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What is a Graphics Processing Unit?




« GPUs: Jet liners
SIMD (before Turing)

High latency mem access

High throughput

Lower (?) frequency R

Worse versatility

« CPUs: Jet fighte

Slow, but Massive




« L3 Cache: 32 MB

« Typical CPU
(AMD Ryzen 7
5800X):

8 Cores / CPU

- Register: 64 bits /
Unit

« L1 Cache: 64 KB /

Core

L2 Cache: 512
Core

overall

LO i-Cache + Warp Scheduler + Dispatch (32 thread/clk)

Register File (16,384 x 32-bit)

TENSOR
CORE
3rd Gen

LD/ST LD/ST LD/ST LD/ST SFU

Advantages and Disadvantages

Typical GPU
(NVIDIA RTX 3080):

« 82 SM / GPU

e« 16 Units / SM

e Shared [-Cache (!!)
« Register: 64 kB / SM

e L1 Cache: 128 KB /
SM
(64 KB/ SM <=
Turing)

e L2 Cache: 18 MB
overall




/?\/ 7 @2 n\"DlA@ « Distribute computation tasks over all
RTX 3080 {

computation units properly

* Minimize global graphics memory
access, eliminate unecessary ones

Stream « Coordinate computation and data

— A transfer, avoid waitin
(HfTR 2

Basic Guidelines




« Mature, Reliable (?), Powerful, Modernized (C+ +-20)
« Limited to NVIDIA

CUDA

<A NVIDIA,
CUDA.

AMDZU T HIP/ROC
ROCm / i

« Almost IDENTICAL to CUDA, e.g. cudaMemcpy vs hipMemcpy
« HIP-CPU: Use MT CPU to "“emulate” GPUs (Useful!)

V4 a « Deceased support from major manufacturers (and decreasing)
OpenCL « CHIP-STAR: OpenCL + SPIR-V --> HIP
intel

« Premature: programming model, system quality...

e cHIP-STAR: OneAPI --> HIP

« Mostly identical to CUDA
V/ . \[URYAY

« Premature support for computational purposes

1

oneAPI

OneAPI|

Major Programming Models




H#include <iostream>

Grid

__global__ void kernel( float * a, float * b, float * tgt)

{
const int idx = threadldx.x + blockDim.x * blockldx.x; et et 1)\ mkm)

c[idx] =alidx]+b[idx];
return; ,/'

Block (0 0) ' Blodk (1,0) | Block (2 0)

}

Block (1, 1)

; main( )

. e ele ge . ‘llll-d ‘llll-d 'Il|-d 'llnu:l
// Memory allocation, initialization
kernel <<< n_block, n_thread >>>(a, b, c);
- . - . Thread (0, 2) | Thread (1, 2) | Thread (2 2) | Thread (3, 2)
// Resource releasing and garbage collection --

return O;

}

Major Programming Models for GPUs




Instruction:

res[?]=a[?] +b[?];
Block O
w/ N Threads

Thread O Thread 1 Thread (N-1) Thread n

2->0 2 -> 1 ? -> (N-1) ?->m*N+n
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Naive Mapping: Uniform Task Dispatching




__global_void kernel(...) __global_ void kernel( ... )

{ {

const int idx = blockldx.x * blockDim.x + threadldx.x; const int idx 0 = blockldx.x * blockDim.x + threadldx.x;
if(idx %2 ==0) if( blockldxx & 1)
{
// Operations for even indices; constintidx = 2 * idx _0;
// Operations for even indices;
}
else
// Operations for odd indices; {
constintidx =2*idx 0 + 1;
return; // Operations for odd indices;

}

return;

Even Blocks

waitng  JoddThead

CE I [ Threads in
[ R R Odd Blocks

T [ e
I
|

Less Naive Mapping: Dispatch More Wisely




e Finer or
broader

* Single-thread
granularity

« Why is It
possible?
(hint: Cache)

« CUDA ON
(for now)r

m m M m m III.

Finer Thread Manipulation: Cooperative Grou



Register ( “LO" ): Almost No S
Grid

Block (0, 0) Block (1, 0)

| | |

'ITu'nd{ﬂ,ﬂ] Thread (1, 0) 'I'Il'eld[(t,ll} Thread (1, 0)

(\IN

.Il..li..li LY T .lh.il..l Er T

Manual L1 Control
|_ ( “Shared

<

“Global” Graphics Memory:
~500 clock cycles A

System memory
(or anything via PCI-E buses):

Inter-node

COMM
Inter-proces and Inter-node:

sub-millisecond

Cache: Ubiguitous Structures




Example: ConVOIUtion' e.tC. in 1D {__global_void kernel_shared_static( ...)
__shared__ floatvar[ 64 ];

 Assuming a logical radius of 3: / Opersions.
Each data point used 3 times }

__global__ void kernel_shared_dynamic( ...)

{
—n‘ —‘ —’ -' —' a—u‘ u—' —4’ —‘ u—u! v—’ —u’ n—’ —-‘/ E’ a' extern __shared__ floatvar[ ];
// Operations...

int main( )

{
/] ...

Exa m p I e: M i n i m U m Ti m eSte p kernel_shared_static <<<n_bl,n_th,0 >>>(...);

kernel_shared_dynamic <<< n_bl, n_th, >>> (...);

/] ...

return;

* Binary reduction for the minimum K

Shared Memory: L1 Cache with Manual Ct



Example: Reduction of Arrays
» Reduction for the sum at O(log N) |FE——

__shared__ float var[ 64 ];

 Avoid congesting global atomicAdd JESSEEs

global__ void kernel_shared_dynamic( ...)

VYV e
S S

-1 5 7 2

@_/ ~@i)‘_/

24(1 7 |16 |-2| 8|5 (17|-3|9 |7 13|11| 2| 2

1117 |16 |-2| 8|5 (17|39 |7 13|11 | 2] 2

Shared Memory: L1 Cache with Manual Ct




Communicate
« The best way that threads communicate with in a block

Race Conditions F

« Well-defined shared-memory model: Pay extra attention -
race conditions!

Local Dynamic Memory
 Shared memory is the only way of reserving dynamic memory locally

Reduce Usage
« Reduce shared memory usage when possible for more context on an
SM

More About Shared Memory .

g
ﬂ




__global__ void kernel( ... )

. {
Ser’al MOdEI // Operations...

return;

}

Stream 0 H2D

int main( )
{

// ...
cudaMemcpyAsync( p_device[ 0], p_host[ 0], n_bytes,

cudaMemcpyDefault, );
Concurrent MOdEI kernel <<< n_bl, n_th, n_sh, >>>(...);
cudaMemcpyAsync( p_device[ 1], p_host[ 1], n_bytes,
Stream 1 cudaMemcpyDefault, stream_1 );
kernel <<< n_bl, n_th, n_sh, >>> (... );
Stream 2 /] ...

Stream 3 cudaStreamSynchronize( stream_0 );
cudaStreamSynchronize( stream_1 );
Stream 4

return O;

Time

Streams: Higher-Level Coordination




Pinned Memory
« Unpinned memory may be paged out

 Use cudaMallocHost and cudaFreeHost

Distributing and Dispatching Tasks Properly

» If memory exchange is necessary, hide it behind computation
« Divide the computation operations when necessary

More Possibilities

« “Virtual memory” for the GPUs

* Inter-process or Inter-node
communications

More About Streams




« Spatial

discretization: *Ina “control volume” , the integral of
Control volume conserved quantity

« Temporal .
discretization: qu dV = z fdt de - Fy,
Explicit(!) SUTTace

e Finite volume discretization:
qu dV =~ 6VAq

de-quc?S-Fq

Q

f dt — "Initial Value Problem”

Finite Volume Method




« Godunov
method naturally t
suitable for
parallelization

« GPU: The de-
facto .
computational
device for this

- However: No
adequate
Implements

X CPoEEF

S GPT’%%

Use GPUs for Godunov Method
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CUDA HIP HIP-CPU Mesh Mesh Mesh Refinement
(NVIDIA GPU) (AMD GPU) (Any CPU) Generator Keeper Manager

Module Container

Thermochem Hydrodynamic Poisson Particle-based User-defined
Solver Solver Solver Solver Modules

User-defined Problem Generator; Python-based User Interface

Cosmology Exoplanet S

New Heterogeneous Code:

WORK
Structures

IN PROGRESS



Baseline: Mesh Management
« Mesh Tree: Unaware of Data

 Blocks: Not Specific to
Modules

« Modules: Not Specific to
Algorithms

Physics Modules  “Tell” the
Mésh Manager about What
They Need

« Easy to Emplace New Modules,
Sub-modules, Algorithms

Abstracted Interfaces
« With Hardware (GPU, CPU, etc.)

« With Communication Layer
(MPI)

Optimizations are Specific!

« Can (and. Should) be
ﬁé:\clzglmpllshed on Sub-module

« Can be Trimmed for Special
Needs

Computer Science

Requirements:

Type Calculus based on
emplates

Why KRATOS is Generic and Fast

[ Mesh T (Dksribted o Eoch Process |

Blocks (Abstract Holder of Data)

e.g. (M)HD

Reconstruction

: l Any Riemann Solver

(Now: HLLC for hydro, HLLD for MHD)
Time Integrator =) Any Temporal Order (Now: RK2)

Spatial Descretization 74

Boundary Conditions [ _ 2

=) Any Spatial Order (Now: PLM)

Conserved Forms for Fluids and Fields
(Naturally Guarantee V- B =0)

Inter-Block Communications
Conforming Sub-modules Above
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NVIDIA
AMD
RISC-V

ARM(
« Phone
« Tablet

Device 0O [Radeon RX 7900 XTX] PCIe 4@16x N/A N/A
GPU 2541MHz MEM 1249MHz TEMP 58°C FAN 18% POW 302 / 303 W

GPULITHITITEEEITTEEETTEEETEErTT 1 1100%] MEML] | | | 3.0546i/23.98

[
100 | GPUO %

| GPUO mem%
75|

25s
TYPE

17s
GPU MEM

8s O0s-

PID USER DEV

9640 lilew

0 Graphic

isetup [gasort  JgEKill  jgvouit  [gpsave Config |

cycle = 00050, t = 5.775195e-01, dt = 1.560404e-02, Speed = 4.019526e+08
cycle = 00060, t = 7.413505e-01, dt = 1.706026e-02, Speed = 4.015043e+08
cycle = 00070, t = 9.188548e-01, dt = 1.835290e-02, Speed = 4.017142e+08
cycle = 00080, t = 1.108971e+00, dt = 1.956057e-02, Speed = 4.020546e+08
cycle = 00090, t = 1.289782e+00, dt = 1.702364e-02, Speed = 4.021649e+08
cycle = 00100, t = 1.451583e+00, dt = 1.562206e-02, Speed = 4.016577e+08
cycle = 00110, t = 1.602745e+00, dt = 1.467418e-02, Speed = 4.023116e+08
cycle = 00120, t = 1.746775e+00, dt = 1.417207e-02, Speed = 4.013577e+08
cycle = 00130, t = 1.887855e+00, dt = 1.407335e-02, Speed = 4.017169e+08
cycle = 00140, t = 2.029158e+00, dt = 1.420160e-02, Speed = 4.012160e+08
cycle = 00150, t = 2.172597e+00, dt = 1.449955e-02, Speed = 4.009746e+08
cycle = 00160, t = 2.319522e+00, dt = 1.492584e-02, Speed = 4.014976e+08
cycle = 00170, t = 2.470988e+00, dt = 1.539055e-02, Speed = 4.012055e+08
cycle = 00180, t = 2.627619e+00, dt = 1.593827e-02, Speed = 4.013733e+08
cycle = 00190, t = 2.789773e+00, dt = 1.650582e-02, Speed = 4.015471e+08
cycle = 00200, t = 2.958111e+00, dt = 1.713032e-02, Speed = 4.015099e+08
cycle = 00210, t = 3.133088e+00, dt = 1.779585e-02, Speed = 4.015091e+08
cycle = 00220, t = 3.315028e+00, dt = 1.849798e-02, Speed = 4.008501e+08
cycle = 00230, t = 3.504164e+00, dt = 1.922949e-02, Speed = 4.010758e+08
cycle = 00240, t = 3.700743e+00, dt = 1.999533e-02, Speed = 4.008514e+08

1:w1.p4

1:zsh*

Device 0 [NVIDIA GeForce RTX 3080 Ti] PCIe 1@ 8x 0.000 KiB/s
GPU 210MHz MEM 405MHz TEMP 42°C FAN 0% POW 17 :#|350 W
GPU[ 0%] MEML|| | 1.06
Device 1 [NVIDIA GeForce RTX 3090] PCIe 4@ 8x 1.638 GiB/s
GPU 1770MHz MEM 9501MHz TEMP 56°C FAN 30% POW 356 / 350 W
GPUL|[TITHEETITEEETTr i rrrl1100%] MEML] || ]] ] 3.65
[ | 1
100|GPUO % 100/ GPU1 %— [ |
75IGPUO memd% 75/ GPU1 mem% { I
. !
50 | | 50 l |
25| 25|——Ln r |
0| 0 s S |
L15s—11s 7s 3s 0s- -15s—11s 7s 3s 0s-
PID USER DE GEU GPU MEM HOST MEM Command
2751532 lilew 1 98% 3408MiB 14% 3123MiB ./kratos
954 root 0 Graphic 0% 411MiB 3% 0% 170MiB /usr/1lib
2738497 lilew 0 Graphic 0% 86MiB 1% 0% 384MiB /usr/lib
2497029 lilew 0 Graphic 0% 64MiB 1% 0% 615MiB /usr/bin
2688062 lilew 0 Graphic 0% 56MiB 0% 0% 335MiB /proc/se

Grisetup [gasort  [EKill  [glouit  [ghisave Config |

cycle = 00010, t = 8.758848e-02, dt = 8.441104e-03, Speed = 3.874580e+08
cycle = 00020, t = 1.821420e-01, dt = 1.046634e-02, Speed = 3.893777e+08
cycle = 00030, t = 2.962584e-01, dt = 1.226030e-02, Speed = 3.895929e+08
cycle = 00040, t = 4.286711e-01, dt = 1.401186e-02, Speed = 3.887565e+08
cycle = 00050, t = 5.775201e-01, dt = 1.560409e-02, Speed = 3.898962e+08
cycle = 00060, t = 7.413522e-01, dt = 1.706045e-02, Speed = 3.862590e+08
cycle = 00070, t = 9.188587e-01, dt = 1.835320e-02, Speed = 3.897396e+08
cycle = 00080, t = 1.108978e+00, dt = 1.956005e-02, Speed = 3.866890e+08
cycle = 00090, t = 1.289779e+00, dt = 1.702265e-02, Speed = 3.868385e+08
cycle = 00100, t = 1.451571e+00, dt = 1.562119e-02, Speed = 3.903923e+08
cycle = 00110, t = 1.602727e+00, dt = 1.467377e-02, Speed = 3.861778e+08
cycle = 00120, t = 1.746754e+00, dt = 1.417186e-02, Speed = 3.871235e+08
cycle = 00130, t = 1.887832e+00, dt = 1.407331e-02, Speed = 3.890181e+08
cycle = 00140, t = 2.029135e+00, dt = 1.420174e-02, Speed = 3.859638e+08
cycle = 00150, t = 2.172576e+00, dt = 1.450043e-02, Speed = 3.846060e+08
cycle = 00160, t = 2.319506e+00, dt = 1.492592e-02, Speed = 3.883941e+08
cycle = 00170, t = 2.470984e+00, dt = 1.539114e-02, Speed = 3.863917e+08
cycle = 00180, t = 2.627631e+00, dt = 1.593971e-02, Speed = 3.852376e+08
cycle = 00190, t = 2.789810e+00, dt = 1.650766e-02, Speed = 3.869391e+08
cycle = 00200, t = 2.958181e+00, dt = 1.713276e-02, Speed = 3.877465e+08

"desktop" 20:57 07-Dec-23

s



Test case: Code Performance: Million Cells per Second

Binary Outflows 1200

Sing

le-card:

10° Ce”S/S on A100 1000
Strong Scaling:

99.

t = 1.00 yr

5% on 4xA100 800

Single Mixed Double

600 615
595
10-6 543
504
H10-7 400
10
299
< 7 1 38
= 200 247
; 16150 141
|
R« 101 93
| o 18 0 17 B8 8 16 46 89 35 & 33 61 73
1023 i9-8950HK TeslaK40 Tesla K80 AMD GTX 1080 GTX 1080 Tl TeslaP100 RTX 2080 Tl Tesla V100
single core Radeon VIl Mac0S X
10-12 Athena++ HIP-ROCm TB3 eGPU

Usages and Tests: Hydrodynamics & M
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« MUSIC generated

Intial conditions
https://www-n.oca.eu/ohahn/MUSIC/

e Particle module for DM
(1 or 2 order LF)

« VL2 mixed-precision hydro

with dual-energy formalism
(Why VL27?)

« Multi-grid Poisson solver

« How fast is fast?
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Chemistry ( “Microphysics” ) is

Necessary
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ammced it
not equilibrium?

thermo-
chemistry

D)
D)

Aisic .oy
919|dwo

You won't There is no
get a PhD dynamics

Improper
Hydrodynamics



(M)HD
evolution

N

Radiation

Post-

Post-processing processing

Eliminate inconsistency before data rejoin
(M)HD procedures

e Fix violations of conservations in elements and charge

« Detect non-converged chemistry, retry/reset

« Update energy density and chemical abundances Thermochem
 Update non-ideal MHD diffusivities solver

Pre-
processing

Realtime GPU Microphysics phD Thesis

(2018)
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Wind-driven Accretion: Consistent Microphysics Goodman

2019 ApJ, 874, 90




Cosmic Ray

‘Diffuse Radiation ‘

Host Star

August 2023 Vol. 7 No. 8

ture.com/natastron

nature astronomy

Mapping out a
magnetohydrodynamic wind

AB(orcsec)

Lin, Wang, Fang, Ahmad & Goodman (arXiv:2401.15419)
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* Tgyn~1hr, (He 2°$)~1 hr

« He 110830 A absorption:
lonized outflows

e Full hydro simulations
for observed spectra

FO.Us

L

A"I-'I[iil‘\'

0.04

Excess absorption

1 2 } | 1
(A/A) — 10830

(AJA) — 10830

Direct Evidence of Dispersal:

_0064 — Fiducial

Observation

ipfe-averaged Excess Absorption

Qy _— Convergel.ce Test X
) -=- No-wind Test ! ¥V Observation (A19)
o Sl —— 1D Modeli(S18) vii + Observation (K20)
& star : : i |
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-0.020-0.015-0.010-0.005 0.000 0.005 0.010 0.015 0.020
phase

Figure 4. Top panel: Light curves showing excess helium
absorption integrated over wavelengths between 1082.983 nm
and 1083.058 nm.

for the construction of the out-of-transit spectrum for the

The gray(red) area shows phases used

January(April) night. Bottom panel: same as top panel, but
both light curves are added to the white-light curve from
Spake et al. (2018) (dotted blue curve), and then normalized
so that the transit depths match. Solid blue curve is the

light curve based on the fiducial hydrodynamic simulation

from Wang & Dai (2020). Dash-dotted vertical line indcates
the end of the post-transit absorption.
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« Any CUDA tutorials--Simply search "CUDA tutorial” with
Google/Bing. Specifically, please search these topics:

 Stream (graphs), Shared Memory, Multi-thread Algorithms

 cuda-gdb, cuda-memcheck
« Template metaprogramming of C++

* Documents of CUDA and HIP/ROCm
« https://github.com/ROCm-Developer-Tools/HIP-CPU §
* Write your own GPU project and play with it!

RTX 3080
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Search-Engine-Oriented Programming
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