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Differences between regular and random order of updates in damage-spreading simulations
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We investigate the spreading of damage in the three-dimensional Ising model by means of large-scale Monte
Carlo simulations. Within the Glauber dynamics we use different rules for the order in which the sites are
updated. We find that the stationary damage values and the spreading temperatlifferard for different
update order In particular, random update order leads to larger damage and a lower spreading temperature
than regular order. Consequently, damage spreading in the Ising model is nonuniversal not only with respect to
different update algorithmée.g., Glauber vs heat-bath dynanjies already known, but even with respect to
the order of sites[S1063-651X98)12312-7

PACS numbe(s): 05.40+j, 64.60.Ht, 75.40.Gb

Damage spreadin®S) investigates how a small pertur- different dynamical systems which will show different dy-
bation in a cooperative system changes during the time evaramical behavior. While all update schemes which differ
lution. It was first studied in theoretical biolodyt] in the  only in the order of the sites will lead to the same stationary
context of genetic evolution. Later the DS concept found its(€quilibrium) state for asingle replica (thanks to detailed
way into the physics of cooperative systef@is-4]. In order ~ balance the same is not priori true for DS, which is a
to study DS two replicas of the system are considered whicfionequilibrium phenomenon. To the best of our knowledge
evolve stochastically under the same noise realizatien, the question of whether the stationary state of @8, the
the same random numbers are used in a Monte Carlo procétationary state of theair of replicag does depend on the
dure. The difference in the microscopic configurations of Site order in the update scheme has not been investigated
the two replicas constitutes the “damage.” Depending onbefore[9]. Most of the published work on DS in the Ising
the Hamiltonian, the dynamic rules, and the external parammodel seems téimplicitly) assume that at least the station-
eters a small initial amound of damage will either spread o@ry damageand thus the spreading temperajuie not de-
heal with time (or remain finite in a finite spatial regipn Pend on the site order. In this Brief Report we provide nu-
Initially, it was believed that the DS behavior can be used tgnerical evidence that this assumption is mistaken.
distinguish chaotic and regular phases of the model. How- We have studied DS in the Glauber-Ising model on a
ever, it was realized early that the properties of DS depengubic lattice withN=L? sites. The Hamiltonian is given by
sensitively on the update rule employed in the Monte Carlo
procedure. For instance, in the Ising model with Glauber 1
dynamics[4] the damage heals at low temperatures and H:_Eiz. Jij S, @
spreads at temperatures above a certain spreading tempera- :
tureTs. In contrast, the Ising model with heat-bath dynamics _ : . : " .
[3] shows qualitatively different behavior: the damage heaIsWhehreS_ *11s the Ihs_lnr? vanabll(e at sitg andJi% is the
at high temperatures but it may freeze at low temperatures?.xf: ange energy, which we t.a e to be one for neqres_t-
Thus DS appears to be uniquely defined only if one Speciﬁeg_elghbor sites and zero otherwise. The Glauber dynamics is
the Hamiltonianandthe dynamic rule(Note that it was sug- given by the stochastic map
gested[5] to obtain an unambiguous definition of DS for a 1 1
particular model by considering all possible dynamic rules _ S - T
which are consistent with the physics of a single replica. S(t+1) sgr{v[h,(t)] 2 +Si(t)[§'(t) 2” @
The differences between Glauber and heat-bath dynamics
which can be traced back to different use of the randonwith the transition probability
numbers in the update rulg€8§] can be understood already on
the basis of a mean-field theory for D3|. v(h)=e"T/(eVT+e NT), 3)

In addition to this dependence of DS on the update rule
(i.e., the way the random numbers are used in the 5|mubat|or]_|ere hi(t)=3,J;;S(t) is the local magnetic field at site

|t|vxials a:jl;f? foupi[s] that”mI $°Te Zys;ems DSt.ch b; tcom',rand (discretized time t, T denotes the temperature, and
pietely difierent for parallel Instead of sequential updates o () e[0,1) is a random number which is identical for the

:aheui:?btﬂzfn Sltrif).all—ims ('fl’str: %u:%%ssgigr:;}?gresr:??gr e\;?;lé:] wo copies of the system considered in a DS simulation. As
q P y P in any DS simulation the central quantity studied is the Ham-

and sequential updates. . . . :
In this Brief Report we investigate the dependence of Dsmlng distancddamagg D as a function of tima,

on another detail of the Monte Carlo procedure employed in 1
the simulation, viz., the order of sites within a sequential D(t)=—2 |S(1)(t)—$(2>(t)| (4)
update scheme. In general, different update schemes define 2N '
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025 some will not be updated at all during the first sweep through
IR M independent random the lattice. In contrast, for all other update sequences each
- — ?'ff::fr’i’tte’ra”dm site is updated exactly once during each Monte Carlo sweep.
SR cyh'?ackerboard Now, in the example in Fig. 1 the initial damage is higher
than its stationary value. Thus, the damage has to be reduced
during the first few sweeps. However, if some sites are not
updated at all, their damage cannot heal and consequently
the case of independently chosen sites leads to slower de-
crease of the damage within the first few sweeps. In accor-
dance with this explanation Fig. 1 shows that after the first
sweep the damage is identical for all sequences that update
each site exactly once in each sweep.
N Let us now turn to the stationary states. Figure 1 indicates
0.081 Sl s that the stationary state of thpair of replicas is indeed dif-
0.07 N’”."“ﬂw"% ferent for different site order in contrast to the stationary
00 1000 state of asinglereplica which is independent of the site order
as discussed above. A closer inspection of Fig. 1 shows that
FIG. 1. Time evolution of the damage for a®3ystem at tem- the stationary damage for all those schemes for which the
peratureT = 4.25. The two copies were prepared independently withorder of sites does not change from sweep to swiegpe-
an initial magnetization ofm,=0.6 which corresponds to initial Writer, checkerboard, and identical randons the same
damageD,=(1—m?)/2=0.32. The curves represent averages overwithin the statistical accuracy. A significantly higher station-
400 noise realizations. ary damage value is obtained if we use different random
sequences but still update each site exactly once in each
where the upper index of the spin variable distinguishes theweep. Finally, for a completely uncorrelated sequence of
two replicas. sites the stationary damage value is largest. We also note that
DS in the Glauber Ising model has been intensively investhe mean-field theory7] cannot explain this new depen-
tigated both numerically4,10-13 and using an effective dence of DS on the update sequence since within the mean-
field theory[7,14]. The most precise estimate of the spread-field theory the problem is reduced to a single-site problem.
ing temperaturdl, (above which the Hamming distance re-  We have carried out high precision calculations at differ-
mains finite in the long-time limjtin three dimensions was ent temperatures using the various update schemes discussed
obtained in Ref.[12] for systems with up to 309309 above in order to obtain the temperature dependence of the
X 310 sites using helical boundary conditions and a checkeverage stationary damage values. In these calculations the
board update scheme. The result was a spreading tempeita0 replicas are prepared with a small initial amount of dam-
ture of T¢/T.=0.9225-0.0005 (T.=4.162) where T, age. The time evolution is monitored and after a stationary
=4.5115 is the equilibrium critical temperature of the ferro- regime has been reached the damage is averaged over a large
magnetic phase transitio@ll temperatures are measured in number (10) of Monte Carlo sweeps. The results for the
units of the nearest-neighbor interaction typewriter and independent random update schemes are
We have carried out extensive DS simulations for systemshown in Fig. 2. Analogous calculations have been carried
with up toN= 102 sites with periodic and helical boundary out for the other update schemes. In the paramagnetic phase
conditions giving both the time evolution of the damage andT>T,) the average stationary damage value is 0.5 for all
its asymptotic stationary value. Different update sequencedpdate sequences investigated. In the ferromagnetic phase,
have been used: typewritéregularly going from one site to however, the results are different. The three schemes that use
the nex}, checkerboardregularly going from one site to its the same sequence of sites in all sweéppewriter, check-
next nearest neighbor, effectively updating first one sublaterboard, and identical randomive identical stationary dam-
tice, then the othgy and three different types of random age averages within the statistical accuracy. For these
sequences. For the first random sequence the site to be ugshemes we obtain a spreading temperatur@ 6f4.1625
dated is chosen independently for each time step. In the sec=0.0050, i.e.,Ts/T.=0.9225+0.0010. This is exactly the
ond random scheme each site is updated exactly once duringlue obtained by Grassberddr2] (using the checkerboard
each sweefa sweep consists of Monte-Carlo updatgsbut ~ update schemeln contrast, for the independent random se-
the (random order is different from sweep to sweep. In the quence the spreading temperature is significantly lower. We
third random procedure, we use identi¢gndon) order in  obtain T;=4.0950+0.0050, i.e., T¢/T.=0.90750.0010.
all sweeps. The results shown in Fig. 2 also indicate that the critical
In Fig. 1 we show an example for the time evolution of behavior at the spreading transition is the same for the up-
the damage averaged over 400 runs with different noise redate schemes investigated. Since DS in the Glauber-Ising
alizations. The temperatur€=4.25 is slightly belowT,  model has two equivalent absorbing staiesresponding to
=4.5115. The figure shows that not only the approach to th® =0 andD=1), the critical behavior should be in the par-
stationary state but also the stationary damage itself deperity conserving(PC) universality clasg15]. It has been sug-
on the order of sites in the update process. gested 16] that the model with two absorbing states in three
The short-time behavior is comparatively easy to underdimensions is already above its upper critical dimension. It
stand: If the sites to be updated are chosen independentghould then have a critical exponefit= 8,,=1, see, e.g.,
some sites will be updated twice or even several times whil&ef.[7] [ 8 is defined byD (T)~ (T—T.)?]. The data in Fig.

-------- identical random

0.151

012

01r

1 10 1
t [MC sweeps]



8000 BRIEF REPORTS PRE 58

0.6 0.05 simulations: a combined linear congruential generétan2
To.04 from Ref.[18]), a very simple linear feedback shift register
o5k K . s = generator(R25q see Ref[19]), and a state-of-the-art com-
27008 bined linear feedback shift register generatgrsr113from
,d 10.02 o Ref.[20]). All random number generators lead to the same
041 2 0.0 results in our DS simulations. From this we exclude any
. e 0 errors due to poor random numbers.
o oal 415 4.2 x To summarize, we have studied the dependence of dam-
age spreading in the three-dimensional Glauber-Ising model
a on the order of the sites in the Monte Carlo update scheme.
o2r x By using five different update schemes we have provided
x numerical evidence that the stationary damage and thus the
0.1F x A _ spreading temperature are different for different site order.
x 0 —»— independent random K . K
N - o~ typewriter For all schem_es which use the same site sequences in each
o 2 ﬂ°d ) . . . sweep(typewriter, checkerboard, identical randowe have
4 4.1 4.2 4.3 4.4 4.5 4.6 obtained a spreading temperature dfs/T.=0.9225
T +0.0010 in good agreement with results from the literature

FIG. 2. Temperature dependence of the average stationary darhlt2]. For completely uncorrelated random site sequences we
age for typewriter and independent random site sequences. TH¥ave obtained a significantly lower spreading temperature of
curves represent averages over ten runs of a system withsites.  Ts/T.=0.9075+0.0010. To our knowledge there are no
In each run the damage is averaged over 10000 Monte Carlpublished data for DS in the case of a random site sequence.
sweeps after a stationary regime has been reached. The inset shoilig Refs.[10,11] regular site order was used. Moreover, the
the spreading transition region. The statistical error is smaller thamccuracy would not have been high enough to distinguish the
the symbol size in the main figure and approximately given by thedifferent cases.
symbol size in the inset. From our results we conclude that the stationary state of

. : . . DS is very sensitive to changes in the details of the Monte
2 are roughly consistent with this prediction for both update arlo procedure even if they do not influence the stationary

schemes although the inset seems to suggest a Sllghtgfate of a single replica. For the ferromagnetic Glauber-Ising

;maller exponent. We plgn to publish a systematic |nvest|gar—node| in three dimensions a change of the site order only
tion of the critical behavior elsewhefé7].

. . leads to a shift of the spreading temperatlite For more
All the results reported so far have been obtained usin . . X
S o . omplicated systems it appears to be possible, however, that
periodic boundary conditions. For comparison we have alsg . ; .
: . : . ..~ changing the site order leads to qualitative changes of DS as
investigated the influence of helical boundary conditions.

Within the statistical accuracy the results of both boundar%?slmuer;?i fgf[ig:g (i:r??ﬂigseolfirrzr;izﬁq:rznﬁ]al trcc)> praersillel updates
conditions are the same. : g prog .

Furthermore, we have also checked whether the choice of This work was supported in part by the DFG under Grant
the random number generator does play any role. Three vetjo. SFB393 and by the NSF under Grant No. DMR-95-
different random number generators have been used in the185.
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