JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 39, No. 4, July-August 2002

Space Systems Flexibility Provided
by On-Orbit Servicing: Part 1
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Spacecraft are still the only complex engineering systems without routine maintenance, repair, and upgrade
infrastructure. Whereas the technologies for autonomous on-orbit servicing of satellites are emerging, no general
conclusions have yet been drawn regarding the cost effectiveness of on-orbit servicing for space systems. The
traditional approach to this problem has been to compare the potential cost savings from servicing to the estimated
cost of a chosen servicing architecture. A general model is proposed that applies this approach to a large trade
space of space missions and servicing infrastructures. When typical results are analyzed, it demonstrates two
major limitations of the conventional approach. First, the servicing cost uncertainty is too high to yield meaningful
conclusions. Second, this approach does not take into account the flexibility provided by on-orbit servicing to space
systems. A new perspective on on-orbit servicing is then proposed. The value of servicing, defined as the maximum
price under which on-orbit servicing would be interesting, is studied independent from its cost. In addition, a
framework to quantify the value of the flexibility provided by on-orbit servicing to space systems is developed. This
framework can be used to identify the space missions for which on-orbit servicing would offer the most potential
and should serve as a guide to future technology development.

Nomenclature
Ay = Markov matrix describing the state transitions, year™!
ay = baseline constellation circular altitude, m
ago = satellite launch altitude, m
a, = servicer launch altitude, m
B = Brownian process with unit volatility and zero mean
BC = ballistic coefficient, kg/m?
d = discountfactor, %/year
Fg = satellites development cost factor
Fy = servicer vehicle developmentcost factor
i = propulsiondry mass factor
St = structures mass factor
fac = structures mass factor for cargo on a servicer
g = gravitational acceleration at Earth’s surface, m/s’
1 = integer part function where / (x) is integer and
Ix)<x<I(x)+1
Ly = specific impulse of customer satellites, s
Lo = specific impulse of servicer vehicles, s
Mc = cargo mass to be delivered to each satellite, kg
Mgf;“ satellite dry mass without propulsion system
and its structures, kg
Mé’rryop = dry mass of the spacecraft propulsion system, kg
dry total spacecraft dry mass, kg
fucl = total satellite fuel mass
Mynen = total satellite mass at launch
M. = total satellite structural mass
M, = servicer minimum dry mass (payload
and its structures)
M; = number of satisfied users per unit time

in state j, year™!
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Nypp = number of required satellites per plane

N, number of orbital planes

Nsnea = number of scheduled servicing events

Ngpares = number of satellite spares per orbital plane

Nypp = number of satellites per plane (required plus spares)
o = number of satellites per servicer

Pc = probability of a catastrophic failure when attempting

servicing

P,(t) = probabilityto be in state k at

r = risk-free interestrate (time value of money), %/year

Ty = time horizon over which missions are evaluated, year

Ty = orbital period at the altitude ay, s

Vo = orbital velocity at the altitude ay, m/s

Up = AV for the seriver to deorbit normalized by g/,

vy = AV to go from servicer orbit to satellite docking

normalized by g1,
vp = AV to go from one satellite the next
normalized by g/,

o = expectedrate of return of the revenues, %/year
Al = inclination change required for servicing, deg
AT,.x = maximum time allowed for a maneuver, s
AV, = incremental velocity to deorbit, m/s
AV, = incremental designed to be performed before
refueling, m/s
AVy = incremental velocity for fine proximity
maneuvers, m/s
AVy = incremental velocity for a Hohmann transfer, m/s
AV, = incremental velocity for a change in inclination, m/s
AVy = incremental velocity for a circular
phasing maneuver, m/s
AV, = incremental velocity for orbit maintenance
over one year, m/s
€ = fuel fraction carried on spacecraft during launch
A = failure rate, year™!
i = maintenance (replace or refuel or repair)
rate from state k, year™!
¢ = baseline phase between two coplanar satellites, deg

Introduction

PACE systems are still the only complex engineering sys-
tems without maintenance, repair, and upgrade infrastructure.
One-of-a-kind, reliable, and expensive spacecraft, designed for the
longest possible lifetime, have been the result of this lack of space
logistics. On-orbit servicing has long been suggested as having the
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potential to change the way business is carried out in space. How-
ever, its implementationrequires a whole new way of designing and
managing space systems. In addition, decision makers perceive it
as a significant source of mission risk. For on-orbit servicing to be
actually deemed worthwhile given the perceivedrisk, considerable
advantages in terms of cost effectiveness must be proven.

Several studies have proposed architectures for autonomous on-
orbitservicingof specific space missions and demonstratedpotential
improvements in terms of cost or cost effectiveness.!=> However,
no advantageshave been proven to date that outweigh the perceived
risk and cost uncertainty. In addition, no research has explored in a
systematic and quantitativeway the advantagesof on-orbitservicing
for space missions.

The goal of this paper is to propose research directions that can
help draw general conclusions about the cost effectiveness of on-
orbit servicing. On-orbit servicing will here refer to any on-orbit
activity, including refueling, performed after a system has become
operational, for the purpose of extending the operationallife of the
system, or modifying some of its components, or giving it new
functionality. Previous work on on-orbit servicing was limited to
case studies. A first approach to the problem is to expand on these
studiesby developing general cost-effectivenessmetrics and models
and systematically applying them to a large trade space of space
missions and servicing infrastructures. The first half of the paper
explores this direction and analyzes typical results. This analysis
unveils two fundamental limitations. First, the traditional approach
is impaired by the lack of cost models for a servicing infrastructure.
Second, and more important, this approach does not accountfor the
options that on-orbit servicing gives to decision makers to react to
the resolution of uncertainty.

The analysisof these limitations motivates the definition of a new
perspectiveon on-orbit servicing. The second half of this paper pro-
poses to make two fundamental steps forward; First, it argues that
the cost of servicing should be separated from its value. Second,
it defines a method to quantify the flexibility provided by on-orbit
servicing to space systems. Based on this perspective,a framework
that accounts for flexibility in modeling the value of on-orbit ser-
vicing for space systems is proposed. Several applications of this
framework will be analyzed in a companion paper.*

Cost-Effectiveness of On-Orbit Servicing:
Traditional Approach

In this section, we propose to develop a general model that can
systematically apply the approachused by previous case studies to a
wide trade space of space missionsand servicinginfrastructures.The
analysisof the results producedby this traditionalapproachwill help
us define new directions for research on on-orbit servicing. For this
purpose, the limits of the trade space will first be drawn, and general
metrics will be defined with which to quantify cost effectiveness.
Then a model to estimate systematically cost effectiveness on the
trade space will be developed. Finally, analysis of the validity and
limits of the model on a typical example will be presented.

Trade Space

We are interestedin developinga simplified model of the serviced
and servicing missions that captures only the most meaningful cost
and performance trends. The trade space is made up of mission
types, on the one hand, and maintenance types, on the other hand.
For each mission, the goal is to evaluate which maintenance type
is most cost effective and under which conditions servicing can be
expected to improve cost effectivenesssignificantly.

Missions

Mission types that are potential customers for on-orbit servicing
can be dividedinto five representativefamilies, designated A-F and
summarizedin Fig. 1. These families are broadly defined, and a gen-
eral trade space should have many dimensions within each mission
type. The first candidate A is a high value asset, for which replace-
ment costs are prohibitive; an example is the International Space
Station. Family B captures new types of space missions that would
be made possible by on-orbit servicing, such as highly maneuver-
able satellites. Family C comprise low-Earth-orbit (LEO) constel-

1. Without on-orbit servicing

2. Disposable servicer

3. Satellites roudtrip to depot

4. Servicer roudtrips to depot

5. Refuelable servicer

Fig. 1 Trade space: missions and infrastructures.

lations, for which proximity to Earth and economies of scale can
be exploited. Whereas family D is one to three geostationary-Earth-
orbit (GEO) satellites, family E is made up of the whole GEO ring,
exploiting their design similarities and common orbital plane. Fi-
nally, the hardest customer to service would be a system comprising
several orbital planes at various inclinationsand altitudes, family F.

For each mission, a minimum set of parameters is necessary to
estimatethe baselinecostand performance of the mission. Important
factorsfor costatthe constellationlevelinclude the numberof orbital
planes, number of satellites per plane, altitude, inclination, plus
the development and yearly operations costs. At the satellite level,
we consider at a minimum failure rate, mass, and production cost.
An example of the minimum information for measuring mission
performance is the required number of satellites per plane for the
mission requirements to be met.

The focus of this paperis on the cost and value of on-orbitservic-
ing rather than the technology necessary to make it feasible. Thus,
in the rest of this section, we will assume that the appropriate au-
tonomous rendezvous and capture (AR&C) equipment® is added to
the satellite payload cost and mass whenever existing satellites are
considered.

Infrastructures for Servicing

Changing orbital planes in Earth orbit requires high incremental
velocity. If the altitude is low enough and sufficient time is allowed,
nodal regressioncan be used to get around this problem. Otherwise,
it is reasonable to restrict the trade space to launching servicing
material separately into each serviceable orbital plane.

The description of a maintenance infrastructure comprises pa-
rameters that are technology dependentand parameters that can be
optimized for a given mission. Technology-dependent parameters
include production and launch rates, maximum time allowed for a
maneuver, probability of a catastrophic failure when attempting an
AR&C maneuver, and minimum servicer dry mass (corresponding
tothe AR&C payload with the power and structureto supportit). The
parameters that can be optimized depend on the kind of infrastruc-
ture. We define five broad families of maintenance infrastructures
as summarized in Fig. 1. Whereas each family represents a differ-
ent on-orbit servicing concept, there are many possible servicing
architectural designs within each category. The first family corre-
sponds to the baseline case: It has no on-orbit servicing. Satellites
are replacedif they fail, run out of fuel, or need a hardware upgrade.
The second family correspondsto the minimal servicing capability:
The orbital replacementunits to be delivered are launchedonboard a
servicer vehicle that is disposed of after it has delivered all its cargo.
The third family correspondsto satellites traveling to an orbital de-
pot or station. This could be envisioned if the downtime in mission
availability is judged acceptable and if the satellites have not yet
failed or run out of fuel; however, it adds significant complexity to
the mission design. The fourth family, called servicer roundtrips,
corresponds to the case when servicer spacecraftcan be reused (but
not refueled) by going to a depot/station and loading new cargo, un-
til they have just enough fuel to deorbit. Finally, the fifth family has
a refuelable servicer that can also be refueled at the station/depot,
to multiply the number of servicing missions it can perform over its
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life. At this point, no particular assumption is made on the design
of the depot/station.

Each of the preceding schemes 1-5 can be carried out either on
an on-demand or on a scheduled basis. In the scheduled case, a ser-
vicing period is defined. This method is well suited to service com-
ponents with quasi-deterministic time to failure/depletion, such as
propellant for station keeping. In the on-demand case, components
are serviced as they fail. This method is well suited to components
with a probabilistic time to failure/depletion.

Definition of Cost Effectiveness

To evaluate the cost effectivenessof each of schemes 1-5 for each
of the missions A-F, we need to define a general measure of cost ef-
fectiveness. The generalized information network analysis (GINA)
methodology® is a meaningful tool to evaluate space mission cost
effectiveness.It relies on the premise that most satellite systems can
be represented as information transfer networks. Their quality of
service is measured by four capabilities: isolation, rate, integrity,
and availability of the information transferred. Different architec-
tures are compared by means of a cost-per-function (CPF) metric.
The CPF amortizes the total lifetime cost over all satisfied users
of the system during its life. The total lifetime costs include costs
to initial operating capability (IOC) as well as operation costs and
expected failure compensation costs. The function is the expected
total number of times the system will meet the minimum user re-
quirements. These requirements differ from mission to mission, but
can always be expressed in terms of the four capability metrics.
The CPF is, therefore, a meaningful quantitative measure of cost
effectiveness.

A servicing mission is not an information transfer network in
itself. In most cases, it is a mass transfer network. However, the
final goal of the mass delivery is to enhance the capabilities of the
serviced mission. Therefore, on-orbit servicing of an information
transfer network is defined as cost effective if it reduces its CPF
compared to a traditional approach. The major effects that servic-
ing can have on the CPF are as follows: First is a decrease in the
initial cost because there is less need for redundancy, a possible re-
duction in the bus mass, and/or smaller fuel tanks can be built into
each satellite. Second is a change in the failure compensationcosts;
these costs include replacements and servicing, as well as satel-
lite and servicer replacement after potential catastrophic failures.
Third is a change in mission performance, because the probabil-
ity to meet the requirements depends on the failure compensation
scheme, but also because satellites can be upgraded for improved
mission performance. Through failure compensationcosts and mis-
sion performance, risk assessment is embedded in the mission CPF.

Model to Estimate Cost Effectiveness

To estimate the potential improvements in the CPF of a given
space system, it is necessary to have a general model that captures
the main effects of servicing on both cost and function. The impacts
on costincludethe designchangesas satellites are made serviceable,
the cost of the chosen serviceable infrastructure, and the failure
compensation costs. The impact on mission performance should
take the risk of servicing into account, as well as the impact of
possible upgrades. This section proposes such a general model.’

Serviceable Spacecraft

Let us first consider the impact of serviceability on spacecraft
mass. Mass differences will translate through cost models into cost
differences. The first impact is the cost savings from refueling. A
refuelable spacecraft has to be designed for the maximum total ve-
locity increment AV, between two refueling operations. The fuel
mass it has to carry increases exponentially with its design AV
through the rocket equation®:

My = Mg\ [exp(AVy/gls,) — 1] M

Increasing the fuel mass also increases the propulsion system’s
dry mass. For a given type of spacecraftdesign, it is common to de-
fine three constantsrelating the various masses as follows: a propul-

siondry mass factor f, such that Mg:;p = f, My, astructure’s mass

factor fy, and the fraction € of the total fuel mass that is carried on
the spacecraftat launch, so that M. = fsl(Mé?; + € Mj,e1). The to-
tal spacecraftdry mass and launchmass thenbehave as the following
functions of the design AV:

ME =M [{1— (f, + fuf, +ef)lexp(AVy/Ig) — 11} (2)

Mlaunch = th{l + 6[eXp(AVd/Ispg) - 1]} (3)

dry

Another main advantages of a repairing capability is to decrease
the initial spacecraft cost by designing space systems for a shorter
design life. The cost savings incurred by reducing the required de-
sign lifetime have been studied® by analyzing the impact of the
design lifetime requirement on the various spacecraft subsystems,
as well as on the overall redundancy. It was concluded that a cost
penalty is incurred by designing systems for a longer design life-
time. A linear fit to the final results gives the typical relative dry
mass impact to design for T, years instead of an arbitrary reference
lifetime of three years in the form

MTp)/M3) =14+k(Tp—3)  with k=~ 2.75%lyear

“)

Thus, a spacecraft designed for 10 years has approximately 20%
more dry mass than the same system designed for 3 years.

Finally, maneuver modeling is key to sizing the spacecraft that
moves in the servicing process. There are five important types of
servicing maneuvers. First, changes in inclination are necessary at
least to correct for launch inaccuracies; for an impulsive burn, the
incremental velocity is A Vi, =2Vj sin(Ai/2). Second, transfers
from an orbital altitude a, to another (a, =« a,) using a simple
Hohmann transfer require

AV /Vo = |V 2a/(0 +a) - 1| +1/Va|V2/0+a) 1] )

A Hohmann transfer can also be used for deorbiting any spacecraft
at end of life. Third, nodal regression can be used to transfer a
servicer between different orbital planes in the constellation. This
is done by changing the semimajor axis of the servicer orbit and
waiting for the difference in nodal regression rate to cancel out
the plane difference. The impulsive incremental velocity required
depends on the time allowed. Fourth, phasing maneuvers within one
orbital plane are useful for a servicer to go from a satellite to the
next; circular phasing can be performed by temporarily raising the
apogee. The impulsive incremental velocity for such a maneuver is
to first order inversely proportional to the time allowed:

W

AV _ o, _ 2_( (AT /To + /27) ) ©)
Vo I(ATow/To + ¢/27) — ¢/27
SV Ml Dy T« AT ™

Vo 27 ATmax

Finally there are fine maneuvers for the AR&C proximity and final
phases: AV, depends on the AR&C control algorithms. A conser-
vative AV, =120 m/s will be used. (This corresponds to a 30%
margin in most cases.)

Servicing Infrastructure

For all infrastructure types but type 3, the servicer’s maneuver
scheme can be described in terms of three integers, N, L, and K:
N is the number of satellites to visit before loading more cargo.
L is the number of sets of N satellites to visit before the servicer
runs out of fuel. K is the number of times the serviceris refueled to
service N x L more satellites. Thus, the total number of satellites
per servicer is Ny, = NLK. The servicers fuel mass can then be
shown to be

M§crviccr — AMS:;“CU + BMC

fuel



554 SALEH, LAMASSOURE, AND HASTINGS

where

A =exp[L(N — Dvp +2Lvy +vp] — 1
_ exp[L(N — Dvp +2Lvy] — 1
T explV — Dvp +2vy]— 1

exp(vp) — 1

The servicerdry massis finally a functionofits maneuvering scheme
and its specific impulse as follows:

Mservieer My + f;lCNMC + (fl’ + ef;l + f;‘fl’)BMC
dry 1 — A(f, +efu+ fafp)

X [—CXP(NUP) -1 exp(vy) — Ni|

®)

Performance

Mission performance, defined as the instantaneousprobability to
meet the minimum requirements, depends on the failure and main-
tenance scheme of the constellation and on the level of technology
insertionmade possibleby servicing. Nondeterministicsatellite fail-
ures are usuallymodeledby a failurerate A suchthat the probabilities
P to be in various failed states follow a Markov process: P = A P
(Ref. 8). Similarly, on-demand maintenance can be modeled by a
repairrate u in the Markov matrix A,,. Quasi-deterministicsatellite
failures, such as fuel consumption for station keeping, can be taken
into account by incorporating a change in the Markov model initial
conditions at the expected date of failure. To account for sched-
uled maintenance while keeping a Markov process, each state in
the model is divided into (1 4+ Nyyq) substates, going from never
maintained until maintained Nyeq times. At each scheduled time,
the Markov matrix is changed to incorporate new repair rates for
transition to the next substate.

The expected number of times that a system has to be maintained
(serviced or replaced) from a state k is then

Th
Ny = / i P (1) dr ©)
0

The mission’s function, that is, its number of satisfied users, is
the result of the Markov model on the one side and a market model
for the information transfer network on the other side. Let M ()
be the instantaneous number of satisfied users per unit time in the
operationalstate j. Upgradesare takenintoaccountby modeling the
effect of improved performance on this market level M (¢). Then
the functionis

Th
Fn = Z/ P, ()M, (1) dt (10)
j 0

Cost Modeling

Spacecraft economic models are not adequate for the servicing
infrastructure, which differs from the historical data used to derive
them. Combining several cost models can, to some extent, miti-
gate this problem. Three models, based on cost estimation relation-
ships (CERs), are publicly available: the unmanned spacecraft cost
model,>? the small satellite cost model,'® and a rule-of-thumb in-
dustry model.!! For the latter, the theoretical first unit cost (TFU)
is simply proportional to dry mass (Crgy /Mgy = $77,000/kg) and
the development costs scale with Crpy by a technologicalfactor F.
Cost uncertainties are estimated by combining standard deviations
of the CERs.

The model is now ready to be applied throughoutthe trade space
matrix (Fig. 1). The model as developed here can be applied to
refueling, repairing, or upgrading. However, in this paper we have
chosen to focus on refueling as this is the simplest case to analyze.
One only has to considerlife extension, which can be valued within
the framework of the original mission.

Analysis of Typical Refueling Case and Conclusion
Problem Statement

Let us consider refueling a LEO communication mission, taking
mission parameters on the example of the Iridium constellation,!?

Table 1 LEOG66 constellation assumptions

Parameter description Name Value Source

780km  Ref. 12

Constellation altitude ao

Satellite launch altitude aoo 650km  Ref. 12
Number of orbital planes N, 6 Ref. 12
Number of satellites per plane Nypp 12 Ref. 12
Satellites per plane to meet Nuspp 11 Ref. 12

the requirements
Number of on-orbit spares Nipares 1 Ref. 12
Satellite specific impulse Igps 320s Chemical
Satellite mean time to failure 1/x 9.18yr Ref. 12
Time to replace one 1/n 3 mo Ground spare

satellite after failure available

Satellite development cost factor Fs 4 State of the art
Discount factor d 7%/yr  Observed
Ballistic coefficient BC 50kg/m?> Assumed

25 T T r r r .

— — S
o th [=13
T T T
L 2 L

Billions of Addressable Minutes per Year
wn

0 . . . . . ;
2000 2002 2004 2006 2008 2010 2012 2014

Fig. 2 LEO66 market forecast, adapted from Ref. 12: My, is the the-
oretical market level in terms of minutes of communication that can be
offered with the required isolation, rate, integrity, and availability each
year.

hereaftercalled LEO66. For acommunicationsconstellation,a good
metric of performanceis the number of billable minutes provided by
the system, where a billable minute is a minute of communications
with the requiredisolation, rate, integrity,and availability.!* As seen
by decision makers before the launch of the mission, the market
M,, was expected to grow quasi linearly as described in Ref. 13
and shown in Fig. 2.

For this case study, we will compare three design alternatives,
all aimed at achieving an effective mission lifetime of 16 years.
The first alternative is to keep the spacecraft required lifetime of
eight years and replace the satellites after eight years. The second
is to keep the spacecraft required lifetime of eight years and re-
fuel the satellites after eight years. In this case, the most natural
choice of infrastructureis type 2, where servicers are launched with
their cargo into each orbital plane. The refueling can be scheduled
because fuel consumption is quasi deterministic. The main servic-
ing design parameter is the number of satellites to be refueled by
each servicer, which creates six subcases. The third alternativeis to
design the spacecraft propulsion system for 16 years of operation.
This increases the cost to IOC, but requires no scheduled mainte-
nance. In all cases, satellites are replaced as they undergo random
failures with a failure rate A = 1/mean mission duration. Tables 1
and 2 summarize the numerical assumptions.

Results in the Baseline Case

In the baseline case, the satellites’ propulsion requirements are
dominated by the fuel to deorbit, which accounts for almost one-
third of their total mass. Servicing makes it possible to do away with
this mass by refueling at end of life. The CPF is here the lifetime
cost per billable minute. Figure 3 is a comparison of several ser-
vicing schemes with the two traditional alternatives; total costs are
indicated in place of CPF because the function adds up to almost
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Table2 LEO66 servicing assumptions

Parameter description Name Value Source
Probability to crash at AR&C Pc 0.1% Free parameter
Servicer specific impulse Ispo 320s Chemical
Servicer launch altitude ai 700km  Assumed
Error in servicer inclination Ai 1 deg Conservative
Time allowed for approach ATmax 2 days  Short while allowing
low AV

Final approach AV AVy 120 m/s  Conservative
Attitude control AV AVy 30m/s-yr Typical LEO
Servicer development Fo 5 New technology

cost factor
Structures mass factor St 0.15 Aggressive servicer

design assumed

Propulsion dry mass factor fr 0.1 Optimistic
Structures mass factor fsc 0.2 Estimated

for cargo

7t [] 10C+Ops |/

[ Replace
6 - - [ Refuel
Y v v Y

st -
S
S l 1
=
‘2 3 b A A A A A i
&)

2 - 4

1 - 4

0 1 2 3 4 6 12

Replace &yr Satellites per servicer Design 1631

Fig. 3 LEOG66 baseline case costs for three design options: 1) replace
satellites every 8 years, 2) refuel the satellites, with various possible num-
ber of servicers per satellite (minimum cost obtained for six satellites per
servicer), and 3) design satellites for 16 years of station keeping. Vertical
are uncertainty brackets. Without servicing, designing for 16 years is
optimal for a total lifetime cost of $4 billion; if servicing were free (no
refuel cost), it would reduce the total lifetime cost to $3.6 billion and,
thus, become the optimal solution.

the same amount for all cases. Within the cases with on-orbit ser-
vicing, the minimum lifetime costis obtained by using one servicer
for every six satellites, that is, two servicers per orbital plane. First
suppose that we want to extend the mission life after eight years as
a response to unexpected market growth; then refueling after eight
yearsis hardly more cost effective than replacing the whole constel-
lation. If 16 years was the initial desired lifetime, refueling is even
less interesting. The satellite’s AV requirements are low enough
that they can carry fuel for 16 years without significantly increasing
lifetime costs.

Sensitivity studies’ show that refueling becomes more cost ef-
fective when the failure rate is very low (four times the baseline
reliability), so that running out of fuel becomes the major cause of
failure, or when the altitude is very low (400 km), so that carry-
ing fuel for life becomes too expensive. However, in all cases, the
cost advantages remain smaller than the cost uncertainty. The cost
effectiveness of refueling is also sensitive to the probability P of
a catastrophic failure when attempting AR&C. Increasing Pc both
decreases the mission performance and increases its failure com-
pensation costs because both the satellite and the servicer have to
be replaced after the failure. Figure 4 shows how, for Pc higher
than 1%, the mission performance (probability to have the mini-
mum number of satellites to meet the requirements) drops below
70% just after each refueling event. This is an unacceptable risk
when market capture is at sake.

Conclusion on the Traditional Evaluation of Servicing

This example is typical of the results that can be obtained with
the traditional approach to on-orbit servicing. Although situations
can be found for which servicing proves cost effective? the cost
advantage most often remains smaller than the cost uncertainty.

Cost per Function Availability after T_ .

0.26— :
S P
k=
05| & 0sl &
024} S F
o o6l %
= g
0mf = g
B 04t 5
02} ¥ é
E
e 0.2 . X
P 3
e} (o
02 0
0 0.05 0.1 -4 -3 -2 -1
10 10 10 10

Fig. 4 LEOG66: sensitivity to Pc, performance and cost per billable
minute where Tcpeq is time of scheduled refuel.

x10° Cost Models Comparison for 4 Servicers with 200 kg of Cargo
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Fig. 5 Inadequacy of cost models for servicer, example (design for
this servicer vehicle based on a scaled version of Lincoln Laboratory
experiment).

This uncertainty is made up of two parts: the uncertainty in the
constellation cost and the uncertainty in the servicing cost.

The uncertainty in the constellationcost arises from the standard
deviationin the CERs used. CERs are designed from historical data
to model the way costs depend on various design parameters. Their
standard deviation reflects an uncertainty in absolute cost, but the
relative cost difference between various designs are usually well
captured. Thus, cost uncertainty is only a minor limiting factor for
the conclusionsin terms of relative constellation costs. However, a
servicerspacecraftwould be very differentfrom historicalsatellites,
so that cost models would not be directly applicable. The different
subsystems for the servicer spacecraft herein modeled actually fall
into the applicability ranges for different cost models, making the
use of these models unpractical and doubtful, as shown by Fig. 5.

Costmodels are useful in a relative sense because they accurately
capture the design parameters that drive the cost of a satellite. This
reasoning is not valid any more for a servicing infrastructure, for
which the design and cost drivers are likely to be different. Even if
a cost model valid in a relative sense for servicing architectures was
developed, one could not add those costs to the cost of a satellite
constellation unless their absolute scaling was accurately captured.
Therefore, the uncertainty in the servicing price is here a limiting
factor even in a relative sense. This makes any definitive conclusion
about the cost effectiveness of servicing impossible. This has also
been one of the major problems faced by previous work on on-orbit
servicing.

However, note that at least one conclusion can be drawn by con-
sideringFig. 3. If servicing were free, the lifetime costs for a service-
abledesign would be 10% lower thanfora 16-yeardesign. Whatever
the price of servicing, the potential cost savings for this case cannot
exceed this limit. This is an indication of the intrinsic value of ser-
vicing. It suggests a new perspective on on-orbit servicing, which
we will now explore in more detail.
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General Framework for the Value of Servicing
Under Uncertainty
Separating Servicing Value from Servicing Cost

With the traditional approachconsideredin the preceding section,
whether on-orbit servicing proves more interesting than traditional
methodsis the resultof a tradeoff between two main effects that can
be summarized as the cost savings from servicing vs the price space
missions pay for servicing. These concepts are shown in Fig. 6.

The cost savings from servicing depend mainly on the satellite
designand the elements to be serviced. For any given space mission,
they can be estimated with reasonably good accuracyon alarge trade
space of designs, as shown, for example, in Ref. 11.

On the other hand, the price to pay for servicing depends on two
factors, both of which are highly uncertain. First, the cost of servic-
ing depends on the assumptions, design choices, and cost models
for the servicingarchitectureand the satellite designchanges. More-
over, costmodels are not adequate for such an infrastructure, so that
even these limited conclusions bear a very high uncertainty. Fur-
thermore, the price of servicing is not necessarily equal to its cost.
The price of servicing is the amount of money that will be charged
to a customer’s space mission for a given service, whereas the cost
of servicingis the amount of money that the servicinginfrastructure
has to spend to provide this service. The price of servicing depends
not only on the cost, but also on the infrastructure development
policy: The cost of the whole architecture could be paid by one
space mission, or shared among several missions. Even better, an
infrastructure could be developed by a governmental organization,
so that only the marginal cost of servicing would be charged to
individual space missions.

Estimating the cost savings from servicing separately from the
servicing price, therefore, presents several major advantages. The
estimate can serve as a good indicator of the maximum price that a
space mission would be willing to pay for servicing; missions for
which servicing could make sense would be the ones for which its
valueis significantcompared to total mission value. In addition, sep-
arating value from cost would significantly reduce the uncertainty
in the conclusionsdrawn.

Becauseno infrastructurefor on-orbit servicing exists yet, results
that would give some guidance as to what types of technologies to
develop, what space missions to target, and what cost cap not to
exceed would be very valuable. We propose to seek such results by
studying the value of servicing separately from its cost.

Accounting for the Flexibility Provided by On-Orbit Servicing
Separating the value of servicing from its cost can be an impor-
tant step forward for on-orbit servicing research. Here we propose
to go even further by accounting for flexibility in estimating this
value. Contrary to what has been implicitly assumed by the tradi-
tional approach, the value of servicing is not limited to potential
cost savings. Having the ability to access space assets represents a
source of flexibility. We define flexibility of a design as a property
of a system that allows it to respond to changes in its initial objec-
tives and requirements (both in terms of capabilities and attributes)
occurring after the system has been fielded, that is, is in operation,
in a timely and cost effective way.!* On-orbit servicing can provide
decision makers with the options to refuel and repair spacecraft for
life extension, upgrade them for improved performance, or change
their payload to perform a new mission. The decision can depend
on the resolution of parameters that were uncertain at the time of
launch. Market demand and technology levels, which often vary
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Fig. 6 Cost, cost savings, and price associated with on-orbit servicing.
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Fig. 7 Coneof uncertainty: a) without options: uncertainty means risk
and b) with options: uncertainty means higher expected outcome.

on timescales shorter than a space mission lifetime, are two typical
examples of such a parameter.

A good way to capture conceptually the importance of having op-
tions is the notion of cone of uncertainty proposed by real options
theory!® to represent the uncertainty in revenues (Fig. 7). Deci-
sion makers consider the future as seen from the apex of the cone
(present). The furtherthey look into the future, the more uncertainty
there is associated with their forecast, as is represented by the cone
with its opening angle being a measure of the level of uncertainty. If
no option is available, then an increasing uncertainty translates into
an increasing probability of a negative outcome; thus, uncertainty is
directly mapped into risk. However, if options are available to react
to uncertainty, then negative outcomes can be avoided, and a higher
uncertainty translates into a higher expected outcome.

Thus, for flexible designs, uncertainty is not a synonym for risk
any more; it can even become a source of value. Only by accounting
for the flexibility of decision makers in reacting to the resolution
of uncertainty, for example, avoiding negative outcomes, can this
importantadvantage of on-orbitservicing be evaluated. This is what
we propose to do in the rest of this paper.

Example of Options Available to Space Missions

Five examples of options are 1) the option to abandon an on-orbit
asset if operational costs are deemed too high compared to mission
benefits, which is available to all space missions and has been exer-
cised in the past; 2) the option to replace, for life extension or after
a random failure, also available to all space missions; 3) the option
to service for life extension, which would only be available to a ser-
viceablemission;4) the option to upgrade, which would be available
to serviceable spacecraft to avoid technological obsolescence and
to improve their performance with respect to their baseline require-
ments; and 5) the option to modify, which would make it possible
for serviceable spacecraft to respond to changes in their require-
ments. In each of the five cases, the decision to exercise the option,
for example, to abandon the mission, or to service it, does not have
to be set before launch, but will rather depend on the resolution of
one or several uncertain parameter(s). In the future, decision mak-
ers should be expected to take the optimal decision given the state
of the environment they observe at a given time. Traditional space
mission valuation, which relied on net present value calculations,
underestimatesthe value of servicing in the presence of uncertainty
by assuming a set, and therefore, suboptimal, sequence of events
would occur. The rest of this paper proposes to go one step further
by developing a framework to quantify the value of the flexibility
offered by on-orbit servicing. To deal with probabilistic sequence
of mission events, this framework builds on and expands ideas de-
veloped by decisiontree analysis and real options theory. These two
frameworks capture the value of managerial flexibility associated
with the availability of options to make decisions in the future.'®

Basic Elements of the Framework

This subsection defines the basic elements required to describe
fully a situation where options are available to adapt to the resolu-
tion of uncertainty. These elements are the building blocks of the
framework, which are common to any option valuation. Their par-
ticular values and behaviors must be defined for each case under
study as the first step in the valuation process.

Uncertain Parameter X
In a world of certainty, options have no value. Therefore, the cor-
nerstone of any option valuation is modeling the uncertainty in the
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future states of nature. At least one uncertain parameteris required,
whichcanbe modeledas an instantaneousstochasticprocess X. This
is a generalizationof decisiontree analysis to accountfor continuity
in the possible states of nature. If several parameters are uncertain,
X can be taken to have several dimensions: X = (X, ..., X,).

In the following description, we will always assume that the un-
certain parameter follows a Markov process: The distribution of X
attimet >ty knowing the path X ([0; #,]) is only a functionof X (¢,).
In other words, only the latest information about X is relevant. We
will define p,(x|xy) as the probability density function of X at ¢
knowing X () = x¢. This assumption greatly simplifies the valua-
tion process without sacrificing any important effect of flexibility
value. Itisreasonably valid for sourcesof uncertainty such as market
dynamics, military contingency location, or random failures.

Example: In the case of commercial missions with uncertainrev-
enues, X can be defined as the ratio of the actual revenues per unit
time M (¢) to the revenuesrate given by the market forecast M, (¢).
A typical assumption used by real options theory is the geometric
random walk process, which is a good description of the behav-
ior of stocks values. Under this assumption, if X (¢) is known, then
x=X(t 4+ t)/X(¢) has a log-normal probability density function
with mean e®® and variance o 4/7:

TP () — (@ —0?/2)7P|
pt+r(x xr)_pT(X)_X\/Egﬁexp 2021 l
an

Mission Horizon Ty

To evaluate alternative mission scenarios on a fair basis, their
costs and benefits should be compared over the same elapsed time
[0; Ty ], where Ty will be called the mission horizon. In the most
general case, Ty can be taken to be infinite.

Decision Points Ty

The valuationof optionsrelieson the existence of decision points,
which are instances in the future when decision makers will have
the option to choose between several alternative decisions.

Modes of Operation m

Ateachdecisionpoint,alternativedecisionscan be representedas
several possible modes of operation.!® Typicalexamples of modes of
operation that could be available to space missions are abandoned,
operational in its initial design, or operational with a particular de-
sign modification. We will mark the value of any variableY in mode
of operation (m) by a superscript: ¥ ™, the value of any variable
linked to a switch from mode (n) to mode (m) by Y@~ ™ and
any variable linked to a history of successive modes of operation
(ml» my, ..., mn) by Y(ml.mz ..... m,,)‘

Utility Metric U

The utility metric is a generalization of the notion of revenues
for commercial missions. For #; <t,, here U([¢#;; t,]) is a measure
of the aggregated benefits from the mission over the time interval
[#; t,]. These benefits are not necessarily monetary.

In most noncommercialcases, there can be several choices for the
utility metric. For example, the benefits from a space-based radar
mission could be the total number of square kilometers protected,
or the total time a given area has been protected. The right choice
should be the one that most describes what is of importance to
decisionmakers. The utility metric must be such that, among several
architecturalalternatives with the same cost, decision makers would
choose the one offering the highest utility function.

Utility Rate u

For any meaningful model, mission benefits will be an increasing
function of time. In any given state of the system, there will be an
instantaneous utility rate # such that u = dU /d¢. If this utility rate
depends only on the present state of the system, then we can say
that utility is time additive, that s, total utility is the sum of past and
future utility.

Example: For a commercial mission with uncertain revenues,
the utility rate is directly proportional to the uncertain parameter:

ut) =M(@) =M, (1) X ().

Cost Metric C

The cost metric is the sum of all of the expenses associated with
the mission and its options. For t; < t,, here C([t1; 1,]) is the present
value of the aggregated costs of the mission over the time inter-
val [#;; t;]. Two types of discount rates for costs and revenues are
necessary for the valuation of nonfinancial options such as space
systems:

1) Amounts that are not subject to uncertainty,or thathave a twin-
security on the stock exchange, can be discounted at the risk-free
interestrate r. A twin security is defined as a security that is traded
on the stock exchange and whose behavior mimics the value of the
underlying amount considered.

2) Amounts that are uncertain and not linked to a twin security
can have an internal rate of return o, #r (Ref. 17). These amounts
must be discounted at a rate r + p, where p is a risk premium that
depends on the level of risk in the project.!® It is then convenient
to define « =, — p=r + § and to describe uncertain amounts as
increasing with a rate of return . Uncertain amounts can then be
discounted at the risk-free interest rate r.

In a real situation, the risk-free interest rate r, the project’s inter-
nal rate of return and the risk premium are all functions of time, in a
fashionthat cannoteasily be predicted. A convenientapproximation
is to assume that they remain constant. This is already an improve-
ment over traditional valuation, which uses only one discount rate.

Value Metric V
The value of a mission is a tradeoff between its utility and costs:

Vn: D) = flU(n: 6D, C(n: 1)) (12)

It should be chosen such that among several alternatives decision
makers would systematically choose the one that maximizes the
future expected value. Typical examples of possible value functions
are given in Table 3.

Example: For a commercial mission, the value metric is a linear
function of the cost and utility:

V=U-C (13)

This linearity has the property of making value time additive. This
means in particular that maximizing future value is equivalent to
maximizing lifetime value.

Decision Model

The decision model describes how the decision should be taken at
adecisionpoint 7} as a functionof the current mode of operationand
the current state of the uncertain parameter x;, = X (7). If the value
metric has been correctly defined, the decision will be to chose the
mode of operation that maximizes future mission value. Let us call
EV>(','(’) (x;) the expected value of the mission after 7, knowing the
current state of the uncertain parameter x;, = X (7;) and assuming
that mode of operation m is chosen:

EVR(x) = E{V"(T: Ty DI XT) =x) (14

Table 3 Examples of possible value functions

Value functions Commercial Military Scientific
Utility U Revenues Utility function GINA Function
Mission value V Uu-cC u/C U/C=1/CPF
(U-C)/C  maximum(U; C <costcap) maximum(U; C < cost cap)
minimum(C; U > Upip) minimum(C; U > Upip)
Source of uncertainty Revenues Theater location Scientific return
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The total mission value is V = EVE(%) (xo). The optimal decision

mode 71, (x;) at Ty is given by

rig () - max [EVE ()] (15)

This optimal choiceis a function of x;, which is unknown at the start
of the mission. Thus, for each mode of operation m, this decision
processdefines the set Ik('") of values of x; of the uncertain parameter
for which the mode m should be chosen.

Black-Scholes Equation'® Example

Before describing the valuation process in its general setting, it is
useful to consider the simplest possible example: the simple option
on life extension.

Black-Scholes Equation'’

Considera spacemissiondesignedfor 7' = 10 year with the option
to be serviced at 7', thus increasing its lifetime up to T = 20 years.
At T, decisionmakers will choose between two modes of operation:
1) not operational or 2) operational. Choosing operation 1 would
incur the cost C?~ 1 =0 and choosing operation2 would incur the
cost C?~2 =Cg+ Cy= E =$100 million, where Cj is the cost
of servicing and Cy the cost to operate the system from ¢ =7 until
t =Ty. We call this cost E becauseit is similar to the exercise price
of a stock option: Whereas a stock trader can buy an option on a
stock, here the decision maker can buy an option on a life extension.

This option could, for example, be interesting for a commercial
mission, for which the revenuesafter time 7" are uncertainat the time
of launch; let us call these S because they are similar to the stock
price for a stock option. S is a stochastic process, and at time t =0
its value is observed to be Sy = $125 million. Staying operational
after T is interesting only if it incurs more revenues than expenses,
that is, only if § > E.

If the marketbehavesas a stock, its rate of changecan be described
as a diffusion process (geometric random walk) with volatility o as
commonly used by real options theory:

ds

?=(xdt+adB (16)
With these assumptions, the revenues at T follow the log-normal
probability density function:

€(S/So) — (o — a2 /DT
o(S) — 11 [ 6a(S/S0) — (@ — 02/2)T ]

LI
Jomo TS P 20°T

)

The utility function is the revenues, and the value is simply V =
U — C. This value being time additive, the value of the option at
t =0 is simply the expected present value incurred after time 7,
which for risk-neutralinvestors is

E oo
E{V}:/ 0xp(5)ds+/ e T(S— E)p(S)dS  (18)
0 E

With the change of variables
x = [ba(S/So) — (@ — 0>/T] /o NT
and y =x —o4/T, this yields
V =e@ DTS N(d,) — e "TEN(d,) (19)

where N is the cumulative normal distribution function

x %)
N(x):/ \/;_exp<%> dt=1—-N(—x)
_— T

_ t(So/E) + (@ + 02 /2)T
oT '

With & =r, Eq. (19) becomes identical to the Black-Scholes equa-
tion, which was a key result in the foundation of options pricing
theory in 1973.!° The generalization of this equation for o #r is
useful for cases when the underlying option does not behave as a
financial asset.!”
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Fig. 8 Simple option on life extension: value from the Black-Scholes
equation’® for E =$100 million, Sy= $125 million, T7=10 years,
r=5%/ year,and 6 =0.

Quantifying Flexibility

This example is particularly relevant to illustrate the limitations
of traditional valuation methods and to demonstrate that, in some
instances, flexibility can be quantified.

A net present value calculation would not take into account the
existence of an option. For expected revenues smaller than the
expected expense [e©® =TS, < e E], it would consider that the
spacecraftwill neverbe servicedand, therefore, that thereisno value
in the servicing option. This corresponds to neglecting the proba-
bility that the mission be more successful than expected, thus being
overpessimistic.For expectedrevenues higher than the expected ex-
pense [¢® =" S, > e~"T E], it would assume that the spacecraft will
be serviced whatever the market level S. Therefore, it would be
overoptimistic; the net present value incurred after time 7" would
underestimate the value of serviceability by an amount that we can
define as the flexibility value:

E
F=V -tV =/ e"T(E-S)p(S)dS >0 (20)
0

Figure 8 shows the value of the option to be serviced for life
extensionand compares it with the net present value after time 7', as
a function of the volatility o. Two main general trends, common to
any option valuation, are worth noticing. The option value increases
with uncertainty. Thus, uncertainty, which has traditionally been
considered as a source of risk, is turned into a source of value by
the presence of flexibility. Furthermore, the option value is greater
than O and has as an upper bound the present value of the expected
revenues, ¢ ~"T §;. This amount is the worst possible difference
between actual revenues and forecast revenues. This is, therefore, a
statement that the value of an option cannot exceed the value of the
potential losses it helps prevent.

Option Value for Space Missions: General Case

Let us now consider the general case with discrete decision points
0<T)<T,< -+ <Ty<Ty.Choosing a certain mode of opera-
tion at time 7; gives the option to choose other modes of operation
attime 7T} , . For example, a spacecraftthat has been serviced once
has bought not only a life extension, but also the option to be ser-
viced once again. The value of this future option must be taken
into account in estimating the value of the first option. This situ-
ation is called a compound option. For each decision point 7} let
us call the next period and note 7; the time to the next decision
point, 7, =T, , | — T}, with the convention 7, =Ty — Ty. For any
variable Y, variable Y; will be the quantity of Y incurred during the
kth period: Y, =Y ([Ti;; Ty 4 1])-
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Matrix of Switching Costs

Considera mission enteringa decisionpoint 7}, in a specific mode
of operation, m. There will be a cost C\" ~ " to switch from mode
m to any mode 7. This matrix of switching costs C; = (C,ﬁ”’ oy
bearsthe index k becauseit can depend on time. That a certain mode
I may notbe accessible from mode m is taken into accountby setting
C,E'" =D = 00, for example, a mission cannot be reinitiated once its
spacecraft have been deorbited.

Last Decision

The mission value after time Ty will depend on the mode of
operation chosen at Ty. This choice will depend on the current
mode of operation n as well as the current state of the uncertain
parameter x = X (T ). For example, a mission should be serviced if
its market booms, but abandonedif its market shrinks. If the mode of
operationm is chosen, then the expected future value of the mission
after Ty, given X (Ty) = x, will be

EVA(]n—>m)(x) — f(UI(\;n), C}(\;l—>m)) (21)

At t =0, both the uncertain parameter X (Ty) and the mode of
operation n at Ty are unknown. For each possible entering n, the
decisionmodel determinesthe sets 7\ " of values of the uncertain
parameter for which a switch to mode m at Ty will maximize future
value:

xell”" &= max{EVIT )} =EVIT ") (22)
1

Induction Relations

Now consider decision point 7y _ ;. A future mode of operation
must be chosen on the basis of the current mode of operation/ and
the current value of the uncertain parameter xy _; =X (Ty_). In
making the decisionto switch to a mode n, two things must be traded
off as shown in Fig. 9: 1) the cost C\, ~|” and utility U\, incurred
during [Ty _, Ty] and 2) the costs and utility incurred after Ty,
given that the decision point Ty will be entered in mode n and that
the uncertain parameter X (Ty) will follow the density probability
function py (x|xy _ ). Thus, the value to maximize is

EVy™" (1) = Zf(m) IRy RN R
m IN

+CUT ) ] paxlxy 1) dx (23)

This decisionmodel will determine the sets I,f,l__’;') of values of the
uncertainparameterat Ty _ ; for whicha switchto mode/ maximizes
future value.

AtdecisionpointTy _,, the decisionmodel will in turn maximize,
for each entering mode k and each value of the uncertain parameter
Xy_o = X(Ty_»), the future value

EV,\(,k__;l) (Xy-2)

= Zf pN_1<x|xN_2)dxf pu(ylx)dy -
o 1 i

—1)

o fIUL w2y + UP () + UM 3, CE¥ 2D (xy _2)

+CUT )+ O ()] (24)
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Fig. 9 Schematic of decision situation at decision point k.

The same principle can be applied according to a backwards iter-
ative process back to T, = 0, where it gives the total mission value
as seen from the initial point, V = EVf(]]), This process is similar
to working backward in a decision tree that would have an infinite
number of branches.

Commercial Case

The case of a commercial mission with uncertain revenues is
worth mentioning because the linearity of the value metric greatly
simplifies the valuation process. The induction relation indeed
becomes

EVZ(';() ()C) — Uk[rﬁk(n.x)](x) _ C]Enarﬁk(n.x)]

e / EVI (y) pe(ylx) dy 25)

Traditional Value, Flexibility Value

Now let us define the traditional value as ¢V, the value that would
be obtained if the existence of options had not been taken into ac-
count. A traditional valuation such as a net present value method
would have considered that all decisions must be made at t =0
and determined a set sequence of modes of operation (my, ..., my)
from the observation of xo = X (7). Thus, the traditional mission
value would have been

N N
1V = f £l DU @, YoM T ™
k=0 k=0

X pl(xy, ..., xy)|xoldxy, ..., dxy (26)

If the value function has been chosen to be compatible with time
additivity, then the value that takes flexibility into account will
always be greater than the traditional value V > V. This leads a
natural definition of the value of flexibility:

F=V -1tV 27)

Determination of a Threshold Servicing Price

The framework and valuation process defined earlier can be used
to derive three types of information about the market base for
servicing:

1) The cost penalty that a space mission would be willing to
pay to design for serviceability is directly given by the value of the
serviceability option; an example is the Black-Scholes equation'®
for the simple option on life extension seen earlier.

2) The value of a serviceable mission is a function of the price
of servicing. Comparing this function with the value of a nonser-
viceable mission will give the maximum servicing price that would
make a space mission choose a serviceable design:

serviceable > traditional <= Cypnice < T (28)

3) Determining the relative flexibility value with respect to tradi-
tional value, (V —¢V)/tV, will indicate by how much traditional
valuationunderestimatesmission value and, therefore,in what cases
this framework is most interesting.

Limitations of the Framework

This paper represents a first attempt at defining a general frame-
work for the valuation of options for space missions faced with un-
certainty. Although it can account for many practical cases of space
options, some simplifying assumptions had to be made, which limit
its generality.

Discrete Decision Times

For the sake of clarity, a finite number of set decision points were
implicitly assumed. When the period is set to be infinitesimal, this
can easily be generalized to continuous decision points. However,
it is clear that an iterative backward process with a cascade of in-
tegrals becomes impossible as the number of decision points tends
to infinity. A solution to this problem is to alter the definition of
value, defining V' = f(E{U}, E{C}) instead of V = E{f (U, C)}.
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This new definition makes no difference for linear valuation func-
tions such as the one used for commercial missions. It does for
utility-per-cost metrics, and studying this effect would be an inter-
esting problem for future research.

Finite Number of Modes of Operation

For the sake of clarity, the possible modes of operation were de-
scribed as a finite set. This assumption is not fundamental, and the
same framework can directly be generalized to the case of a contin-
uous range of possible modes, such as a whole interval of possible
orbital altitudes, simply replacing a summation by an integral. Al-
though the process can be directly generalized to account for the
two former types of continuity, some basic assumptions have been
made that constitute fundamental limits to the framework:

Exogenous Uncertainty

The framework applies for cases when the uncertainty is exoge-
nous, that is, the source of uncertainty is external to the mission
and cannot be affected by decisions taken after the system has been
fielded. The presence of options reduces risk not by reducing un-
certainty, but rather by affecting the consequences that uncertainty
has on the mission.

This assumption can be an adequate description of the option
to service to react to random failures, to market and technology
dynamics,or to changingrequirements.It cannotbe used to describe
the interactions between the source of uncertainty and the mission’s
decision, such as the dynamics of competitive markets.

Describing the Uncertainty

The proposed valuation process relies on the availability of the
information necessary to define the building blocks of the frame-
work. For many practical cases, this information is not observable.
In particular, the probability density function pj (x|xy) of the uncer-
tain parameter in the future, which describes the uncertainty in the
parameter’s forecast, is usually very uncertain itself. Assumptions
have to be made, and the sensitivity of the results to the assumed
distribution must be estimated. There is likely to exist a threshold
uncertainty over which the conclusions change: No conclusion can
be drawn in situations where the uncertaintyis estimated to lie close
to this threshold.

Forms of Flexibility

This framework describes flexibility as a known set of possible
modes of operationavailable to decision makers. Therefore, this ap-
proach cannotaccountfor the most general form of flexibility, which
lies in the ability to define new, unpredictable modes of operation
to respond to unknown sources of uncertainty.

Conclusions

The traditional approach for estimating the cost effectiveness of
on-orbit servicing of space systems has two major flaws. First, tra-
ditional cost models are not suitable for a servicing infrastructure,
which generally leads to a cost uncertainty outweighing any cost
difference. Second, traditional valuation assumes a set sequence of
actions, which does not take into account the flexibility provided by
on-orbit servicing to space systems.

This paper proposed a new approach to on-orbit servicing. The
value of servicing, defined as the maximum price that a space mis-
sion would be willing to pay for servicing, should be studied inde-
pendentofits cost. The paper developeda framework to account for
flexibility in estimating this value. The framework relies on the defi-
nition of a few building blocks, the more importantbeing a model of
the exogenous uncertainty, a set of reachable operational modes, a
sequence of decision points, and a definition of mission value. Once
these building blocks have been properly defined for a given servic-
ing situation,a backward valuationprocess similar to a decision tree
with infinite number of branches is proposed. This process embeds
the value of flexibility by considering only the optimal decision
following the gradual resolution of uncertainty with time.

This framework is valid for any space mission having a known
set of options to react to the resolution of any source of uncertainty
that behaves as an exogenous Markov process. Its applicationto on-
orbit servicing can help draw a map in a requirements/iincertainty
space of the maximum servicing price that would make a servicing
infrastructure interesting. Such information would give directions
for future on-orbit servicing technology development as to what
missions to target and at what servicing price.
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