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Who am I?

● Jiahui Zhuo, IFIC (Instituto de Física Corpuscular), Valencia.

● LHCb experiment.

● Working on the LHCb High Level Trigger (HLT) system.

● HLT processes 30 MHz of collisions in real time. Performance 
matters!

● Experienced in CUDA and SIMD optimization.



What is this course about?
Two key optimization strategies: SIMD vectorization and CUDA GPU programming

The course has two parts:

● Part 1: Lecture

○ What are SIMD and CUDA, and why do they matter?

○ How to apply them to optimize your code

○ A complete optimization example, step by step

● Part 2: Hands-on

○ You face a real optimization problem on Google Colab

○ Apply what you learned in Part 1 to optimize the code yourself



IntroductionI
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SIMD
SIMD means “Single instruction, multiple data”

Scalar

a0 b0 c0

a1 b1 c1

a2 b2 c2

a3 b3 c3

SIMD (ω = 4)

a0 a1 a2 a3 a0 a1 a2 a3 a0 a1 a2 a3

Instruction 1

Instruction 2

Instruction 3

Instruction 4

N instructions
for N elements

1 instruction only

N/ω instructions for N elements



SIMD
SIMD is available for modern CPUs

64-bit double

32-bit float
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SSE, 128-bit (1999)
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AVX, 256-bit (2011)
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AVX-512, 512-bit (2016)
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NEON, 128-bit (2009)

x86-64

ARM



SIMD vs CUDA
CUDA SIMD

Thread 0 Thread 1 Thread 2 …

h0 h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11

Thread 32 Thread 33 Thread 34 …

h0 h1 h2 h3 h4 h5 h6 h7 h8 h9 h10 h11

a0 a1 a2 a3 a4 a5 a6 a7

b0 b1 b2 b3 b4 b5 b6 b7

gather:
8 scalar loads

gather:
8 scalar loads



AoS vs SoA



C++ or PythonII
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C++ vs Python

VS
● Common belief: compiled C++ is faster than 

interpreted Python

● So the simplest optimization is to rewrite everything 
in C++... right?

Let's find out!



Matrix multiplication
Let’s benchmark with a simple matrix multiplication



Matrix multiplication

C++ compiled with 

-O2 -march=native



Matrix multiplication

Wait, so Python 
is faster?

C = A @ B



Matrix multiplication
Let’s do a SIMD optimization in C++



Matrix multiplication



Matrix multiplication

● SIMD is one of the optimizations 
NumPy already uses.

● There are more optimizations 
available in C++ (cache tiling, loop 
unrolling, ...)

● But implementing all of them 
manually is unrealistic

● Use modern libraries instead! 

e.g. Eigen: C.noalias() = A * B



Matrix multiplication



Matrix multiplication

● NumPy and Eigen show 
comparable performance.

● What matters is not the 
programming language, but the 
optimizations behind it.

Note: NumPy multi-threading is disabled 
here for a fair comparison (it is enabled 
by default).



Matrix multiplication

The default 
NumPy is 
even faster 
than Eigen.



Matrix multiplication

Python is not slow. Unoptimized code is.



Kalman FilterIII
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Kalman Filter
In HEP experiments, charged particle trajectories are complex:

● Non-uniform magnetic field
● Multiple scattering

The Kalman Filter is used to estimate the track state

Hit 0 Hit 1 Hit 2 Hit 3 Hit 4 … ……
Track 0

Event 0

Data

KF runs for 
each track



Kalman Filter



Kalman Filter



Kalman Filter



Kalman Filter



Kalman Filter

It takes ~ 5 days to 
process 1M events



Kalman Filter

Convert from AoS to SoA

(padded)



Kalman Filter

NumPy supports batched matrix 
multiplication, so we can use it 
to optimize our code.

The idea is to process all tracks 
at once.



Kalman Filter

2 order of magnitud 
improvement!



Kalman Filter

Convert from AoS to SoA



Kalman Filter



Kalman Filter

> 2x speed up!



Kalman Filter

We use mask to replace if-else operations



Kalman Filter

y_gpu = cp.asarray(y_cpu)y_cpu = cp.asnumpy(y_gpu)



Kalman Filter



Kalman Filter



Kalman Filter

The same algorithm, 2500x faster.



Hands onIV
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Cholesky inverse

Cholesky decomposition

A is a Hermitian matrix



Cholesky inverse

Matrix 0 ……
Event 0 Data

Input data

Output data

Matrix 1 Matrix 2

(Matrix 0)-1 ……
Event 0 Data

(Matrix 1)-1 (Matrix 2)-1



SIMD
Input format flat_matrices

sizes

sizes

offsets

event_offsets



Cholesky inverse
Baseline (loop)



Cholesky inverse
Ideas



Notebook


