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7 MAPPING MD ON A RING
ARCHITECTURE

A method is proposed and worked out to generate during a preprocessing phase an
almost optimal data and task allocation for molecular dynamics simulation calcu-
lations on a ring architecture. This is done by using an algorithm that reduces the
bandwidth of a large sparse binary random matrix, which is equivalent to numbering
a graph in such a way that closely connected vertices get close numbers. This method
has been used to solve linear equations in the field of finite elements and structure
analysis, but not for task allocation.

In this chapter we first state the M.D. task allocation problem, look at it as graphs
and adjacency matrices, propose our solution, and apply it to some large molecules.

7.1 Introduction

Molecular dynamics (M.D.) simulation is a widely used computational technique
to study many body (atom) systems and their properties. In an M.D. simulation,
Newton’s law Fi = miai is numerically integrated over many time steps for every
particle i in the system. The force on a particle is calculated as the sum of the forces
exerted by the other particles. This force is used to calculate the new velocity of that
particle; from this velocity, its new position is calculated. Repeating this procedure
gives the time development of the microstate of the system. From these states, using
the laws of statistical mechanics, macroscopic properties can be calculated [1].

For a realistic simulation on a large system (10,000 particles) many hours of
supercomputer time are needed. Clearly, for future simulations, of more complex
systems, over more time steps, parallel computers will be needed. For this reason,
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106 Chapter 7 Mapping MD on a Ring Architecture

we are implementing an M.D. program on a ring of 4 to 32 i860 processors. In this
way we hope to create a very high speed, scalable and cost effective system. We call
this machine GROMACS (GROningen MAchine for Chemical Simulations).

In this chapter we are concerned with mapping the various parts of the M.D.
algorithm on a ring architecture. Forces on particles only depend on relative particle
positions, not on particle velocities. Two classes of interparticle forces exist: Non
Bonded Forces (NBF), and Bonded Forces (BF). BF calculations are done using fixed
interaction lists, where NBF interaction lists may change every timestep. Also, in
order to maintain certain constraints within the system (e.g. fixed distances between
some particles), constraint calculations have to be performed.

The allocation of the NBF calculations has been implemented by other groups and
works well. The allocation of the BF and constraint calculations is in an experimental
stage, and until now, no general allocation method has been proposed. We propose
a general allocation strategy for constraint calculations which has as a byproduct an
optimal allocation of BF calculations.

7.2 M.D. simulation in more detail

As with most realistic problems, M.D. is more complicated than stated in the in-
troduction. An M.D. simulation usually takes place in a finite volume V called the
(computational) box. Every particle in V has a unique number, and attributes like
position, velocity, mass, charge, etc. GROMACS is designed to work optimally on
medium to large systems (1,000 to 50,000 particles).

7.2.1 Non Bonded Forces

The NBF interaction is a two-particle interaction usually consisting of a Coulomb and
a Lennard-Jones term. In principle this interaction exists between every particle pair.
However, because this would lead to an unacceptable number of NBF calculations,
and because the NBF between particles with a large distance is small, often a cut-off
radius (Rco) is used. This means that the NBF between particle pairs with a distance
> Rco is supposed to be zero. The price of this simplification is that neighbour
searching has to be done, that is, for every particle, neighbouring particles within a
distanceRco have to be found. The result of neighbour searching is a set of neighbour
lists. For the purpose of this presentation, we represent the set of neighbour lists as
an N � N binary symmetric matrix Anbf, where N is the number of particles, and
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FIGURE 7.1 a: symmetric neighbour lists. b: neighbour lists using Fi;j = �Fj;i.
c: neighbour lists of constant length.

row i of Anbf represents the neighbour list of particle i (see Figure 7.1a). If ai;j = 1
it means that particle i and j are less thanRco apart, so the NBF between i and j has
to be calculated. Anbf is traceless because particles do not interact with themself. (In
describing NBF interactions, it is customary to use the index i for the central particle,
and the index j for surrounding particles.)

Because for the NBF interaction Fij = �Fji holds, (where Fij � the force
on particle i, exerted by particle j), one NBF calculation gives the force (of this
interaction) on both i and j. This property can be used by filling the neighbour list
of particle i only with particle numbers j > i, i.e. to clear the left lower part of
Anbf (see Figure 7.1b). This results however in neighbour lists of strongly variable
length, depending on the particle number of the central particle of the list. For vector
computers this is a minor nuisance, but for M.D. on a parallel computer, where as
we will see undivided neighbour lists are evaluated per processor, this will result
in a very unbalanced load. Therefore we construct neighbour lists containing pairs
i; j : j = jm mod N; i < jm < i +N=2 (see Figure 7.1). In this way the average
length of neighbour lists is the same for every list, making load balancing easier.

The usual value of Rco is such that, using Fij = �Fji, neighbour lists represent
typically 150 NBF interactions. In principle, neighbour searching has to be done
every timestep because as a result of one timestep particles may enter or leave the
cut-off sphere. However with Rco sufficiently large, the same set of neighbour lists
may be used 10 to 20 timesteps.

To give an impression of the CPU time required: one NBF calculation requires
typically 100 flop, so the net NBF on one particle requires 1=2 � 100 � 150 =

7:5� 103flop. For a system of 104 particles this means that the NBF calculations in
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one timestep require 7:5�107 flop. A realistic simulation may involve 105 timesteps,
leading to a total of 7:5� 1012 flop for the NBF part of one simulation. Because the
number of bonds of a particle is far less than 150, most of the M.D. simulation time
is spent in NBF calculations and neighbour searching.

7.2.2 Bonded forces and constraints

Bonded forces occur between particles that are chemically bonded, so they only take
place within molecules. Four types of bonded force interactions exist: covalent (two
particles), bond angle (three particles or triplets), and proper and improper dihedral
interactions (four particles or quadruplets). During a simulation no bonds are created
or broken, so BF calculations are done using fixed lists of particle numbers.

Because covalent interactions involve two particles, we can represent the set of all
covalent interactions (just as with NBF interactions) by a matrix Acov . The difference
between Anbf and Acov is that Anbf changes every few timesteps and has � 150 non-
zero entries per row, whereas Acov is constant and typically has 2–4 non-zero entries
per row.

Obviously, bond angle and dihedral interactions can not be represented by
matrices because these are three and four particle interactions.

The covalent interaction is very rigid. This means that two particles having a
covalent bond have an almost constant distance, or put in another way, covalent
interactions have a high eigenfrequency. The timestep used in an M.D. simulation
is dictated by the highest frequency in the system and should be approximately
1=(40�highest frequency). However, covalent interactions in itself are not part of the
physics of interest of an M.D. simulation. The highest frequency of interest is� 1=4
the highest covalent eigenfrequency. Therefore, it is a waste of computer time to use a
timestep based on covalent eigenfrequencies. For that reason, nowadays in most M.D.
programs, the covalent interactions are handled using constraint dynamics. Then the
timestep follows from the highest eigenfrequency of interest, and interactions with
higher eigenfrequencies are frozen, i.e., the distance between particles with a covalent
bond is kept constant.

SHAKE The SHAKE method is widely used for maintaining constraints [2]. It
is invoked after calculating unconstrained positions. SHAKE calculates constrained
positions in an iterative way by pairwise resetting the positions of particles coupled
by a constraint. This is done for all constrained pairs. Resetting a particle due to one
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constraint may however disturb another constraint. Therefore after every sweep of
resetting, the constraint conditions are checked. If these conditions are not fulfilled
within a predefined tolerance, another iteration is performed. For large molecules,
some hundred iterations may be required.

To summarise, the outline of the M.D. program is:

program MD;

begin

do A times

search_neighbours; {fill NBF neighbour lists}

do B times { 1<=B<=20 }

calculate_BF_and_NBF; {evaluate neighbour lists

and BF interaction lists}

calculate_new_velocities;

calculate_unconstrained_positions;

SHAKE;

od

od

end.

7.3 Allocation of the NBF calculations on a ring

The allocation we describe here is primarily intended for the GROMACS architecture.
However, it can be used for any system where fast ring communication is available.

The GROMACS architecture is a ring of SPC-860 boards [3],where each SPC-860
board consists of an i860 processor, memory (up to 64 Mbyte), and communication
hardware. Communication can take place in three ways: over the PC bus, over four
transputer links, and over two 8-bit parallel interfaces.

The PC bus (eight bits wide, bandwidth 1Mbyte/sec) is used to do external
communication and program loading. The two parallel interfaces are used to make
a ring of SPC-860 boards. These interfaces communicate over a 1K�8 dual ported
RAM. We measured an effective throughput of 4Mbyte/sec in the ring, with the
possibility of vice versa interrupts between adjacent boards. The four C012 link
adaptors interrupt the processor for every byte sent or received. Therefore, massive
communication over these links lames the i860 processor. Because of the relative
bandwidths of PC bus, parallel interfaces, and transputer links, we will assume in the
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FIGURE 7.2 AC method with distribution of positions and summation of forces.

following that the parallel interfaces (the ring connection) is the sole communication
path available.

For NBF calculations we use the alternating circulation (AC) method which
resembles the systolic loop method [4], [5], [6]. In the AC method, particles are
distributed evenly but otherwise freely over the processors (see Figure 7.2). Every
particle i has a home processor Hi which is responsible for calculating the particle’s
new speed and position every timestep. Every timestep, particle positions are first
distributed over half the ring in one direction (the scatter phase). Thereafter, all
relevant pair interactions are evaluated, giving forces Fij and Fji. Finally, partial
forces circulate in the ring in the other direction and are accumulated (Fi =

P
j Fij)

on their way to the home processor Hi (the gather phase). We will briefly comment
on some parts of this method.

� The difference between our AC method and the systolic loop method lies in
the interleaving of communication and calculation. In the AC method, first all
particle positions are distributed over half the ring, then calculations are done,
and finally partial forces distributed over half the ring are collected and accu-
mulated. In the systolic loop method the interleaving between communication
and calculations is more finely grained: first positions are transmitted to the
neighbouring processor, then part of the calculations is done, then positions are
transmitted to the next processor, etc. The systolic loop method requires less
memory than the AC method because positions arrive at processors, are used,
and are transmitted further without being stored. A problem arises when three
and four particle interactions have to be evaluated. Then, in general, it is not
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possible to arrange things so that positions required are at the same instant on a
processor. Even with the AC method that is not possible without an allocation
strategy. However, using the allocation strategy we propose, combined with
the AC method, it is possible.

� We use static task allocation, which means that Hi does not change during
a simulation. Using dynamic allocation and a distribution strategy based on
the spatial distribution of particles (domain decomposition), it is possible to
distribute particle positions over less than half the ring. However, the number of
NBF calculations remains the same, so when communication is no bottleneck,
dynamic allocation has no advantage.

� Let us number particles with 0; : : : ; N � 1 and processors with 0; : : : ; P � 1.
We will assume that N = k � P; k 2 IN. Processor p has as its immediate
neighbours (p � 1) mod P and (p + 1) mod P . Particle i has as its home
processor Hi = i� (N=P ). During the scatter phase the position ri of every
particle i is distributed over the next higher P=2 processors, with P=2 pulses.
(In the last pulse, partial packages may be transmitted.) In this way, every
position pair (ri; rj) is present once on some processor.

At the home processor Hi of particle i the position ri is present as well as the
rj of all its potential neighbours. The force Fij is computed and stored at Hi,
while the force Fji is transmitted to Hj in the gather stage. On the way to Hj

other partial forces on particle j are added to Fji.

� By far, most of the CPU time is spent in NBF calculations. Therefore, when
we expect neighbour lists of equal length for every particle, load balance is
achieved by evaluating the same number of neighbour lists at every processor.
The neighbour list of particle i is evaluated at Hi, so load balance is achieved
by placing the same number of home particles on every processor.

� Although particle allocation on processors is done using the particle numbers,
we still have the freedom to number particles as we like. Later we will use this
freedom to number particles in such a way that BF and constraint calculations
are allocated in a convenient way.

For NBF calculations both the AC and the systolic loop method work well The
main point of both methods is that without any numbering and allocation strategy,
every particle position pair i; j : j > i, will be at either Hi or Hj .
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crosslink

FIGURE 7.3 Long molecule with five cross-links.

As we did see, this does not hold for triplets and quadruplets. BF calculations
require specified particle position triplets and quadruplets to occur somewhere, so
potentially all particle positions should be available on every processor, not only half
the number. This problem can be solved by transmitting particle positions over the
whole ring; for the bond forces, this would not lead to an unacceptable communic-
ation overhead. For SHAKE however, such a communication is prohibitively time
consuming. As we shall see, solving the communication problem for SHAKE will
also solve the communication problem for the bond forces.

The communication problem of SHAKE is caused by the potentially large number
of SHAKE iterations per timestep, leading to a high communication/computation
ratio of SHAKE. We take as example a very long linear molecule with some
crosslinks (see Figure 7.3). A crosslink is a bond between two remote atoms of
the main chain. We assume that the atoms are numbered more or less linearly
along the chain. When this molecule is mapped in a naive way on a linear array
of P processors, (Hi = i � L; (L � N=P )), then for every iteration of
SHAKE, communication between processors with a large separation is required to
calculate the covalent interaction along the cross-link. Clearly, large molecules with
many random connections lead to very complicated communication during SHAKE.
Because SHAKE calculations are not very time consuming, SHAKE communication
without use of a proper allocation strategy, may well take 90% of the total (including
NBF calculations) simulation time.

Therefore, the home processors of particle pairs having a constraint interaction
should be as close together as possible, that is the communication distanceD should
be as small as possible, where D is defined as D � max jHi � Hj j (i; j 2
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constraint pairs). Without allocation strategy D � P=2, where we strive for e.g.
D � 2.

Two other methods exists to implement constraint dynamics: the multiple timestep
method and a method in which a large matrix has to be solved. Both methods have
the same communication structure as SHAKE. For the sake of clarity, in the rest of
this chapter we concentrate on the SHAKE method, but our allocation strategy can
be used just as well for the other methods.

Allocation strategies as used nowadays are too primitive to fulfil the demands
stated above. Simulated annealing is a good candidate but the cost function is complex
and the preprocessing runtime is very long. We propose an allocation strategy which
clusters constrained particle pairs, and also clusters triplets and quadruplets.

7.4 Allocation of constraint- and BF calculations

In Section 7.2.2 we introduced the covalent interaction matrix Acov . From now on
we will call this matrix Aconstr because we suppose that covalent interactions are
treated as constraint interactions. Aconstr represents the constraint graph Gconstr ,
where edges represent constraints, and vertices represent particles. Gconstr directly
represents the molecular structure.

When we suppose that processor p is the home processor of particles with number
n, with pL � n < (p + 1)L, and that we are free to renumber particles, then the
problem of constraint calculation with minimal communication distance D, boils
down to finding a particle numbering of Gconstr , such that D is minimal.

In general, it is difficult to find a close numbering because molecular structures
are irregular, notably proteins with many crosslinks (see Figure 7.3). Finding a close
numbering is an NP-complete problem (N atoms can be numbered in N ! ways), so
even for small N only heuristics can give a solution. Fortunately, in the past many
techniques have been developed to deal with this numbering problem.

7.4.1 Theory

Let A be a large sparse symmetric binary N � N matrix. We call A banded if
all nonzero elements are clustered near the diagonal. We define the bandwidth �

of this matrix as � � maxaij 6=0 ji � jj, or in words, � is the largest distance of an
unspecified nonzero matrix element to the diagonal. When the nonzero elements
in A are at random places then � � N . However, most of these random matrices
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reduce

FIGURE 7.4 Effect of Reduce on sparse matrix.

can be turned into near band matrices by interchanging rows and columns, i.e. by
renumbering vertices in the graph G which is represented by A. After [7] we will
call the renumbering procedure ‘Reduce’. (See Figure 7.4.) Many implementations
of Reduce are available, all using different but closely related heuristics. We use
an implementation of Reduce from the ACM library (Algorithm 508), which is an
implementation of the Gibbs-Poole-Stockmeyer algorithm1.

In general the bandwidth of matrices renumbered by Reduce is very close to
the theoretical minimum [8]. Long simulated annealing runs on small bandwidth
matrices produced with this technique could hardly ever improve the bandwidth
significantly.

The time complexity of the Reduce implementation we use, is for typical problems
N1:3, [9], [10].

Now let us see how we can use Reduce. Suppose we have a molecule numbered
in some way. We renumber this molecule so that the bandwidth of Aconstr is small,
i.e. we apply Reduce to Aconstr. This gives us a new numbering and the bandwidth �
of this numbering. The relation between the processor load L, �, and the maximum
communication distance D is:

D � d�=Le (L � bN=P c) (7.1)

Proof:

D � max jHi �Hjj

Hi � i� L

)
) D � max ji� L� j � Lj ; (7.2)

(1)This FORTRAN routine can be obtained freely by sending e-mail containing the text
send 508 from toms to netlib@orln.gov. (We re-implemented this routine in
Pascal).



7.4 Allocation of constraint- and BF calculations 115

}

i
j

p=0 1 432
15

n=0
1
2

β

FIGURE 7.5 16 particles placed on 5 processors, � = 6 ) D � 2.

D � max
��� i
L
�

j

L

��� (7:2)
� � maxaij 6=0 ji� jj

9=
;) D �

&
max ji� jj

L

'
� d�=Le : (7.3)

In other words, the maximum communication distance D depends linearly on the
bandwidth � of Aconstr.
An (unrealistic) small example:
Suppose we have one molecule consisting of 16 particles, numbered by Reduce
in some way from 0 to 15, with � = 6. We have 5 processors. On processors
0::3 we put 3 particles per processor, and on processor 4 particles 12; : : : ; 15. (See
Figure 7.5.) We want to do distributed constraint calculations on 5 processors, with
at most second neighbour communication (D = 2). Is that possible? Yes, this is
possible because D � d�=Le (2 � d6=b16=5ce) holds. Inspection of the figure
shows that, no matter on which row the worst case pair i; j with ji� jj = 6 is placed,
we always have Hi �Hj � 2.
2

Some remarks:

� The expression D � d�=Le holds, as long as D � P=2, for linear as well
as circular arrays of P processors. When D > P=2 then for a circular array,
communication in the opposite direction gives a smaller D i.e. D := P �D.
The cases we will study give very small values of �, so communication in the
opposite direction is never needed.
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� Because we use a ring architecture it would be nice if Reduce worked mod-
ulo N . Then Reduce would produce banded matrices with some additional
non-zero elements in the left lower and right upper corner of Aconstr . This
would mean that during SHAKE data exchange would also take place between
processor 0 and P � 1. This is not the case with the Reduce we use, and we
do not know whether an implementation of Reduce of this kind exists.

� The case we have been looking at (one large molecule distributed over all
processors) is the worst case. However, most simulations are not done on
single large molecules but on large molecules surrounded by many small
molecules (e.g. a protein solved in water). In that case � only depends on the
structure of the large molecule, and L depends on the total number of atoms in
the system, i.e. the condition D � d�=Le is fulfilled more easily.

7.4.2 Triplet and quadruplet allocation

In the previous section we dealt with the problem of particle allocation such that
communication is minimal during SHAKE. We will now show that this allocation is
also very nice with respect to triplet and quadruplet interaction calculations.

In general, for every triplet interaction (i; j; k), a constraint interaction between
(i; j) and (j; k) exists. Also for quadruplet interactions (i; j; k; l) a constraint exists
between (i; j), (j; k) and (k; l). (If these constraints do not exist then they should be
added in Aconstr before calling Reduce, and be deleted afterwards.) Because Reduce
clusters constrained pairs, the home processors of particles involved in triplet and
quadruplet interactions will also have a small distance. We showed that when
D � d�=Le then for every constrained pair (i; j) we have jHi � Hj j � D. For
quadruplet interactions this means, using jHi � Hj j � D, jHj � Hkj � D, and
jHk �Hlj � D, that at worst jHi �Hlj = 3D. For D = 1 (a realistic value as we
will see), this means that 3 pulses are sufficient to distribute data for BF calculations.
For P < 6 this means that BF calculations dictate the number of pulses required.
For small processor systems however, with sufficiently largeL, six pulses are hardly
ever required. The number of pulses actually required for a certain allocation, can
be found by calculating max jHi �Hlj, over all quadruplet interactions (i; j; k; l).

To summarise: by reducing Aconstr , the home processors of particles involved in
triplet and quadruplet interactions are also close because consecutive particle pairs
in triplet and quadruplet interaction lists are also present in constraint lists.
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Reduce is very suitable as a particle and task allocation strategy for M.D. cal-
culations because the constraint graph Gconstr is in most cases more or less linear,
much more linear than for example the graphs of structure analysis and finite element
calculations [11].

7.5 Results and discussion

7.5.1 Test of Reduce on protein molecules

We have tested the Reduce method of data allocation on three protein molecules
(MOL1, MOL2, MOL3). We use protein molecules as a test case because these are
complex large molecules occurring in typical simulations.

In the test molecules we use, of every triplet (i; j; k), the pairs (i; j) and (j; k)

are also present in the constraint interaction list; the pair (i; k) need not be present.
For quadruplets the same kind of relation holds. Therefore, by reducing the matrix
Aconstr we may expect to cluster triplet and quadruplet data also.
We use the following procedure to test the Reduce allocation method:

1. Apply Reduce to Aconstr

2. Number constraint, triplet, and quadruplet interaction lists using the new num-
bering.

3. Distribute particles evenly over P processors, i.e. calculate Hi for every
particle.

4. Calculate for all constraint, triplet, and quadruplet interactions the largest
distance jHa �Hbj for all a and b in these lists. This gives for all three types
of interaction the maximum communication distance (MCD) required.

We applied this to the following example molecules:

MOL1 Cyclosporine: circular peptide, 5 amino acids. 62 atoms, 63 constraint
interactions, 88 triplet interactions, 65 quadruplet interactions. �old = 60,
�new = 5. Preprocessing time by Reduce (on 68020 processor): 0.6 sec. See
Table 7.1.

MOL2 BPTI (Bovine Pancreatic Trypsin Inhibitor) molecule, 2 cross links. 568
atoms, 582 constraint interactions, 834 triplet interactions, 610 quadruplet
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P 4 8 16 32

MCDconstr 1 (3) 1 (7) 2 (15) 3 (31)
MCDtriplets 1 (3) 2 (7) 3 (15) 5 (31)
MCDquadruplets 1 (3) 2 (7) 3 (15) 7 (31)

TABLE 7.1 Maximum Communication Distance (MCD) of various types of interaction
calculations of MOL1 with and (without) allocation by Reduce.

interactions. �old = 497, �new = 18. Preprocessing time by Reduce: 2.1 sec.
See Table 7.2.

MOL3 Subtilisine, 7 cross links. 1195 atoms, 1224 constraint interactions, 1758
triplet interactions, 1283 quadruplet interactions. �old = 933, �new = 26.
Preprocessing time by Reduce: 5.6 sec. See Table 7.3.

7.5.2 Discussion

� When we calculated the maximum communication distances for a linear array
architecture, we find numbers MCD larger than P=2 (see the tables). For a ring
architecture, we might use communication in both directions, limiting MCD
to P=2. However, when Reduce is used, MCD’s are far less than P=2, so we
never have to worry about communication in two directions to distribute data.

� For allocation without Reduce we see that for all types of interaction MCD �

P . That is to be expected for random allocation.

P 4 8 16 32 64

MCDconstr 1 (3) 1 (7) 1 (14) 1 (28) 3 (56)
MCDtriplets 1 (3) 1 (7) 1 (14) 2 (28) 4 (56)
MCDquadruplets 1 (3) 1 (7) 1 (14) 3 (28) 6 (56)

TABLE 7.2 Maximum Communication Distance (MCD) of various types of interaction
calculations of MOL2 with and (without) allocation by Reduce.
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P 4 8 16 32 64

MCDconstr 1 (3) 1 (6) 1 (12) 1 (25) 2 (50)
MCDtriplets 1 (3) 1 (6) 1 (12) 2 (25) 3 (50)
MCDquadruplets 1 (3) 1 (6) 1 (12) 2 (25) 4 (50)

TABLE 7.3 Maximum Communication Distance (MCD) of various types of interaction
calculations of MOL3 with and (without) allocation by Reduce.

� When Reduce is used, all MCDtriplet and MCDquadruplet are far less than P=2
so P=2 scatter pulses before NBF calculations are sufficient to do triplet and
quadruplet interaction calculations as well. Because in general MCDtriplet and
MCDquadruplet are far less than P=2, data required for triplet and quadruplet
interaction calculations is present at many processors, so we have much free-
dom to place triplet and quadruplet calculations. This may be comfortable for
additional load balancing.

� The relation D � d�=Le holds for all tabulated MCDconstr, with and without
allocation by Reduce.

� Tabulated values of MCDtriplet and MCDquadruplet with allocation by Reduce
are less than but close to the conservative estimate of 2�=L respectively 3�=L.

� The result of MCDconstr = 1 for MOL3 on a 32 processor ring surprised us.
We used MOL3, a molecule with 7 cross links and many complex structured
amino acids, to test the method at its extreme. That constraint calculations on
this molecule can be done on a 32 processor system with at most first neighbour
communication proves the power of this allocation method.

� The proteins used as examples are typical for most synthetic and biolo-
gical polymers. The method may break down for densely connected three-
dimensional lattices, such as occur in covalently bonded crystals or clusters
of atoms. However, in such cases the use of iterative methods to handle con-
straints is not recommended (and in practice not used). Instead of constraints,
flexible bonds are then preferred.
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7.6 Conclusion

Allocation of constraint, triplet, and quadruplet interaction calculations on a linear
or circular array of processors by reducing the bandwidth of the adjacency matrix
of constraint interactions has been tested and appears to work very well. Data
is clustered very nicely, leading to short communication distances for constraint
calculations. In all cases we tested, triplet and quadruplet data needed less thanP=2
pulses for data distribution, i.e. data distribution for NBF calculations (with P=2
pulses) is sufficient for triplet and quadruplet calculations. The Reduce method is
straightforward, with negligible preprocessing time.
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