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What is a Graphics Processing Unit?



…

• GPUs: Jet liners

SIMD (before Turing)

High latency mem access

High throughput

Lower (?) frequency

Worse versatility

• CPUs: Jet fighters

Slow, but Massive



Typical GPU 
(NVIDIA RTX 3080):

• 82 SM / GPU

• 16 Units / SM

• Shared I-Cache (!!!)

• Register: 64 kB / SM

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

• L2 Cache: 18 MB 
overall

• Typical CPU
(AMD Ryzen 7 

5800X):

• 8 Cores / CPU

• Register: 64 bits / 
Unit 

• L1 Cache: 64 KB / 
Core

• L2 Cache: 512 KB / 
Core

• L3 Cache: 32 MB 
overall

Advantages and Disadvantages



Basic Guidelines 

• Distribute computation tasks over all 

computation units properly

Map

（映射）

• Minimize global graphics memory 

access, eliminate unecessary ones

Cache

（缓存）

• Coordinate computation and data 

transfer, avoid waiting

Stream

（执行流）



Major Programming Models

• Mature, Reliable (?), Powerful, Modernized (C++-20)

• Limited to NVIDIA
CUDA

• Almost IDENTICAL to CUDA, e.g. cudaMemcpy vs hipMemcpy

• HIP-CPU: Use MT CPU to “emulate” GPUs (Useful!)
HIP/ROCm

• Deceased support from major manufacturers (and decreasing)

• cHIP-STAR: OpenCL + SPIR-V --> HIP 
OpenCL

• Premature: programming model, system quality...

• cHIP-STAR: OneAPI --> HIP 
OneAPI

• Mostly identical to CUDA

• Premature support for computational purposes
MUSA



Major Programming Models for GPUs

#include <iostream>

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

const int idx = threadIdx.x + blockDim.x * blockIdx.x;
c[ idx ]      = a[ idx ] + b[ idx ];
return;

}

int main(  )
{

// Memory allocation, initialization
kernel <<< n_block, n_thread >>> ( a, b, c );
// Resource releasing and garbage collection    
return 0;

}



Instruction:

res[ ? ] = a[ ? ] + b[ ? ];

Block 0

w/ N Threads

Thread 0

? -> 0

Thread 1

? -> 1
...

Thread (N-1)

? -> (N-1)

...

Block m

w/ N 

Threads

Thread n

? -> m * N + n

Naive Mapping: Uniform Task Dispatching

template < typename f_T > __global__ void kernel
( f_T * res,  const f_T * a, const f_T * b )
{

const int idx = blockIdx.x * blockDim.x + threadIdx.x;
res[ idx ] = a[ idx ] + b[ idx ];
return;

}

...



Less Naive Mapping: Dispatch More Wisely

__global__ void kernel( ... )
{

const int idx = blockIdx.x * blockDim.x + threadIdx.x;
if( idx % 2 == 0 )
{

// Operations for even indices;
}
else
{

// Operations for odd  indices;
}
return;

}

__global__ void kernel( ... )
{

const int idx_0 = blockIdx.x * blockDim.x + threadIdx.x;
if( blockIdx.x & 1 )
{

const int idx = 2 * idx_0;
// Operations for even indices;

}
else
{

const int idx = 2 * idx_0 + 1;
// Operations for odd  indices;

}    
return;

}

Odd Thread

Even Thread

Even Thread

Odd Thread

Waiting

Waiting

Waiting

Waiting Threads in 
Even Blocks

Threads in 
Odd Blocks



• Finer or 
broader

• Single-thread 
granularity

• Why is it 
possible? 
(hint: Cache)

• CUDA ONLY
(for now)

Finer Thread Manipulation: Cooperative Group



Cache: Ubiquitous Structures 

Register (“L0”): Almost No 
Latency

L1: < 10 Clock cycles (128 kB/SM)

L2: Invisible to Programmers (< 1 
MB/SM)

“Global” Graphics Memory:
~500 clock cycles

System memory 
(or anything via PCI-E buses): 
~10 𝜇s

Inter-proces and Inter-node: 
sub-millisecond

MIS
S

MIS
S

MIS
S

GRAM Data 
Exchange 

Inter-node 
COMM

Manual L1 Control
(“Shared 

Memory”)

__constant__ and
Kernel Arguments



Shared Memory: L1 Cache with Manual Ctrl

Example: Convolution, etc. in 1D

• Assuming a logical radius of 3: 
Each data point used 3 times

Example: Minimum Timestep 

• Binary reduction for the minimum

__global__ void kernel_shared_static( ... )
{

__shared__ float var[ 64 ];
// Operations...
return;

}

__global__ void kernel_shared_dynamic( ... )
{

extern __shared__ float var[  ];
// Operations...
return;

}

int main(  )
{

// ...
kernel_shared_static <<< n_bl, n_th, 0    >>> ( ... );
kernel_shared_dynamic <<< n_bl, n_th, n_sh >>> ( ... );
// ....

}



Shared Memory: L1 Cache with Manual Ctrl

Example: Reduction of Arrays

• Reduction for the sum at 𝑂(log 𝑁)

• Avoid congesting global atomicAdd

__global__ void kernel_shared_static( ... )
{

__shared__ float var[ 64 ];
// Operations...
return;

}

__global__ void kernel_shared_dynamic( ... )
{

extern __shared__ float var[  ];
// Operations...
return;

}

int main(  )
{

// ...
kernel_shared_static <<< n_bl, n_th, 0    >>> ( ... );
kernel_shared_dynamic <<< n_bl, n_th, n_sh >>> ( ... );
// ....

}



More About Shared Memory

Communicate

• The best way that threads communicate with in a block

Race Conditions

• Well-defined shared-memory model: Pay extra attention to 
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



Streams: Higher-Level Coordination

__global__ void kernel( ... )
{

// Operations...
return;

}

int main(  )
{

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

cudaMemcpyDefault, stream_0 );
kernel <<< n_bl, n_th, n_sh, stream_0 >>> ( ... );

cudaMemcpyAsync( p_device[ 1 ], p_host[ 1 ], n_bytes, 
cudaMemcpyDefault, stream_1 );

kernel <<< n_bl, n_th, n_sh, stream_1 >>> ( ... );
// ....

cudaStreamSynchronize( stream_0 );
cudaStreamSynchronize( stream_1 );

return 0;
}



More About Streams

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



• Spatial 
discretization: 
Control volume

• Temporal 
discretization:
Explicit(!)

Finite Volume Method

• In a “control volume”, the integral of 
conserved quantity 

Δ න𝑞 d𝑉 = 

surface

න d𝑡 නdS ⋅ 𝐹𝑞

• Finite volume discretization: 

Δ න𝑞 d𝑉 ≃ 𝛿𝑉Δ𝑞

නdS ⋅ 𝐹𝑞 ≃ 𝛿 መ𝑆 ⋅ 𝐹𝑞

නd𝑡 → ”Initial Value Problem”

𝛿
መ 𝑆

⋅
𝐹 𝑞



• Godunov 
method naturally 
suitable for 
parallelization

• GPU: The de-
facto 
computational 
device for this

• However: No 
adequate 
implements

Use GPUs for Godunov Method

Th 
0

Th 
1

Th 
2

Th 
3

…

?



New Heterogeneous Code: 
Structures

CUDA
(NVIDIA GPU)

HIP
(AMD GPU)

HIP-CPU
(Any CPU)

Mesh Refinement
Manager

Mesh 
Generator

Hydrodynamic
Solver

MHD 
Solver

Non-Ideal MHD

Poisson 
Solver

Particle-based 
Solver

Thermochem 
Solver

PPD
Cosmology

Galaxies
Exoplanet

Atmosphere
ISM/IGM

Abstraction Layer for Computational Devices

Dust GrainsDark MatterMonte-Carlo

User-defined Problem Generator; Python-based User Interface

Gravitation

Star Formation Suggestions?

Abstraction Layer for Mesh StructuresModule Container

User-defined
Modules

Mesh
Keeper



Why KRATOS is Generic and Fast

• Baseline: Mesh Management
• Mesh Tree: Unaware of Data
• Blocks: Not Specific to 

Modules
• Modules: Not Specific to 

Algorithms

• Physics Modules “Tell” the 
Mesh 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 

Accomplished on Sub-module 
Level

• Can be Trimmed for Special 
Needs

• Computer Science 
Requirements:
Type Calculus based on 
Templates

Mesh Tree (Distributed to Each Process)

Blocks (Abstract Holder of Data)

Physics Module Physics Module

e.g. (M)HD

Reconstruction Any Spatial Order (Now: PLM)

Riemann Solver
Any Riemann Solver 
(Now: HLLC for hydro, HLLD for MHD)

Time Integrator Any Temporal Order (Now: RK2)

Spatial Descretization
Conserved Forms for Fluids and Fields
(Naturally Guarantee 𝛻 ∙ 𝑩 = 0 )

Boundary Conditions
Inter-Block Communications
Conforming Sub-modules Above

...





• NVIDIA

• AMD

• RISC-V

• ARM(!)
• Phone

• Tablet



Usages and Tests: Hydrodynamics & MHD

• Test case: 
Binary Outflows

• Single-card: 
109 cells/s on A100

• Strong Scaling:
99.5% on 4xA100







• MUSIC generated

intial conditions

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

• Particle module for DM

(1 or 2 order LF)

• VL2 mixed-precision hydro

with dual-energy formalism

(Why VL2?)

• Multi-grid Poisson solver

• How fast is fast?







• 252 sims

• 1.5 days

• On this guy

• arXiv:2406.18920



Lv, Wang, Ho et al., in prep.



Microphysics



Chemistry (“Microphysics”) is 
Necessary



Why we need it
—or, why not equilibrium?

Because sometimes we have

𝜏dyn ≲ 𝜏chem
Which occurs quite often

Proper 
Hydrodynamics

Improper 
Hydrodynamics

C
o

m
p

le
te

 
C

h
e
m

istryM
in

im
u
m

 
C

h
e
m

is
tr

y

There is no 

dynamics

Inconsistent 

thermo-

chemistry

Expensive!

You won't 

get a PhD



(M)HD evolution

Based on Athena++

• Non-ideal MHD: Bai (2013)

• Consistent advection of chemicals: Improved

algorithm

• GPU-based Godunov solver introduced

(M)HD 

evolution

Radiation

Pre-

processing

Thermochem 

solver

Post-

processingRadiation

Direct ray-tracing

• Save geometry if unchanged

mesh

• Asynchronous for scalability

• Absorption by chemicals

• Cross-/self-shielding

Diffusive radiation

• GPU-based FLD and Monte-

Carlo

• Dust temperature (simplified

recieps for now)

Pre-processing

Checks/fixes before solving

• Photochemical rates, esp. shielded

• Fix inconsistencies e.g. density floors

• Energy density and heat capacity

• Escape probability of cooling photons

Thermochemistry solver

Semi-implicit solver with 

adaptive step size control

• Concurrent matrix decomposition

• Concurrent reaction rate calculation

• Error estimation and correction

Post-processing

Eliminate inconsistency before data rejoin 

(M)HD procedures

• Fix violations of conservations in elements and charge

• Detect non-converged chemistry, retry/reset

• Update energy density and chemical abundances

• Update non-ideal MHD diffusivities

Realtime GPU Microphysics L. Wang
PhD Thesis 
(2018)



Wind-driven Accretion: Consistent Microphysics
Wang, Bai & 
Goodman
2019 ApJ, 874, 90



Fang, Wang, Herczeg et al., Nature Astronomy (2023 Aug Cover Paper)

Lin, Wang, Fang, Ahmad & Goodman (arXiv:2401.15419)

𝟒𝟔 𝐞𝐕 per proton @ 0.1 AU!



Direct Evidence of Dispersal:    He I 10830 
A

Wang & Dai
2021 ApJ, 914, 

99

• 𝜏dyn~1 hr, 𝜏 He 23𝑆 ~1 hr

• He I 10830 A absorption: 
ionized outflows

• Full hydro simulations 
for observed spectra

vK

ΩK

vK

ΩK

Star



arXiv:2407.02306



arXiv:2407.02306

(ApJ accepted)



arXiv:2407.02306 (ApJ accepted)



Search-Engine-Oriented Programming

•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!



Questions?
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