" DARESBURY LABORATORY

INFORMATION QUARTERLY

for

uc

COMPUTER SIMULATION OF
CONDENSED PHASES

An informal Newsletter associated with Collaborative Computational Project No. 5
on Molecular Dynamics, Monte Carlo and Lattice Simulations of Condensed Phases.

Number 33

Contents

General News 2
BEYOND THE PAIR POTENTIAL 3
REGISTRATION FORM

Situations vacant 5
THE CCP5 PROGRAM LIBRARY. 6
E-mail Service

TEQUILA molecular distance plot program 13
A. Wilton F Miiller-Plathe.

Computer Simulation of Liquid Crystals 18
Workshop report

M. P. Allen

Molecular dynamics on parallel computers 23
K. M. Crennell

C-language Program for the Irregular 27
Close Packing of Hard Spheres

M. Bargiel, J. Mo$cifiski

C-language Molecular Dynamics Program 42
for the Simulation of Lennard-Jones Particles '
M. Bargiel, W. Dzwinel, J. Kitowski, J. Moécifiski
Microscale Hydrodynamics on Microcomputers 62
J. Tarbaj, M. Zimnoch, J. Moécifiski,

J. Kitowski, M. Bubak

CCPS Literature Survey 1989 71

January 1991

2ditor:

Dr, William Smith
)aputy Bdivor: Dr. Haurice leslie

3cience & Engineering Regsearch Council,
Datesbury Laboratory, Daresbury,

Warrington WA4 4AD,

England,






Contributors to the cufrent issie. SR
Qur thanks go to: : S

A. Wilton . -
F. Mﬂlier-Plathe_
W. Smith.

M. P Allen
K. M. Ci‘énnell

M. Bargiel
J. Moscinski
W. Dzwinel
J. Kitowski. -
J. Tarbaj-
M. Zimnoch
M. Bubak

Theory and Computational Science. . ..

Division, 5S.E R.C. Daresbury .~

Laboratory, Daresbury, Warrington )

WA4 4AD, Cheshire. |

| H. H Wills Physu:s I.Jf.ab'oréto:ry" '

Royal Fort, Tyndall Avenue, _
Bristol. BS8 1TL

Neutron Instrumentation Division =

Rutherford Appleton Laboratory "

Chilton, Didcot, Oxon OX11 0QZ .

Institute of Corﬂpﬁtér S.é'iéﬁ.ée.A.GHm._ .
30-059 Krakdw,
Poland.



(General News

RENEWAL PROPOSAL CCP5 has been renewed for a further three
yvears. Funds have been allocated for holding meetings and work-
shops, for overseas visitors and for collaborations within the UK.
If UK CCP5 members would like to set up a small collaboration
funds are available for this purpose. Please send a brief account of
the current or proposed research to the CCP5H secretary. Also it is
possible to obtain funds for overseas visitors to the UK. If anyone
in the UK has a visitor in mind, or if anyone would Like to visit the
UK from abroad please send details to the CCP5 secretary, '

FUTURE MEETINGS AND WORKSHOPS CCP5 is planning two
workshops and one meetirg in the near futurée. A workshop is being -
held at the University of Keele on the topic “Beyond the Pair Po-
tential”. This will be held on 15th-16th April 1991. A registration
form is included in this issue of the newsletter. A workshop on the
“Simulation of the Structure and Transport of Molecules
in pores.” will be held at the University of Southampton on Fri-
day April 26th 1991. Anyone interested in attending should con-
tact Professor D. Tildesley, Department of Chemistry, University
of Southampton, Southampton SO9 3PH. A meeting on “Molecu-
lar Modelling of Solids and Surfaces” will be held on 9th-11th
July 1991. This will bé held at the University of Glasgow. The
contact for further details is Dr. N. Allan, School of Chemistry,
University of Bristol, Cantock’s Close, Bristol BS8 1TS. . -

CCP5 PROGRAM LIBRARY Details are contained in this issue of
accessing the CCP5 program library through E-mail automatically.
Also two new programs have been added to the library and have
been documented in this issue.

National Centre News The major development during the past year
has been the switch by RAL and ULCC to UNICOS on the CRAY
computers. There has also been some discussion about the future of
ULCC. It has now been recommended that a CRAY service should
continue at ULCC,

CRAY TIME CCPS5 participants are reminded that CCPJS has an an-
nual allocation of Cray time at Rutherford (Cray XMP-48), which
is available for the development of simulation prograras which are
of general use to the CCPH community. Readers who wish to use
some of this allocation should write to the CCP5 Secretary, Dr.
M. Leslie, TCS Division, SERC Daresbury Laboratory, Daresbury,
Warrington WA4 4AD.
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This CCPS workshop aims to bring to the attention of the simulation
community new methods for modelling the energetics of condensed
matter. Particular emphasis will be on the Car-Parrinello technique
and other methods of ab initio simulation, including the Hartree-Fock
approach, as well as semi-empirical methods such as tight-binding
theory. The organisers seek contributed talks, and plan to hold a
poster session given enough contributions. Please overwhelmus! -

' SPEAKERS WILL INCLUDE:

- R.Car IRRMA, Lausanne .
R. Catlow " Royal Institution, London
R.Jones = University of Exeter . . .
M.Payne = = Cavendish Laboratory, Cambridge
D.Pettifor  Imperial College, London
A.M. Stoneham = AEA Technology, Harwell = =

Further information from:

Mike Gillan, | ST
Physics Department, University of Keele,
Keele, Staffordshire, ST5 5BG o

Phone: 0782 621111 ext.3911

E - mail : pha71 @keele.seql
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’7fBEYQND THE PAIR pomENTIALfﬁ

"} UNIVERSITY OF. KEELE; 15 - 16" APRIL 1991
' - REGISTRATION. FORM g

NAME:
ADDRESS: . . © it e e v e e e e i i
TELEPHONEE;;, T R R N A P

ELECTRONIC MATLZ fase vt sscs b i s m s i ida s dasa i as e e Sias s s i e e

****w*************************************************************
CONFERENCE CHARGES e R o o
REGISTRATION FEE (25 pounds)””"fg U L Uipounds
{Includes 2 lunches and: RIS R - L
light refreshments. Students. sae below.)

ACCOMMODATION (18 pounds per night) ceasersa.cpounds
DINNER ON 15. APRIL (9 pounds) ~ - - L Jieieess . pounds
TOTAL i eeenes..pOUNAS

{Cheques payable to 'CCPS Keele WOrkshop )

The reglstratlon fee wlll be walved for students (1 e. stﬁdehts
do not pay for lunches); supervisor’s letter is required.

The accommodation charge includeg breakfast. Please - :
indicate here whlch nlghts you requlre accomodatlon-............

Special dietary requ1rements? Make a note here: ......cuuiuvuvans .
ok o R R e Rk eI R e e ARk R R R R R kR A Rk R KRRk R AR Rk Rk Rk kK
CONTRIBUTED PAPERS:

I do / do not wish to contribute a presentation entitled:

L I I R I R L I I I I I R LI A R S R N ] PR A R B R R |

Flease enclose an abstract with this form. :
‘k***‘k******-)r**********‘k***********************'k***‘k*************
Please send this form, together with a cheque for the appropriate
amount, payable to ‘CCP5 Keele Workshop’, together with your
abstract, if any, to arrive no later than 15. March 1991, to:

Professor M. J. Gillan
Department of Physics, University of Keele
Keele, Staffordshire STS5 5BG




UNIVERSITY OF DUBLIN

DEPARTMENT OF CHEMISTRY
TRINITY COLLEGE

DUBLIN 2

IRELAND

TELEFHONE No. 772941
EXTENSION 1726

Prafessor of Physical Chemistry
and Head of Depariment:
Joun CoRIsH

Short term Postdoctoral ‘position available until 30 September 1991. The
work is in the general area of the simulation of polymeric material
containing dopant ions and could involve either static lattice methods or

gquantum méchanical calculations.
Apply to:
" Professor J. Corish,”
Department of Chemiéfry,  o
Trinity College,
Dublin 2.
'Telephoﬁe'Dublin 772941, Ext 1726

FAX Dublin 712826,

23.11.90



The CCP5 Proglam Library
W. Smith

December 10, 1990

News.

We are pleased to announce the following additions to the Program Library:
From Prof. Jacek Moécinski’s group at the Institute of Computer Science, Cracow we
have received two C-language programs:

o MD3DLJ - by M. Bargiel, W. Dzwinel, J. Kitowski and J. Mosciiski. A molecular
dynamics program for Lennard-Jones atoms usmg the lmk cell method with other
refinements to enhance performance. : -

° NSCPBD by M. Bargiel and J. Moscmskx A program for 1rregular close packmg
of hard spheres.

Both programs are suitable for IBM PCs and are fully documented. The programs are
descibed in detail in this i1ssue of the newsletter.
We have also received a simple graphics program: TEQUILA - a molecular distance
plot program, by A. Wilton and ¥. Miuller-Plathe. It is suitable for unix graphics
workstations and is also described in this issue of the newsletter.

QOur thanks go to the above mentioned for their support.

CCP5 Program Library E-Mail Service

From January 1 1981 it will be possible for CCP5 members to get copies of CCP5 pro-
grams through E-mall automaticelly. To do so they should send an E-mail message
to info-server@uk.ac.daresbury. The contents of the e-mail message should be as
follows (Note: the use of upper and lower case is significant - this is a unix system!):

request sources
topic index CCP/eeph
topic CCP/ceph/program-name

Where program-name is the name of the desired source code. A mail server will au-
tomatically process this message and return a copy of the source code to your e-mail
address. Please note the following however:

The program source will be returned to you in uue format, which is a form of
encoding most suitable for mail messages. It can easily be decoded on any unix system
using the uudecode comnmand. {Check your local unix man file for details). Also, to
speed the transfer, the source will be split into files of 1200 records each, so expect two
or three such files for the average CCP5 program. Once again, uudecode will help you
to sort things out.



Readers who do not have unix facilities should include the following lines at the start
of the ahove message:

line-limit: nannn.
coding: off

Where nnnnn is the number of records in the source (in rmost cases 6000 should be
enough). The program will be sent in plain FORTRAN as a single file. It may take a
while to arrive, but be patient! Also beware in case your system meulez cannot handle
messages of this size.

Readers must realise that thp terms of use and dlSt]‘UbllthIl of the CCP5 p: ograms
that have applied hitherto will be maintained. Users should not redistribute or sell the
programs, nor is any liability accepted for their use, either by SERC or the program
authors. It is a requirement on the user that the programs be fully tested for their
intended purpose. Any bugs found should be reported to the librarian, for the benefit
of other users.

Lastly readers should reahse that thzs means of transfer does not include any prograny
documentation. So if you are unable to make sense of the programs, write for the
documentation!

We are grateful to Mr. P. Griffiths of Daresbury's ITS Division for implementing
this facility.

CCP35 Program Library Contents

The CCP5 Program Library provides programs and documentation {ree of charge to
acadernic centres upon application to Dr. W. Smith, TCS Division, S.E.R.C. Daresbury
Laboratory, Daresbury, Warrington WA4 4AD, U.X.. Listings of programs are available
if required but it is recommended that magnetic tapes {supplied by the applicant) be
vsed. It may also be possible to transfer a small number of programs over the JANET
network to other computer centres in the U.K.. Please note that use of inappropriate
packing for magnetic tapes (e.g. padded bags) may result in them being considered
unusable by Daresbury Computing Division and returned without the required software.
Please ensure that these forms of packaging are not used. A list of programs available
is presented in the following pages.

Readers should also note that we are authorised to supply the example programs
originally published in the book “Computer Simulation of Liquids”, by M.P. Allen and
D.J. Tildesley (Clarendon Press, Oxford 1987). These are supplied in the same manner
as the resident CCP5 programs. We are grateful to Mike Allen and Dominic Tildesley
for their permission.

We should also like to remind our readers that we would welcome further contribu-
tionis to the Program Library. The Library exists to provide support for the research
efforts of everyone active in computer simulation and to this end we are always pleased
to extend the range of software available. If any of our readers have any programs they
would like to make available, please would they contact Dr. Smith.

Please Note: For copyright reasons we are not able to supply the programs
CASCADE, SYMLAT, THBFIT, THBPHON and THBREL free of charge to
Universities outside the United Kingdom.



Program from the Book: “Computer Simulation of Liquids” by M.P.
Allen and D. Tildesley, Clarendon Press, Oxford 1987.

These programs originally appeared on microfiche in the book “Computer Simulation
of Liquids” by M. P. Allen and D. J. Tildesley, published by Oxford University Press,
1987. They are made freely available to members of CCP5, in the hope that they will be
useful, The intention is to clarify points made in the text, rather than to provide a piece
of code suitable for direct use in a research application. We ascribe no commercial value -
to the programs themselves. Although a few complete programs are provided, cur aim
has been to offer building blocks rather than black boxes. As far as we are aware, the
programs work correctly, but we can accept no responsibility for the consequences of any
errors, and would be grateful to hear from you if you find any. You should always check
out a routine for your particular application. The programs contain some explanatory
comments, and are written, in the main, in FORTRAN-77. One or two routines are
written in BASIC, for usé on mi¢rocomiputers. In the absence of any universally agreed
standard for BASIC, we have chosen a very rudimentary dialect. These programs have
been run on an Acorn model B computer. Hopefully the transiation of these programs
into more sophisticated languages such as PASCAL or C should not be difficult.

M.P.Allen



THE CCP5 PROGRAM LIBRARY.

ADMIXT  [MD,LJA/MIX,LF,TH+MSD+RDF] =~ W. Smith
CARLOS [MC,VS+Aquo,TH]  B. Jomsson & S. Romano
CARLAN [DA,CARLOS structure analysis] B. Jonsson

& 5. Romano
CASCADE  [LS,DIL,EM,TH+STR] M. Leslie & W. Smith
CURDEN [DA,Current Density Correlations] W. Smith
DENCOR [DA,Density Correlations] W. Smith

HLJ1 [(MD,LJA,LF,TH+MSD+RDF] D.M. Heyes
HLJ2 [MD,LJA,LF,TH#MSD+RDF+VACF]  D.M. Heyes
HLI3 [MD,LJA,LF/LC,TH+MSD+RDF]1 D.M. Heyes.
HLJ4 (MD,LJA,LF/CP+CT ,TH+MSD+RDF}  D.M. Heyes
HLIS (MD,LIA/SF,LF, TH+MSD+RDF]  D.M. Heyes
HL16 [MD,LJA,TA,TH+MSD+RDF] D.M. Heyes

RMDIAT  [MD,LJD,G5+Q4,TE+MSD+QC) S.M. Thompson
HSTOCH {MD/SD,VS+BA ,LF+CA,TH] W.F. van Gunsteren

- & D.M. Heyes
MCN [MC,LJA,TH]  N. Corbin
MCLSU [MC,LJA,TH] C.P. Williams & S. Gupta
MCMOLDYN  [MD/MC,LJS+FC+AQ,LF+QF/G5+QS, TH+RDF] A. Laaksonen
MCRPH [MC,RPE,TH+RDF] D.M. Heyes

MDATOM [MD,LJA,GS, TH+RDF+MSD+QC]  S.M. Thompson
MDATOM  [MD,LJA,LF,TH+MSD+RDF] = D. Finchan N
MDCSPC4B [PRMD , BHM+FC,G5+G4, TH+STF+RDF]  W. Smith
MDDIAT [MD,LJD,LF+CA,TH+MSD}  D. Fincham
MDDIATQ  [MD,LJD+PQ,LF+CA,TH+MSD] D. Fincham
MDIONS [MD,BEM,LF, TH+MSD+RDF+STF] . Fincham
& N. Anastasiou

MDLIN [MD,LJL,G5+0Q4, TH+MSD+QC]  S.M. Thompson.
MDLINQ [MD,LJL+PQ,G5+Q4,TH+MSD+QC]  S.M. Thompson
MD3DLI_C [MD,LJA/MIX,LF/LC,TH+MSD+RDF] M. Bargiel,

W. Dzwinel, J. Kitowski and J. Moscinski
MDMANY [MD,LJS+FC,LF+QF,TH] D. Fincham & W. Smith
MDMIXT [MD,LJS/MIX,LF+QF,TH] W. Smith
MDMPOL [MD,LJS+FC/MIX,LF+QF,TH] W. Smith & D. Fincham
MDNACL [MD,BHM,LE,TH+MSD+RDF]  W. Smith
MDPOLY [MD,1.J3,G5+G4, TH+MSD+QC]  5.M. Thompson
MDMULP [MD,LJS+PD+PQ/MIX,LF+4F,TH] . Smith
MDSGWP [MD,LJA/SGWP,LF, TH+VACF+RDF+QC] W. Smith

& K. Singer

MDTETRA [MD,LIT,G5+Q4,TH+MSD+QC] S.M. Thompson
MDZOID [MD,GAU,LF+QF , TH+MSD+RDF+VACF]  W. Smith
NAMELIST [UT, Namelist emulation] K. Refson
NSCP3D [UT, Hard sphera packing]l M. Bargiel & J. Moscinski
PIMCLI  (PIMC,LJA,MC,TH+RDF+QC} K. Singer & W. Smith
SCN [MC,LJA,RFD,TH] N. Corbin
SURF [MD,BHM/TF/2D,LF,TH+RDF] D.M. Heyes



SYMLAT [L3,PIL,EM+SYM, TH+STR] Harwell

THBFIT (LS,PIL,EM,Potential fitting] Harwell
THEPHON [LS,PIL/3B,EM,Phonon dispersion] Harwell -
THBREL [LS,PIL,EM,TH+STR] Harwell :

Key:

Program types:

System models:

Algerithin:

MD
MC
PRHD
LS
SD
DA
UT
PIMC

LIA

LJD
LIL
LIT
LIS
RPE
BHM
SGWP
TF
Vs
BA
PD
Pq
MIX

GAU -

FC

PIL
DIL

38
2D
SF
FC
AQ

.

Q4

LF

qrF
Qs
LC
CP

‘Molecular dynamics

tlonte Carlo :
Parrinello-Rahman MD
Lattice simulations
Stochastic dynamlcs"”

‘Data analysis =

Utility package =
Path Integral Monte Carlo

Lennard-Jones atoms -
Lennard-Jones diatemic molecules
Lennard-Jones linear molecules
Lennard-Jones tetrahedral molecules
Lennard-Jonés site molecules T
Restricted primitive electrolyte’
Born-Huggins- Meyer ionics o
Spherical gau551an wavepackets ' : :
Tosi-Fumi ionics _ C
Variable site-site model

Bond angle model '

Point ‘dipole model

Point quadrupocle model

Mixtures of molecules

Gaussian molecule model
Fractional charge model

Perfect ionic lattice model -
Defective ionic lattice model
3-body force model o

Two dimensional simulation

Shifted force potential

Fractional charge model

Agueous solutions

Gear 5th order predictor-corrector
Quaternion plus'4th order Gear P-C.
Leapfrog (Verlet) ' N
Fincham Quaternion algorithm _
Sonnenschein Quaternion algorithm
Link-cells MD algorithm
Constant pressure '



Properties:

CT
TA
CA
EM

SYM

RFD

‘TH

M3sD

RDF
STF

VACF

ac
STR

‘Constant temperature

Toxvaerd MD algorithm
Constraint algorithm

Energy minimisation

Symmetry adapted algorithm s
Rossky leedman Doll algorlthm

Mean- Squﬂre displacement’ :_ -
Radial dlstrlbutlon fUnCtlon  : .
Structure factor,

Velocity autocorrelatlon funct:on ;_“

Quantum correctlons o
Lattice stresses '



Programs from the Book “Computer Simulation of Liquids”

Periodic boundary conditions in various geometries

5-value Gear predictor'dottéttor algorithm

Low-storage MD programs using leapfrog Verlet algorlthm
Velocity version of Verlet algorithun

Quaternion parameter predictor-corrector algorlthm

Leapfrog algorithms for rotational motion

Constraint dynamics for a honlinear triatomic molecnle
Shake algorithm for constraint dynamics of a chain molecule
Rattle algorithm for constraint dynamlcs of a chaln molecule
Hard sphere molecular dynamics program

Constant-NVT Monte Carlo for Lenrnard-Jénes atoms
Constant-NPT Monte Carlo algorithm o

The heart of a constant $\mu$VT Monte Carlo program
Algorithm to handle indices in constant $\mu$VT Monte Carlo
Routines to randomly rotate molecules

Hard dumb-bell Monte Carlo program

A simple Lennard-Jones force routine

Algorithm for aveiding the square root operation

The Verlet neighbour list

Routines to construct and use cell linked-list method
Multiple timestep molecular dynamics

Routines to perform the Ewald sum

Routine to set up alpha fcc lattice of linear molecules
Initial velocity distributien

Routine to calculate translational order parameter
Routines to fold/unfold trajectories in periodic boundaries
Program to compute time correlation functions

Constant-NVT melecular dynamics - extended system method
Constant-NVT molecular dynamics - constraint method
Constant-NPH molecular dynamics - extended sysiem method
Constant-NPT molecular dynamics - constraint method

Cell linked-lists in sheared boundaries

Brownian dynamics for a Lennard-Jones fluid

An efficient clustering routine

The Voronei copstruction in 2d and 3d

Monte Carle simulation of hard lines in 24

Routines to calculate Feurier transforms

O R o e e R e = O
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TEQUILA molecular distance plot program

Copyright (C) 1990 Amanda Wilton and Florian Mueller-Plathe Collabora-
tive Computational Project 5, Science Engineering Research Council, Dares-
bury Laboratory Warrington WA4 4AD, United Kingdom

This program can be obtained from the CCP5 program library at the above address, It
uses the VOGLE public-domain graphics library by Eric H: Echidna, which at the time
this note is written can be obtained from: The Software Support Programmer, Dept. of
Engineering Computer Réscurces, Faculty of Engineering, University of Melbourne Vic -
3052, Australia, eniail; echidna@uniunhar . OZ. AU, : '

" REFERENCE. MANUAL FOR'TEGUILA.F.: :

Brookhaven files contain information concerning protein structure. The
file lists @ach  atom in the molecule, starting from one end . ard .
progressing towards the other, atom by atom. The atom number, atom
name, residue name, residue number and the x,y and z <co-ordinates are
all quoted for each. The files therefore contain detailed information
on protein structure.

The information for these files is gathered in a number of ways. X-ray .
diffraction is widely used, with the sample in a crystalline form. The . .
X¥-rays scatter off electrons, giving the best readings where there are
abundant electrons ( heaVvy metals give excellent results ). Since.
there is a high electron density around the nucleus of an atom, it is .
possible to see where the atoms are located in a molecule by this ..
method. Different atoms will give different diffraction patterns,, .
depending on the arrangement of their electron shields.Hydrogen atoms
however are practically invisible to this diffraction method, since
they have a single electron. Neutrons, having electro-chemical
neutrality, are able to pass unaffected through electren clouds. They
scatter at the nucleus of the atoms, and interact best with atoms of a
similar mass to themselves. Therefore hydrogen atoms are easily
detected by this method, being the smallest of the atoms.

Reading the file,however, does not give much ofa clue as to what the
protein actually looks like., It would be wuseful,then, to be able to
use the proteindata to produce some form of visualisaticen of the
protein molecule.

It is possible te ’draw? a 3-D representatioh of the molecule, using.'
graphics packages such as Biograf. This gives an image that can  be
rotated , so that the protein’s structure can be viewed from all
angles. However, it is difficult to distinguish between two somewhat
similar proteins by this method, since both may show identical

(=]
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structural characteristics. The 3-D representation does not give any.
indication as which residues are present, which is most likely where
any differences lie.

This program gives & more =~ diagrammatic réepreséntation of a protein
molecule, and whilst the 3+D structural characteristics are lost, they
are still apparent. in. the diagram. Using  the colour key,__ it is
pessible to see areas in which the atoms are closer than oxpacted. A
thick band of. close atoms, generally along the diagonal of the plot,
indicates a helix. Other features, such  as beta pleats ard hair- pln'”
loops can alsc be identified. It is also possible to access the name
of the residue that the atom is in. This makes it. peossible to see the
visible differences between two proteins and  whether there is any
residue differences.

MAIN PROGRAM.

A = ——

The program contained in the file tequila.f has been designed to read
Brookhaven files. It does this line by line, disregarding any lines
that do not begin with the keywords ATOM or HETATM. Each line consists
of a string of data which gives information on each of the constituent
atoms. This information is broken down into:-

ATOM NUMBER

ATOM LABEL -
RESIDUE NAME
RESIDUE NUMBER

) A

Y ~ CO-ORDINATES
7/

These:pdrtiOns of the line are returned to the main program in. the
file. Each portion is an array of dimension <natom>. <natom> is the
number of lines within the Brookhaven file that begin with ATOM or
HETATM. This means that part of the file has effectively been disposed
of, and only the lines of interest are left,

The Brockhaven file is sorted further, with only the information
regarding alpha carbons being acted upen. The X,y and z co-ordinates
0of these alpha carbons are renamed as xa,ya and za and are passed down
into subroutine vector. Here the co-ordinates are used to calculate
the distances between the alpha carbons,

1h



These distances are passed back up to the main program contained in
the two dimensional array <r>. <r> now contains  an array of
information which can now be transfered to subroutine'triangle. Within
this subroutine the contents of <r> are translated inte coleurs, and’
these are displayed on the screen.

Subroutine triangle, as its name suggests, displays the array as a
triangle. The triangle consists of small squares. The value of each
of the array elements of <r> is effectively stored within these
squares. The triangle is constructed frem a square situated in the
bottom left-hand corner of the graphics screen. This square is then
repeated via a  nested do-loop, which increases the value of the y
co~ordinates, and then increases the value of the X co-ordinates.
Since the array is duplicated i.e r(4,5) is the same as r(5,4) etc.,
then the resulting output need only be a triangle and mnot a large
square, which would £ill the entire screen.

The size of the squares is determined by how many elements are held
vithin the array <r>. The screen runs from position -0.9 to position
0.9 in screen co-ordinates. This distance ( which is equivalent to
1.8) is divided by the number of alpha carbons (mntom). This value is
used to increment the x and y co~ordinates, so that <the resulting
triangle will make the most effective use of the space available.

As the squares are drawn, they are filled with a colour.i The c¢olour
chosen is relevant to the distance that is contained within the array
slement that the square represents. The colours are set in subroutine
setmap, and are accessed via the function colmap. Function colmap
contains a serigs of statements, which if fulfilled will return a
value for the colour, to the triangle subroutine. The colours have
been graded from red (for the closest atoms ) through orange, yellow,
green and blue to deep purple. White is used to colour any squares
that contain a value that is less than the first set of boundaries. If
the  value exceeds the highest boundary, then the square is not
coloured, but becomes the screen background colour { in this case,
black} .

4 colour key is portrayed in the top right-hand segment of the screen,
showing the limits of the boundaries ( in Angstroms ) and the
associated colour. Thus the closest atoms can be jdentified at a
glance, as can areas where the atoms are furher apart than sxpected.

THE OPTIONS.

The program allows for a Series'of.opfidﬁél jdbs to be carried out.



The options ‘are called upon using the keyboard characters. Key 'd’ .
displays a screen which lists the various options within the program.
The options are as follows:- : : S S

CHARACTER FUNCTION
Q When this key is pressed, the graphics screen is
| exited, ‘and control is passed back to the standard -
odtpdt. = o - oo
8 This key enables the second screen to be accessed.

'This triangle consists of an array that contains
information on the minimum distance between the-

residuas .’
a _ This key returns the screen to the initial screen

which denotes the distance between alpha carbons. '~

e e e e e e e e et A e P AR A T P TR e e i e e e A A e e R e e i e e e it T A R e B e ol

P __ ' This ...i:"ri'té"s. the output to a pdst.script- fi]_'.e.x'
b e s
o e e e e 0 ot o e,
o e eurie £ attns i i

triangle. When ’'r’ is pressed, option control is
passed to the mouse. If the left hand side or the
central mouse buttons are clicked, then the residue
names, numbers and the actual distance between the -
two atoms represented at that mouse positien, will
be returned to the standard output. The right hand
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side mouse button will return control to the keybeard.

The screen pattern is built up in the same way as before. This time
however, the array <> contains the shortest distance betwéen the
atoms in one residue and the atoms in the others. These distances are
calculated in subroutine shortdist, in  the same way -as- subroutine
vector caleculates its distances. Here, however, the ‘distances between
all of the atoms is calculated and the shortest ones are retained.

These allow the output screen to be written to a file. This means that
it is possible to obtaim a hard copy of the screen, which can be
kept.Since ~each screen is unique’ to the file = being read, and each
output scréen is lost ofice the program is exited, this is very useful.

The output screen provides a useful - ' représentation of a . proteins
structure. It alsoe provides. a quick comparison between two different
proteins. The  user may, however, want to beable to obtain more
information than can be shown on the screen. Using the mouse, it is
possible to move to the cursor to an. area of interest, ans access
further information. If the left hand side or the central mouse
buttons are clicked, then the residue names and numbers of the atoms
that are stored at that location will be printed inte the standard
output. The actual distance between the two atoms will also be
printed. To exit from this facility, the right hand side mouse button
must be pressed. This will return the contrel to the keyboard. This
option can be used for both the alpha carbon and the shortest distance
sCreens.

AUTHOR: -

Amanda Wilton 18/06/90
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Computer Simulation of Liquid Crystals

A CCPbs-sponsored discussion meeting was held at Bristol University on
the afternoon of Wednesday 11 April, {ollowing the Annual Meeting of the
British Liquid Crystal Society. The idea was to bring together those currently
carrying out s1mu1at10ns of l: quid crystals to discuss recent research and make
future plans. '

The meetxng was a.ttende& by '

M. P. Allen (antol) : R D.J. Oleaver (antol)
J.W. Emsley (Southampton) . @. Jackson (Shefﬁeld)
G. R. Luckhurst (Southampton) . . A.J. Masters (Ma.nchester) o
W. Palke (Southampton) D.J. Tildesley (Southampton)
M. Whittle (Manchester) M. R. Wilson {Bristol)

George Jackson started by discussing recent simulations of hard dumb-
bells, formed from touching hard spheres (i.e. bond length ! = ¢, molecular
end-to-end length-to-width ratioc L/D = 2). The system size was N = 250"
molecules. Conventional constant- pressure Monte Carlo ‘techniques were
used, with both the volume and the ratios of the sides of the cuboidal sim-
ulatlon box allowed to vary. The pressure was changed to give approximate
increases in packing fraction of 0.02 between one run and the next. Typical
run lengths were 1.2 x 107 configurations for equilibration and 10" configu-
rations to accumulate the averages. The program calculated the equation of
state, isothermal compressibility, the atomic (sphere—sphere) and molecular
{(centre—centre) radial pair distribution functions, the director, the order pa- -
rameter P,(cos 8), and the orientational pair correlation function g;(r). On
increasing the pressure of the system no evidence of orientational ordering.
before the freezing transition was found. The system forms an atomic close-
packed structure with random bond orientational order. The equation of.
state for this system can be compared with theory for the isotropic fluid; and -
the theory can be extended to cover long flexible or rigid atomic chains. How-
ever, no information regarding the molecular g2 correlations emerges from the
theory.

Currently the work is being extended to examine trimers and Ionge'r
chains, and there is interest in examining the influence of chain flexibility,

A separate side of the simulation work is a plan to examine more real-
istic liquid crystal models, using potentials of the Jorgensen type, linked to
quantum mechanical ab initio calculations.



Martin Whittle described work undertaken in collaboration with Andy
Masters involving constant-pressure MC simulations of hard-sphere linear
chains of various lengths: a 6-atom chain with bond length I = 0.5¢ (end-to-
end L/D = 3.5), an 8-atom chain also with { = 0.5¢ (L/D = 4.3}, and an
8-atom chain with{ = 0.60 (L/D = 5.2). (According to Veerman and Frenkel
(preprint) L/ D = 3.5 is the point at which a nematic branch begins to appear
for spherocylinders.).- Rather small systems (N = 72) but extremely long
runs (750 000 MC sweeps for equilibration) were used. The most elongated
systems were shown to form a nematic phase on compression, and there was
some evidence of smectic ordezing on further compression. The work is now
being extended to larger systems (N = 200). The simulations produce site-
site gap(r) functions for comparison with RISM theory, and also molecular
g(r, 1, €22} functions in the form of spherical harmonic expansions. The
single-particle orientational distribution function about the director (6} in
the nematic phase was also studied, and an attempt was made to measure
the Frank elastic constants by the method of Allen and Frenkel: Results here
are in the right ball-park but subject to large errors: use of & larger system
size should reduce these. In the course of the work an assessment of different
neighbour-list techniques was made, an atom-based one appearing to be the
most efficient. The link-cell method seems to be more efficient than a simple
_ Verlet neighbour list for N > 150. : SO

Dominic. Tildesley. commented that he ha,d sn‘nulated s1mlla,r systems
of linear Lennard-Jones tetramers and pentamers using. constant-pressure
molecular dynamics with typical runs of length 20 000 steps and had en-
countered forbidding timescale problems. Raising and then lowering the
temperature could completely eliminate all trace of orientational ordering
in an apparently stable nematic phase. Geoffrey Luckhurst reported that he
and Jan McDonald had attempted a similar simulation using 4 Lennard-Jones
atoms to give an overall L/D = 3, in an atiempt to match simulations of the
Gay-Berne system which is fitted to this very model. While the Gay-Berne
system gives a nematic phase, the corresponding Lennard-Jones system ap-
parently does nat, -

There followed some discussion, of the differences between elhpsmdai’
shapes and ‘spherocylinder’ shapes. It was generally agreed that it was not
surprising that they behaved quite differently at these elongations, although
at extreme elongations in the Onsager limit they should become similar.
There 15 great interest in determining which shape is the most appropriate for
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real mesogenic molecules. Further discussion concerned the similarities and
differences between linear atomic chains and spherocylinders. Martin Whittle
and Geoffrey Luckhurst both mentioned an interest in studying nonlinear
‘kinked’ molecules, rigid and flexible respectively..

Mike Allen reported that the molecular dyna.rmcs s:mulatlons of ha.rd el-
lipsoids of revolution, conducted over the last four years, are continuing, with
more extreme shapes (axial ratios b/¢=0.1,0.2,5,10} being studied. Thermo-
dynamic, structural and dynamical properties (e.g. diffusion coeflicients) in
the nematic phase have been examined. . e - :

A more recent project has mvestlgated hard elhpsmds w1th three dlstmct
axes {¢,b,c with e = 1, ¢ = 10 and 1 £ b € 10). For this system at shapes
intermediate between rod-like and plate-like, a biaxial phase intervenes be-
tween nematic and discotic. There is a crossover shape at which the system
passes directly from isotropic to biaxial liquid crystal; at a bicritical point.
An investigation of the phase diagram by Monte Carlo has shown the extent
of this biaxial phase, and approximately located the bicritical point...

. Other work involves the molecular dynamics simulation- of linear rigid
and flexible hard atomic chains, in collaboration with Mark Wilson, Part
of the interest is in determining the effect of ﬂe}ublhty on the stability and
properties of the nematic phase. : : -

Mark Wilson suggested a simple six- sphere linear model of the rela.tlvely
short molecule (a) below while Geoffrey Luckhurst suggested that compound
(b), or a.lterna,hvely perhaps p—terphenyl would be worth modelling in this
way. -

Geoftrey Luckhurst bnefiy mentmned his- work on the Lebwohl Lasher




lattice model and its biaxial extension, which forms both uniaxial and bi-
axial nematic phases. These types of model were further discussed with
Doug Cleaver and Mike Allen over tea, as they were not thought to be of
general interest, although this situation will change with recent claims by
experimentalists to have observed biaxial nematics. He then turned to the
Gay-Berne potential, which is a phenomenological extension of the flawed
Berne-Kushick-Pechukas potential.. . This i1s a 12.6 form with configuration-
dependent well-depth and distance parameters. The shape is essentially that
of a prolate ellipsoid of revolution. With a slightly modified version of the
original potential, molecular dynamics simulations of an N. = 256 system
have produced, on cooling, nematic, smectic-A, and smectic-B phases be-
fore crystallization. Further work involves the linking together of Gay-Berne
units into a flexible dimer, and the study of disc-like analogues whick form a
columnar phase. Much of the discussion centred around the choice of poten-
tial parameters, and in particular the ratio ¢ /e, Historically this has been
taken to be 5, but an estimate based ou site-site interactions for p-terphenyl
suggests that ¢/e; ~ 30 is more realistic. However, in a simulation this
value produces a slab-like configuration: of molecules almost immediately. A
general problem in estimating potential parameters of this kind is that ne-
matogens are typically biaxial, and this biaxzality must be projected out of
the potential. .

- Bill Palke then descnbed h1s eﬂorts to compute the thermodynamlc pa-

rameter . N
. (omTY\ _ (3P;/8aV)s
TE T\ )5 (6P:/0InT)y

by computer simulation. Simulated v values can be compared with the ex-
perimental measurements of Jim Emsley and Geoffrey Luckhurst: values of
v == 4 are observed. The Gay-Berne potential was employed, P, measured at
vartous state points, and the required derivatives calculated from these mea-
surements. Molecular-field theory suggests that + is sensitive to the repulsive
power of the potential: v = 4 would imply »(r) o« 72, In fact simulation
gives v & O from the above expression. However, the same simulation resulis
give v =~ 0.5 if the theoretically equivalent fluctuation expression (involving
correlations of P, with the virial and the energy) is used. Simulations were
also conducted using a modified Gay-Berne potential, obtained by replacing
the repulsive part of the 12-6 Lennard-Jones form by an 18-6 form, smoothly




joined onto the attractive part of the 12-6 potential at the minimum. This
dramatically raised the isotropic-nematic transition temperature, but seemed
to have no effect on «.

Dominic Tildesley then descnbed mmu]atlons of Langmulr-Blodgett films
using various models of stearic acid molecules.. This system poses many of
the same problems seen in simulations of liguid crystals: simulations are
quite expensive, there are slow collective molecular motions, and orienta-
tional ordering is of interest.. It was found that the representation of the
chain using united CHy and CH, ‘atoms’ was unrealistic. In studying tilt-
angle transitions it was important to make the H atoms explicit. Typical
system sizés in this work were N = 64 molecules per layer each of ~ 50
atoms, and run lengths of ~ 300 ps (consuming typically 40-60 hours on the
CRAY) were needed. The point was made that some simulation ‘packages’,
particularly those which used classical harmonic springs for bond stretching,

- were unsuitable for this kind of work.. .

Mark Wilson then described his work in’ whlch a realistic model of CCHb5
was employed in a lengthy molecular dynamics simulation, attempting to
establish @ stable nematic phase. Run lengths of at least 200-500 ps seemed
to be necessary; and this made the whole business very expensive. Looking
from the chemist’s viewpoint, the goal of rationalizing the large effect on
nematic stability and properties which result from small changes in molecular
structure was seen as quite a challenge. In the discussion it was recognized
that the physical effect might be small (for example a shift in transition
temperature) but the consequences for relative stability of two phases could
easily be dramatic. - :

Following on from these dxscussmns it was decided that a workshop in this
area would be very timely, and that thc NATO Advanced Research Workshop
format, involving typically ~ 30 participants from different countries, would
be most suitable. The workshop could take place in 1991, at a venue to
be decided, and it would be organized by Dominic Tildesley and Geoffrey
Luckhurst, If funding from NATO was not forthcoming, CCP5 would be

asked to consider sponsoring such a meeting.



MOLECULAR DYNAMICS ON PARALLEL COMPUTERS

The Molecular Modelling Transputer Applications Community Club (MMTACC) . ...
recently organised a one day seminar at the Rutherford Appleton Laboratory .
where five invited spe&kérs described their work on molecular dynamics. The
audience participated in a discussion on the aims of the ¢lub and future
activities, . _ : . . .

G.5.Pawley, gave an exciting paper déScrlbihg his work at" Edinburgh”University
on combining hetero architectures, using each where they wére most appropriate
on applications to simulation of a molecular lattice gas and the modelllng of |
hydrodynamlcs of liquids using cellular automata. The DTI and the SERC are
supporting a project at the Edinburgh Parallel Computer Centre to make a fast
interface between two types of parallel computer, the AMT Distributeéd Array
processor, and,the Meiko Computlng Surfacde. The use of the High Performance
Parallel Interface, {BiPPI), means that the results will be applicable to a
range of parallel hardware, not ]UBt to the two partlcular machlnes :

Monte Carlo methods are used in work on the Is;ng model. In the molecular.ﬂ
lattice gas two atoms touch to form a molecule, a process favoured by the’ term
in the Hamiltonian describing the system; When more than 2 atoms are joined,
they form an aggregate, and this is. discriminated ‘against. There is 2 chemical
potential which acts like pressure. Increasing it, forces the molecules
together to form first crystallxtes, then aggregates. Generation of the
conflguratlons is an ideal coperation for the DAP, but their subsequent analysxs
is better done on the Meiko Computlng Surface._. ' . :

Another project combinés a lattice gas ‘simalation” of a'pOlymer'diffusing inté’

a liquid modelled with cellular automata. The liquid is medelled on a

hexagonal grid with automata which move between the. grid nodes. This work is =
ideal for the DAP, to model the basic cellular automata operations for the
liquid. However, the collisiong of the polymer molecules with those of the =~
liquid must obey the laws of conservation of energy. and momenturm. This S
calculation is better done on the transputeérs, since the energy and monentum '
have to be redistributed over the large molecule, which is not a local o
operation. There are problems of synchronisation 0f the two machlnes,_these

may be overcome by running two separate simulations concurrently, 1nterleav;ng '
thelr usage of the two different machlnes..__.__ L : B

P.Adams from the Deépartment of Biochemistry, Edinblrgh University, descfibed"
work on molecular dynamics on the Meiko Computing Surface. He is studying
proteins to try to find an effective inhibitor to the process which enableés &
some bacteria to become resistant to penicillin., The substrate has been .
modelled into the active site using computer graphics, but energy minimisation
is needed to determine the global substrate minimum. The FORTRAN. source of the
GROMOS87 program has been mounted on a transputer farm and energy minimisation
run on 32 processors simultaneously but se far only local minima found. In '
ancther approach a parallel implementation of GROMOS has been made, using 2
rings of transputers, cne for bended, the other for non-bonded force
calculations. He reported that programs which previously took 900 seconds ‘for one time
step on a VAX 11/750 now took only 22 seconds on the transputer system. He also
mentioned EGO, the system built by Schulten et al. at the University of
Illinois with special hardware containing a systolic ring of transputers for -
use on molecular dynamics problems

A.Raine, from the NMR Group at Cambridge Unlver51ty, is working on methods of
determining protein structures, where simulation is an important tool used Wlth
X-Ray and MNMR methods of flndlng striuctures of pbioclogical macromolecules.
SLS~PRO has been written in Occam II to run on a Meiko computing surface.

A spherical distance cut off is imposed to reduce the amount of computing
needed for each time step; adjacent residues are calculated on adjacent
processors, which can introduce load balancing problems.

$.L.Fornili, University of Palermo, described his work on the hydrogen bond
pathways which develop in liquids, for example in water containing ions such
as ammonium or hydrexyl ions, These calculations were initially done on
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computers such as a Vax 11/750 or a CRAY in Bologna, but the Vax was too slow
and it was too difficult to get the data inte the CRAY wvia the network, sc they
now use a more cost effective array of transputers hosted by an IBM PC-AT
microcomputer with-an Inmos B007 graphics board. The program has been written
in Occam II to simulate the two dimensional spinodal phase separation of a
large Lennard-Jones system with over 7000 particles. It uses geometric T
decomposition and includes a digstributed dynamic load balancer. Plots of the
state of the systems were shown at several time periods up to 450 pico seconds
from the starting position. The execution time for a single time step { .0lps)
on a Vaxll/750 was 26seconds, on a 9ingle TB800 transputer using ‘gequential
FORTRAN it was 14 seconds, but using parallel programm;ng in Occam on 26 TBOO
transputers 1t was cnly 0 43 seconds .

The last’ apeake:, u.c. Klump; Shell’ Thornton Research Labsr apoke on the
gsimulation of prganic liquids. He is interested in the elasto~hydrodynamic
propertiea of lubricating oils between fast moving metal parts. These oils
form thin films, Experimental measurements are exremely difficult so computer
gimulations are the best way to understand and and improve the lubricating
action. He models the shear viscosity of the liquid, with sliding boundary
conditionsg, on ‘an array of 36 T800 transputers, with colour displays on an
associated SUN workstatior. A box of liquid containing 10,000 atoms is divided
into columns, and each assigned to a transputer, which holds lists of ‘all the
atoms in the column and of their neighbours in the liquid. The forces between-
pairs of atoms in each ¢¢lumn are calculated, the columns sheared, the lists:
updated and the forces recalculated. The bending and torsional stress on each
atom are calculated and hence they find the parts of the molecule which
contribute most to the stress. These are the parts which would need to be
changed when new lubrlcants are de51gned able to withstand hlgher shear stress.

The MMTACC is Supported by the 'Transputer Initiative’, which has jOlnt funding
from the UK Science and Engineering Research Council: and_the Department of
Trade and Industry (DTI). It aims to provide better information for the
community by organising seminars, a software llbrary, ‘a2 bibliography, a
directory of members interests,. an electronic bulletin board, demdnstrators
of molecular modelling for the /Transputer Initiative’, and better

liaison with suppliers and other computing research act1v1tles in

molecular modelling. The /Transputer Initiative’ publishes a monthly _
mailshot with details of new hardware, software, meetings etc. We welcome -’
further contributions to cur bibliography, please send them to the address
below, from which a copy of the current bibliography ¢an be obtained.

The next 'Transputer Initiative’ ‘meeting is planned for 21 November 1890 at
the University of Edinburgh, on the topic, ‘Graphics and Transputers’

This topic was suggested by members of MMIACC who have found it much more
difficult to move the graphics than the molecular modelling. Speakers include
Roger Hubbold, University of Manchester, on 'Graphics Standards and parallel
computers’, David White, University of Glasgow, who will describe his
general graphics library, Terry Barnaby, Beam Ltd, describing 'An
implementaticn of X~Windows for transputers’ and we are hoping a

speaker from the Bdinburgh Parallel Computing Centre will describeé ’Molecular
graphics and the Illinois molecular modelling code on the Meiko computing
Surface’. There will be an opportunity to visit the Edinburgh Parallel
Computing Centre after the meeting. Will those interested please leb the
Chairman know (GSP@uk.ac.edinburgh), and indicate any particular interests
they may have. Further details from the address below.

Mempership of MTACC is free and open to anyone interested in molecular
modelling, te join please contact: Mr T Mawby, Building R1, '
SERC/DTI Transputer Initiative, Rutherford Appleton Laboratory, Chllton,_
Didcot, Oxon OX11 00X tel (0233) 445787 or e-mail MMTACCRuk.ac.rl.inf’

K.M.Crennell, Secretary MMTACC,
Neutron Instrumentation Divisicon, Rutherford Appleten Laboratory.
tel (0235) 446397 e-mall KMCQUK.AC.RL.DE
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C-language Program for the Irregular Close Packing of Hard
Spheres

Monika Bargiet and Jacek Mosécinski .
o Institute of Computer Science, AGH
al. Mickiewicza 30, 30-059 Cracow, Po!and _

* September 9,1990

Abstract

The paper presents a C-laﬁguage program for irregular close packing of equal hard spheres
in a cubic bex with periodic boundary conditions using Jodrey and Tory’s algorithm {1,2,3].
For the nearest neighbour searching of a given sphere the link-cell method is applied. The
program has been developed for microcomputers / workstations so that it incorporat.es the
sequential algorithm optimized for computational time demands.

PROGRAM SUMMARY

Title of the program : NSCP3D
Computer : (a) IBM PC/AT clone with 80287 “FAST” (10M1z)
(b) DSI-020 board (MC88020/68881, 12.5M1iz) -
for IBM PC/XT-AT and clones {Definicon Systems Inc. ) -
(c) AT 386 with 80387 (20MHz) '
(d) Monoputer-2 board (T800, 20MHz) _
for IBM PC/XT-AT and clones (MicroWay, Inc.} .
Iistallation ; Institute of Computer Science, AGH, Cracow, Poland
QOperating system : (a) FC DOS v3.10
{b) PC DOS ~ DSI-020 Loader interface (v8.10-7)
(¢) PC DOS v3.30 .
{d) PC DOS - Monoputer-2 Alien File Server (afserver) v1.3
Programming language used : C*
High speed storage required * : about 350 kB
Peripherals used : disk, lineprinter
No. of instructions in program and test deck : 5029 of program
58 of Lest data " T

‘As defined in [4}
For 4000 spheres and paramelers of the test Tun



Keywords : irregular close packing, linked-list, chaining mesh.

Nature of physical problem

The program can be used to sirmulate the irregular close packing of equal hard spheres in a cu-
bic box with periodic boundary conditions, starting {rom the ensemble of randomly distributed
points taken as initial positions of the sphere centres.

Method of solution

The equal hard spheres are packed using Jodrey and Tory’s algorithm (1,2,3]. Periodic boundary
conditions are applied to make the system pseudo-infinite. In each iteration the worst overlap
between spheres is eliminated by moving the spheres along a line joining their centres. Simul-
taneously the sphere diameters are modified according to actual system configuration. The
linked-list structures [3,5) speed-up the nearést neighbour searching and the worst overlap de-
termination. Final results as diameter of the spheres and related packing density as well as
coordinates of the sphere centres are optionally saved for further analysis.

Restrictions on the complexity of the problem: - .
The program is suitable for several thousand of spheres. SR

Typical running time - .. . . . . T

The overall program execution time obtairied on different kinds of microcomputers is- shown
mm Table 1. The presented timings correspond to the program runs in which the final packing
density is about 0.62 and have been obtained using the following compilers

(a) Turbo C (v2.0)

(b) 8VS C (v2.6)

{c} Turbo C (v2.0)

(d) 3L C {v2.0)

No. of Program execution time (s} Execution time per sphere [s)
spheres | D5I-020 PC/AT T800 AT 386 | DSI-020 PC/AT T800 AT 380
32 33 81 10 22 1.03 2.53 0.31 0.69
108 113 277 28 74 1.05 2.56 0.26 0.68
256 259 G36 68 172 101 2.48 0.26 0.67
500 503 1221 135 337 1.61 2.44 0.27 0.67
864 866 2126 221 575 1.00 2.46 0.25 0.66
1372 1376 3374 362 021 1.00 Z2.46 0.26  0.67
2048 2073 5073 530 1373 1.01 2.48 0.26 0.67
2916 2977 7288 752 1964 1.02 2.50 0.26 0.67
4000 4104 10265 959 2727 1.04 2,57 0.25 0.68

Table {: Typical timings for NSCP3D program.
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LONG WRITE-UP

1 Introduction - -

Irregular packing of hard spheres, also known as random close packing, has been extensively
studied due to its importance as models for particulate systems it a wide variety of fields.
The sphere packing problem is fourd in many domains of engineering, for example imetallurgy,
ceramics, soil science, physics, chemistry, etc. Equal, randomly packed spheres have also been
suggested as models for liquid and glassy states [1,2].

The program NSCP3D (Neighbour Separation Close Packing in 3D) is designed for close
irregular packing of equal hard spheres in & cubic box with periodic boundary corditions. The
applied algorithm is described in the literature [2,3] and is based on the existing FORTRAN pro-
gram of Jodrey and Tory [4]. However, contrary to the original code, our program is written
according to specified methodology, close to that of the standard programming system OLYMPUS
[5,6,7]. The standardization of the program structure, making it modular and mostly indepen-
dent of the computer system speeds up the construction of the program and facilitates its further
modifications. The program is provided with restart and on-line data saving facilities as well
as with semigraphical lineprinter output and data control possibility. The overall program el
ficiency is increased due to careful optimisation of the most time-consuming procedure. The
program is suitable for the PC/workstation environment thus is optimized for computational
time demands. Tt is written in the C language as defined in {8].

The pfogram determines final positions of the sphere centres as well as the final sphere
diameter and corresponding packing density. Projections of final positions of the sphere centres
as well as radial and angular distribution functions are calculated and plotted on the lineprinter.

2 Method description

2.1 Basic principles

The program generates the irregular close packing of N equal hard spheres in a cubic box of
the volurae V = L3, The initial system configuration is a set of N randomly distributed points
representing initial positions of the sphere centres. Each sphere has two diameters, inner and
outer ones, which approach each other during the simulation. When the diameters attain equal
values the program stops. The inner diameter d, defines the actual packing density and is set
after the n-th iteration to minimum center-to-center distance between any two spheres

di?‘.:min?‘:';'s L=l N, i#g (1)
where r[; = |F' — FI'| is the distance between spheres ¢ and 7. The cuter diameter dj,, is sct
initially to the value d2,,, which yields a nominal packing density n = 1

3n 1/3
dog=2L{—5] . 2
oul (4:'_“{\:') . ( )
In each iteration the outer diameter is reduced using a contraction rate 7 i
1 1V o
d;u.{; = d‘onut - (5) dout (NT): (3)



§ = |~logq &7), (4)

where

dﬂ

out

- outer diameter in the n-th iteration,

An ~ difference between the nominal (based on the outer diameter) and actual (based on the
inner diameter) packing densities,

T - contraction rate of the outer diameter,
|-] ~ greatest integer function. -

The outer spheres (contrary to the inner ones) can intersect each other, In each step the
worst overlap between the spheres i and j is eliminated by moving their centres according to
the following transformation ' '

e S 1 +1 gt

Ty = 'F? + § (d:u! TT}) E’ (5)
12

bl _oam 2 fondt _on ) D

TiOETi T (douf Tu) PR (6)

This ensures it = dipfhl.
The system is made pseudo-infinite by application of classical perlodlc boundary conditions

together with the minimum image technique [9].

2.2 Numerical scheme

In the program two lists are applied to speed-up the nearest neighbour searching and the worst
overlap determination. The first one, sorted-list, keeps the spheres in increasing order of dis-
tances to their nearest neighbours. The first element of the sorted-list indicates the pair of the
closest spheres in the ensemble, which is to be taken for processing in the current iteration. The
second one, called linked-list, sorts the spheres according to the coordinales of their centres.
It is used to locate the spheres with centres lying within a specified cutofl radius. Detailed
description of the list structures is given below.

2.2.1 Nearest neighbours storage — the sorted-list

For intersecting pairs of outer spheres, (1,7}, center-to-center distances, called “rods”, are cal-
culated. Due to the computalional time savings the rods are stored in the sorted-list in order
of increasing length of distances, up to the maximal value dy,. corresponding to the packing

density fhnax s _
Snmax) o o .
dmu_2L S _ (7).
| o N

To ensure dmar 2 7i; for any neighbouring spheres ¢ and 7, the value of 7., should be greater

than any attainable true value. Thus in the program nmas is equal to the maximal packing
density in 3D, i.e. 7v/2/6 (= 0.7405). .
In order to speed up of the list processing the sorted-list is split into E parts, pointed by £

separate entries. Fach entry point indicates a list of rods from the related interval of distances.
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The pair of spheres (1, 7) separated by the distance r;; belongs to the list indicated by the e-th
entry point defined as follows
r2
£ = [EdZJ J . (8)

SH(e) is the sorted-list table entry. A zerc value of $H(e) indicates that there are no rods
from the related interval of distances, while another entry gives the number of the first sphere
in the e-th list. The link coordinate of a sphere, SL(7), either gives the number of the next
sphere in the lisl or is equal to 0 to indicate the end of the list. Similarly the inverse link
coordinate SLI{i) > 0 means the number of the previous sphere. I[ ¢ is the first sphere in
the list (i.e. SH{e) = 1) then SLI(z) < 0 and its absclute value indicates the related entry
point (i.e. SLI(i) = —e). Additionally the NN(7) table entry contains the number of the ¢’s
nearest neighbour while the squared distance between 7 and NN(i) is stored in D(:). Under
these assumptions the procedure for inserting the sphere ¢ into the sorted-list together with its
nearest neighbour j = N/N{¢) can be summarized in the following steps

(a) determine the sorted-list entry point e according to (8}
(b) find the two subsequent spheres i, and in
for which SL(ip) = iy and D(i,) < 72 < D(iy)

iy 1= SH(e)
i = —¢
while (i, > 0 and D(in)gr?j)dg E
tp 1= ip
in 1= SL{is) | . |

" (c) place the sphere ¢ between spheres 4, and iy

if (in > 0) then SLI(in) :=
SLIG) =i,

if (i, > 0) then SL(3,) 1= i
else SH (e} :=1

SL(1) =1, o
NN =7, NN(G)i= —i
D@y =1

The methad of sphefé relocation 'mz.,l,y introduce new overlaps or may' change or climinate
others. Thus a rod corresponding to the pair of spheres (7, 7) is only placed in the sorted-list if

the distance 7;; could not be changed by the elimination of a greater overlap (i.e. § has no closer
neighbours than ¢),

(VE=1,. Nk # ok # 5)(re; > ris). (10)

Subject to this restriction rods are added to and removed from the sorted-list in each step of
the simulation.
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2.2.2 The nearest neighbour determination — the linked-list

The nearest neighbour of each sphere is searched only inside a specified cutoff radius r.,, which
is initially set to the value
reut = 0.666-d2, (11)

If the number of rods [ queued for i}rocessing in the sorted-list is less than a specified value L,
the cutoff radius is increased {4].

n n

i1 !mlln' ){doul_d:-\}}dout

10 lmi‘n‘*‘z (12)

Tout 1= Teut (
For the nearest neighbour searching of a given spliere, the ch'airling mésk is introduced as a
regular lattice of M X M X M cells covering the computational box, together with the link-cell
method [4,10,11). Ranges of the computational box side lengths are [0, M] in each direction (i.e.
L = M}, thus the cell indices calculation for the particular sphere is done by simple substitution
of the sphere centre coordinates ri, into the cell coordinates ¢o. If LH(¢) is the head-of-chain
table entry for chaining cell ¢ and if LL(¢) and LLI(z) are the forward and backward link
coordinates for the sphere ¢ then the procedure for inserting the sphere ¢ to the linked-list with
respect to the ranges of the computational box side lengths can be summarized as {ollows

€o i= |Tia)

ci=M* o+ M ocyte;

ipi= LH(¢)

H(i;)O)Lh@\LLI(’EIJ = T T T (13)
LL(G) =14,

LH(c):=1

LLI(1):= ~c¢

Tables for the list handling are set up to zerc at the beginning of the algorithm. The linked-list
is organized in the similar way to the sorted-list. Namely, a zero LH(c) table entry indicates
the empty cell ¢ while LL(i) = 0 means the end of the list. For the first sphere in the list the
LLI(i) element is less than or equal to 0 and its absolute value points to the appropriate cell
address in the LH table. ) .

In an usual approach to the link-cell method the length of the elementary cell side of the
chaining mesh is greater than or equal to the cutoff radius., As a consequence the only 26
neighboring cells of the current one are considered in the neighbours searching. Since in lhe
algorithm the cutofl radius depends on the current arrangement of the spheres and can be
changed from one step to another (Eq. 12) this assumption is no lenger valid. Thus in this case
another approach is proposed in which the numbers of cells taken into account are determined
for each sphere separately. They form a minimal cuboid (with ranges [¢1a, cue)) contalning all
spheres with centres lying within .. The values ¢, and cyo for the sphere 7 are then caleulated -
in the following way

Clo

Cue

l.(rior — Teu ) + LJ; - L | .z
L(Tt'a’!"rcutt)'i"LJ' . B B (1 1)

it

33



To transform the cell indices ¢o € [clay Cua] to the effective cell number ¢ three tables, T, Ty,
and 77, are applied, set-up to the values

Te(cz) = M? mod (ca, M),

Tolc,) M mod {e,, M), - (15)
Te(c;) mod (¢, M).

Then the eﬂ'ect.ive cell number ¢ can be determined bf the s.irhpl.e e.dditieﬁ 'of. the suitable
elements of 13, Ty, and T},
¢ = Talee) + Tyley) + Ti(cz)- (16)

2.2.3 Optimization of the nearest neighbour searching

The periodic boundaty condition {PBC) displacements are usually introduced using two condi-
tional statements for each direction [4,9]. Contrary to the origin {4], in the presented program
the PBC displacements are stored in the PEC table, which is set up to the following values

- _'Lfor cae[l M-1], o
PBC(eq) = 0 for coef{M,2M~1], (17} ..
L for ¢, € {2 M, 3M—2] B

Knowing bOlIIldB.I‘JBS of the cells it 1s easy to check in what djrectxon if any, the PBC dlsplace-
ments should be introduced. It allows $o specily eight kinds of the most time-consuming loop
represented by subsequent program blocks

{a) determinc the kind of the loop

U (Taltua) > Tolcia)) then micy, =0
else micy 1= 1
mic 1= 4 mic; + 2 micy + mic,

(b) perform the appropriate loop resulting from mic

' case mac of S _ B (18)
0 : loop with no PBC - '- e

: loop with PBC in z direction -

: loop with PBC in y direction

: loop with PBC in y and z directions:

: loop with PBC in x direction _

: loop with PBC in x and z directions

¢ loop with PBC in x and y directions.

: loop with PBC in x, y, and 2 directions

Sy TR R G2 BRI

-

The loop for finding the nearest neighbour j of a sphere ¢ (I3q. 19) is executed over all cells
determined by the values of ¢i, and cuo. The addition of the PEC(c,) table element enclosed in
square brackets {[ ], Eq. 19) is optional and depends on the particular loop kind (see Eq. 18). Ia
such an approach cansisting of the eight kinds of the loop and the PBC displaceme'nts storage,
significant (about 30%) increase of the overall program efficiency is achieved [12] as compared
with the single loop and conditional statements application as in [4].
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.2 e 2 S —
Prin *= Teutr 7 =10

.[:QIC;r:CIxt__OCuI_d__Q
mcy:ﬂlymcuyﬂ .
@-czzcht_‘jcu:@
begin
= 20 (cﬁ)
= LH(c) o
while (k5 0) do.

begin .
:kcr = T:at"'rka [+PBC(CG)] BT (19)

Zcr L.1-3
J—f (le < Tmm.) m

beEin

2.2.4 Summary of one iteration step -

One iteration step of the program can be summarized in the following way :*

1. Determine the pair of the closest spheres i,7 in the ensemble, i.e. take the first element
from the sorted-list. '

2. Reduce the outer diameter dyus (qu34)
3. Remove the spheres ¢ and j from the sorted- and linked-lists.. -

4. Check the number of rods { in the sorted-list and, if necessary, modify the cutoll radius
according to (12).

5. For spheres ¢ and j do :

(a} relocate the sphere according to (5,6),
(b) find the nearest neighbour of the sphere, {(Eqs. 18,19),
{¢} place the sphere into the linked-list as in (13},

(d} il the nearest neighbour of the sphere is found fulfiling the condition (10) place the
sphere into the appropriate position of the sorted-list according to (9).

If in any step the sorted-list is exhausted (i.e. if { = 0) or if the inner diameter exceeds the
outer one, a new calculation cycle is performed. At the beginning of each cycle the sorted- and’
linked-lists are rebuilt in respect to actual system configuration. While this procedure leads to
the convergence criterion of the algorithm, i.e.

<dn

out in

(20)

the program s.tops and the value of d;, determines the final packihg densify.
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2.3 Projections of the sphere centres

Graphical representation of the three-dimensional structures is made by drawing projections on
the {z — y), (z — z), and (¥ — z) planes of all spheres whosc centres are contained within a given
range of 2z, y, and « respectively. Two kinds of projections are also available :

1. characters on the projection plane (0,1,2,...,J,I) correspond to relative sphere heights
in the selected layer (thickness of the layer should be less than the sphere diameter lo
avoid the sphere centres overlaps on the projection).

2. characters on the projection plane represent the numbers of :s'pheres with coordinates [rom
the corresponding interval (in this case all spheres from the computational box may be
considered),

2.4 Radial distribution function

The program can calculate and plot on the lineprinter the radial distribution function on a basis
of the final positions of sphere centres. Consider a typical central sphere. Let N(r, Ar) be the
average number of spheres with centres at a distance between 7 — %&r and r %&r. The radial
distribution function g{r) is then defined by :

V. N(r,Ar)

o(r) = N 4mriar (21)

and is determined for 0 <7 < 1.

2.5 Distribution of angles between spheres™
The distribution of angles between final positions of the sphere centres can also be calculated

and plotted together with the rdf. Let ¢ be the chosen central sphere. Then we calculate the
angles between all pairs of vectors 75, #ix for which

Ti; <Y douty Tik <Y dout, o - (22)

where ¥ > 1 is an arbitrary chosen coeflicient.
If N(B,A08) is a number of angles between § — %Aﬁ and g+ %.&ﬁ, we can define the angular
distribution function a(g) f

a(p) = TLLEL | (29)

for0< g <.

3 Structure of the program
3.1 Introduction and top level procedmes o

‘The structure of the program in the sense of procedure calls is similar {o the OLYMPUS system
standard [5,6,7], with slight modifications resulting from unique properties of the program.

The full index of the pracedures (together with their brief functional description) and external
varjables of the program (listed in external blocks and alphabetically) is given in the program
comments.
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The main program < 0.0 > contains descriptive comments and controls the calculations by
calling appropriate functions (< 0.1 >-< 0.3 >). Procedure < 0.1 > basic initializes the basic
program data defining the program operation mode and output form, while the <0.2> modify
changes those presumed values if necessary according to the user-prepared data input file. The
procedure < 0.3 > control controls the run by calling [unctions from the rest of classes (1-4)
subject to the new or restart run. :

3.2 Initialization procedures

The first class of procedures is the initialization one and is devoted to e.sta'bhs'hih'g the system
configuration and parameters. In the procedure < 1.1> label_-run some run identification labels
are introduced. Procedure < 1.2> preset initializes program external variables needed to specily-
the run conditions. They can be modified in the < 1.3> data procedure.

On the basis of the established program parameters the auxiliary values are calculated in
the < 1.4> auziliary_val. In the procedure the tables 7%, for cell indices transformation and the
PBC table contalmng PBC displacements are allocated a.nd filled. In a case of the new run the
remaining program arrays are also allocated.

In each new run the < 1.5 > initial functlon is invoked to set up the initial system con-
figuration. It is done either by using the < U.10 > ren utility function for random numbers
generation (section 1.1), or by reading the system configuration from the user-prepared external
file (section 1.2}. While the restart run is assumed the < 1.6 > resume procedure is involved
(instead of < 1.5 > initial), to restore the sphere configuration and other program parameters
from the external file. The procedure < 1.7> stert builds up the initial versions of the sorted-
and linked-lists according to the actual system configuration (section 2}. In section 3 it also
determines initial values of the inner diameter and related packing density.

3.3 Step on the calculation
The < 2.1> stepon function is executed once in each simulation stcp Its section 1 determines the
two nearest spheres in the ensemble while the section 2 separates them according to Egs. (5,6).
While sphere coordinates modification the periodic boundary conditions are applied {sections
2.6.1 and 2.6.2). Then stepon calls < 2.2> min_separation for both of the spheres separately (see
sections 2.6.1 and 2.6.2) and determines their nearest neighbours. In sections 2.7-2.9 the actual
and nominal packing densities are calculated as well as the final packing density estimated.
Procedure < 2.2 > min_separalion in its seclion 2 finds the nearest neighbour of the particular
sphere according to the scheme presented in Eqgs. (18,19). In section 3 the sphere is placed into
the linked-list as given in Eq. (13) while in the section 6 the sphere is inserted to the appropriate
place in the sorted-list together with its nearest neighbour (according to (9)).

3.4 Output of the program and utility procedures

The <3.1> oulput function handles the main output of the program and it is called at dillerent
points as necessary, providing initialization, cycle, periodic and final output. Its additional fea-
lure is to make intermediate and final savings of program results to external files. Semigraphical
lineprinter outpul is provided for projection drawing, arranged by < 3.2 > projection together
with < 3.3 > proj_draw procedures, as well as radial and angular distribution functions control
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(< 3.4 > sphere_distrib) computing (< 3.5 > distrib_calcul) and plotting {< 3.6 > plot). Some
examples of projections as well as rdf and adf graphs produced by the program are presented in
Figures 1-3 respectively. . _

The procedure < 4.1> fesi.end tests the program convergence criterion (20), while <4.2>
end_run closes program external files and frees allocated memory.

Procedures marked with “U” are utilities used for simple mput/output debuggmg, system
date and time determination, pseudo-random numbers generation, ete.

The detailed description of the program external files, data input formats and methods {or
dealing with the program is given in the Manual. "
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File: epcfig! Printed Sun Sep 09 23:06:4% 1990, Page: 1

PROJECTION IN Z-AXTIS DIRECTIOM FOR Z-COORDINATE VALUES FROM [0.000000,2u300000}n'-.
PROJECTIONM SHOWS RELATIVE SPHERE HEIGHTS 1M A SCALE 1 TO K

X-AXIS
23,0004 ---c-ciaennas R R R R L +

17,250+ E E A 10 91 S T

11,500+ 9 8 K 0 6 9 4002 4 1k

0.000 5.750 11.500 17.250 23.000
PROJECTION CONTAINS 405 POINTS FROM 4000 R

Iig.1. Sample projection of the sphere centres in z direction; characters on the projection
means the relative sphere centres heights in the selected layer; thickness of the layer = 0.1L.
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File: cpctig? Printed Sun Sep 09 23:03:45 1990 Page:. 1

RADIAL DISTRIGUTION FUNCTION

R

0.%44
0.431%
0,719
1,006
1.2%4
1.581
1.86%
2.154
2.404
2. 731
3I.01¢9
3.306
3.594
3.8814
4.169
4,456
4. Thd
5.03%
5.319
5.606
5. 894
6.181
&.469
6.756
7.044
7.331
7.619
7.906
B.194
B.481
8.75%
9.056
9.344
.631
$.919
10.2056
10.494
10.781
11.049
11.356

ROF

0.000
0.000
0.000
G.000
£.000
3.074
0.625
0.526
4.788
1.298
1.320
0.770
0.808
1.067
1.152
1.011
0.885
0.961
1.076
1.042
0.964
G.956
1.013
1.037
0.998
0.977
0.98¢9
7.020
1.007
0.996
0.988
1,001
1.011
6,999
0.996
0.996
1.004
1.004
0,998

1.00

IHT RDF

G.000
0.000
¢.000
0.000
0.000
4.564
10.424
13.172
17.418
25.962
38.852
50.992
62.188
77.931
99.368
123.179
146,931
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Abstract _ _

The paper presenis a Molecular Dynamics C-language program sititable for mixtures of
monoatomic melecules of different types included in a cuboid box with periodic boundary
conditicns. The molecules mutually interact with the short range Lennard-Jones polential.
To solve the Newtonian equations of motion the leapfrog scheme is applied. Neighbors of a
particular molecule are searched using the link-cell method. The program has been developed
for microcomputers/workstations so that it incorparates the sequential algorithm optimized
in respecl with CPU-time. : :

PROGRAM SUMMARY

Title of the program : MD3DLJ
Computer : (a) IBM PC/AT clone with 80287 (10MHz)
(b) DSI-020 board (MC68020/68881, 12.5MHz)
for IBM PC/XT-AT and clones {Definicon Systems, Inc.)
(c) AT 386 with 80387 (20MHz)
(d) Monoputer-2 board (T800, 20MHz)
for IBM PC/XT-AT and clones (MicroWay, Inc.)
Instalfation : Institute of Computer Science, AGH, Cracow, Poland
Operating system : (a) PC DOS v3.10
(b) PC DOS - DSI-020 Loader interface (v8.10-P)
(c) PC DOS v3.30
{d) PC DOS - Monoputer-2 Alien File Server (afserver) v1.3
Programming language used : C!
High speed storage required : about 500 kB 2
Peripherals used : disk, lineprinter

No. of instructions in program and test deck : 6402 of program
79 of test data

YAs defined in [1]
For 2916 molecules and parameters of the lest run
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Keywords : molecular dynamics, moncatomic molecule mixture, Lennard-Jones fluid, link-cell
method, leapfrog algorithm.

Nature of physical problem :

The program can be used to simulate conventional constant energy/constant volume monoatomic
molecule mixtures in 3 dimensions with short range interactions.

Method of solution

A system of monoatomic molecule mixtures of a few thousand of molecules is simulated. The
Newtonian equations of motion are solved in a series of timesteps using the leaplrog algorithm
(2,3]. At each timestep the force acting on each molecule is found according to Lennard-Jones
short range interaction. To achieve computational time savings the link-cell method {4] is intro-
duced together with other techniques [5] making the method of forces calculation more efficient.
Periodic boundary conditions are applied to make the system pseudo-infinite. When the system
is in thermal equilibrium, thermodynamic measurements are made by averaging over time. The
system parameters such as coordinates and momenta of the molecules may be stored in chosen
timesteps for further analysis.

Restrictions on the complexity of the problem
The program is suitable for several thousand of molecules.

Typical running time

The execution time per MD timestep of the simulation obtained on different kinds of microcom-
puters, is presented in Table 1. The timings have been obtained using the following compilers :
(a} Microsoft © (v3.0)

(b) SVS C (v2.6)

(¢} Turbe C (v2.0)

(d) 3L C (v2.0)

No. of MD timestep [s] MD timestep per particle {s]
particles | DSI-020 PC/AT T800 AT 386 | DSI-020 PC/AT T800 AT 386

6912 145.0 23.05 0.02] 0.0033

5324 114.7 18.57 0.022 0.0035

4000 89.4 14.82  51.68 0.022 0.0037  0.013
2916 61.2 203.4 9.74 34.32 0,021 0.070  0.0033 0.012
2048 44,7 149.7 7.30 25.32 0.022 0.073 (¢.0036 0.013
1372 31.7 107.8 5.40 18.30 0.023 0.079  0.0039 0.013
864 18.2 60.3 2.90 10,92 0,021 0.070 00033  0.013
500 11.2 37.7 1.88 6.85 0.022 0.075  0.0038  0.014
256 6.7 23.1 1.23 4.25 0.026 0.000 0.0048  0.017

Table 1: Timings for MD3DLJ program with cube technique {average values for first 100 steps
of simulation).
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LonGg WRITE-UP

1 Introduction

The current molecular dynamics simulation activity is FORTRAN oriented and emphasized on
vector and parallel processing on large supercomputers. Due to large technological develop-
ment however, a niodest but reasonable simulation work can be done in other than FORTRAN
languages and in microcomputer world evolving fast toward several MFLOPs on the desk. -

. With wide availability of personal computers and workstations C language becomes more
and more popular. C is also the main language in Iarge scientific projects in parallel processing
like Caltech/JPL Concurrent Computational Projects {1].

MD3DLJ (Molecular Dynamics in 3D using Lennard-Jones potentials) is a program which
applies the method of conventional constant energy/constant volume dynamics simulation to
monoatomic molecule mixtures in which trajectories of the individual molecules are deter-
mined by numerical integration of the Newtonian equatjons of motion. Interactions between
the molecules are described using the short range Lennard-Jones pair potential, Quantities cal-
culated by MD3DLJ include the potential, kinetic and total energy, temperature and pressure
of the system supported with their IL.M.S. fluctuations, the radial distribution functions and
the mean square displacements of the molecules. For further analysis it is possible to store
the appropriate quantities (i.e. molecules coordinates and momenta) at successive time steps.
The program is provided with restart and on-line save-data facilities improving reliability of
calculations. The program is suitable for the PC/workstation environment thus is optimized [or
computational time demands. It is written in the C language as defined in [2]. _

2. Method description .

2.1 'Basic principles

The program simulates a system of N moncatomic molecules in a cuboidal box of volume V.,
The ensemble may consist of a number of species S (i.e. number of molecule kinds). Each species
is characterized by the atomic mass, m,, number of molecules, ,, and kind of interaction with
olher molecules. Thus N = No+ Ny 4+ .. .+ N, 4+ ... + f\}5_1. The molecules interact via a pair
potential u(r), where r = |7] is a distance between interacting molecules (,7), ¥ = 7 — 7}, and
k indicates a kind of potential depending on kinds of interacting molecules (k = 0,..., M - 1).

Number of different kinds of the pair potential is M = 5(S + 1)/2. Each timestep of the
simulation commences with calculation of the individual pair forces

dux T
dr r
Simultaneously the potential energy ® and virial ¥ of the system are evaluated.

e=Ywue), . @

iogmi

V=-S5 SR (3)

-1t

fi = (1)



The Newtonian equations of motion to be solved for each molecule ¢ of the species s are as
follows

i B
dt ~ m,’ (4)
di‘?; - S _

n = F, (5)

where F% is a force acting on the particle i derived from héighbdf'iné p'a';fﬁir'.l'és and 7 .fép.r'e.'seﬁts the
particle momentum The set of equations (4) (5) is mtegra.ted over the t;me mterval [nAtL, (n +
1)At] using the well known ]eapfrog a.lgonthm [3 4] '

“"1+1 ._.'. F‘"_}_At}‘}““"“lfz/ma-l e o : P (?)
- (Hn+1f2 ...n—-Ifi’-)‘ LR IR PR (8)

are.used for ;.a.lcula,ti.rrg .the kméhc energy at step n:
At eachi step we calculate the instantaneous total .t.anérg}.r E .- . o e L

whlch is a conserved quantlty and is used to venfy the valldlty of the numencal algonthm

The leapfrog algorithm requires a starting configuration. Thus initial positions and momenta
of the molecules have to be specified at the beginning of the simulation. Two common methods
for positions determination are adopted in the program. The first one is to arrange N molecules
on a face-centered cubic lattice (5] {(what implies N = 4 »° where n is integer). In the second
method initial coordinates of the molecules are read from an external file. The initial momenta
are assigned randomly and modified in order to eliminate bulk momentum and to suit to the
desired temperature of the system.

2.2 Thermodynamic quantities

The instantancous pressure P and tempcrature T are calculated usmg the kmetlc encrgy, n,
and virial, ¥

e Yo 11

P=(zE-5 Ve, ()
2K

_ 12

T 3Ny kg’ (12)

are alsco found in the conventional way. Here V, is the molar volume of the system and N4 and
kp mean the Avogadre’s and Boltzmann’s constants,

Temperature of the system can be adjusted roughly at the beginning of simulation. Having
known the desired temperature Ty of the system we calculate for the species s [5] ‘

Ky = 2 /m, kg Ty, (13)



and for every molecule 1
Pia = 8 TR, . . (14)

where a € {z,y,z} and zp is a pseudo-random number of uniform distribution from the interval
(—=1,1). Then the bulk motion is removed

-

Pia 1= Pia™ < Pia >, _ (10)

and the obtained momenta are scaled to suit the desired temperature [5)
1 o o
Pio = gPia Ko/\J<F-mi> /3. . . ()

When the simulation is in progress first several hundred or thousand steps is used to reaching
the thermal equilibrium. During that stage the temperature scaling -

Pia = Pia \/ Ta/ <T>, | o

may be applied every thultiple of the timestep, where < 7' > is the average value of the temper-
ature {rom the last scaling.

2.3 The Lennard-Jones interaction

The empirical force Jaw representing the int.é'rr'.riolecul.e'intEIaction of the k-th kind is generally
derived from a two body potential energy function such as the Lennard-Jones one [3,5]

ug(r) = 4 &x {(%)12 - (%)T : (18)

The individual pair forces (Eq. 1) are accumulated to give the total force on each molecule.
In this evaluation the interaction between a pair of molecules is jgnored il their separation r
is greater than a chosen cutofl radius r.. To avoid long range corrections compensating the
interactions for r > r., the shifted form of the Lennard-Jones [unction (6] {for which u.(r) = 0
for r > r.) is used in the program. Thus the values of u(r) are shifled by u} = u(7c)

2.4 Radial distribution function

The program can calculate and plot on a lineprinter the radial distribution functions. Consider
a typical central molecule of a species s. Let N (r, Ar) be the average number of molecules of
a species s’ at a distance between r — 2Ar and r + Ar. The radial distribution [unction (rdf)
is defined by [3]

_V_ N‘,!(T,ﬁ?‘)’ (19)
Ny 4mreir

The range of the rdfs is restricted to r. (0 < 7 < 7). The rdfs are averaged over timestep

g,,*(?‘) =

intervals defined by the user.



2.5 Mean-square displacement

The mean-square displacements are calculated within timestep intervals defined by the user.
Assume that ny and ny are beginning and end timesteps of the interval. Then for molecules of
a species s [3]

msd, = ﬂz(m *“1)2— w80 Z FE2 m,), (20)

lE.s IES k_.nl

k4172

The mid-step quantities g /m, are accumulated for each molecule over timesteps so the

msds can be found as functions of time.

2.6 Numerical scheme
2.6.1 Program units

The program employs the dimensionless pos'it'io'ns,'tirne; mass and energy using the program
units. Since for forces calculations the link-cell method is adopted [8,9] {see section 2.6.4) thus
the program unit of length £ is equal to the length of the cell side (for the reason explained
below)

V. N 1/3

L=\ Frwe. NG, ‘NC| (21)

where NC, is the number of cells in « direction. The method ior NC’ determlnatlon is shown
in section 2.6.4 of the paper. The unit of time 7 is equal to the simulation timestep

T = At, (22)
while the unit of mass is equal to the mass of species 0
M = mg. -.  : I | (23)
Thé unit of e.n..e.rgy Els déﬁﬁé.d.o.n' the basis of the mass of s.p'ec'iés 0 [5] '
£ =mq (L/T)™ | (24)

2.6.2 Boundary conditions

The system is made pseudo-infinite by the application of periodic boundary conditlions in the
three Cartesian coordinates {3,7] using the transformation

Tio ‘= Tig — Lo I Tig ~ La,

Tia '=Tiat Lo [ 7, <0, (25)

where L, are lengths of the sides of the computational box , thus ri, € [0, Ls}.



2.6.3 Representation of species and kinds of interactions

The program investigates dynamics of the system containing molecules of § species. Lvery
molecule is marked by its species kind. For computational time savings a matrix of molecule
kinds Z = {Z;} is introduced. Thus for particular i molecule, its kind is represented by

Ir]

s=5, i=0,...,N-1, (26)

where s means the kind of molecule . The array Z is initialized subsequently

fors:=0t05—~1do
forn, =0to N, -1do

begin (27)

and next randomized using a pseudo-random generator producing numbers zx € (0,1)

for determined number of random shifts do

begin

]
=
Y &

)

i

2]
=

(28)

(1

[ JI] -

(1] (1) @ . =

(D
=
[

Il

|

The kind & of the intermolecule interaction is represented by the two dimensional array & =
{Ay»}, which is determined as follows

A’,’j =1 ) . . (29)

Thus for a pair of molecules of kinds' s and s, the kind of their interaction is obtained with

k=X,s §=0,...,5-1,§=0,...,s. i {(30)
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2.6.4 Calculation of the forces

The Lennard-Jones parameters £; and oy of the interaction bétween two molecules of kinds s
and &' while given ¢,, £4, @, and ¢, are calculated {5}

Eaa’=(£s'£5’)u21 3301"-15—113!=0)"'s‘5: (31)

Ope = (05 +0)/2, s=0,...,85§-1,5=0,...,s (32)
Due to computational time saviﬁgé, values of the pair potentials vs. the s"qﬁa',r.éd"i ntermolecule
distance are stored in Uy arrays, k = 0,...,M — 1. The number of elements in every array, v,
is a parameter of the program. The distance interval covered by the grid starts from the square
of potential “hard-core” p? ' :
pk=ﬁoaa‘; o o B (33)
where index k is given by Eq. (30) and @ is a parameter (§ < 1). The end of the distance
interval is equal to square of the cutoff radius, r? '

To =7 mMaxag,, s=0,...,5-1. (34)

+ reflects the range of interaction (usually v = 2.5 + 3.0).
The values of potential are tabulated at uniform intervals Ar? to avoid square root compu-
tation while using the tables elements

At = (2~ minpd) /(v ~ 1) : (35)
For the k-th kind of the intermolecule interaction the elements of the table U = {un} contain
ug = 2u(rp)/ort =g, 1=1,...,v, _ (386)
while
re = p3, ""-‘2-1-1 =ri+art. . (37)
The individual pair force (Eq. 1) is determined for the k-th type of interaction

fija = —(trig1 — ki) (Tia — Tia)s : (38)

i

where .
[ = {(r* - p})/ 0", o (39)

and [-] means the greatest integer function, Then
J-1

Fia =) fijar (40)
i=0

where J is a number of the i-th molecule neighbors for which 7 < r; and J « N due to short
range of the interactions.

To determine neighboring molecules to the current one the link-cell method is applied [8,9].
For further reduction of the computer time two techniques are applied. The cube technique [10]
concept diflers from the original linked list method in some additional conditions limiting the
number of i-th particle neighbours to those confined in the cube of centre at ; and side length



equal to 2 r.. Thus the squared distance between two particles ¢ and j is not evaluated unless
differences in particles coordinates fulfil [riq — 7| < r,. In the second technique [10] tiny cells of
side lengths less than r. are introduced in contradiction to the conventional approach in which
the lengths of the chaining mesh cell sides are always greater than or equal $o the r.. Obviously,
more neighboring cells in each direction have to be taken into account. In the program each of
the previously defined cells is divided into SCR (side cell ratio, §CR = 1,2,...) parts along
each side defining tiny cells. In this case the number of neighboring molecules is diminished.
Assume for example that every side of 27 neighboring cells is divided into 2 parts, then 125 out
of 216 cells is taken into consideration only. In that case the tiny cell technique should consume
0.58 of the time spent on calculations with classical cells: In practice advantage of the method
is not so high according to more computational time spent for ceils searching. :

- Let NC4 be the number of cells in « direction respectively. It is obtained with the input
data -

Vi N ] QuSCR .y

NCa= lNA @0, @)
where (), reflects the side lengths of the computational box and r. is given in physical units.
Using the fce starting configuration, Q, means also a number of the fcc cells in « direction. The
ratio of side lengths of the computational box should fulfl Q5 : @y : @; = k : &kl : klm, where

k, I, m are integers. The overall number of program cells is

Ne=[IvC. )

Te

To apply the Jink cell method [8,9], let HOC(c) be'a head: of ‘chain table entry for cell ¢
and let LL; be the link coordinate for the molecule ¢. Then (in respect to the program unit of
length} the procedure for filling the HOC and LL tables is summarized by [8,9]

fore:=0t0 NO -1 do

HOC(c) = -1
for 7 := 0 to N —-1do
Ca i= {Tial (43)
ci=cz + NCp-(cy + NCy - ;)
LL; = HOC(c)
HOC(c) =i u
end

A (—1) entry in HOC(c) indicates that there are no molecules in cell the ¢, Another entry gives
the address of the coordinates of the first molecule in the list. Similarly, the link coordinate of
a molecule 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.
For computer time savings several auxiliary tables are introduced. _ . _
Periodic boundary conditions are used with help of the tables M7C,(c,). Due to the com-
putational box dimensions

-NCy for =5CR < ¢, <0,
MICqy(eq) = 0 for 0<cqg < NCy, (44)
NC, for NCy<cq< NCy+ SCR.
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The cell index ¢ is usually computed using the equation
c= et NCo(ey+NCyoc)). (48)
In the most time consuming parts of the program Eq.(45) is replaced by = |
© 6= NCBy(e)+ NCBy(e,) + NCBylcy), - -+ - - - (46)
where riumber of opefat.ioﬁ.'s iS rédﬁced a.nti N'C*Ba.,. a.r'e. é,uxilia.ry. tables co'n.ser{ri.ng. til.e..rr.leaning
of Eq. (45). . S .

. For the'molecule ¢ lying in ceIl ¢ the ne;ghbonng pa.rt.u:]es are those from celi i and NNC =
(2. SCR + 1)® ~ 1 neighboring cells. Due to the Newtonian law only half of the neighboring
cells is taken into account. In the program the neighbors lying above the current cell and half
cells from the same level are investigated. Parameter SCR states how many neighboring cells

is taken into considerations in one direction. Then numbers of neighboring cells in particular
layers are '

a} along every coordinate : m = 2 SCR + 1
b) lying above the current cell : m; = m? SCR

c) lying on the same level as the current cell : m;: (m + '1).1 .S'C'R, .

Adding m, and mz we get the number of neighboring cells considered NNC2 = my+ms = (m’~

1)/2. In order to determine coordinates of the je-th neighboring cell (je=10,...,NNC2 - 1)
the tables ¥ H, are introduced.. The value of N H,(j¢) means the shift of t.he Jjc neighboring
cell in o direction relative to the current cell. Thus -

Cijo = Cig + Njfa(jc)! N L - (4?)

where ¢; = (¢jz,¢;y,C;z) 15 a neighbor of ¢;, NH, tables are set np'a,é follows. Let ix €

[-SCR, SCR], then

jer=10
for all combinations of iz,1,,¢, for which .
(tz > 0)or (i, =0,i, < 0)or (i, = i, = 0,0, < 0) :
begin (18)
NI, (je) = iq '
jei=je+1
end

The forces calculations are performed within two loops using the tables Uy (Bq. 36). The
primary loop is organized over ali cells of the computational box. Calculations of the individual
particle forces are done within the secondary loop. In order to increase the overall efliciency,

the simple secondary loop is replaced by its three different types, represented by program blocks
(0]
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forec;:=0to NC -14do
block_one o '
for jc:= 0 to my — 1do { cells with NH.(je)>0} (49)
block_two ' o
for je:=mq to NNC2- 1 do { cells with NH,(je)=0}
block_three a
end

The first type of the secondary loop (block_one) determines forces derived from the molecules
belonging to the same cell as the current molecule, The second type (block_two) takes into
account interactions with molecules belonging {o the cells with z-cobrdinates greater than the
current cell (orly molecules from cells lying above the current one aré examined). The third type
of the secondary loop (block_three) reflects interactions derived from the molecules belonging
to the cells lying on the same level as the current cell (with the same z-coordinate) and also half
of them is considered only. Thus subsequent program blocks are as follows

block_one
1= HOC(¢)
while (i > ~1) do

begin D (50)

1_{ (r < r:") then block_common
J=1LL;



block.two
Cio 1= Cig + NHo(je) { for « € {z,y,2}}
micy = MICu{¢ja) { for a € {z,y,2}}
¢;j = NCB(cjz) + NCBy(ejy) + NCBi(cj:)
t:= HOC(c:)
7= HOC(¢;)
while (i > ~1) do
§ = 5
i S Tia = MCa o o D
wbile (> -1 de (51)
.lf (r5= < Fot+ ris a.nd r,z > iz — To a,nd
 rjy < tet+riy and rjy > r‘y re and o
Pig < rc + iz a.nd LTl < ] _Qh_en blockﬁcommon S
_',' = LL
HOC‘(:_,)
LL;

Lo
i II

o

=]

(=P
F
[P

block.three
Cia 1= Cia + NHo(je) { for € {z,y}}
micy 1= MICs(cja) { for @ € {z,y}}
¢j = NCOBg(¢;z )+ NCBy(cjy) + NCB,(¢i,)
t:= HOC (e}
7= HOC(c;)
while (i > ~1) do
§ =
Tia 1= Tig — micy {for a € {z,y}} (52)
while (7 > ~1) do
H(rjs > rie — 7c and rjy < 7o + 7y and

Yo T4 < riithen block.common

= LL;
end
j = HOC(c;)
1= LL
end

E i

end

Within every type of the secondary loop the following block_common is used to calculate the
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forces (sec Eqs. 30-40)

block_common

§ =
k= XJ:"
= |7 = /o _

Uk 1= Uklp1 — Ukl : z
fijor = ‘”‘A'Lk (fia - Tjo:) : (33)
Fio 1= Fio + f:'jar
Fjar = F:fcx - fijar_

% 1= " + (ugrys + uy)
V=T~ 72 Ay -
end

Potential energy is equal to & = @ /2.

Splitting of the secondary loop reduces the computational time since in every type the nec
essary operations are performed only in respect to reciprocal cells orientation. The application
of the cube technigue tan be seen in conditional statements of Egs. (51)-(52) with proper order
of conditions verification reducing the computer time.

To verify efficiency of the algorithm some comparisons have been performed with the non-split
secondary loop [9] (neglecting the cube and the tiny cell techniques}, see Figure 1. For consis-
tency, potential tables and tables with kinds of interaction as well as with kinds of molecules
have been applied in the reference loop. Using the approach presented above (without the cube.
technique however), the computational time savings of 20% have been obtained in comparison
with the non-splitting sccondary loop. With the tiny celf technique, but still without the cube
one the savings increase to 35% for SCR = 2. Applying the cube technique but without the tiny
cell one gets the maximal savings of 45%. Mixing the cube and tiny cell techniques together
is not useful because in that case savings decrease monotonically with SCR increase. Another
feature of the cube technique is the weak dependence of computational tiroe for a single timestep
per particle on proper determination of the cutoff radius with reference to the cell side.

3 Description of the program

3.1 Introduction and top level p’rocéduf‘eé '

The structure and conventions adopted in the program are based on and similar to those of the
standard programming systern OLYMPUS designed for FORTRAN programs (11,12,13].

The full index of the program procedures and external variables (listed in external blocks
and alphabetically) is given in program comments. Referénces appearing in the form < c.m > '
refer to the decimal numbering of proccdures o s

The main program < 0.0 > contains descriptive coriments and cantrols the caicuIaL;ons by
calling appropriate [unctions (< 0.1 >-< 0.3 >). Procedure < 0.1 > basic initialises the basic )
program data defining the program operation mode and output form, while the <0.2> modily
routine changes those presumed values if necessary, according to the user-prepared input data
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Figure 1: Execution time for MD timestep per particle (on DSI-020 board) for varicus Forces .
procedures, Re = 2.50. a) non-split secondary loop based on.{9] coded in C language, b)
secondary loop split into three types with tiny cell technique, ¢) secondary loop split into three
types with cube technique. Average values for first 100 timesteps. :

file. The procedire < 0.3> control controls the run by calling functions from the rest of groups
(1-4) subject to riew or restart run. Procedures from the class < 0.m > involve alse some utility
procedures from the class <U.m>.

3.2 Initialisation procedures
The first class of procedures is the initialisation one. It.is devoted to establishing the system
configuration and parameters. In the procedure < 1.1> label_run some headings of the program

are introduced, procedure < 1.2 > preset initialises those external variables needed to specify
the run conditions. They can be changed next in the <1.3> data procedure.

3.2.1 Auxiliary parameters

On the basis of the established program .pé.'réhl.'ne.térs' the auxiliary values are calculated in <1.4>
auxiliary.val. In the section 2 of < 1.4>, procedure < 1.15> convert_si is invoked which converts
physical quantities of the system into SI units if necessary. Then (sections 3,4.2 and 7 of <1.4>)
some tables used within the program are allocated. Section 4.1 of < 1.4 > involves procedure
< 1.8 > scale_proc which calculates the number of cells, NCq, in %, ¥ and 2z diréctions, the
total number of cells, NC' (section 1 of < 1.8> (Eqgs, 41-42), the program units £, 7, M and
& (section 2 of < 1.8 >, Lgs. 21-24), the Lennard-Jones parameters ¢4 and oy (sections 4-5 of
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<1.8>, Eqs. 31-32), the potential “hard-core” pr and the cutoff radius r. (Eqs. 33-34).

Section 5 of < 1.4 > involves procedure < 1.9 > neigh_cells_matrices, which purpose is to
calculate neighboring cells coordinates N H,.

Section 6 of < 1.4 > invokes < 1.11 > potential_.init which purpose is to fill the potential
tables Ux (Eq. 36). Potential values shifted by v} are put into every potential table at the
uniform interval Ar? (see < 1.12 > potential, Egs. 35, 317 and 39). Last of all, section 7 of
< 1.4> allocates memory for tables containing the periodic boundary displacements and involves
< 1.16 > boundary-cond to fill the tables. '

3.2.2. Initial system configuration. . ... . .. ... . . e

In each new run < 1.5 > initial function is invoked to set up the initial system configuration.
It allocates also (section 1 of < 1.5 >) most of program tables, including molecules positions,
momenta, forces, etc. The initial configuration of the system can be generated within the
program in a form of the {cc lattice (using procedure <1.13> partcls.coord involved in section
2.1). The eonﬁgura.tron can also be read from the user prepared external file (see section 2.2 of
<1.5>). Section 3 of <1l5> involves procedure < 1.10 > kind_arrays in order to define the
matrix of molecules kinds = (Eqs 26-28). Section 2 of <1 10> determmes the matrrx of kmds
of the molecules interactions X (Eq. 30). ) . :

Section 4 of <1,5> sets up and scales startmg momenta of molecules (<1 13> momentum
Egs. 13- 17), in order to remove the bulk motion of the system and Lo achreve the desrred
temperature. _

While the resta.rt run is assumed the procedure <1 6 > resume is 1nvolved (1nstead of < 1. 5 >
mrtraf) the purpose of which is to restore the molecules conﬁguratron and momenta as well as
other physical and numerical parameters from the external file. "In that case the compiiter
memory for most of the program arrays is allocated in <1.6>. Procedure <1.7> sta,rt starts
the calculations within the time Joop. ' o

3.3 Step on the calculations

The < 2.1> stepon procedure is executed once in every simulation step. In its section 1 the
procedures for forces calculations, namely < 2.2> forces or < 2.5> forces-with_rdf are invoked
depending whether the rdfs are to be determined for the current timestep. The rdfs are calculated
within and averaged over user defined time intervals. In the case of rdf calculations procedure
<3.4> rdf (Eq. 19) is also invoked in this section.

3.3.1 Force calculation
Procedures < 2.2 > forces and <2.5> forces.withrdf appff the a,.I.go.rit.h'r‘n described in section
2.4.5 of the paper.

3.3.2 Calculate molecules motion and rd{s

Procedure < 2.3> motion (called in section 2 of < 2.1>) solves the set of equations of motion
{Eqs. 4-5) using the leapfrog algorithm {Eqs. 6-7). Displacements of molecules are used in msds
calculations also (Eq. 20). Section 2 computes the kinetic energy, &', of the system (Egs. 8-9).
In section 3 the < 3.7 > msd procedure is invoked for mean square displacement calculations
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(Eq. 20) within user-defined time intervals {called msd windows). Sample examples of rd{ and
msd graphs are presented in Figure 2 and Figure 3 respectively.

3.3.3 Timestep quantities =

Timestep quantities representing properties of the system in every tiniestep are computed within
the procedure < 2.4 > values_total (invoked in section 3 of < 2.1>): Section 1 computes molar
step quantities, i.e. potential energy (Eq. 2}, kinetic energy {Eq.'9), virial (Eq. 3}, total energy
(Eq. 10), pressure {Eq. 11), and temperature (Eq. 12). Then the rolling averages {in section 3)
and average values together with R.M.S. fluctuations (in section 4 of < 2.4>) are determined.
Section 5 of < 2.4> performs classical temperature scaling [5] (see Eq. 17), applied every multiple
of timestep.

3.4 Output of the program and utility procedures . . ..
Output of the program is organized with the procedure < 3.1 output which provides initial-
isation, periodic and final output (supported with auxiliary procedures < 3.2 > out-mat and
< 3.3> out_scale). Its additional feature is to make intermediate and final savings of program
résults on ‘ekternal files. Semigraphical output is provided for rdfs and msds drawing on the
lineprinter, which is arranged with procedures < 3.5> rdf_output and <3.8> msd.output.

" Class < U.m > represents utility procedures used for simple input and output, debugging,
systein date and ‘time determination, pseudo-random numbers generation, etc:: Procedure <
U.10> error prints execulion error messages causing abnormal program termination.

The detailed descrlptlon of program external files, data input formats and methods for
dealmg w1th the program is gwen in the Program Manua,l o : : _
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Abstract

In the paper we report aboul micrecomputer simulation of formation and shedding of
vortices using 2-D molecular dynamics. It is shown that results of limited, but reasonable
scope could be obtained for a systemn made up of a moderate number of particles (¥ ~ 5000}
using a moderate number of time-steps (n ~ 10000). '

1 Introduction

Computer simulation is a popular and powerful method for understanding chemical and physical
processes. One of the main subjects of super— and parallel computers challenge is fluid dynamics
due to its wide practical applications. Since it is primary concerned with macroscopic phenomena
in fluids {e.g. diffusion, convection, laminary flows and fully developed turbulence), the theory
is not based in general on the behaviour of individual molecules, but Tather on their collective
motions.

The popular approach is to use the Navier-Stokes equations, which has been applied by
many researches to obtain the flow field of different characteristics (e.g. {1]-[4]). This kind
of equations is usually difficult to be solved in general and some simplifying assumptions and
limitations have to be introduced prior to numerical solution.

Another approach to simulation of fluid dynamics are applications of the cellular automata
(lattice gas) [5]. Their wide spread applications are at least partially based on their inherent
computational simplicity, although the results seem to be valuable and interesting [6}-{7]. This
feature is also a drawback of the lattice gas because there is no explicit continuous modelling of
forces acting in the fluid.

In engineering applications the most of flow studies concern dynamics at high Reynolds
numbers, for example RHe ~ 10000. However, in order to understand the stability and transient
properties during formation of vortices — it is profitable to start investigations at low Reynolds
numbers.

Since the work is in progress, in the paper we present some preliminary results obtained
from computer experiments using the Molecular Dynamics (MD) approach to model fluid flow
around an obstacle. Although similar results have been reported in the literature ({8], {9], [10]),
in Conclusions we point out some items among which use of microcomputers for such a kind of
simulation might be of interest,
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2 Flow modelling

Conventionally, the model consists of a finite number of particles, ¥, with mass, m, enclosed
into the 2-D computational box. The periodic boundary conditions are introduced in both «
and y directions.

One of the approaches to investigations of formation of vortices is to divide the computational
box into two zones of different properties: a thin thermal zone outside the obstacle, which
purpose is to “close” the flow, and the rest of the box in which the constant acceleration field is
introduced (8], [8].

In the paper we propose other partitions of the box into zones [11]:

o thin acceleration zone outside the obstacle in which the constant acceleration field is in-
troduced (the “pump” concept); the flow of the particles evaluates free in the rest of the
box, '

o thin acceleration zone (with constant acceleratlon ﬁeld) a.nd the thm thermal zone to
maintain the constant total energy. '

There are also several methods for introducing the obstacle (or a wall) into the system of
particles:

o “thermal” obstacle (or the wall) [8}-(9], [12], which simulates roughness of the surface;
this is equivalent to randomizing the velocity of a particle at its closest approach to the
boundary, while keeping the kinetic energy unchanged,

e “steady” particles (creating the obstacle orf/and the wall}, for which the equations of
motion are not solved - thus the particles forming the obstacle remain in their initial
positions during the simulation [13],

o “heavy” particles, with the mass ~ 101%n, which are simulated in the same way as the
rest of the particles of the system [10]

Due to snnphuty of the a.lgonthm in t.he pa.per the last approch is used

For our study constant volume model in two-dimensional (2-D} geometry is adopted. The
computer experiments are accomplished using the short-range 12/6 Lennard-Jones (L-J) inter-
actions between the particles. Parameters for Argon are adopted.

Due to computational time savings, values of the pair potential versus the squared inter-
particle distance are stored in an array. They are tabulated at uniform intervals Ar? to avoid
square root computation while using the table elements.

The most time consuming part of every MD program is forces evaluation. In the reported
algorithm the link-cell method [14] is applied to determine neighbour particles of the current
one.

The set of Newtonian equations of motion is solved using the well known leapfrog algorithm

More details of the simulation program are presented in Appendix B.

3 Results

In the paper results of two computer experiments are reported. They have beer;‘ carried out
using an AT-386/387 (20 MHz) microcomputer and the 32-bit SVS FORTRAN-386 compiler
{see Appendix B for timings). For the both the “pump” concept for the flow modelling with the
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constant acceleration field (@ = 2.5 x 10"m/s*) and the potential cutoff R¢ = 2.5¢ (o is a L-J
parameter) is used. The acceleration field acts only in 0.1 part of the box.

in the both experiments the average system velocity increases with the simulated time re-
maining below the sound speed for Argon at its triple point (864m/s).

3.1 Experiment 1

In the first experiment the ratio of computational box dimensions is equal to z/y = 2 and the
total number of particles ¥ = 4624. The “heavy” particles (Ny = 169) form the obstacle and
“close” the system in y direction.

In Figure 1 particles velocity distributions in the sample time-steps are shown. The velocity
vectors represent direction of motion only, they do not amount to velocity values. They concern
averages, which are determined on a base of computational box partition into sub-cells.

In Figure 2 sample particles trajectories are presented. Analyzing the figures, the formation
and shedding of the vortex can be seen.

3.2 Experiment 2

In the second experiment the cubic computational box with no boundary of the “heavy” particles
in y direction is adopted (¥ = 5000, Ny = 42). The obstacle is located centrally in the
box. Particles velocity distribution in a chosen time-step and sample particles trajectories are
presented in Iigures 3 and 4. The formation of the vortices can be seen as well, with strong
symmetry along the flow.

4 Conclusions = = ..

Irom the présénted results it follows that the molecular dyndmiés éﬁproach to microscale hy-
drodynamics could be used (at limited scope at present) for mmula.tlon of hydrodynamical phe-
nomena. Some items might be of interest:

e use of microcomputers ~ the results presented in the literature have been carried out using
a coupled array of 4 x FPS5-264 processors of the IBM Center at Kingston (U.5.A.) - [8],
[9], or a CRAY XMP-12 [10],

o use of a relatively small number of particles, N = 5x 10°, against N = 1.6 x 10° in [8]-(8];
in {10] however, a small number of particles (¥ = 3 x 103} has been used as well,

o use of a relatively small number of time-steps, n < 10% against n &~ 1.2 x 10% in [8]-[9] and
n & 3 x 10% in [10]; in every case Af & 10~44s,

o use of the shifted form of the L-J potential function with B¢ = 2.5, whereas in [8]-[9]

the attractive tail of L-J function is eliminated, leaving only a repulsive core.
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A Presentation manager program EDSIMP

The program EDSIMP is a graphic shell for molecular dynamics (2-D) programs [11]. It can be
used for input data modifications and for graphical editing of initial positions of the particles.
It offers many options for graphical presentation of the simulation results, namely: the particles
positions in subsequent time-steps, the particles trajectories, the particles momenta distributions
and 3-1 grid of the local particles density.

The program is written in TURBO Pascar (v4.0) for INTEL S088 — 80486 baf;ed raicrocom-
putels with EGA or Hercules gra.phlc adapters.

[ VIEH 1 I PROJECT: MWL

Total number of ﬁar'licles_ _.

NPARTS = 4s24
Total number of 1-st specie
HPARSP_L = - 4435
[Total number of 2-nd specie
NPARSP_2 L 143
Acceler ation field strength
FIELD Emss2]= = 2,5E+00L4
[Thermal part of the box
THBOR = 0.000
Dur ation of simulation
DTSIH [ps]l = &5 000
Current timestép
NSTEP = €500
- pverage velocity. . . .. -
U .. Lmesl =.. ¢
STATUS: POSITIONS

CHQICE: SCALE ON . : . F2= Jump Escz Ewxit. Other key= Uigu next step
Figure A.1: Sample program screen.

The optlons are chosen from pull-down menus. Hcip optlon is at dlsposal for a novice.
In Iigure A.1 a sample screen of the program is presented.

B Simulation program HMD-MD2DLJ

The program ([11]) is written in FORTRAN 77 using the Olympus' convention [158]-{27].
Timings for PC/XT (10 MHz) and for AT-386 (20 MHz) micrecomputers (with coprocessors)
have been obtained with RM/Fortran 77 (16-bit) and SVS Fortran 77 (32-bit) compilers.

No. of | MD time-step {s] | MD time-step per particle [s]
partictes | PC/XT AT-386 | PC/XT AT-386
242 5.87 0.67 0.024 0.0028
512 8.72 1.15 0.017 0.G022
1152 15.37 2.26 0.013 0.0020
5000 59,89 8.87 0.012 0.0018

Table 1: Timings for BEMD-MD2LJ program (average values for first 100 steps of simulation).
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The CCP5 Literature Survey 1989

W. Snith

In the following pages we present the CCP5 Literature Survey for 1989, As in
previous years, we note that the references inchuled form only a fraction of all the
possible papers velevant to the work of CCP3, but because of our limited resources, we
have deliberately adapted our search profile to produce a manageable subset. We konow
this sometimes disappoints our readers, especially those whose work has heen overlooked,
bt we repeat our promuse to carry an addendum in a later newsletter, including any
relevant references sent to us. Meanwhile we hope that the survey produced here is of
value to you all.

All the references included in the list are selected from the INSPEC
database and are reproduced with the permission of INSPEC, the Institution
of Electrical Engineers. The INSPEC database covers all areas of physics,
electronics and computing. It follows [rom the above paragraph that IN-
SPEC is not responsible for missing references, nov for any typographical
errors, which may have resulted {rom our retyping of the cowmputer print-
out. We are grateful to Mr. Geolf Jones, Head of Selective Services at
INSPEC for his advice and assistance.

Finally, it is a pleasure to thank Mrs. C.AM. Smith for proof reading the pages
presented hers and Miss A P. Haskayne of the Daresbury Reprographic Service for her
sterling work in typing it all. Since the COUPS editors did precious little, it stands to
reason they should be blamed for any errors that remain.
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Solid State Phys. Vol.24, 15-27 (1989). In Japanese. . . .. . .

Ion implantation model considering crystal structure effects. - . - .
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J. Phys. Vol.50, 509-12 (1989).

Tests of a scaling theory for self avmchng walks closc to a surfa&:e |
De’Bell, K. and Jan, N _
J. Phys. Vol.50, 769- 73 (1989).

Quantum Monte Carlo simulation of the spin 1/2 XXZ model on the square lattice. .
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On the formation of thermal spikes.
Mazzone, AM,
Radiat. Eff. Express, Vol.1, 15-19 (1987)..

Calculation of the moments of the ion distribution in compound sel:mconductors |
Garofalo, F. and Mazzone, A.M. . B T
Radiat. Eff. Express, Vol.1, 43-6 (1987).
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Rehn, L.E. and Okamoto, P.R.
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Phys. Rev. Lett. Vol.62; 1651 -4 (1989). T
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Scaling and fractaj dJmensmn of Ismg clusters at the d-2 cnncal pomt .' L
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Brower, R.C. and Tamayo, P.
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Structure and correlations of a liquidmetal surface: gold.
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