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Design: Explicit = Implicit BBN Technologies
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... can be mitigated by autonomous, ongoing integration

Maintenance as a side-effect of normal operation
Self-organization phenomena are useful building blocks!
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* Engineered Self-Organization

* Three techniques:
— Networks as manifolds
— Stochastic coordination
— Functional blueprints

 Summary & Future outlook
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Defl nitions: BBN Technologies

« Self-Organization is aggregate structure or
behavior that arises from local interactions

“local-to-global” solutions

* Engineered Self-Organization is design that
predictably leads to specified self-organization



Key: Equivalent Composition Models
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Global |

Specification Combining |
Self-Organ/zat/on Phenomena
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Local

Local Implementations of
Self-Organization Phenomena

DEF_VM _OP, 2, 2, 0, 14, 1, 0, 13, 5,
DEF_FUN_OP, 17, NBR_RANGE_OP,

LIT 0 OP EQ _OP, LIT 0_( OP REF_0_OP,
NBR_RANGE_OP, REF_2 OP NBR_] LAG oP,
REF 3_Op, ADD oP, MUL_OP

NER RANGE oP, LIT 0_OP, EQ OP,
LIT_FLO_OP, 0, 0, 128, 127,

REF_0_OP, NBR RANGE_OP, ADD_OP, MUX

LIT FLO_OP, 0, 0, 128, 127, LIT 0_OP,
DEF_TUP_OP, 2, DEF_FUN_2_OP,
GLO_REF_2_OP, RET OP, LIT 0 OP,
LIT_0_OP, DEF_TUP OP, 2,
DEF_NUM_VEC_2_OP, DEF_FUN_OP, 61,
LIT_1_OP, SENSE_OP

GLO_REF_OP, 4, GLO_REF_OP, 10, DT_OP,
LET_1_OP, REF_1_OP, LIT_1_OP
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Realization of I
Aggregate System

Equiva/entJ Composition

DEF_VM OP, 2, 2, 0, 14, 1, 0, 13, 5,
DEF_] FUN oP, 17, NBR_RANGE_OP,
LIT_0_OP, EQ OP, LIT 0_OP, REF_0_OP,
NBR_RANGE_OP, REF_2_OP, NBR_LAG OP,
REF_3_OP, ADD_OP, MUL_OP,

ADD_OP, ADD_OP, REF_1_OP, LTE_OP,
MUX_OP, RET_OP, DEF_FUN_OP, 13,
REF_0_OP, NBR_RANGE_OP, ADD_OP, MUX
GLO_REF_2_OP, RET_OP, LIT_0_OP,
LIT_0_OP, DEF_TUP_OP, 2,
DEF_NOM_VEC_2_OP, DEF_NUM_VEC_2_OP,
DEF_NUM_VEC_2_OP,

DEF_NUM_VEC_2_OP, DEF_FUN_OP, 61,
LIT_1_OP, SENSE_OP,

GLO_REF_OP, 4, GLO_REF_OP, 10,

DT_OP, LET 1 _OP, REF_1_0P, LIT 1_OP

Composmon of
Local Implementations

Value: only specify aggregate behavior, details autonomously set at runtime
Cost: initial design harder, extra overhead, NO SILVER BULLET
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N A
Global: network

Local: message passing
Limlks amorphous medium

W v
« Continuous space & time Approximate with:
o Infinite number of devices « Discrete network of devices

« See neighbors' past state o Signals transmit state
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Geometric Program: Channel BBN Technologies

(cf. Butera ‘02)
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Computing with fields
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Proto
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(def gradient (src) ...)

(def distance (src dst) ...)

(def dilate (src n)
(<= (gradient src) n))

(def channel (src dst width)
(let* ((d (distance src dst))

(trail (<= (+ (gradient src)
(gradient dst))

d))
(dilate trail width)))

evaluation

ﬁ

global to local ‘
compilation

el
platform X device
specificity & «
Opti m ization neighborhood
discrete
approximation
Device
Kernel

[Beal & Bachrach, IEEE InteI.Sy}g. '06]
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Restriction

Pointwise

restrict

Neighborhood

any-hood

13
Formal semantics: [Beal, Usbeck & Benyo, Comp.J. 2012], [Viroli, Beal & Usbeck, Sci.Comp.Prog. 2012]
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Synthetic Biology

Agent-based tactical simulation Swarm search and rescue

[Beal et. al., ACS Syn.Bio. 2012] [Usbeck & Beal, AGERE 2011]
[Beal, Usbeck & Krisler, SCW 2012] [Bachrach, Beal & McLurkin,NCA 2010]
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source: jcwinnie.biz |
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US Electricity Production Costs 1995-2008 | W
in 2008 cents per kilowatt-hour
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. Peak Power .
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Costs
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Nuclear

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
Year

Costs = Operations & M: + Fuel. Production costs do not include indirect costs or capital 1 6
Source: Venfyx Velocly Sulte, via NE/
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 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

Challenges: privacy, scalability, deployability, consumer interface...
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Capturing User Requirements BBN Technologies
override
button \,\ N
Not now! status
- indicator
I
flexibility
switch I I
networkin
Uncontrolled controlled//. atntennag
outlet
Qualitative Smart plugs, new appliances,
Energy Flexibility home automation, ...

Servitization of electricity:

Input based = performance based
(need-fulfillment)
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m TEF+U(0’TEV) m
1- EF { ER

Global: energy demand
Local: appliance on/off

Link:  law of large numbers
« (E)nabled vs. (D)isabled
* (R)efractory vs. (F)lexible

[Ranade & Beal, SASO 2010], [Beal, Berliner & Hunter, SASO 2012]



Formal Control Problem
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disturbances

C(t’a) = (poff,1,a’ pon,1,a’
poff,2,a’ pon,2,a )
>

s(t.a) = (IEFI, , IDR], , IDFI, , [ERI, ,,

State
Transitions

—— VIV y

Aggregate
1

State
Estimator

1
Broadcast

A

Broadcast

g(t)

Controller
‘ ¢

s(t) = (IEF., DRI, ...)

[EF],, IDRI,_, ..)

For each ColorPower
client, set p,,,, Pz for
each device group, such
that the total enabled
power in s(t) tracks g(t)
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* Fairness assured by executing equivalent
stochastic algorithm on all clients

* Intuition: spend flexibility with three “allocations”

1. Goal tracking & hard priority constraints
2. Soft priority
3. Cycling (trading off fairness against future reserves)

* Any “unspent” flexibility is allowed to
accumulate, improving future controllability
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Allocation 3: Cycling
EF,| = |[EF,| - AI™ — AP”
and similar for other states

Boundary color b: Dy < g(t) < Dy
Allocation 1: Goal Tracking

Correction Goal:

% ~ Reserve fraction f:
CI=oa-(g(t)— > |EF|+|ER;|) EF, DF
Downward shift: C |ERy| — IDRy| —
0 ifCI9>0o0ri>b
- JIEF else if X, |EF;| <10 r(t) = (Do = g(1))/(9(8) = Do)
' G =32 |[EFy| elseif >0, [EF;| < [CY] S 1 when enabled
0 otherwise , J-Tp domainates,
Upward is converse Poff.ss = — 1 else converse
I . | L ’ m(fﬂLl)TD—TE
° 1/ ~ 1/
Allocation 2: Color Priority A = AS* = min(ogros - |EFb| s Pomss - [DFs| )

EF,| =|EF| - AY" |DF| = |DF| - A%
Downward shift:

Computing p,,, and p

0 ifi>bor 3. |EF;| > |DF| AT+ APT AT
o e _ 7 (] (]
AP = |EF) else it Y., |[EF;| < DRy Doff i,a = GF]
DR =Y _,|EF;| ebeif Y._, |EF;| < |DF| i

AIT —I—AI-H_ —I—Aﬁ_
Upward is converse Ponjia = — \DZFZ\ :




Simulation Studies
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Mean Converged Error
)

Goal Tracking Case 1
Steady State Case 1
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—*— Case 3
S —*— Case 4 E
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Scalable: More devices = better accuracy

Mean Converged Error

Case 1 50/50 Pop.
Case 1 Different Pop.
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Good tolerance of heterogeny and error



Current State: Transition to Pilots...
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« Partnership with energy industry startup
 Integration and product development

colorpower — Market integration
— Consumer HCI & incentives

-\ — Operations interface
— PDD, reference designs

— Service models

ACTIVE LOGGED
. SIMULATIONS SIMULATIONS

/ Florida Power and Light S
Start Tl -08-30 03:59
Time Ru 3:56 Gree
Y

.l VIRGIN 3G a

Select PowerPlan

Support Clean
Eco Energy—Run Only $ 12
Max When Solar/Wind Is -
Available

Night Run between
Run 11PM and 4AM $08

Help Lower
ECO Prices and Reduce $.085
co2

Blackout Help Prevent
Fighter Blackouts Only $'095

Classic Do Not Coordinate
With Grid $'1 0
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MADV: Morphogenesis for Redesign BN Technologies

Operation experts are not engineering experts...

... but have good ideas for new uses and upgrades

6
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What if your robot can climb stairs...  BNTechnologies
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Even “simple” robots require careful design of
many interacting components...

Extending Flippers

Larger Motor Driver

Larger Drive Motor

Extending Tracks

e
g Y 7
— = Y, ?

. and small changes have large consequences.

29
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Warrior

PackBt

miniDroid

30
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Functional Blueprints REHISEActapiss

\ Functional blueprints requirements:

Global: design specification .
Local: parameter values
Limls functional blueprint

e

Step Climbing Flipper/Body Ratio Self-Righting
(via ascent angle) (via torque/mass)
31

«

.....................
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Preliminary Test: Cartoon Vascularizationgen 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 vascularization and

density co-regulation

#of cells

800 e
600 ‘
400 M—*J'*{* —=—— 1
200 [

1 I 0.04

0.2 0.3 0.4 0.5 0.0 .02
Growth rate Growth rate

EEE

[Beal, Swarm Intel. 2010]32
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MADYV Architecture BBN Technologies

Models

Current

Design

Morphogenetic Simulator Evaluators
— Blend Updates Robot Model Evaluator
L
Py 1 Cost Evaluator
= FB Executor
a;.f T Environmental Evaluator
m (obstacle courses)
— Blend Stresses p p
S e
2 1
= Stress Converter N
L
N gy

Evaluation
Metrics

33
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Incremental, not evolutionary!

. Y7
* Always keep design V= sigh’S ) max | 7, <
viable / E /i
— Stress-modulated Blending function
inCrementa| ChangeS 0.0020 Eartial S’fress for‘ perturbgtion si;e 100%
» Stress disperses oo | .
quickly through the T me

network of functional o000 |
blueprints 0.0005 |

400 500 600
Number of iterations

No need for best design, just some working design

34
[Adler et al., ICMC 2011]

0 100 200 300
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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
[Beal et al., GECCO 2012] *°
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2 Gazeha JES] %7
Flle View

el MRV NN RN

Modals | View _v_][s;pm Window :]ITm: % Mode! :]

lane
ir
minidrowd

Go Ty
Parameters

f
poos s emee  [oco [wresimme fae [isec Reaimime [iss |imec)sim Time f21.63 | Pause Time

7 interacting functional blueprints

36
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* Engineered self-organization helps with hard
problems of design, scalability, and maintenance

Global: Communication Aggregate Design
Network Demand specifications
Local: Message Appliance power Individual design
passing consumption parameters
Model Enabling | Amorphous Law of Large Functional
Composition: medium Numbers blueprints

* No silver bullet --- but many useful techniques
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Three Strands of Development BBN Technologies

« Discovery / adaptation of new self-organization
phenomena to provide global behaviors

Example: functional blueprints

* Refinement of self-organization phenomena into
engineering techniques suitable for routine use

Example: spatial computing with Proto

 Application to real-world problems of systems
design and maintenance

Example: ColorPower stochastic control
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