Developing the Reconfigurable Earth Observation Satellite
Scheduling Problem

Brycen D. Pearl!, Joseph M. Miller?, Hang Woon Lee?

IPh.D. Student, 2Undergraduate Student, 3Assistant Professor

Space Systems Operations Research Laboratory
Department of Mechanical, Materials and Aerospace Engineering
West Virginia University

OPS-02: Operations Innovations
AIAA SciTech Forum: Orlando, FL
January 6-10, 2025

Developing the REOSSP — AIAA SciTech Forum / wv-West\/u’gimaUmVersity



Introduction The Reconfigurable Earth Observation Satellite Scheduli

Contents

Introduction

AIAA SciTech Forum




Introduction The Reconfigurable Earth Observation Satellite Scheduling Problem

Motivation — Figures from [5]

m The Earth Observation Satellite
Scheduling Problem (EOSSP) [1, 2, 3]
m Optimization problem for scheduling
tasks of Earth-observing satellites
m Maximize observation rewards
m Requires the visible time window (VTW)

m The standard EOSSP assumes
nadir-directional satellites

I e TVTW = Time
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Introduction The Reconfigurable Earth Observation Satellite Scheduling Problem Experimentation

Motivation — Figures from [5]

m The Earth Observation Satellite = The Agile EOSSP (AEOSSP), current
Scheduling Problem (EOSSP) [1, 2, 3] state-of-the-art

m Addition of satellite agility, the ability
to perform attitude control [4]

m Optimize observation rewards

m Extends the VTW of targets

m Optimization problem for scheduling
tasks of Earth-observing satellites

m Maximize observation rewards

m Requires the visible time window (VTW)

m The standard EOSSP assumes m Provides higher performance than

nadir-directional satellites standard EOSSP

Cross-track slewing AIO"g-track
Slew;,

I e TVTW = Time
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Introduction The Reconfigurable Earth Observation Satellite Scheduling Problem Experimentation

Current Cutting-Edge and Preliminary Research

Constellation Reconfigurability, satellites are able to perform orbital maneuvers, reforming
into a more optimal constellation formation [6], is the current cutting-edge.
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Current Cutting-Edge and Preliminary Research

Constellation Reconfigurability, satellites are able to perform orbital maneuvers, reforming
into a more optimal constellation formation [6], is the current cutting-edge.

Multistage Constellation Reconfiguration Problem

(MCRP) [7]
m Maximize observation rewards

m Subject to target VTWs, time-dependent
rewards, and an orbital maneuver budget

m Mixed Integer Linear Programming (MILP)

Maneuver

[ ....... TVTW o ID‘"I:-:HI’ Time‘

Figure from [5
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Introduction

Current Cutting-Edge and Preliminary Research

Constellation Reconfigurability, satellites are able to perform orbital maneuvers, reforming
into a more optimal constellation formation [6], is the current cutting-edge.

Multistage Constellation Reconfiguration Problem
(MCRP) [7]
m Maximize observation rewards

m Subject to target VTWs, time-dependent
rewards, and an orbital maneuver budget

Refs. [8, 5]

m Constellation reconfigurability
outperformed agility in 95 of 100

cases, average of 35.93 % over agility

m Mixed Integer Linear Programming (MILP) m Constellation reconfigurability had an

average increase of 324.92 % over the
baseline

m Serves as a proof of concept that
reconfigurability is promising in EO

Maneuver

[ —-- Time]

Figure from [5
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Problem Experimentation

Introduction The Reconfigurable Earth Observation Satellite Scheduling

Main Objectives

m Implement constellation reconfigurability to the EOSSP
m Control constellation reconfigurability in a similar manner to the MCRP

m Employ MILP techniques to achieve implementation, flexibility, and provably optimal
solutions through the use of commercial solvers
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Main Objectives

Implement constellation reconfigurability to the EOSSP

Control constellation reconfigurability in a similar manner to the MCRP

Employ MILP techniques to achieve implementation, flexibility, and provably optimal
solutions through the use of commercial solvers

m Overcome the current state-of-the-art limitations [1, 2, 3, 4, 9, 10, 11, 12] to provide a
major advancement in the results of a scheduling algorithm

Benchmark against a baseline EOSSP in two formats of experimentation

1. Random instances
2. Case study with Hurricane Rita
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Technical Contributions

Multi-satellite reconfiguration at #,

® g

Single satellite reconfiguration
and charging at t

o oy o ‘i\’c\

‘" Sat2 Lﬁii Sat2 LD_D_D
P
Satl \_ﬁii Satl LQ_D_i

o ?\\\cd o \;\s"'\

Target observation at ;

o ‘\cd o Q\\:\

Data downlink at t3

Target + Ground station (GS) = Satellite
AV direction —sTarget observation —+GS downlink

at) —— Current orbit Targeted orbit

Solar pointing (charging)
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Introduction The Reconfigurable Earth Observation Satellite Scheduling Problem Experimentation

Parameters

Sets:
m Set of discrete time steps 7 (index t)
m Set of stages S (index s)
m Set of time steps per stage 7° (index t)
m Set of satellites KC (index k)

m Set of orbital slot options per satellite and
stage J°* (indices 1, j)

m Set of targets P (index p)
m Set of ground stations G (index g)
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Experimentation

Parameters

Sets:
m Set of discrete time steps 7 (index t)
m Set of stages S (index s)
m Set of time steps per stage 7° (index t)
m Set of satellites KC (index k)

m Set of orbital slot options per satellite and
stage J°* (indices 1, j)

m Set of targets P (index p)
m Set of ground stations G (index g)

Developing the REOSSP — AIAA SciTech Forum

Other Parameters:

T k.
Target visibility V%% € {0,1}

Ground station visibility Ws’“ € {0,1}
Sun visibility H;F € {0,1}
>0

max —

Maximum orbital maneuver budget, c*

Cost to transfer satellite k& from orbital slot i € 75~ 1* to
orbital slot j € J°%, ¢iF >0

Maximum data and battery capacity, D¥ .. > 0 and
BE . >0, respectively

Data gained through observations, D,s > 0, and Data
transmitted through downlink, Dcomm > 0

Battery charged by solar panels, Beparge > 0

Battery consumed by observation, data downlink,
reconfiguration, and constant telelmetry calculations,
Bops 2> 0, Beomm 2> 0, Brecon > 0, and Btjme, respectively




Introduction The Reconfigurable Earth Observation Satellite Scheduling Problem Experimentation

Objective Function, Decision Variables, and Indicator Variables

Objective function

Decision variables - tasks: maximize Zr = Deomma?®
o> D > mmdry
m Reconfiguration path - (1a) HEE HEY oCNOL EET™

m Observation of targets - (1b) Decision variables
= Downlink of data to ground 23X € (0,1}, Vs € S\ {0}, Yk € K,Vie 7TV vie 7 (1a)
stations - (1c) yik € {0,1}, Vs € S\ {0},Vt € T°,Vp € P,Vk € K (1b)
m Solar charging - (1d) g% €{0,1}, Vs € S\ {0}, ¥t € T*,Vg € G,Vk € K (1)
hi* € {0,1}, Vs € S\ {0},Vt € T°,Vk € K (1d)

Indicator variables - trackers:

Indicator variables

m Data storage capacity - (2a)

m Battery storage capacity - (2b) 4;* € [0, Dpax], Vs €S\ {0},Vt € T°,VE €K (22)
biF e [0,BE, ], VseS\{0},Vte T Vkek (2b)
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Introduction The Reconfigurable Earth Observation Satellite Scheduling Problem Experimentation

Reconfiguration Path Continuity Constraints

Transfer from one initial condition to one orbital slot (3a), transfer from one orbital slot to
another only if satellite transferred there previously (3b), transfers cannot exceed budget (3c) J

) t=0t=1 TS (s=DT5  (S=1TS T
Time u | I I I |
Stage s=0 s=1 D0 R P — s=S ?]?:1
Satellite Z Tij )
jeglk (3a)
k=1 vk e K,Vie J%
s+1,k sk _
Z Tij Z zyr; =0,
jegstLk jlegs—1lk (3b)
g0k gk g2k gk gsk Vs € 8\ {0,8},Vk € K,Vi € J°F
sk _ sk k
Z Cii Ty < Crmaxo
k=K ezzl s€S\{0} jegs—1.k jegsk (3¢)
Vk e K
JOK
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The Reconfigurable Earth Observation Satellite Scheduling Problem

Visible Time Window Constraints

Visibility of target (4a), visibility of ground stations (4b), visibility of the Sun (4c), task overlap
exclusion (4d) J

Z Z Vt]p ij >"Jtpa

iegs—Lk jegsk (4a)
Vs € S\ {0},Vte T°,Vpe P,Vk € K

> % wied il

iegs— Lk jegsk (4b)
vk - Vs e S\ {0},vt € T*,Vg € G,Vk € K
Z Z Hsk ak > hsk

o i 1 icgs—1Lk jegsk (4c)

ytp s
vseS\{O} vte T°,Vk e K

3 S vk + ik <

sk . . peP g€9 (4d)

Vs € S\ {0},Vte T°,Vk e K
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Introduction The Reconfigurable Earth Observation Satellite Scheduling Problem

Onboard Data Storage Constraints

Tracking in stages (5a), tracking between stages (5b), must not exceed maximum (5¢), must J

not exceed minimum (5d)

k k k k
d:+1 = d: + Z Dobsyfp - Z Dcomefg7 (5a)
pPEP 9€g 5a

vk - Vs € S\ {0},vt € T°\{T°},Vk e K
At = a7 + 3T Dossyi, — D Deommdis g
sk . pEP 9€g (5b)
Atg _ Vs € S\ {0,5},Vk € K
Dk, d5* + 3" Dasyiy < DY,
pEP (5¢)
dz* Vs € S\ {0},Vt € T°,Vk € K
d:k - Z Dt:ornmq,f;c >0,
—> t g 5d
t 123 t3 ty ts ! s (54)
Vs € S\ {0},Vte T°,VE e K
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The Reconfigurable Earth Observation Satellite Scheduling Problem

Experimentation

Onboard Battery Constraints

Tracking in stage (6a), tracking between stages (6b), tracking
at stage one (6¢) J

sk sk sk
biy1 = by + Bchargehy —
Z Bobsyf: - Z Bcommqi}]C — Biime, (6a)
PeEP g€eg
Vs e S\ {0},vt € T°\ {T°},Vk € K
= b5% + Behargeh% —

k k
E Bobsy;sp - E Bcommq;sgf
PeEP 9€G

s+1,k
by

o1k (66)
S > Breeon®i " — Brimes
iegsk jegstlk
Vs € S\ {0,S},Vk € K
bi* =Brax— > > Brentiy, VKEK (60)

ie g0k je g1k
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Must not exceed maximum (7a), must not exceed minimum in
stage (7b), between stages (7c), at stage one (7d) J

bik + Bchargeh:k S Bk

max’
Vs € S\ {0},Vte T°,Vke K
bfk - Z Bobsyf;c - Z Bccmmq:: — Biime > 0,
pEP 9€9 (7b)
Vs € S\ {0},vt € T°\{T°},Vk e K

sk sk sk
b}‘ﬁ - E Bobsy}‘sp - E Bcommq;sg —
PEP g€eg

S > Bewn#i 7 = Bume >0, (70)
iegsk jegstlk

Vs € S\ {0,8},Vk € K

Biox— > > Bueconwif 20, VEkEK
ieg0k jeglk

(72)

(7d)




The Reconfigurable Earth Observation Satel ation

Full REOSSP Formulation

max Zp= ) YD) Z Deommdis by = b1 + Batarseh Vs e SV(0). Ve e T\ (1) vk € K

KeK 46 s S (0) (75

SHLk _ sk sk
s Y ke, Vi e %, Vi e O bt =ik e Md,,.w,\ Z Bowsyi, = D Beommdi¥ g~
=g
et “ Vs € S\ (0.5).Vk e K
sk sk \ 4 ok
L ZHX/,,,L». Vs e S\{0.S},Vke K, Vie J S oL
et -
T 1 J
bk < ok ke K bl b= YD Breantlts Yk e K
RHEL i e

SESO} ie g5k jegsk

%

o ok bi* + Boureh$* < BY,
ot 2 vig

. Vs € S\ {0}, vr € TV, vk € K

Vs € S\{0),Vr e T, Vpe P, Vke K

,:%M %‘A Bi* = Y Bandif = ), Beommdis = Bime 2 0, Vs S\{0) Ve T\ (I vk e K
per i%
w, Lk z ik, Vs e S\{0}.V1 € T, Vg e G Vk e K " " "
e e
HE sk = ik Vs e S\ (0}, V1 € 75, Vke K selk Vs
iy 2 h g g recon sy X = Bime > 0.
ek jegek Y Brecon;j
X 5 i jeik
sk, N gk ¢ “ 5
FEDIC SN Vs e S\ {0}V e T, Vk e K B, - 3 Bl 20, Vk e K
e £ iegO jegt
sk _ gk sk s cs S
&k = ap +Z;Dom}”,fZDM,“\(/W, Vs e S\ {0}, V1 e TS\ {T*},Vk e K e o, Vs € S\ {0}, Vk € K, Vi € 751K vj e ok
PP =
i . s €S\ {0}, Vi€ T, Vp e P,Vk e K
Az sk Z Danyit, = 3 Daommai, Vs €S\ (0,5}, vk e K vip € 0.1} Ve @ SVOp Ve T Vp € Pk e
pep 86 h ik e 0.1}, Vs e S\ {0}, V1 e TS, Vg e G.VYke K
a5+ Y Doyt < D Vs € S\ {0}, V1 e TS Vk e K h% e 0,1}, Vs e S\{0},Vre 7%, Vk e K
pep ds* e 10, Dk, Vs e S\ {0},Vr e 7%, Vk e K
sk sk \ o 4
ask - Z‘u\wm,,q,g >0, Vs € S\ {0} V1 € TS, Vk e K b € [0, BEL L Vs e S\ {0} Vi € T, vk € K
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Experimentation

Introduction The Reconfigurable Earth Observation Satellite Scheduling Problem

Random Instance Setup

54 instances with randomized parameters
m Time horizon of 10 days

m MATLAB [13] used in conjunction with
YALMIP [14] to program simulations

m Gurobi Optimizer (version 11.0.2) used to
solve each scheduling problem

Fixed parameters:
m Conical observation field of view of 45 deg

m Conical communication field of view of
120 deg

m Binary masking of targets on interval T'/P

Randomized parameters:
m Targets (5 or 10)
m Latitude between 80 deg South and
80 deg North
m Longitude between 180 deg West and
180 deg East
m Stages (4, 5, or 6)
m Satellites (4, 5, or 6) in circular orbits
m Altitude between 600 km and 1200 km
m Inclination between 40 deg and 80 deg
m RAAN between 0deg and 360 deg
m Argument of latitude between 0deg and
360 deg

m Transfer orbital slots (20, 40, or 60)
m G.s. (2), random locations on land

Developing the REOSSP — AIAA SciTech Forum
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Introduction The Reconfigurable Earth

Random Instances

Observation Satellite Schedulin

g Problem

Experimentation

Results with 750 m/s fuel budget, 102.5 MB observation, and 100 MB downlink:

164
EWEOSSP
[C_IREOSSP

Objective value, GB
o —
1

Improvement, %

Avg. 96.59

SD 34.67

Max. 213.04

Min. 29.58

Developing the REOSSP — AIAA SciTech Forum

Random instance, ID

R R R P R S VAT J SR IS S SN NN

=1
RPN D

irginiaUniversity.



Experimentation

Case Study - Hurricane Rita

In 2005, Hurricane Rita struck the southern United States at Category Five, causing $18.5

billion in damage and 120 deaths [15]. From the first to the final occurrence of tropical storm
status (39 to 73 mph [16]), Rita lasted 6.5 days.

Changed Parameters:
m Set g.s. in Boecillo, Spain, and Svalbard, Sweden
m Additional plane change orbital slots

m Trajectory optimization

EOSSP, GB REOSSP, GB Improvement, %
| * Hurricane Rita v Ground station * Satellite —Orbit 110 290 16364

Figure 1: Case study parameters [17, 18].
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Conclusion

Conclusions

Key takeaways

1. REOSSP outperforms EOSSP in every
case, including real-world data

2. EOSSP and REOSSP consider target
visibility, data and battery storage
tracking, data downlink, and solar charging

3. REOSSP obtains provably optimal results
through the use of MILP and commercial
solvers

4. REOSSP implements a cutting-edge
concept of operation (constellation
reconfigurability) to provide a major
breakthrough in scheduling technology
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Experimentation Conclusion

Conclusions

Key takeaways

1. REOSSP outperforms EOSSP in every
case, including real-world data

2. EOSSP and REOSSP consider target
visibility, data and battery storage
tracking, data downlink, and solar charging

3. REOSSP obtains provably optimal results
through the use of MILP and commercial
solvers

4. REOSSP implements a cutting-edge
concept of operation (constellation
reconfigurability) to provide a major
breakthrough in scheduling technology

Developing the REOSSP — AIAA SciTech Forum

Future Work:
m Additional case studies

m Wildfires (longer time horizon, less

dynamic)
m Flooding caused by Tsunamis

(mid-length time horizon, less dynamic)

m Additional solution algorithms

m Rolling Horizon Policy (category of
Model Predictive Control) with a set

stage lookahead

irginiaUniversity.
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Full EOSSP Formulation

wax 2= Y Y Dicwmily

keK geG 1T

st Ve 2y, VieT.VpePVkekK
Wiy = aly VieT.VgeG.VkeK
H >k, VieT.Vke K
Db+ Dak <1, Vi€ Tk €K
PEP gEG
by =df+ Y Doyly = D Deommal: Vi e T\{T)Vk e K
=3 i
df + )" Danoyl, < Db, Vi e Tk e K
PeEP
df = )" Deommaly 0, Vi€ T,Vk € K
8€G
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by1 = b+ Boturgehf = 3" Bowyty = D Beommly ~ Bimes
P 2eG

pe

bf + BenargehF < BS

bf = )" Bobsyly = D, Beonmdfy = Bune = 0,
PEP 2€G

¥ip €40,1},

qfg €401},

hE e 0,1},

df € [0,DE,].

bF € [0, BX, 1.

'max

Vie T\ {T}.Vk e K

Vi e T, Vk e K
Vi €T, Vk e K

Vie T, VpeP VkeK
VieT VgeG VkeK
Vi €T, Vk e K
Vi € T, Vk e K
Vi e T, Vk e K
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Support

Experiment Parameters

Hardware: Propagation:
m D}, = 128GB,Vk € K [19] m Visibility matrices V' and W are generated
m Dops = 102.5 MB [20] using the access function from the
m Deomm = 100 MB [19] Aerospace Toolbox [13]
m BE_ = 1647kJ, Yk € K [19] [ Visil?ility matri>.< H is generated using the

eclipse function from the Aerospace

m Bops = 16.26 kJ [20] Toolbox [13]
= Beomm = 1.2kJ [19] m Orbital maneuver cost matrix cfj’-“
8 Brecon = 0.5kJ [19] generated using algorithms from Ref. [21]
B Beparge = 41.48kJ [19] m Propagation via SGP4 (Simplified General
B Bime = 2kJ [19] Perturbation 4) model
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Support

Case Study Parameter Changes

Visibility masking:

1, if target p € P is visible to satellite k € IC at time t € T,
Vip = and t € [14 (p — 1)(T/P),p(T/P)]
0, otherwise

1, if, during stage s € S\ {0}, target p € P
is visible at time ¢’ € T°
Vi, = to satellite k € K in orbital slot j € J°,
and t € [1+ (p— 1)(T/P),p(T/P)]
0, otherwise

teTsiftel+(s—1)T%,sT"
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Orbital Slot Distribution (Case Study)

Phase, deg
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Inclination, deg RAAN, deg

® Orbital slot option
® Initial condition
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N-impulse Trajectory Optimization

m Minimize total impulse cost (8a)

. N m Total impulse cost under the
o n;l Ve (82) budget (8b)
N m Magnitude of directional
st ) Vo < cmax (8b) components is one (8c)
n—1

m Trajectory obeys minimum altitude
VB V2 + V2 =1, Wne{l2..,N} (8) (SdJ) ye

1Bl = Fumin, vne{l,2,..., N} (8d) m Directional components in any
Van, Vyn, Ven € [=1,1], Vn€{1,2,...,N}  (8e) direction (8e)
Vi € [0, cmax], Vne{l,2,...,N} (8f)

T € [Fomin, Tmas] (8) m Each impulse is between zero and
i . the budget (8f)

m Time between Tyin and Timax (8g)
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