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FOREWORD

This study represents a portion of the work performed by Science
Applications, Inc. within Task 2: Cost Estimation Research of Contract
No. NASW-3035 for the Earth and Planetary Exploration Division (Code EL/4)
of OSSA/NASA Headquafters. The results are intended for use as a
decision-aiding tool to assist NASA in its déve]opment of long-range
mission plans for solar system exploration.

The author wishes to express his gratitude to those individuals
both within NASA and the industrial community who gracicusly provided the
information vital to his study.

iii



- Page intentionally Ieft blank



TABLE OF CONTENTS

FOREWORD . . . . . . S
ACRONYMS AND ABBREVIATIONS . . . « . . . . o v o v o o o o ..
1. INTRODUCTION AND SUMMARY . . . . . . « « v v v v v o o o .

1.1 Background and Study Objectives . . . . . . ce e
1.2 Cost Model Overview . . . . v v v v v v v v v . .
1.3 Summary of Results . . . . . . . . . . . . . . ..

2. COST MODEL DATABASE . . . . « « v v v v v v v v v v v v o

2.1 Development Project Cost Data . . . . . .
2.2 Development Project Technical Data . . . . . .

3. MODEL DEVELOPMENT . . . . . . . . . . . . ..

3.1 Labor/Cost Proxy Analysis . . . . . . . . . . . . ..
3.2 Functional Forms . . . . . e e e e e e e e
3.3 Test Statistics . . . . . e e e e e e e e e e e e

4.1 Labor/Cost Conversion Factors . . . . . . . . . . ..
4.2 Error Analysis . . . . . . . . . . ...

4.3 Simulation Analysis . . . . . . . . .« .« . . . . ..
4.4 Error Analysis Revisited . . . . . . . . .. .

4.5 Benchmark Tests . ... . . . .. . ... .. ... ..

5.  SAMPLE APPLICATIONS . . . . . . . . . . . ..

6. CONCLUSIONS AND FURTHER DEVELOPMENT . . . . .
REFERENCES + © v v v e e e e e e e e e e e e e e e e
APPENDIX A: Detailed Cost Database

APPENDIX B: Detailed Description of Cost Model Algorithms
APPENDIX C: Inheritance Model

APPENDIX D: Detailed Error Analysis

10
13

14
17
19

21

27
27
31
34
36

41
51
53



~ Page intentionally left blank

Page intentionally left blank '



Acronyms and Abbreviations

Database Flight Programs

M64 = Mariner Mars 1964
SUR = Surveyor
LO = Lunar Orbiter
M69 = Mariner Mars 1969
M71 = Mariner Mars 1971
PJS = Pioneer Jupiter/Saturn (10/11)
M73 = Mariner Venus/Mercury 1973
VLC = Viking Lander Capsule
VKO = Viking Orbiter
VGR = Voyager
PV = Pioneer Venus
PVLP = Large Probe
PVSP = Small Probe
PVBO = Bus/Orbiter
PVS = Science Instruments

Cost Model Categories

STD = Structure and Devices

TCP = Thermal Control, Cabling and Pyrotechnics

PRP = Propulsion

AAC = Attitude and Articulation Control

TCM = Telecommunications

ANT = Antennas

CDH = Command and Data Handling

PWR = Radioisotope Thermoelectric Generator (RTG) Power
PWS = Solar/Battery Power

ADM = Aerodeceleration Module

RDR = Landing Radar/Altimeter

IML = Line-Scan Imaging

IMV = Vidicon Imaging R

PFI = Particle and Field Instruments

RSI = Remote Sensing Instruments

DSI = Direct Sensing/Sampling Instruments

SYS = System Support and Ground Equipment

L30 = Launch + 30 Days Operations and Ground Software
IDD = Imaging Data Development

SDD = Science Data Development

PGM = Program Management/Mission Analysis and Engineering
FO = Flight Operations

DA = Data Analysis

Cost Model Parameters

N = Number of Flight Qualified Units

DLH = Direct Labor Hours (1000 hours) ‘
NRL = Non-recurring Labor Hours (1000 hours)
RLH = Recurring Labor Hours (1000 hours)

URL = Unit Recurring Labor Hours (1000 hours)
M = Subsystem Mass (kilograms)

MD = Mission Duration (months)

ED = Encounter Duration (months)

PPL = Imaging Resolution (pixels per 1ine)
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Cost Estimation Model for Advanced
Planetary Programs - Fourth Edition

1. Introduction and Summary

1.1 Background and Study Objectives

In the decade of the 1980's, the United States' program for
unmanned exploration of the solar system faces increased competition
for the resources required for the achievement of its goals. One
important implication of this situation is that the long-range mission
planning process will involve a greater degree of selectivity than was
seen in the past. This in turn implies that the total cost of
individual missions must be forecast with a greater sense of confidence
than ever before.

Several techniques are uséd to develop cost estimates of future
missions at the pre-Phase A level of mission difinition. Engineering,
or "grassroots", estimation generates cost estimates at the lowest
level of the project's work breakdown structure defined at the time of
the estimate. Analogy estimation derives costs by comparing mission
hardware and scenario definitions with those of similar past projects
and suitably adjusting the known, historical costs for such factors as
differences in requirements and capabilities and for inflation. Model
estimation uses cost estimating relationships (functions relating cost
to requirements/capabilities), derived from historical data, to predict
future costs. In essence, model estimation quantifies the analogy
costing process.

For nearly a decade, Science Applications, Inc. (SAI) has been
involved in cost estimation and analysis of the U.S. planetary exploration
program. The work has encompassed historical cost data collection and
analysis, development and refinement of a cost estimation model based
on the historical data (References 1 and 2), and extensive use of the



model for predicting costs of future missions.

This report discusses the development of the current version
of the SAI Planetary Program Cost Model. The Model was updated to
incorporate cost data from the most recent U.S. planetary flight
projects and extensively revised in order to more accurately capture
the information in the historical cost database. The revision was made
with a two-fold objective: to increase the flexibility of the Model
in its ability to deal with the broad scope of scenarios under consid-
eration for future missions, and to at least maintain and possibly
improve upon the confidence in the Model's capabilities with an expected
accuracy of x20%.

1.2 Cost Model Overview

The SAI Planetary Program Cost Model can be characterized by
the following features.

e The Model is based on all relevant U.S. planetary
projects from Mariner Mars 1964 through Pioneer
Venus.

e Inputs to the Model are limited to information
generally available at the level of pre-Phase A
mission definition. Generally, these consist of
estimates of spacecraft subsystem masses, design
heritage, flight time and encounter duration.

e The primary output is manpower, expressed in direct
labor hours. Total cost is obtained by use of
‘appropriate conversion factors which include
inflation indices.

o The Model views a mission program as consisting of
two distinct phases: The Development Project, which
encompasses all activity through the mission's
Taunch + 30 days milestone and the Flight Project,
which includes all activity from L + 30 days through
the nominal end of mission.

e At its most detailed level, the Model deals with
cost categories which are derived as compromise
aggregations of the variety of work breakdown
structure definitions found in the cost database.



o The Development Project is further separated
into hardware-related cost categories and
functional support cost categories. The hardware
categories are directly related to the mission
spacecraft engineering and science subsystems.

e Hardware categories are further separated into
non-recurring costs (design and development)
and recurring costs (fabrication and subsystem-
level tests). Inheritance is assumed to affect
only the non-recurring cost.

¢ The Model is capable of dealing with a wide variety
of spacecraft designs, including inertial or spin
stabilized spacecraft, atmospheric entry probes
and highly automated soft landers.

1.3 Summary of Results

The model development effort resulted in an updated and revised
Cost Model which adequately meets the objectives set forth in Section
1.1. Only the Development Project portion of the model was revised;
cost estimates for the Flight Project are generated using algorithms
from the previous version of the Model (Ref. 2).

A total of 21 revised cost categories were defined, 16 related
to- flight hardware and five to functional support. Two separate
algorithms were derived for each hardware category: one which estimates
total direct labor and another which estimates recukring labor.
Non-recurring labor can be obtained by differencing the two estimates.
The hardware labor algorithms are, in general, power laws or exponential
functions of a single independent variable formed by the product of |
the number of flight units and the subsystem (category) mass.

Statistical analysis of the historical cost data resulted in a
conclusion that factors derived as simple ratios can be used to convert
category labor hour estimates to total cost.

An extensive error analysis of the Model measured against the
programs in the database indicated that the information in the database



had been captured with an average error of less than 10%. However,

a simulation of the Model's performance, with number of flight units
as the parameter, showed that predictions made with the Model would

be highly sensitive to the number of flight units. A straight-forward
adjustment procedure was devised that effectively eliminates this
sensitivity but results in an increased average error of just less
than 20% as measured against the database.



2. Cost Model Database

Historical cost data for thirteen unmanned lunar and planetary
flight programs currently comprise the SAI cost model database. Table 1
summarizes the present status of this database. For use in model
development, total program costs were segregated into two independent
parts. The first, termed the development project, includes all program
costs incurred through the launch + 30 days milestone. A1l program
costs after this milestone are termed the flight project. Note that
some programs in the database have multiple L + 30 milestones that are
widely separated in time (e.g., Pioneer Jupiter/Saturn with launches in
March, 1972 and April, 1973). This does not present a problem in
segregating the costs since it is a simple matter of continuing to track
hardware development of follow-on units after the first launch date.

The indications in Table 1 regarding use of the data in model revision
will be discussed in Section 3.

2.1 Development Project Cost Data

Cost data for the programs in Table 1 up to and including Voyager
were used in developing the previous version of the SAI cost model
(Ref. 2 ). At the time, however, the Viking Lander, Viking Orbiter
and Voyager (then called Mariner Jupiter/Saturn) development projects
had not been completed and the cost data used in modeling were based on
estimates to complete. Thus, prior to the present model revision effort,
it was necessary to analyze and reduce the actual completion costs which
had been collected for these three programs into forms useful for
modeling.

During this process of data reduction, two issues concerning the
data and its use in modeling became apparent. First, some allocations
of raw cost data into the model's cost categories did not appear to be
consistent. Second, the assumption used in the previous model for
separating non-recurring and recurring costs no longer appeared to be
valid. Both of these issues made it necessary to reevaluate specific
elements of the entire database.
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During the process of examining cost allocations, a decision was
made to broaden and redefine the model cost categories. As with previous
model versions, these categories are separated into two related areas:
flight hardware categories and functional support categories. These
categories are defined to be compatible with the wide variety of work
breakdown structure definitions used by the system contractors who
develop the mission hardware. Each specific category definition was
arrived at through an iterative process involving both the cost data
allocation and statistical modeling efforts.

The flight hardware-related categories are defined as follows:
e Structure & Devices - Spacecraft main structure, support

trusses, adapter, scan platform, booms, solar panel
structure, miscellaneous mechanisms and other hardware,
ballast, bioshield, pressure vessel, landing gear,

HGA structure.

e Thermal Control, Cabling & Pyrotechnics - Passive and

active temperature control, cabling and wire harness,
pyrotechnic devices.

e Propulsion - Propulsion system inerts.

o Attitude & Articulation Control - Celestial and inertial
sensors, attitude control electronics, articulation

devices and actuators.

e Telecommunication - Transponder, receiver, transmitter,

telemetry, modulation/demodulation.

e Antenna - S/X antenna, omni's, Tow and medium gain
antennas, waveguides, feeds, rotary joint.

e Command & Data Handling - Command computer & seguencer,
flight data, data storage.

e Power - Solar cells & slide covers, battery, conditioning
and distribution (does not include RTG units).

o Aerodeceleration - Heat shield, aeroshell, parachute and
mortar.




Radar - Altitude marking/terminal descent radar

antenna(s) and electronics, radar altimeter.

e Imaging - Camera and electronics (vidicon or line scan).

Particle & Field - Magnetometers, high-energy radiation,

plasma, micrometeroid sensors.

Remote Sensing - Radiometers and spectrometers.

Direct Sensing & Sampling - Atmospheric and surface

instruments.

Similarly, the functional support categories are defined as

follows:

Program Management/MAE - Project management and control,

administration and support staff, division reps, preflight
trajectory and navigation analysis, mission engineering,
ephemeris development, planetary quarantine support.

System Support & Ground Equipment - Spacecraft design

teams, system configuration, system assembly and testing,
quality assurance, reliability, safety, electronic parts
acquisition and screening, mission and test computers,
ground data system, ground data handling, ground handling
equipment. ”

Launch + 30 Days Operation & Ground Software - ETR

operations, command team test and training, simulation,
sequence development, flight command and control software.

Image Data Development - Development of capabilities for

image processing lab, image data software, imaging science
team and support (pre-flight).

Science Data Development - Development of capabilities for

science teams and team support, science data processing
and analysis (pre-flight).



The fully reduced and allocated cost data are presented in Appendix
A for the seven major programs used in the present model development
effort. Although technically speaking, Viking was a single program, the
Lander capsule and Orbiter are treated separately since each system was
developed under a separate contract. Conversely, all Pioneer Venus
spacecraft were procured within the same system contract and therefore
the functional support costs are aggregate for the entire program. No
attempt was made to prorate these costs to the various spacecraft types.

Previous versions of the cost model were predicated on defining
the separation of non-recurring and recurring costs as the point in time
in the project schedule when the fully-assembled proof-test-model was
delivered to the spacecraft test facility for initial system testing.
This definition, though arbitrary, was felt to provide an adequate
average basis for model development.

Recently completed development projects, however, appear to
invalidate the use of this definition. Specifically, several of the
major flight components of the Viking Lander were almost totally
redesigned after initial system tests were started. Conversely, almost
all of the Voyager flight hardware was fully fabricated well before
assembly of the PTM spacecraft. Finally, the Pioneer Venus project did
not fabricate PTM spacecraft. This Tatest case is also indicative of
current and future project planning, i.e. to not fabricate, assemble and
test a proof-test-model spacecraft.

Since a new definition of the non-recurring/recurring cost
separation at the system level could not be found which would adequately
apply to the projects in the database, it became necessary to analyze
the data at the subsystem/major component level. As a result of this
assessment, it was decided to separate recurring from non-recurring
costs at the start of fabrication of flight qualified hardware. This
new definition was applied as closely as possible to the major component
level. Occasionally, there was not sufficient information to determine
this breakpoint in cost. For such cases, either a single milestone in
the schedule was applied to all subsystems or considerable direction was



taken from the Work Breakdown Structure (WBS). For example, using WBS
subaccount definitions, non-recurring could be equated with "engineering",
and recurring could be equated with "manufacturing".

Table 2 presents percentage ratios of recurring labor to non-
curring labor, normalized to one flight unit, for each of the hardware
cost categories for the Mariner '69 (M69) through Pioneer Venus (PV)
development projects. Cursory examination of this data, as exhibited by
the large standard deviations, leads immediately to the conclusion that
use of simple ratios for determining recurring cost from non-recurring
cost, as had been used in previous model versions, would no longer be
valid. A more complex functional form would be required.

2.2 Development Project Technical Data

Table 3 presents the project-related technical data used in formu-
lating the cost model. Except for the number of flight qualified units
(N) for each project and imaging resolution (PPL), all other data are
subsystem masses. No other information, such as power requirements, was
found to be necessary for developing the cost model algorithms.

Note that for those projects that use radioisotope thermoelectric
generators (RTGs) as the main power source, the mass of the RTG units is
not included. Also, for the Pioneer Venus probes, the masses of the
small omni antennas are included in the telecommunication subsystem
rather than considered separately in the Antenna category (ANT).

Special considerations were required for certain aspects of the
Pioneer Venus program. For example, many subsystem masses of what is
identified as the Bus/Orbiter are composites of averages of common
hardware components plus components of each vehicle which are unique.
This approach was required because of lack of resolution in the detailed
cost data between bus hardware and orbiter hardware. The PV probe and
orbiter science are treated together as a separate subproject because of
insufficient resolution in several of the instrument contracts to allow
adequate proration of costs to the appropriate PV mission.
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