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Project Description



What SWE Does

@ Simulate the flow of water

0 Domain decomposition

O Numerical simulation

® Reproduce water height change in reality

® Application fields:

0 Hydraulic Engineering for canals and dams
0 Oceanography for tsunamis and storm modeling

O Atmosphere modeling



https://docs.google.com/file/d/1R_AMinENoTeZwPKQ08gyR3t8d2cQ1LUS/preview

Tdea of Optimization

1.

Vectorizing solvers to enable SIMD processing

a. Intrinsics

b. OpenMP SIMD pragmas

Multithreading with OpenMP

a. Parallelizing for-loops

b. Tuning scheduling scheme to resolve load imbalance
Restructuring the code for better efficiency

a. Precomputing variables to decrease computing overhead

b. rearranging loop configuration for better cache locality



Profiling



Callgrind Profiling
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VTune Profiling

Computer information:

Architecture: x86_ 64
CPU op-mode (s) : 32-bit, 64-bit
Address sizes: 39 bits physical, 48 bits virtual
Byte Order: Little Endian
CPU(s) : 20
On-line CPU(s) 1list: 0-19
Vendor ID: Genuinelntel
Model name: 12th Gen Intel (R) Core(TM) i7-12700H
CPU family: 6
Model: 154
Thread(s) per core: 2

Execution command: vtune -collect hotspots -result-dir SWE mpies
-np 10 ./SWE-MPI-Runner -x 1000 -y 1000



VTune Profiling — Baseline
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Resolving Load i1mbalances
From wetting/ drying



Timing the function

Started by timing the calls Execution time of determineWetDryState()
70
Some spikes
60 -
Does not show load imbalance
ESO-
Can lead to one =
B
g 30 4
g
“ 20
10 A
0_

T T

T T T
0 20 40 60 80 100 120
Execution number (million)



Profiling the code

Tried many profilers
Ended up manually timing

Attaching PID to find

imbalance
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Code

determineWetDryState () called once

in computeNetUpdates ()

computeNetUpdated

for loops

Tdea: add dynamic

these for loops

called in nested

scheduling to

RealType maxWaveSpeed = RealType(6.0);
for (int i = 1; 1 < nx_ + 2; i++) {
for (int j = 1; j <ny_ + 1; ++j) {
RealType maxEdgeSpeed = RealType(6.9);
wavePropagationSolver_.computeNetUpdates(...);

maxWaveSpeed = std::max(maxWaveSpeed, maxEdgeSpeed);

for (int i = 1; i < nx_ + 1; i++) {
for (int j = 1; j < ny_ + 2; j++) {
RealType maxEdgeSpeed = RealType(6.0);
wavePropagationSolver_.computeNetUpdates(...);

maxWaveSpeed = std::max(maxWaveSpeed, maxEdgeSpeed);



Using dynamic

Using schedule (dynamic)

distribute load

Critical section

schedulilng

RealType maxWaveSpeed = RealType(0.0);
#pragma om arallel
to prag PP

{

RealType maxWaveSpeedLocal = RealType(0.0);
#pragma omp for schedule(dynamic) reduction(max:maxWaveSpeedLocal)
for (int i = 1; i < nx_ + 2; i++) {
for (int j = 1; j < ny_ + 1; ++j) {
RealType maxEdgeSpeed = RealType(0.0);
wavePropagationSolver_.computeNetUpdates(...);
maxWaveSpeedLocal = std::max(maxWaveSpeedLocal, maxEdgeSpeed);
}
}
#pragma omp for schedule(dynamic) reduction(max:maxWaveSpeedLocal)
for (int 1 = 1; i < nx_ + 1; i++) {
for (int j = 1; j < ny_ + 2; j++) {
RealType maxEdgeSpeed = RealType(0.0);
wavePropagationSolver_.computeNetUpdates(...);
maxWaveSpeedLocal = std::max(maxWaveSpeedLocal, maxEdgeSpeed);
}
}
#pragma omp critical
{
maxWaveSpeed = std::max(maxWaveSpeed, maxWaveSpeedlLocal);

}



Profiling after optimization
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Single Core Optimizations



updateUnknowns

— responsible for updating the cell averages of the
simulation grid based on the computed updates

- loops over all updated values -> possible to use SIMD
operation

- we used m2560d represents a 256-bit SIMD register that
can store and operate on four double-precision (64-bit)
floating-point values simultaneously
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updateUnknowns with SIMD

load/store: mm256 loadu pd,
~mm256 storeu pd

arithmetic operations:
~mm256 add pd, mm256 mul pd,
~mm256_sub pd

handling of conditions:

_mm256 _cmp pd: compare to
generate a mask

mm256 blendv pd: apply mask
to update values selectively:



computeNetUpdate

- former solver has lot of possibilities to optimization

- vectorized solver addresses these issues

SIMD Directives: uses #pragma omp declare simd
Reduced Redundant Computations:
- calculated values are stored as member variables and accessed
multiple times
- reduces the number of operations and square root computations
Minimal Use of Arrays: store everything in variable
Inline of Wetting/Drying



- Square root caching
- Branching reduction
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2l — Additional inlining

FWaveVecSolver FWaveVecSolver with fma



Float2D

- module is a convenience helper class that handles 2D
float arrays

- <double>operator([] (int) from report, takes around 19% of
of all instructions

— module is already very lightweight -> limited options for
optimizing

- 1mprovements

- precomputation of access patterns
- store data_ + (rows_ * i)

- precomputation in parallel

- function call inlining

- 1nitial 18.95% was lowered to 17.01% instructions



Loop Fusion, OMP and SIMD 1n Wave
Propagation



Wave Propagation

Original code:

d Loops through all cells in a block
d Calls the solver inside the loop
d Independent caller for each cell

d Two nested for-loops for vertical and horizontal cell edges

Our idea:

d Loop fusion - merge two nested loops into one
d OMP - parallel for the outer for loop

d SIMD - switch to vectorized solver and vectorize inner loop



Loop Fusion i1n Wave Propagation

Origilnal code: Optimized:

void Blocks: :WavePropagationBlock: :computeNumericalFluxes() {

void Blocks: :WavePropagationBlock: :computeNumericalFluxes()
RealType maxWaveSpeed = RealType(0.0);

{
RealType maxWaveSpeed = RealType(0.0);
// Compute updates on vertical edges for (int i = 1;|i < nx_ + 1; i++) {
for (int i = 1; [i < nx_ + 2; i++) { for (int j = 1, j < ny_ + 1f ++j) {
for (int j = 1, j < ny_ + 1[¢+j) { // Updates for vertical edges
RealType maxEdgeSpeed = Real RealType maxEdgeSpeed = RealType(6.90);

solver(...); solver(...);
maxWaveSpeed = std::max(maxWaveSpee maxWaveSpeed = std::max(maxWaveSpeed, maxEdgeSpeed);

}
}

// Compute updates on horizontal edges
for (int i = 1; |1 < nx_ + 1; 1++) {
for (int j =1, j < ny_ + 2] ¥
RealType maxEdgeSpeed = RealType
solver(...);
maxWaveSpeed = std::max(maxWaveSpeed, maxEdgeSp

}

maxEdgeSpeed) ;

// Updates for horizontal edges
RealType maxEdgeSpeed = RealType(6.90);
solver(...);
maxWaveSpeed = std::max(maxWaveSpeed, maxEdgeSpeed);

}

{

}

// Loops for the last row (i=nx_+1) and last column (j=ny+1)
for (int j = 1; j <ny_ + 1; j++) {...}
for (int i = 1; j < nx_ + 2; i++) {...}



OMP and SIMD in Wave Propagation

Blocks: :WavePropagationBlock: :computeNumericalFluxes() {
RealType maxWaveSpeed = RealType(0.9);

|#pragma omp parallel |

{
// Initialize two local variables for vertical and horizontal edges

RealType maxWaveSpeedLocal_u = RealType(6.6);
RealType maxWaveSpeedLocal_v = RealType(6.9);

|#pragma omp for I

Starting the parallel region

for (int i = 1; 1 < nx_ + 1; i++) {

for (int j = 1; j < ny_ + 1, +j) {
// Compute the net-updates for the vertical edges
solver(...);
// Update the thread-local maximum wave speed
maxWaveSpeedLocal_u = std::max(maxWaveSpeed, maxEdgeSpeed);

// Compute the net-updates for the horizontal edges
solver(...);

// Update the thread-local maximum wave speed
maxWaveSpeedLocal_v = std::max(maxWaveSpeed, maxEdgeSpeed);

// Dealing with the vertical edges for cells on the nx_+1 boundary

#pragma omp for

for (Int j = 1, j < ny_ + 1; ++j) {...}
// Dealing with the horizontal edges for cells on the ny_+1 boundary

#pragma omp for

for (int i = 1; i < nx_ + 1; ++1) {...}

#pragma omp critical

{ maxWaveSpeed = std::max(std::max(maxWaveSpeedLocal_u, maxWaveSpeedLocal_v), maxWaveSpeed); }

Parallelizing the outer loop

|#pragma omp simd reduction(max : maxWaveSpeedLocal_u) reduction(max : maxWaveSpeedLocal_v)l——— Vectorizing inner |Oop

Critical section for global maximum wave spee



Combined results



Simulation Results (Dam-break scenario)

Baseline Post-optimization


https://docs.google.com/file/d/1vDx2JFAxqSY8B0VsaODfizhJrfw81wTx/preview
https://docs.google.com/file/d/1R_AMinENoTeZwPKQ08gyR3t8d2cQ1LUS/preview

Performance Comparison

Post-Optimization Analysis
Problem size: 1000*1000
B Baselne | SIMD | OMP [ All optimization
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Scaling Study



Strong Scaling

Strong Scaling

Problem size: 1000*1000
@ Reference: Original @ Reference: Optimized
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Weak Scaling

Weak Scaling

Problem size = threads * 100

@® Reference: Optimized @ Reference: Original

8
—e
6
o
= 4
o —e
o
(7))
2
0
5 10 15 20

OMP_NUM_THREADS



