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FPChecker Overview

= Detects floating-point exceptions

— NaN, Infinity

= Shows impacted lines of code

= Shows other “code smells”
— Cancellations, underflows

= Analyzes dynamic range
— Is FP32 or FP64 enough?

= Works by compiler instrumentation
— Relies on Clang/LLVM

= Documentation: https://fpchecker.org/
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https://fpchecker.org/

Report Example

® O ® @ FPChecker Report X o+ .

C  @File [ \aperalt j PChecker/tutori; _1/fpc-report/index.html Y = 9

,@ FPChecker

[ NN } @ FPChecker Report X  + .
Report Title: ./lu_solve bad_matrix.csv
<« [¢] @ File /Users/lagunaperalti/projects/fpchecker/FPChecker/tutorial/example_1/fpc-report/nan/nan.html *e == e
Main Report
Main Report ,@ FPChecker
Events )
Report Title: ./lu_solve bad_matrix.csv
(—') Infinity (+) 0 Main Report > Nan
& nfiniy 0 Nan Report
File Lines
NaN 824 [
s Lt /Users/lagunaperaltl/projects/fpchecker/FPChecker/tutorial/common/blas.cpp 4
/Users/lagunaperaltl/projects/fpchecker/FPChecker/tutorial/common/linear_solvers.cpp | 6
-~ Divisionbyzero 1
Inputs
IJ’I Underflow (subnormal) 0 ./lu_solve bad_matrix.csv
0=0 Comparison 0
Cancellation 0
PN
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Exponent Usage (Dynamic Range)

Exponent Usage Report
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LLVM Instrumentation Process

Clang &
LLVM IR

\ 4

Source @ — Optimizations (-02) » Instrumentation > Executable

1. Use clang++-fpchecker wrapper in your Makefile
— Or add instrumentation pass to your CFLAGS and/or CXXFLAGS

2. Enable FPC_INSTRUMENT environment variable when compiling
$ FPC_INSTRUMENT=1 make

3.  Run executable

4. Create report

Lawrence Livermore National Laboratory INVYSE 636
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Two Classes of Env Variables:

Compile-time & Run-time

v Covered in the Tutorial

Run-time Variables
Variable
\/ FPC_EXPONENT_USAGE
FPC_TRAP_INFINITY_POS

— . FPC_TRAP_INFINITY_NEG
Compile-time Variables - - -

FPC_TRAP_NAN
Variable Type Description - -

_— N FPC_TRAP_DIVISION_ZERO
V FPC_INTRUMENT Compile-time Instruments the application

V I . . FPC_TRAP_CANCELLATION
FPC_ANNOTATED Compile-time Indicates that the program is annotated

FPC_TRAP_COMPARISON

FPC_TRAP_UNDERFLOW

FPC_TRAP_LATENT_INF_POS

FPC_TRAP_LATENT_INF_NEG

FPC_TRAP_LATENT_UNDERFLOW

Lawrence Livermore National Laboratory
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Type

Run-time
Run-time
Run-time
Run-time
Run-time
Run-time
Run-time
Run-time
Run-time
Run-time

Run-time

Description

Profiles exponent usage for FP32/FP64

Program exits when Infinity positive is found
Program exits when Infinity negative is found
Program exits when NaN is found

Program exits when division-by-zero is found
Program exits when cancellation is found

Program exits when Comparison is found

Program exits when underflow is found

Program exits when Latent Infinity positive is found
Program exits when Latent Infinity negative is found

Program exits when Latent Underflow is found

NOYSE 736
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Software Requirements

Linux or Mac OS
— Windows not supported

LLVM/Clang 19

Cmake
Python 3.12
Matplotlib

Optional for parallel code:
— MPI
— OpenMP
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Installation Process

1. Install Conda (this allow us to install LLVM easily)
2. Install FPChecker
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How to install Anaconda on Mac or Linux

For Mac, watch this YouTube video:

https://youtu.be/DNu8pQQOYRGqg

For Linux;

https://docs.conda.io/projects/conda/en/stable/user-guide/install/linux.html

Lawrence Livermore National Laboratory VOB 1036
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Steps to Install Conda in Mac

Got https://www.anaconda.com/ -> Download Download

‘ S Download Now
) ANACONDA Products  Solutions Resources Partners Company j [\ FreaDowness m \ | For Inutaliation sssistence, refer to 0 pe n I n St aI Ie r

Download Distribution by choosing the proper installer for your machine.

Dist I'i bution Provide email to download Distribution \ In) &,

Don't miss out! Get access to: Cloud Notebooks, Anaconda
Register to get everything you need to get started on your Assistant, easy application deployment, learning resources, and
workstation updates from Anaconda.

Anaconda3-2024.02-1-Ma

arm64.pkg I
)7 MB + Dong

example@gmail.com|
@ oistribution installation on Windows, MacOS, or Linux

1 agree to receive communication from Anaconda regarding

@ €asily search and Install thousands of data science, machine learning, relovant content, products, and services. | understand that | cn - 1|
and Al packages Fevore Ul ot tce 1 any o L | |

@ Manage packages and environments from a desktop application or

otk from the Gommand né By continuing, | agree to Ansconda's Brivacy. Policy snd WindOWS Mac Linux
@ Deploy across hardware and software platforms _
Commercial use at a company of more than 200 employees requires o Business or Python 3.11 Python 3.1 Python 3.11
Entorprise Icanse 5Kip regiaration

Installer (697.4M)

s 64-Bit Graphical Installer (904.4M) s 64-Bit (Apple silicon) Graphical b 64-Bit (x86) Installer (997.2M)
&

£4-8it (AWS Graviton2 / ARMEG4)

Follow the steps

. .
- S Provide password if asked
'c ® @ Install Anaconda3 2024.02-1
Important Information [
- —
Anaconda is the most popular Python data science platform. 8 \
u Introduction See hitps:/www.anaconda.com/downloads/. C . .
* Mot ' n the terminal, you should see the word base
By default, this installer modifics your bash profile to activate ) .
your the base environment of Anaconda3 when your shell starts up. : Hieora]
To disable this, choose "Customize" at the "Installation Type" Read Me
phase, and disable the "Modify PATH" option. If you decline rour License /
this option, the executables installed by this installer will not Destination Select
cle beavlale o PATH You will ned e e full base user@system] $
path to run or otherwi ze the FIc « instaliation
bool base environment of Anaconda3 on your own. ol {nstall Software
arnil To install to a different location, select "Change Install il o came
Location...” at the "Installation Type" phase, then choose
"Install on a specific disk...", choose the disk you wish to
install on, and click "Choose Folder...". The "Install for me
only" option will install Anaconda3 to the default location, ~/ ANACONDA
ANACONDA anaconda3.
Print.. Save.. GoBack  Cofffnue
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https://www.anaconda.com/

Get FPChecker

This tutorial is based on release v0.5

# We will install all in /tmp
cd /tmp

mkdir tutorial

cd tutorial

B A B

# Clone FPChecker

git clone https://github.com/LLNL/FPChecker.git
cd FPChecker

A A

Lawrence Livermore National Laboratory INVYSE 12736
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Install FPChecker Dependencies with Conda (Option 1)

Manual Installation

# Create a conda env
conda create --name tutorial env
conda activate tutorial_env

A A

# Install dependencies: cmake, LLVM, clang++, python
conda install cmake

conda install llvmdev=19.1.7 -c conda-forge

conda install clangxx=19.1.7 -c conda-forge

conda install python=3.12.9

A A A B

# Install matplotlib. Not required to build FPChecker, but needed for reports
$ pip3 install matplotlib

# MPI for some examples, but not required to build for FPChecker
$ conda install openmpi=5.0.7 -c conda-forge

Lawrence Livermore National Laboratory INVYSE 1336
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Install FPChecker Dependencies with Conda (Option 2)

With environment file for Mac (ARM)

# Create a conda env and dependencies
cd tutorial

A A A

conda create --name tutorial env --file conda_environment.txt -c conda-forge
conda activate tutorial env

= The conda_environment.txt file provides the packages for Mac (ARM 64-bit)

= This installs all the dependencies:
— LLVM 19
— Clang++ 19
— Cmake

‘ Lawrence Livermore National Laboratory INVYSE 143
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Install FPChecker

cd ..

mkdir build

cd build/

cmake -DCMAKE_ INSTALL PREFIX=../../install ..
make && make install

A A A A A

# Export installation path
$ export PATH=/tmp/tutorial/install/bin:$PATH

If the right python3 is not found, set the DPython3 ROOT_DIR
cmake -DCMAKE INSTALL PREFIX=../../install -DPython3 ROOT _DIR=/opt/anaconda3 ..

Y
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Tutorial Exercises
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Tutorial Examples

Topics

NaN and Infinity exceptions
Exponent usage - from FP64 and FP32 precision

Controlling slowdown with code annotations

Analyzing parallel code: MP1/OpenMP

Lawrence Livermore National Laboratory
LLNL-PRES-2012776

Example Program

Linear system (Ax=b) solver with LU decomposition +
partial pivoting
Finite differences + 1D Reaction-Diffusion PDE

Finite Elements + 2D Heat Conduction PDE solver

MPI-based Parallel Heat PDE solver

NYSE v

Nationsl Nuclear



First, build the common library

It will be used in all examples

= Common library:
— BLAS operations
— Linear solvers (LU, CG)
— Matrix & vector printing
— Other functionalities

# Compile library
$ cd /tmp/tutorial/FPChecker/tutorial/common/
$ FPC_INSTRUMENT=1 make

‘ Lawrence Livermore National Laboratory INVYSE 1836
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Example 1:

NaN & Infinity exception in linear solver

= Location:
tutorial/example 1/1u solve.cpp FPChecker Use Case
= Program description = Use an ill-condition problem (matrix)

— Linear solver Ax = b = Produces NaN and Infinity

— Solves Ax =1 — U factor ends up with zero diagonal
— LU decomposition: PA = LU — Division by zero

— Partial pivoting

_ Solve by forward/backward substitution = FPChecker locates the exceptions

‘ Lawrence Livermore National Laboratory INVYSE 1936
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Example 1: Script

(Good Matrix)

# Compile and run problem
FPC_INSTRUMENT=1 make
./1lu_solve matrix.csv

$
$

# List trace files (there is one)
$ 1s -1 .fpc_logs/

# Create report N . _
$ fpc-create-report -t "./lu_solve matrix.csv" ~Nothing interesting in the report
$ open fpc-report/index.html D
# Clear logs and remove report
$ fpc-create-report -rc

Lawrence Livermore National Laboratory INVYSE 2036
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Example 1: Script

(Bad Matrix)

# Run problem

# Create report
$ fpc-create-report -t

$ ./lu _solve bad matrix.csv

./1lu_solve bad matrix.csv"

$ open fpc-report/index.html

Lawrence Livermore National Laboratory
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» Division by zero
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Report of Example 1

[ NON ] & FPChecker Report X +

c @ File /Users/lagunaperalt1/projects/fpchecker/FPChecker/tutorial/example_1/fpc-report/index.html w = e

,@/ FPChecker

Report Title: ./lu_solve bad_matrix.csv

Main Report
Main Report
Events
(—') Infinity (+) 0
(—') Infinity (-) 0
NaN 824
% Division by zero 1
III Underflow (subnormal) 0
0=0  Comparison 0
Cancellation 0
VAN
Lawrence Livermore National Laboratory N A‘S&% 22/36
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Report of Example 1

[ NON ] @ FPChecker Report X +

< c @ File [Users/lagunaperalt1/projects/fpchecker/FPChecker/tutorial/example_1/fpc-report/nan/nan.htmi g = 9

,@ FPChecker

Report Title: ./lu_solve bad_matrix.csv

Main Report > Nan

Nan Report

File Lines

/Users/lagunaperaltl/projects/fpchecker/FPChecker/tutorial/common/blas.cpp 4

/Users/lagunaperaltl/projects/fpchecker/FPChecker/tutorial/common/linear_solvers.cpp | 6

Inputs
./lu_solve bad_matrix.csv

Lawrence Livermore National Laboratory INVYSE 2336
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Tutorial Examples

Topics

NaN and Infinity exceptions
Exponent usage - from FP64 and FP32 precision

Controlling slowdown with code annotations

Analyzing parallel code: MP1/OpenMP

Lawrence Livermore National Laboratory
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Example Program

Linear system (Ax=b) solver with LU decomposition +
partial pivoting
Finite differences + 1D Reaction-Diffusion PDE

Finite Elements + 2D Heat Conduction PDE solver

MPI-based Parallel Heat PDE solver
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Example 2:

Exponent Usage on FP64-to-FP32 porting

= Location:
tutorial/example 2/reaction_diffusion.cpp
= Program description FPChecker Use Case
— 1D linear reaction-diffusion equation = Run simulationin FP64 and FP32
ou _ 0%
— PDE: 5 =Dz +au = Vizualize exponent usage
— Explicit finite difference method
- Forward Euler in time, Central Difference in space = In FP32, values are "out-of-range”
— Large A provides positive feedback — Produce exceptions

- Over time, it leads to exponential growth

= Code parameters:
D = 0.01
A=25

‘ Lawrence Livermore National Laboratory INVYSE 25736

LLNL-PRES-2012776 Nations! Nuclear Securty Administration



Example 2: Script

FP64 Version

# Compile and run problem
FPC_INSTRUMENT=1 make
FPC_EXPONENT_USAGE=1 ./reaction_diffusion

A A

# List trace files (there are two)
$ 1ls -1 .fpc logs/

# Create report
fpc-create-report
open fpc-report/index.html

A A

# Clear logs and remove report
$ fpc-create-report -rc
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Report (Example 1, FP64)

Exponent Usage Report

FP64 Distribution

Smallest number: 4.940...x107324 Largest number: 1.797...x10308
150 : : :
I I 1 1
I ) ) 1
I I I |
10.0 | i i i
® i i i
I I I

sol | ; ; Out of range for
I I I
I I |

ool 1, | I T FP32

N o © N o o o
S P ) S S oS
Exponent: 10*
FP32 Distribution
Smallest number: 1.401...x1074° Largest number: 3.402...x10*38

100.0 - }
)

80.0 i i

I I

60.0 1 i i

B | {

40.01 : 1

1 I

20.01 i i

I I

0.0 — T : - -

o o N o o
/b‘ v v ™
Exponent: 10*
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Example 2: Script

FP32 Version
FirSt Sten- # Compile and run problem
Y $ FPC_INSTRUMENT=1 make
$ FPC_EXPONENT USAGE=1 ./reaction_diffusion
* Open reaction _diffusion.cpp , .
. . — # List traces files (there are two)
* Modify lines 7-8 to use FP32 $ 1s -1 .fpc_logs/
# Create report
typedef double Real t; $ fpc-create-report
// typedef float Real_t; $ open fpc-report/index.html
# Clear logs and remove report
$ fpc-create-report -rc

Lawrence Livermore National Laboratory INVYSE 2336

LLNL-PRES-2012776 Nationsl Nuciear Administr




Report (Example 2, FP32)

®  ©® @ FPChecker Report X  +

Cc @ File  [Users/lagunaperalt1/projects/fpchecker/FPChecker/tutorial/fexample_2/fpc-report/index.html|

,@ FPChecker

Report Title:

Main Report

Main Report

Events
3 &€ infinity () 15 )
(—') Infinity (=) 3
k NaN 155658 )
% Division by zero 0
T Underflow (subnormal) 0
0= Comparison 0
Cancellation 0
Lawrence Livermore National Laboratory N A‘S&% 29/36
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Tutorial Examples

Topics

NaN and Infinity exceptions
Exponent usage - from FP64 and FP32 precision

Controlling slowdown with code annotations

Analyzing parallel code: MP1/OpenMP

Lawrence Livermore National Laboratory
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Example Program

Linear system (Ax=b) solver with LU decomposition +
partial pivoting
Finite differences + 1D Reaction-Diffusion PDE

Finite Elements + 2D Heat Conduction PDE solver

MPI-based Parallel Heat PDE solver

NISE 3036
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Exa m p I e 3 © Heat Map with Triangular Mesh
[}

Annotations to Control Slowdown

600

= Location:
tutorial/example 3/heat PDE_finite elements.cpp 2

500

400

Temperature

= Program description
— 2D Heat conduction equation with a source term
- Steady state
— PDE: Z: + Z;Z =s(x,y) e z i 7 v
— Finite elements method
- Triangular shapes FPChecker Use Case
— T(x, y): temperature distribution = Slowdown can be high (for a large problem)

— Domain: L shape
— Source s(x,y) =0
— Boundary conditions: temp applied on the sides

= Reduce slowdown by annotating the code

Lawrence Livermore National Laboratory N A‘S@é 31/36
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Example 3: Script

* Run small problem (10 nodes)
 Should take less than 1 second

# Compile and run problem
FPC_INSTRUMENT=1 make

time FPC_EXPONENT_ USAGE=1
./heat PDE_finite elements 10

A A A

# Optional: Vizualize heat map
$ python3 plot.py

* Run a larger problem (50 nodes)
- It takes about 20 seconds in my laptop

# Compile and run problem
$ time FPC_EXPONENT _USAGE=1 ./heat PDE finite elements 50

Lawrence Livermore National Laboratory INVYSE 3236
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Code Annotations

= Let’s annotate the matrix-multiply function

— That is: we only instrument and analyze that function .,
— Should reduce overhead significantly

« blas.cpp
C' blas.cpp e =0 ©

C’ blas.cpp ) No Selection

// Matrix multiplication
0 FPC_INSTRUMENT_FUNC
vector<vector<double>> matrix_multiply(const vector<vector<double>> &A, const
vector<vector<double>> &B)
{

= Location: int rows_A = A.size();

if (rows_A == 0)
{

tutorial/common/blas.cpp return 0;

}
int cols_A = A[@].size();

. SearCh for: 1?;2:::2 :=Bé?ize():

{

vector<vector<double>> matrix_multiply(.. )

int cols_B = B[@].size();

return {}; '

if (cols_A != rows_B)

{
. Add (Or uncomment): cerr << "Error: Number of columns must be equal to the number of rows for

multiplication." << endl;

FPC_INSTRUMENT_FUNC y

vertarcvertnar<dnuhless reanltlrnwe A. vertarcdauhles(enle R. A . A)):
() Line:1 Col: 1 [

Lawrence Livermore National Laboratory N A‘S&"% 33/36
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Example 3: Script

Recompile the common library

cd ../common/
make clean
FPC_INSTRUMENT=1 FPC_ANNOTATED=1 make

A

cd ../example 3/
FPC_INSTRUMENT=1 FPC_ANNOTATED=1 make
time FPC_EXPONENT_USAGE=1 ./heat PDE_finite elements 50

A B B

real oml.049s Lower run time

user omo.729s
Sys Omo .071s

Lawrence Livermore National Laboratory INVYSE 3436
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Tutorial Examples

Topics

NaN and Infinity exceptions
Exponent usage - from FP64 and FP32 precision

Controlling slowdown with code annotations

Analyzing parallel code: MP1/OpenMP
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Example Program

Linear system (Ax=b) solver with LU decomposition +
partial pivoting
Finite differences + 1D Reaction-Diffusion PDE

Finite Elements + 2D Heat Conduction PDE solver

MPI-based Parallel Heat PDE solver
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Example 4.

Analyzing MPI code

= Location:
tutorial/example 4/heat _mpi.cpp

= Program description

— 1D heat equation FPChecker Use Case
PDE: ou _  9%u
— C ot %52 = Generates traces for MPI programs

— Explicit finite difference method . . .
= Combine traces into a single report

= MPI domain decomposition:

— 1D spatial grid divided into NPROC contiguous
segments

— NPROC: number of MPI processes
— Each process computes temperature in its segment

‘ Lawrence Livermore National Laboratory INVYSE 3636
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Example 4: Script

# Show Makefile uses CXX = mpic++-fpchecker

# Compile and run problem

# OMPI _CXX indicates to Open MPI which conda compiler to use
OMPI_CXX=clang++ FPC_INSTRUMENT=1 make

FPC_EXPONENT_USAGE=1 mpiexec -n 4 ./heat mpi

A A

# List trace files (there are 4)

$ 1s .fpc_logs/
fpc_king@l 95250.json fpc _king@l 95251. json
fpc_king@l 95252.json fpc _king@l 95253.json

# Create report
fpc-create-report
open fpc-report/index.html

A A

Lawrence Livermore National Laboratory INVYSE 3736
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Showing the Configuration of the Installation

$ fpchecker-show

Installation path: /tmp/tutorial/install

Add this to CFLAGS and/or CXXFLAGS:
-g -include /tmp/tutorial/install/src/Runtime_cpu.h -fpass-plugin=/tmp/tutorial/install/lib/libfpchecker cpu.dylib

Wrappers are located here:
/tmp/tutorial/install/bin/clang-fpchecker
/tmp/tutorial/install/bin/clang++-fpchecker
/tmp/tutorial/install/bin/mpicc-fpchecker
/tmp/tutorial/install/bin/mpicxx-fpchecker

Lawrence Livermore National Laboratory
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Conda Commands:

= Removing an environment:
conda env remove --name <environment_ name>

= Adding an environment:
conda env --name <environment_name>

= List environments:
conda env list

Lawrence Livermore National Laboratory INVYSE 4336
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Demo FPChecker in Some Packages

Package Build Model
SuperLU Linear solver C, cmake
Hypre Linear solver C, cmake, MPI
LAMMPS Molecular dynamics C, C++, cmake
FFTW Fourier transform C, autotools

‘ Lawrence Livermore National Laboratory
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Example: SuperLU

git clone git@github.com:xiaoyeli/superlu.git

git clone https://github.com/xiaoyeli/superlu.git

cd superlu

git checkout 4ef39075e029927e8c959b22c8e7052dcb40c995

mkdir build

cd build

CC=clang-fpchecker cmake -DCMAKE INSTALL PREFIX=./install -Denable_internal blaslib=ON ..
FPC_INSTRUMENT=1 make -j

make install

T A A A A A A B

= Configure to build internal BLAS
— There seems to be an error with fpchecker-clang and Cmake finding BLAS in Mac

Lawrence Livermore National Laboratory INVYSE 1536
LLNL-PRES-2012776 Nations! Nuclear Secuity Administration




Example: FFTW

wget https://www.fftw.org/fftw-3.3.10.tar.gz

tar -zxvf fftw-3.3.10.tar.gz

cd fftw-3.3.10

CC=clang-fpchecker ./configure --disable-fortran --prefix=/tmp/tutorial/examples/fftw/fftw-
3.3.10/fftw-install

FPC_INSTRUMENT=1 make -j

make install

B A B B

A A

= See example at:

— FPChecker/tutorial/other examples/fftw:
« fftw_test.c
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Example: LAMMPS

wget https://github.com/lammps/lammps/archive/refs/tags/stable 29Aug2024 update2.tar.gz
tar -xvf stable 29Aug2024 update2.tar.gz

cd lammps-stable 29Aug2024 update2/

cd cmake/

mkdir build

cd build

CC=clang CXX=clang++ cmake \

-DCMAKE _CXX_FLAGS="-include /tmp/tutorial/install/src/Runtime cpu.h -fpass-
plugin=/tmp/tutorial/install/lib/1libfpchecker_ cpu.dylib -g" \

-DBUILD MPI=OFF -DBUILD OMP=0OFF -DBUILD_FORTRAN=OFF \
-DBUILD_SHARED_LIBS=OFF -DENABLE_TESTING=OFF ..

FPC_INSTRUMENT=1 make -j

J1lmp -in ../../examples/melt/in.melt

B A B A A A B

A A

Lawrence Livermore National Laboratory
LLNL-PRES-2012776

NOYSE

National Noclear Security A



Example: Hypre

B A B A A A B

$
$

git clone git@github.com:hypre-space/hypre.git

cd hypre

git checkout be52325a3ed8923fb93af348bl262ecfedd4ab5d2

cd src

mkdir build

cd build

CC=clang cmake -DHYPRE_ENABLE_MPI=ON \
-DHYPRE_WITH EXTRA CFLAGS="-include /tmp/tutorial/install/src/Runtime cpu.h -fpass-
plugin=/tmp/tutorial/install/lib/1libfpchecker_ cpu.dylib -g" ..
FPC_INTRUMENT=1 make -j

make install

= HYPRE is installed in:

— /tmp/tutorial/examples/hypre/src/hypre

= Test in tutorial/other_ examples/hypre:

— To compile example:
FPC_INSTRUMENT=1 OMPI CC=clang make
HYPRE_MATRIX=matrix.csv ./hypre test ©
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