Justin Werfel

New England Complex Systemslingtitute Harvard Medca School/Children® Hospital Boston
24 Mount Auburn Street Kamp Fanily Researd Laboratories, 11-127
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Research Swarmergineaing, modular robatics, biologicdly-inspired engineeing, theory of
Interests evolution, morphogenesis, programmael self-assenmbly, machine leaning, amorphous
computing, robust distributed systens.
Education Massachusetts Institute of Technology Canbridge, MA
Ph.D., Computer Sderce,June 9, 2006
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Theds. Neural Network Modds for Zelra Finch Song Production and Renforcemant
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A.B., Physics, June 1, 1999
Minors: Biophysics, Engineeting Physics, Applications of Computing, Applied &
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Theds. Topology and Dimensiondity in Neural Network Memories
Dissertation  Anthills Built to Order: Automating Construction with Artificial Swarms
Advisors. RadhikaNagpd, H. Selbadian Seung (Seealstrad attached)
Devel oped distributed algorithms for a swarmof mobile robots to automaticaly build user-
spedfied structuresfrom squarebuilding blocks. Introduced O&tended stigmeigyO
framewvork for improving systemperformance. Characterized agorithmic correctness and
performance,anayticdly and viasimulation experiments. Dedgnedand built hardware
prototype. Extendedframework to three dimersions and underspedfied structures.
Appointments New England Complex Systemsingtitute Canbridge, MA
Postdoctord Fdlow, Sepember 2007Epresent
Harvard Medca School/Children® Hospital Boston Boston, MA
Research Fellow, Septermber 20078present
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Massachusetts Ingtitute of Technology Canbridge, MA

Computer Sdence & Artificid Inteligence Laboratory
Research Affiliate, June 2006Epresert
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Research
Experience

New England Complex Systems Institute Canbridge, MA
Harvard Medical School/Children’s Hospital Boston Boston, MA
Evolution of altruism, Septenber 2007EpresentN Developed and anayzed simulation
models demamstrating evolutionary advarntagesof suicide, teriitoridity, and programmel
cell deah. With YareerBarYam,Donad Ingber.

Tumor growth modeling, Septerrber 2007EpresertN Developed modd of proliferating cells
in which dysfunction in regulation of division and apoptosis, incurred in repeaed episodes
of wound heding, resultsin tumor formation. With Yareea Bar-Yam,Donad Ingber.

Harvard University Canbridge, MA
Swarm construction, July 2006BAugust 2007N Extended analysis of distributed three
dimensiona construction, mathemeticadly and viasimulation. Helped oversee redization of
a 2D Lego MindstormsEbased hardwareimplementation. Investigated extensionsto
adaptive and dynaric structures. With Rachika Nagpal.

Massachusetts Institute of Technology Canbridge, MA
Swarm construction, Septenber 2002RJune 2006N Developed multiple approaches to
programmning swarmsof mobile robots to build desred structuresfrom squarebuilding
blocks, with the only input being a high-level user-spedfied design. These agorithms are
robust to loss or addition of robots and to variation in the order and timing of actions.
Creaed hardware prototype. With Rachika Nagpal, Y aneer Bar-Yam,Danidla Rus.

Reinforcernent learning in artificial newral networks, January 200180ctober 2004N
Analyzedbiol ogicaly plausible online training methods for networks of linearand nonlinea
units. Cdculated leaning curvesfor severa stochastic gradient-following approades, as
wdl asadired gradient method, and compared their optima performance. Charaderized
performancein the presence of noise. With Sebestian Seung.

Brain-computer interfaces, March 2001EMay 2003N Constructed apparaus for

e ectroencepha ographic recording environmert and presentation of visud and auditory
stimuli. Prepared and tested humen subjeds. Andyzed recordings using multitaper spectra
analysis, exploiting high-frequency (gammaband) activity associated with attertiona and
intertional states. Placed first in international (2003 BCI CompetitionOon first datast.
With Brett Mensh, Sebastian Seung.

Natural modes in ewolution, October 20018May 2002N Explored the apgpearance of
regularitiesin ssimulated evol utionary systens, in hopes of exterding aformalizaion of
natural sdedion. With Whitman Richards.

Evol ution-based computing, MayEJune 2002N Implemanted (in simulation) a universa
computer by constructing logic gatesbased on coevolving popul ations.

New England Complex Systems Institute Canbridge, MA
Evolution of altruism, April 2002BJune 2004N Developedand anadyzed simulation models
denmonstrating plausible medchani sms for the evolutionaty origins of dtruism and socid
communicdion. Predator-type agerts robustly evolve to exhibit reproductive restraint in
regponseto asigna linked to crowding. These moddsdiredly bearon the longstanding
controversy about group seledion in evolution, and show how the key trarsition from
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Teaching
Experience

Publications
Articles &
Confererces

solitary living to socidity canoccur. With Yanee Bar-Yam.

Bell Laboratories Murray Hill, NJ
Zebra finch song production, JuneBJuly 2000N Modeled experimertally observed neura
behavior in zebra finch motor nucleus RA, using an integrate-and-fire modd to compare
severd candidate architedures. With Michade Fee, Sebastian Saung.

Princeton University Princeton, NJ
Imposing topol ogy on Hopfidd networks, Septerrber 1998EMay 1999N Investigated effects
of locdly limiting connedions between unitsin Hopfield netsin different dimensions. With
John Hopfield.

Popul ation biology, FebruarybMay 1998N Analyzeddynarrics ard ecpilibriaof evolution
on fitness landscgpes. With Curtis Cdlan.

Spin glass modding, SepterrberBDecemler 1997N Constructed simulation of 1sing mode
and investigated distribution of avalanche sizes With David Huse.

Princeton Cyclotron, JunePAugust 1997N Prepared cyclotron and beamine for weak
interaction study. With Albert Young.

Neutron study, FebruaryBEMay 1997N Hel ped construct polarized *He source for nettron
spin structure experiment. With Gordon Cates.

Santa Fe Institute SaitaFe,NM
Evolution of cdlular automata, JuneBAugust 1998N Extended expetimenta simulation
systemto handle (1) dired competition between individuas for fixed, limited resources and
(2) coevolution with asemnd 'resource' population. Invedigatedeffects of eat extension
aone and in tandem. Denonstrated that resource sharing increased genetic diversity in
populaion. With Melanie Mitchdl, JamesCrutchfigd.

Devdopment TA for new courseinitiating newintroductory core sequerncein MIT EECS
undergraduate program, fall 2005, spring 2006: devel oped software and hardware
infragructure; wrote and tested problemsets, lab assignments, and other course
maerids; supervised and evauated coursework.

TA for Introduction to Computational Neuroscierce (MIT 9.29), spring 2003, spring 2004:
creded ard deliveredlectures, edted ard graded problemsets, led independert project
groups.

Ddiveral lectures and supervised projed groups for New England Complex Systernrs
Ingtitute short courses on complexity, 2004E2008.

Designed and taught MIT Athletics Depatment juggling class, January 2005, and Open Air
Circus classesin unicycling, diabolo, and devil sticks, summe 2004.

Computer sciencelabTA, 199801999.

Werfd, Justin. Robot search in 3D swarmconstruction. In Proceadings of the First IEEE
International Conference on Sdlf-Adaptive and Saf-Organizing Sysens (SASO2007),
Canbridge, Massachusetts (2007).

Werfd, Justin, and Radhika Nagpa. Threedimensiona construction with mobile robots
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Workshops

Tednicd
Reports

and modular blocks. International Journal of Robotics Research, to appea.

Werfd, Justin, and Radhika Nagpal. Cdllective construction of environmenta ly-adaptive
gtructures. In Procealings of the 2007 IEEE/RSJ International Conferenceon
Intedligent Robots and Sygens (IROS 2007), SanDiego, Cdifornia (2007).

Werfd, Justin, and Radhika Nagpa. Extended stigmeigy in colledive construction. IEEE
Inteligent Sygens 21(2): 20E28 (2006).

Werfd, Justin, YaneerBarYam,Danela Rus, and Radhika Nagpal. Distributed
construction by mobile robots with enhanced building blocks. In Proceedings of the
2006 IEEE International Conference on Robotics and Automation (ICRA 2006),
Orlando, Florida (2006).

Werfd, Justin, Xiachui Xie,and H. Sebagtian Saung. Leaning curves for stochastic gradent
descent in linearfeedforward networks. Neural Computation 17(12): 2699ER718 (2005).

Werfd, Justin, YaneerBarYam,and RadhikaNagpa . Building pattemed structures with
robot swarms. In Proceadings of the Nineteenth International Joint Conferenceon
Artificial Intelligence (IJCAI 2005), Swtlard, UK, 149581502 (2005).

Werfd, Justin, and Y areerBarYam. The ewolution of reproductive restraint through socia
communicaion. Procealings of the National Acadery of Sciences101(30):11019D
11024 (2004).

Werfd, Justin. Building blocks for multi-agent construction. In Distributed Autonomous
Robotic Systens 6 (2004).

Werfd, Justin, Xiachui Xie,and H. Sebagtian Saung. Leaning curves for stochastic gradent
descent in linearfeedforward networks. In Advancesin Neural Information Processing
Systens 16 (2004).

Mensh, Brett, Justin Werfel, ard H. Sebadian Seung. BCl Competition 2003N data set la:
combining gammaband power with slow cortica potentiadsto improve single-tria
classification of eedroencephaographic signas. IEEE Transactions on Biomedica
Engineeing 51(6):1052D1056 (2004).

Niehur, Ernst, et d. Reseach, robots, ard redity: astatemaent on currert trendsin
biorobotics. Behavioral and Brain Sciences 24(6):107201073 (2001).

Werfd, Justin, Melanie Mitchell, ard JamesP. Crutchfield. Effeds of coevolution and
resource sharing on the evolution of cdlular automata. IEEE Transactions on
Evolutionary Computation 4(4): 3882893 (2000).

Werfd, Justin, and Radhika Nagpa. Towards acommon comparison framework for global-
to-locd programming of self-assermbling robotic systers. Workshop on Self-
Reconfigurable Robots & Systenrs ard Applications, at IEEE/RSJ Internationa
Confererceon Intelligert Robots and Systens (IROS 2007), San Diego, CA (2007).

Werfd, Justin, and Radhika Nagpal. Threedimensiona directedconstruction. Workshop
on Sdf-Remnfigurable Modular Robots, a Robotics Sdence and Systensl|,
Philadelphia, PA (2006).

Sdil, Crystd, Matthew Vaente, Justin Werfel, and Radhika Nagpal. Cdledive
construction using LEGO robots. In Proceedngs of the Twenty-First National
Confererceon Artificial Intelligence (AAAI 2006), Boston, MA (2006). Receved
Tednicd Innovation Awardfor G egant connection of theory and design.O

Werfd, Justin. Anthills built to order. Automaing construction with artificia swarms
Ph.D. thesis, Massachusetts Ingtitute of Technology, Canbridge, MA; CSAIL Tednica
Report MIT -CSAIL -TR-2006-052 (2006).

Werfd, Justin, and Radhika Nagpa. Towards acommon comparison framework for global-
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to-locd programming of self-assermbling robotic systerrs. Harvard Computer Sdence
Tedhnicd Report TR-14-07 (2007).

Werfd, Justin, YaneerBarYam,and RadhikaNagpa . Construction by robot swarms using
extended stigmergy. Al MemoAIM-2005-011, MIT Computer Scierceand Artificia
Inteligence Lab (2005).

Werfd, Justin. Implemanting universal computation in anevolutionary system Al Memo
AIM-2002-010, MIT Artificid Intelligence Lab(2002).

Werfd, Justin. Neura network models for zebra finch song production and reinforcement
leaning. Master's thesis, Massachusetts Ingtitute of Technology, Canbridge, MA ; Al
Tedhnicd Report AITR-2004-008 (2001).

Invited Talks University of Massacdusetts Amherst Computer Science Department Seminar, Januaty 29,

2008: OAitomating Construction with Artificia SwarmsO

Dartmouth University, Neukom Institute, June 11, 2007: OAitomating Construction with
Artificid SwarmsO

CharesRiver Associates, May 25, 2007: OAitomating Construction with Artificia SwarmsO

Brardeis University Computer Science Collogquium, March 29, 2007: OAitomating
Construction with Artificid SwarnsO

Princeton University Computer Sderce Graphics/Meda series October 9, 2006: O®@lledive
Construction and Extended StigmeigyOQ

International Conferenceon Complex Systerrs, June 27, 2006: OAitomating Construction
with Distributed Robotic SystensO

Sandia Nationa Laboratories March 14, 2006: O®Ilective Construction and Extended
StigmeigyO

Icosystem Corporation, Decener 9, 2005: Ofgineeing Self-Organizing SystemsO(with
Radhika Nagpa ard Dan Yamns)

University of Vermont Computer Sdence Seninar, Decenber 5, 2005: OCtledive
Construction and Extended StigmeigyOQ

University of Vermont Biologicd Complexity Serinar, Decenber 5, 2005: OThe Evolution
of Reproductive Restraint Through Social CommunicationO

MIT CSAIL Studert Seninar, November 28, 2005: OWegpons of Mass ConstructionO

MIT CSAIL Dargerous Ideas Seninar, March 31, 2005: Ohe End of the World is NearO

International Conferenceon Complex Systerrs, May 18, 2004: Ohe Evolution of
Reproductive Restraint Through Socid CommunicéaionO

MIT EECSMasterworks Forum, April 30, 2001: OMove Globally, Update Locdly: Locd
Leaning Rulesfor Reinforcement Leaning in Neua NetworksO

Confererce and workshop presentations for publicaions listedabove

Other Chair (with Marco Mama) of track on Self-Organizaion in Pevasive Distributed Systens
Professional a ACM Symposium on Applied Computing, March 16-20, 2008.
Activities Editoria Board menberfor speda issue of Swarm Intelligencejourna on Swarm Robotics.

Program Committee merrber for Distributed Autonomous Robotic Systens (DARS 2008).

Reviewerfor IEEE Transadions on Rabotics, Journa of Zhejiarng University ScienceA,
International Journd of Robotics Resach, IEEE International Conference on Robotics
and Automation (ICRA 2008).
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Honors and
Awards

Professional
and Honor
Societies

Activities

KusakaMemaid Prizein Physics, Princeton University, 1999.

Depatment of Deferse Nationa Deferse Sdence and Engineeing Graduate Fdlowship,
1990.

Nationa Sdence Foundation Graduate Resarch Fdlowship (dedined), 1999.

Fannie and John Hertz Foundation Finaist, 1999.

Phi BetaKappa, 1999.

MIT Arts Scholar, 2004-2006.

SigmaXi, 1999-presert.
IEEE / Robotics & Automaion Society, 2005-present.
AAAI, 2006-present.

Tedhiya (MIT acappelagroup), 1999-2003; president/music diredor, 1999-2000.

Edgerton House (graduate residence), vice president, 2000-2002.

MIT Graduate Ring Committee(ring design, publicity, event organization), 2003-2004.

MIMEtype (MIT mimecompany), co-founder, 2001-2004; president, 2003-2004.

Princeton Juggling Club, 1995-1999; presdent, 1996-1999.

Princeton University Band, 1995-1999; armouncer, 1997.

Princeton Triangle Club (musicd theaer company), writing and performing, 1995-1997.

Infinity, Ltd. (sciencefiction club), 1995-1999; seaetary, 1997-1998.

Distradions (puzzle magazne), 1995-1999.

Interests include glassblowing, juggling, cycling (bi- and uni-), hiking, fencing, skiing,
writing (published science fiction in Odyssey magazne), and playing piano, harnonica,
and musicd saw.
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Dissertation
Abstract

Socid inseds build large, complex structures, which emeige through the colledive adions
of many simple agents ading with no centrdizedcontrol or predanning. These natura
systens motivate investigating the use of artificial swarmsto automate construction or
fakricaion. The god isto be able to take an unspedfied number of ssimple robotsard a
supply of building materid, give the sysemahigh-level spedfication for any arbitrary
structure desired, and have aguararteethat it will producethat structure without further
intervention.

In thistheds| describe such adistributed systemfor automating construction, in which
autonomous mobile robots calectively build user-spedfied structures from square building
blocks. The approach preserves many desirable feauresof the natural systents, such as
considerable paraleism and robustness to fadors like robot loss and variable order or
timing of adions. Further, unlike insect colonies, it canbuild particular desired structures
acoording to ahigh-levd design providedby the user.

Robotsin this systemad without explicit communication or cooperation, instead using
the pattidly completed structure to coordinate their adions. This mecharism is anaogous to
that of stigmemy used by socid inseds, in which inseds teke adions that affect the
environmert, and the environmenta state influencesfurtheradions. | introduce a framewvork
of exendedstigmergy in which building blocks aredlowed to store, process or
communicae information. Increasing the cgpabilitiesof the building material (rather than of
the robots) in this way increasesthe availability of nonlocd structure information. Benefits
include significant improvementsin construction speedand in akility to take advantage of
the pard|elism of the swarm.

This dissettation de<cribes systemdesign and control rulesfor decentraizedteans of
robots that provably build arbitrary solid structuresin two dimersions. | presert ahardware
prototype, and discuss extersions to more gererd structures including those built with
multiple block typesard in three dimensions.



