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LINKED LISTS AND THE METHOD OF LIGHTS IN
MOLECULAR DYNAMICS SIMULATION - SEARCH
FOR THE BEST METHOD OF FORCES
EVALUATION IN SEQUENTIAL MD CODES

WITOLD DZWINEL, MONIKA BARGIEL, JACEK KITOWSKI
and JACEK MOSCINSKI

Institute of Computer Science, AGH al. Mickiewicza 30, 30-059 Cracow, Poland

(Received May 1989, accepted August 1989)

In this paper two methods of forces evaluation used in the MD codes are presented and compared against
the classical linked lists algorithm [3,4] and its modified version [5]. The first algorithm, so called the method
of lights is a sequential version of the CYBER 205 vector oriented code [6]. A new algorithm of forces
evaluation is also proposed, which incorporates advantages of the method of lights and the linked lists
technique.

KEY WORDS: Linked lists, method of lights, forces evaluation, list processing.

INTRODUCTION

The need for efficient MD codes is revealed in a number of papers. It is true of
advanced architecture computers as well as standard sequential machines. Many users
perform simulations with cheap table-top PCs, and have MD codes which of necessity
need to take advantage of their limited computational power in the most effective
way. Our C-language MD program [1] simulates the dynamics of simple liquid
mixtures in three dimensional space. It is suitable for several thousand particles and
can be used efficiently in a PC/workstation environment. With the assistance of a
DSI-020 acceleration board one weekend is needed for a 3000 timestep simulation of
the dynamics of 2916 argon and krypton atoms.

The bottleneck of the MD code throughput is the interparticle forces computation.
For the short-range interactions (to which this paper is restricted) the cutoff radius
(R.:) and periodic boundary conditions application enable bulk dynamics to be
simulated using a relatively small number of particles. The direct forces computation
scales as N2, (N = number of particles), to overcome this problem some sophisticated
methods have been developed. One of them is Verlet’s algorithm [2], which needs,
however, large amount of operating memory for neighbours array storing, even for
relatively small number of particles.

The very attractive linked lists concept, introduced by Hockney and Eastwood [3]
and implemented by e.g. Smith [4], has o(N) complexity and is intended for simula-
tion of large particle ensembles. Its modified C-language version, in which the cube
technique concept was applied, was presented in the CCPS Newsletter [5]. The cube
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technique differs from the original /inked list method in some additional conditions
limiting the number of neighbours of each particle to those confined in the cube,
C{r(i), 2R, }, where r(i) and 2 R, are the centre and the side length of the cube
respectively. Thus the squared distance between two particles / and j is not evaluated
unless the differences in particle coordinates satisfy |r, (i) — r,()] < R, where r,(i)
and r,(j) are the i-th and j-th particle coordinates for x € {x,y,z} andij = 1,..., N,
I #J

Another approach, the so-called method of lights, is proposed by Sullivan, Moun-
tain and O’Connell [6]. Although this algorithm is adjusted to vector properties of the
CYBER 205, we have used a similar approach to produce an efficient sequential
C-language code.

The second algorithm proposed here, the sorted linked list method, incorporates
advantages of the method of lights and the linked lists technique.

THE METHOD OF LIGHTS - SEQUENTIAL ALGORITHM

The original version of the method of lights [6] gives an efficient way to find the
neighbours of each particle confined in the cube C {r(i), 2 R, }. It is done by the
particle coordinates sorting along x,y and z directions and using some auxiliary
arrays. Then the neighbour lists are applied for forces evaluation (similar to Verlet’s
algorithm).

The neighbour arrays are introduced to take the full advantage of the vector
properties of CYBER 205. However, on sequential machines such an approach seems
to be inconvenient. It is more memory consuming than the usual Verlet’s algorithm,
because on average only n/6 “‘cube neighbours” will be used for forces computation.
Thus we used a modified version of the method of lights in which the neighbouring
arrays are not applied and consequently the interparticle forces are evaluated simul-
taneously with particle neighbours determination.

The coordinate sorting determines auxiliary arrays L, which contain particle indices
ordered in respect to the a coordinate, such that

r(L,(D) € r(L,(2) < ... € r,(L(N)). (1

Let n be the order index in the L, array corresponding to the i particle index in the
coordinate array, i.e.

i = Lyn). (2)

The neighbourhood of each particle i in the « coordinate is determined by the pair of
pointers b, and ¢,, which mean beginning and end of the particle neighbourhood
respectively. They indicate the boundary indices of L, array, so that the condition-
@ — r( < R, is fulfled for all particles j= L,(b,),
L,b, + 1),..., L,(e, — 1), L,(e,). These pointers are determined by means of the
algorithm presented in scheme 3 [6] and stored in Th, and Te, tables respectively. The
computation box side lengths are equal to 1 (i.e. r (i) € [0,1]).
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begin
ad: = 0.0
{initialize e, and b, for particle L,(1)}
forn: = 2to Ndo
W_hﬂE (((ra(La(ea)) + ad) - ra(Loz(n))) < Rcut) d_o
begin

e, =1 3
= 1

end
if (¢, = Dthene,: = N + 1
Te (L,(n): = e, ~ 1
{similar code for b,}

Th,(L,(n)): = b,
end
end.

For each particle i one can determine a set, (i), containing particles confined in
the cube C{r(i), 2R,,,}. The set w(i) is determined using Tb, and Te, arrays as the
intersection of sets of neighbouring particles for particular directions w, (i).

o)) = o) N @) N o,(). 4

The sets w,(7) are defined (with necessary corrections resulting from periodic boun-
dary conditions) by

() = {Ir(L.(b,)) < r,() < r.(Ly(e)}- (5
Additional arrays R, assign to each particle i its positions » in L, tables, i.e.
R() = R(L,(m) = n. 6

Let 7b,(i) < m < Te, (i). Thus all particles j = L (m) are neighbours of the particle
i in respect of the x coordinate (j € w,(7)). In order to check if j € w(i) the following
conditions are verified

Tb,(i) < R, () < Te, (i),
Tb.() < R.() < Te. (). (N

An important point of the algorithm are efficient periodic boundary conditions
(pbc). B, is defined as follows:

Lif n < Th,(i),
B, () = (—3ifn > Te, ), 8

0 otherwise.
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Thus the coordinate differences r,(i,/) between i and j particles are

where [

J. MOSCINSKI £7 AL.

r(i) = n() — r() + [B,() — B,(j)]

] means the greatest integer function.

®

In order to avoid unnecessary computations the main loop over all particles is split
into two separate parts (see scheme 10). The first one refers to these i particles for
which Thb,(i) = n (i.e. when pbc are to be used), while the second one concerns the
remaining particles.

where

main loop

begin
{sorting and determination of arrays L,, B,, Th,, Te,}

fori: =1toNdo F,(i): = 0
o =0
.=0

R

v = |
= L.(n)
repeat
s =E@)
block 1
n:=n+ 1
i = L.(n)
until (7h.(7) < n)
bg: =n
for n: = bgto Ndo
begin
ii = L,(n)
s: = E())
block 2
end
end,

~

— kind of particle i,

— array of particles kinds,
= ®*/2 — potential energy,
— virial,

< e,

F(i) — force acting on particle i,

block 1

begin

rd: =r()+ 10

for m: = 7Th.(i) to N do
block 3

r@: =r() — 10

form: = lton — 1do
block 3

end.

(10)

(11)



19: 54 14 January 2011

Downl oaded At:

LINKED LISTS AND THE METHOD OF LIGHTS 233

block 2
begin
form = Th.()) ton — 1 do. (12)
block 3
end

In block 3 the set w(i) is determined by checking the conditions (7). These con-

ditions are coupled into one relational expression (see schemes 13 and 14), alter-
natively using and or or operators depending on B, (i) values.

block 3

begin

Jj = Lym)

if (R, () < Te, () op,(i) (R,() > Tb,(i))) and (13)
(R.() < Te. (D) op.(9) (R.() > Th,(}))) and
Y.r2ij) < RZ,) then block common

end,

where
and if B,(i) = 0,
op, () = : (14
orif B, (i) # 0.
In block common forces, potential energy and virial are computed [1,4]

block common

begin
s = EQ)
k = X(s,5)
[ = [(" () — ¢ (R)/AF]
Aulk) = ulk] + 1) — u(k,)
L)) = —Aulk)r,(iy)
F.() = F() + £.(J)
F.0) = F() - £.G)
o = O* + (uk,] + 1) + u(k,D)
b 4 = ¥ — r(ij)Au(k)
end,
where
s — kind of particle j,
X — array of pair potential kinds,
¢ ( k) — minimum distance from which potential is tabulated,

Ar — step of potential tabulation,
u(k,/) — potential tables (see [1,4]),

It is shown theoretically [6], that the merhod of lights scales as N°?, assuming that
coordinate array sorting consumes a negligible amount of the total CPU time. Since
our sequential algorithm differs mainly from that described in [6] in the pbc treatment
(which does not influence its complexity) it is estimated to be o(N*?) also.
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SORTED LINKED LISTS METHOD

The cube technique and the method of lights have one common feature. They limit the
number of nelghbours of a given particle to those confined in the C{r(i), 2R} cube.
The method of lights gives an easy way to find them out but, on the other hand, linked
lists based algorithms have less complexity equal to o(N). Joining the advantages of
both the methods, a new efficient algorithm can be obtained. In the method, the
neighbouring particles are determined as in the linked-list technique and next some of
them (those not confined in C{r(i), 2R.,.}) are removed from the distance evaluation
on the basis of the boundary tables Th, and Te, as in the method of lights. The
modifications related to the linked lists method are listed below. The combined
method scales as the linked lists one (i.e. o(N)), since the method of lights is considered
for every link cell separately (with approximately fixed number of particles).

The arrays R,, Th, and Te, retain their meaning as used in the method of lights and
¢, () means the integer a coordinate of the elementary cell containing the particle i.
The cell coordinates are kept in auxiliary arrays, S,, such that S,(n) = ¢, (i). The list
arrays LL, and LL, contain linked lists of particles within each cell, sorted decreasing-
ly in respect to x and z coordinates respectively. The arrays HOC, and HOC, are
“heads” for the corresponding linked lists. A (—1) entry in HOC,(c) indicates that
there are no particles in cell C. Another entry gives the address of the coordinates of
the first particle in the list. Similarly, the link coordinate of a particle either gives the
address of the coordinates of the next molecule in the list or is equal to — 1 to indicate
the end of the list.

Periodic boundary conditions are used with help of tables MIC,

—NC,forc, = —1,
MIC,(c,) = 0for0 < ¢, < NC,, (16)
NC, for e, = NC,.

NC is the number of cells in a direction equal to the computational box side length
(i.e. in this method r,(i) € [0,N,C,]). NC(= NC,-NC,-NC,) is the total number of
cells. The cell index ¢ is usually computed using the equation

¢ = ¢, + NC.-(c, + NC,-c,). an
In the most time consuming parts of the program Equation (17) is replaced by
¢ = NCB/(c,) + NCB/(c,) + NCB,(c,), (18)

where number of real operatiaons is reduced and NCB, are auxiliary tables conserving
the meaning of Equation (17).

For the molecule i lying in cell c(i) the neighbouring particles are those from cell
c(7) and 26 neighbouring cells. Due to the third Newton’s law, only half of them are
taken into account (all cells lying above the current one and half cells from the same
level). In order to determine coordinates of the je-th neighbouring cell
(e = 1, ...,13), the tables NH, are introduced. The value of NH,(jc) means the shift
of the jc neighbouring cell in « direction relative to the current cell. Thus NH, tables
elements take on values from [—-1, 1].

The primary loop for forces evaluation is organized over all cells of the computa-
tional box. Calculations of the individual molecule forces are done within the secon-
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dary loop. Due to efficiency the secondary loop is split into three blocks [5]. The
principal modifications of the sorted linked lists technique in comparison with the

linked lists method refer to two out of the three blocks.

forc(®) = 0to NC — 1do

begin

block 1

for jc = 1to9 do {cells with NH_ (jc) = 1} (19)
block 2

for je = 10 to 13 do {cells with NH,(jc) = 0}
block 3

end

The first block, kept unchanged, is responsible for the interparticle forces evalua-
tion in the reference cell only.

block 1
begin
i = HOC,(c(d)
while (i > — 1) do
begin
si= E(i)
J= LL,()
while (i > — 1) do
begin (20)
ra(ilj) = ra(i) - ra(i)
P(iy) = Y ,ri(if)
if (#(i) < R%,) then block common

J= LL,(j)
end

i = LL.(®i)

end

end

The second block is used for forces computation between particles [ from the
reference cell and particles j from cells above the reference one (c.(j) > c,(i)). Before
forces evaluation for each particle i from the reference cell the conditions are checked
whether the particle has its neighbouring particles in the ¢(j) cell (i.e. if all the
boundary indices exceed the reference cell — see statements marked by (*)). The
internal loop to evaluate distances between particle / and particles j is performed only
for these i for which those conditions are satisfied. Within this loop the block common
is executed in respect to another complex condition (see statements marked by (***)).
The loop marked by (**) finds the first particle j which is a neighbour of i with respect
to z direction
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block 2
begin
¢,() = ¢,() + NH,(jo) (for a € {x,p,2})
mic, == MIC,(c,(j)) (for a € {x,y,2,})
c()) == NCB,(c.()) + NCB,()) + NCB.(c.(j)
i == HOC.(c(i))
k = HOC.(c())
(*) M (i > _l and Sz(Tez(i)) # Cz(l)) Si_g
begin
*) T (NH, (o)
*) (NH, (jc)
begin
(**) while (R,(k) > Te,(i)) do k := LL,(k) (20
J=k
5= Z2()
r:(i) = rz(i) - mic:x
while G > —1) do
T begin
(***) if (cond,(i,j) and cond, (i,j) and
Z.ri(iy) < RZ,) then block common
Jj = LL,(j)
end

0 or S,(/,) # ¢.()) and
0or S,(/,) # c,())) then

W

end
i = LL,(i)
end
end,

where

- { Te (i) if NH,(jc) > 0, 22
Th,(i) if NH, (jc) < 0

and
R,(j) < Te, (i) if NH (jc) > 0,
cond, (i) = {‘true’ if NH,(je) = 0, 23)
R,(j) > TB,(i) if NH,(jc) < 0.

The third forces procedure block is responsible for forces computations between
particles from the reference cell and from neighbouring cells such that ¢,(j) < c.(i)
and ¢,(/) = c.(i). The conditional loop (*) performed for all pairs of cells c(i) and c())
lets to eliminate from distances computation all i particles which have no neighbours
in c(j) in respect to x direction. The similar condition is used for y direction (**). The
loop for distance calculation between particles i and j differs from the basic linked lists
loop in checking additional conditions resulting from boundary pointers 7b,(7) and
Te (i) (***).
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block 3
begin
c.() = ¢,()) + NH,(jc) (for o € {x,y})
mic, == MIC,(c,()) (for a € {x,y})
() = NCB,(c,(j)) + NCB,(c,(j)) + NCB.(c.(i))
i = HOC (c(i))
k = HOC (c(j))
(*) if (NH,(jc) < 0) then
™) while (R, (k) < Tb,(i)) or S,(Th.(i)) = c.())doi = LL()
while (/ > —1) do
begin
*" if (NH,(je) # 0 and S,(],) = ¢, (i) then
? :na(i) @4
r,(0) = r,() — mic, (for a« € {x,p})

(***) while (j > —1 and cond, (iy)) do
begin
(***) if (cond, (i) and Z,r;(iy) < R:,) then
block common
J LL.(j)
end
end
i= LL.()
end
end.

Within every type of the secondary loop the block common is used as described by
Equation (15).

RESULTS AND CONCLUSIONS

For all algorithms presented here C-language programs were developed and their
timings were measured on the IBM PC/AT clone supported with DSI-020 accelera-
tion board (MC68020/68881, 12.5 MHz, IMB RAM). The test runs were carried out
for Ar/Kr mixturein 116 K [7] and R,,, = 2.5¢ (Figure. 1), R.,, = 1.5¢ Figure. 2) and
R... = 3.50 (Figure 3).

For the tested numbers of particles, algorithms based on the method of lights and
the sorted linked lists method are almost twice as fast as the linked lists code. This
advantage is more evident for R, = 3.50, when the linked lists method efficiency is
decreased due to cell sizes enlargement forced by R,,, and consequently many unn-
ecessary distance calculations with particles not confined in C{r(i), 2R, }. Since the
computational time per particie for the method of lights increases with N (which
confirms its nonlinear complexity estimated in [6]) this algorithm is efficient for the
moderate numbers of particles (N = 1000-2000). For very large N linked lists based
techniques (for instance the sorted linked lists method) are prefered.

Estimated average time for forces computation in MD simulation step using
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Figure 1 Comparison of time averages for MD timestep per article for R, = 2.5¢ and various forces
procedures

(a) Smith algorithm [4], C-language code,

(b) method of lights, optimized sequential realization,

(c) sorted linked lists algorithm,

(d) cube technique [1,5).
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Figure 2 Comparison of time averages for MD timestep per particle for R, = 1.5 and various forces
procedures

(a) Smith algorithm [4], C-language code,

(b) method of lights, optimized sequential realization,

{c)sorted linked lists algorithm,

theoretical “pure” Verlet’s algorithm (without neighbours table updating, assuming
no time for loops organization, etc.) is only about 20% less than obtained by the
sorted linked lists method [8]. Bearing this in mind, is further significant improvement
of sequential MD algorithms possible?
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Figure 3 Comparison of time averages for MD timestep per particle for R, = 3.5¢ and various forces
procedures

(a) Smith algorithm [4], C-language code,

(b) method of lights, optimized sequential realization,

(c) sorted linked lists algorithm.,
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