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General News

CCP5 ANNUAL MEETING. CAMBRIDGE. 1989 The annual meet-
ing of CCPS will be held on Decembar L7-18th 1989 in Cambridge.
There will also be a meeting of the steering comumittes at which a new
chairman will need to be appointed to replace Professor Catlow, It is
also hoped to hold a round table discussion to highlight future work
which will bacome possible with the availability of greater computing
power. [nvited speakers include

S. Garofalini. {Rutgers, USA)

N. Quirke (BP)

D. Tildesley (Southampton)

J. Goodfellow (Birkbeck)

P. King {OQxford}

J. Clarke (UMIST)

E. Colbourne (I1CT)

A registration forn is inclided in this dewsletter.

ARCHITECTURE AND ALGORITHMS Information is included in this
newsletter on a meeting planned {or the summer of 1990,

WORKSHOP ON PARALLEL ALGORITHMS This workshop will be
held in November at Daresbury. Purther details are included in this issue
of the newsletter.

VISIT OF PROF. BINDER TO THE UK Professor Binder will visit

the UK duaring November. Details of his pregram may be found in
this newsletter.

CRAY TIME CCP3 participants are veminded that CCP35 has an anaual
allocation of Cray time at Rutherford (Cray XMP-48}, which is availahle
for the development of simulation programs which are of general use to
the CCPS community. Readers who wish to use some of this allocation
should write to the CCP5 Sacretary, Dr. M. Lesiie, TCS Division, SERC
Dareshury Laboratory, Dareshury, Warrington WA4 4AD.
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CCP3 ANNUAL CONFERENCE 1989
GRAND CHALLENGES IN MOLECULAR SIMULATION
DOWNING COLLEGE, CAMBRIDGE. 17-13 DECEMBER 1989
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The conference will be held at Downing College, Cambridge from I7-
19 December 1989, Accomunodation will be in Downing College. The subject
matter of the conference will be in the general area of molecular simulation
but particular attention will be given to applications which are at the limuts
of current theory or available computer rescurce.

Among the speakers who have agreed to take part in the conference are:

o D. Tildesley (Southampton) Simulation of surfaces.

J. Clarke (UMIST) Stnulation of Polymers.

J. Goodfellow (Birkbeck) Simulation of DNA,

P. King { Oxford) Free energy calculations of pharmacentically important
moleculas.

E. Colbourne (ICI) Modelling of heterogeneous catalysis.
o S. Garofalini (Rugters University, USA) Simulation of oxide glasses.
¢ N. Quirke {British Petroleum) Industrial applications.

Further contributions in the general area molecular simulation would be wel-
come. The meeting will start at 9. am. on Mounday 18. December and finish
at lunchsime on 19th. Accommodation is available on the night of the 17th.
for those requiring it.






CCP5s ANNUAL MEETING - DOWNING COLLEGE,
UNIVERSITY OF CAMBRIDGE

GRAND CHALLENGES IN MOLECULAR SIMULATION
17-19 DECEMBER 1989

REGISTRATION FORM

Accommodation for 2 nights plus meals. £83.50 .
Accommodation for 2 nights plus meals, £30
{Stadents only; imited availability so first come first served.})

Registration, lunch and dinner on 13th, £3350 ...

Registration and lunch on 18th. only. F2350 .
Lunch on 19th. {Additional to one of above) £7.30

(Cheque payable to SERC CCP3)

Contributed Papers:

I do / do not wish Lo contribute a paper entitled

I enclose an abstract of my paper

NAME e
AD D RESS

The deadline for abstracts is Vovember [5th [389. Please submit your ab-
stract on A4 paper with a 4 cm. right hand margin. Please return with
payment to M. Leslie or W. Smith, SERC Daresbury Laboratory, Warrington
WA4 4AD, UK. The deadline for registration is December [st 1989






WORKSHOP ON PARALLEL ALGCRITHMS
IN MOLECULAR SIMULATION

Daresbury Laboratory

3th. November 1989

The purpose of this workshop is to bring together those groups currently working
on real scientific problems and using parallel processing as the method of solution. The
meeting will be an informal one-day affair, in which participants witl present shott (15
minute) talks on their methods. There will be opportunity for discussion and speculative
suggestions. The number of participants will not exceed 30.

We hope to attract participants with interests the lollowing areas:

o Systolic loop algorithins for MD and Monte Carlo.

o Hierarchical {master-slave) algorithms.

o Algorithms for multiple, independent simulations.

¢ Ewald sum and other methods for Coulombic Systems..
e Algorithms for heterogeneous systems (e.g. lixlk-cells;'r{éighbbuf lists ete.).
o Algorithms for macromolecules and polymers.

¢ Algorithms [or biological molecules.

. \;"ectoriéétion on par‘allél mé..c.t“line's.._

¢ Parallel graphics in i lzcular simulation.

* Energy minlmisation,

o Novel algorithms.

Readers interested in taking part in this workshop should contact Dr. W. Smith or
Dr. ¥ Aldller-Plathe, TCS Division, SERC Daresbury Laboratory, Warrington WAd4
4AD, or via electronic maill WLAUK AC.DL.DLGM, or FMPRUK.AC.DL.DLGM or
FMP@UI.AC.RL (Bitnet). Please specify your area of work and subject of your talk
(if any).



L CCP5 Announcement e
Visit of Prof. K. Binder to the United Klngdom

12 November to 18 November 1089

C'CP is pleased to announce the planned visit of Professor KKurt Binder, of the Uui-
versity of Mainz, to the United Kingdom in November 1989 (12th to 18th). Professor
Binder is internationally respectedd for his contributions to simulation physics and we
are deltighted that he has agreed to accept our invitation, :

The purpose of his visit, which is being sponsored by CCPS, is to provide U.IC
colleagues, with interests in simulation, the opportunity to hear Professor Binder give
topical serninars on simulation and to meet with him and discuss all aspects of simula-
tion.

The planned itinerary for his visit is as follows:

¢ 13-14 November: Bristol, where he will give a seminar on “Monte Carlo Sim-
ulations of Wetting”. [nterested readers please contact Dr. M.P. Allen at the
Department of Physics for local information (MPA @ UK.AC.BRISTOL.PVA}.

o 15 November: Daresbury Laboratory, where he will lecture on “Monte Carlo Sim-
ulations in Polymer Physics.” A workshop on the subject of polymer simulations
is also planned for the occasion. Please contact Dr. W. Smith at Daresbury for
further information (0925 603257 or WL @ UK. AC.DL.DLGAL).

o 16-17 November: Edinburgh University, where he will lecture on “Recent Develop-
ments in the Theory of Finite Size Effects on Phase Transitions.” Please contact
Prof. Stuart Pawley or Dr. David Richards at the Physics Laboratories for further
information.

We hope that many of our readers will be able to travel to these venues and take
part in meetings organised.

W. Smith, CCP35 24 July 1939,



PRELIMINARY ANNOUNCEMENT
A CCP5 meeting on

Architecture and Algorithms in Condensed Phase Simulations

The Collaborative Ccﬁmputalional'?rbjeét (CCP5) for the computer simulation of condensed

phases is planning a meeting to be held in St Andréws; Scotland from 2nd-Sth July 1990,

The m.ee.ti.n.g mll co.ﬁsid.e.r_ the .diff.eren:t types 'Iof ..compu.ler_..a..r.chitecture. used in the
simulation of condensed "phases_. and protein structures and_ will try to highlight the
advantages and diséd'\*ahtages of particular “architectures for - a variety of problems in
molecular s.irhulatio"n'." We wilzl - aiso consider the' algorithmis for‘ Mdnté Carlo, molecular
mechaniﬁs, | mole.:'(.:.ular. .c.l.'yn.a.mics: am.:l._ : Brd@rﬁi.an d.y.narh.icg simﬁl’atiéﬁs and  their

implementation on different machines.

The meeting ' will" include sessions” on 'sing!e—instrﬁctioﬁ'—multiple—data computers,
multiple—instruction~multiple~data computers, concﬁrr’ent and pipeline . processors (at the
mainframes. and super rr.liﬁico'rhputer_ 'le'v'e']),_ as well as purpo:sei-bunt.: 'si'rr_ﬁ.:lation machines.
There will be a session in which speakers will give detailed accounts of scientific advances
resuiting directly from the use of these new architectures and a session on the visualization
of simula;iéﬁ results A: laré;pds.t'er..s.e:s.si::n an.d. ”dé.rr.i.bhstr:a.iid'n.s. b).r' a number of computer

manufacturers- have also: been scheduled. - © .

The meeung | slioﬁ]& .' .'b.(f,.'of."int.e"rés't' to 'res;ea:r'chéfs' in the 'b"idlog'i"ca.l ‘and physical sciences,
who use molecular simulation tectiniques in their work. Further details can be obtained by
writing to - _
Dr. D.I. Tiidésiéy-
Department of Chemistry
The University _
Southampton S09 SNH'

U.K.



The CCP35 Program Library provides programs and documsntation free
of charge to academic centres upon application to Dr. W. Swmith, TCS Di-
vision, 5.E.R.C. Daresbury Laboratory, Daresbury. Warrington WA4 4AD,
UK. Listings of programs are available if required bat it is reconunended
that magnetic tapes (supplied by the applicant} be used. [t may also be pos-
sible 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 con-
sidered unusable by Dareshury Computing Division and returned without the
required softwara, 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 exarmple
programs originally published in the book “Computer Simulation of Liquids”,

hy MLP. Allen and D.J. Tildesley {Clarendon Press, Oxford 1987). These are

supplied in the same manner as the resident CCP35 programs. We are grateful
to Mike Allen and Dominic Tildesley for their permussion. _ '
We should also like to remind our readers that we would welcome further

contributions to the Program Library. The Library exists td 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. Sruith, '

Please Note: For copyright reasons we are not. able to sup-
ply the programs CASCADE, SYMLAT, THBFIT, THBPHON and
THBREL free of charge to Universities outside the United King-
dom,

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

These :Progrc'ims. orlglnally .a.bpe:-.tred. on microfiche in the book .‘I:'thl.'[)ilt:e'r

Simulation of Liguids” by M. P. Allen and D. J. Tildesley, published by Ox- -

ford University Press, 1987. They are made freely available to members of
CCP35, 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 reséarch application. We ascribe no comimercial value to the programs
themselves. Although a few complete programs are provided, our aim has
heen to offer building blocks rather than black hoxes. As far as we are aware,
the programs work correctly, but we can accept no respounsibility for the con-
sequences 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 comumnents, and are written, in the
main, in FORTRAN-77. One or two routines are written in BASIC, for use
on microcomputers. In the ahsence 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 translation of these
programs into more sophisticated languages such as PASCAL or C should not
he difficult.



THE CCP5 PROGRAM LIBRARY.

ADMIXT IMD,LJA/MIXLE THHMSDHRDFL W, Smith
CARLOS MO VS+Aquo TH B. Jonsson
- : S. Romano
CARLAN {DA,CARLOS structure analysis} B. Jonsson
B 3. Romano
CASCADE (LS. DIL.EM TH-=STR! SR M. Leslie/
R W. Smith
CURDEN (DA, Current Density Correlations] - W. Seith
DENCOR (DA, Density Correlations W. Smith
HLJI D, LJALF TH+MSD +RDF] D.M. Heyes
HLJ2 MDLJALF TH-MSD+RDEF+VACE! O M. Heyes
HLJ3 (MD,LJALF/LC, TH+MSD+RDF] D.M. Heyes
HLJ4 [MD,LJALF/CP+CT, TH+MSD +RDF] DM, Heyes
HLJ5 MD,LIA/SELF TH+MSD+RDF] D .M. Heyes
HLJG MD,.LJA,TA, TH+MSD -RDF) D.M. Heyes
HMDIAT MD,LID,G5+Q4, TH+MSD +QC] S.M. Thompson
HSTOCH IMD/SD,VS+BA,LF+CA,TH] W.F. van Gunsteren/
o D.M. Heyes
MON MC,LJATH] . N. Corhin
MCLSU MC,LIA TH] ' C.P. Williams/

L S. Gupta
MCOMOLDYN IMD/MC,LIS+FC+AQ,

L LE+QEF/G5+QS, TH+RDF] A, Laaksonen
MCRPM . [MC,RPETH+RDF] D.M. Heyes
MDATOM  [MD,LJA,G5 THLRDF+MSD+QC] S.M. Thompson
MDATOM:  {MD,LJA,LF, TH+MSD+RDF) D. Fincham
MDCSPCYB  {PRMD,BHM+FC.C54+ G4, TH+STFRDF] W, Smith
MDDIAT. . [MD,LIDLF+CA, TH+MSD] D. Fincham
MDDIATQ  [MD,LID+PQ,LF+CA, TH4MSD] D. Fincham
MDIONS MD,BHM,LF, TH+MSD+RDF+STF] D. Fincham/

e ) ' N. Anastasiou
MDLIN (MD,LJL, G5+ Q4. TH+MSD+QC] §.M. Thompson,
MDLINQ  [MD,LJL+PQ,G5+~Q4, TH+MSD+QC] .M. Thompson
MDMANY  IMD,LJS+FCLE+QF,TH) D. Fincham/

_ o W. Smith
MDMIXT  [MD,LJS/MIX.LF+QF,TH] W. Smith
MDMPOL  {MD,LIS+PC,MIX,LF+QF,TH] W. Smith/

_ . D. Fincham
MDNACL  {MD,BHM,LF TH+MSD+RDF) W. Swith
MDPOLY  [MD,LJS,G5+Q4,TH+MSD+QC] S.M. Thorupson
MDMULP  {MD,LJS+PD+PQ/MIX,LF+QF,TH] W. Smith

MDSGWP MDLIA/SGWP,LF, TH+VACF+RDF+QCI W. Smith/

_ IC. Singer
MDTETRA  [MD,LJT,G5+Q4, TH+M3D+QC) S.8. Thomipson
MDZOID (MD,GAULF+QF, TH+MSD+RDF+VACF] W. Smith



NAMELSTIUT, Namelist etnulation] ' K. Refson

PIMCLS  {PIMCLIAMC TH+RDF +QC! : K. Singer
W. Smith
SCN (MCLIARFD TH] N. Corbin
SURF  {MD.BHM/TF/2D,LF TH+RDF] D.M. Heyes
SYMUAT (LS. PILEM+SYM,TH+STR] Harwell
THBFIT (LS.PIL,EM, Potential fitting] Harwell
THBPHONILS,PIL/3B,EM Phonon dispersian’ Harwell

THBREL (LS.PILEM,TH+STR!

Key:

Program types: ~  MD

o aet

PRAD
5D
DA
UT

PIMC

‘System models: LJA
LID
LJL
LJT
LJS
RPE -
BHAM
SGWP
TF
VS L
BA
PD
PQ
MIX
GAU
FC
PIL
DIL
3B
20
SE

s\igori thm: G5

Harwell

-~ Molecular dynamics

Mounta Carle
Parrinetlo-Rahman MD
Lattice simulations
Stochastic dynamics

Data analysis

Utility package

Path Integral Monte Carlo

Lennard-Jones atoms
Lennard-Jones diatomic molecules
Lennard-Jones linear molecules
Lennard-Jones tetrahedral molecules
Lennard-Jones site molecules
Restricted primitive electrolyte
Born-Huggins- Meyer ionics
Spherical gaussian wavepackets
Tosi-Fumi lonies '
Variable site-site model

Bond angle model

Point dipole model

Point quadrupole model
Mixtures of molecules
(Graussian molecule model
Fractional charge model
Perfect ionic lattice model
Defective ionic lattice model
3-bady force model

Two dimensional simulation
Shifted force potential
Fractional charge model
Aqueous solutions

Gear 5th order predictor-corrector
Quaternion plus 4th. order Gear P-C.



LF Leaplrog (Verlet)

QF Fincham Quaternion algorithin

Qs - Sonnenschein Quaternion algerithm
LC Link-cells MD algorithm

CP Constant pressure

CT - Constant temperature

TA Toxvaerd MD algorithm

CA Counstraint algorithm

EA - Lnergy minimisation

SYM Symmetry adapted algorithm
RED Rossky-Friedinan-Doll algorithm

Properties: - - TH: Thermodynamic properties.
MED L Mean-square-displacement
RDE - Radial distribution function
STI" -~ Structure factor. o
VACF- - Velocity autocorrefation function
QC - Quantum corrections

STR. - Lattice stresses



Programs from the Book “Computer Simulation of Liquids”
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Periodic boundary conditions in various geometries

5.value Gear predictor-corrector algorithm

Low-storage MD programs: using leapfrog Verlet algorithm
Velacity version ol Verlet algorithm

Quaternion parameter predictor-corrector algorithm
Leapfrog algorithins for rotational motion

Constraint dynamics tor a noolinear triatomic molecule
Shake algorithm [or constraint dynamics of a chain molecule
Rattle algorithm for constraint dynamics of a chain molecule
Hard sphere inolecular dynamics program

Constant-NVT Monte Carlo for Lennard-Jones atoms
Constant-NPT Moute Carlo algorithm

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

Hard dumb-bell Monte Carlo program

A simple Lennard-Jones force routine

Algorithm for avoiding the square root operation

The Verlet neighbour list

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

Routines to perform the Ewald sum

Routine to set up alpha fecc lattice of linear molecules

[nitial velocity distribution

Routine to caleulate translational order parameter

Roudines to told/untold trajectories in periodic boundaries
Program to compute time correlation functions
Constant-NVT molecular dynamics - extended systemn method
Constant-NVT molecular dynamics - constraint method
Constant-NPH molecular dynamics - extended systemn method
Constant-NPT molecular dynamics - constraint method
Cell linked-lists in sheared houndaries

Brownian dynamics for a Lennard-Jones Ruid

An efficient clustering routine

The Voronol construction in 2d and 3d

Monte Carlo simulation of hard lines in 2d

Routines to calculate Fourier transforms



o .R.ép.(.)r.t on the CC‘P'S Symp.osiuﬁi.dﬁ: o
“NOVEL METHODS IN MOLECULAR SIMULATION”

held at Royal Holloway and Bedford New College, Egharmn,
Surrey TW20 OEX on the 3rd and 4th of July 1989.

D.M. Heyes

September 6, 1989

This summer saw another successful CCPS symposium held at this picturesque cam-
pus of London University. It brought together shimulators working in a number of new
flelds of microscopic simulation. The meeting started with a talk on *Neural Networks:
New Tools for the Computer Simmulator”, by Prof. R. Cotterill { University of Lynghy,
Denmark), who reviewed the Reld of neural networks, in particular the potential and
current problems. A seminar on “Simulations of Solids and Liquids using Cellular Au-
tomata”, was then given by De. M. P Allen (University of Bristol). He talked ahout
new advances in producing useful dynamics out of spin lattice simulations, Both of
these talks aroused much vigorous discussion. The second of our invited speakers from
abroad, Dr. J. Naudts { University of Antwerp, Belgium} presented a paper on “Lattice
Simulations of Percolation and Emulsions”. The lattice gas cells were studied under the
influence of electric fleld. He described some fascinating new insights into the univer-
sal properties of dynamic percolation. Another welcome visitor from abroad. Do, G5,
Grest (Exxon, NJ, 11.5.A.), teviewed some new major simulations of macromolecules.
He showed strong evidence for ¢'/2 and t'/* regimes of dynaniical relaxation. Reptation
and other co-operative chain motions were clearly seen from the extensive sinulation
results presented.

The post-prandial evening round-table discussion was centred around perceived ma-
jor challenges in simulation. This produced a lively wide-ranging debate on the futurs of
simulations of biological molecules, transport coefficients and quantum effects by direct
simulation,

The second day commenced with a seminar on “Car-Parrinello Simulations”, from
Professor d.J. Gillan {University of Keele}. The technique and some recent applica-
tions were described. Dr. R. McGreevey (University of Oxford) talked about a new
M C method employing scattering structure factors to produce intermolecular pair po-
tentials in a talk entitled “Reverse Monte Carlo Simulation”. Molten salt test com-
pounds were treated in some detail. The Monte Carlo theme was continued by Die. D.J.
Tildesley ({Fniversity of Southampton) who talked about *Gibhs ensemble MC" and its
applications for determining the phase boundaries of multicornponent Ruids. Efficiently
determining the critical point of spin systems is {requently prevented by critical slowing
down. Dr. D. Nicolaides { University of Bristol) in a seminar entitled, “Multi-move MC
and Ising calculations”, reviewed some new techniques for travelling quickly through
phase space in the vicinity of the critical point. Prof. J.G. Powles (University of Kent)



tectured on “Information Theory and Fractal Methods™. He talked about the shape of
the trajectory of single particle motion in a simple Auid. Line shape fitting using infor-
mation theory was described. “dlolecular Dynamics from a New Angle”, was considered
by Prof. R. Cotterill (University of Lyngby, Denmark} in the second of his presentations.
He introduced the possiblility ol carrying out multimove M D along a hypersurface which
would enable real timme to be spanned many orders of magnitude faster than at present.
Last but not least was a presentation on “A Direct Method for Stwdying Reaction Rates
by Equilibrium MD”, by Dr. D. Brown (J.M.1.5. 7., Manchester). He described a non-
intrusive method for determining rate constants and mechanisins for chemical reactions
by calculating concentration corratation functions. :

b



Two tor the Price of One! The Hidden Capacity of the
Complex Fast Fourier Transform

W. Smith

~July 11, 1989

Introduction

The power and versatility of the complex fast Foutier transform is well known (and
indeed, has been outlined in this newslettar previously {1, 2i). The purpose of this
artitle is to point out yet another aspect of it, which leacds to even sreater efficiehcy in
cotuputational applications. It ¢oncerns the situation in which the function to be Fouriér
transformed s reaf; a situation that happily drises frequently in molecular dynamics
applications. To see how this can be exploited however, we must do a little matheinatics,

Readers interested in a more thorough account should consult reference [3.

Basic Fourier Transform Properties

The standard form of the Fourler transform relates a function A(#) with another function
H{f) through an integral:

H(f) = ] ME) dep(~Fmifty dt (1)
and under reasonahle circumstances, this transform has an inverse = ..
h(t) = / H(f)ezp(2miftydf. (2

in which f and ¢ (frequency and time - or'some othersuitable conjugate variables) define
the domains of the two functions.

An important property possessed hy many functions is that they may be described
as even or odd. This simply means that if we change the sign of the argument, an
even function returns the same value, while an odd function returns the negative of the
original value, i.e.

Ch(t) = A(=1)

for an even function, and

| h(t) = Ah(—@)

for an odd function. In general functions are neither even nor odd, but can be éxpressed
as the sum of an even and an odd function i.e,



with

f:‘(ﬁ) an é[b(f)ﬂ_};(_r))
and |
of1) = S(h{1) - A(~0))

Products of functions can also be even or odd. The product ol two even lunctions
or of two odd functions is even, while the cross product is odd. These properties are
largely setf evident. Equally self evident is the fact that a definite integral of an odd
function over an interval { o, =0} must be zero, while the corresponding integral of an
aven funciion may be nonzero.

These situple properties are very useful when employed in conjunction with the
Fourier transformi. Most importantly, for the purposes of this note, it can be shown that
when A(t}) is a real function, the Fourier transform A(f}, which in general is compler,
has a veal part that is evenin f and an imaginary part that is odd in f. This is seen most
readity in the inverse Fourier transform {(Eq. 2) of H(f) back to A{t). The eap(i27 ft)
term may be split into an even function cos(27 ft) and an odd function i sin{2r ft)
through Buler’s relation. [t follows simply, from what has been said above, that the real
part of #(f) has to be aven and the imaginary part has to be odd, if the Anal expression
of A{t) is to be real.

This property becowmes aven more luteresting if the function A{¢) is constructed to
be a complex sum of two reafl functions {say (¢} and b(t)) in the following way:

R(1) = a(t) + i b(2). ¢

It then turns out that if this function is Fourter transtormed, it is possible to extract both
the Fourler transforms of a{£) and 4(¢) from the result with very little effort. Effectively
this means that we can Fourier transform the two real functions a{t) and b{¢t) at the
same fime. This useful property merits a closer examination.

Fourier Transforming Real Functions.

Lat A(t) be defined as in equation {3), and let its Fourier transform be H(f). Let the
functions a(f) and b{¢) have Fourier transforms A{f) ancd B([f) respectively. We shall
distingnish hetween the real and lmaginary parts of the complex functions by the use of
single and double dashes, i.e.:

H{f)= H'(f)+i 8"(f)

where H’(f) is the real part and H"(f) the imaginary part. _
Since equation (3) represents a linear combination of two functions, we can write
directly:
A{fy=A(f) ++ B()).
{This simple equation is deceptive; A{f) and B{f) are complex!) Separating out the
real and imaginary parts of all these functions gives:

A(f) = B"(J) (4)
AY(f) + B(S). ()

7'(f)
H(f)

1
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100

PARAMETER (f=2#**integer)
DIMENSION A(NY,B(N),AI{N),BIGD
COMPLEX H{N) Co

LOAD COMPLEY ARRAY H(M) WITH REAL ACH) AND B(M) -

DO 100 I=1,4
H{I}=CHMPLXCA(I),B(I))

CALL 5YSTEM FAST FOURIER TRANSFQRM ... :
CALL FFT{(!,H,plus system specific parameters)

EXTRACT FOURIER TRANSEFORMS OF A AMD B
ACL)=REAL(H(1)) .

ATCL)=0.0 L
BOLY=AIMAGCH(L)) - o on)
BI(1)=0.0 :

DO 200 I=2,8" - .

0.5%( REhL(H(IJj. REAL(H(M+2-Ij))-:

+ .

all) =
ATCI) = Q.S+« AIMAG(HC(I)) - AIMAGCHCU+2-I)))
B(I) = O0.5x{AIMAG(H(I)) + AIMAG(H(N+2-1I)))

BI(I) = 0.5%(-REAL(H(I)) + REAL(H(N¥+2-1)))

200 CONTINUE

etc.

. Figure 1. FORTRAN Code for Fourier Transform of . . .
Two Real Functions Simultaneously . .

Also, for negative values of frequancy we can write:

H(-f) = A1)~ B"(=))
H'-F) = A"(-H+B'(-f)

(6)
(7)

We can now use what we know about the real and imaginary parts of the Fourler
transforms A{f}) and B{f), namely that the reai parts are even and the imaginary parts
are odd, to rewrite (6) and (7) as:

HY(-f) = A"+ B)
Lastly, combining equations (4),(5),(8) and (9), we obtain
LA = JED R
) = SES - B
B = () + B 1)
B(f) = S(-HU)+H (=)

H{=f) = A(f)+ B

(9)



These equations clearly show that, once the coraponents of H( f) are ohtained by Fourier
transforming A(t), we can easily cateulnra the components of A(f) and B{f), which
coustitute the Fourier transforms of a{:: wnd b(t). .

The cealisation of this method in rude FORTRAN Is particularly simple, and is
presented in Pigure | The complex array #{.V) s constructed from the two real arrays
A{N} and BLN ). A standard fast Fourier transform (FFT) routine {every computing
system has one!) calculates the discrete Fourler transform. The real parts of the Fourter
transforms of 4 and B overwrite the original arrays. The hmaginary parts are placed in
arrays AI[N) and BI{N) respectively.

Applications of this trick are obviously many, but a particularly nice application
mught be the method of Osguthorpe ef ol {41, which Fourier transforms of the trajecto-
ries ol atormns in MD simulations of complex molecules. The purpose is to ‘project out’
particular frequencies {{or example, those corresponding to particular wmodes of vibra-
tion) prior to displaying the trojectories in :noving graphics. The effect of this tachnique
ts visually stunning and greatiy reduces the ‘visual chaos’ effect of conventional MD
movies, [t is apparent here that long Fourler transforms of many trajectories are re-
quired, and any trick that reduces the computational cost is beneficial. {Indeed, it i3
not even necessary n this application to extract the final Fourier transforms since the
clata can be filtered and inverse transformed without needing to do this.)

Convolution and Correlation

A well known application of the fast Fourier transtorm is to speed up the calculation
of convolution and correlation integrals (2, 3. Since in MD we are usually ¢onfronted
with real data, we may ask if the above trick can be exploited here also, to permit the
calcudation of (say) two convolution integrals at the same time. This is indeed the case,
though the algorithm is not so easily described, I shall attempt to outline the method
for the calculation of a convolution integral, the corresponding treatment for correlation
integrals is very similar.
The standard form of a convolution integral is

and the equivalent expression in the frequency domain is {3}

PLfy = ANBY
where A(f). B{f) and P(f) are the Fourier transforms of a(#), b(¢) and p(t) respectively.
The simplicity of this expression, coupled with the computational efficiency of the FFT
is what makes the FF'T method of computing convolution integrals so attractive.

Now if a(t) and b(¢) are real functions, and we introduce two additional real functions
e(t) and d(¢), with convolution ¢{t), we can calculate both p(¢) and ¢(t) at the same
time in the following manner.

Defne two complex functions g(t) and A{t) as follows

g(t) = alt) + 2 c(t)

A{t) = b(E) + i d(e).



[F we Fourter transform g(t) and A(2) we get G(f) and H(f) respectively, whose real and
lnaginary parts we represent in the usual notation

Glf) = G’(f} + 1 G”(f)
H(P) = H'(f) + 8 H'CF).

Following the above account of the simultaneous Fourier transform of two real functions
we can write inunediately (c.f equation (10))

() = 56U+ G- i
2= Net-et-n
cy s Nen @
U e -GN G
B = )+ H(-5)
B = () - HY-D)
DS = )+ EP)
D) = -H) EE-f) (13)
The function products we tequire in the frequency domain are S ’
U= ARBU
and o
s =CHD.
The products on the right of these equations can beexpanded ints™
ADBI) = (XNBU) - AAIBD) + 1 HB) + AF)B)
and | .
LD = (CADF) - DDA+ (C D) + CNDI)
{rom which it is obvious that
P = ANB) - A
P = ADB DB
QU = LN - CUADS)
Q" = CUHDI  CUND) (14

Clearly, by way of the equations (13), all these components may be calculated from the
components of G f} and H{f).

o



PARAMETER (M=2#*Integer) " :
DIMENSTON A(M),BCM),CQNY,DQNY,PGH Q0N
COMPLEX  G(M),H(M),Z(\}
RMORM=1.0/FLOAT(HN)

¢ CONSTRUCT COMPLEX ARRAYS GL{M) AND H(N)
DO 100 I={,N
G{I)=CMPLX(A(L),C(I))
H(D)=CHMPLX(B(LY ,D(L))

100 CONTINUE

C CALCULATE FOURIER TRANSFORMS OF G(N) AND H(M)
CALL FFT(M,G,plus system specific parameters)
CALL FEFT(M,H,plus system specific parameters)

c COMSTRUCT COMPLEX Z(N) ARRAY
ZL=REAL(G(I))*REAL(H{T)})
Z23AIMAG(G(I) ) *ATMAG{H (D)}
Z(1)=RNORM*CMPLX(ZL,Z2)
DO 200 I=L,N/2 _ _
AT1=0.5%(REAL{G(I+1))+REAL(C(N+1-1)))
AI2=0 . 5x (ATHMAG(G(T+1))-ATMAG(G{N+1-1)))
CIE=0.5*(AIMAG(G(T+1))}+ATMAG(G(N+1-1)))
CI2=0,5%(-REAL(G(I+1))+REAL{G(N+{-T2})
BIL=0.5%(REALCH(T+LI)+REAL(HN+1-T)))
BI2=0.5x(ATMAG(H(I+1))Y-ATHAG(H{N+1-1)))
DI1=0.5*x(AIMAG(H(T+1) }+ATMAG(H{N+1-1)))
DI2=0. 5% (-REAL(H(T+ 1) Y+REAL(H{N+1-T)))
PIL=RNORM*(AI{*BIL-AI2#BI2)
PI2=RNORM*(ATL*BI2+AI2%BI1)
QI{=RNOAM#(CI1%DI1-CI2%DI2)
QI2=RHORM# (CI1*DI2+CI24DI1)
Z(I+1)=CMPLX{(PI1-QI2,PI2+QI1i)"
Z(M+1-T)=CMPLX(PIL1+QI2,QI1-PI2)

200 CONTINUE : k

C INVERSE FOURIER TRANSFORM ARRAY Z{(N)
CALL FFT(N,Z,plus system specific para:"eters)
¢ EXTRACT COWVOLUTION ARRAYS

DO 300 I=1,N

P(I)= REAL{(Z{I))

Q{I)=AIMAG(Z(I))
300 CONTINMUE

etc,

Figure 2. ‘DRTRAN Code for Calculation of Two
Real Convolution Integrals Simultaneously.

This however is only part of the story. The product obtained in the frequency domain
must now he inverse Fourler transformed to obtain the final convolution. That 15 we



must obtain p(¢) and ¢(¢) from P{f) and O(f) Since we know that p(t) and ¢(¢} are real

functions, it would be nice to obtain our result in an economical and stralghttorwmrd _

way, using the lessons we have learned already. We can do this as follows, .
Define a complex function z{¢} such that

(1) = p(t) + i qlt) (15)

We now say this has a Pourler transform Z{f) with components Z'(f) and Z”'(f'_}. As
hefore, these components are related to the Fourier transforms of p(¢) and ¢{t), namely -

P(J) and Q(f)

P e NGB
B 'f'")HU‘.).. : é(zrr(f)_ Z”(—f)) _. :
e b i s L
QW = 220 )
| R F (G LT R 103 A RN ¢U B
We may rearrange these equations to give SR o
2 = P - QU
") = P”() Q')
Z(~f) = PUEQUY
N-f) = =PI EQUY un

These final equations fell us how to construct the function Z{f) in the frequency domain
so that on tnverse Fourter transforming it to z(t) we find the convolution functions p(¢)
and q(t) in the real and imaginary parts réspectively; of the function =(t).
 This completes the clescnptlon of the method. [ts Jmplementatlon in FORTR ~\N
appears in Figure 2, where the variable names are ‘the samie as in the above text. The .
variable RNORM is a factor which correctly renormalises the functions after inverse .
Fourier transforming thér, The reader may like to derive the corresponding algorithm
for correlation functions, but bewars the product of Fourier tr'msforms in the ir@qucmy
domain, since one of the functions mist now he a complex conjugate.” :

This algorithm also has obvions” apphcamons in MD. Less well known is its appllcatlon' :
in quantum simmulations {3}, about which we hope to say more at a later date!

References |
(1] W. $mith, CCP5 [nfo, Quart. 5 34 (1082),
2] W, Slmth CCP:: Info, Quart. T 12 (1984)

3] E.O. Brlgham Tr’ze Fast Foumer Tmnaform and atb Appiacatwns Prentlce I['l.ll \IJ
1988,

4] D.J. Osguthorpe, Bath N ATO Sumuner School, September 1988, “Pluids, Polymers
and Solids".

5] K. Singer and W. Smith, papér in preparation {1989).

-1



Benchmark Timings of an MD code on a Variety of Computers

by

David Brown' , Florian Miiller-Plathe® and Julian H. R. Clarke’

Within the last year we have been fortunate encugh to have had access to a number of
graphics workstations. By necessity these machines have to have significant coraputing
capacity to be able to handle real time rotations etc. In order to assess the potential for
molecular dynamics simulations we have evaluated the CPU performances using a
FORTRAN MD code as a benchmark. MD programs do not vectorise particularly well so
they provide a far more useful benchmark in this case than say the standard ones like
LINPACK and Livermore Loops. The assessment has since spread rapidly to encompass a
broad spectrum of computers from micros right through to 'supers'- a process aided by
distributing the program to interested third parties for running on their own computing
facilities. The resuits of all this frenzied activity is the table we present at the end. In glancing
back over the 30 or so previous issues of the CCPS Newsletter it 1s surprising that only one
previous article [1] has presented anything similar and that was nearly seven years ago. [t is
perhaps timely and appropriate then that the results of our survey be disseminated through
the pages of this journal.

Our philosophy in doing these benchmarks has been largely to assess the "readily
available" power of these, in certain cases multiprocessor, machines. By this we mean that in
all cases the code has at least been run without any changes being made to 1t using the
FORTRAN compiler as supplied by the manufacturer (and thus, one would hope, optimized
for that particular machine). We present here just the raw data and make no
recormmendations. Of course there are other factors involved and we leave you 1o draw your
own conclusions!

We have assessed the effect of various optimization levels, where appropriate, which
can lead to a certain amount of default vectorisation or even parallelization. In almost all
cases the compile options chosen resulted in only one processor being used.
In a few cases extra timings tiave been obtained for codes where changes have been made to
facilitate vectorisation. No attempts have been made to parallelize code for machines such as
the Silicon Graphics (SG) 4D/240, for example, which has four processors. This type of .
machine is quite capable of running a separate job on each processor so one could argue that
its "readily available” power is larger by a factor of the number of CPUs. However, this
does not affect the actual elapsed time or “wall time" of any one pamcula.r_]ob i.e, the ume
that the user perceives to have passed whilst running the compiled code given that the
machine is devoted to the one task. These are the timings we are concerned w1th and report
in this article.

The FORTRAN code we have chosen to use s @ berichmark i$ a program entitled
"Froggy" (2] which performs a molecular dynamics simulation of 108 Lennard-Jones atoms.
The code has been adapted in some respects to make it self contained i.e. it requires no exoa
libranes, such as NAG etc., for it to run. As is always the case, the main kernel is the
routine to calculate the interatomic forces. This is done in the simplest way using a double
DO loop. We are fully aware of the many possible alternative ways of speeding up this
process (neighbour tables, link lists, systolic loops etc.) none of these are in any way
relevant to what we are trying to achieve here. The timings we report are for runs of 1000

steps of the program under conditions of constant energy at the state point { p*=0.7_,

T Chemistry Department, UMIST, Sackville Street, Manchester, M60 1QD, U.K.
+ SERC, Daresbury Laboratory, Wartington, WA4 4AD, UK.



T*=0.3). The interaction potential was truncated at a radius of 2.8 and the reduced timestep
used was 0.01. Apart from the forces the only other properties calculated within the double
loop are the energy and the virial. In all respects "Froggy" is what might be termed a typical
MD program and as such the imings reported should, therefore, be useful to other people
even if they run their own code using the input parameters given.

As a benchmark MD code is a reasonable test of comparative power. We have found
it a far more tangible guide to performance than say MIPs or MFLOPs. Indeed we
encountered one example of a machine which was out performed by a factor of ~3 as
compared to a computer of a different make but of comparable specification.

As is well known the particle trajectories generated by different types of computers,
starting from the same identical initial conchuons will diverge if, as is highly likely, the
arithmetic 15 done in different ways. On multiprocessor machines MD becomes a particularly
demanding test of the abilities of nominally equivalent processors to produce exactly the
same answers. We have experienced rogue chips which produce what appear to be sensible
results in MD terms for the conservation of energy, say, yet are at odds with the consensus
of other "identical" CPUs! In an age where parallel processing is the flavour of the month
our experience has taught us that it is imperative to test each individual processing unit
carefully. In this respect Froggy has been invaluable,

(

1} D. Fincham and D. Heyes, CCPS Newsletter, 7, 33 (1982)
[2]

The original version of the code was taken from the textbook of

Allen and Tildesley, Computer Simuladon of Liquids, Clarendon Press Oxford (1987).
Anyone wishing to run the benchmark on thelr own computers and has access to the
JANet electronic mail network can contact David Brown. -

(MCDAPDB@UK . AC.MCC.CMS) who will send you a copy of the program an’
input configuration and control data set and a set of specimen results free of charge.
Please do not send magnetic tapes or floppy discs or any other transfer medmm w1thout
first contacting DB.



Van imings for 1 tim f benchmark MD "FR Y"__

Mach ing Opt, L"év'él'/:Cbmiﬁcnt._._ _ - 'E'r"gc'isi.g' n o  Tim /5
Amdah! 5890 oy O dAbye 17
.o 8byte 20
Amdahl VPI200 sealar o dbye . I8
: - owvector' o o dbyte o 14.6--
véctor tuned” S dbyte 2.16
7 wectortuned® . 8bye . . 218
Amdabl VPLIOO ~  scalar . " dbyte . 251
S vector tuned”” S dbyte o 3.13
o vectortuned” . ¢ 8byte 316
Apollo DN 10000 - O I 4byte - - 626"
Ardent Titan-1 02 o d4byter - 0 T 841
oz _ Bbyte 85.4
Convex C2-10 .~ =027~ - " dbye 0 o 0 405
Cray X-MP4S 0 by L
Cray X-MP28§ scalar; CFT comipiler. ~ - ° 8byte = .~ "~ 108
- vectoruned; CFT compiter ~~ 8 byte S 42

" cvector tuned; CFT77 compiler © =~ 8byte- - 7 973
FPS M64/60° - QBand O4 ' 8byte - . . 303
IBM 3090 - 4 byte ' ' 20
- 8 byte 21
INTEL iPSC/2 {SRM host) scalar 4 byte 2111
- 8 byte 3894
{one node) SX 4 byte 491
" 8 byte 1005
Mac II - 4 byte 2114
- 8 byte 2116
Mac SE 30 - 4 byte 1520
Meiko one T80 transputer 4 byte 249
b 8 byte 340
SG IRIS 4D/50 03 4 byte 205
Q3 8 byte 250
SG IRIS 4D/120 Q3 4 byte 99
03 & byte 129
SG IRIS 4D/240 GTX 03 4 byte 59
03 8 byte 71

Stellar GS 1000 Ol and O2 4 byte 275.9¢
O3 4 byte 281.5

- 4 byte 46.0°
Stellar G52000 02 and O3 4 byte 247
03 8 byte 258

Sun 4/110M" 03 4 byte 570
03 8 byte 605
Sun 3/60 03 4 byte 2194
03 8 byte 2340



® This timing for the VP1200 was obtained by just switching on the vector option i.e. default
vectorisation.

b One line compiler directives (*VOCL statements) were inserted to optimize the
vectorisation of the inner of the force evaluation double loop. This consisted of telling the
compiler the upper limit of the length of the inner loop, which variables within the inner loop
are temporary (i.e. their value is not required outside of the loop) and how often the IF
staternent, determining the interaciion range of particles, is satisfied (easily predetermined
from the density and the potential wuncation radius).

¢ The FPS M64/60 minimum precision is 8 byte.
“Timings for original code,
c'I'lmmcs obtained by Stellar personnel on adapted code. -

" These timings for the Sun4 were obtained on a machine containing a floatmg pomt umt
known not to perform to specifications under high plocessmg loads. Flmlxlgs obtained using
a revised version of the fpu were the ';ame 3 _

Data for the Apollo, Ardent, Convex, Cray X-MP48, IBM, Stelleu GS 1000 and Sun 3 were
* obtained by Florian Miller-Pldthe (Daresbury Laboratory).
Data for Macintoshes courtesy of Martin Whittle (Chemistry Dept Manchester University). -
(Both Macs used math co-processors)
 Data for Cray X-MP28 and Compaq were obtained by Hawthome Dav1s (D uPont)
" Data for INTEL cotrtésy of Bill Smith (Daresbury Laboratory). ' _
Data for T80 wansputer courtesy of Steve Liem (UMIST). : -
Data for the FPS and the Stellar GS2000 were obtained by Paul Mltchell (UMIST)
All the other tmings were carried out by David Brown (UMIST).
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[ntroduction

Spectroscopy is a valuable tool in various fields of chemistry and physics. [t is especially useful for
characterizing conformations of polymer chains and providing the {requency distribution for heat capacities
of polymer crystals. Recently we have applied a method to calculate speciral frequencies from molecuiar
dynamics (MD) simulation which differs (rom the standard Fast Fourier Transform (FFT) method.

vlost calculations of spectral frequencies are based on normal coordinate analysis, which assumes a
cotiection of harmonic oscillators as the polymer model.! These caiculations have been successful for the
description of rigid polymers or when nonlinear interactions are not important. Unfortunately, even a very
simple polymer such as polyethylene can have nonlinear, resonant interactions, and the normal mode
method should not be completely valid, (It is possible to add the appropriate coupling in an ad ho¢ way.)

In general, previous spectral calculations using molecular dynamics were not successful for large systems
because dvnamical chaos led to uninterpretable spectra.? Furthermore, the usual FFT method of producing
the spectrum often required the molecular dynamics results at an unmanageable number of time steps, This
is because the uncertainty in an FFT spectrum is 2n/T where T is the duration of the signal or MD
simulation. To obtain frequencies reliable to 1 cm™ means T = 33.3 ps. Recently we have developed a new
technique which renders the chaotic spectra interpretable and requires dynamic results at orders of
magnitude fewer 1ime steps, thereby reducing computationat times enormously.”"

MUSIC Method

The assence of the MUSIC method® is that a mode! for the power spectrum
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{s assumed and, given a sigral x(t) or corresponding estimate of the autocorrelation function

p{t) =J x{r} =x{r + £} dr

-m

" of finite duration, an estimate of P can be obtained, In the case of obraining dispersion curves (collective
mode frequencies), x(t) is given by

i€x,

pLK, ) = ZJ e

where the sum is over all the atoms in the system, x; are the atomic displacements, and K is the wavevector
which varies between 0 < K < 2xL. A dispersion curve consists of frequencies w(K). For a given K there
might be more than one dispersion curve; e.g., one might have low frequency (acoustic) and high frequency
{opticaly modes.

The important feature of the MUSIC technique is the factoring of the data autocorrelation matrix R

- into two vector subspaces; one a signal subspace and the other a noise subspace. From a set of N samples

o obp(K yat N time steps forv = 0 to (N'- 1) tgenerated from 1he molecuiar dynarmcs method a wmplex
. data vector of X dlmensmn p + 1 1s defned by SRR : -

(X, [m]at)
o (K, [m+1]AL) b
P o (K, [m+2]AtL)

el
¢

L2 (K, [m+pjac) ]

and we will denote x[m] = p(K, mat) to be the msh component of this vector. p is the dimension of the
(otal space to be divided into signal and noise subspaces. This vector X is used to generate the peh order
Toeplitz autocorrelation matrix R of dimension (p + 1) x (p + 1}
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where an r autocorrelation sequence can be estimated from the data samples (e.g., position as a function
of time) as

N 1
r (m] =

.m-
1 ; *
s uom ZO xin + mix [n] . (3)
nz

This marrix can be factored into a signal autocorrelation matrix S and a noise autocorrelation matrix W.

B8+ ¥ ()
Furthermore, we can solve for the eigenvectors and eigenvalues of R such that -
_ NSIG ~ T N N P R :
P T T § - L - iii
ST S I Coo 1=NSIGHL T T e

_. . where V. are the sigenivectors of R associated with the NSIG largest eigenvalues A (NSIG to be chosen).
~.. Here, NSIG eigenvectafs are associated with the NSIG sinusoids assumed present in the dala, i.e., the major
{requencies expected in the spectrum. [n addition, p-NSIG eigenvectors. and a sei of numerically smaller

cigenvalues A; are associated with the noise subspace. Finally, the MUSIC frequency estimate Py gc(w) is
then

P (w) (63
MUSIC o D 1)

g (wl ¥ ViV E)

k=N3TG+1

where



exp(iZ2n[0lw)

exp(i2n{plwe)] . -

. The sum in Eq. (6) is over (he eigenvectors of the noise subspace. These eigenvectors will be orthogonal
ey signal eigenvectars, ie., VT‘e’(m) = 0. Thus, the Pyyqc estimate is effectively infinite when the frequency
w is found in (he signal.. However, in practice, the values just become large. . We have found that the
relative power levels have qualitative significance but are not quantitative.® Given a finite duration signal,
x(1), one must specify NSIG = number of expected spectral features and Ip < number of data points.
Optimal values of NSIG and [p must be obtained by trial and error initially, although in practice good
results are obtained by choosing [p > 4 NSIG, There also exst functions such as-the Akaike information
criterion which are useful in estimating NSIG.* ‘vfarple has prowded a convenient. set of FORTRA.N

- . programs 10 carry out the analyses discussed above.”

In the first senes of calculations, we have cornpuled frequenc:es for: an HF poiymer cham and for
stressed polyethylene.” The demonstrated computer times vary berween 1/80 to 1/1280 of the times that were
. previously used. Frequencies reliable to better than 1 cm' were obtained with simulations of duration ~ 0.2
ps. An example of both quasiperiodic and chaotic spectra for an HF chain is computed with MUSIC and
standard FFT melhod is shown in Fig. L
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Figure 1. Spectra of quasiperiodic (a, b) and chaotic motion (¢, d} using the MUSIC method in (g, c) and
the FET method in (b, d).



[n refated work® we computed the constant volume heat capacity for a crystal from the evaluation of the
molecular partition function. This type of evaluation treats each of the 3N vibrations quantum mechanicaily,
cach mode having discrele energy levels equally spaced by Aw . Anharmonicity is included by using classical
mechanics 10 calculate the densily of states g(w) and the frequencies o of the modes. Thus, we calculale
the constant volume heat capacity using a semiclassical approximation. This approximation is capable of
determining the anharmonic contribution of the optical and acoustical modes 1o the constant volume heat
capacity.  Analysis of the temperature-dependent g{w) spectra shows that anharmonicity tends to cause the
optical modes to decrease in frequency and the acoustical modes to increase in frequency as a function of
increasing temperature.” Using the semiclassical approximation to calculate the constant volume heat
capacity, it was shown that the optical modes do not contribute to the heat capacity at low temperatures,
but become the predominant factor at high emperatures. We have found that anharmonicity tends to lead
10 both negative and positive deviations {rom that of a harmonic model.

_ We have used MUSIC (o carry out other types of speciral analysis such as simulated transition frequency
- estimates in few body problems and resonance energy determination in wavepacket propagation,® Finally,

~we should remark that MUSIC is certainly not the only aliernative to the FFT. Many other approaches,

such as maximum entropy and linear prediction, are also discussed in Marple’s book.* We have simply
.. found MUSIC 10 be reliable and accurate for Lhe tvpe of analvscs discussed here; namcly Fourier analysm
.- of short-time MD results S AP . o
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MOLECULAR DYNAMICS ON VECTOR AND PARALLEL COMPUTERS

An annotated bibiiography by David Fincham

Introduction N S
This bibliography has been produced primarily to help me in preparihg lectures
and review articles. However, I think a wider dlsmbuuon is worthwhile, partly because
it is clear that some of the authors in the field are unaware of the work of some others;
and partly in the hope that it wﬂl prompt people to iet me know about work r.hat I
myself have mlsscd R "

" First a remmder about some basrc 1deas to c[anfy my tcrmmology The central_'_'_ ]
computational problem in molecuiar dyna.mu:s is the locatlon of mtelactmg palrs of
particles.. (A pamclc here can also mean a small rnolecule, or an interaction site or
group of sites on a Iarge molecule) Three basw strategtes ma'y be adopted dependmg'
on the. 1elatxonshlp bétween the size of the system (whzch dcpends on the range of spa- i
tial correlations to be mvesugated) and the range of the potential. In the all-pairs stra-
tegy a double loop examines each pair of particles in the system and determines their
sepa’rétibn" "Peiir"s" "s’épar'atéd by more than the range of the ‘interaction are then ignored
(sphencal cut- off) In the ne:ghbow list srrategy a list is formed of pairs separated by
a distance rather greater than the cut-off. Only paus in"the list need be considered dur-
ing the force evaluation stage of each time step. The list is revised whenever particle -
movemerits makwe this necessary: In the cell list strategy the computational region is -
divided into cells, usually of side' equal to range of the potential: At the beginning of
edch timestep a list is formed (usually in the form' of a linked-list) indicating which
particles are to be found in each cell. Then particles interact only with particles in the
same or immediately. neighbouring cells. T e s

* In véctor processing, a fully vector 10op is one in whlch all arrays are accessed in: -
constant strides.’ A gather is a process in which one vector is re-ordered into another .
according to a vector of indices: scatter is the reverse of this. Compression involves -
selecting a subset of elements from a vector and storing them consecutively, preserving -

their order, in another: expansion is the reverse of this. A merge is a process by which . .
two vectors are combined to give a single result vector by selecting elements either

from one or the other.

I call a parallel computer in which each processing’ element obeys the same
instruction. stream (DAP, Connection Machine) a processor array. 1 call a parallel
computer in which each procesor has its own memory and instruction stream (Intel,
Ncube, Transputers) a muiticomputer. .



Yector methods

[1] D, Fincham and B. J. Ralston Molecular dynamics simulation using the Cray-1
vector processing computer
Comput. Phys. Commun. 23 (1981) 127-134

This first paper on véctorisation of molecular dynamics considered a simple (all-
pairs) MD progtam, involving a double loop over particles, with a spherical cut-off.
The IF statement for the cut-off is replaced by a call to a vector merge function which
sets out-of-range interactions fo zéro. The scalar summation involved in accumulating -
the forces is achieved by storing pair forces in an auxnllary array, which is later -
summed by a call to the SSUM system routine. ARRTI :

The use of neighbour lists 1s aléo considered: In formmg thie lists 2" vectorisable
loop indexes all the in-range pairs, and 8 separate non- “vectorisable loop forms the list.
In evaluating the forces, a gather plcks up the required  coordinates so a“ vectorisable -
loop can evaluate the forces a scatter then distributes the stored’ forces back to- their -
arrays. _ o o

0ther pomts dlSCUSSCd but n0t explored in detail are: the use ‘of alternative boun-
dary condmons to cut down the number of wasted" mteractlons the conversmn of the "
double loop over partlcles o a smgle loop to glve longer vectors, and the vectonsanon '
of the reCLprocal space part of the Ewald sum o - '

{2] R.-Vogelsang,. MSchoen, a.nd C Hohelsal Vectorzsauon of mo!ecu!ar dynamzcs:_'_
- Fortran programs using the C‘yber 205 vector processmg computer ey e
- Comput. Phys. Commun, 30 (1983) 235 -241.

- The vectorisation of a'neighbour-list program is con31dered To give longer loops _
the double loop over particles and neighbours is converted into a single loop which is
then broken down into blocks of manageable length. The neighbour list takes the form
of a bit-vector with an entry for every particle pair in the system. When a block of
interactions is being processed the appropriate part of the bit-vector is used to control
compression of the particle coordinates to give a vector of pair separations for the
(3] F. Sullivan, R, D. Mountain and J. O'Connell Molecular dynamics on vector com-

puters

J. Comput. Phys. 61 (1985) 138-153

The vectorisation of the neighbour list' method is cons1dered To speed up the
generation of the list a new method called "the method of lights” is introduced. This is
based on sorting: particle data and indices are sorted into arrays in order of increasing
X coordinates, and independenily in order of Y and of Z coordinates. Appropriate
sorting methods for the vector and scalar case are described. The sorted data are used
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to locate the neighbours of each particle in a cube around it of side slightly greater
than the range of the interaction (compare with cell techniques, where the cubes are -
fixed in space),” A rather complicated series of gather and compress operations uses.
this information to set up a neighbour list. The neighbour list is two-dimensional: row
f list the neighbours (with j > ) of particle /. Since every particle has some neigh-
bours the intial columns of this array are full, Forces are calculated in vector opera-:
tions over cofumns of this array ; i.¢ the first vector operation picks up the first neigh-
bour of every particle, and so on. Subsequent columns may not be full: these are han-
dled by scalar code (presumably a compress or merge could also be used.) The usual
gather/scatter is required to go between the list of indices and the coordinate and force
arrays. IR PR : e
4] 8. Brode and R, Ahlnchs An optimised MD" program for rhe vector compurer

Cyber 205

- Comput. Phys. Commun. 42 (1986) 51-57

‘The most impottant achievement of this paper is the introduction of a reordering-
of the way the pairs are considered in a sinple MD program. By making a copy of -
some of the coordinates the usual double loop over the upper triangle of pair interac-. .
tion space is converted to a form in which the outer loop is shorter, and the inner loop
has a fixed length equal to the number of particles. As well as giving a longer loop,
this has the advantage that the force accumulation becomes a true vector operation. -
(And of course it is still possible to combine the double loop into an even longer sin-
gle loop). To apply the spherical cut-off the compress available on the Cyber 205 is
used to eliminate the out-of-range interactions, rather than simply set them to zero by
means of a merge. . | |

[5a] J. Boris A vecror:zed near ne:ghbours algorzrhm of order N usmg a Monotomc
- Logical Grid . L
J. Comput, Phys. 66(1986) 1 20 R, e o
(Sb} 8.G. Lambrokos and: J.P. Boris' Geometr;c properr:es of rhe Monoromc Lagrang:-_

an Grid algorithm for near neighbour calculations.
J. Comput. Phys. 73 (1987) 183-202

These papers introduce the Monotonic Loglcal (or Lagranglan) Grld Wthh pro-
vides an alfernative to cell ‘methods for large numbers of particles. The particle data
are ‘sorted at the start of the simulation into a three dirnensional structure such that the
X poéitio‘ns:i'ncrea'se-"rr'idm‘ot()nically with the first index; the Y positions with the .
second index, and the Z positions with the third index. One can think of each particlc_
as being at one of the points of a distorted rectangular grid. As the particles move dur-
ing the simulation, the grid distorts further. Whenever two particles interchange the
order of one of their Cartesian coordinates, the particle data are exchanged in the data
structure. This ensures that the grid remains monotonic. Each grid point thus remains
in roughly the same region of space, and in roughly the same relationship with
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neighbouring gnd points, though it does not always correspond to the same particle.

One can therefore find the neighbours of a given particle (gnd pomt) by looking at a
fixed set of nearby grid points, These comrespond to fixed posmons in the data struc-
ture and so the procedure is fully vectorisable. Because the grid is uregula.r it will be
necessary to pick up some particles outside the range of the cut-off in order to be sure_'
of finding al! particles within range. All these extra interactions are evaluated (mough'
they could presumably be eliminated with a compress op-erauon, at the cost of some
loss of vectorisation efficiency).. '

[6] D.M. Heyes and W, Smith C'ray vecror:sed ka ceii code ST
Information Quarterly. for Computer Simulation of Condensed Phases 26 (1987)_
68-73 and 28 (1988) 63-66. (This is an informal publication, also known as the
CCP5 Newsletter, available from SERC Daresbury Laboratory, Warrmgton,
Cheshire WA4 4AD, UK. ) L
This article gives code, with litde explanation; for the standard cell method as
implemented on the Cray. The cell indices for each particle are obtained by a simple
ansformation of the coordinates. . This is done in a smgle loop over partlcles and is
highly vectorisabie. Evaluating. the pair interactions within a cell or between neigh-
bouring cells, involves a gather loop to pick up the coordmates a vectonsable loop'
over pairs in which the spherical cut-off is applied by means of a vector merge, and a
scatter loop to distribute the pair forces. o S
[7a] D. C: Rapaport Large-scale mo!ecu!ar dynam:cs szmu!auon usmg vector and.
parallel computers: ' L :
‘Comput. Phys. Reports 9 (1988) i- 53

[7b] D.C. Rapaport Vectorised molecular dynamzcs aigonthms Informatlon Quarterly. -
for Computer Simulation of Condensed Phases 30 (1989) 23-29

These papers ([b] is a summary of {a]) are concerned with the cell list method in
the particular case where the number of particles is- very. large but the range of the
interaction is short, so that a cell will contain not more than two or three particles, In
this case the loop over pairs of particles in the neighbouring cells would be too short
for effective vectorisation. A method call "layering" is introduced. One particle from
each cell is regarded as forming the first "layer" (not in physical space!), another the
second layer, and so on. The inner loop of the algorithm is then over all pamcies in a
particular layer. To simplify the application of periodic boundanes ghost pamcies are'_'_
used around the edges of the box. [a] also considers parallel methods see [18] below

{8] M. Schoen Structure of a simple molecular dynamics Fortran program opr:m:sed _
for Cray vector processing computers
Comput. Phys. Commun. 52 (1989) 175-185- R _ .
A standard neighbour list is vectorised. Interactmg pairs are gathered into blocks
for processing to give adequate vector lengths.
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[9a] J. Mociniski, J. Kitowski, Z.A. Rycerz and P.W.M. Jacobs A vectorised algorithm
on the ETA 10-P for molecular dynamics simulation of large numbers of parncfes
confined in a long cylinder
Comput. Phys. Commun. 34 (1989) 47-54

[9b] J. Méscifiski and J. Kitowski Proposal of a vectorised MD algorz!hm for a very
large number of particles
Information Quarteriy for Computer Simulation of Condensed Phases 28 (1988)
54-62 : ' :

In [a) particle indices are sorted according to their coordinate along the cylinder
axis, and neighbours found by applying a cut-off in this "index space". This is very
similar to the Boris procedure  {3] in one dimension, except that only the indices, not
the coordinates, are sorted and therefore a gather is required to pick the latter up for
vector computation of the forces. {b] proposes to'exténd this idea to the three-
dimensional case by taking slabs of width equal to the =ut off." : e
[10] G.S. Grest, B. Diinweg and K. Kremer Vectorised hnk-ceH Fortran code for

molecular dynamzcs simulations for a large number of partcles - -

{preprint)

This is a hybrid method in which a cell list decomposition is used every few:
steps to sef Up 2 neighbour list.; A compress operation is used during the force evalua- -
tion to eliminate out-of-fange interactions from the list of pairs. The slowest part of
the algorithm is then the scalar summation involved in accumulating the pair forces -

onto” the ‘total force accumulators: It is shown that this can also be. vectorised with a: -

different ordering of the nelghbour list, Wthh arises lf Rapaport $ layer method is used"'-'
when Lhe hst is set up e : P ST



Parailel methods

(11a] G S Pawley and G W Thomas Computer simulation of the ptaStié«td-cryStd!line
phase transition in SF 5
Phys. Rev. Lett, 48 (1982) 410-413 _ _ -

[116] G S Pawley and G W Thomas The implementation of lattice calculations on the
DAF
J. Comput. Phys. 47 (1982) 165- 178

[11c] G. S. Pawley and M. T, Dove The one- d:menszonal piasuc phase of SF 6 a s:mu

lation ..
~ Chem, Phys. Lett 99 (1983) 45—48

[11d] M.T. Dove and G. S, Pawley A mo!ecufar dynamtcs szmuf’anon study of rhe plas
tic crystalline phase of sulphur hexafluoride
J. Phys. C: Solid State Phys. 6 (1983) 5969- 5983

This scries of papers was the first to consider the use of the DAP for moiecular
dynamics. A spatial decomposition of the problem was adopted with one molecule per
processing element. Because these plastlc crystals maintain theu t:ranslanonal order
each molecule remains in its own processor and the molecules wn.h Wthh 1t interacts |
can be found in a fixed set of nearby processors This makes it easy to evaluate
interactions with neighbours lying in a. partncular dll‘ﬁCthl'l sunuitaneously for ali_ N
molecules. These were. three- dimensional simulations and [b] discusses the general'___"
problem of mapping three-dimensional problems onto two- dunenmonal processor |
arrays. There have been numerous subsequent papers from this group usmg the same
technique for studies of various plastic crystals.

[12a] D Fincham Melecular dynamics and graphics using the DAP
1 “Parallel Computing 83", M Feiimer, J Jonbert and U Schendel (eds.) (El-
sevier, Amsterdam, 1984)
[12b] M.Neumann, Q. Steinhauser and G.S. Pawley Consistant calculation of the static
and frequency dependent dielectric constant in computer simulations
Molec. Phys. 52 (1984) 97-113
[12¢] D. Fincham, N. Quirke and D.J. Tildesley Computer simulation of molecular
liguid mixtures
J. Chem, Phys. 84 (1986) 45354546
[12d] D.J. Adams and G.S. Dubey Taming the Ewald sum in the computer simulation
of charged systems
J. Comput. Phys. 72 (1987) 156
These papers used a simple all-pairs technique on the DAP. All pair interactions
in the system were considered, in blocks of 64 x 64 at a time. Out-of-range
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interactions are set to zero: this is very easy using the logical indexing available in
DAP Fortran. In [a] the advantage of using noa-cubic boundary conditions in this case
is pointed out. [b] combines the methpd with a reaction field for the long-range forces.
[c] combines the method with particle insertion for evaluation of the potential energy.
[d] introduces effective 'p'atir'pote'ntial approximations to the Ewald sum: since they are
based on minimum image vectors without the use of a sphericat cutoff they run at full
efficiency on the DAP. :

[13] N.S. Ostland and R.A. Whiteside A machine architecture for molecular dynamics:

the systolic loop :
Annals N.Y. Acad. Sci 439 (1985) 195-208 -

This paper shows that the “tractor tread" systolic loop algorithm, previously
developed by the authors for Monte Carlo sunulatlon can’ also be used for molecular"*'- :
dynamxcs - : e o

[14a] D. Fincham Paral{ei compurers and moiecular s:mulanon ' o
Molec. Simulation 1 (1987) 145 R
[14b] D. Fincham Parallel computers and the szmulanon of so!xds and thmds o
Lectures given at the NATO Advanced Study Institute, Bath, 1988 (to be pub-
lished) _ _ o _ )
These are primarily revnews, but I dld make one or two new pomts In [a] I sug-
gested that the Monotonic Grid method might be suitable for hquld simulations on the
DAP: this was subsequently done by M. Alien (unpubhshed) and I expanded on the
point in [b] I also suggested that the Brode Ahlrichs vectorised all- pau's “method
could be used as a processor array method or as a mu1t1computer method Iri the latter
case it becomes a systolic loop method later to be known as SLD. I'also mtroduced a
new systohc Ioop method called pass the parcel m (4] but later known as SLS. '

[15] F. Bruge, V. Martorana and S.L. Formh Concurrent moiecu!ar dynam:cs szmula

tion of ST2 water on a Transpurer array _

Molec. Simulation 1 (1988) 309-320 |

This implementation uses a mapping of particles to processors called "boustro-
phedonic”, The processors are connected in a ring and the method is similar in princi-
ple to the systollc ioop memocls The program is written in Occarm.

[16] A.R.C. Raine, D. chham and W. Smith Sysroitc Ioop merhods for molecular"
dynamics szmulaz:on using mumple TranSputers B o
Comput. Phys, Commun, 55 (1989) 13-30 .~
This paper is a systematic examination of systohc loop methods T he statnsttcs of_ '

load balancing, and the communication overheads, are examined. It is shown that the

methods can be reorganised so that computation can proceed in parallel with eommuni-_' |
caton, On Transputers SLS is the best method. Providing the ratio of particle to pro-
cessor numbers is greater than about 10 the methods achieve 100 % efficiency.
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[17] H. Grubmul]er, H Heiler ‘and K. Schulten Malecular dynam:cs simulation on a
parah’ef computer Molec. Simulation (to° appear)

These authors have built a Transputer based machine and written an Occam pro-
gram for the molecular dynamrcs of biopolymers (based on CHARMM protocels). The
method is similar to the SLD systohc loop..

[18] sce [7] above

Here the author considers parallel methods based on a spatial decomposition. The
computational box is divided into slabs of equal size, each associated with a processor.
The processors are connected in a ring. Each processor evaluates interactions between
particles inside its slab: interactions between particles in nerghbounng slabs are calcu-
lated in both pr ocessors after exchange of the relevant partrcle coordinates. Because of
the ring topology all processors are equwalent and periodic boundaries dre easily taken
into account. The ratio of communication to computation depends on the ratio between
the cut off distance (controlling the amount of data to bé éxchanged between proces-
sors ) and the thickness of the slab, As particles move duririg the simillation they will
gventually cross the boundaries between slabs. Some bookkeeping work is then neces-
sary to maintain the data in each processor in an organised state. -

[19] H.G. Petersen and J.W. Perram Molecular dynamics on transputer arrays. [ Algo-
rithm deszgn programming issues, timing etperzments and scaling projections

Molec. Phys 67 (1989) 849-860- S ¥

This paper ‘also eonszders a slab based decomposmon on'a ring of processors. A
standard spatral decomposmon usmg a linked list is used within a slab. The interest is
in modest numbers of partrcles but Jarge aumbers of processors so that the slab thick-
tess may be less than the cut-off, Then pamcies need 1o mteract with others in several
nearby processors, and coordmates and force accumulators circulate by the requrred‘
number of stéps in a manner very similar to the systolic loop methods. - o

[20] G.S. Pawiey, CF. Baillie, E. Tenenbaum amd W Celmaster The BBN Butrerﬂy
used to simulate a molecular liquid
Parallel Compuung 11°(1989) 321-329

The Butterﬂy is a parallel computer in which processors and memory modules are
connected via a switching network so that in effect all the memory is shared. A neigh-
bour list program is implemented. The evaluation of interactions between a particular
molecule "i" and its set of neighbours "j" from the list is treatedas an independent
task: the operating system distributes these tasks to free processors; As is usual the list
only contaifis' entries for j>i.- The tasks get progressively smaller and this leads to
good load balancing. Conversely, more than one task will calculate forces for a partic-
ular particle. To minimise memory contention a task first accurnulates "j" forces into a
private array, before adding into global memory under controf of a lock. Nevertheless

efficiency drops for large numbers of processors.



Conclusions

An artzcle in these pages once stated that vectorlsatxon can often be accom-
plished in an aftemoon of undemandmg ‘work’. It is certainly true that existing pro-

grams can often be adapted by a _]lldlClOllS use of gather/scatter and compress/expand' .

to achieve a speed-up from scalar code by a factor of four or so, However, alrhough '
these procedures may have some hardware support, they can not be regarded as fully
vector operations, and other problems may also remain. In the all-pairs case the stan-
dard loop ordering leaves a scalar summation for the force on particle "i", as well as a
shortening inner loop [l]. A standard neighbour list involves an inevitable
gather/scatter, and aiso a short inner loop (over neighbours of a particular particle),
though it is possible to get round this by converting the double loop o a loop over
pairs in various ways [2,3,8]. Cell-list methods involve gather/scatter, and also a short
nnet loop, over particles in a neighbouring box [6]. Again, there are ways around this
problem, as in the hybrid methods combining cell decomposition with a neighbour list
[3,10].

More significant gains in performance are possible, but require new algorithms
which are intrinsically more vectorisable. In my opinion there are two really significant
papers in the vectorisation of molecular dynamics. For moderate number of particles
the simple loop re-ordering of Brode and Ahlrichs [4] makes the all-pairs problem
fully vector, removing any scalar summation, For larger systems the Monotonic Grid
of Boris {5] provides a spatial decomposition with a regular data siructure which gives
a fully vector force loop of length equal to the number of particles. It is interesting to
note that these papers did not appear until five years after [1]. The layer method [7] is
an alternative approach to efficient vectorisation with a spatial decomposition and it
would be interesting to see it benchmarked against the Monotonic Grid.

Turning to processor arrays, a straightforward all-pairs method {12] works well on
moderate sized systems. (An attempt was made in the early days by Berendsen's group
to introduce a neighbour list in the form of a logical mask and then use compress and
expand type operations on it: though possible this does not lead to a very efficient
implementation.} On larger systems a spatial decomposition with one particle per pro-
cessor is used for lattices [11] and can be applied to liquids in Monotonic Grid form
[14]. |

On multicomputers systolic loop methods are fairly obvious and have been
invented independently a number of times [13,14,15,16,17 and others], though not
always in the most efficient form. (The really clever idea in systolic loops is the origi-
nal tractor-tread for Monte-Carlo since it allows independent particle moves to be
made on a parallel computer, but that is another story.) They have the advantage that a
distributed neighbour list may be incorporated [16]. For large systems a spatial
decomposition with processors controlling a particular region of space [18,19] is also
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an obvious idea which works well as long as the system is really large so that the ratio
of calculation to communication is reasonably high.

Any vector or parallel method suffers frem the fact that one requires neighbours
in a spherical region about a particular particle, and the efficiency of finding these is
always improved if the gebmeti'y of the cell or sub-cell is as ¢lose to spherical as pos:
sible. T made this point in [1], but very few subsequent papers have adopted this'
approach. "



| Quaternion quickie
Rova! Fort Tyndaﬂ Avenue, BRISTOL BS8 ITL

| rea.d a couple of nice articles on quaternions in tht‘ latest Molecufar Szmu;'ataon--
{1, 2]. This, and a conversation with a colleague, prompted me to write this note. It
deals with a little technical point, and another minor, but interesting, historical one.

Suppose that [ have carried out a simulation of a system of rigid melecules using
coustraints, or some other method based on atomic positions or bond direction cosines. .
Sometimes, [ want to convert these positions, or equivalently the 3 x 3 rotation matrix
for each molecule, into quaternions. The converse operation, expressing the rotation
matrix as a function of the quaternions, is part of any quaternion-based simulation
program, Assuming that I have adopted the most symmetrical definition of the
quaternion parameters (o, ¢1,¢2, ¢3), the rotation matrix A is

A A A\ g + f}f_ - q; - g 2((11 Q2 - %Qs) 2(qi9s + q0g2)
An A Ap | =| Anetow) G-d+a-d 2(‘129'3__ ~ qoq1).
As An Aw /0 A0 — o) 2(Q2Q3 +aoq) w-d -4+

Tnverting this, to obtain (¢s,¢1;4¢»;g3) in terms of the elements of A, seemns trivial'at
first sight. Let the trace of the matrix be T = Ay -+ Asy + A3z, and recall that the
quaternions are normalized, ¢% + ¢f + g5 + ¢ = 1. Then we can sée that the ‘scalar’
element of the quaternion can easily be obtained from the trace

Go = (T+l)/4 T 6§
while tf’u_a oﬁ‘-diagdnal terms will yield the rest of .t'he. el.érrieﬁts; i | 3 o ' .
q!e - (AJI A13)/4q0 - . _ B . (2) .'

Here 1,3, k are in cychc 1 2 8 order Usually all will be well but dxsaster wxll stnke
whenever o — 0, i.e. whenever the molecule is upside down, At this limit we get 0/0, -
and close to it we will experience great numerical imprecision. With many molecules -

in our simulation, this is a very real danger: just as real as the divergence in the Euler -

angle equations of motion which prompted Denis Evans [3] to a.dopt guaternions im - -
the first place. . . : : : L :

The solution to the problem is sunple, stra1ghtforwa.rd and has appeared in the.. .
literature [4]. I'll just reproduce it here. Things look most pretty if we define Ago = T
Then we have

4} = 1424, -T
4q§ = 1424, ~T
492 = 14243, T (3)
and
dgoqr = Agy — Az 44sqa = Az + Azs
4qoq, = Ay — Ay 4g3q; = A1z + Ax

dgoqs = A — Ay dgq1q, = Apy + Az (4)



Ten equations, four unknowns. The method is as follows. Choose, from equations (3)
the component ¢ with the largest absolute magnitude. Calculate it from (3), giving
it (arbitrarily) a positive sign. We are allowed to do this because two quaternions,
differing only by reversing the signs of all the components, are equivalent represen-
tations of a given rotation. Amongst equations (4) there are three involving this
element ¢;. These may be used to determine the other elements (with the correct

relative signs) exactly as in equation (2). The difference is that we are dividing by

¢, which is guaranteed to be far from zero. In fact it is easy to see that I < |qf < 1,
from the normalization condition. No warries.

Now this may seem obvious, but actually several other schemes for doing this have
been proposed, including the crude one of eqns {1,2) and various other improvements
on it {5]. The one described here is, I think, the most symmetrical and foolproof.
Another point in its favour is that it can be programmed so as to generate shorter.
[BM 370 code than its rivals, This is apparently important, when it is to be used in
the guidance computer of a spacecraft.

Spacecraft? Yes indeed, as you can see by looking at the reference list, I have
been reading further afield than usual. The guidance systems of Skylab, and the space
shuttle, use (used in the former case) quaternion parameters rather than Euler angles,
for exactly the same reasons that we adopt them in our simulations: avoidance of the
Fuler angle singularity, and economy of code. It seems that NASA knew all about
the technique, long before it was adopted in the molecular simulation community.
They were using the Runge-Kutta algorithm with quaternions in 1969 [6], and I've
even seen a reference to an intriguingly-titled 1958 paper {7}, although T must confess
've not yet managed to lay my hands on it.

Now this is not in any way intended to diminish Denis Evans’ original work in
the field. After all, the crucial equation of motion (the link between the angular
velocity vector and the time derivatives of the quaternion parameters) appears in
Whittaker’s text on classical mechanics (8], referred to by Evans, thus setting the
basis of the technique firmly in the mists of antiquity. Nobody, to my knowledge, had
suggested using it for molecules before; and this was the big contribution. The space
scientists, as it happened, had come across the problem earlier; and had arrived-at
the same solution. The point of this note is that there may be a few other technical;
computational, points that we could pick up from the space science literature. Quite
complex problems of linked rigid bodies, for example, are handled in the standard -
texts {9].

My thanks go to my collea.gue Brxa.n Pollard who d:rected me to the spacecraft
literature cited on the next page.
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Error in “Computer Simulation of Liquids” -
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We have become aware of a small error in our book *Computer Simulation of
Liquids™ (1. Tt is small in the O(1/V) sense, but that is not to say that it might not
be significant in appropriate circumstances. To prevent the mistake becoming (tore)
widespread, we are mentioning it here. _

[n section 4.5 (pp 123-126) we discuss 1sothenmal 1sob'\r|c Monte Catl o. If the
configuration of the system is written in terms of the box volume V' and box-scaled
coordinates s, then averages of a properiy A may be written

o A sypr x / 1y / ds exp(~@V)exp(~8PVIVY A,

Here T is the tempcrature P the pr@suue, N the numbel of &tDl’Ilb, and V ‘the
potential energy function. As usual 3 = 1/kgT; kg being Boltzmann’s constant. The
1ppr0pr1ate ensemnble may be simulated by samplmg I/ ’Lnd the bL‘LIGd coordmatea
uniformly, and using the weight funr_tlou -

exp( =3V ) exp(- J’PV)VN.-. L
or equivale.ntly using the function - .
SH = (Vaew = Vord) + P(View = .>1d) N 'IVBTIU(Vn::wf Vold)

in a pseudo- Boltzmann factor ew:p(w 38 [f) for 1:»5essmg acceptame or rejectlon of trial
moves in the usual Metropolis scheme,

However, in equation (4.31) of our book; and the mrroundmg te\:t we describe
uniform sampling of the box length L not the volume. If V = L’ these are not
equivalent, If we wish to sample [ we must first change variables to giv’e '

< A spr o f:’ A / ds exp(;ﬁme'xp(i-vﬁPLﬂ)‘L%N%’;z_tff"f:__
so the weight function can be written e
exp(—~3V ) exp( 4£3'P}53")"L3*”_? |
and the function § H becomes, o R
SH = (Vo = Vata) + PUEasw — (E)ots) = (BN + 20407 1a( Ly Lita)
= (View = Vota) + P(Vaew ~ Vo) — (N + 1)kaT In(View/ Vora). |

The factor NhgT has become (N + )!LB'I Unfortunately, in the text, we gave the
V-sampling version rather than this one.

In Wood’s original article {2] he describes uniform sampling of the inverse box
length. Setting A = L~! it is easy to derive his weight function

exp(~8V)exp( ——ﬁP,\—3)A~(3N+4)



and §H

BH = (View = Vo) + LA aew = (A7 )a1a) + BN + k5T In(Anew/ Aoia)
= (Vaew = Vord) + P(View — Vord) = (8 + 1)AgT [0 View / Vard)-

Finally, Eppenga and Frenkel {3] consider sampling ln V' rather than V. [n this case
the weight is (expressed in terms of V')

exp{ —3V) exp( —ﬁPV)VNH

80

SH = (Voew = Vola) + P(Voew — Vaia) = (¥ + 1)kgT In(View/ Vara ).

So, in sumumary, it is easy to derive the correct weight function for the sampling
scheme chosen, and we hope we have got it right above, but we didn’t do it in the
book. .

Mike Stapleton first drew our attention to this mistake; our thanks go to him, and
to one or two other colleagues who also noticed it. We are not aware of any other
significant errors in the book, but of course if anyone else has spotted one, please let-
us know.
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