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"So... what you guyshave done idind a way toget useful workout of non-linear
dynamics?" - Dr. Bob Shelton, NASA.

|[Abstract |

Following three years of study into experimental Nervous Net (Nv) control devices, various
successes amgkveral amusing failures hairaplied some general principles dhe nature

of capable controbystems for autonomousachines andgerhaps, we conjectureven
biological organisms. Thesesystemsare minimal, elegant,and, depending uportheir
implementation in a "creature" structure, astonishingly robust. Their only problem seems to
be that as they are collections of non-linaaynchronous elements, only a vegmplex
analysis can adequately extract and explain the emergent competency opehnaiion. On

the otherhand, this could imply acheap, self-programingngineering technology for
autonomous machines capable of performing unattevwdekl for years at a time, ogarth

and in space. Discussion, background and examples are given.

[Introduction to Biomorphic Design |




A Biomorphic robot (from the Greek for "oflizing form”) is a self-containedhechanical
device fashioned on thessumptiorthat chaotiaeaction, not predictiveorward modeling,

is appropriate and sufficierdfor sustained "survival" in unspecified and unstructured
environments. Orthe furtherassumptionthat minimal, elegantsurvival devicescan be
"evolved" from lesser tgyreater capabilitiesising silicon instead of carboifusing the
roboticist as the evolutionary force of change), over two hundred different "biomech" robots
have been built and studieding solar power, motorand minimal Nervous-Netcontrol
technology. A range of such creatures is shown in Figure 1.

Figure 1: Some Biomech walkers, hoppers and solar rovers. Over two hundred Nv
machines of thirty-five "species” have been built so far. Some have been in continuous
operation for over seven years.

Nervous Networks (Nv) are a non-linear analog control techndl@jhasbeen "evolved"
to automatically solve real time control problems normally difficult to handle with
conventional digitamethods. Using Nv netmanysinuous roboimechanisms have been
demonstrated that can negotiaégrains of inordinate difficultyfor wheeled or tracked
machines, asvell as exhibiting vercompetent strategider resolvingimmediatesurvival
conundrums. The scale of devices developed so far has ranged from single "neuron" rovers
to sixty neuron distributed controllers with braadrain abilities, and from machines under
one-inch long to several meters length. They have recognizable behavidkat, if not
efficient, are at least sufficient to resolve otherwise intractsdasoryintegrationproblems.
They remember, anthore, usethat knowledge to applynew strategies to acquire goals
("Living Machines", 1995).

This work hasconcentrated on the development of Keased robot mechanisms by
electronic approximations of biologic autonomic and somatistems. It hasbeen
demonstrated that thesystems, wherfed back onto themselves rather than through
computer-based contrgleneratorscan realistically mimianany of the abilities normally
attributed tolower survival-biasedbiological organisms. That minimalnon-linearsystems

can provide this degree of control is notsswprising aghe partcounts for successful Nv
designs. A fully adept insect-walker, for example, can be fully controlled and operated with
as little as twelve standard transistor elements.



The initial focus of Nvtechnologywas toderive the simplest contrglystems possible for
robotic "cradle"devices. The reason for this is threefold.First, such systems would
feature robustnesscharacteristics allowing inexpensive machinegable enough to be
trusted with performing unsupervised work in unstructured environmé&dsond, using
Nv technology we hoped to resolve one tbé most enviablethings aboutbiological
designs, namely howature can stick largeumbers of lightweightefficient actuators and
sensorsalmost anywhere and still hawlem operateeffectively. Third, and most
important, exploration ofminimal control systemsmay explain the biological paradox of
why biological mechanisms can get by on few active control elements. Acommon
garden anhas roughly twenty-thousarabntrol amplifiers distributed throughout ggtire
body, whereas digital watch may have as many as half a million amplifeard still be
unable to even walk. How does nature do so much with so little? The gusstdrat are
the fundamental properties of living contsylstemsand what relationship do they have to
the implicit abilities of Nv control topologies? Does Nv technology use some approximation
of natural living things, is it the other way around, or is it neither?

Applications arenow focusing orthe use of thistechnologyfor adaptivesurvivor-based
space hardware, and for use in unexploded ordinance, ramésnunitions detection and
destruction. Interest and funding sources are JPL, DARPA, NA®X,, DOD,NIS and
the Yuma Flats proving grounds.

Acedemicresearch isnow concentrating on analysis ¢iie non-linear characteristics of
thesesystemsthe development of an engineeriegicon, and severdbooks on 'chaotic
engineering’, the science behind biomorphic robot construction.
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"S0... what you guys have done is find a way to get uasefid
out of non-linear dynamics?" - Dr. Bob Shelton, NASA.

Nervous Net (Nv) technology is a non-linear analog corntrol
system that solves real time control problems normally difficult
to handle with conventional digital methods.

- Nervous nets (Nv) are to electrical Neural nets (Nu) the same
way peripheral spinal systems are to the brain.

- Using Nv nets, highly successful legged robot mechanisms
have been demonstrated which can negotiate terrains of
inordinate difficulty for wheeled or tracked machines. That
non-linear systems can provide this degree of control is not so
surprising as the part counts for successful Nv designs. A fully
adept insect-walker, for example, can be fully controlled and
operated with as little a&2 standardransistorelements

- This work has concentrated on the development of Nv based
robot mechanisms with electronic approximations of biologic
autonomic and somatic systems. It has been demonstrated the
these systems, when fed back onto themselves rather thar
through a computer-based pattern generatan, successfully
mimic many of the abilities normally attributed to lower
biological organisms.

- Nv technology is analog and currently a "Blad«t".
However, some clues as to the nature of its operation can be
gleaned from Non Linear Dynamical Theory.



SAMPLE (non-exclusive) CIRCUITRY:

The basic circuit used in minimalist "Biomechs" is the quasi-
periodic "Motor Neuron" (Nv) shown below:
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@
The patented Nv "Solarengine", with Zener self trigger|

The Nv Solarengine can be considered an effective quasi-
chaotic oscillator, more so when considering variables in motor
load, inertia, and the variability of environmental ligldurces.

The advantages of this design are small component count anc
adjustability, but mostly its very low current drain until tripped.
This means thaBiomorphicdesignscan be very small, robust,
andself-contained.

- Coupled clusters of these oscillators provide the dynamical
richness of Biomech systems.
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Vbug 1.5 "Walkman", Complete Microcore Structure.

- This figure shows the smallest possible nervous network
(defined as the "Microcore") for a capable quadruped with
1.25 DOF per leg. It features 12 transistors in a single
hex-inverter chip.

Background Theory Behind Scalable, Adaptive,
Autonomous Walking Machines:

Properties:

- Motion implies walking.

- Scale Invariance implies adequacy for nanotech applications.
- Limited internal world representation.

- Minimal solutions for high reliability.

- Survival Oriented, Self Contained Machines. Such robots are
not technically "workers" as the word robot implies, but
artificial life formsin situ. As such, the termBiomorph"
(BlOlogical MORPHology) is more appropriate to describe
devices that "live" a progressive existence until failure in
strategy or structure forces immobility.

- Dynamically adaptive.

- Machines "Flow through the world", not against it.

- Digital Solutions are known, but require large computing
power without scale ability features.

Solutions used here:




Simple electronics and mechanics makes the whole machine ar
analog computer, but where is the complexity for walking?

Answer In a phase space of quasi-periodic, mode locking
analog oscillators, capable of chaos and spun out dynamically.

ADVANTAGES: Even for very elementary electronics,
adaptability, survivability, minimality of structure, and immense
effective computation has been shown to be automatic.

Why this complex?:
1. Structural Robustness of Behavior.
2. Universality.

Universality: Difficult (if not impossible) to write out
equations of motion for the systems because of the variable
chaotic dimensions involved (both in the robot and from the
environment), but fortunately we can bound them because the
dynamic parameters ar@lobally Organized (so we study
Domainsin ParameteSpacefor various maps and characterize
typical behaviors Rrinciple of Genericity).

The control systems discussed havdyaamic y spacethat
couples to the world [fractality] and uses it to compute its
dynamics. A generic model can be visualized as follows:



‘/ Non-linear coupling

w = driver

Damped, driven, non-linear coupled pendula.

Dynamicists Torus (2 Torus)

@1 flow

@2
flow

Example of two

oscillator two-torus with directed theta flows which can map
onto unfolded linear space as follows:

(Example @1 vs. @2 plots)



0 | n| |2n|>

0
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Quasi-Periodic Irrational Winding of 2 Torus. In real-worlf
systems with uncontrolled perturbations, this is the general [case;
the windings eventually cover the entire surface area.

Response to Driving Terms of 2 Non-linear Oscillators
Arnold Tongues and Critical Regions:

If Q = A winding number; the number of times the combined
orbits wind or cover the torus, the@ = f1/f2, where fx
represents the unperturbed frequency of the individual oscillator
systems.

k = As the degree of driving of a non-linearity, k represents a
scalar. For example, as Arnold's Circle Map :

@ ->0" =0 +Q - (k/i2rm) sin(2rd)

(Where the sine function is a convenience, any reasonable
periodic function will do.)
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0<k<1 Arnold Tongues or "Funnels"
?Overlap

A

1 Y \ \/ k= 1= critical case
34
]

|| ‘ y y | Dols = fled at every
rational.
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Q
Range of non-linearity of k from O to 1:

In this range of non-linearity of k up to 1, there almostno
irrationalslocked Mode locking is multiple and rational aatl
all rationalsunder externaldriving we get periodic and quasi-
periodicorbits supporting thé>eixoto Theorem

Above k = 1, thecritical line, the situation is very complex
(tongues overlap, hysterisis [which could account for the
evidence of "short-term learning” in these systems], multi-
stability regions and soon chaos).

11



Global Portrait of Sub harmonic Structure of a simple
Arnold Funnel: Supported by both theory and experiment.

0<k<1 ﬁchaos Period Doubling
W

] —x

— Period Doubling begins.

chaos

critical line

L 1
D Periodic and quasi-periodic regime.

3/8 1/2 7/8 ‘

Q

So the machinéadapts" by hopping from tongue to tongue
depending on the coupling strength k; the feedback of the world
onto the non-linear system. This way the machine can alter its
global behavior into"basins”, the Biomech classic example
being the emergenwalking gaits or search modes that
combine to form the capabtgneral problem solving ability
seen in all such systems.

Peixoto's Amazing Theorem:
This theorem on structural stability fageneral motion of
coupled oscillators on a 2-torus (circa 1960) is tloenplete
theoretical foundation for the adaptive behavior of biomorphic
machines.
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For example, in the generic quasi-periodic case:

A ®

2Tt

External
Perturbation

A T = > o T o ™

Ideal Linear Case. Non-Linear coupled

quasi-periodic case with
_A @ Attractor

dense, unstable orbits.

Repellor

Typical floating orbits
around attractor basins.

Attractor

21 | >
Quasi-predictable chaotic orbits
Where "Zap!" is a variable settling/convergence time.

and repellors. That is, the attractors are bisected by a

braid structures on the torus surface (still structurally ung
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Peixoto's Theoremstates thaa finite, evennumberof closed
trajectorieswill alwaysphaselock betweenalternatingattractors

giant

repellor orbit basin. This leads to unpredictable but bounded

stable



under external perturbations), bamy random walk in thls
extended phase space is immediately converted
motion on an attractor basin.

The bottom line is that it's both robust and flexible in all the
right places.

Such dependence on bounded structure rather than predictive
certainty (rendered plausible Beixoto) is what constrains the
behaviors into function rather than chaos. This implies that to
scale the systems into higher degrees of function, the coupling
between tori cannot be higher than the criticality threshold, but
also not lower than the purely chaotic thresholdBiasing
considerations are thus crucial for effective designs.

For example, such a conclusion immediately rejects the
following configuration from having stable, useful states:

Double Punctured 2-torus; a
Hyperbolic space which can
only be chaotic.

And experiment has certainly proven this so.

Whereas the following tori configurations can and do have
stable operating regimes:
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beaded chain of sub-critically coupled tori (as could be used in
an adaptive "robo-centipede" design for example.

D DD
OLORECD

OECOLC R,

example of a "Waverocessor‘configuration, A cluster of sub-
critically coupled tori.

The last example being the design of a two dimensional,
hexagonally beaded Nervous system. Many others are possible
provided the coupling stays below the "puncture" threshold of
the tori. In this case, the results of interaction mimic many
fluid-turbulence characteristics and is thus called"Wave-
Processor", useful in everything from retinas to cooperative
robot "hive" organisms.

Chaotic Engineering:
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A real advantage of coupled non-linear tori design is that it
directly mapsinto the real world circuits necessaryo build a
Biomechcreature.

For example, in a standard, semi-symmetric four legged
Biomorph Design Structure, the following map dee-to-one

The most complex biomorph so far designed has a 12 Nv core
and 8 motors on a single, suspensive platform, all designed
from a simple double 2-torus design.

That is, this...

Oi0,

...becomes this...

VBUG 1.1 "SPYDER™":
Single battery, 1.4Kg., Metal constr.
exoskeletal framework, 2.5 DOF per leg.

Control Core (Experimental):
2 linked "microcore" Nv structures with
adaptive linkages, 4 trans Nu "head".
Total: 28 transistors.

Emergent Behaviors:
2 quasi-independant control structures
converge on a cooperative quadralaterally
symetric walking gait after only 4 steps.
Leg independence allows for directed
action/response despite chaotic control.

...through this.
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Biomorphic -
Adaptive (Nv) "Slice" Minimum
. Nervous Biomorph
Mechanics " N
System Creature
FRACTAL §\|Nel3 .
WORLD
Net
Sensor
Sensors .
Filters Biomorphic
Computational
‘/ "Torus"
4
1 i 3
Slices map onto creature
topology based upon number 2
of (leg) actuators.

A Design map of necessary Biomech elements.

Conclusions:

- There are minimal, elegant solutions to real world complexity.

- Nervous nets would be an excellent "buffer" to allow neural
nets (and other controllers) to handle fractal worlds, but
Nervous Nets seem sufficient by themselves.

- Chaos Science is a valid engineering discipline, but it needs
further work to formulate analytical tools.

- Differentiating Nv neuron structures seem capable of short-
term learning behavior, that is, they anneal into temporary
solution abilities.

- We ain't seen nothin' yet. The field is just barely cracked.
Prospects:
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Since the start of research in the spring of 1994, development of
this technology has advanced to solving currently difficult
sensory and cognitive problemslhe goal is the reduction of
currently complex systemsdown to an inexpensivebut robust
minimum. Further efforts are also being made to apply this
control strategy to the expandingnotechnologyfield. At the
nanometerscale Nv's may prove more feasible than nano-
computers for control of self-assembling micro structures.

Big Question: Is the Nv survivalism paradigm sufficient to
emerge forms of complex Al learning? Work into a device for
the testing of complexity structure optimization is under way.

A preliminary sketch of "Nito 1.0", a complete 212 transistor
compliant anthropoid.

Nito 1.0 (Nervouslntegration of al orsoOrganism) combines
features from all current research areas of Biomorphic
Technologies into one machine with a goal to exploring the
internal dynamic space between bounded value Nervous
Network tori.
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Biomech Tech:;
Pointers to Electronic Info Sources:

For copies of papers or just discussion, the following are
accessible:

WWW sites:
Homepage - http://sst.lanl.gov/robot/
Photos, plans, kits - http://solarbotics.com
Pointers to 371 active BEAM Robotics links.

http://www.ee.calpoly.edu/~jcline/beam-links.html

E-Mail:
Theory - <bhass@raptor.lanl.gov>
Applications - <mwtilden@lanl.gov>

Real-Mail:
Mark W. Tilden,
MSD454, LANL,
Los Alamos, NM 87545,
USA.

Phone: Brosl- 505/455-2657
Mark - 505/667-2902
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