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(1) Provide mitial Configuration S=(x ,...,x ),

(2) Determine “Fitness” A, for each Variable x ,

(3) Rank all ;=] |(k) according to
i [1(1) — S i [12) — <. S }’H(n)

(4) Select x , w=[](]), 1.e. x has worst Fitness!

Oldenburg
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Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

>> “Extremal Optimization” (EQ): <<

(1) Provide mitial Configuration S=(x ,...,x ),
(2) Determine “Fitness” A, for each Variable x ,
(3) Rank all ;=] |(k) according to

Ao <A <..<A

[ —""1l2) — °°

[1(n)

(4) Select x , w=[](]), 1.e. x has worst Fitness!

(5) Update x unconditionally,
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>> “Extremal Optimization” (EQ): <<

(1) Provide mitial Configuration S=(x ,...,x ),
(2) Determine “Fitness” A, for each Variable x ,
(3) Rank all ;=] |(k) according to

Ao <A <..<A

[ —""1l2) — °°

[1(n)

(4) Select x , w=[](]), 1.e. x has worst Fitness!

(5) Update x unconditionally,
(6) For/ times, Repeat at (2),
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Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

>> “Extremal Optimization” (EQ): <<

(1) Provide mitial Configuration S=(x ,...,x ),
(2) Determine “Fitness” A, for each Variable x ,
(3) Rank all ;=] |(k) according to

Ao <A <..<A

[ —""1l2) — °°

[1(n)

(4) Select x , w=[](]), 1.e. x has worst Fitness!

(5) Update x unconditionally,
(6) For/ times, Repeat at (2),
7) Return: Best C'(S) found along the way!
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Typical Extremal Optimization Run: B
EO-run for Partitioning (n=500):

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,
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Typical Extremal Optimization Run: B
EO-run for Partitioning (n=500):

h—
T ™m

“n At

Range of
Cost-

Fluctuations

1n At

10° 10°
Updates

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,
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University
10-10-08

Typical Extremal Optimization Run:
EO-run for Partitioning (n=500):

random .

start Tm
_ At

Range of
Cost-

Fluctuations

1n At

10° 10°
Updates

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,
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University
10-10-08

Typical Extremal Optimization Run:
EO-run for Partitioning (n=500):

random -
——

start -
"5 At
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Updates
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Boettcher

www.physics.emory.edu/faculty/boettcher,
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Typical Extremal Optimization Run:
EO-run for Partitioning (n=500):
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T-EO - Searching at the “Ergodic Edge”:

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,



http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/

Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

7-EO - Searching at the “Ergodic Edge”: =
For Ranks 4 o = .. <A, ,update i=]| |(k) with

[1(n)

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,



http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/

Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

7-EO_- Searching at the “Ergodic Edge”: el

< < - .
For Ranks AH(I)—'” —iH(n)’ update i=| |(k) with

scale-free, power-law distribution | P o«

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,



http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/

Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

T-EOQ - Searching at the “Ergodic Edge”: s

< < - .
For Ranks AH(I)—'” _i]_[(n)’ update i=| |(k) with

<Cost>|I | 'n_'2'1 6

_L75f n=343
| n=512
n=729
n=1000

P) < k*

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,



http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/

Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

7-EO _- Searching at the “Ergodic Edge”; "y

For Ranks /4 o S SiH(n)’ update =] [(k) with

< > | . . ) : : ; ; . : . . . : : -T
Cost=>| n=216 Pa) < k

_L75f n=343
a\ n=512
| . n=729
_L76f \ n=1000

0« 7T

random walk,
too ergodic

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,



http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/

Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

7-EO - Searching at the “Ergodic Kdge”: el

< < - .
For Ranks AH(I)—”' —iﬂ(n)’ update i=| |(k) with

<Cost>

Pk) « k7

n=216

=t n=343
n=512
\ n=729
=176 | a n=1000

0«7 T — ocC
random walk, greedy + frogen,
too ergodic non-ergodic

T

Stefan
tvt‘Ch r'  \

www.physics.emory.edu/faculty/boettcher,



http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/

Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

7-EO _- Searching at the “Ergodic Edge”; "y

For Ranks / o = iH(n)’ update i=| |(k) with

<Cost> e | | n-'-216. P) < k7

+— n=343
. + n=512

%

176 1~

-1.75

In(n)

07T ~~ “ergodic edge T oc

v ' ¥ ¥ ¥

random walk, greedy + frogen,
too ergodic non-ergodic

T

Stefan
Boettcher

www.physics.emory.edu/faculty/boettcher,



http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.emory.edu/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/
http://www.physics.emory.edu/faculty/boettcher/

Exploring Spin Glass Ground States with Extremal Optimization Oldenburg

University
10-10-08

Animation of T-EQO for Graph-Partitionin

Coloring Log
tau: 1.2 degree: 6.0 vertices: 1000

Welcome to the EO Alet! (by M. Grigni)
Demo for Extremal Optimization Heuristic (see LNCS1917,447'00)
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Results for T-EO:
- For Graph Bi-Partitioning:

Graph Size n EO GA heuristics
Hammond 4720 90 (42s) 90 (1s) 97 (8s)
Barths 15606 139 (64s) 139 (44s) 146 (28s)
Brack2 62632 731 (12s) 731 (255s) —
Ocean 143437 464 (200s) 464 (1200s) 499 (38s)

Comparison on Testbed of Graphs [AI119('00)275],
‘GA by Merz et al. [LNCS1498('98)765],
-Spectral Heuristic by Hendrickson et al. [Supercomputing '95].




Results for T-EO:
- For Graph Bi-Partitioning:

EOvsSA near Percolation for geom. Graphs:
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Results for T-EQO:

v—v N=32
& » Nn=64
. * n=128
== N=256
o * Nn=512

-

4.0 a5
Connectivity
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Results for T-EO:
-For Graph-Coloring (MAX-3-COL):

6 r . , . . . . . . . , —

B A N=64

. +* n=128
== N=256
o * Nn=512

4.0 4.5 L 5.0

Connectivity & COL/UNCOL Phase Transition:
Theory: o = 4.69

Here: x = 4.70
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Results for T-EQO:

-For Spin Glasses:

Oldenburg
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EO for 3d-Lattice Spin Glasses [PRL86('01)5211]

t

E/L3

Palo6

Hartmann97

0.0006
0.0071
0.0653
0.524
3.87
22.1
100
424.
9720.

=

L
3
4
5
6
7
3
9
0
2
o0

-1.6712(6)
-1.7377(3)
-1.7609(2)
-1.7712(2)
-1.7764(3)
-1.7796(5)
-1.7822(5).
-1.7832(5)
-1.7857(16)

-1.67171(9)
-1.73749(8)
-1.76090(12)
-1.77130(12)
-1.77706(17)
-1.77991(22)

-1.78339(27)
-1.78407(121)

-1.6731(19)
-1.7370(9)
-1.7603(8)
-1.7723(7)

-1.7802(5)

-1.7840(4)
-1.7851(4)

O(n*)

-1.7865(3)

-1.7863(4)

-1.7868(3)

Genetic Algorithms by Pal [PhysicaA223('96)283]
and by Hartmann [EPL40('97)492]
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Lattice Spin Glasses (at 7=0):
Defect-Energy:
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Effective Mean Field calculation near 7 . where Replica Symmetry Breaking (RSB)
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Effective Mean Field calculation near 7 . where Replica Symmetry Breaking (RSB)

disappears (ie. 7’ . 0) for d =5/2.

ocFrom Numerics:

Know:

T, ~ V2d (d — o0)

Tg%\/Qd—dl (d—>dl)
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oFrom Theory: (Franz,Parisi& Virasoro, J. Phys. [ 4,1657,'94)
Effective Mean Field calculation near 7 . where Replica Symmetry Breaking (RSB)

disappears (ie. 7’ . 0) for d =5/2.

“From Numerics: T, ~ /2 (d — 2.491) (1 + 1.2/d — 2.4/d”

Know:

T, ~ V2d (d — o0)

Tg%\/Qd—dl (d—>dl)

Data from:
sMC (Ballesteros et al) for d=3,4
"High-T Series (Klein et al) for d=5
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