AIAA-98-4381

American Institute of Aeronautics and Astronautics

1

OPT IMAL E ART H ORBIT ING SAT ELLIT E

CONST ELLAT IONS VIA A P ARET O GENET IC ALGORIT HM

WilliamJ. Mason *

Victoria Coverstone-Carroll �

John W. Hartmann

�

Department o f Aeronautical and Astronautical Engineering

University of Illinois at Urbana-Champaign

Urbana, IL 61801-2935

Abstract

A Pareto Genetic Algorithm is applied to the design of satellite constellations. T he Pareto Genetic

Algorithm is a multi-objective optimizer that generates groups, or "families", of optimal solutions. T he technique developed in this paper combines the Pareto

Genetic Algorithm with Satellite T ool Kit, a commercially available software package that perfor ms satellite perfor mance analyses, to produce a new po werful tool for designing optimal satellite constellations. Several constellations for continuous global coverage are presented.

Introduction

Satellite constellatio ns are beco ming more popular choices to achieve mission goals as modern systems are designed for increased capabilities and complex tasks. T raditional design considerations have focused primarily on circular, symmetric configurations. 1 , 2 , 3

Such constellatio n patterns allo w for easyanalysis and are well understood. In more recent years additional work has been done in non-circular orbit constellations. 4 , 5

Most of the previous wor k has focused on providing global coverage and utilized geo metric-based techniq ues; ho wever as the satellite market changes, different criteria emerge as the basis for constellation coverage. Cost, localized coverage, and launch vehicle availability are all issues that must be considered when implementing a constellation.

Often times a mission designer wo uld benefit fro ma group of feasible solutions, with differing costs and performance levels. Such a group of solutions wo uld allo wfor a more infor med design decision, as well as

* Graduate Research Assistant, Member AI AA

� Assistant Professor, Senior Member AI AA,

Member AAS

� Graduate Research Assistant, Member AI AA

Cop yright © 1998 bythe American Institute of

Aeronautics and Astro nautics Inc. All rights reserved.

contingencyscenarios in case of operational changes, i.e. loss of spacecraft.

T his paper addresses the design o f optimal satellite constellations. First, an over view of genetic algorithms is presented and is follo wed b ya brief discussion o f multi-objective optimizatio n. T he genetic algorithm developed to performthe multi-objective optimization is a Pareto Genetic Algorithm ter med the

Modified Illinois No n-do minated Sorting Genetic

Algorithm (MINSGA). T he MINSGA´s functio nality is demonstrated on several test problems. Lastly, the

MINSGA is co mbined with Satellite T ool Kit and used to produce several constellations that yield continuous global coverage.

Genetic Algorithms

Genetic algorithms (GAs) are an optimizatio n technique based on natural selection and Dar winian genetics. T hese algorithms differ fro mthe more traditional optimizatio n techniques in that theywor k with a coding of the parameter set, instead of the parameter s themselves. T his coding is usually done as a binar ystring, as was done in this stud y. Genetic algorithms are population based, wor king with many candidate solutio ns rather than tr ying to progress fro ma single point in the search space. T heyuse only the value o f the objective function, ter med the ^fitness~, instead of derivatives or other auxiliar ykno wled ge, and theyuse probabilistic transition r ules instead of deterministic rules. A population of individ ual solutio ns is evolved over a series o f generational cycles, each undergoing alteratio ns to their respective parameter set, resulting in improvement in their respective fitness value.

T he GA used in this paper emplo ys the standard operators of selection, crossover, and mutatio n to performthe evolutionar y search. Selection is the process of choosing two solutions on which crosso ver of infor matio n may occur. T he better an individ ual´s fitness (higher for maximization, lo wer for minimization), the greater the chance that it will be selected fro mthe population for potential crossover.

Crossover is used to create new solution strings or children fro mexisting ^parent~ strings. A string is a

American Institute of Aeronautics and Astronautics

2

binar yrepresentatio n of all the independent parameters.

T hrough crossover, beneficial infor matio n encoded in the parents has a chance to propagate to future solutio ns. T he role of mutatio n is mainlythat of protecting the population of solutio ns against irrevocable losses of potentially helpful infor mation that maybe contained in individ uals with poor fitnesses. Mutation also aids in pro viding diversity within the population.

^Niching~ or ^fitness sharing~ is a supplemental strategy, which is also used to promote diversityin the solution space. In this procedure, solutio ns are penalized according to their degree of similarityto other s in the population in an attempt to distribute members over large portions o f the search space and to avoid premature conver gence to a single solutio n. T he population is examined on a per individ ual basis to deter mine the number of other members that reside within the neighborhood of the current examinee. T he size of the neighborhood is determined b ythe niching control parameter, s share

. A penaltyvalue is associated with each individual residing within this neighborhood. T he magnitude of the penalty is gover ned bya sharing function who se value decreases b ythe po wer a as proximity to the examinee decreases. An a value o f 1 corresponds to a linear reduction in magnitude, with the effective penalty approaching zero as individual proximity approaches the neighborhood´s boundar y. T he number of individ uals residing within this defined neighborhood and their corresponding penalties are tallied, and the current examinee´s fitness is penalized byan amo unt proportional to that number at the end of each generatio nal cycle. For a more co mplete discussion of genetic algorithms and niching, see Reference [ 6 ].

Pareto Optimization

Pareto optimization can be stated as the problemof deter mining an optimal solution based on multiple, possiblyco mpeting criteria. Reference [ 7 ] defines Pareto optimality as;

T he solution to a multi-objective problemis, as a rule, not a particular value, but a set o f values of decisio n variables such that, for each element in this set, no ne of the objective functio ns can be further increased witho ut a decrease of so me of the remaining objective functio ns (ever y such value of a decision variable is referred to as PARET O-

OPT IMAL).

Pareto optimal solutio ns have also been ter med non-do minated. T his name arises fro mthe fact that no

other solutio n is superior to themin all objectives. In other words, the non-do minated solutions are those solutio ns that cannot be improved in all objectives simultaneously. A more thorough discussion o f Pareto optimalitymay be found in Genetic Algorithms . 6

Modified Illinois Non- do minated Sorting Genetic

Algorithm(M INSGA)

T he Pareto GA is based on the co ncept of nondominated sorting that was originallyproposed by

Goldberg and developed bySrinivas and Deb as the

Non-do minated Sorting Genetic Algorithm(NSGA). 6 , 8

T he MINSGA replaces the stochastic remainder selection used b ySrinivas and Deb with stochastic universal selectio n. T he other major difference is the use of a nor malized parameter set in the sharing scheme. T he MINSGA was originally developed as a tool to determine optimal lo w-thr ust trajectories. 9 , 10

T he NSGA, and MINSGA, are not co mpletely new algorithms, rather variations on the fitness evaluation technique used in a traditional GA. T he

MINSGA uses the concept of no n-do minance to sort through a population o f possible solutions, assigning each member to a Pareto optimal ^front~ according to their level of no n-do minance. T he process consists of two iterated steps. For the first iteration through the sorting routine, each objective is evaluated for ever y solutio n. T he population is then sorted into do minated and non-do minated solutions. Again, a non-do minated solutio n is one where no other solution in the population is categoricallybetter in all objectives. T he non-do minated solutions are assigned to the first front and given fitnesses equal to the population size. After assignment to a front, niching is applied to these individ uals where the fitness is adjusted according to the solutions´ proximity to one another in an attempt to evenly distrib ute individuals across the Pareto front.

After niching is co mplete, the minimal fitness in the current front is deter mined. T his fitness is then slightly reduced and used as the initial fitness for the next front in the follo wing iteration of the sorting routine. During this iteration and all subsequent ones, individ uals previo usly tagged as non-do minated and assigned to a specific front are excluded fro m examination and the remaining sub -population is examined to deter mine the next subgroup of no ndominated solutions. T he non-do minated sorting process continues this iterative evaluation of sub - populations until all individuals in the populatio n are assigned to a specific front and given a fitness value.

T he benefits of incorporating a Pareto search algorithm in the optimization process are twofold:

i.) Eliminatio n of the problems encountered in classical multi-objective optimization methodologies such as objective conflict.

American Institute of Aeronautics and Astronautics

3

ii.) Develop ment of a Pareto optimal front of solutio ns, providing an arrayof co mpro mise solutio ns.

When applied to the population based genetic algorithm, these concepts enable auto matic generatio n of Pareto optimal solutions. In the context of satellite constellation design discussed in this stud y, a Pareto genetic algorithmprovides families of solutions illustrating the trades between specific objectives.

Verification of the M INSGA

A set of trial functions co mprised fro m those found in the literature as well as so me of original design were used to test the MINSGA. T hree functions fro m the Srinivas and Deb test suite were used along with three new functio ns that were designed to test so me of the more advanced and previouslyundemonstrated abilities of the modified NSGA. T he values for main control parameters were the same as those used in the original NSGA stud yto allo w for meaningful compariso n. 8

T est Case F1

T he first test was a simp le case to deter mine if the modified NSGA can identif y the Pareto optimal region located between the minima of two parabolas.

T he problemcan be expressed as,

Minimize:

( ) 2

12

2

11

2 - =

= x f

x f

( 1 )

T he Pareto optimal regio n lies in the range, x Î [0,2].

Figure 1 : Population at generation 100 for F1.

Figure 1 sho ws the population plotted for the two

functio ns at generatio n 100. T he population maintained its wide distributio n through 500 generations matching

the original NSGA’s perfor mance. 8 Figure 2 sho ws the

distribution o f the populatio n in the objective space.

T hese results sho w that the MINSGA was able to

identifythe Pareto optimal regio n.

Figure 2 : Pareto region at generation 100 for F1.

T est Case F2

T he second test case was the same as the fir st

but with a single, linear constraint added. T his

demo nstrated the MINSGA´s abilityto deal with

constraints. T he results are not included in this paper

but can be found in Reference [ 11 ] and compared

favorablyto those demonstrated in Reference [ 8 ].

T est Case F3

T he third test case demonstrates that the

MINSGA can optimize two objectives in two

dimensions with multiple soft constraints. T he

mathematical representatio n of the problemis,

Minimize:

( ) ( )

( ) 2

32

2 2

31

1 9

2 1 2

- - =

+ - + - =

y x f y x f

( 2 )

Constrained b y:

0 10 3

0 2 2

£ + -

£ +

y x y x

( 3 )

It can be sho wn analytically that the Pareto optimal

region lies alo ng the line 5.2 - = x in the area above the

second, linear constraint and inside the first, circular

constraint. As can be seen in Figure 3 , the MINSGA

correctlyidentified this region.

T est Case F4

T he fourth test case was designed to look at

extending the use of a Pareto GA to problems with

more than two objectives. T o the authors’ kno wled ge,

no published results have appeared describing work in

this direction, therefore this test was designed to

determine the MINSGA’s capabilityto handle such

4 problems. As can be seen in Figure 4 , this case

consisted of four parabolic functio ns, each revolved

about its respective minimum. T he parabolic equations

are given in Equation (4).

                    Figure 3 : Population at generation 100 for F3.

                                                  T he Pareto optimal regio n lies within the

square with one of the parabolic minima at each o f its

corners, i.e. the square defined b y the four points (2,2),

(-2,2), (-2, -2), and (2, -2).

Minimize:

( ) ( )

( ) ( )

( ) ( )

( ) ( )
2

2

                                                                                                 44

2

2

                                                                                                 43

2

2

                                                                                                 42

2

2

                                                                                                 41

2

2

2

2

2

2

2

2

+

+

                                                                                                              =

+

+

+

                                                                                                              =

+

+

                                                                                                              =

-

+

-

                                                                                                              =

y
x-

                                                                                            f
y
x

                                                                                            f
y-
x

                                                                                            f
y
x

                                                                                            f

( 4 )

                                                Figure 4 : Test case with 4 objectives.

Figure 5  sho ws that the MINSGA can successfully

identify an optimal region for more than two objectives.

Figure 5 : Population at generation 500 for F4.

T est Case F5

T he next test case was identical to the previo us

case F4 but with two additional constraints added to the

problem,

Minimize F4 with:

( ) ( )

0

5

.

0

0

5

67

1

2

2

£

-

£

+

x
y
y-.

.

x-

( 5 )

T he Pareto optimal regio n is the square defined b y the

four individual function minima, co nstrained within the

ellipse and above the line.  Figure 6  sho ws the locatio ns

of the population o f solutions o n the plane at generation

100.  Similar to the previo us case, this co nver gence was

reached at the 20th generation and was maintained

through generatio n 500.

Cases F4 and F5 successfully sho wed the

ability of the MINSGA to identify Pareto optimal

regions for many objectives both constrained and

unco nstrained.

T est Case F6

T he final test case consisted of two partially

out of phase sinusoids.

Maximize/Minimize:

þ
ý
ü

î
í
ì

+
ú

û
ù

ê

ë
é

÷

ø
ö

ç

è
æ

=
þ
ý
ü

î
í
ì

+
ú

û
ù

ê

ë
é

÷

ø
ö

ç

è
æ

-

=

1

5

2
sin

2

1

1

5

2
sin

2

62

61

x

f
x

f

p
p

( 6 )

5

                    Figure 6 : Population at generation 100 for F5.

Four variations are possible and were considered:

                         a)  Minimize both.

                         b)  Minimize f

                                                                                                                61

 but maximize f

62

.

                         c)  Maximize f

                                                                                                                  61

 but minimize f

62

.

                         d)  Maximize both.

As can be seen in Figure 7 , the MINSGA is able to

effectively handle the maximum/ minimum problem.

Figure 7  displays both objectives as a function o f x

along with the Pareto optimal regio n in the objective

space.  All variations were successfully demo nstrated

and can be found in Reference [ 11 ].

                 Figure 7 : Population at generation 100 for F6.c

                                                  T he six test cases demo nstrate the accuracy

and ability of the MINSGA.  T he results fro m the fir st

three agree with previous efforts.  T he last three test

cases demonstrate the advanced capabilities o f the

algorithm.

Constellation Design Using Satellite Tool Kit

Satellite T ool Kit (ST K)

®
 is a commercially

available software package for satellite perfor mance

analyses.  It allo ws the user to create operational

scenarios including multiple satellites, targets, ground

stations, sensors, and more. ST K can provide

infor mation regarding coverage characteristics,

communications, remote sensing, tracking issues, and

link budgets.  It also includes many high fidelity models

and consideration of higher order effects including

aerodynamics models and consideration for Earth

geographical data.  ST K was chosen as the tool to use

for satellite orbit propagation and coverage analyses.

M INSGA/STK Synthesis

Using ST K/Connect, the co mmunication

protocol contained within ST K, the MINSGA is able to

obtain the objective values for each individual in the

GA populatio n.  For example, objectives may be based

on the constellatio n’s percent global/regional coverage,

target revisit time or total number of satellites in the

constellation.  An inter mediary program perfor ms the

communications between the MINSGA and ST K via a

T CP/IP socket connection to the module ST K/Connect.

T his inter mediar y program decodes the individual´s

parameter s fro m MINSGA into a satellite

configuration.  It then creates the co nstellation scenario

in the for mat required to initiate ST K.  A simulatio n is

propagated for a set amount o f time to determine the

performance of the particular configuration.  T he results

of the simulatio n are sent from ST K back to the

inter mediar y program.  T he desired figures of merit are

calculated or extracted fro m the results and then the

vector-valued objective is retur ned to MINSGA.  T he

process is repeated for each individ ual in the GA

population.  Figure 8  sho ws the basic operational

scheme for the MINSGA/ST K synthesis.  T he overall

process that co mbines MINSGA with ST K has been

given the acronym CODEC referring to Constellatio n

Optimal Design b y E volutio nar y Co mputation.

CODEC

T CP/IP

Connection

STK

Connect

M INSGA

Function

Evaluation

Figure 8 : Operational flow of CODEC optimizer.

6

                                                                           Verification of the CODEC

                                                  Altho ugh CODEC was designed with the go al

of extending constellatio n optimizatio n beyond simple

circular and symmetric designs, the initial efforts have

focused on such cases in an effort to demonstrate the

abilities of the algorithm o n established results.

                                                  T he primar y test case that has been considered

has been that of obtaining maximu m continuous

coverage with a minimu m number of satellites.  T his

also provided the opportunity to measure the

algorithm´s perfor mance and perfor m parameter

characterization on problems with published results.

                                           T est Case 1: Inclination Characterization

                                                  Walker performed his initial wo r k based on

the idea of minimizing the maximal distance between

the two closest sub -satellite points for any given

configuration.  He deter mined that for a five satellite

constellation in geo-synchronous orbit the optimal

inclination occurs at 43.7

°
.  As a b yproduct of

minimizing the sub-satellite point distance, he was able

to identify configuratio ns that produce continuous

global coverage.

                                                                                            1

                                                  T he approac h taken in this stud y was to

directly target the coverage characteristics as the

objective for the optimization.  T he smallest value of

the percent global coverage observed during the

scenario period is used as the measure.  T he first run of

CODEC was perfor med to deter mine the inclination

range for which a Walker 5/5/1 configuration provides

continuous global coverage.

1
  T his is only a single

objective optimizatio n, but it provided an opportunity to

ensure that the MINSGA/ST K coupling was successful.

                                                  Niching was perfor med in hopes of dispersing

the population over the entire region of continuous

coverage inclinations.  In the case of o ne free

parameter, where one wants to spread the optimal

population as much as possible, it is easy to deter mine

the niching parameter.  Using a nor malized sharing

scheme the sharing parameter is given b y

Size

Population

                                                                                                 share

1

                                                                                                                        =

                                                                                      s
( 7 )

T he niching parameter is not as easy to deter mine for

more co mplex problems and search spaces.  T able 1

sho ws the values of the major control parameters for

the inclination characterization that was perfor med.

T he sharing function parameter value of 2 corresponds

to a parabolic sharing function.

                                                  A total string length of 8 bits allo ws 4096

different values for the inclinatio n.  In this case where

the parameter is the inclination which ranges between

0

       °
             and 90

                                                          °
                                                                , the string length provides a resolutio n of

approximately 0.02

                                                                                                            °
                                                                                                                 .

Table 1 : Para meters for Test 1.

Control Parameter Parameter Value

Number of Generations 50

Population Size 50

String Length 8

i  range
0.0

°
 - 90.0

°

s

share

0.02

a 2

CODEC was able to correctly identify the

region between 15

°
 and 90

°
 inclinatio n as providing

continuous global coverage.  T his also demonstrates the

advantage of niching which is to produce a range of

optimal solutions rather than a single point in the search

space.

T est Case 2: Walker Delta Configuratio n Stud y

Next, the Walker configuratio n was included

as part of the parameter set.  T his was an attempt to

demo nstrate CODE C´s ability to handle a true multi-

objective optimizatio n.  T he intended result was to

produce a population that illustrated the family o f

optimal Walker constellations at GEO, thus generating

a group of configurations that will allo w for a trade

between continuo us coverage and number of required

satellites.  T he differences in control parameter s are

displayed in T able 2 .  Since Equation (7) is no longer

adequate, the value of
s

share

 was increased to allo w for

the additional number of dimensio ns in the search

space.  Here P is the total number of planes, S is the

number of satellites per plane, and F is the phasing

between ascending nodes in adjacent planes.

12
  A total

string length of 16 bits is a result of assigning 3 bits to

the P and F parameters, 2 bits to S, and 8 bits to the

inclination.

Table 2 : Control para meters for Test 2.

Control Parameter Parameter Value

P range 1 - 8

S range 1 - 4

F range 0 - (P ˘ 1)

String Length 16

s

share

0.035

T he result s for the second CODEC run are

summarized in Figure 9  and represent the population

after 20 generations.  T he individ uals with six satellites

sur vive alo ngside those with five due to the niching.

T here is a larger area of the search space where

individ uals with six satellites can exist, hence they are

not penalized as severely b y the niching as the

7

                                                                                  configurations with fewer satellites.  Results fro m

                                                                                  generatio n 20 are discussed because subseq uent

                                                                                  generatio ns were unable to maintain diversity.  It is

                                                                                  speculated that improper sizing of the niching

                                                                                  parameter may be responsible.

                                                                                                     0

                                                                                                  10

                                                                                                  20

                                                                                                  30

                                                                                                  40

                                                                                                  50

                                                                                                  60

                                                                                                  70

                                                                                                  80

                                                                                                  90

                                                                                                100

1 2 3 4 5 6

# Satellites

% Coverage

                                                                                            Figure 9 : Trade between number of satellites and

percent coverage.

In the population at generation 20, there were

                                                                                  42 non-do minated individuals.  Of those, 30 had a total

                                                                                  of 6 satellites, 4 had 5, 4 had 4, 1 had 3, 2 had 2, and 1

                                                                                  had 1 satellite.  Within the individual solutio ns with 6

                                                                                  satellites, the inclinations ranged fro m 9.5

°
 to 67

°
.

                                                                                  Figure 10  sho ws individ uals 19 and 35, 2 of the 5

                                                                                  satellite constellations, along with a Walker Delta

                                                                                  pattern at his optimal inclination, i

opt

, of 43.7

°
.

                                                                                  Individual 35 has an inclination o f 54

°
 and individual

                                                                                  19 has an inclination of 22

°
.  All three solutio ns provide

                                                                                  continuous global coverage o ffering a range o f options.

                                                                                  Individual 35 is represented by the circles and the solid

                                                                                  orbit track, individual 19 is sho wn b y crosses with

                                                                                  dashed orbit tracks, and the i

opt

 co nstellation is mar ked

                                                                                  with plus symbols and dotted orbit tracks.  Note that for

                                                                                  all three constellations, at the instant o f this figure, the

                                                                                  satellite that has its lo ngitude of ascending node at 0

°
 is

                                                                                  also at 0

°
 latitude.

                                                                                                    Figure 10 : Individuals 19 and 35 Walker Delta

i

opt

: 5/5/1.

T est Case 3: Open Structure with Fixed Inclination

T he third CODEC run addressed continuo us

global coverage ver sus number of satellites but without

restricting the constellation to a Walker Delta pattern.

T he right ascensio n of the ascending node,

W
, and

argument of latitude, u , were both included as

parameter s for each of the possible satellites.  T he

inclination o f each satellite was set to 43.7

°
.  Table 3

sho ws the major control parameter s that changed fro m

T est 2 for this trial.  T he total number of parameters

was 29, 2 per satellite (

W
, u ) plus a binary parameter

that indicated whether the particular satellite was active

in the co nstellation.  At least one satellite was always

assumed active.

Table 3 : Control para meters for Test 3.

Control Parameter Parameter Value

String Length 169

Number of parameters 29

Number of Satellites 1 - 10

W
 range 0

°
 - 360

°

u  range 0 °  - 360 °

T he population after 50 generations contained

8 non-do minated solutions.  T wo of those solutio ns

were identical, containing 5 satellites in a configuration

and can be seen in Figure 11 .  T his configuration

provides 99% continuo us global coverage, with only a

small portion of the poles out of view for a short period

of time each day.  Obvio usly this is not as good as the

kno wn Walker Delta pattern at the same inclination,

ho wever this result is obtained with o nly 50 individuals

over 50 generations.  T he configurations represented in

the population begin to evolve Walker like

characteristics.  T he ascending nodes are spread around

the equator and the p hasing between planes approaches

an even distribution.

Figure 11 : Individual 17 for the i =43.7  case.

T est Case 4: Open Structure with Posigrade Inclination

T he next trial involved the same scenario as

the third, but the inclination of each satellite was freed

and allo wed to assume any posigrade value, sho wn in

8

T able 4 .  T he total string length o f 179 bits is a result of

assigning 5 bits for inclination, 6 bits for both the

argument of latitude and longitude of ascending node,

and a single bit representing whether the particular

satellite is active.  At least one satellite is al ways active.

                                       Table 4 : Control para meters for Test 4.

        Control Parameter Parameter Value

        String Length 179

        Number of parameters 39

        i  range 0 °  - 90 °

                                                  Figure 12  displays a solution (Individual 7)

fro m this r un.  T his solution provides 99.7% continuous

coverage, with short duratio n coverage gaps near the

poles.  Given more time to evolve, it is expected that a

solutio n with 100% continuous co verage would appear.

T he solution was not necessarily expected to mimic a

pure Walker Delta.  T he Walker Delta resides within an

optimal plateau.  T here is a significant neighborhood of

the search space surrounding the Walker Delta that also

provides 100% global coverage.

                    Figure 12 : Individual 7 for the posigrade case.

               T est Case 5: Open Structure with Open Inclination

                                                  T he last attempt at the s imp le global coverage

problem extended the case b y allo wing the inclinatio n

to var y between 0

                                                                                                   °
                                                                                                          and 180

°
.  Figure 13  sho ws a typical

individ ual with 5 satellites.  T his configuration provides

99.2% continuous global coverage.  While such a

configuration is not desirable when co mpared with

other solutio ns due to all satellites possessing

retrograde inclinatio ns, it does demonstrate the

capability of the algorithm to produce creative and

novel solutio ns that may not other wise be considered.

No infor mation about favorable inclination was

provided or specified in the algorithm so there was no

selection pressure favoring posigrade orbits.

                                                            Suggestions for Future Research

                                                  T here are several areas that require further

stud y.  T he sizing of niching parameters is not well
understood.  As was seen in the trial cases, this can be a

source of difficulty in obtaining good results.  A

methodology for deter mining the niching neighborhood

that does not require a priori kno wledge of the solutions

is sorely needed.

Figure 13 : Individual 43 for the open inclination

case.

While ST K is a useful tool, it is designed for

interface with a human operator.  T he resources and

time devoted to graphical calculatio n and display are

wasted in such an application as in this stud y.  A

working version of a satellite analysis tool that allo ws

direct access to the co mputational engine witho ut a

graphical user interface should substantially increase

speed and performance.  Whether ST K or some other

software tool provides this is unimportant.  Any

coverage software package could be used in place of

ST K with proper interfacing.

So me early efforts at more complex objective

requirements have looked promising.  Problems

involving regional and/or multiple coverage, both with

and witho ut constraints have sho wn to be easily within

the grasp of CODE C.  More advanced problems with

link budgets, overall constellation restrictions, inter -

satellite links and even moving targets will be

investigated.

Conclusion

T he results obtained in this stud y demo nstrate

the use of a Pareto genetic algorithm to perfor m

satellite constellation design.  It has been sho wn that a

group of solutions can be produced demonstrating a

trade between objective achievement and cost.

As a secondar y point, the benefit of

incorporating pre-existing commercial so ftware was

demo nstrated.  Develop ment time was saved and a

much richer tool was developed due to the advanced

capabilities of an established tool.

Acknowledg ments

T he authors wo uld like to thank Analytical

Graphics, Inc. for their generosity.  T heir Educational

9

Alliance program provides Satellite T ool Kit free to

universities, thus making this research possible.  In

particular C. Mulcahy´s assistance with ST K was

essential to the success of this stud y.  T he authors

wo uld also like to thank D. Goldberg for initially

bringing to our attention the NSGA, and for providing

many useful leads, including a referral to K. Deb whose

advice was critical.  Many thanks as well to D. Carroll

for developing the original genetic algorithm software

used as the fo undatio n for the MINSGA.

1
                         Walker, J. G., ^So me Circular Orbit Patterns

Providing Co ntinuo us Whole Earth Coverage~, Journal

of the British Interplanetary Society , Vol. 24, 1971,

pp.369-384.

2
                         Ballard, A. H., ^Rosette Constellatio n s of Earth

Satellites,~ IEEE Transactions on Aerospace And

Electronic Systems , Vol. AE S-16, No. 5, 1980, pp. 656-

673.

3
                         Rider, L, ^Optimized Polar Orbit Constellations for

Redundant Earth Coverage,~ The Journal of the

Astronautical Sciences , Vol. 33, No. 2, 1985, pp. 147-

161.

4
                         Draim, J. E., ^T hree - and Four-Satellite

Continuous-Coverage Constellatio ns,~ Journal of

Guidance, Control and Dynamics , Vol. 8, No. 6, 1985,

pp. 725-730.

5
                         Draim, J. E., ^A Co mmon-Period Four-Satellite

Continuous Global Coverage Constellation,~ Journal of

Guidance, Control and Dynamics , Vol. 10, No. 5, 1987,

pp. 492-499.

6
                         Goldberg, D.E., Genetic Algorithms in Search,

Optimizatio n, and Machine Learning , Addison Wesley,

1989.

7
                         Principia Cybernetica Web, Web Dictionar y of

Cybernetics and Systems: OPT IMIZAT ION.

http://pesp mc1.vub.ac.be/ASC/OPT IMIZAT IO.html ,

1998.

8
                         Srinivas, N. and Deb, K.,  ^Multi-objective

Optimizatio n Using Non-do minated Sorting in Genetic

Algorithms~, Evolutionary Computation , Vol. 2, No. 3,

1995, pp. 221-248.

9
                         Hartmann, J. W., Coverstone-Carroll, V., and

Williams, S. N., ^ Optimal Interplanetar y Spacecraft

T rajectories Via A Pareto Genetic Algorithm~,

AAS/AI AA Space Flight Mechanics Meeting,

Monterey, CA, Feb. 1998, Paper AAS 98-202.

10
                         Coversto ne-Carroll, V., Hartmann, J. W., Williams,

S. N., and Mason, W. M, ^New Results in

Astrod ynamics Using Genetic Algorithms~, Computer

Methods in Applied Mechanics and Engineering , to

appear.

11
                         Mason, W. M., ^Satell ite Constellation Design Via

Evolutio nar y Co mputation~, M.S. T hesis, Department

of Aero nautical and Astronautical Engineering,

University of Illinois at Urbana, Anticipated

Sub mission, Oct. 1998.

12
Larson, W. J. and Wertz , J. R.,  Space Mission

Analysis and Design , Klu wer  Academic Publisher,

second edition, 1993.