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Two algorithms that coordinate activities across a resource-constrained, Earth-observing CubeSat constellation
are presented. The Resource-Aware SmallSat Planner algorithm performs online planning of activities for a satellite
while keeping the satellite’s resources within constraints. The Limited Communication Constellation Coordinator
algorithm performs coordination of observations across the constellation to reduce average revisit times for a set of
targets. The algorithms are simulated for 24 h with an 18 satellite LEO constellation. Three orbital geometries are
examined, with different configurations of intersatellite and satellite-to-ground communications links to share
planning information. Results indicate that coordination through Resource-Aware SmallSat Planner/Limited
Communication Constellation Coordinator and a background communications constellation improves observation
performance, with sensor-averaged revisit times of 197, 203, and 225 min (over three orbital geometries) versus 204,
211, and 240 min for a baseline random sensor selection method. The results also reveal that the constellations studied
perform poorly at sharing planning information via only downlinks and crosslinks and point to the need for a method
of calculating the information sharing utility of such links in a coordinated constellation. These findings are relevant
for Federated Satellite Systems because they provide guidance on next steps toward integrating large networks of
heterogeneous small satellites into large-scale, coordinated, Earth-observing systems.

I. Introduction

N THIS paper, we assess the feasibility of automated onboard coordination of Earth observations across a constellation of resource-constrained

CubeSats. We analyze the utility of coordinated observations while varying both the constellation’s orbital geometry and the use of
communications links for sharing planning information. This work is relevant for the Federated Satellite Systems community in that it takes a step
toward the integrated planning of Earth remote sensing and communications link usage, two key attributes of future Earth-orbiting satellite
systems. We assess the results from two newly developed planning algorithms and describe important items of future work for a full-scale planning
system.

Traditional Earth-observing space missions use a single, monolithic spacecraft to take measurements and communicate with ground stations.
This architecture limits geospatial and temporal spacing of an instrument’s measurements because it provides only a single space-time location for
them to be taken. Large-scale, Earth-orbiting constellations offer great benefits due to the additional spatial and temporal diversity they provide.
Such large constellations are rapidly emerging as areal possibility with the advance of small satellite and CubeSat technology. A CubeSat is a class
of small satellite built of multiple 10 X 10 X 10 cm units each with a mass around 1.3 kg and designed to a standardized launch vehicle interface
[1]. The CubeSat form factor imposes significant limitations on operations; they are generally very resource- and communications-constrained,
with tens of watt-hour batteries [2,3], tens of watts of solar-cell production [4], and low-gain antennas with low data rates [5]. This is in contrast
with larger satellites, which typically use hundreds to thousands of watts of power and have masses of hundreds to thousands of kilograms. The
constraints imposed by the CubeSat platform suggest there are significant benefits to increased coordination and careful planning.

To increase the effectiveness of a CubeSat constellation for Earth observation, we incorporate coordination in the scheduling of individual
satellites” onboard activities. In this work, we consider a constellation of CubeSats with tightly coupled intersatellite planning, in which each
satellite performs online (i.e., real-time), onboard planning of its own activities, while maintaining onboard energy and data resource constraints
within bounds. The satellites use planning information obtained via communications links with other satellites and ground stations to inform their
own choices about observation timing. In this work, the goal of observation planning is to reduce the revisit (interobservation) times achieved
across the constellation, for a predefined set of regions on the Earth’s surface. Other metrics may be used to judge performance, but this revisit time
metric is useful for initial assessment. This tightly coupled operations planning scheme offers several potential benefits, including: 1) the ability to
closely align measurements from multiple satellites in space and time, 2) faster response to spontaneous observation opportunities, 3) more
effective routing of data to the ground to improve data latency, and 4) robustness to faults on individual spacecraft.

The problem of single-satellite Earth observation and communication planning has been extensively investigated in the literature, often with a
focus on deciding which observation tasks to execute and how to best meet the myriad timing and priority constraints between observations [6—8].
But these algorithms are not necessarily directly applicable to the CubeSat domain because of the need to manage limited onboard resources.
Other work has addressed thi ct by also considering resource utilization in the planning process. For example, the Automated Scheduling and
Planning Environment (ASP IE heduling system generates initial schedules and then uses a technique called iterative repair to modify the plans
such that they meet desired constraints, including those on resource@Q]. The system, including its onboard replanning o@- rpart
Continuous Activity Scheduling Planning Execution and Replanning (| ER), has been deployed on the Intelligent Payload H ment
CubeSat [13]. Spangelo and Cutler use a linear programming formulation to schedule downlinks while satisfying resource constraints [14], and
Monmousseau details both a simulated annealing and mixed-integer linear programming (MILP) approach for an augmented problem that
addresses observation and communications scheduling in a constellation of CubeSats [15]. In our work, we use a similar MILP-based formulation
to perform onboard planning but restrict the planning to a single satellite.
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2 KENNEDY AND CAHOY

Various architectures have been investigated in the literature for multisatellite cooperation. Several researchers proposed architectures that
require little ground involvement in the planning process. Surka et al. [16] and Schetter et al. [17] discuss a multisatellite cooperative architecture
based on “expert agents” running onboard. The system was planned to be deployed on the TechSat-21 mission, augmented by a set of resource-
aware automated planning algorithms designed by Chien et al. [18,19]. The overall system provides significant operational independence but
requires the satellites be in a highly connected network. Das et al. [20] as well as Van der Horst [21] and Van der Horst and Noble [22] investigate
task allocation methods that use crosslinks between the satellites and require less network connectivity. These approaches help reduce the need for
frequent communications with the ground but sacrifice schedule quality across a widely distributed constellation because they do not directly
attempt to optimize plans for the whole constellation. The issue of schedule quality is better handled by planning systems with a centralized,
usually ground-based component that can consider the whole constellation in the planning process. Monmousseau handles this through a MILP
algorithm running on the ground, with plans strategically uplinked to satellites [15]. Damiani et al. discuss a system with satellite onboard activity
planning and a centralized ground station system that distributes observation requests to satellites [23]. Yet these architectures do not consider the
utility of integrating intersatellite crosslinks into the distribution of planning information across the constellation.

There has also been a great deal of work on multi-agent cooperation outside of space applications. The “tBurton” factored planner extends the
classical planning approach to planning for interactions between multiple agents by reasoning about the temporal interdependencies of their tasks,
and exploiting hierarchy to reduce the planning complexity [24,25]. Decentralized partially observable Markov decision processes can be used to
find an optimal, decentralized plan across multiple agents by explicitly reasoning about uncertainty in the agents’ performance of activities
[26,27]. Gombolay, Wilcox, and Shah implemented a set of algorithms using a MILP formulation to quickly allocate and schedule sets of tasks to
multiple robots on a factory floor. Market-based task allocation algorithms use interagent bidding on tasks based on the agents’ local valuation of
the tasks [28]. These approaches tend to break down in the constellation application, however, because of their need for relatively frequent
communications between all agents.

It is clear from the literature that several algorithms are available for the scheduling of cooperative observations by an Earth-observing
constellation. Yet none of these approaches fully addresses the problem of how best to augment centralized planning with intersatellite crosslinks
given the inherently limited communications and resource availability of a CubeSat constellation. In this paper, we take a first step toward such a
solution by developing a system that enables the incorporation of information sharing communications links in the planning process. The work
makes three contributions: 1) the development and application of two algorithms, Resource-Aware SmallSat Planner (RASP) and Limited
Communication Constellation Coordinator (LCCC), for distributed, online prioritization of observations across a constellation of resource-
limited CubeSats using crosslinks for information sharing; 2) an assessment of these algorithms’ coordinated observation performance using
representative communications and planning strategies; and 3) an assessment of the effectiveness of sharing planning information across the
constellation using representative communications strategies. These contributions serve as a base reference for future work toward a layered
planning system incorporating both ground-based and onboard planning that fully quantifies and optimizes the usage of information sharing links.

The rest of this paper is organized as follows. Section II provides context for the algorithms by introducing a concept of operations for the
coordinated constellation and giving a high-level introduction to the algorithms’ role. It also covers some of the assumptions of the developed
simulation and the metrics used for performance assessment. Section III describes both the Resource-Aware SmallSat Planner (RASP) algorithm,
which is used for activity planning on a single satellite, and the Limited Communication Constellation Coordinator (LCCC) algorithm, which
handles planning information sharing across the constellation. Section IV provides details on the parameters for the specific simulation cases run
and the satellites’ resource and activity constraints. Section V discusses the results obtained from the simulation cases. Section VI concludes with a
recapitulation of the contributions of this work, a discussion of the limitations of the algorithms, and items of interest for future work. Note that this
work synthesizes and expands on findings in previous work [29-31] and presents a full, coherent application of the RASP and LCCC algorithms to
a coordinated CubeSat constellation.

II. Constellation Simulation Context

The following subsections introduce the models used for the constellation and its satellites and provide context for the algorithms detailed in
Sec. III. The first subsection introduces the operational model for a single satellite. The second and third discuss the architecture of the algorithms
and the communications links used for coordination across the constellation. The fourth illuminates the important assumptions of the models, and
the fifth introduces the performance metrics used for this work.

A. Small Satellite Operational Model

A simple but practical operational model is used for the CubeSats in the constellation. This model is represented as a state-transition diagram for
planning purposes, as shown in Fig. 1. This diagram shows all the possible transitions between activities or operational modes onboard the
satellite. The spacecraft can only perform one activity at a time.

There are three main types of activity that each satellite individually schedules in its onboard planning process. Coordination activities are
affected by other satellites in the constellation. These include observations, where the satellite observes a desired region of the Earth’s surface. The
beginning and end of an observation are determined by when the subsatellite point crosses into or out of a specified latitude/longitude area for a
region (no field-of-view considerations are added for the instrument in this version of RASP and LCCC). Observations are planned by each
satellite while also considering the utility of observations already planned by other satellites. Each observation uses one of a set of three sensors, A,
B, and C, that represent three different onboard scientific instruments. Crosslinks and commlinks are another coordination activity, during which
two or more satellites communicate with each other via intersatellite radio link. During a crosslink, two satellites in the constellation communicate.
During a commlink, a satellite in the constellation talks to an external satellite (such as in the Iridium constellation). These link types are explained
in more detail in Sec. IL.C.

Resource management activities are used to manage two types of onboard resources, energy storage (ES) and data storage (DS). ES refers to the
energy stored in onboard batteries, which is depleted during all activities (except recharge) through the use of onboard electronics and hardware. In
this model, ES is recovered during the recharge activity, a dedicated mode during which the satellite orients itself so as to maximize input power.
We assume a dedicated recharge mode because of the power-intensive observation mode; adaptation to a more general model is an item for future
work. DS refers to the data stored in onboard persistent memory, which is collected as engineering telemetry during all activities, and additional
science data during the observation. Downlink is used to reduce DS by sending data to a ground station via aradio link. Limits are enforced on ES
and DS, as detailed in Sec. IV.C and Table 3. The transition activities are used to move between the other modes. Slew occurs when the spacecraft
uses its attitude control subsystem actuator suite to change its attitude. Idle is a general, low-resource usage state entered when no other activities
are being performed. We assume every activity produces or consumes each resource (ES and DS) at a constant rate, as detailed in Sec. IV.D. The
availability and timing of windows for observation, downlink, crosslink, and recharge activities is obtained from a simulation of the satellite’s
orbit, as detailed in Sec. [ILLA.1.
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B Fig.1 State-transition diagram representation of the operational activities for a single CubeSat.

B. Constellation Autonomy Architecture

A constellation of satellites is constructed, all operating as dictated by the operational model in Fig. 1. Two algorithms, the Resource-Aware
SmallSat Planner (RASP) and the Limited Communication Constellation Coordinator (LCCC) are run onboard the satellites. The algorithms’
goal is to minimize average revisit times for the regions observed by all the satellites in the constellation. The average revisit time metric is defined
in Sec. ILE. Other metrics exist for judging observation performance, such as percent coverage of the Earth’s surface or degree of geometric
overlap in measurements. Average revisit time serves as a good first assessment of the algorithms’ performance. To achieve good revisit time
performance, the satellites share information between each other about their planned observation timings and use this information in turn to plan
their own sequences of activities. A satellite’s shared planning information simply constitutes a list of future observation activities to be performed
by the satellite, including start and end times, the region to be observed, and the sensor type to be used.

The RASP algorithm performs low-level planning for each satellite, choosing the activities to perform at each instant in time to both maximize
observation performance and maintain ES and DS within desired limits. RASP uses the shared planning information to weight the importance of
any given observation and then chooses which observations to perform and which sensors to use for them. The LCCC algorithm is run in a
distributed fashion across all satellites in the constellation; in essence, it is a protocol for updating shared planning information. When satellites
communicate with each other, they gain access to new planning information and update their own database of information about all satellites’
planned observations. This database is then used by RASP in the low-level planning process. The relationship between RASP and LCCC is
depicted in Fig. 2 [32]. RASP is run at a regular interval onboard each satellite, and LCCC governs the sharing of information between the
satellites.

C. Communications Links

There are three types of communications link that each satellite uses: downlink, crosslink, and commlink.

Downlinks are used to both downlink stored data to the ground and share observation planning information with the ground (using
simultaneous uplinks). The satellites downlink through a widely distributed network of nine ground stations, as shown in Fig. 3 (with details in the
Appendix).

Crosslinks are used by the satellites to share planning information directly between each other. The crosslinks can be performed using a simple,
low-data-rate, “isotropic” radio link, readily achievable with commercial off-the-shelf hardware for CubeSats [3]. Link budget calculations with
representative hardware indicate that a 9600 bps crosslink can be achieved at intersatellite distances up to 2400 km. We assumed a transmitter
output power of 4 W, 0 dB gain for both the transmitting and receiving antenna (isotropic assumption), a frequency of 450 MHz, polarization loss
of 4 dB, and a system noise temperature of 126.8 K. Based on our calculations of the size of stored planning information in bytes, the crosslink
must last about 6 s to share planning information for an 18-satellite constellation.

Commlinks give the satellites access to a commercial low Earth orbit (LEO) communications constellation, such as the Iridium or Globalstar
constellations [33,34]. This is helpful for simulating a situation where the satellites have regular access to a backbone communications network.
The onboard commlink radio is assumed to also be omnidirectional and have the same parameters as the one used for crosslink, except that access
to the backbone constellation is available from any point in LEO.

Planning Information Sharing (LCCC)

e e e

Satellite 1 (RASP) Satellite 2 (RASP) Satellite 3 (RASP)

o Q @\Q&i’
2P

<«
Sensors

Sensors

Fig.2 Framework used for automated coordination across the constellation. RASP handles activity planning onboard each satellite; LCCC coordinates
information sharing between them (image modified from Kennedy and Cahoy [32]).
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Fig.3 Regions (17 total) and ground stations (nine total) used in constellation simulations.

Note that, for a real mission implementation, it would be necessary to perform a cost-availability analysis for both crosslinks and commlinks.
Both links would require some cost for implementation and radio frequency licensing. In this analysis, we only consider the performance of the
links with regard to planning information.

D. Model and Algorithm Assumptions

There are several important assumptions made in this work, which we now identify specifically to aid in understanding the relevance and
limitations of the algorithms presented.

In our current model, we assume that a satellite is only capable of performing a single activity at a time (e.g., it cannot both observe and crosslink
at the same time). This assumption was made primarily to reduce planning complexity. As a result, the algorithms cannot schedule overlapping
observations. Also, observation events are modeled in a simple way. Possible observations are identified by when a satellite passes over a
rectangular latitude—longitude region on the Earth’s surface. We chose to use regions of interest on the surface instead of field of view as this
parameter is often application-specific and may depend on orbit geometry and attitude.

We assume crosslinks can only occur when satellites approach within 2400 km of each other. Actual planning information exchange can only
happen when both satellites simultaneously perform the crosslink. We do allow information exchange via multihop crosslinks; that is, if satellites
1 and 2 have a crosslink at the same time as a crosslink for 2 and 3, then 1 is able to crosslink with 3. The algorithms do not incorporate any
downlink contention handling, when multiple satellites attempt to talk to the same ground station at the same time. Not incorporating contention
handling does not have a significant effect on the simulation results because the number of satellites in a constellation is spaced such that
overlapping downlinks rarely, if ever, occur (e.g., only about six overlapping downlinks between satellites were found in a 12 h period for the
stitched Walker constellation, over about 300 total downlinks). This assumption may be more important for constellations with larger numbers of
satellites, in which case some kind of frequency division multiple access scheme could be used or contention in downlinks could be purposefully
scheduled out, as demonstrated by Castaing [35].

We assumed that commlinks to a backbone communications constellation are only available at certain, fixed intervals for every satellite. Also,
no gain patterns were incorporated for downlink, crosslink, and commlink antennas; we assume that the satellite either can hold the right attitude
(downlink) or has an isotropic antenna (crosslink, commlink). Though a truly isotropic antenna is not achievable, similar performance could be
achieved with two complementary half-wave dipole antennas (each with a torus-shaped gain pattern, maximum gain of 2.15 dBi, and half-power
beam width of 90 deg [36]). We conservatively assume very low data rates sufficient for planning information sharing over crosslink and
commlink (9600 bps).

Battery recharging (ES replenishment) only occurs during recharge mode. This assumption misses some of the potential benefit of the
spacecraft serendipitously recharging during other activities but is conservative in nature. Also we assume that a slew must always immediately
precede observations, recharges, and downlinks but does not have to precede crosslink and commlinks (due to the isotropic assumption).

In terms of the constellation’s orbital geometry, we make several assumptions. The satellites are unable to modify their orbits and do not have to
account for collisions between satellites. We also assume that orbits can be determined well enough that satellite orbit position uncertainty has a
negligible effect on onboard planning quality over a 24 h period (which is supported by uncertainties found in the literature [37—40]). The
satellites’ attributes are summarized in Table 3. For this reason, we can assume accurate information about activity windows is available to the
satellites in advance of their onboard planning, uplinked by a ground station at regular intervals.

E. Performance Metrics

Several metrics were used for assessing the coordinated performance of the constellation. The first is the average revisit time for a given region
and sensor combination, which gives a good high-level assessment of how well the satellites cooperate. The average revisit time for a given region
rand sensor s is calculated by averaging all the time differences between the end of one observation of that region by any satellite and the start of
the next by any satellite (as well as the start and end time of the overall simulation). This is shown in Eq. (1). The average revisit time for r and s is

,.s; the set of observations for 7, s is Obs,. ; (with cardinality n); the start and end times of each observation i are 5 ; and tE ; (respectively); and #y,
and 7,4 are the start and end times of the simulation (the symbol a signifies “activity”, of which “observation” is an 1n§tance). These average times
were subsequently averaged across all regions for a given simulation case (producing the results in Figs. 8—10). The algorithms were designed with
the objective to minimize these average revisit times for each region:

;r.s(Obsr.s) = [(tend a n) + (ta n tin—l) + ...+ (15,1 - tstart)]/(n + 1) = |:tend + Z (tg,i - tg,i) - tstart]/(n + 1) (1)

i€Obs,

The second set of metrics is the number of information-sharing communications links available and executed by the constellation. This metric
serves as an initial assessment of how well a given constellation should perform at information sharing.

The final set of metrics assesses the information-sharing performance of the constellation. The first of these metrics, constellation latency (CL),
measures how long it takes for information to propagate between pairs of satellites in the constellation. For a given satellite pair, CL is the average
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time between the first scheduling of an observation activity by the originating (‘“from”) satellite (#gg ;) to the first reception of information about
this scheduled observation by the receiver (“to”) satellite (tgg ;). It is averaged over all observations Obs*! received by the receiver satellite / from
the originating satellite k. The second of these metrics, constellation initial timeliness (CIT), measures how timely the shared planning
information was for the receiving satellite. For a given satellite pair, CIT is the average time between the first reception time of an observation of
the originating (“from”) satellite by the receiver (“to”) satellite and the start of the next matching observation of the receiver satellite (lfwv DA
“matching” observation is one that has a start time within a fixed time cutoff before the start of an observation of the same region by the
receiving satellite. Using this cutoff forces the metric to only look at observations that are timely and relevant for planning purposes. If no
matching observations are found at all, the metric simply does not have a value for that direction, as shown in Figs. 14, 15. CIT is averaged over
all matching observations received. CL and CIT are subsequently averaged over all from—to satellite pairs to produce the results in Figs. 12, 13.
Alow CL and a high CIT are desired, meaning that it takes a small amount of time for information to propagate across the constellation and that
information is very timely when it arrives. In their current version, the algorithms do not explicitly aim to reduce CL and increase CIT; however,
these metrics help to understand the performance of the constellation as a whole. These metrics are calculated by Egs. (2) and (3), where the
cardinality of Obs*/ is m:

CL = |: Z (ter,i — tFS,i):|/m 2)
i€Obsh!

CIT = [ Z (13 — IFR.i)]/m &)
i€Obsk!

III. Resource-Aware SmallSat Planner and Limited Communication Constellation Coordinator Algorithms

The operations automation problem was broken down into two phases: 1) coordination of observations at the constellation level, and
2) planning of onboard activities on individual spacecraft. At the constellation level, satellites share information about planned observations
via crosslinks, downlinks, and commlinks to a communications backbone constellation. Each satellite uses its latest knowledge about other
satellites’ plans to determine preference weightings for its own possible observation activities. Using these preferences, the satellite performs a
lower-level planning process during which it selects an achievable set of observations and crosslinks while keeping its own onboard resource
constraints in check.

The following sections detail the satellite operational model used for the planning process, the low-level RASP planner, and the constellation-
level LCCC algorithm.

A. Resource-Aware SmallSat Planner

The RASP algorithm was developed to autonomously plan and schedule activities onboard a resource-constrained small satellite. We briefly
describe the RASP algorithm here; additional detail can be found in [29-31]. The algorithm has some similarities with the ASPEN/CASPER
algorithms developed at NASA JPL [18] in that it evaluates the feasibility of performing activities based on onboard resource usage, butit 1) uses a
simpler model focused specifically on a resource-constrained satellite, and 2) constructs an entire activity sequence onboard the satellite, as
opposed to modifying a sequence uploaded from the ground.

Activity planning constitutes the selection of a set of activities (an “activity sequence”) from the operational state machine (Fig. 1) that
allows the satellite to execute the highest weighted observation activities and as many crosslink activities as possible while maintaining
onboard resources within constraints. Scheduling is the assignment of a set of start and end times to every activity in the plan (an “activity
timeline”) such that an overall score function is maximized as well as the determination of acceptable trajectories for onboard resource states.
The RASP algorithm finds a suboptimal but constraint-consistent activity timeline within a given planning horizon (;) given a set of initial
observation and crosslink windows.

The following subsections describe the main components of RASP: the inputs to the algorithm, the mixed-integer linear program (MILP)
formulation used to schedule an activity timeline, and the search process used to find a feasible activity sequence.

1. Resource-Aware SmallSat Planner Inputs

A simulation of the satellites’ orbits is run to derive observation, crosslink, recharge, and downlink windows. Observation activity windows
correspond to the times when the subsatellite point (the intersection of the Earth’s surface with the vector from the Earth’s center to the satellite) is
within a target region of latitude and longitude ranges (which we call an “observation region”). Observation regions are nonoverlapping. Crosslink
(“XInk”) windows correspond to the times that the satellite is within 2400 km of another satellite. Downlink (“DInk’’) windows occur whenever
the satellite is above a fixed elevation mask (10 deg) as viewed by the ground station. Recharge (“Rech”) windows occur whenever the satellite is
illuminated by the sun.

Given the time windows over a specified time horizon #;,, RASP constructs an initial activity sequence by assuming a single observation or
crosslink activity occurs during each of their respective windows, with idles and the required slews in between. A notional initial sequence is
shown in Fig. 4. Observation activities are weighted based on their importance for coordinated performance across the constellation, as detailed
in Sec. II.B.2. If an observation and crosslink overlap, preference is given to the observation. In the current version of RASP, no special
consideration is given to the importance of crosslinks, which could negatively impact information sharing performance. The planner simply
tries to schedule all crosslinks in this initial study. In future work, we plan to explicitly consider the utility of each observation and
communications activity.

2. Activity Timeline Optimization

Given an activity sequence, the scheduler component of RASP attempts to find an activity timeline that maximizes Eq. (4). An activity timeline
consists of an ordered list of time points tﬁ_ ;and t£, where i € [1, N], which represent the start and end times of each activity, respectively. N is the
number of activities. The symbol a signifies a high-level activity, such thata € Act £ Obs U XInk U DInk U Rech U Slew U Idle, where each set
in the overall union contains all the observation, crosslink, downlink, recharge, slew, and idle activities, respectively (for the given satellite in the

given planning horizon). This optimization is formulated as a mixed-integer linear program (MILP):
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The score function in Eq. (4) attempts to maximize three items: the weighted sum of all observation durations in the activity timeline
(summation 1 from left-hand side, in minutes), the total amount of data downlinked over the activity timeline (summation 2, in bytes), and
the average ES state over the course of the activity timeline (double summation, in watt hours). The weighting factors on these terms allow
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the summation of different units. The value w/ is a normalized version of the weighting given to each specific observation by LCCC, w,,
as explained in Sec. II.B.2 and Algorithm 2. It is normalized by the total potential observation time summed up across all observation
window lengths.

Thed ; and ¢; terms correspond to the DS usage rate and ES production rate for activities 7 and j, respectively (limits are enforced on ES and DS,
as detailed in Sec. IV.C and Table 3). For the ES double summation, the outer summation (i = 1 to N) accounts for the ES state at the end of all
activities in the activity sequence, and the inner summation propagates the ES state forward through the activity timeline by accounting for ES
changes over all activities j up to activity i. Forexample, if i = 3, then the inner loop sums the energy added or subtracted over activities 1,2, and 3:
e (tf | - [2,1) + é5( t(’i 5= ti,z) + é3 (z(’i 3= tgj). If a constant is added to this sum to represent the energy at the current time, we have the energy
state at the end of activity 3 (though we do not need to include this constant term because it is the same for all possible timelines in the current
planning horizon). The weighting terms w, and w, are calculated as

wy = ups/(UBpg — LBpg) (12)

w, = [ugs/(UBgg — LBgg)]/N (13)

Equation (12) expresses that the total amount of data downlinked over an activity timeline is normalized by the range between DS bounds
(where UBpg and LBpg represent the upper and lower bounds, respectively) and multiplied by a unitless “urgency factor” upg, which effectively
tunes the algorithm’s preference for downlinking data. If this factor is set to O, RASP will not care at all about downlinking data outside of its
necessity to keep DS within bounds [Eqs. (10) and (11) actually force DS and ES to stay within bounds]. Equation (13) is a similar expression,
except that the additional normalization by the number of activities, N, means that the algorithm minimizes average ES state. These urgency
factors were fixed at 1 based on the analysis in [29], which delivers a good balance between resource management and observation time
maximization.

Equation (5) enforces a planning window from 0 to #;, and ensures that the end of every activity follows its start. Equation (6) forces activity j to
immediately follow activity i (j = i + 1). Equation (7) forces the Obs, DInk, and Rech activities to fall within their windows; and 5V and £V
signify the start and end of the relevant time window. Equation (§) forces Xlnk activities to start and end exactly on their window bounds, which
ensures different satellites commit to crosslink at the same time. Equation (9) enforces activity minimum durations. The N equations in Eqgs. (10)
and (11) enforce resource constraint upper bounds (UB) and lower bounds (LB), respectively; the RS signifies that these equations hold for both
resource types: ES and DS. We use the “big M” method to select whether specific constraints will or will not be enforced [41]; hence, M is a large
integer, and z/4 € {0, 1} is a variable that decides whether the constraint for the given activity number is enforced. Constraint enforcement is
covered more in the next subsection.

3. Activity Sequence Construction Through Greedy Search

RASP uses the selective enforcement of constraints in Egs. (10) and (11) as a mechanism for determining where to add downlink and recharge
activities to arrive at a final plan with all constraints enforced. Detailed coverage of the RASP algorithm is out of the scope of this paper; the reader
is referred to [29] for full coverage of the algorithm’s details. The algorithm performs a depth-first search through a tree of modified activity
sequences constructed from the initial activity sequence, solving the MILP optimization each time. Children activity sequences are created by
replacing an idle activity with a resource management activity, an activity of type DInk or Rech, one at a time to the parent activity sequence. More
Slew and Idle activities are added as necessary to conform to the operational state machine. This process of search through incremental activity
sequence modifications is shown in Fig. 4.

Adding these activities allows the algorithm to progressively enforce more of the driving constraints (DSUB and ESLB), pushing toward the
goal state of having all constraints enforced. When a new activity is added, the algorithm attempts to solve the MILP with the appropriate resource
constraint set enforced up to the location where the activity was added. A heuristic function is used to push the algorithm to progressively enforce
more constraints, while also trying to increase the score for the timeline.

When a timeline is found that satisfies all the constraints in the MILP, it is returned. This search process is limited to a timeout period, after which
the input sequence is considered to have failed, and a reduction is made to it (by removing an observation or crosslink) and RASP is run again. The
timeout period was set to 7 s, which was found to sufficiently balance the RASP optimization process for feasible initial activity sequences with
cutting off the search for infeasible sequences. This repeats until RASP finds a fully constraint-satisfying timeline, even if it has no observations or
crosslinks. The RASP algorithm as currently implemented is nonoptimal and noncomplete.

B. Limited Communication Constellation Coordinator

The LCCC algorithm calculates weightings for observation activities from planning information obtained via a “weak” form of distributed
consensus. The weightings are selected to direct RASP to minimize the average revisit times for all regions being observed, over all three sensor
types. The following subsections explain the consensus mechanism used, and how weightings are calculated.

1. Weak Consensus over Shared Planning Information

The weak distributed consensus mechanism works such that each satellite maintains its own database of the most up-to-date observation
planning information obtained from all satellites and updates specific entries in this database whenever new information becomes available
through crosslinks, downlinks, or commlinks. The mechanism is described as weak because not all the satellites in the constellation are required to
come to a consensus on the information stored in each of their separate databases. Instead, consensus is only achieved between the satellites (or
satellite and ground station) involved in a communications link. The satellites in the crosslink may receive secondhand planning information from
other satellites that were participants in previous crosslinks. This secondhand information could be stale and even mislead the satellites to choose
conflicting sensors for their observations. Other “strong” consensus-based task assignment algorithms such as the Consensus-Based Auction
Algorithm (CBAA) detailed by Choi et al. [28] are designed to eliminate conflicting assignments between agents through many iterations of
assignment and communication across the full network. CBAA is very capable in a scenario where interagent communication transactions occur
frequently, relative to the planning horizon. The relatively infrequent availability of communications links in our scenario necessitates an
approach with less stringent requirements on consensus. The LCCC algorithm essentially eases the communication requirements on the satellites
by accepting the possibility of conflicting observations if the satellites change plans after initially sharing them.
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Algorithm 1  Update satellite i’s knowledge of planned
observations for satellite j

1: procedure UPDATEOBSERVATIONS (0;, 0;)

2: for theirObs € 0; do

3 myObs<—; FINDMATCHING (theirObs, 0;)

4 if myObs # @ then

5: theirLastU pdateTime<—; LASTUPDATED (theirObs)

6 myLastU pdateTime<—; LASTUPDATED (myObs)

7 if myLastUpdateTime < theirLastU pdateTime then
8

: myObs<theirObs
9: end if
10: else
11: 0;<—0; U theirObs
12: end if
13:  end for

14: end procedure

Every satellite, or “agent”, maintains a list 0, of the observations both planned and already executed for every satellite in the constellation,
including itself. All observation activities across the constellation are uniquely identified by creation time and target region. Whenever a satellite
settles on an activity sequence (up to its current time plus time horizon ¢,), it adds its list of planned observations to o;. If an observation was
already scheduled during a previous planning period, its time parameters are simply updated. All updated or added observations are tagged with an
appropriate update time. During crosslink activities, satellites trade their lists of planned observations between each other and update any
observations in their own list that are out of date (i.e., the update time on their version of the observation is earlier than the update time provided by
another satellite).

This process is reflected in Algorithm 1. Agent i receives list o from all other agents j and uses these to update its own list. The FINDMATCHING()
procedure on Line 4 returns a matching observation if it exists, or returns the empty set if satellite i has not heard about this observation yet. Line 8
tests if the other agent’s matching observation is more up-to-date, and updates the agent’s observation (Line 9) if it is. Line 12 stores the other
agent’s observation if it is completely unknown.

One important assumption in this model is that all satellites have access to the same global clock; this is achievable with GPS time for low-Earth-
orbit constellations. Another important requirement for this method to work well is a high degree of dynamic network connectivity. That is, as the
satellites orbit and they perform opportunistic crosslinks and downlinks, we desire a given agent to hear from all other agents that could potentially
affect its weighting for a particular observation.

2. Selecting Observation Weightings from Shared Planning Information

A given observation’s weighting is based on what the agent knows about all agents’ planned observations. An observation is weighted more
heavily the farther it is away from the closest preceding observation of the same region, with the same sensor. Algorithm 2 determines, for every
possible observation from the satellite’s current time to time horizon #,, the closest preceding observation for every sensor type. It assigns a weight
for performing the observation with each sensor type and selects the highest weighting over all sensors. The highest weighting is RASP’s w,, input
for that observation. This weighting algorithm is called by RASP every time it tries to schedule a set of observation and crosslink windows (i.e.,
solves the MILP in Sec. IIL.A.2). RASP updates both the observation timings and selected sensor type after successful scheduling.

Algorithm 2 works in the following way. A list of observation windows for satellite i from the current planning window (current time to #,,), 0",
is provided along with o, and the start and end times for the weighting window ti/eighting and £ . ehing- NOte that the , i subscript indicates that, from
the lists of observation windows for all satellites (0}"), the list for satellite i is selected (0%). List o% is assumed to be sorted in ascending order by
start time. A list of weights for all observation windows is instantiated on line 2. Any observation windows previously scheduled from the current
planning window are removed from o, on line 3. This allows the windows in 0}"; to be added back in on line 13 without any fear of duplication, and
so they can also be considered in the weightings. Each observation window 0" is looped through in increasing start time (line 4). A list of sensor
(s) specific weights, weightsy,, for the window is instantiated on LINE 5. All sensors are looped through and added to this list in lines 6 to 11. The
FINDNEARESTPRECEDING() procedure finds the start of the nearest preceding observation activity or window matching 0"’s region from o/, for the
specified sensor. If no preceding observation is found after time tieigh[ing, then that time is returned. A time difference is calculated from the
preceding time and the start of 0" (line 8) and normalized by the length of the weighting window (line 9) to give a weight for the current sensor.

Algorithm 2 Calculate the weighting of all observation
windows within current planning horizon

1: procedure CALCULATEWEIGHTINGS (0", 0, 13 cioting: eighting)
2: w,<@
3: o0/<o;\o)
4: for oV € o} do
S: weightsy <@
6: for s € {A, B, C} then
. . W o1 S
7: Iprec <~ FINDNEARESTPRECEDING (0", 0/, Lyicighting® s)
8: At<; starT (0V) — Tprec
. ; E
9: wElghtW(_At/(tweighling - tweighling)
10: weightsy<—weightsy U weighty
11: end for
12: w,<w, UMAX (weightsy)
13: o/«<o0]Uo"
14:  end for

15: returnw,
16: end procedure
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After all sensor-specific weights are determined, the sensor corresponding to the maximum weight for the observation is selected on line 12. If all
the weights are the same, sensor A is chosen.

An important feature of this weighting algorithm is that it has an explicit preference for earlier observations. This means that, if two satellites
have two observations with start times that are separated by a small temporal distance (say on the order of seconds), then given that both satellites
know about the two observations, the earlier observation will be weighted much higher than the later one. This is because the second observation
sees the first as its “nearest preceeding”, and its calculated weight is much lower. This degree of objectivity encourages satellites to commit early to
observations and stick with their decisions across multiple RASP planning horizons, which is important for ensuring that shared planning
information is timely and relevant. Also note that all physically possible observation windows in 0, are considered in the weighting calculation,
even those which may be operationally impossible to execute. This has a negligible effect, though, because weightings are recalculated again at the
next planning time.

IV. Constellation Simulation Details

A simulation was constructed and executed for a coordinated constellation using the RASP and LCCC algorithms. The following subsections
give details on the choice of parameters for the simulation. Two very important considerations were the choice of orbits for all the satellites in the
constellation (the first subsection) and the use of communications links for information sharing (the second subsection). The third and fourth
subsections give specifics on the activity and resource parameters for the satellites. The fifth subsection talks about the software developed for the
simulation.

A. Constellation Orbital Geometry Parameters

The selection of orbits for the CubeSats in the constellation is important to achieving both good geometric coverage of the Earth’s surface and
providing sufficient communications connectivity. We investigated three constellation orbit architectures: 1) a “plain” Walker star, 2) a “stitched”
Walker star, and 3) an ad hoc constellation.

The plain Walker constellation is based on the original Walker star architecture introduced by Walker [42,43]. The architecture has been
extensively studied in the literature in terms of revisit time and coverage metrics [44—49]. The Walker star spreads its satellites over multiple,
regularly spaced, polar orbits, which provides good coverage over most of the Earth’s surface. We also included a modified Walker constellation,
which we refer to as a “stitched” Walker star. It modifies the basic architecture by adding two additional lower inclination orbits that “stitch
together” the star orbits. That is, the satellites in these orbits are placed in true anomaly such that they are able to perform frequent crosslinks with
satellites in the star orbits, allowing more information exchange across the constellation as a whole.

A second architecture was considered that reflects an easier to field case. We refer to this architecture as “ad hoc”. It is formed opportunistically
from CubeSat deployments over multiple launches. For this work, it is based on the second of the two ad hoc constellations analyzed by Marinan
et al. from an assessment of launch opportunities for CubeSats in the 2013 calendar year [45]. The ad hoc represents a case that is more likely to be
achieved in the near future given the high costs of launch and the usual placement of CubeSats as “‘secondary payloads”. Yet it is useful to compare
with the Walker constellations because these are based on such a commonly studied geometry.

The parameters for the geometries are summarized in Table 1 and detailed in the Appendix. Each architecture has 18 satellites spread over six
orbits, and the three satellites within a single orbit are assumed to remain at a 120 deg true anomaly separation over the whole simulation. These
numbers are simply for convenience; three satellites per orbit provides good coverage in that orbit without needing to simulate too many satellites,
and six orbits provides diversity in coverage between orbits. The plain Walkerisinani: 7/P/F = 90: 18/6/0.5 configuration, and the stitched
Walker includes a main 12-satellite component in an i: T/P/F = 90: 12/4/0.33 configuration (where T is total number of satellites in the
pattern, P is the number of planes, and F is the relative spacing number).

B. Constellation Simulation Cases

A given constellation geometry is simulated in seven cases with different planning and communications contexts, as summarized in Table 2.
The planning context reflects how observation activities are weighted. “Onboard” (or online) refers to the full use of the LCCC algorithm to weight
observations based on planning information from the constellation and then activity scheduling with RASP. In the “advance weighting” context,
observations are weighted across all satellites at the beginning of the simulation using a simple greedy algorithm. The greedy algorithm looks at all

Table1 Summary of constellation orbital parameters

Constellation geometry type Number of planes  Altitude, km  Satellites per plane Inclination, deg

Plain Walker 6 600 3 90
Stitched Walker 6 500, 600 3 90, 56
Ad hoc 6 600 to 825 3 98, 51,52

Table2 Summary of constellation planning and communications contexts

Communications

Case Planning context context Description
1 Advance No info sharing All observation weights calculated at simulation start; no sharing of planning info

weighting
2 Random No info sharing Observation weights randomly calculated; no sharing of planning info

selection
3 Onboard No info sharing Observation weights calculated by LCCC; no sharing of planning info
4 Onboard Downlink Observation weights calculated by LCCC; planning info shared via downlink with single ground database
5 Onboard Crosslink Observation weights calculated by LCCC; planning info shared via crosslink with separate databases on each

satellite

6 Onboard Crosslink 4 downlink Observation weights calculated by LCCC; planning info shared via both downlink and crosslink
7 Onboard Commlink + downlink Observation weights calculated by LCCC; satellites routinely share info with an external constellation and

ground
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the satellites’ observations for each region and progresses through them in increasing start time, assigning to each observation in turn the sensor
that was least recently used (starting at the beginning with A) and a weight in the same manner as line 9 in Algorithm 2. We assume all satellites
begin the simulation with full knowledge of these weightings, in this case. In the “random selection” planning context, the sensor is simply
randomly selected when each observation is planned by RASP, and its weighting is calculated at that time.

The communications context reflects the satellites’ use of communications links to share planning information between each other. Each
satellite maintains its own database of the planning information for every other satellite in the constellation, which it updates when it receives more
recent information. “No info sharing” models a noncooperative constellation, where satellites do not share information (though non-info-sharing
data downlinks are still performed). In “downlink”, each satellite synchronizes its database with a ground-based database whenever it performs a
downlink. All ground stations are assumed to be linked to a single database. In “crosslink”, the satellites only share planning information via
crosslinks, which can be performed whenever satellites approach within 2400 km of each other. All satellites involved in a single crosslink
synchronize their databases with each other. Multihop crosslinks are assumed possible, with a single satellite able to function as a bridge between
multiple others. “Crosslink + downlink” features both sharing methods. “Commlink + downlink” uses regularly spaced commlinks instead of
crosslinks. The commlink windows are spaced at 20 min intervals, at the same times across all satellites. This number was chosen to be the same as
the replanning interval, specified in Sec. IV.E, and so the satellites share once every time after replanning. This simple commlink model was
adopted because it provides a sufficient update frequency and works for the current version of RASP, which cannot model commlink utility. The
commercial communications constellation is connected to the same database as the ground stations.

C. Satellite Attributes and Resource Constraints

We consider a set of CubeSats that are similar in performance to the Micro-Sized Microwave Atmospheric Satellite (MicroMAS) and
Microwave Radiometer Technology Acceleration (MiRaTA) CubeSat science missions [29,50-52]. These CubeSats both perform remote
sensing observations of the Earth’s atmosphere and are representative of the increasingly complex missions that can be performed with small
satellites. Both spacecraft have a set of subsystems necessary for achieving their mission objectives, including systems for electrical power
distribution and storage, communications, command and data handling, attitude determination and control (using a suite of sensors and actuators,
but no propulsion), and a scientific payload with one or more instruments.

The satellites’ characteristics are summarized in Table 3. For this work, we model all the satellites in the constellation with 20 W - h of energy
storage and a goal to minimize the amount of science data stored onboard. Note that the data storage minimization is a proxy for reducing data
latency in the current version of RASP and LCCC. Energy is consumed at different rates depending on the spacecraft mode, but it can only be
produced (at 24.8 W) during a dedicated recharge mode when the satellite points its solar panels directly at an optimal angle to the sun. Science
data is only produced during observations (at the same rate for all sensors), which are restricted to when satellites fly over specific target regions.
Onboard data storage is fixed at an upper limit of 100 MB (1 MB = 1000% B). The satellite model also assumes an active three-axis attitude
control system, which performs slews to change the spacecraft’s attitude between most activities. The satellites use a downlink data rate of
2.6 Mbps uncoded, based on the Cadet nanosatellite radio [29]. We assume a 30% reduction factor in downlink rate to represent time lost to link
maintenance and processing overhead. We assume a fixed elevation mask (10 deg) for downlink availability at all ground stations and that
overlapping downlinks from multiple satellites to the same ground station can be handled.

Note that we do not directly consider the energy and time resources required of the onboard processor to run the RASP algorithm. Our RASP
timing results show that the algorithm can be run, on a capable computer (2 GHz Intel Core i7 processor, 8 GB of RAM), in under 5 s for a 90 min
planning window [29]. This suggests that RASP could feasibly be implemented and run on an embedded computer typical for CubeSat missions.
Example embedded computers include the BeagleBone Black, with an ARM Cortex-A8 microprocessor running at 1 GHz with 512 MB of RAM
[53], and the Raspberry Pi (Model B) running at 900 MHz with 1 GB of RAM [54]. During a typical run, the RASP algorithm occupied about
350 MB of RAM, running in the relatively RAM-heavy MATLAB environment. An embedded CubeSat computer should achieve comparable
performance (roughly half the speed) with RASP, and performance could be boosted even more with an adaptation to a lower-level language such
as C. Note that the software is currently single-threaded and could possibly be parallelized for another performance boost, with some adjustments
to the RASP search process. These computers do take a relatively large amount of power for a CubeSat (around 2.5 W), but with the short planning
time and long planning window, they could be run at a very low duty cycle; operating for 30 s every 20 min would allow RASP to run sufficiently
often and provide plenty of time margin for booting the processor and running the algorithm.

As context, we now provide some detail about these parameters from other CubeSat missions. From Klofas’ census of CubeSat
communications systems, most CubeSats can downlink data rates of 1200 bps up to tens of kilobits per second [5]. Several CubeSats have flown
radios operating at much higher data rates, including the Cadet radio from the L3 company (2.6 Mbps) and the radio from the Emhiser company
(1 Mbps). The Planet Labs company has launched CubeSats with downlink data rates up to 10 Mbps in S-band [55]. Both MicroMAS and
MiRaTA use the L3 Cadet radio. Although the high data rate of the Cadet does require support from a capable ground station, the successful
operation of the radio on the DICE mission [56] justifies our use of its parameters in this work. In terms of energy storage, MicroMAS flew a
20 W - h battery, and other missions have flown both less capacity (CanX-2 at 13 W - h) and more (RAX-2 at 30 W - h) [2,3]. For energy
production, the number used here (24.8 W) reflects the use of fairly large, double deployed solar arrays on the MiRaTA spacecraft. However, this
number is not unrealistic, considering that this only requires about 20 solar cells (producing about 1.3 W each at 1 AU using standard 30%
efficiency cells [4]). The data storage amount assumed here, 100 MB, is significantly less than what can be physically stored with standard
commercial nonvolatile memory (multiple gigabytes). This limit encourages the RASP algorithm to schedule downlinks to the ground in a timely
manner to reduce data latency. This restriction, while somewhat artificial, is necessary for RASP to operate effectively in its current form, and a
more realistic model is planned for future work.

Table3 Summary of satellite attributes and resource constraints

Attribute/resource Summary

Observation sensors Three total; sensors A, B, and C

Energy storage 20 W - h maximum, 14 W - h minimum (30% DOD)

Energy production 24.8 W, only in dedicated recharge mode

Energy consumption Varies by mode; sensors consume 6.7 W each while observing

Data storage 100 MB maximum, 0 MB minimum

Data production Engineering telemetry: always produced at 10 kbps; sensor payloads: 63 kbps while observing

Data downlink 1.82 Mbps



kcahoy
Highlight
Watt-hours
or
Whr

kcahoy
Highlight

kcahoy
Highlight

kcahoy
Highlight

kcahoy
Highlight

kcahoy
Highlight

kcahoy
Highlight
will need to spell out depth of discharge somewhere


KENNEDY AND CAHOY 11

Table4 Activity resource production rates and minimum durations

Operational state

Parameter Obs Xlnk Clnk Rech DInk Slew Idle
Energy (ES), W -141 -93 -93 170 -160 -7.8 -64
Data (DS), kbps 73 10 10 10 —-1820 10 10
Minimum duration, min 5 1.5 1 1 1 3 0

D. Satellite Activity Resource Usage

The satellites’ resource production rates are broken down by activity in Table 4. The final row specifies the minimum required duration of each
activity. The acronym “DOD” means depth of discharge of the battery. The rates in Table 4 are generic and based loosely on the MiRaTA
spacecraft [29] as well as the parameters in Table 3. We assume that the sensor payload produces data (at 63 kbps) during the entire observation
(“Obs”) activity. Crosslink (“XInk”) energy usage is based on a radio with 10 W input power and a transmit duty cycle of 33% during an actual
crosslink. The minimum duration times are considered to be representative of CubeSat operations. The slew duration is long to be conservative.
The crosslink duration was based on data from the constellation simulation; it was set long enough to allow multihop crosslink events to happen
often. Note that, with the 2400 km crosslink limit, the physical windows for these activities were generally much longer than 1.5 min. The
Commlink (“Clnk”) activity duration was chosen to allow enough time for establishing a link. Recall that, in this work, crosslinks and downlinks
are not used to transfer data (this is an item for future work). Thus, the higher the data production rate by the payload, the more data needs to be
downloaded in downlink, which could reduce the number of observations and other activities performed. From simulation results, we found that
the overall constellation performance did not change significantly depending on the data production rate because downlink windows were
generally not fully used in the nominal case.

E. Simulation Software Environment

Several software components were used or developed as part of this process. The flow of information between the components is depicted in
Fig. 5. Orbital geometry was analyzed using the Systems Tool Kit (STK) software package from AGI and used to determine time windows for
observation, crosslink, downlink, and recharge activities for each satellite.

The RASP algorithm was implemented in the MATLAB language from MathWorks, using the linprog() function and dual-simplex
optimizer for linear program solution [57]. RASP was run in a receding horizon fashion; the algorithm was used to plan an activity timeline over
a certain planning horizon, the satellite’s state was propagated forward for a period of time using that timeline, and then activities were
replanned. We developed a software package in Python to simulate the on-orbit operation of a constellation with an arbitrary number of
satellites planning and scheduling though RASP and LCCC. The simulation initially ingests orbit data from the STK analysis. Individual
satellite information is stored in a custom Python class. The simulation keeps track of a global clock for the constellation, propagates satellite
resource states forward, calls the RASP algorithm for replanning at regular intervals (as well as after crosslinks, commlinks, and downlinks),
maintains satellite and ground-planning information databases, and shuttles planning information around as specified by the crosslink,
commlink, and downlink activities. The global clock was configured to run with 1 s ticks.

A 24 h simulation was run for each combination of orbit geometry and communications context. That duration includes about 16 orbits for
each satellite and includes a large number of observations and crosslinks. We consider this sufficient for this first assessment of the
algorithms’ performance. The resource bounds and production rates were set per Tables 3, 4. RASP planning was performed over a 90 min
planning window (#, = 90), and satellites replanned every 20 min, or after every crosslink, downlink, or commlink in which they obtained
updated planning information. Satellite states were propagated forward using the same rates, with a small amount of noise added on top of the
rates to simulate model imperfections. The noise was normally distributed about the nominal usage rate, with a standard deviation of 1% of the
nominal rate; the noisy rates were allowed to saturate at 95 and 105% of the nominal rate. Seventeen arbitrary observation regions were chosen
(detailed in the Appendix). These are indicated along with the nine ground stations in Fig. 3. Note that it took around 10 h to run a
simulation case.

Python Simulator
——— State Propagation —»

Satellite 0 \ State
Information
Crosslink: \\ 1 \\
Planning Info //‘\ N \
> |

Orbit Data

AGI STK

) \ MathWorks
Satellite 1 —n >
) MATLAB: RASP
\ /4 /’,
:K\ ,/
’ * }/
Satellite 2 RASP
A Generated
| Downlink/ Plans
Ground, Backbone « ___-' Commlink:
Constellation Planning Info

Fig.5 Software flowchart for the simulation software. Orbit data are generated in STK as text files and imported into a Python script. Several satellite
objects (three here) keep track of the satellites’ states and call RASP when required. Crosslinks, downlinks, and commlinks share planning information
between the satellite objects.
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V. Simulation Results

The simulation environment was employed to analyze the performance of the coordination algorithms. Three major analyses were performed
on the simulation cases: 1) the effect of constellation orbital geometry and communications context on revisit times, 2) the number of
communications links executed over all the cases, and 3) how effectively planning information was shared across the constellations. The following
subsections discuss the results from each of these analyses in turn.

A. Revisit Time Performance

The first analysis was performed on the revisit times achieved in each simulation case. As context, Figs. 6, 7 show the available observation
windows and executed observations over all sensor types, organized by satellite number, for the stitched Walker constellation in two different
simulation cases. Note that only a subset of satellites are included, for clarity. We see that, with no information sharing (Fig. 6), the sensor types are
poorly spread out over the 24 h period. Many observations are executed with sensor A up to about 10 h in, then sensors B and C begin to mix in.
Much better mixing is seen from the beginning when planning information is shared widely (Fig. 7). In particular, we see a much more diverse
selection of sensors for the “R” (Russia) region in the first 5 h of the simulation. We cannot determine from this plot which satellites coordinated
most effectively with which other satellites, but we do see that the LCCC algorithm tends to balance out sensor selection across satellites. This
balancing of sensor selection tends to balance average revisit times across the constellation. When no planning information is shared, every single
satellite simply tries to minimize revisit times for each sensor over all regions by itself.

Figures 8—10 summarize the revisit time results for the three different constellation geometries. The plots summarize the revisit times for each
sensor in each simulation case, first averaged over all satellite observations for a particular region and then averaged over all regions. Note that the
vertical axes have the same scale across all three plots, and the “no sharing” case extends (off the chart) higher up than shown. Figure 9 supports the
trends seen in Figs. 6, 7 for stitched Walker. We see that, with increasing information sharing, progressing from “no sharing” to “Clnk + DInk”,
the average revisit times are much better balanced between the sensors: the “intersensor range” between lowest and highest sensor revisit time
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Fig. 6 Executed observations and windows for stitched Walker in no sharing and onboard planning case (case 3). Letters indicate observation region.
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Executed Observations: Stitched Walker, Commlink + Downlink

olR R B il M W Ul oL G B M
1 E A N N R ES il ) G
- w K B ¢l s @ " E AlEl A N
S K GlA al J R 1. K lele m B R
~| R 7 ] M J I R S Al m B ™
I w ‘ 8 B R wi L f:! N
5 R M | E N il S B c $ 1 R
g e M B I T L ) ‘ w . H i Sensor A
3 T T T T
zZ ¢ R N L 3 A ) W T R Sensor B
é - . 1 Lkl N L 8 [ Sensor C
% <€ E N W s| N N 8 J $ R Window
[Z ;¢ E N 1 L ‘ H Kl c T i
w| M E N L S A B H E R
“|RA N i L ) Nl ™ ) S 1 e M
© RA T I g wl ¢ R ‘ ]
A M ‘ L S A M cl8 S ‘ c
~ M E NT L N N | H M
| RA I E N W H A B B ‘ 1 il £
0 5 10 15 20
Time (h)
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to 11 are discluded for clarity. Sensor selections are balanced much better with increased information sharing.
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Fig. 10 Average revisit times, averaged over all regions, for the ad hoc constellation.

decreases from 514 to 10 min. Also, if we further average the average revisit time across all three sensors, that average tends to improve (decrease)
with more information sharing. The case with Clnk + DInk performs the best, as expected due to the satellites’ frequent communication with a
globally shared planning information database.

But revisit time performance does not change in the same way across all the constellations. We see that plain Walker achieves good
performance in all cases, and stitched Walker and ad hoc show a much stronger improvement trend with increasing information sharing. The
relatively flat performance for plain Walker suggests that information sharing does not play as strong of a role in this constellation. This
conclusion makes sense, considering that the plain Walker constellation was constructed simply for observation coverage, not to maximize
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crosslink performance. All constellations settle out to roughly the same intersensor range in the commlink case, about 10 min, though the ad
hoc constellation averages about 225 min in average revisit time across all sensors, versus 197 and 203 for the Walker constellations.

The “advance weighting” and “random selection” cases add more insight to the performance of the LCCC algorithm. We see that advance
weighting performs slightly better than Clnk + DInk in all cases, with the same or lower intersensor range and a lower average across all
sensors (194, 198, and 220 min versus 197, 203, and 225 min for plain Walker, stitched Walker, and ad hoc, respectively). This shows that, for
the specific application case investigated in this work, online, onboard planning with information sharing performs no better than advance,
ground-based planning. But the performance with Clnk + DInk is not significantly worse than the advance weighting case (the values are
under 3% larger), which shows that there is no significant penalty here for not using advance planning or investing having to perform
commlinks. In the random selection case, all intersensor ranges fall within 28 min (compared to 11 min for Clnk + DInk), and the averages
across all sensors are 204, 211, and 240 min for plain Walker, stitched Walker, and ad hoc, respectively. Although not significantly worse than
Clnk + DInk (under 7% larger), RASP and LCCC clearly perform better than with no coordination, at least when planning information is
shared often through the backbone constellation. In the XInk 4 DInk case, the revisit time results are not consistently better than random
selection; revisit averages across all sensors are better at 199, 206, and 229 min (plain Walker, stitched Walker, and ad hoc, respectively), but all
intersensor ranges fall within 39 min, a larger spread. Performance versus random selection decays significantly for the XInk only case. This
shows that, with reduced information sharing, the coordination performance is not strictly better than the random selection case for the current
application.

B. Communication Links Performance

The second analysis conducted was on the number of information-sharing communication links that were performed during the simulations.
This analysis provides context for understanding the effectiveness of information sharing across the constellation, by showing the availability of
information-sharing communications links as a function of constellation configuration.

Figure 11 shows an example of the communications links available and executed, in this case for the Walker constellation in the “XInk + DInk”
case. Downlinks are always to a ground station, whereas crosslinks can be between two or more satellites. We focus here on four tightly crosslink-
coupled satellites: 1,4, 7, and 10. We observe that many of the windows are not executed, and there is a wide distribution of those that are. Notice
that, for a lot of the executed crosslinks, not all of the possible crosslink partners actually perform the crosslink. This is particularly evident
between satellites 7 and 10; they first succeed at crosslinking with each other at about 7 h. There is even one instance at about 4 h when satellite 7
tries to perform a crosslink with 4 and 10, but neither of the others joins in.

Table 5 summarizes the executed crosslinks, commlinks, and downlinks for the three constellations across all cases. We see that there are many
more crosslink windows available for stitched Walker, at 89.2 versus 70.0 for plain Walker and 47.7 for ad hoc. We see that stitched Walker has
much higher capability for sharing planning information via crosslinks. This conclusion makes sense, considering that “stitched” Walker was
designed to maximize crosslink connectivity across the constellation. In the case with commlinks, the same number of commlinks (72) were
available to each constellation (because they were spaced similarly for all constellations, every 20 min), and ad hoc executed a few more than the
others on average (39.9 versus 34.4 and 33.3).

These results reveal that the constellations have a significant capacity for planning information sharing via crosslinks, but they do not
necessarily use that access effectively. Recall that the RASP algorithm simply tries to execute all crosslinks and removes them in an essentially
arbitrary fashion when the activity sequence cannot be scheduled. The algorithm currently does not consider whether the other possible partner
satellites in the crosslink have decided to execute it nor how useful the crosslink could be for obtaining relevant planning information. Also,
downlinks are only chosen by RASP to reduce data storage onboard the satellite [as indicated in Eq. (4)], not with consideration for planning
information utility. In the current implementation, the crosslinks and downlinks chosen are those that happen not to interfere with observations,
and not deliberately chosen based on their full utility.

Executed Info Sharing Links: Stitched Walker, Crosslink + Downlink
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Fig.11 Executed information sharing links in XInk + DInk case for stitched Walker constellation from beginning to 12 h. Only satellites 1, 4, 7, and 10
are included, for clarity. The labels in brackets correspond to the potential partner satellites for a crosslink; labels start at the bottom of a given satellite’s
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Table5 Numbers of windows and executed crosslinks and commlinks,
averaged over all satellites

Case
Geometry Item Xlnk Xlnk + DInk  Clnk 4 DInk
Plain Walker Number of windows  70.0 70.0 72.0
Number executed 26.9 26.3 344
Stitched Walker Number of windows 89.2 89.2 72.0
Number executed 30.3 29.8 333
Ad hoc Number of windows 47.7 47.7 72.0
Number executed ~ 20.8 20.7 39.9

C. Information Sharing Performance

The third analysis was performed on the effectiveness of planning information sharing across the constellation. Information sharing
performance should depend on both communications link performance and orbital geometry: the more information sharing communications links
performed, ster and farther information will spread across the constellation.

Figures summarize the results for information sharing performance for the three constellations, in terms of the latency (CL) and
timeliness (CIT) metrics introduced in Sec. IL.E. The values in these plots are averaged over all “to—from” satellite combinations (18 * 17 values).
Note that, for each combination, CL is averaged over all observations received by the receiving satellite, whereas CIT is averaged only over
matching observations. As a reminder, matching observations must be of the same region and have starting times within a cutoff of 180 min
(double the orbital period). Thus, the average CL values in the plots represent how long it takes information to move across the constellation as a
whole, and the average CIT values represent how timely the received planning information was as a whole.

We see that CL and CIT are relatively low and high, respectively, in the Clnk 4 DInk case. This is as expected; the shared commercial
communications backbone and ground network database gives the satellites easy access to each others’ plans. Also, the values are good from a
qualitative standpoint. Average CL is less than an orbit’s duration (about 90 min). Average CIT is close to the length of the planning horizon
(90 min), meaning that the satellites know about relevant planning information that could affect their observation choices roughly about the time
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that they are first able to make those choices. But we see that performance is much worse in the other cases, particularly in XInk. For both the DInk
and XInk + DlInk cases, CL is on the order of two planning periods, and CIT hovers around O (the satellites get relevant planning information right
around when they actually execute the observations affected). The Xlnk case has large negative CIT, indicating that the relevant planning
information arrived much too late to be useful.

We can conclude from these results that, with the current versions of the RASP and LCCC algorithms, commlinks are currently the most
effective means for information sharing, and downlinks are mildly effective. We also see that currently crosslinks are on average not very effective
for information sharing across the constellation. Figures 14, 15 provide some more context for these conclusions. They show a breakout of CIT
across all “from—to” satellite pairs for stitched Walker. In the Clnk + Dlnk case, we see that the vast majority of satellites receive timely planning
information, with some small pockets of satellites that never receive any matching observations (indicated by red hashing pattern). This lack of
matching observations for some pairs is caused by the fact that certain satellites never receive information about an observation of the same region
within the same 180 min cutoff. For example, satellite 1 observes some of the same regions as 10, but only after 10 does. Thus, information
exchanged between 10 and 1 tends to be more useful for 1. Ten never receives any relevant information from 1°s plans. This fact is reflected in
Fig. 14, which shows that the average CIT from 10 to 1 is 145 min, whereas from 1 to 10, there is nothing. In the XInk 4 Dlnk case (plot 15), the
average CIT is much lower between most satellite pairs, reflecting the CIT value of —3 in Fig. 13 for stitched Walker.

Crosslink information sharing was likely ineffective for two reasons: many crosslinks were not executed by all partners, and the satellites by
themselves do not have access to the shared planning information database. It appears to be much more difficult to share information effectively
with crosslinks without specific deliberation about the utility of crosslinks and with so few satellites in the constellation. Interestingly, despite the
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low information sharing performance in the Xlnk case, XInk significantly outperformed DInk in terms of balancing average revisit times across
sensors for stitched Walker (see Plot 9). Yet DInk outperformed Xlnk for plain Walker and ad hoc. It is unclear from the results how exactly this
arises, but it may be because the crosslinks in stitched Walker happen to be more useful for observation planning than in the other constellations;
remember that the stitched Walker geometry was designed specifically to aid in conveying information effectively across the constellation. More
investigation of this behavior is merited in future work, perhaps with a better metric for assessing the planning utility of communications links.

]
VI. Conclusions )

The performance in simulation of two algorithms for managing a coordinated CubeSat constellation with crosslinks is presented and analyzed:
RASP and LCCC. The algorithms perform online, onboard planning for each satellite and use shared planning information over communications
links to balance revisit times. The algorithms were designed to specifically address the needs of a widespread, coordinated constellation with
infrequent communications links between neighbors. The present goals were 1) to demonstrate the application of these algorithms to distributed,
online (real-time) prioritization of observations, 2) to assess their performance at balancing average revisit times across multiple observation
regions and sensor types using various communications and planning strategies, and 3) to analyze the effectiveness of sharing planning
information across the constellation with the different communications strategies.

The algorithms’ performance was analyzed in a scenario with a set of 17 observation regions and three onboard sensor types. Three
constellation geometries were investigated, plain Walker, stitched Walker and ad hoc, with several communications strategies: no information
sharing, information sharing only through downlink, only through crosslink, through both crosslink and downlink, and through communication
with a background constellation (“commlink”) plus downlink. Performance was compared to a centralized planning strategy that selects sensors
for the constellation’s observations in advance using a simple greedy algorithm (“‘advance weighting”) and another strategy that randomly selects
sensors (“random selection”). The random selection strategy served as a base, no-coordination case against which to compare the algorithm’s
performance, and advance weighting served as a nearly ideal performance case that should be an upper limit for performance of online
coordination (because it benefits from full global knowledge of satellites’ possible observation activities).

RASP and LCCC were successfully applied in this scenario to increase observation revisit time performance. Comparing the commlink and
downlink case to the random selection strategy, revisit time performance increased, with average revisit time values across all three sensors of 197,
203, and 225 min versus 204, 211, and 240 min (for plain Walker, stitched Walker and ad hoc, respectively; lower is better) and an intersensor
range of within 11 min versus 28 min (between lowest and highest sensor revisit time; lower is better). Performance was best for the advance
weighting strategy, with sensor-averaged revisit times of 194, 198, and 220 min and intersensor range of within 10 min. In the downlink and
crosslink case, performance is mostly better than random selection, but not completely: the sensor-averaged revisit times of 199, 206, and 229 min
are lower, but the intersensor range increased to 39 min. These results show that the observation coordination provided by the algorithms has a
positive effect on revisit time performance as compared with simply randomly selecting observation sensors. But it is also concluded that the effect
on performance is small; this specific revisit time use case does not benefit significantly from coordination. This is particularly true for the plain
Walker constellation, where performance is very close between advance weighting, random selection, and the different communications and
planning strategies (Fig. 8). These findings are relevant because they show that constellation coordination is indeed helpful, but it provides only a
small performance boost for the specific observation operations concept in this work.

It was found that the stitched Walker constellation had many more crosslink opportunities per satellite than were available for plain Walker and
ad hoc, at 89.2 versus 70.0 and 47.7 min, respectively. The stitched Walker constellation also executed more crosslinks per satellite in the case with
only crosslink (30.3 versus 26.9 and 20.8) and appeared to benefit more from crosslinks, given that the crosslink case performed better than
downlink for stitched Walker and not for the others. It was found that, with commlink and downlink, planned information is shared in a timely
manner, with a CL (latency) of between 57 and 80 min and CIT (initial timeliness) of between 74 and 88 min across all constellation geometries.
The CL and CIT dropped off precipitously in other cases and performed particularly poorly for only crosslink, with CL between 434 and 589 and
CIT between -455 and -287. The poor information sharing performance in the downlink, crosslink, and crosslink plus downlink cases show that, in
general, without external commlinks, information sharing performance across the constellation is poor. From Figs. 12, 13, it is seen that even the
stitched Walker constellation, which was designed for good crosslink interconnectivity, performs poorly. Yet it is also concluded that revisit time
performance is relatively insensitive to information sharing, based on the fact that this performance is good even in communications cases where
information sharing is poor.

These results are a first step in assessing the utility of automated coordination via information sharing communications links for improving
observation quality. Itis seen that, for a simple objective like average revisit time performance, RASP and LCCC do improve results, but only by a
small amount. This performance does not heavily depend of the efficacy of planning information sharing, though it does improve, as exemplified
by the fact that performance is best in the commlink and downlink case. The results suggest that coordination would be more useful with an
objective that requires tighter temporal and spatial coordination between the satellites (e.g., “sensor B must revisit sites visited by sensor A within
30 min for best performance”). They also suggest that some mechanism is needed in the algorithms for assessing the information sharing utility of
communications links; the links should be weighted based on how helpful they are expected to be for finding out other satellites’ plans. Although
the results do not explicitly show a large benefit from coordination, they offer important guidance for further work in developing operations and
automation strategies for coordinated constellations. Note also that, though the use of commlinks to an external backbone constellation may be too
expensive and infeasible in practice, they provide a useful performance assessment point in this work.

These results should be repeatable because there is only a small stochastic element in the simulation, namely the small amount of noise on
resource usage rates. The RASP and LCCC algorithms are aimed at CubeSats, and it is expected for them to be of relatively little aid in
coordinating activities for less resource-constrained and communications-starved satellite constellations. Yet in their current form, they should be
applicable to any size and orbit geometry of Earth-observing small satellite constellation, as long as the orbits are known well enough in advance
(about 24 h) and command uplinks are available roughly on a daily basis.

There are several key limitations in the algorithms and performance analysis in this work. As discussed, the average revisit time minimization
use case appears to not strongly depend on the effectiveness of information sharing. This metric was used as a simple first step for analyzing the
potential of the RASP and LCCC algorithms and does indeed show that coordination improves performance versus random selection. The
algorithms are clearly applicable to the current use case but would likely be more beneficial in a use case with more stringent observation
coordination requirements.

The algorithms are naive in their handling of crosslinks, downlinks, and commlinks for information sharing; they simply perform as many as
they can or are required to. As discussed, this limitation had only a mild effect on the revisit time performance. With more stringent observation
coordination requirements, significant performance gains might be achieved by explicitly reasoning about and weighting the importance of these
links for information sharing. Also, the commlinks are modeled very simply, with a window every 20 min. A more effective algorithm should be
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able to exploit the continuous availability of a background constellation. The downlinks are modeled quite simply, too, not explicitly reasoning
about downlink conflicts between satellites and using a percent overhead for the downlink rate.

The current implementation of RASP is only capable of scheduling a single onboard activity at a time, which sufficed in this work because only
a single observation could occur at a time. Significant development, or the use of another planning algorithm, would be needed to generalize the
planning to a simultaneous, multi-activity model while not overly increasing computational complexity. Observation windows are calculated with
no regard for field-of-view restrictions, limiting the applicability of the algorithms presented here for general Earth-observation applications. The
algorithms also do not reason about the importance or latency of the science data collected and how those data could be routed through the
constellation.

There are several key refinements that are needed to improve the applicability and performance of the RASP and LCCC algorithms. LCCC
should be refined to allow for more stringent temporal and spatial cooperation requirements between different satellites and observation targets.
This might allow for optimizing other metrics of importance in Earth observation, such as age of information [38] of observations of targets or
maximum windows of time and viewing angle overlap for observations. LCCC should also include a mechanism for assessing the information
sharing utility of specific communications links, to maximize coordination performance. It is expected that further development of the algorithm
in these two key areas will go along way to making LCCC applicable to general Earth-observing SmallSat constellations. Other important updates
to both RASP and LCCC include adding the ability to schedule multiple activities at once, adding observation field-of-view restrictions, managing
data latency and routing through communications links, and modeling onboard energy consumption and production separately.

Itis planned to extend this work to a more generally applicable layered planning system incorporating both ground (higher layer) and onboard
planning (lower layer). This planning system will incorporate Earth-observation models with spatial and timing overlap requirements on
observations as well as requirements on quantities and refresh rates of data delivered to ground. Also, more constellation geometries, perhaps with
many more satellites, merit investigation for the increased network connectivity they could provide. It is hoped to integrate some degree of
communications cost analysis, to assess the price of sharing information through crosslinks versus commlinks. A further investigation will be to
examine the sensitivity of coordination results to the resource constraints on the CubeSats.

Another important item includes adapting the RASP code for implementation on an embedded spacecraft processor. The steps in this process
would include translating the code to a lower-level language (e.g., C) and timing its performance on the processor. This work would help to verify
the processing time and energy constraints due to the RASP planning process.

Appendix A:

19 Table A1 Parameters for plain Walker constellation

Satellite number Altitude, km Inclination, deg RAAN, deg True anomaly, deg Eccentricity Argument of perigee, deg

2 o 600 90 0 0 0 0
1 600 90 0 120 0 0
2 600 90 0 240 0 0
3 600 90 30 10 0 0
4 600 90 30 130 0 0
5 600 90 30 250 0 0
6 600 90 60 20 0 0
7 600 90 60 140 0 0
8 600 90 60 260 0 0
9 600 90 90 30 0 0
10 600 90 90 150 0 0
11 600 90 90 270 0 0
12 600 90 120 40 0 0
13 600 90 120 160 0 0
14 600 90 120 280 0 0
15 600 90 150 50 0 0
16 600 90 150 170 0 0
17 600 90 150 290 0 0

Table A2 Parameters for stitched Walker constellation

Satellite number _ Altitude, km Inclination, deg RAAN, deg True anomaly, deg Eccentricity Argument of perigee, deg

0 600 90 0 0 0 0
1 600 90 0 120 0 0
2 600 90 0 240 0 0
3 600 90 45 10 0 0
4 600 90 45 130 0 0
5 600 90 45 250 0 0
6 600 90 90 20 0 0
7 600 90 90 140 0 0
8 600 90 90 260 0 0
9 600 90 135 30 0 0
10 600 90 135 150 0 0
11 600 90 135 270 0 0
12 500 56 270 96 0 0
13 500 56 270 216 0 0
14 500 56 270 336 0 0
15 500 56 225 50 0 0
16 500 56 225 170 0 0
17 500 56 225 290 0 0




KENNEDY AND CAHOY

Table A3 Parameters for ad hoc constellation

Satellite number Semimajor axis, km Inclination, deg RAAN, deg True anomaly, deg Eccentricity Argument of perigee, deg

0 7128.14 51 0 110 0 0
1 7128.14 51 0 230 0 0
2 7128.14 51 0 350 0 0
3 7153.14 98 280 10 0 0
4 7153.14 98 280 130 0 0
5 7153.14 98 280 250 0 0
[§ 7078.14 98 235 35 0.01412801 0
7 7078.14 98 235 155 0.01412801 0
8 7078.14 98 235 275 0.01412801 0
9 7203.14 98 300 90 0 0
10 7203.14 98 300 210 0 0
11 7203.14 98 300 330 0 0
12 6978.14 52 10 30 0 0
13 6978.14 52 10 150 0 0
14 6978.14 52 10 270 0 0
15 7028.14 98 290 50 0 0
16 7028.14 98 290 170 0 0
17 7028.14 98 290 290 0 0
Table A4 Ground stations used in constellation simulations

Station Number Latitude, deg Longitude, deg

Brazil (Goiania) 1 -16.71 —49.29

Fairbanks 2 64.84 —147.73

Germany (Stuttgart) 3 48.74 9.1

Hawaii 4 21.3 —157.86

Japan (Hakodate) 5 41.78 140.76

New England (Massachusetts Institute of Technology) 6 42.36 -71.09

New Zealand (Christchurch) 7 —43.54 172.73

Singapore 8 1.27 103.84

South Africa (Johannesburg) 9 -26.2 28.04

Table A5 Parameters for observation regions

Region number Name Latitude start, deg Latitude end, deg Longitude start, deg Longitude end, deg
1 South America =25 10 —80 -40
2 North Africa 4 36 -17 37
3 Southeast Asia -10 19 92 150
4 Australia -36 -14 113 152
5 East Asia 30 50 110 150
6 Europe 40 60 0 40
7 North America 25 55 -90 —-60
8 Hawaii 15 35 -170 -150
9 Greenland 60 80 —60 =20
10 Russia 40 60 50 90
11 India 10 30 70 90
12 Western United States 30 50 —130 —110
13 South Africa —40 -20 10 40
14 New Zealand -30 =50 160 180
15 Alaska 50 70 —-170 —140
16 Mideast 10 35 40 65
17 Argentina —60 -30 —-80 -60
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