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Abstract

The objective of this research is to develop an architecture and algorithms
for the control of a constellation of microspacecraft. It is envisioned that a
constellation of spacecraft will be used by NASA for exosolar planet detection
and astronomical observations. The basic architecture used in this work is
that of a constellation template, i.e., a virtual rigid body that defines the
motion of the constellation. Using this architecture, algorithms are developed
for constellation initialization, constellation rotation, constellation expansion
and contraction, and constellation reorientation.

Contents

Executive Summary 3
1 Introduction 5
2 Constellation Reorientation 9
3 Constellation Rotation 17
4 Constellation Expansion/Contraction 21
5 Constellation Initialization 25
6 Conclusions and Extensions 37
References 41

Acknowledgments 43

i



Architecture and Algorithms for
Constellation Control

Randal Beard
Electrical and Computer Engineering

Brigham Young University
Provo, Utah 84602

March 16, 1998

Final Report



This report was prepared for the Jet Propulsion Laboratory, California
Institute of Technology and was sponsored by the National Aeronautics and
Space Administration.



Executive Summary

This report describes an architecture and algorithms that have been devel-
oped for constellation coordination and control. Algorithms for four basic
constellation maneuvers are derived: constellation reorientation, constella-
tion rotation, constellation expansion/contraction and constellation initial-
ization.

A constellation reorientation maneuver requires the entire constellation
to change orientation while the individual spacecraft in the constellation
maintain their relative position and orientation with respect to each other. In
other words, the constellation moves as a rigid body. The motivation for this
type of maneuver is the metrology sensing system proposed for DS3 which
requires that precise distances between spacecraft be maintained throughout
maneuvers. The algorithms developed in this report accomplish constellation
reorientation and consider the problem of picking a point of rotation a priori,
such that the overall fuel is minimized and that the fuel usage is distributed
equally among the spacecraft.

A constellation rotation maneuver is similar to a reorientation maneuver,
except the constellation is rotated at a constant rate about an axis in the
constellation. The motivation is to create mappings of the u-v plane for
interferometry applications. In this report we develop a simple feedback
control law for effecting a constellation rotation with on/off thrusters. We
assume that thrusters can be pointed in an arbitrary direction.

A constellation expansion or contraction maneuver requires the volume
of the convex hull of the spacecraft to uniformly increase over some time
interval. The motivation is, again, u-v plane mapping. A simple algorithm
is derived for expansion and contraction maneuvers.

Constellation initialization is required after launch of the spacecraft. The
difficulty with initialization is that the spacecraft may have limited inter-
spacecraft sensing and communication ability before they form into the de-
sired constellation. In this report we apply the theory of satisficing games
and epistemic utility theory to derive an efficient near-optimal initialization
strategy for the case where the spacecraft have limited sensing and no com-
munication capabilities.






1 Introduction

NASA is currently considering several missions where a constellation of small,
inexpensive spacecraft will coordinate their actions to effect mission objec-
tives that currently are addressed by more expensive spacecraft or that are
currently too costly to achieve with a single spacecraft. An example is the
proposed DS3 mission where three spacecraft will fly in precise formations to
synthesize a space-based interferometer, enabling exosolar planetary observa-
tions. To realize these missions, architectures and algorithms that coordinate
and control a constellation of spacecraft need to be developed. The objective
of this research is to develop algorithms for:

e Constellation reorientation

e Constellation rotation

e Constellation expansion/contraction
e Constellation initialization.

Each of these problems will be considered in a separate section of the
report. All algorithms will be developed under the assumption that the
constellation is in free space, i.e., gravity is not a factor. One plan for DS3
is that the spacecraft will reside in an earth-depart sun orbit making the
gravity gradient across the constellation negligible.

The remainder of this section defines the notation that will be used
throughout the report. Figure 1 depicts four coordinate frames. Frame
O is the inertial coordinate system. C is called the constellation frame and
is a coordinate system that is fixed with respect to the constellation. C
may be collocated with one of the spacecraft in the constellation, or it may
be the baracenter or another convenient point of reference local to the con-
stellation. Constellation rotation and reorientation maneuvers will require
that we rotate the constellation about some point. R is the constellation
rotation frame. Each spacecraft has a local coordinate frame that is repre-
sented by i. The unit attitude quaternion of frame B with respect to frame
A is represented by ®q* = ((#n")",? eA)T, where Pn? € IR* and Pe? € IR.
The angular velocity of frame B with respect to frame A is represented by
B4 € IR?. The position of frame B with respect to frame A is represented
by Pr# € IR®. Similarly the velocity of frame B with respect to frame A is
represented by v € IR®. A subscript “d” will denote a desired quantity,
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Figure 1: The geometry of formation flying.

i.e., r is the desired position of spacecraft i with respect to the inertial

coordinate frame.

We will assume that each spacecraft is governed by the following rigid
body dynamic equations [1, 2|:

Rotational Dynamics

di??0 Lo i i
o zi(eowo—wox n°)
diel 1. .
py — _2(zw0 . 1770)
diw® . o
I; d + w9 x (Ii’wo) =T, +7,,

dt

where 7¢ is the control torque and 7! is the environmental disturbance
torque,

Translational Dynamics

d'r© _ g0
dt
divO© - )
MZW =fo+ fe (1)



where f! is the control force and f! is the environmental disturbance
force.

The algorithms developed in the next four sections will be for a general
number of spacecraft and a general constellation. The task plan called for the
algorithms to be demonstrated on a constellation comprising 18 spacecraft.
While this is possible, the software tools that we are using (Matlab and
Simulink) run extremely slow for this size of constellation on the computers
that we are using. We have decided, therefore, to illustrate the algorithms
on a constellation comprising only five spacecraft so that simulations can be
demonstrated at reasonable speeds.






2 Constellation Reorientation

2.1 Problem Description

The problem of constellation reorientation is shown graphically in Figure 2.
Before a star can be imaged in an interferometry mission, the constellation

Figure 2: Constellation Reorientation.

must be reoriented such that the axis of the constellation points at the star.
We will consider the case when the constellation is in a solar orbit far from
the earth and, therefore, does not experience a serious gravitational gradient
from one end of the constellation to another. Also, we will assume that the
precise inertial position of the constellation is not important, i.e., only the
orientation is important. This is justified since the distance to stars that will
be imaged is so great that the required orientation of the spacecraft is not
significantly altered as the inertial position of the constellation is changed.
Since the precise inertial position of the constellation is not important, we can
choose the point of rotation, labeled R in Figure 1, to satisfy other criteria
such as minimizing fuel consumption or equalizing the fuel consumed across
the constellation.

We have investigated two approaches to the fuel equalization problem,
namely (1) a priori selection of the point of rotation such that there is a
tradeoff between fuel minimization and fuel equalization, (2) dynamic ad-
justments to the point of rotation to try to keep the fuel equalized across the
constellation. Since we are still investigating the second approach we will
limit the discussion in this report to a priori selection of the the point of
rotation.



2.2 An Algorithm for Constellation Reorientation

In this section, we will first develop an algorithm for constellation reorienta-
tion given a fixed point of rotation R. We will then explain how to choose
R to tradeoff fuel minimization and fuel equalization.

2.2.1 Reorientation given R

We will assume that the fleet of spacecraft is currently configured into a
desired constellation. The desired constellation is specified in terms of the
position and orientation of each spacecraft with respect to the coordinate
frame C, i.e., the set {(‘q5,r$)}Y, is specified. We will assume that at the
beginning of the maneuver ‘q“(0) = ‘q and ‘r(0) = ‘r{. We divide the
constellation reorientation problem into three steps.

Step 1: First, the template is treated as a rigid body, and a control law is
derived for controlling the orientation of the template.

Step 2: Next, the motion of the template is used to define the desired posi-
tion and attitude trajectories for each spacecraft.

Step 3: Finally, control laws are designed for each spacecraft that cause
them to track these desired trajectories.

Each of these items will be discussed below.

Step 1. The desired constellation defines a virtual rigid body whose inertia
about R is given by [3, pp. 43]

N
A R WECHE AP
i=1

where [ is the the 3 x 3 identity matrix. The rotational dynamics of this
virtual rigid body about fr® are given by [1, 2]:

dfin® 1
d? _ §(R€0Rw0 _ RO i Ry)
dfe 1
= (W0 ) ©)
dB o
JEY L RO (JEW?) = 13.

dt
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A virtual control torque 75 that asymptotically stabilizes this rigid body is
given by [1, 4]

= Ko [ — ) = (O = R+ o x ] = Ko 0, (9
where K; and K, are positive constants and where we have assumed that
the attitude of R is identical to the attitude of C, i.e., #q§ = “qg.

This control is essentially PD control where K is the proportional gain
and K is the derivative gain. Other control laws could also be used to
improve the performance of the system. For example, a control law that at-
tempts to minimize the overall fuel consumption of the constellation could be
used. The overall control architecture dictated by the constellation template
approach is independent of the specific control law used to rotate the virtual
rigid body constellation.

Step 2. The objective of this step is to translate the virtual motion of the
template into desired rotation and translation trajectories for the spacecraft.
Given the control law in equation (3), the virtual dynamics of the constel-
lation, given in equation (2), can be integrated to produce trajectories for
the variables #q?(¢) and ®w?(t). The objective is to derive expressions for
{(a? (), WG (t), (1), v (1), iado(t))}i]il as a function of the known quanti-
ties #qQ(t), Rwf(t), Fr¢, “r? and {(‘qf, irg)}f:l, where ‘a$ () is the desired
acceleration of spacecraft ¢ with respect to the inertial frame. The expressions
are given below:

a?(t) = ("ag(0) ().

wg (t) = = Twi (1),

g (1) =17 + 1+ (fqd (1)) ('t — ") ("aF ()"
i (t) =g (1) x ("ag (1)) (rd — ") ("ag (1)

‘ag (1) ="wg (t) x "W (t)

)
("ag () (rg = ") (fag ()"

+ B0 (mg 1) (o

Step 3. The third step is to design tracking controllers that cause each
spacecraft to track the desired trajectories. As a first pass at this problem,
PD tracking compensators were designed for both the rotational and trans-

lational motion. More sophisticated control laws will be investigated as this
research progresses.
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The control law for attitude tracking control is given by [1, 4]
T = Ky [ledc(ng—inc) - (Z g —'e C) — g x ' ]
— %lwg X (fz (iwg — iwc)> + Ko (iwg — iwc) )
The translational motion is controlled via
fe = M; ['af + K, (v = 'v9) + Ky ('t§ = 't9)],

where K,; and K,; are positive constants. This control law, together with
the translational dynamics of the spacecraft given in equation (1) result in
second order error dynamics given by

€+ Km,e + Kpie - fea

C _i.C

where e = ‘r¢ — 'r§.

2.2.2 Choice of R

In this section we will describe how to pick the vector #r® a priori, such

that there is a quantitative tradeoff between minimizing the fuel used by the
sum of the spacecraft and equalizing the fuel used by each spacecraft. The
objective is to avoid starving any particular spacecraft.

The key idea is to derive an expression, as a function of #r®, for the
amount of fuel used by each spacecraft during a minimum-time, minimum-
fuel maneuver about the constellation eigen-axis and then to minimize an
expression of the form

fi
Zfl—i_uzzg 1f3 Z;’V:Ifj, (4)

where f; is the expected amount of fuel expended by the i*'spacecraft during

the maneuver. The first term attempts to minimize the total fuel expended

in the maneuver. The second term is minimized when f; = f, = = fn.
The problem is decomposed into the following steps.

Step 1. Find the eigen-axis and the Euler angle.

Step 2. Assign the peak thrust for each spacecraft according to its distance
from the rotation axis.
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Step 3. Determine the thrust profile for each spacecraft according to a
minimum-time, minimum-fuel tradeoff.

Step 4. Determine the amount of fuel used by each spacecraft during a
maneuver, and the total amount of fuel used by the constellation.

Step 5. Write equation (4) as a function of #r® and minimize.

Step 1. The first step is to determine the eigen-axis k and Euler angle
¢, from the current constellation orientation given by “q® and the desired
orientation given by “q. The appropriate equations are [2]

A sin ¢
q = (ch)* (Cq,?) A ( k ;2) )

¢ = 2cos " (e,)
L [mesin() it é £0,
o if g =

Step 2. Assume that the rotation will be about the eigen-axis k, and that
all spacecraft rotate synchronously about R and that the maximum thrust
available to each spacecraft is A. Assuming that k emanates from R, the
distance of the i™spacecraft from the eigen-axis is given by ‘rft — (k"rf)k =
(I — kk™)'r®. Since all spacecraft rotate about a single axis, the equation
of motion of each spacecraft can be projected onto a single plane to obtain
M; ||(I —kkT)'r®| § = ||A;]| where M; is the mass of the ispacecraft, A
is the thrust of the i'"spacecraft, and 0 is the generalized (combination of
linear and centripetal) acceleration. Since

A

= :
M [[(I = KkT)re ]|

is identical for each spacecraft we have that

A x|
M ([T — kK)o My (7~ SKT)Vf]

Define « as

o = arg max (7 — kKk")'c™||.
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Then ||Aq|| = A is the maximum thrust for spacecraft o and

AT —kk"yieB|| AT - kKT)('rC — Ex) |

Al = =
14l = 37—y = M [T =m0

is the maximum thrust for the i*"spacecraft when i # . Note that an upper
bound on the maximum angular acceleration of the constellation is

A (6)
Mo ||(I = KkT)(or@ — Rr@)||

>

A

Step 3. As shown in [5], a minimum-time, minimum-fuel trajectory for a
double integrator plant with actuator saturation is given by a bang-off-bang
control trajectory (i.e., a trust trajectory like the one shown in equation (7)).

Therefore we obtain the following possible trajectories for ¢, the angle about
k:

A 0<t<T
oty=50; T<t<T-T (7)
—A; T-T<t<T,
At; 0<t<T
o(t) = { AT T<t<T-T
AT —t); T-T<t<T,
1A, 0<t<T
o(t) = § ATt — LAT?, T<t<T-T
AT(T-T) - AT -t)% T-T<t<T

Therefore ¢ = ¢(T') = AT (T — T'), which implies that

= 47
AT
and
T T2 6
I=s-\7T-= (8)

14



Assuming that the amount of fuel consumed by each spacecraft is linearly
proportional to the amount of thrust, the amount of fuel consumed by the
i'"spacecraft during the maneuver is

fi = 29T || Ay 9)

Therefore the total amount of fuel consumed by the constellation is

FEYfi=2T Al

Substituting our previous expression for 7' gives

T T 4
FZQ’YZHAi“ 35 V31

Solving for T" we obtain

P eyl
2 LAl AF

(10)

To trade off minimum-fuel and minimum-time we minimize the function

3

for A > 0. The minimum-time, minimum-fuel tradeoff is now explicitly in
terms of A. For A = 0 we get the minimum-fuel (maximum-time, i.e. infinity)
solution, as A — oo we get the minimum-time (maximum-fuel) solution.
Setting the derivative of the above expression to zero and solving for F' gives

F 2654
24l AF

minF+)\T:mFin{F+)\

F=2v3" 4 “\/MAZIIA Y (11)

Step 4. The fuel used by each spacecraft is given by equations (5-11). Note
that since || 4;|| and A can be expressed in terms of #r®, so can f;, T', T, and
F.
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Step 5. The final step is to minimize the function

Zi]\i1 fz 1 fz
SV YN g

Since F and f; can be expressed as a function of #r® we set

H=F+u (12)

Ry — arg min H.

H is a nonlinear functional that can be minimized effectively with a number
of numerical tools, given a suitable initial condition for the algorithm. Most
notably, we may use the Matlab function fmins to minimize the function.
As an initial condition on the algorithm we use the center of fuel mass

o)
Z F;(0)
2 Fil(U) ,

where F;(0) is the amount of fuel possessed by the i*"spacecraft before the
maneuver.

(13)
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3 Constellation Rotation

3.1 Problem Description

The constellation rotation problem is shown graphically in Figure 3.

Figure 3: Constellation Rotation

The objective is to rotate the constellation about the axis joining the
two combiner spacecraft. This problem has also been addressed by a similar
approach in [6]. The difficulty with rotation maneuvers is that in order for
the constellation to rotate as if it were a rigid body, the spacecraft are com-
manded to follow smooth arcs. To do so with on/off thrusters requires either
continual firing of the thrusters, which is what would result from a pulse-
width modulation approximation of the continuous control law. Frequent
firing of the thrusters will drain the fuel and is, therefore, undesirable. For
interferometry missions, we do not necessarily require that the constellation
move precisely as a rigid body: there is an allowable tolerance on the relative
distances between two spacecraft. Using these considerations, we can derive
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sub-optimal control laws that maintain the required tolerances while firing
the thrusters a minimal amount of time.

3.2 An Algorithm for Constellation Rotation

Assuming continuous thrusters, the constellation rotation problem can be
solved by the same algorithm developed for a constellation reorientation, with
a few modification. First, fix the point R to be the center of the rotation.
Presumably, R would be the baracenter of the two combiner spacecraft.

Second, set
k sin(wot)
c 0 _ 0
q d(t) - ( COS(wot) > )

where k is the axis of rotation and wy is the desired rate of rotation about
k. The algorithm developed in Section 2 can now be applied directly to
accomplish the continuous rotation about k.

In the remainder of this section, we will consider the non-continuous
thruster case. Suppose that for the purposes of the interferometry mission,
we need to rotate the constellation at a fixed rate wy while maintaining
the distance between the i*"and j™ spacecraft to be |’r’|| = d;; + ;. Let
€; = min,z; ;5. We can guarantee that all of the distances are maintained
within the required tolerances by ensuring that ||’cf(¢) — 'tf(t)|| < /2.
In addition, we want to maintain these tolerances while firing the thrusters
as little as possible. Note that starting and stopping the rotation is not
considered in this section. However, the ideas in this section extend easily to
these tasks.

The idea that we will pursue is to only fire the i*'spacecraft’s thrusters
when it reaches its tolerance boundary. As shown in figures 4 and 5, the
requirement that ||'r?(¢) — 'rf(t)|| < €/2 sweeps out a tube around the
trajectory ‘r%(¢). Assuming that the constellation is being commanded to
rotate about k, the motion of each spacecraft will be in a plane perpendicular
to k. By the conservation of momentum, we must apply an impulse thrust
at the point that the spacecraft touches the boundary of the tolerance tube
such that

i, 0O i, 0O
T’i:MiV _Miv new:

where *v?,,,, is the velocity vector after the thrust is applied, and 7T} is an

impulsive thrust. Note that if an impulsive thrust is not used, then a firing
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sequence will need to be initiated before the spacecraft touches the boundary
of the tolerance tube. Since the thruster will be limited to a magnitude of
|A;il|, we apply a trust l'ﬁ}‘_'fi for a period of ||T;|| /|| Ai|]| seconds. Note that
this will require that the tolerances be tightened slightly to allow momentum
changes that are not instantaneous. It remains to find ‘v9,,,. We will
consider two cases: when the spacecraft encounters an outside edge, and

when it encounters an inside edge.

Case 1: Outside Edge. The geometry for this case is shown in Figure 4.
From the figure we can see that

g0

e \\\ier(t)

Figure 4: Constellation Rotations within a Specified Tolerance.

B B (ivO)T([ o kkT)iI.R
# = cos™! [niar ||<r—kkT>irR||]
0 it (7 — kK")iek|| — €/2

(7 — KK )l + /2
p=0+(1/2— ).
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From the geometry we can see that

@] @]

VO pew = c0s(p)'v? + sin(p)k x ‘vO.

Case 2: Inside Edge. The geometry for this case is shown in Figure 5.
From the figure we can see that

Figure 5: Constellation Rotations within a Specified Tolerance.

L _(iVO)T([ o kkT)irR
VOl [ — kk") ek

f = cos™
p=7m—80.
From the geometry we can see that

ivonew = - COS(SO)iVO + Sln(go)k x tvO.
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4 Constellation Expansion/Contraction

4.1 Problem Description

The problem of constellation expansion is illustrated in Figure 6.

/,k
/
/

Figure 6: Constellation Expansion.

In this figure the constellation has been expanded by a factor of two with
respect to the fixed point in space R. As before a wise placement of the
point R will limit the distance that each spacecraft must travel and thus
allow fuel to be conserved. The closer that R is chosen to a given spacecraft,
the less distance that the spacecraft will have to move. Therefore, R may be
placed close to a spacecraft that is low on fuel in order to conserve its limited
resources.

In the expansion problem, rather than exert torque on the template,
we will exert an expansion inducing force on the template. This force is
analogous to the force that causes a balloon to expand.

4.2 An Algorithm for Constellation Expansion/Contraction

In this section we develop an algorithm for constellation expansion with
respect to a fixed point R.
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Define a sizing factor v(¢) that measures the growth of the constellation.
The template is defined by the desired trajectories of the of the individual
spacecraft. The desired trajectory of the i'"spacecraft will obey

g (t) = v(t)'"(0),
il (t) = v(n)'r(0), (14)

falf(t) = v(t)'r?(0).

Define the tracking error as

e; = er o zr(Ii{
é; =vit — lvf.

We ensure that the initial tracking error is zero simply by setting the
initial conditions on v(t) to be

v(0)=1
v(0) = 0.

As before, we first develop a virtual control for the template, and then
we will develop a control for the individual spacecraft.
Given a final desired size, vy, for the template, the template resizing force

Fti = MZ(—kllV(If - k‘g(irf} - l/fiI'R(O)) (15)
will result in a closed loop template dynamics for v of
D + kll/ + kQ(l/ — l/f) = 0

Equation (14) gives the desired trajectories for each member of the con-
stellation. The i*spacecraft may now track its desired trajectory using the
control law

Fi = Mi("af — ku(ve = 'v{) = ki (‘e = rg)), (16)
which results in the closed loop dynamics
é; + kié; + koe; = 0.

A careful selection of gains will allow exponential convergence of the tracking
error. Moreover, if two neighboring spacecraft are within some tolerance of
each other, they will remain within that tolerance.

A simple application of Lyapunov theory gives us the following result.

22



Theorem 4.1 (Constellation Expansion Convergence) Given the sizing fac-
tor dynamics

U+ kst + ky(v — vp) =0,
and the spacecraft force
Fy = m(ag — ki'vl = 'vg) — k('™ =), (17)

then for positive gains, v — v, and e;(t) — 0 as t — oo.
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5

5.1

Constellation Initialization

Problem Description

This section considers the problem of initializing a constellation of space-
craft. There are several instances when a constellation must be initialized.
For example, initialization must take place 1) immediately after the space-
craft are deployed from the launch vehicle, 2) when one spacecraft in the
constellation experiences catastrophic failure, and 3) when the overall task
of the community of spacecraft dramatically changes.

In this section we will use a radically different approach than in the three
previous sections. The reason for doing so is that the constellation initial-
ization problem is complicated by the following issues which are not easily
addressed in the constellation template framework.

The constellation may be a heterogeneous collection. For example, to
build a space based interferometer, combiner and collector spacecraft
are needed. The functions, and hence hardware, of these spacecraft
will be radically different. Initializing the constellation may require
that spacecraft of type A be located along the axis of the constellation,
while spacecraft of type B be positioned in a concentric ring about the
center of the axis. One spacecraft, of the correct type, must occupy
each specified location, but individual spacecraft of the same type are
not necessarily assigned to particular locations.

The spacecraft must position themselves without colliding with other
spacecraft.

Each spacecraft may be equipped with sensors that detect the position
of other spacecraft near its vicinity, but the sensors may be limited in
range. Hence it may not be possible for any given spacecraft to know
the relative or inertial positions of all the other spacecraft.

Spacecraft may not initially be able to communicate with each other.
Therefore, it may not be possible for a given spacecraft to know which
positions in the constellation its nearest neighbors have decided to seek.

Spacecraft life is limited by fuel. Therefore it is desirable that any
initialization scheme keep the total distance traveled by all spacecraft
to a minimum.
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To be concrete, we will focus on the following scenario, which is de-
signed to include all of the difficulties listed above. Consider a system of five
spacecraft that are collectively instructed, via some form of ground commu-
nication, to initialize themselves into a specified configuration with a fixed
inertial position and orientation. Each spacecraft must occupy exactly one
location in the configuration and must effect its transition without colliding
with others. Simultaneously, the total distance traveled by all spacecraft
must be minimized. Each spacecraft is able to position itself in an inertial
coordinate frame, but no centralized control is possible; decision making is
distributed, with each entity deciding for itself which location to seek. The
sensors on board each spacecraft permit it to determine the relative posi-
tions of only its two closest neighbors. Thus, it is not possible for any given
spacecraft to know the relative positions of all other spacecraft when deciding
which location to seek. In addition, no communication between spacecraft is
possible.

The above scenarios may be viewed as instantiations of an N-agent co-
ordination game, the classical solution of which is for all players to seek a
coordination equilibrium that is globally optimal [7, 8]. Unfortunately, due
to knowledge limitations, this is a game of asymmetric information, so the
classical solution cannot be implemented.

We approach the problem by creating a hierarchical controller structured
after the theory of intelligent machines developed in [9, 10, 11]. The control
architecture consists of three levels: the Organization Level, the Coordina-
tion Level, and the Execution Level. For the scenario described above, the
organization level dictates the desired configuration for the constellation.
The execution level consists of simple control laws that move a spacecraft to
a desired location and avoid collisions. The coordination level must decide,
with limited information, which position a particular spacecraft should seek.

5.2 An Algorithm for Constellation Initialization

A block diagram of the system architecture is shown in Figure 7.

The spacecraft are at the lowest level, interacting directly with the envi-
ronment through sensors and actuators. The execution level consists of two
algorithms. A simple PD controller that moves each spacecraft toward the
location specified by the Coordination Level, and a collision avoidance algo-
rithm. The collision avoidance algorithm creates a control force that repels
the spacecraft from any other spacecraft that is a distance D from it.
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Coordination | Negotiation / Events ) A Coordination
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Actuators @ ﬁ Sensors u ﬁ
Environment

Figure 7: Block Diagram of the System Architecture.

Each spacecraft has an associated coordination agent at the Coordina-
tion Level. The coordination agent receives a high level directive from the
Organization Level. For the formation initialization problem, the directive
consists of a list of desired locations. The coordination agent uses this infor-
mation, along with the current location of the other spacecraft in its field of
view, to make a decision as to which location the spacecraft should move to.
It then directs its associated spacecraft to move to the appropriate location.
Decisions at the Coordination Level are only made when low-level events
occur. For example, when a new spacecraft comes into the field of view of
the current spacecraft or when a neighboring spacecraft has reached one of
the specified locations. Since decisions are event driven, the data flow to
the Coordination Level is significantly reduced. This is in accordance with
the principle of “increasing precision with decreasing intelligence” [10]. If
communication between spacecraft is allowed, then the coordination agents
may negotiate their decisions with the other agents. In this paper we will
not consider communication among coordinating agents.

The Organization Level shown in Figure 7 is, in our example, an entity
(probably human) on earth that is communicating to the system the desired
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configuration. The high-level events passed back to the Organization Level
are success/failure events.

5.2.1 Coordinated Decision Making

Making coordinated decisions is an extremely complex problem. For an agent
to coordinate effectively with other agents without negotiations, it must pos-
sess a model of itself and all other individual agents, as well as a model of how
each agent will interact with the other agents in the system. It must then
use these models to make a decision that is appropriate, given the available
knowledge. Viewed from this perspective, there are two main issues to be
considered: the representation of knowledge, and the rationale for making
decisions based on that knowledge. To facilitate discussion, we first describe
our model of knowledge representation and decision making for a single agent,
then generalize to the case of multiple agents.

Knowledge Representation. Knowledge representations in common use
include dynamic models based on physical principles, models consisting of
production rules, and probability models. Multiple-agent coupled dynamic
models are difficult to specify and often involve unknown parameters whose
uncertainty must be included in the model, as well as discrete events that may
alter model structure. Production rules are well-suited for representing local,
conditional behavior, but it has proven difficult in practice to anticipate ev-
ery possible scenario and include an appropriate rule, especially in dynamic,
uncertain environments. Probability models, however, are readily applicable
for characterizing both global and local behavior. Probabilities are typically
used as a measure of truth support for a set of events, with unconditional
probabilities characterizing global truth support, and conditional probabil-
ities representing local truth support, that is, truth support given specific
circumstances. As indicated by Shafer, “probability is not really about num-
bers, it is about the structure of reasoning [italics added].” [12, page 15].
Probability networks such as those developed by Pearl, for example, have
been shown to be powerful and convenient means for representing knowledge
[12].

Epistemic utility theory employs two distinct probability models to rep-
resent knowledge; one to serve as a measure of truth support, and the other to
serve as a measure of informational value of rejection. Probability as a mea-
sure of truth support uses the conventional semantics of probability theory
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but as a measure of informational value requires an entirely different seman-
tics. The mathematics of probability has been so intertwined historically
with a particular semantics that the two may appear to be indistinguishable,
but the mathematics stands by itself and can easily be associated with dif-
ferent semantics. With the conventional semantics, there is a unit of truth
support apportioned over a Boolean algebra of events in a finite probabil-
ity space. Choosing a particular event implies a corresponding amount of
truth support is committed to the agent. With the alternative semantics,
a unit of informational value is apportioned over the same Boolean algebra.
By rejecting a particular event, the corresponding amount of informational
value is committed to the agent. These two probability functions thus encode
knowledge pertaining to both belief and importance of the events, and do so
with comparable units.

Although epistemic utility theory was developed as a model of cognitive
decision making, it may be readily adapted to practical decision making by
assigning new semantics to both of the probability functions. In the place of
“truth,” let us associate “accuracy,” meaning conformity to a standard. In
the cognitive context, the standard is factuality, but in a practical context,
the standard is associated with the goals or aspirations of the agent. The
corresponding probability function then becomes a measure of the degree to
which accuracy is achieved by adopting a particular event. To distinguish
this semantics from the traditional one, we will refer to this function as the
credibility function and denote it po. Also, in the place of “informational
value of rejection,” let us associate the notion of resource depletion, and
the corresponding probability function becomes a measure of the degree to
which the adoption of a given event consumes the available resources. To
distinguish this semantics, we shall refer to this probability function as the
rejectability function and denote it pg.

Decision-Making Rationale. Optimization is a mathematical sophisti-
cation of the common sense view that decision makers ought to do the best
they can. The von Neumann-Morgenstern instantiation of this view requires
that the set of options available to a decision maker be described by a single
preference ordering. This ordering is provided by a utility function, which
numerically weights the relative importance of the various attributes asso-
ciated with the decision in question. An optimal option is then a maximal
element with respect to this ordering, subject to whatever constraints are
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relevant. A decision maker who seeks an optimal solution is operating un-
der the superlative paradigm. This paradigm is often challenged, however,
since it is well known that people are poor optimizers, and strict adherence
to the optimization paradigm inadequately describes how decisions are often
made in naturalistic settings [13, 14, 15, 16, 17, 18, 19, 20, 21]. Furthermore,
the superlative paradigm is very rigid. It requires that sufficient information
be available to guarantee that the optimal solution can be identified; if the
information is not sufficient, no decision can be reached.

Epistemic utility theory does not fit the superlative paradigm, since it
employs two utility functions—credibility and rejectability—rather than the
single utility function employed under the superlative paradigm. These two
utility functions, being expressed in the same scale (i.e., each has a unit of
its attribute to apportion), invite a binary comparison of these attributes for
each option. A natural decision rule in this context is to reject all options
for which the rejectability (the amount resources are depleted, i.e., the cost)
exceeds the credibility (the degree to which the goal is achieved, i.e., the
benefit). An example of a comparative approach is the familiar cost-benefit
analysis of economics.

The comparative decision paradigm is distinctly different from the su-
perlative paradigm of optimal decision theory. Whereas the superlative
paradigm is designed to yield a single “best” option, the comparative paradigm
is designed to yield a set of options (those for which credibility exceeds re-
jectability), each of which is “good enough,” if not optimal. We shall refer
to such non-rejected options as satisficing' options, and the set of satisficing
options is termed the satisficing set. Any element of this set may be imple-
mented; alternatively, a subjective tie-breaking mechanism may be invoked
to make a unique selection.

Although this comparative procedure does not have the obvious norma-
tive power of a superlative procedure, it does serve as an apt description of
the way people often behave and satisfies one of many possible definitions of
common sense rationality. Furthermore, the two paradigms are consistent in
the following sense: if the credibility and rejectability functions are designed
according to the same criteria used to define an optimal performance index,
then the optimal decision can be shown to be a member of the satisficing set.

L Satisficing = satisfy + suffice is evidently a word of Scottish origin, and has been used
by economists to describe decision rules that, though not optimal, achieve a performance
commensurate with a given aspiration level.
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Multiple Agent Coordination. Since epistemic utility theory involves
probability functions, it may be extended to the case of multiple agents by
defining multivariate probability functions and invoking a comparative deci-
sion rule that yields decision vectors—one component for each agent. Such
a rule requires expressions for joint credibility and joint rejectability. To de-
velop these expressions, we must consider the relationships that exist between
agents. The credibility of a particular option for a given agent will, in general,
be influenced by the credibility and rejectability that all other agents ascribe
to their particular options. Let {X7,..., Xy} denote a system of N agents,
let U; denote X;'s set of admissible options (assumed, for this discussion, to
be finite), and consider the joint credibility /rejectability associated with X
opting for u; € U; in the interest of credibility, and of opting for v; € U; in
the interest of rejectability, 2 = 1,... , N. We shall call this function the in-
terdependence function and denote it po,..cyRry..Ry (Uly - o s UN, V1,y .., UN).
The interdependence function is a 2/N-variate probability mass function that
characterizes the joint credibility /rejectability associated with the joint cred-
ibility /rejectability state (uy,... ,uy,v1,... ,vy), where u; € U; and v; € Uj,
t = 1,...,N. We interpret this function as follows: The joint credibility
associated with the agents jointly adopting the options (uq,... ,uy) is given
by

pcl...cN(Ul,... ,UN) = E E pcl“‘CNRl‘“RN(u17"' ,UN, U1y ... ,UN),
v1€UL vvEUN

(18)

and the joint rejectability associated with the agents jointly adopting the
options (vy,...,vy) is given by

pRl...RN(Ul,... ,UN) = E E pCl---CNRl---RN(Ula"' yUN, U1y - - . ,UN).
u1 €Uy un€eUN

(19)

Once the interdependence function is specified, the joint credibility and re-
jectability functions may be obtained via (18) and (19), and the set of jointly
satisficing options is

S, = {(wl,. .. ,’LUN) ceU, x---x Uy 3pcl...cN(w1, e ,wN) > prl...RN(wl, e

(20)

that is, the jointly satisficing options are all joint options such that the joint
credibility is not exceeded by b times the joint rejectability. The parameter,
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b, is termed the rejectivity index, and is a measure of relative weight given
credibility and rejectability. Nominally, we set b = 1, reflecting equal weight.

To apply this theory to the problem of spacecraft initialization, we must
first settle on operational definitions for credibility and rejectability. Credi-
bility will be defined to keep the distance a spacecraft must travel as small
as possible. Thus, target locations close to a spacecraft will have higher
credibility than distant target locations. Rejectability will reflect the un-
desirability of having more than one spacecraft at a given target. Thus,
locations closer to other spacecraft and therefore likely to be occupied will
have higher rejectability than locations more likely to be open. With these
operational definitions in place, we may define the interdependence function
for each coordination agent.

Let X, denote the subject agent, and let X5 and X3 denote the two space-
craft within X’s field of view. We must define the interdependence function,
DCyCyCs Ry Ry Rs» fOT the subject agent. By the product rule for probabilities,
we may write the interdependence function as (suppressing arguments)

DCyCyC3Ry RyRs = DC1|R1C>C3 Ry RaRsPR1CoC3 Ra R - (21)

Since credibility deals only with the choice of the target location, it is rea-
sonable to assume that X;’s credibility is independent of the rejectabilities
associated with any of the agents, hence we may simplify (21) to become

PC1CyC3 R RyRs = PCL|C2C3 PRy CoCs R Rs - (22)

Applying the product rule to the second term of (22) we obtain

DC1CoCs Ry ReRs = PC1|CoC3 PRy |CoCs Ro R3PCyC3 Ry Ry - (23)

Now, assuming that rejectability can be determined independently by the
three agents, we may simplify this expression to

pClcQC:gRleR:g = p01 ‘CQC?)pRl‘CQC?)pCQC:’,RQRB . (24)

Further application of the product rule and applying the arguments above
yields

PC1C2C3 Ry Ry Ry = PC1|CyC3 PRy |CoC3PC|C3PR2|C5PC3 PR3 - (25)

This factorization exercise illustrates one aspect of the great power of
probability models—namely, conditional probability mass functions allow
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us to represent local information in a modular structure. For example,
Pcy|cacs (@1]az, a3) represents the credibility that X, places on target location
a1, given that X, and X3 place their entire units of credibility on target lo-
cations ay and agz. Also, pg, e,y (01|ae, ag) represents the rejectability that
X, places on location 3; given that X, and X3 place their entire units of
credibility on target locations as and as. Simple analytical expressions for
these conditional probabilities may easily be developed as functions of the
target locations and the locations of the spacecraft. In this way, every pos-
sible scenario can be represented—specifying these conditional probability
functions is tantamount to specifying a family of production rules to cover
all possible circumstances.

As mentioned earlier, the complexity of this approach will grow rapidly
with the number of agents, especially if the agents are permitted arbitrary
interactions. However, it must be stressed that the coordination of multi-
ple agents is intrinsically a very complex problem, and one would expect
that models adequate to characterize complex relationships between agents
must also be complex. It may be well to recall the pithy advice of Einstein:
“Make things as simple as possible, but not simpler.” In most problems,
it will be desirable to reduce complexity by imposing reasonable assump-
tions, such as hierarchical relationships between coordination agents. The
use of conditional probability mass functions is an efficient way to encode
such simplifying structure.

With the conditional pmf’s in place, the interdependence function for the
agent is fully defined by (25). The next step is to form the joint credibility
and rejectability functions and to compute the jointly satisficing sets for the
collection of agents within the field of view. Each agent will then invoke a
tie-breaker, if necessary, and implement its component of the selected joint
option. The joint credibility is obtained as

Peioyos () g, a3) = Z Z Z PCiC>Cs Ry RoRs (11, 2, i3, B, Ba, B3)  (26)

B1eU B2eU B3eU

=Dy |00y (0 |, a3)Pey)cy (2| as)pe, (as), (27)
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and the joint rejectability is given by

PR RoRs (B1, B2, B3) = Z Z Z PCiCyCs Ry RoRs (11, 2, i3, B, Ba, B3)  (28)

a1 €U arelU agEU

=PR3 (53) Z Z PR;|C2C3 (ﬁ1|042,C¥3)p02\03(a2|043)pR2\03(52|Oé3)p03(043)

a2eU azelU

(29)
The set of jointly satisficing options, from the point of view of X, is then

Sy = {(a1,0,03) €U x U X U : peyoyos(0i, 2, a3) > bpr, ryrs (01, 2, i3) }.
(30)

We must now formally specify the myopic and joint credibility and re-
jectability functions. The myopic credibility function is computed by reward-
ing locations that are close to the agent, according to

1
Yaas—ysll
pey () = Zydas—yi,

VEU [lyay—ysll

where U is the index set of the three closest desired locations, y4 are the
desired locations, and y; are the current locations of the spacecraft. The
rejectability function is computed by rejecting desired locations that have
other spacecraft closer than the deciding agent, as described by

— lyass — sl = p(Ydas)
Prs(0) = 5= = gy — ]l — plyan))’

where p(y,;) is a function that returns the distance, from yg;, of the spacecraft
that is in the agents field of view and is closest to the desired position yg;.

We interpret the probability mass function pg,|c, (B2]a3) to be the re-
jectability X5 would ascribe to location (3, given that X3 places its entire
unit of credibility mass on a3. The structure of this function is simple, since
it is easily seen that X5 should place its entire unit of rejectability on the
location that X3 places its unit of credibility mass, thus

1 [o=ag

Phsjcs(ales) = {0 8y # as.
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The probability mass function pe,|c, (e2]as) corresponds to the credibility
X5 would ascribe to ay given that X3 places its entire unit of credibility on
as. Setting pey)c, (a2|as) = 0 ensures that X, will not ascribe any credibility
to a cell that X3 is committed to achieving. If as # «y, then X5 should
apportion its credibility in accordance with the fundamental objective of
minimizing the distance traveled, yielding a function of the form

0 Qp = O3
p02|03(042|043) = 4\|yda31—y3\’|

vEUN{ag} Tygv—yasll

By similar reasoning we get that
0 B & {as, a3}
]- 51 S {O{Q, 0[3},

0 o € {Olg,&g}
1 ar & {ag, az}.

pR1|CQC3 (,81|O[2, 053) - {

pCﬂCng (O{1|O[2, 053) - {

Simulation results for five spacecraft with several different initial condi-
tions are shown in Figure 8. The X’s represent the desired locations, the
O’s represent the initial location of each spacecraft, and the dashed lines
represent their trajectories. With the credibility and rejectability functions
defined above, the agents behave the way five humans would in similar cir-
cumstances. As can be seen from scenarios 1 and 3, each spacecraft will move
to the closest desired location, unless there is another spacecraft in its field
of view that is closer. In scenarios 2 and 4 we see the effect of local decision
making. In scenario 2, the light blue and dark blue spacecraft are not in their
respective fields of view. Both spacecraft initially decide to move toward the
same location. The decision making mechanism is triggered when a colli-
sion becomes imminent, at which point the dark blue spacecraft decides to
move to another location. In scenario 4, the magenta spacecraft must wander
around before it finds an empty location. Of particular interest is the fact
that a spacecraft will free up an occupied location for another spacecraft if it
is easier for it to move to another position. Note also that chaotic behavior
does not occur.
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Figure 8: Simulation Results with Five Spacecraft with Limited Field of
View.
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6 Conclusions and Extensions

This report has developed algorithms that effect reorientation, rotation, ex-
pansion/contraction and initialization maneuvers for a constellation of N
spacecraft flying in precise, pseudo-rigid body formations. The spacecraft
are modeled by second order, rigid body dynamics and kinematics. We sum-
marize and list extensions for each of these problems separately.

Constellation Reorientation. The algorithm for constellation reorienta-
tion developed in the report is based on the idea of creating a pseudo-
rigid body, called a template, that models the desired constellation.
The reorientation problem is accomplished by deriving a control law
that reorients the template, mapping the motion of the template to de-
sired translational and rotational trajectories for each spacecraft, and
designing control laws for each spacecraft that track these trajectories.
The point of rotation is derived a priori to tradeoff minimizing the total
fuel used by the constellation, and equalizing the fuel used across the
constellation. An important conclusion of our research is that equal-
izing the fuel used by each spacecraft may cause the overall fuel to be
quickly depleted.

Possible extensions include the following list.

e The algorithm needs to be extended to on/off thrusters.

e Reorienting the constellation, to maintain a particular orientation
of every spacecraft with respect to the sun, needs to be investi-
gated. Previous work on this problem, for single spacecraft, should
be applicable.

e Disturbance rejection characteristics of discrete on/off thrusters
in the template architecture need to be investigated.

e Extension of these ideas to near earth orbits could also be inves-
tigated.

e The fuel equalization problem has a number of subtle challenges
that will require further investigation to fully understand. In par-
ticular, we need to investigate dynamically changing the point of
rotation, and how this effects the overall fuel depletion across the
constellation.
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The fuel equalization problem assumed that all spacecraft were
equal in the amount of fuel that they were allowed to burn. How-
ever, the combiner and collector spacecraft may be given different
amounts of fuel to compensate for the relative distances that they
will be required to travel. Unequal weightings of the spacecraft
needs to be investigated.

Constellation Rotation. Constellation rotation algorithms have been de-
veloped for both continuous thrusters and on/off thrusters. In both
cases, the general algorithm developed for reorientation is used to spec-
ify desired position and orientation trajectories for the spacecraft. For
on/off thrusters a novel “tolerance maintaining” algorithm has been de-
rived, that only fires the thrusters when a tolerance boundary is about
to be crossed.

Possible extensions include the following list.

The method outlined in the report needs to be generalized to non-
impulsive thrusts.

A similar “tolerance maintaining” algorithm needs to be developed
for relative spacecraft attitude control.

The algorithm developed in the report maintains a particular tol-
erance with respect to the center of the rotation. The velocity
might also need to be adjusted to maintain the spacecraft within
a tolerance ball. This needs to be investigated.

The algorithm needs to be extended to include starting and stop-
ping the rotation of the constellation.

Disturbance rejection needs to be analyzed for the “tolerance
maintaining” algorithm.

Constellation Expansion/Contraction. An algorithm for constellation
expansion/contraction maneuvers has been developed using the notion
of a constellation template. The template is expanded according to
second order dynamics.

Possible extensions include the following list.

The effect of the placement of the center of expansion on the total
fuel usage, needs to be analyzed.

38



e The expansion problem using on/off thrusters needs to be inves-
tigated. An algorithm similar to the tolerance maintaining algo-
rithm used for constellation rotations needs to be developed and
analyzed for constellation expansions.

e The expansion/contraction problem outlined in Section 4 is only
relevant if the constellation is required to expand uniformly. This
would be the case, for example, if the metrology sensors are re-
quired to remain locked on during expansions/contractions. Oth-
erwise, each spacecraft could move to their desired locations inde-
pendent of the motion of the other spacecraft in the constellation.
Our assumption is that the sensors are required to remain locked.

Constellation Initialization. The constellation initialization problem is
performed using an approach that is radically different than the one
used for reorientation, rotation, and expansion/contraction. The the-
ory of satisficing games has been applied to this problem, assuming
range-limited sensors and lack of communication between spacecraft.
Collisions are avoided by detecting the location of a spacecraft’s nearest
neighbors and invoking a collision avoidance routine when a collision is
eminent. The particular collision avoidance routine used in our simu-
lations treated spacecraft as particles and created a virtual force field
that repels all particles away from each other. After the spacecraft
are separated by a distance of D, the decision making mechanism is
invoked to decide which targets each spacecraft should seek. The lack
of complete information precludes a priori fuel optimization. Even
with limited information, however, the spacecraft do remarkably well
at picking maneuvers that minimize the total fuel used by the constel-
lation. Although the algorithm described above is sub-optimal with
respect to fuel consumption, we believe that is does as well as possible
in a dynamic environment with limited information.

Possible extensions include the following list.

e In the implementation, each spacecraft only knows the location of
its two nearest neighbors and its three nearest desired locations.
The result is that a spacecraft may get into a loop where it wan-
ders from one filled location to another, never seeing the unfilled
position. This can be corrected by allowing each spacecraft to
know all desired positions.
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