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Abstract
Cooperative on-orbit satellite servicing (OOS) and rendezvous and proximity operations (RPO) have the potential to foster
the next economic revolution in space. The ability to approach, inspect, grasp, manipulate, modify, repair, refuel, integrate,
and build completely new platforms and spacecraft on orbit would enable new business models, innovation, and opportunities
in space. However, the lack of clear, widely accepted technical and safety standards for responsible performance of OOS
and RPO involving commercial satellites remains a major obstacle to satellite servicing becoming a major industry and
could lead to mishaps that would put long-term sustainability of space itself at risk. The Consortium for Execution of
Rendezvous and Servicing Operations (CONFERS) is an industry-led initiative with initial seed funding provided by
the Defense Advanced Research Projects Agency (DARPA) that aims to leverage best practices from government and
industry to research, develop, and publish non-binding, consensus-derived technical and operations standards for OOS and
RPO. As part of the CONFERS effort, the University of Southern California’s (USC) Space Engineering Research Center
(SERC) conducted initial research into existing RPO methodologies and practices through literature review and interviews
with practitioners. This paper provides the results of the first year’s analysis in RPO methodologies via a database of
flight executed RPO events from past missions (manned and unmanned). Based on the analysis, the paper provides initial
recommended metrics to improve safety for cooperative RPO and methods to allow for safety and minimum risk that is
scalable to any size satellite/spacecraft. The metrics are meant to encompass new innovations in technologies and techniques
related to RPO for any size or caliber of spacecraft, and to show relationships for the larger context of “servicing”. The
paper is considered an introduction to follow-on research that will expand attributes from “first contact” to docking, and
additional elements that constitute the current suite of satellite servicing activities. A second year survey if planned for
these additional attributes.

Keywords: Satellite, Rendezvous, Servicing, Proximity, Safety

Nomenclature

CLIENT . . . . . . . . . . . . Satellite or Platform to be Serviced

SERVICER . . . Satellite or Platform that provides Service

Acronyms/Abbreviations

ADACS . . . . .Attitude Determination and Control System

CONFERS . . Consortium for Execution of Rendezvous
and Servicing Operations

CR . . . . . . . . . . . . . . . . . . . . . . . . . . Coefficient of Restitution

DARPA . . . Defense Advanced Research Projects Agency

DART . . . . . . . . . . . . . . . Double Asteroid Redirection Test

ECD . . . . . . . . . . . . . . . . . . . . . . . Effective Capture Distance

EMI . . . . . . . . . . . . . . . . . . . . . Electromagnetic Interference
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FS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Factor of Safety

GEO . . . . . . . . . . . . . . . . . . . . . . . .Geostationary Earth Orbit

GNC . . . . . . . . . . . . . . . . Guidance Navigation and Control

ISP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Specific Impulse

ISS . . . . . . . . . . . . . . . . . . . . . . . . International Space Station

LEO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Low Earth Orbit

LOR . . . . . . . . . . . . . . . . . . . . . . . . . Lunar Orbit Rendezvous

MCO . . . . . . . . . . . . . . . . . . . . . . . Maximum Capture Offset

NASA . . National Aeronautics and Space Administration

OOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . On Orbit Servicing

OOSA . . . . . . . . . . . . . . . . . . Office for Outer Space Affairs

PCI . . . . . . . . . . . . . . . . Peripheral Component Interconnect

RCS . . . . . . . . . . . . . . . . . . . . . . . . . Reaction Control System

RPO . . . . . . . . . . . . Rendezvous and Proximity Operations

RSGS . . .Robotic Servicing of Geosynchronous Satellites

SERC . . . . . . . . . . . . . . Space Engineering Research Center

STS . . . . . . . . . . . . . . . . . . . . . Space Transportation System

UN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . United Nations

USB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Universal Serial Bus

USC . . . . . . . . . . . . . . . . . University of Southern California

1 Introduction

Almost every major vehicle in a consumer’s daily life uses
re-purposing through value added reseller equipment and/or
constant maintenance; the family car, boat or truck is built on
this concept. Entire companies of 2nd and 3rd tier industries
are built not just on re-purposing components and hardware,
but on the skill set to be able to effect the re-purposing to a
host of platforms. All major systems in the world use this
construct, with the single exception of satellites. Satellites
costing anywhere from $1M to $1B are designed with a
known lack of re-purposing, for planned disposal at a pro-
jected end of life [1]. The exceptions to these have been
human modules (Apollo, Soyuz), fly back Shuttles (STS),
cargo return vehicles (Dragon), or early camera return cap-
sules [2].

In the past two decades however demonstration missions
have been flown to explore ”re-usability” of space sys-
tems. . . through the advent of ”servicing” to extend or pro-
long a space platform’s life [3]. One project even looked at
”re-purposing” retired satellites to create completely new
space elements [4, 5] Today there are multiple missions
planned and under way by combinations of public, private
and public/private entities to create a true business in space
that follows the successful models of ”servicing”, ”mainte-
nance” and ”re-use” that Earth bound platforms have enjoyed
(i.e. RSGS, Orbital ATK, Maxar, etc).

However, where Earth’s rules, regulations, policies and im-
plementable guidelines exist that have evolved over the years
to address safety related to ”services”, space holds limited
similar guidelines. While the current treaties (Outer Space
Treaty, Liability Convention, etc) address basic attributes of
ownership and liability of one ”state” to another ”state’s”
operational space platform, they do not provide guidance re-
garding the safety of two platforms/satellites rendezvousing
and connecting to each other. The UN OOSA Space De-
bris Mitigation Guidelines do set up protocols to minimize
the potential for debris generation by ”normal operations”
and end of life recommendations, but were drafted prior to
current advancements in servicing capabilities [6]. In other
domains ”best practices” have evolved over time and practice
to a set of common standards where platforms or systems
”connect” to each other. As an example, militaries around
the world employ in-flight refueling with aircraft that set
speed, altitude and communication “standards”, while ma-
rine merchant and military ships execute on and offloading
between two ships at sea through rules and regulations; yet
nowhere are there guidelines for how two unmanned satellite
objects should approach or connect to each other. NASA
does publish International Space Station (ISS) rules for ap-
proaching and docking. But these are specific to the ISS,
and were developed for maximum safety of life, not business.
Why does it matter for satellites? The consequences of an
action that causes debris on the Earth (car, ship or aircraft)
are generally confined to the local area of the accident. That
is, pieces of cars that crash (for example) fall to the ground
and can be pushed to the side of the road; they do not stay
hovering in the air in the lane where other drivers could hit
them. Likewise at sea, collisions generally are swallowed by
the ocean and thus pose no resultant danger to future vessels.
Yet in space, every piece of debris can affect an entire orbit;
and every orbit is used by the global community of nations
to fly their spacecraft through this unique “space commons”.

This represents a unique global problem; the ”commons” of
space is both available to all nations, yet not controlled or
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Fig. 1: RPO Schema

cleaned by any nation. Thus, events in orbit that create ad-
ditional hazards affect far more than the local environment;
indeed they are global in affect. The current treaties that
exist for Space may not completely encompass the new real-
ities that technologies and capabilities are now enjoined in
creating ”on orbit servicing” and ”rendezvous and proximity
operations”. Thus, CONFERS aims to bridge that potential
gap and provide guidance to mitigate potential problems that
affect all satellites in Earth’s orbit.

1.1 CONFERS, What is it?

The Consortium for Execution of Rendezvous and Servicing
Operations (CONFERS) is an industry-led initiative with ini-
tial seed funding provided by DARPA that aims to leverage
best practices from government and industry to research, de-
velop, and publish non-binding, consensus-derived technical
and operations standards for OOS and RPO [7]. The goal
for these standards is to provide the foundation for a new
commercial repertoire of robust safe space-based capabili-
ties to encourage and support the future in-space economy.
CONFERS is open to participation by private sector stake-
holders in the international satellite servicing community.
All companies and academic institutions developing, oper-
ating, insuring, and purchasing OOS and RPO capabilities
are encouraged to join and contribute their experience and
expertise.

1.2 RPO

Similar to tow trucks, refueling tankers, cranes, and all man-
ner of ”service” platforms on Earth, the new capabilities for
satellites to refuel each other, repair, upgrade and modify
other satellites, on-orbit after launch are the in-space equiva-
lent of these platforms. A key attribute to effect any ”service”
in space, is the ability to get up close and personal. The typi-
cal nomenclature used relative to this action is ”rendezvous
and proximity operations” or RPO. For the purposes of CON-
FERS early analysis, RPO consists of timelines, actions, and
maneuvers between two different space platforms, from dis-
tances >100km to within several meters. In this paper any
reference to a “Client” is describing any space object that is
to be approached by a “Servicer”, which is any spacecraft
that executes an RPO maneuver. In reality both the ”Client”
and ”Servicer” may execute a maneuver or work in concert
with each other to effect an RPO maneuver, but for simplicity
they are defined as separate for now. Fig. 1 above shows a
simple schematic to elucidate the RPO schema used herein.
(Note, the nomenclature used on the diagram are meant to
delineate basic agreed to separation or designation points in
a ”typical” approach. As identified below, a lexicon for RPO
becomes critical to adequately describe the schema used.)

2 Material and methods

USC SERC was given the task to assess the current state-of-
the-art, uncover standards or best practices, and recommend
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Table 1: RPO Survey Results

possible actions to consider as potential safety standards in
RPO and OOS for the CONFERS community to consider.
The task was broken out into two single year efforts, with the
first year focusing on RPO and second year OOS. This paper
focuses on the results of the RPO work in the first year, with
the methods used listed below.

The first step was to compile a literature review from public
sources of all past and present missions that had elements of
RPO events. After acquiring this data, relevant parameters
about how the RPO was achieved were compiled into a table,
looking at attributes for comparison (e.g., total delta-V, num-
ber of holds or gates, distance of the gates, approach velocity,
lighting, phasing orbits, etc.). Table 1 shows a sample of
the attributes looked at. Over 65 published references were
used to compile the survey [3, 8–63]. The goal of this was to
discover any elements between them using common methods
that might form the basis for best practice guidelines.

The review showed that out of the references used only a
handful contained enough details with attributes to be useful
in comparison. From these, no discernible patterns were
found, other than describing the use of ”safety nets” or ”keep
out zones” around the proposed Clients. Some maneuvers ad-

ditionally used built-in safety ellipses, which required a final
burn to physically match the Client’s position and velocity
along either R-Bar or V-Bar.

Over the range of 100km down to a few meters between a
Servicer and Client, there are countless ways to rendezvous,
and no specific trajectory that appeared inherently better than
any other (i.e. co-elliptic rendezvous, R-Bar approach, V-bar
approach, etc). There was also no consistency between au-
thors and organizations on what nomenclature and diagrams
they used to represent the entire RPO schema used. Two are
shown below in Fig. 2 that present different representations
of an RPO engagement.

The second step in the evaluation process was to reach out
to prospective and current commercial companies interested
in RPO and/or OOS. A questionnaire was provided to help
identify specifics for evaluation. The topics focused on what
type of RPO schema a company might use, what specific
nomenclature do they use to describe the RPO engagement,
what type of safety areas did they focus on, what type of
communications (transparent, public or private) do they use
during the engagement, and what if any government regu-
latory requirements have that might impact their technical
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Fig. 2: Inconsistent Diagram Formats

engagement. Between these two steps a number of initial
conclusions came out.

From the initial literature survey it appears difficult to eluci-
date ”standards” for RPO dynamics from afar (i.e. tens to
hundreds of kilometers to few meters). Each approach was
different for each different mission set, orbit, lighting condi-
tion etc. This is not to say it is not possible in future, but first
survey results did not readily identify any. There were obvi-
ous correlations between similar rendezvous agents (i.e., the
ISS and/or Space Shuttle etc.). There was some concurrence
on levels of safety applied to ”approach velocity to final
burn”, where the magnitude seemed to indicate a focus on
”high factor of safety” in defining the final approach velocity.
There was no concurrence on use of specific nomenclature
that was universal, and no specific identifier or sequence of
RPO schema (i.e. per Fig. 2 showing two representations of
RPO engagements that show right to left and left to right in
2D).

From the survey of existing/upcoming commercial firms
there was general consensus on concern towards ”undue
regulations” being applied. It was noted that any type of
regulation impacts time, cost and competitive advantage. The
groups did identify nomenclature as an issue, even among
their own organization there was not general agreement on
words used to describe and RPO engagement. The groups
did identify that ”transparency of action for safety” versus
”competitive advantage” was an issue, but no resolution was
identified.

Based on the initial results of both surveys, and the principle
goal to protect the global commons, a possible focus area
moving forward for best practices may be around ”do no
harm” relative to any RPO engagement. Thus the focus was
on ”trajectory safety” during the RPO approach and creation
of possible metrics regarding ”safe final approach RPO”. It
may then be possible to create a methodology for companies

and prospective Servicer platforms to conform to, rather than
set a strict series of gates and approach vectors that cannot
apply in all situations. Additionally, it would be useful to
have a lexicon with included word ontologies for RPO and
OOS, showing which terms, used by different companies and
agencies, could be defined in a common language. The asser-
tion is that multiple countries and companies will engage in
RPO related activities in various languages, and will require
sharing of various pieces of information. Having a common
lexicon with no mis-interpretation may help overall safety of
operations.

3 Metrics consideration

Given that it was not feasible to define a standard for the
full range of RPO dynamics (from distance to close in) at
this time, the focus shifted to define a series of metrics to
address the safety of what is considered the ”final approach”,
defined here as ”meters to contact”. The metrics proposed
are independent of scale, allowing them to be applied to
nanosats, space stations, and everything in-between.

To do this, a survey was performed for potential contem-
porary metrics from academic to operational sources that
might apply. From the survey it was observed that some met-
rics use non-linear algebraic equations and Pareto or Monte
Carlo analysis for optimization prior to execution of trajec-
tory, others were more theoretical and do not appear to have
been applied to actual trajectories. Table 2 shows a subset
of the types of ”metrics” encountered (with main references
identified). It was hard to determine if any of the metrics en-
countered had been translated or simulated related to current
or future RPO operations.

Based on the review of historical RPO events, survey of ex-
isting commercial firms RPO activities, and evaluation of
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Table 2: Survey of identifiable possible RPO metrics

Safety Control Zone Methodology
• ISS External Control Zone (Approach Ellipsoid) at 4km x 2 km x 2km [64]

• ISS Inside Control Zone (Keep out Sphere) radius of 200 m [64]

Passive Trajectory Safety Models

• Fehse (rules of rendezvous control zones) [65]; Yamanaka (safety velocity equations for V-Bar
approach with cuboid control zone) [66]; and Zhu (safety velocities of cuboid, spheroid and cone
zones) [67]

Active Trajectory Safety Models with Colli-
sion Avoidance Maneuver

• Fehse (impulse in opposite direction to the velocity as CAM) [65]; and Zhu (method to calculate
CAM based on safety boundary) [67]

Collision Probability

• Patera et al [68]

• Wang safety analysis method using collision probability [69]

• Luo proposed safety performance index based on collision probability [38]

Trajectory Safety Optimization

• Matsumoto and Jacobsen used reciprocal time of flight from “out of control” point to collision points
as the flyby safety index, genetic algorithm optimized mixed index combining safety and propellant
consumption [70]

• Roger and McInnes used Laplace potential function to express safety control zone [71]

• Richards added 0-1 variables to express constraints of the collision avoidance and plumes impact [72]

• Breger and How accumulated probability of collisions from different failures in different trajectory
points, formulated passive and active safety indexes, then proposed on-line method for optimal
trajectory [12]

• Luo defined min distance between chaser and target in chasers free flight path as trajectory safety
performance index, then multi-objective optimization for impulsive rendezvous that included min
velocity/flight duration and max safety index [38]

existing possible metrics, a set of metrics were considered
to encompass principle areas of interest for safety in the fi-
nal approach to contact portion of RPO maneuvers. These
were focused on elements that can be calculated by potential
Servicers of any size, shape and type, and are selected to
minimize ”harm” to the Client due to potential off-nominal
conditions. The supposition in a safe space based RPO/OOS
capability is when a space servicing action 1) does not in-
terfere with other space objects or operations, and 2) does
not create hazardous debris. The assertion here is that RPO
final approach events will become ubiquitous throughout the
industry, and thus the search was for metrics that could be
scalable and common amongst any potential ”service” that
a future Servicer may want to engage in. The metrics were
based on several factors including likelihood of application
to real operations by commercial services, applicability to all
types of mission sets to utilize RPO in Earth’s orbit, consider-
ation of multiple mass/size of potential spacecraft objects for
RPO, creation of normalized values between the ”Servicer”
and ”Client”, creation of dimensionless ratios that allowed
scalability and sensitivity analysis on the variables, and the
assumption that once the ”final burn is made”, something
can/will go wrong.

Two categories were identified specific to RPO actions that
might offer regimes to create metrics. First was ”contact
actions”, the second was ”remote influence/interference ac-
tions”. “Contact actions” in this case represent specific ac-
tions that one space vehicle or platform will make with an-
other space vehicle or platform. In the domain of “servicing”
the expectation is that a “Servicer” (i.e., a vehicle that intends
to provide a service) will rendezvous with a “Client” (i.e. a
vehicle that is in need of service) and will make “contact”.
Contact in this case would be specific to the service action
proposed, e.g. connecting a refueling hose, grabbing a spot
on the Client for stabilization, connecting to a damaged part
of the Client, etc. A contact action can be planned (i.e. a
planned docking or robotic grapple to a Client), or unplanned
(contacting a point on the Client that is unintended.) “Remote
Influence or Interference” refers to a “Servicer” affecting a
“Client’s” condition, without making contact with the Client.
Some examples might include a Servicer’s propulsion sys-
tem impinging upon a Clients spacecraft at a distance, thus
causing a rotation, or a Servicer’s telemetry system interfer-
ing with nominal on-board electronics of a Client causing
potential control problems (EMI), etc.
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Operational metrics were then developed to apply only to the
final rendezvous, defined from multiple meters to “contact”
between a Servicer and Client, that addresses the scope for
the goal to “do no harm” for RPO actions. The proposed
metrics are Contact Velocity Metric, Remote Influence Metric,
and Control Accuracy Metric. The metrics are meant to
be calculated on the ground for each planned rendezvous
and identified to the organization or company that plans
to perform the specific maneuver prior to execution of the
maneuver. Each of the metric equations have been designed
to yield as their output a unit ratio, such that if the value is
less than one, the operation is considered to have minimal
risk (from a first-order analysis), and if the value is greater
than one, the potential risk is very high and may result in
some form of failure or anomaly.

3.1 First Metric: Contact Velocity

The first metric was identified based on a proposed common
practice whereby a Servicer should maintain a velocity rela-
tive to the Client upon its final propulsive maneuver before
contact, such that in the event no braking or stop or slowing
maneuver is made prior to first contact, the resultant contact
will not cause catastrophic degradation or separable debris
to either space platform. The velocity is to be determined by
the Servicer through use of a calculable metric, allowing for
flexibility in design, operations and interface with a Client
vehicle.

Thus the Contact Velocity metric was derived with the goal
to minimize any damage by limiting the speed at which an
”inadvertent collision” might occur. The scenario in this case
is that the final burn fails to halt the Servicer’s approach to
the Client, and the Servicer contacts the Client with its pre-
stop velocity. It is important to note the assumptions made
for this scenario:

1. Contact is assumed to occur on a local structure in-
tended for docking or grapple/contact (i.e., bus structure,
docking ring, but not a solar panel e.g.)

2. Trajectory and approach are nominal, only velocity is
off.

3. Impulse time of the contact is assumed to be 5ms (taken
from high speed automotive collision data as a starting
point relative to potential assessable deformation on the
Client [73]).

The metric takes as inputs the following:

• Mass of Client

• Mass of Servicer

• Material properties of Client

• Impact area on Servicer

• Estimated impulse time

• Safety factor

• Coefficient of restitution

• Projected velocity of approach (final burn planned delta-
V)

The output of the metric is the ratio of the projected velocity
over the max permissible velocity.

CVmetric =
vpro jected

vmax
(1)

The projected velocity of contact is assumed to already be
known; it is equivalent to the delta-V of the final burn to
approach, where the final braking burn that would cease a
forward movement is unsuccessful and this velocity is not
canceled out. The specific approach assumes the vector of
contact is in line with the Client, at any starting distance
along either R or V-bar.

The process to compute the metric is shown in Fig. 3

Fig. 3: CV Metric Computation Process

The step-by-step process to compute the metric is as follows:

1. Use the material properties of the Client to determine
the weighted average yield stress of the Client

2. Apply the safety factor (recommend minimum FS=2)
to the average yield stress to obtain the maximum al-
lowable pressure on the Client

Pmax =
σavg

FS
(2)
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3. Apply impact area to determine maximum allowable
force

Fmax = Pmax ×Aimpact (3)

4. Apply impulse time to obtain the maximum allowable
impulse

Jmax = Fmax ×∆timpulse (4)

5. Apply Coefficient of Restitution (CR) and inelastic colli-
sion theory to determine the maximum allowable impact
velocity

vmax =
Jmax(M×m
M+m

) × 1
1+CR

(5)

Recommended CR values lie between 0.4 – 0.6. As a
rule of thumb, if the satellite is made from malleable
or flexible materials, a lower CR value of 0.4 should
be used, and if the satellite is rigid or has a substantial
amount of composite material, a higher CR value of 0.6
should be used. CR = 0.5 can be used for in-between
cases

6. Compute the metric value using Equation 1, where
the output of CVMetric < 1 is considered at low risk
of critical damage if contact occurs with no braking,
and CVMetric > 1 is considered at high risk of critical
damage likely to occur upon contact.

An interesting corollary to note is that as the CR goes up, the
maximum impact velocity goes down, counter to common
intuition. This postulates from the coefficient of restitution, a
measure of the elasticity of a collision. If CR equals one, then
the collision is perfectly elastic, meaning all the momentum
is transferred from the Servicer to the Client (think of a cue
ball impacting another ball on a pool table). If CR equals
zero, the collision is perfectly inelastic, resulting in the two
objects fusing and moving at a common velocity. In this
case, all of the Servicer’s momentum is not transferred to
the Client, since it must retain some momentum in order
to match velocity with the target. Thus, the Servicer could
in theory impact at a higher velocity without causing more
damage, in comparison to an elastic collision. This can be
visualized in Fig. 4, illustrating the factor of two difference
in the allowable velocities for elastic and inelastic collisions.

Fig. 4: CR Variance

3.2 Second Metric: Remote Influence

The second metric was identified based on a proposed com-
mon practice whereby a Servicer should maintain a distance
and orientation of its impingement devices (i.e. propulsive
thrusters etc) such that it does not impart an unplanned torque
and/or rotation upon a Client during the final approach to
contact. To enable a Servicer to avoid imparting torque re-
motely through its own propulsive devices on the Client, a
metric was designed that calculates a risk of potential un-
planned contact by an external Client appendage contacting
a Servicer’s appendage under rotation, through the use of the
Servicer/Client geometry.

The Remote Influence metric was derived from the most
likely Servicer remote influence, its’ plume potentially im-
pinging on the Client satellite during approach, causing a
rotation from induced torque. The metric was assumed to
occur at the worst location on the Client that would impart
the highest induced torque (i.e. the solar array that has a very
high lever arm to the Client). The following assumptions
were made:

1. The torque acts on only one axis.

2. The satellite and solar arrays acts as a rigid body (i.e.
there is no flexing when the plume impinges).

3. Plume impacts normal to the surface and acts over a
short enough time-period to neglect the rotation of the
impingement vector (impingement vector is always nor-
mal to the surface).

4. Client ADACS is turned off

8



The metric takes as inputs the following:

• Client Attributes

– Mass of Client (M)

– Dimensions of Client

– Moment of inertia of Client

• Servicer Attributes

– Mass of Servicer (m)

– Thrust of motor (Fth)

– ISP of thruster

– Thruster cone half-angle (φ0)

– Thruster exit area

– Projected velocity of approach (final burn planned
delta-V, vpro j)

– Retreat time (tretreat )

Note that the retreat time is defined as the time it takes for
the Servicer to retreat to a safe distance (past the range of the
Client’s solar panel, or other protruding feature that could
impact the Servicer from Client’s rotation).

The output of the metric is the ratio of the projected angular
velocity from plume impingement to the maximum permissi-
ble angular velocity from plume impingement,

RImetric =
ωpro j

ωmax
(6)

The plume was assumed to impinge perfectly orthogonal to
the solar panel, with full transfer of the torque into rotational
motion. Plume effects on optics or external sensitive objects
like solar cells or electronics were not considered.

The process to compute the metric is shown in Fig. 5

Fig. 5: RI Metric Computation Process

The step-by-step process to compute the metric is as follows:

1. Begin by determining the angle θ between the Servicer
and the next object on the Client that could impact the
Servicer under Client rotation (as the plume impinges
on the Client, it will begin to rotate). See Fig. 6 below
for a notional geometry of the problem formulation.

Fig. 6: Remote Influence Metric Geometry

2. Apply the retreat time to the retreat angle to determine
the maximum permissible rotation rate the Servicer
could accept from the Client (where retreat time in this
case is calculated from the Servicers propulsion systems
ability to maneuver away from a Clients appendages)

ωmax =
θ

tretreat
(7)

3. Use geometry to determine the projected plume area on
the solar panel (impingement area)

4. Determine the exit pressure of the nozzle

P0 =
Fth

Ae
(8)

5. Apply the nozzle thrust, Isp and delta-V to obtain the
burn time

ṁ =
Fth

ge × Isp
(9)

∆t =
M×

(
1− e−

vpro j
ge×Isp

)
ṁ

(10)

6. Numerically integrate plume pressure and distance from
the center of rotation over impingement area to get the
overall torque applied to the Client by the Servicer
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7. Use the moment of inertia of the Client (Iclient ) to obtain
the projected rotation rate (ωpro j)

ωpro j =
torque×∆t2

2× Iclient
(11)

8. Compute the metric value using Equation 6, where the
output of RIMetric < 1 is considered not at risk of loss
of Client control, and RIMetric > 1 is considered at risk
to most likely lose control and induce an unplanned
contact with Servicer

The result of this is that any Servicer that plans to perform
very close proximity operations to a Client, such that the
Servicer is in range of the Client’s appendages, will need
to balance retreat time to escape inadvertent rotation of the
Client due to possible plume impingement, versus location
of approach and two body geometry.

3.3 Third Metric: Control Accuracy

The third metric was from assumed common practice where
the Servicer maintains pointing stability and control upon its
final approach with intent to connect with a Client, such that
the worst-case error offset distance between Servicer and
Client never exceeds the effective capture distance (ECD) of
the Servicer’s connection/connecting system. (The effective
capture distance relates to the reach of connecting device be
it robotic arm, net, tether appendage etc. that the Servicer has
intended to connect to the Client.) “Capture” refers to the act
of any docking mechanism, robotic appendage, or deployed
system from the Servicer whose intent and capability is to
contact/connect to a predetermined location on the Client.
This metrics goal then is to prevent the Servicer from being
unable to operate its connecting system to the Client, thereby
effectively ”missing” the intended capture.

The Control Accuracy metric is derived from a range of a
Servicer’s robotic appendage to a Client. The final approach
needs to place the Servicer within range of the capture mech-
anism, which requires a certain amount of attitude determina-
tion and control (ADACS) knowledge and ADACS pointing
accuracy. If the maximum capture offset (MCO) is less than
the effective capture distance the metric value is less than 1
and the maneuver is considered with minimal risk. Fig. 7
shows the engagement geometry assumed. In this case the
”effective capture distance” is a physical distance defined
from the Servicers hardware that is able to contact the Client,
and the ”maximum capture offset” is the potential error be-
tween the known position and the relative position between
Servicer and Client.

The assumptions for this metric are:

1. Ranging accuracy is perfect, only angular accuracy has
some induced error

2. The error assumes compound offsets from sensors and
actuators.

3. The braking burn has the correct magnitude, however
the direction is offset by the angular accuracy.

4. Both Client and Servicer will either be in the correct
orientation for capture at the end of the burn, or have
the attitude control authority to reach the correct orien-
tation.

The output of the metric is the ratio of the Maximum Capture
Offset (MCO) to the Effective Capture Distance (ECD).

CAmetric =
MCO
ECD

(12)

The step-by-step process to compute the metric is as follows:

1. Compute the overall angular accuracy using the ADACS
knowledge and pointing accuracies

θ = angular knowledge accuracy +

angular pointing accuracy
(13)

2. Apply the angular accuracy to obtain the MCO, the
difference between the apparent Client position and the
true Client position

MCO = 2×d × sin
θ

2
(14)

Fig. 7: Control Accuracy Angles & Geometry
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3. Compute the metric value using Equation 12, where
the output of CAMetric < 1 is considered low risk of not
connecting with Client, and CAMetric > 1 is considered
at high risk to not connect with Client.

This metric is a trade off between GNC fidelity and capture
hardware compliance. For coarser GNC accuracy, larger
compliance is needed for the capture hardware, and vice
versa. For example, if the Servicer has a large error in
the ADACS system, allowing for only 5 deg accuracy on
pointing, then to compensate the Servicer will need a longer
robotic arm to bridge the MCO gap. Conversely, if the Ser-
vicer has very high pointing accuracy (e.g., 0.01 deg), then
a very long robotic arm is not necessary, and a shorter, less
expensive arm can be used without jeopardizing the mission.

4 Results

Applying the derived metrics to the data from the initial
survey of all published rendezvous operations, The results
were vetted based on actual cases. Table 3 below shows a
small subset of the principle groups of RPO events that had
the most data to support the metrics evaluation. As can be
seen the values are all less than one for each of the resultant
metric, which indicates that the methodologies the platforms
used were considered ”low risk” practices, as observed in real
life. The exception to the results was the Apollo 11 Lunar
Orbit Rendezvous (LOR) event being very high in Control
Accuracy, indicating high risk. The LOR value are surmised
to be high due to a combination of factors; the rendezvous
was performed under manual control thus a human in the
loop was providing GNC which is hard to quantify, and the
docking capsule guidance equipment fidelity may have been
lower-accuracy due to the electronics equipment available at
the time which would drive the metric number high [8].

The metrics developed in this paper are meant to be inde-
pendent of satellite form factor and size, acknowledging the
realities of different hardware on different spacecraft. For

example, the Control Accuracy Metric for a Servicer is di-
rectly related to the capabilities of its GNC hardware. If a
low resolution star sensor is chosen as the attitude knowledge
system then a more accurate control system is required to
achieve Control Accuracy metric values less than one. Simi-
larly, a thruster with a low ISP necessitates a larger retreat
time in order for the Remote Influence metric to be less than
one. The unitless metrics allow for tradeoffs in design and
sensitivity analysis on all kinds of RPO specific hardware
related to the mission area of servicing. The goal was to en-
courage innovation in a host of technologies associated with
RPO in current and new companies to enable more entrants
to the servicing field with safe RPO in mind from design to
execution.

5 Discussion

There are many sets of ”standards” or ”guidelines” affiliated
with a mechanism of connection or interface between ob-
jects; in the everyday commercial world USB, Bluetooth,
PCI etc. apply to electronics, as examples. In so far as RPO
is intended to result in a ”connection” of two disparate plat-
forms in space for on orbit servicing, the metrics proposed
here are initial means to measure ”goodness” or ”riskiness”
of the ”closing act of connecting” without dictating specific
orbital dynamics and numbers relative to range, velocities,
angles etc. for any approach. As was identified, the sheer
magnitude of the operational trade space in the ”rendezvous”
portion of any maneuver in orbit makes limited sense to
constrain, and may fall within a traffic management context,
not standardization. However, it is acknowledged that the
actions of a person/organization/nation-state in the act of
rendezvousing with the intent to get close or to dock affects
the entire domain of orbital space in a way that few other
platforms in Earth-based domains do today. (The one closest
may be the seas, where floating debris beneath the surface
presents hazards to others vessels from collisions eg.)

Table 3: Metric Application to RPO Survey - Results
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The value proposition in pursuing a set of measurement tech-
niques that evaluate ”risk” or ”goodness” for RPO events
can be evaluated in the context of ”do no harm”. ”Harm” in
this case is defined in the domain of the global common of
space, that is RPO events that result in problems to other ad-
jacent space platforms or disruption of service for spacecraft
servicing the Earth is considered harmful. These manifest in
specific focus areas.

First is mitigation of the potential for debris generation. De-
bris creation near/within Earth orbit can only be resolved at
the moment by remediation through de-orbit degradation (in
LEO) and retirement and/or abandonment outside normal
orbits (i.e. graveyard orbits in GEO). Depending upon the
specific orbital altitude this can take years to centuries. Thus,
creation of additional debris (not withstanding what is there
now) is considered ”harm” in so much as it contributes to
possible collision or interference in the future. Any metric
or standard should then account for the complete absence
of debris creation, and barring that goal at least the highest
degree of minimization of debris creation during the ”act of
RPO”.

Second is minimization of ”risk” as defined by the insurance
industry [74], where operations of a commercial company
and insurable liability opens up new vectors for risk assess-
ment. A ”collision” of any kind in the course of a commercial
servicing activity, in the ”space servicing industry’s” nascent
stage may impact what insurance rates will be applied to
the entire industry, and can either encourage or discourage
new industry players to enter the market. The possibility
that ”harm” can extend beyond the two parties in a servicing
event (i.e. the Client and/or Servicer) also has significant
bearing not just on what is insurable or liable, but how Gov-
ernments (i.e. ”States” in the parlance of international space
treaties) may or may not want to regulate this industry. In
the context of RPO events, the first commercial ”servicing”
events are planned within a few months to years [75, 76].
”Risk assessment” is therefore being adjudicated by the insur-
ance companies supporting the commercial firms, along with
input from the commercial firms themselves, today. While
risk assignment to monetary valuation is done all the time in
multiple industries and has a considerable history behind the
mathematical determinations [77, 78], ”space servicing” as
an actuarial event is a relatively new phenomenon. The calcu-
lations on what ”risk” is relative to a potential collision then
become very important not only for the actuarial calculation
that can affect new entrants and the industry as a whole, but
the acknowledgement of risk unique to the domain of space
that has the ability to affect many.

And third, enabling new entrants, new technology insertion

and new innovations to enter any market where RPO events
are required or commonplace. To-date RPO events (based
on the survey) have been largely restricted to nation states
where there are thousands of people and very large budgets
behind the platforms and event plans (i.e. ISS, STS, etc).
New ”servicing” entrants today are mainly large commercial
enterprises, with large satellites that have identified specific
business cases for customers. Interestingly, the small satellite
revolution has helped to democratized the space industry
enabling much smaller organizations, companies and even
schools to ”enter space”. There is no reason that the next step
or evolution of small industry player expansion may not be
in the realm of ”services” on orbit, which includes things that
are taken for granted in terrestrial platforms such as building,
fabricating, re-purposing etc. (as examples). Indeed the
advent of thousand-element constellations may benefit from
on orbit small ”maintenance” satellites, much like large solar
farms or utility companies use trucks and vehicles to service
on the ground.

6 Conclusions

The USC study and analysis helped to consolidate informa-
tion related to past RPO events. Basic conclusions at this
initial survey identified:

(a) No real correlation in the approach distance or specific
orbitology of any disparate platform RPO events.

(b) Correlation between most RPO events appeard to iden-
tify velocity as an important factor for the final approach
maneuver prior to braking.

(c) No real correlation between presentation methodologies
on what an RPO schema should be represented as.

(d) No international standard lexicon that applies to the
RPO event scenario appears to be agreed upon.

(e) No existing RPO risk metric or standard relative to
satellite to satellite platforms were readily identified
(excluding ISS).

(f) Commercial firms by and large prefer not to have exter-
nal regulation, and do recognize the importance of ”do
no harm” as a safety precept for RPO events.

The resultant metrics proferred an attempt to acknowledge a
scalable and unitless ratio that could apply to any particular
”Client” and ”Servicer” combination through identification
of contact potential and external interference. A set of three
potential unitless metrics were identified meant to be used
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both in the design phase of RPO platforms as well as prior
to each RPO engagement to give some measure of ”good” or
”risk”.

The goal of this work is to create further discussion on devel-
opment of transparent worldwide guidelines or standards to
enable, encourage and build a community for the second gen-
eration of Earth’s space activities where on orbit connectivity
between platforms and people is critical.
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