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ABSTRACT

Crowdsourcing ideing researched as a technique to develop stalk spaceflight software by issuing
open calls for solutions to large crowds of people with the incentive of prizes. There is widespread
investment of resources in the fields of Science, Technology, &arimy, Mathematics (STEM)
education to improve STEM interests and skills. This thesis tackles the dual objectives of building
crowdsourcing cluster flight software and educating students using collaborative gaming and competition,
both in virtual simulatn environments and on real hardware in space. The concept is demonstrated using
the SPHERES Zero Robotics Program which is a robotics programming competition. The robots are
nanosatellites called SPHERESnN experimental testbed to test navigation, foianaflight and control
algorithms - onboard the International Space Station (ISS). Zero Robotics allows students to access
SPHERES through a wediased interface and the robust programs run on the hardware in microgravity,
supervised by astronauts. The aggtus to investigate the influence of collaboration was developed by (1)
building new web infrastructure and an Integrated Development Environment where intensive inter
participant collaboration is possible, (2) designing and programming a game to seleaat formation

flight problem, collaborative in nature and (3) structuring a tournament such that #dam
collaboration is mandated. The web infrastructure was built using crowdsourcing competitions too, to
demonstrate feasibility of building sefare eneto-end through crowdsourcing. The medtjective

design of experiments had three types of collaborations as variabligisin matches (to achieve game
objectives), inteteam alliances and unstructured communication on online forums. The s#atatau
evaluate objective achievement were simulation competition scores, website usage statistics, post
competition surveys and satellite telemetry from ISS hardware demonstrations. All types of collaboration
showed positive influence on the quality ofusimns achieved. Educationally, they showed mixed results
and lessons on improving their process of implementation for more impact have been documented.
Overall, this thesis ratifies the applicability of the developed framework for crowdsourcing speceflig
software and educating students and maps the utility of collaboration in this framework. A systems
dynamics model for generalizing the framework into other programs for simultaneous crowdsourcing and
education outreach has been proposed and manageotieptgoncerns highlighted.
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Chapter 19

Introduction

OAdul ts worry a | ot t hes e ottbapgaple leafnmong abaud computers. s
They want to make @s@lb mhp uteerrat e6. o0 L i t e r a ¢ yd me
courses about computers only tell you about writing programs. Worse, they only tell about command:
and programrAamguage grammar rules. Tigegvbagive examples. But real languages are more than we
and grammar rules. There's alsdi litdratypeople use the language for. No one ever learns a language
being told its grammar rules. We always start with stories abeus thiddéatisedn ildiesky1]

What if students were invited on board to solvewa#d problems that space scientists and
engineers are scratching their heads over? Would they learn the required grammar on their own and

justify their 6educationd6? Could they produce

With satellite constellations augmenting traditional monolithic satellites for an increasing number of
missions, annual satellite launches at hundreds a year and with over 300,000 pieces of space debri
larger than 1cm in size in nEarth orbit, fuekfficient and robust satellite cluster flight algorithms

are required more now than ever before. Scientists and engineers in the distributed satellite systems
domain are working to come up with better algorithmic solutions and they could use more help.
Crowdsourcing is an emerging methodology by which problems are opened up to crowds of people
through an open call to solve these problems with the incentive of prizes for the bes{Zplutions

To teach student® interact with and contribute to a technological world, computing, science,
technology, engineering and math-STEM) education is becoming very important and nations
cannot afford to lag in this agd Furthermore, since humanity is using technology to become
more globally social and in turn contributing to more social technology, peer motivation and

collaboration is increasingly being used to accelerate probleni4awvichdearningp].

This thesis addresses the question of whether the two distinct problems of developing cluster flight
software using crowdsourcing and improving SHélMcation can be solved using a single
combined program. The thesis examines in depth the role of collaborative competition in the design

of such a program. The specific research questions addressed by this thesis are:



1. To what extent is it possible to done the development and implementation of high
performance satellite cluster flight algorithms using crowdsourcing with enh&8TEMCS
education?

2. What is the potential impact of various collaborative competition mechanismbaséehm

competitions t@chievéottbetter technical results and improved learning outcomes?

The questions will be addressed by a proof of concept followed by statistical analysis of data
obtained from two years of competitions. The proof of concept is given by-@remrd
development and demonstration of the SPHERES Zero Robotics Pri@jrarhe proposed
framework will additionally be explained through a systems dynamics model. Recommendations are
made based on lessons ledrftom the development, operations and analysis of the program and

the developed model, backed by similar studies in the relevant literature.

1.1. Research Framework

The research framework developed for this thesis has been derived from the TPP TaH3ils Manu

and studies on the design of social experifdls

1.1.1. Research Questions

The research questtofor this thesis are:

1. To what extent is it possible to combine the development and implementation of high
performance satellite cluster flight algorithms using crowdsourcing with enh&8TEMCS
education?

2. What is the potential impact of varioalaborative competition mechanisms in {easad
competitions to achiebettbetter technical results and improved learning outcomes?

The stakeholders in this research effort are the cluster flight scientific community, who want to find
better algorittns and develop better spaceflight systems, and students and educators who would

benefit frombroacder outreach antletter quality of STEM education. Measuring the value delivered
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to both of these stakeholders by the framework of simultaneous crowdsowdr@dgcational

programs is the prime task associated with answering the above question.

1.1.2.  Proof of Concept

To prove that (1) cluster flight algorithms and software can indeed be crowdsourced and (2)
participants can be educated using the same progreBPHERES Zero Robotics Program (ZR)

was used. ZR i anternational robotics programming competitibare the robots aBPHERES

satellites ihe International Space StatiStudents and amateur enthusiasts play the challenging
gamedirst on a highiflelity simulation and then on real SPHERES hardware in microgravity, and
therefore demonstrate fligtdapable program&R tournaments consist of student teams playing
games in a competitive format, through elimination rounds in simulation or grouacehemdvin

a final round on the ISS to determine the tournament champion. In order to program the
SPHERES, manage their teams and participate in competitions, the students have access to an
elaborate website, integrated development environment (IDE) antinensimulator. The ZR
program was modified in 2011 to solicit complex trajectory tracking algorithms, and several methods
of collaboration were introduced in the previously compeiiiyetournament structure. The

games were designed such that btingurprograms and by implementing them during a
tournamenstyle competition, the participants contribute to developing high performance cluster
flight software. Furthermore, the entire web interface for ZR was developed using crowdsourcing
contests in cla@boration with a commercial company called TopCoder Inc., based on a prototype
developed at MIT. The intent was to prove that@end crowdsourcing of spaceflight software,

i.e. developing the web interf@dgerowdsourcing and then usindotcrowd®surcing is possible

and beneficial.

1.1.3. Research Methods

The research methods used in this thesis are:
1. Case study of the web interface development using TopCoder crowdsourcing contests
2. Design of social experime[8§9] using the ZR Tournaments
3. Statisticalanalysis of the educational value of the ZR Tournaments and the effect of

collaborative competition on crowdsourcing and education
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4. Data analysis of satellite telemetry returned after hardware operations of SPHERES on the
ISS based on welstablished metlls and standards
5. Systems Dynamics modeling to explain the causal effects of the overall framework of

crowdsourcing and education

As mentioned in the previous section, the web interface for ZR was developed through
collaboration with TopCoder. The caselsthighlights the methodology used to run the contests,
analysis of the data from the contests in terms of participation, attainment of prizes and quality of

the product and the lessons learned through the process.

The design of social experiments drfa@ra the design of experiments (DOE) framewhK

applied tmmonrrandom, human participants. It was framed along the lines of an observatienal, quasi
experimental study and not as an active experiment on human subjects with distinct control and test
groups. The objective functions were the value delivered tostiee ftight software development
community (through crowdsourcing) and the value delivered to STEM Education. Three types of
collaboration mechanisms were considered, which in DOE language translates to three variables or
factors with two levels each. Mt were defined to measure the objectives and the variables. The
value of these metrics helped assess whether the simultaneous crowdsourcing and education
framework has the potential to satisfy all its stakeholders. Additionally, it helped assetsfthe eff
collaboration on this framework and teach lessons on how the program can be improved in future
years. The O6valued of the above metrics was a
the ZR Tournamen@through simulation statistios the IDE, website usage statistics, the satellite

telemetry obtained during operations in the ISS and surveys taken after the tournament.

Finally, the systems dynamics model was developed to pull together the lessons learned through the
process of dagiing, developing, operating and analyzing the ZR program, highlight the advantages
of the simultaneous crowdsouregaycation model and at the same time pointing out management

policy precautions regarding its application.



1.1.4. Logic

The Wheel of Science approach to res¢ht¢hntroduced in 1971, categorizes research into two
distinct subsets of reasoning and drawing conclusions: Deduction and Induction. Deduction is the
logical mode€]8] in which specific expectations, or hypotheses, are first developed on the basis of
underlying principles, experiments are then conducted to accept or reject these hypothesis and the
observations give what is known as agrdphic conclusion (based on idéads)shown ifrigure

1 on the arc to the right. It is also called the Cartesian model after Rene Descartée and i
preferred model of analysis in this thesis. Induction is the logical model in which general principles
or theories are developed and inferred from specific observations obtained from experiments and
the conclusion drawn is known as a nomotheti® aseshown ifrigurel on the arc to the left.

Induction is also called the Baconian model after Sir. Francis Bacon and is used very sparingly in this
thesis and onlyhven an established framework of methods already exists to prevent directionless

collection of data.

The research in this thesis is to explore and prove viability of the concept of crowdsourcing
spaceflight software development and at the same timegrgageducating school students. A
parallel intent is to evaluate the effect of collaborative competition mechanisms in the proof of
concept studies. Therefore, proof of concept and collecting the ZR Tournaments data can also be
seen as a critical expenmt{7]. The Wheel of Science approach applied to the contributions of this

thesis can be categorized as:

1. Deductive/ldeographic conclusions on:
a. The influence of collaborative competition based on theories of collaboration effects
on gaming, crowdsourcing and STEM interest within the competitive tournaments
b. Benefits of the ZR Program due to combined crowdsowaeth@ TEM Education
based on the individual theories of both objectives
2. Inductive/Nomothetic conclusions on:
a. The case study of developing the ZR web interface using TogCected
crowdsourcing contests based on an earlier prototype developed at MIT
b. Toumament demographics and student and mentor satisfaction usitgpessay

feedback received after each ZR tournament season.
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Figure I The Wheel of Science to describihe Social Research Processébl]

The research in this thesis is primaploratory[8]si nce it attempts to
guestions (Is this possible? What could make it better? Whae#Heethef various factors on it?).

Il n trying to answer the O6whatodéd questions, i
observations made so that the lessons can help design the framework better and refine the methods
of analysis for the futuref not only the ZR program but similar efforts. Furthermore, the
development of the web infrastructure for the ZR tournaments, presented as a ¢ag¢ whasly

done using existing TopCoder crowdsourcing methodology, which has been described and
explained. In this capacity, the research ieegtganatoryand descriptive Descriptive hues can

also be seen inrse chapters which define the overall ZR program and its operations, but this has
been curtailed significantly or included in the appendix, so that the reader is not distracted from the
central thesis. Technical details on the ZR proffilaamd specifications and capabilities of the
SPHERES satellitgs3]have been described in Chapters 3, 4 and 5.
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1.2. Document Overview

This section provides a brief overview of each chapter of the thesis. Chapter 2 introduces the main
areas of interest of this research effort, providetaged literature review of each area, followed by

the analysis of gaps in literature and how the thesis fits into it. Chapter 3 describes the web
infrastructure for the Zero Robotics program and its development using TopCoder crowdsourcing
contests, basl on an MIT prototype. The chapter has been presented as a case study of the
methodology followed, analysis of the data from the contests (obtained by querying the TopCoder
SQL database with permission) and the lessons learned from it. Chapter 4&ittteodaneept of

the ZR Tournaments, their components, how they leverage the developed web infrastructure and
how they were used to answer the research questions. It also develops the metrics for evaluating the
thesis objectives. Chapter 5 is the mairtgeshapter, which discusses the analysis of data
generated by the ZR Tournamentsimulation statistics on the IDE, website usage statistics (both
obtained by querying the ZR SQL database), satellite telemetry obtained during operations in the ISS
(obtaned with permission from NASA Marshall Spaceflight Center) and surveys (obtained through
SurveyMonkey databasdso draw research conclusions at the intersection of crowdsourcing,
education and collaboration. The chapter wraps up with documentatgsows learned for the

future. Chapter 6 introduces a systems dynamics model for the simultaneous crowdsourcing and
education framework with collaboration, makes general recommendations on how maximum
benefits can be reaped and finally, based on literatigev and lessons learned, discusses

management policy implications.
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Chapter 20
Background and Motivation

This chapter presents the background literature on the three areas of interest in this thesis. This
review led to the identification of a gapesearch at the intersection of these areas. A research
objective was framed to fill up the gap. The motivation behind framing the research hypothesis and

the effort invested in analyzing it and proving it has been described here.

The three main aas of interest in this thesis are:
1. Crowdsourcing to develop innovative solutions to cluster flight problems for satellites
2. CSSTEM Education of the next generation workforce

3. Collaborative Mechanisms within Gaming and Competition

Crowdsourcing is a blanket term used for many open source development efforts on open
innovation platforms in the recent past both in research and mdming famous examples of

such efforts have been Wikipedia, Linux, Fold It and companies such as Innocexdiiesd hr

and TopCodeér In the context of this research effort, crowdsourcing is defined as the methodology
by which a wetlefined problem is attgmed to be solved by announcing it as an open call for
solutions to crowds of people with the incentive that the best solutions will be awarded prizes.
There is no restriction on the methods that the crowds can use to solve the problem, but there may
be atime limit given to come up with a solution and constraints on the ways in which the proposed

solutions are submitted.

Satellite formation fight is the concept that multiple satellites (e.g. satellite constellations) can
work together in a group to aomplish the objective of one larger, monolithic safdiiieA

satellite constellation is a group of artifieiglliesa s et of physi cfallyiyngd de
modules that each collaborateodnit to collectively achieve a certain level of sysiden

1 A comprehensive list of open innovation platforms for R&D, marketing, design and ideation, collective
intelligence and trend prediction, human resources and freelancers, open innovation software, intermediary
services, creafivcacreation, corporate initiatives such as product ideas, branding and design, peer
production and public crowdsourcing is availablétatt/www.openinnovators.éist-operinnovation
crowdsourcingxamples/Last accessed on April 24, 2012.
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functionalityOne of the key requirements afadellite clustewith multiple physical entije ype

of constellationjs the need for all the modules to fly withirspeecific range of each other
(communication range, sensing range, data transfer range,odsd.)n order to be functional.
This requires solutions to midody problems in Eartlrlait, precise determination of position and
time, and sometimes relative and absolute attitude and oriergtdtianced control algorithms,

trajectory planning amdanyother issues.

CSSTEM is an acronym for Computer Science (CS), Science, Techno@ggerihg and
Mathematics. GSTEM Education refers to efforts invested in bringing students and young
professionals, the next generation workforce, up to speed in the fiekdT&MC&Nd therefore be

prepared to address the grand challenges of theeriiry. A recent editorial in the Science
Magazin¢l5ld e f i ne d ST E MFoErdostcitaneanonly sgience arwd mathematics, even thoug
products of technology and drayeesrigeatly influenced everyday life. A true STEM education should i
studentsd understanding of how things work a
introduce more engineering during precollege educ#&iatireEthgimeaingd in problem solving and
innovation, two themes with high priorities o
should learn about engineering and develop some of the skills andh dihditiesigespdatgBwity e n
the current generationds dependence on digita
upon iits peopleds ability to contribute comp
moved up theanks rapidly anddad its spoas an important part of STEM education.

Gaming, in the obvious sense, is the act of playing a game. In the context of this research effort,
gaming is defined as the act of playing a game using an online interface or inside a virtual world.
Collaborative gamingand associated competition refers to the recent gaming phenomenon called

0 assively multiplayer online fplaying gansee ]MMORP&). MMORPG is a genre of role

playing video games in which a very large number of players interact a&ibtloer within a

virtual game world&Revenue for the gaming industry is generated largely through subscriptions and
sometimes through advertising. In 2008, the consumer subscription spending on subscription
MMORGGsin North America and Europeas over $4 billion[16]

2The words ©O6constellationdd and O6clusterd as wel!/l
interchangeably in the thesis and in literature. The intendeddeffniiusterfor this thesis is the one
mentioned herand cluster flight indicates formation flight for satellite clusters.
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The motivation for the research objective presented in this thesis was developed as introduced in

Figure2 and the research objective itself will be focused on in Section 2.5.

Spaceflight
Research Problem

Real world projects:: Learning by Engag?,

“Crowdsource”
Spaceflight
Research Problem

Real world projects:: Learning by Engag:ab

Better Solutions from educated crowds

Collaborative
Competition

Competitive games

Collaboration types?
+ community

= Better Learning;,
Incentive Structure? 0

“Crowdsource”
Spaceflight Software
Research Problem

Real world projects:: Learning by Engagemer

Better Solutions from educated cro\

Figure 2: Conceptualization of Thesis Motivation



The first block in the Figure2 shows STEM education achieved through engagement of students
using realvorld projects such that they can learn by doing. In the context of satellite constellation
and cluster flight fields, this implies allowing student access to relevant spacedfigiht rese
problems such that they can learn abouSTEM fields by solving reabrld problems with

known solutions. Theecond blockintroduces the concept that, since students are allowed access

to realworld problems and learn by solving them, it wouldwie-ain for both students and the

research community if the research problem provided to them was something yet to be solved or
improved within the research community (see bidirectional arrow). Given the rising number of
missions involving small satelGtstellations, the demand for robust guidance, navigation and
control (GNC) algorithms for flying these constellations through an increasingly crowded space
environment is increasing. Therefore, if difficult, unsolved GNC anplaating problems for

gmall satellites were crowdsourced i.e. opened up to crowds of students to solve with the incentive
of prizes, both stakeholders would benefit from the most successful solutions. Thus, what is of
interest in crowdsourcing is not the average quality otteabsoiutions but the best most capable

and potentially most innovative solutions. In terms €3 TEB1 outcomes on the other hand we

are interested in raising the average level of knowledge and learning of all participants. The students
learn by engagentewith a difficult realvorld problem and the crowdsourcers, who put the
problem out there to be solved, get many potential solutions to #tirgtend last blockof the

figure explores the effect that collaborative competition has on both the abowweshSTEM

education, where the stakeholders are students, mentors and educators, as well as the quality of
crowdsourced solutions, where the stakeholders are the scientific community that is looking for the
solution to the spaceflight problem beingvdsmurced. It questions the appropriate collaboration
mechanisms between the crowds of participants i.e. students and appropriate incentive structures
that would produce a positive effect on both objectives: innovation and learning. While the thesis
motivéa i on has been generically described for ©6s

thesis are, specifically, formation flight problems for satellite clusters.

The research motivatiorof this thesis can therefore be summarized as explorpwathef concept
that it is possible to crowdsource a cluster flight algorithm or software used for smalvbdeellites
at the same tedecang students in GSTEM simultaneously. Further, the thesis also analyses the
impact of such an initiative oroemdsourcing and educational objectives and measures the effect

that various types obllaboratiamong the participants have on these objectives.

3(



2.1. Crowdsourcing

The term O6crowdsourcingd was introducedg by Je
|l ater went on Siomplydefihed, crewdsotr@ng tegrasents thes act oféa company or ins
taking a function once performed by employees and outsourcing it to an undefined (and generally |
people in the form opam dd@JR]. Most generally, a person or organization with a problem to be
solved invites a crowd to come up with solutions and offers incentives for contribution.
Crowdsourcing has been classified iatmws typologies based on #mms ofthe practice[17}

Problem solving (crowd wisdom), creative input (crowd creation), opinion pollingv(tnog)d

outsourcing tasksrowd production) and raising money (crowd funding).

2.1.1. Historical Applications

Challenging crowds to compete to achievii@ld goal by providing the incentives of prizes has a

l ong history and has |l ed to many successful c
ocompetitionsd will often be used intsovehange
the difficult problem of accurately deter mini
to oversee the offer of a prize of 20,000 pounds to anyone who could solve the Whidethe

Parliament could have directly funded astronbremaarch effortsheyinstead chose to offer a

prize to anyone who could solve the problem. John Harrisortaagetifclock maker developed

an improved clock design that would be accurateatdseaentually won the pr[a8] In 1775, a

prize of 100,000 francs was offieog the French Academy of Sciences for the production of alkali
soda ash (sodium carbon#tein salt (sodium chloridg)9]to soften water for washing purposes

A surgeon, Nicholas Leblanc, developed a process that some have since characterized as the
beginnings of the modern chemical indudtrny919, a $25,000 prize was offered by hotel magnate
Raymond Orteig to the firgerson to fly noistop between New York and Paris. In 1927, Charles
Lindbergh won that prize, landing 2% hours ahead of scf#jule

3 It is interesting to note, however, that both Harrison and Leblanc had trouble collecting on their prizes,
Harrison due to theesistance of the astronomical establishment that was holding out for an astronomical
solution and Leblanc due to the French Revolution.
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2.1.2.  RecentApplications

Crowdsourcing applications in the {a@nospace industry are on the order of hundreds in the
recent past. The MIT Center for Collective Intelligence has several projects going witaie large
sociatechnical problems are solved by opening them upemadxhetworks and relationships.
Among their most influential projects are: Climate Cflgbwhich attempts tdarness the
collective intelligence of large numbers of people to address the problem of global climate change
and Deliberatoriuni22] which explores the integration of ideas fabgumentation theory and

social computing to helprge numbers of people enumerate the issues, ideas, and tradeoffs for
complex problems with much greater sigrabise and much more systematic organization than
existing (e.g. forum, wiki, or ieskmring) technologieSoLab allows people to regisber their

website as guests and create climate change related debates, argue on existing debates or rate tt
existing arguments. The intellectual input from people then feeds into a mgdeethsts charts

for the time projean of temperature, seadevmitigation odamage cost aparcenof GDP and

physical impacts on water, agriculture, health, etc as a function of temperaiuosvdseurced
solutions are also invited to turn knobs for action which can be factored into the mitigation aspects
of the model. The Deliberatorium aims to createargmment map with moderators for

guestions/problems, potential solutions, pros and cons, etc. in several layers.

In the fields of biology, crowdsourcing is currently being used to solve difficultfplditegn
synthetic biology, neurobiology problems that cannot be optimized globally by any algorithms, by
bringing crowds of humans in the loop. A new startup, called Eyewire, has opened up the problem

to crowds using their websitettp://eyewire.org/ Thechallenge is to map the neural connections

of the retina by analyzing images that were acquired using serial electron microscopy at the Max
Planck Institute for Medical Research in Heidelberg, Geflwagns of playsiog in everyday to

play the game and there is a live leaderboard that dynamically reports the scores. The human eye is
one of the prime examples of irreducible complexity, a point of debate in evolution theory, and,
more relevant to this thesis, has aletonnections that have baffled neurobiologists for years. The

most successful biological crowdsourcing breakthrough in the recent past has been achieved using
Foldit. Foldit is an online puzzle video game based on protein folding where the gameésdbjective

fold the structure of selected proteins to the best of the player's ability, using various tools provided
withinthegamel he score i s a metri c bighestsbodang sotuttonsct ur e
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are analysed by researchers, who degewhigther or not there is a native structural configuration
(or native state) that can be applied to the relevant proteins, in the "redUsingdroldit, gamers
havedeciphered the molecular structure of a key protein that retroviruses like HO/nmalagly
[23] - an achievement that scientists believe will aid in the development of new AlDelrugs.
largelynon-scientist gamers came up with an accurate model ofddléedqortease molecule in

three weeks whiledzheamists had been trying to create such a model for more than a decade.

A recent example of the use of laagge innovation tournamentghe aerospacmdustry ighe

X-Prize competition. On October 4, 2004, the X PRIZE Foundation awarded a $1prindlicmn

Scaled Compositesr ftheir craft SpaceShipOjad] Aerospace designer Burt Rutan and financier

Paul Allen led the first private team to build and launch a spacecraft capable of carrying three people
to 100 kilometers above the earth's surfame within two weeks, the first humans to achieve this

feat.SpaceShipOne exceed the altitude of 100 kilometers but did not achieve orbital velocity.

U.S. Government agencies can now use competiticgesch out to thousands of citizens, which is

why the White House has been encouraging agencies to consider the use of challenges as a policy
tool. At the outset of his Administration, President Barack Obama signed the Memorandum on
Transparency and @©p Government, committing the Administration to creating a more
transparent, participatory, and collaborative government. In Sept. 2009, the President released his
0Strategy for American I nnovationo6 calddi ng f
harness innovation by using policy tools such as prizesngmetitiong25] On Dec. 8, 2009, the

Director of the Office of Management and Budget (OMB) issued the Open Government Directive,
which reqired executive departments and agencies to take specific actions to further the principles
established by the Presidentds memorandum, i n
should o0include innovative meobtaiodleasfromandlo as p
increase collaboration with those in the private secteprafiinand academic communitj2é]

In January 201 the America COMPETES A¢R7] was reenacted, which authorized all

government agencies to conduct challenges and competitions.
Competitiongnust be designed to meet their intended goals. There is no single type of challenge

tha can fulfill all needs. A program that is solely intended to educate the public about a topic will be

designed differently than a challenge that is created to obtain an innovative solution. To explore
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these differences, NASA created the NASA Tourndrabn{NTL) in collaboration with Harvard
Business School and TopCoder to use open innoGatiopetitiondo solve problems within the
NASA scientific and research community, and to reach beyond the walls of the research centers and
engage the world to heyplve its chahging and complex problef28] Some examples of

successfully crowdsourced (crowd wisdom) NTL problems are:

1 NASA required the development of a robust software thigothat would efficiently
recognie vehicles in aerial imag2d] A set of 1000 images containingcket and 3000
images containing only background were provided as test cases. The algorithm submissions
were tested against a larger set of data. After the problem had been selected and framed, a
threeweek competition was held on the TopCoder platfddowing the competition, 139
programmers from around the world participated by submitting 549 total submissions. The
preliminary data analysis by the NASA team showed that the top five solutions were a
significant improvement over their current algorithme mpl oyi ng oOstate of
vi sion methods. 6 NASA is currently working

own solution.

T NASAd6s Space Life Sciences Directorate requ
would solve @ b a ¢ k p a ¢ kwhiphrconbitedd magordmending the ideal components of
the space medical kit includedeach manned space misgg0} As mass and volume are
restricted in space flight, the medical kit has to be designed in a way such that both expected
and unexpected medical contingencies can be met through the resthe daisas well as be
attuned to the characteristics of the space flight and crew. The challenge was to develop a
software algorithm that, based on mission characteristics, would minimize mass and volume
and provide the resources necessary to mininizehpalth outcomes dhe necessity of
prematuremission aborts After the problem had been selected and framed;day 10
competition was held on the TopCoder platform. During those 10 days, 439 programmers
from around the world participated by submi&@@4 program submissions. The preliminary
data analysis by the NASA tedrawedhat the solutions developed by the leading entries far
surpass the current state of the art internal to NASA in terms of computation time (30 seconds
as compared to 3 hourgliversity of technical approaches and robustness. After the

competitionended NASA researchers reviewed the top 5 highest scoring code submissions by
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looking at the actual code and documentatatingthat 6The amount of useful code developed in
sucla short amount of time really made us reconsider some of the way {38 Wlenrite software
NASA team was not able to directly import the code into their software because their model
was created with the SAS software analytics package, but they converted elements from the
winning submissions to develop a new algorithdes@mn the medical kids used in space
missions. Thus, crowdsourced solutions may require additional work for adaptation or
integration into a larger host system.

NASA wanted to generate ideas for new applications to allow exploration and analysis of the
NASA Planetary Data System (PDS) datablagps/pds.nasa.gov/ While rich in depth and
breadth of data, the PDS databases lesmdeveloped in a disparate fashion over the years

with different architectures andrfats; thereby making the integrated use of the data sets
difficult. Consequently, a challenge faced by NASA and the research community is to maximize
the usefulness of the enormous amounts of PDS data and identify ways to combine the data
that is availabl to generate interesting applications (e.g., visualizations, analysis tools,
educational applications, magls). The goal of this challenge was to generate ideas for these
applications. Submissions included a description of the overall idea, @unlesdhptitarget
audience, the benefits of the application for the target audmhtiee nature of the
application (how should the application be implemgnaa?all, submissions were expected

to be around -3 pages of text including figures and sadtel images. No code or software

was necessary. Prizes includeg0@Ggrand prize arldree$500 runnerap prizes. A $750
ocommuni awardc lseil@eecet ed by the community al so
submissions received, with the winpreposing an application concept that was focused on a
PDS documents parser, processor and validation tool that could be used to identify what areas,
parameters, and objects of the planetary systems are well researched and what objects are
owhi t e eapmtthat,tie data is spaasel more research is neefeét] Future

competitions will include implementing the winning idea.

More recently, NASA launched an international cdiopdb develop space software applications

using http://spaceappschallenge.oop April 2122, 2012 with events across seven continents

(Antarctica included) and in space. The apps competition will bringtpgefiler to exploit

openly available data collected by space agencies around the world to create innovative solutions to

longstanding global challenges. Open data includes statistics, facts and other information that is
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freely available to the public. Teamill compete with others around the world to use open data to
design innovative solutions to a predetermined series of global challenges. Participants will be free to
develop mobile apps, software and hardware, data visualization, and platformtisatdcrid

contribute to space exploration missions and help improve life on earth. In October 2010, the
European Space Agency unveiled the Space Game online

(http://sophia.estec.esa.int/thespaceggmédr the World Space Weekimed to improve

interplanetary trajectories. The intent was to ‘watoimans design complex interplanetary
trajectoriege.g. using creative flybys, gravity asststs)optimizing time of flight and delfaand

improvng the intelligence of computer algorithmsing the insights gained from all the
submissions. The website received more than 3,000 hits in the span of the Space Week and receivec
592 solutions. Since 2010, there have beassionsn the Space Ganwvehere @54 users have

submitted 254 solutions to ESA.

To summarize, competitions and more recently, crowdsourcing complediiernsgd auccessful
historyin spurringnnovation and salvg problems creatively (crowd wisdom) and in large numbers
(crowd produebn). The government and NASA have only recently tapped into the power of
competitionsto organize their enormous amountsawéilableinformation, identify and solve
complex problems and to democratize the innovation prébessle of the internet imabling

crowdsourcing and competitions has been paramount.

2.2. Formation Flight for Satellite Clusters

A satellite constellation is a group of artificial satelitess et of physi cfallyliyngond
modulesor entitiesthat each collaborate -orbit to collectively achieve a certain level of system

wide functionalityThey may communicate with each other, are aware of at least a subset of each
ot hersdé states, operate with sharsd overalnt r ol
functionality. A satellite cluster is a constellation that needs to maintain a certain amount of
proximity with each other and must fly in formation accordingly. While each satellite in a
constellation has traditionally been considered -austining entity in terms of the entire
spacecraft bus (everything minus the payload), a new paradigm design in constellations called
fractionated spacecraft allows almost all subsystems of a satellite to be distributed among different

physical elementach module in a fractionated spacecraft is composed of various subsystems, and
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thus a fractionated spacecraft might conssspzfratenodule responsible for power generation &
storage, communications, payload, and so on. In 2008, DARPA began acpliegrdine System

F6 Phase ffor Future, Fast, Flexible, Fractionated,-Figag Spacecrafiiming to generate a

new paradigm for space systems, especially iesgonsive space secf82], [33] The large,
monolithic spacecraft of today are myicallydesigned for responsiveness and have other
drawbacks (@. delay cascading in manufacturing), which a fractionated spacecraft approach could
potentiallyeliminate or reduce. This approach allows for a disruptive change in how satellites are
built and how they will be used, since the establishing of a spesteidtdre lowers the entry

barrier for satellite building and allows for resource sharing. The main idea is to further modularize
satellites up to the point where the monolithic spacecraft can be decomposed into a network of
wirelessly linked modules salparate smaller spacecraft, flown in a chidsteproviding the same

or more capabilities than a single spacethaftconcept is assessed3uh mainly regarding its

influences on the aerospace sector, reduttmgtandardization and mass production.

One of the key requirements of a satellite constellation or fractionated spattecrefed for all

the modules to fly within a tight ellipsoid in orbit in order to be functional. This requires solutions

to multi-body problems in Earth orbit, precise determination of position and time, advanced control
algorithms, trajectory planning and a host of other issues. There have been many instances of
successfutonstellation formation flight. In the late 1990sUtheAir Force began the conceptual

design of TechSAZ1, which was to demonstrate the ability of several satellites to replace a large
monolith in an interferometriadarmission. Although the program was cancelled later, it provide

a rich resourcef literature on formation flight technology. NASA demonstrated Enhanced
Formation Flying (EFF) via their first formation flight mission in 2000 called the Earth Observation

1 (EO-1), which flew in formation with LandSatn Earth environment satellite lauddhel 999.
NASAOGs New Mil |l enni ulnwasharpartgwasthus a greaat swedess arfd it gaced

the way to many technological FF milestones, which has now led to the plan of the Terrestrial
Pathfinder Mission (TPF). In TPF, a virtual spaceeartentter system with a 1km baseline will be
implemented to detect and analyze the light fhgtantstars. NASA has also planned MMS
(Magnetospheric Mufipace) and SIRA (Solar Imaging Radio Array) as future formation flying
missions. In 2002, the GrgvRecovery and Climate Experiment (GRACE) supported by NASA
and DLR demonstrated formation flight by a pz¢

and its temporal variations. The European Space Agency (ESA) has proposed the following
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formationflying projects: PROBA with 3axis stabiled pair of satellit¢35] DARWIN to study
the origins of l'ife with one | eader and 4 f
magnetic field with 3 satellites.

A representave example of required features in formation flight is that of collision and kinetic
threat avoidancdn a space environment that is getting increasingly crowded, another key
requirement is collision avoidance from other satellites, orbital debeis ant®atellite missiles.

The US Space Surveillance Network is tracking more {0@@ Efrthorbiting marmade objects

more than 10 cm in diameter, of which roughly 95%oastderediebris[36] There are also an
estimated 300,000 additional mmeatle objects in Earth orbit measurifig) tm and more than a

million smaller than 1 cm. In February 2@08efunct Russian Cosmos satellite collided in space

with a commercial Iridium satellite, not only causing destruction but also adding to the debris
already present in space. In June 2007, NASA reported manoeuvring its $1.3 billion Terra satellite to
avdd a piece of Fengyd€ debris. Antisatellite (ASAT) missiles have been technologically
demonstrated since 1960, when a t2Sspy plane as destroyed by a USSR A$3V] The US
tested its A aunched miniature vehicle (ALMV) i n th
Thereatfter, in spite of oscillating treaties such as the Outer Space Treaty (1Bélfistiariissile

Treaty (1972and the ban on ASATesting (1986), the third generation ASAT systems were
developed. Most recently, in 2007, China tested the kinetic kill technology of its ASAT system by
shooting dowrone ofits own satellite Collision avoidance has been dealt with in past literature,
akhough very rarely for completely distributed systemshi3togic approach has been linear
programming where the obstacles and required formation is treated as a aodst@dedled as

a MILP[38] NASA6s Jet Propulsion Laboratory have
Bouncing Balalgorithm (BB) and Stalemate which adopts a heuristic approachpte satéllite
reconfigurationg39] ESAOQ s PRI SMA satellites, under t he
Corporation have robust collision avoidance algorithms for autonomous ferméigra
separation and nominaligance are solved for analytically, since the satellites haweuiaar

orbits [40], [41] Another approach has been to propagate uncertainty covariances to calculate the
probability that the relative displ acPi2zhent be
Princeton Satellite Systems has come up with distributed guidance laws for low, medjam and

autonomy of constellations, salfor using linear programm[Ag§]
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However,most of the approaches outlined abanes either centralized algorithms or assume the
presence off @& maassewittha distributed inputs from the less intelligent agents.
Unigue collision avoidance manoewvrgsing fully distributed satellite systems have been
implemented at MITn the Space Systems Laboratory. One algorithm works by predicting the
closest point of approach and then overriding regular satellite controls thargatellites in a
direction perpendicular to the collision to avoiddit The theoretical concept$ the algorithm

has beernested on a narsatllite testbed called the SPHER&SIityon board the International

Space Statigd5]developed by MIT SSMore recently, distributed collision avoidance and threat
avoidance has been distributed in theory using different types of artificial potential functions (APF)
whose parameters were det éeumi 3 &4d6pTlheegulibriomet hod
shaping method as well as the apicati neural networks to formation flight will soon be tested

on the SPHERES testbed on the ISS.

The previous two paragraphs are intended to serve as an example of a single formation flight feature
and the depth of literature and algorithms that arg Heireloped to address it. There are many

such features that need the attention of the scientific community, as problems to be solved or
bettered. Moreover, since the paradigm of space agencies is moving from large, monolithic
spacecraft to constellatiarsl clusters of smaller satellites or even fractionation, the need for better

formation flight guidance, navigation and control algorithms is more pronounced than ever before.

2.3. STEM Education

CSSTEM Education, as defined earligralucation in the filds of computer science, science,
technology, engineering and mathematics. The terms STEMSRENL &re used interchangeably

from Chapter 3 onward in this thesis. The intent is always to m8aiEKAince computing is

now considered an indispensibfecghtury skills (will be explained in this section). The idea that a
revolutionary, hanasn met hod of education is required to
STEM has been floating about since decades. Children learn by doing and thihkihgtahey

do, an idea supported by Marvin Minsky in his
good STEM education is not only that which teaches students to use and learn about new

technology, but also gives them the tools to modify teglgrtolsuit their own needs.
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Figure 3: Infographic prepared by thelnfographic by Master of Arts in Teaching, USCReferences
cited in the text.
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The United States, in spite of being the largest spender on education in th@sveoridng the

lowest Science and Math test scores in the developed world. The 2008cbitdSShowed that

15 percent of the US. foutinaders and only 10 percent of U.S. emjfatthers scored at or above

the advanced international benchmark in sdiéniteFigure3 shows an infographic prepared by

the University of Southern Calif@ using data published by the OE@B)] CIA [49] and UN

from 2003 through 2009. It compares the education spending in 12 countries with their
corresponding literacy rate, school lifeeetancy and math and science test scores (standardized).
The students surveyed for the figure for test scores were 15 years old. Each country has been plotted
in a single color such that it can be traced down. It can be seen that although the U§lesst the h
spender i.e. circle with the largest area at the top and also has the highest per school child

expenditures of $7,743, it progressively shifts to the left going downward i.e. it gets outperformed.

While hiking up W& performancen math and sciee is important, computer science skills also
require a spe?elstentumsekilis i dheheareav. buzmeeetod i n e
growing global movement to redefine the goals of education, to transform how learning is practiced
each day, artd expand the range of measures in student achievement, all in order to meet the new
demands of the 21st Cent{s@] Literature shows that incorporaticrgfical thinking, problem

solving and communication into the teaching of core academic sabjedispensible to 21

century learning. Moreover, theee core skill®1]required are:

1. Life and career skili8ekibility, adaptability, initiative, self direction, communication, socia
and crossultural interaction, productivity and accountability, and leadership and
responsibility)

2. Learning and innovation skills (critical thinking and problem solving, communication and
collaboration, and creativity and innovation appliethginabn and invention)

3. Information media, digital mediad technology skills.

* The Trends in international Mathematics and science study (TiMss) is an international assessment and
research projeatesigned to measure trends in mathematics and science achievement at thiedfourth
eighthgrade levels as well as school and teacher practices related to instruction. Since 1995, TIMSS has been
administered every 4 years. TIMSS 2011, the fifth stbdysgries, will involve students from more than 60
countries, including the United States. TIMSS is sponsored bytetimational Association for the
Evaluation of Educational Achievement (IEA) and managed in the Siaiésdby the National Center for

Education Statistics (NCES), part of the U.S. Department of Education.

41



Note that 21 century skills call upon not only pure math and science but the ability to use and
manipulate computer technology. To enforce the point further, wkile t3 ORrdesa doifn g , or i
and O6rithmeticdé were deemed essential 8 of ma
century literacy definedy  4[52RRbesa di n g, "ri ti ngthefourthiRtbéinmet i c
algorithms or basic computational skills. Therefore, any sort of STEM Education effort should
certainly involve computer science and media interaction {(6@EMPp as well apromote

communication, leadership, critical thinking, imaginative problem solving as soft skills.

Space exploration and technology has always been a region of fantasy to everyone, especially
children, and spacelated activities are therefore excefttettvators to learning and fostering

interest in STEM. Not surprisingly, education of the next generation workforce has always been one
of NASAOs mission goal s. Two of six goals re
direct relevance to STEMdeducatio53] For i nst an Skare NESSAanith the st a
public, educators, and students to provide opportunities to participatenmogationissioinc dnétier i

to a strong National ecéonontyt directly <calls wupon the agen
outreach and student i Advantevaeronautics research forsdcjetal bensfit
indirectly refers to educa o n a | advancement too, since a soc

of its citizens and their ability to use their education to contribute to the economy.

Since the 19808ASA has played a very beneficial rotBrectedspace education outreactihe

United States, inspiring students and teachers across thdwationof NASAGs | ar ges!
programs: the NASA Explorer SclsddlES) ad NASA Spaceward Bound programs are examples

of outreach(in the past and currently ongoitagpromote tident interest in science, technology,
engineering, math, and geography (SGERareerfs4] The ISS since its starting stages has been
extensively used to conduct research by universities, and extra effort is being invested in getting
students involved witthe onboard activite3.h e NASA ol nternati onal Sp
Concept Development Rep{Bb]statesd U t ig the latermational Space Station National Laboratory for
education is an effort initiated in response to the 2005 NASA Authorization Act, which designated
segment of t he ITBeSepateveas frarmeworkwheragbals ladaid out isat or y 6 .
pyramidstructureinspire a large number of students, engage a set of them, and edusatefa sub

these.



However, aruly revolutionary education progratmould andwvould inspire darge number of
students, allowing many to learndbgctlyengagitigem. Since it began operations, the ISS has
accommodated a number of education experint8rgagementa critical first step for education

and vhile multiple programs have reached a substantial number of students via demondtrations an
videoconferences with astronauts, thase traditionally natloned students to beconmengaged

actual researdcttivities, but represented more or less-avapdlow of information.

Bob Rogersfounder and Chairman of BRC Imagination Artd winer of the NASA Public
Service Medal , wlimaster pthefor¢hée exphiion af MadsiasSpard of tMars
Exploration Program Analysis Groypesented five strategies for public and student engagement
[56] The presentation, summarized by Mark Craig, makes three important points for effective

engagement

1. Effective and massive public engagement has important benefits beyond increased support.

It enhancesvor k f orce retention, mor al e and recr
somet hing famousod. It enhances Ospin contr
compelling context. The most prof oaymad bene
spacebod. I f done well, public engagement b
frontier into the Nationds DNA.

2. Engagement is best achieved to the broades

are engaged by a story, goals irstthry need only be important to the protagonists (us).
Said in reverse, if people are not engaged by a story, explaining why our goals should be
important to them will never be enough.

3.o0Storyo is an effective mecharmsushnaslbssof de al
interest after major accomplishments (Apollo 12 syndrome). It is also key in sharing the
experience of space exploration because it takes people with us emotionally, beyond just

visual and tactile experiences.

Important components in aking great education possible are international collaboration in
development of interest in space, and providing easily accessible information and development of
programs that will motivate the next generation workforce. Space Exploration educatibrs across
globe are confronting challenges and embracing opportunities to educate and prepare students for

an increasingly interconnected world. Collaboration is in the interest of the US as well. A recent



National Research Council (NRC) Space Studies Baatd5éjacknowledges thato US pr o bl e
requiring best efforts to undersemotvarate global in nature and must be addressed through mutual wo
a c t. The repoit notes that educating a ¢ a p a b | e*centary ik d key strategid objective fore
t he US s plafurteer rpconongemds timed @he Interoaal Space Station (ISS) be utilized

fully for education and research, echoing a similar educational recommendation in the Augustine

Commission Repof58]

2.4. Collaborative Gaming and Competition

Games have been around as long as human history has been documented. They allow us to build
worlds that specifically tap into our evolutionary senses. Stuar{®jmaserved animal play in

the wild, where he firgtonceivedof play as an evolved behpuoitantfor the weHlbeing and

survivalof animals, especiallyose of higher intelligendday, he concluded, has been known to

pique human curiosity (exploration play), cause community collaboration (social filling play), charge
better performances (adrenaline pumping play) and bring out the creative bes{imagoptese

play). Jane McGonigal from 42 Entertainment that produced thebmeakidgd | | ohase Bees
researched the reasons for games bringing out the best inNG@&oplee positive outcomes of

games, she suggests, are blissful productivity, urgent optimism, working in a collaborative
environment and toward something agreed upanasbae pi ¢ wi nd. Furt her mor
among all the gaming blockbusters of today is the fact that they all break 6l jd&ditynVille

lets Facebook users play with their real fri@wtr Hero lets music lovers play the game while
playing music retime on a real instrument, Nintendo Wii or the Microsoft Kinect use a real
console to translate real actions into a video game. The internet, being the best platform for
broadcast as Wels conversation, has been the critical facilitator of games entering real lives of
communities of people worldwide. The introduction of reality in gapieked up and virally

spread by alternate reality gamess made the reasons to play them stramgeshown strong
correlation between behavior in games to rational, economic behavior in[62hlGiéenes are

great tools to pique human productivity and reward the[68}ipecause they provide ety

monitor bars of progress (e.g. An evolving Avatar), multiple short and long term aims, an easy link
of consequences to actions, elements of uncertainty tohkeep user 6 s i nterest

enhanced attention as users race for a predefined goal and a crowd of players to play with or against.
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Competitions based on the concept of games can organize individuals to work toward a common
objective with the incentied a monetary or nemonetary reward. Individuals with a diversity of

skills can participate in the task, with participants picking up and contributing in tasks they are best
at. Collaboration allows individuals to work together to achieve largéfayeai®r, meaningful
development through competitions requires a careful balance of competition and collaboration to
achieve its goals. One of the important tenets of this thesis is that competition and collaboration atre
not mutually exclusive. While bgmp et i ti ons &chall enged the put
series of smaller challenges can be used to engage multiple participants if the challenge structure
includes collaboration. Collaboration among the participants allows for the accomplishment
larger tasks by multiple people, and for the performance of each participant to be improved by
learning from others. There are a number of ways to bring collaboration into a competitive model,
while retaining the benefits of competition. MMORPGdMassively multiplayer online role

playing ganseas introduced before, always have the common feature of social interaction. The
games are designed such that some degree of team work is required in order to achieve game
objectives. Strategies are decided bpartommunication via typed conversation and due to the

large online forum available, players often findnhitkéed players to collaborate withile some

individuals may be outcasts in the real world, they can become whomever they want in these virtual
worlds, and can find other players with similar interests and personalities. In one survey, 39.4% of
males and 53.3% of females felt that their MMORPG companions were comparable to or even
better than their real world frierjdg]

Breaking all these virtual, collaborative games into reality, while keeping the excitement and story
mentioned above, is the concept of Alternate Reality Games (85 €%).| love Belgtem 2004

which had over 600,000 playARGSsh a v e intexattivednarrative that usesvtirldraala platform

and uses transmedia to deligghatstay be altered by participants' ideas or dctidwesvirtual or

real world Players interact directly with characters in the game, schasgtbichallenges and
puzzles, and collaboras a community to analyze the story and coordinatiéera@ald online

activities. ARGs generally use multimedia, such as telephones, email and mail but rely on the
Internet as the central binding meditiime stereotype of a gamer as a lone and asduilual

has been disprovgB6] On personality tess gamers have proven to be nexwoverted, open,

and conscientioutan nodgame playef§7] Moreover gamers prefer to play with people they

already know tunng thegame into a social experieandmay evemake, confirm and maintain
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friendships ahrelationsigs through gaming8} In summary, gaming has become a collaborative
phenomenon to achiethe required game objectives and is far more than adversarial competition.
Such games provide tremendous potential to tap into the several million strong gaming community
worldwide to help solve puzzles when judiciously articulated in the languaggnté (fobjectives,

incentives, rules etc.).

2.5. Gap Analysis and Research Motivation

This chapter began with a brief introduction to three areas of interest for this thesis and a potential
research problem that connects them. Sections 2.1 through 8séditwel available literature that
documents the progress made in the individual areas of interest. While crowdsourcing has been
discussed as a standalone topic in Section 2.1, crowdsourcing conducted in this thesis is specifically
leveraged to solve clasflight problems. Advances in formation flight for satellite clusters have
been discussed in Section 2.2. This section discusses the research that has been conducted in the
overlapping areas between the three areas of interest and how the thesifitsesaarthis
context.Figure4 shows a snapshot of important pieces of literature under each of the areas of
interest and their overlaps. Note that the structure of the figure is kept theFsgureZaso that

the thesis motivation can be tied closely to the gaps in literature.

The red elljpsein Figure4 (lower left) refers to some representative crowdsourcing literature. For
example, the Mars Crowdsourcing Experif@@jtefers to a game concerning the annotation of
semantically rich features of Mars using photographic data of the Martiatrausfadted from

the Mars Reconnaissance Orbiter (MRO). The players were scored on the basis of precision and the
experiment cleverly utilized an area where human perception exceeds the capabilities of computers.
With the goal of achieving a similar objecte , Cl i ¢ k wo[rOkpeesetda webbaseslr a c t i \
platform for collecting massive amounts of data from a volunteer workforce tasked with analyzing
data captured by the High Resolution Imaging 8Sciermeriment (HIRISE) instrumeon the

MRO. As described in detail in Section 2.1, NASA runs a large scale Tournaniéhfihab
collaboration with Harvard Business School and TopCoder Inc. to help solve problems using
crowdsourcing. Crowdsourcing is therefosant to be introduced as a methodology by which
complicated problems can be solved by crowds, interacting with each other (or not) in whatever way

they choos¢72] Prizes are allocated to the best solutions. As described in Section 2.2., with the
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growing number of distributed space systems projects amhsnigeecise, robust and efficient
formation flight (FF) algorithms are becoming harder and more necessary to solve. The MIT Space
Systems Laboratory operates a microgravity testivbdre FF algorithms can be tested on
autonomous nanosatellites aboasl IB®S with the help of astronadtgalled the SPHERES.
SPHERES is therefore a unique opportunity to test developed algorithms much as they would
behave in actual outdoor spaceflight.

Potential Problem Statemen#1:
To solve clusterflight problems using the crowdsourcing methodology with the advantage
of testing the best devealped algorithms on the SPHERES testbed

COLLABORATIVE GAMING

McGonigal,
Gaming (2011)

Kim, Marsh ,
Alternate Reality Serious Gaming
Gaming (2008) Yee, (2011)
MMORPGs
(2006)

Klopfer,
Educational

Pentland,
DARPA Balloon

Laubacher, i Games (2008

Climate ColLab (zglf}nge Resnick, Allner,

(2011) Nag '\ |1k (1998 NASA Exp.
(2012)

School (2010}

Howe, Ishikawa,
Definition Clickworkers

Goodman Trilling,

(2006) (2012) (2008) 21 Century skills
Bradley (2010) NRC Reports,
Civil S
—— YR VNG) £ i Plr\:;lI raF:ECFZOOQ
NASA Tournament  Mars CS ?:_'é'l\"‘:z’;: g
Labs (2010 E i t 5
{ } e MeE Economy (2010}
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CROWDSOURCING STEM EDUCATION

Figure 4: Research Venn Di ag €dorms cdrespondddthoselifigarg2. t he Gapo

The green elljpse in Figure 4 (lower right) refers to some representative STEM Educatio
literature. Afteschool educational initiatives such as FIRST Robidicand NASA Explorer
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Schoolg54]are aimed toward increasing student interest in STEM fields, and raising the probability
that they will pursue the same idegd and graduate school to contribute to these fields. Reports
from the National Research Cour{&¥] and the Information Technology and Innovation
Foundatior{74]strongly encourage the use of government dollars to teach STEM skills, not STEM
fact s, and create interdi sci lmthe digital worldamady oktmet r e
distinctions between designers and users are becaneirai lorsechaxtent, desigfiesy moe

digital world can therefore be the white aarfor students to learn from and create within,
therefore learn by engagement. Furthermore, reports have shown that engagement is motivated by
experiences that extend friendships and interests, -dyrest#fd and peéased learning and

learning througbhanging out, messing around and@j@éking out

Potential Problem Statement #2
To educate the nexdgeneration workforce in Z1 century skills especially in STEM and

computer science through hand®on engagement and reafime problem solving with peers

To tap into the engagement aspect of educaiasolve problems at the same time, i.e. the overlap

of the red and green elljpsén Figured4, there have been initiatives to open up unsolved problems

to crowds of students. The IGEM competitj@id] challenges participating students to specify,
design, buildand test simple biological systems made from standard, interchangeable biological
parts for important advances in medicine, energy, and theraewirdrhe competition began

within MIT in 2003, went international in 2005 and in 2010 had 130 participating teams from all
over the world. The intent is to not only to develop stable and operating biological systems but also
to help construcand educata society that can productively apply biological technSlogharly,

the Spectral Gam@g8] is a wekbasd individual player game where players match chemical
molecules to interactive spectra such as NMR and mass spectrometry. The game continues until the
player gets a spectrum validation wrong; players may report issues with the spectra and/or be
allocated a&core and shown a leaderboard. Crowdsourced curation efforts have resulted in the
deletion or raassociation of certain spectra from the database and have allowed the curators to re
reference the spectra. Educationally, the game has been used to te&geditdstopy to an
undergraduate organic chemistry class at Drexel University. Since literature has shown that
crowdsourcing and education are possible using the same combined program, the idea of combining

crowdsourcing for spaceflight software developamel STEM education was explored.
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Potential Problem Statement #3
To solve clusterflight problems using the crowdsourcing methodolog)AND educate the

next-generation workforce in CSSTEM and computer science through the same program

The purple ellipsein Figure4 (top) refers to some representative collaborative gaming literature, as
discussed in Section 2.4. Phenomena such as globalization, increasing trends to oulseeirce high
cognitive tasks, and the need to participate effectively in addressing cordpjemoblems are
changing how we think, learn, work, and collaborate. A few paradigm shifts from industry age
working to knowledgage working have been in the nature of the problems (systemic problems
framed and solved by transdisciplinary collaborasitsadhof problems solved by one discipline)

and interaction /collaboration (shared professional interests instead of physical proxikvity)

millions of gamers collaboratively solving games evdB8bid$8] it is hard to overestimate the
opportunity of creative labor that the gaming user base has to offer. Collaborative gaming overlaps

with botrerowdsourcing efforts as welSd€EM Education efforts.

Crowdsourcers have tapped into the power of collaboration to solve massive and complex problems
that could not have been solved by a single person i.e. the overlapab&tidpurple elljpsein

Figured. For example, the DARPA Red Balloon Challgfjgeas to find and submit to DARPA

the coordinates ofOlmoored, doot, red weather balloons at 10 previously undisclosed fixed
locations in the continental United Stédesa prize of USD $40,000team led by MIT solved this

problem within 9 hours by crowdsourcing it to an expanding network of unknpila) pédo
progressively joined the team by being invited via the internet by someone on the team. MIT
declared that they would give $2,000 to the first person to send them the coordinates, $1,000 to the
person who invited them, $500 to the person whodnigan and so on, in reduced geometric
progression. Another example is being exploitheé world of collaborative gaming The Wor | d
Without Oi I 8 i s an ARG ( Al-lifeeissue aft acglotRleod shock,y Ga
backed with precise nveronmental technology information and econom¢i}s Therefore,

revisiting the original question of crowdsourcing spaceflight software on the SPHERES platform, it

is thus worthwhile to explore the effects of collaboration on the quality of crowdsourcing.



Potential Problem Statenent #4:
To solve clusterflight problems using the crowdsourcing methodologwvith collaboration

among the competitors

STEM Educators have tapped into the power of collaborative learning, which has proven to be far
more than the sum of its pdiT9]i.e. the overlap of theurple and green elljpsan Figure4. Eric

Kl of p €8l)@tsMITlisafdrused on making online games and simulations for students to learn
through digital media. The Lifelong Kindergarten gfB@pat MIT has built revolutionary,
collaborative educational tools such as the programmable Lego block, the founding stone to
MindStorms, and Scratch,peogramming langga that makes it easy for anyone to create
interactive stories, animations, gammesic, and art and share th@ations on the weBcratch

has over a million registered users, with the peak age group-b&iggar3, and nearly 2.5 million
projects uploaded since January 2007. Data analysis from Scratch has shown-llagddesign
activities, such as creating interactive stories and games, cultivates computatiorj8Bthinking
promotes dearningpiral such that learners imagine what they want to do, create a project based on
their ideas, experiment with their creations, share their ideas and creations with others, and reflect

on their expeeinces all of which leads them to imagine new ideas and new f8gjpcts

Potential Problem Statement #5
To educate the nexdgeneration workforce in 21 century skills especially in STEM and

computer gience through collaboration among the students

As explained in Sections 2.1 through 2.4 and discussions above, most of the individual areas and
their overlaps have been covered through previous academic literatuneodd réanonstrations.

Problem Sttement #2 and #5 have been addressed to significant depths since they pertain to CS
STEM and Z1century education alone. Problem Statement #1 and #4 have been addressed for
various problems such as synthetic biology, planetary feature detectiory, @tentisiwever, the

usage of crowdsourcirgpllaborative or othaxwssek cluster flight algorithms and then test them

on a nanesatellite testbed in space is a very new approach, the technicalities of which are being
explored in detail as partaobeparate research effort beyond the scope of this thesis. The focus of
this thesis is on quantifying the combined impact on the quality of formation flight solutions and

learning outcomes produced by this approach. Since education is a prime aesd fufritites

5C



research, we focus our attention toward Problem Statement #3 and the overlap areas of Problem
Statement #4 and #5. Having now provided the motivation, the research objective of this thesis can
be summarized below:

Thesis Research Statements
1. Provide a poof of concept that crowdsourcing of clusteflight problems as well as
CSSTEM Education is possibleand beneficialusing the same program
2. Analyze the effects of participant collaboration through different mechanisms on
both crowdsourcing and CSSTEM Education
3. Recommend management policies for Spaceflight Software Development efforts
combined with Education efforts

The proof of concept in Research Statement #1 includes development of a web infrastructure for
the program such thatidespread participation is possible (Chapter 3), program operation where
problems are crowdsourced and students are educated (Chapter 4) and analysis of results of the
program operations in terms of performance in simulation, performance on the SPHERES nan
satellite testbed in space, participation satisfaction and other educational metrics (Chapter 5). The
effects of collaboration in Research Statement #2 are analyzed by developing metrics for the
objectives of crowdsourcing and education and the catiabovariables (Chapter 4) and the
analysis of program results in terms of those metrics (Chapter 5). Lessons learned from the
crowdsourcing effort, both in developing the program, running and analyzing it, and educational

initiatives have influenced th@icy recommendations in Research Statement #3 (Chapter 6).

51






Chapter 30
Apparatus Development: SPHERES Zero Robotics Web

Infrastructure

Expanding on Research Statement #1, this chapter describes the web infrastructure required for the
program, enabling large crowds of people/students to participate in crowdsourcing efforts as well as
educational ventures, and the development of thistridftaee. The ZR infrastructure
development itself is also a demonstration of crowdsourcing in itself, since it was done through
contests in collaboration with a commercial crowdsourcing company called TopCoder Inc. It has
therefore been presented as &rgewe and exploratory case study by {2]fin Section 3.5

onwards. While the mentioned contestswoedlé op ZR0&6s web infrastructu
TopCoder s methodol ogy and infrastructure, t
requirements, communicating with participants, evaluating the results and integrating the final
product of eacleontest. Hence, this chapter is not only a description of apparatus development of

the program tools required to achieve the thesis objectives but also an active case study.

SPHERES Zero Robotics is a DARP#Aiated endeavor under the umbrella prograhed

INSPIRE to develop spaceflight software by crowdsourcing. It risb@tics programming
competition where students learn to write programs that control a satellite in space using a web
browser. The robots are miniature satellites called SPHBRE&8J®zed Position Hold Engage
Reorient Experimental Satellit®@gn experimentaéstbed developed by the MIT Space Systems
Laboratory (SSlgperating on the International Space Station (ISS) to test control and navigation
algorithms in microgravityh@Zero Roboticparticipants compete to win a technically challenging

game by programming their strategies into the SPHERES satellites. The game includes command

5 DARPA eyes crowdsourcing to develop new ideas aiming at tloeatieatmn of innovation. The Red

Balloon ®allengd4] was just the beginning. Crowdsourcing cluster flight software to expand the capability
of microsatellited SPHERES: operated onboard the ISS is thet mtep The Inspire program has four
elements: electromagnetic formatiomdty visiordbased relative navigation; a design study for- "Exo
SPHERES" microsatellites that could fly outside the ISS; and a design challenge to involve high school
students in the development of algorithms for M¢ERESspacecraft. The ultimate objeeis to ensure

that a substantial portion of the populace has the requisite information, motivation, and opportunity to
participate in the development of spacecraft cluster control algorithms feorelh@amdware operating in

a zeregravity environent[85]



and control problems of interest to MIT, DARPA and NASA. Students use either a graphical edit
or a C editoto write codeand thersimulate their program and see the results in a flash animation.
The simulation uses a hitgdrelity 3D model of the SPHERES satelbted allows a triage of the
most promosing algorithms or approaches to be deatedson orbit. Since astronaut time,
battery power and CQ@ank capacity is limited on orbit, only the most promising solutions are
tested in microgravitistronauts assist mnning the finacompetition on the ISGvhere in the
SPHERES satellites flm maneuvers as programmed by the studmmdisjnteract wittihe
students via a live video broadcast

3.1. SPHERES

The SPHERES program began in 199%as of anMIT Aero/Astro undergraduate class.
Prototypes were built by the student dias2000,flight satellites were delivered in 2003, and
launchedo the ISS occurrad 200613} SPHERES became one of finst educational programs
that launched studedésignedhardware to the ISSPHERES consists of a set of toafsl
hardware developéar use aboard the ISS and in grebasked tests: threanosatellites, a custom
metrology system (basediwinared andiltrasound timef-flight measurements), communications
hardware, consumablganks and batteries), andamstonaut interface. They operate aboard the

ISS under thsupervision of a crew memi@egure5).

The grounebased setup consists of a set of haedamalogous to what is in the Station: three
nanosatellites, a metrology system with the same geometry as that on the ISS, a research orientec
GUI, and replenishable consumables. Due to gravity the pameditestbed is implementated on

a flat floor, atiwing to exercise three out of six degrees of freedom. The SPHERES satellites
implement all the features of a standard thdoased satellite bus. The satellites have fully
functional propulsion, guidance, communications, and powsksseims. These él@ the

satellites to maneuver in six degrees of freedD®KH communicate with each other and with

the laptop control station, and identify their position with respect to each other and to the reference
frame. The laptop control station (an ISS subglandard laptop) is used to collect and store data

and to upload new algorithms. SPHERES uploads new algorithms (ahead of time) and downloads
data (after the session) using the ISS communications &ygtee6 shows a picture of a

SPHERES satellite and identifies its main components. Physical properties of the satellites are listed
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in Tablel. There are two communication channels for data transmission: the SR&{ERESH

(STL) channel to transmit data and telemetry to the laptop station SBRHERES0-SPHERES

(STS) channelised for intesatellite communication, enabliogoperative and coordinated
maneuvering between satellites during tests. Each channel is on an independent radio frequency,
either 868 MHz or 916 MHz. The communication bandwidth is limited to a total of 70 packets per
second, where each packet is 3z bytas must be shared among all of the satellites in operation.
The communication delay between sending and receiving is usually on the order of a few
milliseconds, but can be up to 200 ms at worst case due to the Time Division Multiple Access
(TDMA) protocol. The maximum frequency of data transmission within the SPHERES
communication system is 5 Hz. The amount and frequency of data transmission possible with the
SPHERES hardware was a limiting constraint in the development of algorithms for the SPHERES
ard for their usage as robots in a game.

1SS017E015122

Figure 5: Astronaut and MIT alum Gregory Chamitoff operates 3 SPHERES aboard the ISS

Diameter 0.22m
Mass (w/tank & batteries) 4.3 kg

Max linear acceleration 0.17 m/3$
Max angulaacceleration 3.5rad/$
Power consumption 13W

Batterylifetime (replaceable) | 2 hours

Table 1: SPHERES Physical Properties



The SPHERES Position and Attitude Determination System (PADS) consists of inertial sensors and
ultrasound beacons and receivers. Inertial sensors include threxisiggi®scopes and three
singleaxis accelerometers, providing tawas inertial measurements. The ultrasound system
consists of 24 ultrasound receivers and one beacon on ehieh Sawle are five external wall
mountable beacons. Estimation is based on sequenceuf-flight¢ measurements from the
beacons to the receivers to determine range. A state estimator is then used to ptiovide real
position, velocity, attitude, antyalar rate information for each SPHERES satellite at a rate of up

to 5 Hz.

Control Panel

Pressul

R I
egulatc Ultrasount

Sensors
Pressul !

Gaug

Batter
Thruster 7 y

Figure 6: A SPHERES Satellite

SPHERES wadesigned to be germanentacilitaboard the ISS, not just a single experiment, by
following a set of design principles learned from previous MIT SSL exp&Bemogrovidethe

ability to involvemultiple scientists insample manneia SPHERES Guest Scientist Program was
created86] This program consists of a test developfn@mework, a robust and flexible interface

to the SPHERES flight software, a portable-tigity simulation, two laboratory test beds and
data analysis utilitieand supports the efforts of geographically distributed researchers in the
developmentfoalgorithms SPHERES software consists of an embedded system (SPHERESCore)
and additional usseelectable library function. SPHERESCore is responsible for handling interrupts
and interfacing with the hardw§8&] The library functions such as math utilities, provide

guest scientists with the ability to usedpfimed utility functions to expedite programming and

testing. The coding language used on the hardware is C, while code for the simulation is in
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MATLAB. The Zero-Robotics program expands theeGt SientistProgramwith a simplified
interfaceand a higfHiidelity backend online simulaticso that stdents at many different grade and

skill levelgan program the satellites

3.2. History of Zero Robotics and Modification of the Program

The Zero Robdics (ZR) competitions drawignificant inspiration frofIRSTRobotics[73] and
share common goalscluding building lifelong skillsnd interestin science, technology,
engineering, and matirough projeecbased learningrIRSTRobotics concentrates heawitythe
development of hardware, has a registration fee and does not have -a@hatspacemponents.
Since SPHERES concentraieghe development of softwaZero-Robotics complements FIRST
Robotics by providing studeats avenue tturtherdevelopheir softwareskills with the incentive
that the software they developll be tested by robots and astronauts in spaoe cost to
participants

In fall 2009, the SSL conductegilat program of the Zero Robotics comipaiwith two

schoolél0 students from northern Idahi@8] In 2010,Zero Robotics was component of

NASA's Summer of Innovatipam nationwide program targeted at encouraging STEM education for
middle school students. During this competition, 10 teams and over 150 students from schools in
the Boston area worked for five weeks to program the SPHERES to compete in an obstacle course
race.In the fall of 2010, Zero Robotics conducted a nationwide pilot tournament for high school
students named tZ®ro Robotics SPHEES Challenge 20X0ver 200 students from 19 US states
participated as part of 24 teams. The objective of the game cwagplete the assembly of a
fictitoussolar power station by maneuwvga satellite to dock with a floating solar pameéthen

bring it back to the station to finish the mission before the opponent does.

The 2010 tournamemtas designed purely for STENMucation and outreach. The two SPHERES
satellites in each match, controlled by opposing participants, engaged in dite¢tehead
competition. Participating teams in 2010 competed as individual teams throughout the entire
tournament, and there wereaexensive community forums where they could exchange knowledge

or converse with each othdrh u s , the 2010 tournament emphas



external forum plum was provided on the website, but due to the inherent competitive nature of

the @ame, it was not very widely uSemladdress ththesigesearch quisn, the 2011 tournament

was designed to achieve both crowdsourcing objectives i.e. solve a hard cluster flight problem, as
well as STEM objectives, i.e. educate students and outne26i1, thredifferent types of
collaborationmechanisms were introducétrst, the game was designseach that teams that
programmedheir SPHERES/ould be encouraged to collabodateng the match to achieve game
objectivegi.e. crowdsourcer obje@f/andwould gain more points than those that did $iotce
collaboration was meant to be rewardete than winning, tr@mpetition structure was that of a

round robinwhere the team with the maximoamulative points wahe competitionnotthe one

with the maximum number of wins. Second, halfway through the tourn#dmemtwas a
mandatory requirement that selected teams hfmintoalliances of 3 teams eacid submit

integrated projects per alliarfoe all competitions after thathird, the 2011ournament had

extensive community forums where teams could exchange ideas, educate each other, challenge eac
other to informal games and share projects to work on collaboratneelgR program was
therefore modified in 2011 to be steered in a divdb@d would help evaluate its impact on both
crowdsourcing and €EM Education and furthermore, assess the impact of collaborative
competition on both these objectives. One of the key sources of insight in this thesis-iz#he side

side comparison dfi¢ 2010 and 2011 tournaments.

Purely for STEM Education For Crowdsourcing and STEM

In Game Competition => Elimination In Game Collaboration => Round Robin
Individual Teams Individual Teams + Alliances

No Community Forum Extensive Community Forums

Table 2. Comparison of Zero Robotics competitions in 2010 and 2011 to highlight the introduction of

collaborative competition mechanisms

3.3. A System Representation of Zero Robotics

To allow crowds of students to use the SPHERESitiajlty simulator, write spacefligapable
programs and interact/collaborate with each other, an online environment was $pqueéuht

software developmetitroughZero Robotics, therefore, ocgtior existing spaceflight hardware in
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two stages, as shown Hkigure 7. (1) Building theweb infrastructurdor the programming
competitions circled in red by leveraging a crowd of thousands of software devebope(R)

the programming competitions themsefv@gthin the blue box when thousands aftudents
contribute to writing SPHERES softwanéhich is subsequently testeBoth stages are
demonstrations of crowdsourcing using different classes of participants and with different

objectives.

The goal of the Zero Robotics tournaments is to deadlgper flightalgorithms (specifically for
SPHEREShut that can be generalized to small sadelit the same timas promoting STEM
Education As depicted ifrigure?7, the students who participate in the tournaments are the input
into the Zeo Robotics O6systemd an desearbhebjecovast TEM ar e
education and satellite softmaralgoriihrmsT he o6 bl ue box®6 of crowdsour
impact of algorithm developmearideducationThe 6 sy st e md whichis hvaildbdes a ¢
through the ZR Webnfrastructure whichin turn is comprised of aebsie, tutorials, online
community forums, teamamagemertbols, burnamenimanagemerdnd participation tools and
programming revironmentwhere students can creades edit, share, simulate and practice as well

as submit computer code for competitiofisousands of developers competed in TopCoder
crowdsourcing contests to creatively designwvdieinfrastructurefor these students (crowd
creation) and assemble tbéveare componentsgeveloped sequentially and in par&dldduild a
robustweb framework to allowor writing and testingatellite controprograms onlin¢crowd
production) The feedback of the students, as they participate in the tournaments, isepvese

the web infrastructured r e d  drigure?. [Tlas@haptendiscusses tharocess of developtity the

Web Rtformwith the intent ofma ki ng MI Td s S PaccEsRillde®id povidnglaat o r
persistencommunity platform for crowds fateract and write spacefliglaipable software for
SPHERES.The TopCoder methodology has been discussed in detaill and data from the
crowdsourcing contests has been analyzed, to hitiidigbte of competitions in enabling space
research amateurs, frommnfiechnical personnel to software developersretate space mission
softwareof value tathe space community.serves as a case study for commercial crowdsourcing

operations.
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Figure 7: Zero Robotics System Diagram

TopCoder is @ommerciatompany that uses a mix of competition and collaboration within their
online community obver 30M00 developers, who voluntarily registef anp C o debsitd &

make scalable, clebdsed software systeriifiousands of develeps competed in TopCoder
contests for prize money. Section 3.4 briefly describes the components of the developed
infrastructure and the following section 3.5 discusses the process of designing and running the
TopCoder crowdsourcing contests. Finally,0Be8t6 presents the analysis of the results of the
contests and lists the lessons learned through the development effort. The ZR Web Infrastructure
may be considered a capital -remurring investment. Once it is ready, the recurring efforts or
investmentsomprise only of designing and uploading specific game software (such that the games

can be played using the existing infrastructure) and rules supporting the Zero Robotics tournaments.

3.4. Zero Robotics Web Infrastructure

The following section will iefly list the components of the ZR Web Interiatiee red circled

section ofFigure7. The web interfateomprised of a programming interface and several other
tools such that participants of the ZR Tournaments could program the SPHERES satellites, submit
their programs for competitions and for teams to interact with each other (to achieve the

collaboration and competition objective). The Web Interface also alewadanizers of the

6The termr fodMed0 Imae been us edhe paot that hé esers irttecact twithe Fr o
while the term O0Web Infrastructured has been use
TopCoder, MIT and AFS, as showrFigure8 along with the website, community forums, tutorials, team

and project management as well as the tournament management tools
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program, the administrators, to conduct tournaments and competitions with thousands of users and

hundreds and thousands of simulations entirely online.

3.4.1. Programming Interface

Typically, pgramming the SPHERES satellitequires users to hawaecess to the Texas
Instrument compilers for the SPHERES procemsdfamiliarity with the Guest Scientist Program.
None of ths is possible fora tournament meant for high school and middle school students
Instead MIT and TopCodehavedeveloped webbased interface to program the satellitesh
makes use of tremmeSPHERES highfidelitysimulatiorthat is used to develop flight software

Users can program the SPHERES usingbbasedGUI, whichprovides a simplified intade to

the Guest Scientist API functions and enforces constraints that guarantee compatibility with the
SPHERESompilersStudents have access to altased editor as well as a graphical editor, for
those with little or no prior programming experiefdadstributed computatioengine hosted on

Amazon EC2 virtual machines, compiles the uservatiughe core SPHERES software, and
performs a full simulation of the progr@m.Adobe Flasibased fronendvisualizatioreatesra

animated representationthe results. The code programmed by the students via tirdesf@loe

can beexecutedn the hardwareThe flow of information in the ZR software infrastructure is
shown inFigure8. The user code is transmitted to the webcapipn which launches a simulation
instance on # 0 Fwahicimd@n completion returns the results to the web app and finally the
browser, then rendered in the form of an animas@mown inFigure9. The ZR6 Far md i s t
backend engine, developed and troubleshot by a TopCoder member, to handle and implement
compilation and simulation requests from the web app. The ZR projects are compiled/simulated in
conjunction with the SPHERES embedded system (SPHERESQi® and the ZR game code.
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Figure 8: ZR Software Architecture

Users write their programs to control SPHERES inside the main functiod Zaletd sawailakie) 6

as a template each projedtseeFigurell, within the IDE).Users ar@ot allowed to changes
signatureZRUser(Js called at every iterationtbe satellite control cydlence per second)sers

may also declare and define additional procedures, which are all called inside this main loop. The
inputs toZRUser()available to be used by the users, are the SPHERES state (position, velocity,
attitude and attitude rates) and the time sinagathe began. These inputs are obtained from the
6game coded, which in turn gets it from the
Section 4.1.Figure26). For running simulations, the code withRUser(js inserted into a pre
defined template and simulated by the SPHERES
system codd=resh Igh school students take less than 3 weeks to learn how to use #mel IDE

write a fully capable program to play a ZR game.
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Figure 9: Example of a ZR Animation

Graphical EditorThe ZR graphical editoas showin FigurelQ, allowsusers with little or no C
experience to write code using dnaddrop programming. It is currently possible to see and
generate €ode from the diagram view so that users can initiate their code with diagcams but

move on to more complicated code using the C edibter. graphical editonses standard
procedural language constructs such as if/then/else calls, variable assignments, array iterators, range
iterators, cassgtatements, etc. The Zero Robotics APl gitores and functions as well as game
specific API functions are integrated into the-diragy programming icons. Furthermore, -user

defined procedures/functions and variables are supported. The graphical editor is written in
JavaScript and is derived frdme Waterbear JavaScript editdtp(/waterbearlang.com The

implementation uses a MolgwCont r ol | er paradigm where the b
different renderings of the same underlying medeh past ZR experientgummer program of
2010) middle school students have typically taken less than 10 days to learn to use the graphical

editor and submit a program.


http://waterbearlang.com/

ZRUser

Foreach in  opponent -3] 1

SetTarget( |. current_opponentl | & .l]

switch on mode ¥

—
case matches 0 il
=

Ifl PhawveShield() |then
1_I:]

case matches 1 [3)
—

Figure 10 Example of code in the Graphical Editor

3.4.2.Team and Project Management Tools

Teams are organized into two types of members: team leads and team members. Users are requirec
to create an account on the ZR website before submitting an application to a toudhament.
tournament application forgh schools typically comprises of entering school, potential team and
mentor information. We also sought a commitment that the students have internet access and have
found at least professional individual, affiliated with the school and capable gf @SKHEM,

who wil |l ser ve a8 acteptancer thedusee vahm submetted tlberapplication is
designated as a team lehd newly creatednlineteam (unique ZR ID assigned) or a previously
formed one. A team lead can then invite other tss@® the team and assign more team leads.
Figurell shows the main programming edikdgurel2the project management tawold Figure

13the simulation management tool, where the usereplay his past simulations and animations.

The project management tool also allows users to navigate and edit projects that have been shared
within his team. All wusers who share a common
tool so theycan chat with each other online while editing their shared projects. No chat logs were

saved to protect user privacy.
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v [Projectiame] Procedure: void ZRUser(float *myState, float *other State, float time Generate Code

* Procedures

New Procedure E %“ F <) (’ o E‘/ Iﬂ n g -

ZRUser

1 /* Glckal Library Variables #*/ =
ZRGetX 2 ) ~ R i i ~ )
w Global Variables i wvoid ZRUser(float state[l2], float other state[l2], float time)
New Variable 5 return;
ini&ngle[3] g 1
panelPos g

Figure 11 IDE Text Editor for programming projects to control the SPHERES. The procedure on
screen isZRUser(), the main function where all ZR API functions and other procedures are called
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Figure 12 User Project Management tool
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Figure 13 User Simulation Management tool



Simulation Settings

“Load Settings: Select Settings v
*Simulate As: * SPH1 SPH2
*Maximun Time: 300 Seconds

*Game Variables: Default Values Init Angle: 0.0
Panel Angle 00

Pangl Radius: 0.0

Have Panel: 0o

*Positioning and Set from Game Rules I X : Y

Attitude: [SPH1. 00 | 00

nx nY nZ

00 00 | 00

[SPH2: 00 | 00 00 {00 00

Comment:
E
Opponent empty
(optional): Select Opponent
*Simulation Name: Type your project name

QU conce! |

Figure 14 Simulation Settings Window to tweak game variables when practice programming

Challenges
20 New Challenge Invitations
Start A Challenge
Challenger Challenger's Project Challange Description Received
Lorem ipsum dolor sit amet, consectetur adipiscing elit.
TeamName [Project Mame] in Etiam in lacus turpis, eget imperdiet enim. Phasellus 00:00 EDT Cep
(UserMame) Game: Sol 2010 ultrices, augue sit amet dapibus porta, arcu risus semper  mm-dd-yyyy B
dolor. Lorem ipsum dolor sit amet, consectetur. View More
Lorem ipsum dolor sit amet, consectetur adipiscing elit.
TesrTiEme [Project Mame]in Etiam in lacus turpis, eget imperdiet enim. Phasellus 00-00 EDT. .
Game: } ; ) ) : ,
(Usertame) HelioSPHERES ultrices, augu.e sit ametdagmus porta, arcu r|sus.semper mm-dd-yyyy Rejecl
dolor. Lorem ipsum dolor sit amet, consectetur. View More
Challenge Results
Challenge Date Challenge Description Challenger Challenged Ep&léi't'gerls Result
07 Movember - et .
) Team Sonny 3dproject in Game: _
%4_15_1? EsT team sonny challenging zr staff {odm4) ZR Staff AsteroSPHERES Results Report
07 November ilunga - general in
2011 testing4 %SFEI?;?{LEH Team Sonny  Game: Results Report
04:13:26 EST b AsteroSPHERES
07 November ilunga - compliant2
2011 testing3 [ZSF;E;?.{EEH Team Sonny  in Game: Resuits Report
04:10:06 EST b AsteroSPHERES2D

Figure 15 Tournament Challenges
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Submissions
Competition Names
2D Simulation Competition
3D Simulation Competition#1
30 Simulation Competition#2

1SS Competition

1SS Competition#1

The ZR simulation allows users to tweak different game parameters and choose simulation settings

Project Name
Project Name
Project Mame
Project Name

Project Name

Submit Project

Submitted By
User Mame
User Mame
User Name

User Name

Date of Submission

00:00 EDT, mm-dd-yyyy
00:00 EDT, mm-dd-yyyy
00:00 EDT, mm-dd-yyyy

00:00 EDT, mm-dd-yyyy

Figure 16: Submissions for-ormal Competitions

Submission Deadline

00:00 EDT, mm-dd-yyyy
00:00 EDT, mm-dd-yyyy
00:00 EDT, mm-dd-yyyy

00:00 EDT, mm-dd-yyyy

00:00 EDT, mm-dd-yyyy

o Ul panel seen iRigurel4- so that they can test different pafttheir code independently. They

can simulate an individual project, race against another member of their team or race against

standard playe(precoded projects to simulate agaipstyvided by MIT. The simulation also

allows students to control the sp®f the game to show the motion in real time, or up to 10 times

faster. In a formal competition, these settings are fixed bgriMIThe purpose of the simulation is

to provide ample opportunities to test different versions of their strategies emedafinabust

submissionUsers may simulate individual projects on the IDE itself, and therefore iterate to

improve their projects.

All through the tournaments, teams are given the opportunity to challenge other teams for informal
scrimmages. The webgtevides the ability to select a user project and invite other teams to race

their projects against the selecteddoea | | e d

a O6challengebod.

Teams

using the provided Ul and view the results, animations and leader bogaidk fdrallenge that

they participated ifrigurel5. The web infrastructure provides for the running of an automated

simulation when the challertges been accepted by a team, and makes the results available on the
website A simple interface is available to teams for submitting a project as an entry into a formal

competition Figure16) 0 any team lead may select an existing team project and submit it for a

competition
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3.4.3. Tournament Management Tools

Administrators need tournament management tools to manage competitions and tournaments on
the web interface. They can create an application form for an upcoming tournament, be notified
when a user submits and application, review and accept an ap@lafdionvhich the user is
automatically emailed a URL which they can use to createvitteameor use an existing team for

the new tournament. Each tournament may have multiple competitions; each competition can be
associated with only one game (See the introduction of Chapter 4 for details). They may upload
game code for any number of garoasthe web interface, to be associated with specific
competitions later or to be simply available on the IDE for users to practice programming.
Administrators can create competitions for any tournament, edit its description, set a game to play
and set de#ines for the competitions. Users who do not submit their projects by the deadline are
disqualified from the competition. To simulate multiple projects, there is a batch simulation tool
available to administrators. This tool is very useful for runningtgm competitions by simply
selecting the user projects to be simulated, the game they intend to play and the game specific
parameters. The tool automatically runs thousands of simulations and outputs the results, which the
administrator can then makeaidable on the website for users to review and learn from.
Administrators may also moderate community forums, make announcements or any changes to the
website.

3.5. Crowdsourcing Methodology for Web Interface Developmeént

To develop the ZR web infrastture, TopCoder and MIT conducted contests among members of
TopCoder s worl dwide technol ogi st community t
methodology is described below in the form of a case study, followed by results and conclusions in
Setion 3.6 and 3.7. Since TopCoder is in the commercial business of developing software for
NASA, e.g. in the NASA Tournament L&bk| presented in Section 2.1, the application of the

met hodol ogy to ZRdO0s devel opment c astudy,bbeth s e en

7 Adapted from a peeeviewed and published conference paper, available on IEEE Xplore and presented
here as a case stu®: Nag, |. Heffan, A. Sae@z er o, M SPHERES @ero, Rohbtics software
development: Lessons on crowdsourcing amdnopétiiofEE Xplore 10.1109/AER0.2012.6187452,
ISBN: 9781-457705564, March 2012[89]
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descriptive and explanatory in nafid Problems are posed in an
submissions of a specific type, size, and approximate complexity, and submissions are judged to
determine the winner, typically with monetary prizes awarded for the best solutions. For each of
these contests, a specification for the desired deliverablidisieeg along with the price to be paid

for the oOoObesto solution that meets minimum c
deliverables. Contestants can compete to develop the best algorithm to solve a particular problem,
to develop a user erface design, the code for a software component, or to conceive of the best
approach to a business or operational problem or opportunity using technology. Solution
submissions can range from documents containing ideas, workflow, schematics to gmaphic desi
assets such as user interface designs, wireframes and story boards to files containing software code
test data and technical documentation. For many solutions, standard competition types and
deliverables formats reduce the learning curve for patsicipan

3.5.1. Evaluation Criteria

Judging methods depend on the type of competition. For most types of deliverables that can be
reviewed objectively, submissions arerpemwed by historically tpprforming reviewers from
within the community with &gorous scorecard, and the winner is selected based on those scores.
However, not all deliverables can be judged objectively. Some other examples are:
- Sponsor of the challenges selects the submission they believe to be most valuable and most
closely mestthe criteria set forth in the challenge.
- Client and reviewers select the winner based on their preferred submission (subjective); e.g.
business requirements contests.
- Automated testing and scoring are used to evaluate; e.g. algorithm developnmeoanontest
be judged based on the performance and/or accuracy of the algorithm using a specified test

data and scoring method focused on the desired results.

In each of these scenarios, the evaluation method needs to be clear and objective, and the results

trarsparent for all participants.



3.5.2. Incentive Structure

The TopCoder web site is designed to identify, promote, and reward the best participants in each
category of competition. Cash prizes are awarded to winners anelpjrarecompetitor results

are posted on the site for public recognition of outsgandiper f or mance. A membe
displayed on the site in a color that reflects their rating, so that their rating becomes a part of their
online identity[90] Detailed, pholicly-available statistics are kept on the web site so that all
participants can see how they compare to others. Such statistics include biography, TopCoder
contest statistics, reliability rating, performance and scores from all categories of contests
paticipated in. This allows each member to judge the level of competition in a potential contest and
determine the amount of effort he will put in accordingly. For each contest type, there are both
shortterm prizes and lostgrm incentives. Competitionypically include prizes for 1st place and

at least one runnap. Some contests also include milestone prizes that are paid based on mid
competition deliverables. In addition, there may be incentives for submission reliability over time
and for continuegp ar t i ci pati on, |l i ke the oDigital Runboé
opportunities for additional participation as a reviewer-pitotdased on historic competition

Success.

Incentive structures for crowdsourcing challenges in the foprizes can achieve societal
influence in seven different wag@d} Identifying excellence, Influencing public perception,
Focusing communities on specific problems, Mobilizing new talent, Strengtheningsphahgpm
communities, Educating individuals and Muthgicapital

3.5.3. Benefits of Competition in Development

The competitiofbased development model is successful for a number of reasons. Some of them
are that:
- The development conducted through competitions does not depend on the knowledge or
availabity of any particular individual as a single point of failure.
- There are innovation benefits that come from reaching out to a global pool of solvers who

have a diversity of skills and experience, and bring their creativity to a particular task at hand.

7C



- Thecontest judging process inherently includes a detailed review process for assuring the
quality of work.
- Individuals seléelect the tasks on which they choose to perform, and for which they are
motivated and believe that they have the ability to besfuicces
- Winning submitters are paid a fixed price for the deliverables, and are paid only if their
deliverables meet minimum criteria and are delivered by the deadline.
TopCoder 0s platform has hundr eds of new reg
paticipants. The platform is therefore likely to have individuals with the necessary skills and
willingness to participate in a given technakdgted task. Of course, these significant benefits
come with some requirements. Problems must be preserstefbrmat that is suitable for
competition. TopCoder has had to develop expertise in developing the formulation of problems
and presenting them to the community so that they can be solved in a systematic manner. Also,
development environments and tedh daust be provided in a way that is accessible to the

community. A subset of these resources was used for ZR development.

3.5.4. Benefits of Collaborative Competition in Development

The coll aboratively competitinv,as pdreahedopGquene nt
methodology, is based on competition, in that there are competitions for each design and
development task. These competitions offer both monetary antbnetary incentives for the
participants. Participation in competitions tisedy voluntary and allows the participants complete
flexibility and control over their choice of projects. While each challenge is inherently competitive,
the overall effort also includes a significant amount of collaboration, both structured and

unstrutured.

Structured Collaboration

Much of the collaboration in TopCoder is structured collaboration, i.e. the TopCoder
process dictates how that collaboration takes place. Portions or all of the deliverables
created in one competition (e.g., software architecture designs) are usédatisrspéar

another competition. The deliverables are created in a predetermined format to make the
communication of information as seamless as possible. In addition, the architects and

reviewers in a competition work with the developers during iyettdion to answer
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guestions and to finalize the deliverabl es
developer to make changes in response to minor errors or omissions identified by the
reviewers. This is similar to code reviews conductedryy development organizations,

but takes place at each stage of the software creation lifecycle, not just coding.

Il. Unstructured Collaboration
With respect to unstructured collaboration, discussion forums enable participants to ask
guestions and discugee trequirements with the architects, clients and each other. This
discussion often adds additional detail or resolves ambiguity in the contest specification. It
also provides a record of the reasoning for the design and implementation decisions that are
discussed. Even while members compete against one another, their interests in algorithms
and software bring them to common ground, and members are typically willing to help each
other as well as teach and advise beginners. The general discussiore foounesta a

very active level of interaction about topics of interest to this community.

The structured collaboration in the TopCoder model is important because it enables individuals with
varied skill sets to address different parts of the problem solMeel and enables distributed
devel opment . I n other words, it all ows a ot
without requiring the team members to establish relationships with each other. It allows team
members to pick their contribution éa®n their interests and skills. Additionally, the structure of
the coll aboration process makes each team mem
other participants. The documentation developed at each stage is critical becauserghefmemb

the team can keep changing, so the combined knowledge exists not in the experience of the

individuals alone but in the documentation and process.

On the other hand, this collaboration structure does add overhead. Since communication is limited
to the written documentation and the forums, interface definitions and documentation are required
at every stage. Collaboration with other individualsegqtieast some written specification of the

task, and evaluation of results. At times, particularly when a small, fast change is needed, this
overhead seems to take longer than it would if one could just call up the developer on a team and
request thelmnge. However, there is not just one developer who can make the change, and so the
availability of ©6thed&6 devel oper on the team i



3.5.5. Development of Complex Software through Crowdsourcing Contests

Crowdsourcing is not just for using a single contest to solve a single problem. Large problems can
also be broken down into smaller-puiblems in a manner that each can be solved by a contest.

For example, a computational problem might require afthalg@ompetition to obtain an

algorithm that would solve a problem, and a software component design competition and a software
component development competition after that to implement the result of the algorithm
competition. On the TopCoder platform,eldvo p ment pr oj ects typically
Plandéd schedules that show the series of compe
them. The game plans do not have particular individuals associated with each task. Rather, the
competites decide whether to participate in the contest for each set of deliverables. Predictions
about the likelihood of successful completion during the competition lifespan can be made based on

past history and the competition parameters (e.g., competgiqgoritipg, timing, etc).

For a large, complex project such as the Zero Robotics competition and development environment,
we divided the project into several modules and used the traditional Software Development Life
Cycle (SDLC) for each module. Eachsphaf the SDLC loop is a crowdsourcing contest and its
outputs are fed into the next phase as input to the next crowdsourcingkigaredt’). Parallel
developmet is therefore possible and integfaequirements are very stiocprevent misfits later.
Definition of interface requirements and integration of developed modules ta halstic
softwards done by th&C project managéthe only manageriallyddrposition in the projeahd

t he p s aplot &sastted by the project manager through a crowdsourcing contest). Both the
project manager and thepitot are preferabkept the samir the length of aroject.

The toplevel phases of the tigle(Figurel?) are:
Conceptualization and Specification
Architecture

Component Production

Application Assembly

Certification

o gk~ w bk

Deployment



A large project is brokemto multiple modules that need to be developed; each module is
developed through the above phases and each phase has one or more contests. Conceptualization
competitions develop Business Requirements documents aie\eighlse cases as solutions.

These e then provided as inputs to Specification competitions, which develop Application
Requirements Documents, Use Cases, Activity Diagrams, and Storyboard and/or Prototypes. These
design specification deliverables are then used in Architecture competitgabp Module and

System Design Specifications, Sequence Diagrams, Interface Diagrams, and Component Design
Specifications. Test cases also may be developed at this time, by conducting testing competitions.
The Component Design Specifications are nsedmpetitions to design and develop reusable
software components that implement the design. In Application Assembly, the components are
assembled and the deployment requirements documented. In Certification, the assembled software
is thoroughly testetirough testing competitions and the application is deployed on a staging server
for a final integrated set of tests. After the completion of all the phases, the solution is ready for
deployment.

Figurel7 does not show all of the competitions currently offered by TopCoder. Neither is this the
only way that crowdsourcing can be used to develop large, complex systems. Other contests that
have not been shown inclualgorithmic problem solving, graphic design, user interface design, idea
generation, wireframes, prototyping, etc. that might be employed in the development of a
technology solution. Zero Robotics development included many such contests.

Conducting a conapition is much more involved than simply posting the challenge to a web site.
Important elements of the collaborative competitive infrastructure provided by the TopCoder
competition platform used to develop the ZR web interface are:

- A web interface to rka competitions structured, organized, compelling and interesting.

TopCoder performs these functions using its welbsite:topcoder.com

- A web interface that allows easy problem disambiguation, formulation, conromunicati
validation, recognition and rewards.

- Behindthes cenes infrastructure for handl ing C
inquiries, generating and assuring assent with competition rules, and for legal compliance.

- Intellectual property rules and doeuts in place to enable the conduct of competitions to

develop assets for enterprise or government clients.
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- Infrastructure to allow customers to create and launch their own contests and follow a
workflow to administer the challenge to completion anderarfisfssets.

- A centralized web location for participants to obtain problems, submit solutions, judge
submissions, view results, scores, statistics, and so on.

- A central web location for discussion and interaction, providing the community with a
ot own squareodo with discussion boards and a

- Profiles of and information about the different competitark | of a member ds
tracked in realime and statistics on performance made publicly available.

- Collaborative software development infrastructure such as source code control, wiki content
management, etQuick fix mechanisms to make time critical and small corrections to
sofwaer e devel oped during regular contests. A
Hunt 6 and 0Bug Racedé competitions are spec
small problems. These challenges are used to update content, to develoesgtock
technology assets and documentation where the contest ends once a demonstrable solution
is submitted, often in a matter of hours.

TopCoderds clients can identify the problem t
what parts of therpcess to use. This approach is particularhpwiteldl for the development of
new systems, where the integration points with existing systemsdafneeland can be tested
by the community or accurately simulated. Bugs in existing systemdbedixatbasing the same

types of development environment made available to the community.

The TopCoder Platform - Software Application Development Methodology

Figure 17 TopCoder Development Cycle fopachsoftwarecomponent
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Figure 18 List of contest details andschedule of the INSPIRE program to develop the Zero Robotics
Web Interface

Over the past three years, TopCoder has run over 4500 challenges with 91% completing
successfully. Among other factors, TopCoder attributes the high rate of success to thegyethodo

of breaking down a task and honing in on the key elements, the large size of the community
covering a variety of technology disciplines, and the ability to use historical data to design and price
the challenges in a way that they will be succeskfitiosally, TopCoder has over the past ten

years developed and refined these contests, attracting hundreds of thousands of technologists and

the infrastructure to support them.
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With the respect to the 9% of ciéwadthaeangmer t hat
of factors contribute. Most typically, a competition does not complete successfully because the
specification is unclear or is too complicated and is asking for more than is typically requested for
that competition type. The mainigador of this is the activi§/or lack thereod in competition

registration and in the discussion forums. Sometimes the market is changing, or TopCoder is testing
the market, or the prize amounts are set too low to encourage sufficient participgiemicriar

problem. Usually, in these cases TopCoder can achieve a successful result by dividing the contest
specification into multiple parts, and reposting as separate competitions, or by just raising the prizes.
Of course, when TopCoder experimavith pricing, changes competition types or deliverables, or

adds a new competition type, there is an expectation that some competitions may not complete

successfully as the market adjusts to the change.

3.5.6. Crowdsourcing Contest Resufis

The Zero Robotics infrastructure was built via TopCoder crowdsourcing contests, using the 2010
Zero Robotics web site as a prototype. The program has a TopGCpder who interacts
regularly with TopCoder and MIT and provides technical support to the compeaititcypapts.
MI Tés role was to answer technical guestions
provide detailed feedback to thepdot and members. As mentioned in Section 3.4.5., there are
online tools available to track the ongomgestsFigurel8 shows a screenshot of the TopCoder
Cockpit tool displaying the list of contests, present and past, statistics, and timeline. At a high level,
thedevelopment tasks undertaken using collaborative competition were:

- Integration of the Graphical Editor being built separately by Aurora Flight Sciences

- Development of the Zero Robotics community website

- Development of the SPHERES integrated programmingoement using the 2010

version as a prototype

8 All the data and sources of eveidence presented in this section has been obtained through direct or indirect
observation from the experience of personally running the TopCoder contests, querying the
TopCoder/InSPIRE SQL database (with permissiod) sairveys from users who have used the final,
developed product. Multiple sources have been used so that conclusions can be reconfirmed



- Integration of the SPHERES hifitielity simulation into the TopCoder server compilation
and testing O0Far mo ;endwhati handlesiarsd intplensentsr toebZir s t k

simulation requests.

A Game Plan schedule was developed for eaclevaghiask, divided into the following phases:
Conceptualization, Wireframe (to design the look), Storyboard (to design the feel), Architecture,
Assembly, Testing and Deployment. For each task and eaclapisa®f required contests were

made and recorded within the Game Plan. Part of the Game Plan for taedraisk is shown in
Figurel9 The horizontal blockgpresent each phase and the rows represent an individual contest.
The columns are the timeline and the pink regions mark off the period when a specific contest is

scheduled to take place.

Phase Timeline
52 5/9 5HE 5123 5130 8/6 613 6120 6127 714 711 7Ha 7128 &n ElE ans 8122 2129
MTWTFAMTWTAMTWT FIMTWT FfMTWT M T WT FAMT WT FMT WT FIMT WT AMTWT AMTWT FMTWT F[MTWT F[MTWT FfMT AT F{MT WT F{MT WT F|[MT W T F

Conceptualization
Logo - Tournament
Concept Contest - Tournament

Wireframes - Tournament XXM XK
Web Page Design - Tournamen XXXHAAXXK
Application Front End Design - T
Ul Build
Ul Prototype
RIA Build
Application Build
System Architecture
System Architecture XX K HHX KKK
Component Design
Compaonent Development
Catalog Companents
System Assembly E! XXX NK KRN X XN XML XXX HLXXXNYHA KK

=Functional= Module
Wodule Specification
Module Architecture
Component Design
Component Development
Catalog Components
Module Assembly

Figure 19 Front End game plan

Each individual contest lasted betwee2l15days and awarded prizes between-$RBE0D

depending on the requirements and scope of the contest. The crowdsourcing contests included 3
types: graphic design studio contests (which have been described eartet; yvaiid and
TopCoder), software contests (which have the milestone and submission phases but are evaluated by
reviewers selected from within the TopCoder community by the program manager) and bug race

contests (where the first member of the TopCodemaaity to submit a solution wins).
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Each Studio contest began with the release of a set of requirements and the inputs needed by the
participants. Members of the community registered to participate in the contest during the
ORegi strat i on ongst mwmehéd, parGcipants couldh eeview the requirements and
work on the problem. For some competitions, such as the conceptualization and wireframe
competitions, hal fway through the <contest p a
submission Reviewers and/or the client team reviewed the milestone submissions and provided
feedback to participants, awarding small prizes to up to five participants. Participants integrated the
milestone feedback into their work, improved upon it and subthigiedfull solution by the

contest deadline. All the entries were then evaluated and first and second place prizes were awarded
The winners were responsible for i mproving t

commentsinthepesto nt easlt FRiFXdn phase.

Velcome sreejanag

ZER® n o & o .
REBOTICS 2O

Home Tournaments ZRIDE Resources Discuss Support Learn More

Welcome to Zero Robotics!

Zero Robotics is a student competition that takes "arena robotics™ to new heights, literally. The robots are miniature satellites called SPHERES and the final competition of
every tournament is aboard the International Space Station!

3D Simulation Competition #1 Code due TONIGHT at MIDNIGHT

Code from all teams is due on October 31, 23:59 ET. As was emailed out to all ZR participants, teams that have been affected by internetipower outages may be eligible for
a"3D Competition #1 Extention”. If you think that your team cannot submit a project by tonight's deadline due to internet/power outages, please send us an email

at zerorobotics@mit.edu specifying your team |0 and your reason for requesting an extension.

Ground Demonstration Results to be released on October 20, Thursday
The ZR Team has completed running a successful ground demonstration with the top 9 teams ofthe 2D simulation competition. We are currently working on making the
satellite movement in the game animation environment and detailed descriptions available along with the videos ofthe flat floor demo.

Live from the
International
| Space Station!
Astronaut Ron Garan_
®! | phones home and

i / gets the finals of the
| |'ZR Summer SPHERES

— _/ rogram under way!
1@ 3 a5

Figure 20 Zero Robotics Website, look designed by the storyboard contest

An example of such a contest is the Front End Storyboard Challenge. The purpose of this challenge

was to generate ideas for a look aptifor the webased integrated development environment to



be used by students to program satellites. The prizes for this competition were $1500 for first place
and $500 for second place. There were 5 milestone prizes of $75 each. Participawidedere pro

with a description of the solution needed, along with the conceptualization document and
wireframes that had been developed in previous competitions. In response, the participants
provided a series of graphic images that showed creative examopleth@fscreens might appear.

The competition began on June 9, 2011 at 9 a.m. EDT. Milestone submissions were due June 12,
2011 at 9 a.m. EDT, and the final submissions due June 15, 2011. The winners were announced on
June 21, 2011. The milestone sskions allowed the solvers to get feedback about their
submissions, opening lines of communication. It also helped the competition sponsors determine
whether there was sufficient participation in the competition. In this competition, there were 18
regist ants, with 10 submissions at the milestone
determined by MIT and TopCodEigure20), was selected from thesaidmissions and served as

an input into the architecture group of contests for the website.

The contests to design the look and feel of the website (Website wireframe and storyboard contests)

as well as contests to design the name and logo for the Zero Robs games hi ghl i gl
inputd® benefit of the crowdsourcing model . Ev
MI Tés judgment , with input from TopCoder. Wh i

design of the logo did not lgean integrated result satisfactory to MIT, in spite of 12 final
submissions. MIT was able to finalize a logo by putting together contributions from 2 winning
submissions. Had MIT not been able to do that, TopCoder could have run another logo contest

ushg the winning submissions as inputs, and so conducted an interactive development cycle.

While the Studio and software development contests were the main development tools used to
further development, Zero Robotics used Top Coder Bug Race contesggiitk fikmecritical

bugs. A short problem statement and the appropriate section of design or code were released for
each competition, and the first competitor to satisfactorily submit a fix was awarded a prize. The
BugRace tracking system allows diantl reviewers to easily create requests in order to obtain the
specific fixes required. These competitions typically range from about one day to a week, and by
design have significantly | ess participatior

conpetitions have takers, because the tasks are very specific and need quickly available, specific
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skills. The participants work closely with the person who submitted the ticket and resolve the
problem. This capability Hhoftpecrowdsdurcisg mbdele 6 cr ow

It is worth mentioning that the crowdsourcing model used by TopCoder for Zero Robotics is
different from other online staffing outsourcing resource sites that are available, such as oDesk or
eLance, in that those sites altbeir customers to hire a specific person for a job, follow up with

him and pay him after completion. The focus is on selecting an individual, and the competition is in
the candidate selection process rather than the solution selection processhéddsomiadels

every contractor typically gets paid rather than only the winners. The Bug Race competitions differ
from the regular crowdsourcing model (as explaineéiguttel7) in that they are a request for a
deliverable, rather than for a specific person, even though the result is that a small number of
individuals complete most of the tasks.

3.5.6.1. Contest Participation

The participation in the contests fag ttevelopment of Zero Robotics was generally what would be
expected as predicted by TopCoder based on their experience from prior development efforts
There were 54 Studio and software contests in 12 broad categories held among members of the
TopCoder ommunity between April 20ldnd December 2011. These contests cumulatively
received 857 registrations (notice of intent to participate), 149 full subraisdi@Tsprizes for

these contests were awarded. There have been a total of 239 unique garticgaAtcontests.

Figure 21 shows data from the 54 contests. The contests have been sorted in the order of
occurrence in the development cycle shiawfigurel?. Registration represents the amount of

initial interest in the contest and submissions represent the final output from the contest, of which
one is chosen to move forward per contest. Specification contests that ikthgdeineframes,
storyboards, web design and application front end design as well as the assembly contests attractec
the highest number of registrants possibly due to the large number of people who possess the
required design and software skills. Compgmeduction contests include prototyping tasks. On

the submissions side, conceptualization is lowest, possibly due to the specificity of the task
(abstraction of the given project required rather than execution of a defined taskearssimgre

skills sich as design). It will be shown later usiggre23that the submissions number and prize
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valuesturn out to be correlated because the prize values are determined by the market, to induce the
desired levels of participation.

Conceptualization

Specification

Architecture

Component Production

Component Assembly

15 20
Average number of registrants per contest, categorized

=
(]
—
[=]

Conceptualization

Specification

Architecture

Component Production

Component Assembly

0 1 2 3 1 5 6
Average number of submissions per contest, categorized

Figure 21 The average number of users that registered (top) and submitted valid solutions (botfo

per contest, arranged by broad contest category

Architecture contests, which involve discussing the software requirements with the client and
reviewers, documenting them in detail and making test suites and test scenarios, had the most
discussion threa on the forums. Architecture contests are also the critical point for technical
design, and there were occasions where MIT rejected the winning entries because they did not meet
the specifications. The baakd conceptualization and architecture contesttonducted 3 times,



and ultimately the community member who won the architecture contest not only designed but also
assembled and supported thekend all through.

It was noticedhat componentassembly had a skewed number of registrations vssssoisniA
disproportionately large number of people registered for these contests. It appears that they gauged
their probability of winning by the discussion forum cqnéemtonly a small subset of the
participants ultimately followed through to sulansiblution. For example, the User Profile Portlet
Assembly contest had 45 unique registrants but was dominated by the community member who
won the most assembly contests in the INSPIRE project. This phenomenon was seen in multiple
assembly contesdsmanyregistrants but eventualbd 3ubmissiongAs mentioned above, fixing

bugs that are identified in the production software, small changes and integration tasks are
performel using Bug Race competitions. The bugs are identifd lwy the ZR website/IDE
usersaandare documented in the TopCoder system in the formisgue report. Unlike the Studio
contests, there is no competition for the best solution of a Bug Race. Instead, community members
contact the ZR TC program manager opitmi with the requst to take up the Bug Race
competition and the first acceptable solution is selected to fix the bug. The fixed piece of software is
then merged into the existing framework. There were 163 Bug Race competitions between
Setember 2011 and December 201 bf athich were solved B2 winners.

3.5.6.2. Contest Prizes

Given that 239 unique members of the community participated in the contests and bug races, from
one Vviewpoint, we were able to 6buyd daversi:t
period of about half a year. However, among the participants (counted as those who registered for a
crowdsourcing contest or a reviewer), there were 90 individuals who won prize money. TopCoder
therefore paid an average of $2000 per winning competérmber over the 6 month period,

although the payments were skewed toward larger amounts to a smaller group. Therefore, the
number of people working on our problems was far greater than the number of people we paid.
This does raise the concern of retentsim;e making any money is based on a probability of
success. However, since all participants hayv

histories, they are expected to make educated predictions on the probability of their winning and



participate aordingly. As shown in previous literature, access to complete information actually

encourages the participation of the strongest contenders.

Figure22 captures the 54 Studio contests run over a period of 7 months in terms of the number of
unique members who registered to participate, i.e. expressed interest to compete, and the number of
complete solutions submitted at the end of the contest. Thestsdmwe been arranged in
decreasing order of efficiency, defined as the ratio of submissions to registrants. Efficiency of a
contest is defined as the ratio of number of submissions received to the numbeatsredistr
expressed their interés paticipate. The overall efficiency over all the contests was ~ 15% and the
figure visually indicates a large number of contests that have an abnormally low efficiency, which can
be due to a variety of reasons. The user profile portlet assembly contedtent drahitecture

contests have low numbers because the pool of potential participants contained a member (different
for each of the 2 contests) who was known to have a nearly 100% winning streak in Zero Robotics
contests. As a result, the other pagitip backed out after gauging a lowered chance of winning.

On the other hand, the highly efficient contests like the game name and logo design contest were
very creative ones that did not require very specific skills, and none of the participantsinompeting
the category had prior history with ZR. Low efficiency can be a source of concern since it potentially
indicates failure to retain the captured interest in a contest and additional effort is required to
increase active participation such as increhsiqgize money, advertising on the TC website or
actively reaching out to skilled members. This is especially required for contests where there are no

strong competitors in the participant pool.

Figure 23 shows the prize money distributed for the development of products in each of the
categories listed. The vertical blue line marks the average money paid per payment, which is $356
(525 paymestwere made, includingitot and reviewer payments). A total of $186,000 spent on
payment as prizes and reviewer compensation (as of December 2011), not including payment of full
time staff at TopCoder. Contest categories such as conceptualizagiwardesl rmuch higher than

the average prize money in order to attract members to participate in them, in a market based
determination of awards. Contests that appeal to a broader skillset (as seen earlier by the number of
registrants ifrigure22 such as prototyping i.e. component production and deployment did not
require as high a prize for gaining potential interest. The number of contests foratimatteptu

and architecture is also far lesser than, say, assembly. Correldigaredthshows that contests
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that had the lower number of subrnoissi(e.g. Conceptualization) required the highest value of
prizes and those that had higher number of submissions (e.g. specification and component

production) had lower levels of prizes.
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Figure 22 Number of users per contest fothe Zero Robotics Development ProgramThe contests
have been arranged in decreasing order of efficiency i.e. number of submissions (red line) to
registrants (blue bars)
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Figure 23 Dollars spent as prize money for each contesategoryper contest The blue vertical line

is the mean of all the contest prizes run through December 2012.



From the participantsd point of view, a part.i
income, no matter which category he chooses to dominate in. This leads to loyalty that is very
useful, because not only does it retain the good quaidiyp@ats but also provides a field for Bug

Race competitorgrigure24 andTable3 show the cumulative earnings of the top 11 earners in the

ZR crowdsourcing contests. These 11 highest earners among the 90 total winners claimed 62% of
the total money spent on all the paysieThe individual who dominated the assembly contests
(maximum in number and average in prizes) claimed nearly 26% of the total prize and reviewer
money in assembly contests. Since the number of assembly contests is high, there was opportunity
for other participants to compete for the dominating position and make significant prize money.
Moreover, 4 of the top 11 winners are those who dominated the assembly contests, where the
combined prize money of the lower 3 of the 4 amount to 5% of the assembhopeyeThe

member who won the initial architecture contest for designing thentaakthe IDE also went

on to architect the entire bamkd and, since the baamkd is the heart of the ZR simulator, he
monopolized all subsequent bankl contests as Wels a result, 100% of the baeid prizes

were awarded to that individual. The individual who dominated the architecture contests claimed
nearly 45% of the architecture prizes. This appears to be a direct result of the fact that architects
need to clearlunderstand the client requirements and document them precisely in order to do well

in the contestsTable3 shows three of the highest earning categories (distestainFigure23

and the percentage of the total earnings in that category that was claimed by the participant who

claimed the highestinthatgater y. Very obviously, it pays ver
Category % of total paymentin
category
Conceptualization 68%
Architecture 45%
Assembly 26%

Table 3: Percentage of prize money earned by a monopolisptayer in each category
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The

many contests and are well versed with the ZR framework, increasing their chances of winning

contests due to their subject matter expertise.
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Figure 24 Prize money in $ of the top 12 community members in terms of total earnings
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showing the distribution of Bug Race competition winners. The top 7 Bug Race competition
winners are the same people as the top 12 members in all the contests put together, as shown in
Figure24.  This is different from traditional managerial assignment in that members volunteer to
participate in the races as and when they are available.

Earned$ in Bug-Races

W Farm Inventor

m Co-Pilot

m Assembly Dominator

M Stability and Support
Dominator

B Assembly Dominator

m Co-Pilot

B Assembly Dominator

Figure 25 Prizes earned by member the Bug Race contests. The earnings have been sorted in

descending order before plotting and the top 7 highest earning members listed using their aliases

Overall, we saw participation of TC members decrease from the thousands available in the
communityto a few dozen that regularly submitted to the ZR contests. This trend of survival of the
most powerful contestants in the presence of complete information is predicted in theoretical
crowdsourcing literatufé2] Here it attracted the best of the pool to compete and also benefited

the newcomers, althouglt quite as much as the winners. The incentive of very high rewards
combined with detailed feedback is expected to motivate newcomers to climb the learning curve, if
they think it possible, after which the TC loyalty benefits keep them engaged addnirtheive

area of expertise. The availability of detailed member performance records on the TopCoder website
provides the community with the advantage of transparent information to make an informed
decision on what works best for them.
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3.5.6.3. Product @ality

The quality of the ZR web interface can be judged by its ability to perform load tests successfully
and by the satisfaction of the students who are using it to participate in ZR tournaments. Since the
first tournament on the new web interface laemhen September 2011, the website has seen more

than 480,000 page views with over 70% returning users. There are 1800 account holders who have
among themselves created and saved more than 254,000 project revisions, run 100,000 simulations
on the IDE and psted 5,150 messages on the community forums (all data as of January 2012). The
OFarmo6, designed and devel ognéeehgine that mandgesmalCtbed e r
simulation requests sent from the IDE and sends back the results afterocorpgias yielded a

robust framework for handling and managing multiple requests to the SPHERES simulator from
clients simultaneously, which is key to managing crowds of users writing and simulating SPHERES
software online. T h 8 3.41F lzas thedabilityaocreldy ahe reguests tor24 S e ¢
available processors currently, a number that can be scaled by adding more virtual machines on the
cloud. The website initially had stability issues which irked the users (57% of 109 polled users called
it their biggest complaint), but the issue was resolved within 3 weeks using Bug Race competitions
and dedicated member support. Currently, the website is supported by multiple servers with the
ability of adding more. Traffic can be directed to diffeeevers by a load balancer. The numbers
indicate that crowdsourcing has indeed yielded a stable web environment that successfully supported
the tripling of ZRO60s web usage from 2010 to 2

An online survey was conducted at the end of the 2011 tourneasam ® access student and

mentor feedback after they used the developed web interface. Of the 30 alumdivatadents
responded to the survey, 63% were more satisfied with the website in 2011 than 2010 and 75% were
more satisfied with the IDE in 2011 rtha010. More specifically, alumni rated their website
satisfaction in 2011 with an average of 3.64, standard deviation 1.p®ioh lakert Scale. They

rated their IDE satisfaction at 3.94, standard deviation of 0.8, agaupantd_tkert Scale. Th

implies that, although only a small fraction of alumni responded to the survey, we can be more than

68% confident that the alumni population preferred the crowdsourced website. These numbers

® Alumni students refer to those who had participated in 2010 on the prototype web interface and returnedetonp20idi et
the web interface developed through crowdsourcing



already indicate improvement, and more improvement is expe&igd using the lessons learned
from the 2011 pilot program.

3.6. Lessons from Apparatus Development as a Crowdsourcing Case Study

This chapter demonstratede development of the SPHERES Zero Robotics prograin
infrastructureu s i ng T o(PCE @aivesoudckmg methodolqogpresented as a case study
Crowdsourcing was conducted along with established techniques of collaborative competition
among TCO0s community of members. Members deve
stages, incentivizdy prizes. Within this competitive framework, collaboration was mandatory for
certain aspects such as supporting future contests and endouraed aspects such as helping

fellow participants within community forums. Specifically for ZRintwweeluced further
collaboration by sometimes combining multiple winning entries of contests into one and working

oneon-one with community members.

The case study (Section 3.5) uses qualitative (direct and indirect observation by personally
supervising theoatests) and quantitative data (by querying the TopCoder SQL database, with
permission) to verify crowdsourcing theory trends and explain the results logically, but also serves to
smoothen the design and operations of future cortestscrowdsourcing befits identified in

literature were revisited and their pros and cons idemiiffedespect to the lessons learned
through the case study.

Important benefits observed and measured weredélvatopment does not depend on the
knowledge or availabilitf any particular individuddusreducing single point failureslarge pool

of contributors may be accessed for task diversity and loyalty in such a scenario is invaluable to since
the best person for the job does it, and does itTelltotal cosbf prizesandreviewer payments

for devebping the ZR web infrastructure, enough for launching one tournament in 2011, was
$186,00@not including staff payments at TopCoder e.g. project mahagetjaditional setp

this is equivalent to hiririgur software designers and developerstifiodl. For the same money

we have leveragede attention of over a thousaride solutions of oveB( diverseskilled

individuals and tens of thousandsaiirs ofeffort & enabling a tremendous increase in benefit to

cost ratio.

9C



Frustrations were also observetieWindividuals begin to dominate in particular tasks, they may
becomeindispensible for critically related tasks (e.g. farm development, stability resolution issues
and critical assemblies). Access to a global pool of solvers is possible providingndiversity
innovation benefifhowever, getting a point across to peopta Hifferent cultures and langusage

can be timeonsuming and c#&s a high risk of miscommunication and possibly faulty
submissions. The judging process invoexesra experienced reviewers glotminsure quality

but the process is long and makekfficult to meet critical deadlin@sg. the release of the IDE

for the 2011 tournament was delayed by 2 waée#s)duals selelect their taskso they are
motivateclhowever, if the potential participants have more lucrative opportunitieipagian will

drop (e.g. work nearly stopped during the TopCoder Open, since the members were engaged there)
Thetime andquality standards are best mkénthe number of active participants is at a healthy
number. One of the key stumbling blocks |earnfrom the entire TopCoder process of
crowdsourcing the website development were that the time taken to finish tasks is much longer than
if the task was managerially assigned to appointed software developers. The delays were primarily
because of low panpation, members taking much longer than expected to complete the tasks
assigned to them (e.g. final fixes) and mistakes in merging the parallel or subsequent contest

solutions.

Large crowds of amateur users, especially studemtgurrently using theéevelopedweb
infrastructureto program real satellites on the International Space Station and contributing to
developing spaceflight algorithof use to MIT, NASA and DARPA as well as getting educated
Statistics from theeb development effortieliverables from the contests and the overall lessons
havealsocontributed tohelping us design ZR tournaments with the objective of crowdsourcing

The next chapter will describe the usage of the developed infrastructure in deploying a ZR game and

runnng a ZR tournament.
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Chapter 4-
Tool and Metric Development: Zero Robotics Tournaments

Once the web interface for hosting Zero Robotics games and tournaments was ready, the next step
was to design a game around a candidate spaceflight algorithih th&ts r esear ch <co
would like to crowdsource and then make the game available in the form touem&Reats

indicated pictorially figure?.

Zero Roboics (ZR) is the umbrella program under which multqpienamengse held. A
tournament is a seriesaoimpetitiomich cater to the same group of participants (e.g. high school
students or middle school students) and require one application to tiedstdrrticipate in the
tournament. Until 2011, all applications had to be tBamand not individuals. Bompetitiena

bracketed set of matches among the participants (e.g. round robin, double elimination) at the end of
which a ranked list can tbeclared. The participants play one game per competition, and games may
be repeated over multiple competitions. Participants write programs online to plajefireegre

game and submit their program for the purpose of an automated compatiticisfa heado-

head run between two SPHERES satellites, in simulation or hardware, controlled autonomously by
programs written by participants. Typically, oppqu@yersontrol one SPHERE each and are

each given an automatic score at the end of the malelyer is a computer program, i.e. a full ZR

user project, written using the ZR web interface and capable of autonomously maneuvering a
SPHERE in simulation or hardware when executed with the game code and the embedded system
code.

After a tournament lgcked off by MIT, sident teamsansubmit applicati@on the ZR website

http://zerorobotics.mit.edw/ Upon acceptance, they can create, edit, share, save, sintllate,

submit coddo play the games avaialnl the tournamena)l from the ZR websit&he objectives

of the tournaments are to further spaceflight algorithm research as well as educate the next
generation workforce in STEM fields. By playing the game and competing in tournaments, the
competitors create spaceflight algorithms. Additiobgllgyveraging the excitement of the virtual
gaming world and providing the reality of astronauts, ISS satellite control and a final showdown

event, ZRsuccessfully inspgrerowds of studentdhe way onlgpacean.


http://zerorobotics.mit.edu/

The 2011 high school tournament dallet he o6 SPHERES Chall enge 2011
motivation to crowdsource a cluster flight problem as well as to stimulate students in STEM
education, within a framework of competition and collaboration. The intent was to evaluate the
research hypothis that the right mix of competition and collaboration within the same tournament

can improve both education and the quality of crowdsourced solutions. Various collaboration
environments were introduced within the competitive ZR tournament structutiee witent of

improving the educational experience of participating teams and learning to design future
tournaments better, with an appropriate and beneficial mix of collaboration and competition. As
explained earlier in Section 3.2, it differed from2@i® SPHERES Challenge high school
tournament; however, it did draw upon a lot of the 2010 framework.

4.1. Components of the Zero Robotics Tournaments

As mentioned before, each tournament unveils one or more software games which the participants
are expeted to play by programming their robots, the SPHERES satellites, to achieve the game
objectives within a predefined period of time. The game objectives are defined and programmed by
the game developers at MIT, to elicit algorithms of research intemgbeffayers (to achieve the
crowdsourcing objective) and to make the game an educational one (to achieve the STEM
objective). For teams to program the satellites, submit their programs for competitions and to
interact with each other (to achieve thalsothtion and competition objective), a programming
interface and several other tools are provided on the ZR website, as described in the previous
chapter. To complete the system describé&dgure7, which would serve students and output
algorithms and education, games and tournaments are required. These components are described
below.

4.1.1. TheZero Robotics Game

For each tournament, the Zero Robotics developmenttddiit designs a different gameZR

game is essentially a layer of software that interfaces the projects written by the users or students
using the IDE described in Chapter 3 with the SPHERES Vel dede or the SPHERES
embedded system, which is the computerized brain of the SPHERES satellite.
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Figure 26 Block diagram of the flow of information between the three levels of code that make up
the spaceflight software thabperate eachSPHERES satellite.

A simplified version of the software hierarchy is showigiume26. The direction of the arrows

indicates the direction of flomn leach autonomous SPHERE, for every control cycle, the
SPHERES embedded system code sends the basic satellite telemetry information to the ZR based
on its hardware and embedded system software. These comprise of the state (position, velocity,
attitude quarnion and attitude rate) of all satellites operating inside the game volume, the absolute
time of operations and the communication packets received from the other satellites. The ZR Game
code software layer sends all of this information as well aspgeifreparameters to the ZR User

Code layer. The ZR User layer, which is essentially the projects programmed by students
participating in ZR tournaments, uses the received information to play the game. To achieve the
game objectives, the user code commiedSPHERE to set a specific state and/or sets game
specific parameters using a library of API functions available for that specific game( see Appendix A
for the API library provided for the 2011 game). The ZR Game Code layer receives this information
from the ZR User layer and combines it with the information received from the SPHERES
embedded system layer (states, time and comm. packets). Since the game code layer contains th
definitions of all the API functions, the ZR Game code then updates thegyglobastatus i.e.

game specific parameters. This process is indicated by the green circuldfigan@2GnBased

on the updated game parameters and the useracdswsent from the ZR User code, the ZR
Game <code sends commands to the SPHERES emb:

thrusters to achieve the commanded state, broadcast communication packets containing the game
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parameters and the ssdtite of the SFERES to the other SPHERES and ping the metrology
system to begin its estimation cycle. The SPHERES embedded system then initiates the physical
motion of the SPHERES and the communication broadcast, in simulation or in hardware. This loop
repeats itself a¢ very contr ol cycle of the satelliteod
SPHERES). Additionally, the SPHERES states and state of health packets are broadcast to each
other and the laptop that controls the SPHERES tests at 5 Hz.

The ©6ZR Giasmeset Gfogdmap@cific programs that are written to define the game
objectives, time limits and area or volume of operation of the SPHERES satellites. Users play the
game by programming their projects to achieve these objectives within the ZR Jasrs€exlén

the text editor irFigure1l or the graphical editon Figure10. When the user projects are
simulated, they are done so by the SPHERES simulator along with the game code libraries and the
SPHERES low level libraries (embedded system code). For hapdvaiens, the executable file
uploaded onto the SPHERES contains the user projects, game code and SPHERES embedded
system code. For any given game, the users are provided with a library of API functions that they
may use within their project (within theimfunction or other procedures) to make the SPHERES

aware of the game state, communicate with the other SPHERES and command their SPHERE to
perform particular actions. The 6game coded I
the SPHERESHal the user projects and accordingly, command thrusters, broadcast communication
packets and update the state of the game (scores, satellite fuel, etc.). It also contains the definitions
of the API functions available to the participants to command HERES satellites (to see
exampl es of 6game codeo0, pl ease refer to App
projects therefore command the SPHERES (via the embedded system) to behave entirely

autonomously.

TheZR game, as programmed by the game, cousineet the following criteria, developed from
the lessons learned during previous instantiations of Zero Robotics tournaments and constraints of
the SPHERES hardware and software:

1 A game with relevance to statehe-art research with SPHERES, Isat the work of students
can contribute to future research at MIT, NASA, and other research centers.

1 Each player controls one SPHERES satellite during the wgicte involves two players.
Games of 3 players could be possible in the faitoce there a@SPHERES aboard the ISS.
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1 Each live ISS event is constrained by available ISS crew time to approximately 3 hours. For
effective use of resources this translates to approxirateipdes per match between players
and approximately 15 matches peréSSan.

1 The game must be easily played in 2D for ground contests on the Flat Floor Facilities at MIT or
other NASA centers, but expandable to use the 3D nature of the ISS for the finals; both the 2D
and 3D versions of the game must work correctly irasiomul

1 Since it is not possible to manifest game pieces to the ISS for each tournament, all game items
apart from the SPHERES are virtual. Games must be designed such that playing them results in
SPHERESnaneuvers and formation flight that are interdstwgtch on the ISS.

1 All matches must be bound within the physical playing area of an ISS lab

1 Due to the dynamics of the satellites, games are slower than typical arena robotics games, and
collisions are not allowed. Other approaches must be used tedhkagxcitement of the

competition.

1 The game should be such that a large percentage of the participating teams are represented on
the ISS. One method of implementing this is by requiring the finalist playesnpdsed of
alliances of multiple tearbis will enable teams to work together for the finals aboard the ISS,
increasing the number of teams that participate in the finals.

1 Games should bboth challenging and compasb that the game code, player code and
SPHERES satellite operating systede all fit in the highly constrained flash memory available

on each satellite

1 After the end of a match, each participating samtenunicates a8bit integerto the
onboardlaptop. Game scores should be such that they can be returned withirbitikese 8
that scores of each ISS and ground match can be announced immediately after completion,

rather tharhaving towait for all the test data to be downloaded from the ISS and analyzed.

A ZR game is therefore also a full gaming environment, WAeS@HERES satellites behave as

robots competing or collaborating to achieve the game objectives. They not only allow students to
program the SPHERES embedded systems through an indirect interface but also serve as the basis
to organize educationally engggind videgame like tournaments, where the participants get to

control real satellites through the video game interface.



4.1.2. Generidournament Structure

The 4 main phases in a ZR tournament are: 2D simulation phase, Flat Floor demonstration, 3D
simulation phase and ISS final phase. Each phase may have one or more competitions. In each
competition, students program their SPHERES satellite to play the game associated with that
competition. Each competition ends with the formal submission of @aoldts pr oj ect t o
the SPHERES, following which MIT runs an automated batch simulation among all the submitted
programs and declares the results. The ranks and scores may be used for elimination immediately or
stored for seeding for later phases. fbe phases, classified as simulation, flat floor and ISS

competitions are described below.

4.1.2.1Simulation Competitions

The Zero Robotics programming interface provides a simulagibmterprets the program

written by the students in the sameg asthe programs will be used in the actual SPHERES
hardwareln a simulation competition, MFlins a complete round robemong all the submitted

projects for that competitiowhere every team competes against every other team, providing useful
resultsfor the studentsThe web infrastructure of ZR has an automatic batch simulation tool that
allows us to run thousands of simulations by just specifying the team numbers, their associated
projects and the ID of the game that they are plagsaglescribeid Chapter 3Round robins are
conducted such that for every two pairs of players or programs, one match is played where the
players are allocated one SPHERE each to control during the match. It is assumed that the
SPHERES are identical so each paitagfers plays just once, instead of twice where each controls

a different SPHERE. Thamulation does not replicate every aspect of the hardware; therefore
there is still aeed for grountbased testindill results, reports and animations are madebéaila

on the website for users to review and improve their software. 2D simulation competitions precede

the ground competition while 3D simulation competitions precede the ISS competitions.

4.1.2.2Ground Competitions/Demonstrations

Teams have the oppanity to run their software on the SPHERES ground hardware available on

the Flat Floor facility at the MIT SSL. Plans for expanding this event to NASA Centers (initially
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Ames Research Center and the Jet Propulsion Laboratory) are underway. For fiafioasop

the satellites operate in 2D by floating on special air carriages that allow almost frictionless
movement across the floor. The satellites can move autonomously using their thrusters, just like the
ones aboard the ISS, and transmit data #imeato the computers, which can display the motion

of the satellites in the simulation environment, so that students can relate the hardware testing with
their earlier simulation work. By watching the event webcast live, the teams have an opportunity to
see the SPHERES satellites operating and learn differences between simulation and actual hardware.

A flat floor competition in a ZR tournament can be seeigume27.

Figure 27. A 3 Degree of Freedom (DOF) test using two SPHERES satellites on the MIT Flat Floor
Facility. The onlookers are middle school students participating in the Zero Robotics Summer of
Innovation Program 2010 for middlechool students in the greater Boston area

Feedback from the 2010 participants strongly suggested that the importance of the ground
competition scores be reduced in comparison to the simulation competitions because the facilities
are not as well calibratesithe ISS. Extra mass, friction and the requirement of manual assistance to
help the SPHERES move caused a lot of complamesresult, the 2011 ground competition was

held as a demonstration event only and the video footage, telemetric datasandrecavailable

for review online on the ZR website. The Flat Floor Facility at MIT is currenly being renovated so

that it may be appropriate for ground competitions by 2013. Additionally, collaborations with NASA



Marshall Space Flight Center and NASAsAResearch Center are being finalized such that ZR

may use their flat floor facilities for ground competitions in subsequent years.

4.1.2.3/SS Competition

Teams thateach the final rourtthve their programs run on the SPHERES satellites aboai@ the IS

with the help of astronauts. The astronauts run the final robotics game on the ISS, act as referees
and interact with participating students via a idle® \broadcast. The final competition is a big

event at MIT where all teams are invited to attetedadh with each other and watch the video
broadcast from the 1ISEhe event will be webcast live to all participants so that teams which could
not attend the event at MIT can see it rem@&elsh a strong amstiategic culminating evexts as

an incenve to motivate students atige program therefore makes a positive ingraatnateur
participants A photograph of the ISS finals of the 2011 high school tournament, hosted by
Astronauts Greg Chamitoff, Richard Garriott, Leland Melville, John Grundfé&dfdtioffman at

MIT can be seen iRigure28 The competition aboard the ISS, which is seen being streamed live,

was hosted by Astronauts Don Pettit André Kuipes.

M &

Figure 28 Live streaming of the ISS final competition of the ZR High School tournament 2011 in an

MIT Auditorium where the mentors and students from the tournament had gathered on the day of
the finals to watch the livetelecast. The event was hosted by 5 astronauts at MIT and 2 astronauts in
the ISS
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4.2. Collaborative Gaming in Zero Robotics

In 2011, the Zero Robotics high school tournament was themed on collaboration, to evaluate the
research hypothesis that collatbmneamong participants improved the educational benefits gained

by participants as well as the quality of projects they submitted to control the SPHERES.
Collaboration among participants was introduced in three ways:

4.2.1. Collaboration within Matches

The 2011 game is focused on the topic of collabovation competition and strives to answer the
guestion of how teams can collaborate to achieve mission objectiaisourcingyvhile also

getting ahead to win the gafeeciting educationJhe rest$ of the 2010 game, HelioSPHERES,
showed a lot of aggressive daymuch so that only 1 of the 10 finalist teams completed the game
objectives on the ISS. All the other teeomgentrated n t r yi ng t o break the
prevent them from aahiing the game objectives. TB@1l1l game strongly incentivized
communication and coll aboration betweemrmdthe t
got each more points than playing attack/defense. Morena&hes were scored to exactly
disinguish between the quality of formation flight algorithms so that even if perfect solutions were
not achieved, the best could be calculated. ddepetition score of each team wees sum of

points accumulated by that team over all its matches iartpagtition. Thisllowed us to identify

the most robust players and also foteaohs to think beyond simply winning a maetause they

not only neeeldto win and get bonus poiriigt also neeeddto get a large number of points to hike

up their aggregascore

The 2011 game was S@PZThe thame @as astemid imifBagcHtEvRsHsed
on the premise of NASAG6s future missions to e

as a mission statement to the participants is:

0Time is running out! Qur pl anet' s hegtwtiogly s 0L
BUT, not all hope is lost. Scientists have detected the pssacenofwdehgarth Asteroids,

Opulens and Indigens. MIT engineers have built SPHERES satellites that-Saanchioelldet idelium
mining stations fantiEransfer. The SPHERES satellites can extract the ore by spinning on (drilling) or re
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around (surface collection) the asteroids. More ore can be extracted if one satellite drillsswhile the othe
surface of the same asteroré. dihOpulens is more enriched; however, it is protected by a layer of thick
has to be melted to mine it. Therefore, the mission to Opulens is much more difficult, but much more re
A large mining company has leased the SPHERERG&@barked upon a mission to maximize the

collection and delivery of the3 ldediuinom the asteroids before their orbits take them far from Earth.

satellites can collect tools that will help their mission, but if used mdfieioasfgatian disthetother.

Your mission, as a team of expert strategists to the company, is to devise and implement a plan to
items, extract the H&8lione, deposit it at the mining station near the asteroids and sigkdbyour succes
Earth. You will be paired up with a variety of strategist teams. If you top the charts of total ore mined
mission, you will emerge as the winning team and get a large percentage of the company's profits. Wi
get aheaflthe other teams and mine more ore, it is in your best interest to collaborate to maximize ore
energy future of mankind depends on you and f

—0 S
V2%
G
* Shoot Opulens « Continue drilling
* Collect ltems S on ¢ '..Fh 3 {revolving and
: . a5e  spinning)
sl Revolve around E_
bl Indigens or = Communicate
player as to how b 120-180 'n;ith dorts
st * Continue seconds player.

* Race to the
station

together 2
communication

Figure 29 Game Logo and overall Game stature

In accordance with regularrddRobotics games, each matchpleaged by 2 SPHERES satellites
controlled by opponent teams or alliances using a preloaded pimgyean) such that the
behavior ofthe satellites in the matches waspletely autonomouskeithe 2010 game, each
player wasonstrained within finite resources of virtual fuel, virtual charge and code sizealhe vir

fuel allocation vgaa fixed percentage of the total SPHERES tank capacitytual fuel use is
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directly correlated to real satellite maneuSerslarly, the satellites l@afinite amount of power to

use the tools they collect, whichswatcorrelated to real battery power of the SPHERES.
satellites were not allowed to collide with each othieigdu match. There was an underlying
collision avoidance algorithm coded within
intersected within 20 cm of cerigcenter distance in the next 10 seconds, then all user control
was disabled and theedlites were steered in perpendicular directions to their velocity till the
collision was avoided.

AsteroSPHERES consisted of three stages of 60 secondheagame had two versions: a 2D
version where all the game items, objectives and behaviagreaden the X planeonlyand a

3D version. Each player possesseekak repulsor and a weak tragtbich servé to repel and

attract the other player, respectively. Ttmsebe used to either help or obstruct the progress of

the other player, dending on the strategy chosen by each famicipants programmed the
SPHERES to play AsteroSPHERES (as explained in Section 3.4) by using available ZR game API
functions within their C code. See Appendix A for a full list of API functions for thga@d and

their descriptions.

Phase One. Tool collection

Virtual tools weravailable to be picked up tne players: wvlasers, a shield andliaruptor
upgrade. A player coubally pick one laser. To pick up the tools a satedliteo passhrough
within5cmot he t ool 6s |ydessahan 5acm/s. alhe diaruptoeupgradd dotited
force of the tractor and repulsor. The shield proteébtegatellite frm therepulsor or tractoof

the opponent. The laser coblelused to melt the ioe Opulengthe asteroid to be minedjtack
the shield of the opponent and signal mission completion biaakttio To use any of the items,
the SPHERES satellite hadom® pointed in the direction of the targ@hin a 5 degree errdihe
pointing diretion was determined by ti¢ face of the satellite as showirigure30. This phase
did not earn points. The objectivesvia obtain the righbols for the stratggof Phase 2 and 3.
Items that wee not picked up in Phaselisappe&d Phase 1 in 3D is shown within the animation
environment irFigure3L To know the status of the items within a match, the participants could

program appropriate API functions into their code.
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Aftitade Vector
< (g, Ny, )

12 degrees

Figure 30 Virtual attitude vector of the SPHERES, must be pointing correctly for usage okins

within the game

Figure 31 Stage 1 in AsteroSPHERES3D, where L=Laser, D=Disruptor, S=Shield. The red and blue
satellites indicate the initial positions of the players at the start of the game. The location of the
items wasdifferent in AsteroSPHERES2D. Positions of all items and initial locations were known to

the participants through the game manual

Phase Two. Asteroid Mining

Two asteroids, tlad Opulens and Indigergpead To etract Heliurs3, the players coudithe
spin on (drilling) or revolve around the asteroids (soedieetion), both of which earngaints. If
they collaborateon extraction operations on themsaasteroid, such that one s@und one
revolve, both SPHERES:arred doubléhe pointsthat woull be earned if extraction were done

individualyFor an operation to be | ogged as O6spinni
cm of the asteroid location at a linear velocity less than 5 cm/s and spiRigg g2 For an
operation to be |l ogged as O6revolvingd, the sa
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cm to 40 cm within the asterdamtation and revolve as gagure32 The orientation of the

asteroid axis was a random vector that was randomly generated for each cometitiamdlit

the same for all matches in a competition. The players could determine the orientatien real
within a match by calling an API function (See Appendix A for the full list of API functions). The
idea was to teach students rotation about a gee@D vector and solicit a robust algorithm that

was capable of achieving the goals, irrespective of random environments. The simulation settings
window (Section 4.3.2 aRjureld) before running a simulation provided users with the ability to

play with the start time of the game, phase # or items collected before any match so that they could
test their algorithms within any phase of the match while programmifagnfarcompetitions,

these counters were set to zero.

Direction of

Axis of the Revolution

Asteroid

Angular Velocity
Vector

Angular
Velocity
Vector

Direction of
Rotation

Axis of the
Asteroid

Figure32 Concept of O6Miningd a virtual asteroid. TEF
SPHERE should be programmed to spin on the virtual asteroid.o gain maximum points that
angular velocity vector must be parallel to the axis of the asteroid (axis should be perpendicular to
the direction of rotation). The right panel shows the process by which a SPHERE should be
programmed to revolve around the virtual asteroid’ o gain maximum pointsthe angular velocity
vector about the center of revolution must be parallel to the axis of the asterdie.(axis should be
perpendicular to the direction of revolution).

Opulens had more enriched ore, i.e. worth more poibtsadha layer of ice thatad tobe melted
by shooting a laser at(lity correctly pointing toward it and calling an API funchiefore any
extraction. Shomwtg the ice layer together earmeatepoints and medd it faster. SPHERES could
begin mining Oplens as soon as the ice layer melted. Indigendeauided frm the beginning

of Phase 2, b@arredfewerpoints as it hd less enriched ore.
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Phase Three. Deposit mined Ore
At the start of Phase 3 sunlight e p u | e n s dth astereids cosllide mimed througiut
this phase. In the last 10 seconds of the phase, two mining statiedsuppEme first satellite to
reach any statiggot that playepoints, but if collision avoidance veadivated during this phase,
both playerswere penalized,n@ the substantial avoidance maneuver disdupheir paths.
OReaching the stationdé implied that the satel
a linear velocity less than 5 cm/s. A match coulchdadr ways:
1. The first satelit © reach its station transmittedd s 0 d o n e By firm@ anlasarnird g
predefined directiomhich enddthe match.
2. Both satellites reasththeir statios (which earnepoints forbothplayersso the first one to
reach the station had an incentiviettthe opponent reach the station too
3. Both satellites neout of fuel without reaching the station.
4. 60 secorsglelapsedh Phase 3.
The player with more pus at the end of the match won and eaboadis pointsThe points due
to the race, although alsollaborative, were balanced in order to provide a competitive advantage
in a largely collaborative game. Phase 3 in 3D has been gfigue33

Figure 33 Stage 3 in AsteroSPHERES3D, where the yellow transparent shell marks the position of
Indigens and the black transparent shell the position of Opulens. The asteroid positions were same
through Phase 2 and 3. The whitBnes through the asteroids indicate the orientation of the axés
randomized per match. The white Fshaped structures with the shell indicate the position of
stations. The location of the asteroids and stations was different in AsteroSPHERES2D, and &iev

known to the participants.
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Match and Competition Scoring

Users could simulate their projects on any or both the satellites in a practice simulation as described
in Section 3.4.1. A formal match during competitions was an automatically run simulation between
programs submitted by any two competing teams. Batdhtgins could be set up to run a fully

automatic set of projects against each other (Section 3.4.2).

The match score of a player was calculated by summing the total number of points accumulated by
that player in the 180 seconds of the match. Pothes game could be earned, as explained before,

by shooting at Opulensd i ce, mi ni ng, racing o
the game volume or activating an avoidance maneuver in Phase 3. The 2011 scoring was designec
such that formtion flight solutions submitted could be fine resolved in terms of their relative
quality. For example, the number of points earned due to mining was a linear function of the angular
velocity that the game required the SPHERES to spin at or revolveaafaodpoint at. The

mining points were prorated uskguationl, where the CONSTANT was determined depending

on whether the position of spinning or revolving wdgéns or Opulens (Opulens score = 1.3 *
Indigens score), what the mgnoperation was (Revolve = 1.3pin) and if the mining operation

was done collaboratively (points doubled for both players if one spun while the other revolved).
Further, mining pats could be accumulated for spinning only if the SPHERE was held within 5

cm of the fixed asteroid location or for spinning if the SPHERE was within a 20 cm to 40 cm ring
around the asteroid location. Finallyzquationl, ¥ for spinning is the angular velocity of the
SPHERE calculated as the dot product with the asteroid n®riiealyevolving is the angular

velocity that the SPHERE radii to the asteroid locati@eps calculated as the dot product with

the asteroid normal, resonance the above angular velocity at which maximum points can be
gained and maximum is the maximum angular velocity at which any points can be gained

(different for spinning and revig).

N € Q& 0 0 "Y"szl’% Y
i QO 1 Qi ¢ £10e ®Q
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Equation 1
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Mining 'Race

Melting Ice => 0.1 points / collab hit i
Reach FIRST => 4 points
Spin => Resonance o = 30 deg/s
Maximum o = 60 deg/s
Revolve =>Resonance o = 4 deg/s
Maximum o = 8 deg/s

Reach SECOND => 2 points
Added to winner and runner-up

MAXIMUM POINTS: X1l.1

Spmmng Revolving

(pts/s) (pts/s)

llndlgens alone 0.06 0.066

i

XPOpulensalone  [X 2 0.078 0.086 Penalties

e [ Indigens w/ partne 0.132 X 2

; l Outside game bounds = 0.006 pts/s
pulens w/ partner 0.156 0.172 Collision avoidance in P3 =1 pt/s

Pomts

ax Points
/\ Angular

velocity
0 degrees/sec Resonance w Maxumum w

Figure 34 Scoring Summary of théAsteroSPHERES game. The numbers mentioned in the above

figure were the numbers for those for the last 2 competitions in the tournament. Score numbers

changed with every competition in the tournament, as detailed in the text. Refer to Appendix B for
exampleGame Code written to respond to User Code such that the SPHERES behaved like

autonomous robots to perform the maneuvers and gain points accordingly

The match scoring scheme for the last competition in the 2011 tournament is sumramized in

34 Figure35shows a typical player profile as he collects points through the diratioatch.

The inclined phase is due to mining and the box phase is due to the lump sum of points received
due to docking to the station. The lump sum is 4 or 6 points if docked individually or with the

pl ay er 8 sltisclegr vom ¢he €xample aband the intricate and prorated scoring system
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that the match scores are capable of differentiating between finely different formation flight
maneuvers, as required in the game objectives. Therefore, students who program their SPHERES to
achieve high soes in simulation and hardware have indeed achieved exact solutietsfiteepre

probl ems, whose exactness can be calculated a

evaluating the results and more insight into the scoring equatiafebie av&ection 5.1.2.3.

Perfect Both
ﬁlmperfect Mining,
—v— Perfect Race
ﬁ Perfect Mining,
_ Imperfect Race

Accumulated Score

{imperfect Both

. Game

>

t=70 t=i170 t=180

o e Time
Mining Phase ; Station lRacmg Phase

Figure 35 Typical score accumulation profile during a match, assuming uniform mining behavior.
In Phase 2 and 3 (mining phase), teams canine d spin or revolve- perfectly (purple, green or

imperfectly (red, blue) and points will be prorated accordingly. In the last 10 seconds of the match,
teams may race successfully (green, red) and get-& $oints chunk or fail to dock to the station

(blue, purple) and get no pointsThe final match score, indicéed by the vertical arrows, is the sum
of the prorated mining score (+ Opulens shooting score) and the score chunk for docking to the
station. The distance between the inclined lines is the score difference due to mining efficiency.

The scoring system asdme game rules changed with every competition, such that the ISS finals
were the most competitive (e.g. relatively more race points than before). Since the game was
inherently collaborative, each competition was in a round robin format such thayeregriapéd

every other player (players were submitted by teams or aliexglesned in section 4.2.2). The
competition score for any player was the sum total of the scores over all the matches played by that
pl ayer. Thus, i t age ® sollabanate twithin egeH nzatgcheta ndagimize this scaret
rather than just beat the opponent. This also implies that the competitions were scored such that the
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players which could achieve the match/game objectives and maneuvers, irrespective of opponent

and environmental situations, emerged higher than those who were not so capable.

4.2.2 .Collaboration within Alliances

An important lesson learned from ZR 2010 was that there was significant loss of interest from teams
that fell back after the firslimination rounds. We tackled this problem by allowing more teams (27

in 2011 as opposed to 10 in 2010) to reach the ISS finals as 9 alliances of 3 teams each. The 2011
tournament required that the 54 sBnalists, chosen from all participating teartey dfie

elimination rounds, form groups gfci3a | | e d , @@ Wdrki tagetherets Make a common

project for submissiorAlliances were formed by an automatic algorithm, taking into account
preferences of partnering teams and the relative seedmyfae will be desribed at the end of

this sectionThe intem is to encourage teams to review the performances of their peers, form
alliances with those they find complementary to their slkalhdetork collaboratively common

projectausing ouonline tools.

The schedule of competitions in the tournament is shokigure36 in the first two simulation
competitions, one 2Rwhere participants played the \&sion of the game) and one 3D (where
participants played the 3D version of the gdheeparticipants competas individual teams while

in the last two competitionsone simulation and one on the-I8&®y compettas alliances of

three teams that lsmit one integrated project. As mentioned before, the website allowed each user
to share his projects with other teams in the alliance such that multiple users could edit the same
project, therefore making alliances with geographically separated teblms|pdsst, the EU

alliances had teams that came from different countries.

The alliances were formed taking into consideration the preference of teams for partners as well as
the tournament seeding of the teams. After the 3D Simulation Competitiba t&p 54 teams,

ranked by the combined scores of the 2D and 3D simulation competitions, were divided into 3 tiers
of 18 teams each. In the first phase, teams in the top tier ranked their preferences for alliance
partners in the middle tier using a ta@lilable on our website. Likewise, teams in the middle tier
ranked their preferences for alliance partners in the bottom tier. In the second phase, MIT used this

information to form the allianceStarting with the bottonofstexl middle layer, eachntewas
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partnered with their first remaining preference from the bottomheefore we haal partnership

between each team of the middle tier and their corresponding selection from the bottom tier.
Similarly,starting with the top seed of the, ®gchayas partnered with their first remaining
preference &m the middle tier. This resultedan alliance comprised of one team from the top

tier, its partner from the middle tier and the middle tier's partner from the bott&wy dierding

teams intdiers and enforcing a team from each tier in an alliance with preference to the lower seeds
in the second phase, we prevented the strong teams from getting stronger by partnering with only
the otherstrong teams. The weaker teams had a chance to jemviditthe stronger teams and

learn from themWhile all teams in the alliance could share projects and chat online with anyone
who was also editing the project, only the tier 1 teams were allowed to submit projects for formal

competitions. The processhmeen summarizedrigure37.

2D as TEAMS l

2D Simulation Competition

3D1 as TEAMS I

3D Simulation Competition #1

3D2 as ALLIANCES l

3D Simulation Competition #2

3D2 as ALLIANCES l

ISS Finals Competition

Figure 36. Schedule of competitions within the 2011 HS Tournament. 2D competitions required
participants to play the 2D version of AsteroSPHERES as the game and 3D competitions required
participants to play the 3D version of AsteroSPHERES as the game. There was ~ 3 weeks for teams
to play the game associated with the competition and submit their projects \tize website for the
formal simulation competition (or finally, to send to the ISS to run on space SPHERES hardwaée)
each blue arrow in the diagram is ~ 3 weeks long. All simulation competitions were essentially
batch simulations of all the submitted pojects by teams or alliances, run by the web administrator in
the RR format after being associated with
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l 54 Semi-Finalist Teams |

chooses chooses

Alliance Selection

Il

| 18 Alliances

Figure 37: Alliance Selection of ZR 2011

4.2.3.Collaboration on the Community Forums

The ZeroRobotics website provided discussion forums for teams to communicate with each other
and the game developers on the topic of programming/educational materials, brainstorming for
strategies of collaboration within the matches, debating communicatiorspnatioicothe limited
bandwidth of data transmission between the SPHERES satelliteargndther competition
relatednterests. The forums were us&tensivelywith some users posting hundreds of messages.
For example, AsteroSPHERES allowed the play&ansmit unsigned short typed messages to the
opponent playerande¢ ve t he o0 p p oceevery Sesondmieans ogkadvantage of
this facility by collaboratively coming up with elaborate communication protocols and game
strategies based tire protocols. Eventually, one protocol and strategy emerged as one that more
than 50% of the participartisok up and followedthus exhibiting a truly collaborative gaming

environment.

The challenges and project sharing tools also facilitatediamenacing the teams on the website.
Additionally, after every competition, MIT posted every simulated match played out in the
competition on the website, in the regular animation environment so that teams could learn from
their mistakeadbehavidr. ot her sd exhi bit
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4.3. Design of QuasiExperiments using the ZR Tournaments Tool

Chapter 3 explained the SPHERES Zero Robotics (ZR) Program and the development of the web
interface required to run the program. This chapter so far explained the components of the ZR
Tournaments that can be launched through the program, with speciah ftwislesign of the

2011 tournament and its collaborative environments. This section will discuss the methodology to
achieve the thesis objectives using the tournaments: To assess the impact of crowdsourcing on CS
STEM Education and to measure the effettollaborative competition within this framework. In

the first half of this section, | will highligiatwthe ZR Tournaments were used as a tool that
impacted crowdsourcing of cluster flight software and education, and then propose a framework to
evalate the effects of collaboration among participants on both these objectives. In the second half
of the section, | will list the metrics and sources of data that | used to make measurements of impact
of ZR on the thesis objectives and discuss my methadtie icontext of reliabity, validity,

significance and representativeness.

4.3.1. ZR Tournaments as a Tool

Crowdsourcing, in this thesis, is defined as the method to solve a hard problem by opening it up to
crowds in the form of an open call. To achteté crowdsourcing and education in the same
program, the ZR Tournaments would have to be designed such that a hard problem is solved by
students or potential students. Further, the tournaments should have the opportunity to evaluate the
impact of the diffrent collaboration environments introduced, as described in Section 4.2. The
following subsections will describe how the ZR Tournament in 2011 was used as a tool to achieve

the above aims and thereby justify the use of general ZR tournaments for the same

4.3.1.1. A Crowdsourcing Tool

The ZR 2011 tournament was designed such that in writing computer code to achieve the game
objectives, the students were writing code f ¢
The scoring in the ZR tournamentvas designed such that more robust algorithms, as per

predefined metrics, scored higher points.
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In the context ofFigure26, this means that in ZR 2011, the ZR &aade layer and the ZR User

Code layertogethecommanded the SPHERES embedded system to make the SPHERES
demonstrate formation flight maneu\iisst in simulation and then in microgravity inside the ISS.

To play the game, as mentioned in Section th&.participants had a library of API functions
available to them which they could use within their projects to program the SPHERES to make
simple movements, assess the state of the game (e.g. fuel remaining, time remaining, game score
etc.) and commurate with the other SPHERES. When the participant code was simulated or was
run on the SPHERES hardware on the ISS, it was executed with the game code (which contained
the definitions of the API functions) and the SPHERES embedded systems code. Tdjeatiser pr

and game code complemented each other perfectly and formed an artificial intelligemnoe (Al:

38 program that controlled the SPHERES on thedl&king tem behave like autonomous

robots.

This also demonstrated that by designing a h
participants to play the game by writing O6proc
finally testing the comigd Al software on embedded systems and hardware in space., it is possible
for amateur crowds to develop new and improved algorithms for complex formation flight
maneuvers. For example, if the formation flight problem to be solved is to develop a control
dgorithm that follows a zigzag path between two points, then the designed game objective could be
to move between the points while navigating through a path of virtual obstacles placedgn a zig
manner. The designed scoring could be a function ofréheatken, fuel spent and penalties for

hitting the obstacles. To play this game, students would program the SPHERES to meaagin a zig
fashion to avoid the obstacles by using the API functions available for this game, and the quality of
their algorithm wuld be reflected in their score. Since the game code contains definitions of all API
functions and is able to interface with the SPHERES embedded system code, the game and user
code put togetheFigure38) form the software for zpg navigation of the satellite and hence the
solution to the formation flight problem.
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SPHERES Embedded

Get Satellite :
telemetry info: All Svstem Co.de é Set Thruster,
States, time, Comm &
Metrology

Comm packets
commands

Update Game specific Parameters
based on SPHERES states & AP used

Get Self State,
Opponent State,
time + Game
specific Parameters

Set Selt State +
Game specitic
Parameters

CROWDSOURCED CLUSTER FLIGHT SOFTWARE

Figure 38 Block diagram of the three layers of the software that ruhé autonomous SPHERES

satellites as represented iRigure 26. The red block now represents the formation flight software

devel oped tclowdsaurgirg effofspby combining the game code layéwhere in |
coded the problem & and the user code layed where in the students code the solution to the game.
Together, they command the SPHERES embedded system to achieve formation flight manewver

4.3.1.2. An Educational Tool

By allowing students to program real satellites using-fadéligy simulator in an exciting video

game environment, the ZR program helps teach them math, physics, programming, strategy and
communication i.e. 21century skills, through engagement in -veadld problems.ZR has
successfully demonstrated tapping into the positive effects of amdescribed in Section b4,

the following ways:

1 Each ZR game has a fictional but feasible 6fyo provide participants with an epic
mi ssion. The youth |ikes to save worlds an

(SHHERES) racing for revolutionary goals golesg wafar in inspiring them.
1 The flash animation environment provides a sense of virtual worlds like a video game which
allows programming to be fun and plagl notust writing code.

1 ZR provides the opparhity of an epic wif60]in a race that is literally out of this world.
The incentive of ISS participation and astronaut interaction serves to motivate students all
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along.Also, since in the culminating event of ZR, all participants are invited to a common
|l ocation to prepare for this O6epic wind, t
people. Participants who had been corresponding and collaborating midsiyioieznet
can then meet each other and share the excitement.

1 Games increase productivity by keeping up the sense of urgent dethigR allows
racing among teamembers and scrimmaging against other teams. These online tools as
well as closely spaced competitions, i.e. multiple short and long term goals, keep the pace of

performance high through the tournament.

1 ZR games aim to incentivize collaboration among epfEp63] This isa valuable lesson
for studentsbecause projects are increasingly becoming complex, and hardly any can be
completed by an individual discipline, effic organizatiorStudents work together as a
team, outside of their teams in alliances and together with opponents to achieve game
objectives. Collaboration in so many layers is expected to lead to exchange of knowledge and
communal discovergtudents @ a valuable primer that will help them in real world

collaborative scenarios in the future.

1 ZR games are strategy and mathematics intensive which encourages analytical thinking and
pique the problem solving interest of many. It provides food for dif&isets within a
team.

1 Every ZR game has random variables and participants are expected to write players that can
deal with the element of uncertainty. While the online tools give users the ability to tweak
these variables, their random nature makesnexpected and interesting twists in the
competitions.

1 The program is free of cost and completelybasbdIt requiesjust mentor and student
enthusiasm angeryminimal resources it iseasily accessible and quickly scalable.

1 Each competition ral challenge returns a large set of results. Consistent feedback of
performance[63]allows teams to monitor their progress. Participants have the opportunity
to reviewperformances of all others and form alliances that are stronger than any of its

individual parts, leading to more evolved players.

ZR taps into real world problems, frames an interesting game around it and therefore tries to

promote projeebased learninguided by mentors.
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4.3.1.3Effects of Collaboration

The effect of collaboration on the objectives described in Sections 4.3.1.1 and 4.3.1.2 can be
measured by first enumerating the design Jadie4 shows the design space for evaluating the
influence of collaboration in the ZR Tournaments on the dual objective of developing spaceflight
algorithms through crowdsourcing and STEM educafiorstudents in an experimesésign
frameworl{10] The thredypes of collaboration environments are arranged on the vertical axis and
the objectives of the program arranged on the horizontal axis. Thelehe rows and columns

of the table represent the data sources that are used to explore the effactubdaqediaboration

environment on the particular objective.

Exploring all six white blocks Trable4, for all levels of the collaboration variables, would imply
exploring the full design space. Even if only two levels per collaborative environment were to be
consideredexist®r does not exige total number of fulctorial experiments to be conducted to

explore the design space of 3 variables (or fa2tatsjipbutes (or levels) each and 2 objectives is

64. If one were to do a reduced parameter [@8Bi,e. do just enough experiments to compare the

effect of a variable against a control but not capture the interaction between vdrial24)*3

= 4 experiments would be required. Finally, if one were to take a Latin legoapgurbacfilO]

and randomly select a combination of lewekslifthe variables and objectives, 2 experiments would

be required. However, the randomized set of experiments to explore the design space by any of the
methods described above was not possible because ZR 2011 was primarily an outreach program
where alt he menti oned O6experimentsd are passive
aggregate basi s without di scl osing anyoneos
experiment groups and subjecting them to different environments couidelgegéect the

fairness of the program and interest within it. Therefore.egqpasimental techniques were used to
understand the design space. Hence, the associated experimental framework and the analysis
presented in Chapter 5 should be interpretect s arvbservational studythan an exact

experiment.
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VALUE DELIVERED TO

DESIGN SPACE

Spaceflight Algorithms by
_ STEM Education
Crowdsourcing

Competition results in 2010 :

2011, satellite telemetry o

_ Surveys
SPHERES Operations on tf
ISS
COLLABORATION Surveys, Competition
ENVIRONMENT: Alliances Competition results results and Participation

statistics in 2011

N Surveys, Competition
Competition results and Wel .
results and Website usag

usage statistics in 2011 o
statistics in 2011

Table 4: Design Space for deductively evaluating the research hypothesis of the benefits of
collaboration on STEM Education and development of spaceflight algorithms, filled in with the data
sourcesused for the conclusions. The colors correspond to the colors on the thesis motivation

image in Figure 2

Quasiexperimental analysis is a parevddluativeesearch8]. Quasiexperiments are controlled
enquiries somewhat resembling controlled experiments but lacking key elements sacid as pre
posttesting and/or control groups. They digtinguished from true experiments primarily by the

lack of random assignment to groups, not only because such groups do not exist but also because
participants seffelect their groups, by freedom of choice. Data collection is therefore passive.
Quasiexperiments can be evaluated by (among others):

- Time series analysis i.e. using measurements over a certain period of time

10 Data for analysis is obtained by querying the ZR SQL database for all the competition results, participation
and website usage statistics, from NASA Marshall Spaceflight Center fdekatedlite during SPHERES
operations in the ISS and through SurveyMonkey databases for user feedback
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- Non-equivalent control groups i.e. those that are similar to the experimental group but not
created by random assignment and differitegms of the key variables

- Oneshot case studies i.e. compare a single experimental run witistablishhed standard

- Onegroup pretegposttest design i.e. compare before and after results

- Static group comparison i.e. compare different individbhalshawve been subject to
different treatments

Quantitative evaluations can be done using univariate eramaté analysis i.e. the analysis of one

or more variables simultaneously with the intent of determining an empirical relationship between
them. ®metimes there may be controlling effects of a third or different variable, and the
relationship with the third variable can be measured using the elaboratig8]n(@dalitative
evaluationsan be done by identifying patterns,-osisated analysis and croase analysis and

the grounded theory method i.e. an inductive approach to the study of social life that attempts to
generate a theory from the constant comparing of unfolding observ@i@sexperimental

analysis is used to analyze passively studied/observed data, the results of which will be presented in
Chapter 5.

4.3.2. Metrics and Sources of data

To analyze the effects of the ZR program iendollaboratie environment on thebgectives
spaceflight algorithm crowdsourcing and STEM eduaagbnics were determined to measure the
value of the algorithms developed by crowdsourcing and the value of STEM Education imparted.
Possible data collection methods and data sources emtifeeddo quantify the metrics and the
collaboration environmeniBhese sources are listed in brief witlaible4. Both metrics and data

sources as well as methofisollection have been described below.

The ZR game in 2011, AsteroSPHERES, was designed such that the scoring for each of the players
(SPHERES satellites) was prorated proportional to the achievement of objectives, which in turn
were framed such thdtet algorithms written to achieve them could be of interest to the research
community. For example, one of the game objectives was to write a controller to make the

SPHERE revolve around a {oletermined point, maintaining a specific distance and onentatio
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around it. Although this algorithm is a very-restarched one, with analytic solutions available, it

was solicited within the ZR 2011 game as proof of contemhow that a formation flight
algorithm can be solicited by framing a game around dpanthg up to students, therefore
providing scientific and educational value. The scoring was prorated with objective achievement so
the scores at the end of a match were a proxy for the quality of the algorithms developed as well as

reflective of the pormance of the participating teams.

The value of crowdsourcing and STEM Education through the Zero Robotics program and the
effect of collaborative competition can be best measured in tewsssdnd benefitof both the

objectives. While the megriof costs have been listed here, cost and effort numbers have not been
researched upon a great detail in this thesis. We have constrained our scope to measuring value in
terms of primarily benefits, described in Chapter 5. However, since tuentdlgesign in
aerospacf4]and software engineering is defined by costs and benefits over product lifecycle, the

structure of costs is qualitatively mentioned.

The costsincurredby the program are:

1) The capital resource costsirtgtalling the program (noacurring costs), i.e. making the
software infrastructure as described in Chapter 3. These costs can be measured by the
money spent on full time employees working on the program at MIT and TopCoder, money
spent on TopCoder cats (prizes, payment to reviewerpilob payment, etc.) and the
marthours put in by the TopCoder contest participants. It is expected that once the program
is well established, the only costs to the organizers will be maintenance costs, as enumerated
below. As an example, ~ $186,000 was spent on prizes and reviewer payments for
developing the ZR web infrastructiioen May through December 2011, not including staff
and managerial payments. The developed infrastructure was used to conduct the HS
tournamat but was not complete. Completion and bug fixinge .-e sé& vaebll lwas h me nt ¢
estimated to take at least another 6 months.

2) Tournament Maintenancests include the time and resources required to:
1 Decide on an interesting and relevant research prolidersdtved

1 Design a game around the research problem such the scoring system correctly reflects

the quality of the algorithm in solving the research problem

1 Program the game code, game API libraries (example in Appendix A)
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1 Program an appropriate animatenvironment to view the simulation results as an

exciting visualization
1 Write a detailed game and tournament manual
Create a new web tournament on the website, publicize the tournament to invite
registrants from appropriate audiences
1 Kickoff the tournamerdt a preannounced date where the following will be available
a) Game and tournament manual on the ZR website
b) The game code as an executable on the IDE, so that participants can write their
programs and compile them with the game code in order to plasnthe g
c) Access to discussion forums for the tournament

d) Access to a Support Ticket system for the tournament

1 Create competitions for the tournament, invite participants to submit entries for the
competitions

1 For each competition, run batch simulations uditigegasubmissions per competition
and make all results and animations available on the website

1 During ground competitions, test and finally run the competitions on the Flat Floor
Facility i.e. a full SPHERES hardware session in 3 DOF, at MIT as wallageod

video recording of the event

9 During the ISS Competition,
a) Ensure a full testing and deployment cycle for a regular SPHERES ISS Test Session
b) Organize a large event for hundreds of participants to visit MIT to see the test
session streaming liverfroéhe ISS in an MIT Auditorium
1 Answer participant queries and troubleshoot technical or game issues all through the
tournament
These costs are measured by the money spent on hiring the organizers of the tpurnaments
support from NASA and astronaatsd the man hours they put in on a per tournament
basis
The effort spent by all the participants within the tournaments is measured and extrapolated
using survey responses (there is no monetary cost to them, since the program is free of
charged no fundng/no support). At the end of the 2011 tournament, all tournament

participants were invited to a program assessment survey in which one of the questions was
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the number of hours the individual spent on Zero Robotics. Goodie packets containing
individual peicipation certificates, SPHERES stickers and ZR calendars were provided as
incentives to teams that had at least 5 members fill out the program evaluation survey and a
complete team response survey (one per team). The average man hours per week was

calcuated from this data and has been discussed in Section 5.2.3.

The metrics of value delivered to STEM Education, in terbesiefits providedare:

1)
2)
3)
4)

Improvement of student skills in-SSEM and other 2century learning arg8350]

Increased inclination toward STEM fields

Overall program satisfaction

Performance in the competitions within ZR and improvement of performance through the

tournament

Metrics such as student skill improvement, inclination and satisfactiprardifeed using the

response data from both the individual surveys sent to all participants as well as team surveys filled

out by mentors for the entire team. Metrics such as performance in tournaments are quantified by

the average match scores of tearaach of the competitions and compared across competitions to

measure significant change. The results will be discussed in Section 5.2.

The metrics of value delivered to spaceflight software development through crowdsourcing using

Zero Robotics in terntd the benefits providednere:

1)

2)

Competition and Match Scores (i.e. performance of participants) declared by the satellites at
the end of each match; since match scores are designed to measure the goodness of solution
to problem proposed in the competition.

All (not just the winning) programs submitted by thdetmd participants, for a more
gualitative analysis. This entails combing through programs submitted by the finalist teams
to look for good pieces of software that for some reason failed to aeHestespores, but

if improved and/or used in conjunction with other pieces of robust software could add

value.

The next task was to list metrics to quantify the collaboration environments in Zero Robotics. The

first two collaboration environmentsigeme collaboration and alliafiesed collaboration, were

considered variables with binary attributes i.e. they were either implemented in a competition or not.
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The third type of collaboration environment: discussion forums, has always been a part of Zero
Rabotics. The metric used to quantify this environment is the amount to which a team used the
forumsd quantified by the number of posts by that team in the discussion forums, projects shared
and challenges proposed. This data is available through feediegskas well as website usage
statistics, obtained by querying the ZR SQL database.

4.3.3. Concept of Reality

Like all research, facts have been perceived through the framework of experiments and therefore the
conclusions drawn are prone to infludnycthe quality of the experimentation and instrumentation.
The following section discusses the four possible issues that mightreliedality, validity,

representativeness and significanoe how ZR is prepared to deal with them.

4.3.3.1. Reliabity

Reliability is that quality of a measurement method that suggests that the same data would have been
collected each time in repeated observations of the same phenomenon. Reliability in the data
collection process for ZR has been ensured by framisigrtley questions in line with established
guestion styles for educational programs. Other traditional methods of increasing reliability, such as
the testretest method and the silalf method8], were not used because they could dissatisfy
participants and overcomplicate the feedback process. Reliability in the data analysis process was
ensured by applying tests for statistical significance to all the major conclusions. Note that reliability
or precision or repeatability, is different from accuracy in that acctiradeee of closeness of
measurements of a quantity to that quantity's actual (trueAealuacy in social experiments is

ensured by careful handling and analysis eftedlldata, to keep human errors as low as possible,

which was done for ZR.

4.3.3.2. Validity

Validity is the measure that accurately describes the concept that it is intended to measure. While
reliability asks the quweaedtiidon yoRisksl o®i dhé¢ 1
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Validity issues in experimental design arise due to internal idvadfdityng to the possibility that

the conclusions drawn from experimental results may not accurately reflect what went on in the
experimend or external invalidity referring to the possibility that the conclusions drawn from
experi ment al results cannotbe generalized to
sources of internal and external invalidities known in social expe@ngrat may affect the
proposed experiments in ways Hratdifficult to measure (only sources relevant to ZR have been

listed). These concerns are discussed in Chapter 5, when discussing the results.

[. Internal Invalidity

1 Maturation of participdrefers to the phenomenon that people are continuously
changing. This is important because participant performance is measured at different
points in time (i.e. time series analysis) and data is used to assess the effect of
collaborative environmentsroduced at different times. Maturation can potentially
be a source of distortion in the collaborative variable. A possible solution is to
measure the maturation appropriately, either directly or using a control, and then
mitigate its effects.

1 Effects addting refers to the process where the perceived objective of the test itself
influences peopledbs behavior. In ZR 201
could have influenced the way participants played i.e. by doing what they think needs
to be dom. For example, some participants considered collaboration the main
objective and considered any strategy aimed toward adversarial competition not in
the spirit of the game or even cheating. A possible solution is to correctly and as
clearly as possiblenamunicate game and tournament intentions to the participants.

1 Statistical regregsiefers to a possible selection bias such that participants have no
room to show results in the direction expected. This could be a cause of concern in
ZR. For examplehé game scoring may be designed in a way such that players gain
maximum points even while there is still room for improvement to the algorithms;
or worse, the resolution of scores is not good enough to separate the fine differences
in algorithm quality. Avossible solution is to carefully design and test the game
several times before release. Another instance where this was observed was in the

evaluation of top ranking players who had little scope of improving scores (since the
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maximum was 23 points) congghto lower ranked players who had much more
scope. The solution adopted was to correlate variables of interest with scores as well
as relative ranks.

1 Demoralizatidrrefers to the possibility that feelings of deprivation in a group may
cause them to giwp. This is important for ZR, specifically for those student groups
that still have a lot of room for improvement but drop out of the tournament when
they feel that they will soon be eliminated (from 2010 feedback surveys). A possible
solution is to tryd give low performers a second chance and ensure maximum
participation in the final rounds. While the 2011 tournament grouped high and low
ranking players together to ensure diverse participation, the low ranking teams
sometimes felt overshadowed by tgadr ranking ones.

[l.  External Invalidity

1 Interaction/reactive effect of iefstindgo a process by which individuals selected for
an experiment tend to behave differently than if passively observed, not only in
terms of perceived objectives (#2 of internal validity) but any other factor as well.
This is not such a large condeecause the program was largely outreach event with
over a thousand participants armdconducted as an experiment, so this thesis is
indeed more of an observational study.

1 Interaction of selection bias addetiestrig the process by which sedeicteividuals
who continuously participate in the experiments are biased due to relatively more
testing. Since there had been a nationwide pilot program in 2010, there were 17
teams and many students in the 2011 tournament who had played ZR games and
progammed the SPHERES before. Their responses and performance records could
bias the overall conclusion. To counter this concern, one of the survey questions
asked if the responder was an alumnus, and attempts were made to factor this
information into the anadis.

1 Multdreatment interfer8ncefers to the having theame participants in all
experimentssuch that their memory causes a bias. This concern is very important in
the analysis of tournaments through survey responses because there was only one
feadback survey for the entire tournament, where the participants were asked to rate
the effects of multiple variables on multiple skills. Not only could this give rise to a
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hindsight bias but also raises the risk of them making mistakes in assessment of the

intensity of influences of various factors.

4.3.3.3. Representativeness and Significance

Representativeness indicates that the conclusions drawn from this thesis is generalizable enough that
it fully answers the research question. Representativenkessboaken due to exceptional cases.

Care has been taken to design the 2011 program so that it fits into the general patterns of
crowdsourcing for cluster flight software, STEM Education and online collaboration as available in
literature. Since the prebl used for the crowdsourcing demonstration in 2011 was a proxy
problem, there may be concerns on whether a scientific problem, baffling to space engineers, will be
something students can solve. However, analogies drawn from the results as welleag the stud
participation in a current fflkdged ZR crowdsourcing tournament (see Section 5.1 for details)
dispel these concerns. The research question is certainly a very significant one as the gap analysis i
Chapter 2 and the literature references in Cltaigicate.

4.4. Tool and Metric Development Summary

This chapter describes the usage of the ZR web interface developed (as described in Chapter 3) to
launch ZR tournaments and theZR games as well as the overall structure of the tournaments.
Collaboratie competition has been introduced in the ZR program starting in 2011 and the different
environments of collaboratiethrough game design, alliances and discussion fbhawe been
enumerated in this chapter. The ZR web interface has been treatgupasatuns (Chapter 3) and

the ZR tournaments with the ZR games as a tool (Chapter 4) to create the ZR program and learn
lessons on combining crowdsourcing and STEM education into one program. The analysis of the
impact of collaborative competition in ZR orowdsourcing and STEM education has been
proposed as a design of experiments framework and metrics and data sources for the analysis have
been listed. Again, as explained elsewhere, since the ZR program is largely an outreach effort, the

analysis is merof a quasexperimental observational study than-fddtjed experiment.

12¢



Chapter 50
Analysis of Zero Robotics Tournament Results

The research hypothesis proposed in the thesis is that crowdsourcing for spaceflight software
development and STEMucation of students can be done through the same program. The effect

of collaborative competition in the achievement of these objectives is measured and analyzed.
Chapter 3 discussed the use of crowdsourcing to develop the web infrastructure for the Zero
Robotics program. If ZR can achieve both crowdsourcing and education, this is a great case study of
endto-end development of a software system using crowdsourcing alone. Chapter 4 highlighted the
process of conducting ZR tournaments, through which crosetgpand STEM education will be
achieved, and the framework though which collaboration effects will be measured. It also discussed
the metrics that will be used to quantify collaboration in the tournaments and the value delivered to
education and clustdélight algorithms. This chapter discusses the qualitative and quantitative
attributes of the metrics based on the data collected in the ZR Tournaments. It has been divided
into two major sections representing the two main objectives of the researcBee#dits to
Crowdsourcing and Benefits to-&H=M Education. The costs of running the program have been

briefly discussed in Section 4.3.1. and have not been explored further in this chapter.

5.1. Benefits to Crowdsourcing Spaceflight Software

Crowdsourcing has been achieved through the ZR 2011 Tournament in the process described in
Section 4.3.2.1. The primary sources of data are the scores of teams in simulation and hardware
competitions which reflected their formation flight performanceaheuvers they demonstrated

and the software they submitted. It is important to note that this thesis does not demonstrate
solutions to real, unsolved spaceflight problems, propose better solutions obtained through ZR
crowdsourcing compared to existirgyditure or describe the process of technically integrating the
crowdsourced modules with existing cluster flight software. There are experiments which are
currently ongoing within the ZR prograf®5] with the primary objective of demonstrating
crowdsouring and have also been briefly described in Section 5.1.3. The thesis does, however, claim
that students are capable of solving hard formation flight psphigen the ZR tools and access to

the SPHERES simulator, in short periods of time. It also demonstrates the process by which
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di fficult cluster flight probl ems can be O&6gar
(Figure3y , game scoring designed such that studen
objectives and the solutions tested in simulation and on hardware to evaluate their
robustnegdsfficiency quantitatively. The thesis proposes that the same process can be applied to
real, cluster flight problems. The results highlighted in this section are important to gauge the
benefits to STEM Education too, since performance of the teamsZiR ttempetitions was a

metric for the value delivered by STEM Education, as detailed in Section 4.3.1.

5.1.1. Crowdsourcing Lessons learned from P2811 Tournaments

The tournaments conducted in ZR in the years 2009 through 2010 were all primamly aimed
outreach and education with no effort to ideri
through crowdsourcing. The games were designed such that the actions performed by the satellites
to achieve the game objectives were similar to thoseedbiseformation flight (FF). However,

none of the algorithms sought through the competitions were unsolved ones and more importantly,
the game scoring was not designed to finely resolve the quality of maneuvers, required to sort

hundreds of submitted stibns.

For example, in the 2010 high school tournament, the game was called HelioSPHERES, and it was
based on autonomous scanni ng anAltention SHFHERES r e s ¢
flight engineers: Welcome to Falcon Solar Inc. Ag you enay kioh e wor | dds | arges
undertaken many bold projects to advance the state of the art in solar power generation. Our most rec
potential to revolutionize energy produatienthefidst spasedlsrar r ay . [ é] OQur mai
Sol Tech Ihastsoledun doessuction ok @spacel s o Wamustaamplete/cponstfu@ign
first to establish our rights to t artingitsénalhnol o
orbital maneuver to approach the station, the launch vehicle transporting the panel experienced a ca
[ é] our emergency systems jettisoned the pane
ofitslocation. We have deployed a SPHERES satellit&kmaan tloedéisih of the vehicle. Your mission is
to configure the satellite to find the panel,
panel is, soyouwldl hat 0 use t he wo rTkiewodld be a eelhtavaly sitngle tdsk initd

werenodot for one thing: Sol Tech I ndustries. We
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vicinity to rendezvous with a vehicladaboaredgo. They will do anything to prevent us from finishing be
them, and you must make sure they do not succ
satelliteds guidance armd srhavihgart iaovma ys yfsrtoemm.t hlk
of the company is in your hands. 0

Teams I n the tournament thus competed as ei
interchangeably. The tasks in a mdtoch iimc lsudae
problem) using a scanning vector as showigime30. After the panel was found, i.e. the panel
position lies within the cone of sight of the satelite position and orientation of the panel
became known to the player. The next task wa
(Figure30) of the SPHERE in the orientation of the panel at its position and finally complete the
solar array by docking the panel to the home station using the same mechanism as the one used for
the panel, with a different position and attitude. Since 2 SPHERE®S thie match together, the

player to finish all the tasks first or finish more tasks before the time or fuel ran out won the match.
Since the three taséi® pa n e | findingo, 0 p acoeld be dnty pecformegl 6 0 s
sequentially, thegpresented increasing levels of objective achievement. In the event that none or

one player completed all objectives, the player with higher level of achievement won the match.

The game was relevant to autonomous search and space robotic assenthloesearcboth

have been demonstrated in simulation and on SPHERES hardware, ground and IfB3] earlier
The objects that the SPHERES were docking to were all virtual, and did not add much value to the
existing literature, which has already documented the oésuie SPHERES docking to chains of
external structures such as flexible bd@6jsMoreover, the scores were able to distinguish
between only three levels of achievement and the time each took, and there wasypmipoint
resolution for the specific quality of algonghin the event of adversarial attacks where nearly no
one completed the game goal s, it was hard to
completed the goals. Therefore, while the 2010 game built on the existing SPHERES research
problems, lie intent was more to engage students wiimeakesearch than to learn from their

algorithmic solutions.

Since the 2010 game was adversarial in nature, and both players had access to a navigationa

disruptor to repel their opponent at no cost to tkeéras (i.e. no loss of their own game objectives),
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it was observed that teams tended to beat out their opponent player in the match by pushing them
off course or even out of the game volume rather than focusing on achieving the game objectives.
Moreover, vluntarily or involuntarily (i.e. being repelled) leaving the game volume resulted in the
dropping of the panel, which caused it to be repositioned within the volume, and the docking
procedure had to be repeated to retrieve the panel. This caused eteanfsie achieve the all

game objectives, in spite of having the programming ability to do so.

w
(¥,
(=]

305

w
[=]
=

=)
o
(=]

=
[=]
(=]

=
(%,
(=]

[y
[=]
=

(%,
o
|

Mumber of player scenarios that
achieved upto the X-axis objective

(=]

Found the Panel Dockedtothe Panel Docked to the
Station

Figure 39 Histogram of the player scenarios in the RR Simulation Competition among 22 teams,
that a player achieved/pto the mentoned three levels of objectives. Since there are 2 players per
match, a total of 462 player scenarios were possibl&e red arrow indicates the direction of better

performance.
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Figure39 shows the number of player scenarios in a round robin (RR) simulation competition that
22 teams played. The bars reprethe total number of scenarios where a player aahxabe

mentioned level of objectives. Two scenarios can be possible per match since there are 2 players.
Figure40 shows the same statistic when the 10 projects submitted by 10 ISS finalist teams were
simulated in an RR. In the simulation Rigufe39), the number of scenarios that achiexed
O0station dockingd, i . e. graaténan thoseghhtachieveptaep/aen e lo f
findingd i.e. vement Thisis s santrast © the IISS FKRife4@, ovinere ¢he

number of scenarios that lowest objectivegvesdinan those that achieved the highest. The final
hardware competition aboard the ISS was a single elimination bracket where only 1 of 10 teams
docked to the station i.e. only 1 scenario achieved the highest level of achievement. This reduction
in the performance of teams in terms of the objective ect@at/was attributed to the fact that, as

the tournament evol ved, more teams concentra
ability to achieve the objectives by using attack strategies, thereby channeling their time and fuel in
efforts differat from achieving the objectiv@e purpose ofcrowdsourcing solutions from

dozens, hundreds or thoudanof people is to identify thegh performingoutliersand top
solutiond.e. playersthétD o ¢c k e d t oReduting th&rumbteri obtop aus(right tail of

the histograms iRigure39 andFigure40) as the tournaent proceeds effectively reduces the value

of crowdsourcing.

An important lesson learned from the 2010 game, in spite of not being a directed crowdsourcing
effort, was that in order to achieve crowdsourcing objectives for the development of cluster fligh
algorithms, it is best if the game is designed to allow both SPHERES to work with eaké ather,

real clustehrough direct or collaboration to truly demonstfatmation fligiithis also helps
maximize the use resources available on the ISS for a -demssdictest than a competitive
demonstration where each SPHERE behaves independently. Not penalizing attack strategies also
causes teams to get competitive in that they aiimatt her 6 s | os s, causing
reducedin keeping with lessons from tRERST Robotics experiend&] games require the right

mix of competition and collaboration to maintain the excitement of elimination thibiégc
oneds own objectives. Lastl vy, the game scori
accurately the quality of the crowdsourced solution so that there is fine and quantitative resolution

between the hundreds of solutions submiie@dppsed to 3 buckets of performance in 2010
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5.1.2. Crowdsourcing in 2011

The objective of the 2011 high school tournament was also primarily STEM outreach and education,
however the game was designed around a harder and more-ndsganthproblem than the

previous years. Additionally, the game objectives were designdthtspeinfect scores were

possible only if both SPHERES in a match collaborated to achieve the objectives together,
physically and strategically as described in Section 4.2.1, so participants were incentivized to write
collaborative players. The ideal fligemonstration and best scoring match would both be if
SPHERES demonstrated synchronized formation flight. Game scores were designed so as to exactly
prorate the quality of the solution to the complex maneuver sought. Therefore the 2011 tournament
servedas a good platform to evaluate the use of the ZR Program for crowdsourcing cluster flight
software. All the maneuvers required in the match, such as position control, attitude control,
controlled spinning and controlled rotation have been demonstratedainré as well as the
SPHERES testbed using different methods. The combined use of all the available maneuvers to
solve a complex, formation flight manedweeproxy problem was tested.

The results from the 2011 tournament will therefore be used to:

1. Prove the concept that crowdsourcing (demonstrated with proxy problems in 2011) for
developing robust formation flight algorithms can be done using a STEM educational
program, and that students were able to gmviectlyharder control problems e.g.
trajectory tracking in 2011, than simply setting target position and/or velocity.

2. Analyze the distribution of scores of teams in the every competition, performance
improvement with time and its dependence on the collaboration environment. The scoring
of eachmatch was prorated with fine resolution (as showigime34 and described in
Section 4.2.1) such that the better the teams performed the formation flight maneuvers
more their scores were. This allowed quantitative comparison of the algorithm and strategy
guality across teams and across time.

3. Qualitatively and quantitatively gauge the spread of methodologies used to achieve the FF
objectives proposed in thengaon ISS flight hardwarAlso, to calculate efficiency of
algorithms compared to SPHERESearch acceptable levedbustness to noise on the
SPHERES hardware in microgravity (from sourcesioa¢led in the simulation e.g. from

airflow) and quantitatercomparison to simulation results
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4. Analyze the fuel optimality of the algorithms developed by students, contrasted against those
developed Hmouse by MIT undergraduates

5. Document the lessons learned by introducing a hard formation flight problem in an
edicational tournament, to prepare for future such demonstrations; Gain insight into
designing tournaments, open to all age groups and professions, purely for the development
of spaceflight algorithms by crowdsourcing (Section 5.1.3).

The achievement of eamihthe above objectives will be discussed in the sections below.

5.1.2.1. Crowdsourcing Proof of Concept

The 2 main proxy problems to be solved by crowdsourcing, used in the 2011 game, were to write
fuelefficient algorithsifor two activities as showmFigure32
- Spinning a SPHERE at a predefined orientation, angular velocity and position while another
SPHERE revolves around it at very close proximity, withtdingpl
- Revolution of a SPHERE about a fixed position spinning SPHEREredefined plan,

at a predefined velocapd within a predefined close proximity radii without colliding.

Such FF behavior is useful for close proximity inspection by atanspéeellite (the revolving one

with controlled attitude) of a target satellite (the spinning one). Also, the spinning satellite may be
considered analogous to a tumbling target and the revolving satellite analogous to a satellite
demonstrating docking & tumbling targd®7] The revolution problem, in particular, sought a
precise trajectory tracking controller developed by high school students. The gatesigapdct

around this proxy préém was centered around the theme of mining vaisieioid 6 wh o s e
position in the game volume was fixed and known to particigi@xisnum points for mining

could be obtained only if a team programmed the SPHERE to follow a precise and efficient
traje¢ory around the asteroid location while the other (opponent) SPHERE spun at the asteroid
|l ocati on. O0Precise trajectoryd meant movi ng &
ring and in apecific planef revolution The SPHERES were aléded a finite amount of virtual

fuel, which was a predefined fraction of the real fuel, to perform all their tasks in a match, so the
maneuver was additionally required to be fuel efficient. The points were prorated depending on

which asteroid was minedt what angular velocity, what orientation and whether alone or
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collaborativelyFigure34) and any integer between 0 and 23 points per match was possible. The
scoring foithe first 3D simulation competgiprorated such that the maximum score of 23 points at
theendofamdtc was possible only 1 f the SPHERE exe
Opul ensdé iced and spent the rest of the game

satellite on Opulerdsthe richer asteroid (Section 4.2.1).

The perfect scerin a competition (not only a match) was therefore possible only if a player had:
1. A perfectly collaborating opponent to get the best out of all the available reSaotoms
511
2. A perfectly optimized strategy of agaming
3. A perfect contrahlgorithm for trajectory tracking of the SPHERE

Wargaming refers to a robust and autonomous decision making strategy that teams would code
within their submitted player such that, during the match, their SPHERE would respond smartly to
the oppoEREt @ndSRKHhi eve the game objectives,
AsteroSPHERES was designed such that every phase in the game presented the players with severe
choices for their course of action, all of which were not possible in the cooétiiaietand fuel.
Participants were expected to come up with-gamaing strategy that best supported the technical
capabilities of their programmed SPHERE and
communicated or otherwise. For example, the fiestephad a choice of 4 items, the second phase

a choice of 2 mining behaviors and 2 asteroids and the third phase a choice of mining versus racing
to any of the two stations, apart from making autonomous choices to react to dynamic behavior.
Moreover, unegpl choices were provided in the game to make decisions harder. For example,
although it was obvious thateraltollaboration was more favorable than not, the scores for
spinning werdowet than that for revolving to make it a hard decision to resefirtoing in a

match the sake of quiet cooperation.

Wargaming was not only called for but also possible to achieve. Since the teams were capable of

online communication and the SPHERES were capable of communication within a match, they

11 Spinning was worth lower points because it was considered an easier and less fuel consuming behavior than
revolving (apart from the intent of making tleeision to choose a mining behavior asymmetric and
increasing the wgaming, strategic approaches to play the game)
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could make rediime decisions in a match based ordpogded criteria. For example, the teams

could unanimously decide to let the player with the most number of ice hits on Opulens and/or
furthest distance from Opulens to revolve and then program their player tapiayiralgeping

with this decision. The 2011 tournament was aimed to indicate that high school students were
capable of all three, and therefore capable of being very good crowds to solve hard strategic and FF

problems.
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Figure 41 Histogram of the number of times a particular game/match score was achieved in a game
scenario for the first 3D competition. There were 4095 RR matches played among 91 players
(submissions) thus 8190 scores. The maximum score was 23 and the minimum iBh& red arrow

indicates the direction of better performance

The students were able to come up with efficient trajectory tracking algorithmsgamiingar
strategies for collaboration. They maintained large spreadsheets of calculations, as heported in t
posttournament surveys, to back up their decisions. They even pointed out flaws in the game
inconsistencies during the tournament, that the ZR Team corrected when moving between one
competition to the next. The teams thus demonstrated analyticabtgic shbilities as well as
collective intelligence. As showrrigure36 AsteroSPHERES2D was released at the tournament
kickoff and teams were required to submeiir torojects for the 2D competition, 3 weeks after the
release of the game. AstroSPHERE®@DB released after the 2D competition was evaluated, and

teamssubmittedtheir projects for th8D competition #1, 3 weeks after its relea&k.projects
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(from 91teams since only one project per team was allowed) were received for the 2D competition
and 88 projects for the 3D competition #1. Among the 88 teams that submitted for 3D, 4 unique
teams in 10 different matches were able to achieve the perfect scpoentd@®ithin 3 weeks of

t he gamemd 6 ewealse af The higogranDd écares ofall teeamatehes in

the competition, i . e. each teamds pHgorgdkct aga
These high performing outli€re. the righmosttail of the histogram distributigastify the value

to crowdsourcingdlso note that there were 23 levels of objective achievement in @idsed

to three levels in 2010 (Section 5.TH8. forthcoming sections describe further improvement of

results in the subsequent competitions, discuss the effect of collaboration, and provide detailed
analysis of the ISS testing of the submitted jpnsgra

5.1.2.2. Effect of Collaboration

This section revisits the effects of the collaboration environments mentioned in Section 4.3.1 and on
Table4 on the crowdsauing objectives of the 2011 tournament. The proxy problem in 2011 was

to program a formation flight maneuver such that one SPHERE spun at a fixed position (asteroid)
and orientation while the other SPHERE revolved around it on a fixed plane. This maseuver

only achievable WothSPHERES, which in a match would be controlled by opponent teams,
collaborated to achieve the respective objectives without any misunderstandings. Therefore, even
amidst a match within a competition, the game design wasagtimitze the resources and time
available on the ISS to demonstrate a useful formation flight maneuver, thus the importance of

collaboration environment #lin game collaboration.

Collaboration within DiscussionfForums

The AsteroSPHERES game API lipraontained functions that users could use within their
program to send and recelimited communicatiomessages from the opponent SPHERE in a

match. The message could only be an unsigned short value. Therefore teams would have to set up a
protocol to asign understandable meanings to the available integers (1 through 655535 since 0 was
the default state of the communication packet

other in a match. The game manual suggested 8 such integers wibhdia@dasieanings and we
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called them standard messageams could program wgaming strategies to cooperate with
opponent teams in a match by either programming their SPHERES $tasdadinessagesr

come up with their own protocol offline and paogtheir SPHERES to follow 8ee Section 3.1.

for SPHERES communication details and Appendix B for implementation of the game

communication in the Game Code.

Teams used tréiscussion forums on the website, i.e. collaboration environment #3e4, to

come up with a globabmmunicatiorprotocol beyond the standard messages we published to

cooperate more efficiently and play the game better. A qualitative @frthlyproceedings on the

forums showed that there were three main protocols that emerged during the course of the

tournament, with varying levels of success:

11 YObOtics! Protocol?d The most popular protocol, which called for SPHEREL to perform
revolution as the mining maneuver and SPHERE2 to perform spinning, both on Opulens.
Over a very large number of matches, each team would be assumed to play as SPHEREL1
and SPHERE2 nearly equal number of times and therefore average out the difference in the
spin andrevolve scores, which were different per match. The protocol set aside one
message, by broadcasting which the SPHERE declared to its opponent that it was following
this protocol, so that the opponent could respond accordingly. The protocol was very well
received and worked well with hundreds of matches per player. It faced some skepticism
later in the tournament when the number of players and therefore matches were reduced.
The game rules assigned SPHERE numbers to players in a match randomly, and by
following the yObOtics! Protocol, the reduced number of matches favored the teams that
randomly were assigned to SPHERE 2 and therefore got to revolve and get more points.
Team y0bOtics!, the team that invented and popularized this protocol, was awarded a speci
recognition prizéor coming up wit it.
11 Delta Protocol % An extensive communication protocol where Team Delta published a

' ist of integers and their associated mean

12 Original names used with permission from Richard Kopelow, the primary mentor of Team yObOtics! From
Montclair High School, NJ, the tetdrat invented and popularized this protocol

13 Original names used with permission from Salvatore Lorenzen, the primary mentor of Team Delta from
Post Falls High School, ID, the team that invented and popularized this protocol. The protocol concept was
led by Brett Menzies.
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online document.I&yers following this protocol would broadcast the appropriate integer to
their opponent player. Given the rising popularity of the yObOtics! Protocol, this protocol
was modified to be compatible with it.

1 Secret Alliance® A secret group of alliances tbamtacted each other by email covertly a
week before the 3D sefimal competition to boycott any player that broadcasted the
y0ObOtics! Protocol signal. While this protocol received loyalists who committed to be a part
of the boycott, most alliances tjuarted the protocol ended up being eliminated in the semi

finals (including the one that invented it).

There were other protocols that were suggested and emerged on the forums during the tournament,
but the forum posts and team behavior showed the dbveeeprotocols to be the most popular.
Students were collectively able to decide a protocol using a collaboration environment and results in
the subsequent sections will indicate its usefulness in achieving the maximum scores possible in a

tournament.

An importantqualitativeomparison here is the summer program of 2011, wherein 5 middle school
programs from the greater Boston area played the game AsteroSPHERES first on simulation and
then on the ISS hardware. This is not an experimental companseenbelS and HS scores
because there are several sources of invdlditgge of the subjects was different, preparation and
programming time was different (3 months for HS vs. 4 weeks for MS) and the game API library for
middle school students was farrenexhaustive compared to HS (Appendix A). Knowing them to

be nonequivalent control groups (Section 4.3.1.3), it is important to note that the quaéynef in
collaboration among the HS students was much higher due tdb&s®uncollaboration. The MS
students did not have access to any forums to communicate with each other online and decide on a
protocol the way the HS students did. They relied on the standard messages suggested in the
manual, which were not enough to make an autonomous decisgm oh aanflict. As a result,

several projects played on the ISS made both SPHERES in the same match simultaneously spin or
simultaneously revolve, or even activate col |
only did this lower their postue to lack of collaboration, but also cost the teams more virtual fuel

than they had budgeted for.
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Figure42 shows a plot of the satellite telemetric state BHERES playing a match aboard the

ISS. The players belong to the top 2 teams in the MS compéiiggrstood first and second in

the competition. Note the squiggly behavior of the satellites as both try to revolve and, therefore,
activate collision awt@ince several times therefore scoring only 7 and 11 points each. The existence
of forums in the HS tournament apparently brought out the collaborative nature of the game
(Comparerigure42 to Figure46 and other associated metrics of collaborative success described
later for the HS tournament). Therefore, collaboration environ#iieatsd #3 are incomplete

without each other and together produce far better results than without one or the other.

Teamd vsTeam5

Z-Axis

Yauis 14

K-Axis
Figure 42 An ISS match between the top 2 middle school programs in the summer version of
AsteroSPHERES (same riming phase but different item collection phase). The red and blue
trajectories are the paths taken by the 2 SPHERES in the match, as parsed featellite telemetry
data in a post processing analysis. The red and blue spheres indicate the initial positimnof the
two satellites. The alphabet indicates the position of the items, asteroids and mining stations in the
game volume (L1=Laserl, L2=Laser2, R=Repulsor, T=Tractor, O=Opulens, I=Indigens,
MS1=Mining Station 1, MS2=Mining Station 2)

Collaboration within Alliances

The results from the tedmased and allianbased results from the tournament indicate that
alliances of teams showed higher average scores than individual teams, demonstrating the

importance of collaboration environment #2.seen irFigure43 the mean score among all the

13¢



teams has improved significantly after grouping the teams as alliances. To mitigate the effect of
selection bias on experimentalidity, only teams that participated as alliances in the 3D #2
Competition were chosen for analysis in the 3D #FEi§ae36for the sequence of competitions.

The mean score of the team competition (3D#1) was 9.1 (standard deviation of 5.6) and the mean

score of the alliance competition (3D#2) was 14.6 (standard deviation of 4.6).
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Figure 43 Comparison of score distribtions with and without alliance-based collaboration The
blue bars are the scores of teams in 3D#1. The red bars are the scores for alliances in a separate
competition, 3D#2. The blue histogram contains 4095 round robin match scores, played between
every pair of the 91dams. The 72 highest teams were formed into 24 alliances, of 3 teams each.
Thus, there were 8190 (blue) and 276 (red) matches in 3D#2. The mean and standard deviation of
each set is shown in the figure

The mean of the alliance scores is more than amsasd deviation greater than the mean of the

team scores. However, the scores are not normally distributed (by the Kolmogorov Smirnov test),
hence a-test could not be used to calculate the differences. The interpretation of this difference in
scores idurther complicated by possible learning over the three week interval as well as minor
modifications in game rules between the competitions. For instance, while it was entirely possible to
have aperfect score in the first competition gopgramminga peréctly collaborating, strategic
revolve maneuver around Opulegetting a perfect scoretire second competiticadditionally

requirecaperfectiytimed trajectory araperfect maneuver to dottkthe mining station.
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The score distributions of the 2DdeBD #1 Competitionsvere comparet find the effects of the

learning period and game rule changes. Both competitions had a 3 week period of
preparation/programmingschedule irFigure 36), team participation and modification of game
rules.While the competitions received 88 and 91 submissions respentiwéhe 70 teams that
participated in 3D #1 were chosen for analysis inTRe mean 2D score was, G&ndard
deviation4.78 and the mean 3D score was ,/s@dard deviation 5SEdure44). From the figure,

it is easy to visually interpret that the improvement in threlret@een 2D and 3D#1 is far less

than the improvement in mean from 3D #1 to 3D #2. It is therefore reasonable to conclude that a
larger share @inprovemenin game scores when alliances were introduced was due to the existence
of the alliance variablesther than thelearning and game rule modificati@ariable. This
conclusion, however, assumes that the combined effect of game rule modifications and participant
maturation between the two sets of competitions is equivalent. This assumption is eifieat be v
because neither set is quantifiable and both are unrelated changes. No other control was available
for this observational study.
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Figure 44 Comparison of the 3D #1 with the 2D scores (both played as teams). The 3D #1
competition is the same as that shown in the left panel &fgure 43 but only those (70) teams that
played both 2D and 3D#1 were chosen for analysis. The mean and standard deviation of each set is

shown in the figure
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While alliances apparently affected the overall scoring of participants, as shown above, it was seen
that itshowed varying effects on the number of perfect solutions obtairted right tail of the
histograms ifrigure43 andFigure44 Table5 shows the number of unique-t®rers in the 2D
competition, 3D #1 and 3D #2 and the number of mattiesachieved the perfect score of 23
normalized. The decrease in the number of unique players with the sequence of competitions
indicatesiochange from 3D#2 to 3D#Xhvethe 3D#1 minus 2D controEQuation2 where metric

= number of unique players). However, the normalized number of matches that achieved a perfect
score (as the metric Hgyuation2) showed an increasing trend with the introduction of alliances.

The decrease in the metric between individual competitions seems to indicate that the game changes

were harder than what the participants could pick up in a thrdeamsiek period.

e "QQ06'QYE 6 d @ @HEcIDiI & Qo icQdp GQOIcAP ¢ QOiIcCRO
Equation 2

Normalized number

» Number of Unique of matches wherdhe
Competition

perfect players perfect score was

accomplished

2D as Teams 6 21/87 = 0.27
3D#1 as Teams 4 10/91 =0.11
3D#2 as Alliances 2 2/23 =0.09

Table 5: Table comparing the perfect solutions obtained through 3 simulation competitions. The
number of matches in the third column has been normalized by the number of matches each player
played in the competition. For example, there were 88 submissions of projects by 88 teams in the 2D

RR competition, so the number of matches each played was 87.

Note that the decrease in the number of unique perfect players from 3D#1 to 3D#1 could not have
been because teams that made perfect players came together as an alliance because the allianc
forming process used a{@sed system. No top performing teaowsd have joined together and
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all could continue to further their own strategy. Thédmsed alliance selection process therefore

ensured that no perfect solutions could be eliminated in the process due to dilution with each other.

5.1.2.3. ISS Hamare Demonstration

The final competition of any ZR tournament is always the ISSSinaésthe ISS projects have

passed a sequence of simulation elimination rounds, they are the best of players in the tournament
i.e. the rightmost tail of the histogrdistribution of score@ll of Figure39 throughFigure44).

The best usergorithms developed through online crowdsourcing are therefore finally tested on
real satellites to select the most roandtefficient of thenThe projects submitted by the finalist

teams or alliances are uploaded on the SPHERES satellites in the¢h&&atches are played in
microgravity, under the supervision of astron@yasrations on the ISS have been described in

det ai | i n Appendi x D. Resul t s ©ihehat caseistddies hi s s
guasiexperimental analysi®. comparisora single experimental run with a -esthblished
standard8]. This method is used to analyze and interpret data what is very difficult to get and ISS
test session data fit thequirement, due to the hundreds of thousands of dollars of resources

required per hour of operations.

The projects submitted for the ISS competition in 2011 were qualitatively analyzed to evaluate the
strategies used by different teams to accomplishoppgatives, and a full double round robin (RR)

batch simulation using the projects was run internally at MIT. The double RR had 132 matches for
the 12 submissions, since the players played a match each as SPHERE1 and SPHERE2, unlike all
the formal simuteon competitions where the SPHERE number allocation by player was random.
The highest score achieved in the RR was 13.1 with a standard deviation of 4.85, which is lower than
the average scores in the previous competition (2D, 3D #1, 3D#2 as shipuned#iB andFigure

44). Also, no perfect scores of 23 were observed, in keeping with the decreasing trend of unique
players shown ifable5. The maximum score was in the RR batch simulation was 22. Since the
2011 game scoring was prorated with respect to the different objectives and how well they were
achieved, it was possible to break down the scores to analyze why thangeridropped. The

match scores were broken down by the 2 major game objectives for henfimaty and station
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racing. The finals competition had increased weights for the race component compared to previous

competitions. Qualitative analysis of ptgrategies showed that:

- Given the score distribution in the final game, a perfect miner could score anything between
16 to 21 points (depending on the strategy, e.g. revolving a few points higher than spinning,
losing an attempted race, etc.). Theepedcore of 23 was possible only by a perfect
revolver and racer while 22 was possible only by a perfect spinner and racer. The total match
score alone does not indicate errors in the mining maneuver because players could have
chose not to race (strategryor) or attempted the race and failed (trajectory following
implementation error or collaborative racing error)

- The lack of perfect 23 scores was due to no pair of players being able to perform a perfectly
collaborative, trajecteoptimized race. Howeavedhese players were able to track perfect
spinning and revolution trajectories i.e. crowdsourcing success of mining algorithm
objectives

- All teams followed the yObOtics! Mining Protocol i.e. if they played as SPHERE1 they
performed revolution mining @pulens and if they played as SPHEREZ2, they preformed
spinning mining on Opulens i.e. crowdsourcing success of collaborative mining objective

- Players that won the game after thesloaving spinning operation did so because they won
the race to the minirggation. This did not prove to be unfair to some teams since in the ISS
RR bracket, since each player got to play once on each satellite in their 2 respective matches
per RR (explained later in this section).

- There was one team that entirely went aghmstotlaborative concept of the game and
instead, used the disruptor to push players off course to win its matches. This team emerged
as the lowest in the double RR, proving the success of the AsteroSPHERES scoring system

in differentiating between an aithonically useful player vs. a disruptive player.

Analysis of the batch simulation was useful to predict what would potentially happen in the ISS final
competition. The final competition itself was a harevesed competition. The submitted
programs frm the alliances were packed with the game code and SPHERES embedded system
code, and converted into an executable. This executable formed part of the test session program (see
Appendix D) and was sent to the ISS to be uploaded and played on the SPHEREBdee

the ISS. ISS astronauts assisted in setting up the tests, deploying the satellites for the test, recording
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the test result numbers as automatically reported by the satellite, maintaining the resources such as
batteries and fuel in the satalli@d calling down/commentating on the match results on the live

link to the MIT auditorium where the competition was being aired live. ISS operations have been
explained in Section 4.1.4.3 and Appendix D.

The US and EU champions in 2011 were deternfmedgh separate 1SS competitions, each
competition being a series of RR brackets because ISS time is precious, and there was not enough to
conduct a full RR competition. Each RR bracket comprised of 3 players each, therefore 3 races, and
the winner of théracket was the omd@th the most total points in their two races. The European
competition consisted of ofR bracketwith a total of 3 playerfhe US comgdion required

four RR brackstto declare a champion out of 9 players. The 9 players vdec idia 3 groups

of 3 for the first 3 round robins. The winner of each irti&lbracketompeted in a final
ochampi ons hi lpagketr oouTneds tr oFbeisnul t 6 nlynhb astropadw e r e C
soon as possible at the end of each match aNdTh&R team calculated the score for each player

for that match. MIT maintained the tally of all results and determined the champion (one for
Europe and one for the USA) during the compet
an 0AI |threeteanes 6Theoefore, there were a total of 9 European teams (in 3 Alliances) and
27 USA teams (in 9 Alliances) represented in the finals.

Each match started with the primary and secondary satellites positioned in the same location, as
shown inFigure45. The itemsn the game were all virtual as mentigSedtion 4.2.1patellites
moved to the items®d k nrelated activitigSaction @.h)Fhetasterope r f or
axis orientation for AsteroSPHERES was a random Maaterasfixed for all the matches in the
competition. It was available to players by calling an API fugset@mppendix Ayithin their

computer program. For the purpose of toisipetition, the axis of both the asteroids was atiente

to [0.6820f; 0.7248f; 0.097ahd the test resutsowed lot of skewed spinning and revayin

The satellite telemetry and state of health paakatsturned to the SSC (the JEM module laptop
used to communicate with the SPHERES during a test skas®ipeen parseghd the redime
positions of the satellites, both primary in red and secondary in #hfethefinalsmatches have
been plotted ifrigure46 Note that the red SPHERE, which is SPHER#&ays revolves around
Opulensand the blue SPHERE always spin®pulensin keeping with the yObOtipsdtocol.
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Figure 45 Initial positioning of the 2 SPHERES in each match, as submitted to the ISS astronauts
as part of the Test Session files to help them deploy the SPHERES correctly. The view is as
the astronaut would see the positioning if he wetleoking from the overhead to deck of the

JEM module where the ISS competition was held. The co are in the ISS frame: port to
starboard and forward to aft in the JEM module.

The 4 different strategies seen on the ISS competition for matches thatdemiestsfully are
shown in thé-igure46

1. Spinning and revolving with racipgp left: Team 5 vs. Team ¥ d Ended the highest
score of 21 for the revolver and asialpf telemetric data indicates that both SPHERES
docked successfully to the station. The lack of a perfect score is due to imperfect trajectory
following, but perfect collaboration and strategy. This strategy, if implemented perfectly,
would get 23 poistfor the revolver.

2. Spinning and revolving without rac{tmp right: Team 3 vs. Team Y16 Ended with a
score of 19 for the revolver and 16 for the spinner, and clearly from the figure none tried to
race to the station. In such a strategy, the maximuenpsssible would have been 21 and

18 respectively, which indicates an imperfect mining operation.
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Figure 46 Trajectories of the PRIMARY (red) and SECONDARY (blue) for 4 matches in the US
competition of the test sessiorthat demonstrate unique strategies of playing the AsteroSPHERES
match. The red and blue spheres indicate the initial positioning of the two satellites. The tiny

squiggles around them are due to the initial 30 seconds when the satellites position themselve
D) before the match begins

autonomously (Appendi x
alphabet indicates the position of the items, asteroids and mining stations in the game volume

(L1=Laserl, L2=Laser2, R=Repulsor, T=Tractor, O=Opulens, I=Indiggns, MS1=Mining Station 1,
MS2=Mining Station 2). The game volume was enclosed in a cuboid of 2m X 1.7m X 1.7m length
within the JEM module. These are only a subset of matches played on the ISS.
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3. Spinning and revolving with only the spinner rgdbmttom left: Team 1 vs. Team Pd
Ended with a score of 16 for the revolver and 18 for the spinner. Analysis of telemetric data
indicates that the spinning SPHERE docked successfully to the station and hence won the
match. The maximum points for such a scenawiddvibe 17 and 20 respectively; however,
the spinner left for the station a bit too early to gather enough mining points through its
perfect mining algorithm and the revolver therefore missed out on collaboration points in
spite of also having a perfechimg algorithm.

4. Spinning and revolving with only the revolver rdbwitpm right: Team 5 vs. Team 6}
Ended with a score of 17 for the revolver and 12 for the spinner. Analysis of telemetric data
indicates that the revolving SPHERE docked successfulig station. Neither had a
perfect trajectorfollowing maneuver, hence they fell short of the maximum points possible
in this strategy.

To analyze the efficiency of the trajeeti@gking algorithms for revolution and spinning about the

virtual asterids on SPHERES ISS hardware, the satellite telemetry of SPHERES states in the
mining phases of each match were processed. From the simulation analysis and the trajectories on
the ISS Kigure46), we know that all the players mined the stronger asteroid, Opulens, which can
only be mined after the ice sheet has been melted using the virtual laser. The effective mining phase
is therefore at least-20 seconds into Pha&ee at leastO seconds after the start of the game. The

mi ning phase may | ast for as | ong as the play
SPHERES race to the mining stations.

Figure47 shows angular velocity of revolution maneuver of a SPHERE (for this competition, by
protocol, always SPHERE1) around the asteroid location while there was a spinning SPHERE at the
asteroid location. The instantaneous angular velocity of the SPHERBealasteroid normal

6 ang \VEglatbn3ower e cal cul ated using SPHERE106s pos
(200 ms). This process was repeated for autioessful matches on the ISS and all curves were
plotted together iRigure4?.
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Where:
pos = instantaneous position of the SPHERE
vel = instantaneous velocity of the SPHERE
¢ = unit normal of the asteroid axis
|| || = norm of a vector
<,> = dot product of the vectors enclosed
[,] = cross product of the vectors enclosed
1 = angular velocity of the SPHERE about the asteroid location
r = radius vector from the SPHERE to the raétilocation

Maximum points per second were awardaxdg¥elvas 4 degrees per second, prorated as a linear
ramp from O to 8 degrees per secandf the revolving satellite was within 10 cm to 40 cm of the
asteroid center (Section 4.3.1Fifjure4?7, it can be seen that in the main mining phase in almost
ALL the matches, the SPHERE is indeed correctly positioned (red, not pink) and revolving correctly
(dose to black arrow). The one match where the player on the SPHERE did not perform well has
been indicated with an arrow. The corresponding trajectory figure is in taadrbet,team that
controlled the revolving satellite mentiodem 6 got 9 pais for this match, the lowest in the
competition among successful tests, bubtiyne where the revolve maneuver was not near
resonance. After 140 seconds of game figeare 47 shows that the angular velocities start
dropping off and satellites start leaving the revolution radius (specifically marked in magenta). This is
a transition phase where some players chose to stay revolving while others began tbeeave for

mining station.
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Figure 47. Plot of the main mining phase (80 to 140 seconds after the start of the match) behavior of
SPHEREL1 over all the ISS matches, in terms of the angular velocity at which the sphere revolved
around the virtual asteroid on a plane perpendicular to its norm&PHEREL always revolved
around the virtual asteroid Opulens. The resonance angular velocity, for which maximum points
were awarded per second, was 4 degrees/second, marked with a thick black arrow. The inset figure
indicates the match corresponding to th revolve behavior shown by the arrow. The plot color is the
same as SPHERE16s tr aj e Eiguedband(he imsetoThesmagegta b e havi o1
sections indicae the angular velocity when the SPHERE was revolving, but out of the annular shell

of point accumulation (outside 10cr40 cm of asteroid location)

The proxy problem of precise revolution of a SPHERE about a spinning one, gamed in the form of
mining asteids, therefore yielded very robust algorithms from high school students that could
perform efficiently even in microgravdtgdemonstrating the value of crowdsourcing through ZR.
Equation3, Equation4 and Equation5 are the same equations usedietermine the dynamic

scores of the satellites due to revolving from their state vector telemetry during the miding phase
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showing the effici

solution.

ency of

the game scoring

Figure48shows the spin velocity of the spinning maneuver of a SPHERE (for this competition, by

protocol, always SPHERE?2) at the asteroid location while there was a SPHERE revolving around it.
The instantaneous spin velocity of the SPHERE about the asteroiddndrengl i BQuaion®  (

d is calculated from the attitude rate and quaternion of SPHEBERatime step (200 ms). This

process was repeated for all the successful matches on the ISS and all curves plotted in blue in

Figure48
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Equation 6
Equation 7
nozno
nozno
nozno
Equation 8

| = instantaneous attitude rate of the SPHERE in its body coordinates

| = instantaneous attitude rate of the SPHERE in global/ISS coordinates

[91, 92, g3, g4] = instantaneous quaternion of the SPHERE

¢ = unit normal of the asteroid axis

|| || = norm of a vector

<,> = dot product of the vectors enclosed

151



[,] = cross product of the vectors enclosed

i € 0 U=cpaiation matrix to transform SPHERE attitude from local to global coordinates using the

instantaneous quaternion
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! : ' Located WITHIN asteroid spin boundary
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Figure 48 Plot of the main mining phase (80 to 140 seconds after the start of the match) behavior of
SPHEREZ2 over all the ISS matches, in terms of the spin angular velocity at which the sphere spins
about any body axis atined with the asteroid normal. SPHERE1 always spun around the virtual
asteroid Opulens. The resonance angular velocity, for which maximum points were awarded per
second, was 30 degrees/second, marked with a thick black arrow. The inset figures indicates t
match corresponding to the spin behaviors shown by the arrow. The plot coltue) is the same as
SPHERE1G6s traject or yiguesApandtheingtgThdgeebnasgctionsrindicate n
the angular velocity when the SPHERE was revolving, but out of the zone of point accumulation

(outside 5 cm of asteroid location)

To be awarded maximum points, the spinning SPHERE had to spin at a spin angular velocity

(spnVe) of 30 degrees/second. For all other values between 0 and 60 degrees/second, the score was
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linearly prorated (Section 4.2.1). To score, the spinning SPHERE was also required to be positioned
within 5 cm of the asteroid locatiéigure48shows that the spin velocity curves are bunched up at

the resonance spin velocity of 30 degrees/second (black arrow) for a significant amount of the
mining time period. After 14&conds, some players continue to spin while others drop off their
spin and move away toward the mining stétigreen curves instead of blugs they leave the

asteroid mining zone. Three players started their spin maneuver late into the miningpgkase in

of being correctly positioned (since the curves are all blue at time < 100s). The trajectories of the
corresponding matches and the team that controlled the spinning satellite have been shown in the
inset. Team 5 scored 8 and 9 points respeatithly two different matches shown. Team 4 scored

6 points in the match shown. This match (Team 6 vs. Team 4) was the lowest scoring match in the
competition among all successful tests, since the revolving SPHERE, controlled by Team 6, also did
not do well(Figure47). However, the match was certainly an outlier among the 12 successful
matches. Team 5 lost further points since they controlled their spin velocity, very accurately, at an
angular rate ~ 4 degrees/sec higher than the resonance velocity. Team 5 reptréedis was

due to a bug in their project, and evidently an outlier among all teams.

The proxy problem of spinning a SPHERE at an exact position, orientation and angular velocity
while another SPHERE revolved around it, therefore yielded e$fidiginins that performed well

on space hardware too. This, again, demonstrate the value of crowdsourcing through ZR. Like the
revolution casé;quation6, Equation7 andEquation8 are the same equations used to determine

the dynamic scores tife satellites due to spinning from their state vector telemetry during the
mining phasd s howi ng the efficiency of the game sc

crowdsourced solution.

Efficiency of both mining maneuvers, revolution and spitaiadpeen calculated as the percentage

of time that the players spent within acceptable error levels of angular and spin velocity respectively
for each test/match of the ISS test seq&gnation9). For every test, only the time betweed 80

140 seconds since the match started is used to calculate efficiency, since that period is the main
mining phase as described eaileerthe summatisin Equation9 arefor tStepY [ 8 OThe 1 4 0 ]
acceptable error level for angular veloEiydtion3) i s assumed to be 1 cn
location. This value is chosen because SPHERES velocity control within 1 cm/s is defined as a

successful test withBPHERES research test sessioite fthat the same value is used as the
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acceptable velocity error picking up items and docking to the statmdasly, the acceptable error

level for spin velocitfEQuation6) is assumed to be 6 degrees/s, a typical value for a attitude rate
control for a successful SPHERES research test. Note that the SPHERES acceptable attitude cone
(Figure30) for usage of items is also 2*6 = 12 degrees for the same reason.

g

QQQQO O ©

Equation 9

The average efficiency w@volvingand spinningplayers over the main mining phase of all
successful ISS te®93.5% and 9P@respectivelwhen acceptabérror levels are used (triangles

in Figure49). Seven of ten tests show 100% efficiency in revolution and the main outlier is Test 6
due to Team 606s | mpFrgurddéTedt6 isasa a spioning maaduverooutiers e n
due to Team 40s Fiburett8As mdntionet heforshls svas the leveest scoring

and exceptionally underperforming test among the ISSTtestabove analysis repeated for
acceptable error levéialved,e. within 5 mm/s (about Opulens) of resonance for revolution and
within 3 degrees of resonance fdanrpg, the average efficiency is 90% and 7&a86main

outlier that causes the drop of spin efficiency is Test 8, due to the imperfect control of Team 5.
Since thewpparenthcontrolled their attitude rate at 34 instead of 30 degreesfscontrol \&s

very efficient but at the wrong resonance velocity, hence 100% efficiency at acceptable error levels
but 0% at stricter levelBhe average efficiency of spinning without Team 5, assuming stricter error
levels is 83.5%. Student teams, therefore, deatedsthat they were capable of writing very
efficient control algorithms for hardware demonstration in space which not only met research
acceptable levels {93%) but also doubled standards90%).

All the matches thateredeclared successful oe 15S were run in simulation with higher noise
levels in the SPHERES simulator (e.g. with asymmetric thruster firing, random noise in thrust levels)
to compardhe ISSperformance of the players with respect to thkaeams programmed th&m

achieve. Téresults of the simulated matches were compared to the ISS results irBtewje of
metricsStation docking results for each team inraachgwatulstness oftedivestch scores for both
players in each match
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Figure 49 Efficiency of the revolve (blue) and spin (red) mining maneuvers with respect to regular
metrics (triangles) and stricter metrics (boxes), over the time span of the main mining phase i.e.
between 80 and 140 seconds since the mabegins (X axis ofFigure 47and Figure 48

Figure50shows a bar chart comparing the number of brersall its matches a team tried to dock

its SPHERE to the station (measured by its success in simulation) to the number of times it
succssfully did so in the microgravity environment. The results show the teams tried to dock a total
of 21 ti mes, 14 of which were a success on
maximum defaulter iRigure50) shows that the team was also slow in initiating its spinning
behavior on statiod indicative that their trajectory tracking not very robust. Statistically, removing
Team 4 as an outlier, it can be skahteams were able to come up with a solution to station
docking at corner of the game volume within the last ten seconds of a match on the ISS efficiently,.
Al t hough this task was not one of the main pi
ability to interlace different problems within the same game and modularly separate the success in
each problem using satellite telemetry. This result is also representative of crowdsourcing value

achieved.
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Figure 50 N umber oftimes that a SPHERE controlled by a tea docked to a mining station in
simulation vs. onlISShardware A player could dock to a station only once per matciieamsplayed
between 14 successful matches in the competition, depending on whether they qualdia the final

RR bracket. 3 matches on the ISS were unsuccessful due to a hardware reset, due to which Team 9
has no recorded full ISS matches. Team 3 and Team 6 did not attempt station docking at all, even in
simulation, as part of their strategy. Team&9 are US teams and Teams 2 are EU teams.

Robustness of a teamds mHow smmdar aael tlpedSSiandhsimulatian |
behavioygan be calculated in terms of its mining score on the ISS versus in simulation. The mining
score b a team is the total match score of a team minus points received for station docking.
Therefore, robustness of mining is the difference of scores in ISS and simulation, after subtracting

the difference in station docking scaeemiétionl0), averaged over all matches
Q¢ QE QYE QO & Qi i
G QKBGO E 6 QAIBYQE & OEBDE & QABOY'Y | 0 OO "QE & @EE I QO £
2 i 000N dDEY0d | 000 Q¢ d DEHDTY R 0 & U R id

Equation 10

Figure 51 shows the difference @veragematch scores on the-axis, total station docking
successes on theaXis(red and blue differencekigure50) and the slope ohée dotted red linis

the number of points received by a team per station docking (4 if alone, 6 of collal@aatnge).
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with robust mining behaviors wélilie on the daed line because their difference in scores is
entirely due to differences in station socking success on ISS vs. simulation (e.g. blue and red lines or
green and purple linesFigure35). Teams plotted on the-&kis achieved station docking whenever

they attempted it so theirintercept is thalifferencein mining behavior between ISS and
simulation.e. a measure of their mining algorithm robustiResall otherdams, the robustndss

represented by theiréoordinate with respect to the red dotted line.
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Difference in the number of times a team station docked in 1S5 vs. in
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Figure 51 Scatter plot between the difference in ISS and simulation performance of terms (averaged
over all ISS matches) of dodkg to a mining station and in terms of total score. The correlation of
the two variables indicates the perfection of overall ISS mining behavior with respect to simulation

behavior (r = 0.52). Teams-9 are US teams and Teams 2 are EU teams.

The anajsis of the mining behavior of teams done in the previous paragraphs was used to identify
the outliers in mining efficiency. As seerFigure 47, Team 6 exhibited inefficient mining
(revolution)d hence is far from the dotted line§igure51 The average difference in points due to
mining non robustness, calculated by averaging the vertical distances of all teams w.r.t the
appropriate dotted line (depending on if they collaboratively docked) is 2.94. This is equivalent to
missing out on 17 sewts of mining i.e. 80% efficiency as calculatedumtion9. The bonus for

winning the game was 2 points, so the difference in total scores could be becaase teatiife
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won the match by a hairds margin on the | SS \
error level of 2 points, 8 of 12 teams (67%) have resalawsh algorithms for mining. Note that
robustness is not equivalent to efficiency. Famgbe, Team 3 iRigure51 had a nosrobust

mining algorithm i.e. their player behadifféregtin ISS and in simulation, however, the player
performedbetteon ISS than simulation hence achieving highly efficient results on the ISS that met
SPHERES research effiency stand&uisation9).

Finally, i is important to estabh that the analysis done and conclusions drawn using simulation
competitions and scores (all other sections in Chapter 5 besides this one) is indeed applicable when
the algorithms are demonstrated on space hartMidleFigure51 and the associatddscussion
establisheg@arity in terms of mining maneuvers, the same is required for the overall objectives of
the gameFigure52 shows the comparison of all match scores in 12 successful matches conducted
on the ISS test session; 10 of the 12 US matches and 2 of 3 EU matches were successful. For the
unsuccessful matches, the simulation results were used to determine the megclorwtimne
championship award. The average difference between the simulation and ISS scores is 2.75 (with a
standard deviation of 2.52), which is equivalent to a third of the station docking points possible or
less than a sixth of the mining points pass@ihce the disparity between ISS and simulation is not
significant, results from the analysis of simulation scores may be used to extrapolate the effects of

collaboration on crowdsourcing of spaceflight software algorithms.

In playing the highest sawyi match of the competition, which resulted in scores of 21 and 13
respectively, both SPHERES had ~23% of their virtual fuel remaining at the end of the match.
Furthermore, in the next best match of the competition, with scores of 20 and 17 per SPHERE, the
fuel remaining was 41% and 61% respectively. Both these matches were played by 4 unique players
i.e. 4 alliances of 12 teams each. This clearly indicates that the participants were very capable of more
challenging and resowamnstraining scenarios whiwkre not measured using the 2011 scores.

The best players in the tournament could have been sorted furtherdfficferty, had the score

been a function of fuel usage as well. For the middle school version of AsteroSPHERES, MIT
undergraduates haditten functions for the spin and revolve maneuvers as part of the game API
library which MS students used to play the game. Analysis of the MS foel sisagaticgveals

that the best performing revolver had at most 7% fuel remaining over althies what it played.

Since the MS ISS event typically used about 4% extra fuel for SPHERES maneuvers compared to
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simulation, aualitativeomparison with the HS ISS results shows that the HS students showed
more fueloptimal performance compared to ranijoselected MIT undergraduate students. This
finding strengthens the theory that crowdsourcing done in an appropriate way can be educationally
powerful and produce resougfécient algorithms.

m 51 Simulation Scores  mWS1155 Scores W S2 Simulation Scores W S2 155 Scores

25

20

15

Scores of the players in given matches

Figure 52 Comparison of the sores of both SPHERES in all the successful matches on the ISS with
the scores when the corresponding matches were simulated on the SPHERES

5.1.3. Dedicated Crowdsourcing Tournaments in Zero Robotics

The 2011 HS tournament was primarily aimed at STEM education and outreach; however the
research problems chosen for the game were formation flight problems, wherein participants were
required to write closédop, precise trajectory tracking problems darectly oriented spinning,

rotation and coasting of the SPHERE. The tournament thus served as proof of concept that harder
and unsolved formation flight problems may be introduced as a game within ZR and solved through
tournamenbased crowdsourcing. Fhetmore, the scoring can be designed such that it is reflective

of and prorated to the robustness and fuel efficiency of the required maneuver.

The lessons learned from the 2011 experience will be used to design tournaments chiefly for
crowdsourcing amhomous spaceflight algorithms which can be tested on SPHERES as a small
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satellite microgravity testbed. For example, an ongoing tournament within the program is the ZR
Autonomous Space Capture Chall¢@gE, whose goal is tevelop an algorithm related to the

recently announced DARPA Phoenix demonstrg8&jnThe objective of this specific challenge is
towrite a computer program to control a satel
space object (or POD) that may be tumbling through space. The best algorithm rsulnmimssio
simulation competitions, conducted every week for four waleks, tested in zero gravity on real
SPHERES satellites aboardith8 S. The top performing program f
be published on the website, so that other participants can learn from it and build on existing know
how rather than fmvert the wheel. The tournament is open to all age groups and all nationalities,

unlike the HS tournaments which for US and EU students.

Another method of performing dedicated crowdsourcing through ZR Tournaments is to use newly
developed algorithms as pafrthe ZR game code, which will be simulated every time plays the
game i.e. simulates his project (Section 4.1.Figune@ 26). Since tens or even hundreds of
thousads of simulations are run for each tournament, this will be an opportunity to verify and
validate (V&V) the robustness of the newly developed algorithm on the SPHERES simulator by
subjecting it to hundreds of programs written by a random sample seleof fpmoexample, the
collision avoidance algorithm (as described in Section 4.3.1), that was an inherent part of the ZR
game in 2010 and 2011 to prevent 2 SPHERES in a match from running into each other, was
written by an MIT graduate student. It has laeémated in many of over the 150,000 simulations

run as part of the 20BD11 competitions and therefore has provided data for verification and
validation (V&V) of the efficiency of the algorithm. Details about the algorithm and V&V results are
beyond tle scope of this thesis.

The intent of this section was thus to point out that ZR Tournaments are great platforms where
new algorithms can be developed by designing a game around specific problems and inviting crowds
to play it and developed algorithras e tested by subjecting them to thousands of human

designed simulations.
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5.2. Benefits to CSSTEM Education

The high level goals for education and outreach usif@$Jare to:

- Engage studeespecially from schools that do not have funding for expensive robotics
programs,jn STEM activities by giving them haadsexperience with the SPHERES
hardware and software

- Create @chtional materials for stadentssed both during the season and the school year for
extended learning and sustained engagement

- Increase educator capacity and comfort in teaching STHY subject) roalttvoratively
with certified irschool and owbf-school educators from participating schools, school
districts and/or community based organizations

- Build critical engineering skills for saeass problem solving, design thought gsoce
operations training, and team work. Ultimately we hope to inspire future scientists and
engineers so that they will view working in space as "normal”, and will grow up pushing the

limits of elgineering and space exploration

MIT uses the unique CDIO itrative for Engineering Education. CDIO standdf@oncei ve De
| mp| e me rahd offeps em educatidn stressing engineering fundamentals in order to create
systems and products. By hamnisengagemenCDIO teaches students to appreciate the
engneering process, contribute to the development of engineering products, and do so while
working with an engineering organization. ZR follows the CDIO Initiative where students will
conceivka strategy to win the gamesigam program using the SPHERESgramming interface to
demonstrate the brainstormed strategglemetiteir projectsusing SPHERES hardware on the

Flat Floor facilities andusing the feedback from the 3DOF environmimally operatéhe

SPHERES satellitesingtheirproject aboed the ISS.

The different components of the educational experience delivered through Zero Robotics have been
evaluated below. The intent of the following sections is to understand the observations made during
the ZR program, specifically the 2011 higbddcseason, artd design future tournamersisch

that educational benefits are maximi2elditionally, the effect of collaboration on educational
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benefits has been deduced to evaluate the hypothesis of collaborative competition is helpful to

students asthmentors.

Note that a few results contain references to the ZR summer season conducted in both 2010 and
2011, where middle school students from handpicked schools from the Greater Boston area
participated in a-week Zero Robotics tournament. The prmogvweas much smaller in scale than

the high school one and is organized in collaboration with the Massachusetts Afterschool
Partnership. The intent behind mentioning the middle school program in a few upcoming sections is
to highlight the benefits of the SWEducation side of the program, in terms of registration
demographics and educational quality and to serve as a control for no collaboration environments.
Since the middle school program does not demonstrate efforts in the direction of simultaneous
crowdsurcing and STEM education or collaborative competition, which is the objective of this

thesis, it has not been mentioned in much detail.

5.2.1 Registration Status

The 2011 high school tournament received applications from 128 @AWNSA statesFigure53

shows the spread of participating schools in th@l&l&aii is not shown in the figuref the 24

teams that participated in 2010, 16 retuto participate in 20lihcludingall the 10 ISS finalists

from the yearThe ZR Program alssxpanded internationaity2011. A select group of &hools

from Italy, UK and Germany, handpicked under the supervision of the European Space Agency,
playel AsteroSPHERES on the same web platform as US schoede schools have been
geographically ashown inFigure54. All the school teams participating together in the simulation
competitions, however the finalists for the EU schools were selected sepaeal&$. final
competition was conducted separdteliyS and European teams and a separate champion alliance

wasdeclared for each.
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Figure 53 Map of 123 registered US schools (2010 returning participants have been marked in blue
pins)

Figure 54 22 registered EU schools in 5 geographic locations in 3 countries

5.2.2.Demographics

To evaluate if ZR had met its intended demographic objectives, surveys were sent to the 2010 and
2011 high school participants. In ZR 2010, 20 of the 24 participating schools (83.33%) completed
the surveyThere werd 82participatig studentsvith 62 mentors. The average number of students

per high school was $the maximum student number was 20 and minimum was 3. The average
number of mentors per team was ~ 3. Of thestLlRznts, 82.2% were male, 20.9% came from low

income famiés, 3.1% had disabilities, and 12.15% of them had Englggtasdilanguage. In ZR
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