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Comparison of Multiple Agent-Based Organizations
for Satellite Constellations

Mark Campbell* and Thomas Schetter"
University of Washington, Seattle, Washington 98195-2400

A comparison is made of several autonomous software architectures for multiple satellite systems. Multiple,
agent-based satellite systems are envisioned because they are capable of higher performance, lower cost, better
fault tolerance, reconfigurability, and upgradability. Software agents are defined at the spacecraft and functional
levels, using a wide variety of algorithmsincluding multivariable control, linear programming, fuzzy logic, contract
net protocol, negotiation, and radar placement. The agent definitions allow many types of agent-based software
architectures to be developed. Several novel agent-based architectures with a more traditional system for a dis-
tributed space-based radar mission are compared. Agent-based simulations of several mission scenarios show the
autonomousoperation of different organizations of increasing autonomy and compare the benefits and drawbacks

of each.
Nomenclature
d = nondimensional fuel required for maneuver,
AV /h;
d; = ith data set
G = ground station
hy = remaining fuel, m/s
h = vector of satellite health
(I, I, 5, 1,) = spacecraft-levelagents
m; = ith message
thinal = final time of maneuver
t, = sample time, s
u = thrust,N
v = spacecraftrelative velocity, m/s
X = spacecraftrelative position, m
y = relative position measurement, m
Vret = relative position reference trajectory, m
AV = velocity increment, m/s
€ = minimum satellite separation, m
€r = minimum final satellite separation, m

Introduction

ANY future space systems in Earth and space science,

defense, and commercial industries will utilize multiple-
satellite systems. These systems will include several smaller satel-
lites flown in clusters that work collaboratively together on a space
mission, thus forming a virtual satellite. NASA’s Origins program
is interested in spaceborne interferometry to image far-off planets
for possible life forms.! The U.S. Air Force in interested in dis-
tributed space-based radar because of increased performance and
decreased cost.” Future commercial space-based systems, such as
Teledesic, will use many satellites for global telecommunications
coverage.? The reasons for this paradigm switch are many, including
the increased usage of microelectromechanica-based components
toreduce mass, increased productionrates to decrease unit cost, and
better performance in terms of mission science, fault tolerance, re-
configurability, and upgradability. With these far-reaching benefits,
however, comes a new set of challenges, including relative naviga-
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tion between the satellites, distributed control, and electric propul-
sion. One key technology that will enable multiple, distributed satel-
lites to achieve their potential, however, is coordinated intelligent
autonomy.

Distributed autonomy for multiple satellites is no small task be-
cause most current space missionsrequire significant input from the
ground for even relatively simple decisions such as thruster burns.
The currentapproachof several operators per satellite will not work
for future distributedsatellite systems. The individualsatellites must
be coordinatedsufficiently to reduce operator costs while also main-
taining or increasingthe important science of the mission. For single
satellites, the New Millennium Remote Agent architecture for au-
tonomous spacecraft control systems was developed and flown on
the Deep Space 1 (DS-1) mission.* This system integrates tradi-
tional real-time monitoring and control with heterogeneous com-
ponents for constraint-based planning and scheduling, robust mul-
tithreaded execution, and model-based diagnosis and reconfigura-
tion. The complexity of significantly increasing levels of autonomy
in space flight software was evident when most of the capabilitiesof
the remote agent were stripped off before launch’ (although more
capability was uplinked subsequently).

Multiple-satellite systems will benefit from technological ad-
vances in other areas as well. For instance, advanced global posi-
tioning system (GPS) techniques have been developed for ground-
based systems that have allowed relative navigation to advance
significantly,® even for those systems outside geosynchronous or-
bits. The artificial intelligence (AI) community has developed au-
tonomous software for many distributed systems, including the In-
ternet. Intelligentautonomy for multiple satellite systems, however,
is differentthan many other systems being developed because of its
many unique challenges, including the following:

1) There will typically be many vehicles that must coordinate to
achieve the desired goals of the fleet, thus making it much more
complex than architectures such as DS-1.4

2) The dynamicsand close proximity of multiple satellitescreate
more challenging control and fault detection problems as compared
to multiple rover systems.”:8

3) The costand far distance of space-based systems require reli-
ability to be much higher than that of ground-based systems, such
as distributed robotics for environmental cleanup operations?

4) The complexity of the trajectory planning and resource allo-
cation are not problems that many traditional Al technologies, such
as the subsumption approach, usually address.”

The use of agent-based software architectures represents a new
technique in the area of space applications. The individual space-
craft and/or its subcomponents are now seen as agents, that is, in-
dividual, independent autonomous entities. Agent-based software
differs from traditional space-basedapproachesbothin the modular-
ity, that is the organizational structure, as well as in the intelligence
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(functionaldistribution). Agent-based approachesalso allow differ-
entagentorganizationswith varying levels of autonomy to be easily
developed and tested.

The objective of this paper is to systematically develop and
compare agent-based software architectures for multiple-satellite
systems. In terms of functional and organization criteria, there are
numerous possibilities for the design of multiagent- (MA-) based
architecture. Parameters such as communication, performance, and
reliability of an MA-based organization depend strongly on its de-
sign and the task to fulfill. This paper attempts to narrow the focus
such that many but not all of the possible parameters are studied.
The intent of this paper, therefore, is to give a broad, systems-level
study to the software architecture of distributed satellite systems us-
ing agents and also to add pertinentinformation to the discussionof
autonomy for these systems by addressing the difficult question of
how the functions and autonomy of the system shall be distributed
in multiple-satellite, space-based systems.

The approach to achieving the technical results of this study are
as follows. First, a specific mission focus is defined. In this case,
the mission is a distributed space-basedradar mission. Second, four
software architectures are defined based on four very broad cate-
gories: Traditional ground to satellite command and control; one
master satellite with several slave satellites; a centralized architec-
ture similar to the master slave, but with additional autonomy on
the lower satellites; and a distributed architecture with at least two
satellites with many autonomous functions. All but the traditional
architectureare agent based. Third, for each of these organizations,
lower-level functional agents are defined that include all of the ma-
jor satellite subsystems and required autonomous functions. The
organization simply defines how these are linked and whether they
function internally or for the cluster as a whole. Whereas the depth
in detail of these functional agents is not to the level of a realistic
system, it is enough to achieve the comparison results of this paper.
Fourth, a set of metrics are defined as to how to compare the soft-
ware architectures: communications, reliability, computation, cost,
and performance. Finally, four typical scenarios or simulations for
the mission are defined. Each software architecture is simulated
using these missions and the metrics are calculated and compared.

This paper is organizedas follows. First, software agents and how
they interactin the contextof this work are defined. Next, the specific
organizations and agent functionality are presented, followed by
the definition of the metrics of comparison and simulation cases.
Finally, the simulation comparison and results are presented, with
an integrated discussion of their interpretation.

Agent-Based Software Architecture

Agents are a relatively new approach to software programming.
There is no consensuson the exactdefinition of a software agent, but
one thatis appropriateto this work is taken from Ref. 10, “An agent
is a computational entity that can viewed as perceiving and acting
upon its environment, and that is autonomous in that its behavior at
least partially depends on its own experience.” References 11 and
12 provide good overviews of the many different definitions used
by researchers in the fields of Al and computer science. One of
the simplest agents that can be defined is that of a control system:
The sensors help it perceive, the actuators help it act, and there are
internal computationsthat allow it to define its own experience. The
agent conceptcan then be taken further, for example, to the sensors.
Each sensorcould have an agent in charge of its function, taking the
signal and passing it to the control agent. The sensor agent could
also monitor for faults within the sensor.

The primary benefit of an agent-based structure is that it allows
the integration of higher levels of autonomy quite easily. Intelli-
gent agents are able to receive high-level goals from users and then
autonomously determine how to fulfill these goals and take the ap-
propriateactions. Agent-based softwareis a form of distributed pro-
gramming, and, as such, it maps naturally onto the requirements of
distributed spacecraft. Although there are other approaches to soft-
ware programming, the agent-based approach is flexible enough to
develop and compare architectureswith varyinglevels of autonomy,
which is the subject of this paper.

One of the biggestchallengesin MA systems and distributed pro-
gramming is how the agents communicate. For this work, a message

passing architecture is used. The architecture is based primarily on
TeamAgent,'> a simulation environmentfor MA systems especially
tailored for the spacecraft domain. In TeamAgent, agents represent
the software and remote terminals connect the agents with the hard-
ware. Each of these functionidenticallyin the software architecture,
with the capability of sending and receiving messages and data.

The agents/remote terminals are defined using a set of skills and
tasks and can pass and receive informationusing messages and mes-
sage centers. Message centers (MC) have two primary functions: 1)
to register and validate agents and 2) to pass messages between
agents and other message centers. Agents are created in TeamAgent
by assigning them a set of skills, or basic software functions perti-
nent to how the agent performs. Generally, each skill correspondsto
one basic function, has inputs and outputs, and triggers one or more
actions. Messages are special data structures that describe informa-
tion to be transmitted between agents. Tasks, on the other hand,
contain the to do lists for agents. Tasks are special data structures
in TeamAgent that describe 1) particular actions to be taken by the
agent and/or 2) messages to be sent to another agent. Reference 13
contains more detail on how the agent infrastructure works. Note
that in actual implementation, the message and MC concept can be
implemented using an appropriate operating system.

MA Architectures for Distributed Satellite Systems

There are many approaches to organizing agents for autonomy
within distributed satellite systems. For example, consider planning
a cluster trajectory maneuver. The maneuver commands could be
planned on the ground and sent to one or multiple satellites, com-
mands could be plannedon one satellite and distributedto the others,
or commands could be planned in a distributed fashion on multiple
satellites. The dynamics, potential collisions, communication, and
onboard computation are each affected by the chosen architecture.
Because of this and the complexity of how agents and defined and
implemented, several choices are made to narrow the scope of study.
First, four levels of spacecraft-level agents are defined and used to
define four organizational architectures. Next, required functional
agents (lower-level agents) are defined to implement the different
autonomous functions. These are described next.

Spacecraft-Level Agents and Organizations

The agent-based software architectures described here are hier-
archical in nature, and, as such, they are most easily understood
by starting at the top. In this work, spacecraft-level agents are de-
fined by their capability within the satellite cluster. This definition
is primarily made to reduce the complexity of study because the
spacecraft can then be combined into an agent-based organization.
Spacecraft-levelagentsare defined based on the level of intelligence,
or the sum of capable functions. Four levels of capable intelligence
I,-1, have been identified, where I; denotes the highest level of
intelligence and I, the lowest level. Figure 1 (top) illustrates the
identified spacecraft-level agents.

Spacecraft-levelagent I, represents the most unintelligentagent.
It can only receive commands and tasks from other spacecraft-
level agents in the organization or from the ground and execute
them. This type of intelligence is similar to what is being flown
on most spacecraft today. Spacecraft-level agent I3 has local plan-
ning functions onboard. This type of intelligence is similar to the
DS-1.* Spacecraft-level agent I, adds a capability to interact with
other spacecraft-levelagents in the organization. This spacecraft-to-
spacecraft interaction allows many higher level autonomous func-
tions but also usually requires that the spacecraft-level agent has at
least partial knowledge of the full agent-based organization, that is,
other spacecraft-level agents. The I, spacecraft-level agent must,
therefore, continuously keep and update an internal representation
ofthe agent-basedorganization. Spacecraft-levelagent /; represents
the most intelligent agent because it is capable of monitoring and
planning for all spacecraft-levelagents in the organization. In other
words, the /; level agent has full knowledge and can plan for the full
cluster.

By the use of the spacecraft-level agents, four architectures are
defined for the cluster. Figure 1 (bottom) shows these four coordi-
nation options as a function of individual, capable spacecraft-level
agentintelligence. The top-down coordinationarchitectureincludes
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Table1 Organization types that are developed and compared

Spacecraft agents

Organization G 1 I I3 n
Traditional 1 —_ —_ —_ 8
NS/C#L _SIC#2 S/C#3 S/C #4y8S/C #5 SIC #6 SIC #7_S/C #84
cluster 1 cluster 2
Top down _ 1 e _ 7
NSICH2 _SIC#3 _SIC#4 5 \S/C#5 SIC#6 S/C#1 _SIC#8
cluster 1 cluster 2
Centralized _ 1(1)* R 7 R
AS/C#2  S/C#3 S/C#4y WS/C#5 S/IC#6 S/C#T SIC #8 4
v ~-
cluster 1 cluster 2
Distributed _ 2(2) 6 _ R

SIC#2_SIC#3 SIC#,  (SIC#6 S/CH]_SIC#3,

v v
cluster 1 cluster 2

“The numbers in parentheses and shading refer to the passive I, agents for added redundancy.

&- Levels of Intelligence

« Cluster-level planning

« Interacting
Il ’ « (full) cluster knowledge Cluste.r-level
planning

« receive/execute

Intelligence

* Local planning
12 § | - Interacting

« (partial) cluster-knowledge
 Receive/execute

Cluster-
knowledge

Local

I * Local planning
3 ' planning

* Receive/execute

Fully Distributed

4 Increasing Coordination

Agent-
Intelligence/
Interaction

System/Agent
Models

Ayrdination

Aﬁmning,

Reasoning and
Interaction

Fig. 1 Top shows identification of spacecraft-level agents based on lev-
els of capable intelligence I;-1,; bottom shows coordination architec-
tures for coordination of multiple spacecraft-level agents.

only one single (highly intelligent) spacecraft-levelagent /, and all
other spacecraft are (nonintelligent) I, agents. The centralized co-
ordination architecturerequires at least local planning and possibly
interaction capabilities from each spacecraft. Thus, spacecraft-level
agents I3 or I; arerequired. The distributedcoordinationarchitecture
consists of several parallel hierarchicaldecision-makingstructures,
each led by an intelligent spacecraft-level agent I;. Note that the
different spacecraft-level agents /; can interact with each other as
well as their lower-level I, or I5 spacecraft-levelagents. In the case
of a fully distributed coordination architecture, each spacecraft in
the organization represents a spacecraft-level agent /, resulting in
a totally flat organization.

In this work, four specific architectures are compared, as shown
in Table 1. The traditional architecture consists of eight /, satellites
and a ground control center. The top-down architecture is similar,
but most of the ground operations are automated and transfered to
one I, level satellite. The centralized architecture is similar to top
down, but there are now seven /5 level satellites. Also, one of these
I5 level satellites is a passive I; satellite, implying that it has the
capabilities of an [ satellite for redundancy, but functions as an
I5 satellite. Finally, there is a distributed architecture, with two I,
level satellites, and six I, satellites, two of which are passive I,
satellites. The fully autonomous case is not presented here because
of its similarities to the distributed case. With these organizations,
many comparisons can and are made: traditional vs top down, top
down vs centralized, and centralized vs distributed.

Simulation and Functional Agents

The focus mission for this work is based partially on TechSat21,
a U.S. Air Force mission being designed to explore the benefits
of a distributed approach to satellites?> An initial demonstration
is on track for launch in 2004. The ability to perform a space-
based radar mission, which historically has required very large,
high-power satellites, is seen as an extreme test of the distributed
satellite concept. TechSat21 takes advantage of distributed satellites
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Table2 Examples of implemented software agents

S/C agent

Number Agent Description Tool I I I3 n
F11 Sensing Retrieving S/C state, health e X X X X
F12 Xcommunicate  Exchange data with other S/C e X X X X
F13 Communicate Exchange data with ground e X _ —
F20 SciencePlan Which S/C, which targets Fuzzy logic X X _ —
F21 DecStatKeep Monitor for station keeping Fuzzy logic X X X —_—
F22 CollAvoid Collision monitoring Fuzzy logic X X _ —
F23 DecMakFail Health monitoring Fuzzy logic X _ —
F24 DecMakAdd Cluster upgrade Fuzzy logic X _ —
F30 Schedule Scheduler Prioritize using logic X X X —_—
F31 PlanReconfig Plan cluster reconfiguration Symmetric placement X _ —

Plan local reconfiguration Symmetric placement _ X X e
F32 PlanAssign Cluster assignment Contract net X _ —

Local cost Contract net _ X X e
F33 TaskAlloc Task allocation Negotiation X X _ —

Local cost Negotiation _ X X e
F34 PlanFF Trajectory planning for S/C Linear program X X X e
F35 Propulsion Thruster logic Fuzzy logic X X X X
F40 ClusterHealth Maintain cluster record e X X _ —
F50 Science Perform radar e X X X X
F51 OrbitMan Orbit maneuvering Linear quadratic regulator control X X X X

Away from earth
(zenith pointing)

B¢ +Xx

Velocity direction

Fig. 2 Focus mission is an eight-satellite cluster, with four satellites in
two local planar ellipses tilted at 30 deg to the vertical.

by using a sparse aperture array for radar imaging, which allows
improved resolution. The focus mission for this work is a constel-
lation of eight satellites, with four satellites placed in one of two
ellipses, each with a 250-m major axis and tilted at a 30-deg an-
gle from the vertical axis. The orbit is a circular polar orbit, at an
altitude of 700 km, and spacing between the satellitesis 10-250 m.
Figure 2 shows this constellation, where the asterisk locates the vir-
tual center of the cluster, and orbits the Earth as any single satellite
might.

A simulation environment was developed using a combina-
tion of Simulink!* for the spacecraft dynamics, and TeamAgent/
MATLAB® for the software agent architecture. Figure 3 shows the
combined dynamic/agent simulation environmentusing Simulink’s
capabilitesto create hierarchicalblock structures. From the top mis-
sion level, one can move down through different levels to see more
detail. The spacecraft(S/C) level contains blocks for both hardware
components and software agents, represented by special Simulink
s-functions. These s-functionsbuild an interface between the agent-
based software and the dynamic simulation.

Lower-level functional agents are defined based on current state
of the art algorithms and are used to build up each spacecraftlevel
agent. Table 2 shows the agents and implemented skills based on
different engineering tools. Also shown is the applicable satellite-
level agent (/,-1,) that the functional agent/skill is a characteristic.

Mission
Level

Cluster
Level

Satellite
Level

Hardvare/ /

Level

Fig. 3 Combined agent software/dynamics simulation environment
for multiple-satellite systems.

This paper focuses on comparing differentagent-basedorganiza-
tions with varying levels of autonomy, rather than the agent defini-
tion and implementations. Therefore, only several of the agents are
described here, specifically focusing on those that clarify the dif-
ferences in the organizations shown in Table 1. A detailed descrip-
tion of these functional agents and skills can be found in Refs. 13
and 15.

All decision-making skills are implemented using fuzzy logic
and/or control,'® which is a standard representationin the Al com-
munity. For instance, the agent CollAvoid monitors for possible
collisions. This agent uses a reactive algorithm and fuzzy logic to
monitor for collisions. Specifically, the agent uses the relative posi-
tion and velocity of all satellites to define a scalar quantity for each
satellite pair, denoted as

AXx;; = min

0= 15 < tupdate

[x; —x; +(v; —v;) - 1] (1)

ij

where Ax;; is ascalarcollisionmetric. This variable gives a measure
of satellitesdriftingtoo close and/or too fast. A fuzzy variableis then
defined based on three cases: 1) no action, just continue to monitor;
2) simple action such as a small thruster fire or sending a warning to
the other satellite; or 3) drastic actionsuch as a deorbit. As the output
of the fuzzylogic changes, the priority of the collisionavoidancetask
increases or decreases. The priority is used in the Schedule agent.
A higher priority case requires the collision avoidance agent to be
queried more often and the time update of its information f,pqqe t0
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be faster. For the centralized case, CollAvoid is implemented on one
agenton one satellite,based on satellite state informationdistributed
over the communication crosslink system (XCommunicate). In the
distributedcase, all satellitesmonitor theirown health and collisions.

The agentPlanReconfigis calledin the case of a failureor addinga
new spacecraftto the cluster. The goal is to reconfigure the clusterto
maximize its continued usefulness for the radar imaging task. Note
that the agent SciencePlan performs a similar function by retarget-
ing the clusterbased on a new setof targets. For each of these agents,
a new reference position and velocity are calculated for spacecraft
within the cluster based on an optimality criterion. For the PlanRe-
config agent, a symmetric placement within the ellipse is used. For
the SciencePlan agent, a new set of science targets is used to assign
placement.

Once a new cluster configuration (or reconfiguration) is known,
the PlanAssign agent assigns the individual spacecraftto the chosen
positions. Assignments are made in this case by attempting to equal-
ize fuel use across the cluster and, thus, maximize total lifetime.
This can be done by calculating the ratio of the required velocity
increment AV and the status of the remaining fuel 4 ,:

The PlanAssignagentisimplementedusing one agentto calculate
the fuel usage for all satellites moving to all positions. This approach
works well in the case presentedhere because of the small size of the
cluster(eightsatellites); however, for larger clusters, heuristicsearch
methods may have to be used. In the centralized and distributed
cases, each individual satellite calculates its velocity increment for
eachmove and sends thisinformationto the I, agent, thusemploying
a parallel programming approach. Additional intelligence in the I,
satellite allows the agent to attempt to improve the plan through a
decentralized negotiation.!” For instance, the lower-level I, agent
examines a proposed maneuver plan and evaluates that it could
save fuel by waiting and using orbital dynamics do a portion of the
work. If the added time does not violate other higher-level mission
constraints (time, collisions, etc.), then the plan is approved by the
I, level agent.

The PlanFF (trajectory planner) agent calculates the velocity in-
crement required to move to new S/C positions within the cluster.
This agent uses a linear programming optimization technique be-
cause of its flexibility as applied to the cluster planning problem.
The linear program minimizes a cost function, such as the time or
fuel of the maneuver, and allows the addition of simple constraints.
As an example, the minimum fuel cost is given as

Ty =Y juyl 3)

j=1

Minimizing this cost is subject to an initial position y(fy), desired
final state y (f4na1) = Yret, and total number of time steps . Additional
constraints include the maximum thrust, such as that imposed by
future precision on-off-type thrusters,'®* maximum position error at
tanal, and minimum satellite separation to prevent collisions. These
are added to the problem as linear inequality constraints, or

on-off thruster
minimum separation
minimum final separation  (4)

|u(t)| = Umaxs
ret —¥ ()] < €,
Iyrcf _y(tﬁnal)| < €,

A final added benefit of the linear program is that the final position
¥ (tana) can be time varying, which it is in the TechSat21 case where
each satelliteis rotating about the virtual center (Fig. 2). Because no
classical method in calculus or linear algebra offers a closed-form
solution to this problem, numerical techniques for solving linear
programming problems have been developed such as the Simplex
Method.!® Details on this trajectory planner and its implementation
in a closed-loop formation flying control for multiple satellites can
be found in Ref. 20.

The TaskAlloc agent distributes task assignments to each S/C
level agent within the cluster. An example using this agent is when
a S/C failure occurs. If an I; S/C fails, the TaskAlloc agent assigns

cluster-level decision-making tasks to a new spacecraft. In the top-
down organization, a static method is used where the hierarchy of
S/C level agentsis decided a priori.In the centralizedand distributed
cases, a contractnet protocol is used.!

Consider the contract net protocol applied to a reconfiguration
based on a failure within an active I; S/C level agent. A S/C-level
agent I; acts as contractor. The other (passive) S/C-level agents I;
are then the bidders. The task of the contractor is to minimize a
cost function on the bids. In other words, the contractor selects the
most appropriate S/C-level agent for the given situation based on
the bids received. The bids can consist of many functions, such as
the satellitehealth status /& of the S/C. An example of a possiblecost
function could be

C=(a/hy)-(cafhp)-(c3/hs) - (ca/hy) 5)

where ¢,-c,4 are weighting factors, chosen based on the importance
ofthe differentsubsystems,and the  correspondto the health values
of the different monitored spacecraft subsystems, such as science,
power, thrust, and fuel.

The agent organizations (S/C level down through the functional
level) cannow be developedand integrated. As an example, consider
Fig. 4, which summarizes the agents and information flow for a
centralized organization. Three agents are shown: an active (top)
and passive (left) S/C-level agent I; and a S/C-level agent I, (right).
This architecturehas been implemented in the MATLAB/Simulink/
TeamAgent software environment shown in Fig. 3. The messages
m; and data d; are shown flowing between the agents.

Evaluation Metrics and Simulations

Comparing software agent organizations, even at a high level,
in an attempt to narrow the scope of further study for autonomous
satellite clusters is a difficult task. This work attempts to do this
by first defining a set of metrics that can be used to compare the
organizations, simulate several missions, and interpret the results.
Whereas this is not an all-inclusive study (more metrics and more
simulations would undoubtedly add to the discussion), the work
here is an important first step in answering questions such as the
following: 1) How can we compare different software architectures
of autonomous agents for space-based clusters? 2) What are the
strengths and weaknesses of each?

Evaluation Metrics

The evaluation metrics for the comparisons include communica-
tions, computation, fuel usage, cost, and reliability. Each of these
are discussed next.

Communication C is the act of transferring data between satel-
lites and between the ground and the satellites. This obviously is
different for each organization and is an important parameter used
to evaluate information bottlenecks, that is, waiting for information,
or power usage, that is, using more power when required. The pa-
rameters measured for each organizationkimulation are the average
and peak data rate for the downlink and crosslink. This is calculated
by measuring the number of messages that are being passed between
the satellites (crosslink) and between the satellitesand ground using
only the defined agents. Thus, the quoted numbers do not include
full telemetry, radar, or other parameters. The data rate, or number
of messages per second, is then converted to a more familiar bits per
second by assuming a message length of 16 bits. These several as-
sumptions obviously preclude this metric from accurately reflecting
the actual rates for the links, but they will still allow relative com-
parisons. Table 3 shows the specific parameters that were chosen for
the two communication links based on the TechSat21-like mission.

Computation W is the average and peak CPU workload for the
system. The current workload can be thought of as the percentage
of the maximum computational rate (computations per second) or
percentage of CPU time dedicated to tasks. In the simulation, the
current workload of an individual spacecraft-level agent I; for the
time interval ¢; is calculated by

CPU(1;)

-1
maxCPU 00% ©
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where CPU(/; ) denotes the CPU usage (floating point operationsper
second or FLOP) over the time interval ¢,. The workload of the full
clustertakesinto accountthe series or parallel CPU usage. Note also
that the required computation for the ground station is not factored
into this metric.

Performance P can be measured in many ways for the radar mis-
sion, such as the number of targets per time period, the onboard fuel
consumption, the required time to reconfigure due to a failure or re-
targeting, etc. An added complexity is that many of these measures
are coupled, such as time and computations during parallel pro-
cessing of a cluster planner. Because of this, the radar processing,
targeting, and fuel usage performance parameters are all assumed
to be constant across each organization, that is, these are required,
mission-criticalfunctions.Performanceas presentedhereis the time
required to execute the primary portion of the mission scenario. For
example, if duringa 60-min simulationa 5-min maneuveris planned
and executed, then the performanceis 5 min. The time performance
metric is based on a fixed CPU speed and communication rate to
reduce bias.

Reliability R is the reliability of the satellites and software archi-
tectureat the missionlevel. To do this, a typicalsetof reliabilitynum-
bers have been assigned to each of the lower-level functional agents
based on average satellite data.?> Then, using functional diagrams
such as those presented in Fig. 4, the reliability of the S/C-level

Table3 Selected communication link parameters
for the TechSat21 mission

279

agents are calculated. These have been rounded, based on assumed
information,and are given in Table 4. The secondary ground station
is a ground station placed in another part of the world with the task of
gathering and relaying data to the primary ground station. Second
ground stations allow the traditional system to be in full contact,
yet minimize costs. Note that this metric is a function of how the
organization was developed and does not change with the different
mission simulations presented in the next section.

Cost (dollars) is the approximate cost to develop, test, implement,
and maintain the flight software and ground operations. Costs for
other components are not factored in because they would be simi-
lar across each organization. The software developed for each S/C
level agent is used to calculate the number of S/C lines of code.
The costto develop this software for each S/C-level agent, shown in
Table 4, was calculated using $726 per line of code 2*%* The cost for
the ground-based system was developed using an around-the-clock
team to monitor the cluster. Assuming 50 people at the primary
ground station, the total cost to develop and maintain the ground
station is $6 million/year. Secondary ground stations, which might
be located around the world to relay information back to the central
ground station, can have a skeleton crew that primarily maintains
the facilities. Therefore, these costs are $2 million/year. As with the

Table 4 Reliability and cost numbers
for the spacecraft-level agents

Operations and software

Component/agent Reliability costs (FY2000$M)
P i Downlinkd /I Crosslink ¢/l
arameter ownlinkd /I Crosslink ¢/ Ground station 0.99999 6/yr

Carrier frequency f, GHz 2 60 Secondary ground station 0.9999 2/yr
Transmission path loss L, 0.3 1 1 0.99 10 total
Transmitter line loss L; 0.1 0.1 I, 0.995 5 total
System noise T, K 550 1800 I3 0.999 2 total
Efficiency n 1 1 n 0.9999 1 total
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terHealth; F50, Science; and F51, OrbitMan.
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Table 5 Mission simulations that were used to compare each of the software architectures

Mission

Steps for task success

M1: nominal operations

M2: collision avoidance

M3: deorbit/reconfigure

M4: failure of I;

1) S/C perform radar processing while measuring relative spacing and thrusting to maintain accuracy.

2) New target is selected.

3) New set of positions and orientations are selected based on the new target.

4) Command sequence is generated to reconfigure the cluster.

5) Reconfiguration occurs, and radar processing starts again.

1) S/C begins to drift toward another S/C during the radar processing.

2) Possible collisions must be monitored using propagated orbits and/or GPS data.

3) After evaluating that the collision is a distinct possibility, a command sequence is generated
to successfully avoid the collision and reconfigure the cluster.

4) Maneuver and reconfiguration occur.

1) One S/C is older and running out of fuel.

2) Deorbit command sequence is generated and implemented.

3) New satellite is added to the cluster by generating and implementing an insertion trajectory
and reconfiguring the satellite/software hierarchy.

4) New satellite insertion and reconfiguration occur.

1) Failure of the primary I; S/C occurs.

2) Deorbit command sequence is generated and implemented.

3) New satellite/software hierarchy is generated and implemented.

Table 6 Simulation results for four missions and four organizations

Communication, bps

Cost
Computation, % Downlink Crosslink Performance, Operations, Software,
Simulation Organization Peak  Average Peak  Average Peak Average time, % Reliability $M/yr $M
M1 Traditional 3.6 1.01 24,000 24,000 48 48 +1,220 0.99999 24 1.7
Top down 66 1.65 3,330 8,720 3,330 12,500 +400 0.98999 6.0 10.7
Centralized 33 1.69 3,330 8,720 860 12,400 +318 0.99989 6.0 12.2
Distributed 19 1.90 3,200 8,700 1,240 12,400 e 0.99999 6.0 14.5
M2 Traditional 3.6 1.01 24,000 24,000 48 48 +1,330 0.99999 24 1.7
Top down 78 1.69 5,210 9,890 3,330 18,200 +400 0.98999 6.0 10.7
Centralized 66 1.99 3,330 8,720 1,720 18,100 +318 0.99989 6.0 12.2
Distributed 36 2.59 3,200 8,500 3,330 18,100 e 0.99999 6.0 14.5
M3 Traditional 3.6 1.01 24,000 24,000 48 48 +1,220 0.99999 24 1.7
Top down 76 1.69 5,210 9,890 3,330 12,500 +400 0.98999 6.0 10.7
Centralized 66 1.98 3,330 8,720 1,690 12,400 +318 0.99989 6.0 12.2
Distributed 36 2.56 3,200 8,500 3,220 12,400 e 0.99999 6.0 14.5
M4 Centralized 36 1.30 3,330 8,720 990 4,210 +318 0.99989 6.0 12.2
Distributed 19 1.92 3,200 8,500 1,500 5,460 e 0.99999 6.0 14.5

reliability metric, cost is a function of how the organization was
developed and does not change with the different mission simula-
tions presented in the next section.

Mission Simulations

The four organizations are compared by simulating each over
a series of typical scenarios that may/will occur over the lifetime
of the mission. For each organization and simulation, each of the
five metrics are evaluated and compared. The work presented here
comprises the more interesting results that help to draw conclusions
in comparing the organizations.

Table 5 presentsfourmissionsimulationsthat are evaluated,along
with the steps required to complete this task. The four missions
include 1) nominal operations, where the S/C formation flies and
then must retarget when new commands are sent from the ground;2)
a possible collision between two S/C during the radar processing,
when no thrusting occurs; 3) deorbit and reconfigure, where one
satellite is nearing the end of its lifetime, it deorbits, and the cluster
must add a new member; and 4) failure of I;, where the primary
communication link to the ground has failed on the /; level satellite
itself, and the cluster must reorganize into a new hierarchy.

M1: Nominal Operations

The first mission scenario simulates a standard case of nomi-
nal operations. The chosen mission is sparse aperture radar, which
requires precise relative positioning. However, during radar pro-
cessing, there can be no thrusting, and the S/C can and will drift.
Throughout the simulation, potential collisions are monitored, as
are the subsystems, for faults.

The steps for this case are shown in Table 5. The cluster performs
radar processing on a target, while also monitoring for collisions.
Each S/C thrusts to offset disturbances and anomalies between pe-
riods when radar processing occurs. Once a new target is selected
on the ground, a communication message is sent to the cluster. For
the traditional case, the new positions within the cluster for sparse
apertureradar are translatedinto a series of thruster burns and sentto
each of the eight satellites. The other architectures require only the
target position and time for processing, and all planning is done on-
board within the agent hierarchy. In the top-down case, one satellite
plans all maneuvers and sends thruster commands to each satellite.
In addition, the I; S/C leader performs all monitoring for collisions
and faults. In the centralized case, each satellite plans and monitors
locally. In the distributed case, each satellite plans and monitors lo-
cally, and each satellite optimizes the plan with respectto fuel using
a negotiation technique.

The first four rows of Table 6 show the evaluationmetrics for sim-
ulation M1 for each organization. There are several items to note.
First, the computational effort for the traditional case is much lower
than all others (3.6% vs 66, 33, and 19% peak and 1.01% vs 1.65,
1.69, and 1.90% average). This is because the eight I, satellites
simply receive and execute commands and require no higher-level
computation. The top-down case requires the largest peak in com-
putational effort because it executes all high-level functions for the
cluster. The centralized and distributed cases reduce this peak, but
also increase the average. Time simulations for the top-down and
centralized cases are shown in Fig. 5 (top). Notice that the peak
computational workload comprises the reconfiguration and station-
keeping tasks.
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Fig. 5 Current CPU workload for the top-down and centralized co-
ordination architectures is shown in top panel; bottom panel shows
crosslink data rate during mission simulation M1 between the active
spacecraft-level agent I; and lower-level spacecraft agents.

The traditional case requires the largestdownlink communication
data rate because each satellite must downlink all health telemetry
data so that ground personnel can evaluate anomalies and plan ma-
neuvers. In each of the agent-based cases, these data are either kept
within the satellite or transferred to other satellites within the clus-
ter over the crosslink. Obviously, the traditional case requires much
more power for communications and, therefore, will require more
power budgeting. Time simulations of the communication results
are shown in Fig. 5 (bottom). The peak again occurs during the
cluster reconfiguration. The crosslink communications vary from
48 bps for the traditional case, where only position and velocity
data are shared between satellites in the lower-level control loops,
to 12,500 bps in the top down case, where the , level satellite must
send all thruster commands to each satellite.

Based on the total time it takes to plan and execute the cluster
reconfiguration, the distributed architecture executes 318% faster
than the centralized architecture because of the parallel processing,
and 1220% faster than the traditional case, where all data must be
downlinkedand evaluatedon the ground. Note that the time invested
for human decision making on the ground for the traditional case
was not factored into this calculation.

The reliability for the traditional case is approximately the same
as the distributed case and slightly higher than the other two. How-
ever, the cost to attain this level of reliability is quite high. The
traditional case requires at least 10 ground stations spread across
the globe to monitor the cluster constantly. As shown in Table 6,
this requires an operations costs level of $24 million/year for the
traditional architecture, which is much higher than the other cases.
Over several years, these operations costs will accumulate dramat-
ically. Note that there could be other traditional architectures, such
as using geosynchronous Earth orbit satellites for communication
relay. However, the general trend of the results will be the same.

Possible—
_collision—

—— Trajectory s/c #1 |
— Trajectory s/c #2
* center hill-frame

200
400 -1000

Close to collision

800 collision
1 — avoidance

400 -1000

Collision avoidance

Fig. 6 Three-dimensional animation of mission simulation M2: colli-
sion avoidance of an I4 spacecraft and a cluster reconfiguration.

M2: Collision Avoidance Maneuver

The second mission simulation, M2, addresses a possible colli-
sion due to the very close nature of the satellites within the cluster.
Although this simulation uses a 200-400-m relative spacing as its
nominal configuration, there are cases that require 10-m spacing,
for 5-m-tall satellites. In this case, a thruster fails while radar pro-
cessing occurs, and a lower-level 1, satellite begins to move toward
a second satellite. If no maneuvers occur, the satellites will collide
within 0.2 orbits, or 20 min. The necessary steps that the cluster
must perform include detecting the collision within a threshold of
50 m using propagated orbit calculations and GPS data, followed
by a maneuver to avoid the collision. Figure 6 shows the scenario
and required maneuver. As can be seen, the bang-bang control for
the collision avoidance maneuver B resultsin a collision avoidance
trajectory change for S/C 1 (represented by the circle symbol).

Table 6 shows the results of the five metrics for this simulation.
For the traditional architecture, the decision making and initializa-
tion of the collision avoidance maneuver and clusterreconfiguration
must be performed based on ground commands. There must be full
ground contact with the cluster, thatis, at least 10 ground stations, to
ensure there are no observation‘ommunication blocks. Obviously,
itis quite a challenge (perhaps even impossible) to evaluate the pos-
sible collision, plan the new trajectory, uplink the information, and
maneuver within the 20-min window.

Figure 7 shows a plot of the relative distance over time between
the two S/C for the agent-based simulations. The time from when
the collision avoidance monitoring becomes higher priority (based
on a change in velocity from an inadvertent thruster firing) to when
the S/C are within 50 m is less than one-fifth of an orbit, or 20 min.
This 50-m threshold is the critical distance for activating the colli-
sionavoidancemaneuver. The maneuverlasts approximately 18 min
until a safe parking orbit has been reached.

As shown in Table 6, the increased communication distance to
the Earth for the traditionalapproachresults in a significantly higher
performance time. It is clear for satellite clusters that if relative
spacing is within meters, building autonomous collision avoidance
monitoring is critical to the full reliability of the system. As with
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lation M2 for the agent-based cases; minimum distance, 41 m.
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Fig. 8 Three-dimensional animation of mission simulation M3: deor-
bit of a satellite (top) and reconfiguration (bottom).

M1, M2 shows that the agent-based organizations require much
more computational workload as compared to the traditional case
because many of the automated tasks are performed onboard. Both
the computational workload and communication data rate for M2
have increased comparedto M1 because of the unexpected collision
avoidance monitoring and maneuver.

M3: Deorbit/Reconfiguration

Mission simulation M3 is the case of a cluster reconfiguration
where S/C 3 in cluster 1 and S/C 7 in cluster 2 execute a planned
deorbit, two clusters are reconfigured, and two new S/C are added.
Figure 8 shows the simulation for cluster 1. (Cluster 2 is similar.)
Many of the trends in this simulation are similar to the M1 and
M2, including 1) the traditional case requires more communication

bandwidth, 2) the agent-basedapproachesrequire much more com-
putational effort because of the many autonomous functions,and 3)
the agent-based approaches perform the planning much faster than
the traditional approach.

Several additionalitems are noted. First, the computational work-
load has slightly decreased from M2 to M3. This is because the
maneuver for M3 is planned (and end of life deorbit), whereas the
maneuver for M2 is unplanned initially (collision avoidance). Sec-
ond, the traditional case, whereas it is still slower than the agent-
based cases, is slightly better in M3 as compared to M2. This is
again because the maneuver is preplanned and can be more easily
accomplished with a ground station.

M4: Failure of an I; S/C

The final simulation compares centralized and distributed coor-
dination architectures when a failure occurs in an active /; satellite.
In this case, after the failure has been detected, an existing partially
active S/C-level agent I; must take over the role of the failed ac-
tive S/C-level agent /; in the cluster. The passive I; S/C monitor
the active I; S/C for failures. With a voting scheme, failures can be
reliably identified. One of the passive S/C then is voted forward to
perform the reconfiguration.

In the centralized case, where all lower-level S/C are I3 level,
a new active S/C-level agent /| is nominated using a static task
allocation algorithm, that is, a logic rule base. For the distributed
case, a new active S/C-level agent /; is selected using a dynamic
task allocation mode, that is, a contract net-based bidding mech-
anism. The peak computational workload for the distributed case
is 47% higher than the centralized case, primarily because only
one I, level satellite monitors the cluster in the centralized case.
The average workload, however, is 95% larger in the distributed
case because the distributedarchitecturerequires more computation
and crosslink communication to perform the contractnet-basedbid-
ding mechanism. After the cluster reconfiguration, the distributed
case also has a higher computational workload because the I, level
agents must periodically receive and update an internal cluster
description.

Summary of M1-M4 Simulations

Table 6 shows a summary of each of the metrics for each of the
four simulations. The following is a summary of the trends:

1) The traditional case requires more downlink communication
bandwidth because all data must be downlinked to the ground for
processing.

2)The agent-basedapproachesrequire much more computational
effort because of the many autonomous functions onboard the satel-
lites.

3) The agent-based approaches perform most functions much
more quickly than the traditional approach.

4) Autonomous collision avoidance (using agents or other pro-
gramming techniques) is required for clusters with satellitesin close
proximity.

5) To achieve similar reliability, a larger operations team is re-
quired for the traditional case, which creates much higher yearly
costs.

6) Distributed architectures decrease the peak computational
workload by removing bottlenecksin one satellite; however, the av-
erage computational workload and communications both increase
slightly.

Conclusions

The use of MA systems for autonomoussatellite clustershas been
explored. Using distinct functions for satellite clusters such as lin-
ear programming for minimum fuel maneuvers and fuzzy logic for
decisionmaking, four types of organizations were developed. These
fourorganizationseachincreasein intelligenceand autonomy: tradi-
tional (with a groundstation and no intelligence), top down (with one
intelligent master satellite and several unintelligentslave satellites),
centralized(with one intelligentmaster satelliteand several satellites
that can plan locally), and distributed (with two or more intelligent
satellites). Each organization was simulated over four typical sce-
narios and compared in terms of computation,communication, time
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performance,reliability,and cost. Table 6 shows the summary of the
numerical results.

The following conclusions can be drawn from the results. The
agent-based approaches are always faster than the traditional ap-
proach, albeit at a lower reliability. Several important autonomous
functions, such as collision avoidance, however, are enabling for
low-Earth-orbit missions with satellites in close proximity because
the functions cannot be completed in the time window using a
ground communication link. Traditional approachescannot achieve
the same reliability at a good cost because of the large ground op-
erations. Each level of autonomy adds much more computational
workload; thus, the primary tradeoff in designing autonomous soft-
ware architectures (such as MA systems) is trading reliability and
performance for increased computational effort. It could be con-
cluded, however, that of the five metrics, computationaleffort s the
least influential because of the increasing performance of onboard
flight computers over time. Distributed architectures decrease the
peak computational workload by removing bottlenecksin one satel-
lite. However, the average computational workload and communica-
tions both increase slightly for distributedsystems. Reliabilityin the
agent-based systems can closely match that of the traditional case
by adding passive I, level agents. Although more simulations could
be run, the best software architecture based on this study is a cen-
tralized or partially distributed architecture with a small percentage
of highly intelligent satellites for redundancy.
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