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Two of the primary parametric costing tools used to estimate the development and produc-
tion cost of future spacecraft hardware are PRICE TruePlanning - Space Missions Catalog
by PRICE Systems, and SEER-H by Galorath. These are standard tools used by NASA and
industry to estimate the cost of new aerospace hardware. However, no independent veri�cation
of the accuracy of these tools is publicly available. Both PRICE Systems and Galorath have
completed internal validation studies of their parametric cost estimating tools; however, they
only provided the results of the studies and did not detail the exact methods used to perform
the validation. In the present study, cost estimators used PRICE TruePlanning and SEER-H to
estimate the cost of twelve di�erent past NASA science missions. The estimators were prevented
from knowing the actual cost of the missions in an e�ort to minimize cognitive biases. In the
present study, SEER had an average error of 23%, median error of -0.3%, with a standard
deviation of 43%. PRICE had an average error of 52%, median error of 50%, and standard
deviation of 45%. There were several factors independent of PRICE and SEER which may
have a�ected the accuracy of the results in the present study including: uncertainty in the
technical data used for the estimates, the methods used to estimate uncertainty in spacecraft
component mass and numbers of prototypes, and the experience of the estimators.

Nomenclature

CA = Actual Cost
CE = Estimated Cost
C&DH = Command and Data Handling
CADRe = Cost Analysis Data Requirement
CDF = Cumulative Distribution Function
CDR = Critical Design Review
CER = Cost Estimating Relationship
EOM = End Of Mission
EOS = Electro-Optical System
FPGA = Field Programmable Gate Array
" = Percent Error
GN&C = Guidance, Navigation, and Control
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IAT = Integration, Assembly, and Test
IC = Integrated Circuit
LRR = Launch Readiness Review
MCR = Mission Concept Review
MEL = Master Equipment List
ONCE = One NASA Cost Engineering
PDF = Probability Density Function
PM = Project Management
RCS = Reaction Control System
RTG = Radioisotope Thermoelectric Generator
S&MA = Safety and Mission Assurance
SE = Systems Engineering
SEER-H = System Estimation and Evaluation of Resources-Hardware
TCS = Thermal Control System
WBS = Work Breakdown Structure

I. Introduction

PARAMETRIC costing tools are commonly used both at NASA and in industry to estimate life cycle costs of space
systems. Parametric tools allow users to quickly estimate the costs of a mission concept before detailed designs have

been completed. Frequently, they are used during Phase A or Pre-Phase A of a mission to perform trade studies and
predict costs of design variations. They are also frequently used for independent cost estimates to evaluate mission
proposals. Two of the primary costing tools used by NASA to evaluate mission, spacecraft, and instrument proposals
are PRICE TruePlanning - Space Missions Catalog by PRICE Systems and SEER-H by Galorath, henceforth referred
to as PRICE and SEER[1]. These are standard tools used both by NASA and industry, however, there is little to no
independent veri�cation of the accuracy of these tools publicly available. Both PRICE Systems and Galorath have
completed internal validation studies of their parametric cost estimating tools; however, they only provide the results
of the studies and do not detail the exact methods used to perform the validations. It is not known if the estimators
from Galorath and PRICE Systems performed these studies in a blind fashion, or if they had access to the �nal cost
information before making their estimates. The primary goal of the validation studies performed by PRICE Systems and
Galorath appears to have been to tune PRICE and SEER, and provide users with standard inputs and assumptions which
improve the accuracy of estimates.

Galorath’s validation study of SEER consisted of �fteen case studies of various robotic NASA spacecraft, and
included modeling 46 instruments[2]. Both Galorath’s study and the present study make use of the Electro-Optical
System (EOS) and Integrated Circuit (IC) plug-ins for SEER. Galorath provides little information on how the study was
conducted other than the names of the missions used and that �A standardized modeling approach was utilized, which
formed the basis of a Space Guidance document to be released in the future.� The SEER Space Guidance document has
been released and was used to form the SEER estimates in the present study[3]. Of the �fteen missions in the SEER
study, seven were �Discovery,� six were �Explorer,� and two were �New Frontiers.� �Discovery� class missions are
low-cost solar system exploration missions typically cost capped at around $300 million. �Explorer� class missions are
even lower cost and are typically capped at $200 million. �New Frontiers� missions are larger than "Discovery" and
"Explorer" missions, but are not as expensive as �agship missions. "New Frontiers" missions typically are cost capped
under $1 billion. Galorath’s study found that over the �fteen missions SEER’s average error in predicting cost was -1%
with a standard deviation of 19%. Therefore, roughly 68% of all SEER estimates will be from -20% to +18% of the
actual costs and 95% of estimates will be from -39% to +37%, assuming the mean values of SEER estimates follow a
Gaussian distribution. These relatively low error levels may imply that the estimators might have known the mission
costs before performing their estimates so that they could provide guidance to customers on how to adjust inputs.

PRICE Systems has also performed an internal validation study of their tool PRICE TruePlanning[4]. Their study
included thirteen NASA robotic spacecraft, ten of which were also in the SEER study. Of the thirteen missions included
in the study, four are �Discovery,� �ve are �Explorer,� three are �New Frontiers,� and one is a heliophysics satellite that
does not fall into the other classes. PRICE Systems validation study found that PRICE TruePlanning’s average error was
+1% with a standard deviation of 13%, meaning roughly 68% of all TruePlanning estimates will be from -12% to +14%
of the actual costs and 95% of all estimates will be from -25% to +27% of the actual costs, assuming the mean values
follow a Gaussian distribution. As with Galorath’s study, it is not clear if the estimators at PRICE Systems knew the
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mission costs before using the tool to estimate the mission costs.
Studies, like those produced by Galorath and PRICE Systems, to determine the tool’s inputs and settings to obtain

the most accurate results are very useful to the user. The goal of the present study was to independently assess the
accuracy of PRICE and SEER in an environment that matches that of an independent cost estimate as closely as
possible. This required that the estimators have no prior information of the mission cost, so that cognitive biases could
be minimized. Section II describes the methodology of the present study to evaluate PRICE and SEER. Section III
presents the results of the present study, Sec. IV discusses factors which may have a�ected the results of the present
study that are independent of PRICE and SEER, and Sec. V provides the conclusions of the present study.

II. Methodology
For the present study, twelve missions were selected from the One NASA Cost Engineering (ONCE) database.

ONCE is a database maintained by NASA, which stores technical and managerial documents presented at reviews for
NASA missions. These documents include Master Equipment Lists (MELs) for each spacecraft, technical descriptions
of the spacecraft components, and records of how much money was spent on the mission. This information is captured
in documents know as Cost Analysis Data Requirements (CADRes). CADRes are a set of three documents recording:

1) An overview of the mission.
2) A mass and power breakdown.
3) A cost breakdown by subsystem and year.

They are usually generated at each major review for a mission; such as, the Mission Concept Review (MCR), Critical
Design Review (CDR), Launch Readiness Review (LRR), End of Mission (EOM), and potentially others. The present
study used the technical data, MELs hardware descriptions etc., from the CDR to generate cost estimates and compared
them with their actual costs at either LRR or EOM, depending on which data set was available. This is signi�cantly
di�erent from the validation studies performed by PRICE Systems and Galorath, where LRR/EOM technical data was
used to generate estimates that were compared to the same LRR/EOM costs. The present study used the data from CDR
instead of LLR/EOM in order to test the predictive capabilities of PRICE and SEER. Additionally, CDR technical data
typically goes into more detail than any other review during the mission. This was also done to review the standard
mass margin estimation assumptions discussed in Sec. IV.A.

The present study was conducted in the following manner. Cost estimator A removed all references to cost from the
CADREs and supporting technical documents. These cleansed documents were then given to estimators B and C who
used them to produced PRICE TruePlanning and SEER cost estimates. Estimators B and C were blind to (i.e., unaware
of) the actual mission costs in order to prevent cognitive biases, such as anchoring, from in�uencing their cost estimates.
Anchoring is a cognative bias that can cause an individual to rely too heavily on an initial piece of information when
making decisions. The estimates included the costs of Project Management (PM), Systems Engineering (SE), Safety
and Mission Assurance (S&MA), Payload, Spacecraft Bus, and Systems Integration and Test (IAT), which correspond
to the standard NASA WBS items 1-3, 5, 6, and 10, respectively. Estimates of WBS 4, 7-9, and 11: Science/Technology,
Mission Operations, Launch Vehicle, Ground Systems, and Education and Public Outreach respectively, were not
included in this study. Additionally, no software costs were included in this study. The costs of the Spacecraft Bus were
broken down into the following subsystems: structures, thermal control, propulsion, Guidance, Navigation, and Control
(GN&C), communications, electrical power, harness, and Command, and Data Handling (C&DH). The majority, but not
all, of the missions have their costs broken down in this manner, with the exceptions being attributed to data limitations.

The cases were selected from recent robotic NASA science missions which have complete CADRes on the NASA
ONCE Database and su�cient supporting technical documentation to build a credible estimate. Not all CADRes include
technical details about spacecraft instruments, sometimes instruments are donated, paid for by other space agencies, or
by universities. All the spacecraft included in this study carried multiple instruments but not all missions had enough
supporting documentation to build credible estimates of the instrument costs. For missions where insu�cient technical
detail existed to model the instruments in PRICE and SEER the instrument cost estimates were omitted. The selected
missions are DAWN, MESSENGER, MAVEN, GRAIL, New Horizons, SMAP, CONTOUR, WISE, IBEX Juno, Deep
Impact, and Kepler.

To ensure that proper comparisons were being made with the actual mission costs all cost estimates were converted
to real-year dollars using the 2017 NASA New Start In�ation Index. As the costs of various payloads/subsystems are
sometimes sensitive/proprietary, all costs presented in the present paper have been normalized.

There are three main factors that determine the accuracy of a spacecraft hardware cost estimate using parametric
cost estimating tools:
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1) The accuracy and precision of the tool used to model the cost,
2) The quality and quantity of the technical data describing the hardware,
3) The knowledge, experience, and skill of the cost estimator using the cost modeling tool and evaluating the data.

The goal of the present study is to test the �rst factor, while minimizing the contributions of the second and third
factors. Both the present study, and the validation studies performed by Galorath Inc. and PRICE Systems LLC, use
CADRes and supporting data from ONCE. However, for many missions there are a large number of technical documents
with varying detail so there may be some slight di�erences in the exact documents used to build the estimates. It is
worth noting that although the CADRes contain signi�cant quantities of data they do not contain every single piece
required to complete a parametric cost estimate. Inevitably, the estimators were required to interpret limited data or
make assumptions where data was missing.

III. Results
Since no actual costs are presented all results are expressed as a percent error. The percent error of each estimate is

calculated using Eq. 1.

" =
„CE �CA”

CA
(1)

Where" is the percent error,CE is the estimated cost, andCA is the actual cost from the CADRe data. For each mission
the percent error for the mission total, as well as each of the spacecraft bus subsystems is presented. The mission total
was de�ned as all of the costs that were estimated in the present study for a particular mission, namely WBS 1, 2, &
3, payload total, spacecraft bus total, and WBS 10 cost. The mission total cost does not include Science/Technology,
Mission Operations, Launch Vehicle, Ground Systems, Education and Public Outreach, software development, or any
other aspects of the mission that were not included in the estimate. There were several instruments without enough
supporting technical documentation to estimate their cost. Such instruments were omitted from the estimates presented
in this study. Similarly, there were certain spacecraft components such as the RTG on New Horizons that PRICE and
SEER could not estimate and were not included in the cost estimates. WBS 1, 2, & 3 is the combined cost of NASAs
project management, systems engineering, and safety and mission assurance. Payload Total is the combined costs
of all the instruments which were included in the estimate, including any PM, SE, or IAT costs associated with the
instruments. The Spacecraft Bus Total is the total cost paid to the contractor for developing and producing all the
spacecraft bus’s subsystems as well as the associated PM, SE, and IAT costs. Spacecraft PM, SE, and IAT are the costs
associated with the project management, systems engineering and integration assembly and test performed by the prime
contractor building the spacecraft bus. WBS 10 IAT is the �nal integration assembly and test of the spacecraft bus to
the instrument and the launch vehicle. PRICE and SEER’s errors in estimating each of these systems and subsystems
are presented except in cases where the CADRe data did not provide a detailed enough breakdown.

In addition to the errors of all the systems and subsystems costs for each mission, the average, weighted average, and
median errors are presented for each system and subsystem, respectively. The average and median errors are simply the
mean and median value of the errors for a given system or subsystem. The weighted average error is the mean value
of the errors weighted by the actual costs, which were converted from real-year dollars to a common base year for
comparison.

A. SEER
The results for SEER in estimating mission total costs and systems costs are given in Fig. 1. The missions are

ordered by the magnitude of the actual cost for each mission included in this study; where IBEX was the least expensive
mission in the study and Juno being the most expensive. Note that this ordering only takes into account the costs
estimated by this study. In reality, New Horizons cost more than MESSENGER, but it is ordered between WISE and
MESSENGER because New Horizons payload, RTG, and operations costs were not included.

The �rst column of Fig 1 shows SEER’s error in estimating total mission cost for each of the twelve missions. Of the
twelve missions in the present study, SEER over estimated the cost of six and under estimated the cost of six, resulting
in a median error of -0.3%. Therefore, SEER was shown to be very accurate in that it was just as likely to over predict
the cost as under predict it. The average error was 23%, but the weighted average was only 5%. Thus, SEER was more
likely to over estimate the costs of low cost missions, and under estimate the cost of high cost missions. Additionally,
when SEER under estimated the cost of a mission it was typically a small error, whereas over estimates tended to be
larger errors. For example, the second smallest mission, CONTOUR, was over estimated by 99%, whereas the second
largest mission, SMAP, was underestimated by -42%.
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It should be noted that the con�dence intervals seen in Fig. 3 are extremely large. This was primarily due to the
uncertainty in modeling the spacecraft from the data available. In particular, it was extremely di�cult to judge the
level of heritage of a majority of the spacecraft components. In some cases, there was no information on whether a
component was a brand new design, or a copy of a previously �own component. In these cases, the estimators would
adjust the new design least, likely, and most inputs to re�ect the uncertainty.

B. PRICE TruePlanning
The results for PRICE's performance in estimating mission total costs and systems costs can be seen in Fig. 4. As

with the SEER results, the missions are ordered from least to most expensive. Of the twelve missions in the study,
PRICE overestimated the cost of ten and underestimated the cost of two, and the median error was 50.0%. Additionally,
the average error was 52%, and the weighted average error was only slightly better at 43%. Therefore, PRICE was
much more likely to overestimate mission cost. Interestingly, the two missions that PRICE underestimated were the two
missions that SEER underestimated by the largest margin. In fact, if you order the results by percent error the resulting
rank order is very similar between the two tools, with the one signi�cant exception being Kepler.

PRICE Systems claims that PRICE estimates have an average error of +1% with a standard deviation of 13%. With
the major caveat that this study employed technical data from CDR, while PRICE used as built data, both average and
standard deviation were found to be signi�cantly higher than these values. This study found the average and weighted
average error to be 52% and 43% respectively, and the standard deviation to be 47%. PRICE also over estimated IAT for
every mission. The smallest error was an overestimation of 67% and the highest was overestimated by 403%. PRICE
overestimated the WBS 1, 2, & 3 costs of all missions except for IBEX, with a weighted average error of 106%.

The most accurate and precise estimates from PRICE came from estimating the payload subsystems cost. PRICE's
weighted average error was only 9% and the standard deviation of the estimates was only 37%. SEER's estimate of
payload total cost was more accurate with a weighted average error of -1% but was less precise with a standard deviation
of 54%.

Fig. 4 PRICE Systems Comparison
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Figure 5 shows PRICE’s errors for the estimation of each subsystem of the spacecraft bus for each mission in
this study. The average and weighted average errors for all the spacecraft subsystems are 60% and 31% respectively.
These errors were driven by the fact that PRICE overestimated the cost of every subsystem except propulsion, where
the weighted average error was -51%. The only two missions PRICE underestimated the total spacecraft bus were
SMAP and GRAIL. Interestingly SMAP was the only mission PRICE underestimated the structures cost, and GRAIL
did not have subsystem costs broken down. PRICE was most accurate in estimating the GN&C subsystem where the
weighted average error was only 5%, however, the average error and standard deviation were driven higher by the
signi�cant error for CONTOUR. On the other end of the spectrum, the three subsystems with the largest error were
C&DH, Electrical Power, and Communications, with weighted average errors of 111%, 82%, and 57% respectively.
The potential explanation for this degree of error is further examined in the discussion section.

Similar to SEER, PRICE too has the ability to perform uncertainty analysis. For every input in PRICE the user has
the option to input an optimistic, most likely, and pessimistic value. Unlike SEER, in PRICE the user selects what inputs
to apply uncertainty to, and what the inputs should be. Whereas SEER has default least/likely/most assumptions for
nearly every input which can be adjusted by the user as needed. Within PRICE, the user must select what inputs to apply
uncertainty to. In this study, the cost estimators applied uncertainty to weight and new design. PRICE then quanti�es
uncertainty in a similar way to SEER, except it uses a triangular distribution instead of a beta distribution. Details of
their methods can be found in "FRISK-Formal Risk Assessment of System Cost Estimates"[5]. PRICE outputs the
values of the CDF from the 5% to 95% con�dence levels. It is therefore possible to generate a 90% con�dence interval,
however, for consistency with SEER, the 80% con�dence interval is presented instead. The 80% con�dence intervals
generated from PRICE for the twelve missions in this study can be seen in Fig. 6. It is immediately clear that none of the
PRICE estimates fall withing their con�dence intervals. With an 80% con�dence interval it would be expected that nine
or ten of the twelve missions would fall within the bounds of the estimate.

Another signi�cant di�erence between PRICE and SEER is the con�dence level at which the point estimate falls. In
SEER, the point estimate is the median value of the distribution, meaning the uncertainty inputs drive the point estimate.
However, in PRICE the point estimate is generated using only the most likely input. Since the input distributions are

Fig. 5 PRICE Subsystems Comparison
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