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QUICK AND EASY PARALLELIZATION TECHNIQUE
FOR THE ISING 2D MODEL IN OPEN MPI

Abstract. We have demonstrated a quick and easy compartmentalization
method of the 2D Ising model and studied its efficiency and data produced. To
optimize optional distributed computations, the intercompartmental
communication was kept at minimum level. Boundary data between the
compartments were updated only with each Monte Carlo step, that is, only after
annealing has taken place within each individual compartment with number of
steps bigger than the number of sites in compartment. Open MPI package
implementing Message Passing Interface (MPI) for Debian Linux operational
system was chosen to provide parallelization environment. The suggested
method is straightforward, easy to use, produces correct results and is
seamlessly scaled. Simulated ferromagnetic domains beyond the compartment
size are clearly observed, and freely develop across the simulation grid. Exact
results from the existing publications have been reproduced with greater
efficiency. Significant speedup on the octacore desktop computer has been
demonstrated.
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V/4

AHHoTauwms. MNpegnoxeHa GbicTpasa U addekTUBHAA cxeMa pacnapaneneaHus
ABYXMEpHON Modenu ManHra Ha BbMUCUTENbHbIe Grioku. MpueedeH aHanus ad-
(PEeKTUBHOCTM U pesynbTaToB paboThl cxembl. [ns onTuMusauuu paboTbl cxe-
Mbl, B CIlydae pacnpeeneHHbIX BbIYMCIIeHUI Mo ceT HeobxoanMocTb o6MeHa
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UHbopMaLmen Mexay Grnokamu cBedeHa K MUHUMYMY. 3Ha4YeHUs rpaHWUuYHbIX
YyCrnoBuUi Anst kaxgoro 6noka obHoBNsINMch nocrne kaxkgoro wara MoHTe-Kap-
1o, T.e. TOMIBKO MOCre TOro, Kak CUMYSMPOBAHHbLIA OTXUI 6biN NpoBeAeH Ans
JaHHoro 6rnoka. Konu4yecTBo LWaroB B OTXKUre HE MEHbLLUE KONUYECTBa 3reMeH-
ToB Gnoka. Maket Open MPI ansa onepauunoHHol cuctembl Debian Linux 6bin
UCMonb30BaH ANs co3daHusa napannensHow cpefbl nporpammMmupoBaHus. MNpea-
TNIOXEHHasl cxeMa MpocTa B UCNOMb30BaHUU W MHTepnpeTauuu, BbiAaeT npa-
BWIbHBIE pe3ynbTaThl U ferko MacwTabupyetcsa. Knactepbl cnoHTaHHoOW Ha-
MarHM4eHHOCTH MpuW nepexoe oT eppoMarHuTHon asbl K napaMarHUTHON
nerko HabnwpatTcst 1 cBoGOAHO SBOMIOUUOHMPYOT B npeaenax moenupye-
MoV peweTku. MonyyeHHble AaHHble coBnagalwT ¢ paHee onybrukoBaHHbIMU
pesynbratamMmu. JOCTUrHYTO CYLECTBEHHOE YBENWUYEHUE MPOU3BOAUTENBHOCTM
Ha KOMMNbIOTEPE C BOCBMUAOEPHLIM MPOLECCOPOM.

KnioueBble cnoBa: cnuHoBoe cTekro, metod MoHTe-Kaprno, mogens WauHra,
napannesnbHble BblUUCIEHWS, pacnapannenuearHue, Open MPI.

7

Tyningeme: biagiH XyMmbicbiMbI3aa eki enwemai N3vmHr moaeniHiH ecenTeyiw
6nokTapfa adypeKTUBTI 8pi Kbingam napannenbgey cynbachl YCbIHbIbIN OThIpP.
CynbaHblH Tangay adhekTUBTINIMN XaHe XyMblc HaTuxeci kenTipingi. Cynba
KYMBICBIH OHTalnaHAbIpy YLWiH Xeni OolblHWa TaparnfaH ecenTteynep xargau-
biHAa 6rokTap apacbiHAafbl aknapart anMacyfablH MUHUMYMFa KaXXeTTiniriH
eHrizgik. lWeTTik wapTTap MaHi ep 6nok ywiH MoHTe KapnoHblH 8ap kagambl
calblH XaHapTbifbin OTbIPAbI, SIFHW TeK KaHa xacaHabl GocangaTy bGepinreH
Onok yLWiH XacasnfaH kesde xaHapTelngsl. bocaHgaty kagam caHbl 6ok ane-
MeHTTepi caHblHaH a3 6onmanasl. Debian Linux onepaunsansik xyneci ywiH
Open MPI nakeTi napannensdi nporpaMManay opTacbiH Kypy YWIiH navgana-
HbINAb!. ¥cbiHbINFaH cynba kapananbiM XeHe UHTepnpeTauusanap AypbiC HaTU-
Xenep kepceTin, oHal maclwTabtanagsl. Okblc MarHMTTeHreHaep knactepi dep-
poMarHuTTi basafiaH napaMarHuTTire aybicy kesiHae XeHin 6akbinaHaabl, COH-
Jan-aK MoAeni KypblnaTbiH Top WeriHae epkiH Aamuabl. AnblHFaH aknapaTTap
epTepek xapusanaHfaH HaTuxenepmeH calikec kenegdi. Ceriz sgponbik npo-
Lueccoprbl KOMMblOTEPAE SHIMAINIKTIH anTapnblkTah ecyiHe Kon XxeTkisingi.
TyniHAai cesaep: cnunHgi WeiHbl, MoHTe Kapno sgici, M3nHr mogeni, napannenbai
ecentey, napannensgey, Open MPL.

Introduction
Powerful personal desktops or workstations, as well as clusters
and high performance computing systems with remote access, are
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widely available nowadays. These are state-of-the-art and expensive
machines maintained by numerous staff and capable of addressing
the fundamental pure and applied science problems of today. Still,
enormous amount of numerical simulations are done in a single thread.
This fact seriously deteriorates the efficiency of computations and
reduces the naturally parallel tasks to the bottleneck of a single thread
application. Many scientists, though having in their possession the
state-of-the-art multicore computing systems, are able to utilize only
a small portion of their computational power. Multiple studies and
helpful resources are published and circulated within the interested
scientific and research communities to help them get familiar with
parallel programming [1, 2].

Physicists have made many major advances in computational
and mathematical physics. They clearly see the underlining physical
processes and could tailor mathematics and programming algorithms
to their specific tasks. For example, quantum computing is essentially
a parallel multitasking at all levels. Blind use of an automated parsing
software is unacceptable. Programming that uses the basic physics
principles is required.

We address these and many other points by using the Open
MPI library [3] that can handle multithread coding and feed it to a
multicore CPU (central processing unit) or distribute the tasks across
a network of computers connected in the computational cluster. Unlike
its counterpart, the Open MP development of the message parsing
protocols, [4] Open MPI is extensively documented in electronic
resources and much easier to deploy.

We have implemented Monte Carlo method with importance
sampling in 2D spin glasses for the Ising model [5] as an example of
multithreading and performance optimization in scientific computing.
Conventionally, performance could be gain by compartmentalization
and deployment of custom-made communicator between
compartments for the transient phenomena. The same results could
be achieved by understanding the simple topology and physics of
the problem, reducing communication time and instances to a
minimum.
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Methods

The Ising model we chose is described by the two-dimensional
m x n grid of spins [6]. Each spin can take only two values, up or
down, si={+1,-1}. Assuming that magnetic interaction strength is
dropping as fast as 1/r3 with the distance, we will consider interactions
only between the closest neighbors. These neighbors are forming a
cross pattern, (see, for example, five spins' sites shaded in red in
Fig.1(a)). Immediately, we introduce periodic boundary conditions.
That is, if the left neighbor in the left corner of interaction pattern is
missing, (see yellow-shaded areas), we assume that its place is taken
by the spin across the whole grid on the right boundary. The same
technique is valid for the right, upper and bottom boundary sites.

One could directly index such sites and use them as a precursor
to a custom-made communicator between the processes in the parallel
version of the program. Our choice is to increase the simulation grid
by copying the right boundary column to the left and the left boundary
column to the right, as well as the top row to the bottom and bottom
row to the top, (see the gray-shaded columns and rows in Fig. 1 (b)).
In Figure 1(c) this procedure will insure the communication between
the compartments in parallel algorithm. However, in this case, the
boundary will be provided by a neighboring compartment

Mathematical description of the model is presented below. The
total interaction energy associated with all possible closest neighbor

spins is given by
E = —]zsiSj —Hzi_l S; (1)
ij -
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Figure 1. Compartmentalization scheme for three processes
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where J is the spin-spin interaction strength and H is the external
magnetic field strength. If J>0 the system is ferromagnetic, otherwise,
if J<0, it is paramagnetic. Indices i and j sample all the available pairs
of neighboring spins on the grid, excluding the double count of ij and
ji pairs. The upper bound for the first sum is determined by the range
of interaction and number of spins within this range. If the spins are
allowed to have Q >2 states, this will be the generalized Q-state Potts
model [7]. Total magnetization value at the certain spins configurations

is calculated as a sum
mxn
M = Z S;
=1 (2)

If the external field strength H is set to zero then there are two distinct
states at low and high temperatures. These are ferromagnetic and
paramagnetic phases separated by the transition region around
Currie temperature T .

According to Metropolis algorithm [8] instead of trying to calculate
quantum-mechanical observables over all possible combinations of
states

E/kT
_ Zconf.space Me /

- E/kT
Zconf.spacee /

Temperature T is given in the units of [E/k], where k is the
Boltzmann factor. E is dimensionless but in general has the units
provided by expression (1). We should include only those
configurations which are sampled according to the Boltzman factor,
see algorithm below. For a sequence of N such states, magnetization
for the particular temperature will be given by the formula

(M):l/NZ?’=1 "S, (4)

M

(3)

The following steps should be taken repeatedly to achieve a
desired distribution of states at the certain temperature T:

1. Choose at random any spin si and flip its sign, si=-si.

2. Calculate change in the total energy according to formula
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AE=Eg —E; (5)

3. If e?®%7>X where X ~ U([0,1]) is a random variable uniformly
distributed on [0,1], the change in sign is accepted.

4. Repeat the previous steps to achieve an equilibrium
magnetization value for a given simulation grid at the temperature
selected for the system.

These four steps, repeated multiple times but usually not less
than the number of sites in simulation grid or compartment, represent
one Monte Carlo step. To calculate any observable value for a given
temperature, MC steps have to be repeated several times. Other
properties, including density of states, could be calculated via similar
algorithms [9, 10].

Convergence to the equilibrium values of observable parameters
with one spin flip is slow. Changes introduced by a single local spin
flip propagate diffusively. Various algorithms have been proposed to
speed up the process by flipping the whole clusters of spins at once.
Swendsen-Wang [11] and Wolff [12] Monte Carlo methods are among
them. The Wolff algorithm is an improvement over the Swendsen-
Wang algorithm since it has a larger probability of flipping bigger
clusters. Alternatively, we could partition the simulation volume for
the parallel processing [13, 14] as we did in this paper, see Figure 1.

One may also avoid numerous exponentiation steps by noticing,
that for a two dimensional grid, AE takes a limited number of values
depending on orientation of the four neighboring spins. We can easily
show that this number is equal to five and it doubles if the external
magnetic field H is switched on.

Results and Discussions

Configuration of our eight core desktop computer is listed as
follows: Intel Core i7 4790K, 4.0GHz/LGA-1150/22nm/Haswell/8Mb L3
Cache, DDR-3 DIMM 16Gb/1866MHz PC14900, 2x8Gb Kit, CL10.

As we said before, we perform the boundary conditions exchange
every time the equilibrium within each compartment is reached. That
is the boundary conditions are renewed for all compartments every
time after each Monte Carlo step in accordance with equilibrium spins
configuration in the neighboring compartments. One should take care
not to replicate the simple periodic boundary conditions for each
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compartment. This means that we have to make sure that
compartments are communicating with each other and supplying each
other with information about the boundary conditions along the
interface line.

Fig.2(a) shows the spins orientation distribution computed in
one thread without any compartmentalization.

(a) (b) (c)

T-2.29

150 150

200 200
50 100 150 200 50 100 150 200

Figure 2. Sample magnetization distribution under different boundary
conditions.

Simple periodic boundary conditions on four boundaries were
used. In Fig. 2(b), we plotted the case of eight communicating
compartments when data in the compartments are formatted
according to our algorithm. The case when the closed toroidal
boundary conditions were implemented for each compartment without
the proper boundary information exchange is shown in Fig.2(c).
Fig.2(c) shows the obvious signs of an erroneous dynamics, such as
band structure, indicating that the compartments are not able to
communicate with each other.

The next Fig. 3 gives a diagram for the simulated annealing of
our system. Normalized magnetization M/MO, where MO is the sum of
all spins, changes its value from 1 at 7=0, to 0 as the temperature
rises beyond the critical value. Temperature of the phase transition
Tc is about 2.3.

As one can see, the data from a single thread experiment with
no compartmentalization, (represented by a green line and triangle
markers), and data with proper compartmentalization, (blue line and
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diamond markers, are almost identical. The red line with pentagram
markers stands for the incomplete implementation of the boundary
conditions and exhibits a deviant behavior at phase transition.
Nevertheless, all give about the same value of Tc.
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Figure 3. Simulated annealing for the 200 x 200 grid. Green line and triangle

markers - no compartmentalization; Blue line and diamond markers - custom

made compartmentalization and data exchange technique; Red line and

pentagram markers - data produced with unadjusted boundary conditions
between compartments

Next, Fig. 4 shows the timing data from our simulations when
the number of threads goes up from 1 to 12, see the Y axis. Two sets
of curves are plotted. The one on the left is for 200 by 200 data grid
another one is for 400 by 400 grid. The obvious benefits of
compartmentalization are visible. For the 200 by 200 grid, five
thousands Monte Carlo steps and only one temperature value, CPU
time is cut in half if we split the simulation volume between eight cores
of a single processor. Normally, we simulate annealing for the range
of T values and number of Monte Carlo steps is much higher than
the number we used. Thus, the time savings are enormous.

Multiple parallel platforms and custom made algorithms make it
difficult to compare performance for each case. For the formal
performance evaluation and further optimization of the arbitrary code
the LogP model of Culler is available [15].

Conclusions

We reported our studies of implementation and efficiency of the
quick and robust method of compartmentalization for the 2D Ising
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Figure 4. Parallelization algorithm performance for 200 x 200 and 400 x 400 grids. CPU, blue lines,
and wall, red lines, times are given as a function of number of threads on the octacore processor.
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model. Open MPI package
has provided the parallel
computation environment.
Algorithm structure is
optimized for optional
distributed computations by
updating the boundary data
between compartments with
each Monte Carlo step.
Meanwhile annealing, within
each Monte Carlo step and
for each individual
compartment, takes the
same number of steps as
the number of sites in a

compartment.

This boundary
information update is
enough to couple the

statistical processes within
each individual compart-
ment to its neighbors. Thus
construction of the
complicated blocking type
communications through a
message passing interface
is avoided. In general, it
allows us to keep the basic
simple model of the spin
glass intact and evenly
distribute intensive
computations between the
available threads. These
two facts about our method
contribute to the clarity of
the model and its data
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interpretation as well as to increased speed of calculations.

Our proposed method is straightforward, easy to use, and
produces correct results identical to the previously published data.
Simulated ferromagnetic clusters of spins, freely developing between
individual compartments, are clearly observed. Significant speedup
on the octacore desktop computer has been demonstrated.

The model and its development represent the computational
basis for the whole generation of the quantum algorithms for
approximating partition.
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