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Motivation

• Earth Observation traditionally uses pushbroom sensors

• Body-fixed line sensor.  Scan by slewing the bus.

• Examples: PLEIADES (CNES 2014), WorldView (MDA DigitalGlobe

2017), IKONOS (Satellite Imaging Corp. 2017).

• GOES-R ABI: single line sensor with 2 scanning mirrors (Griffith et al. 

2011) 

• 2D framing instruments have already replaced pushbroom

sensors in the low-cost segment

• ISERV: ISS telescope w/digital camera (Howell 2011)

• ALL-STAR/THEIA: 3U CubeSat (Ellison et al. 2013)

• Goliat/CICLOP: 1U CubeSat (Balan and Piso 2008)

• Planet Labs Flock: 149x 3U CubeSat constellation

• Many 2D framing instruments don’t have path planning problems

• Proposed GEOCAPE Filter Radiometer: from Geostationary orbit, the 

scene is relatively static (Frank, Do and Tran 2016), angular distances 

are small

• MRO MARCI camera: body-fixed, does not drive bus pointing (Bell, 

J.F. et al. 2009).

• Exception: space telescopes
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How are framing instruments different?

Can I use a pushbroom algorithm for a framer?  Yes, but…

Pushbroom (1D) Framer (2D)

Smear Cross-boresight smear is part 

of the sensor, algorithm

Cross-boresight smear 

reduces image quality

Pixels to read p: fast read→fast scan p2: slow read→slow scan
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Pushbroom AEOS 

Track Selection and 

Scheduling problem 

(Lemâitre et al. 

2002)

Sub-optimality: 

pushbrooms need 

turnarounds; 

framers don’t

If we use a 

step-stare 

tiling concept
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Problem overview

• Given

• Space-based, 3-axis steerable framing sensor

• Target polygons on the body being orbited

• Agility model

• Orbit/ephemeris data of the body, observer

• Target, visibility, and spacecraft constraints

• Find a sequence of staring targets that covers the entire target 

area in the shortest time, subject to constraints.

© 2017 California Institute of Technology.  ALL RIGHTS RESERVED.  United States Government 

Sponsorship acknowledged.
3



jpl.nasa.gov

Naïve Approach
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State of the Art

Prior work Planning Approach

Agile Earth Observing Satellite 

(PLEIADES) scheduling 

(Lemâitre et al. 2002)

Strip-based Boustrophedon decomposition 

(Choset and Pignon 1998).  Continuously 

slewing pushbroom sensor.

ISERV (Howell 2011) Ground-commanded, human-in-the-loop with

computer visibility computations. 

Opportunistic responses to SERVIR tasking 

hubs.

Proposed: Eagle Eye ISS 

Telescope (Knight, Donellan and 

Green 2013)

Points only.  No area algorithms published.

Planet Labs Flock (Boshuizen

et. al 2014)

Don’t. Launch many CubeSats and image 

continuously at nadir, 1 Hz.

Proposed: Mission to 

Understand Ice Retreat (Knight,

2014)

Polygons rasterized using flood-fill, then 

subdivided into even grid-graphs.  

Concentric ring tours inspired by lawn mower 

and milling approximation algorithms.
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Assumptions

• Agile enough to track point

• Treat target visibility as atomic

• Don’t need to think in terms of swaths

• Target can be discretized into multiple tiles

• Overflight long enough to image multiple tiles
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Higher level scheduling concerns

Planning uncertainty

• Exact cost is a function of many things

• Quality of the path planned

• Geometry at schedule time

• How to define “visible?”

• Any part of the target visible? (optimistic)

• Uncertainty: where to start?

• All parts of the target visible? (pessimistic)

• Missed opportunities at schedule time

• Only the unsatisfied parts? (slow to compute)
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Common terms and approaches

Freeze time, flood-fill

• Freeze time

• Flood Fill

• Choose instrument space grid origin

• Add origin to open list

• For each grid point p in the open list:

• If p covers some target area, is within bounds and isn’t already in a 

closed list:

• Add p to closed contained list

• Add each neighbor that isn’t in a closed list to open list

• Else: add p to closed outside list
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Target

9

Open List

Closed Contained List

Closed Outside List
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Target
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Closed Contained List

Closed Outside List
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Target

© 2017 California Institute of Technology.  ALL RIGHTS RESERVED.  United States Government 

Sponsorship acknowledged.
11

Open List

Closed Contained List

Closed Outside List



jpl.nasa.gov

Target
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Higher level scheduling concerns

Early vs. Late commitment

• Early: plan gets stale as you execute it

• Gaps between tiles (slivers)

• Insufficient overlap between tiles (can’t stitch)

• Late: global planning is harder
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Figure 10: Gaps between t iles in regular grid st rategy

Figure 11: A heavily repaired plan whose current node
(filled in circle) is at the init ial plan’s end.

1. Backt racking local st rategies: instead of planning one
TFOV at a t ime, look a few steps ahead, to avoid
planning into a corner. Grid nibblers would benefit
from this the most .

2. Polygon holes: avoid problem where a st rategy re-
peatedly t ries to schedule the same TFOV that is
fully contained inside the target . Also enables st rate-
gies that start in the middle of the target .

3. Margined Nibbling: A margined nibble could be
smaller than a planning TFOV width, thereby in-
t roducing slivers into the area (figure 11). Possible
improvements include either capping the margined
nibble to be at the planning width or adjust ing the
calculat ion of the planning width.

4. Try di↵erent st rategies for the init ial tour in the On-
line Front ier Repair algorithm.

5. Remove some of the redundant TFOVs from the
Perimeter Tour algorithm.

6. Update the milling algorithm (Knight 2014) to the
framework in this paper. Compare runt ime and qual-
ity with this paper’s algorithms.

SPI CE configurat ion

We use the following SPICE kernels, downloaded from
the NAIF website:

• de421.bsp

• naif0011.t ls

• pck00010.tpc

• gm de431.tpc

• earth 070425 370426 predict .bpc

• earth 000101 150824 150603.bpc

Goliat Spice ID: -138085
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Regular Grid Insert-Furthest

• Flood-fill to discover telescope tiles

• Freeze at proposed schedule time

• Choose a path through telescope tiles

• Insert-furthest TSP approximation (Rosenkrantz, Stearns and 

Lewis 1977)

• Instantaneous angular separation at observer

• For each telescope tour stop:

• Schedule tile

• Subtract satisfied area from target area
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Sidewinder
“Boustrophedon decomposition” (Choset and Pignon 1998)

• Pick an initial starting point
• Closest target point to ground track point or last orientation if 

available

• Global Grid Planning
• Freeze time, rasterize entire target area into TFOV tiles

• Left-to-right alternating rows using ground-based bearings and 

distances from TFOV tiles

• For each telescope tour stop:
• Schedule tiles

• Subtract satisfied area from target area
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Late Planners

Margined TFOV - Variable TFOV size

• To prevent slivers between adjacent TFOVs, 

calculate a planning TFOV based on the 

margined TFOV

• Consecutive TFOV centers should be no more than 1 

planning TFOV apart
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Late Planners

Margined TFOV- Variable TFOV size
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Static TFOV Algorithms

Margined TFOV- Variable TFOV size for online planning
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Margined Nibble

• Adjacent tiles must meet some user-specified overlap 

percentage

• When nibbling tiles, do not subtract the entire tile coverage area

• Leave a margin for future tiles to cover
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Static TFOV Algorithms

Margined nibble
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Margined nibble

Post Nibble
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Nearest Neighbor

• Pick an initial starting point

• Closest target point to ground track point or last gimbal mount 

frame vector pointing ground point if available

• Gridless Planning

• Deduct a TFOV tile from the target set until the set is empty.

• Use gradient descent to find TFOVs that maximize area and edge 

length of covered area, with an initial guess of the nearest corner 

• For each telescope tour stop:

• Discover instrument tiles

• Choose a tour through instrument tiles

• Schedule instrument tiles

• Subtract satisfied area from target area
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Nearest Neighbor
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Nearest Neighbor
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Nearest Neighbor
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Grid Nibblers

• Local grid planning

• Like Nearest Neighbor, deduct one tfov at a time

• Unlike Nearest Neighbor, only consider points one tfov width up, 

down, left, and right in imager space

• Score these tfovs, and choose the one with the highest score

• Remember the direction chosen, to prevent backtracking

• If none of these candidate tfovs intersect the target area, look at a 

3x3 grid of tfovs centered on a nearby corner

• Grid Nibbler: same scoring function as Nearest Neighbor

• Perimeter Grid Nibbler: maximize distance from center of 

target
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Grid Nibblers
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Grid Nibblers
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Grid Nibblers
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Perimeter Tour

• Place tour points on the target perimeter, starting from the 

corner closest to the previous pointing

• When the higher-level planner requests the next TFOV center, 

pop the next point on the precomputed tour, and optimize area 

coverage using gradient descent

• Once the tour is empty, generate a new tour on the perimeter 

on the remaining target area
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Perimeter Tour
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Perimeter Tour
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Perimeter Tour
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Online Frontier Repair

• Freeze-time flood-fill in 

telescope space

• Plan (Boustrophedon Choset

& Pignon 1998) in telescope 

space

• While we have tiles:

• Update tour

• Reflood frontier

• Repair tour

• Pop next tile from tour

• Convert from telescope 

space to lat,lon

• Schedule 1 tile
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Online Frontier planning space video
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Experiment

Observer Agility Parameter Study

• Find out what impact agility has on problem difficulty

• Fast: Goliat cubesat

• In between: Worldview-4

• Slow: ALL-STAR 3U CubeSat

• Fix all orbits at Worldview-4 orbit

• TLE obtained from Heavens-Above website http://www.heavens-

above.com/orbit.aspx?satid=41848

• Use THEIA imagery payload for all cases

© 2017 California Institute of Technology.  ALL RIGHTS RESERVED.  United States Government 

Sponsorship acknowledged.
45

http://www.heavens-above.com/orbit.aspx?satid=41848


jpl.nasa.gov

Results

• Phase transition 

(Cheeseman, Kanefsky and 

Taylor, 1991) near Worldview 

4 

• Easy regions:

• More agile=less constrained

• Less agile=more 

constrained

Regions of difficulty: Agility Parameter Study
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Experiment

Hard and easy cases
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then pick the one with the highest score according to
some scoring funct ion. Then, check the diagonals: if
one eliminates a target , or covers over 100 t imes as
much area as the current best choice, use the diagonal
point instead.

If all eight candidate points fail to cover sufficient
target area, jump to theclosest target corner and choose
the best point in a 3x3 grid; then, opt imize that point
using gradient ascent .

To prevent the tour from get t ing stuck, the previous
direct ion is taboo: for example, if the previous decision
chose the LEFT neighbor, this decision cannot choose
the RIGHT neighbor, since that is the direct ion it came
from.

The Grid Nibbler strategy scores TFOVS by target
area covered. Perimeter Nibbler scoresby distancefrom
the center point of the enclosing circle, result ing in a
tour that remains on the perimeter of the target area.

Per imet er Tour This st rategy first pre-plans a par-
t ial tour around the perimeter of the target . If a target
polygon is larger than a single TFOV projected on the
ground at tour construct ion t ime, consider each of its
corners as an init ial tour. If two corners can be cov-
ered by a single TFOV, replace them with their mid-
point . Interpolate between points more than one plan-
ning TFOV width apart , and discard any points too
close together. If a target polygon is smaller than a
TFOV, schedule the TFOV at its center point .

When a TFOV center is requested by the higher-
level planner, the point at the front of the part ial tour
is popped and opt imized for area coverage in a small
neighborhood using gradient ascent . Once the part ial
tour is exhausted, the next layer is planned.

M et hodology

To evaluate the di↵erent TFOV strategies, we generate
tours for an area observat ion request using each TFOV
strategy, and compare CPU runt ime and observat ion
schedule t ime for the generated tours.

• Completeness: must sat isfy all target area

• Correctness: no overlap violat ions

• Quality: schedule t ime used to sat isfy the area

• Computat ional efficiency: CPU runt ime

We wish to minimize run t ime and schedule t ime
while ensuring sufficient area coverage. The ideal tour
has no excess t ile overlap, no edge crossings, and no
slivers of uncovered area.

Exper iment s

We will evaluate the are coverage planning algorithms
with three computat ional experiments. First , we will
fix the observer orbit and imaging payload, then vary
observer agility to find characterize how hard or easy
the planning problem is. We will then choose an easy
and a hard problem instance and compare the perfor-
mance of the planning algorithms.

Table 2: Hard and easy case experiment configurat ion

Easy H ar d
Agility Goliat Worldview-4
Imager CICLOP THEIA
Orbit Alt itude (km) 354 ⇥ 1450 615

Tar get s The easy problem instance is a single target
area covering Colorado (figure 6). The hard problem
instancetarget is theTorresStrait (figure7). Weset the
IFOV st itching percent to 5% and the IFOV st itching
planning percent to 5%, while TFOV st itching percent
is set to 0%.

Figure 6: Target Polygon for Easy Problem Instance

Figure 7: Target Polygon for Hard Problem Instance

Observers Two observer models will be used. The
Romanian CubeSat Goliat (Balan and Piso 2008),
which had a combinat ion of large field of view and high
agility (180° slew in 30 seconds), explores the easy end
of the problem space. To show behavior near the phase
transit ion of the problem, we use a hypothet ical ob-
server at the published orbit and agility (180° slew in
120 seconds) of the Worldview-4 satellite, but using the
narrower 1◦ field of view THEIA framing imagery pay-
load (Ellison et al. 2013).
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close together. If a target polygon is smaller than a
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When a TFOV center is requested by the higher-
level planner, the point at the front of the part ial tour
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neighborhood using gradient ascent . Once the part ial
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120 seconds) of the Worldview-4 satellite, but using the
narrower 1◦ field of view THEIA framing imagery pay-
load (Ellison et al. 2013).

then pick the one with the highest score according to
some scoring funct ion. Then, check the diagonals: if
one eliminates a target , or covers over 100 t imes as
much area as the current best choice, use the diagonal
point instead.

If all eight candidate points fail to cover sufficient
target area, jump to theclosest target corner and choose
the best point in a 3x3 grid; then, opt imize that point
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To prevent the tour from get t ing stuck, the previous
direct ion is taboo: for example, if the previous decision
chose the LEFT neighbor, this decision cannot choose
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tours for an area observat ion request using each TFOV
st rategy, and compare CPU runt ime and observat ion
schedule t ime for the generated tours.

• Completeness: must sat isfy all target area

• Correctness: no overlap violat ions

• Quality: schedule t ime used to sat isfy the area

• Computat ional efficiency: CPU runt ime

We wish to minimize run t ime and schedule t ime
while ensuring sufficient area coverage. The ideal tour
has no excess t ile overlap, no edge crossings, and no
slivers of uncovered area.

Exper iment s

We will evaluate the are coverage planning algorithms
with three computat ional experiments. First , we will
fix the observer orbit and imaging payload, then vary
observer agility to find characterize how hard or easy
the planning problem is. We will then choose an easy
and a hard problem instance and compare the perfor-
mance of the planning algorithms.

Table 2: Hard and easy case experiment configurat ion

Easy H ar d
Agility Goliat Worldview-4
Imager CICLOP THEIA
Orbit Alt itude (km) 354 ⇥ 1450 615

Tar get s The easy problem instance is a single target
area covering Colorado (figure 6). The hard problem
instancetarget is theTorresSt rait (figure7). Weset the
IFOV st itching percent to 5% and the IFOV st itching
planning percent to 5%, while TFOV st itching percent
is set to 0%.

Figure 6: Target Polygon for Easy Problem Instance

Figure 7: Target Polygon for Hard Problem Instance

Observers Two observer models will be used. The
Romanian CubeSat Goliat (Balan and Piso 2008),
which had a combinat ion of large field of view and high
agility (180° slew in 30 seconds), explores the easy end
of the problem space. To show behavior near the phase
t ransit ion of the problem, we use a hypothet ical ob-
server at the published orbit and agility (180° slew in
120 seconds) of the Worldview-4 satellite, but using the
narrower 1◦ field of view THEIA framing imagery pay-
load (Ellison et al. 2013).

CICLOP: Balan and Piso, 2008.  THEIA: Ellison et 

al. 2013.  THEIA 1s duration is arbitrary (variable).

Goliat orbit/TLE: Goliat website: http://www.goliat.ro

Worldview-4 orbit: Heavens Above GmbH

http://www.goliat.ro/
http://www.heavens-above.com/orbit.aspx?satid=41848
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Results
Easy and Hard Instances
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• Late committers clearly faster

• Wider span of solution quality

• Early committers are 

competitive
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Recommendations for Future Work

• Neighborhood-based planning (Alatartsev, Augustine and 

Ortmeier 2013) to handle targets that are not all visible within 

constraints at the same time

• Update milling algorithm implementation, compare to these 

results

• Investigate impact of backtracking on the local planning 

algorithms
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Conclusions

• In the easy regions (very agile and very slow) of the problem, 

algorithm choice is less important

• In the hard region, algorithm choice matters

• Late commitment and global planning strategies performed well

• Recommended algorithms: Online Frontier Repair, Perimeter 

Grid Nibbler
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Sources for agility models

Vehicle Agility Source

WorldView-4 200km ground slew in 10.6 sec from 

617 km orbit

MDA DigitalGlobe. 2017. WorldView-4

Data Sheet. Web. 

https://dg-cms-uploads-

production.s3.amazonaws.com/uploads/document/file/

196/DG2017_WorldView-4_DS.pdf

IKONOS 200km ground slew in 18 sec from 

681 km orbit

Hutin, C. 2009. Pleaides meeting with FFG. Web. 

https://www.ffg.at/getdownload.php?id=3608

Satellite Imaging Corporation. 2017. IKONO Satellite 

Sensor. Web.

https://www.satimagingcorp.com/satellite-

sensors/ikonos/

PLEIADES 200km ground slew in 11 sec from 694 

km orbit

“Roll pitch:

5° in 8 secondes

10° in 10 secondes

60° in 25 secondes”

Hutin, C. 2009. Pleaides meeting with FFG. Web. 

https://www.ffg.at/getdownload.php?id=3608

Centre National d’Etudes Spatiales (CNES). 2014. 

Pleaides: In depth: System. Web. 

https://pleiades.cnes.fr/en/PLEIADES/GP_systeme.ht

m#orbite
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Sources for agility models

Vehicle Agility Source

Goliat 180 deg in 30 sec Balan, M., and Piso, M. 2008. Goliat 

project overview. In 5th Annual 

CubeSat Developers’ Summer 

Workshop at the 22nd Annual 

AIAA/USU Conference on Small 

Satellites, Utah State University, 

Logan, Utah. 

ALL-STAR 180 deg in 300 sec Ellison, J.; Massone, G.; Ela, N.; 

Goh, A.; Smith, L.; Sobtzak, J.; 

Muralidharan, V.; Hayden, I.; 

Spetzler, B.; Vente, G.; Lopez-

Dayer, A.; Montoya, R.; McGehan, 

Q.; Jeffries, T.; Cook, C.; and 

Campuzano, B. 2013. All-star 

system integration review. Web. 

© 2017 California Institute of Technology.  ALL RIGHTS RESERVED.  United States Government 

Sponsorship acknowledged.
54


