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Preface

The purpose of this study is to examine on-orbit spécecraft servicing
from a military program manager's viewpoint. We believe that the increasing
pace of servicing developments is worthy of managerial attention and -
possible application to military programs. To assist in application evalua-
tion, this study first 1ooks at military servicing policy background and
surveys civilian servicing technology and developments. During our study,
the body of available literature concerning servicing and related areas
began to grow at a much faster pace than before. Subsequent researchers in
the servicing area will have much more available information, both in terms
of breadth and depth.

After the policy and literature survey, a model which may be used to
evaluate economic trade-offs between different non-servicing and servicing
mission scenarios is presented. The model is developed in a microcomputer
spreadsheet format to facilitate rapid adaption and alteration as well as
easy use by a manager.

In light of the fact that servicing is in its formative stages, no
specific program evaluations have been conducted with the model. Instead,
its general properties and assumptions are outlined in detail along with
some candidate methods of data presentation. It is our feeling that it will
be more valuable for the manager to conduct program-specific analyses with
the most current economic information at the time of analyses rather than
for us to examine economic data which, at the time of this study, exist just

as preliminary projections. :
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Concurrent to our study, an Air Force Spacecraft Maintenance Policy
Review was being conducted. We did not have access to a study draft until
late 1n our own study and the status of that study's recommendations is
currently unknown to us. We suggest that anyone 1n§erested in military
servicing policy should ascertain the status of this Policy Review in order
to have the most current {nformation.

We are particularly indebted to Major Eric Sundberg for the {nitial
comparative model concept formulation and his assistance in further model
work. We would also 1ike to thank our advisor, Major Rodney Byler, for his
encouragement and supply of pertinent information.

Major Robert M. Tayloe
Captain Michael £. Russell
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‘a‘ by the manager. SATSERV is based on normalized program segment costs as a
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AFIT/GSM/LSY/84S-27

Abstract

On-orbit spacecraft servicing for military programs is examined. A
foundation is first established through a brief review of past significant
servicing policy and a survey of civilian literature to outline servicing
technologies and status. The military community appears to be somewhat
reticent to embrace or, in some cases, to even consider on-orbit servicing.
The civilian community appears enthusiastic about the potential of on-orbit
servicing and the mjority of economic studies of civilian missions show
servicing strategies to be an attractive alternative to most expendable
spacecraft strategies.

A model called SATSERV is presented. This model can be used to conduct
economic comparisons from an overall standpoint between expendable anc
servicing strategies. The model is implemented in a microcomputer spread-

sheet format for rapid implementation and application along with.ease of use

'pgrcentage of spacecraft unit cost. Total program cost between alternatives
igugompared on a delta change basis and also on & percentage change basis.
Eﬁpur basic spreadsheet and mission scenarios are outlined and assump-
tions e;amined: two low earth orbit mission profiles within the current STS
operations envelope, one low earth orbit mission profile outside current STS
operations capability and requiring a Teleoperator Maneuvering System, and
one geosynchronous mission scenario involving a space station and orbital

transfer vehicle.
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PLANNING FOR THE ON-ORBIT SERVICING
OF MILITARY SPACECRAFT

I. Lntroduction

General Issue

Since Sputnik became the first man-made object to orbit the Earth,
satellites have been viewed as expendable assets -- to be forgotten once
they no longer function adequately for the intended mission. In order
to fully use the capabilities of the Space Transportation System and to
achieve projected long-term cost benefits, the National Aeronautics and
Space Administration (NASA) has begun to develop satellites designed to
be serviced while still in orbit (34:7) and has already performed its
first on-orbit repair mission in May of 1984 (23). The Air Force has
yet to introduce any deliberate features of on-orbit servicing design
into its current or planned satellites. To date, no comprehensive trade
studies have been performed regarding the potential benefits of on-orbit
spacecraft servicing in terms of force readiness, force capabilities,
and program 1{fe-cycle costs of specific Air force space systems. The
issue of importance then is “"should -- and if so, when should -- the Air
Force take steps to ensure the on-orbit serviceability of its

operational satellites?"”

Specific Problem

The Department of Defense as a whole and Program Managers in par-
ticular are under increasing pressure from Congress and the Department

of Defense administration to hold down costs while delivering systems on




schedule with acceptable performance. These short term goals make it

difficult for Program Managers to justify the large investment costs for
what is perceived as a risky development of serviceable spacecraft un- b
less the longer range cost/benefit objectives are thoroughly understood

and substantiated. Therefore, this research will provide a representa-
tive survey of literature in areas related to on-orbit servicing and .
will describe an analysis model and decision tool which can assist the :§;
Program Manager in making a timely decision regarding spacecraft ;_f
servicing for a specific program. ;jg
Background
Well before the operational Space Transportation System (STS) and -
its Space Shuttle Orbiter became reality, the potential of spacecraft :;ﬂ
servicing for extending mission duration was being discussed. Early ksf
discussions were primarily linked to plans for manned missions where iji

astronauts would perform routine and emergency maintenance activities

during long duration lunar or planetary missions or on earth-orbiting

B0 | oA

space stations (60:6;17:6.1.2). Unmanned "remote maneuvering units"”
were also under investigation at this time. However, these were 1imited i
to sensing and retrieval functions near a host manned vehicle (95). Eéﬁ
while much literature is readily available detailing NASA's current tii
interest and activities in spacecraft servicing, relatively little has géa
been published concerning plans of the Air Force to exploit the growing iéé
technology base in this area, and there is no established and accepted i;
policy concerning DoD plans for such activity. In order to meet an .::
expanding operational military role in space, some sources urge strong ??;
consideration of the human capabilities to perform numerous ;:
2
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mission-enhancing functions in space including servicing (62). Although Sofe
it appears that spacecraft servicing is beginning to receive high-level

Air Force attention (57:39;46:V-5;30:10-1 and 10-2), there are other »-\
indicatfons that the Air Force may be taking a definite "wait and see® \:
approach. Dr. Eberhardt Rechtin, president of Aerospace Corporation (an §§E§
- Afr Force sponsored non-profit research center supporting Space Divi- &:ij
sfon), 1n a lecture before an international symposium on military space 35%;
policy and the future applications of military space systems included no ;ﬁi

reference to the development of (or the need for) on-orbit servicing of
military spacecraft (85). In a 1983 Air force Magazine review of Air 5
Force research and development, General Robert T. Marsh, Commander of i
the Air Force Systems Command, had this to say about spacecraft
servicing:
Later along, such man-in-space activities as on-orbit repair,
construction, reconfiguration, and modification of satellites,
perhaps® using plug-in modules, may turn out to be advisable
for reasons of economy as well as capability. [22:40]

This placing of spacecraft servicing considerations at some time "later

along" in the future does not indicate a strong interest in the current
development of such capabilities.
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General Policy. The definitive guidance document for the develop-

ment of capabilities in space which support national defense objectives
is Air Force Manual 1-6, Military Space Doctrine (31:1ii-iv). This

manual points out several responsibilities which have been assigned to
the Air Force by the DoD. One of these responsibilities is that of

LT
.
!l
-
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"managing military space operations including: launch, command and
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control, on-orbit sustainment, and refurbishment of military space
vehicles for all military space systems (31:7)." AFM 1-6 further

states:
An integral responsibility to deploying a space force is
maintaining i1t and ensuring that it has an enduring capabil-
ity. Thus, the Air Force must develop a logistical capability
to sustain forces that are based in the space medium. This
logistics system should be developed and deployed concurrently
with an operational capability. [31:12]

While these statements do not directly call for the development of

on-orbit servicing capabilities, they have provided the basis for

further investigation and development of space logistics activities.

As a direct result of the publication of Military Space Doctrine

and the nearly simultaneous formation of Air Force Space Command in late
1982, an effort to define space logistics concepts was begun under the
auspices of the Sacramento Air Logistics Center (46). The resulting
Space Logistics Concept Study -- Final Report has this to say about the

current Air Force posture regarding spacecraft servicing:

In today's environment, the inaccessibility of the operational
space nt is the major factor which precludes application
of logistics support concepts and utilization of the tradi-
tZgna 1logistics infrastructure to sustain operations.
[46:V-1)

It goes on to say that
The present infrastructure of program office managed contrac-
tor support, in the present technological and operational
environment, is the most practical, mission and cost effec-
tive, and will probably remain so fnto the near future.
[46:V-2]

The study draws these conclusions from the fact that unclassified DoD

payloads currently orbit at altitudes of from 400 to 22,000 miles while

the upper 1imit of the Space Shuttle's capability is approximately 300
miles. Thus, a transportation capability to take the servicing
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mechanism to these satellites or to retrieve them for servicing at the
Space Shuttle Orbiter is required which does not exist at this time. In
the past, rapidly changing technology has led to the current research
and development environment surrounding the acquisition and oﬁerations
of satellites. This has contributed to the logistics problem through
program-unique spacecraft designs and small production runs (46:V-2).

In projecting future systems and logistics support concepts, the
study points to the development of several capabilities which will en-
hance the potential of serviceable spacecraft as a viable alternative to
expendable satellites (46:V-3). These developments are as follows:

o Space Shuttle Orbiter altitude extension with more powerful
engines and larger fuel capacity.

0 Manned Spaceflight Engineers to ensure shuttle payloads are
compatible with (and take advantage of) man in space.

o NASA Orbit Transfer Vehicle to retrieve payloads for return
to the shuttle.

As these and other logistics support capabilities are attained the study

recognizes that the Space-Based Laser represents the best candidate for
on-orbit support because of its projected high cost and currently plan-
ned refueling requirements. (46:V-4). The study also points out that
the establishment of a permanent orbiting space station offers signifi-
cant logistics potential for "command post, spares warehouse, orbiting

repair depot, manufacturing facility, satellite launch pad, (and) weapon
platform. . . (46:vV-4)."

In concluding its discussion of logistics support for the space
segment of space systems the study panel recommends that "Space Divi-

sfon, ESD and Space Command should evaluate space system architecture
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alternatives and conduct feasibility/trade/cost studies to develop
future space system support concepts (46:V-5)."*

As a follow-on to the Space Logistics Concept Study, in September
1983, the Air Staff directed AFLC to lead a study with participation by
Systems Command, Space Command, and Secretariat activities to "determine
whether (and if so, how) the Air Force should pursue planned maintenance
of spacecraft and, if so, provide the recommended policies for its im-
plementation (29:1)." The study team received briefings from spacecraft
contractors and NASA that outlined a range of issues relative to the
consideration of on-orbit servicing for DoD space systems.

The costs and benefits of spacecraft servicing were found to vary
dependent upon several factors. These are (29:16):

o

The age and complexity of the spacecraft.

The function(s) and criticality of the spacecraft to national
sgcurfty.

o

o Spacecraft replacement cost.

o Availability of new technology which could improve the
performance of a replacement Spacecraft.

o The type of servicing or repair to be done and whether the
spacecraft has been built to easily accommodate it.

o The added life expectancy or capability to be realized from
servicing actions.

Benefits were found in areas of pre-launch anomaly correction, minimized
mission downtime, indefinite on-orbit spare storage, and reduced costs
through procurement of fewer satellites and ride-sharing of servicing
missions (29:16). Costs increases were projected for purchasing and

storing spare subsystems, acquisition of servicing equipment, changeover

to modular design of spacecraft, and means of transportation and support
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for access to the satellite (29:16). An intangible cost might also be
generated through the potential premature obsolescence of the mission
hardware late in the 1ife of a still ser‘yiceable satellite (29:16).

The review team's recommendations call for policies to be issued by
. the Secretary of the Air Force which will:

"%

== Pl gt T ¥

o Ensure satellite maintenance options are considered in
requirements definition, acquisition program management,
and contractual documentation.

o o Continue to examine the utility of spacecraft maintenance
i options as their economic benefits continue to expand.

0 Avoid design actions which would preclude on-orbit
servicing later in the satellite life cycle.

o Continue to pursue, {ointly with NASA, the technologies
related to spacecraft maintenance.

e PR AEAR R R

o Conduct trade studies to determine feasibility of including
spacecraft meintenance on future programs and block changes
to present systems.

o Apply these policies on an individual program basis.

o Develop the necessary implementing regulations. ({29:23]
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Tentative Plans for Servicing/Repair. Three program managers at
Air Force Space Division were interviewed on 15-17 February 1984 to

determine the general status of planning for spacecraft servicing on
both new and evolving systems.
LtCol Bi11 McDermott is responsible for the preparation of the

POOOMIA nd RLCAFECE A

request for proposal for the current concept definition phase of the

% Space-Based Space Surveillance System. He pointed out that the state-

=4

b ment of work for this phase of the acquisition does not specifically =

,x address on-orbit servicing since it is considered the contractor's o
$: responsibility to make trade-off studies and recommend the best way to ZEZ:I-‘
> 7
| support the system (68). While the operational details of the system
&" \::. :1
;-;., 7 ‘."-
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remain to be defined, several areas offer potential applications for
servicing the Space-Based Surveillance Spacecraft. The size and com-
plexity of the space segment will 1ikely mean that each satellite will
cost on the order of $250 million and will occupy an entire shuttle
payload bay. Since sensor component life 18 a concern area and product
improvements are planned, on-orbit repair/replacement activity is
attractive, especially {f more than one satellite can be serviced per
mission or 1f the servicing can be performed as a partial shuttle
mission (68).

Major John Wert of the Space-Based Laser program office and Loren
Corriston of Aerospace Corporation spoke of the prominent role which
on-orbit servicing is expected to fulfill in their program. Servicing
has béen considered a requirement for space-based lasers from the begin-
ning of the current concept development phase (111). The need for re-
plenishment of operating and station-keeping fuels, the high cost of the
assets (approximately $150 billion for the system), and the deployment
timeframe of 2000+ al)l point to the availability and benefits of on-or-
bit servicing for this system (111}. The major issues which will effect
the design of the servicing capability are the sensitivity of the optics
to contamination, the hazardous nature of some of the fuels, and the
need to minimize the downtime required for servicing (111).

Col Steve McElroy addressed the issues regarding the potential of
servicing for the Defense Meteorological Satellite Program's (DMSP) next
block of satellites which, when deployed in the 1990's, will incorporate
additional survivability features not available with the current design
(70). Although early cost analyses indicate that designing a modular
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"OMSP-II" would not significantly increase the projected cost of the
space segment, the DMSP satellites are and will be relatively low cost
(approximately $100 million per copy for DMSP-II) and no clear informa-
tion is available for the cost of a servicing mission (70). This,
coupled with the incompatibility of the DMSP system constellation for
multiple servicing on a single shuttle mission, indicates a generally
unfavorable cost/benefit ratio for on-orbit servicing of DMSP. Col
McElroy indicated that two issues remain which will govern the decision
regarding the use of servicing for DMSP-II. They are the possible de-
velopment of more compatible mission parameters for the new system and
the maturing of transportation technology and policy which could either
lower or drastically raise the cost of placing a DMSP satellite in
orbit (70).

Summary of Current Policy and Plans. The sources reviewed did not

indicate any active use of on-orbit servicing in current programs. The .

v

future presents a guardedly optimistic picture for both policy and capa- E;;
bility. Although only one of the three future systems reviewed is spe- E}i
cifically planning for the use of servicing, the presence of an Air ?33
Staff sponsored study team shows interest in the early establishment of :éfg
policy which should 1ead to an orderly development of capability for i
those systems where servicing makes the most sense. No overt resistance EE;
to the concept of on-orbit servicing was encountered during the research ﬁ%ﬁ
for this paper. However, where initial analysis has shown only marginal ﬁﬂi
cost benefits for on-orbit servicing, there is a willingness to let NASA :3;
work out the details of both technology and costing before committing ziﬁ
Air Force resources to the concept. iaé
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Research Questions
With this background in mind, answers to the following questions

shal] be used to provide decision tools for Air Force space systems
program managers who are considering the possible use of on-orbit

satellite servicing:

1. What spacecraft servicing technology developments are available
for consideration by Afr Force program managers?

2. Based on three orbit configurations with general military ap-
plication (low-earth polar orbit within shuttle altitude, low-
earth polar orbit outside of shuttle reach, and geosynchronous
orbit), what does an available cost estimating and analysis
tool reveal about the relationship of costs for candidate
on-orbit servicing approaches as compared to baseline systems
{planned and/or generic expendable satellites)?

3. What other advantages might arise from designing and construct-

ing satellites for serviceability which would improve the
cost/benefit ratio?

Philosophy of Approach

A two-part approach will be used to explore the proposed research
questions. First, a representative survey of available literature will
be presented in Chapter II to serve as a determinant of current and pro-
jected satellite servicing capabilities. It is intended that this sur-
vey and its lengthy bibliography will provide program managers and other
interested parties with: (1) an overview of recent space servicing
technologies and studies, and (2) a resource for further research into
specific issues of program interest.

Next, in Chapter III, a spacecraft servicing decision analysis tool
called SATSERV, which was developed in the Manned Spaceflight Engineer-
ing Program at Air Force Space Division (100;30:8-2), will be introduced
and explained to provide a mechanism for generating decision support
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information. The flexibility and utility of the model will be
demonstrated through use of a basic two-satellite example.

Four program scenarios will be developed using SATSERV in Chapter
IV to explore the basic cost relationships for a small number of defense
related orbit scenarios and to illustrate the utility of the SATSERV
model. The graphic results will be analyzed to determine the relative
merit of satellite servicing for these scenarios over a range of launch
and inter-orbit transportation segment costs. It is not the intent of
the scenario development and analysis to arrive at either specific pro-
gram recommendations or to provide an exhaustive analysis of all possi-
bilities. In fact, the creators of SATSERV eschew its use for detailed
cost analysis of specific programs, choosing to reflect normalized costs
for parametric studies of cost element relationships (30:8-3). Instead,
the scenarios are intended to demonstrate the development of basic rela-
tionships in a manner easily understood by program decision makers.
These relationships and the model can then be tailored and applied to
specific program requirements. Also, since generalized scenarios and
cost information will be used for the study, detailed (and possibly
classified) cost data and orbital configurations of current systems will
not be required.

The results of the literature survey and SATSERV analyses will be
summarized in Chapter V and conclusions presented which will highlight
the availability of resources for Program Managers who are considering
on-orbit servicing. This study should serve as an initial departure
point for those involved in the acquisition of space systems to become k
famfliar with the cost relationships of satellite servicing and how to ;Sﬂb
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apply them in a useful analysis model. Students and analysts of space
systems can also use this study to expand the model and explore
additional scenarios to further define and analyze the governing cost
factors in the consideration of the on-orbit servicing of satellites.

Constraining Assumptions
The relationships described by the SATSERV model are subject to

three assumptions which 1imit {ts direct translation into real-world
dollars and cents. The first assumption is that space segment costs can
be partitioned into cost elements and related sub-elements which then
can be normalized with respect to one of the elements in order to draw
parametric conclusions about cost element relationships. The accuracy
of the model is then dependent upon the accuracy with which cost ele-
ments/sub-elements are defined and the stability of relationships
between the sub-elements and cost elements. g

A second 1imiting factor 1s that emergency repair/replacement is
not included in the model. Since there is currently no recovery capa-
bility from a catastrophic on-orbit failure short of launching a new
replacement spacecraft, this 1imitation should enhance the objectivicy
of the model by eliminating the costing of additional spacecraft or
Orbit Replaceable Units (ORUs) above the basic requirement.

The third 1imiting assumption of the model is that the launch vehi-
cle is assumed to be the same for each strategy within a given opera-
tional scenario. Thus, launch costs for a purely expendable system are
the same as that for a serviceable system. By default, this defines the
launch segment in all cases as the STS, and does not allow direct com-
parison with expendable satellites launched on expendable boosters.

12




It must be pointed out that these last two limitations only apply
to the model as used in this study. SATSERV is extremely flexible and
can be tailored to expand the number of cost elements and sub-elements Lo

or otherwise add in factors which may be of significance to a specific
program or strategy. The description of the model in Chapter III should " J
be studied with the view toward understanding SATSERV's basic utility

without regard to any inherent limitations of this specific application.
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II. Literature Survey

This chapter reviews current literature to determine the broad reasons
for and the effects of on-orbit spacecraft servicing. Servicing here
applies to maintenance, refueling, and other traditional servicing
activities. Also briefly covered are existing maintenance capabilities and
future technology requirements.

Reasons for On-orbit Servicing

In 1981, Frank Cepollina, the multimission spacecraft project manager
at the Goddard Spaceflight Center, stated "if we can pull off the servicing
mission, it will completely change the course of how spacecraft programs
have been planned in the past (25:138)." His comments exemplify an
apparent positive sentiment toward on-orbit spacecraft servicing which
exists throughout most of the civilian space community. Four major reasons
appear to underlie this desire to perform spacecraft servicing in space.
The first reason is the estimated economic advantage associated with on-
orbit service. The second reason is the trend toward larger and more
complex orbiting structures. The third reason is a need for autonomy and
survivability, and the fourth is the validation of the in-flight servicing
concept through actual experience.

Cost. The first motivator, cost, is an important aspect of any public
program. Since the general public can easily misconstrue space programs as
being frivolous in nature, cost effectiveness is of vital importance to
public sector program survival. Cost effectiveness, of course, is also a

vital concern of any profit-making activity.
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On-orbit servicing is a possible method of saving money over the life
of a spacecraft program. Several economic analyses (16:247-249; 35:237;
36:492-493; 53:8,11; 65; 77; 97:29; 99:7; 101:30; 108:757) have indicated
that on-orbit servicing is economically worthy. Compared to the current meth
of using expendable launchers and expendable spacecraft, the studies found o

orbit servicing to be consistently superior in cost advantages. In the studies,

percentages of program costs saved over the expendable approach ranged from
5-70% depending on spacecraft and mission type. Dollar value of savings for
direct on-orbit servicing could be as high as 13 billion dollars for about
80-90% of the missions planned for the 1985-2000 period (16:247-249).

Cost savings occur due to a variety of reasons. One cost-saving stra-
tegy is the reuse of an existing spacecraft through servicing and/or refur-
bishment instead of building a completely new one (96:160-61). Short-life
subsystems which would normally limit the overall spacecraft 1ife could be
replaced (43:5-6). Also, the corresponding spacecraft 1ife-span extension
will lower unit costs per year, and spacecraft can be treated as cumulative
assets rather than one-shot expendable items (18:1). Long life is also now
considered attractive because the space environment is not considered as
hostile over long periods of time as it once was thought to be (8:479).

On-orbit servicing can reduce transportation costs through sharing of
STS missions and space-available travel of parts, spares, and replenishables
which would increase STS Orbiter load percentages. Basing servicers on-
orbit appears to be a very attractive alternative to ground basing (56:4,6;
64:261; 67:59-60; 98:94-95; 104:148-49; 105:19). With a space station as an
on-orbit operations base, on-orbit servicing could have a payback period of

as little as four years (44:130).
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Design of spacecraft for in-flight mainténance yields further cost-
savings. Spacecraft reliability has historically been addressed in two
costly ways: very high (estimated) reliability components and redundancy.
The extreme reliability normally required for spacecraft components could be
relaxed somewhat (35:237; 43:5-6) since faulty components may now be replaced
on-orbit. The excessive amount of redundancy used in attempts to increase
reliability may also be reduced, and less duplication of spacecraft compo-
nent cost will occur (36:493; 43:5-6). Since most reliability models do not
address transient failure rates, the models do not provide a accurate pic-
ture of reliability (40:194) and problems will most 1ikely be occur more
often than normally estimated. The desirability and cost effectiveness of
an on-orbit servicing capability is thus increased.

Modularity is recognized as a spacecraft design feature required to
permit maintenance (35:240). Also, if spacecraft can be designed to make
maximum possible use of “off the shelf" or generic modular components,
component costs will decrease, as will construction costs (35:237; 53:2;
99:3-5). Modularity would also permit faster checkout and launch prepara-
tions since faulty modules could be replaced without wasting previous inte-
gration efforts, greatly reducing lengthy tear-down/build-up costs.

Design of spacecraft.wi th standardized, reuseable payload support elements

(e.g. power supplies, attitude control systems, etc.) and modular interface
buses enables payload change-out and eliminates building expensive support
elements for each unique payload (7:550-551; 58:245). Several spacecraft
designs on the drawing board such as the European Retrievable Carrier (73:33),
Olympus (12:250), Proteus, and Leasecraft (33:21) make use of common buses
and standardized interfaces for payload changeouts on Earth or in space.

16
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Larger Orbiting Structures. The second major reason motivating on-

orbit servicing is the overall trend toward larger space structures. This ..._..
trend is occurring primarily because the space program (in the United States '
at least) is shifting toward industrialization and commercialization
(47:23). The relative cost of commercial efforts is generally lowered by
grouping together several missions in larger spacecraft or producing pro-
ducts 1n more economic product 1ot sizes which also means larger spacecraft
to handle the probable increase in production equipment size (58:247;
59:171; 69:50-51; 82:41-42,46).

The term "larger spacecraft® as used here denotes those spacecraft

which cannot be currently transported into space by a single launch. There- ;::
fore, these larger spacecraft must be assembled or constructed in space
(58:245; 73:45; 83:615; 84:279) and will require on-orbit maintenance to :
reach planned 1ife-times because of the greater s:pacecraft complexity and/or E:
expendable resource use (59; 73:45). Planned 1ife-times are very long (decades
rather than years) in most cases to recover high initial costs (32:48-49; 2
54:1; 63:274; 78:30-31; 82:46; 92:4). rL""-‘q_
A perfect example of a large structure which will need all the services
mentioned above is a space station. Assembly/construction and checkout on-
orbit, maintenance, and replenishment will all be needed along with modular
design to permit evolutionary growth and payload changes as currently
planned (9:289; 21:472; 33:18; 56:4,6; 69:50-51; 96:160-61; 113:14).
Throughout the rest of this century, most commercially important activi-
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92:3-4). This is because commercial space activities are predominantly commu-
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ications related and GEO is the prime location for communfcations satellites.
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Crowding in the most desirable orbit locations is already occurring and the
demand for communications service is expected to continue to rise. GEO
crowding increases the probability of collision by as much as two orders of
magnitude (to about .00006/year) over norma! Earth orbit hazards (19:490),

and this increase does not even address the potential for increased signal ,.._‘;.
interference through efther physical occlusion or electromagnetic interference.
One way to lessen GEO crowding 1s to group multiple missions together
as previous! ' mentioned (83:614; 86:625; 92:3-4). Other ways to lessen the
collision risk and crowding are reducing the number of replacement space-
craft inserted into GEO orbit by lengthening spacecraft life (4:30; 92:3-4;
107:1-2) or reducing the total number of GEO spacecraft by removing those r-—-
spacecraft that are no longer functional (4:25-27; 86:625). On-orbit ser-
vicing will be important to these methods through activities such as refuel-
ing, maintenance, and payload changeout. E:
Autonomy and Survivability. Spacecraft autonomy is desirable for several

reasons. One reason, common with the idea of on-orbit maintenance in general,
is cost reduction. The overhead involved in keeping a spacecraft alive and
well is high because it is currently human 1abor and ground control intensive
(13:393; 20:31; 109:216). As an example, the support overhead required for
the relatively short STS Orbiter flights would be prohibitive in cost for
similar support of long-duration space platforms with many complex activities

without increased autonomy and automation (26:189; 78:31; 105:104; 113:23).

During Skylab operations, just the attitude control system alone required - :_E

the support of five engineers and related computers around the clock (15:267). d ~

As space structures grow larger, the sheer enormity of the support task, if

conducted as currently done, may not even be reasonably possible (14:51; 78:30). E_;
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For the reasons listed above, autonomy and automation will be high-
leverage items in reducing initial and overall space station cost
(10:37,39). The prime functions of space station autonomous capabilities
will be to off-l1oad routine and trivial tasks from the human crew in an
effort to save crew time for tasks deserving uniquely human capabilities.
Crew activity planning will be one of the keys to effectiveness and effi-
ciency and should be accomplished autonomously on the space station to best
provide an economical working environment (72:224-5).

A space statfon is expected to be an evolutionary effort to take advan-
tage of technology advances over the long planned life of the station. This
imposes unique requirements on the space station information system as it
must be readily upgradeable in technology while possessing a core which will
last for the planned station lifetime (21:473-77). To effectively support
manned habitation of space, the information system must be extremely relia-
ble and easily serviceable as well. These requirements also apply to the
statfon's autonomy capabilities (3:165; 15:268; 69:16; 74:101; 104:152).
Autonomy is also needed for the space station to most effectively function
as a servicing and transportation base (26:185).

Another reason for spacecraft autonomy is particularly important to the
Air Force: spacecraft survivability during conflict (27:15-16). Since most
current spacecraft rely on frequent ground station contact for mission
operations, the spacecraft are only as survivable as the ground stations
(48:167-68). The reduction of this reliance on the ground stations is of
high priority to the Air Force (41:342; 57:40; 94:6; 109:216). Additionally,
when the spacecraft is out of view of ground stations, on-board autonomy may
help in surviving hostile or threatening conditions by enabling the space-
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craft to help itself (13:393). Since commercial communications systems in
the United States are used by government agencies for some traffic, studies
are also being conducted to determine the most cost effective means of
enhancing commercial systems survivability (11:674-76).

Previous Servicing Experience. The fourth major reason behind on-orbit

servicing is the successful demonstration of maintenance on a manned space
vehicle. In both the United States' Skylab and the Soviet Union's Salyut
orbiting laboratory programs, both planned and unplanned on-orbit mainte-
nance was accomplished on the laboratories. The amount of maintenance
required vas higher than predicted in all cases. These circumstances substan-
tially verified that long-duration missions will require maintenance and

that on-orbit maintenance is feasible (36:492-493; 42:381; 91:20). Spacelab
1 flight experience also demonstrated that all contingency possibilities can
not be planned for and that systems must be designed to permit effective
maintenance (5:16). .

The concept of spacecraft servicing was validated with actual experience
on Space Transportation System Flight 41-C in April 1984. Astronauts success-
fully restored the Solar Maximum satellite to operational capability after
repairing spacecraft system failures (23:18). Plans are already in place
for servicing of other spacecraft such as the Hubble Space Telescope (24:51).

On-orbit Servicing Capabilities

Since most studies have determined that there are potential benefits of
on-orbit servicing, the technologies required to actually carry out the
servicing are examined next. Two broad categories, autonomous maintenance
and servicing by external agent, are used to delineate the literature. In

each category, future needs will also be discussed.

20

o GO A PLIC IO,
S RIN Y]

RO B
e
H efe?e’s
* '-.", PR R O
B X Y .8 #
oGy I R P
A

Ler?

7’

Nt
e
I.‘.\.
A
P‘—A!
Iy ‘-.,
LY

8



e
velal

DI XA

Autonomous Maintenance. The first category, autonomous maintenance,
refers to the ability of an spacecraft to carry out its own maintenance
without any external assistance. Historically, earth-orbiting spacecraft

have been designed without this ability and have relied on ground operations

RIS

centers for routine maintenance and for problem recovery (66:1).
Categories of Autonomy. Spacecraft autonomy has been defined
o (40:191) as “"the ability of a satellite to function, for a stipulated period
' of time, without human intervention or ground support but to accept valid
external commands when they are available.” Spacecraft autonomy can be

classified in several vays. One method uses two categorfes: welfare main-

5 tenance and health maintenance. Welfare maintenance consists of those tasks
wvhich are more preventive in nature and are part of a normal mission plan.
Health maintenance tasks, on the other hand, arise from anomolies or unplanned
events. These anomolies must be first identified and then corrected.

Health maintenance is much more difficult to implement than welfare mainte-
nance since it requires both the ability to recognize the problem and the
ability to select and undertake a course of corrective action (35:240; 41:343).

Another classification scheme concentrates on the levels of autonomy
present in a system, ranging from least complex (level one) to most complex
and difficult (1evel ten) (26:182):

r‘:\:f, 1. Closed 1oop control
, 2. Redundancy
%
M 3. Failure detection
4. Sequencing and error checking
5. Fault tolerance
Yoy o
b 6. Functional commanding 4
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7. Adaption ﬂ
8. Tolerance of design errors b
9. Inference and decision-making k:
10. Mission optimization . R

Generally, the current state of the art ranges from level three to level six
depending upon the particular system's function. : -:Z:E;Z;
Autonomy Capabilities. In general, no technology breakthroughs are

required to meet near-term welfare maintenance goals (94:8). In fact, the
current absence of wide-spread use of autonomy is more due to a past absence
of need rather than a lack of technology (40:191). However, to meet the
long-term goal of spacecraft with high-level autonomous health maintenance
capabilities, advances are needed in several areas (41:344-346; 48:169-70;
66:v,29-30; 71:1.21; 94:8):

a. Fault-tolerant on-board data processors.
b. Mass data storage.

¢. Autonomous navigation capabilities.
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d. Autonomous function control.

e. Methodology for design/validation of autonomous spacecraft

Of these areas, fault-tolerant computing is the key to achievement of all R
the rest of the areas and to autonomy in general (40:193). Bty

To reach the ultimate goal of complete autonomy, some form of artifi- i
cial intelligence must be incorporated into the spacecraft (14:ii1; 94:18).

In relatively controlled environments on Earth, programming a machine to do

even simple tasks is still a complex job because all possible situations
must be provided for. In the complex space environment, programming a machine e'C-'::-.‘jl
for all potential situations is nearly impossible and artificial intelligence
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methods can reduce the machine preparation and computation task to manageable
proportions (14:70-71). The technology for this type of artificial intelli-
gence will probably not exist until the 1990s (2:3.1.2; 94:18).

Space Station Autonomy. Autonomous capabilities and the underlying

computation/information system may well be the single most important deter-
minant of a space station's capability since a space station will be the
most complex spacecraft yet attempted by man (3:168; 61:157). No technology
gaps exist for an initial space station utilizing 1985 technology; however,
advances will be needed in several areas to support the required autonomy
and information system requirements perceived for later space station stages
(74:104, 108; 113:22). As the space station capability grows, the crew role
can change to increasingly allow machines to do more of the routine and
repetitive tasks (26:186-89).

Servicing by External Agent. Since achievement of true spacecraft auton-

omy may be well into the future, on-orbit spacecraft servicing by external
agent will probably be used much more extensively in the next decade (1985-
1995). Servicing by external agent is defined here to mean that something
other than the spacecraft needing service is performing the servicing.
Servicing Policy/Concept. Before servicing by external agent is

used on a wide scale, servicing policies and concepts need to be established
and standardized (33:21; 45:1-2; 54:24; 112:8). Widely-accepted standards
would increase chances of effective satellite service capability and reduce
costs. Without standardization, unique servicing methods, procedures, and
materials would proliferate for each unique spacecraft design. Each service
mission would therefore also have to be unique, and uniqueness increases

costs and decreases responsiveness (33:18).
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The development of the Hubble Space Telescope may help to initially
provide standardization for spacecraft, as a high program priority was placed
on 1nve§tigat1ng on-orbit servicing and associated design requirements. The
establishment of potential standards was a primary reason for program cost
growth, but the problems solved will help future spacecraft (33:18). The
planned United States space station may also help in setting servicing
standards. Standardization and maintainability are high leverage cost items
for the space station, and failure to consider the requirements and issues
could nullify any potential space station economic benefits (10:37,39).

Another important servicing issue is whether or not the external agent
doing the servicing will involve humans or automation (6:82-83; 35:237; 47:23;
101:30). In general, the high costs of human operations in space are par-
tially offset by the extreme flexibility inherent in human beings (when com-
pared to current machines). However, the space environment poses great poten-
tial hazards to people and places an upper limit on human capabilities (1:2).

Extending human presence through remotely controlled servicers will
become possible in the latter 1980's, but use of true robotics technology to
accomplish tasks will not begin until the 1990's (55:114). Some human
capabilities (such as high-level reasoning and tactile touch abilities, for
example) will continue to be unreproduceable in machines until the 2ist
century (63:274-275; 90:23).

Therefore, the best plan from a cost point of view appears to be use of
a mix of human and non-human service activities. Exactly how this mix is to
be apportioned between human being and machine is not entirely clear. Also
not clear is which of the agents best suits different types of activities.

This human/machine role confusion is not limited just to servicing operations,
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but extends to the basfc broad roles of human being and machine on board the
proposed space station as well (69:16).

The challenge will be to plan a human-machine mix which will make the
best use of a human being's unique capabilities and the capabilities of
existing machines (90:23). Human beings and machines can and should be
viewed as complementary rather than competing agents (6:82-83). Due to the
current uncertainties surrounding the human-machine question, the remaining
discussion on servicing by external agent will be predominantly from a
generic point of view. The constitution of the servicer will not be stated
unless it is germane.

Where human beings are used, the question of appropriate training and
qualifications arises. Servicing and assembly activities are more manually-
oriented than those tasks currently perforied by astronauts. The increase
of space activity may make utilization of only highly trained experts for
all tasks, particul;;ly for the tasks that are intensively manual in nature,
prohibitive in cost and time. The usual trend for earth systems is for
experts to initially accomplish procedures and then transition the activity
to less-skilled technicians using extensive technical documentation. This
transition is feasible for space tasks but some documentation hurdles must
be overcome. The present concept is to use electronic documentation aids to
serve as servicing guides/instruction aids. Further study is required in
this area (87:171-2,175-6).

Servicing Technology. Three general areas of technology require-

ments for servicing by external agent are used for literature classifica-
tion. The areas are design, tools, and transportation. E;é;
. K
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Design. Effective servicing demands that the spacecraft be
designed for servicing (84:279). The servicing agent must have room to
work and perform the service as well as maneuver parts. Access must be
provided to the elements being serviced and the servicer must have some
means of rating to the spacecraft to be serviced (36:493; 89:4). The servi-
cing recipient must be stabilized and the mated servicer-recipient pair will
have to be controlled (57:39; 89:4).

Another prerequisite for servicing, previously discussed, is the use of
modularity in spacecraft design. Modularity permits easy change of function-
specific components in orbit and forces planning ahead for maintenance by
the necessity of modularity considerations and accomodations during the
design process (35:240; 37:292).

Jools. A spectrum of tools is required for on-orbit servicing
(10:27; 69:34-35) just as.a variety of tools {is required for earthbound
servicing. Hatch covers will have to be removed, module restraining devices
will need to be first disengaged and then re-engaged, and methods of module
extraction and replacement will be required. The experience gained through
previous manned spaceflights helps considerably in this area, but further
advancements are needed (32:42; 51:32; 78:30; 89:4). One study (45:4.2)
fdentified 21 new or modified tools needed for effective astronaut mainte-
nance work in the next decade. Actual flight experience with the first few
tools designed for space servicing demonstrated the great increases in
effectiveness and efficiency that could be achieved (23:20). Highly deve-
loped general purpose handling mechanisms are a vital prerequisite for
future space maintenance activities (35:240; 47:23-24; 56:2).
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Servicing also demands support equipment such as EVA work statfons,
methods of moving servicing materials (modules and fuel, for example),
spacecraft sustainment provisfons, and a stable foundation for the space-
craft while the work is being done (10:27; 56:1-2; 75:4-1). EVAs use large
quantities of expendable items and regeneration processes may be cost effec-
tive for long term manned facilities such as a space statfon (50:86). Con-
tamination-sensitivc payloads may require support equipment to maintain
cleanliness of detector surfaces (113:20~21). Additionally, there are many
simularities between servicing and assembly/construction equipment so good
designs could allow tool and equipment usage for both types of tasks, redu-
cing storage and cost (84:279).

Transportation. On-orbit transfer capability is a fundamental

requirement when the spacecraft to be serviced is too far away from the
servicer's orbit (57:39; 93:30). This situation can occur in many ways.
In tr‘ve case of the Space Transportion System Orbiter, the Orbiter was 1:
designed primarily for shuttling payloads between the Earth and low Earth ‘
orbit. Because of this design, problems arise in use of the Orbiter for :
servicing. The Orbiter is not agile enough to permit efficient maneuvering J
for servicing rendezvous with many spacecraft in different orbits. Exten- 3
sive servicing operations with the Orbiter will require some sort of supple- :___3
mentary orbftal transportatfon (32:42-43; 34:7; 76:1.1). 2‘:_3\_;
One proposed method is to use an atmospheric safl at lower altitude and :
attached to the orbiter to obtain orbital plane changes. Use of a sail :;j
would be more efficient, although slower, than synergistic or propulsive ’i
e

plane changes (80:172,175). Another method is to not change the Orbiter's _\,:
orbit but to use a Proximity Operations Module (POM) for operations within _'1
33
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one kilometer of the Orbiter. Use of the POM would reduce spacecraft contam-

ination, reduce Orbiter fuel use, and enable the capture of spacecraft
spinning at a higher rate than the RMS (56:3-4).

For longer range operations, either a teleoperator maneuvering system
(TMS) or a larger orbital transfer vehicle (OTV) could be used to retrieve
and return the spacecraft for servicing at the Orbiter or carry servicing
equipment to perform the service at the spacecraft. This is especially
important for servicing operations outside the Orbiter's normal operation
upper altitude of 220 miles or its maximum altitude capability of 300 miles
(34:7; 52; 53:11). Seventy percent of the projected 1985-1995 low altitude
spacecraft missions will range from 220-1500 miles in altitude (106:1).

Currently, the best cost advantages may be associated with the co-use
of an Orbiter mission by a communications satellite deployment and then
servicing an existing operational spacecraft on-orbit (28:3). Several key
mission points are (28:3-7):

a. Both the communications and servicee satellites place orbital plane
launch constraints on the Orbiter.

b. The Orbiter has essentially no propulsion capability to change
planes after launch.

c. A servicee with propulsion capability to return to the Orbiter
altitude can provide some orbital plane matching assistance.

d. The launch/deployment/servicing windows have limited portions of
overlap (5 days at most).

e. Launch delays can result in a 22 or 44 day wait until the next
Taunch/deployment/servicing window overlap.

f. The number of payloads to deploy impacts the number of days delay on
a combined deploy/service mission, depending on the time required
between deployments.

g. Certain rendezvous orbits and adroit use of servicee maneuvers can
ease the phasing problems.
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h. An Orbiter direct ascent profile may offer potential benefits and
merits additional study.

i. Orbiter payload bay space probably can not be used twice on missions
(a 1ike spacecraft exchange operation may be an exception).

In the case of a space station or platform, a prime mission will be on-
orbit assembly/servicing (44:66~67; 49:264; 63:274-5; 64:15,261; 69:14;
90:26; 104:148-49; 105:31,33,49). A relatively fixed orbital servicing base
such as a space station would have the same orbital maneuvering problems as
the Orbiter. Therefore, some form of orbital transfer capability will be
required to deploy/retrieve/service spacecraft as in the Orbiter's case
(10:27; 63:275; 64:261; 69:34-35; 78:30-31; 84:280-81; 90:20; 92:5; 93:30).

A space-based OTV/servicer appears to be economically and operationally
advantageous compared to ground/Orbiter basing (38:1.1,1.2,3.7,3.8;
39:1.1,1.3; 44:54-55,130; 64:235,237; 67:59-60; 79:52; 88:77; 98:12, %4~
95,97,99; 105:19; 110:43). For rapid response or as a preferable method of
basing, OTVs or the servicers themselves could be parked on-orbit until
needed (35:240).

Not only is some sort of orbital transportation required, but advances
in guidance technology will also be needed. The complex problem of achiev-
ing rendezvous between spacecraft in different orbits is still a difficult
one to solve and is exaggerated when the target spacecraft is unable to
manuever. Even a means for a STS Orbiter crew to determine, without ground
assistance, the most efficient means of rendezvous is still a few years away
(81:174-75). The more autonomous a maintenance vehicle is, the more pro-

nounced the problem of guidance (35:237; 47:25-32; 103).

Rendezvous appears to be initially simpler overall in GEO versus LEO

due to the constant communications available between a ground controlled RS

i
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servicer and the ground controller. After a demonstration in LEO, ESA plans
to demonstrate docking and rendezvous in GEO in the early 1990's (86:625-
26). NASA's Geostationary Communications Platform Program plan calls for
launch of an experimental GEO platform by the 1993-94 timeframe and would [ ;2;
present an excellent opportunity for GEO servicing tests (83:618-19). ;éi
Once a spacecraft in need of maintenance has been reached, another

problem is encountered -- docking (78:30-31). It is difficult enough to
accomplish docking between two spacecraft under ideal conditions, but if the
target spacecraft is unstable the problems are enormous. The target space-
craft must somehow be stablilized before docking can begin (57:39). Once

Jesers ~g*e AT e
A moore o e gu Far
r O P Eagie e, e
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that is accomplished, docking is still difficult for un-manned and/or auton-
omous servicers (35:237; 47:25-32). Recent tests have shown an ability of

video systems to handle target tumble rates of at least 1000 degree/hour and o
test results have indicated that with artificial intelligence techniques and ;;b
other changes, performance will improve even more (102:III.1). §;§
A
Summary %§§
A broad overview has been provided of on-orbit servicing technologies ;;:
and related issues. The technologies and advances needed are not just 7
restricted to a few areas, but span the spacefiight technology spectrum. s
The potential advantages of considering and, if advantageous, providing for ;j
on-orbit servicing in a spacecraft program are many and outweigh the costs. E;E
The next chapter outlines a model for quick analysis of the potential Eﬁ:
economic advantages of servicing versus expendable strategies. E?
ao
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III. Description of the SATSERV Model e e ou

The SATSERV model, developed by the Manned Spaceflight Engineering g}g}:
Program at Afr Force Space Division (100;30:8-2), provides a means for Eff;ﬁ
.\-:.:7:.:.:

program managers to visualize the effect of risk on normalized total :rzla

program cost. As used in this report, all costs will be normalized
against the nominal cost of one complete expendable (i.e. current tech-

nology) space vehicle (SV). That is to say, the cost of the baseline —i;ij
expendable satellite for each scenario under consideration is assumed to
be 100 percent, and all other costs are reflected as percentages of SV 0
cost. The model is implemented in a computer spreadsheet format that i;fff
allows easy replication and manipulation.

SATSERV is a three step process which leads to a graphical repre-
sentation of the relative change in total program cost as specified

elements of space and launch segment costs are varied over a relevant

range. The three steps in the process are (1) the definition of alter- 7
native servicing strategies for a specific mission requirement, (2) the :tff
partition of space vehicle, launch segment, and satellite servicer costs .
into meaningful cost elements and sub-elements for insertion into the
computerized spreadsheet, and (3) the display of the results of spread-
sheet manipulations in a graphic format to show the effects of cost

uncertainty on normalized total program cost (30:8-1 to 8-15).

Strategy Definition ki
It is in the area of program strategy definition that the orbit and :£f§f
missfon requirements of the space segment first are described and the 5kil
b

o
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strategies developed which will govern the layout of the spreadsheet in

’ step 2. The primary inputs to this step of the process are as follows: %;2;
it o S
'! o The number of satellites required to perform the basic mission. B
I o The number of nominal satellite lifetimes required to fulfill %
b the planned lifecycle of the program. As used in the study a . BS
B “cycle" will be defined as one satellite lifetime or, in the oy

o case of serviceable satellites, the normal period of time e

between servicing. For example, a program expected to last 15 . o
years and using satellites with a mean orbit 1ifetime of three oo
years would require 5 cycles to perform the mission for the

program 1ifecycle.

E: o The orbit parameters required to perform the program mission P :f
(eg. Can two or more satellites be launched on the same booster? -
Is the mission orbit within direct reach of the Shuttle? Etc.).

o The servicing strategies appropriate to the mission (eg. expend f;if
after one cycle, service after one cycle and expend after the
s:cond cycle, service for two cycles and expend after the third,
etc.).

A format developed at Space Division (100) to display the alterna-

tive strategies is shown in Figure 1. In this example, two satellites

are required for the basic mission, and six cycles comprise the program

1ifetime (note that a cycle can represent any number of years since ﬁ;i;
specific years are not relevant to the goal of the model).. The orbits i;is

are assumed to be non-coplaner and are, therefore, not compatible for

dual servicing (i.e. servicing both satellites on the same mission).

Also, separate launches are required for each satellite for the same

reason of orbit incompatibility. oA

Cost Partitioning and Spreadsheet Layout

Table 1 is a spreadsheet layout which shows the cost partitioning ffﬂ
for the scenarios outlined in Figure 1. The major space segment cost
elements have been defined as Space Vehicle (SV) related costs, Space ;gﬁf

Transportation (ST) related costs, and Satellite Servicer (SS) related -~

32

O N0
---------
e s




T Pt et e i i g m g g s S == v ey ey =
e B e AT TR e £ b O S e e g i s T Ak Sl s B i B e R R L kb e B B R e P i o o Rt S e et
. " TN, ot T

[ L R S
TR NTALA

« 2

(s

.
o
Ry
’

__
|
8ix Cycles

|
i
|

V De-orbit/Expend

i
;

4
Two Satellites,

Mission Cycle

O Service
Program Strategy Definition

A Launch

Figure 1.

Service Twice

Strategy
Expendable
Service Once

L ——
e r'."\'\f'.".' ANy




el i ot M i A R e e

A
oa

TABLE I

Typical SATSERV Spreadsheet

[
~ 2 SATELLITES, 6 CYCLES
- 8T Lech = 30% (Low) and 100X (Hi) of SV Recurring
! SRSBSSSSES SRS RS INSS ST IR ESSENSSAGESSUEESSERNSE S S SN SSSE SIS CHAE SESR SR SN ST TS NS SRESERSRNEEN
& 11X SV i1 EXPENDAMLE ! SERVICE1/EXPEND i SERVICE2/EXPEND
9 COST ELENENTS  {IRECUR [} USE ! FRL 1! USE | SOL ORU ; 100 ORU !! USE | 350 ORU | 1001 ORU
H] H REPL'NT | REPL'NT REPL'NT i REPL'NT  REPL'NT
Ssesssssusssssssy| [assses| | sssssesunsssess| | SSSSGEEESISSSERSSITEITINASINNS | | SETETIRENSSENSSEGEANSSSEDNUERE
SPACE VEHICLE(SW) ! i ! ] { ! H ! H
SYRecurring 4! 10041 111 110041 & H 500 ¢ 00 11 & H 400! 400
. SATRERVOR (1 S0 ! 0 17851 %! 21 1/11 50! 330
i SATSERV Nonr I} 30 1Y H 0 1 H Wi Wi 1 ! Wi W
i'.j SATSERV Mods I! 10 {1 H 0l & H 80 | 01 4 ! 0! L)
. SATSERVORUR 1! 2511 ! 0fl 4701 1001 ot e/0! 1% 0
'__ H H H H
= SPACE TRANS (ST)! i i H H ! ! i H H
Launch oS 1 L ! 350 | St u ! %0 § 550
: Integration !1 3011 114 N0 11 H 330 1 33 ¢ 11 ! 330 ! 330
Service LI B } 0l 3 { -3 - B } ks B k]
Credits HIEY - B H I ! -128 1} 12511 7 O Vi B -173
-==i! i H i 5
SAT SERVICER (88)!} i { H ! ! HH ! {
S5 ASE Recur ! 3011 { 0 1 } 30! i 1 ! 30 60
S8 ASE Refurd !! 10 !} ! 0t § ! Wi 15 i1 7 ! 701! 1L

sseasussssssssass! | sessss) | seusssssesausss | | SRSENSSSSETESESSSRRSINSARSEESY | | TUSHEEENSSRESRERESERESRESYERSES

TOTAL PROGRAM COST LowST! 1980 11 LW Re | 17201 1900 (i LOW R | 1330 ¢ 1780
H H By 1848 | 2003 {f NP 1708 1953
i i
Hign ST! 2860 1i Kl R | 2300 ! 60 LML R L 2270 ! 2520
! H I/ Jo10 1 N | 2020 ¢ 2070
BT SO TC OO RSOGO R OGO CCSCoIBGi sl o tu CoRCaN CoCRROTIS B OREICR CODTRAGRCHBERSERNCASROc0aTusias
DELTAS FRON EIPENDABLE TPC LW Rt -201 OlILDN R | -430 ¢ =200
N 133 123 11 R i =25
HE R | =301 10011 HT R I 5901 =340
Nro-110 4 1% L I N 10
SESESSSSSASTEENE SENEAN IS IRt SIS E SRS SIS ENS S ENGE SIS ES AT RSN SIS S ER RSN ASES ISR SRS EESSRERE
I DIFFERENCE FROM EXPENDABLE LW R { -13.13 4 Ol LoN R | -22.73 ! -10.101
Noj o-b.818 1 6,313 18 Nt o-13.89 1 -1.2424
HE R 1 -12,59 1 -3.49%3 {1 HI R | -20.63 | -11.868
N 1 <3.846 1 S5.24476 1} N | 8,392 1 349630
# R = Ridesharing; N = No ridesharing
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costs. The values of the sub~elements (1isted in column 2, % SV RECLR)
~are multiplied by "USE" factors for each strategy (obtained from analy-
sis of Figure 1) and then summed to arrive at a total program cost.
Recall that the costs are not in dollars but rather are percentages
relative to baseline space vehicle cost (SV Recurring always equals
100%). The cost factors used in this chapter and Case Number 1 of
Chapter 4 are based on acceptable planning figures used at Space
Division as of February 1984 (100).
Space Vehicle Costs. The sub-elements of SV costs are those
directly related to recurring and development costs for the program's
space segment. Development costs for the baseline expendable satellite
are not included since it would be the same base factor for all strate-
gies. The base SV cost and the cost of adding serviceability to the
baseline are reflected in five sub-elements as follows:
SV Recurring -- the per-satellite cost of a complete baseline
BUATE 1F servicing vere ot & consideration. o oY

ORU -- the cost of one full set of Orbit Replaceable Units (ORUs);
all of the ORUs required to service one satellite (assumed to
cost 50% of SV Recurring).

Nonr -- the one-time cost of developing the ORU designs and
modifying the design of the baseline SV for serviceability.

Mods -- the per satellite cost of adding maintainability to the
baseline SV.

ORUR -- the cost of one half set of ORUs. This provides the factor
related to the planned replacement of S0% of the ORUs on a
routine servicing mission.

Space Transportation Costs. As used in this study ST costs are
variables which can be altered to show their impact on total program

35
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cost for the various servicing scenarios. The ST cost sub-elements for

the example are as follows:

Launch -- the normalized full cost of a full STS mission. This is
the primary input variable, and all other Space Transportation
costs are related to it on a percentage basis in the spread-
sheet calculations. The USE factors reflect the requirement
for one launch cost for each launch and/or servicing mission.
In Table 1, ST launch cost has been input as 50 percent of the
baseline SV cost (this might be representative of a $200 mil-
;;on spacecraft launched on a $100 million space shuttle

ssion).

Integration -- the "per launch® cargo integration cost of each STS
mission (100). This study uses a figure of 60 percent of
basic ST launch cost, a figure currently used at Air Force
Space Division for planning.

Service -- the "orbit-time" cost of performing a servicing mission
to pay for Extra-Vehicular Activity and shuttle maneuvering
time and fuel; 10 percent of basic ST launch cost (100).
Credits -- reductions to basic ST launch costs to allow for launch
ridesharing opportunities where the program being studied does
not have to pay the full cost of the shuttle launch but,
rather, can share the cost of the servicing missions with some
other unrelated program (the example shows ridesharing for the
servicing missions only). The credit of 50 percent of ST
launch cost reflects a one-half share of the launch cost.
Satellite Servicer Costs. These costs are for the Aerospace
Support Equipment (ASE) required to enable the servicing of the SV in
orbit. For the bulk of this study, SS costs are assumed to hold a con-
stant relationship to the cost of the SV. However, they can be made
variable to allow their manipulation in determining overall cost risk
relationships to total program cost as will be illustrated later is this

example. It is assumed that the basic hardware is generic in nature so
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development cost is not included. The following SS ASE costs are
pertinent to the study:

Recur -- a one-time cost for any program specific additions to the
basic servicin? capability (specialized tools, etc.). If given
a greater multiplication factor than the 30% shown, this could
reflect the cost of a program dedicated set of servicer
hardware.

Refurb -- the cost of preparing the servicing equipment for subse-
quent missions and/or to add minor additional hardware to the
servicing capability as needed for a specific mission. The
factor of one third of basic servicer costs is arbitrary but
reasonably conservative for the purpose of this study and it
is consistent with previous SATSERV analyses performed at
Space Division (100).

Total Program Cost Summary. A summary of total program costs is
provided which shows the expected cost of the program (Low ST refers to

the input ST cost factor). The summary also shows the computed total
program cost if ST costs should be twice that which is anticipated (High
ST). The effects on total program cost of ridesharing (R) on servicing
missions vs no ridesharing (N) on any missions are also indicated by
summing with and without the rideshare credits.

In order to display the flexibility of the computer spreadsheet

technique, two additional cost summaries are shown in Table 1 which have

not been used prior to this study. In the first, "Deltas from Expend-
able TPC," the difference between the normalized total program cost
(TPC) for the servicing alternatives and that for the expendable base-

line program are displayed. The second, "% Difference from Expendable, " 35;2;
displays the same information in terms of percentage of cost growth or §i$:i$
reduction (-) from the baseline expendable program. ‘;ESEE
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Incorporating Servicing Strategies Into the Spreadsheet. The ser-

vicing strategies from Figure 1 are translated into the "USE" factors on
the spreadsheet to reflect the number of times a particular sub-element
is required for each strategy. The sub-element cost factors (percent of
SV recurring) are then multiplied by the "USE" factors and summed to
yield the normalized total program cost for each strategy. To illus-
trate, in the expendable satellite USE column in Table 1, the number of
SVs is eleven. Each SV requires a separate launch and integration and,
being expendable, there are no servicing related charges.

In addition to the two servicing strategies (service once or ser-
vice twice), two servicing cost risk alternatives are also provided for
in the example under columns labeled "50% ORU REPL'MT" and “100% ORU
REPL'MT." The first alternative would reflect the planned ORU replace-
ment schedule for the servicing missions and the expected cost of the SS
ASE sub-elements. The example shows a nominal replacement of only S0
percent of the available ORUs on a satellite during any one servicing
mission. The second alternative illustrates the cost risk if it becomes
necessary to replace all ORUs on each servicing mission and 1f SS ASE
costs should grow by some multiple factor. In the example, SS ASE costs
are tripled to show cost growth risk for the service once strategy but
only doubled for the service twice strategy in order to show the flexi-
bility of the model. In the *USE" factor column, the second factor is
used where appropriate to incorporate the risk alternatives.

It is important to note at this point that the basic concept of
SATSERV is to provide a means of rapidly generating tabular and
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graphical information for comparison of basic cost relationships and not
absolute cost numbers. Therefore, the model must be taflored to provide
the most meaningful information for the specific program of interest.
That i1s to say, the model must be constructed to provide the greatest
variability in those cost elements or sub-elements where the risk of
deviation from expected cost is greatest. The version of the model
described in this study is only representative of one possible compari-
son table. In this case, Space Transportation costs are deemed to offer
the highest risk of variability and ORU plans and SS ASE costs a
secondary risk.

Graphical Presentation of Results

The originator of the SATSERV model limited the graphical results
of the spreadsheet calculations to a basic plot of total program cost on
the vertical axis (ordinate) versus strategy-dependent program risk
(1.e. risk which the program manager cannot cont;ol after having made a
basic strategy decision) on the horizontal axis (abscissa). The total
program risk was determined to be the reasonable range of cost growth
for the serviceable elements of the model superimposed upon the range of
potential growth in launch costs (100). As used in this example, the
elements of risk induced by selecting a servicing strategy are the aver-
age level of ORU replacement required (i.e. 50% vs 100%) and the poten-
tial growth of SS ASE costs. A typical plot of this type is shown in
Figure 2 reflecting the results of the example in Table 1 and comparing
the expendable strategy with the service once strategy.
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To interpret Figure 2, note that the lines depicting the total
program cost for an expendable strategy are horizontal for both Low and
High values of ST cost (having no serviceable components, an expendable
strategy would have no cost variability due to servicing cost growth).
The lines depicting total program cost for the serviceable system have a
positive slope indicative of the potential for cost growth (i.e. risk)
with these strategies. The point at which the line for a servicing
strategy crosses the expendable line defines the point at which that
servicing strategy would become more expensive than the expendable
strategy and, therefore, the point at which the program manager would
desire to change from serviceable to expendable strategies (assuming a
no cost change).

The most important features of the graph (30:8-3) are the dashed
Tines which approximate the locus of crossing points as ST Launch cost
grows from 50 percent of SV Recurring £o 100 percent of SV Recurring for
servicing with ridesharing and servicing without ridesharing. The nega-
tive slope of the dashed 1ine for the non-ridesharing case indicates
that as ST Launch cost grows the servicing scenario becomes less favor-
able because marginal costs for the serviceable system without rideshar-
ing are greater than marginal costs for the expendable system, as
servicing costs and launch costs rise. Thus, the program manager can
tolerate less risk in the serviceable strategy as ST Launch costs grow.
The positive slope of the dashed 1ine for the ridesharing case indicates
a favorable marginal cost situation for servicing when ridesharing is
available, and the program manager would be able to tolerate more risk

in the serviceable strategy as ST Launch costs grow. A program




% |

]

manager/decision-maker would be less inclined to select a "service once"
strategy in this case if ridesharing could not be guaranteed and the
possibility of launch cost growth was high. However, if ridesharing
were available, the program manager could select the servicing strategy
and be assured that it would continue to be the lowest cost strategy
even 1f launch and SS ASE costs grew and more ORU replacements were
required.

This description of this SATSERV risk analysis technique has been
provided for the sake of completeness in introducing the model as de-
signed by its originator. However, a shortcoming of the technique
i1lustrated above is that it requires some span within the range of
potential ST Launch cost growth where the strategy being investigated
goes from being the 1ess expensive strategy (at its low-cost risk level)
to the more expensive strategy (at its high-cost risk level). Where
there are no such crossing points, the locus of decision points cannot
be determined and the graph would be meaningless. Such is the case over
most of the range of data for the service twice strategy where crossing
points occur (i.e the "S0% ORU REPL'MT" column is negative and the "100%

. " column is positive) only for the non-ridesharing case at ST
Launch values greater than 100% of SV Recurring.

In addition to a review of the example scenario, three cases will
be investigated in Chapter IV where there are no crossing points avail-
able with which to perform risk analysis. Because of the shortcoming in
the SATSERV risk analysis technique and in order to explore the poten-
tial of the SATSERV model in revealing underlying relationships between

cost elements and total program cost, a different method of presenting
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SATSERV information will be used. In each case, the ordinate will re-
present two factors: (1) the deviation from expendable total program
cost and (2) the percentage of deviation from expendable total program
cost. This means of presentation, which will be described in detail in
the following chapter, should provide an easily understandable tool for
interpretive use by program managers who may have little time to become
familiar with the details of the SATSERV model.
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IV. Analysis of Hypothetical Programs

Description of Programs Selected for Analysis

Four hypothetical programs, representing potential mission profiles
of use to the military space community, were selected to provide a means
of displaying the capabilities of the SATSERV model. The first case is
that of a mission requiring two sateliites in low orbit (ie. within
direct reach of the Space Shuttle) where the orbits of each satellite
are in different planes. Thus, launch and/or servicing of both satel-
1ites on the same Space Shuttle mission is not possibie. In addition to
expendable satellites, strategies are evaluated which would service each
satellite once or service each twice during its orbit 1ife. This sce-

nario, the same as in the preceding chapter, aiso provides an opportu-

- nity to expand the method of graphical data presentation.

A second case explores the potential for maintaining a spare satel-
Tite in orbit by means of servicing. The baseline program uses one ex-
pendablie satellite (again in low orbit within reach of the Space
Shuttie) to perform the mission with a replacement being launched at the
end of each cycle. Three alternative servicing strategies are offered
involving the use of two serviceable sateliites in the same orbit.

The third case involves the use of a Teleoperator Maneuvering
System (TMS) for launching and servicing two sateiiites in low orbit
(1ess than 1000 miles) but outside the reach of the Space Shuttie. The
program mission profile and proposed servicing schedules are the same as

for Case Number 1. However, use of the TMS requires other cost risk
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factors in the area of Space Transportation, and their impact on total
program cost must be evaluated.

The fourth and final case evaluated in this report is that of a two
satellite system in Geosynchronous Earth Orbit (GEO). To demonstrate
the potential of SATSERV in evaluating long-range plans, it {s assumed
. that launch and servicing missions will be staged through an Orbiting
Space Station (0SS) and will require an Orbit Transfer Vehicle (0TV) to
carry the satellites and servicing hardware to GEO. The servicing

schedules evaluated are also the same as for Case Number 1.

Case Number 1: 2 Satellites, 6 Cycles

SATSERV Development. This {s the basic two-satell{te-separate-
orbit scenario discussed in Chapter III to explain the SATSERV model
(refer to Figure 1 for strategy development). The spreadsheet was run
to compute total progran‘cost figures for values of ST Launch of 10, 20,

50, 100, 200, and 400 percent of SV Recurring. From the results, a
graph was drawn (Figure 3) for the "service once" strategy to show the
variation in Total Program Cost (expressed as the delta from the expend-
able baseline and the percentage difference from the expendable base-
1ine) with growth in ST Launch. This was plotted for four risk

conditions as follows:

o Ridesharing on all servicing missions with SS ASE Recurring cost
equal to 30% of SV Recurring and replacement of 50% of available
ORUs on each servicing mission (i.e. low cost servicing)

0 Ridesharing on all servicing missions with SS ASE Recurring cost
equal to 90% of SV Recurring and replacement of 100% of avail-
able ORUs on each servicing mission (i.e. high cost servicing)

0 No ridesharing with 1ow cost servicing
o No ridesharing with high cost servicing
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A second graphical presentation was drawn (Figure 4) showing the
same four risk conditions for the strategy where the satellites are

| serviced twice during their 1ifetime. In this strategy, however, SS ASE
Recurring cost only grew to 60% of SV Recurring for the high cost 1imit
for servicing. Refer to Appendix A for a summary of governing assump-
tions, a representative layout of the spreadsheet, a table of the formu-
las and constants used in developing the spreadsheet, and a table of the
data used to plot the graphs.

Analysis of Results. From the risk analysis graph in Chapter III,
the impact of ridesharing on the servicing decision was made apparent.
The graphs in Figures 3 and 4 further highlight this relationsnip. In
terms of Total Program Cost differences for the "service once" strategy
(Figure 3), the non-ridesharing band (between the low cost and high cost
of servicing 1imits) straddles the 2ero line for low values of ST Launch
(roughly 10% to 100%) and trends higher for larger values of ST Launch
(being completely above the zero 1ine by the time ST Launch reaches
400%). On the other hand, the ridesharing band begins at nearly the
same level for low ST Launch values but trends quickly lower than the
expendable strategy, falling completely below the zero delta line at ST
Launch values greater than 50%. In terms of percentage relationships,
the rise in cost for the non-ridesharing band does not appear to be
significant since at its highest (at low ST values) it is approximately
eight percent above the expendable strategy and narrows to between four
percent and one half percent at ST Launch value of 400%. The rideshar-
ing band narrows to around ten percent lower than expendable at the high

end of ST Launch values. The results show that for this scenario a
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decision in favor of servicing would tend to be a sound one for most
E: values of ST Launch unless ridesharing were completely ruled out for all
launch and servicing uﬁssions.. The accuracy of the model is, of course,
only as good as the input data; therefore, generalization to existing
programs cannot be inferred.
As would be expected, the "service twice® strategy displays results

S HEEN G R

that are even more favorable to a decision for servicing than the re-

: sults from the "service once” approach. In this case the Total Program
l Cost and percentage differences all fall below the expendable strategy
until ST Launch value exceeds approximately 85 percent with the maximum
leveling off at less than five percent above the zero line. The per-

TUR . RAT

centage savings that would result from this strategy could be as high as
’ 15 to 17 percent where the ST costs are high relative to the satellite
f? value and where ridesharing is assured.
Case Number 2: 2 Satellites, 6 Cycles, On-Orbit Spare
E% SATSERV Development. This variation of the basic two-satellite-
ii separate-orbit scenario was chosen to show the relative cost of main-
;3: taining a "hot spare" satellite in the same orbit as the prime mission
5;; satéllite. Here the comparison is between a baseline expendable system
Eﬁ with only a single satellite in orbit vs three different satellite

«

servicing strategies. The strategies chosen were as follows:

o Service once with launch and servicing of both prime and spare
SVs on the same missions (i.e. dual launch and dual servicing)

RISt ol L4

SRR o AR AR o SERA AN 1 PADAI

o Service twice with launch and servicing of both prime and spare
SVs on the same missions
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o Service twice with launch and servicing of the spare SV lagging
launch and servicing of the prime by one cycle, but being
performed on the same missions. This would involve some dual
servicing missions and some launch/servicing missions but no
dual launch missions.

From the strategy definition layout in Figure 5, it was determined
to treat each launch without regard to ridesharing. The assumption is
made that a dual launch, dual servicing, or launch/service mission would
completely fi1l one STS mission and ridesharing was not included in the
expendable strategy to simplify the computations and graphics. There-
fore, the ridesharing "Credits® line was deleted from the spreadsheet.
Also, in this and all subsequent cases in this study, the risk
multiplier term in the SS ASE sub-element has been eliminated in order
to simplify the model and focus attention to the ORU replacement
strategy effects on servicing costs. The spreadsheet layout, along with
a summary of assumptions and the data table used to set up Case 2, can
be found in Appendix B.

The spreadsheet was run to compute total program cost figures for
values of ST Launch of 10, 20, 50, 100, 200, and 400 percent of SV Re-
curring with SS ASE held constant at 30 percent of SV Recurring. From
the results, graphs were drawn showing the variation in Total Program
Cost (expressed as the delta from the expendable baseline and the
percentage difference from the expendable baseline) with growth in ST
Launch. This was plotted for both 50 percent and 100 percent ORU
replacement strategies and for servicing once (Figure 6), servicing

twice (Figure 7), and servicing twice with a staggered launch/service

sequence (Figure 8).
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Analysis of Results. The graphs illustrate that there are no

points at which the on-orbit spare with servicing strategiés provide a
Tower program cost than the single expendable satellite strategy (be-
cause there are no crossing points, the type of risk analysis performed
in Chapter III is not possible). Although the same number of launches
are used for each strategy, the additional cost of incorporating servic-
ing into the spacecraft and mission designs apparently outweighs the
fact that fewer satellites are required for both “service twice" strate-
gies. It must be recognized however that the utility of a "hot spare"”
is more of a mission survivability issue than it is a cost effectiveness
issue. In view of this, it is significant to note that, where ST Launch
cost is high relative to SV cost (i.e. greater than 200%), the cost of a
system with an on-orbit spare using servicing falls to less than 20
percent above the cost for a single satellite system. Again program
specific costs cannot be inferred; but, these results indicate that -
where mission criticality is an issue, on-orbit servicing might offset

the increased costs of keeping a backup satellite ready for immediate

call-up.

Case Number 3: 2 Satellites, 6 Cycles, TMS Required

SATSERV Development. This case involves the same basic program

mission requirements and alternative servicing strategies as for Case
Number 1. The difference is that the satellite orbit altitude is
assumed to be outside the direct reach of the Space Shuttie. Therefore,
a Teleoperator Maneuvering System is required for launching the satel-
lites to the higher orbit from the Space Shuttle as well as for carrying
the unmanned servicing capability to the satellites.
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While the strategy definition 1ayout is the same as that shown in
Figure 1 of Chapter III, the use of the TMS requires that some additions
be made to the cost sub-elements of the spreadsheet. The following
Space Transportation sub-elements are added to the basic spreadsheet
layout in Table 1 of Chapter III:

TMS Recurring -~ this represents the cost to fuel the TMS and
prepare it for a mission by adding any program peculiar elec-
trical or physical interfaces. No TMS development costs are
included since the TMS is assumed to be a generic addition to
the STS capability. The USE factors reflect the requirement
for a full TMS for each individual satellite launch or servic-
ing activity. This is assumed to be 10 percent of the basic
ST Launch cost. :

TMS Ops -~ this is the cost of the orbit operations time for each
TMS mission and includes the cost of additional Shuttle
Orbiter "on-station" time plus any ground control requirements
for the mission. It is also figured at 10 percent of ST
Launch cost.

SV Credits -- this is the same as the "Credits" line from the
example in Chapter III. In this case, however, SV Credits (50
percent of ST Launch) are used to reflect ridesharing on a SV
launch mission (as opposed to a servicing mission). As dis-
cussed in Chapter II, a primary reason for the TMS is to
provide increased mission utility for the STS. Activities
which currently cannot be manifested on the same shuttle
mission will be possible because of the TMSs out-of-plane
maneuver capability. Thus, ridesharing is assumed to be
available for each SV launch activity.

ORU Credits -- this credit line reflects the assumption that a TMS
service mission, carrying ORUs instead of a full SV, will use
less room in the Space Shuttle and that the extra space will
be used by some other program. This allows an 80 percent
rideshare credit for each servicing activity rather than the
50 percent credit given for an SV launch.

The spreadsheet was run to compute total program cost figures for
values of ST Launch of 10, 20, 50, 100, 200, and 400 percent of SV Re-
curring with SS ASE held constant at 30 percent of SV Recurring. From
the results, a graph was drawn (Figure 9) showing the variation in Total

Program Cost (expressed as the delta from the expendable baseline and
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the percentage difference from the expendable baseline) with growth in
ST Launch. This was plotted for both "service once" and "service twice"
strategies, each reflecting the 50 percent to 100 percent ORU replace-
ment band. A summary of governing assumptions, a representative layout
of the spreadsheet, a table of the formulas and constants used in
computing the cost figures, and a table of the data used in the
graphical presentation can be found in Appendix C.

Analysis of Results. As in Case 2, the fact that there are no

points where servicing strategy costs cross the zero 1ine of the expend-
able baseline precludes the use of the Program Risk Analysis graph. In
this case, however, it is because all of the servicing strategy cost
estimates are below that of the expendable strategy. The graph indi-
cates that, for the the scenario provided, servicing provides consis-
tently lower total program costs than does the expendable strategy. In
terms of percentages, it is seen that the "service once" strategy pro-
vides savings on the order of 10 percent, and the "service twice" strat-
egy provides savings of better than 15 percent. Again, although more
specific cost criteria would be needed to extend the results beyond this
limited example, there appears to be some credibility to the utility of
both servicing and the TMS concept.

Case Number 4: 2 Satellites, 6 Cycles, 0SS and OTV Required

SATSERV Development. This case also involves the same basic pro-

gram mission requirements and alternative servicing strategies as for
Case Number 1. The difference here is that the satellite mission alti-
tude is assumed to be at Geosynchronous Earth Orbit. Also, since the

intent of this scenario is to demonstrate the capability of SATSERV to
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support long-range planning, it is assumed that the satellites and ORUs
will be carried into space by the STS to an Orbiting Space Station. At
the 0SS the satellites (or ORUs and Servicer) will be integrated onto a
space-based Orbit Transfer Vehicle for the transfer to GEO. x

As in Case 3, the strategy definftion layout is the same as that 3
shown in Figure 1. of Chapter III, and changes are required to the basic i

spreadsheet format to allow for additional Space Transportation sub- Ea
elements as follows: :

Integration -~ the USE factor is used here to reflect STS L.
integration costs for the SV only, since it is assumed that by
integration costs to haul the ORUs will be minimal. et

I&C/0 @ 0SS -- this factor reflects the cost of Integration with Btk
the OTV and Check-Out of the SV or ORU/Servicer ASE at the i
Orbitin? Space Station. While hard cost factors are not |
currently available, a factor of 10 percent of the basic STS g

mission is used for this example.

OTV Recurring and OTV Ops -- these sub-elements equate Lo those
used for the TMS example from Case 3.

SV RS and ORU RS Credits -- these sub-elements also equate to those
used in Case 3. As discussed in Chapter II, a primary consid-
eration for the 0SS is that it will enable the STS to be used i
in its most efficient manner to haul cargo on a "packaged £y
freight" basis to and from orbit. This means that load fac- -

-

!

e

B 4 PO

ANA

tors will be high and integration and mission costs lower for

each individual program. However, since hard cost figures are

not currently available, the same cost factors as used in Case iy
3 are used here even though they are probably conservative N
when considered with 0SS operations. oAl

The spreadsheet was run to compute total program cost figures for —
values of ST Launch of 10, 20, 50, 100, 200, and 400 percent of SV Re-
curring with SS ASE held constant at 30 percent of SV Recurring. From

the results, a graph was drawn (Figure 10) showing the variation in ==

Total Program Cost (expressed as the delta from the expendable baseline f;}

and the percentage difference from the expendable baseline) with growth :%f
P
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in ST Launch. Since the satellites and ORUs will be carried aboard the
Space Shuttle with other 0SS support items ridesharing is assumed for
both. This was plotted for servicing both once and twice with each
showing the 50 percent to 100 percent ORU replacement band. A summary
of governing assumptions, a representative layout of the spreadsheet,
and a table of the formulas and constants used in computing the cost
figures can be found in Appendix D.

Analysis of Results. Program Risk Analysis graphing is precluded

for the same reason stated in Case 3 (i.e. there are no zero line cross-
ings because all of the servicing strategy cost estimates are below that
of the expendable strategy). Also, as was the situation in Case 3, the
graph indicates that, for the the scenario provided, servicing provides
consistently lower total program costs than does the expendable strat-
egy. In terms of percentages, it is seen that the "service once" strat-
egy provides savings on the order of 15 percent at low values of ST
Launch to 25 percent for high values of ST Launch. The "service twice"
strategy provides savings of about 20 to 25 percent for low ST Launch

values and better than 35 percent for higher ST Launch values. Again,
although more specific cost criteria would be needed to extend the
results beyond this limited example, there appears to be substantial

savings potential (over the expendable strategy) of using on-orbit
servicing 1n conjunction with the Orbiting Space Station and an Orbit

Transfer Vehicle.
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V. Conclusions and Recommendations

To this point, a survey has been conducted of military policy and
civilian 1iterature concerning on-orbit spacecraft servicing. The SATSERV
mode! has been introduced and discussed in the context of four general
sample scenarfos. Some conclusions based upon the foregoing material will
now be drawn and some recommendations for program managers and further study
will be made.

Conclusions

Literature Survey Trends. The military space community has histori-

cally taken a "wait and see® attitude toward on-orbit servicing. This
hesitation is born of a genuine desire on the part of program managers to
reduce the program risk and, thereby, 1imit potential cost to the public.
In addition, until recently there has 6;en no readily useable servicing
technology in spite of much speculation on the benefits of servicing.
Recently, however, military policies are being examined in 1ight of
increased space activity and servicing technology availability, along with
the increased need for spacecraft survivability. The civilian space commu-
nity, however, continues to advocate a much stronger stance in favor of on-
orbit servicing for reasons of both cost savings and necessity (larger
structures, for example). Previous experience has indicated the effective-
ness of spacecraft servicing.

If current United States efforts toward establishing an operational
space station in the 1990s continue, then one by-product will be technology
critical to the expansion of servicing capability. Specifically, on-orbit

transportation such as Orbital Transfer Vehicles, tools for space assembly
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and servicing tasks, and advances in automation will be developed.

Additionally, the existance of an orbital transportation node will reduce

transportation costs which currently l1imit economical servicing ability.
SATSERYV Model. The SATSERV model is a useful estimation and

comparison tool which enables a program manager to readily analyze
underlying cost relationships and to determine sensitivities to cost factor
growth. The model's chief advantage is its simple spreadsheet format which
makes it ideal for use on any of the new microcomputers being purchased by
the Air Force (for example, an International Business Machines Personal
Computer was used for this study). In this format, the model can be easily
implemented to rapidly generate a large number of alternatives for
investigation. The extreme flexibility that SATSERV offers can also be a
shortcoming in that the results obtained from it cannot be generalized to
cover a broad range of programs. The setup of the model and its results
must be tailored to pro;ide fnformation for each specific program, and the
most current economic information should always be used.

The model, as developed initially and as used in this study, provides
an output based on normalized costs relative to spacecraft recurring cost,
implying that spacecraft recurring costs are known with a greater degree of
certainty than any other program cost element. Within the program manage-
ment environment at Space Division, this is currently perceived as an appro-
priate assumption because of two unsettled questions: (1) what, 1if any,
will be the role of the expendable launch vehicle in the future of military
space systems? and (2) 1f the STS or a future derivative is to be the sole
U. S. space launch capability, how much is 1t going to cost? While the

civilian space community may answer these questions with a degree of
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certainty on their part, the early track record of the STS with unforeseen
integration costs, cargo rate changes. a‘nd launch delays (many of which are
rightfully due to system complexity born of crew safety considerations)
leaves the milftary space program manager with more confidence in defining
space segment related costs (1.e. risk) than space transportation costs.
Even the ultimate availability of servicing hardware and systems was not
really doubted, only "when?® and "how much will it cost?® unresolved ques-
tions prevented low risk forecasts based upon servicing factors. Thus, the
use of spacecraft cost as the primary normalization factor is the currently
most acceptable method, but the emergence of some other factor or combination
of factors should not be ruled out for the future.

As has been noted earlier, generally applicable conclusions cannot be
drawn from the four scenarios examined with SATSERV in this study. There
are, however, some interesting observations which arise that should be
examined more closely to see if generalization would be appropriate. For
instance, the only situation where serviceable system cost was both greater
than and still rising compared to expendable system cost as ST cost grew was
when ridesharing was not available and an entire STS mission was required to
launch a relatively low cost spacecraft into a unique orbit. The potential
requirement for just such a mission for a military system which might find
enhanced survivability in not 1iving in a crowd argues strongly for a
continued expendable spacecraft and launch capability.

On the other hand, in each situation where ridesharing was avaflable or
where orbit compatability allowed dual launch and/or servicing missions,
total program cost (again, relative to the expendable system on a percentage

basis) fell, or was falling, or had stabilized at a point below that of the
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expendable system as ST launch cost grew to the upper extreme. This
indicates potential significant benefits to the total space community of
servicing where military mission orbit requirements overlap those of other
military missions or of civilian missions.

The potential benefits of designing spacecraft for servicing when
similar orbit requirements exist go beyond the sharing of transportation
costs. Since spacecraft with similar orbits often have similar missions
(e.g. military and civilian communications satellites at GED), the potential
for standardizing servicing hardware/methods and ORUs is substantial,
leading to additional savings due to economies of scale. Even where orbit
compatability may not enhance the opportunity for servicing, increased
modularity in spacecraft designs should lead to lower spacecraft
construction costs as well as reduced problem correction time when prelaunch
anomalies occur. These are areas where further study is needed to review
past experience and to define similarities that are conducive to common
modularity in systems.

Recommendations

Program Managers. As was recommended in the Spacecraft Maintenace

Policy Review (29:23), program managers should at least consider on-orbit
servicing scenarios at the outset of a program. As servicing technology
becomes more pervasive in actual missions, risks of using servicing should
diminish as well as the costs, increasing the potential program 1ife-cycle
cost savings. Additionally, design of a spacecraft for servicing my be
beneficial in other ways as discussed above and earlier in the study and
will hold open the option for future servicing.
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The SATSERV model will provide a good overall look at competing scena-
rios and can be used prior to or in conjuction with the use of a more
detailed costing model. The time to adapt and use the SATSERV model should
be more than offset by the increase in conceptualization ability and the
potential servicing savings.

Further Study. The utility and nature of the SATSERV model could be
modified in several ways. Reliability considerations could be included in
the model to reflect the impacts of serviceablity and servicing in terms of
overall life-cycle cost. More capable spreadsheet software could be used to
automatically graph alternatives in desired formats. Links could be used

with other computers to use accurate and current project data in the model
and reduce manual factor updating.

With regard to the model scenarios, populations and orbit characteris-
tics different from the basic ones used in the study should be examined.
Also, as servicing technology becomes more defined, costs and effects will
become more defined and the model could be used for more precise and defini-
tive analysis of scenarios and comparisons. If costs for a different
program element other than spacecraft vehicle recurring cost are known with
a greater degree of confidence, then the model could be modified to use
normalized costs based on the higher confidence element. Servicer/servicing
costs in particular should be explored over a broad range to determine
servicing cost risk effects on the program. Additionally, non-STS transpor-
tation options can be considered as well as mixes to include emerging space

launch capabilities.
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Appendix A: Case Number 1 Supporting Data

The following is a 1ist of basic assumptions and inputs for Case 1:
o Two Satellites, Six Cycles

o Non-coplaner orbits, both Satellites cannot be serviced/1aunched
on the same STS mission

o Three Strategies
Expendable
Service once and expend
Service twice and expend

o Primary input variable is ST Launch cost which is input as 10%,
20%, 50%, 100%, 200%, and 400% of basic SV recurring cost.

o Costs for two ORU replacement levels are computed to provide a
band for analysis of planning risk.

Replacement of 50% of available ORU's and
. Replacement of 100% of available ORU's
Table II provides .a spreadsheet layout for Case 1 which includes
the column letters and row numbers for use in interpreting the formulas
and constants provided in Table III. The data used in drawing the
graphs for Case 1 are provided in Table IV.
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TABLE I1I

Case {1 Spreadsheet Layout

! A POEC I DUENFLY 8 ML MIID LI M Limtt 0 Bt PLIE THD U MVl W
1ICASE 2, 2 SATELLITES, 6 CYCLES
2 STleh = 100 8 Recor

3

(3 o e
3 TSV Il EIPENDAME !! SERVICE1/EXPEND i SERVICE2/EIPEND
4ICOST ELEMENTE  (IRECUR !! USE ! FULL !! USE ! SOZ ORU ! 100L ORU {! USE ! SOT ORY ! 100% ORU
n i i REPL'NT i} REPL'NT REPL'NT 1! REPL'NT REPL'NT
| susssesnssssssuss | | susase | | ssnssasnss2susn| | SEERESNSRSESERINITNGTINRSTLENE | | SLESTELLTISUESTRLVATTLRIVUEY
91SPACE VERICLE(SV 1! i ! i l ! ] | !

10! SV Recwrring ! 10048 11! 11004 & { 600 ! 800 11 4 ! 400 ! 400
11} SATSERVORU 0! 30 8! ! 0t 1751 50! 2N 11718 0! 330
121 SATSERV Nowr |} 50 I! ! 01 1 ! 0! i1 ! 30 ! 30
13! SATSERV Mods ! 10 1! ! 0l & ! ! 601! 4 | 01 40
140 SATSERVORIR ! 23 1! H 0t 4/01 100 | 01t 4/01 150 ¢ 0
131 i ] HH i

1618PACE TRANS (ST) 1! i ! i H ! ] ! H

171 Launch 10080 11! 100 1 ! 1100 | 1100 11 11 ! 1100 4 1100
18! Integration 1! &0 41 11} 80 1 11 ! 0 | 660 {1 11 ! 60 | 0
191 Service 10 ! o 3 H 5! 04 7 ! 701 10
20! Credits i =50 i ! 01 3 Y - 204 7 ! -3 330
2 i ] i ]

221SAT SERVICER (88)!! H | i H ! ] H H

23! 85 ASE Recur ! 30 1! H 0 1 ! 301 01 1 ! 301 40
24} S8 ASE Refurd {1 10 ! ! ol 3 ! 50 | 1% 8t 7 ! 70 1 140

25! ssausssassasaures| | zesnus) | susessssaseesss | | sA5RESNERLEEERSEESUNATSRISERES | | SUSESEAANEERSRNTERERRERATEERS

261 TOTAL PROGRAN COST

270 Low ST MWEL | 2060 13 LOM Re ! 2500 ¢ 2760 11 LMW R ! 2270 ¢ 2520

2! i ! i M 2730 3010 1 N T 2620 2870

o H HH i

30! High ST HWE | W0 ILHL R ! 4040} 320K R 3TN0 4000

3 i | ] N 1 4301 46820 1! N Wyl 4700

321 # R s Ridesharing N = No ridesharing

ngmmwmm

S4IDELTAS FRON EXPENDANLE TPC

b ] oW R | 301 -100 i1 =590 ! =340 253
38! N -l10 150 1! =240 | 10 o
A1) HT R § -560! =300 it -870 ! =620
381 N -0t 200 i 170 ¢ 80 - gl
“'Wm L L4 B - ._1
4011 DIFFERENCE FROM EXPENDABLE Wiy
41 Low R § -12.59 1 -3.4983 {i <20.63 | -11.888 i S
424 N | -3.86 1 35.2047% 1} -0,392 | ,3498%0 :
431 HI R 1 -12.121 -6.,4935 I} -18.83 | -13.420

L] Nt o-1,299 1 4,32900 [} -3.600 | 1.73140




The table that follows is a 1ist of the formulas and constants used
to build the spreadsheet for Case 1. The left side of the equation
indicates the location of the item in Table II, by column letter and row
number. The right side of the equation displays the value of a constant
or the arithmetic o
for division, and "SUM" to total t

the data from the locations shown.

Basic Input Parameter

c2

Space Vehicle (SV) Costs

Case 1 Basic Formulas and Constants

e T T e N NG R TS T N T
ca

S

ey

- 3
>,

[R5 I

TABLE III

ration to be ﬁgrformed ("#" for multiplication, "/"
inclusive elements indicated) on

= NA (NA is used by the spreadsheet to reserve the
location for an input variable

10 = 100
E10 = 11
610 = C10#E10
110 =6
M10 = C10+I10
010 = C10#110
Q10 =4
v10 = C10+Q10
w10 = C10+Q10
c11 = 50
G611 = C11+E11
m =1
K11 =5
M11 = C11+I11
011 = C11#K11
Q11 =1 R
sl =7 S
u11 = C11%Q11 R |
w11 = (11511 -
c12 = 50 e
612 = C12#€12 Ry
I12 = b
M12 = C12#112 v
012 = C12#112 e
Q12 3 g
u12 = C12%Q12 o]
w12 = C12#Q12 vy
€13 = 10 i
613 = C13#£13 sl
13 =6 F
(continued) :{1?
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TABLE III (continued)
Case 1 Basic Formulas and Constants
Mi3 = C13«I13
013 = C13=]13
Q3 = Q10
u13 = C13=Q13
w13 = C13=Q13
c14 =25
G14 = C14=E14
114 =4
Ki4 =0
M14 = C14+114
014 = C14%K14
Qi4 =6
S14 =0
u14 = C14=Q14
wi4 = C14=S14
Space Transportation (ST) Costs
C17 = C2
€17 =11
G17 = C17=E17
117 =11
M7 = C17+117
017 = C17«I17
Q17 =11
u17 = C17=Q17
w17 = C17=Q17
C18 = C17=.6
€18 = 11
G18 = C18«£18
I18 = 11
M18 = C18+]18
018 = C18+]18
Q18 = 11
u1s = C18+Q18
wis = (18+Q18
C19 = C17/10
G19 = C19#E19
I19 =5
M19 = C19+]19
019 = C19+I19
Q19 =7 O
u19 = C19+Q19 Tl
w19 = C19«Q19 et
€20 = -C17/2 AT
G20 = C20+E20 ¥
(continued) vl
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TABLE III (continued)

Case 1 Basic Formulas and Constants

120 :5

) = C20#120
020 = C20%120
oo : zmaqzo
W20 = (20%G20

Satellite Servicer (SS) Costs

€23 = 30

G23 = (23%€23
123 =1

M23 = (23#123
023 = (23#123+3
Q23 =1

u23 = (23%23
w23 = (23%(23%2
c24 = €23/3
G24 = (24%E24
124 =5

M24 = (244124
024 = (24%124%3
Q24 =7

U24 = (24%Q24
W24 = (240Q24e2

Total Cost Summary

627 = SUM(G10: 620)

M27 = SUM(M10: M24)

027 = SUM(010: 024) :
w27 = SUM(U10: U24) Sy
wo7 = SUM(W10: W24) “yame
M28 = M27-M20 —
028 = 027-020 AT
u28 = U27-U20
Wes = W27-W20 R
630 = G27+SUM(G17: G20)
M30 = M27+SUM(M17: M20) s
030 = 027+SUM(017: 020) 2
U30 = U27+SUM(U17: U20) ANTY
W30 = W27+SUM(W17: W20)

M31 = M30-2+M20

031 = 030-2%020

U3t = U30-2%U20

W3l = W30-2%W20

(continued)
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TABLE III (continued) G

Case 1 Basic Formulas and Constants

DELTAS FROM EXPENDABLE TPC bo

M35 = M27-G27 L
035 = 027-627 : b
@5 = U27-G27 i
W5 = W27-G27 -

M36 = M28-G27 © RS
036 = 028-G27
u3é = U28-G27
w36 = W28-G27 2
M37 = M30-G30 5
037 =
u37 =
W37 =z
M38 =

038
U3s
W38

% DIFFERENCE FROM EXPENDABLE TPC

100+M35/G27
100+035/G27

100%U35/G27 g
100%435/G27 o
100+M36/G27 e
100%036/G27 x

100+U36/627
100%W36/6G27
100M37/630
100%037/G30
100#U37/G30 :
100%437/G30 o
100+438/G30 )
100+038/630 b
100#U38/G30 S
100438/630 s

e g 27

M1
041
ua1
W41
M42
042
U4z
W42
M43
043
u43
W43
Ma4
044
w4
Wi}

72




SRS AR AW SRS RIS o 8" U ol I T 08 Iy

PP

o o S

= 2 Ty L oo
T S SR A e S VR IR A A Ny T Il S S P g o)

TABLE 1V

Case 1 Data

ST Lch = 10X (Low) and 20X (Hi) 8V Recurring

LTSV 11 EIPENDADLE 1! SERVICEL/EXPEND i
COST ELEMENTS  |IRECUR || USE | FULL }) USE ! 501 ORU ! 100X ORU It USE | 302 ORU ! 1001 ORU
i i REPL'NT 11 REPL'NT REPL'NT 1l REPL'NT nr

sEsEsssesesesesas | |ssnsusn| |

| | sEzzsEssEERERERESEEEERNSTIEEEY | | SRSEETIETRARELRELALTURDARITRES

SPACE VERICLE(SV)!| ] | ] | } i ] !
SV Recurring 1) 10001 111 1100 11 & | $00 | 600 11 4 ] 400 | 400
SATSERV ORU ! S0 1) ! oK 1781 %1 2011 1771 L 330
SATSERV Moar [! 50 1! | ot 1 | 501 o1 1 ] 31 %
SATSERV Mods 11 10 I | 0l & | 801 O ] 0! )
SATSERVORIR I 253 1! | ot 4701 100 | 01l 6701 1% 1 0
I I 1 i
SPACE TRANS (ST)I! i { 1] | ] 1 1 H
Launch ol 1l i u ) 110 | 1o 11 1 ] 110 { 110
Integration 1! 611 11} 11 11 | 6 | 6 1l 11 ! 66 | &b
Service L I O | o 3 ! 51 37 } 71 7
Credits i -5 I ol 3 } <25 1 281 7 1 -3 1 -3
I ] " i
SAT SERVICER (85)11 ] | I ! ] i ] !
S ASE Recur 1! 3011 | ol 1t 1 30 1 9o 1 1 301 &0
58 ASE Refurd 11 10 11 | ol 3 ] 301 150 11 7 1 70 1 140
| | s=uusz| | suszasEzessasss | | sEENASEEEEEESSESSEEISISESISENE | | SRRSERISERREERESIERSRUSRCUAESE
TOTAL PROBRAN COST Low ST | 1276 1! LON Re | 1096 | 1336 11 LOW R 1| 938 | 1188
] | ) M2 1361 11 N mi 1223
High 5TI 1432 11 H1 R | 12921 15312 11 K1 R 1 1086 § 1336
i | 1] N 1302 1 1562 11 LI P 1406
4 R = Ridesharing; N = No ridesharing
Tt 1 1 1 + 1 1 1 t 14 T et T 11 1 T 1 IEERT IS s IR ¢ e q I ¢ c + 183 1 i $o o m
DELTAS FROM EXPENDABLE TPC LOW R | -~1801 g0 11 LW R | -3381 -88
Nl -1531 105 11 N =303 -3
HE R | -2001 60 HI KT R I -3661 -116
Nl =131 1o i N 2% 1 -4
RS EENE R EE NN NN IENSIIESTESETNEEERNSENSSERTEREE B=a0500
1 DIFFERENCE FROM EXPENDABLE LOW R | 14,11 1 6,26959 11 LOW R | -26.49 | -b.8966
N ! -12.13 1 6.2288¢4 1} NI -23.78 1 -4.1336
HL R | =~13.77 1 413223 11 WL R | -25.201 | -7.989%0
N | -10.331 7.57376 1} N | -20.39 1 -3.1680
(continued)
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TABLE IV (continued)

Case 1 Data

8T Lch = S0X% (Low) and 100X (Hi) BV Recurring

TOTAL PROGRAN COST LowST! 1980 {1 LON R ! 1720 ! 1980 {1 LOW R | 13301 1780

i NS 2105 1! NL1708 ) 1953

High ST! 2860 ! HI R | 2300 | O KL R 2101 per)

| NDOTNI 3010 11 N 2201 280

ST ERSSRESL ISESE IR SSRGS P USRI SRS S ON S SR NV R IS NET S S S T ISR ST SR UE S SERE N T ESS NN FE IR S CEDERE

DELTAS FROM EXPENDANLE TPC LW R ! <2001 Ol LM R I 4301 =200

N1 123 1} N1 -2 -3

HI R 1 3801 -100 {1 HI R ! 3901 =340

Nt -fl0 150 11 N =201 10

OSSR SRR SRR SIS UL SRS SRS SIS E N S ERN S ESE IR ICEER ST IR CRECEESTIINEUE_ [ ISTTYSEESEEE IR SR SRS
1 DIFFERENCE FROM EXPENDADLE

LRI 1303 O LOW R | 22731 -10.101

Nl o-6.818 1 6.31313 11 N1 -13.89 0 -1.2626

HI R 1 -12.591 -3.49%3 11 HI R | -20.431 -11.608

ST Lch = 200X (Low) and 400X (Hi) 8V Recurring

TOTAL PROSRAN COST Low ST | 4620 11 LOM R | 4080 ! 4320 11 LONW R | 370 I 4000
i ! i N 4301 4820 1 N M3 4700

High STI 8140 11 HI R | 7180 | TMO LI HI R I 67101 4960

i ! H ND 8180 8440 11 Nt BlI0I 8380

SEESSESEERNEEES NSRS ERNESE NN ERENE SRR NS ST UEE NN SENEAREEE NG ST S ISR SR FRN L ST RS S SEASEESU SN SESESNEERS
OELTAS FROW EIPENDABLE TPC LW R I 5601 -M0IILNR I -G00 -620
N =40 | 200 {1 N -1701 80

HI R | =980 | =700 11 HI R | -14301 -1180

N L 300 11 N =30 | 220

SRS NS ST AN N S S S IR S SRR S IS NS SRR RS NSRS SR ST USSR S GRS 2T EEESE SRS SRR ST SASRETSN
1 DIFFEREMCE FROM EXPENDABLE LOW R | -12,121 -6, 4935 11 LON R | -18.83 | -13.420
N .‘om ! ‘om ] N .81“0 ! ‘ln‘“

HE R 1 =11,791 -8, 3995 11 HI R | -~17.57 | -14.49%

N1 LA9140 | 3.68930 11 N1 o-.3686 | 2.70270
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Appendix B: Case Number 2 Supporting Data

The following is a 1ist of basic assumptions and inputs for Case 2:
N

0

0

One Expendable or Two Serviceable Satellites, Six Cycles

Both satellites are in the same orbit plane at the same
al:ltude, and and one serves as the mission backup to the
other.

Four Strategies

Single SV, Expendable

Service each SV once

Service each SV twice

Service each SV twice, Launch the second SV at the time of
servicing the first

Primary variable is ST Launch cost (reflected as percentage of
basic SV Recurring cost). Input values are 10%, 20%, 50%,
100%, 200%, and 400%.

Two ORU replacement levels provide a range of planning risk.

Replace S50% of available ORUs on each mission 4
Replace 100% of available ORUs on each mission

This model is used to project the relative cost of maintaining a
*hot spare” on orbit by means of satellite servicing. It
assumes that both satellites are launched and subsequently
serviced on dedicated shuttie missions. Therefore,
ridesharing is not available with other users.

Table V provides a spreadsheet layout for Case 2 which includes the

column letters and row numbers for use in interpreting the formulas and

constants provided in Table VI. The data used in drawing the graphs for
Case 2 are provided in Table VII.
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£ TABLE V

2 Case 2 Spreadsheet Layout

| ‘-’

o

?; ! A 1 1 C1 IEIIFIY 8 1 1 1 iILit M LINYY g |

i 11CASE 23 2 SATELLITES, & CYCLES, "ON-ORBIT SPARE"
21 8T Lech = 100X 8§V Recurring
31
4| sssssssssEsSEEsEEEESEEEESEESEESE S ENE SIS S EESEEEEEEEEEEEEEEERERERE
1) i{Z S8V | EXPENDABLE ! SERVICE{/EXPEND
61COBT ELEMENTS IRECUR IUSE | FULL | USE ! S0% ORU ! 100X ORU
71 ! ! REPL'MT | REPL'MT  REPL'MT
G susssssssssEsssssE | SSEEEE S SEESNNNSES | SSSSSESEESEEESSESEEEEEEEEEES
91SPACE VEHICLE(SV) | ! ! ! ! !
101 SV Recurring i 1001 461 600 ! 6 { 600 | 600
111 SATSERV ORU ! 50 | ! 01 1761 50 | 300
121 SATSERV Nonr | 50 | ! 01 1 | 50 50
131 SATSERV Mods ! 10 | | 01 6 ! 60 1 60
{41 SATSERV ORUR 1 25 | 1 0! 5701 125 | 0
{Jlecocccccccccccace- jemcea= |ecccecca Secce= | emcececccccans sesccscececccc=s
{61SPACE TRANS (8T) | ! ! ! ! {
17! Launch i 1001 61 600 ! 6 | 600 | . 600
181 Integration ! 60 | &6 | 3460 | [ | 360 1 3460
191 Service ! 10 | 1 01 () ! 60 | 60
20 ) ~==== S == f== jo== csccen|cancccacssancsasscacsnnssascss
211SAT SERVICER (SS) ! ! ! ! | !
221 88 ASE Recur ! 30 | ! 0! 1 ! 30 | 30
231 S8 ASE Refurd | 10 | ! 01 2 ! 20 1| 20
24 ‘ SESESSEEEEESEEEEESEE ' SSEESSESEEEEEEEEEEESE l SSSSESEEESESESEEENEEEEEEEEEEE
251TOTAL PROSRAM COST ! ! ! ! !
2601 Low BT { ! | 1360 ILOW ! 1955 | 2080
27! High ST ! ! | 2520 IHI ! 2978 | 3100
28‘ S SES S S E S S S ESSEE S E S S E S S EESE S E S E S E S EE S S EEE S E S EESEEEEEEEESEEEEEEEEE
291TPC DELTAS FROM EXPENDABLE {LOW ! 395 | 320
301 {HI ! 433 | 580
31 l SSEEESEEE S EEE S EE S S E S S EEEEE S S EEEE N E S S EE S S S EEEEE S EEE S S EE S EEEESEEEEEEEEEE
321X DIFFERENCE FROM EXPENDABLE TPC ILON | 25.321 | 33.3333
33 {HI ! 18.0856 | 23.01%9

{(continued)
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TABLE V (continued)

Case 2 Spreadsheet Layout

191 ITHE U v w1yl | AC | I RAE |
11
21
3!
4|suusussesessesesssesessnsessennseesssSTABBERED LAUNCHsssssase
311 SERVICE2/EXPEND | SERVICE2/EXPEND |
6/ | USE | 50% ORU ! 100X ORU ! USE | 50X ORU | 100% ORU !
AN REPL'MT | REPL'MT | REPL'MT  REPL'MT |

91 1 | | ! | ! |

10t 1 4 | 400 | 400 | 4 ! 400 | 400 |
1ttt 1781 50 1| 4001 1/ 71 30 | 350 |
121 |} 1 | 50 | 01 1 | 50 1| 50 1|
1311 4 | 40 | 40 1 4 } 40 | 40 |
1411 7701 175 1 01 6701 150 | 01
2FI=l==== o e Coooosoooof
161 | | J ! | | |
17t 1 6 ! 600 | 600 ! 6 | 600 | 600 |
181 1 6 | 360 ! 360 I & I o 360 1 360 |
191 1 8 | 80 | 80 ! 7 ! 70 1| 70 1
dUllislis=ssasa=s s = Dooo0oC L0 [ commeocoos e COOCROS ==
211 | | } ! | ! |
221 1 1 | 30 | 01 1 } 30 1| 30 |
231 13 | 30 | 301 4 ! 40 | 40 |

24|n |59 uuEEEsSNEESEEEE NSNS ASEEEES | 2SS EESESESE NS NSNS ESESEESEESEAS |

251 | | } ! ! | |

261 ILOW ! 1815 | 1990 ILONW ! 1790 | 1940 |
271 1H] ! 2855 | 3030 IHI ! 2820 | 2970 |
26 |sesssussss S SEEEEEESEEEESSEE NSNS ESEEE N NS ASSESENEESEEERESES |
29 ILOW ! 255 | 430 ILOW ! 230 | 380 |
301 IHI ! 338 | 510 IHI ! 300 | 430 |
| | nssussssssSSESSEASESSSSNESNANSEASEEEESSASEEASEREESSEEESESaAREAS |
321 iLOW | 16,346 | 27,5641 ILOW | 14,744 | 24,3590 |
331 IHI I 13,294 | 20.2381 IHI I 11,905 1 17.8571 |
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TABLE VI

Case 2 Basic Formulas and Constants

The table that follows is a 1ist of the formulas and constants used
to build the spreadsheet for Case 2. The left side of the equation
indicates the location of the item in Table V, by column letter and row
number. The right side of the equation displays the value of a constant
or the arithmetic operation to be performed ("#* for multiplication, */*
for division, and “SUM" to total the inclusive elements indicated) on
the data from the locations shown,

Basic Input Parameter

c2 = NA (NA is used to by the spreadsheet to reserve the
location for an input variable)

Space Vehicle (SV) Costs

€10 = 100
E10 =
610 = C10%E10
110 =6
M10 = C10+I10
010 = C10+110
Q10 =4
010 = C10%Q10
, W10 = C10%Q10
Y10 = 4
AC10 = C10%Y10
AE10 = C10#Y10
c11 = 50
611 = C11#E11
111 =1
K11 = 6 o
M11 = C11#I11 R
011 = C11%K11 S
i
U1 = C11%Q11 -
Wil = (11811 T
Y11 =1 O,
AALL =7 Wi
AC11 = C11eY11 25
AELL : Gl - N
612 = C12+12 )
112 =1 2
M12 = C12#112 N
012 = C12#112 N
(continued) R
S
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TABLE VI (continued)

Case 2 Basic Formulas and Constants

Q12 =1

u12 = C12#Q12
W12 = C12#Q12
Y12 =1

AC12 = C12#Y12
AE12 = C12#Y12
c13 = 10

613 = C13#£13
113 =

M13 = C13+I13
013 = C13+113
Q13 = 4

U3 = C13sQ13
W13 = C13+Q13
Y13 =4

AC13 = C13#Y13
AE13 = C13#Y13
C14 = 25

614 = C14+£14
114 =5

K14 = 0

M14 = C14#114
014 = (14+K14
Q14 =7

S14 =0

U4 = C14+Q14
W14 = C14#514
Y14 = 6

AAL4 =0

AC14 = C14#Y14
AE14 = C14%AA14

Space Transportation (ST) Costs

C17 = C2
E17 =6
G17 = C17#E17
117 =6
M17 = C17#117
017 = C17+117
Q17 =6
u17 = C17+Q17
W17 = C17#Q17 ]
Y17 =6 ]
AC17 = C17#Y17 N
(continued) Fere
o
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TABLE VI (continued)

Case 2 Basic Formulas and Constants

AE17 = C17#Y17

C18 = C17#.6
E18 = 6
618 = C18+E18
118 = 6
M18 = C18+118
018 = (18+118
Q18 =6
U8 = C18+Q18
W18 = (18+Q18
Y18 = 6

AC18 = C18+Y18
AE18 = C18+Y18

C19 = (17/10
G19 = C19#E19
I19 z 6
M19 = C19#]19
019 = C19#]19
Q19 =8
u19 = C19+Q19
W19 = C19#Q19
Y19 =7
AC19 = C19#Y19
AE19 = C19#Y19
Satellite Servicer (SS) Costs
c22 = 30
G22 = C22#£22
122 =1
M22 = (22#122
022 = (22#122
Q22 =1
u22 = (22#Q22
w22 = C22#Q22
Y22 =1 N
AC22 = (22#Y22 I
AE22 = C22#Y22 b
€23 = C22/3 AT
G23 = C23#E23 LA
123 =2 ~
M23 = C23+]23 NN
023 = (23»123 DR
A P
u23 = (23#Q23 AN
(continued) f-lfﬂ
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TABLE VI (continued)

Case 2 Basic Formulas and Constants

W23 = (23#Q23
Y23 = 4

AC23 = (23#Y23
AE23 = (23#Y23

Total Program Cost (TPC)

G26 = SUM(G10: G23)

M26 = SUM(M10: M23)

026 = SUM(010: 023)

U26 = SUM(U10: U23)

W26 = SUM(W10: W23)

AC26 = SUM(AC10: AC23)
AE26 = SUM(AE10: AE23)

627 = G26+SUM(617: 619)
M27 = M26+SUM(M17:M19)
027 = 026+SUM(017:019)
v27 = U26+SUM(U17: U19)
W27 = W26+SUM(N17: W19)
AC27 = AC26+SUM(AC17:AC19)
AE27 = AE26+SUM(AEL7: AE19) _

Deltas from Expendable TPC

M29 = M26-G26
029 = 026-G26
u29 = U26-G26
w29 = W26-G26
AC29 = AC26-G26
AE29 = AE26-G26
M30 = M27-G27
030 = 027-6G27
u30 = U27-G27
W30 = W27-G27
AC30 = AC27-G27
AE30 = AE27-G27

(continued)
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Case 2 Basic Formulas and Constants

TABLE VI (continued)

% Difference from Expendable TPC

M32
032
u32
W32
AC32
AE32
M33
033
u33
W33
AC33
AE33

[ T R R TR T A I A R U L T B ]

100+M29/G26
100+029/G26
100+U29/G26
100+W29/G26
100+AC29/G26
100+AE29/G26
100+M30/G27
100+030/G27
100+U30/G27
100+430/G27
100+AC30/G27
100#AE30/G27

82

DPEYE.




o Bl i S

B T T T R S il i T B B T T ] P T = s - -
Pl Je > T e i e s et T ot R e LTSN Y St S Ak bl e s A iR

TABLE VII

Case 2 Data

ST Lch = 10% (Low) and 20% (Hi) 8V Recurring

I% 8V | EXPENDABLE | SERVICE!/EXPEND !
COST ELEMENTS IRECUR IUSE ! FULL | USE | 50% ORU | 100% ORU !
! ! REPL°NT | REPL'MT  REPL'NT |
......l.l...........l...ll.....l.l......l..-.l.l.l.lll..llll.ll.l..l...l
TOTAL PROSRAM CO8T P ! ! - vl |
Low ST Bl ot 696 1LOW I 1037 | 1162 1
High ST b 792 IHI I 1139 | 1264 |
...l-l.....ll...l...l...l............l.l...lll.lllllll.l.lll.ll.l..ll.l.
TPC DELTAS FROM EXPENDABLE ILow | 341 | 466 1
IHI ! 347 1 472 1
-............-.................................-.................-......
1 DIFFERENCE FROM EXPENDABLE TPC ILOW | 48,994 | 66,9540 !
Tt | 43.813 | 59.5960 |

ssssnsssssssassssssssssssssassssssssS8TASBERED LAUNCH=sssszass

} SERVICE2/EXPEND ! SERVICE2/EXPEND !
! USE | 50X ORU | 100% ORU | USE ! 50% ORU | 100% ORU |
! REPL'MT | REPL'HNT | REPL'MT  REPL'HT |
ll.ll.ll.l.lllllll..l.lll.l.l.lllll..ll.llllll.l.l.l.llllllll
! ! } ! ! ! !
‘LOW ! 879 | 1054 |LOW ! 863 ! 1013 |
IHT ! 983 | 11358 IHT } 966 | 1116 !
lllll.ll.ll.ll.llllllllllllllllll.ll.ll.llll....lllll.lllllll
ILOW ! 183 | 358 ILOW ! 167 | 317 |
IHT ! 191 | 346 1HI ! 174 | 324 |
lllllll...l.lllllllIllllllll.lllllll..l.lllllIIIIIIIIIIIIIIIl
iLaw ! 26,293 | 51.4368 ILONW ! 23.994 | 43,5460 |
IHT | 24.116 | 46.2121 1H! ! 21.970 ! 40.9091 |
(continued)
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TABLE VII (continued)
Case 2 Data

ST Lch = 30% (Low) and 100% (Hi) 8V Recurring

I% 8V | EXPENDABLE ! SERVICEL/EXPEND !
COST ELEMENTS IRECUR IUSE | FuLL | USE | S0% ORU | 100% ORU !
! | REPL'MT | REPL'MT  REPL'MT |

TOTAL PROGRAM COST ! ! ! ! ! |

Low ST | | ! 1060 ILOW ! 1445 | 1370 |
High ST | ! ! 1560 IHI ! 1935 | 2080 |
SESSEESSESSEEESEE SIS S S EESEEES SIS NEES NSNS SSSESEEEERESEaESSENEaES
TPC DELTAS FROM EXPENDABLE ILow ! 365 | 490 |
1HI ! 395 | 320 |

SESES IS S S NS S SSESEESEE S A NSNS RNEENCENEEESEENEESEASEESREERSEEEES
% DIFFERENCE FROM EXPENDABLE TPC 1LOw I 33.796 | 45,3704 |
1K1 ! 25,321 | 33.3333 |

.

asssssssssssssssssssssssssssssssasssSTASBERED LAUNCHssssasss

! SERVICE2/EXPEND | S8ERVICE2/EXPEND !
| USE | S0 ORU | 100% ORU | USBE | 30% ORU | 100% ORU |
! REPL'MT | REPL'MT | REPL'MT  REPL'MT |

AR A S Tl el A B e i i 8 S 474 T rw -
L O A T s (a5 3 s Dl b 2

e s

1LOW } 1298 | 1470 iLOW } 1275 | 1425 |
141 } 1815 | 1990 |H1 } 1790 | 1940 |
IIIIIIIIIIIIIIIIIIIII-IIIIIIIIIIIII.IIIIIIIIIIIIIIIIIIIIIIIIl
LOW } 215 | 390 1LOW | 195 | 345 |
{H1 } 258 | 430 IHI } 230 | 380 |
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIl
LOW ! 19,907 | 3J6.1111 ILOW | 18,086 | 31.9444 |
141 | 16.346 | 27.5641 |HI | 14,744 | 24,3590 |
{continued)
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TABLE VII {continued)

Case 2 Data .

8T Lech = 200% (Low) and 400% (Hi) SV Recurring

12 S8V | EXPENDABLE ! SERVICEL/EXPEND !

COST ELEMENTS IRECUR IUSE ¢ FULL | USE ! 50% ORU ! 100X ORU !
! } REPL'NT | REPL'MT  REPL'MT !

S NSNS S SN SN SN E SN SIS SN S SN NS ES NS SN NEEE NS SN EEINESEESRERR
TOTAL PROSRAM COST ! ! ! ! ! !
Low ST ! ! ! 2520 1LOW ! 2975 | 3100 !
High ST ! ! ! 4440 IHI ! 5015 | 5140 |
SESESS S S ESE SN S S S NS S S S S S S S EE SN C IS E NS EEEE NS SRS FISASEEEEREREERRRESS
TPC DELTAS FROM EXPENDABLE 1LOW ! 435 | 5680 |
1HI ! 375 700 !

SEESESEA S SE SN E SR RS A S S S S S S E S S S S S A S E S E RS SRS RS S S S S SIS S AR REE RS RRNEES
% DIFFERENCE FROM EXPENDABLE TPC ILOW ! 18.0546 | 23.0139 |
) ! 12,950 ¢ 15.7636 !

ssaasssssssusssessssssssssssssssssesSTAGGERED LAUNCHzsazsssas

! SERVICE2/EXPEND ! SERVICE2/EXPEND !
! USE | SOZ ORU ! 100X ORU ! USE | S0% ORU ! 100% ORU !
! REPL'NT | REPL'MT | REPL'MT  REPL'MT |
' eSS SESESEEASEESSEESRREESERSESN ' SESNSSSE SIS SSES NS ESSEEEEEEESS '
! i ! ! ! ! !
{LOW ! 2835 | 3030 {LOW ! 2820 | 2970 |
IHI ! 4933 | 5110 1HI ! 4880 | 5030 |
SSSESSC S ESE SN S S S S E SN SN E S S S NS EE S S EE NS S EE A E SN S E NSNS ESSNEEESEERE '
{LOW ! 335 | 510 iLOW ! 300 ! 450 |
1HI | 495 | 670 {HI | 440 | 590 |
SSEES S SSSEE S S S S S S rE IS S E S E S S EEEE N ESESE SN ESEESESAEESEESEENSERS '
ILOW ! 13.294 1 20,2351 ILOW ! 11.905 t 17.8371 |
IHI ! 11.149 1 15.0901 {HI ! 9.9099 ¢ 13.2883 !
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Appendix C: Case Number 3 Supporting Data

The following is a 1ist of basic assumptions and fnputs for Case 3:
o Two Satellites, Six Cycles
o Mission orbits are above or out of plane of the Space Shuttle
mission orbit and require TS for both initial launch and
servicing missions.
o Three Strategies:

Expendable satellite
Service once and expend
Service twice and expend

o Primary variable {s ST Launch cost (reflected as percentage of
basic SV Recurring cost). Input values are 10%, 20%, 50%,
100%, 200%, and 400%.

o Two ORU replacement levels provide a range of planning risk.

Replace 50% of available ORUs on each mission
Replace 100% of available ORUs on each mission

o All missions for both expendable and serviceable satellites
require the use of the TMS. Ridesharing is assumed on ail
missions.

Table VIII provides a spreadsheet layout for Case 3 which includes

the column letters and row numbers for use in interpreting the formulas
and constants provided in Table IX. The data used in drawing the graphs

for Case 3 are provided in Table X.
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TABLE VIII

Case 3 Spreadsheet Layout

! A P VC I DUENFIY 8 I HUIDD  ILID M LN O BT PLI@E  ITHD U VL WO
1ICASE 3, 2 SATELLITES, & CYCLES, THS REGUIRED
2 STLch = 1000 6V Recurring

3
| 59000000000E SN TSNS SIS TR LS ST SRS SN U SN S SO SRS S SNBSS SE S SUSEE AT RS RAR S SN R RS
1 HI SV |1 CIPENDANLE 1! SERVICEL/EXPEND i SERVICE2/EXPEND
4ICOST ELEMENTS  IIRECUR !} USE ! FULL 1! USE | SOT ORU ! 100Z ORU i1 USE | 307 ORU | 1007 ORU
n i i REPL'NY i1 REPL'NT REPL'NT I REPL'NT  REPL'NT
| ssssusssesssnsass | | nennes | | sussssnsssasssus | | sussseesvsssusssssessusessnns | | sasessuscassasazssssuzsusTEns
91SPACE VENICLE(SV) 1! i ! ] ! !
i | !
10! 8V Recurring 1! 10011 111 110011 & ! 600 | 0011 & ! 400 | 400
1] SATSERVORY 1f S0 M) ! ol 1/81 01 0 1771 01! ps ]
121 SATSERY Nomr I 30 1! ! ol 1 ! 01! NI 1 ! 01 )
131 SATBERV Meds 11 10 1! ! ol b ! 01 0l 4 ! 0! 4
14] SATSERVORR i 25 1) ! 0tl 4701 100 | 0l 670 15 1 0
151 i ] i i
161SPACE TRANB (8T} :! ] ! i ! ! ] ! !
171 Lawnch 10 1Nl 1l 1 ! 1100 ¢ 1o it 1 I 100! 1100
101 Integration 11 &0 11 1% 60 11 11 ! 660 | 660 11 11 ! 660 | 640
191 THS Recwrring 11 1011 111 104t 1 ! 110} 1ol n ! 1ot 110
201 THS Ops o104 111 o n ! 1101 1o 1 1 ! 1ot 110
211 8V Credits i -5 il ! ol 6 I =301 -300 11 & I 201 ~200
221 ORU Credits 11 -80 I! ! ot 3 I =800 1 400 11 7 ] =560 1 ~360
. 3l i ] ] ]

241BAT SERVICER (S6) 1! i ! i ! ! i ! !

250 SSASE Recur ! 3011 ! oll 1 ! 301 i ! 301 0
261 B8 AGE Refurd 11 10 I} ! 0ol 3 ! 01 it 7 ! 701 10
m | | sunsss| | susvsnusnssssss| | vessssnssun | | ssassevssssssasessssensasssany
28/TOTAL PSM COST |! I ! I | ! ] ! !

29 Low ST ] i I 3080 I! LOW ! 201 2320 11 LOW I 20101 2160
30! High 8T 1 i I 3060 11 HI ! 35001 3600 11 HI (. v 21 3380
3| | sanansses PSSR R SR R R PR SR S D R

S2/DELTAS FROM EXPENDABLE TPC LOw | 801 =760 11 LOW I ~1070 | =920
3 W I -15601 -1480 11 HY 1 -18301 -1680
34| ssssssssessnssnassassessusszsnsntssnanastsRuSNES IR EEESASSRESUS RS ue sesssEen
3311 DIFFERENCE FROM EXPENDABLE LOw | =20.921 -24.673 1} LOW | =374 -29.870
36! H | -30.83 1 ~20.854 1} HI V=307 1 -33.202
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The table that follows is a 1ist of the formulas and constants used
to build the spreadsheet for Case 3. The left side of the equation
indicates the location of the item in Table VIII, by column letter and
row number. The right side of the equation displays the value of a
constant or the arithmetic operation to be performed (“#* for
mul tiplication, */* for division, and *SUM* to total the inclusive
elements indicated) on the data from the locations shown.

Case 3 Basic Formulas and Constants

Basic Input Parameter

c2

= NA (NA is used to by the spreadsheet to reserve
the location for an input variable)

Space Vehicle (SV) Costs

€10
E10
610
110
M10
010
Q10
V10
W10
c11
611
111
K11
M11
:
$11
u11
Wil
C12
G12
112
M12
012
Q12
U12
w12
€13
G13
113

= 100
= 11
= C10s€10
=6

= C10#110
= C10+110
=4

= (10#Q10
= (10#Q10
= 50

= C11+E11
= 1

=5
Cl1=I11
Cl1+K11

C
1
C
C12#I12

TABLE IX

(continued)




TABLE IX (continued)

Case 3 Basfc Formulas and Constants

M13 = (13113
013 = (13113
3%3 = Q10
I
C14 = 253“Q
G14 = C14«£14
114 z 4

K14 =0

M4 = C14+114
014 = (14=K14
Q14 =6

S14 =0

u14 = (14«Q14
wi4 = C14#514

Space Transportation (ST) Costs

BOAC AL . DO - e e -

C17 = (2

E17 = 11
3 G617 = C17=E17
; 117 = 11
| M7 = C17#117
' 017 = C17#113
3 Q17 = 11
p 17 = C17+Q17
b w17 = C17+Q17
. 18 = (17+.6
| E18 = 11
’ 618 = (18+E18
: 118 = 11
i M18 = C18+]18
: 018 = C18+118

Q18 z 11
l u18 = C18+Q18
: w18 = (18+Q18
) €19 = €17/10
3 E19 = 11
1 619 = C19#€19
N 119 = 11
{ M19 = C19#119
: 019 = C19¢I19
i Q19 =11
i 19 = C19+Q19
! W19 = (19+Q19 ;
i (continued) 1
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TABLE IX (continued)

Case 3 Basic Formulas and Constants

€20 = C17/10

£20 = 11

G20 = C20#E20

120 = 11

20 = C20+120

020 = C20%120

Q20 = 11

U20 = (20%Q20

W20 = (20+Q20

c21 = -C17/2

G621 = C21+E21

121 z 6

M21 = C21+]21

021 = C21+121

Q1 =4

Wi - Cotepl
= C21+Q21

€22 = -.8s(17

G22 = (22#E22

122 =5

M22 = (22+122

022 = (220122

Q2 =7

v22 = (22#Q22

W22 = (22#Q22

Satellite Servicer (SS) Costs

€25 = 30

G25 = (25#£25
125 =1

M25 = (25+125
025 = (25125
Q25 =1

us = (25+Q25
W25 = (25+Q25
€26 = (25/3
G26 = (26+£26
126 =5

M26 = C26+126
026 = C26+126
Q26 =7

U26 = (26+Q26
W26 = (26+Q26

(continued)
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TABLE IX (continued)

Case 3 Basic Formulas and Constants

Total Program Cost TPC

= SUM(G10: G22)
= SUM(M10:M26)
= SUM(010: 026

SUM(U10: U26
SUM(N10: W26)

= G29+SUM(G17: G22)

= M2O+SUM(M17:M22)

= 029+SUM(017: 022)

= U29+SUM(U17: U22)

= W29+SUM(W17: W22)

58838858888

Deltas from Expendable TPC

M32 = M29-G29
032 = 029-G29
u32 = U29-G29
w32 = W29-G29
M33 = M30-G30
033 = 030-G30
u33 = U30-G30
W33 = W30-G30

31 Difference from Expendable TPC

M35 = 100+M32/G29
035 = 100+032/G29
u3s = 100+U32/G29
W35 = W32+100/G29
M36 = 100+M33/G30
036 = 100+033/G30
u36 = 100+U33/G30
W36 = W33+100/G30
91
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TABLE X

Case 3 Data

8T Lch = 10X (Low) and 20% (Hi) 8V Recurring

HIEY 1t EIPODAME 1! SERVICE!L/EXPEND H SERVICEZ/EXPEND
COST ELEMENTS  !IRECUR {! USE ! FWRL {1 USE ! SOZ ORU ! 1001 ORU it USE 1| 0% ORU ! 1001 ORV
i i REPL'NT 11 REPL'NT REPL'NT I REPL'NT  REPL'NT

SPACE VENICLE(SW) 1! 1 ! i ! ! i 1 1
SV Rscurring 11 10011 111 110011 & 1 600 ! 6001t 4 ! 00! L
SATSERV ORY 11 S0 1 ! ot 1731 5 ! ot /71 5 ! ™
SATSERV Noar 1! 30 1! 1 01 1 ! 51 ot 1 ! 5 ! 0
SATSERV Mods 1! 10 1! ! 01t & ! 00 1 011 4 ! $0 1 $0
SATSERV ORUR 1t 23 1! ! 01t 4701 100 ¢ 0l &/01 150 ¢ 0
1t 1 1 i
SPACE TRANS (SD)1I 1 1 1 1 ! 1 ! !
Lavnch ot i 1o &t 1 1 110 ¢ i u ! 110 1 119
Integration 11 611 111 6 11 11 ! 6 | 6 11 11 ! 6 | ]
TS Recurring 11 101 111 i u 1 1 it u ! 1 1!
™S Ops I I § O i u ! 1 it u ! i i
8V Credits R I b~ B 1 ~30 ! 014 1 01 -2
ORU Credits 11 -9 11 ! o1t 3 ! -4 1 41 7 ! -3 1 -3
1 1 1 i
SAT SERVICER (88)1! 1 ! ] ! 1 i ! !
88 AGE Recur 11 30 11 ! 01 1 ! 01 i1 ! 30 ¢ )
88 ASE Refurd 11 10 1} ! ot 3 ! 3% ! i 7 ! 01 70

TOTAL PRHCOST 11 11 i " ! ! i ! !
- Low 5T B b IM3HLN 1 10681 e8I LNt 9121 1082
High ST B f 1 138N L 1961 129 1THL 1 10341 1@
DELTAS FRON EXPENBAMLE TPC T IR ETY - RS TR " T « T B |
R 1 =191 -0 fiHl 1§21 -202
SECSESNIERESERESERS NESNESSESEN o8
1 DIFFERENCE FRON EIPENDADLE LW 1 14,081 -5.0338 1 LN 1 -26.63 1 -14.52

HI I -15.71 1 -6.4930 i1 HI I <2540 1 -14.574

(continued!
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TABLE X (continued)
Case 3 Data

ST Lch = S0X (Low) and 100% (Hi) 8V Recurring

TOTAL PGm COST 1} I ! I ! ! i ! !

Low 87 i I P18 1 L {1500 ¢ 1680 11 LOW ! 1400 ¢ 1350
High ST I i ! W0LLH I 220 ¢ 2320 11 MI I 2080 ¢ 2160
CRSSe ISt CoiEattol I et s U0 SN iR (e S U U eSS s IS oI RF R TSErarO S USSR rIUIRCTISRECS SRl s N
DELTAS FROM EXPENDADLE TPC Low R =135 11 LOW I 431 ~263

Ht I 310! <210 {1 Kl i -0 =370

S e O RSN O R L e SOOI R SRR LR GO COOT UG DS GRS KL COCIORSUSEIUUISIDSINTR BOCOR0
T DIFFERENCE FROM EXPENDADLE LW ! -12.93 1 -7.4380 I} LOW
1 | <1228t -8,3004 1! HI

J
»>
>
-

8T Lch = 200X (Low) and 400X (Hi) 8V Recurring

GO S A O OO W OO T RGN S SOOI CINGC S GOC OGO RGO SUCORUGH RO GRGREURaCRERROCHTICOGIR000

TOTAL Pen COST 1! i ! ! i !

Low ST 1 i R+ [ 3300 3600 11 LOW U ¥ ). 3380

Hgh ST I i I N 6060 1| 8160 11 HI i 3820
380
1000

o

RSN RIS ST IS I IS SR L RS EE S NS ST RS SNNTE IR S S DS 1N SIS NN S AET AL TR SNRI BATRCHESSITEIRES LARY
DELTAS FRON EXPENDADLE TPC Lo i ~460 | =360 i} LOM N A
Hl S [ I =680 {1 Wl I -1180 |
SR TR ST M ST ST I NI T SeeS S I B S S T R eSS SIS S TR RIS U T SR ISR AN S TU N E RS IS I U ST S ST TR
1 DIFFERENCE FROM EXPENMAILE Lo =15.,62 1 -9.0909 {1 LOW I <1843 1 ~14.440
NI “11.04 0 ~9.6774 11 W1 ] -16.86 | -14,683
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Appendix D: Case Number 4 Supporting Data

The following is a 1ist of basic assumptions and inputs for Case 4:

o Two Satellites, Six Cycles

o Mission orbits are at geosynchronous altitude (GEO).

o All launch and servicing missions (including launch of
expendable SVs) are assumed to be staged through an Orbiting
Space Station (0SS) using an Orbit Transfer Vehicle (OTV) to
carry the SV or Servicer ASE to GEO.

o Three Strategies:

Expendable satellite
Service once and expend
Service twice and expend

o Primary variable is ST Launch cost (reflected as percentage of
basic SV Recurrigg cost). Input values are 10%, 20%, 50%,
100%, 200%, and 400%.

o Two ORU replacement levels provide a range of planning risk.

Replace 50% of available ORUs on each mission
Replace 100% of available ORUs on each mission

o STS missions to the 0SS are assumed to have high load factors.
Therefore, ridesharing is assumed on all missions.

Table XI provides a spreadsheet layout for Case 4 which includes
the column letters and row numbers for use in interpreting the formulas
and constants provided in Table XII. The data used in drawing the
graphs for Case 4 are proviaxd in Table XIII.

--------------------------




TABLE XI

Case 4 Spreadsheest Layout

| [] P oLCIE DUIELIFID 6 ff WEGDD  fLtD M LIWD O thpHler  ITHE U VD W
11CASE 4, 2 SATELLITES, & CYCLEB, GEO SERVICING FROM ORBITING SPACE STATION (058)
2! ST Leh s 1007 SV Recurring

3

Y e

3t HLSY [t EIPENDARLE (! SERVICEL/EXPEND i SERVICE2/EXPEND
6!COST ELEMENTS  [IRECUR 1! USE | FULL 11 USE | JOTL ORU ! 100X ORU [f USE | 302 ORU ! 1002 ORU
n i i REPL‘NT 11 REPL'NT  REPL'NT i REPL'NT  KEPL'NT

91SPACE VEHICLE(SVI 1) H | i | | i | !

10! SV Recurelng 11 100 00 $1 1 150011 & | 600 | 500 i1 4 | 400 | 400

111 SATSERV ORU 11 30 1) | o 1785 301 2011 1711 501 0

121 SATSERV Noar I 30 i} | 0t 1 ! 301 0 1 ! 501 0

131 SATSERV Mods 11 10 i} | N ! 80 1 ] ) | L L

18] SATSERV ORIR (I 23 I ! 0l 4701 100 | 0ft 4/01 150 4 0

131 H H H ~mef |

16ISPACE TRANS (ST) ! H ! H | ! H | !

171 Launch io10018 111 et 1 i 1100t 1100 11 11 I 1100 1 1100

18! Integration 11 SO 01 111 60 11 b | 360 | 011 4 | 40 1 240

19/ 1cC/oe0ss 1 1011 11t o1l 1 ! 110 | 1ot u { 1o ! 110

201 OTV Recwrring 1! 1011 111 1ot 1 | 1o 1 1" i u | e ! 110

211 4TV Ops i1 1t 1o tt 1 | 110 | 1o 11 1 | 1ot 110

20 VRS Credits 11 -S0 11 111 -850 11 & 1 -300 1 -300 1t 4 | =200 ¢ =200

231 ORY RS Credits 11 -80 11 ! 0l s | =401 400 1} 7 I =540 1 =360

r ]| H i H ]

231SAT SERVICER (S8} 11 i ! H } ! i ! 1

26! SBABERecur |1 301! | oM | 30t 0 1 ! 30! 30

271 S8 ASE Refurd 11 10 1) | of 3 | 501 01 7 | 701 70

28| nssnssesssusussse| | 2ususs| | suvseseassnsses | | seassnssassassusansesssnnssuas | |

29/ TOTAL P6M COST 11 ] | i | | i ! {

301 Low ST i HEL I 2640 11 LOM 1 2030 ! 2130 &1 LOW I 1700 § 1850

311 High 8T i HHE | #8011l 1 3204 3220 11 WL | 2101 2760

32| essssensssassnasesssnsnsuensy sEsREERESR

J3IDELTAS FRONM EXPENDABLE TPC LOW | =810 1 =310 1! LOW | =940 | -

3 i Ht | ~1080 1 =940 11 HI | -1570 ¢  -1420

o {] SESESSENSRETERSRNNY ARSEERENSISEERSISETR TS

3617 DIFFERENCE FROM EXPENDABLE Low | =23.41 1 -19.318 11 LOW {35,610 -29.924

1]l Hl i -28,36 1 -22.947 i1 HI | =37.% 1 ~33.971
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The table that follows is a 1ist of the formulas and constants used

Case 4 Basic Formulas and Constants

TABLE XII

to build the spreadsheet for Case 4.

indicates _the

or the arithmetic operation to be

ocation of the item in Table XI, by column letter and row
number. The right side of the equation displays the value of a constant
performed ("#" for multiplication, "/*
for division, and "SUM* to total the inclusive elements indicated) on

the data from the locations shown.

Basic Input Parameter

C2

= NA (NA is used to by the spreadsheet to reserve
the location for an input variable)

Space Vehicle (SV) Costs

The left side of the equation

C10 = 100
E10 =11
G10 = C10+E10
110 =6
M10 = C10+I10
010 = C10+I10
Qo = 4
u1o0 = C10«Q10
w10 = C10«Q10
c11 = 50
G611 = Cl1#E11
I =1
K11 =5
M11 = Cl11+[11
011 = C11#K11
Q1 =1
S11 =7
u11 = C11+Q11
Wil = C11+811
C12 = 50
G12 = C12«£12
112 =1
M12 = C12#]12
012 = C12#I12
Q12 =1
u12 = C12#Q12
w12 = C12#Q12
C13 = 10
G13 = C13«£13
I13 =6
(continued)
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TABLE XII (continued)

Case 4 Basic Formulas and Constants

M13 = C13+113
013 = C13+113
Q13 = Q10

U3 = C13+Q13
W13 = C13+Q13
C14 = 25

G14 = C14#E14
114 =4

K14 =0

M14 = C14#114
014 = C14+K14
Q14 = 6

s14 = 0

U4 = C14%Q14
w4 = (14#514

Space Transportation (ST) Costs

C17 = €2

E17 =11

G17 = C17«£17

117 =11

M17 = C17+117
. 017 = C17+117

Q17 = 11

u17 = C17=Q17

w17 = C17+Q17

18 = C17+.6

E18 =11

G18 = C18+E18

118 =6

M18 = (18+]18

018 = C18+118

U8 =4

u18 = (C18+Q18

w18 = C18+Q18

€19 = C17/10

E19 =11

G19 = C19#E19

119 =11

M19 = C19+]119

019 = (19+119

Q19 =11

u19 = C19+Q19

W19 =

o

C19%Q19 ’I}q
(continued) b
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M21
021
Q21
v21
W21
€22
£22
G22
122
. M2
022
Q22
u22
W22
€23
G23
123
M23
023
Q23
u23
we3

Satellite Servicer (SS) Costs

€26
G26
126
M26
026
Q26
u26

TABLE XII (continued)

Case 4 Basic Formulas and Constants

€17/10

11

C20%£20

11 :
20120 i
C20»120 i
11

£20%Q20

£20%G20

€17/10

11

C21aE21

11

C21aI21

C21+121

11 -
C21+Q21 s
C21xQ21 s
-C17/2 :
11

222-522

(222122 5
C22%122 —
4 -
C22%Q22 iy
C22%Q22 R
-4C17/5 2
gzs-ezs o
C23#123 =
C23=123 e 1
7

€23%023

£23#Q23

|
(!
N
¢
m™m
N
(o]

(continued)
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TABLE XII (continued)

Case 4 Basic Formulas and Constants

W26
€27
G27
127
M7

027
Q27
u27
wa7

26#Q26
26/3
27827

27127
27#127

27%Q27
27027

OOUNOOO

OO~

Total Program Cost (TPC)

G30
M30
030
u3o
W30
G31
M31
031
u31
W31

=

030+SUM(017:023)
U30+SUM(U17:U23)
W30+SUM(W17:W23)

Deltas from Expendable TPC

M33
033
U3l
W33
M34
034
u34
W34

M30-G30
030-G30
U30-G30
W30-G30
M31-G31
031-G31
U31-G31
W31-G31

% Difference from Expendable TPC

M36
036
u36
W36
M37
037
u37
w37

100+M33/G30
100+033/G30
100+U33/G30
100+W33/G30
100+M34/G31
100+034/G31
100+U34/G31
100+W34/G31

-------
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TABLE XI1II
Case 4 Data

8T Lch = 10X (Low) and 20X (Hi) 8V Recurring

HISY 11 EIPENDANME | SERVICEL /EXPEND ] SERVICE2/EXPEND
COST ELENENTS  [IRECUR i/ USE ! FULL {{ USE | SOX ORU ! 1001 ORU !/ USE | 30T ORU ! 1001 ORU
" i REPL'NT 11 REPL'NT  REPL'NT {{ REPL'NT  REPL'NT

SPACE VENICLEISW) 1! i ! il ! | i { i
W Recwrrlng 11 10001 101 110011 & | 600 | 600 11 & ! L L
SATSERVORU 1! S0 1! ! 0l 1731 I o 1171 ! ¥
SATSERV Noar {1 %0 11 ! 0 1 ! 01! it ! 1 3
SATSERV Meds {1 10 11 ! LR T ) ! Wi i 4 { W01 0
SATSERV ORUR {1 25 (! ! 0t §/01 100 | 0l &/01 15 ! 0
i i H i
SPACE TRANS IST) ! i ! i { ! i { !
Lawnch o unt 1ne i 1 ! 1o i e it 1 ! 119 1 110
Integration 11 611 111 il & ! 3% ! B4 ! 01 ]
ncoeoss 11 Nt i u ! i nau | 1 i
OTV Recurring {1 _ 1 11 1L} i n ! ini ninu ! 11 1
0TV Ops U T I § i n i iniiau { i i
SV RS Credits 11 B 11 1114 - { =30 1 =301 & ! 01 -2
ORU RS Credits {1 -8 11 ! o 3 ! -4 1 i 7 ! =% { -3
g i i i
SAT SERVICER (88) 1! i { H i { " { !
88 ABE Recor 11 30 11 ! ot 1 i 301 11 ! 3 ! 30
68 ASE Refurd (! 10 11 | ot 3 ! 1 »i 7 ! 701 70

TOTAL PeM COST I H ! i | | i | !

Low ST 1" WEL | 1254 11 LOW I 1049 | 1049 11 LOW | 01 ! 1031
High ST 1" HE | 1408 11 K b 1238 11 W { m 1122
UGS EER SIS ETNE RSOSSN SRS T IR SENS NS ETESS S SENR IR NA SR SN S S S SRS SN IS S S SH I TASESESSRISENE
DELTAS FRON EIPENDANE TPC LOv 1 =208 | =103 11 LW | -3 -3

I I =25 | =150 i1 WL I ~43 | -286
TOCCOT IO TOCOCICOr0COaICRSCCI0o0RCoC0C0 0000 00CTTERNCCODCIRnREtO S ONCOGENORNNOTIN00 SREERS
1 DIFFERENCE FROM EXPENDABLE LW I -16.35 1 -8,3732 11 LW I -29.74 | -17.783

HI I -17.76 | -10.433 11 W I -30.97 1 -20.313

{continued)
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TABLE XIII <(continued)

Case 4 Data

8T Lech = JO0X% (Low) and 100X (Hi) 8V Recurring

TOTAL Pem COST 1} H ! i ! ! i | !
Low ST i WEL | 1870 01 LOW . - 1985 11 LOW I 1393
H !

Kigh 8T i HHE2 | 2640 11 M1 I 2% 230 11 W i 1700 1 1630

i -
I -610

1 DIFFERENCE FRON EXPENDABLE w1 -20.59 10 -15.241 11 LOW | -3421 -28.401
I I =241 1 -19.318 11 Wl | =35.81 1 -29.924

! -285 Il LOW I -6 | -473
! =310 11 H1 I -840 1 -

o
&
g
a
=8

8T Lech = 200X (Low) and 400X (Hi) SV Recurring

TOTAL PO COST 11 i ! i } } ll ! !
Low 8T H HE | iU | 39! 3220 11 LOW I %101 Y
Nigh ST i HWE | 7260 11 M1 I 530t 3400 11 N1 I W1 4390

1 SIFFERENCE FRON EXPENBADLE Low | <2831 -22.9%7 1! LN | ~37.%1 -33.91
ll | '27.“' ‘a.m 1] lﬂ { '3.."! '“.915

.....................
-------------------
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