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Case Study — Mars Science Laboratory (MSL) the Decadal SurveyThe baseline cost for MSL set after the
o . . Preliminary Design Review(PDR) in August 2006was
1 $ 6 $ MEL mission was responsible for landing the Iargestfpl.ﬁB. [22] Due to the assumptisrof the initial aggressive

g/lgrr;ar?:\;r I?;ﬁ\;d;f?g;?\g&g?% }livr?(;cer\}iglssc?fflze (;fst schedule the required technology developments, and the
environme.ntthatJ coultlj supportmicrobial life Cu’iosiF: subsequent 2@onth delay for fte next available launch
caried the most advanced [:)r;yloaﬂ scientifici'nstrumen)':s period, the additional effort requiredsulted in aihal cost

f rgISL of $2.5B. [23] Lessons learned from MSL, and a
HYHU XVHG RQ 0D U ¥ fpayosd) idbe- tanz Ls\%{b tantial amount of design heritage, are being incorporated

e opas s s 0 e NEX et fover mssion, Mars 2020 wiiohcuc
P P Mars surface sample analysis and will collect samples for a

operations[17] future Mars Sample Return missiahich has been a priority

To illustrate the relative size of the MSL rover, Figure 4N Previous decadal surveyg4]
shows the comparison of Curiosity at 900 kg to previou
NASA Mars landers and rovers cinding the Mars
Exploration Rover (MER) at 174 kg, the Phoenix lander6 , 0 &¢ience goalsvere primarily in the area of ultra

at 410 kg and the Mars Pathfinder Sojourner rover at precise astrometryhe measurement of the minmetion of
11.5kg.[18] MSL also required several critical technologiesstars, and otheastronomical sources. The goal sw&o

to be developed includingEntry, Descent, and Landing provide a two orders of magnitude improvement in
System, Mas Lander Engine, Londlife, Extreme astrometric precision relativeotthe HRiropean Space
Environment  Actuators, Sample AcquisitiofSample  Associdion Hipparcos mission25] Figure 5 illustrates the
Processing and HandlingSystem, Advaned Rover astrometric precision required by SIM as opposed to the
Technologies, Mobility Technologies, and Integrated Hipparcos and HST26] Technological challenges included
Simulation Toas. [19] nanometetevel control andtabilization of optical elements
on a lightweight flexible structure, sb-nanometetevel
sensing of optical element relative positionsrometers of
separation distancend overall instrument complexity and
the implications for interferometer integration and test and
autonomous oiorbit operations[27]

Tase Study — Space Interferometry Mission (SIM)
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Figure 4. MSL, MER, Phoenix, Pathfinder
Comparison'®

The initial development schedule for MSL was aggressiv
given the unique firsof-a-kind capabilities that needed to be
developed such as the Sky Crane, propulsive land
development, the sample acquisition, processing an
handling systems, as well as t@mplex Sample Analysis at
Mars (SAM) instrument which conducted the primary

surface sample analysis. As the project progressed, it becam'éIgure 5. SIM Capability Relative to Other Telescopes

evident that MSL could not develop the components requiregh, o 19q Astrophysics Decadal Survey identifiedSIM

and successfully integrate and test the complete system pr, hich was therknown asthe Astrometric Interferometry
to the original 2009 launch date. It was decided in Decemb§fission (AIM), as a high priority missiowhich would use

200.8 that the Iaunch date should be moved to the nexi 4 telescopes iBpace separated by up to 108tensto
available launch date in 201(20] measure the positiond stars with 3to 30-millionths ofan

. arcsecongbrecision ,W ZDV FRQVLGHUHG D $tPRGHFH
MS.L was chosen as part the ZOmtlonal Aca_ldemy of at the cost of $250M[28] SIM was also stated as high
Science®lanetary Decad&urveyestimate wasstimated to

EH D tPHGLXP. FODVV PLVVLR Qs LER GV G A B e B oo ing

;{/C:Q ?SS& I\r{rlgtil] I,Z'i f#;ﬁgf:gaﬂﬁgﬁ]gnle\wgg rr]néilsmn SIM in the previous Decadal Survein particular, the
P o q y committee recognized that AIM had evolved to the more

determinecandthere was not a design BISL at the time of FDSDEOH 6,0 PLVV L ReQabl@heldBsovERofO G
4



planets much morsimilar to Earth in mass and orkihan
those detectable now, and it skibypermit astronomers to
surveythe Milky Way Galaxy 1,000 times more accurately
than is possible now[29]

It was recognized, however, that the technology development
required 6r SIM to be implemented should be fully
developed prior to the start of system implementatios.
such, a comprehensive technology development program was
developed where eight specific technical milestones wer
identified before SIM could proceed to ctmstion. By
2006, all of the eight technology milestones had been
demonstrated.[30] Additionally, the concept for SIM
continued to evolve, starting with a -bfeter baseline
interferometer in 2000, to ar@eter baseline in 2006, to the
final 6-meter baséhe, now referred to as SIMLite, in 2009
in an effort to simplify the design to reduce cost

D

Figure 6. Relative Size of JWST Mirror toHST3*

NGST was initiatedluringtK H $IDVWHU EB#IhWHU FK
the mid1990s by then NASA Administrat@aniel Goldin.
Goldinchallenged NASAo build an HST follow-on that was

larger and cheaper thaHST. This challenge included

operating the 8neter telescope 40 degreesbove asolute

For the 2010 Astrophysics Decadal Survey, Bitglwasone
of the many concepts evaluated. At this point, Nadional
Academy of Science€ATE process was irplace and
estimatedthe totalcost of SIMLite to be$1.9Bfrom October

. onwar_d. Although SIML'tPT vestechnially mature fa.nd . zem (40 Kelvin), while requiring both the telescope and a
would provide a substantial, important new capability in

interferometry it was not included in the recommended superthin, lightweight thermal sunshield to be folded to fit
program for the GHFDGH IROORzLQJ WM R4BIB RYHRH YP¢f] fairindss]

consideration ofthe strengths of competing compelling pyjq; 1o the 2001 Astrophysics Decadal Survey, a study was
scientific opportunities and the highly constrained budget,nqgycted in 1997 tassess the feasibility oha8-meter
scenarios described in this repofB1] NGST.NASA and its industry and academia{pers studied
three approaches which included a TRW deployakiteeger

SIM experience showed that the process worked,th_at . segmented primarsnirror telescope and erectaldenshield
technobgy development was required before m|SS|ondeployed atLagrange point L2orbit, a Lockhed Martin
development begamnd that design evolution could occur to monolithic 6meterthin shell primar)'/mirror telescope and
satisfy both science advancements and budgetary constrailﬁtxs(_}d sundade in an interplanetary otbieyond that of Mars
before, mfortunately other missions took priority over SIM

Although almost $610M were speon SIM technology and a Goddard Space Flight Center (GSFC) developed

. . eployable 8netersegmented primary mirror telescogped
development from 1999 to 2008, this funding was not Waste(fﬁﬂatable sunkield, alsodeployed at L2[36]

[32] The noney spent on technology development, however,

was useful toreduce the risk and increase the robustnesy| ihree teamsleterminedhat NASA could launch NGST
of the technical baseline for future missiossich as the by 2005 and confirmediecause of advanced technology and
Habitable = Exoplanet ~ (HabEx) Observatory mission,  yne requirement that the observatory have-foueth the
which will be submitted to the upcoming Astrophysics ,,c¢ oHST, the Agency would be abie to build NGS®rf

Decadal Survey[33] significantly less than the $2 billion (1990 dollars) it had
invested inHST. Each of the studies assumed, however, that
Case Study — James Webb Space Telescope (JWST) NASA would receive at least $175 million (1996 dollars) for

JWST was initially identified as the Next Generation Spacdnission definition and technology development and another
TelescopéNGST)as a folow-onto HST. JWST is the rast $500 million for construction.The estimates for each of
complex spacbased observatory ever developed requiringh€ concepts, each of which is below $600M, is shown in
Significant technology development to Operate at CryogeniEigure 7,for the thre&elescopes studies as well an alternative
temperatureso take the measurement needed to meet itsOckheeeMartin 6-meter monolithic telescopg36]

science requirementsJWST has a 6:Bneter aperture

consisting of 18x1.3fneter beryllium mirrors which are

XQIROGHG WR EH DEOH WR ILW ZLWKLQ D ODXQFK YHKLFOHTV IDLULQJ DQG
are controlled individually to finéune the telescopes overall

performance.Figure 6 illustrates the size of the fully

deployed JWST imors vs. WKDW RI +67YV PRQROLWKLF

2.4-meter mirror[34] As noted previously, HST was the size

of a school bus, while JWST, when fully deployed, is the size

of a tennis court.
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Figure 7. Comparison of Initial Estimates for NGST

The NGST study team rationalized that the cost of NGST 1.

could be lower tharHST believing thatHST was more
complex since NGST was not serviceablaswnuch lighter
and ha reduced pointing requirements,omd only be
operated in neanfrared, lad innovative newomputeraided
designand manufacturingCAD/CAM) tools to reducethe
cost of designand was baed on grounebased segmented
telescopes sthe primary segmenteahirror technology was
alreadyproven A full list of this comparson is shown in
Table 1 as taken from the NGST study rep@a)

Table 1. Comparison of HST to NGST from 1997 Study

HST NGST

Astronaut-ated and serviceable
Shuttle launched, 11,000 kg
Body pointed to <0.01"

Shared, distributed programmatic
responsibility

UV/VIS/NIR space wavelengths
Superbly polished stable primary
Multiple science instruments
Paper and pencil engineering
Complex, frequent commanding
South Atlantic Anomaly pass each orbit

Long integration and test;
challenger delay

Contamination concern high for UV
Fclipses each orbit

Complex communications using NASA's
geosynchronous satellites

Ground telescope taken to space
Limited phases A/B

No precursor flight tests

Diffuse system engineering
Classified technology for primary

Not serviceable, no astronaut safety issues
ELV launched, 3000 kg
Body painted to 1" and fast steering mirror
Single prime contractor

Optimized for near infrared

Adjustable optics and wavefront sensing
Single, integrated instrument

CAD/CAM, concurrent engineering via internet
High levels of autonomy

Outside radiation belts

Four year development

Contamination concern low for IR
Stable thermal environment
Single dedicated ground station

Ultralightweight telescope designed for space

Extended phase A/B with technology development

Two to three precursor flight tests
Systems group at prime is responsible
DOD technology becoming public

It was quickly realized that the initial estimate was
underestimated such that the 2001 Astrophysics Decad

Survey provided an estimaté $1.2B, inFY 2000 dollars,
for the development of the NGST37] By January 2003,

after the selection of the primary contractor, the cost of th;
now-named JWST, -Meter aperture telescope mission

would be on the order of $1.6B FY 2002 dollars.[38]

The estimated cost of JWST increased to $3.5B by 2004 and
$4.5B by 2006 and had evolved to its current design of-a 6.5
meter telescopg39]

Knowing that]WSTneeded to develop 10 technologies to be
able to develop the system, the JWST projeck the
unusual step of having a Technology NAdvocate Review
(TNAR) to confirm that technology was matuféghe TNAR
consisted of nomdvocate industry experts to review each of
the 10 technologies to ensure that they reached Technology
Readiness Level (TRL) 6neyearprior to the JWST PDR.
Specifically, the 10 technologies that needed to be developed
included:[40]

Near InfraredNIR) Detectors

2. Sidecar ASIQapplicationspecific integrated circyit

Mid Infrared(MIR) Detectors

MIRI Cryocooler

Microshutters

HeatSwitch

Sunshield Membrane

Wavefront Sasing & Control(WFS&C)

Primary Mirror

© ©® N o g >

10. Cryogenic Stable Structures

At the time of PDRn 2008 the cost of JWST was $4.5B and
all technologies were TRL 6 or above. The funding profile,
however, did support the contied development of JWST.
Historically peak fundingfor a projectoccurs after the
Critical Design Review (CDR) as the design is being
finalized and components are being delivered. As shown in
Figure 8, the JWST funding profile peaked at PDR and then
decreasd significantly during the CDR and integration and
test (I&T) phase.[41] As can be seen, spacecraft
development had yet to begin while sunshade development
and the full I&T of the most complex spacecraft system that
has ever been developed, was stillaahél' he funding profile
resulted in work being deferred to the future given that
annual funding constraints required immediate problems to
beresolved.
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Figure 8. JWST Funding Profile as of May 2006



After JWST passed its CDR in 2010, there was avirg

basis than warequested. Limiting the funding in the garl

concern that deferred work would cause the launch schedwears can cause further growth in later years while work is

to slip and the cost of JWST to increase. Tigependent
Comprehensive Review Panel (ICRmMjas formed and

deferred and the schedule is stretched even mbhnes
developmental difficulty is consistent with other government

recommendedhat the earliest possible launch date was imragencies asoted bythe GeneralAccountingOffice (GAO)

late 2015and that the developmecost of JWST should be
between $6.2Bnd$6.8B.[42]

As an exercise to understand the impact of the funding profil

which has identifiedsimilar issues with Bpartment of
Energy (DoE)large-scale program implementatigd8]

Bor the case studies identified in this paper, estimating the

on the potential cost of JWST, The Aerospace Corporationost and schedule for these missions would have been
UDQ DQ DQDO\WLYV WKDW HVWLRBW HreDdy dhallehyDdDue It Q& unQrécediehRedtn® tof

the actuafunding profile made available to JW®#&sed on
historical funding profiles/43] Figure 9 shows the results of

Flagship missions, there is no comparable cost to use as an
analogous estimate.The development schedule for

the analysis and shows the significant decrease in fundirtgchnology development is also uncertain, leading to a large
after PDR that JWST experienced compared to the ideaincertainty in the final launch schedule.addition, early in

funding profile that increasdbrough CDR and into the first
part of I&T. Based on otheanalysis conductedhe penalty

their lifetime the desigmf Flagshipds not fully known so it
is difficult to assess th&&e RVW RI D IPRYLQJ WDUJ

associated with this reduced funding profile during time ofdesign evolvesThe design trades and options are numerous

need is on the order of $1Bl4]

Comparison of JWST Funding Profiles for $7B Development Cost
$700

$600
$500
$400
$300

$200 Ideal" Profile

Funding Provided

Annual Funding Requirement (RY$M)

$100

$

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Figure 9. Comparisonof Actual vs. Ideal
Funding Profile

JWST, when launchedgill be the most complex systeewer
sentinto space andill provide newdiscoveries for the next

decadeFurther, the success of JIWST will pave the way for

next generation space telescopes such tles Large
UV/Optical/IR Surveyor(LUVOIR) [45] and the Origins
Space Telescog®ST). [46]

5.CouLb CoSTSHAVE BEEN ANTICIPATED ?

The unique challenges presented by Flagship missions ma
it extremely difficult to fully predict cost and schedule
given that the technical advances needed nweet
performance requiremensse unprecedented-lagshipsare
typically complex and demanding in terms of scale,
teaming arrangements, priority, and novel technalogy
Often they involve technological advances or
applications of technologies, new pessing and unique
manufacturing[47] Although the projects are planned to
initial estimates, delays cause the cost to meet schedule
escalate, and therefore require maueding on an annual

7

new

and indeterminate through early concept development and
preliminary designs as techioglies mature. The final cost of
Flagships missions really cannot be fully baselined until after
the technology development is complete and the design has
fully matured which is typically afte€DR.

6. A POTENTIAL NEW APPROACH

A proposed approach tevebping Flagship missions shld

help eliminate some of the historical issues in Flagship
development This approach would ensurghat a
programmatic baseline is established afterthbdhe
technology and design haveaturedsuch thatan accurate
estimate could be developdthas been shown that a policy
that sets the programmatic baseline after a mature design had
been developed, provides the ability to manage the program
to cost.[49]

The proposed process for developing future $hag
missions is shown in Figure 10 and consists of the following

X Step 1:Conduct a science assessment and concept
feasibility study to determine the value of the science
and ckfine technology challenges.

Step 2:Fund technologies to TRL 6 with defined
pass/fail gates for each technologyhere the pase is
open ended witha consistentlevel of technology
funding until technologies padiserequired TRL gate

X

X
ke

Step 3: Beginan operendedPhase B to materthe
whole systemconcept to TRL 6 byPDR include
prototyping of manufacturing and test activities

X Step 4:Agree to a neto-exceedannualfunding level
that continues until a prototype is comple®ep6).

x Step 5 After the technology development phase is
complete, develop a prototype of the system tdvooit
implementation issues to know ttezope ofwork
going forward

to



Concept || Technology Development | PDR CDR
Feasibility | Mature Concept |
Science [ Prototype Development
Assessment
Annual Funding Constrained Full Funding

A

Indefinite Period defined by meeting criteria| Approved by Congress
Figure 10. Proposed Approach to Developing and Funding Flagship Missions

X Step 6 As prototype development is nearing The steps outlined should allow a mature system to be
completion providearealistic estimate cthe scope of developed before a programmatic baseliseestablished
work aheadising CDR as the gate for continuation. ~ while fully funding the mission allows for maximum

flexibility with limited interruptions due to annual

x Step 7 Get Congressional approval fall remaining funding constraints.

development funds which isnsilar to working capital
funds fortheU.S.Navyfor aircraft carrier procurement  To test this theory, the autlorused Tie Aerospace

x Step 8: Conduct Phase C/D as typicadldmg the Corporgltio'nde_:velop_ed Sand Chart Tool (SCECT is a
SystemsintegrationReview (SIR) PreEnvironmental probabilistic simulation of budgets and costs that simulates a
Review PER), PreShip Review PSR, etc., with SURJUDPYV VWU BVitemalFor extevhal Rt
lower level peer reviews as needed that cause cost and scheduk_a to geow was developed_to

assess the effect of potential overruns on a portfolio of
Step 7requiresa unique approach where Congress approvegissions [55] It includes a series of penalties, based on
the full funding for the remaining cost of the Flagship missiomistorical data, when projects need to be shifted, stretohed
once the technology development is complete, the conceptiigive funding reprogrammed given restrictions in annual
mature and a prototype is developed. This approach helps Bdgets It has been used in several cases including the
avoid the restriction of anmii funding changesduring the  assessment ot new, instrument firstscience mission
final part of developmenand isanalogous tdhe approach acquisition approachnd to assess the appropriate budgeting
that theU.S. Navy acquires aircraft carriers in terms of noand funding confidence level for different typespobgram
year funding[50] No year funding provides for a ofiene  portfolios.[56, 57] SCT can also be run for a single mission
allocation of funding approved by Congress & be used to assess how these penalties can affect cost ovetuens
as needed over several fiscal yeaimilar funding standing army cost and the inefficiencies of schedule
mechanisms are implemented by the.\Air Force U.S. stretches due to a naptimal profile.
Army, and other agencieg51] This approach is also
FRQVLVWHQW ZLWK *$27V UHFRP P HSK0G Ba¥ usedfona Kiditwus &jghix iMdsion. tHdebtify if
similar mechanism for itslargescale projects.[52] the proposediifferent acquisition strategy could be more
&RQVLVWHQW ZLWK *$27TV UHFRP P H éffediw. LFerQhe |dRalysiR condted D t8/h Wd3e3 were
account or no year funding appropriation could lower thedeveloped: Case #1, which represents the traditional
uncertainty of future funding inherent in the incrementalacquisition approach, and Case #2, which represents the new
funding process for future NASA large scale, strategid-lagship acquisition approach identified above. Each case
mission developments. Such a mechanism would also enalilgtiates a Flagship mission in the year 2020, with Case #1
these missions to be more appropriately managed to thmseining a $4B FY20$ mission that will take 10 years to
programmatic baseline total life cyclest, and nobe subject develop. Unfortunately, this estimate is premature, given all
to variations in annual budgets.Per the Office of the unknowns in the requirements, designd technology
ODQDJHPHQW DQG % Xigdldt WALY, ful 0 %such that the baseline funding is underestimaféglre 11
funding means that appropriatomre *£nacted that are shows the average dfe simulation runs for the 19riginal
sufficientin total to complete a useful segnt of a capital planned funding, 23djustedunpenalizedunding that would
project beforeany obligation may be incurred forah be needed ithe budgetvas unconstrained, and @pserved
segment- [53] Thisapproachs not unprecedented in NASA penalizedfunding profile given the annuabudget limit
as Congressauthorized full funding for the Space Shuttle imposed by the project.
orbiterEndeavour (OV105)in August 1987 as a replacement
for the S@ce Shuttle orbiter Challeng¢b4]



Case #1 Traditional Approach Comparison Comparison of Observed Traditional vs. New Approach
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Figure 11. Case#1 Traditional Funding Comparison Figure 13. Case #hnd#2 Observed Funding Comparison

Case #2, however, has a similar funding profile in the firsiA comparison of the plannegs. averageobservediaunch

2 years but levels off at a fxl annualfunding leve] as  date andaveragedotal costfor each caserovides additional

describedn Step4 above until the firstsix steps are executed insight. Tables2 and 3 provide summary of thelannedvs.

and the project faces a CDR aftepratotype is built. Given observed results for the two casEstice that the traditional
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. . The key to the new approach is to convince all stakeholders
Figure 13 showsa comparisonof the average observed 1, annrove fundingipfront $2B in the case of the example
funding from the simulatiobetween the traditional, Cagé shown, for a missiorthat may be tocexpensive for the
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Figure 12. Case #XNew Approach Funding Comparison
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