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Abstract: Description d the modifications made to an axialy symmetric steady flow
program to convert it from a sequential codeto a parallel code. Some of the difficulties
encountered and performanceresults are discussed.

Problem Description: The code that was parallelized was a particle in cell code from the
Material Science Department that simulated an axialy symmetric stealy state flow of agas. The
purpose of this code isto seehow and where particles will collide with a surface & the end of the
gasjet. This simulates part of the thip manufacturing process in an attempt to increase the yield
of aproduction line. Using the sequential code even medium sized problems where taking in
excess of aweek to complete and it was estimated that the largest desired problem size could take
aslong as ayea to complete. Furthermore the largest simulations would most likely have been
toolarge for the available memory resources of the target machine. The sequential code uses the
following basic dgorithm:

* All the particles are moved chedking only to seeif they have wllided with a surface

or have left the smulation area

* Particlesareindexed by cdl.

» Pairsof particlesin each cell are selected to collide.
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Close up of a @&l inthe simulation.

The simulations that were used for testing and scali ng results would run for 500to 7000
time steps and contain between 1.5and 2.6million particles depending on the size of the
problem. Although we only varied the number of cellsin the simulation other factors that would
be varied are temperature, pressure, and jet velocity. All of these factors will impad the number
of time steps required for the simulation to complete. The data structures used by the sequentia
code were one-dimensional arrays to track the position and velocity of the particles. The
sequential code dso used an index array so that cells would know where to find the particles that
they contained.

Approach: The data structures were decompased into atwo dimensional grid of patches
with severd cells per patch. Dividing aregular grid into several sub-gridsisa standard way to
deaompase particlein cell codes where most operations are local to a cdl. Each patch usesthe
same basic dgorithm, which is as follows.

" This work was partially funded by NSF grant CDA-9724552



» The particles are moved asin the initial algorithm with an additional check to seeif
they have left the patch.

» All particlesthat have left the patch are sent to the appropriate neighbar patch.

* Theremaining particles are index and collisionsfor the interior cells of the patch are
cdculated.

* Particlesform neighbaing cell s are received and indexed.

* Collisonsare @lculated for the boundary cdls of the patch.

Aboveisasample 2x2 cecomposition, where e&h 4x4block is a patch that runs onits
own CPU. The squares in the patch are the @&ls of the original simulation. Shaded cells are
interior cdls, which calculate cllisionswhile particles are transferred between patches. The
arrows between patches represent communications that must occur each time step. Being able to
overlap the mmmunications with the computation o interior cellsisan important optimization. A
typical message send will be measured in milliseconds while madine instructions are measured
in nanoseconds thus hurdreds of thousands of instructions can be exeauted in thetime it takes for
asingle message to be sent. The more computation that can overlap with communicaionthe
better the gopli cation will scale to large numbers of hosts. The Message Pasdng Interface(MPI)
[1] was used for communicaions between patches. MPI is a standard that allows processes to
communicae with ead other in a portable manner. There are several implementations of the
standard available spanning most platforms.

Anather modificaion to the code was the randam number generator. It was replaced with
a Fibonaaci lag randam number generator that was dightly faster than the original randam
number generator and was able to produce a independent random sequence of numbersfor eat
patch. The majority of random number generators are in fad completely deterministic, itis
important to ensure that each procesor does not end up wsing the same seal. Otherwise each
processin the simulation would generate the same number at the same time. However even using
alinear congruential generator with different seedsis not always good enough since that will



merely cause each processto start at different pointsin the same sequence of numbers. Although
thiswould not be aproblem if only afew numbers were required it could cause problems when a
large numbers of randam numbers are require. This would occur when two process overlap in the
sequence of numbersthat are used, thus two processes would be generating the same numbers but
perhaps ten thousand numbers out of step. Such a problem would be very hard to detect and yet
could invalidate the results of the simulation. The advantage of a Fiboracd lag generator isthat
ead processcan be seeded with its own sequence of randam numbers thus ensuring that such
problems can not occur.

Problems Encountered: Theinitial approach had a dightly different ordering of events.
In this approach we first moved all the particlesin the bourdary cell s and then sent any particles
that moved to neighbaring patches. Then we moved the particlesin the interior cell s. Finally we
received perticles from the neighbaring patches. This minimized the number of changes that had
to be made to the original source. However, it was posshble for the gplicationto add an unmoved
particle to abourdary cdl and then move it to a neighbaring patch after the bourdary move.
Sincethere was ho way to prevent this and noway to guaranteethat a particle once alded would
not leave the patch, | had to abandonthis approach.

There were dso some problems with the sample parameters for the smulation. The rules
that had been specified for the simulation to oltain goodresults were as follows. Particles dould
not move more than 1 cell per time step. Thisisin order to ensure good plysicsin the simulation.
Eadh cell should contain at least 10 particles. In arder to ensure that there would be asufficient
number of particlesinthe call for the wllision step. In all the sample configurations the first
constraint was not met for both the sequential and parallel cases. Many particles were moving
more than one all at atime some were moving as far as 2.5 cells per time step. Asaresult | had
to drastically reduce the anount of simulated time per time step in both versions of the ade. The
second constraint was also not met, for both sequential and parallel versions of the code, in al but
the smallest of problem sizes. This was due to the ssmulation using a geometric progresson for
the grid size dlong the Y -axis. As aresult theinitial rows of cells were nealy empty while the
final rowswould have hundreds of particles. This problem was the worst in the largest problem
size | encourtered where nearly 65% of the grid dd na satisfy this constraint. | investigated
fixing this problem by adjusting the number of real particles each ssimulated particle represented.
However in the two largest problem sizes the machine did not have sufficient swap spaceto run
the sequential program. In any case the results would have been uselessfor timing purposes so
this problem was not corrected in the simulations.

Performance: The simulation yielded excellent scaling results especialy with a one-
dimensional decompasition of the problem. Timing results were gathered by running a smulation
5 times and then comparing the best time to the best sequentia time. All binaries were compil ed
using g77 with O2 optimizations turned onand wererun on533ViHz DEC Alphawith 128V of
main memory anda 2M level 3 cadie. The table below represents the results of the timing runs.
The column headers denote how the problem was decompased and the total number of processors
is diown in parentheses. Note that in the two cases marked with an asterisk the simulation was
run ona 100M bit network while the other cases had only a 10Mbit network. The highli ghted cell
in each column is the best time and was used to cal cul ate the speed up. One will naticethat in all
of the one-dimensional decompasitions there was super-linear speed up thisis dueto apoa cache
hit rate in the wllision step. During the collision step two particles are selected from a cdl to
collide; however, their location in the aray of particlesis effectively randam. Asthe problem
gets decompaosed into smaller and small er pieces the percentage of the total number of particles
that will fit in the cache goes up and thus © dose the cache hit rate for the parallel version.



Sequential [4x1 (4) 8x1(8) 16x1(16) (8x2(16) |8x3(24) |[32x1(32)

41:41:31] 9:05:36| 5:17:37] 2:28.07| 2:44:05 2:05:52 1:19:21

41:53:14] 85948 4:.48:18 2:39:.07] 2:37:46 1:56:17] 1:18:19

42:18:11] 9:08:24] 4:36:57] 2:30:56| 2:46:18  1:56:01] 1:19:34

42:13:46 9:05:00f 4:28:00 2:34:42 2:45:11 1:55:36) 1:10:48

A[B[WIN|F-

42:16:26 9:12:03] 4:34:36 2:26:39 2:53:48 1:56:59 1:17:56

Average 42:04:38) 9:06:10 4:45.06] 2:31:54] 2:45.26] 1.58.09 1:17:12

Spead Up 1.0 4.6 9.3 17.0 15.8 21.9 35.3

16x2(32) |8x4(32) |16x3(48) |12x4(48) |13x4(52) |32x1(32)* [48x1(48)*

1 1:30:21] 1:43:17] 0:55:33] 0:58:100 0:53:.06] 1:06:26] 0:49:10
2 1:29:35 1:32:08] 0:59:45] 0:57:59] 0:54:32] 1:09:37| 0:46:43
3 1:38:09 1:31:28] 0:56:53] 1:01:00f 0:50:35  1:09:32| 0:40:41
4 1:43:18  1:34:21] 0:54:28] 0:57:12] 0:54:36] 1:09:39] 0:40:37
5 1:29:53 1:29:46| 0:58:200 0:59:48 0:52:08  1:09:30f 0:44:31
Average 1:34:15 1:34:12) 0:57:000 0:58:50 0:52:59 1:08:57] 0:44:20
Spead UP 27.9 27.8 45.9 43.7 49.4 37.6 61.5

Thereasonthat the two dmensional decompositions did not perform as well as the one
dimensional casesis because the Y -axis uses a geometric progressonwhich resulted in aload
imbalance between the rows of patches. A secondary factor is that the two dimensiona case
requires that 4 times as many messages are sent as in the one dimensional case.
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Observations: The hardest part of this project was not deciding how to parall€elize the
application; the hardest part was stepping through the source code and determining what the
various variables were and if they neaded to be mnverted to operate on patch coordinates or
could remain onglobal coordinates.

The choiceof using a geometric progresson for one of the dimensions of the grid
presents difficulties in the simulation. The reason that was stated for using such a grid was that it



would yield better resolution along the ais of symmetry, which is the region that they are most
interested in. However, thisresulted in the cells being under populated in the region of interest.
Also the allision step isthe most expensive part of the simulation thus alarge portion of the
running time will go into computing cell s of low interest since the larger cells have many more
collisions. Furthermore the load imbalancein the 2 dmensional decompasition would nat happen
onauniform grid. These threefactors cause me to believe that the simulation would yield better
resultsin lesstimeif it wereto use auniform grid. If the resolution along the a<is of symmetry is
insufficient then reducing the size of al the cells on the Y -axis would probably be abetter way of
increasing the resolution than using a geometric progression.

Further Enhancements:. There are two further optimizations that could be made to the
code. First each time step currently involves five messages being sent to each neighbaing patch
in the grid. These messages could be mmbined into a single send. Currently most if nat all of the
communicaions are anortized by the interior cell collision step so the benefits of doing thisare
small given the size of the problems that will be ssmulated. The other enhancement is to improve
the load balancing in the 2 dimensional decompasition. Thiswould involve specifying the total
number of cellsfor each row and column of patchesto use. Instead of the aurrent approach which
isto dvidethe cdls as evenly as posdble. The need for this enhancement would be eli minated if
auniform grid were used, sincethen each cell would have roughly the same number of particles.
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