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Disclaimer
2

While best efforts have been used in preparing this training, Colfax International makes no
representations or warranties of any kind and assumes no liabilities of any kind with respect to
the accuracy or completeness of the contents and specifically disclaims any implied warranties
of merchantability or fitness of use for a particular purpose. The publisher shall not be held
liable or responsible to any person or entity with respect to any loss or incidental or
consequential damages caused, or alleged to have been caused, directly or indirectly, by the
information or programs contained herein. No warranty may be created or extended by sales
representatives or written sales materials.
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Course Roadmap
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▷ Module I. Programming
• 01. Intel Architecture and Modern Code – Feb 13
• 02. Xeon Phi, Coprocessors, Omni-Path – Feb 14

▷ Module II. Expressing Parallelism
• 03. Automatic vectorization – Feb 15
• 04. Multi-threading with OpenMP – Feb 16
• 06. Distributed Computing, MPI – Feb 17

▷ Module III. Optimization
• 06. Optimization Overview: N-body – Feb 20
• 07. Scalar tuning, Vectorization – Feb 21
• 08. Common Multi-threading Problems – Feb 22
• 09. Multi-threading, Memory Aspect – Feb 23
• 10. Access to Caches and Memory – Feb 24
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HOW Series Online
4

Course page:
colfaxresearch.com/how-17-02

▷ Slides

▷ Code

▷ Video

▷ Chat

More workshops:
colfaxresearch.com/training
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Get Your Questions Answered: Chat
5

colfaxresearch.com/how-17-02
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Get Your Questions Answered: Forums
6

colfaxresearch.com/discussion
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Hands-On Exercises and Remote Access
7

▷ All registrants receive an invitation from
cluster@colfaxresearch.com

▷ Queue-based access to Intel Xeon E5, Intel
Xeon Phi (KNC and KNL)

▷ Can access the cluster the entire 2 weeks of
the workshop
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§2. Performance Optimization



Computing Platforms
9

colfaxresearch.com/how-17-02 Performance Optimization © Colfax International, 2013–2017



Computing in Science and Engineering
10

Problem

Discretization

Numerical Algorithm

Implementation

Computer Architecture

Analytical model

Weather  prediction
Chemical interaction

Galaxy formation
Oil mining

Gravity field + star formation
Reservoir model

Euler equations
Schroedinger's equation

N-body problem
Finite element analysis

Finite differences
Spectral methods

Barnes-Hut algorithm
Leap-frog method

Godunov method
Cooley-Tukey algorithm

C++
Hybrid

Intel Xeon
Intel Omni-Path

Intel Xeon Phi
Intel 3D XPoint

MKL

Fortran
Boost OpenMP

MPI

PthreadsAtlas Python Offload
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KNL Memory Organization (bootable)
11

▷ On-package high-bandwidth memory (HBM) – MCDRAM

▷ Optimized for arithmetic performance and bandwidth (not latency)
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Optimization Areas
12

Scalar Tuning
what goes on in the pipeline?

Threading
do cores cooperate efficiently?

Vectorization
is SIMD parallelism used well?

Memory
is cache usage maximized or

RAM access streamlined?

Communication
can coordination in a distributed or

heterogeneous system be improved?
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§3. N-body Simulation



Physics



N-body Simulation on CPU and Coprocessor
15

Paper: http://xeonphi.com/papers/nbody-basic
Demo: click here
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Physics
16

colfaxresearch.com/how-17-02 Physics © Colfax International, 2013–2017



Application
17

1. Astrophysics:
• planetary systems
• galaxies
• cosmological structures

2. Electrostatic systems:
• molecules
• crystals

This work: “toy model” with all-to-all
O

(
n2

)
algorithm. Practical N-body sim-

ulations may use tree algorithms with
O

(
n logn

)
complexity.

Source: APOD, credit: Debra Meloy
Elmegreen (Vassar College) et al., & the

Hubble Heritage Team (AURA/ STScI/ NASA)
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All-to-All Approach (O
(
n2

)
Complexity Scaling)

18

Each particle is stored as a structure:
1 struct ParticleType {
2 float x, y, z;
3 float vx, vy, vz;
4 };

main() allocates an array of ParticleType:

1 ParticleType* particle = new ParticleType[nParticles];

Particle propagation step is timed:

1 const double tStart = omp_get_wtime(); // Start timing
2 MoveParticles(nParticles, particle, dt);
3 const double tEnd = omp_get_wtime(); // End timing
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Optimization



Particle Update Engine
20

1 void MoveParticles(int nParticles, ParticleType* particle, float dt) {
2 for (int i = 0; i < nParticles; i++) { // Particles that experience force
3 float Fx = 0, Fy = 0, Fz = 0; // Gravity force on particle i
4 for (int j = 0; j < nParticles; j++) { // Particles that exert force
5 // Newton’s law of universal gravity
6 const float dx = particle[j].x - particle[i].x;
7 const float dy = particle[j].y - particle[i].y;
8 const float dz = particle[j].z - particle[i].z;
9 const float drSquared = dx*dx + dy*dy + dz*dz + 1e-20;

10 const float drPower32 = pow(drSquared, 3.0/2.0);
11 // Calculate the net force
12 Fx += dx/drPower32; Fy += dy/drPower32; Fz += dz/drPower32;
13 }
14 // Accelerate particles in response to the gravitational force
15 particle[i].vx+=dt*Fx; particle[i].vy+=dt*Fy; particle[i].vz+=dt*Fz;
16 }
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Incorporating Thread Parallelism
21

Before:

1 for (int i = 0; i < nParticles; i++) { // Particles that experience force
2 float Fx = 0, Fy = 0, Fz = 0; // Gravity force on particle i
3 for (int j = 0; j < nParticles; j++) { // Particles that exert force
4 // Newton’s law of universal gravity
5 ...

After:

1 #pragma omp parallel for
2 for (int i = 0; i < nParticles; i++) { // Particles that experience force
3 float Fx = 0, Fy = 0, Fz = 0; // Gravity force on particle i
4 for (int j = 0; j < nParticles; j++) { // Particles that exert force
5 // Newton’s law of universal gravity
6 ...
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Improving Scalar Expressions
22

Before:

1 const float drSquared = dx*dx + dy*dy + dz*dz + 1e-20;
2 const float drPower32 = pow(drSquared, 3.0/2.0);
3 // Calculate the net force
4 Fx += dx/drPower32; Fy += dy/drPower32; Fz += dz/drPower32;

After:

1 const float drRecip = 1.0f/sqrtf(dx*dx + dy*dy + dz*dz + 1e-20);
2 const float drPowerN32 = drRecip*drRecip*drRecip;
3 // Calculate the net force
4 Fx += dx*drPowerN32; Fy += dy*drPowerN32; Fz += dz*drPowerN32;

▷ Strength reduction (division → multiplication by reciprocal)

▷ Precision control (suffix -f on single-precision constants and functions)

▷ Reliance on hardware-supported reciprocal square root

colfaxresearch.com/how-17-02 Optimization © Colfax International, 2013–2017



Vectorizing with Unit-Stride Memory Access
23

Before:

1 struct ParticleType {
2 float x, y, z, vx, vy, vz;
3 }; // ...
4 const float dx = particle[j].x - particle[i].x;
5 const float dy = particle[j].y - particle[i].y;
6 const float dz = particle[j].z - particle[i].z;

After:

1 struct ParticleSet {
2 float *x, *y, *z, *vx, *vy, *vz;
3 }; // ...
4 const float dx = particle.x[j] - particle.x[i];
5 const float dy = particle.y[j] - particle.y[i];
6 const float dz = particle.z[j] - particle.z[i];
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Why AoS to SoA Conversion Helps: Unit Stride
24
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Loop Tiling
25

Original:
for (i=0; i<m; i++)
  for (j=0; j<n; j++)
    ...=...*b[j];

Tiled:
for (jj=0; jj<n; jj+=TILE)
  for (i=0; i<m; i++)
    for (j=jj; j<jj+TILE; j++)
      ...=...*b[j];

i=0

i=1

- cache miss (read from memory, slow)

- cached, LRU eviction policy

- cache hit (read from cache, fast)

Cache size: 4
TILE=4

(must be tuned to cache size)

Cache hit rate without tiling: 0%
Cache hit rate with tiling: 50%

j=0
j=1
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j=4
...

j=0
j=1
j=2
j=3
j=4
...

i=0

i=1
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Improving Cache Traffic
26

Before:

1 for (int i = 0; i < nParticles; i++) { // Particles that experience force
2 float Fx = 0, Fy = 0, Fz = 0; // Gravity force on particle i
3 for (int j = 0; j < nParticles; j++) { // Particles that exert force
4 // ...
5 Fx += dx*drPowerN32; Fy += dy*drPowerN32; Fz += dz*drPowerN32;

After: (tileSize = 16)

1 for (int ii = 0; ii < nParticles; ii += tileSize) { // Particle blocks
2 float Fx[tileSize], Fy[tileSize], Fz[tileSize]; // Force on particle block
3 Fx[:] = Fy[:] = Fz[:] = 0;
4 #pragma unroll(tileSize)
5 for (int j = 0; j < nParticles; j++) { // Particles that exert force
6 for (int i = ii; i < ii + tileSize; i++) { // Traverse the block
7 // ...
8 ^^IFx[i-ii] += dx*drPowerN32; Fy[i-ii] += dy*drPowerN32; Fz[i-ii] += dz*drPowerN32;
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Impact of Code Optimization
27

 Step 0:
Initial 

 Step 1:
Multi-threaded 

 Step 2:
Scalar Tuning 

 Step 3:
Vectorized w/SoA 

 Step 4:
Memory Optimization
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 N-Body Simulation Performance

 Intel Xeon E5-2697 v3 (Haswell)  

 Intel Xeon Phi 7120A (1st gen, KNC) 

 Intel Xeon Phi 7220 (2nd gen, KNL)  

Contributed as Chapter 23 in “Intel Xeon Phi Processor High Performance
Programming, Knights Landing Edition” (2016)
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MPI Implementation



Work Distribution
29

▷ All processes start with same complete set of particle coordinates.
▷ Each processor moves only its share of particles

RANK 0

RANK 1

RANK 2

RANK 3

         float *x;
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Communication
30

▷ After time step, need to propagate modified particles to all peers
▷ Use the Allgather operation from MPI

         float *x;

RANK 0

RANK 1

RANK 2

RANK 3

colfaxresearch.com/how-17-02 MPI Implementation © Colfax International, 2013–2017



Communication
31

▷ All processors end up with the same data set again
▷ Only x, y, z need to be propagated. vx, vy, vz stay local

         float *x;

RANK 0

RANK 1

RANK 2

RANK 3
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Core of MPI-only Implementation
32

Simple: all particles on each compute node; exchange updated particle coordinates.

1 void MoveParticles(int nParticles, ParticleSet& particle, float dt,
2 int mpiRank, int mpiWorldSize) {
3 const int myParticles = nParticles/mpiWorldSize;
4 const int startParticle = (mpiRank )*myParticles;
5 const int endParticle = (mpiRank + 1)*myParticles;
6 // Outer loop over only the subset of particles processed by present process
7 #pragma omp parallel for schedule(guided)
8 for (int ii = startParticle; ii < endParticle; ii += tileSize) {
9 for (int j = 0; j < nParticles; j++) // ...But inner loop over all particles

10 //...
11 }
12 // ... Propagate results of time step across the cluster
13 MPI_Allgather(MPI_IN_PLACE, 0, MPI_DATATYPE_NULL, particle.x,
14 myParticles, MPI_FLOAT, MPI_COMM_WORLD);
15 // ...
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Performance with MPI
33

Intel Xeon Phi 7210 processors, N = 218 particles
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Impact of communication decreases with increasing N .
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Summary
34

Areas of optimization of applications for Intel Xeon and Intel Xeon Phi
processors:

1. Scalar optimization (compiler-friendly practices)

2. Vectorization (must use 16- or 8-wide vectors)

3. Multi-threading (must scale to 100+ threads)

4. Memory access (streaming access or tiling)

5. Communication (offload, MPI traffic control)

Next session: scalar tuning, optimization of vectorization.
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NEW PROJECT: MC2 Series
35

mc2series.com
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Colfax Research
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