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The use of direct simulation Monte Carlo (DSMC) codes in the analysis of low-density flow 
or, more generally, flows containing regions of strong translational non-equilibrium, is 
justified by briefly reviewing the limitations of codes based upon a macroscopic approach. The 
general structure of a DSMC algorithm is described briefly, and a class of algorithms used 
within DSMC codes for the simulation of molecular interactions is discussed in greater detail. 
Basic principles of vector processing are then reviewed, and it is finally shown that the simula- 
tion of molecular interactions, which was previously thought to be non-vectorizable, can on 
the contrary be vectorized with high efftciency. ( 1991 Acadcmlc Press, 1~ 

1. INTRoD~JCTI~N 

Direct simulation Monte Carlo (DSMC) codes are a powerful tool for the com- 
puter simulation of low-density flows [I]. These flows, such as those encountered 
by a reentry vehicle (space shuttle, Hermes) in the upper atmosphere or those 
found in low-density gas-dynamic devices, are characterized by a large value of the 
Knudsen number for which the macroscopic equations (Euler, NavierrStokes) do 
not hold. The Knudsen number is defined as the ratio of the mean free path in the 
flow to the characteristic scale of length of spatial gradients of macroscopic 
flowtield variables and may be regarded as a measure of the degree at which 
translational non-equilibrium effects are relevant to the analysis of the flowfield. 
A convenient rule of thumb for estimating the order of magnitude of the Knudsen 
number of a reentry flow is that of taking the Knudsen number as the ratio of the 
mean free path to a characteristic dimension of the reentry vehicle (it is assumed 
that the latter is of the same order as the characteristic length of macroscopic 
gradients). Typically, for a reentry flow the Knudsen number increases as the 
density of the flow decreases, and consequently the analysis of low-density reentry 
flows lies outside the range of validity of the macroscopic approach. The reverse is 
not always true because even within flows which are almost everywhere well 
described by the macroscopic equations there may exist local regions of strong 
non-equilibrium, as is the case across thin shock waves at high Mach numbers. For 
non-vanishing values of the Knudsen number the flow must be considered as 
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composed of individual molecules, and the relevant equation is the Boltzmann 
equation, a convenient form of which is 

where f(x, u, t) is the single-particle distribution function defined in the six-dimen- 
sional phase space spanned by the position x and velocity u of a typical particle in 
the three-dimensional physical space, and the collision integral L is a rather com- 
plex integral functional of f accounting for the effect of 2-molecular interaction. 
When L is very small the effect of collisions may be neglected and the flow is said 
to be in the free-molecular regime. regime. When L increases the effect of collisions 
must be considered (but the number of collisions is still too low to justify the use 
of the macroscopic approach) and the flow is said to be in the transition regime. 
It can be shown with sufficient generality [2, 31 that, in the limit of low Knudsen 
numbers, the kinetic approach may be collapsed to the macroscopic approach. In 
this case the number of collisions is sufficienctly high to relax the flow to local 
translational equilibrium in a time much shorter than any characteristic scale of 
time of the macroscopic evolution of the flow. The task of computing a solution of 
the Boltzmann equation by using the standard techniques of numeric analysis is dif- 
ficult because of the large number of independent variables (six instead of three). 

DSMC codes permit the solution of the Boltzmann equation to be obtained 
without explicitly manipulating it, but rather by tracing the phase-space evolution 
of a set of representative molecules. The molecules are generated randomly and 
followed during their lifetime in the computational domain, and they may interact 
among themselves and with a body in the flow according to specified interaction 
models. Flow resolution is obtained by referring the molecules to a spatial lattice 
and computing the thermodynamic variables of the flow (density, pressure, tem- 
perature, chemical composition) by means of averages performed over the 
molecules in the neighborhood of each lattice point. 

The interaction models employed must be sufficiently complex in order to account 
for real-gas effects (chemical reactions, excitation of vibrational levels, ionization, 
and consequent electromagnetic effects) associated with the high temperatures 
encountered in typical reentry flows [4, 51. Since DSMC codes may require a very 
long processing time, it is extremely important to design them in such a way as to 
take full advantage of the capabilities of vector computers, such as the IBM 3090 
Vector Facility. This requirement has caused many authors to discard the most 
established method for the simulation of the gas-gas interaction (Bird’s algorithm) 
on the basis that it seems to be non-vectorizable, and that the gas-gas interaction 
accounts for a more and more significant fraction of the overall processing time 
when the simulated flow advances in the transition regime (more individual 
molecular interactions must be simulated). On the other hand, Bird’s method is the 
one which models more closely the physics which is actually going on, so that it 
seems unjustified to discard it on the basis of the efficiency of its computer 
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implementation without having more extensively analyzed the issue. It will be 
shown in this article that, in the most interesting cases, Bird’s algorithm can be 
vectorized with high efficiency. 

2. RGFLOW-A PROGRAM FOR THE SIMULATION OF LOW-DENSITY FLOWS 

RGFLOW is a FORTRAN 77 program which has been developed by the author 
within the framework of the effort made at the European Space Agency (ESA) 
to develop efficient simulation software for the Hermes project. It simulates a 
three-dimensional low-density, electically neutral, multicomponent, and chemically 
reacting gas flow past a body by making use of a DSMC algorithm. The program 
has been extensively tested with respect to the thermodynamical and chemical 
behaviour of the simulated flow, and the results have always been in excellent 
agreement with theoretical results (in those cases when theoretical results are 
available) and other simulation programs. Initial positions and velocities of the 
molecules are sampled from the appropriate statistical distributions. A very concise 
list of the main computational steps performed by the program is given below. 

All molecules are moved along straight segments corresponding to the 
time-step and their velocity vectors. The positions and velocities of the 
molecules crossing the boundaries of the computational domain are 
redefined in a way consistent with the boundary conditions. For instance, 
if the computational domain is a typical region in the freestream the 
velocities of the incoming molecules are sampled from the appropriate 
statistical distribution. If the computational domain is a typical region in 
a closed system (gas in a box) the velocities of the incoming particles 
coincide with those of the outgoing particles. 

For all molecules hitting the surface of the body placed in the flow, the 
surface interaction is computed according to a diffuse reflection model (the 
reflected molecules are sampled from a statistical distribution at thermo- 
dynamic equilibrium with the wall). The body itself is a sphere in the 
current version of the program. A version under development will allow 
the user to specify the shape of the body by using the output of a CAD 
package (CAEDS is being considered). The same graphical interface will be 
used for display of results. 

The gas -gas interaction is computed according to the model described in 
the next section. 

Each molecule is assigned to the nearest lattice point. This can be 
done in a number of ways, for instance, by defining a set of local arrays 
containing pointers to positions in the particle array. This approach has 
the defect of leading to unnecessarily high storage requirements if the 
density fluctuations are high. In RGFLOW it has been preferred that the 
particle array at each time-step be reordered in such a way as to assign 
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contiguous positions in the particle array to molecules assigned to the same 
lattice point. The processing time for the reordering is a linear function of 
the number of molecules, and consequently the time penalty is not high. 

The thermodynamic variables at each lattice point are computed by 
means of averages performed over the molecules assigned to the lattice 
point. If requested, the time-average of the thermodynamic variables is 
computed. 

The aerodynamic forces on the body in the flow are computed by means 
of averages performed over the molecules which have hit the surface of the 
body. If requested, the time-average of the aerodynamic forces is computed. 

It is worth discussing some points concerning the time-averages mentioned 
above. If the flow is steady, as may be assumed to be the case for reentry flows, 
time-averaging the results obtained over a smaller statistical sample is equivalent to 
directly processing a larger statistical sample (ergodic flow). Consequently, for 
ergodic flows the limits in computer storage capabilities do not impose corre- 
sponding limits to the statistical significance of the simulated sample. This point 
should be considered in view of the fact that a general feature [ 151 of Monte Carlo 
methods is a convergence proportional to the square root of the dimension of the 
statistical sample (in order to gain one more significant digit in the output, one 
must increase by two orders of magnitude the number of particles in the simula- 
tion). 

After a first development stage on an IBM 3090 mainframe, the program has 
been moved to the enhanced architecture IBM 3090 Vector Facility [6] and it has 
been extensively modified in order to take the best advantage of the vector 
hardware. The task of vectorizing the code not dealing with the gas-gas interaction 
has been rather undemanding. A large portion of the code vectorizes, and the 
program is faster than the scalar version by a factor of 4 to 6. The vectorization of 
the remaining part of the code is discussed in the following sections. 

3. PHYSICAL MODELS FOR THE SIMULATION OF THE GAS-GAS INTERACTION 

RGFLOW is able to simulate flows where the following two different modes of 
chemical reaction take place, 

ASB-C+D (2) 

and 

A+M-B+C+M, (3) 

where A, B, C, and D are defined molecular species and M can be any molecule 
acting as a catalyzer for the dissociation-recombination reaction A t3 B+ C. The 
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program can manage up to live different molecular species and any number of 
chemical reactions of the form (2) or (3). Note that the first reaction is 2-molecular 
in both directions, whereas the second is 2-molecular in the forward direction and 
3-molecular in the backward direction. These two reaction modes are sufficient for 
simulating the chemistry of the earth and planetary atmospheres for which higher 
order reactions are highly improbable. For instance, the chemical kinetic model 
nomally used for the neutral atmosphere in the range of parameters relevant for the 
study of typical reentry flows contains the live molecular species 0, OX, N, N,, NO 
(atomic and molecular oxygen, atomic and molecular nitrogen, nitric oxide) and 
the following six reactions: 

(a) 02+MoO+O+M 

(b) N2+M++N+N+M 

(c) NO+M-N+O+M 

Cd) NO-to-N+O, 

(4 NO+N++O+N, 

(f) NO+NOttN,+O,. 

(4) 

The first three reactions above are dissociation/recombination reactions of the 
form (3), the other three are shuffle (atom exchange) reactions of the form (2). 

The chemical kineties of the model is defined by assigning to each chemical reac- 
tion values for the activation temperature T,, the reaction probability (steric factor) 
P,, and the lifetime of the recombined molecule Lft (used only for 3-molecular 
recombination reactions). The energy corresponding to T, (A, B) is the minimum 
required collision energy for a collision between molecules belonging to the species 
A and B to result in a chemical reaction producing specified molecular species. 
When the collision has the required or excess energy the chemical reaction occurs 
with probability P,(A, B). The required reaction probability is simulated by 
sampling a random number R, from a uniform distribution between 0 and 1 
(random fraction) and computing the chemical reaction only if 

f’, (A B) > R,. (5) 

P,(A, B) is a weak function of the excess collision energy and other translational 
and internal parameters of the colliding pair and is considered as a constant in 
RGFLOW since, as even the order of magnitude of the steric factor is only poorly 
known for many relevant reactions, it would be pointless to try to follow slight 
variations in its value. In recombination reactions the recombined molecule A in 
the backward reaction (3) must be stabilized by another collision with a third 
molecule A4 acting as a catalyzer during a time Lft(B, C) of the order of the vibra- 
tional period of A. The third body carries away that part of the energy released in 
the recombination which would otherwise lead to a spontaneous redissociation. 
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One Ta, P,, and Lft are specified, the chemical behaviour of the system in 
dictated by its collisional behaviour. This is a very central point in DSMC codes 
and can be specified by assigning to each molecular species values for the molar 
mass m, the molecular diameter d, and the number of particles N, which will 
generally be a function of the lattice point and the time. The unrealistically low 
number of particles which can be simulated, taking into account computer storage 
and speed limitations, can be compensated for by assigning unrealistically high 
values to the molecular diameters (and thus to the collision cross sections) in such 
a way as to define a mean free path of the desired magnitude. 

The collisional model employed in RGFLOW is fundamentally similar to the 
hard-sphere models described in the DSMC literature [ 1, 11, 121. At each lattice 
point, colliding pairs (1, 2) are selected randomly with probability proportional to 
the collision cross section and the relative velocity vr( 1, 2). The collision cross 
section for hard-sphere molecules is defined as 

s(l,2)=;(d(l)+d(2))‘. (6) 

The choice of colliding pairs distributed with the specified probability is made by 
accepting a random colliding pair only if 

S(L2)>R 
P(i) I-’ (7) 

where Rf is a random fraction, S( 1,2) is vr( 1,2) times the collision cross section, 
and P(i) is the current value at the lattice point i of an estimate for the maximum 
value of S. P(i) is dynamically updated by assigning to it the value of S when the 
latter is greater than the previous estimate. It remains to compute the total number 
of collisions occurring in a time-step, which is done by incrementing a local time 
counter at each collision until it exceeds the time-step. The necessary increment D, 
of the time counter is given by 

D,= 
2h3 

s( 1, 2) n(i)’ vr( 1, 2)’ (8) 

where h is the local average lattice step and n(i) is the number of molecules 
currently assigned to the lattice point. The use of the time counter avoids 
computing the local average value of the relative velocity which would be time- 
consuming (the processing time corresponding to this computation would be 
proportional to the square of the number of molecules). It should be noted that 
RGFLOW makes use of a single collisional time counter per lattice point, whereas 
most published DSMC algorithms use separate time counters for collisions between 
different molecular species (which would require a greater storage). Other authors 
avoid the use of time counters by using efficient (requiring a processing time 
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proportional to the number of particles) methods for estimating the number of 
molecular collisions occurring within the time-step. These “no-time counter” 
methods are, however, equivalent to those employing time counters in respect of 
processing time [16], and consequently either method can be used. Moreover, as 
it will be shown in the following section, the use of a time counter does not prevent 
the code from being vectorized. 

Three-molecular collisions must be considered in order to account for recombina- 
tion reactions. In RGFLOW this is done as follows. After a collision (B, C) a third 
molecule M is selected randomly and the time increment D, which would be added 
to the local time counter after a collision between M and the recombined molecule 
is computed. D, is then divided by a factor 2/n(i) corresponding to the probability 
for the collision pair chosen randomly immediately after the (B, C) pair to include 
the recombined particle. This scaled value of D, (DT) is an estimate of the 
total time which would be added to the time counter before the next collision 
involving the recombined molecule. The recombination is then filtered through an 
acceptance/rejection step based on the ratio of DT to Lft(B, C), 

DT 
Lft(B, C) < Rf, (9) 

where R, is a random fraction. If the test is pased the recombination is accepted, 
otherwise only the mechanical collision (B, C) is computed. 

When a collision results in a chemical reaction, the energy of the outcoming pair 
is decremented by the energy corresponding to the activation temperature for 
endothermic reactions. For exothermic reactions the energy of the outcoming pair 
is incremented by an amout corresponding to the negative of the input value of the 
activation temperature, which for exothermic reactions is a negative number whose 
only function is to express the energy released (the activation temperature itself may 
generally be taken to be zero for exothermic reactions). The new values of the colli- 
sion energy and of the molecular species of the colliding pair (these parameters also 
define a new value for the relative velocity) are used in the computation of 
the mechanical collision, which uses two random deflection angles. The idea of 
simulating the gas-gas interaction by means of individual interactions between 
random partners and that of using local time counters in order to keep track of the 
number of collisions, which together reproduce the correct non-equilibrium 
behaviour of the flow, are due to Bird [I], and numerical algorithms of this sort 
are called Bird’s algorithms. In the literature it is often claimed that Bird’s 
algorithm is non-vectorizable, this being the reason why many authors [13, 141 
shifted to other methods (Nambu’s method or low discrepancy codes). It seems, 
however, that Bird’s method is still the most satisfactory one with respect to 
physics, because both the conservation laws and the requirement of random 
microscopic behaviour are strictly satisfied. It is therefore worthwhile, in view of the 
considerations exposed in the Introduction, to spend some effort in vectorizing the 
method. 
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4. OPTIMIZATION FOR VECTOR PROCESSING 

In vector computers [&lo] vectorizable loops are executed on vector registers 
which permit processing different iterations of the loop in parallel. A single 
processor controls the computation (as opposed to truly parallel execution). As in 
scalar computers, a fast cache memory is used to hold data which have been 
recently used. Reusing data in cache leads to improvements in the processing speed, 
which can be particularly significant when executing in vector mode. In order to be 
able to make use of the vector hardware, a computational loop must be such that 
the processing pertaining to a given value of the iterative subscript is independent 
of the processing pertaining to previous values of the iterative subscript. This very 
basic limitation may be alternatively stated by saying that the otput of the loop 
must be independent of the order of execution. This requirement sometimes rules 
out the possibility of spontaneous vectorization of existing codes, in which case a 
significant amount of recoding may need to be done in order to take advantage of 
the vector hardware. Besides this and other limitations dictated by the logic of 
parallel execution, the software developed must often face limitations in the perfor- 
mance of vector compilers (even smart compilers are not smart enough sometimes). 
This may be the case, for instance, when the data access patterns are made complex 
by the extensive use of indirect addressing. In these cases, even if the code does 
not contain true data dependencies, the compiler may sometimes not be able to 
establish this fact by analyzing the code, and the loop is consequently flagged as 
probably non-vectorizable. However, most vector compilers offer the possibility of 
bypassing the decisions resulting from the compiler analysis by means of compile- 
time directives. Even when a section of code vectorizes, the speedup with respect to 
scalar execution sometimes does not reflect the full potentialities of vector proces- 
sing. This may be due, for instance, to the presence of a significant amount of con- 
ditionally executed code (when a loop containing a conditionally executed block 
executes in vector mode the statements in the block are always processed, and 
undesired results are discarded after the execution by using a vector mask register 
containing truth values for the condition to be tested). Another limiting factor may 
be an inefficient data access pattern which does not optimize the use of cache (that 
is, requires unnecessary transfers of data from main memory to cache). In order to 
establish realistic hopes concerning the speedup which may result from vectoriza- 
tion, it must be remembered that the fraction of non-vectorizable code dictates an 
ultimate limit for the speedup of a program. This is summarized by Amdahl’s law, 

vector/scalar speedup = 
1 

1 --ctz;jx’ (10) 

where u isthe fraction of vectorized code and x is the average local vector/scalar 
speedup. For instance, a program containing 20% of non- vectorizable code can 
execute faster on a vector processor only up to a factor 5, which would correspond 
to infinitely fast vector hardware. Taking into account Amdahl’s law and the fact 
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that complex software systems are bound to contain a sizeable fraction of non- 
vectorizable code, the IBM 3090 Vector Facility has been designed in such a way as 
to give its optimum cost/performance ratio to systems containing a fraction of non- 
vectorizable code of the order of 20-30%. In other words, the machine has been 
tuned having in mind an operating point corresponding to a global speedup for a 
complex software system between 3 and 5 (of course, the peak local speedup for 
well-vectorizable loops is much higher), and statistical analysis of the performances 
have shown that this speedup may sometimes require considerable effort (it is 
normally claimed that a reasonable vector program speedup is 1.5 to 3). It may 
be seen that vectorizing the algorithm for the simulation of the gas-gas inter- 
action described in the previous section constitutes a task which is far 
from straightforward. The computational loop which is to be performed at each 
lattice point in order to deal with the local set of molecular interactions taking 
place in the time-step is a REPEAT . . UNTIL loop whose number of iterations 
is not known in advance. Moreover, the computational loop contains nested 
REPEAT UNTIL loops, the exit from which is triggered by the occurrence of 
conditions defined at run-time (for instance, the random choice of candidate collid- 
ing pairs must be repeated until a pair is accepted). The necessity of establishing an 
exit condition from a computational loop prevents vectorization (state of the art 
vector compilers can only vectorize FOR loops with a fixed number of iterations). 
Another problem arises from the use of a significant number of independent ran- 
dom fractions. On the one hand, using a subroutine call for the generation of each 
random fraction would, apart from preventing vectorization, be very inefficient. On 
the other hand, the use of a single subroutine call for filling a buffer of independent 
random fractions is made difficult by the fact that the number of independent ran- 
dom fractions in the buffer is not known in advance and its order of magnitude can- 
not be estimated with acceptable accuracy (both the uncertainty in the number of 
iterations of the loop over the set of accepted collisions and the uncertainty in the 
number of iterations of the internal loops over candidate colliding pairs cooperate 
in creating the uncertainty in the dimension of the buffer of random fractions). The 
only way out is that of drastically overdimensioning the buffer, which would unfor- 
tunately be a most inefficient solution with respect to both processing time and 
memory occupation. 

Even if the computational loops dealing with the set of local molecular interac- 
tions do not appear to be vectorizable to any useful extent, the computation of the 
global set of molecular interactions may be very efficiently vectorized by noting that 
the logical structure of the local computational loop, however complex, is the same 
for all the lattice points (whose number will be significant in a relevant application) 
and that different data are processed at different lattice points (each molecule is 
assigned to a single lattice point). Consequently, a better approach is that of vec- 
torizing the computation of the global set of molecular interactions over the set of 
lattice points. This can be done by means of assigning to each lattice point a status 
flag, whose function is that of remembering at which point the computation of local 
molecular interactions at each lattice point has been left after the last (vectorized) 
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sweep over the set of lattice points. A convenient choice for the set of values for the 
status flag is described below: 

1. A candidate colliding pair is to be chosen and checked to ensure that the 
same molecule has not been selected twice and that neither were deleted in a 
previous chemical recombination. 

2. A candidate colliding pair (already defined) is to be checked for the require- 
ment of a collision probability proportional to the cross section and the relative 
velocity. 

3. A candidate third molecule acting as a catalyst for a recombination reaction 
is to be chosen and checked to ensure that it does not coincide with one of the two 
recombining molecules, and that it has not been deleted in a previous chemical 
recombination. 

4. The chemical interction between two colliding molecules must be accounted 
for. This includes changing the molecular species of the pair as well as the collision 
energy and relative velocity, and may include creating or deleting molecules. 

5. The mechanical collision between the two molecules of the colliding pair is 
to be computed. The parameters identifying the two molecules do not coincide at 
this point with their initial specifications. 

6. The required number of local collisions has already been computed at the 
lattice point, and consequently no more processing is needed at the lattice point. 

States 1 and 2 are considered as different because, if the simple test in status I 
fails, there is no need to perform the computationally heavier test in status 2. The 
computation to be done at lattice points in status 4 depends on the reaction mode, 
and consequently status 4 is more conveniently expanded into a set of three states 

TABLE I 

State Transition Diagram 

Initial status Final status Triggering condition 

1 2 
1 

2 3 
4 
5 

3 4 
5 

4 5 

5 6 
1 

Colliding couple accepted 
Colliding couple rejected 

Colliding couple accepted and recombination occurring 
Colliding couple accepted and other reaction occurring 
Colliding couple accepted and no reaction occurring 
Colliding couple rejected 

Recombination accepted 
Recombination rejected 

Always 

Time counter > time-step 
Time counter < time-step 
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in order to avoid the occurrence of conditionally executed code. However, the three 
resulting states behave in the same way with respect to the transition between 
different states, which are summarized in the state transition diagram in Table 1. 
The vectorized sweep over the set of lattice points consists simply of performing at 
each lattice point the action appropriate to the current value of its status flag. The 
computation of the gas-gas interaction in the time-step is finished when all of the 
lattice points are in status 6. The number N, of random fractions which must be fed 
to the process at each sweep is known in advance and is given by 

N,=N(l) N,(l)+ ... +N(5) N,(5), (11) 

where N(i) is the number of lattice points in status i and N,(i) is the number of ran- 
dom fractions which must be fed to the computational process at a single lattice 
point in status i. The possibility of using efficient vector subroutines for the genera- 
tion of blocks of random fractions, such as those provided by the IBM library 
ESSL, gives rise to part of the gain in speed of the vector algorithm described here. 

It is clear that this algorithm for the computation of the gas-gas interaction is 
vectorizable in principle since, as the sets of molecules assigned to different lattice 
points are disjoint, the processes pertaining to different lattice points operate on 
disjoint sets of data and are consequently independent. On the other hand, some 
effort is necessary in the coding stage in order to overcome limitations in the com- 
piler’s ability to analyze fully candidate loops for vectorization. Moreover, the 
details of the implementation affect the efficiency of the code and set a limit to the 
ultimate gain in speed with respect to scalar execution. It is consequently very 
important, as discussed above, to limit as much as possible the fraction of condi- 
tionally executed code (IF blocks) and to use data structures which optimize the 
reuse of data in cache. A number of possible templates for the implementation of 
the vector algorithm have been tested, and it has been found that the scheme 
described below gives the best results. 

Each sweep is made over the set of lattice points pointed to by the array of poin- 
ters Z, I(n) being the nth lattice point in status ~6. Clearly, the number N, of 
elements in I decreases as more and more lattice points reach status 6, and the com- 
putation is finished when I is empty. Moreover, the ordering of pointers in I 
corresponds to the ascending order of the status flags of the lattice points which 
they define. So, the lirst N(1) elements in I contain pointers to lattice points in 
status 1, the next N(2) contain pointers to lattice points in status 2, and so on. The 
computational process which is to be performed over each lattice point is conse- 
quently dictated by the order in which the lattice points are considered. This 
eliminates the need for IF blocks which would slow down the computation. 

In Table II the implementation of the vector algorithm described above is 
explained in more detail, using the keywords REPEAT . UNTIL and FOR TO 
to indicate respectively a loop which iterates until the condition following UNTIL 
is true, and a loop whose number of iterations is fixed. 

It is interesting to compare the method described above to that described in [ 171 
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TABLE II 

Computational Algorithm 

REPEAT 
N(l)=0 

N(S)=0 
FORH=~TON,~ 

N(status(/(n))) = N(status(/(n))) + 1 
END FOR 
Update the array I and sort it 
in such a way as to have the pointers I(n) 
ordered in ascending values of status(l(n)). 

N,=N(l)+ ‘.’ +N(5) 
Generate N, random fractions. 
FOR n = 1 TO N,,, 

Apply to relevant data at the lattice point I(n) the 
process appropriate to the value of the status flag 
corresponding to n. 

Update status(l(n)) as in the state transition diagram. 
END FOR 

UNTIL N,p = 0 

for the simulation of a single-component, non-reacting gas in a CRAY-IS vector 
environment, which also permits a significant vector/scalar speedup to be obtained 
by vectorizing the computation of the gas-gas interaction over the set of lattice 
points. This method does not use a status flag, and consequently does not permit 
one to perform simultaneously (in vector mode) the processing pertaining to lattice 
points in different states. Rather, the initial selection of colliding pairs is vectorized 
over a set of lattice points, and the new selections required at those points, where 
the chosen pair fails the acceptance test, are performed in scalar mode. Only after 
all of the lattice points in the set have been assigned a validated colliding pair is the 
final computation of the mechanical collision executed in vector mode. 

5. CONCLUSIONS 

Several test cases have been run in order to compare the performance of the vec- 
tor algorithm to that of the scalar algorithm. The system used in the test runs has 
been an interacting gas with a few chemical components, represented by a set of 
molecules of size ranging from a few hundreds to a few tens of thousands an embed- 
ded in a computational grid with a number of lattice points ranging from a few tens 
to a few thousands. Since the gas-gas interaction is decoupled from the gas-surface 
interaction, the test system has not included a body interacting with the flow. The 
processing time has been accurately monitored by using the timing option provided 
by the interactive debugging facility of the IBM vector FORTRAN compiler. 
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The parameters which influence the vector/scalar speedup are the number of lat- 
tice points, the average number of molecules per lattice point, and the average num- 
ber of collisions per lattice point (which, for given values of the other parameters, 
can be tuned by changing the value of the molecular diameter for each specie). 

The test runs have been performed by tuning the parameters above and holding 
the other parameters fixed. The vector/scalar speedup has always been greater than 
3 and is close to 4 in most cases. Moreover, the vector/scalar speedup becomes 
better as each of the three parameters quoted increases. Since these are obviously 
the more interesting cases (a run meant to produce reliable results must handle at 
least some thousands of lattice points and some tens of thousands of molecules; 
moreover, pushing the simulated system into the transition regime increases the 
number of collisions per lattice point). It is clear that the vector algorithm described 
here leads to a very significant improvement in the performance of DSMC codes 
using Birds interaction model. 
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