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ONE TRICK

ECEllCt the trends:
* sequential —> parallel, concurrent, distributed
» digital —> faulty, noisy, analog, quantum

* pure computation —=> sensors, actuators



BN EXANMPE

L anguage & compiler support for:
» faulty chips
* DNA hairpin assemblies

« 10,000 robotic bees




RoboBees
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“In the winter of 2006, a strange phenomenon fell upon honeybee hives
across the country. Without a trace, millions of bees vanished from their
hives, leaving billions of dollars of crops at risk and potentially

threatening our food supply.”

Silence of the Bees

How to Help the Bees

Greg Morrisett - Hat

Researchers race to solve the mystery of disappearing pollinators

. watch full episode I:

-the-bees/introduction/38/



A SOLUTION?

* Micro-sized robotic bees!

* Funded through $10M NSF Expeditions in Computing grant

» Ten faculty at Harvard, one at Northeastern,
collaborators at Centeye, Inc.

» Collaboration across many areas:
Computer Science, Electrical Engineering, Biology,
Applied Math, Mechanical Engineering, Materials Science,...

Greg Morrisett - Harvard University o)
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VY CHOOSE BEES FEHS
FLIGHT BIOINSPIRATION!?

High payload

> able to carry loads = body weight

High flapping frequency (~230 Hz)"

Low stroke amplitude

(~90° at hovering, increase up to 130°)"

Non-wing control mechanisms
> extend hind legs for stabilityt

. e ("Altschuler et al., 2005, PNAS;
Able to ﬂy IN turbulent condrtionst tCombes and Dudley, 2009, PNAS)



BAS\C BODY DESIGN

[Wood]



BIOMIM

- [1C MICRO WINGS

CT image

Morphology of natural wing (hover fly) 3D plastic micro wing [Tanaka et al., in press]

* Engineer wings that mimic natural wing morphology

* High stiffiness, light weight, structural control of wing
deformation

» Enables parametric experiments to better understand
the functional morphology of insect wings

[Wood]



FASSIVE CONTROE

q Automobile differential
1

* Passive Aeromechanical
Regulation of Imbalanced

Torques (PARITy)

» Balances drag torques by
passively modulating
stroke velocity

[Wood]



WINGS IN MOTION




POP-UP-BOOK ASSEMBLY
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The whole structure is made like a printed circuit board. 18 layers of different materials (carbon fiber, a
plastic film called Kapton, titanium, brass, ceramic, and adhesive sheets) are laminated together in a thin,
laser-cut design.

Then the pins pop-up from the bottom to fold everything into place. The whole shebang is dunked in a
liquid metal solder to bond tiny brass together, which lock the robot’s joints in place. Finally, the scaffold is
removed by laser cutting, releasing the tiny bee-bot.
[http://www.wired.com/wiredenterprise/2012/02/robotic-bee/]
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HOW DO THEY GET
POWER?



N FILM MIC

[Ramanathan]

Westinghouse SOFC

RO-

Johnson and Ramanathan, 2007



POTENTIAL FOR
FICRO FUEL CECES

« Current IImitations: i
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BEliilire coals:
Continuous power
generation, | WV, breathe
alr, ambient condrtions!

Wafer-scale functional fuel
SOFC arrays cell arrays

[Ramanathan]

Greg Morrisett - Harvard University 2



e

===

X B T

electronic neurons & IMU
[

A '{f ___________
UV targeting sensor e
| [Event Processor Filter
: Microcontroller || precsa9®.
:
|
compound ]
eyes
decending
“visual

/"~ |information

vision processing

} flight muscles
modulatory |_ ,-,‘
neurons || | ‘

halteres




OPTICAL FLOW SENSING
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Optical flow can directly sense
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Optical Flow

ARTIFICIAL NEURAL
CONTROL

Curve RIGHT Curve LEFT T

. [Avyers]

» Optical flow provides information on
surroundings

» Discrete-time mapped (D TM) neurons,
N " coded into microcontroller, controls
e rotors

Greg Morrisett - Harvard University D
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[Centeye & Zickler]
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BRAIN ARCHITECTUR

GP/CPU
Core

» Accelerator-based processor desig
» Ultra low power: microwatts
B CReral-purpose CPU core

» Accelerators for specialized tasks
(navigation, vision, control)

Sensors Sensors

[Brooks & Wei]
Greg Morrisett - Harvard University 26
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No doubt full of bugs

" iscoming!
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[Welsh, Morrisett]
Greg Morrisett - Harvard University 29
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BoX 0’ bees

swarm behavior

Greg Morrisett - Harvard University



MACROPROGRAMMING

* Program the swarm, not the bee

» Automatically compile swarm program to bee programs

» Compller generates code to handle communication, failure
detection, task assignment, and resource management

Greg Morrisett - Harvard University 31
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Thanks!

http://robobees.seas.harvard.edu

greg@eecs.harvard.edu

Special thanks to the National Science Foundation



