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ABSTRACT

Because of continued defense downsizing and the increased prominence that national
security space programs have taken in recent defense budgets, government and industry
leaders have a renewed and more fervent interest than ever in reducing the cost and time
it takes to acquire military space systems. Presently and throughout the history of
military space those close to acquisition have proposed organizational, technical, and
managerial solutions for increasing acquisition efficiency. These solutions, if
implemented in a largely uncoordinated manner, are likely, however, to work at cross
purposes potentially having a detrimental effect on the present acquisition process.

This thesis attempts to identify a holistic approach to assessing the affects of new military
acquisition initiatives on the present system. First, it documents the unique technical
challenges of building a space system and the different organizations in government and
industry that work together to accomplish a system's construction. Using this knowledge,
this thesis presents the common process used up into recent times for acquiring
unclassified military spacecraft and documents it in a design structure matrix (DSM).
This documentation provides a basis for analyzing the government space acquisition
process and identifying some potential areas for improvement - namely reducing
technical uncertainty and increasing a shared acquisition vision. This thesis takes into
consideration these observations and conclusions and presents an alternative process for
spacecraft acquisition and development which uses existing military acquisition agents.

This thesis recognizes that many initiatives are ongoing in government and industry to
address issues of acquisition efficiency. The military space acquisition process is
changing. By documenting the common acquisition process - prior to any of these recent
changes - this thesis attempts to provide a framework so that policymakers can think
holistically about the effects of the solutions they have developed recently and will
develop in the future.

Thesis Supervisor: Anna C. Thornton
Title: Associate Professor of Mechanical Engineering
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Chapter 1: Introduction

Chapter 1: Introduction
1. The Need for Controlling Cost and Schedule in Spacecraft Development

In Fiscal Year 1995 the defense and intelligence communities are spending $13.5 billion
on space programs. This amount represents 5.4% of the $252.2 billion requested by the
Department of Defense (DoD) for the 1995 fiscal year. Combined with a NASA operating
budget of $14.3 billion, the United States government is spending over $27 billion on space this
year alone (The Congressional Record, 1994). Furthermore, forecasts indicate that despite a
reduction in national security spending as a whole, funding for national security space programs
will remain level or slightly increase over the next several years. In fact, over the next 5 years,
the defense and intelligence communities plan to spend $70.7 billion on space (The
Congressional Record, 1994).

As spending on space programs becomes a larger percentage of the entire defense
budget, controlling the costs of developing, building, launching, and operating spacecraft will
become increasingly important. There are two reasons for this. First, each percentage point that
a particular program goes over budget will represent a larger strain on the defense budget than
ever before. Second, because it will have a larger share of the defense budget, military space
will receive a larger share of political scrutiny. Thus, each program mishap will garner more
Congressional attention and create bigger barriers to that program's completion.

Military space is not prepared, however, for this added exposure to budgetary and
political pressures. In general, high level government and industry officials as well as the rank-
in-file developers and managers involved with space system development have not found a way
to reduce the cost or schedule for developing and launching space systems. Conversely,
government space programs, military and civilian, typically run vastly over budget on cost and
schedule. One GAO report finds that a set of 25 projects under development or recently
completed by NASA were, on average, 99% over budget. More disturbingly, only three of those
projects were under budget (GAO, 1992). Although similar numbers for DoD space are not
readily available, there is little debate in the space community that military space acquisition
also greatly suffers from cost and schedule difficulties (The Congressional Record, 1994).

Policymakers and program managers, alike, have made many attempts to improve this
persistent condition. Over the past thirty years at least twelve major studies have analyzed the
defense weapons acquisition process noting its strengths, deficiencies, and needed reforms (Fox,
1988). Reforms suggested by these reports focused mostly on managerial and organizational
solutions. Other reports written during this period have called for a national space vision to: (1)
define the military, intelligence, civil, and commercial space sector objectives; (2) direct a clear

course of action for addressing each sector's mission needs and operational requirements; (3)
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establish a mechanism for converging each sector's approach to satisfying its technical and
funding requirements; and (4) identify potential financial, technological, and societal benefits to
be achieved (The Congressional Record, 1994). Still other reports developed technical
strategies including small satellites, cheap satellites, light satellites, modularity, standardization,
and prototyping to reduce the cost of spacecraft acquisition.

Only now, however, has finding solutions to cost and schedule overruns become an
issue of survival for the defense aerospace community. The fall of the Eastern Block has
resulted in reduced budgets throughout the defense in&lustry and, specifically, the elimination or
severe reduction in several space programs such as The Strategic Defense Initiative, also known
as "Star Wars." Added to this, the rapidly changing threats that still exist, for example those
evidenced by the Persian Gulf War at the beginning of this decade, indicate that the Armed
Forces need swift responses to the military space needs developing in the future. Development
programs, such as Milstar, which took more than 15 years and $10 billion to orbit its first
demonstration and validation satellite, are not acceptable in a new environment of constrained
funding and constantly changing threat environments.

The choice is a clear one. Either develop a reduced number of systems and possess a
lower level of capability under the status quo acquisition system, or modify the military's space
system acquisition and development processes to produce cheaper and more efficient
development programs. Otherwise, the military might not be able to support all the programs
that already exist, such as the Global Positioning System (GPS), Milstar, the Defense
Meteorological Satellite Program (DMSP), and several infrared surveillance systems. Accepting
the first of these two choices and the associated consequences is tantamount to admitting defeat -
admitting that government and industry cannot improve the way they do business. Government
and industry leaders therefore have a renewed and more fervent interest than ever in
understanding the solutions suggested in the past for alleviating budget and schedule woes.
These leaders also wish to identify new solutions to existing acquisition problems and judge
whether any of these solutions, past or present, are effective.

Reorganization may help the military and intelligence communities to alleviate some of
the existing inefficiencies within defense space acquisition. Certain technologies may help to
improve the performance of, control the costs of, or speed the completion of spacecraft under
development. These solutions, if implemented in a largely uncoordinated manner, are likely,
however, to work at cross-purposes making matters worse than before. For example,
uncoordinated technology development efforts might spend money on devising multiple
solutions to the same problem while neglecting the solution of other problems altogether.
Another example might be if DoD reduces reporting requirements during the development of

spacecraft to streamline the acquisition process. If, however, Congress reinstates these reporting
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requirements thrgugh budget legislation, then any extra efficiency possible under the DoD plan
is offset by the extra Congressional oversight. As a result, a new way of thinking about
problems in the spacecraft acquisition and development process and developing solutions and
strategies to implement them must be found. This thesis attempts to define this new way of
thinking and establish some of the strategies important to improving the process for acquiring
military spacecraft. '

1.2 Thesis Focus and Organization

1.2.1 Focus

This thesis identifies problems with and potential solutions to the process for acquiring
defense space systems. Two characteristics of this thesis' approach, however, make it different
and more effective than other works before it. First, while many of the existing works cited in
Fox (1988) and other literature focuses on military acquisition as a whole, this thesis focuses
specifically on the acquisition and development of military space systems. Space systems have
several unique challenges and attributes that significantly set their acquisition apart from the
acquisition of other types of defense systems. As a result, this thesis provides less general, not
necessarily applicable to the acquisition of all kinds of defense systems, but more applicable
observations about and solutions to the problems faced by the defense aerospace community.
Second, this thesis does not focus singularly on technical, managerial, or organizational issues.
Instead, it takes a holistic approach, considering a wide variety of technical, managerial, and
organizational problems and their solutions.

A holistic approach is so critical because the structural causes of spacecraft acquisition
and development difficulties are of managerial, technical, and organizational natures. Only by
looking at the whole system can these causes be identified. Furthermore, a holistic, or systems,
approach provides the perspective from which policymakers can develop a coherent road map of
technical, managerial, and organizational solutions for implementation into the acquisition
process. Therefore, this thesis uses a systems approach to identify the structural changes to the
acquisition and development processes that are necessary for controlling acquisition costs and
schedules. In-control costs and efficient schedules are two program attributes that are critical to
the future of the defense aerospace industry.

The intent of this thesis then is to identify the fundamental, or structural, causes of the
problems witnessed in spacecraft development and acquisition. Budget and schedule overruns,
this thesis maintains, are merely the result of conditions within a program that exist beéause of
structural flaws in the process for the acquisition and development of all spacecraft. These
structural, or systemic, flaws are the real causes of budget and schedule difficulties seen across
most spacecraft programs. By understanding these causes, policymakers can make changes that

will positively affect all future programs.
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In particular, this thesis argues that there are two main structural faults in the spacecraft
acquisition system. First, the current DoD acquisition process, as applied to spacecraft, does not
adequately reduce uncertainty before system development begins. Second, the players in the
acquisition process often work at cross purposes creating a set of dynamic, conflicting goals
which are unattainable. This thesis shows that problems with incomplete or poorly written
requirements, the concurrency of innovative design with repeat design work, and technical
shortfalls are results of this first fault. This thesis, likewise, shows that the second structural
fault leads to troubled lines of communications among the players, a lack of intermediate process
feedback, and unreasonable performance, cost, and schedule goals. Furthermore, a lack of
common goals continues to prevent the effective resolution of these structural faults. Finally,
this thesis takes into consideration these observations and conclusions when presenting an
alternate process for spaéecraft acquisition and development.

1.2.2 Organization

Chapter 2 describes the basic technology and major components found in a space system
design, some of the special design constraints that exist when designing for the space
environment, and the major players in the space system acquisition and d;:velopment processes.
Knowledge of these issues is important for understanding the discussion of the spacecraft
acquisition and development processes that follows in Chapters 3 and 4. Chapter 3 documents
the activities tpat occur before the official establishment of a new space system development
program. Chapter 4 reports the process by which elements of DoD and the aerospace industry
work together to design and launch a new spacecraft into orbit.

These three chapters set the stage for the second part of the thesis, which is contained in
Chapters 5 and 6. Chapter 5 uses a Design Structure Matrix (DSM) to represent the spacecraft
development process and the information flows that take place within it. From the DSM several
observations are made about the process. They include the symptoms that indicate structural
causes for acquisition difficulties. Chapter 6 explicitly discusses these structural deficiencies
and proposes solutions where appropriate. Chapter 7 establishes an alternative acquisition
process based upon the conclusions of Chapters 5 and 6. Chapter 8 concludes the thesis with a

summary of the major issues discussed in the thesis as well as potential solutions to them.
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1. Space Mission Architecture

A space mission is comprised of a set of elements or components that are arranged and
selected in such a way as to optimize the mission concept which they accomplish. These
elements form the space mission architecture. They are the mission subject, orbit,
communications architecture, payload, spacecraft bus, launch system, ground system, and mission
operations. The discussion that follows describes the operation of a spacecraft as well as the
other components of the space mission.

1.1 The Mission Subject

Simply put, the mission subject is the raison d'étre for the mission. The space system
interacts with and/or uses its sensors to study the mission subject. Some examples of a mission
subject include measuring atmospheric moisture content and temperature, tracking
intercontinental ballistic missiles (ICBMs), and supporting a set of equipment on earth or on
another spacecraft (as in the case of communications or navigation missions).

1.2 The Orbit

The orbit is the spacecraft's trajectory or path. Typically, a spacecraft goes through
several different types of orbits in its lifetime including several intermediate orbits which are used
to achieve the spacecraft's final mission orbit in the most fuel efficient manner. Intermediate orbit
types include a parking orbit which provides a safe and convenient location to check for proper
operation of the spacecraft and a transfer orbit which is used to move the spacecraft from one
intermediate orbit to another intermediate orbit or a final orbit.

The final orbit can typically be categorized in one of two ways. Space-referenced orbits
refer to those spacecraft missions where space (not Earth) is the primary mission subject.
Examples of missions using space-referenced orbits are the Voyager interplanetary probes or the
Hubble Space Telescope. Earth-referenced orbits are for spacecraft providing the necessary
coverage of Earth or near Earth space. Communications satellites are in Earth-referenced orbits
since their primary mission is sending and receiving signals to and from different locations all
over the earth.

Final orbits, for spacecraft in orbit around the earth, can also be categorized by their
height above the earth. Low-Earth orbits (LEO) are those that are less than 600 miles above the
earth's surface. Spacecraft such as Hubble or the Space Shuttle use LEO orbits to carry out their
missions. Mid-range altitudes (several thousand miles above the earth's surface) offer some
missions valuable coverage characteristics. For instance, the Global Positioning System uses a
set, or constellation, of 24 satellites to provide location information to over 95% of the earth's
surface. Typically, however, mission designers try to avoid mid-range orbits because clouds of
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charged ions, referred to as the Van Allen belts, create difficult radiation environments for
spacecraft. Geosynchronous orbits (GEO) are those orbits approximately 22,300 miles above the
earth. Spacecraft in this type of orbit remain relatively stationary over one point on the earth and
can observe almost half of the earth's surface at any one time, making GEO orbits popular for
communications and some types of surveillance satellites. (Approximately 80 percent of all
satellites are in a GEO orbit (Martens, 1990).) Despite their ability to observe half of the earth's
surface at a time, space system designers will usually use three or more geostationary satellites to
accomplish full coverage of the earth. For example, the GOES/NOAA constellation of weather
satellites uses two GEO spacecraft (the GOES spacecraft) to focus on equatorial regions of the
earth and two other GEO spacecraft (the NOAA spacecraft) to cover the earth's polar regions.

Sometimes a spacecraft is moved to another parking, or disposal, orbit after its mission is
finished. This way another satellite can take over the other's orbital slot. The orbit chosen for a
spacecraft affects a great many mission parameters like the number of spacecraft needed to cover
a specified viewing area, the launch vehicle needed to get a spacecraft to its required orbit, the
timing of the spacecraft launch, the size of ground and spacecraft communication antennas, the
power required by a spacecraft, the radiation hardening needed for a spacecraft's components, and
the spacecraft payload's accuracy on orbit. In reality, however, the design of the spacecraft, the
orbit, and other parts of the mission architecture is an iterative process where designers trade off
various combinations of these parameters against one another.

1.3 The Spaceéraft

Spacecraft and satellite are used interchangeably in much of the literature written, but
spacecraft is the more technically correct term. Whereas a satellite refers to any natural or man-
made object orbiting a celestial body (e.g., the Moon around Earth, Earth around the Sun, or a
Global Positioning System satellite around the earth), spacecraft denotes only the machines built
by humans expressly for the purpose of entering space and performing a certain set of functions
there.

Together, the spacecraft bus, payload, and the launch vehicle adapter, which
mechanically and electrically connects the spacecraft with the launch vehiclé, are known as the
spacecraft. The categorization of the spacecraft's functions into subsystems and the physical
arrangement of these subsystem components on the spacecraft is what is referred to as the
spacecraft architecture. This is not to be confused with the space mission architecture.

1.3.1 The Payload

The payload is the set of hardware and software on the spacecraft that performs the
mission for which the spacecraft is designed, fabricated, and launched. The payload is the part of
the space system which senses or interacts with the mission subject. For a communications

satellite it is a set of antennas and the related electronics necessary to receive, send, and route data
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through the spacecraft. On a surveillance spacecraft, it might be an array of sensors imaging an
object, such as a weapons test range or space vehicle launch site, in different electromagnetic
spectrum bands. Yet another type of payload is an experimental payload designed to perform and
take data from experiments that require a space environment.

The payload largely determines the mission's cost, complexity, and effectiveness. It's
parameters (e.g., imaging accuracy, scan rate, data rate, and required pointing accuracy) affect
the design of the spacecraft, its respective subsystems, and the spacecraft orbit. The payload's
parameters, on the other hand, are affected strongly by the mission subject, orbit, communications
architecture, and ground system capabilities.

1.3.2 The Spacecraft Bus |

The spacecraft bus contains the subsystems necessary for proper operation of the payload.
Reeves (Larson and Wertz, 1992) notes that the spacecraft bus functions to "support the payload
mass; point the payload at the subject it is studying correctly; keep the payload at the correct
temperature; provide electric power, commands and telemetry; put the payload in the right orbit
and keep it there; provide data storage and communications, if required.” To aid the designer,
both conceptually and organizationally, the spacecraft bus is broken up into a set of subsystems,
which are equipment groups associated together by a certain set of functions. This categorization
is known as the spacecraft architecture. The following are subsystems in the spacecraft
architecture: attitude determination and control (ADACS), communication, command and data
handling, power, propulsion, structures and mechanisms, and thermal.

These groupings are somewhat arbitrary and vary slightly depending on the designer
listing them. Nevertheless, use of this particular functional breakdown is fairly standard
throughout the unmanned spacecraft community. Furthermore, these groupings in no way imply
that the equipment for each subsystem is separate into its own section of the spacecraft. In fact,
this, often, is not the case. It is also sometimes true that the payload equipment is entirely
integrated with the spacecraft bus equipment, thereby leaving no clear physical distinction even
between the payload and the spacecraft bus. A brief discussion of each subsystem's function
follows.

Attitude Determination and Control Subsystem (ADACS)

The attitude determination and control subsystem (ADACS) measures and controls the
spacecraft's orientation. In short, it makes sure that the payload is pointing in the correct direction
to within a design specified tolerance at all the times. Sometimes, spacecraft requiring no or very
coarse (e.g., + several degrees) orientation control will have no ADACS subsystem or maintain
pointing requirements by passive methods such as spinning or interacting with the Earth's

magnetic gravity field.
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Active systems provide more accurate control using actuators, torquers, or propulsion
subsystem thrusters to change spacecraft attitude, velocity, or angular momentum. Primary
determiners of the ADACS' design, complexity, and cost are the number of independent
appendages for which it must maintain accurate pointing (e.g., keeping the solar array pointed at
the sun while keeping the payload's scanners pointed at the earth), the pointing accuracy it must
provide, the required speed of adjustment to pointing disturbances like atmospheric drag or solar
winds, and the bandwidth of disturbances requiring the ADACS to respond.

Communications

The communications subsystem allows the spacecraft to pass information back and forth
with the ground and other spacecraft of the same or different missions. Information flowing to
the spacecraft from the ground is referred to as the uplink. This usually consists of commands
telling the spacecraft to perform certain functions. Information flowing from the spacecraft to the
ground, the downlink, consists of telemetry, reporting the "health" of the satellite and payload
data. Communication between spacecraft is done via crosslinks through which spacecraft
exchange health, payload and positional data.

The basic communication subsystem has a receiver, transmitter, and wide-angle
(hemispherical or omnidirectional antenna). Depending on the demands placed on the
subsystem, other antennas of different types might be integrated onto the spacecraft. Also, some
systems are presently developing optical crosslinks which use lasers, instead of antennas, to
transmit information. Laser radiation increases the communication bandwidth over methods
presently available, but the use of lasers requires much more stringent spacecraft pointing and
stability requirements. Primary parameters influencing the design of the communications system
are data rate, the allowable rate of errors during transmission, the distance the signals must travel,
and the frequency at which signals are received and transmitted.

Command and Data Handling (C&DH)

The command and data handling (C&DH) subsystem distributes commands instructing
the spacecraft bus and the payload how to operate. Equipment in C&DH also accumulates, stores
and formats data from the spacecraft bus, known as the spacecraft's telemetry data, as well as the
payload telemetry and mission data. In less complex systems, C&DH and communications are
sometimes combined into a telemetry, tracking and control (TT&C) subsystem. More often,
however, command and data handling is a separate subsystem that includes a central processor,
data storage units, and the interfaces necessary to send and receive the bus and payload data
stored in the data storage units.

There is an interesting spacecraft system design question that arises when designing the
C&DH subsystem. The decision is that of distributed processing versus central processing.

Distributed processing exists when each subsystem handles all or some of their own functions
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using microprocessors, or more likely, microcontrollers that are imbedded into that particular
subsystem'’s design. Central processing employs one, central microprocessor for handling the
data processing needs of the entire spacecraft. In trading off between these two processing
architectures, the designer must consider the amount of data and the rate at which that data must
be processed. The designer must then consider how these data characteristics affect the
complexity and risks associated with a distributed or centralized system. Medium to high data
rates certainly require some sort of central processor, but one can imagine that on the high
performance end, there could be so much data that a central data handling subsystem would need
the help of some distributed processing or risk the effort of a lengthy, costly, and difficult new
processor development program. Distributed systems, however, require more interface work and
may, as a result, also increase system complexity, inefficiencies, and probability of failure.

Power

The power subsystem provides electrical power to the entire spacecraft for operation on
orbit. Power has always been direct current (DC), although some concepts for the future are
considering using alternating current (AC). The power source, usually solar cells which harness
the energy of the Sun's radiation, provides energy to the subsystems and also stores energy to
batteries, so that, when the spacecraft is in eclipse (e.g., the earth blocks the spacecraft from the
sun), it has electric power to operate.

When designing the power system, the designer must look at five things in particular, the
duty cycle, time of eclipse, the spacecraft design life, and beginning-of-life (BOL), and end-of-
life (EOL) requirements. The duty cycle maps out how much power is used by the spacecraft
during each orbit of its lifetime. The longer an eclipse is the more storage capacity is needed in
the batteries. Battery storage capacity might also be used to store up energy for the spacecraft's
peak power usage as predicted by the duty cycle. Over the life of a spacecraft, the solar cells'
ability to capture power and the batteries' ability to store power diminish. At the same time the
spacecraft's duty cycle might also shift (typically to reduced power demands). Therefore, it is
important to compare how the power subsystem operation will degrade with the power
requirements at the beginning and end of the spacecraft life.

Propulsion _

Although some spacecraft do not have one, the propulsion subsystem has two main
functions. First, it provides the energy needed to achieve and maintain the spacecraft's final orbit.
Next, it applies torques to the spacecraft to change the spacecraft's angular momentum. This is
sometimes called metered propulsion since, in order to control the spacecraft's angular
momentum, thrusters must be turned on and off in a pattern, or metered. Pressurized gasses or
bipropellant systems, where two substances when mixed create a thrust producing reaction, are

used to fuel these thrusters. Also, at a more developmental stage are electric and ion propulsion
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systems. The advantages of these systems over chemical propulsion are they possess less mass,
last longer, and reduce the hazardous materials that must be handled by spacecraft fabricators.
On the other hand, they require much more power from the spacecraft and can cause an electrical
bias of the spacecraft and its equipment.

A series of system level design decisions play an important role in determining the
propulsion subsystem's design. The biggest decisions are the final orbit and launch vehicle. The
launch vehicle, spacecraft mass, and final orbit, determine the amount of energy the propulsion
subsystem must provide for the spacecraft to reach final orbit. Spacecraft in LEO must also
overcome atmospheric drag. Even though there is very little, there is still some of the earth's
atmosphere present in LEO around the earth. The atmosphere creates aerodynamic drag on the
spacecraft traveling through it, thus reducing the spacecraft's speed and making it fall into a lower
orbit. Propellant must, therefore, be present to periodically make up the energy lost due to drag.
Pointing accuracy and other ADACS parameters also affect the propulsion subsystem and the
amount of propellant and size of the thrusters used to keep the spacecraft's proper orientation
while in orbit. A

Structure and Mechanisms .

The structural subsystem carries, supports, and mechanically aligns the spacecraft
equipment. It also protects folded components, often referred to as deployables, during launch
and deploys them upon reaching orbit. Launch accelerations, vibration, and spacecraft mass
determine the required strength and stiffness of the main load-carrying structure, or primary load
structure. Transient events and launch vibration are the key parameters for sizing the secondary
structure which consists of deployables, brackets, and fasteners.

Thermal

The thermal subsystem controls the spacecraft equipment's temperature. Passive systems
use equipment position on the spacecraft structure, insulative materials, and reflective coatings to
moderate the effects of energy absorption from the earth and Sun and the equipment's power
dissipation and radiation to space. Sometimes, however, active means of temperature control are
necessary. Active thermal subsystems use electrical heaters or high-capacity heat conductors,
heat pipes, to control equipment temperature. The amount of heat dissipation along with required
equipment operating temperatures determine the size and complexity of this subsystem.

Table 1 lists all the subsystems, their function, and typical percentage mass and cost of

the spacecraft.
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Subsystem Function % T
Mass! | Cost?
Payload * The hardware and software on the spacecraft that senses
or interacts with the mission subject 28.06 25
* Key driver of satellite cost, complexity, and performance
Spacecraft Bus * The group of subsystems necessary for the proper - | 753
operation of the payload
-Attitude Determination | ¢ Assures the proper pointing direction, accuracy, and
and Control System navigational stability for the payload 5.99 10
(ADACS)
-Communications * Allows the spacecraft to pass payload data and other
information back and forth with the ground and other 441 104
spacecraft
-Command and Data * Distributes commands instructing the spacecraftbusand | —-—- | ~——-
Handling (C&DH) payload how to operate
-Power » Provides electrical power to the entire spacecraft on orbit { 29.90 20
-Propulsion (optional) | « Provides the energy needed to achieve and maintain the 431
spacecraft’s final orbit 25
» Applies torques to the spacecraft to modify the
spacecraft's angular momentum
-Structure and * Carries, supports, and mechanically aligns the spacecraft
Mechanisms equipment 21.06 | 205
* Protects folded components (deployables) during launch
and deploys them upon reaching orbit
-Thermal * Sets and maintains the desired temperatures for the 445 | ——-
spacecraft subsystem
Notes

1 Average percentage values of dry mass (mass without including propellant mass) for selected satellites
(Larson and Wertz, 1992)

2Marlens, 1990.

3The average costs for these subsystems add to this 75% number.

4Includes command and data handling.

SIncludes cost of thermal.

Table 1 Spacecraft Subsystems and Their Functions (Martens, 1990; Larson and Wertz, 1992)
1.4 The Launch Segment -

The launch segment includes the launch facility, service interfaces, and the launch vehicle
which is the means by which a spacecraft is lifted into orbit. Most launch vehicles are unmanned
and possess a booster portion and a fairing. The boosters provide the propulsion necessary for
achieving the velocity and altitude required to attain a specified orbit. The fairing is the part of
the launch vehicle that contains and protects the spacecraft during launch. Sometimes, the final
orbital objective requires the addition of an extra propulsion stage, referred to as an upper stage,
to be assembled between the fairing and the rest of the launch vehicle. Upon reaching the
required orbit, the fairing releases the spacecraft which then assumes its operational orbit.
Examples of launch vehicles include the Titan, Atlas, and Ariane rockets. Some of their
attributes and typical launch vehicle/upper stage combinations are shown in Table 2.
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Launch Upper Payload | Payload | Launch Site Fairing Envelopes
System Stage Mass to | Mass to Diameter | Length
LEO GEO (m) (m)
(kg) (kg) .
ATLAS1 Centaur-1 | 5580 450 Air Force Eastern Test 29 77
ATLASII Centaur-2 | 6395 570 Range 42 9.7
ATLAS IAS | Centaur- | 8390 1050
2A :
ARIANE 40 H-10 4900  |------ Kourou Launch Center 36 8.6-124
42p H-10 6100 J------
42L H-10 7400  J------
4P H-10 6900 |------
41 P H-10 8300 |------
44L H-10 9600 }------
EPS 18,000 |------
at 550 km
DELTA Ll Air Force Western Test
6920/25 PAM-D | 3990 730 Range 25 4.8,6.8
7920/25 PAM-D | 5045 910 or 2.8 42,57
Air Force Eastern Test
Range
PEGASUS NONE 455  l------ Aircraft Launch 1.2 19
SHUTTLE 24400 f------ Air Force Eastern Test | 4.6 18.3
s l----- 2360 Range
TITANII NUS 2150 Air Force Western Test 28 6.0,7.6,9.0
TITANII  |NUS | 14400 |------ Range (except TITANID 136 124
PAM-D2 |------ 1360 Air Force Eastern Test 15.5
TITAN IV NUS 17,700 {------ Range 45 17.0
Centaur [------ 4540 20.0
Ius  |------ 2380 23.0,26.0
NUS 21,645 {------

Table 2 Attributes of Common Launch Vehicles (Larson and W;rtz, 1992)

1.5 The Communications Architecture

The communications architecture is the set of components necessary for satisfying the
mission's communication, command and control requirements. It is heavily dependent upon data
handling requirements as well as payload pointing requirements. The ability of other space and
ground assets to transmit data is also a factor in configuring the communications architecture.
1.6 The Ground System

The ground system consists of fixed and, sometimes, mobile ground stations allowing
operators to command, track, and communicate with the spacecraft and the command centers
responsible for budgeting time amohg the basic monitoring and controlling of spacecraft
functions, the collecting of payload data, and the commanding of payload operations. In more
detail, the ground stations acquire information from the spacecraft on spacecraft health and
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position, as well as payload, or mission, data. The ground station also sends specific commands
to the spacecraft requesting that the payload or spacecraft as a whole perform certain operations.!

The control centers balance the amount of time that is spent meeting and monitoring basic
spacecraft needs versus user data needs. There are three types of control centers, mission,
spacecraft operations and payload operations. The mission control center (MCC) plans and
operates the entire space mission, including the configuration and scheduling of resources for
both space and ground systems. MCC is in charge of computing critical information such as data
on the spacecraft's orbit, the schedule of times when the spacecraft will fly over the different
ground stations that are part of its ground system, and spacecraft and ground station antenna
pointing angles so that the ground segment and spacecraft can communicate. MCC also passes
this information on to other ground system elements and users. The spacecraft operations control
center (SOCC) monitors and commands the spacecraft bus and systems common to the bus and
payload. SOCC's job is to monitor spacecraft telemetry and telemetry from payload instruments
that might affect the spacecraft's attitude or dynamics. SOCC is the only ground system element
that writes the commands that are transmitted to the spacecraft through the use of ground station
equipment. The payload operations control center (POCC) monitors payload instrument data and
telemetry. It coordinates with SOCC to provide and write commands telling these instruments
how to operate. The commands are transmitted to the spacecraft upon MCC approval.

Ground station size, quantity, and data handling equipment are determined by spacecraft
orbit and mission and the user's needs which may change from time to time during a spacecraft's
life. The decision whether or not to develop and build a dedicated ground system for a particular
space system depends upon the amount of payload data required by the users; the amount of
access to the payload part of the spacecraft the users need; and the level of security surrounding
the users' data. A ground system dedicated to one satellite constellation provides much greater
security and access to the spacecraft but at the cost of increased development and life cycle
budget, schedule, and technical risks.

For users who either cannot afford or do not require a dedicated system, certain ground
station networks are available. These include the Navy Navigation Satellite System (NNSS) and
the Air Force Satellite Control Network (AFSCN). A more creative approach is NASA's
Tracking and Data Relay Satellite System (TDRSS) which uses a network of satellites to relay
information to the system's only two ground stations which are located in the continental United
States. Choosing to become part of one of these networks and being accepted by the network
influences the design of the spacecraft's communications and command and data handling

IFor instance, during Operation Desert Storm, certain weather, surveillance, and communications satellites
were commanded to modify their orbits so that the military could have better coverage of the Persian Gulf
region.
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subsystems. This choice also means that this space mission must share time on the network with
other mission.
2. The Uniqueneés of Space

The space and launch environments that a spacecraft must survive present its designers
with tremendous challenges. On launch, despite the protection of the fairing, the spacecraft is
subjected to considerablelaccele_:rations. vibrations, dynamic pressures and shock. The
accelerations and vibrations are due to the burning of highly explosive fuel which provides the
massive propulsive power used to overcome the earth's gravity and bring the spacecraft up to the
speed and altitude necessary for inserting the spacecraft into its required orbit. A harsh dynamic
pressure environment.is the result of rapid altitude changes as the spacecraft enters the vacuum of
space from the approximately sea level atmosphere at the launch site. Finally, the spacecraft
experiences shocks from the firing of explosive bolts which are used to separate the spacecraft
from the fairing when final orbit or the intended parking orbit is reached and to separate launch
vehicle segments that have expended all of their fuel during launch. For example in a Titan-
Centaur configuration, where the Titan is the primary launch vehicle and the Centaur is an added
upper stage, the two main engines of the Titan are jettisoned after they have burned all of their
fuel. This allows for the activation of the Centaur upper stage to continue the spacecraft's journey
to orbit.

The environmental factors that must be overcome in space are different. They include
hazards due to ra;diation, thermal cycling, vacuum, orbital debris, and shock. Radiation hazards
come in many forms. Galactic cosmic rays may cause momentary dysfunction or, potentially,
service life threatening malfunctions to electronic equipment through which they are passing.
Prolonged exposure of electronics to cosmic radiation causes voltage leakage and biasing in
semiconductors, impairing their ability to perform their mission functions. Solar arrays tend to
lose power generating capability over a lifetime of exposure to solar particle events, which are
rapid increases in the flux, usually associated with solar flares, of energetic particles emanating
from the sun. Finally, trapped radiation in plasmas and the Van Allen Belt can cause electrostatic
discharges that result in sensor noise or other phenomena that adversely affect spacecraft
operation. Radiation from nuclear explosions and laser attacks can potentially cause temporary or
permanent damage to the spacecraft.

The sun, however, produces more than radiation effects on the spacecraft. Asa
spacecraft orbits the earth, it goes through periods of exposure to the sun as well as periods of
eclipse. The cycle time for sun exposures and eclipses depends upon the height of the orbit. For
example, the Space Shuttle, which flies in LEO, orbits the earth approximately every 90 or 100
minutes. A GEO communications satellite will orbit with the earth, thus being thermally cycled
once a day. The mean value of solar heating on the spacecraft during these cycles ranges from
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1358 W/m2, during direct sun exposure to 0 W/m2, when in full eclipse (Larson and Wertz,
1992). This corresponds to temperatures from several hundred to nearly zero Kelvin.

Much of the hardware flown in space, however, only operate properly within a narrow
range of temperature variation (e.g., 60-70 ©C). Furthermore, different pieces of hardware require
different temperature ranges. For instance, an infrared sensor requires a near 0 K operating
temperature, whereas, most electronics require a room temperature environment. Finally, launch
vehicle constraints require that the volume of the spacecraft be minimized. This constraint causes
designers, therefore, to place all of this equipment in close proximity to one another. As a result,
spacecraft designers are forced to develop a system of reflective paints, heat pipes, heaters, and
coolers to maintain nominal spacecraft operation.

Microgravity and the vacuum of space, although it offers many exciting possibilities for
pharmaceuticals and materials processing and manufacturing, has many negative effects on
spacecraft hardware. Parts of a spacecraft, for example most computer chips and switches, must
be pressurized and hermetically sealed in order to avoid electrical arcing, shorts, or other
abnormal behavior. Certain metallic materials, like tin-lead solder, are not used during spacecraft
manufacture because "whisker" growth, when a metal forms unintended metallic outcroppings, in
the material may cause electrical shorts when one of these outcroppings connects two nearby
circuit paths. Finally, outgassing by some materials, the breakdown of a material into its
chemical constituents due to the microgravity environment, may cause corrosive or other
undesirable compounds to form on spacecraft surfaces.

Both natural and man-made orbital debris exist and pose a serious threat to spacecraft
operation. McKnight states that "about 20,000 tons of natural material consisting of
interplanetary dust, meteoroids, and asteroid/comet fragments filters down to the Earth's surface
every year .... At any one time, there are several hundred kilograms in [orbit] around the earth”
(Larson and Wertz, 1992). Added to this natural debris are empty rocket fuel tanks, out-of-
service spacecraft, and spacecraft debris from exploded or disintegrated spacecraft, as well as tiny
pieces of paint and solid rocket propellant that are orbiting the earth at velocities of several
kilometers per second. A collision between anyone of these objects and a spacecraft, because of
the high velocity of impact, could result in severe damage to or total destruction of the spacecraft.
On one occasion, what was later identified as a piece of paint collided with a space shuttle
creating a deep crack in one of the space shuttle's cockpit windows. The design of anti-satellite
weapons which use the phenomena of hypervelocity ifnpact to destroy a spacecraft is, in fact, a
proposed area of research which focuses on using the destructive power of orbital collisions
between spacecraft and debris as a weapon.

3. Organizational Roles in Defense Space Acquisition
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The spacecraft design space is very complicated. Not only are there great technological
challenges requiring creative design solutions, but there are great organizational challenges in
coordinating the resources necessary for space system development. It is the project manager’s
task to handle these technical and organizational demands in such a way as to keep their
immediate commanders, the Secretary of Defense, Congress, and their contractors happy (or more
realistically, at bay). Prior to describing the roles of organizations that play a major part in the
acquisition of defense space systems, it is helpful and interesting to learn how this basic
organizational structure arose.

Sputnik and the National Aeronautics and Space Act of 1958

The launch of Sputnik 1, the first artificial satellite ever placed in orbit around the earth,
by the Soviet Union in 1957 was a call to arms for the United States government and public alike.
In the previous ten years, the USSR had solidified control over Eastern Europe, allied itself with
China, and held American forces to a standstill in Korea. Americans, especially their leaders, felt
they had to respond to the launch of Sputnik, thereby, preventing the rising tide of Communism
from gaining another "victory" over America. By the end of 1958 the U.S. had launched its first
satellite, Explorer, and enacted the National Aeronautics and Space Act of 1958. (The bill was
passed July 29, 1958.) It mandated that the United States become "a leader in space”, and, as part
of that mandate, established a civilian space program and a military space program which was to
be coordinated by a White House National Aeronautics and Space Council chaired by the
President of the United States (Wilkening, 1992).

President Dwight D. Eisenhower initially favored centralized control of all space
endeavors, civilian and military, within the Department of Defense (DoD) feeling that the most
pressing space needs were of a military nature. He also felt that one centralized organization
would avoid needless duplication of activities and capabilities. His advisors, however, persuaded
him that having a separate civilian space agency was better from a political and propaganda
standpoint. An open, unclassified space program which other countries could participate in, they
argued, greatly contrasted the secretive, entirely military program of the Soviets. Eventually, the
argument for a separate civilian program won. As a result, the National Aeronautics and Space
Act of 1958 created the National Aeronautics and Space Agency (NASA) (Wilkening 1992).
Ironically, Congress also worried about a lack of coordination between the two agencies. They
therefore formed the presidentially chaired space council as a part of the space act. (In 1961, the |
act was amended to make the Vice President the chair of the committee.).

Concurrently, in 1958, the Secretary of Defense created DARPA (the Defense Advanced
Research Projects Agency) as a central organization for defense space applications. DoD saw this
as a temporary measure to minimize interservice rivalry for the new space mission (Wilkening

1992). From 1958 to 1961, planned space projects, facilities, and personnel were allocated to
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NASA if they were predominantly civil in character or to DoD if their primary application was of
a national security nature. Leaders within DoD, assigned most of the military programs to the
individual services (i.e., Air Force, Army, and Navy). DARPA quickly lost its role as the central
DoD space organization.

The Soviets Orbit the First Human

In April 1961, the Soviets struck a second major blow to America's prowess through the
use of space. Yuri Gegarin, launched into orbit from the USSR, gave the Soviets the distinction
of having the first human in space. Gegarin's, albeit short, voyage served as a giant propaganda
defeat. The presence of a new, younger, and more visionary administration in the White House
and increasing Cold War tensions, combined with the ignominious defeat of Gegarin's flight,
helped to create a national drive to be the undisputed leader in space (Wilkening, 1992). Ina
memorandum to Vice President Lyndon B. Johnson, the new head of the National Aeronautics
and Space Council, James Webb, NASA Administrator, and Secretary of Defense Robert
McNamara argued (McNamara and Webb, 1961):

Dramatic achievements in space, therefore, symbolize the technological power
and organizing capacity of a nation ...

It is for reasons such as these that major achievements in space contribute to
national prestige. Major successes, such as orbiting a man as the Soviets have
Jjust done, lend national prestige even though, scientific, commercial, or military
value of the undertaking may by ordinary standards be marginal or economically
unjustified.

[The United States] needs to make a positive decision to pursue space projects
aimed at enhancing national prestige. Our attainments are a major element in
international competition between the Soviet system and our own. The non-
military, non-commercial, non-scientific but "civilian" projects such as lunar and
planetary exploration are, in this sense, part of the battle along the fluid front of
the cold war. Such undertakings may affect our military strength only indirectly
if at all, but they have an increasing effect upon our national posture.

Two weeks after Johnson received the memorandum, President John F. Kennedy created
the Apollo program and assigned NASA the task of "getting America to the Moon by the end of
the decade.” This commitment to besting the Soviets in high profile manned and unmanned space
exploration missions led NASA to be first and only country to land men on the Moon in the
1960s and 1970s as well land robotic expeditions on Mars in the 1970s. Missions to Venus,
Mercury, and Jupiter during the 1970s were also a result of this policy. NASA was the first to
Saturn, Uranus, and Neptune in the 1980s. Finally, America was the first to have a reusable,
manned spacecraft when the Space Shuttle Columbia made its first flight in 1981.

The Cold War drove developments in military space as well. In the early 1960s, tensions
continued to increase with the Soviets. Events including the failed Bay of Pigs Invasion in 1961
and the Cuban Missile Crisis of 1962 increased America's need for more concrete information on

the location and strength of Soviet troops, nuclear test sites and other military science centers.
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Surveillance satellites were a logical solution to the problem. Flying with impunity high above
military air defenses, these spacecraft could monitor Soviet activities without the threat of being
shot down. Also, DoD could configure the orbits of these satellites to provide considerably more
continuous coverage of important regions behind the Iron Curtain and in Cuba than
reconnaissance aircraft ever had. Consequently DoD, along with the government's intelligence
agencies, created a number of reconnaissance space programs. Because of the tremendous
amount of security surrounding such projects, a secret agency, the National Reconnaissance
Office (NRO), was created to separately and secretly handle the acquisition and operation of
reconnaissance satellites, while the Air Force continued to fulfill its role as executive agent for
the majority of DoD space programs. (The NRO's existence was declassified in 1992 at which
time it became officially a part of the Department of the Air Force.).

The resulting NASA, Air Force and NRO organizations, all individually equipped to
acquire spacecraft, created a powerful, force on the military and civilian space fronts of the Cold
War. These programs, however, became increasingly expensive possessing overlapping
programs and duplicate facilities. Wilkening, er al. (1992) maintain that this duplication was
tolerated because (1) as stated earlier, an open space exploration system was an effective aid in
winning the world to America's side during the Cold War; (2) a multi-organization system
protected against Soviets gaining knowledge of the entire span of U.S. military and intelligence
space efforts through high levels of program compartmentalization and security classification; (3)
for the first decade or so of the space program, America's accomplishments were limited more by
available technology than by funding constraints.

Organizational ''Stovepipes''

In short, the Cold War pressures of direct competition with the Soviet Union not only
escalated the space race, but the nature of these pressures dictated that U.S. space policymakers
establish different organizations for handling civil, military, and highly secret space applications.
Each organization, in turn, was equipped with all of the capabilities necessary to design and build
space systems in house. As a result, several separately capable organizations with overlapping
capabilities and missions, referred to as "stovepipe” organizations, evolved.

Within military and civilian sectors multiple agencies propagated, each developing space-
related activities. For instance, for civil space, in addition to NASA, the Department of
Transportation (DOT), the Department of Commerce (DOC) (including NOAA), the Department
of Interior (DOI), and, most recently, the Department of Energy (DOE) have all evolved space-
related functions. Within the national security community the story has been the same with the
Air Force, Army, Navy, NRO, the Ballistic Missile Defense Organization (BMDO), and the
Advanced Research Projects Agency (ARPA), formerly DARPA, all actively involved in the
development and operation of space systems. Furthermore still the Air Force has divided itself
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into separate launch, acquisition, operations, and user elements. Each satellite program and each
launch vehicle operated by DoD, in turn, has developed into its own system project office (SPO),
specifically dedicated to the development of that one program's spacecraft or launch vehicle.
Even from SPO to SPO organizational and cultural differences have been found.2 Therefore, in
certain cases, stovepipes within stovepipes within stovepipes have evolved. Tabl e 3 shows the

agencies from the executive branch of government presently involved with space policy.

NASA | DOE | DOC | DOT AF Army | Navy | NRO | BMDO | ARPA
R&D X X X X X X X X X
Acquisition | X X X X X
Launch! X X X X X X
Operations | X | X X X X X X X

Table 3 Agency Functions and Responsibilities (Wilkening, 1992)
1 Launch includes regulation or acquisition of commercial launch services.

Many disadvantages to this vertically organized system developed over time: excess
bureaucracy, organizational proliferation, increased layers of policy oversight and review,
institutional overlap and inefficiencies, and institutional rivalries which discourage synergism.
Since each sector has handled its own research and development (R&D), acquisition, launch, and
on-orbit operations, it has developed its own methods for carrying out these functions. Staffs
have been hired to set and administer these policies. Thus, bureaucracy, too, has proliferated.
Extensive efforts have been undertaken to establish some sort of policy cohesion, creating
countless levels of oversight and policy planning. As the division of labor and oversight
increased so did institutional rivalries. This is because more programs were competing for the
same funds. This fragmentation of duties spread to the legislative branch of government as well.
Oversight of space has expanded to as many as ten different Congressional committees, each
protecting its own priorities (Fox, 1988).

In summary, each space sector possesses its own stovepipe organization to handle
technology development, acquisition, launch, command and control, and operations needs, not as
the result of efforts to achieve organizational efficiency, but for political purposes instead.
Typically, within each organization there are further levels of divisional stovepipes, for example
the existence of an individual program office for each large space system. Each stovepipe has
optimized its organization to carry out its mission needs without consideration for the needs of

other space fairing organizations. This division of labor has become so inefficient and redundant,

2This statement comes more from personal experience and discussions with industry experts rather than
any particular literature citation.
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that complex interfaces among several organizations are required to accomplish even a single
mission. More is said about this in Chapters 5 and 6. The following subsections describe the
major players in the military acquisition process. Many of the smaller prdgrams such as DARPA
and BMDO are not discussed here because they are responsible for the acquisition of relatively
few systems.

3.1 Congress

Congress plays two major roles in the defense acquisition process. Its first role is to
approve the expenditure of government money for defense system acquisition. Having budgeted
the money, Congress also participates in managing the acquisition process. Congress' funding
role is unique, since no other part of the government, but the legislative branch, can approve the
expenditure of public funds. Funding a program is a multi-step process requiring the approval of
two separate pieces of legislation. The annual defense authorization bill determines which newly
proposed and already ongoing DoD programs are funded in the new fiscal year. Congress then
uses the annual defense appropriations bill to allocate the exact amount of funds for the DOD to
use in supporting particular programs (Fox, 1988).

Often times, however, DoD needs to change its funding profile from the one approved
prior to the start of the new fiscal year. Congress, if it decides to, has three options for meeting
these DoD requests. First, Congress can appropriate new money for a program through a bill for
supplementary funding. Second, under reprogramming Congress allows money to be shifted
from one item Wifhin an appropriations account to another (e.g., to shift funds from the Defense
Meteorological Satellite Program to the Defense Communications Satellite Program within Space
System Procurement, Air Force, account). A third method of shifting funds, requiring
Congressional authorization, is between appropriations accounts (e.g., transferring funds from
Aircraft Procurement, Army to Missile Procurement, Army). Usually, the annual defense
appropriations bill stipulates a certain cumulative amount for this type of budget reallocation so
that DoD officials have some latitude in planning budgets as the fiscal year unfolds. When
transfers over the course of a fiscal year add to exceed this limit, Congress must approve any
further transfers of funds (Fox, 1988).

Interestingly enough, many of these budget reappropriations are due to the fact that
Congress, typically, authorizes far more programs than it can pay for. In 1982, for instance, it
was estimated that 2.3 times the current defense spending levels were required to move all of the
authorized programs from development to production, and that 3 times these levels were needed
to complete all programs in production (Fox, 1988). It is no wonder, then, that budget crunches
and overexpenditures are part of daily life in the acquisition system. Yet, Congress, under intense
pressure from the electorate and media, feels the need to act to bring down costs. Consequently,

Congress plays a strong, third role in acquisition, program management.
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Over the last fifteen to twenty years, Congress has often involved itself in the
management of dayhto day program activities. Congress' tools to carry out these managerial tasks
(often referred to as micromanagement), however, are limited to regulating and earmarking
funding to and imposing reporting requirements on the DoD element handling a system's
acquisition (Fox 1988). This micromanagement of activities often results in committee hearings,
burdensome reporting requirements, and, even, defense systems unwanted by DoD (Fox, 1988;
Aerospace Daily, 1994). All of these oversight activities impose extra cost and development
delays to the acquisition programs. Therefore, Congress typically increases costs in its attempt to
decrease costs.

3.2 The Department of Defense (DoD)

The Department of Defense (DoD) is a cabinet level department in the executive branch
of the United States Government. Its head, the Secretary of Defense, reports directly to the
President of the United States and must receive confirmation by Congress before taking office.
DoD, created in the late 1940s to coordinate defense activities, includes the Departments of the
Air Force, Army, and Navy, which comprise the Armed Services, as well as centralized
management activities for the coordination of the separate services. DoD's headquarters are at the
Pentagon in Washington, D.C.

Centralized DoD management, separate of the Armed Services (i.e., separate of the Air
Force, Army, and Navy), is involved throughout the acquisition life cycle. Early in a program's
development, DoD validates mission needs and searches for non-materiel solutions to these
needs. DoD makes the decision to start a new program, validates system requirements, and
determines which service of the Armed Services develops the new system. DoD also plans and
manages all acquisition budgets for defense systems, setting the dollar amounts listed in the
president’s budget and debated by Congress.

3.2.1 The Defense Acquisition Board (DAB)

The Defense Acquisition Board (DAB) monitors and reviews the approximately 100
major defense systems programs (Jones, 1989). Senior members of the Office of Secretary of
Defense (OSD) and appropriate service and defense agency officials comprise this board. The
Undersecretary of Defense for Acquisition (USDAQ) is its chairperson with the Vice Chairman
of the Joint Chiefs of Staff (JCS) acting as the vice chairperson.

The DAB holds formal program reviews, evaluating programmatic and budgetary details
along with technical progress. It assesses the acquisition agent's (i.e., the Army, Navy, or Air
Force) execution of the program to that point and its readiness to proceed with upcoming parts of
the program. It then advises the Deputy Secretary of Defense whether or not the program should
proceed any further. It is up to the deputy secretary to make the final decision to proceed.
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Ten review committees made up of OSD officials organized around certain disciplines
support the DAB in its decision process. These committees also conduct periodic reviews of the
ongoing programs analyzing potential program difficulties, measuring progress, and making
recommendations to the DAB. The committees are Science and Technology, Nuclear weapons,
Strategic Systems, Conventional Systems, C31 Systems, Test and Evaluation, Production and
Logistics, Installations Support and Military Construction, International Programs, and Policy and
Initiatives (Jones, 1989).

The DAB does not provide or recommend funds or vote on matters before it. Instead, it
attempts to reach consensus for recommendations on a program it is reviewing. For example,
during early program research and development, the DAB "assesses the possible tradeoffs among
costs, schedule, performance and logistics support to obtain maximum benefit for the dollars
spent. It then evaluates how this new system enhances .... {the] military forces' deterrent or
warfighting capability” (Jones, 1989). As a result, typical issues that the DAB deals with include:
cost growth, control, and effectiveness, joint-service squabbles, acquisition strategy, competition,
production rates, test results, and interoperability (Jones 1989).

3.2.2 The Air Force (USAF)
Although there are several different organizations responsible for si)ace acquisition, Table

4 shows that, by far, the Air Force plays the largest role in defense space acquisition.

Number of Personnel
| Organization Military | Civilian [ Total
U.S. Space Command 443 128 571
AF Space Command 22.737 17,371 40.108
Navy Space Command 249 245 494
Army Space Command 401 89 490

Table 4 Space Acquisition Personnel (Congressional Record, 1994)
The Air Force is responsible for day to day management of nearly all space acquisition programs
for the Armed Services. Separate System Project Offices (SPO), each one headed by a project
manager (typically of the rank of Colonel or General), are organized for each operational or
developmental program. All of these SPOs are part of Air Force Space Command and are located
at the Space and Missile Systems Center (SMC) at Los Angeles Air Force Base. Along with The
Aerospace Corporation, a non-profit corporation aiding the Air Force in technical matters relating
to space system acquisition and development, SMC deals with daily programmatic and technical

issues of the contractors for all of the SPOs under its command.
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3.3 The Prime Contractors

The prime contractors are the private, for profit companies responsible for the design,
development, fabrication, test, and integration of the spacecraft and space system as a whole.
Whereas, typically, prime contractors, or primes, do not perform all of the work involved with
producing a space system, they are responsible for contracting and managing any subcontractor
work necessary to develop parts of the payload and spacecraft bus. They are also responsible for
contracting the launch vehicle providers, launch pad and support, ground systems, etc. They
make sure that all of the elements of the mission architecture are properly developed and
integrated to make the space system perform its mission flawlessly. The prime is held
responsible for all work performed in the completion of the spacecraft whether or not their
company is actually building the particular component in question. They communicate with the
Air Force through SMC and act as SMC's connection to subcontractors that might be of concern
to the Air Force management.

The Spacecraft Development Team

The spacecraft development team is an assemblage of technical and managerial
specialists and generalists responsible for all facets of a spacecraft's design and fabrication. The
team’s composition changes with time as the program matures and requires different expertise.
Each program team has three main elements: technical specialists, systems engineering. and
program management.

Technical Specialists

Technical specialists is a broad term used to categorize all of the subsystem, fabrication,
and test engineers, as well as the skilled technicians. The engineers usually include subsystem
specialists (i.e., engineers experienced in the design and operation of one or a couple of the
spacecraft subsystems described earlier), fabrication and test specialists (i.e., those engineers with
experience in the manufacturing and test processes used to produce and assure the proper
operation of spacecraft), and technology specialists (i.e., engineers or scientists who offer
experience in a technology critical to the space mission's success, for instance, xenon ion
propulsion or compact optics). The technicians carry out many of the activities needed to design,
fabricate, and test the spacecraft. These include producing CAD drawings, finite element models,
fabricating and assembling structural members, laying wires and assuring their continuity, and
performing component, subsystem, and system test regimens.

Systems Engineering

Earlier sections of this chapter provide an overview of the many complex thermal,
physical, electronic, and informational interactions that must be regulated within any spacecraft
design. Controlling these interactions is complicated by the close proximity that is required of all
of the spacecraft equipment by the limiting size and weight constraints of launch vehicles.
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Furthermore, Smith and Reinertsen agree that being able to understand and properly trade off
system interactions is critical to successful completion of a design activity (1991). Yet, the level
of complexity in th;se interrelationships between various spacecraft subsystems are far more than
the various spacecraft subsystem designers can handle while trying to perform detailed design
activities for their own subsystem. Therefore, there is a need for a strong systems engineering
component as a part of every program team. Systems engineering's job is to identify and regulate
these complex interactions.

There are two types of interactions to be controlled: intentional and unintentional. For
example, keeping the equipment on the spacecraft that produces the most heat away from a very
sensitive infrared sensor can be thought of as the management of an intentional interaction. More
specifically, this design decision intentionally prevents an interaction that might impair the
spacecraft's ability to perform its mission. Unintentional interactions are ones that are not
specifically planned for, but affect the spacecraft's performance. For example, a rotating
hemispherical antenna may cause structural vibrations in the spacecraft. These vibrations can
cause the blurring of optical images taken by one of the payload sensors. This example
demonstrates the meaning of unintentional interactions spacecraft subsystem's. Understanding
these behaviors is necessary for mitigating their negative effects on the spacecraft's subsystem
interactions. A systems engineering group, focuses on matters of this type, discovering these
interactions and analyzing their effects on the proposed design. Systems engineering then acts as
an impartial body for mediating the resolution of conflicts arising from designs that interact
ineffectively with one another. They coordinate and verify the solutions to these problems and
then moderate the process for creating the necessary design changes.

Finally, systems engineering plays the role as the glue that holds the system together.
They do this by performing the engineering that does not fall to any of the subsystem disciplines.
Examples are electromagnetic interference (EMI) mitigation, system reliability assessments,
mass properties, and payload and launch vehicle integration. It is apparent then that strong
systems engineers as well as strong subsystems engineers are critical to successfully handling the
high levels of technical complexity characteristic of the spacecraft development process.

Program management

Every program team has several management activities that it must perform. It must set,
monitor, and manage budgets and schedules. It must communicate with the customer. In
addition, it must handle relationships with subcontractors who are performing work for it. Most
importantly, the team must have leadership, guidance, and commitment to its goals. The program
manager (PM) functions as the coordinator of these management activities and as the leader of the
program. The PM usually has a small group of cost estimators and schedulers keeping track of

program progress. The PM appoints a chief engineer, head of systems engineering, and
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subsystem design leaders to handle the detailed management of technical issues. The PM works
to establish and set'the program goals which designers work to during the proposal and design
phases. During the design, fabrication and test phases, the PM aids in the resolution of major
design conflicts and failures while monitoring schedules and shuffling resources as necessary.
Finally, the program manager is the one who represents the program to high-level contractor
management and Air Force program management, handling the complex and often cantankerous
interactions that take place between these different elements.
4. Conclusions

One important conclusion to take from this chapter is that there are many mission
components which are highly coupled. Together they form a complex space mission architecture
for meeting the users’ needs. Along with these technical challenges, a complex maze of
organizational relationships must be negotiated before a program can be completed. Figure 1

summarizes this organizational interplay.

Goverment Industry

Executive Branch Legislative Branch Prime Contractors Subcontractors

—— I

OMB @ DoD e

—

Dep. Sec.
Defense

v——v

Armed
USDAQ [ Services

Congress

— Organizational Relationships

4> Informational Relationships for

DAB 6 Air Force
Acquisition

Figure 1 Organizational Relationships in the Military Space Acquisition Process
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Fox (1988) points out that, because of this organizational structure, the normal rules of capitalism
do not apply to defense system acquisition. First, the classical concepts of the industrial firm do
not apply (Fox, 1988):

"Price is not an overriding factor, product and quantity are determined, not by the
management of the firm, but by governmental authority, and competition
normally focuses on proposed design rather than the physical product, and on
promises of performance rather than the performance itself. The supplier often
holds a monopoly and the purchaser a monopsony (i.e., one buyer only).

Furthermore, the traditional functions of buyer and supplier are mixed under this arrangement
with the buyer often specifying methods and rates of product production. Therefore, the
contractor, under pressure to minimize costs while meeting some level of performance, is not able
to utilize control over design and production parameters to accomplish this goal. Finally, there is
extreme division of labor combined with heavily overlapping functions but differing goals within
the customer's organization. This creates indecision and vacillations in goals and initiatives that
the contractor must react to when dealing with its single customer. Inconsistent and incomplete
requirements, schedule delays, cost overruns, and performance shortfalls are a common result of
this arrangement. The rest of this thesis shows why this is the case.

In conclusion, an unstable mission subject or changing requirements, due to technical or
political instability, can create a chain reaction of requirements and design changes within many
or all of the other mission elements. Therefore, studying the design process for one of these
mission elements, the spacecraft, illustrates how a deficient process adversely affects the
accomplishment of an entire space mission. Despite all of these risks, technical and political, the
use of space to carry out missions offers a rich set of opportunities. With a constellation of only a
few spacecraft users can track the world's weather patterns, create global communications
networks, detect and track missile launches, or instantaneously find their location any place in the
world. The ability that a small constellation of space-based platforms offers to view large areas
of the earth or the solar system allows users to accomplish many, otherwise, technically or

financially infeasible goals.
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Chapter 3: The Spacecraft Acquisition Process - Defining Mission Need
and Exploring System Options

1. Introduction

The primary objective of the military acquisition process is for the Department of
Defense (DoD) to acquire a combination of hardware and software systems. These systems
enable DoD through the Armed Services to accomplish their mission objectives. DoD procures
these systems through development and production contracts with industry. First, DoD solicits
industry interest through a request for proposals (RFP). The RFP contains the scope of work, the
technical requirements, and regulations that DoD expects the system's builder to follow. By
responding to the RFP with a proposal, a contractor enters into competition with other responding
contractors for the opportunity to develop the new system. The winning contractor completes the
detailed design of system components during the development phase. A production phase, in
which multiple copies of the system are manufactured, follows a successful system development
phase by the winning contractor.

Throughout this entire acquisition process, DoD, as well as the members of private
industry involved in the acquisition, must follow a strict set of laws and regulations. These laws
and regulations have three goals: to prevent waste, fraud, and abuse; to establish and monitor the
acquisition process; to enforce other desired conditions (e.g., require the hiring of minority
contractors or disqualify the use of components made in certain countries). This thesis does not
discuss he enforcement of working conditions. Later chapters discuss the effects that waste,
fraud, and abuse legislation has on acquisition. The next two chapters, instead, focus on the laws
and regulations, in particular the DoD 5000 series, that create the framework for the acquisition
process. These chapters relate the goals of the intended process and compare them to their
implementation during military satellite acquisition.

2. The DoD 5000 series

A mandatory, standard acquisition process aids DoD, Congress and the Office of
Management and Budget (OMB) in acquisition management. The standardized format is an
attemnpt by officials to effectively monitor a particular program's progress and compare it to
similar past programs or to other ongoing programs. By having each program fulfill the same
reporting requirements at standard timeline points, or milestones, in the acquisition process, DoD,
Congress, and OMB can monitor any program using the same set of budgets, status reports, and
timelines. For the program manager, a standardized process provides a template to which they
can match their particular program's development plan. These laws and procedures, in short,
attempt to establish a method for logically, effectively, and repeatably completing the acquisition

of military systems.
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The DoD 5000 series is the specific set of instructions, published by the Department of
Defense, which govern all acquisitions made by DoD and the Armed Services. Along with the
Office of Management and Budget (OMB) Circular A-109, "Major System Acquisitions” (1976)

and applicable Congressional Laws, DoD Directive 5000.1, "Defense Acquisition,” "establishes a
disciplined management approach for acquiring systems and materie! that satisfy the operational
user's needs" (1991). DoD Instruction 5000.2 "Defense Acquisition Management Policies and
Procedures” sets "an integrated framework for translating broadly stated mission needs into ...
acquisition programs ... [through] a rigorous event-oriented management process” (1991). DoD
Manual 5000.2-M "Defense Acquisition Management Documentation and Reports,

procedures and formats to be used to prepare various milestone documentation, periodic in-phase

contains the

status reports, and statutory certifications" (1991). These documents establish the whys, whats,
and hows of the present DoD acquisition system.

More specifically, the DoD 5000 series states that every defense acquisition program
starts with a mission need as identified through continuing assessments of current and projected
capabilities in the context of changing military threats and national defense policy. Upon the
decision that a new or greatly improved system is essential to meet some of these needs, the
acquisition process begins. The first step is Phase 0, Concept Definition and Exploration, in
which a teamn from within DoD develops as many solutions to the mission needs as possible.
After selecting several potentially viable solutions and gaining approval to proceed with their
study, the managing unit moves the acquisition program into Phase I, Concept Demonstration
and Validation.. During this program phase the investigatory team works with industry to
perform more research in order to prove the technical, logistical, and financial feasibility of the
most promising system concepts. The investigating team, now a project office, selects a single
concept and, after gaining approval, moves into Phase II, Engineering and Manufacturing
Development , where detailed designs are completed and initial test and operational units are
manufactured. DoD and Congress decide whether or not to proceed with further production of
the system, and, finally deployment of that system in Phase IIl, Production and Deployment.
Figure 2 shows the process described by the DoD 5000 series. Each of these steps is described in

more detail in this or the next chapter.

36



Chapter 3: The Spacecraft Acquisition Process - Defining Mission Need and Exploring System Options

Life-Cycle .. Technology
Cost Mission Defepse Advancement
. Area Policy
Reduction Analyses Changes Effon
Analyses Y g Analyses

Mission Need
Statement

Yes
y

Phase 0 -
Concept
Exploration/ |
Definition

Yles

Yes
A 4
Phase ] -
Concept

Demonstration)
Validation

Yes

Cancel
No Program
Yes
v
Phase 11 -
Engineering &|
Manufacturing
Development

Yes

Yes

Phase III -
Production

Figure 2 The DoD 5000 series Military Acquisition Process.
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Although the DoD 5000 series provides a regimented procedure for military system
acquisition, there is a large amount of flexibility as to how each program accomplishes a
particular phase of the process. Flexibility is both a strength and a weakness of the DoD 5000
series. Later chapters describe how bad decisions in the up front phases can result in cost and
time overruns. Basic flaws also exist within the DoD 5000 series, as it relates to governing
spacecraft acquisition. This thesis discusses later their effect in amplifying such bad decisions. It
should also be noted that thé process described in the DoD 5000 series is for the acquisition of
non-classified systems. Although there are a number of satellite programs that are of a classified
nature, many large and important systems acquired by DoD, including the Global Positioning
System (GPS) follow-on, Defense Meteorological Satellite Program (DMSP) follow-on, and
Defense Satellite Program (DSP) follow-on, are unclassified.

3. Determining Mission Need

The defense acquisition process begins with the definition of a mission need from
assessments of potential threats and advances in technology made at government laboratories,
during research efforts contracted with private industry, or during independent research and
development that is ongoing continually in private industry. Acquisition decisionmakers are also
cogniscent of the need to replace already existing, but aging, systems. Mission needs become
apparent during this continuous review process. Mission needs can be identified by the Unified
or Specified Commands within the Armed Services, the military departments, the Office of the
Secretary of Defense (OSD), or the Joint Chiefs of Staff. Mission needs may speak directly of a
threat (e.g., to prevent contamination from chemical weapons) or of other defense related needs
(e.g., to possess current weather information on all areas of the world in which the Armed Forces

are or are likely to be located). Figure 3 depicts the process for determining a mission need.
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The organization that defines the mission need must also attempt to establish a non-materiel
solution to meet this need. A non-materiel solution might include a change in doctrine,
operational concepts, tactics, training, or organization. If a solution of this nature cannot be
found, the organization authors a mission need statement (MNS) requesting a new or greatly
upgraded system to meet that need.

DoD 5000 requires the mission need statement to be broad in nature. The MNS identifies
a threat to be countered as well as the projected threat environment in which the need might
occur. (In the case of GPS, the threat was the inability of Armed Services' components to
accurately navigate themselves in three dimensions — altitude as well as longitude and latitude --
during missions. The environment might include attempts by hostile forces to jam or spoof! the
navigation signals used to determine position.) The materiel solution to the need is to be outlined
in non-specific terms, i.e., in terms of operational capabilities not system specific solutions. The
author of the MNS also assesses whether or not the MNS could result in initiation of a new
category I (major defense acquisition) program or a category II, II1, or IV program. DoD uses
acquisition categories to specify the level of oversight a program receives. The more important
the program is, the lower the ACAT number and the higher the level of oversight. Figure 4

shows the decision process for choosing a program's acquisition category (ACAT).

1 Spoofing is the sending of false signals in an attempt to confuse or mislead the enemy. Spoofing
navigation signals means sending false position signals to one's enemy.
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Presently, all unclassified major spacecraft acquisition programs have the ACAT I rating.
An ACAT I designation means a high level of prominence in both DoD and Congress. Whereas,
the high level of prominence might speed up the establishment of a program, it also raises the
level of scrutiny given by Congress and DoD to managing the program. As a result, every

technical problem becomes a political battle with the program's enemies. The scrutiny is often so
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intense that many programs seek the protection of a classified rating in order to avoid
Congressional scrutiny (Forman, 1993). The relaxation of classification standards after the end of
the Cold War and a recognition by Congress of attempts by DoD programs to circumvent its
management control effectively nullify this strategy, which many programs in the mid to late
1980s enjoyed. Chapter 6 discusses the challenge of managing the risk that outside scrutiny adds
to a large program.

After receiving an ACAT classification from its author, the Mission Need Statement is
transmitted to the Joint Requirements Oversight Council (JROC). They verify the MNS does not
have a non-materiel solution. The JROC then determines the validity of the identified needs, and
assigns a joint priority as appropriate. They rank the importance of the need in relation to other,
as yet, unmet needs and forward the MNS to the Undersecretary of Defense for Acquisition
(USDAQ)? as approved or disapproved. Upon approval by the JROC, or as deemed appropriate
by the USDAQ, the MNS is recommended to a subordinate committee of the Defense Acquisition
Board (DAB) for review. The subordinate committee identifies and studies materiel alternatives
that could potentially satisfy the identified need. They then identify and recommend a more
detailed study of a subset of the concepts to the DAB, as a whole.

4. Milestone 0 - Concept Studies Approval

DoDI 5000.2 states that Milestone O marks the first formal interface between the
requirements generation and acquisition management systems (1991). Up until this point only the
need and the requirement for a new system are known; no formal acquisition program exists at
this time. The DAB considers the recommendations of its subcommittee’s study of certain
materiel solutions and decides what action should be taken on the MNS. The DAB then defines a
minimum set of alternative concept studies, to be performed either in house or by contracted
efforts. The DAB also designates service organizations to lead the study effort and sets the dollar
amounts and sources of funding for the approved set of studies. The decisions of the DAB in
regards to study focus, funding sources, and supervising agencies are summarized into an
Acquisition Decision Memorandum (ADM) signed by the USDAQ. Approval to proceed by the
Deputy Secretary of Defense at Milestone O initiates Phase 0, Concept Exploration and
Definition. A decision to proceed at this time does not establish a new acquisition program.

S. Phase 0 - Concept Exploration and Definition

Concept exploration, on average, takes anywhere from one to two years depending upon
the size of the program, the methods of concept exploration chosen by the exploration team, and
the level of detail desired by the exploration team and the DAB for the study results. Figure 5

2During the writing of this thesis, a separate position, Undersecretary of Defense for Space Acquisition was
created. This decision by DoD to create a separate position shows an awakening realization by DoD that
space acquisition differs significantly from other types of defense system acquisitions. The significance of
these differences is discussed in later portion of this thesis.

42



Chapter 3: The Spacecraft Acquisition Process - Defining Mission Need and Exploring System Options

shows the Phase 0 process steps Table 5 displays the technical objectives for Phase O stated in the

DoD 5000 series
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Table § DoD 5000 Series Goals for the Concept Exploration and Definition Process

In practice, however, DoD decides whether the system will be a space system, a missile
system, a ship, etc. before Concept Exploration and Definition begins. Therefore, studies focus
on what is required of a specific kind of system to meet the mission need. The Air Force oversees
the completion of these studies for space systems. Historically, when the DoD requires a space
system, they establish an exploration group within the Air Force's Space and Missile Command
(SMC) to coordinate the concept studies. SMC, with the help of The Aerospace Corporation3,
works with Air Force Space Command and other user elements, to develop the basic user
requirements.

The exploration group then translates these requirements into a draft specification. The
draft specification includes many topics, such as the area of the earth to be covered; whether or
not the coverage must be continuous or take place only a certain fraction of the time; the potential
level of data throughput; and sensor resolution. The focus of this specification is the payload
since the payload is the part of the spacecraft that meets the users' needs and drives the rest of the
spacecraft design. The Air Force uses this initial set of performance specifications to initiate
several conceptual studies of space systems. These analyses provide data, such as early life cycle
cost estimates, for comparing alternatives on the basis of cost, schedule, and performance; they
form the basis for assessing the relative merits of the concepts during the next decision milestone,
Milestone I, Concept Demonstration Approval.

There are three methods used for analyzing and comparing alternative system concepts in
the defense aerospace industry: design studies, cost engineering models (CEM), and design
conferences * All three are similar in that they develop a set of competing conceptual mission
architectures, costs, and development schedules from the draft specifications. The three
methodologies, however, vary greatly in the number of concepts they generate and the amount of
information that they feed back to the Air Force. The next three sections describe these
methodologies.

5.1 Design Studies

The Air Force, with rare exceptions, explores new mission concepts using design studies.
To accomplish these studies, the SMC study group awards competitive contracts to several
(approximately 5) contractors. They sometimes ask groups such as The Aerospace Corporaﬁon,
ARPA, Philips Laboratories and other knowledgeable service related organizations to carry out

3The Aerospace Corporation possesses a large historical body of knowledge pertaining to past military
contracts. It also has a large body of engineers experienced in many critical satellite technologies. The Air
Force borrows on this knowledge heavily in creating the new system's technical requirements and studying
potential system tradeoffs.

4This list of methods derives from interviews with members of The Aerospace Corporation, the Air Force,
and aerospace contractors.
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studies as well as or in place of contractors, especially when the study budgets are limited or the
mission needs a;e highly undeveloped. The logic for having industry perform the bulk of these
studies is that, since industry actually develops and fabricates the spacecraft, they have better
information than the Air Force or its affiliated organizations for producing realistic conceptual
designs and accurate estimates of potential development cost and schedule. In reality, this
reasoning may be only partly true. In particular, The Aerospace Corporation has information on
most DoD space development programs, including cost and technical data, dating from the early
1960s. As a result, they may have as much or more information than the individual prime
contractors. Furthermore, its employees are a mixture of former employees of system prime
contractors as well as engineers who have not worked with any these contractors. Therefore, their
concepts are less likely to represent or be constrained by any one way of doing business. Many of
the other DoD components as well possess important information on new space system
technologies and fabrication techniques.

Those organizations performing a study receive a statement of work (SOW) describing
the scope and deliverables of the study along with the draft specifications describing the proposed
mission. SMC usually requires that each contractor produce one or, sometimes, a few potential
designs. Usually, the level of detail a study yields is a rough satellite configuration with size,
mass, data, and power requirements for each subsystem including the payload. Some effort may
also spent defining manufacturing and test techniques as well as technologies important to the
successful fabricate and operation of the conceptual systems. Early estimates of cost and
schedule for each concept and, sometimes, potential acquisition strategies are also deliverables of
these studies. Sometimes the outcome of these studies closely resemble the product. Often times
they do not because of changes forced by, as yet, undiscovered technical difficulties or other
operational infeasibilities that become apparent during the implementation of the winning
concept.

SMC uses the information from these designs as data points when deriving relationships
between cost and performance for the new system. The Air Force uses these relationships to
determine which requirements to amend prior to entrance into Phase I, Concept Demonstration
and Validation. A more detailed design study phase can cost $10 - $20 million and take 12 - 18
months to complete. The cost only represents 5% or less of the entire amount spent on creating
the operational system. Nevertheless, the results of these studies greatly affect the outcome of the
system development process.

5.2 Cost Engineering Model (CEM)>

5The Cost Engineering Model (CEM) methodology described in this sections was developed at The
Acrospace Corporation of El Segundo, California.
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An alternative to using design studies for Concept Exploration and Definition is the
development of a cost engineering model by each of the contractors. A cost engineering model
(CEM) is a spreadsheet based concurrent engineering tool used to bring together spacecraft
payload and subsystem design experience with spacecraft cost estimating knowledge in order to
develop conceptual designs from mission technical requirements. Specifically, the CEM uses
algorithms that convert technical requirements into hardware and software parameters. The
model simultaneously estimates a cost for the modeled equipment employing a set of cost
algorithms .

Two key characteristics differentiate the CEM from the more common design studies
methodology. The first feature is the interconnectivity of the CEM. The CEM links each
subsystem'’s model with those of the other subsystems through the use of a spreadsheet. So, when
one parameter of a particular subsystem's design changes, all of the other subsystems modify
themselves for this change automatically. In contrast, during design studies the design changes to
one part of a design must be "rippled through” the whole design manually to see how they affect
the final design. This is because all of the subsystem models reside with the specialists who
produced them. Therefore, each specialist must be consulted for each design change. Second, the
CEM uses the spreadsheet to directly link technical models with cost models. Thus, unlike design
studies in which a design is created and then a cost is established serially, the CEM automatically
produces a new cost and design for each change in requirements.

When constructing a CEM, the developers first work with spacecraft payload technical
experts to develop a set of equations used to determine the payload size, mass, power, and data
throughput required to meet the technical requirements received from the user. Subsystem
experts then develop the algorithms that derive the hardware size, mass, power, and data
parameters of their subsystem. Finally, cost estimators generate a set of equations that use the
payload and subsystem hardware parameters to generate costs for developing the system. The
developers of the CEM integrate these models into a spreadsheet or another similar computer-
based tool. This provides the interconnectivity missing when performing design studies. A fairly
detailed model usually takes 3 - 6 months to develop at a cost of $300,000-$500,000. This model
allows its users to convert many combinations of performance requirements, "real time", into
hardware and cost estimates. Each contractor's study team can configure a subset of the more
promising hardware designs into black box level solid models of the spacecraft. The combination
of rapid computation power and integrated knowledge also allows CEM users to determine the
sensitivity of system performance and cost to different technical requirements. The requirements
to which the mission is most sensitive can then be identified and carefully reconsidered prior to
entering the Phase I, Concept Demonstration and Validation .

5.3 Design Conferences

46



Chapter 3: The Spacecraft Acquisition Process - Defining Mission Need and Exploring System Options

The design conferences methodology for exploring concepts, like design studies and the
CEM, requires an initial set of mission requirements. To start the process, the Air Force invites
all of the contractors interested in participating in the studies to a publicly announced bidders
conference. There the Air Force disseminate these requirements and request that the contractors
generate designs and present them to the investigating Air Force personnel in private meetings.
During a private meeting, the Air Force asks the contractor questions about certain design
decisions and requests further exploration of other design issues for the next meeting.
Occasionally, another bidders conference takes place at which the Air Force discusses its latest
thinking on the project and any changes it wants to make to its draft specification. Several cycles
of a bidders conference followed by private meetings take place prior to entering the
Demonstration and Validation phase. The design conferences method also lasts approximately
12-18 months at a cost of $5-10 million. Design conferences usually require the contractors to
bear the burden of cost. The Air Force reimburses the contractor that wins the Concept
Demonstration and Validation contract®.

5.4 A Comparison of the Concept Exploration Methods

The CEM methodology has definite advantages over the design studies technique. The
design studies technique is very rigid in structure because it does not effectively accommodate
requirements iterations during the Concept Definition and Exploration phase. This is because
manual iteration of designs is cumbersome, time consuming, and subject to errors in capturing the
differences between several sets of requirements. Therefore, the Air Force derives a mission's
cost v. performance relationships from a small set of data points developed from, at most, a
couple sets of performance requirements. The CEM,, in theory, can provide information on an
infinite number of performance level combinations. In practice, tens or hundreds of concepts can
be investigated by varying performance characteristics. This flexibility allows the Air Force to
explicitly consider more options. It also enables the Air Force to study the sensitivity of the
conceptual system to changes in different mission requirements. From these results, the Air
Force can identify key technical and cost drivers in the new system. In short, the integrated,
computerized nature of the CEM provides a powerful level of information generating capability
to decisionmakers that does not exist within the design studies methodology.

Although design conferences do not provide as many iterations as the CEM, they may
have an advantage in that they are more intuitive. That is with each new design comes a new
visual configuration of the system. This configuration helps to illustrate the unique features of
each concept. Not only does this kind of conceptual configuration provide more of a look and

feel to the system for less technically inclined policymakers, it may also be more sensitive to

6This process has been used for studying concepts for one-of-a-kind experimental spacecraft. No record of
using such a strategy for an operational satellite system was found for this thesis.
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integration and configuration issues that might arise in the design than either the CEM or the
design studies methods. The design conferences approach also facilitates uncommonly open
discussion between the customer and contractor because it allows contractors to represent their
designs in person to the Air Force rather than in written form only.

Design conferences also have some significant shortcomings. First, these conferences
might run into difficulties with competitive fairness, since the government might be able to "play"
members of industry off one other, giving the government unfair negotiating power. Also,
situations of favoritism might arise in which some contractors get more access to and more hints
from the investigating Air Force team. The design conferences methodology also is not as adept
at modeling less physical parts of the space mission architecture, such as the communications
architecture, or capturing the interaction among these parts when requirements iterations occur.

A final caveat is that the design conferences method may be cost prohibitive because it requires
contractors to invest too much of their own money without any guarantee of a return on such an
investment. This is especially true in the case of larger systems which require greater study
efforts.

The method used to explore design concepts can greatly affect the level of conceptual
maturity and knowledge taken into the next phase of a spacecraft's development. Also, adhering
to a single set of requirements early on limits the number of design tradeoffs performed.
Exploring these tradeofTs is critical to achieving an effective design solution. This observation
indicates that the historically popular method of concept exploration, design studies, is deficient
in providing the information needed for detailed concept exploration. Furthermore, another
method better suited for performing concept exploration, namely the cost engineering model
(CEM), currently exists.

6. Milestone I - Concept Demonstration Approval

After completing its concept exploration, the Air Force develops acquisition strategies for
the system concepts they identify as the most promising. Upon completion of these strategies, the
exploration team proceeds to a Milestone I review. Milestone I's purpose is to assess the
affordability of a proposed new acquisition program and marks the first direct interaction between
the planning, programming, and budgetary and acquisition management systems. Up until this
point discretionary research and development accounts within DoD fund the development of the
concept studies.

The DAB reviews the results of the Phase 0 studies as well as defense planning guidance,
long-range modernization and investment plans, and other internal planning documents which
help to frame a go-or-no-go decision for the new system under consideration. The DAB records
the highlights of this review in a Major New Start issue paper, approved by the Undersecretary of
Defense for Acquisition (USDAQ) and passed on to the Defense Planning and Resources Board.
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This board reviews the issue paper and delivers it with recommendations in terms of available
budgets and pot;mial funding profiles to the Deputy Secretary of Defense, who then decides
whether to pursue the program. In deciding that a program will not be pursued, the deputy
secretary cancels activities altogether or recommends that Phase O be reentered in an attempt to
gather more information.

When a program gets the go ahead, the Deputy Secretary of Defense establishes
affordability constraints for the program and communicates these to the USDAQ. The USDAQ,
in turn, prepares an Acquisition Decision Memorandum reflecting the decisions and direction
established by the Deputy Secretary of Defense. Any additional direction and program specific
exit criteria for Phase I, Demonstration and Validation, are also included in the memorandum.
For the first time, a new program officially exists.

Approval at Milestone I also involves Congress for the first time in the acquisition
process. During Phase 0, discretionary DoD funds support the concept studies taking place. As
chapter 2 describes, law requires that an acquisition program must receive authorization from
Congress each year it exists, and only Congress can appropriate government money to fund the
project. Congressional involvement can stay as unintrusive as yearly reauthorization and
appropriation. If the project is a major budget item and encounters technical or other difficulties
or is perceived as high risk, Congress may establish extra reporting requirements and added
checkpoints to the acquisition process. For example, Congress might withhold program
reauthorization or additional funding until certain technical issues are proven under control by the
program.’

Depending on the acquisition program, Congress' role in day to day management varies
greatly. As a result, the rest of the acquisition process does not mention Congress explicitly.
Therefore, remember these things about Congress while reading the next chapter. Each year they
must reauthorize the program and establish funding for a program to exi-st. Depending on the
level of funding they can restrict or accelerate a program's growth and progress. Also, Congress
can involve itself in the acquisition process by demanding hearings and including language in
legislation making a program’s funding contingent upon the accomplishment of Congressionally
established goals. Therefore, Congress can greatly affect a program's outcome, controlling its
budget, influencing its goals, and possessing the ability to impose copious amounts of extra work
on the program in the form of hearings and reporting requirements
7. Summary and Conclusions

This chapter relates the process by which DoD starts a new acquisition program. This
part of the process has two major steps, determining mission need and Concept Expioration and

TThe B1-B Bomber story in Chapter 6 offers a perfect example of extra Congressional involvement in
managing an acquisition program.
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Definition. Table 6 relays the objectives of these initiatives as stated by the DoD 5000 series and

compares them to their actual implementation.

Acquisition DoD 35000 Series Acquisition In-practice Implementation of
Phage Phase Objectives the DoD 5000 Series
Determining |+ Monitor threats, technological * Mission needs often defined as a
Mission developments, and the performance of specific system type (e.g., space
Need aging systems system, missile system, or
* Identify mission need aeronautical system)
* Attempt to define a non-materiel
alternative

* If in need of a new system, broadly state
the mission need in terms of operational
capability, not system specific solutions

Phase 0 - |+ Explore material alternatives to satisfy | * Design studies are weak at
Concept | mission need identifying high risk areas and are
Exploration | * Define the most promising concept(s) | not effective in developing initial
& Definition | * Identify high risk areas and risk program strategies due to a lack of
management approaches iteration on system requirements

* Develop initial program strategy, cost,
schedule, performance

Table 6 DoD 5000 series goals for determining mission need and concept exploration
The chapter shows that the actual process and the theoretical process correspond closely in goals
during the determination of mission need and concept exploration. Practice differs slightly from
theory during the determination of mission need because a specific type of system is often defined
as the part of the system need. Such definition, however, is acceptable in terms of DoD 5000
when the need is to replace an already existing, but aging system (DoD, 1991). In the context of
a new system, the DAB, realistically, has to limit system choices during the Milestone I decision
exercise if concept exploration is to have some focus. So, in the end, the mission need would
probably be constrained to a specific system type by the initial DAB subcommittee studies prior
to Milestone 0.

The more interesting differences between the supposed-to-be and as-is processes comes
during concept exploration. The goals are the same, but the commonly used method for
accomplishing them, the design studies method, fails to adequately assess high risk areas. Section
5.1 shows that design studies make analysis of system sensitivity to requirements changes very
difficult to perform, especially when compared to the cost engineering model (CEM) method
described in Section 5.2. As a result, investigators cannot define satisfactorily areas of risk in the
system's development. This deficiency in risk assessment then makes it difficult to develop
suitable program strategies and estimates for development cost, schedule, and performance. The
next chapter shows that the actual process continues to increase developmental uncertainty when
compared to the process stated in the DoD 5000 series.
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1. Phase I - Demonstration and Validation (dem/val)

The dem/val process established in DoDI 5000.2 specifies that competitive
prototyping or paper studies (if prototyping has been waived) of multiple design
approaches should take place during Phase I. According to DoDI 5000.2, the system
project office (SPO) should pursue parallel technologies within the system concept(s)
developed during this phase. DoDI 5000.2 also requests that heavy emphasis be placed
on the consideration of manufacturing processes when developing system concepts (1991):
"Supportability and manufacturing process design considerations must be integrated into the
system design effort early. This is essential to preclude costly redesign efforts downstream in the
process." Similarly, according to DoDI 5000.2, risk identification and reduction should become

cornerstones of Phase I (1991):

Prototyping, testing, and early operational assessment of critical systems,
subsystems, and components will be emphasized .... This is essential to: (1)
Identifying and reducing risk, and (2) Assessing if the most promising design
approach(es) will operate in the intended operational environment including
people and conditions.”

Table 7 shows the technical objectives stated by the DoD 5000 series for Phase I, Demonstration

and Validation.

Acquisition DoD 5000 Series Acquisition Phase Objectives
Phase
Phase I - * Better define critical design characteristics and expected capabilities of the system

Demonstration | concept(s)

& Validation |+ Demonstrate critical technologies can be incorporated into system design(s) with
confidence
* Prove that the processes critical to the most promising system concept(s) are
understood and attainable
* Revise strategy, cost, schedule, performance objectives for most promisine approach

Table 7 DoD 5000 Series Goals for the Demonstration and Validation Process

The rest of Section 1 documents the spacecraft development activities that presently take place in
dem/val. The summary and conclusions of Section 1.7 compare the as-is to the should-be process
described by DoDI 5000.2.
1.1 Competition for Dem/Val Funding!

In reality, the Air Force uses the Demonstration and Validation (dem/val) phase to fully-

develop one or, in exceptionally rare cases, two of the most promising concepts generated during

I'Much of this information comes from interviews with personnel from a defense aerospace contractor, the
Air Force, and The Aerospace Corporation.

51



Chapter 4: The Spacecraft Acquisition Process - Spacecraft Development

the Concept Exploration and Definition phase into flight articles. The Air Force selects the one or
two contractors who further develop their Phase 0 concepts through another RFP and source
selection. With the company(ies) "on contract” dem/val commences. Dem/val has two major
parts, design and fabrication and verification. Several smaller parts compose both of these

processes . Figures 6a and 6b illustrate the Phase I process.

RFP Release
&
Contractor
Proposals

!

Source Selection

Bystem Project Office (SPO)
Private Industry:
-Prime Contractor i
-Subcontractors
[The Aerospace Corporation

Design

!

Fabrication
i,
v &
Verification

\

Figure 6a Phase 1, Concept Demonstration and Validation
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Requirements
Definition

Figure 6b Phase 1, Concept Demonstration and Validation - Two Major Subprocesses
1.1.1 Pre-RFP Activities Within the Air Force

By the beginning of Phase I, there is an Air Force or joint system project office (SPO) in
charge of managing the acquisition of the new space system. Phase I begins with the SPO's
revision of the existing set of system requirements, using inputs from Phase 0 and suggestions
obtained from the Defense Acquisition Board (DAB) at the Milestone I review. The revised
requirements become part of a draft request for proposal (RFP). The draft RFP consists of a
statement of work (SOW) and a revised set of mission specifications, contained in the Technical
Requirements Document (TRD).

The Air Force circulates for comment the draft RFP to interested members in industry .
The SPO takes responses and modifies its RFP accordingly. Once the RFP is finalized, the Air
Force announces, in Commerce Business Daily, an introductory briefing at which they release the
RFP to all interested and qualified contractors. The contractors are given a period of 45 to 60
days, depending on the specific RFP, to develop a proposal. Their response must include a
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preliminary space system design and manufacturing and test plan, as well as estimates for
development cost and schedule.
1.1.2 Contractor Response to the RFP

Each interested contractor establishes a bid team prior to the release of the RFP. This bid
team consists of all of the engineering disciplines needed to fulfill the work required in the
statement of work (SOW) portion of the RFP. Upon receiving the official RFP the bid team's
systems engineering group along with structural engineering and subsystems and payload
integration takes the lead in managing the creation of a design for the proposal. In the first days
after the release of the RFP, systems engineering develops a more detailed set of design
requirements for the spacecraft design engineering team from the RFP's Technical Requirements
Document (TRD). The design engineering team consists of subsystem and payload engineers as
well as manufacturing and test engineers. Figure 7 reviews the steps taken by contractors in

responding to the RFP.
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Figure 7 Contractor's response to RFP
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Clarifying the Requirements

The first five days after the RFP release is a time for clarification of requirements with
the Air Force. All requests for clarification must be made in writing to the Air Force. When the
Air Force receives a question, it sends a copy of that question to all of the other contractors
bidding on the contract. The Air Force then sends a response, also in writing, back to the origin
of the question and a copy of the answer to all the other competing contractors. With this
procedure the Air Force attempts to maintain fairness in the contract competition. After the five
days , the Air Force refuses any further points for clarification.

Establishing the Spacecraft Black Box Design

Meanwhile, structural engineering and subsystems and payload integration establish a
size envelope into which all parts of the spacecraft must fit at launch. The size envelope takes
into account the fairing size of the launch vehicle that most likely will be used by the program.
They pass along the size envelope to the rest of the program team. Using the set of requirements
from systems engineering, the design envelope from structures and integration, and development
cost and schedule targets set by the program manager, each subsystem's designers furnish the
design integrator with black box designs for their subsystem. Each box comes with dimensions, a
mass, thermal characteristics, vibration environment requirements, power requirements and duty
cycles, and, in the case of the payload, field of view (FOV) requirements. Systems engineering
and the appropriate subsystems engineers account for these parameters in the design work they
perform.

Managing the Information Flow

Systems engineering and structures and integration manage the information that returns
from the subsystem and payload designers. Structures also receives cost and schedule targets for
their structural subsystem. They use the target cost and schedule and information about the
subsystem black boxes to create a three dimensional computer solid model of the spacecraft. In
developing the spacecraft configuration, the designers consider mass properties, accessibility of
components, the reliability of the structure on which the components sit, testability of the
structure and the components, strength of the structure, proximities of boxes in the same
subsystem (sometimes this is requested by the subsystems designers, sometimes not), and
contingencies for mass and size changes to the boxes which are inevitable over time due to the
naissance of the designs. The structural designers rely heavily on experience and input from test
and manufacturing specialists when developing their model.

Systems engineering manages the technical information transfer among designers. -The
following are examples of how they carry out this function. Periodically (e.g., biweekly) during
the proposal phase, all of the program personnel attend a technical briefing. Each subsystem

presents schematics of components and performance characteristics on overhead slides.
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Everyone in the program receives an entire set of slides from the meeting. Systems en gineering
and program management co-host these meetings with the systems group keeping track of mass,
power, and data budgets for the spacecraft and the program manager and chief engineer keeping
track of schedule and cost issues. During the project team meetings, structures and integration
also keeps track of the component characteristics like mass and center of gravity which affect the
solid model they are developing.

Program management also plays the role of devil's advocate, challenging the designers to
explain their decisions; any meeting participant, however, may raise an issue. These issues are
commonly referred to as "action items." Systems engineering notes any action items raised
during these meetings and tracks the items' subsequent follow-up. A method for tracking day to
day progress and changes in the spacecraft's design is the creation and maintenance of a collection
of evolutionary story boards detailing each of the subsystem designs. These story boards hang
together on a wall within the program group. Daily program participants review and update these
boards. They make comments about the work of others and receive comments about their own
designs. Systems engineering aids in keeping track of the comments being made.

Developing Manufacturing and Test Plans

Manufacturing and test engineering have their own assignments during this period. The
Air Force specifies certain tests and specific procedures to accomplish those tests in the RFP.2
Typically test engineering analyzes these requirements and, using past program experience,
makes suggestions about tailoring or substituting tests to save development time, or cost, or both.
For example, the RFP might require the fully assembled spacecraft to survive thirty cycles within
a thermal-vacuum chamber3. A contractor's experience might be that it has never had a failure
beyond the fifteenth test cycle. As a result, they would suggest a smaller number of cyvcles, say
fifteen, or maybe twenty as a compromise. These alternate test approaches appear in the proposal
submitted to the Air Force which either approves or disapproves them on signing the dem/val

contract. Manufacturing puts together a plan for how the spacecraft will be built. Their plan

2Secretary of Defense Perry's 1994 memorandum abolishing the use of military specifications and
standards might affect the amount of tests that are specified in the future. But as, Smith, et al. (1985) note,
the more experienced commercial buyers of satellites have moved toward specifying the performance of
certain tests in the contracts they establish with satellite vendors. Therefore, it seems highly unlikely that
the practice of specifying tests in the RFP will be abolished completely.

3Thermal vacuum tests verify the workmanship of the spacecraft and provide a means of checking the
operation of the spacecraft components in a simulated space environment. The chamber is a vacuum
chamber equipped with nitrogen-cooled walls that simulate deep space and electric heaters or infrared
lamps to simulate exposure to the sun or other higher temperature situations. Using these sources of heat
and cool, testers can create temperature environments which force the spacecraft to maintain its own
temperature for nominal operation (Larson and Wertz, 1992).
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includes costs, schedules, facilities, and processes. Manufacturing processes that the Air Force
requests* in the TRD may also require negotiation between the contractor and the Air Force.

Turning the Design Into a Proposal

Early in the proposal phase, the program manager can select a proposal administrator to
oversee the preparation of the company's response to the RFP. The administrator, sometimes
hired from outside the company, helps the program manager to establish the important themes of
the proposal and a strategy for presenting them. These themes usually focus on what the
management team thinks are the unique and beneficial solutions of their design to the Air Force's
requirements. The administrator, with the approval of the program manager, prepares a proposal
outline, specifying the size and contents of different parts of the proposal to different people on
the program bid team.

Program management uses tools, such as story boards, to outline key proposal issues like
the winning factors of a particular subsystem's design. Company personnel from outside the
program team review these outlines playing the part of Air Force reviewers. Specifically. they
concern themselves with the consistency of the spacecraft's overall design and how the different
subsystem designs interact in an attempt to identify and eliminate conflicting design parameters
that might exist. They also critique the manufacturing and test plans as well as the proposal's cost
and schedule projections. After this review the program begins to write the proposal. In reality,
only enough time exists for one or two iterations on the original text. Two to three weeks prior to
the proposal deadline, the group of independent reviewers from within the contractor critiques the
most recent draft of the proposal. Again the group plays the role of the Air Force and acts as if
the draft they receive is the final proposal from the contractor. Although it is difficult, the review
provides useful suggestions on how to improve the proposal. Afterwards, the program freezes the
design and prepares a final version of the proposal which the contractor submits to the Air Force
for review. The contractor spends approximately the last five days of the response period on
publishing the proposal.

1.1.3 Summary - Competing for Dem/val Funding

After spending time up front on requirements definition and time at the end publishing
the proposal, the program bid team has approximately 30 to 50 days, depending upon the specific
program's proposal period, for the development of a conceptual spacecraft design. Because there
is such limited time to produce a design during the actual contract response period, the maturity
of the designs proposed by each of the contractors depends greatly upon the type and amount of

40ne very common request is for the use of Class B or Class S military specification and standard (Mil
Spec and Mil Standard) parts. All parts designated as either Class B or Class S have gone through several
processes and quality assurance checks specified in designated military specifications, standards, and
handbooks listed in the project's contract. Class S is the highest grade, Class B the middle grade;
commercial grade parts are considered lower than Class B in this classification system. As alluded to
earlier, DoD is reconsidering the use of Class B and Class S standards in program contracts.
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work carried out during the Concept Definition and Exploration period preceding the proposal
phase. "
1.2 Source Selection

Upon receiving the contractors' responses, the Air Force enters into source selection.
Two groups, one of management and logistics experts and the other of technical experts assemble
off-site to review the contractor proposals which usually number from four to eight. The team
reviews each proposal in turn with each individual scoring how a proposal meets the requirements
as stated in the RFP. Most members of the review group possess a certain specialty (e.g.,
expertise in propulsion).They usually focus on the parts of the proposal that include that specialty
when giving their score Once finished scoring a proposal, the reviewer must put that proposal
away as well as their scoring sheet for it. They then review and rank the next proposal in a
similar manner. Source selection rules prevent the reviewers form comparing two proposals,
rating one proposal in terms of the others, or changing their scoring after moving to another
proposal. All grading is done in direct comparison to the requirements contained in the RFP
only. Following a complete review of all of the proposals, the source selection group gives each
proposal a technical and programmatic score based upon the aggregate of all the reviewers'
ratings and the weightings assigned to each category of the score prior to the commencement of
source selection .

Following source selection, the Air Force can choose to seek clarification from each
contractor on their respective proposals. After reviewing contractor responses to these questions,
the Air Force usually asks each contractor to make a best and final offer on their development
costs and schedule. In all but very rare cases, the Air Force is looking for the contractors to
reduce their program cost, or schedule, or both. Some point after the contractors make their best
and final offers, a decision is made on which and how many contractors will receive contracts.
The period of time the Air Force takes for a decision is usually, at least, two to six months, but the
period may be even longer depending upon concerns that arise about the quality of the proposals
or the Air Force's ability to fund them. Figure 8 reviews the source selection process.
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Figure 8 Source Selection

1.3 System Definition

Following source selection, the winning contractor continues to develop its conceptual
design by undertaking a series of system definition activities. This system definition process
consists of a system requirements phase and a system design phase. During the system
requirements phase, the Air Force works with the contractor to clarify and amend the technical
requirements as necessary. As the system requirements phase progresses, more detailed levels of
requirements develop. Following a system requirements review (SRR), system definition enters
into the system design phase where the creation of the spacecraft architecture and detailed black
box component designs take place. The Air Force then holds a system design review (SDR).
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Figure 9 The System Definition Process

1.3.1 System Requirements

The Air Force and the contractor spend much of their time between source selection and
the system requirements review (SRR) establishing more detailed requirements for the spacecraft
based upon the technical requirements in the RFP. Some of these requirements take the form of
figures of merit, what might be referred to in the consumer products world as a detailed set of
specifications (e.g., pointing accuracy, orbit, mass, and power). At the contractor site work also
begins on identifying potential subcontractor suppliers for major spacecraft components. The
contents of the discussions between the contractor and subcontractors depend greatly on the
maturity of the spacecraft design. The greater the level of maturity is, the more sophisticated the
conversations are. Typically, the consultations center on improving black box mass, power, size,
and data throughput estimates for the existing spacecraft model.

After a period of approximately.eight to eighteen months of work with the contractor on
the requirements, the Air Force holds a system requirements review (SRR) (Larson and Wertz,
1992). The SRR focuses on verifying that the contractor and the Air Force possess the same
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understanding of the mission requirements and figures of merit. The SRR also considers the plan
for implementing these technical requirements into the spacecraft design. Any unresolved issues
that arise become action items. Both parties attempt to close action items during the SRR. Any
action items not handled at SRR become part of the SRR's record and must be brought to a close
as quickly as possible. Upon completion of the SRR the system design phase begins.

1.3.2 System Design

The system design phase is a block of time roughly equal to that of the system
requirements phase. Work on further developing the spacecraft's requirements continues during
this phase. Systems engineering tracks the requirements flow down through the use of
specification trees which record the filial relations of subsequent layers of design requirements for
the spacecraft. The contractor spends an equal amount of time developing detailed subsystem
designs . The study of system trades continues as well. For example, trades may be made
between when and where the spacecraft is launched and the orbits into which it is launches; or
various configurations of component box locations may undergo evaluation based upon thermal
constraints or mass properties. The prime contractor may also begin to develop statements of
work for subcontractor development of different spacecraft components.

Armed with a more detailed set of requirements and designs, the contractor enters into a
system design review (SDR) with the Air Force. At this time the prime contractor attempts to
prove that they have studied all of the major technical hurdles for the spacecraft and can deal with
them. During this time, the design team presents concepts for deployables (e.g., to unfurl solar
arrays or communication antennas on orbit), basic layouts of components, and preliminary
outlines of their operation (e.g., reaction wheel placement along with the attitude control system's
preliminary control laws).

1.4 Design Reviews

Design reviews are the periodic program reviews which take plzice to make sure that the
program is technically sound and on target with cost and schedule projections. These reviews
take place more often and delve to a more detailed level into both technical and programmatic
issues than do the Defense Acquisition Board milestone reviews. The players are also different
from the Milestone reviews. Experts from the Air Force and The Aerospace Corporation who are
not associated with the program conduct technical reviews at these reviews, verifying the
feasibility of the contractor's solutions. High-level members of the Air Force attend in order to
monitor program progress and lend guidance if problems should occur. Members of the
contractor team, the Air Force SPO, and associated members of The Aerospace Corporation
(Aerospace) try to work together to set the review's agenda and represent the design effort.
Sometimes, however, these reviews help to sort out differences in opinions among those closest

to the project, i.e., the contractor, the Air Force, and program affiliated members of Aerospace.
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Several months prior to the next design reviews, the contractor's systems engineering
team issues a plan of action for that design review in order to coordinate the design team. These
plans designate each of the briefers for, the amount of time for, and the content of each briefing.
These plans also set the format for charts that are common among the different review segments
(e.g., requirements flow down charts showing how the technical requirements documents were
converted into system and subsystem specs). Well-organized design teams invite the Air Force
SPO and affiliated members of Aerospace to review their briefings prior to a design review. This
strategy helps to create a coordinated design review effort which, in turn, usually helps to produce
a smoother design review.

The design review itself is a multi-day affair, often 2-3 days for a system requirements or
systemn design review and 4-5 days for a preliminary design or critical design review. An
executive summary of progress and future challenges takes place on the first day . For a system
requirements or system design review, day 2 and much of day 3 are spent on each of the
spacecraft bus subsystems, the payload, manufacturing, and testing. The review ends with a
session summarizing the results of the review. Preliminary design and critical design reviews
(PDR and CDR) also have an executive summary on Day 1. In these reviews, however, splinter
groups meet over the next 2-3 days discussing in detail a particular part of the spacecraft
development effort. This allows the reviewers to cover much more detail in roughly the same
amount of time as an SRR or SDR. PDR and CDR also finish with a summary session. Each
session within a design review has an Air Force and an Aerospace member keeping minutes.
Answers to questions and action items are contractually binding; therefore, it is of utmost
importance that a set of detailed, indisputable minutes is kept.

1.5 Detailed Design

Upon completion of the system design phase and a successful system design review, the

satellite design process enters into the preliminary design phase. The critical design phase

follows. Figure 10 shows the two phases.
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Figure 10 The Detailed Design Subprocess

1.5.1 Preliminary Design

In the preliminary design phase, the spacecraft design team takes the performance and
design requirements derived in the system requirements phase and the system architecture and
black box designs developed during the system design phase and creates detailed designs for all
of the equipment, structures, mechanisms, and software that comprise the spacecraft. The team
employs computer models to size and to assess the performance of the various subsystems. The
designers iterate these models several times. Their revisions account for new, relevant
information about other subsystemns as well as requirements changes. The team derives hardware
and software specifications from the information gained through these models. Table 8 lists
several examples of types of computer models used by the design team and the kinds of decisions

supported by the information in the models.
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Subsystem Example Computer Models Decisions Supported
Structures * 3-D solid model to establish a spacecraft size envelope for | ¢ Size and materials for
the different subsystem designs and to assess equipment structural members
accessibility as the subsystem designs become more » Optimal equipment
detailed. configuration on the

* Finite element software for sizing structural members and | spacecraft
specifying structural load paths

Mechanisms * Analysis of the kinematics of a deployment mechanism » Sizes and reliability of
and the forces it must withstand during operation. motors, microswitches,
- springs, etc.

Atitude * Simulate various control system configurations and » Types and sizes of

Determination | developing appropriate control laws. attitude control sensors,

and Control reaction wheels, and
position measurement
units

Table 8 Examples of Computer Models Used to Aid Spacecraft Design Decisions

For those components that the prime contractor does not plan to fabricate, the hardware
and software requirements for these components flow into draft statements of work and technical
requirements documents which are forwarded to interested vendors for bidding. Typically, the
prime contractor selects two subcontractors for each major spacecraft cofnponcnt that they are
outsourcing. The subsystem designers use these bids to estimate the development cost and
schedule of their system. This in turn initiates prime contractor and the subcontractor work on
issues related to interfacing each of the specific components with the rest of the spacecraft.

Test also plays a role in the detailed design phases. During the preliminary and the
subsequent critical design phases, they write test requirements documents. The test requirements
documents specify not only the types of tests to be performed, but the quantity, the order, and the
hardware and software involved in accomplishing them. The testing group coordinates who will
produce the hardware and software necessary to carry out the tests to assure that the test series go
smoothly (e.g., who will develop the software simulating the rest of the spacecraft during
ADACS subsystem testing). Their planning also guards against repetitive preparation efforts.
The test engineers then evaluate each of the tests to identify which tests they can run in parallel to
save time, or money, or both. The test engineers also look for ways to minimize the level of
system testing required for the spacecraft in order to save on cost and schedule, especially in
disassembly for trouble shooting.

Also during the design phases, test contributes design input by raising issues of
manufacturability, testability, and accessibility. For example, an accessibility issue might be
ensuring that the lowest reliability equipment is the easiest to access when the spacecraft is fully
assembled. An example of how testability issues affect spacecraft design is in the area of

component design. During subsystem design, testing looks for several things. They verify the
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accuracy of subsystem outputs.5 They assure that each subsystem design provides a defined
answer and correlateable data as output. A good subsystem design not only indicates that the
subsystem is receiving power, but indicates the level of power it is receiving and the variations in
the power supply experienced by the subsystem's power inputs. Finally, test insures that designs
possess more than one way of measuring a given parameter. This gives test technicians and
engineers the ability to double check results.

The preliminary design phase lasts one to two years, depending upon the level of system
complexity and technical challenges. It ends with a preliminary design review (PDR) by the Air
Force. The Air Force uses the PDR, like the other design reviews, to assess program progress and
to obtain impartial, outside review of the prime contractor's design decisions.

1.5.2 Ciritical Design

After PDR, the critical design phase begins. Design iterations continue to produce more
and more detail. New or revised details become a part of the performance models; interfaces are
finalized; action items are answered. As the critical design process continues, the prime
contractor selects a single subcontractor to provide each spacecraft component. Design efforts
then shift their focus to interface specifications such as bolt hole panem; for mating components
to the spacecraft equipment panels. Interface control documents® (1CDs) record these details and
must receive the approval of the prime contractor and subcontractors along with that of the Air
Force SPO. The design team finalizes parts drawings, and the fabrication of some long lead time
items begins. Test finalizes its requirements for the spacecraft; manufacturing establishes a plan
for spacecraft fabrication and assembly.

At the critical design review (CDR), the Air Force approves the interface control
documents (ICDs) and detailed design drawings. They specify any revisions that might be
required. Also, the CDR participants finalize the parts of the ground operations requirements
document’ (GORDs) and the flight operations requirements document (FORD) that affect the

5 An example from the world of manufacturing process control illustrates this point. On a CNC milling
machine under feedback control, the position of the part being machined is often determined from
measurements by encoders placed on the ball screws used to translate the machine stage. As a result
alignment errors between the machine axes and backlash in the screw will not be measured. Thus, the
position measurement is only an approximation and not the true position of the part. Depending upon the
grossness of approximation, measurement approximations like these might not be acceptable
representations of the true system state.

61nterface Control Documents establish what the structural, electrical, and thermal interfaces are supposed
to be for all of the different components being added to the spacecraft structure. ICDs formalize the
interfaces to prevent mistakes from being made during integration. Once the ICDs are signed, changes to
them must be agreed on and recorded in Interface Review Notices (IRNs) which must go through the same
approval process as ICDs.

7 The ground operations requirements document (GORD) and flight operations requirements document
(FORD) specify how the spacecraft is to operated and maintained on the ground (i.e., in storage or at the
launch site) and on flight, respectively. One might think of these documents as instruction manuals for the
satellite operators. The Air Force and the prime contractor sign off on these documents some time during
either the fabrication or test period.
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spacecraft design, although the final version of these documents do not yet exist. At CDR the Air
Force also releases the contract for the launch vehicle(s). Following CDR, the spacecraft design
process concludes and fabrication and verification begins.

1.6 Fabrication and Verification

Fabrication and verification comes on the heals of the critical design review. The cutting
of material, laying of wire, and building of components starts literally the day after the Air Force
SPO approves part drawings and assembly and test plans. (Of course, fabrication of long lead
items begins in the critical design phase.) Although this phase has very simple goals - build, test,
and launch the spacecraft - it takes as long or longer than the entirety of the design activities
which precede it. This phase is also the first time that the program tests their designs in the form
of real hardware and software. Therefore this is the part of the spacecraft development process
where mishaps and delays are most likely to occur. As a result, quality assurance of components,
test and diagnosis of subsystem and system operation, component repair and rework, and system
readiness are the focus of this part of the spacecraft development process.

1.6.1 Fabrication

People from the prime contractor's quality assurance group are on the scene at both the
prime contractor and the subcontractors to minimize production difficulties and to report those
that do arise to the prime and to the Air Force. There are two types of production errors: errors
in design, either in the drawings or fundamental to the design, and errors in fabrication, e.g., the
part gets dropped or is machined to the wrong dimensions. For each error a discrepancy report is
filed by these quality assurance people. The discrepancy report goes to the subsystem engineer
responsible for the component. There are typically two solutions: scrap or fix/rework the part.

Depending on the size and type of error it is, prime contractor personnel anywhere from
the subsystem engineer in charge of the design to the highest levels of company management may
decide a particular component's fate. The subsystem engineers usually has a limit of several
thousands of dollars on the value of a component on which they can approve a scrap order.
Above that level, the chief engineer or other high level program officials must approve a scrap
order. Finally, if the value of the corﬁponcnt being considered for scrap is on the order of
hundreds of thousands of dollars then a scrap order often requires the approval of corporate
executives from the prime contractor.

If fixing the part is the course of action chosen the contractor forms a material review
board. The board usually has the subsystem engineer as well as manufacturing, reliability, and
test engineers on it in order to identify all of the performance, process, test, and reliability issues
associated with executing and verifying the effectiveness of a fabrication fix. The material
review boards frequently forward all discrepancy reports and the solutions they approve to the Air
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Force SPO. The prime contractor notifies the Air Force of any major problems requiring
scrapping or reworking components as soon as possible.

Typically, the prime contractor arranges fabrication in an order that builds and assembles
the spacecraft structure in time to accept components and other equipment as they arrive. Also
during this period, the prime contractor and subcontractors produce interface review notices
(IRNss) specifying necessary changes to equipment interfaces discovered during fabrication and
assembly of that equipment. Some of the IRNs result from the increasing level of data which
affects designs in a previously unclear way.

1.6.2 Verification

Because almost all spacecraft are irretrievable once on orbit, the Air Force requires its
prime contractors to extensively test flight hardware and software before launching it. Testing is
carried out at varying levels of spacecraft integration to verify that individual equipment boxes
work correctly by themselves and together as subsystems and systems.

Any completely new design must be qualified before it can fly. Qualification testing
stresses the design beyond operational requirements in order to assure design robustness. Each
and every piece of equipment must be qualified separately before the new design can fly. The
spacecraft, once integrated, must also pass qualification testing. A particular program may decide
to dedicate one set of equipment exclusively to qualification testing (qual testing), or it may
decide to qual test the first set of flight hardware.8 Upon passing qual testing, all subsequent
equipment and spacecraft are accepted following a regimen of acceptance testing which verifies
nominal operation of the equipment within the mission specified limits.

The prime contractor reports anomalies that arise during test via discrepancy reports.
Typically, a dedicated staff of engineers and technicians run the tests, take the data, and hand the
data off to the relevant subsystem's engineers who analyze the data. determines the presence of
any anomalies, and sends back a trouble shooting plan, as necessary, where either the box is
removed or the errant data blamed on test procedures and the tests are rerun. A more streamlined
approach employed by some programs has the test group analyze the data and call in the affiliated
subsystem engineers only if they discover an anomaly. In the case of an anomaly, discussions
ensue between the test group and subsystem engineering in which they develop a trouble
shooting strategy.

Due to the small quantity of spacecraft produced, extra parts often do not exist to replace
faulty equipment boxes. Therefore the program keeps a faulty box on the spacecraft as long as
possible in an attempt to determine as many of the anomalies as possible at the same time. This
helps to economize the testing time. In the production part of a larger program, like GPS, the

8 At the component level, a design might be qualified by demonstrating that the component and its operation
environment are identical to previously qualified material. This is referred to as qualification by similarity.
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same box migh}_be pulled off of a spacecraft, not as far along in assembly, and replace the
defective box on the other spacecraft. Testing continues while the other box is reworked.

As in fabrication, the satellite development team files discrepancy reports with the Air
Force . This time discrepancy reports involve components built to design specs that do not live
up to performance requirements. A deficient design marks a significant setback to the program.
Fixes are proposed, but if all else fails, performance requirements are relaxed. Design changes
this late can impact cost and schedule dramatically.

Once a spacecraft is fully tested it is sent to the launch site where its is mated to the
launch vehicle. Once mated, a series of tests are run to assure proper interface with the launch
- vehicle and that the spacecraft was not damaged in transit to the launch site. Troubleshooting any
anomalies can require unstacking the spacecraft from the launch vehicle, creating cost increases
and schedule delays. Once the spacecraft fully checks out at the launch site, it is ready for launch
which takes place as soon as possible.
1.7 Summary and Conclusions - Demonstration and Validation

The space acquisition community interprets the words of DoDI 5000.2 to mean that they
must develop a fully functional spacecraft, one that can serve as an operational system once it
reaches orbit, in order to prove a new program'’s feasibility. Table 9 shows how the actual Phase I

process compares with that stated by the DoD 5000 series.

Acquisition DoD 5000 Series Acquisition In-practice Implementation of

Phase Phase Objectives the DoD 5000 Series
Phasel - » Better define critical design » Congquer all technical challenges
Demonstration | characteristics and expected capabilities of | to spacecraft development
and Validation | the system concept(s) * Fully develop and implement

* Demonstrate critical technologies can be { spacecraft design

incorporated into system design(s) with * Achicve, at least, partial

confidence operational capability with the
P p y

* Prove that the processes critical to the
most promising system concept(s) are launch of dem/val spacecraft

understood and attainable

| * Revise strategy, cost, schedule,
performance objectives for most
promising approach

Table 9 DoD 5000 series goals for determining mission need and concept exploration

This approach to spacecraft development contrasts, for example, fighter and missile development
in which the project office develops a basic airframe and guidance control prototype to
demonstrate a system's technical feasibility prior to producing actual final design aircraft
(Drezner, 1992; Lorell, 1989; Larson, 1990; Mayer, 1993).

Research for this thesis did not find an explicitly stated reason why the space community
chooses to develop entirely the space system during Phase 1. The literature does present at least
two conditions that, when considered together, might explain the existence of such a process.
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First is the surviving Nixon administration policy of "fly before buy.” Fly before buy requires the
contractor or contractors who vi to produce a new system to fabricate a limited number of actual
flight articles by the end of Engineering and Manufacturing Development, Phase II. A decision is
made, after extensive testing of the flight articles, as to which of the two designs is the winner of
the head-to head competition and how many of that design should be produced. The second issue
that arises is that spacecraft are, typically, low volume acquisitions. Policymakers find that the
low volume of spacecraft prbduced makes justifying the development of two different system
concepts (i.e., using two contractors) as well as the development bf two separate iterations of a
system concept (i.e., the development of a technology demonstrator in Phase I and actual flight
articles during Phase II) financially infeasible. Trying to gain the benefits of fly before buy while
unable to defray the costs of such a policy over a large production run, spacecraft acquisition
personnel probably justify that a strategy of total space system development in dem/val is the
most financially and time efficient policy.

The interesting consequence of such a strategy is that successful launch and operation of
a dem/val spacecraft means that the mission concept goes directly from design plans to an
operational system without iteration through operational use. Therefore DoD commits itself, at
the beginning of Phase I, to getting system development "done right" the first time. As shown
above, the objectives of such a strategy reach far beyond what DoDI 5000.2 requires for Phase 1.
In fact, this decision helps to short circuit the multi-decision development process offered by the
DoD 5000 series. This spacecraft development strategy, instead. combines technology
demonstration with detailed system development, i.e., it combines Phases I and II. Thus, a well-
informed decision as to whether the technical risks are low enough is not possible prior to
commencing system development. This is an important result and relates to an observation made
at the conclusion of Chapter 3 - each successive phase of military spacecraft acquisition
contributes to developmental uncertainty as compared to the process offered by the DoD 5000
series. Later chapters discuss the effects of this conclusion. They also discuss why reasons why
it is difficult for the defense aerospace community to follow the DoD 5000 series as written.
2. Milestone II - Developmental Approval

DoDI 5000.2 specifies Milestone II as the time when the Undersecretary of Defense for
Acquisition (USDAQ), with the assistance of the Defense Acquisition Board, decides whether to
proceed with Phase II, Engineering and Manufacturing Development (EMD). The decision is to
be based upon Defense Planning Guidance, long range modemnization and investment plans,
internal documents of DoD components, and rigorous assessment of program risks and risk
management plans. DoDI 5000.2 states that "program risks and risk management plans must also
be rigorously assessed. This is critical because of the significant resource commitment that is

associated with this decision” (1991).
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At this time the USDAQ normally establishes a development baseline. DoDI 5000.2
notes that this requires effective interaction among the requirements generation, acquisition
management and planning, and programming and budgeting systems. Within this plan, the low-
rate initial production plan for material to be procured before the operational test and evaluation
milestone should be re-evaluated and changes approved by the Milestone I decision authority in
consultation with the Directdr, Operational Test and Evaluation based upon: (1) Fabrication
complexity of the system, (2) Relatively small number to be procured and high unit cost, (3)
length of the production period, (4) Need to preserve the mobilization production base for the
system, (5) Acquisition strategy most advantageous to the government. Also, a test program
leading up to full-operational test and evaluation should be structured to generate the maximum
level of confidence deemed practicable in assessing the ultimate operational suitability and
effectiveness of the systems (1991). This is what should happen. In reality, with the spacecraft
already designed and built, the USDAQ and the DAB are left to identify specific more study for
certain production concerns, such as components that might be difficult to fabricate and caused
delays during Phase 1.

2. Phase II - Engineering and Manufacturing Development

This phase has little significance for the spacecraft development process, except maybe to
develop new equipment or make modifications to some already existing designs which are to be
flown on any production spacecraft produced following dem/val. In theory, Phase Il is a time,
according to DoDI 5000.2, to alleviate program risk. "Effective risk management is especially
critical during this phase” (1991). Therefore development and test activities should: (1) focus on
high risk areas, (2) address the operational environment, and (3) be phased to support decision
making at Milestone III, Production Approval. As a result, resources should only be committed
commensurate with risk reduction and closure of risk. Risk assessments and planning for Phase
III should address design stability, production, industrial base capucity, configuration control,
deployment, and support.

The operational test activity should be supported by developmental testing that provides
data for operational assessment prior to the beginning of formal initial operational test. Also,
system specific performance requirements are being developed for contract specifications in
coordination with the user or the user's representative. During this phase both the planning,
programming and budgeting, and acquisition management systems periodically review the budget
execution status. Any changes to the program resulting in an actual or projected breach of a
program baseline parameter must be identified and formally communicated to the milestone
decision authority. Again, this is the supposed-to -be, not the as is process. Table 10 compares

the two processes.
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Acquisition DoD 5000 Series Acquisition In-practice Implementation of
Phase : Phase Objectives the DoD 5000 Series
Phase II- |« Translate the most promising design * Produce potential design
Engineering | approach into a stable, producible, and modifications and upgrades
& cost effective system design . Scale-up for production (f
Manufacturing | » Validate the manufacturing or necessary)

Development | production process
* Demonstrate through testing that the
system capabilities meet contract
specification requirements and mission
| need

Table 10 DoD 5000 series Phase II Goals Compared to Military Space Acquisition’s Implementation of
Them.

3. Milestone III - Production Approval

~ DoDI 5000.2 states that the milestone decision authority, the USDAQ), is charged with:
(1) confirming program affordability, (2) determining that the sysiem is approved for service use
as part of the production approval process, (3) ensuring design stability and producibility, (4)
establishing the Production Baseline after having, first, proofed the production process.
Establishing the Production Baseline requires the effective interaction of all three major decision
support systems. In particular they must pay attention when: (1) assessing developmental and
operational test and evaluation results, (2) establishing the most economic production rate that
can be sustained, given affordability constraints, (3) identifying the criteria for determining
operational capability, (4) ensuring that planning for deployment .und support is complete and
adequate, (5) planning for a possible transition to surge or mobilization production rates.

At this time, regulations not only require a revision of the design to average unit
procurement cost objective, but they also require an independent cost estimate. A man power
estimate report must be submitted to Congress 30 days prior to approval to enter the production
and deployment phase. Proceeding beyond initial low rate production shall not be approved until:
(1) initial operational test and evaluation of the program is complcied, and (2) the DoD Director
of Operational Test and Evaluation prepares and submits a Beyond Low-Rate Initial Production
Report to the Secretary of Defense, USDAQ, and Congressional defense committees and the
Congressional defense committees have received this report.

DoDI 5000.2 states that "a favorable decision at this point represents a commitment to
build, deploy, and support the system" (1991). In terms of spacecr«ft development, this decision
is of importance only in large production run (tens of satellites) sysiems like GPS or Brilliant
Eyes, where all the spacecraft have not been built to complete the constellation. On smaller
programs, this is more a decision to stay with the current contractor and design to build
replenishment spacecraft for the ones already on orbit. Data from the operation of demonstration
and validation spacecraft is used when making production decisions such as schedules and

budgets. Changes to a spacecraft's design that will improve its producibility may also be
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identified at this time. The decision at Milestone III, however, is usually to plan when and how
many spacecraft to acquire not whether or not to produce the spacecraft.
4. Phase III - Production and Deployment |

DoDI 5000.2 says that Phase III requires the monitoring of field experience to include
operational readiness rates. The data gathered is used to assess the ability of the system to
perform as intended and identify and incorporate minor engineering change proposals to meet
required capabilities. Any major upgrades or modifications that require a Milestone IV, Major
Modification Approval should be identified during this time. As with phase III program budget
execution status is being monitored by both the planning, programming, and budgeting and
acquisition management systems.

Phase II1, Production and Deployment affects the true spacecraft acquisition process in
the following ways. The actual production of spacecraft can last a decade or longer. For
example, production of the Defense Support Program's (DSP) spacecraft has been going on for
over twenty years. GPS' production run was closer to a decade. One interesting production
decision that must be made is whether to build spacecraft faster than they are needed and place
them in storage or to build spacecraft to meet demand. An advantage of the prior strategy is that
a gap in coverage (a satellite missing in the constellation because of a satellite or launch failure
and no substitute satellite for it) is much less likely to occur from production delays. There are
many issues about how spacecraft age in storage, especially as aging relates to mechanisms and
their lubricants. Notetaking for system improvements to be made in a next generation system is
also part of the production period. Usually, prior to the end of production, work begins on the
design of a new version, or block upgrade, of the system. Table 11 relates compares the Phase III

goals of the DoD 5000 series and space acquisition's interpretation of them

Acquisition DoD 5000 Series Acqu-isition In-practice-Implementation of
Phase Phase Objectives the DoD 5000 Series
PhaseIli- |+ Establish a stable, efficient production | ¢ Finish fabrication and

Production
& Deployment

and support base

« Achieve an operational capability that
satisfies mission need

* Follow-on operational and production
verification testing to confirm and monitor
performance, quality, and verify correction
of deficiencies

verification of remaining units
planned for the operational system
(including spares)

* Identify improvements needed in
system block upgrade '

Table 11 DoD 5000 series Phase 1l Goals Compared to Military Space Acquisition's Implementation off

Them.

5. Chapter 4 Summary and Conclusions

Present practice in the military spacecraft community fully develops a space system

within Phase 1, Demonstration and Validation, of the acquisition process established by DoDI

5000.2. Therefore a decision to proceed at Milestone I means approval for a new operational

space system. One can only surmise that the institution of a "fly before policy" by the Nixon
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administration combined with the low production volume of most spacecraft create the root
causes for the fyll development of spacecraft in the dem/val phase. It is clear, however, that this
practice reduces the number of chances for policymakers to curtail a program prior to disbursing
hundreds of millions or even billions of dollars. It is also clear that this go/no-go decision at the
end of Phase 0 requires that a tremendous amount of information be gathered and analyzed in
Phase 0, Concept Exploration and Definition. Finally, this dem/val development practice makes
the reduction of design risks of new technology concurrent with system design and manufacturing
decisions - something the DoD 5000 series explicitly tries to avoid, Table 12. More is said in the

next two chapters about the detrimental effects full spacecraft development has in dem/val.
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Acquisition DoD 5000 Series Acquisition In-practice Implementation of |
Phase Phase Objectives the DoD 5000 Series
Determining | « Monitor threats, technological * Mission needs often defined as a
Mission Need | developments, and the performance of specific system type (e.g., space
aging systems system, missile system, or
* Identify mission need aeronautical system)
e Attempt to define a non-materiel
alternative
* If in need of a new system, broadly state
the mission need in terms of operational
capability, not system specific solutions
Phase 0 - « Explore material alternatives to satisfy | ® Design studies are weak at
Concept mission need identifying high risk areas and are
Exploration ]+ Define the most promising concepi(s) | not effective in developing initial
& Definition |« Identify high risk areas and risk program strategies due to a lack of
management approaches iteration on system requirements
« Develop initial program strategy, cost,
schedule, performance
Phase I - * Better define critical design » Conquer all technical challenges
Demonstration | characteristics and expected capabilities of | to spacecraft development
& the system concept(s) * Fully develop and implement
Validation { * Demonstrate critical technologies can be spacecraft design
incorporated into system design(s) with * Achieve, at least, partial
fo;::)d\?enf;at the processes critical to the operational capability with the
most promising system concept(s) are launch of dem/val spacecraft
understood and attainable
¢ Revise strategy, cost, schedule,
performance objectives for most
promising approach
PhaseII- |« Translate the most promising design * Produce potential design
Engineering | approach into a stable, producible, and modifications and upgrades
& cost effective system design e Scale-up for production (if
Manufacturing { ¢ Validate the manufacturing or necessary)

Development

production process

« Demonstrate through testing that the
system capabilities meet contract
specification requirements and mission
need

Phase I -
Production
& Deployment

» Establish a stable, efficient production
and support base

¢ Achieve an operational capability that
satisfies mission need

* Follow-on operational and production
verification testing to confirm and monitor
performance, quality, and verify correction
of deficiencies

* Finish fabrication and
verification of remaining units
planned for the operational system
(including spares)

* Identify improvements needed in
system block upgrade

Table 12 DoD 5000 Series Goals and Spacecraft Acquisition's Implementation of Them
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Chapter 5: Observations of the Spacecraft Development Process

1. Introduction

Chapter 2 discussed the technical challenges faced by designers when creating a space
system and showed the different organizations that must interact in order to establish
requirements for, manage, and pay for the new system. Chapters 3 and 4 described the process
through which these different organizations interact to create the new system. Chapter 5 uses a
map of this spacecraft development process to synthesize the spacecraft development process into
a single representation. Using the map it identifies problems with and potential solutions to the
acquisition of defense space systems. In particular, Chapter 5 utilizes a Design Structure Matrix
(DSM) to document the tasks and their order, the information flows among them, and the
organizational relationships taking place in spacecraft development process The information
content of this map also helps to identify symptoms of structural failures within the development
process, for example cost and schedule overruns. Chapter 5 then attempts to observe which
conditions in the process cause these symptoms to occur. Chapter 6 attributes the existence of
these conditions to their structural causes in the military space acquisition process.

2. A Brief Primer on Reading the Design Structure Matrix (DSM)

Figure 11 shows a design structure matrix (DSM) representation of the Phase I,
Demonstration and Validation, process for spacecraft. ' The DSM provides an effective means for
mapping information flows within a complex process, determining which of the tasks are
concurrent, serial, and parallel, and identifying important subprocesses. Its ability to compactly
and concisely present a plethora of information about large, complex processes, makes the DSM a

logical choice for mapping the spacecraft development process.
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Chapter 5

Figure 11 A Design Structure Matrix (DSM) for the Spacecraft Development Process
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Chapter 5. Observations of the Spacecraft Development Process

Whereas, the DSM represents the information flow, concurrency, and complexity of the
process well, it does not illustrate the relative time frames between the program phases. For
instance, the system requirements , system design, and preliminary design phases all take place in
as much or less time than the critical design phase. More importantly, the fabrication, test, and
launch preparation subprocesses often take as much or more time together than does the entire
rest of the spacecraft development process. The reasons for this will become more apparent in
subsequent sections. Ne?ertheless, the DSM, for the reasons noted above, distinguishes itself as
the best choice for mapping the spacecraft development process over other process mapping
techniques such as flow, PERT, and IDEFO (Integrated Computer-Aided Manufacturing

Definition Method) charts (Eppinger, 1994).

The information used to construct the basic flow of the DSM shown in Figure 11 comes
predominantly from interviews with personnel from a defense aerospace contractor developing a
space system for the Air Force, the Air Force system project office responsible for the acquisition
of this system, and their counterparts at The Aerospace Corporation. The DSM contains
modifications of and additions to this information that are the result of literature searches and
other interviews with industry experts. These changes make this process map a general, as
opposed to program specific, representation of the spacecraft development process.

2.1 Identifying ""Feed-Forward' and ""Feedback' Information

First, note that the left hand side and the top of the DSM contain the same list of tasks.
The tasks are ordered according to their commencement in the process. Tasks that begin at the
same time show up as subsequent tasks in the chart. This method of artificially ordering
concurrent tasks is not a weakness of the DSM since the DSM has other ways of representing
their concurrent relationship.

The presence of an "X" in any box means that the information from the task at the top of
the column containing the "X" feeds information into the task listed at the left hand side of the
row that the "X" also marks. A “1" represents a potential information feedback that occurs often
enough in the process to be noted, but does not occur enough to be considered all the time as part
of the process. Note also that the diagonal of "X's" from the upper left corner of the matrix to the
bottom right corner of the matrix represents the obvious process condition that the information

from each task in the process feeds into itself. "X's" below this diagonal represent "feed-forward"
information flow, information from an earlier task influences a later task. "X's” above the
diagonal represent "feedback” loops, information from later tasks influences the work performed

in earlier tasks.
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2.2 Identifying Subprocesses

The DSM also yields information about groups of tasks occurring in the process.
Namely, it differentiates them as serial, parallel, and concurrent. Serial activities are a
continuous series of tasks that use purely feed-forward information for the accomplishment of
their goals. Figure 12 shows that Tasks 22-26 are serial.
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Figure 12 A Serial Subprocess

A concurrent subprocess is a group of tasks that occur roughly together in time and are very
tightly linked through information feedback. These concurrent subprocesses are marked by
squares drawn around the group of tasks. Figure 11 shows several of these. Finally, parallel
tasks and subprocesses are those that occur roughly at the same time and use only feed-forward
information in their completion; they are independent of one another. As a result, they can take
place at the same time without the need for communicating with one another, i.e., in parallel.
2.3 Identifying Process Failures

The "1s” in the DSM represent program "horror stories," that is they show when
information discovered "very far down the line," often as the result of a test failure, requires
changes to occur in work completed much earlier. For instance, failure information obtained in
Task 103, Subsystem Test Data Analysis, could cause the development team to realize that a
certain performance criterion cannot be met with the current design. This information causes
negotiation of requirements modifications between the prime contractor and the Air Force, Task
26. The modifications to information in Task 26 could, in turn, mean changes to the outputs of
Tasks 29, Critical Integration Issues Assessed, 30, Plan of Action Developed for SRR, 31, Test
and Manufacturing Requirements Developing, etc. Thus the DSM shows a large feedback loop
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can affect dramatically previously completed work. Hence, a horror story develops.
Unfortunately, these horror stories occur often enough to be recorded in this spacecraft
development process DSM. In part, they provide the motivation for this thesis.

The goal, however, is not to eliminate all feedback loops. Iteration through feedback is
essential to producing a successful design. It is impossible to imagine achieving the correct
results without some in-process evaluation of the information being produced. The goal, instead,
is to achieve a greater number of small (nearer in time) feedback loops rather than a few large
(more time elapsed) feedback loops. That is, avoid the feedback created by the "1s" and nurture
the communication that takes place in the many, existing, concurrent subprocesses shown in
Figure 11.

Many variations on the DSM notation exist.! Some weight the importance of
information fed into a task. Algorithms can order process tasks based upon these weighting
factors. Other DSMs record whether the information fed into a task is data needed to start that
task, continue that task, or finish that task. Consequently, positive changes in process order are
easier to identify than in the type of DSM shown in Figure 11. The primary goal of Figure 11,
however, is not to change the order of tasks within Phase I as much as it is to identify symptoms
of larger structural deficiencies in the spacecraft acquisition process.

3. Observations About the Spacecraft Development Process

Figure 11 shows that a series of seven concurrent subprocesses comprises the spacecraft
development process: system requirements, system design, preliminary design, critical design,
fabrication, test, and launch preparation. Their serial nature indicates that each of these
concurrent subprocesses receives the existing information about the spacecraft and develops it to
a greater level of detail. Eventually enough details exist for the fabrication and test of completed
spacecraft hardware and software. These phases are consistent with the industry's model of the
major steps followed during the spacecraft development process. '

The ensuing subsections discuss several observations about conditions that exist or
should exist but do not in the Phase I development process. The goal of these discussions are two
fold. The first goal is to demonstrate the mechanics of using the DSM to make observations
about a process. Second, using the DSM to observe characteristics such as large iteration loops,
process concurrencies, and the lack of certain process steps, the thesis develops observations
about the spacecraft development process which help to analyze more critically the entire
spacecraft acquisition process and discover the reasons for program outcomes such as cost

overruns, schedule delays, and performance shortfalls.

1The bibliography at the end of this work lists various sources dealing with the design structure matrix
(DSM). Some are more theoretical, describing the DSM's make up, origin, and potential uses. Others are
more practical case examples of how different variations of the DSM helped in improving industrial
practices. ’
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3.1 The Need for Positive Organizational Relationships

The DSM ‘suggests that, during development, good coordination of and communication
between different organizations as well as excellent coordination and communication within any
of these organizations must exist. For instance, Tasks 26, Air Force Negotiates Contract and
Requirements Modifications, 36, Air Force , Contractor, and Aerospace Work on Requirements,
58, Further Interface Control Document (ICD) Development, 68, ICDs Signed, 73, Interface
Review Notices (IRNs), 96, Quarterly Program Reviews, 99, Material Review Boards and Scrap
Approval, 110, Ground Operations and Flight Operations Documents (GORD/FORD) Finalized,
111, Spacecraft Delivery to Launch Sites, 115, Launch, as well as all of the design reviews and
their planning, and the addressing of action items require that the Air Force and prime contractor
work well together since they depend upon each other for the completion of these tasks.
Furthermore, Task 68, /CDs Signed, affects among other things the refinement of test
requirements, the creation spacecraft assembly drawings, the finalization of designs and parts
drawings, and the single sourcing of major spacecraft components to subcontractors. All of these
tasks depend on the timely and effective negotiation of the interface control documents (ICDs)
and are critical to the completion of the spacecraft. The matrix structure of the DSM clearly
represents these dependencies using the marking notation described in Section 2.1 of this chapter.
Similar dependencies of equally vital tasks supported by information fed from accomplishment of
the tasks enumerated above can be found in the same manner. The Air Force-contractor
relationship is the most important of the interagency relationships. Yet, this relationship often
begins to suffer as the result of conflicting goals or problems encountered during the program.

Each of the major subprocesses outlined in the Figure 11 illustrate the concurrent
development activities requiring excellent communication within the prime contractor's design
team. For example, Tasks 45-48, Test and Manufacturing Plans Development, Subsystem
Designs Fleshed Out, Technical Issues Forum Action Items Addressed, and Specialty
Engineering, which are a part of the Preliminary Design Phase, all require communication among
technical specialists and systems engineering. One situation requiring this communication might
be that the subsystem designs, when taken in total, require more power than the electrical power
subsystem design provides. Study of the problem by the power group and systems engineering
shows that all of the solar panels necessary to meet the added power demands cannot be added to
the design without upsetting the mass properties (i.e., center of mass and moments of inertia) of
the spacecraft. This conclusion requires the consultation of the Attitude Determination and
Control (ADACS) subsystem group to determine whether or not they can modify their guidance
system design to meet the new mass balance needs. The results of the study might yield a
solution or compel allowing the present power requirements to exist. Otherwise, subsystem

designers would need to make concessions on some of their power requirements. This example
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demonstrates that rapid and clear communication must continue among members of the
spacecraft team for the mission to be accomplished. The DSM's concise representation of
concurrency makes discerning the need for such relationships easier.

Good communications must also exist between the contractor and its subcontractors. The
prime contractor rarely possesses all of the skills necessary to produce the entirety of equipment
comprising the spacecraft. Often, the prime contractor contracts subcontractors for the
production of components or even whole equipment boxes, e.g., Tasks 50, Subsystem Contracts
Bid, and 66, Major Components Dual Sourced. Using a supplier requires that the subsystem
specialists within the contractor communicate with the equipment box subcontractors, e.g., Tasks
64, First Detailed Designs Developed, 82, Designs Finalized, 83, Parts Drawings Completed, and
84, Manufacturing Plans Finalized. Otherwise, subcontractors lack the many size, weight,
performance, coét, and schedule information needed to produce the equipment for which they are
on contract. Furthermore, good communication is necessary when changes in the design occur on
either side of the interface, e.g., Tasks 73, Interface Review Notices (IRNs), and 75, IRNs
Reviewed. Therefore, the contractor and the subcontractors must achieve rapid, two-way flows of
communication to insure as seamless an integration of the spacecraft as possible later in the
program.

The point that this subsection makes about the critical nature of good communications
within and between players in spacecraft development might be considered obvious. It is noted
here because the next chapter describes several structural deficiencies within the acquisition
process that weaken these communication links. Therefore, showing the importance of these
links is critical to justifying why conditions weakening them must be changed.

3.2 The Role of the Statement of Work (SOW) and Requirements

Most design texts speak of the importance that requirements play in the development of a
new product. Nevertheless, the level of influence that the statement of work (SOW) and technical
requirements document (TRD) have on spacecraft development, as demonstrated by the DSM,
merits further discussion. The SOW and TRD are important for the following reasons. First, the
requirements define the level of performance that the spacecraft must have in order for it to
successfully complete the specified mission, Tasks 4, 26, and 36. Poorly written requirements
increase the probability of difficulties later on during system development either because the
requirements are unattainable, misinterpreted, or incomplete. Second, the SOW establishes the
scope of the contractor's efforts. It also establishes the schedule and framework for the formal
interactions (e.g., review processes, signature requirements, etc.) that must take place between the
Air Force and the contractor. Agreement on the SOW means that the contractors are clear on the
scope of the work that they must perform for the Air Force. Finally, the Air Force often uses the
SOW and TRD to contractually bind the contractor to performing certain tests and following
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specified manufacturing best practices that the Air Force perceives are critical to producing a
spacecraft that wilt-successfully complete its mission.

The Air Force, however, often fails to write an effective set of requirements for the
spacecraft developer.2 Often, those writing the requirements do not judge effectively the
technical feasibility of the finally TRD. Also, requirements are often stated in such a way that
only one or a certain set of technologies can fill them (Fitzgerald, 1988). By specifying the use of
certain technologies, requirements writers needlessly constrain industry's choices during the
development process. That is not, however, to say that Congress, through its micromanagement,
or contractor's, by pushing for the development of "dazzling" new technologies, do not contribute
to the creation of bad or impossible requirements. One example of the effect that poorly written
requirements can have on a program'’s outcome is described below.

The Low-Altitude Navigation ‘Targetmg Infrared for Night (LANTIRN) System

Several technical advances and tacucal expenenoes durmg the 19605 and 19705 created
the need for the LANTIRN system Fxrst, Ihe Alr Force had procured a iarge number of smgle
seat, F-16, mrcraft 'I‘tns meant that pnlots wcte respons:ble for more functxbns in the new fighter
craft than they had been in the two seat F-4s. “To get the ma)umum resuits from the reduced
amount of pilot attention paxd to mdmdual tasks an unproved weapons control system, makmg
more of the targeting and ﬁnng process automanc, was requnred The addition of prec:snon laser-
gmded missiles and bombs comphcated the demgn ofa new targetmg and fmng system funher :
because the system had to perform the complex laser guidance fune_tx_ons -requrred to target these
weapons without the help of the pilot. Finally, experience during the Vietnam war showed that
the Air Force was entirely mcapable of nighttime preclsnon attacks and had lxmxted effectiveness
with daytime attacks during poor weather Thus, the 'I‘actxcal Air Command (TAC) of the Air
Force wrote a statement of need for a system that would provxde Tactlca] Air Forces with an _' _
unproved 24-hour capabxhty to acqmre, track and destroy ground targets witha smgle seat | _
aircraft” (Bodilly, 1993 b). - e LE T

Implicit in this mission need were unprovements in low-level mght and poor weather

navigation, mghmme and poor weather target acqmsmon, and dxsplay technolog:es “This need
was translated, however, intoa very specific set of des:gn goals that proved dxfﬁcult for the
LANTIRN program to achxeve (Bodllly, ‘1993 b) ' '

.o Abxhty of system to launeh six Mavenck mlssﬂes ina smgle pass, o
meamng locate, identify, and attack six targets in single pass. . -

- - - . Ability of an automatic target recognizer {ATR) mcorrectly
adennfy 95 percent of military vehicles, 90 percent of tracked vehlcles, and .
70 percent of tanks, with a § percent false alarm rate.

2This is not to say that the Navy or Army are any better at writing specxﬁcauons Air Force appears here
since it usually acts as the acquisition agent for the spacecraft serving DoD components.

87



Chapter 5: Observations of the Spacecraft Development Process

N - Ability of the ATR to command the Mavenick mussile to Tock =~
o nto the target chosen by the pilot. - : Rl
e - Ability to follow terrain closely to avo:d detecuon usmg aterrain-
_’_’followmg CO2 laser or radar ranger. . -~ o
. - Ability to bank axrcraftax a 60-degree angle and strll mamtam target Coe
o 'VlSlblllty . L
e o te o ADility to add advanced weapon. gmdanee andndvanced radar ..
L ;-:!echnoiogy wrth mlmmal retrofitting.

Bodllly (!993 b) observes, however, that these xechmcal requuements far exceeded the s1mpler .
operatrona] needs statements ' O SN ,

o The operauonal need for24-hour-a—day capabxhty could have been S
- < -achieved without requiring the system to be able to locate, identify, and . - s
.attack six targets in a single pass. To:Jocate, identify, and attack a smgle3 e
target at night or under poor weather conditions would have met the S
operational need and would have been a vast nnprovement over the T
capability of the F-16 and A-10." . - . T

These technical challenges were mastered eventually Whﬂe developm g the technology,
however, the program was restmctured three nmes wem substannally over budget, doubled in
schedule, and had performance reqmrements reduced from initial expectatrons (Bodxlly, 1993 b).
The final LANTIRN system provided greatl y unproved capabrlmes and created a tremendous
advantage when it first became operanona] dunng the Persian Gulf War in 1991 whxch was more
than a decade after the program's initiation. Nevertheless, whether ornot all of this capability
was needed, especially all at once (mstead of evolvmg over nme), is not clear ‘The hxgh pnce of

such exacting requrrements on the other hand is.

3.3 The Relationship Between Evolutionary and Revolutionary Design

The DSM shows no clear distinction by task or process between activities which produce
entirely new component or subsystem designs - revolutionary design - and activities building on
previous work or modifying previously existing designs - evolutionary design. The contractor's
program manager must, therefore, determine an overall program strategy that somehow balances
the effort needed for both revolutionary and evolutionary design. The logical strategy, from a
technical viewpoint, is to base the schedule and manpower estimates on the needs of the designers
developing the entirely new designs. The other option uses optimistic estimates of revolutionary
design development time and cost in establishing program cost and schedule estimates in effect
using a compromise between estimates of revolutionary design and evolutionary design times to
develop the program schedule.

The first strategy, although it is logical, does not produce a competitive proposal bid.
Historically, budgetary pressures from DoD planners and Congress cause the Air Force to
pressure the bidding contractors' program managers, during the best and final offer period of

3The emphasis is Bodilly's.
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source selection, to reduce their proposed system cost and schedules. This pressure forces the bid
team into optimistically estimating the effort necessary to make sizable leaps in spacecraft
technology, but it creates a shortened schedule. Consequently, a decision to have an optimistic
attitude towards development problems - wait and see and maybe everything will turn out okay -
is adopted by the program. The usual result is that the program moves through the first part of the
program (i.e., system requirements through much of critical design) on schedule. The program
then handles the inevitable problems with the new designs in fabrication and test. The following
example demonstrates the difficulties revolutionary design presents in managing highly coupled

evolutionary and revolutionary design activities.

‘ _ Fleet Satellite Communicatxons System (FLTSATCOM) o
In 1971, DoD initiated the FL'I‘SATCOM program Its aim was to prov:de the Navy, Axr
Force, and DoD "with versatrle capabﬂxty for commumcauons in thc UHF frequency band"
(Reeves 1979). TRW won the source selectlon m November l9\Z_2__and hecame the program'’s

prime satellite contractor. The schedule for development and completmn of two demonstratlon "

and validation satellites was as shown below

72 73 4 75 76 7

CONTRACT AWARD A
PRELIMINARY DESIGN e |
POR A
FINAL DESIGN :  men——
CDR A
COMPONENTS | SPACECRAFT
QUALIFICATION PROGRAM F—.]_—-A-I-A

: Figure 13 Schedulc at Program Start (Recvcs, 1979) L
The schedule prodxcted a first launch in the middle of 1975 anda total program length of a lmle
over 2.5 years. Reeves states that "this was a hxghly concurrem program and pmdxcated on a

smooth and successful developmem phase (1979) ”I‘he UHF payload desngn, however, mquued
pushing the state of the art in electronics and antenna de_sxgn ~The _s:gnxﬁcant __dqvelopment .
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problems encountered dunng the desxgn pe ,\ thestate- of ﬂ:e art payload made the lnghly concurrent
schedule unrealxsuc rcsultmg in schedule overruns for the FLTSATCOM program RO
The missi on:equued the PLTSATCOM payload to provnde 2 commumcatnon channels
m thc UHF regron (O 2 ,__O 45 GHZ) and on ch \ 'nel whx" h nsed ' ":'X-band '(7 9 8. 4 GHz)
nphnk Gne channel provrd ¥ ,'_ﬁ:e Navy wnh eapabxlxne to' : f _ i
channels were used for ﬂeet relay ?Ihe Axr Foroe rcserved the' use: of 1welve ofFL‘I‘SATCOM‘ |
channels and the remammg channel was for DoD (Reeves ’1979)
The mmal desrgn called fora sm gl antenna to earry ou
funct:ons “’Ihrs desrgn ‘was breadboarded“._ ] tested dunng the 1 design p :
showed that mtermodulanon (lmear combmauons of the frequenc:es of multrple channels) of the '

the m'smit"a:_:d_}e'gei&e o

slgnals the payload was transrmmng, ﬂue tononhneannes m lhe payload's eleclromes, created
noise sxgnals at hxgh amphtudes wnthm the frequency bands bemg used 1o commumcate II‘hese
noise srgnals mterfered wrth ihe payloads properly recemng transmxssnons from sxmulated eanh
bound sources (e. 8- shrps and ground stanons) Several months of work wnth conventronal
techmques for circuit noise 1solat10n and ﬁltenng were not enough 10 meet the payload desxgn
requirements for the satellite’s receptlon of sxgnals Fmally, TRW mformed the Air Force of the :
dlfﬁculnes and several specxal techmcal teams were created at :he contractor to explore different _'
opportumues for mmgatmg the receptlon nmse resultmg from mtermodulatmn (Reeves 1979)

Two months after the parallel team activities commenced ‘TRW had a solutwn that was |
approved by the Air Force. They had decided to decouple the transmit and receive antenna
functions by incorporating a single off-axis helix antenna to handle satellite reception. This.
solution provxded the noise isolation required and had the least predrcted 1mpact onthe
spacecraft's mass of all the possible design ﬁxes “Figure 14 shows the amended FLTSATCOM -
design. This solution had its own adverse effects on the spacecraft design. These effects had to
be corrected (Reeves 1979). | ) :

4Bread boarding refers to showing the basic feasibility of technologies by building lab bench versions of
devices to be flown on the spacecraft.
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Flgure 14 Amended FLTSATCOM Conﬂguratmn {Reeves 1979) :
‘The conﬂxcts created by the new soluuon were of four types (1) challenges assoclaled
w1th the new recewe antenna, (2) the need for addmonal tests to measure :preclsely how much
s:gna] isolation was ach:eved thh the new desxgn, (3) effects of the new antenna on other

subsystems (4) changes in the program ‘scheduk

”I‘he addition of a new antenna raised the mass of zhe spacecmft, w}uch w

ready -

ti ghtly constramed by program requu'ements The _off-axxs antenna had to be stowed on launch _'
and deployed once in space ’i'hus, the: new antenﬁa desxgn requu'ed a new deployment i |
mechamsm desxgn A new dep]oymentmechamsm meant added mass as well as the potentmi for
new design issues assocxated with its operatnon Smce the contractor had 1dentlﬁed noise due to
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eveloped to measure norse w:t.h greater

mtermodulatron as a problem specml xestm 7
resolution that had been prevxously reqmred _The program had toadd a new set of tests to meet

this need and then use these tests to venfy :he new desxgn ‘_ Reeves also wntes that "the effects of :
this Iantenna] redesrgn nppled througb most of the sp ecraft subsystems and reqmred S

mmude x:ontrol of the spacecraft_ Desrgners had to movethese nsors' and modxfy the
spacecrafts control code and dynarmcs accordmgly . S '
I-‘mally, the intermoduilation problems i:aused a’serious qu txomng. of the feasmrhty of -
the entu'e program ‘As a result the A:r Foree ptohlblted completioo of the spacecraft urml the {'
new antenna desrgn was bmlt and tested “The restof the | program ""rrow adecoupled from the .

payload development, was delayed unnl TRW”venﬁed the 1 new payload desngn Followmg

verification of the design, the demonstrauon and valrdanon program conunued onto. a. successful 4
completion with launches in 1978 and 1979 {Reeves 1979 anure 15 shows the acmal schedule |
of the development program. ' : - - T |

N 722 73 ) ] p ” » n

| PROPOSAL PHASE —p——

NTRACT AWARD
CCNTRACT A A

PRELIMINARY DESIGN

POR A

HINAL DESIGN

iM RECESIGN

CCA - .
Ir COVMPONENTS
A

1 QUALIFICATION PROGRAM — SPACECRAFY

L-1 L-2

FLIGHT PROGRAM N

* Figure 15 Fmal FLTSATCOM Schedule (Reeves, 1979)

In the end, me demonstranon and vahdauon progmm ‘had lasted approxnn___
than the ongmal schedule had speerfied "Tius doubled the _mtended progra

Clearly, the orxgma] sehedole _ .as m Jeopardy fro' 1 the m _ i _‘ _

could mamtam a smooth development qrath with such a ne payload desxgn »iaiiurﬂlennore,v :

nghtly couplmg the rest of the desrgn developme : wrtlx that of the payload meant that the _

contractor and the Air Foree losta lot of time. and money when drfﬁcult:es that arose in the Lo

ly 30months longer' “
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payload des:gn requued many changes to other spacecraﬁ subsystems Tlus case instory supports
the notion of optumsnc schedulmg dlscussed prevxously 1Itis not alone, however One GAO
study reports that 16 of 29 space progtams it smdned exceeded their initial cost estimates by an
average ¢ of 128 75 % in some pan because of dlfﬁcu]ues wnh techmcal oompienty. Those
pmgmms were overschedule by an average of 43.5 months “None were under schedule, and 3 of

those 16 pmgam were canceled prior to complenon (GAO 1992)..

3.4 The Role of Prototyping in Spacecraft Design

There is no explicit mention of prototyping in any of the 114 steps of the DSM in Figure
11. This does not mean that prototyping does not take place. Subsystem designers develop
computer models of the various subsystems in the preliminary design and critical design phases.
The FLTSATCOM example shows that functional physical prototypes are sometimes built during
the critical design phase. Finally, during qualification testing, the equipment that undergoes
rigorous testing is often thought of as prototype equipment. Nevertheless, the DSM does
illustrates that a distinct lack of emphasis on prototyping exists.

It also turns out that the kinds of prototyping carried out by most programs neglect many
issues that might affect the program. Software models can only sense those interactions that are
understood and coded into the subsystem and component models. Hardware models, like in the
FLTSATCOM case, are extremely helpful in capturing unintended system interactions which are
detrimental to performance. Often, however, because of the naissance of the payload designs,
enough information only exists for the construction of these functional models late in the design
phases. By then, much of the detailed design of the rest of the spacecraft is already complete.
Both software and functional models fail to identify issues arising from the final layout of
components in equipment boxes. They also neglect the consideration of issues associated with
the integration of these subsystems on the spacecraft. It usually takes until the fabrication and test
phases, when the final design cannot be assembled or when the final design fails in one of its
qualification tests, to discover these types of problems. Integration issues are especially critical in
spacecraft design because designers always attempt to produce the lightest, most compact design
possible.

3.5 The Subtle Influences of Source Selection Length on a Program's Future

Source selection has a very obvious effect on any program's future, namely the Air Force
chooses the prime contractor for spacecraft development. Source selection may, however, have
other more subtle effects on a program's future. One of these less recognized influences is the
negative effects a long decision period between proposal submission and contract award in source
selection can have on the program's conceptual integrity.

As described previously, sometimes it takes many months for the Air Force to decide

which contractor should develop a new spacecraft. For example, Reeves records the Air Force
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source selection time for FLTSATCOM as approximately 6.5 months (1979). This time delay
puts the contractor under a financial burden. Proposal costs are reimbursed only if the contractor
wins the development contract. For this reason the contractor cannot afford to maintain the
proposal team after completing the proposal, except for a few key members who participate in
negotiations with the Air Force. During the waiting period between proposal submission and
contract award, members of the proposal team find work on other projects already ongoing at the
company. Some of the bid team personnel receive long term assignments to these other
programs. Thus, when the time comes to reassemble the program team, some of its original
members, having found other long term commitments at the company, cannot rejoin. The longer
the wait between proposal submission and award of the contract, the more attrition there is on the
program team.

The people on the proposal team are responsible for the original design concepts. If there
are fewer proposal team members returning for follow-on development activities there is less
program memory. This is because the short proposal window does not allow time for recording
many of the decision processes that lead to the final design. Thus, the conceptual integrity of the
original design concept is in jeopardy. This often results in more design changes in the period
immediately following contract award. The design agreed to by the Air Force and the contractor
and, more importantly, the cost and schedule associated with the original design become less
relevant to the actual development process. Therefore, the period between proposal submission
and contract award can have a dramatic effect on the final results of a program by influencing the
composition of the development team at the contractor, which, in turn, affects the conceptual
integrity of the proposed spacecraft design.

3.6 The Role of External Effects on the Demonstration and Validation Process

As described in Sections 2.1 and 2.3, the “1s" shown in the DSM of Figure 11 represent
informational feedback that does not always take place. Yet, these feedback loops do take place
often enough during the spacecraft development process and have a large enough effect on its
outcome that they are included in the DSM. Most of these "process failures” result from
discoveries of design or requirements problems late in the process, often during testing activities.
For example, an equipment box fails to pass a qualification test. It may turn out that the mistake
is from a fabrication error and a repair can be made fairly quickly. 1t may turn out, however, that
the test failure is due a design that is unable to perform at the level of the requirements set for it.
Therefore, a costly, both in time and money, redesign process is pursued or performance
requirements are lowered. Either strategy means serious cost and schedule or performance
setbacks or both to the ongoing program. '

These failures usually lead to in-process fixes. For instance, if a failure in equipment is

found at the system level testing activity, a new test might be added to the component level
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testing activity so that the program team can catch failures earlier. In the end, this test may be
carried out on all future programs as well as the subsequent spacecraft in the original program.
An unsatisfactory test performance due to fabrication errors may result in the writing of new
requirements that attempt to regulate the component's upstream manufacturing processes. These
new fabrication rules might also work their way into future programs. Finally, any failures may
result in more oversight and reporting requirements since a compelling argument can be made

- almost always that more review might have caught the failure earlier.

Note that most of the in-process fixes applied to spacecraft development are in area of
catching failures sooner by adding time and money to oversight or testing or both. This approach
to achieving a final operational system is indicative of a process that does not possess a proactive
approach of controlling the forces that cause error. Instead, it tries to minimize, as best as
possible, the effect that errors have on the program outcome. The example of the FLTSATCOM
case demonstrates that this strategy is ineffective because fixes are only created when failures
occur; fixes, even when carried over to a new program, do not prevent new types of failures.

To create fixes that can be applied within a particular process, howe.ver. is a natural
tendency since many of the real forces creating program cost and schedule overruns and reduced
levels of performance result from the decisions made prior to Phase 1, Demonstration and
Validation (dem/val). Also, policy and funding decisions made at a much higher level than any
particular program, have a great effect on each program's outcome. These structural flaws within
the spacecraft acquisition process are beyond the prime contractor's or system project office’s
control. The next chapter will discuss the influence of these issues on the spacecraft development
process.

4. Chapter § Summary and Conclusions _

The DSM process map in this chapter provides an important tool for developing many
important conclusions about the spacecraft development process. First, the dem/val processes are
interrelated, having many concurrent development subprocesses. Within each of these
subprocesses, effective, rapid, two-way communication must occur within the contractor and
between the Air Force and the contractor and between the contractor and subcontractor.

Second, the extremely high level of concurrency requires a reduced level of uncertainty
for each subsystem development effort, something that does not exist in many spacecraft
development programs. The FLTSATCOM case demonstrates that the uncertainty introduced by
revolutionary design requirements combined with the tightly coupled nature of the spacecraft
development process and the complex interfaces that occur within any spacecraft can cause large
technical problems late in a program. Significant schedule and cost overruns are associated with

these problems.
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Third, the DSM shows a need for much more study of concepts and requirements, both
on paper and in the form of prototypes, prior to commencing full scale spacecraft development.
The DSM shows that a poorly written set of requirements almost certainly guarantees a program
full of failures and unintended iterations. The DSM also shows us that not dealing with such
issues as production and integration before the test and integration process causes tremendous
program difficulties. ‘

In conclusion, Figure 11 shows a process that attempts to reduce the impact of errors
rather than prevent them altogether. This strategy has only a limited effect on improving a
process' outcome as measured in cost, schedule and performance. This system exists because
program personnel have the leverage to create in-process fixes, whereas, they do not possess the
ability to control the forces that create the conditions because of which so many process failures
to exist. The next chapter shows, however, that controlling these forces and changing them is
necessary to gain the leverage required for creating real change in the current acquisition and

development process.
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Chapter 6: Structural Deficiencies in the Spacecraft Acquisition
Process

1. Introduction

Information from the previous chapters' study of the spacecraft development process
indicates that there are two main structural faults in the spacecraft acquisition system: (1) the
current DoD acquisition process, as applied to spacecraft, does not adequately reduce uncertainty
before system design begins; (2) the players in the acquisition process often work at cross
purposes creating a set of dynamic and conflicting goals which are unattainable. Problems with
incomplete or poorly written requirements, the concurrency of revolutionary and evolutionary
design, technical shortfalls, and cost and schedule overruns during spacecraft development are
symptoms of the first structural ill. Underdeveloped lines of communication among the players in
the acquisition process (e.g., between the prime contractor and the Air Force) and unreasonable
performance, cost, and schedule goals result from the second of these two structural faults.

Resolution of these faults does not come from finding program specific solutions (i.e.,
adding more testing or more oversight) to the common, vexing programmatic issues which are
symptoms of these structural ills. This is because making small changes in the process without
changing the failed process' structure does not yield real change. Senge (1990) writes that the
harder individuals push on a system to create change, without changing the system's structure, the
more that system resists change. (The previous chapter's observations about the ineffectiveness
of in-process fixes supports this assessment.). Therefore, policymakers must look to something
broader than program specific fixes to find adequate solutions to problems seen in the acquisition
process.

Instead, policymakers and industry leaders must find a limited set of points of leverage
from which they can affect changes in all programs. Senge (1990) defines l'everage as "seeing
where actions and changes in structures can lead to significant, enduring improvements .... where
the best results come not from large-scale efforts but from well-focused actions.” Only positive
changes to the structure of the acquisition system - some as the system affects the acquisition of
spacecraft, and some as the system affects the acquisition of all military systems - will provide
these points of leverage.

This chapter attempts to show that structural deficiencies in the reduction of risk and the
generation of goals promote the programmatic instabilities and failures common to many space
system development projects. It also identifies some points of leverage where changes can
generate improvements in the acquisition process' outcome. Finally, this chapter discusses
specific changes for each of these points of leverage which can result in better outcomes to the
acquisition process. The next chapter takes a more dynamic approach by specifying an
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alternative process for the acquisition and development of spacecraft which diminishes or
alleviates many of the symptoms of the present system's ills.
2. Increased Uncertainty Due to the Acquisition Process

The current acquisition system fails to adequately reduce risk before spacecraft
development l?egins. - There are four main reasons for this. First, the acquisition system is geared
for middle to high volume production of systems, such as jet fighters or missiles. Next, methods
for predicting schedule and cost tend to be inaccurate, misused, or wrongly interpreted, or some
combination of the three. Furthermore, the system provides strong incentive for underestimating
schedule an d cost. Third, the military spacecraft community fails to reap the benefits that cross
program standardization and modular design! might contribute to cost and schedule reduction.
Finally, conventional wisdom in the acquisition community fails to treat the role that politics play
in the completion of a program like any other risk whose uncertainty can be managed. The
following sections document the contribution of these factors to development uncertainty by
discussing each of these issues in more detail.
2.1 Spacecraft and Middle to High Rate Production

The first major source of budget and schedule difficulties during spacecraft development
is the acquisition and development process offered by the DoD 5000 series. The DoD 5000 series
is a development process optimized for systems requiring middle to high volume production.
That is, it assumes that production costs for the new system make up a large part if not dominate,
altogether, the cost of making the new system operational. As a result of this assumption, the
following three things are possible. First, the assumption of high volume production allows
developers to decouple technology development and system design from one another, as is seen
in the establishment of Phase I, Demonstration and Validation and Phase II, Engineering and
Manufacturing Development which take place to Phase III, Production and Deployment. The
second practice which assuming dominant production costs allows is the building of
developmental test vehicles. This is because the cost of these vehicles is small relative to the
entire program's cost and can be amortized over the large number production units of the new
system. Finally, the DoD 5000 series' assumption of middle to high volume production fully
expects high initial unit costs which are designed to diminish over the time of a long production
run: "Low-rate initial production plans .... {should be] re-evaluated based upon: ... the relatively
small number to be procured and high unit cost<" (DoDI 5000.2, 1991).

The spacecraft development process, however, does not fit this process model. Thié is

because spacecraft, historically, have only been acquired in small volumes. Chapter 2 states that

ISubsection 2.3 explains the meaning of these concepts as well as the implication of using them in the
space system acquisition process.
2The emphasis is mine.
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programs produce spacecraft in low numbers3 with many spacecraft production runs tending to
be in the range of l~— 10 satellites, some of which are built in Phase I, Demonstration and
Validation. As a result, development costs are a large part of total system development and
production, and high initial unit costs never diminish. Realistically, DoDI 5000.2 recognizes that
systems such as ships and satellites are different because of their low production quantities, but it
does not propose a method for structuring such acquisition programs in an attempt to reduce
development costs. The present acquisition system therefore is, by its own admission, created for
middle to high production run systems and remains largely silent on the effective management of
low production systems like satellites.

With no guidance to the contrary from the DoD 5000 series and pressures on them to
keep down development and unit costs, space programs make the adjustments to the DoD 5000
series process that are observed in Chapters 3 and 4. First, these programs skimp on up front
studies prior to the start of system design in order to save whatever money they can. This creates
greater uncertainty as to what is feasible prior to the commencement of development activities.
Then they couple technology development and system development. Chapter 35, in particular, the
FLTSATCOM example, shows the schedule and budget uncertainties that this practice brings to
spacecraft development process, especially if setbacks occur with the program's developmental
technologies. This technical uncertainty leads to the budget, schedule. and performance
difficulties that are often part of this process.

Clearly, new strategies for spacecraft development are necessary. First, the acquisition
community must understand that greater up-front knowledge of technical risks is necessary prior
to system development. The trade off is a simple one. Pay up front to understand and reduce
technical risks or pay more later on to solve all of the development problems that arise.
Specifically, Figure 16 shows one expert's estimate of the effect each phase has on the eventual
life cycle cost of a space system. Note that 70% of that cost is determined by the work performed
in Phase 0.

3Until present, the largest number of any single spacecraft design to be fabricated is the 40 produced by
Rockwell as part of the Global Positioning System (GPS) Block I and Block II. The Block I spacecraft
were a series of six proto-flight models built during the Demonstration and Validation phase. Block II
marked the beginning of production and allowed the Air Force to somewhat reduce its unit satellite cost
because of the learning curve the contractor, Rockwell, enjoyed from building another thirty or so
spacecraft. Another lower, but still "high volume", production run is the Defense Satellite Program (DSP)
which will soon have launched 24 satellites of similar design since the mid 1960s.
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Figure 16 Percent Life Cycle Cost Determined by Phase (A3 Study. 1983).
Early and in-depth knowledge of the effect that program requirements have on technical risk is
critical since the set of specifications released to the contractor will greatly affect the program
outcome. Smith and Reinertsen agree that specifications are the jumping off point for the product
from which everything downstream derives itself (1991).

Specifications are so important because they determine product complexity which in turn
greatly influences the schedule and cost of that project. Weak specifications often result from not
understanding which are the important parameters and critical issues of the system, the
specifications being weakly defined, failing to effectively verbalize crucial elements of the
system, improperly assessing interactions, and not effectively balancing features, technology, and
manufacturability (Smith and Reinertsen, 1991). The reasons for weak specifications therefore
imply that the writers of a poor set of specifications lack the information necessary to write a
feasible and complete set.

Chapter 3 shows that during Phase 0 activities DoD, typically, performs one set of design
studies and iterates its requirements once or maybe twice prior to releasing the Request For
Proposals (RFP) at the beginning of Phase I, Demonstration and Validation. Most flexible and
iterative tools, such as cost engineering models (CEMs), do not have wide acceptance in concept
exploration. Using such tools, however, would allow for much deeper exploration of the effects
certain requirements have on determining the program'’s uncertainty. Since the Concept
Exploration and Definition process is neither thorough nor very iterative, it is no wonder that the
information funneled into Phase I fails to aid in the accurate prediction of the development cost or

schedule for the new system. The lack of information, therefore, increases program uncertainty.
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A second k}y to improving the development process is that some hardware prototyping
also must take place before system design begins. This is because designing purely on paper can

miss many important technical issues which arise later:

“An even more costly procurement practice, which only superior management by
the DoD can minimize, is the demand for ever greater weapon complexity at even
greater cost. This starts with competitions that press the candidate contractors
into severe "paper invention" contests. Each competitor promises to outdo the
other in weapons performance and cites ever more speculative innovations, each
of which adds to the complexity of the system being bid on” (Ramo, 1988).

Most successful acquisition programs, on the other hand, site prototyping as part of their reason
for success (Drezner, 1992; Lorell, 1989; Larson, 1990). Yet, proposing more than just the most
general prototyping strategies for a program without knowing its specifics is unwise (Drezner,
1992).

Determining an appropriate level of prototyping becomes an even more difficult issue
with satellite programs. This discussion states already that other programs, such as a missile or
jet fighter program, can build several test flight articles and amortize their cost with production
runs of hundreds or thousands of operational units; spacecraft programs cannot. As a result. any
prototyping strategy for spacecraft has to focus on building up particular components or
subsystems rather than an entire flight article. Determining which subsystems to build and the
relative cost effectiveness of such efforts is not an easy task for program managers, but it is
necessary to successful system development (Drezner, 1992; Lorell, 1989; Larson, 1990).

Finally, the defense aerospace industry should consider the use of a more evolutionary
approach to the development of spacecraft. Presently, existing space systems receive large
technical updates during block upgrades (when an entirely new set of satellites are designed,
built, and launched) which occur approximately once per decade. An evolutionary approach calls
for smaller, but more frequent technical upgrades to systems which are fed by continuous non
program specific upgrades to major payload and spacecraft technology. For example, a group in
charge of researching infrared sensors could contribute to new defense weather satellites as well
as new missile detection satellites. These research and development organizations would need
close coordination with the different programs, but still their independence would separate
technical development from the specific system development process and would have the added
benefit of sharing more information on methods and techniques between programs related by
certain critical technologies. Another benefit might be increased economies of scale since this
evolutionary approach requires the fabrication of more spacecraft.

This evolutionary approach offers several attractive features over the current spacecraft
development approach, but many questions must be answered prior to its implementation. First,

with more satellites, methods for mitigating an increase in orbital debris and the filling of useful
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orbits with decommissioned spacecraft need to be considered. The high cost and less than
desirable reliability of most launch vehicles becomes a greater concern because programs would
have to launch more spacecraft more frequently. Under an evolutionary approach, new and old
systems need compatibility, since multiple technical generations are likely to be orbiting at the
same time. Finally, issues of how to compete contracts and maintain competition with a
continuous process of upgrades need resolution. Finding solutions to these issues is beyond the
scope of the work in this thesis, but that does not mean that this evolutionary policy is impossible.
Rather it is a radical departure from the current method of developing spacecraft. Consequently,
time must be spent gathering and analyzing the information necessary to determine whether this
is a feasible and more attractive practice than the present practice of developing large block
upgrades.

In summary, the present acquisition process’ structure, established by the DoD 5000
series, creates uncertainty in the spacecraft development process by reducing the information on
technical risks gathered prior to system design and by coupling system design and technolog
development. This uncertainty contributes to the corﬁmon occurrence of cost and schedule
overruns and performance shortfalls seen in the spacecraft development pracess. Part of the
solution to this problem is the use of more flexible and iterative tools such as the cost engineering
model (CEM) to perform concept exploration and trade studies. Also, some level of physical
prototyping of critical technologies, most likely on the component or subsystem basis, is needed
prior to the commencement of system design. Finally, radical approaches such as an evolutionary
design process in which spacecraft technology is upgraded frequently in small steps might
decouple technology and system development further while offering the added benefits of
knowledge sharing across programs and increased economies of scale. More study is required,
however, so that policymakers can compare these different acquisition approaches effectively.
2.2 Predicting A Program's Outcome '

Poor schedule and cost performance are not entirely the result of incomplete information
leading to unforeseen program difficulties. The methods used to predict schedule and cost
partially contribute to the discrepancies between predicted and actual program outcomes. They
are intrinsically inaccurate and often misused or wrongly interpreted. Specifically, schedule
estimates use the man-month to measure the amount of time a task takes. The assumption behind
this metric leads to erroneous initial estimates of schedule and the detrimental strategies for
resolving schedule difficulties when they occur.

Several factors contribute to the inaccuracy of cost estimates. First, a cost estimate is a
single best estimate derived from probability distributions of potential costs. Therefore, some
variation in costs from the initial estimate should be allowed for during the development process.

Furthermore, the commonly used method for developing these estimates, "roll-up costing,” is
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mathematically invalid for summing these probability distributions, except in very specific cases.
Finally, tremendous pressure to lower estimates exists during the best and final offer portion of
source selection. This results in optimistic assumptions and an omission of some system costs
during program cost estimation. The discussion that follows describes each of these points in
more detail.
2.2.1 Predicting Schedule

A commons scheduling method used in many industries, including the defense aerospace
industry, is the man-month. It provides a seemingly logical and rational way to estimate
schedules by equating effort with progress. In other words, the more people that work on a
project the faster it gets done. Brooks (1975), however, disagrees with this assumption: "Cost
does indeed vary as the product of the number of men and the number of months. Progress does
not." Brooks describes four different types of tasks to make this point: the perfectly partitionable
task, the unpartitionable task, the partitionable task requiring communication, and the task with
complex interrelationships. The following briefly explains each of these tasks and discusses their
effects on program scheduling.

Only when a task can be partitioned among workers in such a way that no communication
between them is required are workers and months interchangeable. This trade is shown in Figure
17a (Brooks, 1975)."

A

Months

- S
Workers

Figure 17a Time v. Number of Workers - Perfectly Partitionable Task (Brooks, 1975).
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The opposite extreme occurs when a task cannot be broken up at all. This is usually the
result of sequential constraints on the accomplishment of the task. Therefore, the application of
more and more effort has no effect on the schedule. Figure 17b illustrates this condition (Brooks,
1975).

A

Months

1 M
i Workers

Figure 17b Time v. Number of Workers - Unpartitionable Task (Brooks, 1975)

The next two cases add communication to the accomplishment of tasks. Communication
has two parts. The first is training; the second is intercommunication. Before beginning work,
each worker must be informed about the technology, project goals, and the overall strategy and
work plan. This added effort varies linearly with the number of workers. Intercommunication
has more of a square effect on the amount of effort. That is, if each part of the task must be
separately coordinated with each other part, the effort to accomplish the task increases as n(n-1)/2
, where n is the number of tasks. If the workers on three or more tasks require conferences
together, the amount of time spent communicating increases even more (Brooks, 1975). Figure

17¢ shows a partitionable task requiring intercommunication.
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A

Months

-

Workers

Figure 17¢ Time v. Number of Workers - Partitionable Task Requiring Communication (Brooks. 1975)

In a project with complex interrelationships (e.g., the spacecraft development process)
communication effort quickly dominates the time spent working on the tasks as the largest
component of the total effort required to complete the project (Brooks, 1975). Figure 17d shows

this condition. Notice that at some point adding more people lengthens the overall time it takes to

complete the project.

A

Months

Workers
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Figure 17d Time v. Number of Workers - Task With Complex Interrelationships (Brooks, 1975)

Brooks (1975) formulates his argument for explaining behavior observed in large
software projects. His main conclusions from this argument, however, seem to indicate it is a
plausible description of what occurs during the spacecraft development process. The first
conclusion is "testing is usually the most mis-scheduled part of programming" (Brooks, 1975).
The reason is that testing for and fixing mistakes is a very sequential process, i.e., testing of the
hardware or software cannot continue very well until the previous problem is fixed. The
introduction in the last chapter describes the major role fabrication and test play in determining
the overall spacecraft development schedule. So far, then, the model seems to hold for the
spacecraft development process. Brooks (1975) continues by saying that "failure to allow enough
time for system test, in particular, is peculiarly disastrous. Since the delay comes at the end of the
schedule, no one is aware of schedule trouble until almost the delivery date." This is very
representative of the previous chapter's discussion of the wait and see attitude taken by most
spacecraft development programs when determining their schedule based on the assumption that
revolutionary design efforts should go as planned.

Brooks (1975) refers to his second conclusion as "regenerative schedule disaster." Since
project management often discovers problems that affect the project's completion date late in the
process, their typical reaction is to put more people on the task to make sure that the delivery date
does not slip. At some point, however, tasks become unpartitionable (Figure 17b). After
reaching this point, the project cannot be shortened any more. Furthermore, the new people must
be brought up to speed on their tasks. Figure 17d shows us that, for this reason, adding more
people late in the project probably ends up extending the project further than does fixing the
problem with no change in project team size. Needlessly, the project takes longer, increasing
costs as well. Quoting Brooks' Law: "Adding manpower to a late software project makes it later"
(1975).

A l’ersonal Expenence

A spacecrafl development program Iobserved had prob]ems hke this thh several pleces

of critical electronics equipment requu-ed for nommal operanon on orbxt “Thelr new chxp des1gn ;
was lagging far behind complenon of ﬂ:c rcst of the spacecm&- stcoverm the problem late in
the crmcal desxgn pbase the program manager rednstnbuted p u$ on this

schedule shpped further More peoplean resources were added ' Cons:denn g Brooks
arguments, one is left to wonder how much of the new scheduie slxp came from the addmon of

new people to the problem
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It seems then that Brooks' Law applies to spacecraft development as well. In fact,
Brooks' entire analysis describes observed conditions in the spacecraft development process quite
accurately. Specifically, Chapters 3, 4, and 5 show that a large amount of rapid and effective
communication must take place in order to accomplish space system development tasks
Therefore, the equal trade of personnel for months is not adequate in describing spacecraft
development.

The attractiveness of the man-month is, however, that it allows the program manager to
develop what looks to be rational estimates of the development schedule. It is more difficult to
justify a schedule based on hunches, gut feelings, and "experience," even though they might yield
a truer schedule estimate. Thus, the program manager uses the method that provides a justifiable,
although erroneous, estimate. The pressure for lower than original bids on cost and schedule
during the best and final offer period of contractor source selection makes estimates of schedule
even more erroneous. Clearly, then, the industry needs two things to produce better estimates of
schedule: a more accurate method for schedule prediction and incentive to estimate accurately
their schedules. |

Removal of the incentive for underbidding schedules can only be accomplished through
reasonable cost and schedule estimates. Section 3 of this chapter has more to say about this. A
more accurate scheduling method might include empirical data in the schedule determination
process. For instance, the space system design team might assess the development effort required
for the new system and give it a score which represents the amount of revolutionary design
required for the new system. Using this score and a measure of the overall size of the
development program as parameters, the design team determines a schedule based upon empirical
relationships for similar past development programs. The ability to do this presently exists.
Organizations such as The Aerospace Corporation are effective in developing empirical models
like this since they possess the historical data and the technical expertise to interpret it. Still, both
the military and industry must accept any new scheduling standards in order for them to be used.
Section 3 has more to say about the relationship between industry and the military as well.

2.2.2 Estimating Cost

When deciding whether or not to approve a program, policymakers (e.g., Congressmen or
members of the Defense Acquisition Board) ask for a single best estimate of cost for the new
system. As the next discussion shows, the estimate they receive may not be the best indication of
the eventual system cost for several reasons. First, the request for a single best estimate requires
that the cost estimator choose a single cost from a distribution of costs which represents all of the
potential system costs based on the likelihood of certain events occurring during the program.
This cost distribution, or probability density function, at best, has a deviation of +20%-50%
around the mean predicted cost. Second, common mistakes by cost estimators in estimating the
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single best estimate further exacerbate inaccuracies in the cost estimates provided to
policymakers. Finally, by demanding a single best estimate of cost, policymakers are prone to
forgetting the true 'signiﬁcance of the cost projection they receive.

Cost estimates in the defense aerospace industry are performed by using a top down
costing procedure?. First, a work breakdown structure (WBS) is prepared listing the components
of cost within a program. Figure 18 shows an example of a WBS.

4Methods such as activity-based costing (ABC) are not used because building most spacecraft is still a
developmental effort. Therefore, the process is not well enough understood or standardized to develop
accurate estimates of task time required by ABC.
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Total Spacecraft Program
Space System

System-Level Costs

Space Vehicle (SV) Segment
SV Program Level

SV Prime Mission Equipment
Space Software

Space Vehicle

Space Vehicle Integration, Assembly, and Test
Payload

Insertion Vehicle
Survivability

Prototype Lot

Spare Parts

Technology and Producibility
Aerospace Ground Equipment
Launch Support

Engineering Change Orders (ECO)
Other Government Costs

Risk

Ground System

Launch System

Figure 18 Sample Work Breakdown Structure (WBS)

A mean and cost distribution around that mean is estimated for each of these components.
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Typically, the cost estimate comes from an equation that takes several technical parameters from
the design of that component and uses these parameters to produce a cost estimate. For example,
an electrical power subsystem's cost might be determined using the number of watts required by
the satellite at the beginning and end of life, the type of batteries it uses, the efficiency of its solar
arrays, and its total weight. The parametric equation is often developed from relevant empirical
data of previous satellite programs.

Using these estimated distributions of cost, the estimator picks a sirigle best estimate from
each distribution and adds them to determine a final cost estimate for the whole system. Possible
values to choose as estimates might include, the mean (average) cost, the median cost (50% of the
cost probability is above this point and 50% is below), or the modal cost (the cost at which the
probability density function peaks). Some estimators, instead, use percentiles (Book, 1993). This
is called a "cost roll-up procedure” (Book, 1993).

For a normal (bell-shaped) distribution, it turns out that the mode, median, and mean are
the same, and the sum of the means of a number of normal distributions is the mean of the sum of
these distributions which also turns out to be bell-shaped (Drake, 1966). When the distributions
are not all normal, however, or the value desired is not the mean, the roll-up procedure is no
longer valid and an erroneous efror is given by it (Book, 1993). Consequently, the single best
estimate that the program reports many times is an erroneous estimate of the actual program cost.
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The roll-up procedure often under estimates mean, median, and mode and over estimates 70th and
90th percentile costs which are often used to assess "risk dollars” (Book, 1993). Figures 19a-d
show some examples of the erroneous answers produced.

Statistic Each Input Rolled-Up Correct Value | Over Estimate:
' Distribution Value Roll-Up Minus
Correct
Mean 266.67 ' 1333.33 1333.33 0.00
Mode 200.00 1000.00 1412.50 -412.50
Median 255.05 1275.25 1325.90 -50.65
Standard Deviation | 84.98 190.03 190.03 0.00
50th Percentile 255.05 1275.25 1325.9 -50.65
‘| 70th Percentile 310.26 1551.30 1429.40 121.90
90th Percentile 390.46 1952.30 1585.10 367.20

Figure 19a A Comparison of Rolled-Up v. Correct Total-Cost Statistics> for The Sum of Five Identical
Triangular Distributions (Book, 1993)

Statistic Each Input Rolled-Up Correct Value | Over Estimate:

Distribution Value : Roll-Up Minus
Correct

Mean 3229.23 16146.17 16146.17 0.00

Mode 2540.20 12701.02 15375.00 -2673.98

Median 2980.96 14904.79 15817.00 -912.21

Standard Deviation | 1345.13 3007.79 3007.79 0.00

50th Percentile 2980.96 14904.79 15817.00 -912.21

70th Percentile 3676.66 18383.30 17489.00 894.30

90th Percentile ™ | 4977.29 24886.43 20152.00 4734.43

Figure 19b A Comparison of Rolled-Up v. Correct Total-Cost Statistics for The Sum of Five Identical
Lognormal Distributions (Book, 1993)

Statistic Each Input Rolled-Up Correct Value | Over Estimate:

Distribution Value Roll-Up Minus
Correct

Mean 344.27 1721.35 1721.35 0.00

Mode 200.00 1000.00 1577.08 - | -577.08

Median 300.00 1500.00 1674.80 -174.80

Standard Deviation | 144.27 322.60 322.60 0.00

50th Percentile 300.00 1500.00 1674.80 -174.80

70th Percentile 373.70 1868.48 1854.30 14.18

90th Percentile 532.19 2660.96 2169.40 491.56

Figure 19¢ A Comparison of Rolled-Up v. Correct Total-Cost Statistics for The Sum of Five Identical
Exponential Distributions (Book, 1993)

tatistic Each Input Rolled-Up Correct Value | Over Estimate:
Distribution Value Roll-Up Minus
Correct
Mean 300.00 1500.00 1500.00 0.00
Mode NONE NONE NONE NONE

5"Correct Total-Cost Statistics were determined using "Crystal Ball" software to run several hundred
simulations over which the resultant probability distribution function was determined.
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Median 300.00 1500.00 1500.00 0.00
Standard Deviation | 114.47 258.20 258.20 0.00
50th Percentile 300.00 1500.00 1500.00 0.00
70th Percentile 380.00 1900.00 1900.00 261.90
90th Percentile 460.00 2300.00 1828.60 471.40

Figure 19d A Comparison of Rolled-Up v. Correct Total-Cost Statistics for The Sum of Five Identical
Uniform Distributions (Book, 1993)

In fact, explicit mathematical methods for accurately adding probability distributions when they

are not normal are difficult and time consuming to use. Instead, the estimator can use numerical

simulations to generate an approximation of the final probability density function. The resultant
distribution should be used in determining the desired values (e.g., mean, median, or mode) for a
best cost estimate (Book, 1993).

At this point source selection, again, becomes a factor. Best and final offer, just like for
schedule estimates, has a habit of driving down cost estimates given in the initial program
proposal. If the estimate is wrong to begin with, then Figures 19a-d show that it is likely
underestimated. As a result, the estimate only gets worse during best and final offer. Even if the
estimate has no mistakes before source selection, it seems that the contractor's estimates
following best and final offer become, at best, misleading (too low).

Another common method for lowering costs when bidding a program is to leave out
mission elements in the cost estimation. For example, 11 out of 29 major NASA programs in the
1980s and 1990s lacked information such as the cost of launch services , mission operations, and

data analysis in their initial cost estimates (GAOQ, 1992):

"For example, the estimate for 15 years of operations and servicing costs for
AXAF was not included in estimates until March, 1992 even though the program
was approved for a new start in fiscal year 1989. The additional costs increased
the total program estimate by $3.2 billion."

Finally, the single best estimate that the policymaker receives - if the estimate remains
untainted to this point - is just that, a single best estimate. The uncertainties associated with that
single estimate are easily forgotten upon transmission of the estimate. As a result, when a
program goes over the cost estimated for it, policymakers panic and try to make changes that
often create further cost overruns, even though the new, higher cost might be well within the
bounds of the distribution that yielded the cost estimate.

It is no wonder then that programs overrun their cost estimates regularly. First, the best
estimates have a moderate level of uncertainty (a deviation of 20%-50% of the mean cost)
associated with them. Second, estimates are often erroneously computed, and, even if the
estimate is computed correctly, cost pressures can force the estimate lower. Finally, the estimate’s
uncertain roots are forgotten by the policymaker who demands the single best estimate for
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program cost. Together these factors work to create what is an unstable and often unreliable
estimate of evenmgal program cost.

The first three subsections discuss of Chapter 6 Section 3 discusses ways in which
reasonable cost goals might be set, thereby reducing the pressure on contractors and the Air Force
to submit unreasonably low bids on program cost. Second, cost estimators must correct their
practice of roll-up costing and use more accurate methods such as simulation. Also, the entire
acquisition community must ur_iderstand and accept the inherent nature of uncertainty in cost
estimation in order for them to abandon the idea of the single best estimate of cost. Finally, the
next section discusses how the concepts of modularity and standardization might help to reduce
some of the uncertainty in cost estimation. In the end, all of the methods for improving cost
estimates already exist, but the acquisition community needs to become aware of them and accept
them for the future output of the cost estimation process to improve.

2.3 Modularity and Standardization

The military satellite community fails to use two design principles that, together, might
provide significant reductions in space system development costs - standardization and
modularity. Component standardization presents the opportunity for achieving economies of
scale in spacecraft component procurement. Some studies show that modularity and
standardization, together, may also reduce the cost of spacecraft integration and test.
Furthermore, modularity and standardization have the added benefit of reducing design,
integration, test, S’;:hedule, and cost uncertainties. There are, however, penalties to be paid
resulting from the costs associated with weight and size inefficiencies that standardization and
modularity create. Prior to discussing the benefits and penalties of standardization and
modularity, this section demonstrates how these concepts can be implemented in the spacecraft
development process.

Modularity® as a concept is straight forward. Breakdown a spacecraft's functions into a
set of modules, design and assemble the components that comprise the modules, and integrate the
modules. Designers specify each module, then, by its form (dimensions), fit (interfaces), and

function (performance criteria). Waltz (1993) describes it another way:

Each module or submodule (equipment group) is an assembly of
equipment specified and verified as a complete entity, and has:

*Well-defined electrical, mechanical, data-processing and thermal functional
characteristics

6The concept of modularity in spacecraft is almost as old as the space program. Its roots are in two
particular ideas, first, an early 1960s proposal for a modular space station, and, second, the Multimission
Modular Spacecraft (MMS) developed by NASA during the 1970s. The modular space station never
received serious consideration, but the MMS was used to fly space missions such as the Solar Maximum
Mission(SMM) and Landsat (Martens, 1990).
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*Simple, standardized physical interfaces to other equipment (ideally the
electrical interface is bus power and digital signals only, no RF)

*The capability to be manufactured and to undergo functional acceptance and
qualification testing as an independent entity

*Its own configured item specification, interface control documents (ICD),
testable performance requirements, drawings, verification and validation
program, and customer buy-off procedures

In addition, it may have a common, stand-alone structure and may also be
thermally isolated if these structures are weight- and cost-effective.

The concept of standardization applies to many different levels of system design. It might
include standardizing the interfaces between modules, standardizing the modules, standardizing
components within the modules, or standardizing the spacecraft's interfaces with the launch
vehicle and ground systems.

Using the principles of modularity and standardization a set of "foundation hardware/ "
can be built. Foundation hardware is the equipment used over and over in spacecraft regardless
of the specific mission. One study identifies six subsystems and nine components as especially
good candidates for this kind of standardization. The subsystems are communications and data
handling, structure, attitude control, electric power, thermal, and propulsion. The components are
batteries, power control unit, inertial reference unit, reaction wheel, Earth sensor, Sun sensor,
magnetic-torquer, thruster, and fuel and pressurant tanks (Waltz, 1993). These candidates
represent much of the spacecraft bus which is defined in Chapter 2 as everything on the
spacecraft except the payload equipment.

Modularity offers many of its advantages to cost and schedule during spacecraft
integration and test. First, assembly and test crew time are reduced by performing operations in
parallel and testing at lower assembly levels. Second, delays due to faulty equipment are greatly
reduced because modules and specific pieces of equipment can be removed and replaced with a
working replacement. As mentioned previously, flawed designs, production process difficulties,
integration and assembly issues, and difficulties with harnessing new technologies come to a head
all at the same time during fabrication, integration, and test causing huge snarls, right when the
most resources are being devoted to the program. One estimate is that being able to rapidly
substitute good equipment for faulty equipment would reduce by more than half the time lost due
to these test failures (Waltz, 1993). Next, performance and interface issues arise earlier, before
they become schedule pacing problems. Finally, delays due to late hardware and software can be
reduced by using engineering model and brassboard simulators and modules as place holders
during the early parts of payload/spacecraft integration. This also yields interesting opportunities

TThe term “foundation hardware" is adapted from the software world. Foundation software is the result of
separating out a particular application's generic functions so that they might be used over and over in other
applications requiring similar functions (Best, 1990). The definition of foundation hardware is similar to
this.
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for early prototyping. Figure 20 shows one estimate produced by TRW of how reduced
integration and test time, due to modularity, would reduce cost and schedule over the present way

of doing business.
Classical Flow Modular Flow
Number of Satellites 4 8 4 8
Schedule Comparisons T
Scheduled Assembly and Test Time Wks] | 2X41 4X41 2X41 4X41
Average Lost Time Due To Equipment [Wks] 25 56 12 24
Failures
Total Assembly and Test Time Per [Wks] 110 220 54 108
Program
Cost Comparisons

Total Scheduled Assembly and Test Costs  ($M) 30.7 475 279 36.7
Assembly and Test Crew Cost for Lost (M) 28 56 1 24
Time
Total Assembly and Test Cost Per M) 33.5 53.1 29.1 39.1
Program
Other Program Time-Related Costs (M) 440 88.0 21.6 432
Total Program Cost During Assembly and  ($M) 77.5 141.1 50.7 82.3
Test Phase (Saved) ) ) (-35%) | (-42%)

Figure 20 Relative program schedules and costs during assembly and test phaéc (satellites assembled
two at a time) (Waltz, 1993).

Modularity also raises costs in some ways. Development costs for modular designs
might be more than for optimized designs since they have to be able to meet a variety of
programs' needs. Also, program managers are likely to have to pay for extra performance
margins as well as increased size and mass. These penalties, however, are alleviated through
standardization. Standardization of parts allows the hardware developers to defray development
costs over many programs, thereby producing lower unit costs for hardware.

Standardization of interfaces, modules, and components also reduces cost and schedule
uncertainty. Reusing designs saves the amount of new development time needed for each
program. This reduces uncertainty as to whether or not development will go well. It also allows
the program to focus on the program specific uncertainties that remain. Standardization also
means that the cost estimators can determine the cost of a particular subsystem much more
accurately, as well as the schedule for getting it built and integrated.

Table 13 shows that, as it is, very few contractors compete for the business of developing
spacecraft subsystem components. Again, combining a strategy of physical, thermal, data, and
electrical interface standardization (i.e., form, fit, and function standards) with that of component
design standardization and modularity would allow for the creation of "parts bins" of rapidly
interchangeable components, thereby increasing part quality and industry competitiveness. Also,
with the form, fit, and function of major components established, new companies might be able to

compete for business because they would not need to have a contract with a program prior to
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initiating component development. This is because they could design their products to be readily

substitutable into all existing programs, which would further increase éompetition and reduce

component cost.

Component Maker(s)
Reaction Wheels Honeywell
Bendix
Space Data Processors Honeywell
BM
Harris
Earth Sensors Barnes
Ithaco
Solar Cells ASEC
SpectraLabs
Batteries Eagle-Pitcher
Hughes
Sun Sensors Adcole
Thrusters Marquart
Rocket Research
Gyroscopes Honeywell
Bendix

Table 138 Common spacecraft components and their suppliers.
Modularity aids in the insertion of new technology once standards are set. Knowing how its
designs must interface with the "outside world", a component producer can create new designs
with improved performance using its own research and development funds. This is because the
vendor has a fairly clear grasp of what form, fit, and function specifications it must meet so as to
have a marketable design.

The use modularity along with design and interface standardization presents many
opportunities for reducing program cost, schedule, and uncertainty. Not only is there an
opportunity to greatly amortize design costs on an industry wide basis for the first time in the
defense aerospace industry, a very real opportunity for the reduction of spacecraft development
time exists. At least one aerospace contractor, Hughes Aircraft Company, has been very
successful in reducing spacecraft development time and cost through the use of standardized
spacecraft buses onto which it places a variety of communications payloads. Finally, by reducing
the amount of development required for any particular program, each program can focus on
reducing the uncertainty that remains specific to their program.

2.4 Politics As a Source of Uncertainty

Another major source of uncertainty in the acquisition process, whose management is
often neglected, is politics. A program must navigate inter- and intra-service rivalries, the upper
echelons of the DoD, and receive funding approval from Congress in order for it to get off the

8This table was developed from research and discussions with subsystem experts at The Aerospace
Corporation.
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ground. For it to be completed, the program must withstand yearly Congressional budget tests
and excessive scrutiny whenever technical problems arise. Dr. Brenda Forman, a long-time
Congressional staffer, now a political consultant for the defense contractor Lockheed Martin,
says, "High-tech, high-budget, high-visibility programs are far more than engineering challenges;
they are political battles of the first magnitude .... Politics is a determining design factor in today's
high-tech engineering" (1993). Eric Larson of RAND concurs. He categorizes the poli