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Abstract

We define a class of Markovian parallel dynamics for spin systems on arbitrary graphs with
nearest neighbor interaction described by a Hamiltonian function H (o). These dynamics
turn out to be reversible and their stationary measure is explicitly determined. Convergence
to equilibrium and relation of the stationary measure to the usual Gibbs measure are dis-
cussed when the dynamics is defined on Z2. Further it is shown how these dynamics can be
used to define natively parallel algorithms to face problems in the context of combinatorial
optimization.

Keywords Probabilistic cellular automata - Parallel dynamics - Ising model - Lattice
systems - Monte Carlo combinatorial optimization

1 Introduction

We introduce a class of parallel dynamics, called shaken dynamics, to study spin systems on
arbitrary graphs G = (V, E) with general interaction given by

Ho)=— Y Jyo0,—2) Aoy 1)
e={x,y}eE xeV

with Jyy and Ay inRforx,y € V,ando € {—1, +1}V a configuration on G. The novelty of
these dynamics is that transitions between configurations are obtained through a combination
of pairs of half steps each characterized by an asymmetric interaction.
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The shaken dynamics introduced here extend a class of PCA on spin systems, appeared
in previous papers [7, 8, 14, 18], characterized by transition probabilities defined in terms of
a pair Hamiltonian, i.e.

e—BH(0.7)

Plon = s e
T

with H(o, ) = > hx(o)tyand B = %, where T is the temperature of the system. For
each vertex x the local field 4, (o) depends on the value of the spins in a neighborhood of
x and on the value of the spin at site x itself through a self-interaction parameter g > 0.
The dynamics considered in the aforementioned papers turn out to be reversible when the
interaction with the spins in the neighborhood is symmetric and irreversible otherwise. On
one hand, reversibility allows for a better control of the stationary measure. On the other
hand, irreversible dynamics may exhibit a faster convergence to equilibrium (see, e.g., [8,
11]), though the control of the invariant measure is in general more complicated.

For the shaken dynamics we show that reversibility holds despite the presence of a non
symmetric interaction. This fact allows for a rather robust control of the invariant measure on
arbitrary graphs also in the case of non-zero external field and different choices of boundary
conditions.

We study extensively the shaken dynamics on the square lattice. In this case we show that,
for suitable values of the parameters, its stationary measure tends, in the thermodynamic
limit, to the Gibbs measure with Hamiltonian (1). This result is complemented by a thorough
numerical investigation carried over in [9]. Moreover, we analyze the convergence to equi-
librium of the shaken dynamics in the low-temperature regime. We show that the asymmetric
interaction induces a faster convergence with respect to symmetric PCA and single spin flip
dynamics. In this respect, it is apparent that the shaken dynamics retains some of the prop-
erties of the irreversible PCA considered in [8, 14, 19]. Hence, shaken dynamics benefits of
the advantages of both reversible and irreversible dynamics.

A notable feature of shaken dynamics is the fact that their invariant measure turns out
to be the marginal of the Gibbs measure on an induced bipartite graph G® whose geometry
is related to that of the original graph G. Tuning the self-interaction parameter g tunes the
geometry of G?. Leveraging on this feature we show how it is possible to control the critical
behavior of the stationary measure of the shaken dynamics defined on the triangular lattice,
extending, in this way, the analogous result provided in [1] for the square lattice.

It is worth mentioning that one of the main reasons of interest on PCA, and, in general,
on parallel dynamics, is related to their numerical applications. Indeed, parallelization could,
at least in principle, speed up Markov Chain Monte Carlo (see, e.g.,[10, 20]). Even though
until a few years ago parallel computing was expensive and tricky, we have now powerful
and cheap parallel architectures, for instance based on GPU or even FPGA. In this regard,
we show how the class of shaken dynamics defined on general graphs provides a straightfor-
ward manner to define natively parallel Monte Carlo algorithms that can be used to tackle
discrete optimization problems. Algorithms exploiting shaken dynamics are not bound to
any particular computing architecture or graph structure and, hence, their performances are
likely to benefit from the development of parallel computing often driven by applications not
necessarily linked to academic research.

Shaken dynamics on general graphs are defined in Sect. 2. It is shown how a shaken
dynamics on an arbitrary G = (V, E) is related to a dynamics on a corresponding bipartite
graph G” = (V" E?) where spins in each partition are alternatively updated. Theorem 2.3
identifies the stationary measure of the shaken dynamics and shows that it is the marginal of
the Gibbs measure on the configuration space {—1, +1}Vb. Section 3 is devoted to studying
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the shaken dynamics on Z> with homogeneous interaction. It is shown that, if the temperature
of the system is sufficiently small, the invariant measure is close to the Gibbs measure for
the Ising model on the square lattice. As far as convergence to equilibrium is concerned, the
Section provides, in the low temperature regime, a comparison for the tunneling times from
the metastable to the stable state between the shaken dynamics, a symmetric PCA and a single
spin flip dynamics. Here theoretical results are complemented by numerical simulations. The
result concerning the critical behavior for the shaken dynamics on the triangular lattice is
provided in Sect. 4. In Sect. 5 the definition of shaken dynamics is generalized and Sect. 6
shows how these dynamics can be used in the context of combinatorial optimization. Proofs
are provided in Sect. 7. Finally, Sect. 8 is devoted to final remarks including the possible
applications of the shaken dynamics to model tidal dissipative effects in planetary systems.

2 Shaken Dynamics on General Graphs
Let G = (V, E) be a finite weighted graph and Xy = {—1, 1}V be the set of spin configu-

rations on V. We consider the nearest neighbor interaction between spins given by the Ising
Hamiltonian in the general form:

H)=—= Y Jyouoy—2) doy
e={x,y}eE xeV
1 1
== yloltyerooy =23 hox=—(;J0+2h0) ()
X y xeV

where the weight J,, € R associated to the edge {x, y}, represents the interaction, and
can be written in compact form as a symmetric matrix 7 and we denote by (-, -) the scalar
product. The vector A = {A,}cy is an external field, possibly non constant.

We introduce a class of bipartite weighted graphs G® = (V?, E?) doubling the interaction
graph G. The idea is to duplicate the vertex set into two identical copies, v and v,
representing the two parts of the vertex set of the bipartite graph. For each x € V we denote
by xM, x@ the vertices corresponding to x € V in V1 and in V® respectively. The edges
between x(1 and x® are all present, for any x € V. On the other hand the edges between
xM and y®, with x # y, or between y(V and x®, can be present only if {x, y} € E. Exactly
one edge among the two possibilities xW, y(2)) and (y(l), x®)yisin EY if {x, vy} € E. This
means that for any graph G there are many doubling graphs G”. Note that similar doubling
graphs have already been introduced in literature for different purposes (see [13]). More
precisely:

Definition 2.1 A bipartite weighed graph G® = (V?, E?) is the doubling graph of G =
(V,E)if

o the vertex set V2 = V) U V® where the two parts V() and V@ are two identical
copies of V;

e forany x € V the edge (x(, x®) € E? and we call it a self-interaction edge;

e if {x, y} € E then one, and only one, between the two edges {x", y®} and {y(D, x@}
is in E”. We call this kind of edge an interaction edge.

To construct a doubling graph starting from the interaction graph G = (V, E), define a
new oriented graph G° = (V, E?) simply orienting the edges in an arbitrary way. Using

@ Springer



39 Page4of23 V. Apollonio et al.

(a) (b)

Fig. 1 An undirected graph (a) and a possible choice for the related directed graph (b)

the oriented edges the set E? is constructed as follows. For any x € V we have the self-
interaction edge @D, x@) ¢ E? with weight wx® x@) =gandforx £y e V we
have (x(D, y(z)) € EY if and only if (x, y) € E? with weight wx®, y(2)) = Jyy.

Note that the edges in E? are not oriented. However, by construction, the graph is bipartite,
so that for any e = {x,y} € E? we have x € VI, y € V@ or viceversa and so we
consider in the definition the natural order in the edges in E” by setting e = (e'1), ¢®) with
eV e vD @ ¢ v For this reason we can use the oriented edges in E? in order to
define E?.

We will sometimes omit the superscripts (V' and ® and we will always consider (x, y)
the ordered pair with x € v, y € V@ and {x, y} the unordered pair with x, y € vb,

Definition 2.2 The pair Hamiltonian H (¢, ¢®) is the doubling of the Hamiltonian (2)
with interaction graph G if there exists a doubling graph G” = (V?, E?) of G such that
H (o), defined on the spin configurations ¢ = (6W,6@) e Xyr = {—1, I}Vb, can be
written as

H(o) = — Z w(x, y)o,oy — Z A0y 3)
{x.y)eEP xeVb
with w(x, y) = ¢ > 0if {x, y} is a self interaction edge and w(x, y) = Jy, € R otherwise
and with A,y = A0 =Ar eR.
In a more explicit way we can write
H(o) = H(O’(l), (7(2))

== X ool =3 (a0 -0 4 aatol” o)
(x,y)eE? xeV

_— (G)El)hjzcal(g(Z)) i )anjsz)) )

xeV

==Y (6Pn 20" + 100 ")

xeV
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&

Fig.2 The doubling of the graph of Fig. 1a obtained from the directed graph of Fig. 1b

with
e = 3 (1ao®) +a0®
yeVi(x,y)eEb

and
hl=2(eW) = Z (nyay(l)> +qoV
yeV:i(y,x)eEb

By defining 7 the matrix of oriented interaction, i.e., 7%y, = Jxyl(x,y)eke, and its trans-
posed 7°T corresponding to the opposite orientation, we can write

hi—>1(0.(2)) — (jOU(Z))x 4 qU,EZ) + Ay
h)l(—)Z(G(l)) — (jOTO'(l))x +q0.)51) _;’_A’x

and
H(U(l), 0(2)) — _(0(1), JOU(Z)) _ q(o(l), 0(2)) — (A, 0(1)) — (A, 0(2)>
=770 W.0®) —q(eW.0®) — (1.0V) — (1.0
If we consider the case 0V = 6@ = ¢, i, 0,51) = 0,52) for any x € V, then we have

H(o) = H(o,0) = H(c) — ¢q|V|. Indeed we have immediately 7 = J7° + J°7.
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We construct now the shaken dynamics on the state space Xy by considering two subse-
quent updating defined as follows:

—BH(o,0") Bhl=2(0)0]
e ePx x -
P70 0)) = 5= with Z,= Y e PHe0 (5
’ 1-2 g
75 v 2cosh Bhy=(0) ey
—BH(z,0") BhZ 1 (1)a]
e ePltx x S /
Pl T) = 11 5cosh gr2=1 with  Z ;= Z e PHET) ()
Z g rev 2cosh Bhi™ (1) rexy
—BH(0,0") ,—BH(t,0")
e e
PPo )= Y P70 0 \PPT o= ) ——= = (7)
o'eXy o'eXy Z o Z o’

We state the result on the shaken dynamics in this general context.

Theorem 2.3 The stationary measure of the shaken dynamics is

—
o

7
m(0) = = with Zo=Y PO and 7= e PHEOD 8)

T o,T

and reversibility holds. This stationary measure is the marginal of the Gibbs measure on the
space Xy of pairs of configurations o := (oD, 6 @) defined by:

1
7o) = Ee_ﬁH("). 9)

The shaken dynamics on Xy corresponds to an alternate dynamics on G in the following
sense

Pl 1My = > P o, 1) (10)
t@e(—1,+1}V?
with
, e,ﬁH(g(l),I(Z)) e,ﬁH(r(l)J(Z))
P 0o, 1) = — = (1)
Z ;0 VAN

the stationary measure of P! is &% (0'). Note that P?!" is independent of ¢ ®. This dynamics
is in general non reversible.

3 The Shaken Dynamics on 7?2

Let A be a two-dimensional L x L square lattice in 72 and let B, denote the set of all nearest
neighbors in A with periodic boundary conditions.

In A we identify a set B where the value of the spins is frozen throughout the evolution
and that plays the role of boundary conditions. This means that we will consider the state
space XA p = {0 € Xp: oy =+1 Vx e B}.

Following the construction of the shaken dynamics of the previous section we can define

H(o,7) = — Z [JUX(IxT + Tx~>) + qox Ty + Aoy + fx)]

xeA

= - Z [JTx(Uxi +o0x<) + qreox + Alox + fx)]

xeA

(12)
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Fig.3 The doubling graph of 72 A A A A
represented in the figure turns out | | | |
to be a hexagonal lattice | | | | Al
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where x1, x™, x¥, x < are, respectively, the up, right, down, left neighbors of the site x on
the torus (A, Bp), J > 0 is the ferromagnetic interaction, g > 0 is the inertial constant and
A represents the external field. We can write

Ho,t)==Y oh () =2Y to==Y th'@)-1) o (13)
xXeA xeA xeA xeA

where the local up-right field 2%" (7) due to the configuration 7 is given by

W@ = [J @ + 1) +qn +4] (14)
and the local down-left field h;” (o) due to the configuration o is given by

1) = [T +0v) + g0, + 2 (15)

Define the asymmetric updating rule

—BH(o,7)
e — ,
Pdl((ﬁ T) 1= 77 with Z, = Z efﬂH(JvU) (16)

o o'eX, A,B
Due to the definition of the pair Hamiltonian, the updating performed by the transition
probability P% (o, 7) is parallel: given a configuration o, at each site x € A the spin 7, of
. . . o1 . dl
the new configuration 7 is chosen with a probability proportional to e"x )7 5o that

e~ BH(@.T) I oL

Pliog )y =" = ———
’ dl
" en 2 cosh Bhét (o)

We have H(o,t) # H(t,0) and actually, by (13), H(t, o) corresponds to the opposite
direction of the interaction for the transition from o to T. We define

—BH(z,0) )
PW(O’, 7) = 6(2_7 with (Zo* _ Z e—ﬂH(a ,0) (17)

o O'/EXATB
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Similarly for P*" (o, T) with the up-right field %" (o) we get

o—BH(@.0) B (0)T
P (0, 1) = ———— = —_——
Z s iop 2cosh Bhir (o)
Note that in the definition of H(o,7) = —Y_ ) Txh¥(0) — 1 3,5 0 the last term

could be canceled obtaining the same value for the transition probability P4 (o, 7). However
we added it in the pair Hamiltonian for symmetry reasons: in particular the fact that H(z, o)
is the correct pair Hamiltonian to define P*" (o, t) is due to this symmetry. Note also that

H(o,0) = H(o) — q|A|

where we define H (o) to be the usual Ising Hamiltonian with magnetic field 2A

H)=—= Y  Jowy,—2.) oy (18)
{x,y}eBa XEA
We define
—BH(o,6") ,—BH(t,0")
Phon= Y PlochPr e = Y (19)

U/EXAYB O'/EXAYB ZU o’

Reversing the order of the “down-left” and the “up-right” updating rules one would obtain
the chain with transition probabilities

P (o, 1) = Z P (0,6 P (5, 7).

G’EXAYB

Clearly, by choosing a different orientation instead of down-left and up-right in Z2, a different
pair Hamiltonian can be obtained with a resulting different graph for the interaction.

In this square case we could have directly used the alternate dynamics, since Z? is already
a bipartite graph. Indeed we can consider the checkerboard splitting of the sites in A =
Vv U V@ in black and white sites, with [VD| = |[V®| = |V| = |A|/2. Black sites
interact only with white sites and viceversa with the usual Ising Hamiltonian

H@)=H(W, o?)

Y (R0 4 1)
xev(®

== > (6P + a0 (V).
eV

By Theorem 2.3 we immediately obtain that the invariant measure of the alternate dynam-
ics is the Gibbs measure 7% (0) = e ##©@) /7 The idea of alternate dynamics on even and
odd sites is already present in the literature (see [5]).

3.1 Relation with the Gibbs Measure

Remaining in A € Z? with J > 0 and B = ¢, i.e. with the standard periodic boundary
—

Zg

conditions, we denote the invariant measure of the shaken dynamics 7w = ==
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Let 71/‘\7 be the Gibbs measure
—BH(o)
e . _
7$(0) = —g— with 720 =" e FH@ (20)
O’EXA

with H (o) defined in (18) and we define the total variation distance, or L distance, between
two arbitrary probability measures & and v on X p as

1
lw=vizy =3 > o) = v(o)] €2y

O’GXA,B

In the following Theorem 3.1 we control the distance between the invariant measure of the
shaken dynamics and the Gibbs measure at low temperature (large ). We notice that this
theorem is an extension of Theorem 1.2 in [18] to the case of Hamiltonian with the non zero
external field. This result could be extended to the case B # @.

Theorem 3.1 Set 8 = e2P4, and let § be such that

lim 8%|A| =0 (22)

|A]—00
Under the assumption (22), there exists J such that for any J > J

lim |7y —7{ 7y =0. (23)
|A|—00

3.2 Convergence to Equilibrium: A Comparison

For the Ising model on the finite L x L box A C Z? with periodic boundary conditions,
consider now the regime 0 < A < J and very low temperature, i.e. 8 >> 1. This is usually
called “metastable regime”. Indeed the configuration —1 with all spins —1 represents, in this
regime of low temperature, a metastable state, while the configuration +1 with all positive
spins, parallel to the external field A, represents the stable state, where the Gibbs measure
concentrates in the limit 8 — oco. We will call tunneling time 71 the first hitting time to
+1 starting from —1.

We compare here the tunneling times for different dynamics: the single spin flip (SSF)
dynamics, the PCA dynamics and the shaken dynamics (Sh) with ¢ < A.

More precisely consider, for each x € A, the local fields

J
WS (@) = [ S0 +0r + 0y +0re) +22]
J
B4 0) =[S0 +or oy +0r) + o +1]
hﬁl (o) and h¥" (o) defined in (15) and (14), and the local transition probabilities

eﬂh; ()T

P — *=8SF,PCA,dl, ur.
2 cosh Bh*% (o)

pio, 1) =

Denote by o* the configuration obtained from o by flipping the spin at site x and by x4,
the indicator function of event A. Then, the three dynamics under consideration, have the
following transition probabilities:

1
PSSE (o, 1) = mpgf”(a, T) X{r=o%)
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PP, ) =[] I D)

xeA
P, 1) = Z ]_[ pffl(a,a’) 1_[ P (0!, ).
o’eXp xeA XEA

The SSF dynamics is reversible with Gibbs invariant measure
B 2 35 (0)ox
7G

and the invariant measure of PCA and shaken dynamics are, respectively,

(o) =

3 P LM o)
pcalo) = =5 ZPCA and 7(o) =

Y, B Tk o)
=

Note that, in the case % = ¢, the dynamics defined via the transition probabilities P ¢4

turns out to be the same as the cross PCA dynamics introduced in [6] and it is possible to
show that the measure 7 pc4 and the Gibbs-like measure with Hamiltonian H (o) defined in
[6, Equation (2.5)] coincide.

All these measures, in the regime of large B, concentrate on the stable state +1. This
is proven for w (o) pca in [6] and it is immediate for the Gibbs measure. For the shaken
dynamics this follows by noting that, for all o # +1,

dl
(o) B 1—[ 2 cosh Bhé (o) < o264 24)

T(+1) S 2coshBl2J +q+2] ~
and, hence
(o)
im =
B—oo w(+1)

For large inverse temperature 8 we have pi(o, ) ~ 1 if 7, is parallel to the local field
I (o). We call such a local move ““along the drift”. On the other hand p} (o, ) ~ e 2Bl ()]
if 7, is anti-parallel to the local field /7% (o). We call such a local move “against the drift”.

Let A < J. For the SSF dynamics we have for any § > 0 (see for instance [3, 17]):

ﬁlim PS3F(r g > P9y =1 (25)
—00

with
T =d4J8 — 202 +20(¢ — 1)

and critical size £, = [%] + 1, where [ . ] denotes the integer part. The typical exit paths
from the metastable state —1 follow a sequence of growing squares and rectangles (quasi
squares) of plus spins up to the critical size €. Starting from a rectangular droplet of plus
spins a move against the drift is necessary to create a new line, and the line is completed with
subsequent moves along the drift.

A similar result for the PCA dynamics is proven in [6] in the case g = % In particular, the
typical exit paths follow the same growth mechanism of the SSF dynamics since moves along
the drift lead to rectangular droplets of plus spins and parallel updates against the drift do
not take place with high probability for g large (see [6, Sect. 2.7] for a detailed discussion).

A different growth takes place in the case of shaken dynamics. Indeed using an argument
inspired by [8] it is simple to prove that configurations with complete diagonals of plus spins
can be used to construct a efficient way to go from the metastable to the stable state.
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We have the following

Theorem3.2 Forany$§ > 0and0 <q <Xt < J

ﬂllf%o Pfﬁ (41 < e2ﬂl(2J+q—)»)+8J) = 1.

This means that the crossover takes place for the shaken dynamics, typically, within a
time corresponding to the time it takes, for the SSF and PCA, to flip the first spin to +1.

Moreover we can define an event characterizing the tube of typical paths from the
metastable state —1 to the stable state 1. Actually we prove Theorem 3.2 by using this
event.

We need some notation. Denote by X;” the evolution of the shaken dynamics and let
T_ge = inf{r > 0 : X" # —1} be the time of the first spin flip, starting from —1. We
denote a site x € A asx = (i, j) withi, j =1, ..., L and foreach k = 1, ..., L we define a
diagonal Dy C A as the set of sites forming a diagonal in the up-left to down-right direction
on the torus (i.e., with periodic boundary condition):

Dy :={x=(i,j) € Asuchthat i + j — 1) = k (mod L)}

Let D be the set of configurations where each up-left to down-right diagonal has all spins
with the same sign:

D:={ceX:Vk=1,..,L ox =0y forany x,y € Di}.

Note that —1, +1 € D. For notation convenience we identify a configuration o € D with
the set of indices of diagonals with positive spins, i.e., with a subset of {1, 2, ..., L} denoted
by I,. We say that m ¢ I, is nearest neighbor of I, if there exists n € I, with |[n —m| = 1.
Given o, 0’ € D we say that o’ increases o if I, D I, and their difference I,/\ I, is a single
integer m nearest neighbor of /.

Starting from —1 define the sequence of strong times {s;, #;};=1,2,... as follows: #p = 0
and foranyi =1, 2, ..

s;=inf{t >1_1; XSt ¢ D), 4 =inf{r >s5; X' e D).
Fix an arbitrarily small positive § and define Ts = ¢2AL2/+4=1+8] and the following event
Ti={si=1_1c < Ty, tr =741 < Ts, (X }iz1.L
is a sequence of increasing configurations in D}
We have
Theorem 3.3 Forany§ > 0
lim PSH(T) = 1.
p—00

Clearly the event 7 implies the event 71 < T, so Theorem 3.2 is established by proving
Theorem 3.3.

The asymmetric nature of the interaction gives the shaken dynamics a higher mobility
with respect to its symmetric counterpart (“standard” PCA). This is the reason of shorter
tunneling times. Evidence of this fact, in the regime 0 < g < A < J, is provided by the
numerical experiment whose results are summarized in Figure 4. For both the PCA and the
shaken dynamics the simulations are started in configuration —1 and the value of the average
magnetization is tracked. Simulations are run for several values of the inverse temperature
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—shaken s —shaken

o 5.0x100 10x10° o 5.0x10¢ L0x10°
time time

(@) =13,¢=01,1=0.15 (b) 5=23,¢=0.1,1A=0.15
!J )
ol o ~
7
A
3 00 —shaken 3 g0 / :;h:ken
0.5 0.5 t‘r/
fﬂrﬁ
1.0 t 1.0 4’_/
(¢) 6=33,¢=0.1,A=0.15 (d) 6=4.0,g=0.1,A=0.15

Fig. 4 Comparison of the magnetization over time for PCA and shaken dynamics for growing values of the
inverse tempeature

B. It is immediately clear that, for the shaken dynamics, the tunneling towards a state is
much faster. Note also that this higher mobility causes a slightly smaller magnetization at
equilibrium for finite S.

A similar behavior has been highlighted in [14, 15] where a comparison between the
symmetric PCA and an irreversible PCA with totally asymmetric interaction has been per-
formed in the case A = 0. In the case of null magnetic field, if the value of the inverse
temperature f is large but finite, the system exhibits, both in the case of PCA dynamics and
shaken dynamics, a (positive or negative) spontaneous magnetization. On short time scales
the system stays in one “phase” (e.g. it is negatively magnetized) whereas, on longer time
scales, it runnels rapidly towards the other phase. However, since the value of the spontaneous
magnetization is neither exactly —1 or 41, choosing the right parameters to compare the two
dynamics, as far as tunneling time is concerned, may be a somewhat delicate matter. To make
a fair comparison of the tunneling times we tuned the parameters of the PCA and the shaken
dynamics so to have similar values for the (average) spontaneous magnetization. The results
of the experiment are summarized in Figure 5 where the average magnetization over time is
represented for both dynamics. It is evident that, also in this case, the shaken dynamics has
considerably more mobility than the PCA. As far as the tunneling behavior is concerned, the
shaken dynamics retains, essentially, the same features of the irreversible PCA considered in
[15]. However, it is to remark that, in the case of the shaken dynamics, reversibility allows
to manage the invariant measure more easily.

4 Geometrical Discussion

In the shaken dynamics the idea of alternate dynamics is combined with that of the doubling
Hamiltonian. Indeed considering only part of the interaction (for instance down-left first and
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1.0
0.5
T 0.0 —shaken dynamics: Bq = 0.1, B) = 1.57
£ —PCA: Bq = 0.1, B) = 0.84
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Fig. 5 Comparison of the evolution of the magnetization for a spin system evolving according to a shaken
dynamics (black) and according to a symmetric PCA (red). The values of the parameters are such that both
dynamics exhibit the same spontaneous magnetization and are consistent with those of [15] (Color figure
online)

then up-right in the case of A € Z? presented at the beginning of the section) and introducing
the inertial parameter of self interaction ¢ it is possible to interpolate between different lattice
geometries induced by the doubling graph as already discussed in [1].

Indeed the alternate dynamics on the hexagonal lattice makes possible to interpolate
between the square (¢ — 00) and the 1-dimensional lattice (4 — 0). The interpolation
between lattices induced by the shaken dynamics may be applied in general (see, e.g., [21] for
an application to the 3d cubic lattice), and in the case of planar graphs the results concerning
the critical behavior contained in [1] can be extended, using [4].

Consider for instance the Ising model on the triangular lattice. On this lattice we divide
the 6 nearest neighbors of each vertex x into two sets, e.g. £(x) left and r(x) right nearest
neighbors of x, and define a shaken dynamics with self interaction g. Hence the doubled
Hamiltonian is

HA(G, ) =— Z[ Z (Jayrx) + qaxrx] =— Z[ Z (erax) + qaxrx]

X yel(x) X yer(x)

The corresponding alternate dynamics turns out to be defined on the square lattice (see Fig. 6)
with invariant measure the Gibbs one. In particular the square lattice is regular when we set
J = g. In this case the parameter g can be used to move through different geometries. The
triangular lattice (3 — 00) and the hexagonal lattice (¢ = 0) can be derived from the original
square lattice just tuning the value of ¢. A more precise statement of this interpolation is given
by the following

Theorem 4.1 For the shaken dynamics on the triangular lattice the critical equation relating
the parameters J and q is given by

1 + tanh®(J) tanh(q) = 3 tanh(J) tanh(g) + 3 tanh?(J) (26)

In the case ¢ = J we obtain the Onsager critical temperature for the square lattice, for
g = 0 we obtain the critical temperature for the hexagonal lattice and in the limit ¢ — oo
we obtain the critical temperature for the triangular lattice.
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Fig. 6 Interaction in the pair
Hamiltonian for the shaken
dynamics on the triangular
lattice. Each spin of configuration
o (living on the solid lattice)
interacts with the spin at the same
location and the three spins on its
left in 7 (living on the dashed
lattice). The darker lines show
that the pair interaction lives on a
rectangular lattice. For ¢ = J
this lattice becomes the square
one. As g — oo the square lattice
collapses onto the triangular
lattice. If ¢ = 0 the interaction
graph becomes the homogeneous
hexagonal lattice

Al

5 The Generalized Shaken Dynamics

We can generalize the construction of the shaken dynamics. Starting from a symmetric inter-
action 7 defining the Hamiltonian H (¢), as in (2), we can define an arbitrary decomposition
of the interaction matrix 7 in a sum of two matrices with non negative entries

J=7"+7J". 27

This means that every non oriented edge {x, y} with weight Jy is decomposed in a pair of
oriented edges (x, y) and (y, x) with weight respectively 77, and 7). Call E the set of all
these oriented edges and apply the construction presented in Sect. 2 to construct the doubling
graph by using this set E? of oriented edges.

We proceed as before defining the doubling Hamiltonian

H(U(l), 0(2)) — _(0(1)’ j00(2)> _ q<0(1)’ 0(2)) _ (X,G(l)) — (A, 0(2))

= —( UTU(l)’ J(2)> _ q(O'(l), 0(2)) _ (X,G(l)) — 0(2)). (28)

Inthe case o) = 6@ = ¢ by equation (27) we have again H(o,0) = H(o) —¢q|V|.
The corresponding alternate dynamics on the state space Xy is defined with two subsequent
updating as follows:

—BH(o,0") —BH(t,0")

e e

Pl_)z(o" 0'/) = ?7, P2—>1(0/’ T) 1= ?7 (29)
o o’

and

e~BH(0.0") ,~BH(t.0")
— <~ (30)
Zs Z o

PSh(O', .[) — Z P1—>2(0_’ O_/)P2—>l(o_/’ T) — Z

U/EXV U’EXV

The results obtained in Theorem 2.3 can be immediately extended to this more general
case.

The choice of the shaken dynamics discussed in Sect. 2 is a particular case of generalized
shaken dynamics in which jxoy jyox = 0 for any pair x, y. In the general case the geometrical
discussion of the doubling graph of interaction is much more complicated. Also the inter-
polation between different geometries obtained for different values of the parameter ¢, as
discussed in Sect. 3, is more involved in this generalized case.
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Ay

Ay

Fig.7 The construction of the doubling graph in the case of the generalized shaken dynamics

Another particular choice in this class of generalized shaken dynamics is J° = %J

corresponding to the PCA discussed in [7].

6 Application to Optimization Problems

The shaken dynamics on a general graph, and its generalization, gets the possibility to look for
the minimum of a general Hamiltonian H (o) defined on {—1, +1 A4 by means of a parallel
dynamics, by using the following result that could be considered a corollary of Theorem
2.3. In combinatorial optimization this can be used as a parallel approach to the Quadratic
Unconstrained Binary Optimization (QUBO) i.e., the problem of minimizing a quadratic
polynomial of binary variables (see [12] for a survey).

Theorem 6.1 Consider a Hamiltonian H (o) of the form given in (2) on {—1, +1}V, for any
doubling Hamiltonian H (o, T) defined in (3), corresponding to a bipartite graph G =
(VP EP).

M I
g=max| D al+ il (D)

xeV
yi{x,y}eE?
then the alternate dynamics defined with H (o, t) is a parallel algorithm to find config-
urations o minimizing H (o).
(2) For any positive q the alternate dynamics defined with H (o, T) is a parallel algorithm
to find a lower bound for min, H (o).
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To assess the effectiveness of the strategy presented in Theorem 6.1, we put forward some
preliminary tests on a simplified version of the Edwards-Anderson model where the weight
of the edges connecting neighboring sites is set to J = 41 with probability % and J = —1
with probability % and where the external field is zero. In this case, setting ¢ > 2 is sufficient
to satisfy the hypotheses of the corollary. We compared the results with those obtained with a
single spin flip heat bath dynamics and considered “grids” with side length 128 and 256. With
this setting, the heuristic minima that we obtained with the shaken dynamics are essentially
equivalent to those obtained with the single spin flip dynamics. However the speed up with
respect to the single spin flip dynamics was significant. To be as fair as possible in this
comparison, we renormalized the time of the single spin flip dynamics with the number of
vertices in the graph so to have the same number of “attempted spin flips”. We observed a
speed-up of about 10 times when considering, for both algorithms, a CPU implementation
and up to 200 times when comparing the CPU implementation of the single spin flip dynamics
with a GPU implementation of the shaken dynamics. These findings are in agreement with
Theorem 3.2.

7 Proofs of the Results
7.1 Proof of Theorem 2.3

We have immediately the detailed balance condition w.r.t. the measure 7 (o) indeed

e—BH(@,0)+H(T,0") e—BH(E.0)+H(0,0")

- —
= =Z,P"0o1)=Z . Pt o)=Y =
o'eXy Z s o'eXy Z 5
(32)

It is straightforward to prove that 7% (o1, @) is the stationary measure of P

_ M e@y _ M @y _ M L@
e BH(@').0'?) ,—BH(c',7'Y) ,—BH (. 7'7)

b 1 2 1
Z T (O—( ),0( ))Pat(()',‘[) Z ~ — —

o) 6@ o) 6@ Z 50 Z .

—BH(W 7t @)
e
_ Z = 2z, ;@)

(33)

Note that, in general
70, @) P (6, 1) £ 7D, tP) P (1, 0).
For instance consider the bipartite graphs K,, , with equal weights on all edges and where,

foralli, (6", 0?) = (+1, +D) and (z}", 1) = (+1, = 1).

7.2 Proof of Theorem 3.1

To prove Theorem 3.1 it is possible to argue as in the proof of Theorem 1.2 in [18].

In our notation 7 and 771(\; have the role, respectively, of 7pca and 7 used in [18].
Further let g, (o) := J (0,1 + 0x<) be the analogue of /; (0) in [18]. Here we assume A < 0.
The case A > 0 can be treated likewise.
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—
Recalling that § = ¢~2A4 it is possible to write Z , in the following way:

Z.= S e HOD _ Y HE0) plH @D H )]
T T
= oPAINPH@) 3 o T, ~265(0)0:=24 =200

T

34
— PaIN B N U e P80t 2000 G4)
ICA xel
— oPeIAl ,—BH(0) l_[(l + 8o P28x(@)ox+2hor))
xeA
where the sum over 7 has been rewritten as the sum over all subsets I/ C A suchthatt, = —o,

if x € I and 1, = o, otherwise. The factor e#7/2! does not depend on o and cancels out in
the ratio %

Call £(0) = [[,ep (1 + Se P& (@+2200)) - yy(5) 1= e PH@) f(0) = w (o) f (o).
Then, by (34), it follows

w)  wlo)fle) %f(o) _ 7g(0)f(0)
RTINS STLIC VIO RS ST SR S TV

wa(0) =

with 7§ (f) = Y, 7{ (@) f (o).

As in [18], using Jensen’s inequality the total variation distance between m and ng can

be bounded as
| 7 (f?)
lra — ”/C\;HTV = (ﬂ%(w — 1 =:y/(A(9)).

To prove the theorem, it will be shown that A(8) = O (8%|A).

By writing A(8) = elog(@l (/) —2logw{ () _ 1, the claim follows by showing that the
argument of the exponential divided by | A| is analytic in § and that the first order term of its
expansion in § cancels out.

In other words the claim follows thanks to the following lemma.

Lemma 7.1 There exists J. such that, forall J > J,

log(m§ (f2)) log(7§ ()
1. %‘ ] and l(‘/;\‘
2' log(ﬂll)\‘(f ) _ 2102(7‘?\\'(]()) — 0(82)

are analytic in § for |§| < &y

G2 G
Proof The analyticity of log(nl’[‘\‘(f ) and log(Tj’\“(f NN proven by showing that these quantities

can be written as partition functions of an abstract polymer gas. The analyticity is obtained
using standard cluster expansion.

To carry over this task, we will rewrite ng (f k) in terms of standard Peierls contours.
Divide the sites in A according to the value of the spins and number of edges of the Peierls
contour left and below the site in the following way:

AT {xeA:ioy=—1A (0 =—1,0, =—1};

A i{fxe Aoy =—1A({(0x« =+, 00 =—1) V(o =—1,00 =+1))};
AT {xeANioy=—1Noye =+1,0, =+1};

Atri{x e Aoy =+1A (0 =+1,0, =+D};
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e A:{xeAioy=+1A (0 =+1,0, =—1) V(0x =10, =+1)};
e A:{xeA:oy=4+1AN(0x =—1,0,, =—-D};

With this notation, f (o) can be written as

_ 1 4 8et2Pr) [1 4+ 8efA/+20)
— [1 + seP4T 20114l (
flo)=1[1+ée 10T 1 [

n + SeP(=4T+21) ! +5eﬁ(741+2k)]
xeAt xeAJrJr

I [14 8¢f /=21 I (1+ 8e=2P%) I [148¢P@/=2D]  (35)

1 [1 +8€ﬁ(—4]+2k)] 1 [1 +58ﬁ(—4j+2x)] [1 +5€,3(—4J+2x)]
EAT] XEA | X

= [1+8ePTHTNE (G, 1)

et
with

L1+ SeB(—4J+21) 1 + §eP(=4J+20)

E(o, M) = [ (1 + 8ty ]|A+ [1 + 8eP@I+2)] (AT) )
: ] [ |

11+ 86,3(412”]}’AT(

_ AT
4 oem ] L[ e [+ <« (6
[1+ 3eﬁ(741+2)\)] [ ]

1 + §eP(—47+2%)

_ —+
[1 + 8B@I-20)] [a =]
[1+ 86f5(—4]+2k)]

For a given a configuration 0 € X5, we denote by y (o) its Peierls contour in the dual
Bj(\ - U(X,}’)EBA (xa )’)*

y(0) = {(x, )" € By : oxoy =1} 37
Noting thate AH(@) = @I =2MBIA =28y @) F4BAVL(O)] with |V, (0)| = Y vea lov=t1)
is the number of plus spins in A of configuration o, we have

1 -
26 (%) = ZTe(ZJ—zx)ﬂIA\[I + 5P AT F AL S [e—ZﬁJIV(a)\+4/5AIV+(a)\£_-(a’ A)k]
a
(38)

Setting

. -
[ (1 + 8et2bh) At [1 + 5eB@I+20)] [y
sl = W} T 3PCT20] x

— ++ _
eT2BA[] 4 §eB (4121 ‘A + ‘ et (] 4 5o 262 ‘A ++| (39)
[1 + SeB(—47+20)] X [ [1 4 §eP=4/+20)] ] x

_ —+
2P| 4 §ePEI-20)] |2~
[1+ Seﬁ(_4]+2)‘)]

allows us to write, for k € {1, 2},

3 [e—zﬁf|y<o>\+4m|V+<a>\§(a7 A)k] -y [e_z,my(an (e+2m|V+(o)|)2‘k £(o. }\)k]

o o

(40)
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A straightforward computation yields &(o, ¥ < &(o, 0)F and then

3 [e—Zﬂle(o)l (e+2/3klv+(c)\)2_k€(a’ A)k}d < 32 @lg(g, 0)F
o

’ (1)
=2 W, 0f
14

where £(y, 0) coincides with £/ (I") in the proof of Lemma 2.3 in [18], with [A*~| +
|AS | =) and AT |+ |AZF| =[]
This implies that the proof can be concluded following the same steps as in [18]. O

7.3 Proof of Theorem 3.3

Starting from —1 the first spin flip is a move against the drift having a probability
e~ 2B (=D — ,=2B(2J+4=%) for some x € A. Different exits from —1, with more than
a single spin flip, have a probability exponentially smaller than this. Hence, denoting for
simplicity a configuration with the set of its plus spins, we have X ff’nc = {x} and therefore

lim Pf’ﬁ ({r,ﬂc < T5pniN {th . = {x} for some x € A}) =1.
B—o0 -1

Starting now from this single plus spin in x = (i, j) we have a sequence of [L/2] moves
along the drift producing a configuration in D with plus spin in the diagonal containing
x,i.e. Dy with k = (i + j — 1)mod L. Indeed in the first half (dl) step of the dynamics
the configuration {(i, j + 1), (i + 1, j)} is reached with a move along the drift and in the
subsequent (ur) half step the configuration {(i, j), ¢ — 1, j + 1), (i + 1, j — 1)} is reached
and so on up to reach in [L /2] steps along the drift the configuration w; = w1 (x) € D with
plus spins in Dg. We obtain

ﬁli)moo P_S% ({T_ILL' < T5/2}O{Xf_hﬂf =x for some x € A}ﬂ{Xf;h =wi (x)}N{f < 2T5/2}) =1

The minimal cost to leave a configuration in D, i.e., the minimal |h§h (+)| to pay in the
exponent of the probability, is 2J — X — ¢ corresponding to the cost of a flip to plus in a site
adjacent to the diagonal. Indeed to flip to minus a spin in the diagonal has a cost 2J + A —g.
To flip a spin not adjacent to the diagonal has a larger cost. This implies that in a subsequent
interval of time ¢2#2/—*=4+8) ap increased configuration w; € D is reached with wy = wf
orwy = w, and I+ = k=1. Note that, by the same arguments, it follows that the state —1
is indeed metastable, i.e., it has the largest stability level in the sense of [16].

We get

ﬁlingo P_S% ({an < Tsp}N {Xff’ﬂc = x forsomex € A} N {X,Slh = wi(x)}

NXS =010 ot ()7} N {1z < 3T32)) = 1.

By iterating this argument L — 2 times we get the result. O

7.4 Proof of Theorem 4.1

This is an application of Theorem 1.1 in [4] holding for a finite planar, non degenerate and
doubly periodic weighted graph G = (V, E). Denote by £(G) the set of all even subgraphs
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J ' J J ’ ' J J J
JJ
(a) (b) (c) (d)
— L y . .
| 1

(e) ® (® (h)

Fig. 8 The elementary cell a for the shaken interaction on the triangular lattice and the corresponding even
subgraphs. Subgraphs a and h wind around the torus an even number of times and are, therefore, in £y whereas
the remaining subgraphs are in &;

of G, that is, those subgraphs where the degree of each vertex is even. Further call £y(G) the
set of even subgraphs of the lattice winding an even number of times around each direction
of the torus and £1(G) = £(G) \ & (G). Then the critical curve relating the parameters J
and ¢ of the Hamiltonian is the solution of the equation

> Jlwnhz= > []tanh. (42)
y€&o(G) egy y€&1(G) egy

The square lattice induced by the shaken dynamics on the triangular lattice, with J, = ¢
for the self—interaction edges and J, = J for the other edges, satisfies the hypotheses of this
theorem and can be obtained by periodically repeating the elementary cell of Figure 8.

A direct application of (42) yields the claim. O

7.5 Proof of Theorem 6.1

Let H (o) be a Hamiltonian of the form given in (2) and let H (o, t) be its doubling.
The invariant measure 7% of the alternate dynamics P%/ defined on the bipartite graph
G" with Hamiltonian H (o, 7) is identified in Theorem 2.3:

1
b ._ BH (o)
T (o) (= —¢ .
@) Z

At very low temperature, this measure concentrates on the set of configurations minimizing
the Hamiltonian H (o, 7). We have
min H (o, t) < min H(o,0) = min H(o) — g|V| (43)
o,T o o
yielding immediately claim (2).

If the equality
min H (o, t) = min H(o, o) (44)
o,T o
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holds, the parallel algorithm provided by the alternate dynamics may be used to find config-
urations minimizing H (o).

If the parameter g satisfies condition (31), the validity of equation (44) can be verified by
contradiction. Assume indeed that there exists a pair configuration (o, 7) such that

min H(o,7) = H(o, T)
o,T

and 0 # 7T at least in a vertex x € V. Under condition (31), a spin flip at vertex x leads to a
lower value for the doubling Hamiltonian, contradicting the hypothesis that the pair (o, 7)
is the minimizer of H (o, 7). O

8 Conclusions and Open Problems

We conclude our paper with some general comments and open problems.

With the shaken dynamics we have constructed a reversible parallel dynamics and we
control its invariant measure with arbitrary boundary conditions. The advantages of the
shaken dynamics can be summarized as follows:

e The shaken prescription can be applied to general interaction graphs. This allows to
construct parallel algorithms to tackle a large class of optimization problems.

e The shaken prescription, modifying suitably the parameters appearing in the doubled
Hamiltonian, allows to compare the spin systems defined on different geometries.

e The dynamics can be interpreted as a model for systems in which some kind of interaction
alternates its direction on short timescale. See below for an example referring to the tidal
dissipation.

As noted by an anonymous referee, the shaken dynamics could be extended in order to
consider spin systems with more general summable interactions, not necessarily limited to
two or one body terms. This could have important applications in combinatorial optimization
problems such as set covering problem.

In this respect we want to outline that the regimes of parameters considered in the various
theorems of Sects. 3 and 6 are different. In this paper we considered the possible applications
of the idea of the shaken dynamics and we presented some analytical results about its appli-
cability. The regime considered in Theorem 3.2 is usually considered quite difficult, since it
involves metastable phenomena. Here the efficiency of the shaken dynamics emerges, as can
be seen, for instance, in Figs. 4 and 5. The regimes considered in Theorems 3.1 and 6.1 are on
the other side related to the choice of a large ¢, providing a sufficient (certainly not necessary)
condition to have a convergence between Gibbs measure and PCA invariant measure.

The construction of the shaken dynamics and, in particular, of its generalization, is not a
unique prescription. This freedom in the definition of the oriented graph defining the dynamics
and in the choice of the parameters involved could be usefully exploited in applications to
speed up the dynamics.

As far as a full understanding of the of metastable behavior of the shaken dynamics
on the square lattice is concerned, it will be challenging to consider also different regimes
than the one considered in Theorem 3.2. To this purpose, it may be beneficial to study the
metastable behavior of the alternate dynamics on the hexagonal lattice. A preliminary step
in this direction has been done in [2].

Finally we want to outline that the presence of an alternate interaction suggests that the
shaken dynamics, with B # () and ¢ large, could be a good model to take into account the
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effects of Earth’s tides in geodynamics and other tidal dissipative phenomena in Solar System.
We assume that the inner structure of the Earth and of the satellites of the major planets may be
described in terms of constraints that can be randomly broken, with a probability depending
on the state of the nearest neighbors of each constraint. Tidal effects could give a dependence
of this breaking probability on an alternate direction, related to the tidal state and to the related
tidal currents. This geological and astronomical application will be developed in forthcoming
papers.
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