 Cost Overruns

Cost challenges are to be expected when developing complex robotic spacecraft and
instrument technologies designed to survive and explore some of the most extreme
environments and exotic worlds in our universe. As discussed in Section 2.2.3, a project’s
Management Agreement includes adequate management reserves, on the order of25% -
30% (NASA GPR, 2017), meant to address the cost of mitigating project risks during
development of the flight system. Similarly, NASA’s ABC includes additional UFE at
around 15% of the total project cost including the launch to address any unforeseen issues
(e.g., launch slips). However, many complex missions routinely experience overruns that
exceed their MA, and in some cases their ABC, resulting in a loss of confidence by the
public and government officials in the agency’s ability to complete space projects within
costand on schedule. While public confidence in NASA’s technical capabilities remains
high, the lack of faith in its management abilities negatively impacts the willingness of

the U.S. Congress to continue providing adequate funding for future missions (Weisberg,
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2023).

2.4.1 Size of the Problem

A 2018 report from the NASA Office of Inspector General (OIG) found significant
cost and schedule overruns in robotic space projects over the eight-year period that the
OIG examined the agency. For example, in 1977 NASA estimated that it would complete
development of the Hubble Space Telescope by 1983 at a total cost of $200 million.
However, the final cost of the telescope at launch was approximately $1.2 billion, and it
was not completed until 1985. Multiple post launch servicing missions were also required
by the Space Shuttle to fix flaws in Hubble’s mirror, which added billions to the project’s
overall cost. The cost of the Mars Science Laboratory (MSL) which included the
Curiosity Rover increased 83% (from $969 million to approximately $2 billion) and it
launched 2 years behind schedule. In 2009, NASA estimated development of the James
Webb Space Telescope would be completed in 2014 at a cost of $2.6 billion. However,
the final price tag was approximately $9 billion when it launched on December 25,2021
(NASA OIG, 2018).

2.4.2 Causes of Cost Overruns

The following causes for routine project cost and schedule overruns (NASA OIG,

2018):

e NASA’s culture of optimism leads to the development of unrealistic plans and
performance baselines, particularly with respect to its largest and most complex

projects.

e Underestimating technical complexity which comes from the inherent difficulty of
predicting the level of effort needed to develop, mature, and integrate complex
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spacecraft and instrument technologies.

Funding instability where projects receive less money than requested or when funds

are disbursed to the project in an untimely manner.

The lack of development and retention of experienced project managers resulting
from a shortage of in-house project management opportunities and NASA’s recent
practice of farming out most of its hardware and software development efforts to

private contractors.

2.4.3 Efforts to Reduce Cost Overruns

The 2018 OIG report made note of several efforts with the potential for reducing cost

overruns including (NASA OIG, 2018):

Partnerships: International partnerships can reduce NASA’s required investment
through sharing of capabilities, expertise, and scientific research while cultivating
positive working relations among nations. Domestically, NASA hopes to leverage the
emerging commercial spaceflight industry by forming public-private partnerships to

further its space exploration and science research goals.

Flexible Contracting Approach: NASA typically uses cost-reimbursement contracts
given the high-risk nature of its projects. NASA should consider a flexible approach
that also includes fixed-price and incentive-based contracts as it increasingly relies on

the private sector to leverage its capacity, innovation, and competitiveness.

Joint Cost and Schedule Confidence Level (JCL) Analysis: The JCL analysis
process uses software models that combine cost, schedule, risk, and uncertainty to

calculate the likelihood a project will achieve its objectives within budget and on
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time. JCL software leverages historical cost, schedule, and technical design

information from the CADRe database.
2.5 CADRe Data Access

The NASA CADRe provides a historical record of cost, schedule, and technical
design attributes for most previous and all current projects, so that NASA can more
accurately estimate the cost and development schedule of future projects. NASA has
developed several sophisticated modeling tools like the JCL that leverage CADRe data.
Projects are required to provide input to the CADRe in three parts (CADRE/ONCE - Data

Collection and Database - NASA, n.d.):

e PART A: defines the project at each NASA life cycle milestone (SRR, PDR, CDR,

Launch and End of Mission) and describes any changes since the last milestone.

e PART B: contains standardized templates to capture key technical attributes (e.g.,

mass, power, Technology Readiness Levels, etc.).

e PART C: captures the project’s actual life cycle costs and current cost estimate at

completion (EAC) in the WBS structure described in Section 2.3.

Automated search and query of CADRe information and access to cost estimating
modeling tools are available through the One NASA Cost Engineering (ONCE) online
database. ONCE provides controlled access only to NASA civil servants and contractors
with a current NASA contract, who must apply and provide justification. Access is even
more limited by NASA’s policy of explicitly prohibiting use of CADRe data for
academic purposes, as shown in Figure 2.3. NASA justifies these restrictions by
referencing security policies that protect financial, procurement, and competition

sensitive information of private contractors, even though all NASA efforts, including
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procurement of space systems, components, and instruments developed by private

contractors, are funded by U.S. taxpayers.
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¥ Supports Cost-Estimating Relationship (CER) and
Schedule-Estimating Relationship (SER) development

® Time-tagged studies for cost, schedule, and mass
changes over time

® Supports Cost research studies

CADRe/ONCE data can yield insights into the following
questions:
B What is the mass, cost, schedule of all the recent
planetary missions?

m Atwhat phase in development are different types of
mass and cost growth oceurring?

Are there correlations between mass/power growth
and cost/schedule growth?

m What are some historical risk factors that have
impacted past projects?

Which spacecraft subsystems are the largest cost
drivers?

How To Access CADRe and ONCE

m Visit hitps//idmax.nasa.gov/ and apply for an
account
B ONCE URL: htips.//oncedata.hq.nasa.gov

B Note: a valid NASA identity in IdMAX is required for
access to ONCE.

Contact Info:

CADRe:
Eric Plumer
eric.plumer-1@nasa.gov

202.358.5178

ONCE:

James Johnson

james k johnson@nasa.gov
818.354.6379

ONCE Technical Support:
oncesupport@oncedata.com

National Aeronautics and Space Administration

NASA Headquarters
300 E Street SW
Washington, DC 20546

www.nasa.gov

NP-2020-02-840-HQ

Additionally, it is possible that the request for ONCE access or CADRe data may reguire reimbursement
to NASA since resources may be expended by NASA to complete the request.

The agreement will detail acceptable uses for the data, data safeguards, data disposal, sharing
mechanisms, data exchanges, points of contact, scheduleftimeline, and a legal review.

Common External Requests

There are many common requests submitted by external parties for access to ONCE and for CADRedata.
Unfortunately, the vast majority of the requests are denied due to the existing data security policies that
protect financial, procurement, and competition sensitive information.

Here are some of the most common denial examples:

Common Request: A student is seeking datato help with their internship, coursework, project, or
Masters/PhD
Reason for Denial

CADRe data and OMCE access are not available for Academia/Universitias.

Common Request: A student is working for the US Government and is seeking data for their internship,
coursework, project, or Masters/PhD

Reason for Denial: CADRe data and OMCE access arenot available for Academia/Universities.

Common Request: A foreign government or foreign space agency is seeking data
Reason for Denial: CADRe data and OMCE access are not available for foreignfinternational.

Commen Reguest: A US commercial company without a NASA contract is seeking data
Reason for Denial: CADRe data and OMCE access are not available to companies without a NASA
contract.

Common Request: A US commercial company with a contractto Other US Gov agency is seeking data
Reason for Denial: Inorder to access or share data, NASA must have an established agreement withthe
Other US Govagency. Only employees (military, civil servant) of the Other US Gov agencyare eligible
for access and data sharing, and only afteran agreementis signed.

Common Request: A US commercial company with a NASA contractis seeking data

Reason for Denial: Companies with an active NASA contract can request accessto ONCE using the
existing internal NASA systems (2.g2. NAMS). Access Instructions can be found at
https://www.nasa.gov/offices/ocfo/functions/models_tools/CADRe_ONCE.html. Access denials can still
occur for requests from NASA prime contractors and NASA hardware builders because of the existing
data security policies that protect financial, procurement, and competition sensitive information.

Common Request: A Civil Servant from another US Gov agencyis seeking data

Reason for Denial: Inorder to access or share data, NASA must have an established agreement withthe
COther US Gov agency. The agreement will need signatures from leadership (QIC, SES, and above) and a
legal review.

Common Request: A FFRDC/UARC/Laboratoryis seeking data
Reason for Denial: Inorder to access or share data, the FFRDC/UARC/Lab needs to have Other US Gov
agencysponsor lead the request. NASA also must have an established agreement withthe OtherUs

10ns

CADRe Data Access Restrict

Figure 2.3
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2.6 NASA Cost and Schedule Symposium

NASA does encourage the exchange of'ideas, best practices, methodologies, and
lessons learned within the NASA cost, schedule, and earned value management (EVM)
community through its annual NASA Cost and Schedule Symposium sponsored by the
NASA Headquarters (HQ) Office of the Chief Financial Officer (OCFO) Strategic
Investments Division. The NASA cost, schedule, and EVM communities include all
NASA Centers as well as HQ that perform essential functions for the agency (NASA Cost

and Schedule Symposium - NASA,n.d.).

Speakers and presenters at the symposium are given the opportunity to demonstrate
and share their work, which is usually based on research and analysis using information
from the CADRe database, with colleagues and professionals from NASA, NASA
contractors, other U.S. government agencies, and many NASA partners such as national
laboratories. The symposium affords the NASA cost, schedule, and EVM community an
opportunity to present in a professional forum that can foster individual and
organizational growth, as well as improve the overall quality of analysis at NASA.
However, participation in the symposium is by invitation only, and access to the
information used to generate the research and analysis presented is subjected to the

restrictions limiting access to the CADRe database described in Section 2.5.
2.7 Role of Wider Space Community

The wider space community, which includes the National Research Council of the
National Academies (NRC), space advocacy organizations like the Planetary Society and
the Space Foundation, university-affiliated institutions like the Space Policy Institute at

George Washington University, and some private corporations, provide independent
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objective analysis and advice to the nation to help solve complex problems and inform
public policy decisions related to space science and exploration. The wider space
community also plays a vital role in helping the nation to identify the most compelling
challenges and frontiers to be pursued using spaceflight systems that are most likely to
lead to scientific discovery, address space exploration needs, and result in useful
applications of space science and technology on Earth (DeCadal Survey on Biological
and Physical Sciences Research in Space 2023 2032 Physical Sciences Panel | National

Academies,n.d.).

The role of space advocacy organizations is to provide education, information and
collaboration that promote the advancement of space science and exploration. One of the
largest and most influential non-profit space advocacy organizations is the Planetary
Society, founded in 1980 by Carl Sagan, Louis Friedman, and Bruce Murray. The
Planetary Society’s space policy and advocacy efforts are specifically designed to

(Society, 2022):

e Influence NASA to aggressively invest in scientific research, innovative technology,

and infrastructure to enable planetary exploration.

e Educate the U.S. Congress to support and fund initiatives that advance planetary

exploration and defense, and the search for life.

e Develop space policy by providing independent analysis, releasing policy
recommendations, and generating useful data for public and academic use.
The volume and depth of the independent analysis and data made available by the

Planetary Society is severely limited by NASA’s restrictions on accessto CADRe data as

described in Section 2.5, and its ability to develop space policy by providing independent
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analysis would be greatly improved by having access to a robust cost estimation model to
forecast the cost of future NASA robotic space projects, and an expanded and enhanced

data set to further unleash the positive force of academic research.
2.8 Impact of Computer-Aided Design and Manufacturing

The development of computer-aided design and manufacturing (CAD/CAM) started
in the 1950’s, around the same time NASA was founded, and some of the earliest
commercial applications were in the automotive and aerospace industries (Devsupport,

2020). Computer-aided technology development went through three major phases:

e 1950-1970: In the 1950’s automatically programmed tools were developed. Early
applications included using computers to create code that was translated into punch
cards that could control machines, which increased the speed of code development
and manufacturing. The 1960’s marked the most critical period for the development
of interactive computer graphics, where early applications included development of a
sketch pad system that demonstrated the ability to create drawings and adjust objects

interactively.

e 1970 -1980: During the 1970’s research efforts yielded significant advancements in
interactive computer graphics resulting in improved productivity being realized by
industry, government, and academia. CATIA, a multi-platform computer-aided

design, engineering, and manufacturing suite, was first introduced during this period.

e 1980 - Early 1990’s: During the 1980’s the focus of major research and development
efforts were on expanding CAD/CAM systems beyond three-dimensional geometric
designs and providing more engineering applications. However, the major turning

point in advancing the use of CAD/CAM technology was the shift from mainframe
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computer systems to desktop personal computers in the early 1990’s, making the
technology affordable across industry, government, and academia, and increasing

accessibility to millions of engineers.

Advancements in CAD/CAM technology and increased access to the software resulted in
a paradigm shift across the entire aerospace industry characterized by increased
productivity, and reductions in design and fabrication times, errors, and costs (Weisberg,

2023).

2.9 Summary
In summary, based on the available literature this chapter provided an overview of:

e The NASA space project life-cycle phases and highlighted exactly how and when a

project’s cost and scheduled were baselined.

e The NASA costelements and WBS used for planning, monitoring, controlling, and

reporting of project cost, schedule, and technical status.

e The nature and negative impacts resulting from NASA cost overruns and highlighted

potential causes and efforts to reduce them.

e The CADRe database which contains a historical record of cost, schedule, and
technical design attributes for most previous and all current NASA space projects,

and highlighted restrictions on accessing this information.

e The NASA Costand Schedule Symposium and its role in improving NASA cost,

schedule, and EVM analysis.

e The vital role the wider space community plays by providing independent objective

analysis and advice to the nation to help solve complex problems and inform public
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policy decisions related to space science and exploration, and highlighted how their

role is negatively impacted by NASA’s restrictions on accessto CADRe data.

The history and impact of computer-aided design and manufacturing on the aerospace

industry.
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Chapter 3 — Methodology

3.1 Introduction

The methodology used to develop a reliable cost estimation model to forecast the
future cost of NASA robotic space projects is detailed in this chapter. Section 3.2
provides an overview of the research methodology. Section 3.3 describes the
methodology used to collect, evaluate, expand, enhance, and normalize the data set.
Section 3.4 details the method of statistical testing used to determine if the data set could
be stratified into two distinct populations. Section 3.5 describes the process used to
identify and remove outliers. Data correlation methods were detailed in Section 3.6. The
methods used to develop and evaluate the cost estimation model are described in Section

3.7, followed by the details of the model validation process in Section 3.8.
3.2 Research Methodology

The research methodology used for this praxis is shown in Figure 3.1:

1. Data Collection 2. Data Set Stratification 3. Removal of Outliers

a) Initial Data Set Evaluation a) Define Hypothesis Testing a) Identify Outliers using Boxplots
b) Data Set Expansion Procedure . . b) Investigate Nature of Outliers and
c) Data Set Enhancement b) Implement Hypothesis Testing Provide Justification Before

d)  Data Normalization Procedur'e to Determine Removal
Appropriate Data Set for

Developing Cost Estimation

Model
6. Model Validation
4. Data Correlation 5. Model Development a) Randorply select 80% of the data as
a) Determine Pearson correlation a) Define Multiple Predictor Regression the Training Data Set and 20% as
coefficient for all variables Model Form LI DL . .
b) Establish Evaluation Criteria b) Establish Model Evaluation Procedure b) Develop a Validation Model using
¢) Evaluate Strength of the Linear ¢) Implement Model Evaluation b Weritigs D S .
Association Between Variables Procedure to Select Final Cost c) Calculate Predicted Costs using
Estimation Model Test Data Set
d) Evaluate Accuracy of the
Validation Model

Figure 3.1: Research Methodology
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3.3 Data Collection

The methodology used to collect, evaluate, expand, enhance, and normalize the data
set used to generate a reliable cost estimation model for NASA robotic space projects was

detailed in this section. Descriptions of the attributes of the data set were also provided.

3.3.1 Initial Data Set Evaluation

The initial data set of NASA robotic space projects was provided by the Planetary
Society in the form of Microsoft Excel tables. The data set contained the development
cost and duration data for NASA robotic space projects that began development between
1960 and 2016. There was a total of 44 data points in the data set and included only
NASA robotic space projects developed for planetary exploration missions. The data set
included total cost by fiscal year during the development phase, which comprises NASA

life-cycle space project Phases B through D as defined in Section 2.2 (Society, 2021).

Development duration was calculated by tallying the number of years between the
start and end of the development phase, then converting the number of years into months.
The development duration for any specific NASA robotic space project may have been
slightly adjusted if more precise schedule information was obtained from other official

NASA sources.

Development cost was provided in real fiscal year dollars incurred during the
development phase for the WBS elements Project Management, Systems Engineering,
Safety & Mission Assurance, Science/Technology, Payload, Spacecraft, Mission
Operations, Launch Vehicle Services, Ground Systems, Systems Integration & Testing,
and STEM and Public Outreach as described in Section 2.3. The cost of the launch

vehicle/services, which is usually developed by private contractors who then sell launch
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services to NASA through firmed fixed price contracts, was removed from the data set to
allow this research to focus on developing a reliable cost estimation model for NASA
robotic space flight systems, which includes the spacecraft, payload, and supporting

systems to transmit, receive, and process science data during the development phase.

The proposed methodology required that the data be separated into two distinct
categories: NASA robotic space projects developed during the pre-CAD/CAM era (prior
to 1992) and those developed during the modern CAD/CAM era (after 1992). This
approach was taken to enable the determination of which era of NASA robotic space

projects was most appropriate to use for forecasting future development costs.

3.3.2 Data Set Expansion

The initial Planetary Society data set was limited to NASA robotic space projects
developed for planetary exploration missions; however, NASA’s Science Mission
Directorate also developsrobotic space projects for Heliophysics,
Astrophysics/Astronomy, and Earth Science missions (NASA Science, n.d.), and the
inclusion of these addition data points would be key to developing a robust cost

estimation model.

Therefore Mr. Casey Dreier, Chief Advocate & Senior Space Policy Adviser at the
Planetary Society was contacted to better understand the process used to develop their
NASA robotic space project data set; after briefly discussing our shared frustration with
NASA’s refusal to make the CADRe database available for academic purposes, Mr.
Dreier agreed to walk me through the process so that I could grow the data set to include

NASA robotic space projects beyond planetary exploration missions.
The Planetary Society data set was developed through a painstakingly slow and labor-
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intensive process of filtering through publicly available NASA budget requests that were
generated each fiscal year as part of the federal government’s Planning, Programming,
Budgeting, and Execution (PPBE) process. PPBE budget requests were developed 2
years in advance; however, within future requests, the actual expenditures for the current
year were captured for each NASA robotic space project throughout the development
phase. The total spacecraft development cost for any NASA robotic space project was
generated by tallying the actual expenditures for each project, one fiscal year at a time,
and then removing the launch vehicle development cost as shown in Figure 3.2 (Society,

2023)
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National Aeronautics and Space Administration

President’s FY 2011 Budget Request Detail

Budgst Authority, $ In millien
Mew Frontiers
Juno
Other Missions and Data Analysls
a5 Exploration
2003 Mars Science Lab
MAVEN
Other Misslons and Diata Analysls
Cuter Planets
Outer Planets
Technology
Technology
Astrophysics
Astmphysics Reseanch
Astrophysics Resaareh and Analysis
Balkon Project
Other Missions and Data Analysls
Cosmic Origins
Hubbie Space Telescope (HET)
James Webb Space Telescone
[JWST)
Stratospheric Dbsenvatony for Infrared
Astronomy (SOFIA)
Otner Missions And Data Analysls
Physics of the Cosmos

Otner Missiores and Data Analysls
Exoplanst Expioration

Other Missions and Data Analysls

ASITOpAYERCs EXpIoNer
Nuciear Spectroscopic Telescpe
Amray [NuStar|
Gravity and Exireme Magnatism

Other Missions and Data Analysls
Hellophysics
Hefiophysics Feseamh
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3.3.3 Data Set Enhancement

The expanded NASA robotic space project data set was limited in that it only
contained cost and schedule information, which would likely yield a relatively simple and
ineffective cost estimation model. Therefore, the data set was enhanced by capturing
additional attributes for each robotic space project through a painstakingly slow and
labor-intensive process of combing through publicly available official NASA
publications (i.e., launch day press kits) as shown in Figure 3.3 (NASA PRESS KIT,

2012). Additional attributes captured included:

e Flight System Dry Mass (kg): mass of the total flight system developed to meet
science requirements including the spacecraft and science instruments not including
launch vehicle; spacecraft propellant mass, typically used for on-orbit station keeping

and momentum management, was not included.

e Flight System Power (W): amount of power generated by the total flight system
usually from spacecraft solar arrays or in some cases radioisotope thermoelectric

generators typically used for exploring the outer planets far from the Sun.

e Mission Type: The NASA Science Mission Directorate is divided into four different
divisions: Planetary Science, Heliophysics, Astrophysics/Astronomy, and Earth
Science; the science instruments developed for each project typically aligns with the

Mission Type.

31



National Aeronautics and Space Administration

Nuclear Spectroscopic
Telescope Array, or NUSTAR

Quick Facts

NuSTAR Observatory

Spacecraft Dimensions: 3.9 by 7.2 feet (1.2 by 2.2 meters) when stowed for launch; 3.9 by 35.8 feet (1.2 by
10.9 meters) after mast is extended in space

Weight (spacecraft bus and science instrument): 772 pounds (350 kilograms)

Power: Solar arrays capable of generating 729 Watts of power

Science Instrument: Telescope consisting
and a connecting 33-foot (10-meter) mast to be

Instrument Energy Range: Detects X-rays with energies between

Stowed Instrument Dimensions: 3.9 by 5.3 feet (1.2 by 1.6 meters)

Instrument Weight: 377 pounds (171 kilograms)

co-aligned high-energy X-ray optic units; two shielded detectors;
in space.

80 kilo electron volts (keV)

Dry Mass | Power
NASA Robotic Space Project Mission Type (kg) W)

(Nuclear Spectroscopic Telescope Array Astrophysics/Astronomy 350.0 729
LADEE Planetary Science 248.2 295
Soil Moisture Active Passive Earth Science 765.0[ 1450,
Parker Solar Probe Heliophysics 605.0 388
Interface Region Imaging Spectrograph Heliophysics 183.0 340
Orbiting Carbon Observatory-2 Earth Science 409.0 815
ICESat-2 Earth Science 1356.0( 3800
OSIRIS-REx Planetary Science 880.0[ 3000
InSight Planetary Science 654.0] 1800
GRACE Follow-On Earth Science 1137.8| 710
Cyclone Global Navigation Satellite System Earth Science 231.2| 306.4
Tonospheric Connection Explorer Earth Science 288.0| 265
Transiting Exoplanet Survey Satellite Astrophysics/Astronomy 317.0] 415
Landsat 9 Earth Science 2316.0| 4300
Lucy Planetary Science 771.0] 504
DART Planetary Science 500.0] 6600
Imaging X-Ray Polarimetry Explorer Astrophysics/Astronomy 325.0 300

Data Set Enhancement Process

Figure 3.3

32



3.3.4 Data Normalization

The cost of goods and services fluctuates over time (usually increasing), which
requires that development costs be normalized to allow direct comparison of project costs
over the more than 60-year period that NASA has been developing robotic space
missions. NASA publishes its NASA New Start Inflation (NNSI) inflation tables
annually for the purposes of estimating new efforts and for normalizing historical cost

from prior missions (NASA, 2022).

This composite index is based on forecasted price changes for a market basket of
goods and services that is specifically designed to be representative of NASA work. As
described in Section 3.3.2, the annual expenditures throughout the development phase
were captured for every NASA robotic space project as part of the Planetary Society data
collection process. The annual development costs for each NASA robotic space project
were appropriately escalated to 2022 fiscal year (FY22) monetary values using NNSI

inflation factors.
3.4 Data Set Stratification

The introduction of CAD/CAM significantly impacted the development of NASA
robotic space projects as discussed in Chapter 2. The proposed methodology called for a
determination of whether these impacts were statically significant enough to have
resulted in stratifying the data set into two distinct populations. The classic method of
hypothesis testing using a two-sample t-test was the best approach for making this
determination (Khan, 2013).

3.4.1 Hypothesis Testing Procedure

The classic method of hypothesis testing procedure (Khan, 2013) involved the
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following steps:
e Step 1: Define the problem and state the objective.
e Step 2: State a null and alternative hypothesis.

o Thenull hypothesis (Hy) states that either there is no difference, or the

parameters being investigated are equal.

o The alternate hypothesis (Hy) states that there is a difference, or the

parameters being investigated are not equal.

e Step 3: Establish the risk of incorrectly saying there was a difference when there was

none.
o The significance level (o) used for hypothesis testing was set at 0.05.
o The confidence level (1 — a) for hypothesis testing was established at 95%.
e Step 4: Fail to reject the null hypothesis (Hy) or reject Hy and accept the alternate
hypothesis (Hy).

o If the resulting P-value is greater than the significance level (0.05), it can be

concluded that there is insufficient evidence to reject the null hypothesis.

o If the resulting P-value is less than the significance level (0.05), it can be
concluded that there is sufficient evidence to reject the null hypothesis and
accept the alternative hypothesis.

3.4.2 Hypothesis Testing Assumptions and Limitations

Assumptions and limitations of two-sample t-testing (Khan, 2013) include:

e Data for the study was obtained through random sampling from the population.
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e Data for the study is assumed to be normally distributed.
e Data for the study is assumed to be continuous.

e Hypothesis testing provided evidence to support or reject a hypothesis but did not

confirm absolute truth.
3.5 Removal of Outliers

Outliers are extreme values in a data set that differ from most of the other data points,
and they can skew the results of regression analysis testing. Boxplots are a powerful data

visualization method that was used in this praxis for identifying and potentially removing

outliers (Agarwal, 2021).

A boxplot is created using five values: minimum, first quartile(Q; ), median (Q,),
third quartile(Q3), and maximum as shown in Figure 3.4. The Inter-Quartile Range (IQR)

is the distance between (Q,) and (Q5).
Where,
maximum = Q3+ 1.5 xIQR; minimum = Q; —1.5* IQR

The whiskers extend from the ends of the box to the minimum and maximum, and
outliers are data points that fall outside the whiskers as shown in Figure 3.4 (Agarwal,

2021).
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Figure 3.4: Boxplot Data Visualization with Outliers

Most parametric statistics are extremely sensitive to outliers. Despite this sensitivity,
it is not acceptable to remove a data point just because it is an outlier. An outlier can
represent a legitimate observation, and it is essential to investigate its nature and provide

justification before removal (Agarwal, 2021).

3.6 Data Correlation

Evaluation of the Pearson correlation coefficient () to assess the strength and
direction of the linear relationship between two continuous variables was the method of
data correlation used for this research. An absolute value of 1 for the Pearson correlation
coefficient indicates a perfect linear relationship, and a value close to 0 indicates no
linear relationship between the variables. Extreme data values can have a very large
effect on the line of best fit and the Pearson correlation coefficient yielding misleading
results, which is why the process of removing outliers was completed before data
correlation. The strength of the linear association between variables was evaluated

according to the criteria shown in Table 3.1 (Khan, 2013).
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Table 3.1: Data Correlation Evaluation Criteria

Coefficient Range Strength of Association
+09to+1.0 Very Strong
+0.7t0+£0.9 High
+04to+0.7 Moderate
+0.2to+0.4 Small but possible relationship
£0.0to+0.2 Slight, negligible

3.7 Model Development

Multiple predictor linear regression analysis was the method used for developing a
cost estimation model for NASA robotic space projects. This method assumes that the
data is scattered about a straight line, and the process of fitting the best line through the
data is called linear regression. The criterion for determining the best line is based on
minimizing the sum of the squared errors (SSE). The line that yields the smallest SSE is

called the least-squares regression line (Openstax et al., 2022).
3.7.1 Model Form

Development of the cost estimation followed the methodology described in Khan
(2013). The coefficients of the multiple predictor regression model are estimated using
sample data with k independent variables. The model takes the form of a dependent
response variable(DC), and k independent predictor variables(Sy ). The linear
relationship between DC and Sy, S5, ..., Sk is given by:

DC = Lo+ P1S1+PrS,+ -+ PxSk+¢ (3.1)

Where,

DC: Development Cost

S1+ S5+ -+ Si: Cost Elements
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Bo + By + B2 -+ Bi: Regression Coefficients
€: Regression Error
3.7.2 Model Assumptions and Limitations

Assumptions and limitations of this multiple predictor regression analysis include

(Khan, 2013):
e Data thatis extrapolated outside the study range should not be assumed to be valid.
e Data for the study is assumed to be representative of the population.

e Data for the study is assumed to be normally distributed.
3.7.3 Model Evaluation Procedure

The following steps were used to evaluate each cost estimation model (Khan, 2013):

e Step 1: Define the model:

o Establish the dependent response variable and the independent predictor

variables.
e Step 2: Evaluate the goodness of fit of the model:

o The coefficient of determination (R?) is a statistical measure of how well the

regression line approximates the real data points.
* The closer R%is to 100%, the better the model.
o RZadjusted is a modification of R? that adjusts for the number of explanatory
terms in the model.

* RZ?adjusted increases only if the new term improves the model more

than would be expected by chance.
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Step 3:

Step 4:

Step 6:

O

Determine whether any of the predictor variables are statistically significant:
The significance level (o) used for regression analysis was setat 0.05.
The confidence level (1 — a) for hypothesis testing was established at 95%.

If the resulting P-value is greater than the significance level (0.05), it can be

concluded that there is insufficient evidence to reject the null hypothesis (Hy)

that the predictor variable is insignificant.

If the resulting P-value is less than the significance level (0.05), it can be

concluded that there is sufficient evidence to reject Hy and accept the
alternative hypothesis (H,) that the predictor variable is significant.
Check for multi-collinearity:

Predictor variables with Variance Inflation Factors (VIF) >5 indicate an

unacceptable level of multi-collinearity.
Evaluate the model residuals:
Residuals should be normally distributed in the Normal Probability Plot.

Residuals should be equally distributed around the center line in the Versus

Fits Plot.
Residuals should be symmetrical in the Histogram Plot.

Residuals should not display any patterns or ordered behavior in the Versus

Order Plot.

Try to improve the model:

Check to see if adding higher order and/or interaction terms improves the
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model.
o Check to see if model simplification improves the model by removing higher
order, interaction, and/or insignificant terms.

o Repeat Steps 1 through 5.

e Step 7: Select the “best” model as the final model:
o Subjective factors like model practicality may influence the selection of the
final model.
3.8 Model Validation
The NASA robotic space project data set was divided into training and test data sets

by randomly selecting 80% of the data as the training data set and 20% of the data as the
test data set. The resulting training data set was used to develop a validation model using
the methodology detailed in Section 3.7. The resulting test data set was used to calculate

predicted development costs using the validation model regression equations generated

using the training data set.

The predicted development costs were then compared to the actual normalized
development costs and the model error was calculated for all robotic space projects in the

test data set using the following equation:
ME = (IADC — PDC|/ADC) * 100% (3.2)
Where,
ME': Model Error (%)
ADC : Actual Development Cost ($M)

PDC: Predicted Development Cost ($M)
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Chapter 4 — Results

4.1 Introduction

The steps used to implement the methodology described in Chapter 3 are detailed in
this chapter. The initial data set of NASA robotic space projects was provided by the
Planetary Society in the form of Microsoft Excel tables. The data set was later expanded
by adding NASA robotic space projects beyond planetary exploration missions using the
identical process developed by the Planetary Society. The data set was also enhanced by
capturing additional attributes for each NASA robotic space project. Microsoft Excel was
utilized for data collection, data normalization, and attribute organization. Statistical

testing, regression analysis, and modeling was performed using Minitab.

4.2 Data Collection

This section captures the results of the methodology described in Section 3.3 that was
used to collect, evaluate, expand, enhance, and normalize the data set. The Enhanced
NASA Robotic Space Project Data Set, as shown in Appendix B, was used to generate

the finale cost estimation model.

4.2.1 Initial Data Set Evaluation

The initial data set of NASA robotic space projects was provided by the Planetary
Society as described in Section 3.3.1. The methodology proposed required that the data
be separated into two distinct categories: NASA robotic space projects developed during
the pre-CAD/CAM era (prior to ~1992) and those developed during the modern
CAD/CAM era (after 1992). There was a total of 44 data points in the initial data set, 17
of which fell in the pre-CAD/CAM era category, and 27 that fell in the modern

CAD/CAM era category as shown in Table 4.1.

41



Table 4.1: Planetary Society NASA Robotic Space Project Data Set

Start of Development| Development Duration| Development Cost
(Fiscal Year) ($M; Real Year)
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The initial data set was limited in that it only contained cost and schedule information
for NASA robotic space projects developed for planetary exploration missions. The
proposed methodology required focusing on the modern CAD/CAM era, relying
exclusively on the Planetary Society data set yields only 27 data points available to
development and validate a cost estimation model (before removing outliers); this limited

data set was not adequate for developing a robust cost estimation model.
4.2.2 Data Set Expansion

Following this methodology detailed in Section 3.3.2, the data set was expanded by
capturing development cost and duration information for 35 additional NASA robotic
space projects as shown in Table 4.2, 34 of which fell in the modern CAD/CAM era
category. The Expanded NASA Robotic Space Project Data Set now consisted of 79 data

points, 18 of which fell in the pre-CAD/CAM era category, and 61 that fell in the modern

CAD/CAM era category as shown in Appendix A.
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Table 4.2: NASA Robotic Space Project Data Set Expansion

Start of Development | Development Duration Development Cost

NASA Robotic Space Project (Fiscal Year) (months) ($M; Real Year)

4.2.4 Data Set Enhancement

The Expanded NASA Robotic Space Project Data Set shown in Table A.2 was
limited in that it only contained cost and schedule information, which would likely only
yield a relatively simple and ineffective cost estimation model. Therefore, the data set
was enhanced by capturing additional attributes including Flight System Dry Mass (kg),
Flight System Power (W), and Mission Type following the methodology detailed in

Section 3.3.3. The Enhanced NASA Robotic Space Project Data Set, as shown in

44



Appendix B, was used to develop the finale cost estimation model.
4.2.3 Data Normalization

NASA publishes its NASA New Start Inflation (NNSI) inflation tables annually for
the purposes of estimating new efforts and for normalizing historical cost from prior
missions. The annual development costs for each NASA robotic space project were

appropriately escalated to 2022 fiscal year (FY22) monetary values as shown in

Appendices A and B using the methodology described in Section 3.3 4.
4.3 Data Set Stratification

The methodology described in Section 3.3.5 was used to determine whether impacts
from the introduction of CAD/CAM were statically significant enough to have resulted in
stratifying the data set into two distinct populations. The cost estimation model was
developed using only modern CAD/CAM era data based on the results of this statistical
testing.
4.3.1 Data Stratification by Development Cost

The classic method of hypothesis testing with a two-sample t-test, using the
methodology described in Section 3.4, was performed in Minitab to determine if the
development cost of modern CAD/CAM era projects were statistically lower than pre-

CAD/CAM era projects. The test hypotheses were set as:
Ho:py — 2 =0 Hyippg — 2 >0
Where,

U1: Pre-CAD/CAM normalized development cost population mean.

U,: CAD/CAM normalized development cost population mean.
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The normalized development cost of pre-CAD/CAM era projects and CAD/CAM era
projects shown in Appendix A were analyzed in Minitab with a confidence level of
95%. The two-sample t-test resulted in a P-value of 0.008 as shown in Figure 4.1, which
provided sufficient evidence to reject the null hypothesis and accept the alternative
hypothesis that the development cost of modern CAD/CAM era projects were lower
than pre-CAD/CAM era projects. The difference in development costs between the two
populations was quite significant with modern CAD/CAM era projects costing on

average $1.170B less than pre-CAD/CAM era projects.

DEVELOPMEMT COST (FY22)

Two-Sample T-Test and Cl: Pre-CAD/CAM, CAD/CAM

Method

ps: population mean of Pre-CADYCAM
pz population mean of CAD/CAM
Difference: ps - pz

Equal variances are not assumed for this analysis.

Descriptive Statistics

Sample N Mean StDev SE Mean
Pre-CAD/CAM 18 1897 1758 415
CAD/CAM 61 727 1431 186

Estimation for Difference

95% Lower Bound

Difference for Difference
1170 393

Test

MNull hypothesis He: e -pz = 0

Alternative hypothesis Hy: iy - pz > 0

T-Value DF P-Value

258 24 0008

Figure 4.1: Development Cost Two-Sample T-Test Results
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4.3.2 Data Stratification by Development Duration

The classic method of hypothesis testing with a two-sample t-test, using the
methodology described in Section 3.4, was performed in Minitab to determine if there
was a statistically significant difference between the development duration of pre-
CAD/CAM era projects and modern CAD/CAM era projects. The test hypotheses were

set as:
Ho:pz— s =0 Hyrpz —pga # 0
Where,
uz: Pre-CAD/CAM development duration population mean.
Ua: CAD/CAM development duration population mean.

The development duration of pre-CAD/CAM era projects and CAD/CAM era projects
shown in Appendix A were analyzed in Minitab with a confidence level 0f 95%. The
two-sample t-test resulted in a P-value of 0.11 as shown in Figure 4.2, which was
insufficient to reject the null hypothesis that the development duration of the two
populations was statistically the same. Surprisingly, even with significantly lower
development cost, the development duration for modern CAD/CAM era projects was on

average 14.1 months longer than pre-CAD/CAM era projects.
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DEVELOPMENT DURATIOM (MOMTHS)

Two-Sample T-Test and Cl: Pre-CAD/CAM, CAD/CAM

Method

et population mean of Pre-CAD/CAM
pz: population mean of CAD/CAM
Difference: ps - pz

Equal variances are not assumed for this analysis

Descriptive Statistics

Sample N Mean StDev SE Mean
Pre-CAD/CAM 18 673 303 71
CAD/CAM 61 814 390 5.0

Estimation for Difference

95% CI for
Difference Difference
-14.11 (-31.79 3.57)

Test
Null hypothesis Hoi ps - pz =
Alternative hypothesis Hipy - pz 20
T-Value DF P-Value

-162 35 0114

Figure 4.2: Development Duration Two-Sample T-Test Results

4.4 Removal of OQutliers

A box-plot analysis was performed in Minitab to identify and remove any normalized
development cost outliers using the methodology described in Section 3.5. The Expanded
NASA Robotic Space Project Data Set shown in Table A.2 was analyzed and yielded the

results shown in Figure 4.3.
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Before Outliers Removed

Boxplot of Development Cost (FY22, $M)

After Outliers Removed

Boxplot of Development Cost (FY22, $M)
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Figure 4.3: Boxplot Analyses Capturing Removal of Outliers

Justification for the removal of the four data points shown in Table 4.3 is provided

below:

e James Webb Space Telescope (JWST): with a development costover $11B (FY22),

JWST was the largest, most complex, and most expensive NASA robotic space

project ever; this mission required significant technology development which resulted

in a total schedule duration of 288 months.

e Mars Exploration Rovers/MSL Curiosity/Mars 2020 Perseverance: these three Mars

missions included non-standard science payloads in the form of large rovers used to

explore the surface of Mars; the flight systems were also unusual in that they included

an additional Cruise Stage, and Entry/Descent/Landing systems to safely transport the

rovers to the surface of Mars resulting in development costs over $1B, $3B and $2.5B

(FY22) respectively.

Table 4.3: Outliers Removed from Expanded NASA Robotic Space Project Data Set

Start of Development | Development Duration | Development Cost Development Cost
NASA Robotic Space Project (Fiscal Year) (months) ($M; Real Year) ($M; FY22)
James Webb Space Telescope 1999 288 8792.6 11155.2
Mars Exploration Rovers 2000 48 644.0 1065.1
MSL Curiosity 2002 132 2199.2 3038.1
Mars 2020 Perseverance 2013 96 2219.6 2561.0
Legend Pre-CAD/CAM Era | Modern CAD/CAM Era ||
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4.5 Data Correlation

A correlation analysis was performed in Minitab using the methodology described in
Section 3.6 to assess and measure the strength of the linear relationships between
dependent and independent variables including normalized development cost,
development duration, dry mass, and power for all 57 NASA robotic space projects
shown in Appendix B. Correlation with the variable Mission Type could not be assessed

due to it being categorical in nature.

The results as shown in Figure 4.4 indicated that there was strong correlation between
development cost and development duration (0.811), moderate correlation between
development cost and dry mass (0.652), and mild correlation between development cost
and power (0.369). Similarly, there was moderate correlation between development
duration and dry mass (0.647) and mild correlation between dry mass and power (0.253).
The results also indicate that multi-collinearity may exist between one or more
independent variables, which made it somewhat difficult to generate a stable cost

estimation model.
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4.6 Model Development

The results of the model development methodology described in Section 3.7 are

detailed in this section.
4.6.1 Initial Model

A multiple predictor regression analysis was performed as described in Section 3.7
with Minitab to generate the initial cost estimation model by using all 57 NASA robotic
space projects shown in Appendix B entered in order of the year development started.
Normalized development cost was set as the dependent variable and development
duration, dry mass, power, and mission type were set as independent variables. The

analysis yielded the following regression equations for each mission type:

Astrophysics: DC = —389.5 + 8.31S5; + 0.0651S, + 0.01809S5; + ¢ (4.1)
Earth Science: DC = —335.4 + 8.315; + 0.06515, + 0.01809S53 + ¢ (4.2)
Heliophysics: DC = —281.5 + 8.315; + 0.0651S5, + 0.01809S3 + ¢ (4.3)
Planetary Science: DC = —177.4 + 8.315; + 0.0651S, + 0.01809S55 + ¢ (4.4)
Where,

DC: Development Cost ($M)
S1: Development Duration (months)
S,: Dry Mass (kg)
S3: Power (W)
€: Regression Error ($M)

The regression analysis yielded a good model that explained 79.23% (R?) of the
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variability in the data, a 76.74% R? (adj), and a 71.53% R? (pred) as shown in Figure 4.5.
All independent variables had a P-value <0.05, which provided sufficient evidence to
reject the null hypothesis and accept the alternative hypothesis that these predictors were
statically significant. There was also an acceptable level of multi-collinearity with VIF <

5.0 for all variables.

The residual analysis results were also encouraging as shown in Figure 4.6. The
residuals were normally distributed on the Normal Probability Plot, equally distributed
about the centerline on the Versus Fits Plot, symmetrical on the Histogram Plot, and did
not display ordered behavior on the Versus Order Plot. However, on closer examination,
the P-values for dry mass and power were very close to 0.05 at 0.045, and the cost
estimation model proved to be unstable when the data was divided into training and test
data sets. Higher order and interaction terms were investigated to see if the cost

estimation model could be refined.
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Regression Equation

Coefficients

Mission Type Term Coef SE Coef T-Value P-Value VIF

Astrophysics/Astronomy Development Cost (FY22, $M) = -389.5 Constant -388.5 818 478
+ 831 Development Duration (months) Development Duration (months) 831 1.08 7.81
+ 0.0651 Flight System Dry Mass (kg) Flight System Dry Mass (kg) 0.0651 0.0316 2.06
+ 0.01809 Flight System Power (W) Flight System Power (W) 0.01809 000881  2.05

Mission Type

Earth Science Development Cost (FY22, §M) = -3354 Earth Science 542 50.1 078
+ 8.31 Development Duration (months) Heliophysics 108.1 67.3 1.61
+ 00831 Flight System Dry Mass (kg) Planetary Science 2122 616 M
+ 0.01809 Flight System Power (W)

Heliophysics Development Cost (FY22, $M) = -281.5

+ 831 Development Duration (months)
+ 0.0651 Flight System Dry Mass (kg)

Analysis of Variance

+ 0.01809 Flight System Power (W) Source DF _Adj SS Adj MS F-Value P-Value
Regression 63334064 530011 3179 [0.000
Planetary Science Development Cost (FY22, §M) = 1774 Development Duration (months) 1 1226198 12267198  61.00 | 0.000
+ 831 Development Duration (months) Flight System Dry Mass (kg) 1 85319 85319 424 J0.045
+ 00831 Flight System Dry Mass (kg) Flight System Bower (W) 1 84762 84762 422 J0.045
+0.01808 Flight Systern Power (W) Mission Type 3 285037 95312 474 [o0.005
Error 50 1005103 20102
Total 56 4839167
Model Summary
S| R-sqg R-sq(adj)IR—sq{pred)
141.782[79.23% ?6.?4%' 71.53%
Figure 4.5: Initial Model Regression Analysis Results
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Figure 4.6: Initial Model Residual Analysis Results
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4.6.2 Refined Model

Several multiple predictor regression analyses were performed as described in Section
3.7 with Minitab using all 57 NASA robotic space projects shown in Appendix B entered
in order of the year development started. However, for these analyses, all higher order
and interaction terms were investigated and systemically eliminated if they were
determined to be statistically insignificant. Normalized development cost was set as the
dependent variable. Development duration, dry mass, power, and mission type were set
as independent variables, along with all their 2nd order and interaction terms. The
regression analysis results were then examined and any independent predictor variables
with a P-value > 0.05 was systematically eliminated and the regression analysis was
performed again with the remaining terms. This process was repeated and eventually

yielded the following regression equations for each mission type:

Astrophysics: DC = —644 + 10.9S; + 0.3085S, — 0.002189S,S, + ¢ (4.5)
Earth Science: DC = —542 + 10.9S; + 0.3085S, — 0.002189S,S, + ¢ (4.6)
Heliophysics: DC = —497 + 10.9S; + 0.3085S, — 0.002189S,S, + ¢ (4.7)

Planetary Science: DC = —363.8 + 10.95; + 0.3085S, — 0.0021895,S, + ¢ (4.8)
Where,
DC: Development Cost ($M)
S1: Development Duration (months)
S,: Dry Mass (kg)
€: Regression Error ($M)

The regression analysis yielded a very good model that explained 80.97% (R?) of the
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variability in the data, a 78.69% R? (adj), and a 75.90% R? (pred) as shown in Figure 4.7.
The refined model also showed improvement from the initial model with R?(adj)
increasing from 76.74% to 78.69%. All the independent variables had a P-value <0.05,
which provided sufficient evidence to reject the null hypothesis and accept the alternative

hypothesis that these predictors were statically significant.

The residual analysis results were also favorable as shown in Figure 4.8. The
residuals were normally distributed on the Normal Probability Plot, equally distributed
about the centerline on the Versus Fits Plot, did not show extreme skewness on the

Histogram Plot, and did not display any ordered behavior on the Versus Order Plot.

However, there was an unacceptable level of multi-collinearity with VIF > 5.0 for dry
mass at 13.97 and interaction term development duration * dry mass at 20.04. Model

simplification was investigated to see if the cost estimation model could be improved.
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Regression Equation

Mission Type

Coefficients

Astrophysics/Astronomy Development Cost (FY22, gM] =
Earth Science Development Cost (FY22, §M) =
Development Cost (FY22, §M) =

Heliophysics

Planetary Science Development Cost (FY22, §M) =

-644

+ 10.90 Development Duration (months)

+ 0.3085 Flight System Dry Mass (kg)

- 0.002189 Development Duration (months
)*Flight System Dry Mass (kg)

-542

+ 10.90 Development Duration (months)

+ (.3085 Flight System Dry Mass (kg)

- 0.002189 Development Duration (months
)*Flight System Dry Mass (kg)

-4a7

+ 10.90 Development Duration (months)

+ (.3085 Flight System Dry Mass (kg)

- 0.002189 Development Duration (months
)*Flight System Dry Mass (kg)

-363.8

+ 10.90 Development Duration (months)

+ (.3085 Flight System Dry Mass (kg)

- 0.002189 Development Duration (months
)*Flight System Dry Mass (kg)

Term Coef SE Coef T-Value
Constant -644 m -5.83
Development Duration (months) 10.90 129 847
Flight System Dry Mass (kg) 03085 00814 379
Mission Type
Earth Science 102.5 67.0 1353
Heliophysics 147.1 658 224
Planetary Science 280.2 576 4386
Development Duration (months)*Flight System Dry Mass (kg) -0.002189 0.000723  -3.03
Term P-Value VIF
Constant 0.000

Development Duration (months)
Flight System Dry Mass (kg)

Mission Type
Earth Science 0132 245
Heliophysics 0030 208
Planetary Science 0.000 253

Development Duration (menths)*Flight System Dry Mass (kg) 0,004

Analysis of Variance

Model Summary

SI R-sq R-sg(adj)
135.?12'80.9?% 78.69%

R-sq(pred)
75.00%

Source DF _AdjSS Adj MS F-Value
Regression 63918285 653047 3546
Development Duration (months) 11321685 1321685 71.76
Flight System Dry Mass (kg) 1 264505 284505 1438
Mission Type 3 499579 166526 9.04
Development Duration (months)*Flight System Dry Mass (kg) 1 168983 168983 918
Error 50 920883 18418

Total 56 4839167

Source P-Value

Regression

Development Duration (manths)

Flight System Dry Mass (kg)

Mission Type

Development Duration (months)*Flight System Dry Mass (kg)
Errar
Total

Figure 4.7: Refined Model Regression Analysis Results
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Figure 4.8: Refined Model Residual Analysis Results
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4.6.3 Final Model

Another multiple predictor regression analysis was performed as described in Section
3.7 with Minitab using all 57 NASA robotic space projects shown in Appendix B entered
in order of the year development started. However, for his analysis the refined cost
estimation model was simplified by removing the interaction term development duration
* dry mass. Normalized development cost was set as the dependent variable and
development duration, dry mass and mission type were set as independent variables. The

analysis yielded the following regression equations for each mission type:

Astrophysics: DC = —406.6 + 8.55; + 0.0788S, + ¢ (4.9)
Earth Science: DC = —340.7 + 8.55; + 0.0788S5, + ¢ (4.10)
Heliophysics: DC = —299.4 + 8.55; + 0.07885, + ¢ (4.11)
Planetary Science: DC = —158.8 + 8.55; + 0.0788S, + ¢ (4.12)
Where,

DC: Development Cost ($M)
S1: Development Duration (months)
S,: Dry Mass (kg)
€: Regression Error ($M)
The regression analysis yielded a good model that explained 77.48% (R?) of the
variability in the data, a 75.27% R?(adj), and a 71.23% R?(pred) as shown in Figure 4.9.
All independent variables had a P-value <0.05, which provided sufficient evidence to

reject the null hypothesis and accept the alternative hypothesis that these predictors were

statically significant. There was also an acceptable level of multi-collinearity with VIF <
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5.0 for all variables.

The residual analysis results were also encouraging as shown in Figure 4.10. The
residuals were normally distributed on the Normal Probability Plot, equally distributed
about the centerline on the Versus Fits Plot, did not show extreme skewness on the
Histogram Plot, and did not display any patterns on the Versus Order Plot. This model
did not show improvement from the refined model with R?(adj) decreasing from 78.69%
to 75.27%. However, all the P-values were significantly below 0.05 and this model
remained stable when the data was divided into training and test data sets, which

influenced its selection as the final cost estimation model.
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Regression Equation

Mission Type

Coefficients

Term Coef SE Coef T-Value P-Value VIF
Astrophysics/Astronomy Development Cost (FY22, $M) = -4066 Constant -406.6 820 -485
=830 Devslapment Duration (months) Development Duration (months)  8.50 1.09 778
=+ 0.0788 Flight System Dry Mass {kg) ;
Flight System Dry Mass (kg) 0.0788 00319 247
Earth Science Development Cost (FY22, $M) = -340.7 Mission Type
+ 8.50 Development Duration (months) Earth Science 63.9 7.0 0.93
+ 0.0788 Flight System Dry Mass (kg) Heliophysics 107.2 694 154
Planetary Science 2477 61.0 4.06
Heliophysics Development Cost [FY22, §M) = -2994
+ 8.50 Development Duration (manths)
+ 0.0788 Flight System Dry Mass (kg) ) )
Analysis of Variance
Planetary Science Development Cost (FY22, $M) = -158.8 di di I I
+ B8.50 Development Duration (months) Source DF _Adj S5 AdjMS F-Value P-Value
+ 0.0788 Flight System Dry Mass (kg) Regression 53749302 749860 35.09 [0.000|

Model Summary

SI R-sq R-sg(adj)jR-sq(pred)
146.184'??.48% 75.27%) 71.23%

Development
Flight System
Mission Type
Error
Total

Duration (months) 1 1294238 1294238 60.56 | 0.000|
Dry Mass (kg) 1 130579 130579 611 J0.017
3 434539 744845 678 |0.001

51 1089865 21370
56 4839167

Figure 4.9: Final Model Regression Analysis Results

Residual Plots for Development Cost (FY22, $M)

Mormal Probability Plot

o L}
o
e "
S s 2
$ &
i
1
-0 400
Residual
Histogram

Residual

=200 =100 1] 100 200 i) 400
Residual

Versus Fits
400 .
. L™
Fiv [ ] [ ]
e .*
NI~ -3 —
.“ - : [ I ] L]
« ** 3
- 200 - ‘ - -
0 =00 10008 1500

Fitted Walue

Versus Order

1 5 10

15 x5 30 3% 40 45 0 35

Observation Crder

Figure 4.10: Final Model Residual Analysis Results

60




4.7 Model Validation

Minitab was used to generate training and test data sets to validate the final cost

estimation model as described in Section 3.8 using all 57 NASA robotic space projects

shown in Appendix B entered in order of the year development started. 80% of the data

was randomly selected in Minitab to create the training data set, which included 46

robotic space projects. 20% of the data randomly was selected in Minitab to create the

test data set, which contained 11 robotic space projects. Minitab generated a validation

model using the training data set with normalized development cost designated as the

dependent variable and development duration, dry mass and mission type selected as

independent variables. The analysis yielded the following regression equations for each

mission type:
Astrophysics:
Earth Science:

Heliophysics:

Planetary Science:

Where,

DC = —456 +9.335; + 0.0724S, + ¢
DC = —371 +9.33S; + 0.0724S, + ¢
DC = —375 +9.335, + 0.0724S, + ¢

DC = —197.7 + 9.335; + 0.07245, + ¢

DC: Development Cost ($M)
S1: Development Duration (months)
S,: Dry Mass (kg)

€: Regression Error ($M)

(4.13)
(4.14)
(4.15)

(4.16)

The regression analysis yielded a good validation model that explained 75.76% (R?) of

the variability in the data, a 72.73% R? (adj), and a 66.88% R? (pred) as shown in Figure
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4.11. All independent variables had a P-value <0.05, which provided sufficient evidence

to reject the null hypothesis and accept the alternative hypothesis that these predictors

were statically significant. There was also an acceptable level of multi-collinearity with

VIF < 5.0 for all variables.

The training and test data set residual analysis results were also favorable as shown in

Figure 4.12. The residuals were normally distributed on the Normal Probability Plot,

equally distributed about the centerline on the Versus Fits Plot, did not show extreme

skewness on the Histogram Plot, and did not display any ordered behavior on the Versus

Order Plot.

Regression Equation

Coefficients

Heliophysics Development Cost (FY22, M) = -375
+ 8.33 Development Duration (months)
+ 0.0724 Flight System Dry Mass (kg)

Planetary Science Development Cost (FY22, $M) = -197.7
+ 9,33 Development Duration (months)
+ 0.0724 Flight System Dry Mass (kg)

Model Summary

S] R-sg R-sq(adj)JR-sq(pred) TestS Test R-sq
150.24275.76%  72.73% 66.08% 145842  79.01%

Analysis of Variance

bl

Source D

Mission Type Term Coef SE Coef T-Value P-Value VIF
Astrophysics/Astronomy Development Cost (FY22, $M) = -456 Constant 456 102 445 0000
= 833 Development 3U'atif'1 (manths) Development Duration (months) 933 130 720
+ 0.0724 Flight System Dry Mass (kg) Flight System Dry Mass (ko) 00724 00350 207
Mission Type
Earth Science Development Cost (FY22, $M) = -371 Earth Science 253 102
+ 9.33 Development Duration (months) - - -
: iophysic 318 34, 7
+ 0.0724 Flight System Dry Mass (kg) Heliophysics B8 840 047
Planetary Science 2586 728 355

Adj SS Adj MS F-Value P-Value

2821782 564356
1169718 1169718
96733 96733

Regression
Development Duration (months)
Flight System Dry Mass (kg)
Mission Type 375300 125100
Error 40 902904 22573
Total 45 3724686

W —sn

=

25.00
51.82
4.29
554

0.000
0.000
0.045
0.003

Figure 4.11: Validation Model Regression Analysis Results
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Figure 4.12: Validation Model Residual Analysis Results
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The test data set randomly selected in Minitab was used to validate the cost
estimation model. The predictor variables for the test data set were pulled in Microsoft
Excel and used to calculate predicted development costs using the four validation model
regression equations (4.13,4.14,4.15, 4.16) generated by Minitab. The predicted
development costs were then compared to the actual normalized development costs and
the model error was calculated for all 11 robotic space projects in the test data set as

shown in Table 4.4 using equation (3.2):
ME = (IADC — PDC|/ADC) * 100% (3.2)
Where,
ME: Model Error (%)
ADC : Actual Development Cost ($M)
PDC: Predicted Development Cost ($M)

The results showed that the predicted development costs generated using the test data
set and validation model regression equations compared favorably to the actual
development costs. The mean model error for predicted development cost was within
13.1% of actual development cost, which is very good. Even the maximum model error at
28.8% was within NASA guidelines for project held management reserves (typically 25%

—30%) and NASA HQ held unfunded future expenses (UFE) (typically 15%).
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Model Error

ion

Validat

Table 4.4

Development Duration| Actual Development Dry Mass [Power|Predicted Development Cost| Model

Mission - (months) ~| CostFY22 ($M) |~ Mission Type |~ kg) 7| W~ FY22 ($M) s Error
Mars Global Surveyor 36 257.2|  Planetary Science 699.5( 980 188.8 26.6%)
MESSENGER 72 352.9] Planetary Science 507.9] 435 333.5 5.5%
STEREO 96 552.1 Heliophysics 1094.0( 1192 599.9 8.7%)
Solar Dynamics Observatory 120 955.7 Heliophysics 1650.0( 1540 864.1 9.6%
Global Precipitation Measurement 168 1108.6 Earth Science 3175.0] 1950 1426.3 28.7%
Landsat Data Continuity Mission (Landsat 8) 144 1024.5 Earth Science 2387.0f 3750 1145.3 11.8%
Wide-field Infrared Survey Explorer 72 293.9| Astrophysics/Astronomy| 661.0[ 551 263.6 10.3%)
Juno 84 985.7| Planetary Science 1593.0] 14000 701.4 28.8%
GRAIL 60 396.1|  Planetary Science 402.0| 1526 391.2 1.2%|
InSight 96 722.8|  Planetary Science 654.0( 1800 745.3 3.1%
Transiting Exoplanet Survey Satellite 72 266.0| Astrophysics/Astronomy| 317.0] 415[ 238.7 10.3%|
Mean Model Error 13.1%)
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Chapter 5 — Discussion and Conclusions

5.1 Discussion

1.

This praxis started with five research objectives:

Explore the causes of NASA robotic space project cost overruns based on key
literature and the prevailing schools of thought. This topic was explored in Section

2.4.2 with the main causes identified as:

. NASA’s culture of optimism leads to the development of unrealistic plans and

performance baselines, particularly with respect to its largest and most complex

projects.

. Underestimating technical complexity which comes from the inherent difficulty

of predicting the level of effort needed to develop, mature, and integrate complex

spacecraft and instrument technologies.

Funding instability where projects receive less money than requested or when

funds are disbursed to the project in an untimely manner.

. The lack of development and retention of experienced project managers resulting

from a shortage of in-house project management opportunities and NASA’s
recent practice of farming out most of its hardware and software development

efforts to private contractors.

Explore the efforts to reduce NASA robotic space project cost overruns based on key
literature and the prevailing schools of thought. This topic was explored in Section

2.4.3 with the main efforts identified as:

a. Partnerships: NASA hopes to leverage the emerging commercial spaceflight
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industry by forming public-private partnerships to further its space exploration

and science research goals.

b. Flexible Contracting Approach: NASA should consider a flexible approach that
also includes fixed-price and incentive-based contracts as it increasingly relies on

the private sector to leverage its capacity, innovation, and competitiveness.

c. Joint Cost and Schedule Confidence Level (JCL) Analysis: The JCL analysis
process uses software models that combine cost, schedule, risk, and uncertainty to
calculate the likelihood a project will achieve its objectives within budget and on

time.

3. Determine which era of NASA robotic space projects was most appropriate to use for
forecasting future development costs. This objective was addressed in Section 4.3,

and it was determined:

a. The introduction of CAD/CAM likely resulted in lower development costs for

NASA robotic space projects, forming two distinct populations.

b. Even with significantly lower development cost, the development duration of the

two populations were statistically the same.

c. The cost estimation model should be developed using only the modern
CAD/CAM era data set shown in Table A.2 since this approach was most likely
to yield a robust model that would be valid for estimating the cost of future

NASA Robotic Space Projects.

4. Create an expanded and enhanced NASA robotic project data set and make it

accessible to the wider space community. This objective was discussed in Sections
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4.2 and 4.3:

a. The initial Planetary Society data set was expanded by capturing development
cost and duration information for 35 additional NASA robotic space projects. The
Expanded NASA Robotic Space Project Data Set now consists of 79 data points,
18 of which fall in the pre-CAD/CAM era category, and 61 that fall in the modem

CAD/CAM era category as shown in Appendix A.

b. In addition to the initial cost and schedule information, the data set was enhanced
by capturing additional attributes including flight system dry mass, flight system
power, and mission type for all 57 NASA robotic space projects as shown in

Appendix B.

c. The publication of this praxis will help achieve the objective of making an
expanded and enhanced NASA robotic space project data set accessible to the

wider space community.

5. Create and validate a multiple linear regression model for estimating the development
cost of future NASA robotic space projects. This objective was discussed in detail in

Sections 4.6 and 4.7 resulting in:

a. A robust final cost estimation model that explained 77.48% (R?) of the variability

in the data, a 75.27% R?(adj), and a 71.23% R?(pred).

b. A validation model characterized by a mean model error of predicted

development cost within 13.1% of actual development cost.
5.2 Conclusions

The focus of this praxis was to answer three research questions and explore three
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related hypotheses:

RQ1: Did the use of CAD/CAM result in lower development costs for NASA robotic
space projects?
H1: Utilization of CAD/CAM resulted in lower development costs for NASA robotic

space projects, forming two distinct populations.

The introduction of CAD/CAM significantly impacted the development of NASA
robotic space projects as described in Section 2.7. The results of the first two-sample t-
test detailed in Section 4.3.1 provided strong evidence to support the hypothesis that the
use of CAD/CAM resulted in a paradigm shift that drove the development cost of modem
CAD/CAM era projects lower than pre-CAD/CAM era projects, forming two distinct
populations. The difference in development costs between the two populations was quite
significant with modern CAD/CAM era projects costing on average $1.170B less than

pre-CAD/CAM era projects.

The results of the second two-sample t-test detailed in Section 4.3.2 failed to prove
that the development duration of the two populations were statistically different.
Surprisingly, even with significantly lower development cost, the development duration
for modern CAD/CAM era projects was on average 14.1 months longer than pre-

CAD/CAM era projects.

The cost estimation model was developed using only the modern CAD/CAM era data
set as shown in Table A.2 based on the results of the statistical testing described in
Section 4.3. This approach was most likely to yield a robust cost estimation model that
would be valid for estimating the cost of future NASA Robotic Space Projects developed

during this period and beyond.
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RQ2: What are the key predictors that impact the development cost of NASA robotic
space projects?
H2: Development duration, dry mass, and mission type are the key predictors that

determine the development cost for NASA robotic space projects.

The results of the data correlation analysis detailed in Section 4.5 provided an early
indication that there was a strong linear relationship between development cost and
development duration (0.811), and moderate correlation between development cost and
dry mass (0.652). However, the results from the regression analysis detailed in Section
4.6 reaffirmed the initial indication from correlation analysis by yielding a good final cost
estimation model that explained 77.48% (R?) of the variability in the data, a 75.27%
R?(adj), and a 71.23% R?(pred) with development duration, dry mass, and mission type

as the key predictors.

RQ3: How does the predicted development cost of NASA robotic space projects

compare to the actual development cost?

H3: Cost estimation model will generate predicted development cost estimates within

30% of the actual development cost of NASA robotic space projects.

The results detailed in Section 4.7 showed that the predicted development costs
generated using the test data set and validation model regression equations compared
favorably to the actual development costs. The mean model error for predicted
development cost was within 13.1% of actual development cost, which is very good.
Even the maximum model error at 28.8% was within NASA guidelines for project held
management reserves (typically 25% — 30%) and NASA HQ held unfunded future
expenses (UFE) (typically 15%).
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5.3 Contributions to the Body of Knowledge

Contributions to the body of knowledge by this praxis can be summarized as:

Determined the most appropriate era of NASA robotic space projects to use for
forecasting future development costs. This finding will help future research focus on

the appropriate era of NASA robotic space projects.

Created an expanded and enhanced NASA robotic project data set and made it
accessible to the wider space community. The positive force of independent research

can be unleashed now that this data set is available to academia.

Created and validated a multiple linear regression model for estimating the
development cost of future NASA robotic space projects. This tool will empower the
wider space community to better educate the U.S. Congress to support core

enterprises of space science and exploration, and the search for life.

The most impactful insight into contributions to the body of knowledge by this praxis

is best captured in the following quote:

“Patrick's work promises to provide independent organizations like The Planetary
Society with rapid means of assessing the feasibility of NASA's proposed development
program to its proposed budget. Using tools like this, we can check to see if the OMB
and/or NASA's projected budget runout is reasonable, and, if not, allows us to focus
our advocacy and policy efforts to address likely shortcomings. It also provides value
to congressional staff and elected officials independent of official NASA reporting to

help understand NASA's funding needs, independent of Administration policy.”

— Casey Dreier, Chief Advocate & Senior Space Policy Adviser at the Planetary Society
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5.4 Recommendations for Future Research

A natural next step for future research in the development cost of NASA robotic
space projects is to compare the findings of this praxis with the data set and resulting cost
estimation models generated from the NASA CADRe. A formal request for access to the
NASA CADRe, under the Freedom of Information Act (FOIA), is being prepared for

submission in partnership with The Planetary Society.

Another potential research focus is to better refine the cost estimation model by
including additional design attributes like Technology Readiness Levels (TRL) as
independent predictor variables. The TRL for every NASA robotic space project at the
start of development is just one of the many design attributes captured in the NASA

CADRe database.
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Appendix A: Expanded NASA Robotic Space Project Data Set

Table A.1: Expanded NASA Robotic Space Project Data Set — Pre-CAD/CAM Era

Start of Development | Development Duration | Development Cost Development Cost
NASA Robotic Space Project (Fiscal Year) ($M; Real Year) ($M; FY22)
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Table A.2: Expanded NASA Robotic Space Project Data Set— CAD/CAM Era

Start of Development | Development Duration | Development Cost Development Cost
NASA Robotic Space Project (Fiscal Year) (months) ($M; Real Year) ($M; FY22)




Enhanced NASA Robotic Space Project Data Set

Appendix B

tData Set 1993 —2002

jec

Enhanced NASA Robotic Space Pro

Table B.1

Start of Development | Development Duration | Development Cost | Development Cost Dry Mass | Power
NASA Robotic Space Project (Fiscal Year) (months) ($M; Real Year) ($M; FY22) Mission Type (kg) (W)

Mars Pathfinder 1993 60 199.2 396.9 Planetary Science 360.0 48
Advanced Composition Explorer 1993 60 119.4 237.8 Heliophysics 596.0] 443
Far Ultraviolet Spectroscopic Explorer 1993 84 141.0 270.8| Astrophysics/Astronomy 1337.0 520
Mars Global Surveyor 1994 36 130.7 257.2 Planetary Science 699.5[ 980
NEAR 1994 36 124.9 250.8 Planetary Science 468.0[ 1800
Deep Space 1 1996 36 99.7 189.7 Planetary Science 373.0] 2500
Lunar Prospector 1996 36 56.6 109.0 Planetary Science 296.4 202
Mars Climate Orbiter/Polar Lander 1996 48 189.0 359.4 Planetary Science 628.0] 1200
Stardust 1996 48 126.4 239.1 Planetary Science 305.4( 330
Imager for Magnetopause-to- Aurora Global Exploration 1996 60 89.2 166.1 Heliophysics 536.0] 250
Genesis 1997 60 163.0 292.1 Planetary Science 494.0 254
TIMED 1997 72 188.7 343.8 Heliophysics 592.0] 426
Mars Odyssey 1998 48 165.0 296.4 Planetary Science 376.3( 1500
CONTOUR 1998 60 96.8 166.1 Planetary Science 387.0 670
MESSENGER 1999 72 216.4 352.9 Planetary Science 507.9] 435
Deep Impact 1999 84 275.7 451.4 Planetary Science 879.0 92
STEREO 1999 96 352.0 552.1 Heliophysics 1094.0( 1192
(Neil Gehrels Swift Observatory 2000 60 139.8 231.3| Astrophysics/Astronomy 1470.0] 1040
Mars Reconnaissance Orbiter 2001 60 456.1 714.4 Planetary Science 1031.0{ 3000,
New Horizons 2001 72 3835 590.5 Planetary Science 401.0f 245
Fermi Gamma-ray Space Telescope 2001 96 446.0 668.8| Astrophysics/Astronomy 3952.0] 1500
Solar Dynamics Observatory 2001 120 655.0 955.7 Heliophysics 1650.0] 1540
Suomi NPP 2001 132 726.6 1073.7 Earth Science 1864.0( 2285
Global Precipitation Measurement 2001 168 829.6 1108.6 Earth Science 3175.0f 1950
Dawn 2002 72 275.0 414.4 Planetary Science 747.1] 10000
Aeronomy of Ice in the Mesosphere 2002 72 118.5 180.2 Earth Science 197.0[ 335
Orbiting Carbon Observatory 2002 96 189.7 272.2 Earth Science 409.0 786
Kepler 2002 96 442.9 643.2| Astrophysics/Astronomy 1040.7[ 1100
Landsat Data Continuity Mission (Landsat 8) 2002 144 761.0 1024.5 Earth Science 2387.0] 3750
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tData Set 2003 —2017

jec

Enhanced NASA Robotic Space Pro

Table B.2

Start of Development | Development Duration | Development Cost | Development Cost Dry Mass | Power
NASA Robotic Space Project (Fiscal Year) (months) ($M; Real Year) ($M; FY22) Mission Type (kg) W)

Phoenix 2003 60 321.2 470.9 Planetary Science 670.0 450
THEMIS 2004 48 121.3 182.2 Heliophysics 395.0 185
Wide-field Infrared Survey Explorer 2004 72 209.6 293.9| Astrophysics/Astronomy 661.0 551
Glory 2004 96 334.4 467.4 Earth Science 480.0| 750
IBEX 2005 48 106.8 152.7 Heliophysics 80.0 116
LRO-LCROSS 2005 60 385.8 547.0 Planetary Science 1603.0| 1285
Juno 2005 84 738.7 985.7 Planetary Science 1593.0| 14000
Van Allen Probes 2005 96 478.7 631.9 Heliophysics 907.0 700
Magnetospheric Multiscale 2005 132 871.0 902.3 Heliophysics 3768.0| 1272
GRAIL 2007 60 299.7 396.1 Planetary Science 402.0{ 1526
MAVEN 2007 84 366.8 471.4 Planetary Science 809.0| 1700
Nuclear Spectroscopic Telescope Array 2008 60 124.1 163.2| Astrophysics/Astronomy 350.0f 729
LADEE 2008 72 204.5 264.4 Planetary Science 24821 295
Soil Moisture Active Passive 2008 96 712.7 911.2 Earth Science 765.0] 1450
Parker Solar Probe 2008 132 902.3 1087.4 Heliophysics 605.0 388
Interface Region Imaging Spectrograph 2009 60 130.0 168.5 Heliophysics 183.0] 340
Orbiting Carbon Observatory-2 2009 72 248.1 318.6 Earth Science 409.0) 815
ICESat-2 2009 120 859.1 1063.5 Earth Science 1356.0| 3800
OSIRIS-REx 2011 72 601.8 741.3 Planetary Science 880.0| 3000
InSight 2011 96 591.7 722.8 Planetary Science 654.0| 1800
GRACE Follow-On 2012 84 363.2 4449 Earth Science 1137.8| 710
Cyclone Global Navigation Satellite System 2012 72 97.0 118.9 Earth Science 231.2| 306.4
Tonospheric Connection Explorer 2013 72 181.8 219.7 Earth Science 288.0| 265
Transiting Exoplanet Survey Satellite 2013 72 221.1 266.0 Astrophysics/Astronomy 317.0 415
Landsat 9 2015 84 582.5 668.2 Earth Science 2316.0| 4300
Lucy 2016 72 555.8 610.9 Planetary Science 771.0 504
DART 2016 72 239.2 264.9 Planetary Science 500.0] 6600
Imaging X-Ray Polarimetry Explorer 2017 72 141.8 156.9| Astrophysics/Astronomy 325.00 300
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