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ABSTRACT

On-orbit autonomy depends on the timely availability of situati@wedreness data. Data providesm ground
stations, derived frortelemetry from other spacecraft, ndete evaluated in conjunctiavith the realtime
telemetry availablé&om various subsystems on thgacecraft bus. Having diretcess to telemetry from other
spacecraft dramatdly increasesan&uo n o my e n gi n e @ecisianbbaded dn yeabtoime ma k e
information and information frommultiple sources #h heterogeneous capabilities.

SPA is well suited to provideatform to support spacecraftitonomy on several leils. It provigs an abstraction
layer betweeithe autonomy engine and each spaaftaubsystem. This decougiallows simplified reuse of the
autonany engine on future missions agll as reducing desigtime dforts to develop the bus sinagerfaces
between the bus and the autonomy system are standardized.

Introducing a Constellation Collaborati Manager (CCM) activity ageas a SPAcompliant application on theus
allows telemetry from othespacecraft, including telemetry from component typdsamailable orthe local
spacecraft, to be available as inputs to an autonomy eimgihe same abstracted manner thatlltalametry is
available. Thisllows an autonomy engine to batsedecisions on a much broadange of data and increase the
range of scenariothat can it camandle. The telemetry availablencae optionally prdiltered orprocessed into
aggregate infanation either by the CCM on tiepacecraft broadcasting its telemeairyon the receiving spacecraft
before it is sent to thautoromy engine. The CCM also opesdditional options for autonomy engmby allowing
them to generatasking requests for other sgacaft in addition to its locapacecraft. Since the CCM is a SPA
based component, it can be addedn existing SPAased system witminimal or nampact to othecomponents
on the bus.

INTRODUCTION

Onboard satell# autonomy leads to many benefits. From defensive counterspace applications to simply easing the
burden of ground station personnel, an increase in autonomy results in an iircreapensivenessurvivaility

and utlity. The quality of output produdeom any autonomous system is dilg dependenon the timeliness,

guality and quantjt of data available as inputs. Spacecraft built to support the SPA standard can take advantage of
its datadriven architecture tallow autonomy engineaccess to the telemgtthey requirethrough a standard

interfacethat is decoupled from the specific implementatiohapplication and device drivers in the rest of the

system This decouplig is the key piece of the SPA standard that supports software reusability among different



spacecrafand missions. It also turns outgmvide aframework that is relatively easilyxtended to suppodata
sharing, not just amormgpmponent®n a single spacectabut among applicatiorexecutingon different
spacecraft

Sharing data among spacecraft in a constellation dramatically expendsrhain of data that am-board
autonomy engine can consider when makingjsiens This results imot onlyincreasingts ability to make
situational awarenestecisions butilso to tak advatage of decisionalreadymade by other spacecraft and react
accordingly.

SPAOVERVIEW

To understand the simplicity and elegance of the role &kplayin support of constellatictevel autonomyt is
important to have at least a cursory understanding of&Fifrelates to spacecraft flight seftre. This is the focus
of thissection. Notethat his sectionis not a omplete oerview ofthe SPAstandard

The primarygoal behind the development of thePAstandards to syport rapid spacecraft developmefror

flight software this is accomplished by defining a framework that allows each software component to be cleanly
decoupled fronother applicationand components on a spacecr&tpublish-subscribedesignpattern is used with
the addition of a brokeapplicationcalled the Data Manager (DM). The DMadeeapplication in asoftwaresuite
called the Satellite Data Model (SDNMatprovides a referendenplementatiorof the SPA standard

Each software application and hardwargide on the spacecraft has antedXsible TransduckElectronic Data
Sheet (XTEDS). KEDS are essentiallyterface Control Documes{ICD) that capturs the identity, role,
parameters, and services that a component provilesDM collects XTEDS frontomponents, hardware and
software, and uses them to keep an inventory of which comparfétsvhich services and datdheDM can then
match consumers of datdth the appropriate produceAs illustrated in Fig. 1Applications query the DM to
locate the information required and if a source is found, a subscription is created allowing the cotopouaish
its datadirectlyto any other component in the system that is interested in it.
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Fig. 1. SPA Data Decoupling

The use of XTEDS and the role of the DM as the information bimdeormanextremely important function in the

overall SPA vision Theyallow hardware and softwaito interact in a decoupled mann@&iis results irhardware

devices and software applicatidmsingtreated identically from a data perspective. If an application subsooibes t

data, there is no difference if it is getting that data from a device or an application that may be publishing processed
data. This abstraction is ciital to several aspects of SB#ludingenablingthe reusability of individual software
applications andupporting Flight Softwarenl the Loop (FSWIL) testinga method of testing the system using a



software simulator connected wittstances of actual flight softwarenning oneitherflight processorsr other
computersllustratedin Fig. 2.
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Fig. 2 SPA Support for Flight Softwarenlthe Loop (FSWIL) Testing

In the context of this paper, the decouplafgpacecraft components has tadditional benefg. First, it allows
interfaces to autonomy engines @ dbstracted iexactlythe same way other componeintghe system are.
Secondjnterfaces between sparaft in a constellation can leeated in thesame way as interface among
components within a single spacecratft.

The use of xXTEDS to define hardware and software interfaces has other benefits as well, not the least of which is
natural integration into design tools such as DesignsNdissionSpacecraft Design Tool (MSDTRAs shown in

Fig. 3, using the informationncluded in the XTEDS as well as other metadata, MSDT can takddvighmission
requirements and generate spacecraft configurations to meet those requirements. Additionally, MSDT can generate
all of the required files to runsimulatedmissionin a tool such as Star Technoldgysatellite Design Tool (SDT).

To run a spacecraft configuration through simulatd®DT distributes theonfigurationof the spacecrafto the
simulation frameworkalong with operational scenario details such as orbit, location of thigaesofaults to
simulate, and otherg\t the same time, the flight softwafier the satelliteconsisting of the &sic modular support
code as well as platfortevel autonomy applicationsan bedistributed to the flight systemr flight system proxies
representingach satellite. Sensordvlager softwarbosted by the simulation framework then alédive flight
systems to interact with virtual spacecraft devices in coordinated simulBtiersensor Maager interacts with the
flight software using the SPA protocols sorthes no impact or special suppogtjuired from the flight software.
This infrastructureillustrated in kg. 2, allowscoordinated autonomous softwaeebe @veloped an@valuatedn a
rapid and repeatable test environmenihis ability to rapidly change spaaedt configurations and evaluate the
impacts of those changes quickly ikey advantage of using SPA to implementféegtues described in the
remaining sections of this paper.
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Fig. 3 MSDT Process Flovior Spacecraft Design and Simulation

SPACECRAFT AUTONOMY USING SPA

Autonomy has many benefits to tactical space operations, not the least of which is the ability to transition a portion
of the typical commandral control aspects of satellite operation from central ground operations tatfloenp

itself. Asflight processors become more capable and ibssiple to have greater degree$igh-power computing

onorbit, a natural course is to perform-orbit processing of the data collected from sensors. One logical use of that
data is to feed it to ehoard algorithms that fuse the data and perform processing to detect and identify threats to the
spacecraft. Response models that are resideatlnhase promise for streamlining the process that protects our
tactical space assets.

The ability to perform this processing-orbit has several advantages. Timelirieg$entification and response is

rapid for threats that can be detected using data callsolely by the individual satellite because the latencies of

the spacédo-ground communications link are not present. Decisions can always be made as quickly as the available
processors can perform their work. Efficient allocation of fusidanted procssing loadffloads that

responsibility from the ground sites. Fleet decision support can be made much more responsive and efficient with
this model. When a single spaglatform produces a large amount of sensor data, all of which could be potentially
fed to complex fusion algorithms, it is easy to imagine that the gpagrund link rapidly becomes a bottleneck in

the system, especially when other operational exchafhigéemetry and commanding is also required.
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Fig. 4. AutonomyEngines in a SPAased System

The key to developing a more efficient and capable decisigrosugystem is to address core capabdiiethe

space platform level. SFE¥\datacentric approach to component conmuation isideally suited to support

autonomy engines as phagndplay componentsAs shown in Fig. 4and5, by isolating the autonomy engine from

the specifics of the spacecraft bus it can focus on collecting the data required foalkietgpropriate decisions

and results in a more reusable component. On the other hand, from the bus perspective, decoupling the autonomy
engine allows multiple engines e efficiently evaluatedt design timen identical bussesndusing SPA&s

FSWIL capabilitythey can bevaluated across identical scéoa and simulated sensor input
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Fig. 5 SPA Support for Fused DataDrive Commanding of Other Spacecraft
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The use of desigtime tools such as MSDT can simplitye process of configuring and evaluating different
autonomy engines even furthevlSDT supports custom scripts then be used to preconfigure autonomy engines
with the learning datandinitialization state informatiorthey require tde tailorecto various scenarios. This is a
natural step that occurs as part of the epeaft configurion generation and feeds the FSWIL simulatiathw
appropriate data to evaluate the response of the autonomgengin



CONSTELLATION COLLABORATIVE AUTONOMY

Having demonstrated the natural fit between SPA and autonomy on a single spacecraft, an obvious next step is to
apply thesameprinciples to multiple spacecraft simultaneousliyn the same way that a simple bridge between
autonomy subsystemsdithecomponents on a SPA bus allombust interation among components on a

spacecraft, a slightly more complicated but still relatively straight forward bridge, called the Ctastella
Collaboration ManaggiCCM), enablesnteraction among SPAased spacecraffFig. 6 shows the CCM in the

context of aSSPAbasedconstellation Thelevel of detdiavailablefor interactionscan be scaled based on quality of
service requirements and spdoespace network characteristicmbedding XTEDSike metadata as part of
CCsDsformattedmessageamongspacecraft allowdiscovery of capabilities, notifications of events and

availability of status information down to a fine gradelefail if required.
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Fig. 6. The Constellation Collaboration Managetpgses an XTED$ke Interface anong Spacecraft
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Allowing autonomy engines teubscrbe to dita not only from the spacecraft they reside on, but also from other
spacecraft in the constellation opens up new opportunities for data fusion that would otherwise only be possible
using grounebased assets. Aduinally, possibilities to ulize distributed computing techniques allow a spacecraft
whose processors are overburdened to potentially offload some processing tesles titilizedprocessors on other
spacecrafas wellas taking advantage ofdependentlyleterminedsituational awarenessformation from other
spacecra#t all withoutrequiringinteraction with a ground station.

This interactive capability among spacecraft is referred ficaiaborativé to emphasishe distributed nare of

the autonomous decisions being made. While the autonomy engine on any givera$peae publish its results
even suggest a course of action to another spacdtiaftip to the enginesn other spacecraft to take those results
andrecommendationsto account and determine their oaourse of action Another aspect ot collaborative

nature of a constellation of such spacecraft is fughgohasizedh thesectionfiTactical Tasking later in this
paper.

Similar to how MSDT can support evaluationaaftonomyengines and spacecraft configuratiassdescribed in the
previous section, it can play an important role at design time in the evaluation of the effectiveness of a constellation
of spacecraft dulfilling a given mission or set of missions. It has the ability to take aléigh mission

requirement and generateanstellation of spacecrafonfigurations The satellites may be identical functionally or



may each possess unique functionalithe configuratiorof each satellite can hifistributed to the simulation
frameworkas well as loading the flight softwairgo either a flght processor or other computéfhe simulation
then starts multiple Sensoraflagershown in Fyj. 7,0ne for each spacecraft that alldve flight softwareto
interact withindependentirtual spacecraft devices durisgnulation
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Fig. 7. Multiple Sensor Managers Enable FSWIL Testing of Constellations

TACTICAL TASKING

A somewhat surprising buatatural extension of constellatidevel autonomy isupport forconstellatiorlevel

tasking. By treating a constellation of spacecraft siage taskableentity, the grourd-based efforbf developing

and planning tasking can be greatly simplifidithis simplification combined with SR goal of supporting rapid,
inexpensive development of tactical assets enable a tactical user to task the constellation in a very natural way.
Using astraightforwardarbitration algorithm andn-boardwhatif evaluation capabilities allow eonstellatiorto
self-negotiate which spacecraft can best handle a givergtask parametezied priorities such as timely

completion, quality of result, and other& simple example is illustrated in Fig. 8. The tactical user first issues a
request to any spacecraft in the constellation he has access to. That spacecraft then queries other spacecraft to
evaluate how el they predict theyanfulfill the task. The spacecraft that can best satisfy the request is assigned
the task and executes it at the appropriate til@ensiongor more complicated tasks, composite tasks, and



fallback capability to handle cases when spacecrafiatacomplete ks are handled in a similar manner by the
CCM.

With detailedmissionplanningoccurringon-orbit among thevariousspacecraft in a constellation, a tactical user can
focus on higher level mission goals and not be required to know or understand the technical strengths and
weaknesses of the payloads aahlié oneach spacecraft e constellation.

Fig. 8 Sample Tactical Tasking Execution

CONCLUSSION

As interrestrialcomputing the use obasiccomputerscienceprinciplesin the design of software architectusegh

as decapling and object brokering haswide range of advantageSpurred on by the availability of more capabl

flight processors, technologies such as SPA are able to leverage computertsctamigeieshat have been proven

over many years in terrestrial coatmg environmers. These advances have made it possible to add new
functionality to spacecrafincreasing the capabilities of individual platforms as wellbsving possibilities for
distributedprocessing that maximizbe available processing power. The capabilities describédsipdper,

decoupled autonomy engines, distributed collaborative autonomy and tactical tasking of constellations while very
promising in terms of increasing -ambit performance are just the first generation of techniques to take advantage of
the potentialof SPA.



