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Abstract: For centuries, scientists have attempted to identify analytical laws that underlie physical phenomena in nature. Despite today&€™s
computing power, the process of finding natural laws and their corresponding equations has resisted automation. A key challenge to finding analytic
relations automatically & that is, building an autonomous robot - is defining algorithmically what makes a correlation in observed data important
and insightful. Scientists are gradually uncovering an &€ alphabetd€™ that can be used to describe the simplest to most complex physical systems
&€" and by seeking dynamical invariants, researchers go from finding simple predictive models to discovering deeper natural laws. Dr. Lipson will
demonstrate the process on a variety of mechanical, biological, and robotic systems.
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The robotic Scientist

Hod Lipson, Cornell University
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Detected Invariance:
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Lipson & Pollack, Nature 406, 2000
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Adapting in simulation

Simulator

—»| Evolve Controller
In Simulation

Download

3

Try itin reality!

Crossing The
- Reality Gap

A4
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Adapting in reality

—»| Evolve Controller
In Reality

Try it!

A

- Too many
Physical Trials

v
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Simulation & Reality

Simulator

Evolve Simulators

Evolve Robots

Collect Sensor Data

Try it in reality!
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Servo
Actuators
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Morphological Estimation
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Emergent Self-Model

With Josh Bongard and Victor Zykov, Science 2006
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Damage Recovery

With Josh Bongard and Victor Zykov, Science 2006
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System ldentification
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" ‘Photo: ‘Floris van Breugel
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Static ID: Damage Diagnosis
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With Wilkins Aquino
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Symbolic Regression

What function describes this data?

 f(x)=e*sin(|x|) A~

A0}

10
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Encoding Equations

Building Blocks: + - * / sin cos exp log ...

etc

| sin(xy)

1 x4*sin(x,)

(x7 = 3)*sin(x;)

(x, = 3)*sin(-7 + x5,)
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158412

Run...

-15.8412
-3

Models: Expression trees Experiments: Data-points
Subject to mutation and selection Subject to mutation and selection

{const,+,—-,*,/,s5in,cos,exp, log,abs}

Michael D. Schmidt, Hod Lipson (2006)
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—
Systems of D.E.’s
* Regress on derivative

State Variables Derivatives
0 34 A7 20 80
01 | 32 -09 .. 10 80
02 | 31 01 .. 40 13
03 | 27 12 .. 57 19
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Inferring Biological Networks
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Inferred Equations

With Michael Schmidt, John Wikswo (Vanderbilt), Jerry Jenkins (CFDRC)
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Wet Data, Unknown System

Bacillus Bacteria

Pcomﬂ'ch
P:nnls o fp

CI 20 40 860 80 100 120

Time (hours)

With Michael Schmidt (Cornell) and Gurol Suel (UT Southwestern)
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Looking For Invariants
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Implicit Equations

Mining for invariants in data
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From Data:

X ¥y
0.1 23
0.2 4.5
0.3 97
0.4 e |
> 33
0.6 1.0

Calculate partial derivatives Numerically:

ox oy

e 59 Ci?C ”

From Eq uation: Calculate predicted partial

derivatives Symbolically:
ox oy
(5y5 2 5x! 2
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Experiments

Sphere
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00000 o
Pl

2

H = 114.28% e +692.322 % x*
dt
dx 2

L = 61.591* e —369.495* x?

» Coefficients may have different
scales and offsets each run
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.
H =[Q +2.42847 * cos(0)

(doY
L. = 3.52768% E] —9.43429* cos(0)
\
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Double Linear Oscillator

e v EreerT

LLC ]

aoo eS|

dx, dx. )’
H=-14691%x? —15.551*x2 —21.676 * x,x, +8.3808*[—2] +2.6046*[—1]

dt dt
\

would be plus for Lagrangian

Pirsa: 09020048 Page 39/54



Pirsa: 09020048 Page 40/54



30

20

10

-10

I
Il

-30

-40

| 1
4 G 8 10 12 14 16 18 20 22 24
time (seconds)

Pirsa: 09020048 Page 41/54



Solution found for the real double pendulum:

L =4344822. )’ —204496973-cos(6, ) +1396004- ? — 538760938 cos(6, ) —3581621-wl- w2-cos(6, —10001-6,)
L= :::11J +0.3213- {J: +0.8243- @, -, - cos(& —8,)+124.0007 - cos(&,) + 47.0668- cos(6,)

L=a'+a-0;+B-0-0,-cos(8—6,)+y-cos(8) +A-cos(8,)

a=03213
F=08243
=124 0007
A=47.0668
0 0
0,2 1 -0.2
e —— . ® ssoee
-0.4
04
-0.6
w w -0.6
B T o8
-1 .o
-1
-1.2 J
. e .
1.4 12 e @
ey 5 10 15 20 25 4o 50 40 30 20 -0 0
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ka) +kc:) + ko0, cos@ t9) k,cosO, —k cosb,

(ALY

mpn, Ly, L

mm, Ly, Ly

mmy, Ly, L m i, Ly, L mmy, Ly, L

e/l =1
kylky = mpLy*/(my Ly + myLy?)

ek, = 2.00055m,L,/(my Ly + myLy)
e/, = 19.6/L,
ks/ky=19.6-m,L,/(m,L* + m,L,?)

If (m, + mz)a)f + mzLiwzz +2-m,L L, ow, cos (91 -0, )
—-19.6- L, (m, + m,)cos & —19.6m,L, cos 6,
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eq Untitled - Eureqga

— P
: File Edit Control Options Tools View Help
[ ] enteroaa Eﬂmm Sf{x)) Pk moaeting Task Elsuns«m [ ] sowtion statstics Hdb W
List of current solutions Selected solution plotted with the data
Size | Emor Solution I Vakiuton Outa +

1 J(x) = -1.06 cos(-1.62 +2 x) + xcos(-1.62 +| Mikiaie! Hokaine
13 [ /(x) = -1.00 sin(2 x) + xsin(2 x)
6 0442 f{x)=xsn(2 x)

-I{x]--ﬂ.-ﬁ - cos(x) ¥ oar
B () - cos(x) 2
v ) - 026

.

(]

Quick statistics of solution:

Tram Sotions Ponts @

.—| Valdated Solutions Points  »

-1.06 cos(-1.62 +2 x)+xcos(-1.62 +2 x) | S Selected Soution @
L

l

Name Train Data | Vahdation Data -

Sample Size 80 52 —_— y

R-squared 0.96 0.94 L -

Correlation Coeff 0.98 097

Mean Squared Emor 008 009

Mean Absolute Ermor 0.24 0.26

Minimum Error 000082 0.00 |

Maximum Error 066 063 e

Ready B |
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fdt

dS1
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Term Complexity Frequency System
5
kxa 1 23578 4
kx; 1 21.6514 4
kv 1 21.3396 4
kv 1 191743 4
kcos(B) 2 651376 y)
kcos(8) 2 6.14679 )
kvt 3 350439 4
vy 3 449541 4
(1 —x1) 3 422018 2
kviva 3 4.0367 2
kay 1 275229 2
kay 1 275229 2
Icxy? 3 1.37615 2
Iesin(f) 2 1.19266 2
ksin{8) ) 1.19266 2
kcos(8) 2 0917431 2
Ekcos(f;) 2 0817431 2
kxp? 3 0.823688 2
kx? 3 0.823688 2
kxy+ kv 3 0.733045 3
kxy+ kvq 3 0733843 3
Fexy+ kxa 3 0.642202 2
kxi+ kvi—ka 5 0438716 2
kxytkv—ka 3 04358716 2
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Pareto Frequency [%]

Alphabet
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‘k-ﬂg
ke sin(6y) 5
Jesin(8) kg
: * k)t
k cos(eay) s kxy+kv; kxy +kv;+ka;
k cosicz) * kxyt+kvy kx; tkvytka;
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Term Complexity [nodes]
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Concluding Remarks

Wired 16.07

il R0

€€ Correl~Li0on is enoug:.. Faced with massive
«ata, [the Scientific Methoa; '~ becoming
obsolete. We can stop looking for mou>'s. 99

Chris Ander-- _,

The data deluge accelerates our ability to
hypothesize, model, and test.
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Che New Aork Times

Theoretical physicists are not yet obsolete,
but scientists have taken steps toward
replacing themselves
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Scalability

Complexity

* Noise

Hidden (unobservable) variables
Justification
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Conclusions

« Cognitive robotics
— Generate predictive model of self

* Interrogating controller
— “intelligent” probing to extract invariants

* Finding conservations

— Generate dynamical model of hidden nonlinear
systems
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Time to Regress

Time [hours]

A few
seconds

T

I single Pendulum (B.e)

I Harmonic Oscillator (x.v.a)

[ Harmonic Oscillator (x,v)

[ single Pendulum (A.c0, )

[ ] Double Harmonic Oscillator (v vs)
[ Double Pendulum (8,.f;.co1.695)

[ seededDoublePendulum (#;.8;.c0,.605)

=

H

HH
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Approximations

Building Blocks

Detected Pendulum Law

Approximation

* + — cos(), sin) w? — 19.6-cos(d) Exact Solution
* 4+ — sin) e? — 19.5999-5in(-1.57079 + &) Trigonometric identity
4 - w?+9.7108-82-0.7042-6% Taylor series expansion (4% arder)
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