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Outline

® |ntroduction to spin glasses:
® |n case you forgot...
® Reminder: theoretical descriptions.

boost::variate gen
boost: :normal d

® Parallel tempering (exchange) Monte Carlo:
® Why do we need it here?

® Outline of the algorithm & practical issues.

® Applications:
® Correlations between free-energy and algorithm efficiency.

® Nature of the spin-glass state.

® Collaborators: B.Yucesoy, ]. Machta & R.Andrist.




Rewind: A brief introduction...




Ernst Ising 1900-98 phase transition

® |sing Model:
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® Magnetlzatlon. measure of order m = N Z S; .Lets
’ add disorder!




Cooking.up a horrible optimization problem

® Add disorder... Edwards-Anderson spin glass

H=— Z Ji5:5; — hz Si J;; random
%]
® ... obtain loads of frustration:
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ferromagnet spin glass Ed
® Many metastable states, slow relaxation
® Rough energy landscape

® Nontrivial memory effects, aging

. . -
® Perfect for testing algorithms! configuration space




Still poorly.understood:Some challenges...

ultrametricity memory effect




A word on theoretical descriptions...

® FEarly experimental discovery: Ac _specific heat ) o susceptibility
Canella & Mydosh see a cusp in the
susceptibility of a Fe/Au alloy.
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® Brief incomplete history...
® mid 70’s: Edwards-Anderson Ising spin glass model ( J;; random):

H = — Z JijSiSj mean-ﬁeld» Z — Z
(i) gy

mid 70’: Mean-field Sherrington-Kirkpatrick spin glass.

/0’s: Parisi mean-field solution (replica symmetry breaking - RSB).
80’s: Scaling-like droplet picture (DP) for short-range systems.
90’s: Chaotic pairs picture (CP) by Newman & Stein.




A word on theoretical descriptions...
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Giorgio Parisi Daniel Fisher David Huse and many more...
® Brief incomplete history...

® mid 70’s: Edwards-Anderson Ising spin glass model ( J;; random):
H = — Z Ji79iS;  mean-field » Z — Z
(i5) (i7) 6]

mid 70’: Mean-field Sherrington-Kirkpatrick spin glass.

/0’s: Parisi mean-field solution (replica symmetry breaking - RSB).
80’s: Scaling-like droplet picture (DP) for short-range systems.
90’s: Chaotic pairs picture (CP) by Newman & Stein.
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RSB VS

® Countable infinity of pure
states in the thermodyn. limit.
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® Nontrivial ground state

® Excitations are space filling
with AF ~ const.

® Spin-glass state in a field:
Hyr
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DP

® One pair of pure states in the
thermodyn. limit.

+P(q)
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® Trivial ground state

® Excitations are fractal droplets
with AE ~ L.

® No spin-glass state in a field:
A

PM

SG—




How can we study these systems?




Computer.simulations

® Analytically:
® Mean field theory: Parisi’'s RSB

® Scaling approaches: Droplet-type arguments

® Numerically many challenges:
® Exponential number of competing states (usually NP hard).
® Relaxation times diverge exponentially with the system size.

® Extra overhead due to disorder averaging.

. What to dO? / create a I‘l(fl‘;'l'[;‘.il

boost::variate gen

® Use large computer clusters. boost : :normal_d

® Use better algorithms.
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How CPU intensive are these problems...




Jvpical humerical effort
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® This project took ~ [.2 M CPUh
® On one CPU ~ 140 years!




vical

umerical effort
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Monte Carlo




Metropolis Alsorithm
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Equation of State Calculations by Fast Computing Machines
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A general method, suitable for fast computing machines, for investigating such properties as equations of
state for substances consisting of interacting individual molecules is described. The method consists of a
modified Monte Carlo integration over configuration space. Results for the two-dimensional rigid-sphere
system have been obtained on the Los Alamos MANTAC and are presented here. These results are compared
to the free volume equation of state and to a four-term virial coefficient expansion.

I. INTRODUCTION II. THE GENERAL METHOD FOR AN ARBITRARY

. . . POTENTIAL BETWEEN THE PARTICLES
HE purpose of this paper is to describe a general

method, suitable for fast electronic computing In order to reduce the problem to a feasible size for
machines, of calculating the properties of any substance | numer ical work, we can, of course, consider only a finite
which may be considered as composed of interacting number of particles. This numberoN may be as high as
individual molecules. Classical statistics is assumed, | Several hundred. Our system consists of a squaret con-




fficiently,overcoming.barrier

® Simple Monte Carlo:

Paccept — min(L e_AE/T)

e At low T,when AFE'is large,
moves are “never’ accepted.

® How can we resolve the problem!?

® Parallel tempering (Exchange) Monte Carlo

slow relaxation fast relaxation

TM > Tc
Hukushima & Nemoto (96)
Geyer (91)




Algorithm and details

® Brief outline of the algorithm:

® Perform a Monte Carlo update between neighboring replicas:
T\(E:, T;) — (Biv1, Tiy1)] = min {1, exp|AE; 11 ;AL 1,4 }

AF;+1;=FE;1 — B [obeys detailed balance]
ABiv1:=1/Tiy1 —1/T;
® Practical implementation:
algorithm parallel_tempering(*energy,*temp,*spins)

for(counter = 1 ... (num_temps - 1)) do
delta = (1/templ[i] - 1/temp[i+1])*(energyli] - energyl[i+1])
if (rand(0,1) < exp(delta)) then
swap(spins[i],spins[i+1])
swap (energy[i] ,energy[i+1])
fi




fficiency.example:lsing spin glass.in 3D

® Equilibration times:

Teq ~ 300 MCS

® Equilibration test
(gaussian disorder):

- 2T|E |
=

1

q(F)

Once both agree, the
system is in equilibrium.
Katzgraber et al. PRB (01)
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How.many.temperatures do we need!

® Two possible scenarios:

® [emperatures too far apart:
parallel simple Monte Carlo chains.

® Jemperatures too close:
massive waste of CPU time.

® What determines the number M of temperatures!?

® The energy distributions of the system at T| and T, have to overlap.
® Because AE ~ Cy > M ~ VN

® |n principle, we need as many temperatures such that the method
works. Practical measure! Acceptance rates.




\cceptance rates

® Definition:

good

® [raditional wisdom: Tune the temperature bad
set such that...

. TC
©..02=A=<09% (A~03optimal) . .\ .o Chem. Phys. (05)

® .. Ais approximately independent of temperature.

® How do we select the temperatures!
® By hand: A quick run produces stable rates.

® Incomplete beta function law: Detailed implementation which gives
flat acceptance rates: [usesA = f(Cv)] o icccy o ol |STAT (03)

® Ensemble optimization: Tune {Ti} at a fixed number of T’s.
Katzgraber et al., ]STAT (06)

® Tune tauo:Perform more PT moves where tauo is large.
Bittner et al. (08)




Ruben method when Cv.is ‘‘well behaved’

Andrist (13)
® Generic frustrated systems:

® Soft 2" order transition

® Cv rather smooth

® “Fancy” methods to select temperatures are a waste of time.

[7’ = min{1,exp|AFE;11;ABi+1.4]}

® Efficient approach:

® Perform a quick run (no need to equilibrate) and estimate F(7;).
® Spline interpolate the discrete set { £(7;)} and estimate E(T).
® Compute T-set via:
e Choose target acceptance rate A.
e Compute 35 ... 0 via A = exp AF;11iABi41.4]-
e Adjust A until the range[S1, Bus] is covered.




Nonequilibrium:

Effect of the energy landscape on the
algorithm efficiency




Motivation

® Questions to be answered:
nich model properties correlate with simulation timescales?

nich timescale describes thermalization best!?

nat is the sample-to-sample distribution of time scales!?
® How do different time scales correlate!?

® |s it enough to look at the average equilibration time?

® [ime scales studied:
® Round-trip time TRT
® |ntegrated autocorrelation time 7i,;

® Equilibration time 7¢q




.
Tmin=

® General goal:
® Minimize the round-trip time and ensure that typ ~ tdn.
® This shall ensure an efficient sampling of T-space.

e How!

® Tune the ensemble {Ti} at a fixed number of temperatures M.
Katzgraber et al., ]STAT (06)

Bittner et al. (08)

® Perform more PT moves where tauwo is large.




ntegrated autocorrelation time

® Definition:

® Time needed for two subsequent measurements of O to be

decorrelated.
(0(0)0(t)) — (0)
(02) = (0)?

N e—t/’TeXp

® Autocorrelation function: I'p(t) =

® Compute the integral:

1
O . o 100 ! T T T
Tint = 5 + ;:1: Lo (t) T'o(t)

® Note: 1071 ¢

® | ower bound for equilibration

time.
1072 L

® VWe truncate the sum at the

: - noise floor cutoff ¥
noise floor (small error).




® Definition:

® Time it takes for O to be independent of MC time on average.

® Note: the energy is not a representative quantity!




eminder: How.we measure : order’!?

® [acts:

® The ground state has no
spatial order (m = 0).

® Above T, spins fluctuate.

® Below T. spins freeze.

® Solution:
® Compare spins at time to with spins at time t + to.

® Not practical in simulations. Better:

N
1
1= % ; S?S? spin overlap




Proxy.towards complexit

P(lg| < qo) >0

® Number of basins in the free-energy landscape correlate with Pj(q).

® Complexity of P(q) correlates with:

I5(q0) = / P;(g)

—qo




Proxy.towards complexit

P(lq| <qo) =0

® Number of basins in the free-energy landscape correlate with Pj(q).

® Complexity of P(q) correlates with:

I5(q0) = / P;(g)

—qo




Proxy.towards complexit

® Number of basins in the free-energy landscape correlate with Pj(q).

® Complexity of P(q) correlates with:

I5(q0) = / P;(g)

—qo




Distribution of lgl.int.autocorrelation times

Few very tough fellows

2 3 -

" Does
Y neglecting these
logy(Ting) affect the physics?




Rounhd-trip times Autocorrelation time

® Broad distribution!

® Full round trips are not
needed for decorrelation.

® Round-trip times are not
affected by landscape.

-~
&

Do

not rely on
round-trip times!




Correlations with spa omplexi

10721073107 1079102 104103 1072 101
4

b02) I;(q0) = /

—qo

\_

® Strong correlations between time scales and the overlap complexity.

® Can we (ab)use this to optimize the method?




quilibratio Imes

1 ' I ' I ' I ' I

0.8 | °

99% °
0.6

0.4

0.2

0
10 Does

® 99% of Tint are smaller than —. 7.4 upper bounc neglecting these

® |ess than 1% samples not equilibrated after 239 NBY 7ot uR g a1= physics?



Back to the questions...

® Which model properties correlate with simulation timescales!?

® Free-energy landscape, except for round-trip times.

® Which timescale describes thermalization best!?

® Autocorrelation and equilibration time.

® What is the sample-to-sample distribution of time scales!?

® Very broad! Can we neglect hard samples?

® How do different time scales correlate?

® Forget about the round-trip times!

® |s it enough to look at the average equilibration time!?

® Yes, if done very conservatively.




Equilibrium:

Nature of the spin-glass state




Overlap distribution Pi(q) for.a given sample

® Remember:
® Pi(q) is strongly sample dependent. Yucesoy et al. (12)

® The complexity of P[(q) correlates with algorithmic time scales.




Overlap distribution Pi(q) for.a given sample

q
+P(g) +P(g)
RSB DP or CP
\/
—(EA +qEZq —(EA +qE1:q
® Question:

® Does the weight around g = 0 vanish after a disorder average!




® Apparent agreement with RSB in 3D:

® Study of the order parameter distribution

P(q) suggests many pure states. Reger (90), Marinari (94)
Katzgraber et al. (01, 03)

~gEA

® |ndications for intermediate (TNT) scenario in 3D:

® Study of the spin & link overlap. Palassini & Young (00)
Krzakala & Martin (00)

® Many pure states, however...  Katzgraber et al. (01, 03)

® ... excitations are fractal (agreement with DP).

® Problems:

‘ o o 7
Is P(q) a sensitive measure! Katzgraber et l. (03)

® Are the systems large enough? Even in ID simulations!?




Traditional approach:Study P(qg =0

N =27
N = 28
N =29
N =210
N = 2"
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3 r — L=4][| — N =27 )
— L ZKR 1 N =929 _
A L =| 012 . . . ——
i o T
Hao) = [ Pla)da o0 NG
[a1<q0 0.08 s
\ ~ 0.06 |
Many states +P(q) _
picture! 0.04 [ ® ° o * o
\_/ 002 | ! | ! | ! | ! | ! |
i n qE;ﬂ 64 128 256 512 1024 2048

Large finite-size effects! N



Our.approach:Study.individual distributions

Yucesoy et al. (12)




Our.approach:Study.individual distributions

Yucesoy et al. (12)




Our.approach:Study.individual distributions

Yucesoy et al. (12)

® Define a new “order parameter”

number of samples with P(|q| < qo) > &
total number of samples

A_

o If A—=1for N = 00 Many pairs of pure states (RSB)
o If A —0for N = o0 Single pair of pure states (DP or CP)




0.5 . — — | | |
—@— EA, o — 0.2 k=1 T
04 L | = SK, go=0.2
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Single pair of pure states N

Yucesoy et al. (12)



Comment.by.Billoire et.al. (20

® Comment: ;. . al. (13)

® Our system sizes are too small.
® One should compare EA and SK for similar P(q) [not T/T].
® Find “no quantitative difference between SK and EA” ——— RSB.

° Reply: Yucesoy et al. (13)
® Our P(qg) at lower T are more “peaked” —— closer to infinite vol.

® |anus data for largest system sizes seems anomalous. Equilibration!?
0.24

® Proposed scaling does T 10
not work: For fixed 02 1w L=12

P(gqea)/k and I(qp): 0.16
0.12

0.08

A(qo, k) = const.

Not the case!




Static & dynamic properties of
spin glasses as seen through the
parallel tempering telescope

Nonequilibrium:
® Do not rely on round-trip times.
® Standard equilibration test good, if used conservatively. ’
® T[ime scales clearly correlate with the energy landscape. __ W

Equilibrium:

® Evidence for a two-state scenario.

Take-home message: study distributions, not averages. &

~ © Bill Watterson \\h-




