Mathematical Problems of Computer Science 46, 117-125, 2016.

The Parallel Simulation Method for d-dimensional

Abelian Sandpile Automata

Hayk E. Nahapetyan, Suren S. Poghosyan,
Vahagn S. Poghosyan and Yuri H. Shoukourian

Institute for Informatics and Automation Problems of NAS RA
e-mail: povahagn@gmail.com, shouk@sci.am

Abstract

In this paper, the star-packing problem introduced in [1] for a square lattice is
generalized for d-dimensional lattice £4, d € N. The problem is to pack the lattice
L4 with star graphs Soy. Using the solution of this problem, a parallel algorithm for
the simulation of d-dimensional cellular automata is developed. As an example of
cellular automata, the relaxation process of unstable states of Abelian sandpile model
is considered. Appropriate software packages have been developed using OpenMP and
CUDA technologies. The parallel simulation results, carried out for 3-dimensional
lattices of different sizes, are presented.
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1. Introduction

Cellular automata (CA) are discrete models studied in computability theory, mathematics,
physics, complexity science, theoretical biology and microstructure modeling. Modern mul-
ticore computers with shared memory and multiprocessor clusters with distributed memory
make it possible to efficiently parallelize simulation algorithms for CA. In the work [2], a
cluster-based parallel algorithm and a package to simulate two-dimensional CA is introduced.

The concept of self-organized criticality was first introduced by Bak, Tang and Wiesenfeld
in 1987 [4], and gave rise to growing interest in the study of self-organizing systems. Bak
et al. argued that in many natural phenomena, the dissipative dynamics of the system is
such that it drives the system to a critical state, thereby leading to ubiquitous power law
behaviors. This mechanism has been invoked to understand the power law distributions
observed in turbulent fluids, earthquakes, distribution of visible matter in the universe, solar
flares and surface roughening of growing interfaces.

The Sandpile models, being a class of cellular automata, are among the simplest theo-
retical models which show self-organized criticality. A special subclass of interest consists of
so called Abelian sandpile models (ASM). The Abelian property means that the final stable
state of the CA is independent of the order in which the updates of cells are carried out.
This property plays a key role during the numerical, as well as analytical studies of the ASM
[5,6,7,8,9,10, 11, 12, 13, 14]. In numerous works, in the absence of analytical relations for
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various physical characterizers, different methods of statistical analysis have been applied
for calculation or verification of hypothetical and analytical expressions for sandpile models.
The luck of such systems, also the demand for accurate calculations of physical observables
would dramatically increase the acceptable sizes of lattice as well as the time constraints
for calculations. An approach of efficient parallel simulation of sandpile model on multicore
computers with shared memory, which is based on the idea that there are few active cells
(unstable vertices) at each moment of time, is given in [3]. In general, when the initial unsta-
ble configuration contains many unstable vertices, this approach does not give good results
for big lattices. In what follows we present a more efficient parallel algorithm for the sim-
ulation of d-dimensional CA implemented on systems with shared memory, which is based
on the star-packing of the d-dimensional lattices. A solution to the star-packing problem is
given in [1] for the 2-dimensional square lattice. In this paper we generalize the solution to
the case of general d dimensions. Below a cellular automaton for implementing the Abelian
Sandpile model on a d-dimensional lattice is considered aiming at the development of parallel
simulation.

2. The Star-Packing Problem

Consider a d-dimensional lattice £, of linear size n with periodic boundary conditions, which
is a graph with the vertex set

V=V(L)={v=(x1,29,...,2q) : 2;=0,1,2,... . n—1;i=1,2,...,d} (1)

and the set of undirected edges E = E(L;) defined by the following rule. Each vertex
v = (x1,T9,...,14) €V is connected with 2d vertices given by adjacency list

Adj(v) = {(x1,x2,...,(xk £ 1) mod n,...,xq) : k=1,2,...,d}. (2)

The number of vertices is [V| = n?, and the number of edges is |E| = dn?. Two different
vertices vy and vq are called independent, if they are not adjacent and they do not have any
common adjacent vertex:

vi ¢ Adj(v2), va & Adj(vi) and Adj(vi) [ )Adj(v2) = 0. (3)

The star-packing problem is to pack the lattice £; with non-overlapping star graphs Ss,.
Consider a star packing with a set of central vertices V' C V of stars. The following two
rules define the set V':

1. Full coverage condition:
(U Adj(v)) Uv=w
veV’

2. Non-overlapping condition (independence of stars): Any two different vertices vy, vy €
V' are independent.

It is obvious, that a star packing exists if |V| is dividable by 2d + 1.
Given a vertex v = (z1,xs,...,24) € V and a vector 7= (p1,p2,...,pq) € Z. Define the
sum v + 7 to be a vertex in V' with coordinates

v+ 7= ((x1 + p1) mod n, (z2 + p2) mod n, ..., (x4 + pg) mod n) € V. (4)
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Equivalently, the sum of a vector ¥ and an arbitrary subset V' C V to be the following subset
of V
Vi+r={v+r7: veV'}CV. (5)

Note that, given a star packing defined by a set V', the set V' + 7 also defines a star packing,
where 7 € Z.

Theorem: Consider a d-dimensional lattice Ly of linear size n with periodic boundary
conditions. Assume that n is dividable by 2d + 1. Then a star packing of Ly exists, and the
set of central vertices of stars is

Vi={v=(21,29,...,2q) : (x1+202+323+...+dxg) mod (2d+1)=0,veV}. (6)
Proof: Given a vector ¥ = (p1,pa,...,ps) € Z, define a function
Q(7) = p1 + 2pz + 3p3 + ... + dpa. (7)

Let us introduce the d-dimensional basis vectors

€x = (9,0,...,9,1,0,0,...,9), kE=1,2,3,...,d, (8)
K1 &k
and the null vector €y = (0,0...,0). First, we prove the full coverage condition. Given an

arbitrary vertex v € V' '\ V', it is necessary to prove that there exists a vertex u € Adj(v),
which is a central vertex of some star, i.e., u € V’. In other words,

V7= (p1,p2,--.,pa) € Z,0<p; <n-—1, (9)
one of the following 3 conditions holds
1. Q(7) mod (2d + 1) = 0.
2. dk=1,2,...,d; Q(F — &) mod (2d + 1) = 0.
3. dk=1,2,...,d; Q('+ &) mod (2d + 1) = 0.

Assume that Q(7) has the following form:

Qr)=02d+1)s+t, 0<t<2d+1, s >0. (10)
Let the value of k be
0, ift=0;= Q) mod (2d+1)=0
k=<t ift<d, = Q(r—é)mod (2d+1)=0 , (11)
2d+1—t, ift>d; = Q(r+eé,) mod (2d+1)=0

which proves the coverage condition.
Now we prove the non-overlapping condition. It states, V7 = (p1,pa,...,pq) € Z, 0 <
pi <n-—1,1=1,2,...,d, which satisfies the condition

Q(7) mod (2d + 1) =0, (12)
and VA7 = (Ap1, Aps, ..., Apg) with

0 < |Api| + |Apo| + ...+ |Apg| <2, (13)
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we have

Q(7+ Ar) mod (2d + 1) # 0. (14)

Since the Q function is linear, we have to show that Q(Ar) mod (2d + 1) # 0. Then, it
is sufficient to prove the inequality 0 < |Q(Ar)| < 2d + 1. Note that there are 3 possible
cases, which satisfy the condition (13):

1. Jky =1,2,...,d, for which Apy, = £2 and Aps =0, Vs # ky. Then
0 < |Q(AY)| = 2ko < 2d + 1. (15)
2. ko =1,2,...,d, for which Ap, = +1 and Ap, = 0, Vs # ko. Then

0 < |Q(AT)| = ko < 2d + 1. (16)

3. ki, ke = 1,2,...,d; k1 # ko, for which Apy, = £1, Apy, = +1 and Aps = 0,
Vs = ki, ko. Then

0 < |Q(AY)| = k1 Apy, + kaApr,| < by + ks < 2d+ 1. (17)
O

Fig.1 and Fig.2 illustrate the star packing of the 2 and 3-dimensional lattices, respectively.

Fig. 1. A star-packing of a 2-dimensional lattice.
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Fig. 2. A star-packing of a 3-dimensional lattice. The layer z=4 is depicted separately.

3. Abelian Sandpile Model

Consider an undirected graph G = (V, E) with vertex set V' = {vy,vs,..., 05} and edge
set E/. A random variable h;, which takes integer values, is attached to each vertex v; € V/,
representing the height of the sand at that vertex. h"** denotes the maximum allowed height
of vertex v; of the graph GG. For d-dimensional lattice we take h]"** = 2d —1. Cr denotes the
collection of heights h;, which defines a configuration of the system at a given discrete time
T. A configuration is called stable, if all heights satisfy h; < h"**. Vertex v; is called closed,
if h"** = deg (v;) — 1, where deg (v;) indicates the number of adjacent vertices of v;. Vertex
v; is called open, if A" > deg (v;). The dynamics of the system is defined by the following
rules. Consider a stable configuration C7 at a given time 7. We add a grain of sand at a
random vertex v; € V' by setting h; to h; + 1 (we assume that the vertex is chosen randomly
with a uniform distribution on the set V'). This new configuration, if stable, defines Cry4. If
h; > hI"* v; becomes unstable and topples losing h]"** 41 grains of sand, while all neighbors
of v; receive one grain. Note that if the vertex is open, the system loses grains. During the
toppling of the closed vertices, the number of grains is conserved. Note also that toppling of
a vertex may cause some of its neighboring vertices to become unstable. In this case those
vertices also topple according to the same toppling rule. Once all unstable vertices have
been toppled, a new stable configuration Cry; is obtained. If the finite connected graph G
has at least one open vertex, then all vertices become stable after finite number of topplings.
Moreover, the new stable configuration is independent of the toppling order. Therefore, the
dynamics is well defined. Let a; be an operator, which acts on sandpile configurations and
adds a grain at vertex . It can easily be shown that a;a; = a;a;. This is the reason why the
sandpile model is called Abelian.
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4. Simulation Results

In this section we present the simulation results of the implemented software with built-in
parallelization algorithms. The Abelian sandpile model on the finite d-dimensional lattice
of linear size n is considered. The number of nodes is N = n?. The value of maximal height
at all vertices v; € V is h"™* =2d —1,7=1,2,..., N. To perform parallel simulation, the
concurrently toppled unstable vertices should meet the requirement of being independent.
Partitioning the set of vertices into the sets of independent vertices is carried out by star-
packing discussed above. Let Ty, be the time needed for a cell to finish its job, and H
denotes the initial number of grains at each node.

In order to obtain a parallel software environment, the OpenMP and CUDA technologies
have been used, which was implemented on the CPU i7 2670QM by Intel and Geforce
GT. Simulation results include 2 types of Cellular Automata simulating Sandpile model.
Difference is that for the second system an additional job is introduced during each toppling,
which takes T,,,;; constant time to finish.

Four types of implementations have been analyzed and compared:

1. Standard — topplings are implemented sequentially on CPU. There is a loop around
all nodes, and once an unstable node is found, it becomes stable.

2. No OMP — topplings are implemented sequentially on CPU. By a parallelization algo-
rithm, we partition the set of nodes into 7 sections for a 3-dimensional lattice. There
are two types of loops, one type over all groups, and the second type over all vertices
for each group.

3. OMP — topplings are implemented parallel for each group on CPU, also there is one
loop over all groups.

4. GPU — topplings are implemented in parallel for each group on GPU, also there is one
loop over all groups.

The simulations have been done on the same CPU and GPU architecture. In Figs. 3-7 the
simulation results are presented.
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Fig. 3. Sandpile on a 3-dimensional lattice. Grains are added randomly with uniform distribution.
Total amount of added grains is 10 x n3.
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Fig. 4. Sandpile on a 3-dimensional lattice with initial height H=6, H=12. Ty.;; = 5ms.
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Fig. 5. Sandpile on a 3-dimensional lattice with initial height H=6, H=12. T\, = 10ms.
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Fig. 6. Sandpile on a 3-dimensional lattice with start height H=6, H=12. Tt = 3ms.

5.  Conclusion

In this paper, a parallel algorithm for simulating d-dimensional CA has been described. The
algorithm is based on the idea of star-packing of d-dimensional lattices. Delmas and Perennes
in their paper [15] found a star packing for 3-dimensional lattice of linear size n = 7' with
integer . We found an explicit star packing of d-dimensional lattice, which meets weaker
restriction on n, namely, n mod (2d + 1) = 0. As the results show, the algorithm developed
gains about 8x speedup with openMP, and more than 50x on CUDA (depending on GPU
architecture and cellular automata, it can be 100x and more faster than non-paralyzed
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performance). Our next aim is to use algorithms for computing different observables of
the sandpile model on d-dimensional lattices, meanwhile analytical calculations have been
obtained for 2-dimension.
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UJwquiniyyunp ¢-suhwGh Uptpjwl wjumniwwmh gniquhtin
unnbjuynpiw G Wtpnn

<. Lwhwuybtnjwd, U. MannujwG, 4. Mannujwl b 8ni. Cnipnipju
Udthnthnid

Uyju hnpJuonmd  ptpjwd L pwnwyniuh gwlGgbph hwdwp [1]-nd GEpdnioguo
wumnujhlG owoynyph hbnpph plphwlGpugndip £, d € N d -swhwGh gwlgh
hwdwp: olghpp uywlnd b Sy qpubny £, gulgh owoldwl dto: Syjwy fulnph
nodwl hhiwl Ypw drwyyty b d-yjwhwlh poowjhlG wymniwwmh dnpbjuynpiw
qniquhtinugyuo wignphpu: Qpwtu peowjhl wymndiwwmh ophlwy E nphnwnpyyty Upbyw
wjwquinywh wiyuymG Jhdwyltph nbupuwghnG wpngtup: {wdwwywwmwuhuwl
opwqpuwjhl thwpbtplbpp Gwhiwqoyt] GG OpenMP L CUDA wnbtfulninghwGtph Yhpundwip:
tipwo GG wwppbp swhtph Gowswh guwlgbph qniquhbnwgywo  dnnbpuynpiw i
wpryniGpGtpp:

MeTop naparAeABHOM CUMYASIIIUM d-MEPHBIX aBTOMATOB
AGeAeBOY IIECOYHOMU T'OPKU

A. Haranetran, C. Ilorocas, B. I'lorocsan u FO. Ulykypan

AnHoTanus

B o3Toll cTaThe IpUBEAEHO O00O0OIeHHe IPOOAEMBl 3BE3AHOTO IIOKPBITHS,
BBIABUHYTOH B [1] AAd KBAAPATHBIX peleToK. O0o0O0IeHre AOCTUTHYTO AAS d-MepPHOU
petietku Ly, d € N. [Ipobrema COCTOUT B MMOKPHITUU L, PELIeTKN 3BE3AHBIM Ipacgom
Ssq. Ha ocHOBaHMU pellleHUsT A@HHOM IPOOAeMBI, pa3paboTaHa IapaAAeAn30BaHHAs
IIporpaMMa CHUMYASNUU d-MepHOro KAETOYHOrO aBTOoMara. B KauecTBe npumepa
KAETOYHOTO aBTOMATa PACCMOTPEH IIPOLECC PEeAAKCAllMU HeCTAOUABHBIX COCTOSHUN
AbGeneBOM MOAEAU IleCOUYHOM TOpKH. COOTBETCTBYIOIIME IIPOIPAMMHBIE IIaKEThI
paszpaboTaHbl C HCIOAB30BaHUeM TexHonrorurt OpenMP u CUDA. TlpeacTaBAeHBI
pPEe3yAbTaThl TAapPaAAAEABHOW CHUMYASIIUN, ITPOBEAEHHOU AASI 3-MepHOM peIlleTKu
Pa3AUYHBIX Pa3MepOB.
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