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boundary conditions to approximate bulk systems.
Although the spherical topology of the boundary
ABSTRACT conditions has only a limited effect on the properties of
bulk systems, they do affect the properties of the
The research presented here is a comparison of tlmystalline state in an essential way (for example by
scalability of the simulated annealing algorithm on ainducing global symmetry). Particularly the study of
vector super computer (CRAY Y-MP) with the scalability hierarchical clustering and the ordering of defects in a
of a parallel implementation on a massively parallelspherical matrix is a challenging ‘close packing’ problem.
transputer surface (Parsytec GCel with 512 nodes of type The hypothesis has been put forward [van Dantzig]
T805). that in spherical bilayer vesicles (spontaneously formed
Some results of the annealing procedure applied to thieom fragmented biomembrane material), hierarchically
crystallization of Lennard-Jones particles on a sphere am@dered arrangements of the lipid matrix may be induced in
presented. the most densely packed (‘backbone’) shell of the vesicles.
Such patterns result from highly non-linear co-operative
effects. Like in the case of viruses, these patterns may be
1 INTRODUCTION very specific, reflecting the optimisation in enthalpy and
entropy in the self-assembly process. The study of
The application that we are working on is a simulation ospherical crystallisation can test the hypothesis on
crystallization with spherical boundary conditions. This ishierarchical regular polyhedral arrangements. In particular,
implemented with a simulated annealing (S.A.) algorithmit may help to understand the quite remarkable observation
Since this is a problem that requires an enormous amouaf 'quantum’ jumps in the size of biomembrane vesicles
of computing power even for modest problem sizes, w¢Bont, 1978].
started looking for methods of speeding up the To study these types of phenomena we have to addres:
calculations. the long standing problem of equilibrium arrangements of
In this work we will give the background of our particles on a sphere under the influence of two-body
research in section 2. In sections 3 and 4 we will discuBrces. In the case of Coulomb interactions, the problem
the functional and implementation aspects. Sections 5 dessembles the mathematical exercise of spreading a giver
with the theoretical time complexities. In section 6 wenumber of points equally spaced over a spherical surface.
give the results of the measurements of the vectofhis equivalence relates the physics of the problem to a
implementation and the parallel implementation. Finallygeometrical principle. It may be understood by considering
in section 7 we will give the conclusions and some briethe geodesic connecting lines between N points, giving a
results of the optimal distributions found with the S.A.spherical polyhedral net with N vertices. Below N = 20
engine. one has perfectly regular polyhedral nets corresponding to
This research was funded by the NCF (Stichtingthe Platonic solids with 4, 6, 8, 12 and 20 vertices.
Nationale Computer Facitliteiten) and the FOMBeyond N = 20 no perfectly regular polyhedral net have
(Fundamenteel Onderzoek der Materie). been observed.
Many problems originating from physics, chemistry
and mathematics, like the experiments that we are
2 BACKGROUND working on, crystallisation of particles, can be formulated
as optimisation problems. A vast majority of these
Particle dynamics simulations with spherical boundaryproblems involve the determination of the absolute
conditions for large numbers (?19 106) of particles (e.g. minimum of a underlying multidimensional function.
molecules) with Lennard-Jones or similar interactions alsually optimisation of these complex systems is far
high density, provide an important testing ground for thérom trivial since the solution must be attained from a
study of closed 2D systems. Spherical boundaryery large irregular candidate space, containing many local
conditions have been used as an alternative to periodextrema. As a consequence the computational effort



required for an exact solution grows more rapidly than QQ(AE T) - exp(—AE/ T) if AE>0 (1)
polynomial function of the problem size, the problem is

said to be NP (non-polynomial time) complete. Because iP|AE T) =1 if AE<O (2)

is impossible to examine all solution candidates, even in Unaccepted moves are undone. This choice SEFT)

principle, approximation methods are required. _ guarantees that the system evolves into the Boltzmann
A well established computational scheme is theyistripution [Metropolis et al., 1953].

Simulated Annealing (S.A.) method, a stochastic  agier g certain number of steps the radius is perturbed.

optimisation procedure that mimics the essentials Oy js done by calculating the energy of the system at a

physical annealing. In physical annealing a material i§an4omly generated new radius and subtracting the current

heated to a high temperature and then allowed to CO%’nergy. Acceptance is also decided according to the

slowly. At high temperature the molecules move freelyprobability scheme given above.

with respect t_o_ one another. If the liquid is cooled slowly,  afier a chain has ended the temperature is lowered by

thermal mobility is lost. The molecules search for they, tiplying the temperature with the cool-rate, which is a

lowest energy consistent with the ph_ysipal constraints.  ,umber between 0 and 1 (typically 0.9) after which a new
Although S.A. guarantees the finding of the globalcpain is started. This process continues until a stop

minimum, the time required for the algorithm to convergegiterion is met. The stop criterion in our implementation

increases rapidly with increasing number of particle§g met when the standard deviation in the final energies of
and/or local minima. In the biophysical problem we aréyq |55t ten chains falls below a certain value (typically

dee_lllng with, the number of particles to mvestlga_tte 1$10%). The energy of the system is defined by the energy
typically larger than 1®and the number of local minima per particle. This removes the dependency of the energy on

is also very large. Therefore conventional annealingne nymber of particles such that the stop criterion can be
implementations do not apply and more efficient methodg, 4

need to be investigated. A method to lower the
computational time is to use vector super computers.
With the new breed of parallel machines and programming 2 The vector version
paradigms, other very fast implementations come within

reach. The vectorized version is based on the sequential

algorithm described above. The SIMD-Parallelism of the
target machine, the CRAY Y-MP, is parallelism on the
level of floating point operation. The add and multiply
units are divided into components, this is the basic idea of
pipelining. In a vector computer one instruction is issued
to a functional unit, for example a floating-point add, for a

The S.A. algorithm for solving combinatorial gerjes of operands. The functional unit will generate the
optimisation problems was formulated by [Kirkpatrick et oqits for each operand at the rate of typically one result
al., 1983]. It was based on a method developed b}ﬂer clock cycle.

[Metropolis et al., 1953] to study the equilibrium = 44 performance of a program on a vector computer
properties of very large systems of interacting particles %epends on many elements of the hardware design. Among
finite temperature. In terms of the crystalliz_ation pmb_lemthese are: the size and number of vector registers, numbe
at hand the procedure works as follows. First N particlegt ¢oncurrent paths to memory, instruction issue rate and
are randomly placed on a virtual supporting sphere. Thgmper of duplicate functional units (multiple 'vector

annealing begins by creating a Markov chain, of giver,inejines’). The execution time of any vector instruction
length, at a certain temperature. The Markov chain growgynsists of the start-up time and a processing time that is
by randomly displacing particles and calculating thes oo rtional to the vector length (number of elements of
corresponding change in energy of the system. Tg,qo vector).

calculateAE the energy of the particle before the move

and after the move is required whéye is the energy of

the new situation minus the energy of the curren3 3 The parallel version

situation. Both energy calculations take N-1 two-body

potential energy calculations. The moves are accepted Withhe parallel version actually consists of two kinds of
probability PQE,T) at temperature T according to the gecompositions, the first is a decomposition of the
following scheme : Markov chains (systolic), the second is a functional

decomposition of the energy calculation in a step in the
Markov chain.

3 FUNCTIONAL ASPECTS

3.1 The sequential version



A synchronous algorithm that does not mimic In the inner loop the condition is imposed that the
sequential annealing is systolic S.A. [Aarts et al. 1986]distance between two particles is smaller than the cut-off
In systolic S.A. a Markov chain is assigned to each of thdistance. The actual calculation of the Lennard-Jones
available processors. All chains have equal length. Thpotential, is only executed when the condition is true. The
chains are executed in parallel and during executiostate of the condition is handled by means of a vector
information is transferred from a given chain to itsmask operation. The vector mask register elements are se
successor. Each Markov chain is divided into a number @b one whenever the condition is true. Only those vector
sub chains equal to the number of available processorslements for which the corresponding vector mask register
The execution of chain k+1 is started as soon as the firelements are equal to one are eventually stored in memory.
sub chain of chain k is generated. Equilibrium is not yet
established by then. Quasi-equilibrium of the system is
preserved by adopting intermediate results of previou4.2 The parallel version
Markov chains.

Let P be the number of processors, L the length of th&he systolic algorithm has a simple communication
Markov chains, SL = (L/P) the length of the sub chainspattern that can be efficiently implemented as a ring. The
Tk the temperature in Markov chainkMand X, m,i the = communication overhead is small since each processor
i-th configuration vector of sub chaindh. contains a complete independent database for the

The first configuration of a new sub chaink ,1, optimisation problem. To interchange information about
m>1, is either the last configuration of the previous sulithe intermediate state it only has to send and receive at the
chain, X ,m-1,SL or the final configuration of the last end of each sub chain.
generated sub chain of (M, Xk-1,m,SL. The choice is To calculateAE for a particle displacement we have to
made on the same probability scheme as given above @o two times N-1 two-body potential energy calculations.
formulae (1) and (2) witAE = E-1,m,SL- Ek,m-1,SL Since the N-1 calculations are independent we can perform
The overlap enhancement [Kim et al., 1990] consists ofthem in parallel. If we connect a processor farm to a
transferring the final configuration of Mp to M. My master processor that generates Markov chains it can
chooses probabilistically betweenk¥,p,sLand X-  assignAE calculation jobs to processors in the farm. If
1,1,SL. We have used a fixed cooling schedule based owe use a hybrid implementation, systolic S.A. with
the cool-rate. energy calculations in a farm, we need a farm attached to

In addition to this parallel algorithm we have exploitedevery processor in the systolic decomposition.
the parallelism that can be obtained from an ordinary In order to cut the communication costs of the farm for
Monte Carlo algorithm. Here the most time consuminghe energy calculation, we use a tree configuration and let
part of the program is the calculation of the energyevery processor hold a copy of the complete configuration.
difference resulting from the perturbations. Since thes@he set of N particles is divided inR,,, seven in our
calculations are independent we parallelize this part of thenplementation, equally sized subsets. Each ofRjhe
program by functional decomposition [ter Laak etprocessors is assigned to one of the subsets. The maste
al.,1992]. processor is the root of the tree. If a move is accepted an

update message is sent to the slave processors togethe
with the next move that has to be calculated. The energy
4 IMPLEMENTATION ASPECTS calculation for a perturbation of the radius is handled

) analogous
4.1 The vector version

The potential energy calculation turns out to be the mose TIME COMPLEXITIES

time consuming part of the simulation according the S.A.

algorithm. The potential energy is calculated on two5.1 The sequential version

different occasions: for each move of a particle the

potential energy for that particle has to be calculated anHach step in a Markov chain consists of the displacement
for perturbing the radius we need the energy of the totaldf a particle and the calculation of the energy difference
system. The total energy calculation is implemented as amith an update if the move is accepted. The radius is not
outer loop with index 'i' running from 1 to N-1, and anperturbed every step, in this paper we will use that the
inner loop 'i'+1 to N. The inner loops are done in vectoradius is perturbed once every N steps of particle moves.
mode. The implementation of the inner loops is equal to The time needed for the particle move is independent of
the implementation of the calculation of the one particlehe number of particles. The energy calculation resulting
potential as described above. from a particle move is of order N. The energy calculation



for a perturbation of the radius is of ordéf, but since loops. These loops are performed in vector mode. We
this calculation is used once every N steps we can also pestimate that the number of arithmetic operations within
this contribution to the time complexity to be of order N.one potential energy loop is 11 when the distance is larger
The complete time complexity of one step in the Markowvhan the cut-off. An additional 6 arithmetic operations are

chain can be described by : performed if the Lennard-Jones potential is calculated.
If we choose a cut-off distance of 2 (distances are scaled

™ =T, +TE(N)+Tr(N) =c,+Cc,N (3) with the minimum of the potential energy) then on

average 15 particles fall within the cut-off distance. This
where : is the case at the density where there is a global energy
T is the time needed for one step in the Markov chaiminimum on a flat surface. For a large number of
with a radius update once every N steps, particles the optimal density of a sphere approximates the
T, is the time needed for displacing one particle, optimal density of a flat surface.

_ _ _ With these numbers and the machine parametgfs
Te(N) is the time needed for calculation the energyandr,, we were able to determine the time complexity
difference of a displacement, of this step [Hockney and Jesshope,1988].
To find the time complexity of the perturbation of the

T, : - . X .
' adius we can multiplicate the previous described time
calculating the energy difference once every N steps. with N and an appropriate constant. This can be done

since the calculation of the complete potential energy of

The single step described in the time complexitythe system involves 0.5*N*(N-1) calculations and the
analyses above has to be multiplied by the length of thpotential energy of a particle takes 2*(N-1) calculations.
chain (L) to get the time taken by producing one chain. The complete time complexity is the same as the
We then have to multiply the time for one chain with thesequential part only the two parts of one step in the
number of chains generated for reaching a stable minimutarkov chain that involve potential energy calculations
(M) to get the time complexity of the complete annealinghave to be changed :
algorithm.

L is dependent on the number of particles because thgve (N) =T +TVBC(N) + TV (N) (4)
convergence slows down if the number of particles1 "o '
increases. In this work we will use L=50*N. where

M has an almost constant value. This can be explainexflVec (N) p ST +
as follows. We adjust the radius of the sphere so that thes 0 Setup BE
average distance between neighbouring particles is

(N) is the time needed for perturbing the radius andr

A (N-1) +9_:Erdock é (5

~——

constant with varying N. Since moving one particle Tve :E(N_l)TveC(N) (6)
mainly affects particles in the neighbourhood, because of' 4 ¢

the short range of the Lennard-Jones interaction, the

averageAE per move is independent of N. Consequently .

we can keep the initial temperature fixed. 5.3 The parallel version

Our parallel implementation is a combination of systolic
5.2 The vector version S.A. and functional decomposition of the energy
calculation. First the functional decomposition is
In the vector version a limited part of the algorithm isdiscussed.
vectorized. The total time complexity consists of the time  The time for the calculation of the energy difference
complexity of the sequential part plus the timeduring a perturbation of a particle in the tree
complexity of the vectorizable part decomposition is now more than just a constant times the
For the time complexity analyses we have to knowhumber of particles as in the sequential version. In fact
which parts of the program can be done in vector modeince the work is done by more processors the time needec
The perturbation of a particle which appears as a constaift devided byP, . But a communication overhead
in the sequential time complexity has no parts that can beonstant has to be added. The perturbation time for the
vectorized. The subroutines that do have parts that af@dius is handled in an analogous manner.
vectorized are the potential energy calculation for The time complexity of one step in the Markov chains
perturba’[ions of a partide and the radius. is same as the sequential time Complexity but now with
The calculation of the potential energy step of ondhe appropriate formulas for the tree decomposition.
particle move consists of two potential energy calculation



O 00 O T =4.4*N+960 ps
Tlfun =Ty +[€3 +Ta S, PN +T,0 (7) ¢ 960 H
tree D D tree D Ttree - 2 0* N + 2= IJS
' N

In systolic S.A. P (the number of processors) chains T =1400 us
are generated at the same time. This means that in the
time that in the sequential version one chain is generated For the communication time associated with the

in the systolic version P chains are generated. Again &stolic S.A. implementation we fourld = 75* 10° s.

communication time,T., is associated with the The complete time complexity for the hybrid

1 e
implementation. . _ implementation, systolic S.A. and the tree decomposition,
The number of chains that are generated in systolig given by

S.A. is somewhat more than the sequential version since 0 9.6*10? 0

the algorithm has to start up the processors in the ring Tltree :Bz_ 4* 103+ —— _+6.4*N

one by one. This means that the total number of chains is N

the number of chains in the sequential version and added to 0 L(N P) 0

this is the number of processors in the ring minus one. Thyb(N) = Orteex _\ "/ 4 75% 1030k (M +P—1)
P

El

T. can be neglected for large N because the The S.A. algquth_m IS an mhe_rently sequential
icati tribution to the total fi ) hscheme. Parallelizing it by the systolic S.A. method we
Icomth;]nlcatlr:oF ?3? " LIJ Iolnt' N fetho a blrr;]e_ls MUCNintroduce a functional difference to the sequential version.
ower than that of the calculation ot the sub chains. This parallelization has consequences for the accuracy of
the iterative processes. For the vectorized version the
6 MEASUREMENTS OF THE TIME values of M and L are the same as the seq_ugnnal version
and also if we use the tree decomposition nothing
COMPLEXITIES . . : X

changes. But the systolic algorithm is functionally
different. We notice that if we increase the number of
processors in the ring that the number of chains that have
to be generated increases. This is because the smaller th

. . . %Sub chains, the more chains have to be generated before
have done experiments in order to find the constant

S - . : Stable minimum is found. This leads to a decrease in
appearing in the descriptions of the previous section. efficiency. Together with the increase of the number of
We found for the vector implementation on the Cra

) Ychains the found solution gets worse. This means that we
that : actually have the dependency L(N,P) if we want to keep
Tem(N) =53.4+0.154N us the same quality of the solutions. If we determine what
TV*(N):(N—l)(26.7+O. 039N) us the ch.aln .Iength L(N,P) should _be we find that the

r execution times for these new chain lengths are such that
T,=125.0 us there is a minimum at a certain number of processors. If
more processors are used the execution time will only
The complete time complexity for the vectorized version increase.
is now given by :

e[ o) 0

6.1 the vector version

T%(N) = (205+0.193* N LM pss ! E(E)QSLL#JSS' ONS AND SOME
From the section about the vector time complexity it
turns out that vector computing does not have the ability
_ ) to be adapted to a specific problem but its power lies in
From the parallel implementation on the T805 transputefhe fact that you can easily adapt the sequential code. With
platform we found for the tree decomposition that : a minimum of trouble, you can achieve high speedups.
A massively parallel machine allows various
implementations. Therefore different implementations can
be tested to find the one which performs best. It turns out

6.2 the parallel version



that the systolic implementation in the present form ienergy of the system versus the number of particles. It is
not capable of using large numbers of processors. In thdear that at some N there are configurations of lower
following figure we plot the measured times for the vectompotential energy than surrounding values of N.

and the systolic implementation without the tree

decomposition :
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The S.A. program gives the configuration, the energy
and the radius after the annealing procedure. Other output
consists of the number of chains that had to be generated
and the time taken by the program.

After a number of runs with different humbers of
particles we can make the previous figure of the potential



