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1. Purpose

The Aerospace Corporation was tasked in November 2011 to participate as an independent party to
review three separate, but related, Europa Habitability Mission (EHM) concepts under study by the
Jet Propulsion Laboratory (JPL) to visit Europa in the continuing search for life in our solar system.
The three concepts were being studied by JPL in the context of guidance provided by the National
Research Council (NRC) Planetary Decadal Survey report released to the public in March 2011. In
this report, a mission to the Jupiter/Europa system was rated very high with regard to science
importance to the United States in the next decade. However, based on the expected high cost of the
baseline reference mission evaluated by the NRC Planetary Decadal Steering Committee, the
guidance was to descope the reference mission and significantly reduce mission cost while providing
sufficient scientific investigation capability considered to be of paramount importance over the next
decade. Aerospace, having participated as the NRC Cost and Technical Evaluation (CATE)
contractor in the cost, technical, and schedule risk assessment of the planetary concepts evaluated by
the Planetary Steering Committee, was a logical choice to independently evaluate the three updated
EHM concepts with the same CATE techniques and processes. The three separate EHM mission
concepts evaluated were: Orbiter, Flyby and Lander. This report presents the cost, technical, and
schedule risk assessment for the EHM Orbiter Mission using the CATE process originally
established by the NRC.

The key parameters of the EHM Orbiter Mission can be found in Figure 1.

Europa Habitability Mission Orbiter

EuropaOrbiter Scientific Objectives:
* Explore Europato investigate its habitability

* Key science themes cited:
— Characterize the extent of the Europan ocean and its
relation to the deeper interior
— Understand the formation of surface geology
* Including sites of recent or current activity
* Characterize high science interest localities

Key Parameters: Key Challenges:
* Model Payload (4 instruments) ¢ Mission Requirements Growth
— Ocean: Laser Altimeter, (Radio Science — Telecomm Subsystem) — Unexploited science opportunities
— Geology: Mapping Camera — Unexploited capacity
— Particles and Fiel'ds: Langm'ui.r Probe, Magnetometer * ASRG Development
* 4 Advanced Stirling Radioisotope Generators (ASRGS) — Performance and life qualification
* Launch Mass: 3748 kg — Impact of ASRG-induced jitter on system
* Launch Date: 2021 (on Atlas V 551) ¢ Radiation Environment
* Orbit: 100 km Europa orbit + ~ 15 Gravity Assist flybys before — Impact to external hardware and sensitive detectors

EOI (no planned science during cruise/flybys)
* Radiation Environment: 1.1 Mrad TID (100 mil Al Si) cruise +
400 krad TID (100 mil Al Si) Europa orbit

* Disposal Location: Europa

— Fail operational software fault management

* Planetary Protection
— Ability of hardware to withstand dry heat microbial reduction

Figure 1. EHM Orbiter Mission Concept Overview



2. Executive Summary

The EHM Orbiter concept was found to have a Medium technical risk and is well designed for an
orbiter mission to Europa. Mass and power margins are robust, and the design incorporates
modularity with well-defined interfaces. Technology development is mainly related to engineering
implementation; however, concern does exist with the technology development of the radioisotope
power source (ASRGs) currently under development by NASA. An additional concern is the
selection of hardware that is tolerant to the dry heat microbial reduction process planned to ensure
satisfaction of Planetary Protection requirements. The impact of radiation for this mission is also a
concern but has been mitigated by compartmentalization and the modular design, as well as the
mission design.

The CATE cost estimate for the EHM Orbiter concept is $1.8B in FY15 dollars excluding launch
services. The EHM Orbiter CATE, estimate excluding launch services, is compared to the Project’s
cost estimate in Figure 2. Including a launch service cost of $272M, consistent with CATE estimates
for the Planetary Decadal Survey Steering Committee, the CATE estimate including launch services
is $2.0B. The cost estimate for four ASRGs is assumed to be $200M based on guidance provided by
NASA. The cost risk associated with the ASRG technology development required for the EHM
mission concepts has not been included in the CATE cost estimate, nor have the associated schedule
risk to the project and technical risk to the flight system.

The project schedule of 73 months is considered to be realistic with the independent estimate being
75 months. The concept’s use of modularity provides the opportunity to focus and minimize risk
through parallel development paths.

$3,000

H Threats

m Reserves

B LaunchVehicle

B Phase E Costs & EPO
$2.0B ® Pre-launch Ground

$2,000
B ASRGs
: Flight System
H Instruments
B PM/SE/MA
®Phase A
$1,000 +  Project estimate from

Estimated Cost (FY15$M)

“EHM Aerospace cost

estimate comparisons
2012-03-14 xIsx”

LV costs from Decadal
Survey Guidelines

| -

EHM Project EHM CATE EHM CATE
(No LV) (No LV) (With LV)

Figure 2. Europa Orbiter Cost Estimates



3. CATE Background

The NRC Astro2010 Decadal Survey Steering Committee established the CATE process in June
2009. The CATE process was then used for three NRC Decadal Surveys: Astro2010, Planetary, and
Heliophysics. Previous NRC Decadal Surveys had underestimated the costs associated with the
recommended science priorities. The NRC and others recognized that mission costs were being under
estimated, so the US Congress mandated that an independent contractor be utilized to provide more
realistic cost, technical and schedule risk assessment directly to the decadal steering committees for
consideration and evaluation in executing their charter. Select portions of the Planetary Decadal
report, Vision and Voyages, from Appendix C are provided below to summarize the CATE process. It
is important to note that the CATE process is intended to inform future NASA Science Mission
Directorate (SMD) budget decisions, not to decide if a specific concept meets a cost target or to
decide if a specific mission concept should be selected for flight versus another mission. Because the
CATE process is used for future budgetary decisions, it incorporates potential cost threats that may
occur in the future based on concept maturity at the time of evaluation.

The CATE process focuses on cost and schedule risk assessment, but limited technical evaluation is
also required to categorize concept maturity, technology development, and the potential impact that
insufficient margins and contingency (mass and power) may have on schedule or cost.

Vision and Voyages, Planetary Decadal Report, Appendix C: The objective of the CATE process is
to perform a cost and technical risk analysis for a set of concepts that may have a broad range of
maturity, and to ensure that the analysis is consistent, fair, and informed by historical data. Typically,
a concept evaluated using the CATE process is early in its life cycle and therefore likely to undergo
significant subsequent design changes. Historically, such changes have resulted in cost growth.
Therefore, a robust process is required that fairly treats a concept of low maturity relative to one that
has undergone several iterations and review. CATEs take into account several components of risk
assessment.

The primary goal of the CATE cost appraisal is to provide independent estimates (in fiscal year [FY]
2015 dollars) that can be used to prioritize various concepts within the context of the expected NASA
budgetary constraints for the coming decade. ... To be consistent for all concepts, the CATE cost
process allows an increase in cost resulting from increased contingency mass and power, increased
schedule, increased required launch vehicle capability, and other cost threats depending on the
concept maturity and specific risk assessment of a particular concept. ... All cost appraisals for the
CATE process are probabilistic in nature and are based on the NASA historical record and
documented project life-cycle growth studies.

The evaluation of technical risk and maturity in the CATE process focuses on the identification of the
technical risks most important to achieving the required mission performance and stated science
objectives. The assessment is limited to top-level technical maturity and risk discussions. Deviations
from the current state of the art as well as system complexity, operational complexity, and integration
concerns associated with the use of heritage components are identified. Technical maturity and the
need for specific technology development, including readiness levels of key technologies and
hardware, are evaluated. ... The CATE technical evaluation is limited to high-level technical risks
that potentially impact schedule and cost. The CATE process places no cost cap on mission concepts,
and hence risk as a function of cost is not considered. Concept maturity and technical risk are
evaluated in terms of the ability of a concept to meet performance goals within proposed launch dates
with adequate mass, power, and performance margins.

To aid in the assessment of concept risk, independent schedule estimates are incorporated as part of
the CATE cost estimate.



4. Technical Evaluation

The EHM Orbiter technical risk rating is Medium. The mission will require medium new
development, mostly in the engineering implementation. Radioisotope, or ASRG, power source
qualification, radiation mitigation for external hardware, software fault management, bake stable
treatment of detectors for planetary protection, and qualification of the AMBR 890 N (HiPAT) engine
will be some of the key challenges associated with this mission. Mass margins are high, with an
average mass contingency of 64% for the bus and 88% for the instruments. Power margins and
battery depth of discharge are adequate assuming four ASRGs. The concept design is within the
capability of the Atlas V 551 and 541 launch vehicles, with greater than 10% launch mass margin.
The radiation environment contributes to Medium operational risk. The proposed “fail operational”
approach to fault management of radiation upsets also contributes to this risk. An additional concern
is the development of hardware to withstand Planetary Protection measures, given the vehicle will be
disposed of on the surface of Europa.

The top technical risks associated with the EHM Orbiter Mission are:

Mission Requirements Growth to utilize additional capacity

Advanced Stirling Radioisotope Generator (ASRGS) development impact
Survival of flight system in Radiation Environment

Development of hardware to withstand Planetary Protection methods

Mo E

These top risks are discussed below. Figure 3 illustrates some key aspects of the EHM Orbiter
concept.

Europa Habitability Mission Orbiter

Model Instrument Suite:

i

Langmuir Probe

Advanced Stirling Radioisotope Generator:

Magnetometer

Mapping Camera

Centralized Shielded Vault:

SC Structure
Vault
Chassis

antal
-

Propellant (EOI)

890 N HiPAT

i [ e

Figure 3. EHM Orbiter Mission Concept Features



Mission Requirements Growth

The anticipated high mass margins for the EHM Orbiter mission have the benefit of mitigating the
risk of unplanned mass growth; however, they also offer a temptation to increase the science payload
from the current focused concept, which may impact the overall complexity and cost of the mission.
As illustrated in Figure 4, the proposed concept has a launch mass margin of greater than 10% on
Atlas V 541 and 551. This margin already considers the best-estimate mass as well as an average 64%
mass growth contingency for the bus and 88% mass growth contingency for the instruments. Since
the mass margins are high, there is a concern that instrument providers may wish to utilize excess
capacity. Competitively chosen instruments may have higher mass or complexity than the model
instruments for the EHM concept. Also, there is a concern that instrument types from the EHM Flyby
concept may be added to the Orbiter mission. Neither of these potential scenarios was included in the
CATE cost estimate.

10,000
W 10% LV Margin
9,000
Il CATE MEV Launch Mass (kg)
8,000
M Project MEV Launch Mass (kg)
7,000
;a:o M Project MEV Dry Mass (kg)
5 ©000 M Project CBE Dry Mass (kg)
(7]
f§° 5,000 Atlas V551
£ (4494 kg)
[ ]
g 4000 T atlas V541
“ 3,000 -
2,000
1,000
0 \

Europa Orbiter (EHM)
Figure 4. EHM Orbiter Launch Mass Margin

Power margins during normal operations are acceptable assuming 4 ASRG power, as shown in
Figure 5. There are small differences in the expected maximum battery depth of discharge due to
differences in power growth allowances in CATE estimates versus project estimates; however, all
estimated power margins are within acceptable limits. Battery depth-of-discharge is held to 28% or
lower in the worst case (at either telecom or Jupiter orbit insertion).

Advanced Stirling Radioisotope Generator (ASRGS)

Uncertainty associated with technology development for the ASRGs contributes to risk of design
changes and schedule delays for the project. The ASRG is currently estimated at TRL 5 and is part of
an ongoing development effort. Results from the ground based testing program may possibly lead to
changes in the ASRG interface to the spacecraft. Items that are of particular concern include the
contribution of jitter from the ASRGs to the Mapping Camera and Laser Altimeter as well as the
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30% Power Growth Contingency
. M Project Estimate Project: 67% load power
20% contingency (payload and bus)
M CATE Estimate

10% CATE: 80% load power contingency
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§-10% - Maximum Battery DOD |
S
o oo .
%-20% | Project: 28% during JOI
a
) CATE: 17% during JOI
'8-30% -
=

-40% -

-50% -

-60% -

4 ASRG EHM Orbiter w/ 4 ASRG EHM Orbiter 4 ASRG EHM Orbiter JOI
Telecom w/50% Telecom

Figure 5. EHM Orbiter Power Margin

impact of electromagnetic interference (EMI). Also, there is concern that the ASRG may not provide
the expected power for the mission environment. If the ASRGs provide less power than expected,
then either a fifth ASRG may need to be considered or a modification to mission operations may be
necessary. No additions to the CATE cost or schedule estimates were made based on possible delays
in ASRG development.

Radiation Environment

The radiation environment for the EHM Orbiter mission contributes to uncertainty in mass, cost, and
schedule. Hardware that is external to the radiation vault, particularly exposed sensor heads, will
require qualification for the mission radiation environment. Delays in radiation qualification of sensor
detectors or optics may adversely impact project cost and schedule. Hardware that is internal to the
radiation vault may need to be assessed for compatibility (EMI and thermal) within the common
enclosure. Additional systems engineering effort is anticipated for successful integration of
electronics within the common radiation vault. In order to maintain operations through radiation
upsets, the EHM Orbiter mission proposes a “fail operational” software fault management approach.
While this approach may help to maintain operations pacing, it will require a more complete
understanding of hardware failure modes than a “fail safe” approach. Some delays in fault
management software are anticipated as the hardware implementation matures. The impact to the
CATE cost estimate was considered by using the Juno mission as a cost analogy and adding a 5%
multiplier to the bus and camera estimates for radiation issues.



Planetary Protection

The EHM Orbiter is intended for disposal on the surface of Europa and as a result is subject to
Planetary Protection requirements. These requirements will place a stringent limit on spores on
surfaces, in joints, and in the bulk of nonmetallic materials. Currently, the project plans to use dry
heat microbial reduction to meet these requirements and possibly other means if necessary. Hardware
used on the EHM Orbiter must be tolerant to the high heat (~110°C-125°C) microbial reduction
process or other processes as needed. These requirements will constrain hardware selection and may
result in adverse impacts to cost and schedule. In order to ensure satisfaction of Planetary Protection
requirements, the project will need to implement a compliance effort throughout the system
development. In order to account for instrument and bus planetary protection, a 5% multiplying factor
was used in the cost estimate.

Technology Development

Technology development items for the EHM Orbiter mission include development of the ASRG,
radiation-hardened detectors for the Europa mission environment, and qualification of the AMBR 890
N (HiPAT) engine. The ASRG is currently estimated at TRL 5 based on DoE engineering unit testing
with further testing by NASA Glenn Research Center. Further life testing is anticipated as well as a
modified housing design. Additional development of radiation hardened detectors is anticipated to
advance beyond TRL 5-6. The current level of maturity depends on the selected manufacturers and
their proposed manufacturing techniques for hardending of CCD and CMOS type detectors. The
AMBR engine is currently estimated at TRL 6, based on unit level environmental and performance
testing, although additional performance and life testing is ongoing.

10



5. Cost and Schedule Evaluation

Figure 6 illustrates the CATE cost estimating approach in the form of a flow diagram. The initial
focus is to estimate, with multiple analogies and cost models, the concept hardware such as
instruments and spacecraft bus. Following the estimation of other cost elements based on historical
data, a probabilistic cost-risk analysis is employed to estimate appropriate cost reserves. To ensure
consistency for all concepts, the cost estimates are updated with information from the technical team
with regard to mass and power contingencies and potentially required additional launch vehicle
capacity. Using independent schedule estimates, costs are adjusted using appropriate burn rates to
properly reflect the impact of schedule delays or multiple work shifts to ensure meeting a launch date.
Finally, the results are integrated, cross-checked with other independent cost and schedule estimating
capabilities, and verified for consistency.

[ | [ |
o |
i | | | | |
e R T r—
Estimate Instruments & Estimate Other Estimate Cost
Spacecraft Elements Reserves

Multiple analogies and models - Based on historical data - Based on probabilistic cost
risk analysis

Estimate Mass and Power | Estimate Schedule Integrate Results & Level
Contingency Threat Threat Across Concepts
Rerun estimate with CATE » Based on ISE results and ' Cross-checkwith CoBRA

contingencies projectburn rates

Figure 6. CATE Cost Estimating Process
Hardware Cost Estimates

The hardware cost elements estimated for the Europa Orbiter concept are the spacecraft bus and the
four instruments. Multiple estimates are developed for each of these elements. Both parametric cost
models and analogy-based estimates are used. Figure 7 illustrates the analogy-based estimating
process, which uses a cost estimating relationship (CER) to adjust the actual costs of past missions.
By using the actual costs of past missions, unique attributes of those missions or performing
organizations, which are similar to the mission being estimated, can be captured. This can provide
insight that is different from most parametric cost models, which are based more on an “industry
average” approach.

For the spacecraft bus, a total of five estimates were developed using the NASA and Air Force Cost
Model (NAFCOM), the PRICE-H cost model and analogy-based estimates using Juno, Cassini, and
Mars Reconnaissance Orbiter (MRO). The final CATE estimate is an average of these five estimates.
The results of these estimates are depicted in Figure 8. The cost estimates shown include the
spacecraft hardware, Project Management and Systems Engineering at the bus level, as well as bus

11



Estimate = Actual analogy cost x CER (new)/CER (analogy)

Costof
analogy

system ~.
+

CER estimate of analogy
system

Cost \ CER
CER estimate of new
system
Input Variable
Figure 7. Analogy-Based Estimating Process
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Figure 8. Orbiter Bus Cost Estimates

and system-level integration and test. ASRG costs are not included in these estimates. As can be seen,
there is reasonable agreement between the CATE ($582M) and Project ($523M) cost estimate for the
spacecraft bus or flight system.

For the Orbiter instruments, the cost estimates are based on either two or three parametric cost models
and three to five analogy-based estimates. The parametric models used for the Orbiter instruments
include the NASA Instrument Cost Model (NICM), The Multivariate Instrument Cost Model
(MICM), and the Space-based Optical System Cost Model (SOSCM). The results for the instruments
are depicted in Figures 9 to 12. In addition to the individual instrument estimates, the total payload

12
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Figure 10. Orbiter Langmuir Probe Cost Estimates
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Figure 12. Orbiter Mapping Camera Cost Estimates

estimates include an estimate of the payload-level Project Management and Systems Engineering. For
the total payload, there is good agreement between the CATE ($81M) and Project ($75M) cost
estimates, as shown in Figure 13.
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Figure 13. Total Payload Cost Comparison
Other Cost Elements

Other cost elements estimated for the EHM Orbiter concept include project-level Project
Management, Systems Engineering, and Mission Assurance, pre-launch Science and Ground System
Development, Pre-Phase A/Phase A, Phase E, and Education and Public Outreach (EPO). Other cost
elements included in the total cost estimated, but not independently estimated, are the ASRGs and
launch vehicle.

Project Management, Systems Engineering, and Mission Assurance were estimated as a single total
(PM/SE/MA) using “wrap factors” based on similar historical projects. The historical missions used
for the Orbiter PM/SE/MA estimate are Cassini, Juno, MER, and Mars Exploration Rover (MRO).
The “wrap factors” are calculated as a percentage of hardware costs for the historical missions. These
percentages are then applied to the estimated hardware cost of the Orbiter concept. Specifically, the
average percentage wrap factor is applied to the total of the average estimate for each hardware
element.

Pre-launch Science and Ground System Development estimate is similarly developed using wrap
factors based on historical missions. The historical missions used are Cassini, Juno, MER, and MRO.

Pre-Phase A/Phase A costs are estimated using a rule of thumb of 1.5% of the Phase B-D
development costs per year of Pre-Phase A/Phase A. For the EHM Orbiter concept, the total duration
used was 40 months starting in June 2012 and ending in October 2015. This is actually earlier than
the Phase A end date shown on the project schedule (Figure 14). However, significant activities are
planned to start in October 2015. These activities have historically been a part of Phase B, so an
adjusted Phase B start date is used for all schedule-related analyses.

15
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Figure 14. Europa Orbiter Planned Development Schedule

Phase E costs were estimated using annual spend rates from similar historical projects. Because of the
potentially different staffing required during cruise and encounter, these phases were estimated
separately using historical rates appropriate for the respective phase. For the cruise phase, annual
rates from MESSENGER, Juno, and New Horizons cruise phases were used. For the encounter phase,
annual rates from MRO and the predicted annual rate from Juno encounter phases were used.

EPO costs are estimated as 1% of total project costs excluding launch vehicle.

For the ASRGs, the project estimate of $50M each, supplied by NASA HQ, was used in the CATE
estimate. For the Atlas V 551 launch vehicle, a $272M estimate from the Planetary Decadal Survey
was assumed for consistency.

Cost Reserves

Cost reserves are estimated using a process illustrated in Figure 15. For each Work Breakdown
Structure (WBS) element, a triangular distribution of possible costs is developed. The cost values for
the triangle are derived from the range of cost estimates as illustrated in the bus and instrument
figures above. The lowest of the multiple estimates is used as the low value of the triangular
distribution. The average of the multiple estimates is used as the mode or most-likely value of the
triangular distribution. The high value of the triangular distribution starts with the highest of the
multiple estimates but then adds an additional Design Maturity Factor. The DMF is a multiplier based
on the maturity of the proposed design and the experience of the team. This factor helps ensure that
the high value of the distribution truly represents a worst case.

Once the triangular distributions are developed for each WBS element, they are statistically combined
to produce a total cost probability distribution. This distribution is typically plotted as a cumulative
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Figure 15. Cost Reserve Estimate Process Overview

distribution, which takes the familiar “S-curve” shape. The difference between the 70th percentile
value from this curve and the sum of the most-likely estimates is the cost reserves estimate.

Mass and Power Contingency Threat

The mass and power contingency threat is a concept that was developed to support the CATE
estimates, initially for the Astro2010 Decadal Survey, then later applied to the Planetary Science and
Heliophysics Decadal Surveys. The motivation was to provide a methodology to account for the
design evolution that has historically occurred from early conceptual design through development and
launch. In order to assign a cost to these design changes, historical mass and power growth data was
examined. This data showed values that were well above the typical guidelines of roughly 30% at
Phase B start. Because data prior to Phase B start was sparse, the available data was extrapolated back
to early conceptual phases.

Figure 16 shows an example of the data used for the mass and power contingency threats. This plot
shows payload mass growth data for seven historical planetary missions. The red line is the average
of this historical mission data. The black line is the CATE contingency that is used for the threat
calculation.

To estimate the threat cost, the project-proposed mass and power contingencies (used in the hardware
estimates described above) are replaced with the CATE contingencies. The estimates, including
reserves, are then recalculated and the difference between this result and the result using project
contingencies is recorded as the mass and power contingency threat.

For most projects, the CATE contingencies are well above the contingency values assumed in the
proposed concept. However, the Europa Orbiter concept already carried significant contingencies, so
the estimated contingency threat was insignificant ($15M). Table 1 is a summary of the mass
properties provided for the CATE assessment.
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Figure 16. Contingency Values Used For Threat Estimates
Table 1. Europa Orbiter Mass Properties

CATE
Cont. (%)

CATE
MEV (kg)

Project Project

Cont. (%)

Project
MEV (kg)

CBE (kg)

Orbiter Flight System Total 1033.4 63% 1685.7 51% 1555.9
Orbiter Payload Total 29.1 76% 51.4 70% 49.5
Instrument Chassis 2.0 63% 3.3 70% 3.4
Laser Altimeter 4.4 88% 8.2 70% 7.4
Langmuir Probe 2.2 88% 4.1 70% 3.7
Magnetometer 2.7 88% 5.0 70% 4.5
Mapping Camera 2.0 88% 3.8 70% 3.4
Payload Shielding 15.9 70% 27.1 70% 27.1
Orbiter Bus Total 1004.2 63% 1634.3 50% 1506.4
C&DH 12.0 63% 19.5 50% 18.0
GN&C 31.5 44% 45.2 50% 47.2
Harness 56.0 88% 105.0 50% 84.0
Mechanical 436.2 59% 694.3 50% 654.2
Power (w/o ASRGS) 41.5 34% 55.4 50% 62.2
ASRGs (4) 102.4 88% 192.0 50% 153.6
Propulsion 153.7 57% 241.6 50% 230.6
Telecom 60.9 71% 103.8 50% 91.3
Thermal 35.0 63% 56.9 50% 52.5
Bus Shielding 75.2 60% 120.6 50% 112.8

Schedule Threat

The base cost estimate described above uses the project-proposed development schedule. Historically,
project schedule estimates have proven to be optimistic. As part of the CATE process, a probabilistic
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Independent Schedule Estimate (ISE) is developed. If the 70th percentile duration from the ISE is
longer than project schedule, then a schedule threat is added.

Figure 17 illustrates the ISE process. The ISE is based on actual schedule durations from similar,
historical missions. The duration of each schedule phase is treated as a triangular distribution, which
can be statistically combined to yield a probability distribution of total project development time. The
triangular distribution of durations for each phase is derived from the actual phase durations from the
historical missions. The lowest duration is used as the low end of the triangular distribution, the
average duration is used as the mode or most-likely value, and the highest historical value is used as
the high value of the triangular distribution.
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Figure 17. Independent Schedule Estimate Process Overview

Figure 18 compares the actual Phase B-D duration of the four analogous missions used in the ISE
with the proposed Europa Orbiter Phase B-D duration. Figure 19 shows the results of the ISE as a
cumulative probability distribution or S-curve. The 70th percentile ISE value is 75 months while the
Europa Orbiter proposed value is 73 months (after adjusting the effective Phase B start date as
described above). Figure 20 is a breakdown of the results by project phase. While the overall
durations agree quite well, the 70th percentile historical duration for the CDR to start of spacecraft
I&T phase is significantly longer than the project value. Although this difference does not contribute
to the CATE cost estimate, the plan for this phase should be examined to ensure its adequacy.

The difference between the 70th percentile value and the proposed project duration is then converted
to a cost threat using a burn rate based on the project budget without reserves or launch vehicle. For
Europa Orbiter, the roughly two months’ difference is multiplied by a burn rate of roughly $7M per
month to yield a schedule threat of $17M.
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Results

Table 2 presents the final CATE cost results compared to the current Europa team cost estimate. The
agreement between the two estimates is quite close in all WBS elements. Figures 21 and 22 present
the same data in graphical form.

Table 2. Europa Orbiter Cost Estimate Comparison (FY15$M)

WBS Element
Pre-Phase A, Phase A
Mission PM/SE/MA
Instruments
Flight System
ASRGs
Pre-launch Ground and Science
Phase E and EPO
Total Reserves
Mission Cost Before Threats
Schedule Threats
Mass and Power Contingency Threats
LV Threats
Mission Cost With Threats
Launch Vehicle/Services
Total Mission Cost With Threats

Project

Estimate
incl. below
$ 123
$ 75
$ 523
$ 200
$ 99
$ 216
$ 370
$ 1,606
$ 1,606
$ 272
$ 1878

CATE

Estimate

R AR A <2 <C N <C U T =

54
125
81
582
200
85
225
369
1,719
17

15
1,751
272
2,023

Basis of CATE Estimate
1.5% of Dev cost per year for 40 months
Percentage of HW based on Cassini, Juno, MRO, MER + NEPA
MICM, NICM, SOCM and analogies to planetary instruments
NAFCOM11, PRICE, Juno, MRO, Cassini
Project Value for 4 ASRGs
Percentage of HW based on Cassini, Juno, MRO, MER
Based on annual rates from MESSENGER, NH, Juno, MRO
70% from cost risk analysis

2 months at Phase D burn rate ($7M/month scaled from JEO)
Based on 2/14 MEL
Adequate margins on Atlas V 551

Atlas V551 cost from DS guidelines + nuclear processing
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Figure 22. Europa Orbiter Cost Estimates
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Complexity-Based Risk Assessment (CoBRA)

As a cross-check of the CATE results, the Complexity-Based Risk Assessment (COBRA) process was
also applied to the Europa Orbiter concept. The CoBRA process uses technical and programmatic
parameters from the conceptual design to calculate a complexity value for the design. This is done by
ranking each of the individual parameters against a database of historical space missions. The
calculated complexity values for the historical missions are plotted against development cost and
schedule. The missions are classified as successful, partially successful, failed, or yet to be
determined. A best-fit line is drawn through the successful missions, and the estimated cost and
schedule of the Europa Orbiter concept can be compared to missions of similar complexity. Figures
23 and 24 show the CoBRA cost and schedule analysis results. Both the project and CATE cost
estimates are slightly above the green trend line, which is in family with successful past missions of
this complexity. Both the project and CATE schedule estimates are below the green trend line but
above the blue trend line, which is drawn through successful missions that had a planetary launch
window constraint. Again, this result adds confidence that the Europa Orbiter schedule estimates are
in family with comparable successful missions.
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Figure 23. Complexity-Based Risk Assessment Cost Analysis
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