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ABSTRACT

The large ultraviolet optical infrared surveyor (LUVOIR) study process has brought to fruition an extremely exciting
scientific mission concept. The 3.5 year LUVOIR study duration enabled an unprecedented level of scientific,
engineering, and technology thoroughness prior to the Astro2020 Decadal. This detail also shed light on many
technical and programmatic challenges for efficiently developing a mission of this scale within the context of
NASA'’s flagships cost and schedule performances to date. While NASA’s flagships perform exquisitely once on-
orbit, there is understandable growing frustration in their development cost and schedule overruns. We felt it
incumbent upon ourselves to ask how we could improve on delivering LUVOIR (or any of NASA’s future
flagships) on schedule and on budget, not just for the next mission, but for all NASA large strategic missions to
come. We researched past and current NASA flagship’s lessons learned publications and other large government
projects that pointed to some systemic challenges that will only grow with larger and more complex strategic
missions. Our findings pointed us to some ways that could potentially evolve NASA’s current flagship management
practices to help improve on their development cost and schedule performance despite their growing complexity.
This paper briefly comments on the motivations for NASA’s flagships and on the science motivations for a
LUVOIR-like mission. We argue the incentives for improving NASA’s flagships development cost and schedule
performance. We review the specific additional challenges of NASA’s flagships to acknowledge their specific
issues. We then examine the most repeated systemic challenges we found from previous NASA flagships and other
large government projects lessons learned/observed. Lastly, we offer recommendations to tackle these repeated
systemic challenges facing NASA’s flagships. The recommendations culminate into a proactive integrated
development and funding framework to enable improving the execution of NASA’s future flagship’s cost and
schedule performance.
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1. INTRODUCTION

1.1 Motivation for NASA’s flagships:

The more we explore and the more the universe reveals, the more questions unfold. A recent study' assessed that the
exploration and scientific return from NASA’s flagship missions are more than worth the effort and cost to
overcome their challenges, and are critical and required for pursuing the most compelling science questions. NASA
would be a different agency without the Apollo Program, Voyagers 1 and 2, the Hubble Space Telescope (HST),
Chandra, and Cassini, to name a few. Their impact on NASA and humanity are unrivaled compared to any other
NASA endeavors and their incentives speak for themselves.

1.2 Science motivations for a large, ultraviolet, optical, near-IR space observatory:

One of the basic, fundamental human questions is “Are we alone in the universe?”” We have finally reached a point
in our history where we can build a large space observatory that can directly image “pale blue dots” in other solar
systems, and spectroscopically characterize the atmospheres of Earth-like planets in the habitable zone around sun-
like stars. This will allow us to search for biosignatures — the signs of life — in our solar neighborhood in a
statistically meaningful way> !4, Significant technology advancements®* &7 152% have occurred over the last two
decades that have brought us to this point. The consensus exoEarth yield analysis over the last several years>!?
indicates that a telescope aperture of 8m or larger is needed to be able to begin to statistically constrain the
frequency of life-bearing exoplanets and to make a null-result statistically meaningful. A LUVOIR-like mission will
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also enable surveying and characterizing hundreds of other types, sizes, and atmospheres of exoplanets around other
stars that will allow us to begin to put our solar system’s planetary characteristics into context with surrounding
nearby stars.

In addition to the extraordinary exoplanetary science case, a LUVOIR-like observatory would be able to extend the
discoveries of the HST to measure a broad array of general astrophysics questions: tracing ionizing light over
cosmic time, constraining dark matter, the cycles of galactic matter, the multiscale assembly of galaxies, stars as the
engines of galactic feedback, star and planetary formation, to name a few. Finally, a LUVOIR-like mission would be
able to remotely image and spectroscopically characterize with the same resolution what many in-situ planetary
spacecraft in our solar system do’. Only, instead of building a series of mission and spacecraft per planetary body, a
LUVOIR-like telescope could remotely observe most of the solar system bodies just by repointing. A LUVOIR-like
mission could observe small bodies in the solar system, and perform comparisons in planetary atmospheres. A
LUVOIR-like mission enables searching for life and telling the story of life in the universe.

1.3 Motivation to improve NASA’s flagships development cost and schedule performance:

While NASA’s great observatories are world-renowned for their science discoveries! 28, they are also renowned for
their cost and schedule overruns during their development!® 2842, Understandably, the community and all
stakeholders are growing weary of NASA’s cost and schedule overruns to the point where there are community
members wondering if NASA’s large strategic missions are worthwhile?”. We need to fix this. Taking action now,
showing good faith to the community that we recognize this problem and we are willing to do something about it,
may enable a future that will keep NASA’s flagships discovering answers to known and unknown mysteries*’. The
alternative may be a decreasing (astrophysics/SMD) budget for the foreseeable future.

1.4 Recognizing and acknowledging the issues:

By their nature and intent, each NASA flagship mission is a unique, system-of-systems built to deliver the broadest,
most desired, scientific measurement capability for the most number of stakeholders. With their pursuit of unrivaled
science questions, NASA'’s flagship missions often demand equally unrivaled technologies never attempted before.
These technologies help establish the observatory’s architecture.

In addition to challenging technologies, NASA’s flagships have additional challenges above and beyond smaller,
less complex missions. Flagships are one-off, complex, exquisitely precise space observatories that serve an
intentional swath of stakeholders because of its tremendous measurement capabilities that cannot be performed with
smaller-scale missions. They are complex due to the myriad of unique and evolving science questions they are
trying to answer. The science goals necessitate a given-sized aperture? 368 1113 and multiple, precision, one-off
instruments must operate in coordination with the telescope as a system®. In addition, the flagship’s science
instruments themselves are, in their own right, complex. This multifaceted, layered complexity is a result of the
observatory being a system of systems that has multiple imaging, spectroscopic, and other science capabilities that,
often, must work in concert with one another to achieve the desired science observations. The nested nature of the
subsystems necessitates hardware development timing scenarios that require multiple things to be developed in
parallel. These developments, in turn, drive the schedule of the higher-level integration and test sequences. These
multiple, necessarily-parallel developments put a strain on resource demands. If the resources are not available to
enable parallel developments, this, itself, will cause the schedule to be lengthened and therefore, will cause cost and
schedule overruns. This complexity is warranted in order for a space observatory to provide measurement
capabilities to answer the most compelling science questions. This inherent, intricate complexity requires us to
think differently about how to most efficiently and effectively manage and develop flagships.

For illustration, Figure 1 below shows the LUVOIR mission concept’s architecture. Showing it serves two purposes:
(1) it demonstrates the complexity of a flagship, and specifically, for a LUVOIR-like mission; (2) it defines
nomenclature that will be used throughout this paper that is good to establish up front. The specific nomenclature
illustrates the different layers of complexity from the functional decomposition of the hardware starting with the
mission, its segments, elements, sub-systems, assemblies, and sub-assemblies. Please note that due to page-space
limitation in the figure, only one segment (the observatory segment) was selected that shows both (all) elements (the
payload and spacecraft) and their sub-systems. However, only four out of eight sub-systems (the Optical Telescope
Assembly (OTA), Payload Articulation System (PAS) and spacecraft bus and sunshade) show their assembly and
sub-assembly level hardware for this illustration. There would be similar nested elements for the ground segment



and launch segment, and similarly, there would be assembly and subassembly items for each of the payload
instruments (subsystems).
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Figure 1: LUVOIR architecture showing the nomenclature of the different hardware layers of LUVOIR’s mission
showing the segments and a subset of the elements, subsystems, assemblies, and subassemblies. For the payload
element, the subsystems are the OTA, the four instruments and the PAS.
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As aresult of our research on NASA flagship missions?’% and several Department of Defense (DoD) large

projects®! ™, this paper focuses on some repeatedly-documented systemic challenges and offers alternative strategies
that could lead to NASA significantly improving on cost and schedule performance if implemented. Most of these
are within the project manager’s control to implement. We want to acknowledge that some NASA project managers
have recognized some of these challenges, and implemented methods to mitigate these challenges on their own
initiative on their individual projects. In these cases, there have been individual large missions that have successfully
delivered their missions on schedule and on cost. However, some projects follow the current NASA guidance that
doesn’t always work out for delivering flagships on cost and schedule. This paper describes nine lessons that can be
implemented by the project.

In addition, there is one repeated lesson “observed” that cannot be addressed by the project. This lesson has been
repeatedly documented by a vast array of experts and experiences from scientists, engineers, technologists,
managers and analysts that have worked directly on NASA’s flagship and other large NASA space flight missions
over the decades. This is the issue of cost estimating and funding stability. We discuss where NASA contrasts with
other government large projects and even two of NASA’s past missions, and we make recommendations that would
provide the project the stable funding it needs to execute an optimized schedule while also giving stakeholders
control they want.

1.5 Goal of this paper:

Our goal is to bring to light the current NASA flagship systemic challenges and issues at the project-level and
Agency/Congressional-level. We make recommendations on how to mitigate these challenges and remove current
barriers with effective and efficient management practices for executing the development of NASA’s flagships. We
advocate that these recommendations be considered to build upon and evolve NASA’s current best management
practices into what we are calling an ‘integrated development and funding framework’. In doing so, this may
significantly improve on NASA’s flagship cost and schedule performance. We want NASA to continue to be known
for its flagships and great observatories in the future so that NASA can lead the way in “civilization-class science”.



This paper offers key strategies that are believed to be critical to efficiently formulate, manage, and implement any
NASA flagship, not just LUVOIR.

2. SYSTEMIC-CHALLENGES, FINDINGS, AND RECOMMENDATIONS FOR
DEVELOPING NASA’S STRATEGIC “FLAGSHIP” MISSIONS

For reference, Figure 2 below shows NASA’s development lifecycle for all space flight missions as taken from the
May 2019 Government Accounting Office (GAO) Report to Congressional Committees on NASA Assessments of
Major Projects®!.
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Figure 2: NASA’s development lifecycle for all space flight missions

The mission phasing for NASA’s space flight missions consists of two broad categories: (1) Formulation and (2)
Implementation.

e Formulation consists of Pre-Phase A, Phase A and Phase B. Pre-Phase A currently consists of concept
studies. The Astro2020 Decadal four large mission concept study teams (HabEx, LUVOIR, Lynx, and
OST)’!7 have achieved concept maturity level 4 (CML4)” as a result of significant investment across
NASA, academia, industry, and international contributions to all four studies. Phase A consists of concept
design and technology development, and Phase B consists of a preliminary design, requirements
completed, and all technology development completed to TRL 6 by the mission’s preliminary design
review (PDR).

e Implementation consists of Phases C-F. Under NASA’s current guidelines, Phase C consists of completing
the final design and fabrication of all hardware. Within Phase C is the critical design review (CDR) and the
system integration review (SIR). Phase D consists of system assembly, integration and test (I&T), launch,
and commissioning. Phase E consists of the mission’s on-orbit operations and collection of data. Finally,
Phase F is closing out the mission.

2.1 Recommended project-level management strategies for NASA’s flagships

The following nine management strategies can be implemented at the project-level.
2.1.1 Early technology development

NASA flagship technology management challenges: In section 1.4 of this paper, we laid out some of the
additional challenges above and beyond what smaller NASA projects encounter. Due to the additional complexity of
NASA’s flagships, there are additional challenges these projects face upon trying to execute the mission under



NASA’s current space flight mission lifecycle. These challenges are corroborated by the findings from our research
on NASA’s flagships published lessons learned/observed.

We researched many large NASA flagship lessons learned documents® 27-2 3160« ate” technology development is
repeatedly referred to as a source of cost and schedule overruns. Some past missions knew that waiting to develop
technologies through mission PDR was too risky and chose to develop them sooner. Some missions developed their
technologies sooner than required, being one of several reasons enabling the mission’s successful cost and schedule
performance?®®. Developing technologies earlier than required is not the only contributor to some missions
successfully completing their mission’s development on cost and on schedule, however, earlier technology
development is a big factor for lowering risk as explained below. The fact that NASA allows technologies to
develop to TRL6 through mission preliminary design review (PDR) gives the project the discretion to decide when
to develop technologies as they see fit within the current NASA rules. For flagship missions in particular or other
large projects with multiple instruments, the consequences of this “late” technology development are exacerbated
due to the additional complexity and extent of nested and interconnected subsystems and assemblies.

A requirement for getting to mission PDR is that all lower levels of assembly including all segments, elements, and
subsystems must hold their PDRs first, as shown in Figure 3. Given this nested nature of flagship observatories,
there is a “season of PDRs” that may stretch out over a period of years. Note that all PDRs occurs towards the end of
any product’s Phase B whether it is at the subsystem-, element-, segment- or mission-level. When subsystem PDRs
occur significantly out in front of the mission-level PDR, then it is likely that these subsystems have started to
fabricate hardware and even begin integration and testing before the mission-level PDR is held. If there is a
technology that is not able to mature by mission PDR in one subsystem, this could throw the project back years in
development. Additionally, this may have wasted some hardware developments in both time (labor) and resources.
Given some of the interconnections between subsystems, this could also throw other subsystems back years as well.

To highlight this point, Figure 3 below shows the offset nature of different levels of PDRs for nested products for
LUVOIR. Consider the OTA for example. In this schedule, the OTA PDR occurs ~3 years before the mission-level
PDR. If projects are allowed to develop hardware to TRL6 up until mission PDR, some subsystems, assemblies, and
subassemblies may have already been fabricated, integrated, aligned, and tested well before mission PDR occurs. If
a subsystem’s technology doesn’t develop and a different solution/technology needs to be swapped in and used
(currently allowed through mission PDR), there are serious risks to having to potentially restart considerable
portions of the design cycle all over again sending the project back years in its development lifecycle. It is also
important to recognize that the skilled-personnel (“marching army”) increases deliberately and substantively
between Phase A to Phase B.

DoD large project technology management issues

Interestingly, NASA is not unique to cost and schedule overruns due to infusing undeveloped technologies into
incomplete designs and then finding out the consequences when they don’t develop as expected. The Department of
Defense large projects have also encountered similar lessons learned/observed, regarding “late” technology
development®-7°. In 2018, the U.S. Navy’s development of the USS Gerald R. Ford (CVN-78) nuclear-powered
aircraft carrier, was originally capped to cost $10.5B (FY07) and breached $13.027B. The Navy fully attributed
these cost overruns to immature technologies and an incomplete design. “CVN 78 began construction with immature
technologies and an incomplete design, leading to cost and schedule growth,” the U.S. Government Accountability
Office noted in an April report.”°

NASA flagship technology management recommendations: As a result of the compounding and cascading
effects of cost and schedule growth if there are any “late” technology developments on a complex, nested NASA
flagship, we recommend that flagships mature all technologies to TRL6 before starting Phase A, and not by mission
PDR.

2.1.2  Managing flagship complexity with earlier requirements definition
Flagship requirements management challenge: Findings from our research cite that any changes®® 3149 42 to
science requirements after a baseline cost and schedule have been assessed, cause an increase in the development
schedule. These changes force the new requirements to be flowed down to all aspects of the mission that are
impacted. These changes may place additional requirements on hardware that was already defined in the baseline.



This hardware may need changes made to their design in order to meet the new requirements. This is in addition to
the potential need to build and test any new hardware or even take hardware away. Any of these aspects of
requirements changes after a baseline has been established adds additional time to the mission. Adding time while
there is a marching army will increase the cost and schedule of any mission. In the meantime, some community
members are holding the mission accountable to the Decadal timeframe cost estimate which did not account for
changes to the requirements.
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Figure 3: The LUVOIR-A Schedule Phasing shows where the mission PDR is relative to lower level sub-assembly
phasing. This demonstrates the offset and nested nature of lower-level (subsystem) product PDRs that feed into higher-
levels of assembly.

Additionally, allowing multiple assembly- or subsystem- level requirements to stay open in the form of “to be
reviewed” (TBRs) and “to be determined” (TBDs) through a flagship’s segment or mission PDR can have the same
effect as a technology not maturing as expected. Alternately, completing the design of an assembly before the design
of its parent subsystem may place unwelcome constraints on the higher levels of assembly. These types of late
design completions or changes will lengthen the project’s development schedule, and hence, force cost and schedule
overruns®> 4% ¢,

Furthermore, when partners are onboard with contracts in place (industry, academia) there are at least two types of
issues with late requirements definition or late requirements changes: (1) a mission with incomplete interface control
requirements with TBRs and TBDs can increase the cost and schedule of those products due to late completion of
requirements or late modifications; and (2) late changes to designs already under contract can force changes on other
subsystems, thus increasing the cost and schedule of other contracts as well. These are all examples of the negative
consequences that late completion of a mission’s requirements or late changes to a mission’s requirements can cause
cost and schedule overruns in multiple manifested ways.

Flagship’s requirements management recommendation: As a result of the compounding and cascading effects
due to late completion of requirements or late changes to requirements on a complex, nested, flagship mission, we
recommend that flagships can help manage this complexity by developing and defining all requirements down to the



subsystem level early in Phase A so that requests for procurement (RFPs) can be released at the subsystem level (see
Sections 2.1.6; 2.1.7; 2.1.8; and 4 of this paper).

As part of the release of the subsystem RFPs in Phase A, requirements need to include clear interface requirements,
complete performance requirements, acceptance testing requirements, and expected institutional rules to be followed
(See Section 2.1.8) upon delivery to the next higher level of integration for integration and testing (I&T). This
enables partners to develop and follow their own internal processes. Partners would be expected and required to
flow down, define, and establish all requirements within their subsystem down to the assembly, sub-assembly and
component level also in Phase A.

After all requirements have been established and defined in Phase A, all efforts should be made to prevent mission
creep and scope changes®® 343542 (See Section 4.3.1 of this paper).

2.1.3  Managing flagship complexity with pathfinders

Flagship first-of-a-kind, one-off management challenges: Findings from our research as well as personal
experiences on flagship space flight project hardware developments indicate that, in all cases where engineering
breadboards, pathfinders, engineering development units (EDUs), and engineering test units (ETUs) were used,
multiple issues were discovered, some of which would not have been discovered until the higher-level of assembly
41,5759 The time and resources invested to develop and learn about these in the early years saved significant time
and resources than if they had been discovered during 1&T on the critical path on the flight unit. Different types of
practice units enabled, and ultimately, saved on their mission’s cost and schedule performance®: 3%, These units
allowed the team to catch early what would have been disasters if caught late during system-level I&T. Successful
units were used on the JWST OTA Pathfinder*!, Cassini engineering breadboards and ETUs**, and Chandra®. In
all cases, they help inform designs and realistic tolerances, find design flaws, help layout test procedures and
sequences, and help train and provide rehearsals for personnel.

35,

Flagship first-of-a-kind, one-off management recommendations: During Pre-Phase A, the team should
judiciously and strategically identify and plan out which types of practice units are needed on which pieces of
critical hardware. Some will be used to inform the designs, (i.c., error budget alignment allocation reality checks),
while others will be used to inform test procedures, handling, integration, alignment, and even cleaning procedures.
Others will be used to check out ground support equipment (GSE) and eventually, some will be high-fidelity units
(ETUs) used to simulate the function of the eventual flight hardware to validate the designs, requirements, and
interfaces. Judicious selection and development of engineering breadboards, pathfinders, EDUs and ETUs are
critical for effectively managing complex flagships.

2.1.4  Managing flagship complexity with modular design

Flagship complexity management challenges: Past published NASA lessons learned*! have indicated that there
are two challenges associated with flagships where modularity would have helped:
1. Flagships have additional challenges during I&T in terms of hardware accessibility. Embedded
components, subassemblies, assemblies, and subsystems can be difficult to access if hardware anomalies
occur. If hardware needs to be accessed and tested, or worse, swapped out with flight spares, without a
modular design, this can add unnecessary time during peak marching army levels while the development is
on the critical path*'. In addition to being difficult to access, trying to reach hardware that was not meant to
be accessed can place nearby hardware at risk of being bumped (misaligned) or damaged. Although it may
take additional time on the front end, designing a mission to be modular upfront can lower schedule and
hardware risk during I&T.
2. A 2010 public law [ Public Law 111-267-Oct. 11, 2010 124 Stat. 2833] has strong language about future
observatory-class scientific spacecraft to be serviceable. It is stated here for ease to the reader:

“SEC. 804. IN-SPACE SERVICING.

The Administrator shall continue to take all necessary steps to ensure that provisions are made for in-
space or human servicing and repair of all future observatory-class scientific spacecraft intended to be
deployed in Earth-orbit or at a Lagrangian point to the extent practicable and appropriate. The
Administrator should ensure that agency investments and future capabilities for space technology,



robotics, and human space flight take the ability to service and repair these spacecraft into account,
where appropriate, and incorporate such capabilities into design and operational plans.

SEC. 805. DECADAL RESULTS.

NASA shall take into account the current decadal surveys from the National Academies’ Space Studies
Board when submitting the President’s budget request to the Congress.”

Hubble was designed to be serviceable, and it did incorporate a modular design®? 3% 37-3% 47 This design aspect was
critical to enabling the five servicing missions on HST that replaced instruments, gyros, and many other hardware to
give HST its successful longevity and increasing science performance each time it was serviced and upgraded.
Ambitiously, astronauts even replaced circuit boards within the Space Telescope Imaging Spectrograph (STIS)
instrument. In order to access inside the instrument, the astronauts had to unscrew 111 screws to open the instrument
cover of the STIS instrument*’.

A third benefit to designing a mission to be modular is designing in robust interfaces such that for a large
observatory such as LUVOIR, being able to detach certain grouped hardware can ease transportation issues to I&T
facilities or to the launch site. If designed to be modular from the start, proper interface requirements and
performance requirements can be specified to enable repeated disassembly and reassembly at certain interfaces. A
pathfinder could demonstrate the alignment repeatability of such interfaces. One example of this would be designing
the OTA wing folds® to be repeatably assembled, disassembled, then reassembled. Making each instrument modular
and independently accessible is another example. Other examples would be making the spacecraft with orbital
replacement units (ORUs) for the various spacecraft hardware functions®.

Flagship complexity management recommendations: Although designing a mission to be modular is not
required to achieve the science goals, doing so lowers risk on the critical path during I&T by making hardware more
readily accessible, lowers risk to nearby hardware, it can ease transportation requirements, and it can enable science
beyond the prime mission by making instruments and other levels of assembly serviceable. During Pre-Phase A, the
team should design the mission to be modular and assess the degree of modularity that would be optimal for
different aspects of the mission. These trades should occur in Pre-Phase A.

2.1.5 Managing the duration of a flagship’s development schedule by enabling parallel
manufacturing, integration, & I1&T

Flagship development schedule management challenges: With a large mission like LUVOIR where there are
multiples of tens of things (for instance, the number of primary mirror segment assemblies (PMSAs) — ranging
between 55 to 120 for the two currently envisioned LUVOIR optical telescope assembly (OTA) point designs)’,
fabricating, assembling, integrating, and testing them serially would stretch out the schedule to an unacceptable
degree. Developing the payload serially and then the spacecraft serially would also stretch out the schedule, thus
forcing cost and schedule overruns. Developing subsystems in parallel enables the shortest possible schedule for the
development of the mission when it has peak marching army numbers. Of course, the funding recommendations
outlined in Section 4.3 of this paper are necessary to enable these parallel element and subsystem developments. The
IMS carefully plans out the timing of when to start and finish each product so that they all shows up when needed
for each level of I&T.

Flagship development schedule management recommendations: In order to optimize the schedule and make it
as efficient and effective as possible which also lowers the overall cost of the development of the mission® 4> 74 7>
many aspects of the mission need to be executed in parallel® 28 42.74.75 Enabling parallel processes (such as with
the PMSASs) has other benefits as well (See Section 2.1.9 of this paper). Time should be spent in Pre-Phase A to map
out the IMS and identify which things need to be developed in parallel and how many identical operations should
take place at any given time. This will also provide other important long-term planning aspects such as parallel
integration, I&T, and the types of facilities that need to have multiple-of’s, such as mirror fabrication facilities,
polishing and coating facilities, etc. In addition, a cost-benefit-risk analysis should be done on the overall cost of

performing different aspects of the mission in parallel vs. serially.



2.1.6 Managing flagships with acquisition and partner strategies

Flagship acquisition and partner strategy management challenges: With large, one-off, complex NASA
flagships there are several issues with competing the entire management of the mission development to a single
prime contractor. Rather than state all of the challenges, we state the recommendations and benefits for enabling the
government to act as the “prime”’.

Flagship acquisition and partner strategy management recommendations: We recommend that the government
act as the “prime contractor” (or “prime”) on large flagship missions. There are many benefits:

a. NASA sets and keeps control of the requirements early in Phase A, including coordinating any changes to
requirements across multiple interfaces and across many partners.

b. Earlier requirements definition enables the government setting the interface requirements at the
procurement level including setting the acceptance performance metrics, delivery schedules, and
institutional rules that will be followed at the next higher level of assembly.

c.  With NASA acting as the prime and with earlier requirements definition, this allows bringing multiple
partners onboard earlier via smaller contracts that align directly with each partner’s area of expertise. They
can focus on areas where they excel.

. NASA is able to select the “best in class” provider at the subsystem level.

e. NASA retains expertise by being the systems integrator. This is critical for growing and maintaining
systems engineering which is one of NASA’s core competencies.

f. Negotiating international roles is an inherently governmental role. As with all past flagship missions,
international partners will continue to want to invest and contribute to them.

Earlier partner involvement can occur in two ways: (1) In Pre-Phase A, multiple partners can be funded through
broad agency announcements (BAAs) to leverage external expertise in technology developments; (2) In early Phase
A, after the government has defined all requirements and interfaces to the subsystem level, multiple, Requests for
Procurement (RFPs) can be openly competed for those subsystems since those requirements have been clearly
defined. After partners have been awarded the development of subsystems, partners can then develop and follow
their own internal processes. Partners would then be required to flow down, define, and establish all requirements
within their subsystem down to the assembly, sub-assembly and component level also in Phase A. Establishing
requirements early and bringing partners onboard earlier enables broader and earlier buy-in.

2.1.7 Managing flagships with institutional requirements

Flagship institutional requirements management challenges: With multiple partners come multiple unique
institutions with perfectly valid internal processes and institutional rules and requirements to follow. This scenario,
however, does inherently and potentially create conundrums as to which institutional rules should be followed
during I&T for handling, I&T procedures, etc. at each successive level of integration and testing at different
institutions.

Flagship institutional requirements management recommendations: We recommend that rules be established
upfront as part of the RFP. The call for proposals should define all performance requirements, interface
requirements, test requirements, and expected rules to be followed at each higher level of integration. The
development and flow down of the requirements and interface definitions to the subsystems should occur in early
Phase A.

2.1.8  Managing flagships with an integrated, ‘one-team’ environment

Flagship integrated, ‘one-team’ environment management challenges: With the need for broad and multiple
partners on flagships, partners can be rightfully stove-piped developments. However, when there are anomalies, the
project would benefit from having expertise from across the team help solve anomalies. Fresh perspectives can help
solve issues, but only if they know about them in time to be effective.

Flagship integrated, ‘one-team’ environment management recommendations: It is beneficial to the execution
and efficiency of the project to allow cross-fertilization of expertise to help address issues when they arise. The
government needs to figure out a way to protect the intellectual property rights of partners and federal regulations



governing International Traffic in Arms Regulations (ITAR) and Export Administration Regulations (EAR) while
also rewarding individuals and entities for helping to solve issues when they arise.

2.1.9  Managing flagships with team, experience, and depth

Flagship team, experience, and depth management challenges: Findings from our research as well as personal
experiences cite that project managers that have never built space flight hardware do not have the necessary
experience to anticipate, and therefore, head off known challenges and risks.

Separately, in order to enable parallel processes as described in section 2.1.5 of this paper, it is too risky to have a
single subject matter expert (SME) for developing products.

Flagship team, experience, and depth management recommendations: Findings from our research as well as
personal experience necessitates that critical project leadership roles be filled with individuals with relevant space
flight hardware development experience. There is no substitute for experience.

To enable parallel developments, there needs to be a minimum of two SMEs for the development of parallel
processes where either could lead the development of that product. This could be a more experienced individual and
a less experienced individual that gets mentored by the more experienced individual.

3.0 COST ESTIMATION AND FUNDING CHALLENGES

There are two funding issues that present challenges to efficiently and effectively managing NASA’s flagships
discussed in this section: (3.1) Cost estimating challenges, i.e., knowing how much funding a given flagship needs,
and (3.2) challenges related to disbursing the funds to the flagship project.

3.1 Cost estimating challenges for managing flagships

Historically, NASA has struggled with estimating the final cost and schedule duration of its flagship missions.
Given that NASA'’s science flagship missions are prioritized by the National Academy of Sciences Decadal process
(“Decadal”) cost estimates are a significant part of the consideration when priorities are established. Cost estimates
near a mission’s Decadal have been used historically as their bench mark cost. Mission concepts are immature at the
time of the Decadal. They are immature because their science requirements are not settled, their technologies have
not been developed, and their architecture and design are not well-defined. Immature concepts beget immature cost
estimates.

3.2 Funding disbursement challenges for managing flagships

Congress appropriates NASA’s and NASA’s flagship budgets on an annual basis. Funding issues are manifested in

two ways: funding profile and stable funding.

1. Historically, the way NASA’s next, newly prioritized flagship is funded occurs in correlation with the previous-
prioritized flagship mission’s development. When the previous flagship nears launch, a “budget wedge” opens
up. Each year, the budget wedge may gradually increase depending on the success of the previous flagship’s
development. Assuming it is successful, in any given annual appropriation, the budget wedge for the new
flagship is usually based on what budget is available rather than on what the project needs. It’s like an
allowance. Meanwhile, the management of NASA’s flagships initially optimize their mission’s development
schedule into an integrated master schedule (IMS) by intending and planning to develop the necessary products
in parallel for the most efficient schedule, and hence, the lowest cost overall. The IMS is a well-thought out
management plan used to designate the total time needed to develop (design, procure, fabricate, integrate, align,
and test) each level of assembly from components through systems (including funded schedule reserve) for each
product development. Given the nested nature of flagships, the IMS also plans out the timing of when lower
levels of assemblies need to be delivered to be integrated into the next higher level of assembly. The timing of
the completion and arrival of each product for the next level of integration is critical to control cost and
schedule overruns. If a lower level assembly is not ready when required for integration into the higher level
assembly, the higher-level assembly must wait for the lower-level assembly to be completed, delivered, and go
through acceptance testing. An IMS is optimized to minimize the total duration of the development lifecycle
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when the marching army has peaked in numbers. Minimizing the total duration with a well-timed and executed
IMS (development plan) helps save on the total mission cost. If the funding profile (total amount of money in a
given annually appropriated year) disbursed to a flagship’s project is less than needed to execute the multiple
parallel developments as planned in the project’s IMS, then the project must defer work?: 4! 427475 Deferring
work has cascading and compounding consequences on a complex flagship’s development. It lengthens the
overall schedule while there is a marching army. The work still must be completed. Thus, as long as any
necessarily-parallel product developments are forced to be deferred due to funding issues, NASA flagships will
continue to incur cost and schedule overruns under this scenario. This has been cited as one of the biggest
systemic challenges to managing flagships® 28 34 41,42, 61-68,74-75

2. Again, NASA and NASA’s flagships receive annual appropriations from Congress. Continuing resolutions
(CRs) force a status quo budget level equal to the previous year’s budget. Hence, even planned increases in a
flagship’s budget are prohibited until a budget is passed by Congress. Congress has passed a NASA budget on-
time only 7 times in the history of NASAZ®, Continuing resolutions are the norm and can be expected. CRs are
yet another manifestation of forcing a project to defer.

There is precedence with two of NASA’s historical programs/projects that were fully-funded* by Congress?® 42,

These were the Apollo program and the ‘Return to Flight’ development of the space shuttle Endeavour after the

Challenger space shuttle disaster. Congress also has a variety of full-funding mechanisms for other branches of the

government (See Section 4.0 of this paper). It appears that with proper motivation, Congress and NASA recognize

the significance and positive impact of a full-funding™* policy. (*See Section 4.1 for a description of a full-funding

policy).
4.0 RECOMMENDED FUTURE NASA FLAGSHIP FUNDING STRATEGY

Before addressing the recommendations, some awareness and context is needed. In this section, we see the array of
full-funding mechanisms that have been available to the Department of Defense for their large projects since the
1950s and continue today.

4.1 DoD large project lessons for NASA: DoD’s full-funding policy

Full-Funding Definition: All funds are appropriated up front or on an incremental basis that enables a project to
execute their Integrated Master Schedule (IMS). In other words, all funding is received when it is needed.

The Department of Defense (DoD) has benefited from Congress’ full funding policy for many of its large DoD
projects such as aircraft carriers, fighter jets, helicopters, and submarines, etc. since the 1950s. Also since the 1950s,
the DoD, for the majority of time, has not had to develop their large flagships with Congressional annual
appropriations. Therefore, they typically don’t have to worry about funding stability. The DoD’s large projects
continue to benefit from a variety of full-funding policy mechanisms today. The branch of Congress that funds the
DoD understands that incrementally funding their projects annually could cause severe cost and schedule overrun
impacts to these national assets. The only lessons learned they argue about openly in documentation is which full-
funding policy is best’!-%, The range of full-funding policy methods afforded to large DoD projects include (1) No-
year funding, (2) Incremental Funding, (3) Multiyear Procurement, (4) Block Buy Contracting, (5) Economic Order
Quantity, and (6) Advanced Procurement to name some of them. Congress has recognized for ~70 years the merit
of fully-funding these national assets because they also understand the consequences if they don’t> 28:42 61-70. 74,75,

Full Funding Policy Methods/Options Available to DoD Large Projects®!8
Brief definitions are provided for each full-funding method below:

e No-year (Zero-year) Funding®'*®: All funding for building/developing DoD large projects is appropriated
all at once in a single lump sum before starting the development.

e Incremental Funding®%8: The funding for building DoD large projects is appropriated in 2 or more year
increments, typically ~2-5 years, and in amounts that do not limit long-lead items being purchased or does
not limit the development of anything due to lack of funding in a given year. In other words, this is still
front-loaded funding. However, each year requires an appropriation bill to be passed by Congress.
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e Multiyear Procurement (MYP), Block Buy Contracting (BBC), and Economic Order Quantity
Authority®’:
Multiyear procurement (MYP) and Block Buy Contracting (BBC) are contract funding mechanisms that
allow a certain percentage of savings, sometimes less than 5% to sometimes greater than 15%, over the
traditional contracts that require annual renewal by Congress by allowing a single contract to be valid for
several years’ worth of funding without having to renew the contract each year. This is allowed or a limited
number of defense acquisition programs.

e  Multiyear Procurement (MYP)%
Under a MYP contract, a single contract requires congressional approval in the first year that enables stable
funding for two to five years’ worth of procurement without requiring Congressional annual renewal in the
following years. MYPs must be approved in both a DoD appropriations act and a non-DoD appropriations
act. However, to qualify for an MYP contract, a program must meet legal criteria according to statute, 10
U.S.C. 2306b.

e Block Buy Contracting (BBC)®*

BBC also requires congressional approval for a single contract in the first year for several

years’ worth of procurement, however, it is more flexible for several reasons, namely:
a) There’s no permanent statute governing the use of BBC.
b) BBC only needs to be approved in a single appropriations act.
¢) There are no legal criteria required to qualify for a BBC (because there is no statute governing its

use).

d) A BBC can cover more than five years of planned procurement.
e) BBCs are less likely to include cancellation penalties.

e Economic Order Quantity (EOQ) Authority®
This provides the authority to allow a few select “long-lead” items to be procured in the first or second year
usually for “batch items”.

e Advance Procurement (AP) Funding®-%’

This provides the authority to disburse funds one or two years prior to the procurement of the entire system
usually for long lead items for that system. The amount disbursed in an AP is subtracted from the full
system procurement appropriation. It is similar to EOQ acquisitions.

4.2 Differences between DoD’s large projects and NASA’s flagships
Fully-funding NASA flagships with a no-year funding policy would be ideal, however, it is not realistic.

The DoD has the benefit of having a better understanding of the costs to build and develop their large projects,
because they typically build “multiple-of-things” for each thing (aircraft carriers, submarines, fighter jets, etc.) and
they have been building them (or similar ones with technology upgrades or other relatively small variations) for ~ 70
years. Therefore, not only do they have a much better understanding of how much it costs to build each thing, they
have lots of historical data on the actual ranges of costs, how much the costs vary, and the impacts of introducing
new technologies for each thing.

On the other hand, NASA’s flagships are one-off, state-of-the-art, precision space observatories. Accurate final cost
and schedule estimates are not possible at the time of NASA science decadals, because for any newly prioritized
flagship, it has never been built before. Therefore, there is not a database of historical costs for one just like it even if
there may be some similarities. Additionally, it has low TRL technologies, the requirements are changing, and they
are bound to change some more before the final decision on the final design.

4.3 Recommended funding strategy:

We recommend a NASA-DoD “hybrid incremental full-funding” policy that reconciles the need for a NASA
flagship to develop multiple products in parallel in order to minimize the overall cost and schedule, while also
allowing stakeholders to keep control of the potential for runaway costs and provide pre-established “smaller”
amounts of funding that span several years. Importantly, the funding would not be on an annual basis. Specifically,
we propose that NASA’s flagship projects be incrementally, fully-funded and executed in discrete blocks of work
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that align with the project’s development product milestones and schedule. Each funding block is defined by a gate,
called a Funding Decision Point (FDP), where the decision is made to fund the next block of work. These are
separate from NASA’s Key Decision Points (KDPs) that align with the mission phases. For each funding block, the
project receives all of the necessary funding - only for that funding block — before that block of work is initiated.

At each FDP, four things occur:

1. The project must demonstrate that the current funding block has been completed and has successfully achieved
all of its milestones.

2. At the end of each successfully completed funding block, new cost, risk, and schedule estimates are performed
by an independent cost and risk estimating entity for (A) the remainder of the mission’s development, and (B)
the amount of funding needed for the next funding block only.

3. The project generates a high-fidelity budget request for the next block of work to be completed, and the
independent cost estimating entity independently validates it. As the project’s design matures and converges
through formulation, the cost and schedule estimates will become more accurate.

4. NASA decides to commit to funding only the next block of work, based on the budget request, updated cost
estimate, and project success.

We recommend six distinct funding blocks for a project’s lifecycle where each block is fully funded one at a time.
Five of these funding blocks occur within a NASA flight project’s development formulation period (Pre-Phase A
through Phase B). In Figure 4 below, the right-hand column, “Decision Point Criteria”, states the criteria for being
approved to enter that row’s funding block. So, for instance, to pass into Funding Block 1, Start of Pre-Phase A, the
mission must be prioritized by the Decadal. To get into Funding Block 2, the start of Phase A, all technologies must
be demonstrated to TRL 6 at the system level, and so on.

Funding

Funding Decision Point Decision Point Criteria
Block

Decadal Prioritization. Agency
1 Start of Pre-Phase A decision to proceed with mission
Pre-Phase A study.

All technologies demonstrated at

2 Start of Phase A system-level to TRL 6.
Requirements developed to sub-
3 Issue Requests for system level. Ready to issue RFPs
Proposals (RFPs) for all industry, academic, and
international partners.
Mission System All requirements developed to lowest
4 Requirements Review level. Project successfully passes
(SRR) Mission SRR.
5 Key Decision Point Mission satisfies all criteria for
(KDP) - B completing Phase A.

Mission completes Preliminary
6 KDP - C Design Review and satisfies all
criteria for completing Phase B.

Figure 4: Funding blocks and funding decision points (FDPs) and their criteria.
Figure 5 below shows the funding blocks in the context of LUVOIR-A’s development schedule. Each funding block

covers the work and products needed to be fully funded to implement the optimized IMS. For LUVOIR, the funding
blocks line up as shown in Figure 5 below:
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Top Level LUVOIR A Schedule for Reference
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4 Mission Phases ("Mission" is A-F)
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Key Decision Point A [KDP-A]
Systems Requirements Review [SRR]
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Key Decicion Point B [KDP-8]
Preliminary Design Review [PDR]
Key Decision Point C [KDP-C]
Critical Design Review [COR]
Systems Integration Review [SIR]
Key Decision Point D [KDP-D]
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Key Decision Point E [KDP-E]
Launch Readiness Date
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Figure 5: This shows funding blocks in the context of LUVOIR-A’s development schedule. Each funding block covers
the work and products needed to be fully funded to implement the optimized IMS.

4.4 Discrete Funding Block Advantages:

There are several advantages to this funding block approach outlined above compared to the current method
NASA’s flagships are funded and executed:
1. As the mission progresses through mission formulation (Pre-Phase A through Phase B), the mission
design develops, matures, and becomes more detailed and complete. By assessing the mission cost and

risk at each funding decision point (FDP), the accuracy of each succeeding cost estimate becomes more

accurate. The independent costing entity can signal runaway cost growth outside the error bars of the

previous FDP.

FDP provides the opportunity to delay, augment or deny the next block of funding in response to
inadequate project development performance, unacceptable cost growth or adjustments to science scope
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3. Fully-funding each block of work up front, enables the project to execute all of the required parallel
developments and not have to defer any work due to the funding profile. An equal and additional benefit
to fully-funding each block of work allows the project to use reserves for their intended purpose:
unavoidable and inevitable unknown unknowns that will be revealed as the development progresses and
not to try to use reserves to execute pieces of deferred work while there is a marching army waiting for a
product to show up.

4.  This funding method lowers the risk of cost overruns on the flagship mission. It also lowers the risk of
potential flagship overruns negatively impacting other projects and priorities. While cost overruns within
astrophysics don’t generally impact smaller projects, this would help insure to the community
(perception or potential reality) that this would not happen since the funding block is fully-funded
upfront and kept in a different “effective silo”. Since each funding block is discrete with “shorter-term”
milestones and goals, there is less likelihood that the project would experience cost overruns compared to
today’s NASA flagship funding method. Again, since the Agency would be committing to fund only one
funding block at a time, this would provide stakeholders the opportunity at any FDP to delay, cancel, or
make any other adjustments.

4.5 Individual funding block’s milestones and exit criteria:

Each funding block’s milestones and exit criteria are described below. Within each funding block, proactive
management strategies are incorporated to address and overcome the systemic-challenges described in Section 2 of
this paper.

4.5.1 Funding Block 1: Pre-Phase A milestones and exit criteria:

We recommend a strong Pre-Phase A project office be established to address many of the systemic-challenges
facing previous NASA flagships as described in Section 2 of this paper, namely, earlier technology development,
earlier establishment of science objectives and requirements, an architecture that coalesces around the science
requirements and technologies, and long-term planning for facilities, the verification and validation approach, 1&T,
etc.”

There are several advantages to executing these activities in Pre-Phase A:

1. A substantially smaller “marching army” is needed in Pre-Phase A to develop and define the science
objectives and requirements, develop the technologies and the architecture while strategically planning out
the verification and validation approach, 1&T approach and requirements, and other long-term
considerations’. Doing this in Pre-Phase A reduces overall cost and schedule risk to the entire development
of the mission.

2. The “right-sized army” is utilized for each block of work making the resources more effective and
efficiently used.

3. Developing technologies to TRL6 in Pre-Phase A reduces cost and schedule risk for all later development
phases:

a. Reduces risk that the architecture will change.

b. Reduces risk that the design will change.

c. Reduces risk that the science requirements will change.

d. Reduces risk that requirements will change and minimizes the number of TBRs and TBDs
e. Reduces risk that interface requirements will change, thus, minimizing changes to contracts.

4. Maturing technologies off the critical path when there isn’t a large marching army waiting, is worth it by
itself. The labor grows deliberately and substantively from Phase A to B and through D.

5. Concurrently developing technologies consistent with a specific architecture ensures that hardware does not
have to be re-engineered, reaffirming early technology development.

There are three main Pre-Phase A exit criteria (A through C) activities described below.
A. Technology Development: A small technology team will work with NASA HQ to release Broad Agency
Announcements (BAAs) so that NASA, industry, and academia can work together (or independently) to

advance (competing) technologies. In either case, involving all expertise will help get to a developed and
successful mission sooner. The exit criteria for Pre-Phase A is to develop all technologies to TRL 6 at the
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component, subsystem, and system level. This needs to include subscale system demonstrations where there are
two types, namely:

a. Those where the size of the demonstration is smaller in scale (some smaller ratio of the size of the
system-level technology to demonstrate the function and its performance (an example for LUVOIR
might be a smaller sunshade deployment demonstration).

b. Those where the technology is full-size (full-scale), however, fewer items are used in the
demonstration (an example for LUVOIR might be the use of three, four, or five full-sized primary
mirror segment assemblies (PMSAs)?, to enable a system demonstration.

Science Definition: Establish a funded science steering committee (SSC) led by community members to be
maintained throughout the project’s lifecycle. The SSC will be responsible for interpreting the Decadal
recommendations and defining the science objectives for the mission. Throughout Pre-Phase A, the SSC will:

a.  Work with the engineering team to decompose science objectives into requirements to guide the
architecture, concept design, and technology development.

b. Perform the necessary science analyses to validate an architecture’s and concept design’s given
performance with the developing technologies.

c. Establish a process by which new science objectives are proposed, reviewed, evaluated, and
dispositioned (accepted or rejected) by the project. The evaluation would necessarily need to consult
the other Pre-Phase A project office areas of engineering, technology, and architecture to determine its
impact(s) if implemented (science value, cost, and risk) on the overall mission. As noted earlier,
attempting to establish the value of any changes needs to be weighed in the context of knowing that
changes in later parts of the flagship’s development can ripple through and cause cost and schedule
overruns. Therefore, another responsibility of the SSC will be to protect the science requirements from
external pressures to change the mission scope once they have been established by the end of Phase A.

d. Support the engineers in resolving all TBDs and TBRs for the engineering requirements which will be
enabled by establishing science requirements earlier and holding to them, to minimize science creep.

Architecture, Concept Development, and Long-term Planning: A group of discipline engineers led by the
Project Systems Engineer (“Lead Systems Engineer”), will be responsible for maturing the architecture and
studying concept designs commensurate with the science objectives and developing technologies.

In addition, the architecture team will perform trades relevant to the architecture and designs. The trades will be
weighed against science, execution feasibility, cost, risk, as well as the demands each architecture trade places
on the ground verification and validation and I&T process including systems engineering integrated modeling
tools, facilities, ground transportation, ground support equipment (GSE) (optical, electrical, thermal, and
mechanical GSE), contamination control requirements, meeting launch vehicle survival vibration and load
requirements, and ease of access to subsystems and subassemblies during I&T via a modular design which also
enables serviceability. These and more need to be considered when designing a flagship mission® 7%,

All missions that have used engineering breadboard units, pathfinders, engineering development units (EDUs),
and engineering test units (ETUs), recount that the time and resources invested during the formulation period
(Phases A and B) to develop and learn from them were vastly smaller than the time and resources that would be
encountered and expended if they were learned during I&T on the critical path on the flight unit. Different types
of practice units enabled and ultimately, saved on their mission’s cost and schedule performance? 3344 52-60.74.75,
These units allowed the team to catch early what would have been disasters if caught late during system-level
I&T on the critical path on the flight unit. The architecture team should plan out which types of practice units
are needed on which pieces of critical hardware. Judicious selection and development of engineering
breadboards, pathfinders, engineering development units (EDUs) and engineering test units (ETUs) to simulate
the function of the eventual flight hardware helps validate designs and requirements and helps inform
integration and test procedures.

The goal of the Pre-Phase A project office is to mature the most known risk drivers of the mission concept to
the point where most, if not all known risks are mitigated to the most extent possible. This will position and
enable the execution of Phases A through D to address the known challenges with less risk. Executing these
activities in Pre-Phase A will enable the remainder of the formulation and implementation phases to only have
to deal with unknown risks. Figure 6 below pictorially depicts the goal of Pre-Phase A.
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Science Requirements

Architecture

Concept

The Project Development Team

ensures the science requirements,
architecture, concept, and
technology all mature and

converge into a self-consistent
entity heading into Phase A.

Technology

Figure 6: This shows how the science, architecture, concept design, and technology converge prior to entering Phase A,
increasing the likelihood of a successful Phase A.

The Pre-Phase A project office may look similar to the one depicted in Figure 7:

LUVOIR Pre-
Phase A
Project Office

I~ Project Manager

Project Development Team

Project Lead Systems | | Lead Concept Chief
Scientist Engineer Designer Technologist
! | ] H i | 1 |
Science Architecture Concept Technology
Definition Development Development Development
Resource Analysts Dpty. Project Scientist t Systems Engineers t Designers Dpty. Chief
Schedulers Science Steering Cmte. Discipline Engineers Analysts Technologist
Configuration Mgmt. Science Analysis Technology
Dev. Teams

Administrative Asst. ~ Support

Figure 7: While this is labeled for LUVOIR, establishing a Pre-Phase A project office for any NASA flagship is
recommended. The project office coordinates all of the activities to develop each area and coordinates across each area

given their dependence on one another.

Two independent cost estimates are performed: (1) the mission to obtain a more accurate mission cost; (2) the next
block of funding. A review is held before the mission can pass into the next funding block.

4.5.2 Funding Block 2: Phase A — (Part 1 of 3) milestones and exit criteria:

Phase A is split up into three separate funding blocks for funding different products and milestones. At the
beginning of Funding Block 2, all technologies have been demonstrated to TRL6 including subscale system
demonstrations, the science objectives are defined, and the architecture and concept designs have been demonstrated
at the system-level. During Funding Block 2, the science requirements are flowed down to engineering and mission
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requirements to the subsystem level (See Figure 1 in this paper). The subsystem level requirements must establish
and define performance requirements, acceptance testing requirements, interface requirements, and rules that will be
followed during the next higher level of integration to name a few. These subsystem requirements definitions must
be part of the selection criteria in the RFP call documentation. As discussed in Section 2.1.6, the LUVOIR Team
envisions the government as the prime to establish all requirements as early as possible. The government can then
issue RFPs to leverage industry, academia, and international partners in their areas of expertise as early as possible.
The RFPs are issued competitively at the subsystem level. The actual RFPs would not be released until the start of
Funding Block 3. The exit criteria for Funding Block 2 is for NASA to be ready to release the RFPs. “Ready for
release” means all requirements mentioned above are clear, complete, and have been reviewed and approved by
stakeholders.

At the end of funding block 2, two independent cost estimates are performed: (1) the mission cost; (2) the next block
of funding. At this point, the mission cost estimate should be more accurate. A review is held before the mission can
pass into the next funding block.

4.5.3 Funding Block 3: Phase A — (Part 2 of 3) milestones and exit criteria:

Funding Block 3 begins with releasing all RFPs. During funding block 3 (FB3), the requirements are refined and
formal interface agreements between segments, elements, and subsystems are made. In the latter half of funding

block 3, the subsystem proposals are received, evaluated, and awarded. Given the acquisition is at the subsystem
level, once the partners are onboard, they define all lower-level requirements within their subsystems.

The required exit criteria for Funding Block 3 are: (1) ensure the release of the subsystem RFPs at the beginning of
FB3; (2) refine all requirements and formalize all interface agreements between all segments, elements, and
subsystems; (3) evaluate and make award selections for all subsystems from the received proposals; (4) all partners
are required to flow all subsystem-level requirements down to their assemblies, sub-assemblies and components. By
the end of funding block 3, all requirements at all hardware and software levels must be established and defined; and
(5) The mission successfully passes its Systems Requirements Review (SRR)

At the end of funding block 3, two independent cost estimates are performed: (1) the mission cost; (2) the next block
of funding. A review is held before the mission can pass into the next funding block.

4.5.4 Funding Block 4: Phase A — (Part 3 of 3) milestones and exit criteria:

Funding Block 4 is the third and last funding block within Phase A. Funding block 4 begins and completes
assembly-level design and analysis. Assembly-level fabrication is well underway.

The required exit criteria for Funding Block 4 includes meeting the normal NASA Key Decision Point-B (KDP-B)
entrance criteria following the standards as defined in NASA Procedural Requirements document on NASA Space
Flight Program and Project Management Requirements, NPR 7120.5E.

At the end of funding block 4, two independent cost estimates are performed: (1) the mission cost; (2) the next block
of funding. A review is held before the mission can pass into the next funding block.

4.5.5 Funding Block 5: Phase B milestones and exit criteria:

Funding Block 5 funds all of Phase B. Assembly-level fabrication and integration and testing is completed. Sub-
system-level integration is well underway. The mission must pass the mission Preliminary Design Review (PDR).
This is the final funding block during NASA’s formulation period. The mission prepares for NASA’s Key Decision
Point-C (KDP-C).

The required exit criteria for Funding Block 5 (Phase B) is to pass PDR and meet all of the normal KDP-C entrance
criteria following the standards as defined in NASA Procedural Requirements document on NASA Space Flight
Program and Project Management Requirements, NPR 7120.5E.

At the end of funding block 5, the final two independent cost estimates are performed: (1) the mission cost; (2) the
next block of funding. A review is held before the mission can pass into this final funding block.
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4.5.6 Funding Block 6: Phases C and D milestones and exit criteria:

The final funding Block (Funding Block 6) is the final funding block to fully fund Phases C and D, NASA’s
Implementation Period. This will allow the full funding necessary for the project to follow the optimized IMS. This
will enable the project to deliver a launch ready observatory, launch, and complete mission commissioning by the
end of Phase D.

Following the steps outlined in this integrated development and funding framework would enable significant
improvements for NASA’s flagships to deliver on cost and schedule.

5.0 CONCLUSION

This paper has recounted the marvel and incredibly enlightening surprises that NASA’s flagship missions discover
and their impact on NASA and humanity. NASA’s flagships are arguably, equal to, if not more profoundly
significant national-assets given they are each one-offs and given their world-renowned popularity and enthusiasm
in all corners of the Earth. We would like to see NASA’s flagships be recognized as on par in difficulty, complexity,
and value compared to other government agency national assets. Due to NASA’s flagship scientific discovery
potential, they all receive significant international contributions, thus, they are also peaceful manifestation of
positive international cooperation. We would like to see NASA continue to pursue audaciously bold queries into:
how the universe began; where its headed; how the universe operates; how planets form; whether or not Earth, the
only pale blue dot we’ve ever known in our vast universe, is alone; contextually, how similar or different is our solar
system from other nearby ones; and be able to remotely monitor our solar system planetary bodies with imaging
capabilities equal to in-situ spacecraft’.

This paper has also recounted in detail the repeatedly-documented, lessons-learned/-observed systemic-challenges
for NASA’s flagship missions. By implementing the proactive, integrated development and funding framework
described herein, we believe that NASA’s flagships can be developed with significantly better cost and schedule
performance. In turn, this may engender trust from its stakeholders and allow NASA’s flagships to be revitalized
with enthusiasm from the community.

References:

! National Academies of Sciences, Engineering, and Medicine. 2017. Powering Science: NASA's Large Strategic
Science Missions. Washington, DC: The National Academies Press. https://doi.org/10.17226/24857

2 The LUVOIR Mission Concept Study Interim Report, LUVOIR STDT, https:/arxiv.org/abs/1809.09668

¥ LUVOIR Final Report, 2019. https://asd.gsfc.nasa.gov/luvoir/

4 The National Academy of Sciences, “Exoplanet Science Strategy”, 2018.
https://www.nap.edu/catalog/25187/exoplanet-science-strategy

5 The National Academy of Sciences, “An Astrobiology Strategy for the Search for Life in the Universe”, 2018.
https://www.nap.edu/download/25252

¢ Dalcanton, J., Seager, S., Aigrain, S., et al., “From Cosmic Birth to Living Earths”, 2015. The Association of
Universities for Research in Astronomy.
https://staticl.squarespace.com/static/558adc44e4b002a448a04c1a/t/559a8a6ae4b0050728da5326/1436191338606/
hdst_report_070615.pdf

7 Kouveliotou, C., Agol, E., Batalha, N., et al., NASA Astrophysics Roadmap, “Enduring Quests — Daring Visions,
NASA Astrophysics in the Next Three Decades™, 2013, https://arxiv.org/abs/1401.3741

19



8 Hammel, H., et. al., NAS APC White Paper, “The Carl Sagan Observatory: A Visionary Space Telescope”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/136-
¢22da2822766b4c566ed929241c41855 HammelHeidiB.pdf

° Gaudi, S., et. al., NAS APC White Paper, “A Great Successor to the Hubble Space Telescope”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/119-
3e5f7040ef241£36475¢54065d46507b GaudiBScott.pdf

19 Tumlinson, J., et. al., NAS APC White Paper, “The Next Great Observatories: How Can We Get There?”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/209-
¢872b1b64109¢326de0c68106823549a TumlinsonJason.pdf

1 Roberge, A, et. al., NAS APC White Paper, “The Large UV/Optical/Infared Surveyor (LUVOIR): Telling the
Story of Life in the Universe”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/254-
482488fe8621a9a6bd43e513c4e38a7f RobergeAki.pdf

12 Dressing, C., et. al., NAS APC White Paper, “The Landscape for Directly Characterizing Potentially Habitable &
Inhabited Planets in the Late 2020s and Beyond”. 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/117-
€96£421629dc0c3e1963244c8342£307_DressingCourtneyD.pdf

13 Stark, C., et. al., Journal of Astronomical Telescopes, Instruments, and Systems, (JATIS), Vol. 5, ID. 024009,
“ExoEarth yield landscape for future direct imaging space telescopes”, 2019.
https://ui.adsabs.harvard.edu/abs/2019JATIS...5b4009S/abstract

14 Crill, B,, et. al., NAS APC White Paper, “Technology Challenges for the Study of Exoplanets and the Search for
Habitable Worlds: Status and Path Forwarsd”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/66-
2bablc0e6d10aeab3ec0637d616¢2922 CrillBrendanP.pdf

15 Shaklan, S., et. al., NAS APC White Paper, “Status of Space-based Segmented-Aperture Coronagraphs for
Characterizing Exo-Earths Around Sun-Like Stars”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/136-
£57702d78571272¢5a01b98013d8f49 _ShaklanStuartB.pdf

16 Coyle, L., et. al., NAS APC White Paper, “Ultra-Stable Telescope Research and Analysis (ULTRA)”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/117-
dbbdb2ce3eb1a5650462436e¢245ca81c CoyleLauraE.pdf

17 Nordt, A., et. al., NAS APC White Paper, “Non-Contact Vibration Isolation and Precision Pointing for Large
optical Telescopes Enabling breakthrough astronomy and astrophysics with ultra-stable optical systems”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/119-
806ddbfd3b26fd17af7803cel18bS5ct5t NordtAlisonA.pdf

18 Kasdin, J., et. al., NAS APC White Paper, “Relaxing Stability Requirements on Future Exoplanety Coronagraphic
Imaging Missions”, 2019. http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/137-
€292909efc03bb7c¢92139e51641ced2f KasdinNJeremy.pdf

18 Pueyo, L., et. al., NAS APC White Paper, “Wavefront Snesing and Control technologies for Exo_earth imaging”,
2019. http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/183-
acb3dd1f2185531b212888902¢200b76 PueyoLaurentA.pdf

20



20 Mazoyer, J., et. al., NAS APC White Paper, “High-Contrast Testbeds for Future Space-Based Direct Imaging
Exoplanet Missions”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/161-
676fa86289c700a4aldecd4e041c1c30 Testbeds for space-based Coronagraphs APC white paper.pdf

2l Feinberg, L., et. al., NAS APC White Paper, “Ultra-stable Technology for High Contrast Observatories”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/184-
88217c91817a16120e4a7439c5d5af67 Decadal Whitepaper- Ultrastable Feinberg.pdf

22 Cahoy, K., et. al., NAS APC White Paper, “Space-Based Laser Guide Star Mission to Enable Ground and Space
Telescope Observations of Faint Objects”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/180-
e360fd3ea5¢785b14625422¢2f5b0685 CahoyKerri.pdf

23 Sheikhm D., NAS APC White Paper, “Mirror Coating Technology and Infrastructure Plans for HabEx and
LUVOIR NASA Concept Missions”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/137-
bd711b1d10c86e9d716109025¢7e828f SheikhDavidA.pdf

24 Domagal-Goldman, S., et. al., NAS APC White Paper, “Astrobiology as a NASA Grand Challenge”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/201-
538b5710188b0a5fdbabalf05f5435ab DomagalGoldmanShawnD.pdf

5 East, M., et. al., NAS APC White Paper, “ULTRA Segment Stability for Space Telescope Coronagraphy”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/254-
0f6b277cb8a7dal 6¢fa9f4cce3342753 L3Harris ULTRA Segment Stability for Space Telescope Coronagraphy

White Paper.pdf

26 Lawrence, C., et. al., NAS APC White Paper, “Active Telescopes for Future Space Astronomy Missions”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/254-
8997013820364 5¢bae62ec08ad4ab8 LawrenceCharlesR.pdf

27 Stahl, P., et. al., SPIE Space Telescopes and Instrumentation: Optical, Infrared and Millimeter Wave, 2014,
“AMTD: update of engineering specifications derived from science requirements for future UVOIR space
telescopes”, 2014. https://www.spiedigitallibrary.org/conference-proceedings-of-spie/9143/1/AMTD--update-of-
engineering-specifications-derived-from-science-requirements/10.1117/12.2054766.full?SSO=1

28 Martin, P., 2012, “NASA’s Challenges to Meeting Cost, Schedule, and Performance Goals”, NASA Office of
Inspector General, Report No., IG-12-021. https://oig.nasa.gov/docs/IG-12-021.pdf

29 Khan, A., Phys.org, “Should NASA keep flying flagship missions? A new report weighs in”, August 25, 2017.
https://phys.org/news/2017-08-nasa-flagship-missions.html

30 Siegel, E., Forbes.com, “One of These Four Missions Will Be Selected As NASA’s Next Flagship for
Astrophysics”, March 22, 2019. https://www.forbes.com/sites/startswithabang/2019/03/22/one-of-these-four-
missions-will-be-selected-as-nasas-next-flagship-for-astrophysics/#18f391ce4b12

3! Chaplain, C., et. al., May 2019, “NASA Assessments of Major Projects”, GAO Report to Congressional
Committees., Rep. GAO-19-262SP. https://www.gao.gov/products/GAO-19-262SP

32Wermeth, R., 2001, “Lessons Learned from Hubble Space Telescope Extravehicular Activity Servicing Missions”,
Goddard Space Flight Center, UMD.edu/design_lib/ICES01-2204.
https://spacecraft.ssl.umd.edu/design_lib/ICES01-2204.HST EVA_lessons.pdf

21



33 Stahl, P., 2010, “JWST primary mirror technology development lessons learned”, SPIE, Vol. 7796.
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/7796/779604/JW ST-primary-mirror-technology-
development-lessons-learned/10.1117/12.860264.full

3 Windhorst, R., Smith, R., 2013, Lessons Learned from JWST: What is required to make Mega-Science Projects
succeed?, http://www.asu.edu/clas/hst/www/jwst/jwsttalks/jwstlessons aaol3.pdf

35 Arenberg, J., Matthews, G., et. al., 2014, “Lessons We Learned Designing and Building the Chandra Telescope”,
SPIE, 9144-25. https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20140011718.pdf

36 Launius, R., & DeVorkin, D., 2014, “Hubble’s Legacy: Reflections by Those Who Dreamed It, Built It, and
Observed the Universe with It”, Smithsonian Institution Scholarly Press, 2014, (Washington, DC).
opensi.si.edu/index.php/smithsonian/catalog/view/57/33/1071-1

37 Cowen, R., 2015, “Hubble Turns 257, EOS, 96, doi:10.1029/2015E0028625. https://eos.org/features/hubble-
turns-25

38 Mitchell, D., 2015, “An Overview of NASA Project Management, MAVEN Magic, and Lessons Learned”, NASA
Goddard Space Flight Center. https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20150009310.pdf

3 Wiseman, J., 2015, “The Hubble Space Telescope at 25: Lessons Learned for Future Missions”,
2015TAUGA..2258532W. http://adsabs.harvard.edu/abs/2015TAUGA..2258532W

40 Alban, S., 2016, 19 “Lessons in Project Management Mistakes from NASA”, Mavenlink.
https://blog.mavenlink.com/19-lessons-in-project-management-mistakes-from-nasa

4! Feinberg, L., Arenberg, J., et. al., 2018, “Breaking the Cost Curve: applying lessons learned from the James Webb
Space Telescope development to build more cost-effective large telescopes in the future”,
SPIE. https://doi.org/10.1117/12.2309661

42 Bitten, R., et. al., 2019, “Challenges and Potential Solutions to Develop and Fund NASA Flagship Missions”,
IEEE, 978-1-5386-6854-2/19. https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20190001455.pdf

43 Chaplain, C., et. al., Feb. 2018, “James Webb Space Telescope Integration and Test Challenges Have Delayed
Launch and Threaten to Push Costs Over Cap”, GAO Report to Congressional Committees, GAO-18-273.
https://www.gao.gov/assets/700/690413.pdf

4 Kimble, R., et. al., 2012, “The Integration and Test Program of the James Webb Space Telescope”, SPIE.
https://jwst.nasa.gov/resources/KimbleSPTE20128442-90.pptx

4 Gunn, C., 2018, “The Cargo Aircraft that transported the James Webb Space Telescope”,
http://sci.esa.int/jwst/60356-the-cargo-aircraft-that-transported-the-james-webb-space-telescope/

46 Villard, E., 2018, “Follow the STARRS to Find NASA’s Webb Telescope”, NASA,
https://www.nasa.gov/feature/goddard/2018/follow-the-sttars-to-find-nasas-webb-telescope

47 Paquin, K., Jenkins, A., 2008, “Hubble Instruments Slated for On-Orbit ‘Surgery’”, NASA,
https://www.nasa.gov/mission pages/hubble/servicing/series/instrument_repairs.html

8 Gutro, R., 2017, “NASA James Webb Space Telescope Completes Acoustic and Vibration Tests”, NASA.
https://www.nasa.gov/feature/goddard/2017/nasas-james-webb-space-telescope-completes-acoustic-and-vibration-
tests

49 McCloskey, J., 2016, “EMC Test Challenges for NASA’s James Webb Space Telescope”, NASA.
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20160005453.pdf

22



50 Foust, J., 2016, “Report warns of WFIRST cost growth”, Space News, https://spacenews.com/report-warns-of-
wiirst-cost-growth/

5! Figueroa, O., Michelson, P, et. al., 2017, “WFIRST Independent External Technical/Management/Cost Review
(WIETR) Report, https://www.nasa.gov/sites/default/files/atoms/files/wietr_final report 101917.pdf

52 Jennings, D. E., et. al., 2017, “Composite Infrared spectrometer (CIRS) on Cassini”, Applied Optics, Vol. 56, No.
18/June 20, 2017. https://www.semanticscholar.org/paper/Composite-infrared-spectrometer-(CIRS)-on-Cassini.-
Jennings-Flasar/171115aab6a4b3df474ab764cffc250849fe9214

53 Crooke, J. A., et. al., “Alignment and polarization sensitivity study for the Cassini — Composite Infrared
Spectrometer (CIRS) Far Infrared (FIR) interferometer”, Cryogenic Optical Systems and Instruments VII, Vol. 2814,
SPIE, Denver, CO, 1996. https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19980236546.pdf

54 Crooke, J.A., “Alignment and cryogenic testing of the Cassini Composite Infrared Spectrometer (CIRS) far-
infrared (FIR) focal plane”, Cryogenic Optical Systems and Instruments VII, Vol. 2814, SPIE, Denver, CO, 1996.
https://doi.org/10.1117/12.254152

55 Crooke, J., et. al., “Flight qualification of the Cassini Composite Infrared Spectrometer (CIRS) far-infra-red (FIR)
polarizing beamsplitter substrate: mylar chosen over polypropylene,” SPIE, Vol. 2814, Denver, CO, 1996.
https://doi.org/10.1117/12.254135

56 Hagopian, J. G., “Cryogenic Interferometric Alignment (CIA) of the Composite Infrared Spectrometer (CIRS)
engineering unit for the Cassini mission to Saturn”, Cryogenic Optical Systems and Instruments VII, Vol. 2814,
SPIE, Denver, CO, 1996. https://doi.org/10.1117/12.254149

57 Hagopian, J. G., Crooke, J. A., “Acoustic amplification in the far-infrared focal plane assembly of the composite
infrared spectrometer (CIRS) for the Cassini mission to Saturn”, Cryogenic Optical Systems and Instruments VIII,
Vol. 3435, SPIE, San Diego, CA, 1998. https://doi.org/10.1117/12.323738

8 Hagopian, J. G., Crooke, J., et. al., “Optomechanical alignment of the Composite Infrared Spectrometer (CIRS)
for the Cassini Mission to Saturn”, Cryogenic Optical Systems and Instruments VII, Vol. 2814, SPIE, Denver, CO,
1996. https://doi.org/10.1117/12.254147

% Fettig, R., Crooke, J., et. al., “Thermoelectric infrared detectors with improved mechanical stability for the
composite infrared spectrometer (CIRS) far-infrared focal plane”, Cryogenic Optical Systems and Instruments VIII,
Vol. 3435, SPIE, San Diego, CA, 1998.

https://www.researchgate.net/publication/252755159 Thermoelectric_infrared detectors with _improved mechanic
al stability for the composite infrared spectrometer CIRS far-infrared focal plane

0 Lyon, R. G,, et. al., “Solar viewing interferometer prototype”, Optical, Infrared, and Millimeter Space Telescopes,
Vol. 5487, SPIE, 2004. http://spie.org/Publications/Proceedings/Paper/10.1117/12.552237

61 Birkler, J., et. al., 2002, Options for Funding Aircraft Carriers,
https://www.rand.org/content/dam/rand/pubs/monograph_reports/2005/MR1526.pdf

62RL.31404, 2004-2007, Defense Procurement: Full Funding Policy — Background, Issues, and Options for
Congress, https://www.everycrsreport.com/reports/RL31404.html

8 O’Rourke, R., 2006, Navy Ship Procurement: Alternative Funding Approaches — Background and Options for
Congress, CRS Report for Congress, RL32776. https://fas.org/sgp/crs/weapons/R1.32776.pdf

% Lee, D., et. al., 1994, Determining a Budget Profile from a Development Cost Estimate,
https://apps.dtic.mil/dtic/tr/fulltext/u2/a275864.pdf

23



5 O-Rourke, R., Schwartz, M., 2019, Multiyear Procurement (MYP) an Block Buy Contracting in Defense
Acquisition: Background and Issues for Congress, R419009. https://fas.org/sgp/crs/natsec/R41909.pdf

% O-Rourke, R., Navy Ford (CVN-78) Class Aircraft Carrier Program: Background and Issues for Congress, 2019.
RS20643. https://fas.org/sgp/crs/weapons/RS20643.pdf

7 AcqNotes Defense Acquisition Made Easy, Advanced Procurement (AP) Funding, Financial Management, 2010-
19, http://acqnotes.com/acqnote/careerficlds/advance-procurement-funding

8 AcqNotes Defense Acquisition Made Easy, Full Funding Policy, Financial Management, 2010-19,
http://acqnotes.com/acqnote/careerfields/full-funding

% Gady, Franz-Stefan, “U.S. Navy’s $13B Supercarrier Just Got Even More Expensive”, The Diplomat, May 15,
2018. https://thediplomat.com/2018/05/us-navys-13-billion-supercarrier-just-got-even-more-expensive/

7013030. National Academies Press, 2011, “Evaluation of the U.S. Air Force Preacquisition Technology
Development”, Chapter 2: The Current State of the Air Force’s Acquisition Policies, Processes, and Workforce.
https://www.nap.edu/read/13030/chapter/4

"' Hertz, P., NASA HQ Charter for the Mission Concept Study Science and Technology Definition Teams.
https://smd-prod.s3.amazonaws.com/science-pink/s3fs-
public/atoms/files/Mission Concept Study and Definition Team Charter-V1 2015-12-28.pdf

2NASA Astro2020 Decadal Survey Planning. https:/science.nasa.gov/astrophysics/2020-decadal-survey-planning

PNASA HQ, Astrophysics Decadal Survey 2020 Management Plan for Large Mission Concept Studies — Rev F,
2019. See slides 48-56 for CML4 definitions. https://smd-prod.s3.amazonaws.com/science-pink/s3fs-
public/atoms/files/Decadal Studies Management Plan RevF APD 02 11 2019.pdf

"4 Hylan, J., et. al., NAS APC White Paper, “Managing Flagship Missions to Reduce Cost and Schedule”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/66-
353380de41bcb86863845a4137b51abl HylanJasonE.pdf

5 Crooke, J., et. al., NAS APC White Paper, “Funding Strategy Impacts and Alternative Funding Approaches for
NASA’s Future Flagship Mission Developments”, 2019.
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/623127/5043187/186-
ccb4977b966d4d6£14141b9¢436e1271 CrookeJulieA.pdf

76 NASA Systems Engineering Handbook, NASA/SP-2016-6105 Rev2.
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20170001761.pdf

7 Bitten, B., Kellogg, B., et. al, The Aerospace Corporation, NASA Cost Symposium, Reserves on Schedule to Go
(STG) Based on Historical Data, 2014,
https://www.nasa.gov/sites/default/files/files/23 Reserves _on STG Briefing FINAL for NCS_Approved Tagged.

pdf

"8 Crooke, J., Gunderson, J., Hagopian, J., et al., “Developing a NASA strategy for the verification of large space
telescope observatories”, Modeling, Systems Engineering, and Project Management for Astronomy II, SPIE, Vol.
6271. https://doi.org/10.1117/12.670209

24



