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BBN Technologies

How can millions of appliances

coordinate to change how we
use energy? How can the parts of a

design work together to

adapt it to new uses?

Proto Simulator

How do you program the
behavior of 102 cells?
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When the world is geometric... BEN Technologies

Morphogenetic Engineering

Proto Simulator
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Sensor Networks

... take advantage of it! .
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BBN Technologies

How do you
program space?

Distributed Power
Demand Response

Morphogenetic
Engineering

Extending Flippers

SR 41
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Spatial Computers BBN Technologies

Robot Swarms
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Reconfigurable Computing

Cells during Morphogenesis
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More formally... BBN Technologies

» A spatial computer is a collection of
computational devices distributed through a
physical space in which:

— the difficulty of moving information between any two

devices is strongly dependent on the distance
between them, and

— the “functional goals” of the system are generally
defined in terms of the system's spatial structure



Space/Network Duality SN siimige:

neighborhood




Example: Mesh-Network Cell Phones oBN Jechnologies
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Example: Tracking in Sensor Networks  eenTechnologies

Intruder

Guard
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Example: Morphogenesis BEN Technologies
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How can we program these? BBN Technologies

« Desiderata for approaches:
— Simple, easy to understand code
— Robust to errors, adapt to changing environment
— Scalable to potentially vast numbers of devices
— Take advantage of spatial nature of problems



Example: Mesh-Network Cell Phones oBN Jechnologies
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Geometric Program: Channel BBN Technologies

(cf. Butera)
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Computing with fields

Raytheon
BBN Technologies
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Amorphous Medium BBN Technologies

neighborhood

«Continuous space & time Approximate with:
oInfinite number of devices «Discrete network of devices
«See neighbors' past state «Signals transmit state

15
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P rOtO BBN Technologies
(def gradient (src) ...) m
(def distance (src dst) ...) e
(def dilate (src n) evaluation O

(<= (gradient src) n)) ﬁ U
(def channel (src dst width) Qi

(let* ((d (distance src dst))
(trail (<= (+ (gradient src)
(gradient dst))

d))
(dilate trail width)))

global to local

v

compilation -
 m— @)
platform X device O
specificity & « Q)
Opti mization neighborhood -
discrete O
approximation N
(@)
Device PR
Kernel D
—t
(D

[Beal & Bachrach, '06}



Proto's Families of Primitives
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BBN Technologies

Pointwise

Restriction

restrict

-

Neighborhood

0

any-hood

17



, _ Raytheon
In simulation... BBN Technologies
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Wea kn esses BBN Technologies

* Programmers can break the abstraction |- By design

. . Upgrad
Functional programming scares people ]_Cgiriiges
No dynamic allocation of processes

Soon!
No formal proofs available for quality of ]_ACﬁ"e

_ _ _ research
apprOX|mat|on N a Composed program Jrea

19
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How can millions of appliances
coordinate to change how we
use energy?

N

Distriuted Power
Demang Response

—

Morphogenetic
Engineering

Extending Flippers

Larger Motor Driver

..........

Synthetic
»c  Biology

20




Distributed Power Demand Response soN Techologis

!

source: jcwinnie.biz |
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Costs = Operations & M: + Fuel. Production costs do not include indirect costs or capital 2 1
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Inefficiency of Demand vs. Intention BBN Technologies

 Demand/supply mismatch is extremely costly
— % billions to utilities, local governments

* Consumers dramatically reduce demand when:
... aware of actual appliance energy use
... informed about neighbors' energy use
... aware of stress on power grid

Coordination opportunity: peak-shaving & demand
management by automating volunteerism
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Key Cha”enges BBN Technologies

« Scalability:

— Safe, reliable coordinated response from millions of
devices in <5 minutes

« Consumer interface:
— High benefit, low “annoyance factor”
— Eliciting useful information
— Privacy concerns
* Deployabillity:
— Technology alignment with market structure

— Low cost devices
— Market fragmentation across grid & in home
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Capturing User Requirements BBN Technologies

override
button \,\ N
Not now! status
indicator
Peak Power *E o
demand/-
flexibility

switch I I
/. networking

Uncontrolled controlled_— antenna
outlet
Qualitative Smart plugs, new appliances,

Energy Flexibility home automation, ...



Distributed Creation of Aggregate Model soN Technologes




Model Coordinates Local Control Actions !1‘:‘4!!1?:7:;.“

B, e

Target: 382 MW
Current: 493 MW
(reduce 22.5%)
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ColorPower Algorithm BBN Technologies

» Challenge: fast, private, robust, non-intrusive

* Approach: randomized distributed control
— Aggregate flexibilility information to shared model
— Disseminate control signals via gossip
— Local decision; coin-flip for fractional color
— Weight for availability, overdamped control

Control problem: long timeouts on state changes

[Ranade & Beal, IEEE SASO 2010]
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ColorPower Initial Algorithm BBN Technologies

Heterogeneous Demand and Override
2200 : :

2000 é ..................... é ..................... e

« Simulation on 100 |
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PID local controller
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Improved constraint-based controller
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Per-Color Markov Model

Based on a Markov model of state flux...

On States, All Colors
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Bringing it to the real world... SEN Technolgic

ZOMEC

CNCRGY NCTWORIKS

Devices under Control Energy Consumption

Founded 2010 with team of serial entrepreneurs,
well-funded, offices in San Francisco and
Cambridge, first products in launch process...

30



Raytheon
BBN Technologies

LOGGED

.............

Distributed Power
Demand Response

Morphogenetic
Engineering

How do you program the
behavior of 102 cells?

31
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Vision: WYSIWYG Synthetic Biology  ssnTechnlogies

Bioengineering should be like document preparation:

32
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Why is this important? BBN Technologies

Length in base pairs

* Breaking the complexity barrier:

DNA synthesis Circuit size ?
; [
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583,000 5 — Max (18 months)
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o
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Year

Year

[Purnick & Weiss, ‘09]

» Multiplication of research impact
« Reduction of barriers to entry

33
*Sampling of systems in publications with experimental circuits
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Why a tool-chain? BBN Technologies

This gap is too big
to cross with a
single method!

34
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The TASBE architecture: BEN Technologies

Modular architecture
also open for flexible
choice of organisms,
protocols, methods, ...

Collaborators:

H R
N e

SreruReny Douglas
SN Densmore

35



A Tool-Chain Example SErCscastogle
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Today's focus: BioCompiler BBN Technologies

Compilation &
Optimization

37
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Transcriptional Logic BEN Technologies

regulatory
protein

\

; T
DNA promoter

Decay @ & Alternatives:

Protein PoPS

Signal = Concentration RNA concentration

Stablizes at decay = production

38



Motif-Based Compilation SEN Techlogies

* High-level primitives map to GRN design motifs
— e.g. logical operators:

(primitive not (boolean) boolean
:grn-moti1f ((P high R- arg0 wvalue T)))

arg0 |—> value

39



Motif-Based Compilation SEN Techlogies

« High-level primitives map to GRN design motifs
. €.g. logical operators, actuators:

(primitive green (boolean) boolean :side-effect
:type-constraints ((= value argQ))
:grn-motif ((P R+ arg0 GFP|arg0 value T)))

arg0 |—>‘ GFP ‘ value

40



Motif-Based Compilation SEN Techlogies

« High-level primitives map to GRN design motifs
« €.g. logical operators, actuators, sensors:

(primitive IPTG () boolean
:grn-motif ((P high LacI|boolean T)
(RXN (IPTG|boolean) represses LaclI)
(P high R- LacI wvalue T)))

ITG
r‘ La‘c|/\y‘|—> value

41



Motif-Based Compilation SEN Techlogies

« Functional program gives dataflow computation:

(green (not (IPTG)))

IPTG nhot

42



Motif-Based Compilation SEN Techlogies

« Operators translated to motifs:
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O pt| m |Zat| on BBN Technologies
IPTG
M Preel
IPTG @ Copy Propagation

Kmil\tftm_\t@_
PTG @ Dead Code Elimination

l

P P . Pem

@ Dead Code Elimination

I PTG

M I =l
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Complex System: Feedback Latch SEN Technolgic

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))

45



Complex System: Feedback Latch SEN Technolgic

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))
(green (sr-latch (aTec) (IPTG)))

I PTG

Unopt'imized: 15 funct'iona/ units, 13 transcription factors 46
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Optimization of Complex Designs BEN Technologies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))
(green (sr-latch (aTec) (IPTG)))

IPTG

l

"
r Lacl _E-:' :
e

ach
| ;

Unoptimized: 15 functional units, 13 transcription factors Copy Propagation.;




Optimization of Complex Designs soNechnolgies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTc) (IPTG)))

)
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Unoptimized: 15 functional units, 13 transcription factors | €ommon Subexp. Elin.




Optimization of Complex Designs soNechnolgies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTc) (IPTG)))

)
N

n

™ Procarg\
> P Trars

Unoptimized: 15 functional units, 13 transcription factors NOR Compressionss
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Optimization of Complex Designs BEN Technologies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))

— S n S

Unoptimized: 15 functional units, 13 transcription factors | Pead Code Eliminatian




Optimization of Complex Designs soNechnolgies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))

GFP 1] E1

> =l

Unoptimized: 15 functional units, 13 transcription factors Copy Propagations,




Optimization of Complex Designs soNechnolgies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))

GFP 1] E1 H

Unoptimized: 15 functional units, 13 transcription factors | €ommon Subexp. Elina.
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Optimization of Complex Designs BEN Technologies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))

Unoptimized: 15 functional units, 13 transcription factors | Pead Code Eliminatien




Optimization of Complex Designs soNechnolgies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))

IPTG

e
l
r

Unoptimized: 15 functional units, 13 transcription factors 54
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Optimization of Complex Designs BEN Technologies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))

Unoptimized: 15 functional units, 13 transcription factors NOR Compressionss
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Optimization of Complex Designs BEN Technologies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))
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e

Unoptimized: 15 functional units, 13 transcription factors | Pead Code Eliminatian




Optimization of Complex Designs soNechnolgies

(def sr-latch (s r)
(letfed+ ((o boolean (not (or r o-bar)))
(o—bar boolean (not (or s 0))))

o))

(green (sr-latch (aTec) (IPTG)))

N

IPTG
1
GFP| | H |
> Ll G
aJT.C Final Optimized:

5 functional units
4 transcription factors

Unoptimized: 15 functional units, 13 transcription factors 57
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Compilation & Optimization Results: BBN Technologies

* Automated GRN design for arbitrary boolean
logic and feedback systems
— Verification in ODE simulation

* Optimization competitive with human experts:
— Test systems have 25% to 71% complexity reduction

— Optimized systems are often homologous with hand
designed networks
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Realization with Characterized DNA parts senTechnologies

Tal1-Lacl Cascade
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Onward Through the Tool-Chain... BBN Technologies

(yellow (not (cyan (Dox))))
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BBN Technologies

How can the parts of a
design work together to
adapt it to new uses?

> ‘«"% e
Distributed Power
Demand Response

%

Morphogenetic
Engineering

(ETAS IR
e VAN 4\ Y, ',u‘\
SEAONRIIIN

Synthetic
»c  Biology
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Morphogenesis enables natural variation sentechnologies

Felidae




A phylogeny of engineered systems? BBN Techologis

miniDroid
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Functional Blueprints BBN Technologies

W=

Functional behavior that degrades gracefully
Metric for degree and direction of stress
Incremental adjustment program for stress relief
Initial viable system
Idea: incremental

motion in viable
design space

-

final
initial ‘_A“_'»r
g »

>

Abstract functional

blueprint networks

converge reliably and — . -
Driving Attribute

>100x faster than GAs N

Secondary Attribute




Raytheon

Example: “Cartoon” Vascularization BBN Technologies

Proto Simulator

* Functional blueprint model of
vascularization

— Stress: oxygen, elastic stress

— Adjustment: leaking, vessel
grow/shrink

* Red cells are healthy, blue
cells are oxygen-deficient

« (Can model vasculatization and
density co-regulation

2000 R =
1800 I
1600
1400

1200
1000

#of cells

800
s00f /|

400 7
200 [
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What if your robot can climb stairs... oBN Jechnologies

66
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... but you want to check cars for IEDSs? eenTechnologies

67



Problem: Redesign Complexity soNechnolgies

Even “simple” robots require careful design of
many interacting components...

Extending Flippers

Larger Motor Driver

Larger Drive Motor

Extending Tracks

... and small changes have large consequences.

68



iIRobot miniDroid Functional Blueprints soN Technologes

Functional blueprints requirements:
Behavior that degrades gracefully
Metric for stress degree & direction
Incremental adjustment program
Initial viable design

e

Step Climbing Flipper/Body Ratio Self-Righting
(via ascent angle) (via torque/mass)

69
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5x Variation Driven by Step Height BEN Technologies

70



Adjusting Component Layout BEN Technolgie

* Functional blueprints control key attributes
— The majority of design parameters are implicit!

 How are components modified and placed?

B
ATEEE RS

—Ve.g., Which way doés the flipper extend? Where does
the CPU go inside the robot body?

« What about changes to number or topology?

71
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Morphogenesis resolves design constraints  ssnTechnologies

Manifold evolution based on biological development

mediolateral

Implicit parameters specified through geometric
relationships developed between components

* Abstraction of components
 Reduced dimensionality
Greater design flexibility

Flipper Length = Axle + .Extenéion
72
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Developmental Programs BEN Technologies

Three levels of detail:

 Tissue-level rule definition and evaluation

* Proto cellular models of program plasticity
— Concurrent & blended execution of rules

— Manifold operators distort to match the structure of
the space on which they execute

» Soft-body physics for tissue interaction
— Adhesion lets components maintain spatial relations

— Plasticity lets components “push” around and through
each other



ext Step: Model Integration soN Techologis
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S umma ry BBN Technologies

The Amorphous Medium abstraction uses
manifolds to simplify programming of scalable,
robust behavior on space-filling networks

SIMULATIONS  SIMULATIONS

Proto’s four families of space/time operations
let geometric aggregate descriptions compile
into approximating local actions

Distriute Power
Demand Response

Morphogenetic
Engineering

Extending Flippers
i

...........

Synthetic
»c  Biology

Spatial abstractions can help us solve
complex problems, from networks to
biology and beyond... 75




i i Raytheon
Proto is available BBN Technologies

http://proto.bbn.com/
(or google “MIT Proto”)

* Includes libraries, compiler, kernel, simulator, platforms
* Licensed under GPL with linking exception

76
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BBN Technologies

Backup Slides: Spatial Computing

78
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MOre fO rmal Iy .. BBN Technologies

« A spatial computer is a collection of
computational devices distributed through a
physical space in which:

— the difficulty of moving information between any two
devices is strongly dependent on the distance
between them, and

— the “functional goals” of the system are generally
defined in terms of the system's spatial structure

Notice the ambiguities in the definition

79
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BBN Technologies

Graphs

TR

Amorphous/
Continuous

Crystalline
(e.g. CAs)
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Graphs

space complexity

gram size Amorphous/
Continuous

Crystalline
(e.g. CAs)

(w. Dan Yamins) g
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Graphs

spatial computing

space complexiky

grain size Amorphous/

Continuous

Crystalline
(e.g. CAs)
(w. Dan Yamins)
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Backup Slides: Demand Response

83



‘e . Raytheon
Initial ColorPower Prototype Devices  sanTechnologies

 Atmel AVR Raven

« 8-bit processor
. 802.15.4 wireless

Current sensor

Power control w. relay
 Button, rotary knob

« BOM: < $100
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Backup Slides: Synthetic Biology

85
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Backup Slides: Morphogenetic
Engineering

86



FB Network Convergence Dynamics

Raytheon
BBN Technologies

0.5

Total Stress

Stress for perturbation size 100%

——N=10

—N=8
N=6

—N=4

0 100 200 300 400 500

Number of iterations

600

Partial Stress for perturbation size 100%

0.0020

0.0015 |

100

200 300 40
Number of iterations

* Experiment 1: Induce a 100% perturbation in one of the attributes
* For all random graphs, total stress decreases exponentially

* Majority of the stress is the user perturbation (LEFT)

* The rest of the system disperses the stress efficiently (RIGHT)

Copyright 2011 Raytheon BBN

Technologies

o,
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Resilience to Parameter Change BBN Technologies

Convergence time Convergence vs. Drive Rate

800 140

—+ Time to converge
g —<— Convergence rate
o 120 .
._;j 600 B CIEo00000000000000000000000060000000 (}-(? 100
e ,
E)‘ 100 498
+ -
- 1) @196 <
=400t & 8of N8
ua 2 b 404 &
Y 60} 1492
é 200} 30
= 40r 188
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20 1 1 1 1 1 Il Il 1 1
0 1 2 3 4 5 0 005 01 015 02 025 03 035 04 045 05

Perturbation Size Drive rate

* Experiment 2: Vary perturbation from 100% to 500%
* Regardless of the size of the constraint graph, linear relationship between
the perturbation size and convergence time (LEFT)
* Experiment 3: Vary update rate (drive rate) from 0.01% to 50%

 When increment rate is too high the system becomes non-viable (RIGHT)
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Program Representation: Manifold Rules BBN Technologies

Precondition:_ Tissue = limb-bud
/Proximodistal exists
Precondition: Tissue = egg Efffect_s/ Scale(ProximodistaI,l.S)
Anteroposterior > 0.5 =~ Latch(limb)
Mediolateral > 0.33 / /) N
Effects: Latch(limb-bud) == Precondition:  Tissue = limb
T —* Proximodistal > 0.8
Precondition:  Tissue = egg Effects: Latch(wheel)
Anteroposterior < 0.5 //
Mediolateral > 0.33 Precondition: Tissue =limb
Effects: Latch(limb-bud) — » Proximodistal < 0.8
/ Anteroposterior < 0.5
Precondition:  Tissue = limb-bud \ Effects: Latch(drive)
Effects: Coordinatize(Proximodistal) —
Precondition:  Tissue = limb +=
k —» Proximodistal < 0.8
Anteroposterior > 0.5
Effects: Latch(mount)

« Parallel application, continuous manifold evolution,
conflict resolution by actuator blending

» Benefits: implicit relations, easy to modify/insert 01
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