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Improvements in Parallel Chimera Grid Assembly
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Parallel implementation and performance assessment of the grid assembly function in a chimera grid approach,
realized by the Beggar code, are presented. A mixed programming model is used combining message passing with
shared-memory programming constructs using standard POSIX calls. The POSIX calls are used to store large,
common data structures in shared memory. The associated reduction in the total memory requirements allows
more processors to be used. The effective utilization of this increased processor count is based on improvements in
load balancing because of a finer decomposition of the work associated with the grid assembly function. Parallel
efficiency is demonstrated using a three-store, ripple release, trajectory calculation.

Introduction

HE chimera grid scheme! (i.e., the use of overlapping, struc-

tured grids for domain decomposition) allows the calculationof
moving-body, fluid dynamics problems using time-accurate compu-
tational fluid dynamics (CFD). Thus, chimera has seen application
in the analysis of store separation? tilt-rotor aircraftaerodynamics
and many other areas. However, an expensive grid assembly pro-
cess,involvinghole cuttingand interpolation,is required to establish
communication between the overlapping grids. And the expense
increases further with the time-accurate solution of moving-body
problems because the grid assembly has to be updated after each
time step.

Numerous attempts have been made to create robust and efficient
algorithms for handling the grid assembly problem. The number of
algorithms that have been applied to dynamic, moving-body prob-
lems is somewhat smaller. The number of parallel implementations
for dynamic problems is fewer still.

Barszcz et al.* and Wissink and Meakin® have performed the
parallel solution of many dynamic problems using chimera meth-
ods. However, their decomposition of the work related to the grid
assembly function was based on the same decomposition used for
balancing the work of the flow solver. Modifications in the work
distribution of the grid assembly lessened the parallel performance
of the flow solver and, thus, the parallel performance of the overall
simulation?

Prewitt et al.® performed the first parallel, chimera CFD solution
of a dynamic problem that used a data decomposition of the grid
assembly separate from that of the flow solver. However, large load
imbalances were seen in the grid assembly function, and the rela-
tively small number of grids used in the test problem did not offer
much opportunity for scalability. This work presents the improve-
ments inload balancingoffered by using a fine-grain decomposition
of the work associated with grid assembly.
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Grid Assembly

Two major steps occur in the grid assembly function: hole cut-
ting and the stencil search. Holes are cut into overlapping grids to
mark cells that intersect solid boundaries (rather than conforming
to them) as invalid. This creates hole boundaries that require some
sort of applied boundary condition. The points on the fringe of
these hole boundaries and the points on the outer boundaries of any
embedded grids are collectively referred to as intergrid boundary
points (IGBPs). Boundary conditions are supplied at the IGBPs by
interpolating the flow solution from any overlapping grids. Finding
appropriate interpolation stencils is the goal of the stencil search.

In this work the concernis with the grid assembly algorithmsused
in the Beggar code.” Beggar is capable of solving three-dimensional
inviscid and viscous flow problems involving multiple moving ob-
jects. It allows blocked, patched, and overlapping structured grids
in a framework that includes grid assembly, flow solution, force
and moment calculation, and the integration of the rigid body, six
degree-of-freedomequations of motion.

For cutting holes Beggar uses an outline and fill algorithm. The
facets of the hole-cutting surfaces are used to create an outline of
the hole, and then the hole is filled by a fast sweep through the
grid. The algorithm first marks the cells surrounding the vertices of
a hole-cutting facet as being on the hole side or the world side of
the facet. Then the facet is recursively refined in order to ensure a
completeoutlineof the hole. Each of the hole-cuttingfacetsis treated
independently. The only restrictionon the hole-cuttingfacets is that
they form completely closed surfaces.

Parallel Implementations

Beggar has gone through an evolutionary process of parallel-
processing development. Single-program, multiple-data and
multiple-program, multiple-data programming models have been
used along with the message-passing paradigm. Implementations
have used both parallel virtual machine (PVM) and message pass-
ing interface (MPI) for the message-passinginterface.

Belk and Strasburg® developed the first parallel implementation.
The grid assembly was performed as an initializationstep, and only
the flow solver was executed in parallel. Thus, this implementation
was only applicable to static problems.

The extension to solving dynamic problems in parallel was ac-
complished in several phases based on the parallel implementation
of the grid assembly function and its integration with the parallel
implementationof the flow solver. Prewittetal.’ presentsa complete
review of this development process.

Prewitt et al.!” presented the first implementation, phase I, which
used a single front-end (FE) process to perform the grid assembly
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in a serial fashion with respect to the parallel execution of the flow
solver across multiple backend (BE) processes. Proper communi-
cation between the flow solver and the grid assembly function was
required; however, no considerationwas given to load balancing or
partitioning of the grid assembly function.

In the phase IT implementation Prewitt et al.'® showed an im-
provement in the parallel efficiency by hiding the execution time
of the grid assembly function behind that of the flow solver. This
was possible because of the Newton-relaxation scheme used in the
flow solver (complete details on the flow solver can be found in the
literature; see Whitfield,'! for example).

As the number of BE processes increases, the time to compute
the flow solution, and therefore the time available for hiding the
work of the grid assembly, decreases. To continue to see the opti-
mum speedup, multiple processes must be used to decrease the total
execution time of the grid assembly function.

In the phase III implementation Prewitt et al.® distributed the
work of the grid assembly across multiple FE processes using data
decomposition techniques. The basis for decomposition was the
grids or groupings of grids called superblocks. The grid assembly
executiontimes were monitored, and the superblockswere migrated
between FE processesin order to dynamically improve the balance
of the grid assembly workload.

This implementation showed significant improvements over the
preceding implementations; however, its performance was ham-
pered by a poor load balance and limited scalability in the grid
assembly function because of the use of superblocksas the basis for
domain decomposition. The load balancing and scalability can be
improved by using a fine-grain decomposition of the work associ-
ated with the grid assembly.

The work of the grid assembly function is associated with the
number of hole-cutting surface facets, the number of cells that are
cut, and the number of cells that require interpolation.In this paper,
the hole-cutting facets are used as the basis for decomposition of
the hole cutting. This is done to demonstrate the improvements
in performance and scalability that are possible with a fine-grain
decomposition. Of course, hole cutting is only half of the work
of the grid assembly. The other half, the stencil search, is more
difficult to implement using a fine-grain decomposition (e.g., based
on IGBPs); therefore, the stencil search portion of the grid assembly
function is still decomposed based on the mapping of superblocks
to FE processes.

Parallel Performance

If one considers the entire workload of a complete simulation to
be broken down into a part that can be executed in parallel and a
part that must be executed serially, the maximum speedup that can
be achieved is determined by Amdahl’s law'?:

s < 1/[(fp/npes) + [i] o))

where s is the speedup, f; is the serial fraction of the work, f), is the
parallel fraction of the work, and npes is the number of processors
on which the parallel portion of the code is running.

Generalizing Eq. (1) to include the effect of a load imbalance, the
speedup becomes

s = 1/[(fy/npes) x fi + [i] 2

where f; is the load imbalance factor. This is a scale factor that is
used to increase the average parallel work per processor to represent
the maximum work on any processor.

The phase I implementation fits this model of performance very
well. The flow solver represents the parallel work, whereas the grid
assembly represents the serial work. Thus, for the phase I imple-
mentation the speedup can be approximated from Eq. (2) as

s >~ 1/[(F,/nbes) x F; + G,] 3)

where F), is the parallel fraction of the work representedby the flow
solver, F; is the load imbalance factor from the distribution of the
flow solver, nbes is the number of BE processes,and G; is the serial
fraction of the work represented by the grid assembly.

For the phase II implementation one must take into account the
fact that the execution time of the grid assembly can be hidden by
the execution time of the flow solver. If the fraction of time spentin
the flow solver after the first Newton step, or d iteration, is

F, ndt — 1
ko= (nbes) x i ( ndt ) )

where ndt is the number of dt iterations being run per time step,
then the speedup can be approximated by the equation

s = 1/[(F, /nbes) x F, + G,] 5)
where
G — G,—F, if F, < G, ©)
e 0 otherwise

If F, is greaterthan G, the time to do the grid assemblyis completely
hidden by the flow solver. If the time to compute the grid assembly
is only partially hidden by the flow solver, the speedup is degraded
by the portion of the grid assembly process that is not hidden.

For the phase III implementation the grid assembly is executed
in parallel; therefore, the grid assembly time is

G ,/nfes x G; )

where G, is the parallel fraction of the work represented by the
grid assembly function, G; is the load imbalance in distributing the
grid assembly work, and nfes is the number of FE processors that
are executing the grid assembly function. Functional overlapping of
the flow solver and the grid assembly function is still being used;
therefore, the speedup is still estimated using Eq. (5) with

{Gp/nfes x G; — F, if F, < G, /nfes x G,
G, = . ®)
0 otherwise

With the change in the basis for the decomposition of the hole-
cutting work, the grid assembly time should be broken down into
hole-cutting time and stencil-searchingtime for the purpose of per-
formance modeling so that separate load imbalance factors can be
identified. However, Eqgs. (5) and (8) will continue to be used. Any
improvement in the overall performance is as a result of improve-
ments in the load balance of the hole cutting.

Results

The generic store, ripple release case is being used for collecting
timinginformation. Three stores are ejected froma triple ejectorrack
configurationin bottom, outboard,inboardorder with 0.04 s between
releases. A sense of the motion and the overlapping grid system can
be obtained from Fig. 1. The complete calculation consists of 600
time steps of 0.0005 s, representing 0.3 s of the trajectory. Two dt
iterations and six inner iterations are used per time step of the flow
solver. This problem was first presented by Thoms and Jordan.'?
Complete details of the problem definition can be found in Ref. 13.

All solutions were run in double precision (64 bit) on an SGI
Origin 2000 machine. This particular machine was configured with
64-195-MHz R10000 processors and 16 GB of distributed, shared
memory with two processorsand 512 MB of memory per node card.

A single-processorsimulation was computed to establishthe base
solutiontime 0f 9384 min (about6.5 days). Comparing the execution
time of the grid assembly function to the total execution time from
the sequentialrun, work fractionsof G, = 0.05 and F, = 0.95 were
established.

All of the phase Il runs used four FE processesfor grid assembly,
with dynamic load balancing performed after each iteration. Per-
formance data, originally presented by Prewitt et al.,° are shown in
Fig. 2. Two estimated speedup curves are shown. One is for nominal
load imbalance factors of F; =1.05 and G; = 1.08. This represents
the level of performance that was anticipated. However, the grid as-
sembly experienced a much larger load imbalance, and the overall
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Fig.1 Three-store, ripple release overlapping grid system with holes.

50 : : ‘ .
ideal
“0 Fi=1.05, Gi=1.08
S30 phase lll, actual
8
(O]
Q
@ 20 | |
10 | Fi=1.16, Gi=1.65 |
0 10 20 30 40 50

processor count

Fig. 2 Measured speedups for the phase III runs.
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Fig.3 Detailed execution times for hole cutting for the 40 + 4 phase III
run.

performance suffered. The second estimated speedup curve shows
that the actual imbalance in the grid assembly is about 65%.

The iterative algorithm used by the grid assembly function re-
quires several synchronizationpoints to ensure thateach process has
access to the proper cell state information (i.e., iblanking informa-
tion). The largeimbalanceis causedby this need for synchronization
and the limited number of superblockswith which to decomposethe
workload.

Figure 3 shows the evolution of the execution times for hole cut-
ting from the 40 4+ 4 (40 BE and 4 FE processes) phase Il run. Each
curve represents the execution time vs the time-step number for the
work done on an FE process. If the workload was well balanced, the
FE processes would be executing for nearly equal times. However,
the separation in these curves shows that considerable differences
exist in the execution time of each process at any given time step.

There are about 60,000 hole-cutting facets and only 10 su-
perblocks in this particular test case. Therefore, the use of the
hole-cutting facets as a basis for decomposition adds flexibility for
distributing the workload. The use of shared memory to store the
cell state information also reduces communication and the need for
synchronization.

Figure 4 shows plots of the hole-cutting execution times vs the
time-stepnumber when the hole-cuttingfacets were used as the basis
for decompositionof the hole-cutting workload. The plots represent
runs on four and eight FE processes, respectively. These figures
contain separate curves for each of the FE processes. The tight
groupingof the curves shows the excellentload balance experienced
by the hole-cutting function. A direct comparison of the two plots
in Fig. 4 shows that the execution time decreased by a factor of two.
This, again, is ideal behavior because the number of FE processes
was doubled.

During the initial time steps and at several points during the simu-
lation, noise appears to be in the timing data. These are variationsin
the execution times of different FE processes indicating some load
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Fig. 4 Measured execution times for hole cutting on four (top) and
eight (bottom) FE processes with a decomposition based on hole-cutting
facets.
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Fig.5 Comparison of speedup including fine-grain hole cutting with
dynamic load balancing.
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imbalance. However, the dynamic load balancing routine quickly
drives the execution times back toward the ideal load balance.

Figure 5 shows the speedup for the entire simulation when a fine-
grain decompositionof the hole-cuttingworkloadis used along with
dynamic load balancing. The additional data are for runs on 4 FE
processes and 28, 32, 36, and 40 BE processes. Only slight im-
provements in the overall speedup are seen because only the load
imbalance of the hole cutting is being improved. A fine-grain de-
composition of the stencil search must be included in order to reap
the full benefits.

Conclusions

Execution timing data for the ripple release test problem were
presented to show the performance improvements seen by using
a fine-grain decomposition of the work associated with hole cut-
ting, as opposed to a coarse-grain decomposition based on the su-
perblocks.This implementationused shared memory to store the cell
state information, thereby reducing the communicationcost and the
requirements for synchronization. A dynamic load balancing algo-
rithm was also used to keep the load balance of the hole-cutting
work near ideal.

Several equations were derived from Amdahl’s law for use in
modeling the performance of the different parallel implementations
of the grid assembly function. These equations proved effective in
approximating the speedup to be gained and are of great utility
in deciding the optimum number of processors on which to run
a job.
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