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Abstract

Graphics accelerators are increasingly used for general purpose high performance computing
applications as they provide a low cost solution to high performance computing requirements.
However, the existing application software needs to be restructured to suit to the accelerator
paradigm. Explicit methods are inherently suitable for parallelization whereas implicit meth-
ods are not suitable as the nodes need to be processed in specific order. However, the nodes
can be grouped into clusters such that nodes within the cluster are independent and can be
processed concurrently. CUDA kernel can be launched separately for each cluster of nodes
to process nodes in parallel leading to same computation results as sequential program. One
such successful attempt has been made and the speed up obtained along with computation

results is presented in this paper.

Introduction

CFD applications are highly computational intensive,
owing to the large data sets and intensive computations
involving large number of iterations. Typically for a store
separation dynamics problem, about 2000 to 4000 itera-
tions of simulations have to be executed at 30 to 40 CFD
simulation points along the trajectory over a geometry
containing about 15 million grid points for obtaining
meaningful results. The number of such trajectories for
each air-launched mission is of the order of 300. Hence, a
faster method to generate huge CFD based trajectory data
is necessary. Here already proven store separation dynam-
ics suite consisting of MPI based grid free Euler solver
along with pre-processor and 6 DOF trajectory code has
been considered for enhancing the speed.

The power of the GPGPU threads has been exploited
to perform the number crunching of highly intensive CFD
simulations. This methodology is likely to give reduced
run time ensuring 2 to 3 times increase in speed-up result-
ing in higher number of trajectories of stores when re-
leased from the aircraft. Efforts have been made by various
researchers to reduce this computation time by paralleliz-
ing the applications on high performance computing plat-
forms. However, the infrastructure required for the high

performance computing platforms is not only prohibi-
tively expensive and their maintenance is also highly
arduous.

General Purpose Graphics Processing Units
(GPGPUs) provide a low cost and low energy consuming
solution to high performance computing [1,2,3,4]. GPU is
especially designed for problems that can be expressed as
data-parallel computations, that is, same program is exe-
cuted on many data elements (SPMD) in parallel [5].
GPUs are designed such that they devote more transistors
for data processing. As same program is executed on each
data element, the requirement for sophisticated control
statements in the program is low. Application programs
that process large data sets can use a data-parallel pro-
gramming model to speed up the computations.

Bhogendra Rao et al. [6] has employed Master-slave
software architecture to convert a two-dimensional and
three dimensional grid free CFD solver [7] in GPGPU
computing platform and showing significant improve-
ment in the performance. In the present work, an implicit
grid free solver is converted in CUDA for GPGPU com-
puting platform. The performance of GPGPU computing
with explicit and implicit grid free solvers are compared
for air launched store separation problems.
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Grid-Free Euler Flow Solver

The grid-free methods which operate on distribution
of points reduces the grid generation difficulty to a greater
extent. Further, the grid-free methods are amenable for
parallelization due to uniform and simple data structure
for even complex multi-bodies and hence it is easy to
handle relatively moving multi-bodies in a parallel envi-
ronment.

Least Squares Kinetic Upwind Method (LSKUM) is
based on the Kinetic Flux Vector Splitting (KFVS) [8]
scheme, which exploits the connection between the
Boltzmann equation of kinetic theory of gases and the
governing equations of fluid dynamics using a moment
method strategy. More specifically, Euler equations are
obtained by taking y-moments of the Boltzmann equation
with Maxwellian as velocity distribution function. In
LSKUM, the spatial derivatives of the Boltzmann equa-
tion are discretized using weighted least squares method
and the upwinding is enforced by choosing split sub-sten-
cils from the connectivity based on sign of the molecular
velocity to evaluate the spatial derivatives. Finally, taking
?-moments lead to LSKUM numerical scheme. The higher
order accuracy in space is achieved using a defect correc-
tion method [9] in which the lower order spatial errors are
removed using an iterative strategy.

An improved version of LSKUM is q-LSKUM in
which the entropy variables, also called g-variables, are
used in the defect correction step to achieve higher order
accuracy in space at all points including boundary points.
The q-LSKUM also operates on arbitrary distribution of
points in the computational domain and does not require
complex grid generation effort to solve the governing
equations of fluid dynamics. Therefore, it considerably
reduces the grid generation time and also makes it possible
to obtain solutions for the geometrically complex configu-
rations. The performance of the solver crucially depends
upon the quality of the connectivity (set of neighbours) to
estimate the spatial derivatives of flux vectors using least
squares method. The algorithmic steps of -LSKUM are
given in Fig.1.

Implicit Grid-Free Euler Solver

The Euler equations governing unsteady compressible
inviscid flows can be expressed in the conservative form
as
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In order to obtain a steady-state solution, the spatially
discretized Euler equations must be integrated in time.
Using Euler implicit time-integration, Eq.(1) can be writ-
ten in discrete form as
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Equation (2) can be linearized in time as
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Where R; is the right-hand-side residual and equals to zero
for a steady state solution. Writing the equation for all
nodes leads to the delta form of the backward Euler
Scheme
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The following simplified flux function is used to obtain
the left-hand-side Jacobian Matrix
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Where n;; is the geometric property obtained using least
squares method, Ci‘ is speed of sound, and the summation
is over all neighboring vertices j of vertex i. The left-hand-
side Jacobian matrix can be expressed in upper, lower, and
diagonal forms as
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In this method, the matrix A of Eq.(5) is split in three
matrices, a strict lower matrix L, a diagonal matrix D, and
a strict upper matrix U. This system is approximately
factored by neglecting the last term on the right-hand side
of Eq.(11). The resulting equation can be solved in the two
steps shown in Egs.(12) and (13), each of them involving
only simple diagonal matrix inversions.

(D+L)D " D+U)AU = R+(LD-IU)AU (1)
Lower (forward) sweep:
(D+L)AU" =R (12)
Upper (backward) sweep:
(D+U)AU = DAU" (13)

It is clear that the above algorithm involves primarily
the Jacobian matrix-solution incremental vector product.
Such operation can be approximately replaced by comput-
ing increments of the flux vector AF.

JAU =~ AF = F(U+AU)-F (U) (14)

The forward sweep and backward sweep steps can then be
expressed as

% -1 1 % %
AU =D {Ri—lz E(AFJ. —ml.ijj )} (15)
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In the grid-free method, the sweeps are carried out
based on node number. The terms on the right hand side
indicate how node number relates to central node.

MPI-GPU Implementation of Implicit 3D Euler
Flow Solver

In order to reduce the number of iterations that are
required for convergence, an attempt was made to convert
the existing MPI version of 3D implicit Euler flow solver
to MPI-GPU. However, the existing implicit version was
found not suitable for GPGPU computing, as the nodes
need to be processed in order during state update. In order
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to make the implicit 3D Euler flow solver suitable for
parallel implementation, the nodes are renumbered such
that independent nodes can be processed concurrently.
The 3D flow solver involved computation of least square
coefficients before entering into iteration loop. This com-
putation of least square coefficients is also computed on
GPGPU device in parallel, as shown in the flowchart of
Fig.2.

MPI Version of Implicit Euler Flow Solver

The code Listing 1 shows the existing MPI implemen-
tation of state_update () function. It can be observed that
the nodes are processed in forward order followed by
backward order. However in CUDA implementation, all
the nodes are processed concurrently and any ordering on
nodes will be impetus to the performance. If the ordering
is not enforced the results will be incorrect. However, the
nodes which are not adjacent to each other can be proc-
essed concurrently. Based on this concept a coloring
scheme has been implemented.

1 for( int i = 0; i<MaxIterLocal ; 1 ++) {
2 for (int n = 0; n <MaxNode; n++) {
3 forwardSweepFPM (n) ;

4 3

5

6 exchange dU () ;

7

8 for (int n = MaxNode-1; n >=0; n++) {
9

10 backwardSweepFPM (n) ;
11}

12

13 exchange dU () ;

14

15}

Listing 1 : MPI Code for Implicit State Update

Coloring Scheme and CUDA Implementation

In the coloring scheme, the nodes are renumbered/re-
ordered [10] such that nodes which are mutually inde-
pendent can be processed concurrently. The reordering
algorithm is as follows:
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1. Mark an arbitrary grid node as belonging to hyper-
plane number 1. Set the current hyper-plane number
Npto 1.

2. Assign mark Np + 1 to all non-marked nodes con-
nected to the nodes marked as Np. Increment the
current plane number Np by 1.

3. Ifnotall nodes are marked, repeat step 2. One can see
that nodes belonging to one group may be connected
to each other. To avoid such connections, step 4 is
required.

4. Examine nodes from each hyper-plane. For each
hyper-plane, mark (color) the nodes so that no nodes
of the same color are connected to each other. This
coloring procedure is similar to one usually applied
for vectorization of unstructured grid codes. Accord-
ing to the colors, assign new group marks to the
nodes.

Before calling the solver routines, the nodes are re-
numbered using the above algorithm. The coloring
scheme groups the nodes such that nodes within the group
are mutually data independent and can be processed con-
currently.

The array variable nodepas consists of starting num-
bers of nodes belonging to each group. nodepas[i] contains
starting number of the node of ith group. The variable
NoPass represents total number of such groups. The loop
iterates over the number of groups and concurrently per-
forms forward sweep followed by backward sweep with
exchange of DUs after each sweep as shown in the code
Listing 2. The ForwardSweepWrapper () and Backward-
SweepWrapper () compute the kernel configuration based
on the size of the group, that is number of nodes in the
group, and launch the kernel

CUDA Programming Model for Implicit 3D Euler
Flow Solver

The CUDA programming model for implicit 3D Euler
flow solver is given in the flowchart of Fig.2. It can be
observed from the figure that before state update (), two
more kernels are included - namely ForwardSweep () and
BackwardSweep (). As the names suggest the order of
processing the nodes is important in these two kernels.
However, due to the coloring scheme, independent nodes
are processed concurrently and synchronization of data is
required after the processing. This need for additional data
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1 for ( | =0; l<MaxiterLocal ; | ++) {
2 for (ipass = 0; ipass<NoPass ; ipass ++) {

3

4 // parallel forward sweep of the nodes in the group
5 ForwardSweepWrapper (nodepas| ipass |,
6 nodepas| ipass +1] , ipass , NoPass ) ;
7}

9

10 exchange dU( dcomm buffs , dnode , d InitData ) ;
11

12 for (ipass = NoPass-11; ipass>= 0; ipass--) {

13

14 // parallel backward sweep of nodes in the group

15 BackwardSweepWrapper (nodepas| ipass ],
16 nodepas| ipass +1] , ipass ,NoPass ) ;
17 '}

18

| 19

| 20 exchange dU( dcomm buffs, dnode , d_InitData ) ;
| 21}
|

Listing 2 : MPI-GPU Code for Implicit State Update

synchronization deters the performance of implicit Euler
flow solver when compared to the explicit version.

Implementation Issues

Various important issues that are to be addressed while
developing CUDA applications are discussed in this sub-
section.

Kernel Configuration Computation : The kernel con-
figuration depends highly on the current load of the device
and the resources required by the kernel as there can be
multiple kernels running simultaneously. Exact block size,
that can successfully launch the kernel, can be computed
from the results returned by cuda OccupancyMaxPoten-
tialBlockSize () function [11,12].

After obtaining the optimal block size, the grid size was
computed as shown in the code for performing this func-
tionality given in code Listing 3

Avoiding Race Conditions : Race conditions were
avoided by identifying sections of the code where global
shared datum was simultaneously accessed by multiple
threads. The code was divided into multiple kernels at
those sections of code; each for loop is coded into one
kernel and global data synchronization is performed using
cudaSynchronizeDevice () after execution of each kernel.
Thus, if the threads trying to access the variable were
across blocks and they needed to be synchronized using
cudaSynchronizeDevice (). This function can be called
from the host code only. If the data synchronization is
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1 int gridSize ; /Number of blocks per grid

2 int blockSize ; // Number of threads per block returned by CUDA
3 int MinGridSize ; // Minimum gr id size returned by CUDA

4

5 cudaOccupancyMaxPotentialBlockSize (&minGridSize ,

6 &blockSize ,

7 ( void* ) KernelFunction ,
8 0,
9 MaxNode ) ;

10
11 gridSize = (MaxNode + blockSize-1) / blockSize ;

Listing 3 : Source Code Listing for Kernel Configuration
Computation

required within the block synchronizeThreads () will
achieve the same within the block.

Handling Essential Sequential Computations :Integra-
tion of aerodynamic forces is the essential sequential
computation in the present problem. Here, heterogeneous
computing capability of GPGPU has been effectively util-
ized. The aerodynamic forces of i iteration are integrated
on the CPU, while the (i+1)th iteration is being executed
on the GPGPU. Integration of aerodynamic forces corre-
sponding to the last iteration is performed sequentially
after all iterations are completed.

Achieving Load Balancing : The problem being a grid-
free Euler Flow solvers, the number of neighboring points
for different points in the grid are different and the amount
of computation is proportional to the number of neighbor-
ing points. Hence, the load balancing could not be
achieved. Load balancing techniques for unstructured grid
solvers was discussed in [13]. In contrast, structured grid
solvers will provide good load balancing. However, as the
amount of data that is processed more than the number of
threads of CUDA, the CUDA scheduler would optimize
the utilization of GPUs.

Obtaining Coalesced Memory Access :The problem be-
ing grid-free, coalesced memory access could not be
achieved. However, various node renumber techniques to
improve the memory access patterns were discussed in
[14,15,16,17,18]. It is required to implement one of these
strategies to improve the coalesced memory access and
thereby performance of the CUDA software.

Software Validation for Generic Wing-Store Problem

The MPI-GPU software was tested with Generic wing-
store separation problem [19] with 7 Million data points
at transonic flow condition of Mach number 0.95 and
angle of attack 0°. The software was tested on a cluster of
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compute nodes. Each computing node in cluster is
equipped with two NVIDIA Tesla K-20 series GPGPU
accelerators. The configuration of Tesla K20 GPGPU is
as follows:

® Number of GPU cores: 2688

® Memory size: 6 GB

e Clock speed: 0.732 GHz

e Memory Bandwidth: 250 GBps

e Performance (SP): 3.95 TFLOPS
e Performance (DP): 1.31 TFLOPS
e Max Power Usage: 235 W

In order to obtain maximum performance from MPI-
GPU version of software, it was planned to spawn only
two instances of software per computing node, so that each
instance can exploit one GPGPU. It is required to specify,
in the job file for the scheduler of the HPC cluster, that the
number of instances that the applications runs on each
computing node should be equal to the number of GPU
cards available on each compute node. Some schedulers
also support specification for scheduling the software only
when the GPU cards are not used by other applications.
RDMA feature of CUDA has been effectively exploited
for data synchronization among computing nodes. In ad-
dition, only points in the overlapping region are synchro-
nized among the nodes, thus further reducing the
communication demands.

An 8 node GPGPU cluster configuration utilizing both
CPUs and GPUs containing one master node and seven
slave nodes are used in the present computations. The
residue histories of MPI and MPI-GPU computations are
compared in Fig.3 and a very good match between the two
is observed. The pressure contours on lower and upper
surfaces of the wing and store, computed by the MPI-GPU
version, are shown in Fig.4. It can be noted from the results
that the output of GPGPU version of implicit Euler flow
solver is exactly matching with those of MPI versions. The
computation time for 20,000 iterations and the corre-
sponding speed-up factor are given in Table-1. It is ob-
served that the MPI-GPU version of implicit Euler flow
solver is only 2.6 times better than the MPI colored version
where as the explicit Euler flow solver [6] was 4 times
better than its MPI counterpart. This is mainly due to
excessive exchange of data between the compute nodes
which in turn increases the data transfer to and from
GPGPU device memory. The performance of MPI-GPU
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Table-1 : Comparison of Execution Times and

Speed-up
Execution Time (Sec) Speed-up
MPI GPU TwmpI/TMPI-GPU
71434 28588 2.498

version can be improved if the data transfer is minimized,
if not avoided.

Conclusions

An implicit grid free CFD solver has been successfully
converted to CUDA through master slave architecture for
executing in GPGPU platform. All race conditions are
successfully avoided in the applications and heterogene-
ous computing feature of GPGPU is made use of for
concurrently executing the essential sequential part of the
program on CPU, and thus increasing the performance of
the application. Generic wing store problem was taken as
the validation case and the problem is run on a cluster of
8 node GPGPU configuration containing one master node
and seven slave nodes. The computed solutions of MPI
and MPI-GPU are very closely matching with each other.
The speed up factor of MPI-GPU version of implicit Euler
flow solver (2.6X) is much less compared to explicit flow
solver (4X). Excessive exchange of data to and from
between the compute nodes GPGPU device memory is
mainly responsible for the lower speedup. Load balancing
and use of coalesced memory access could not be imple-
mented because of unstructured mesh which could have
further improved the GPGPU performance of the implicit
solver.
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