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  # Backend

To specify backend, simply typing -b cuda or –backend openmp, together with other parameters described below.

Feel free to play fpie with other arguments!

## GridSolver

GridSolver keeps most of the 2D structure of the image, instead of relabeling pixels as EquSolver. To use GridSolver in some of the following backends, you need to specify –grid-x and –grid-y to determine the access pattern of the large 2D array.

Here is a Python pseudocode to show how it works:

```python
arr = np.random.random(size=[N, M])
# here is a sequential scan:
for i in range(N):



	for j in range(M):
	func(arr[i, j])








# however, we can use block-level access pattern to improve the cache hit rate:
for i in range(N // grid_x):



	for j in range(M // grid_y):
	# the grid size is (grid_x, grid_y)
for x in range(grid_x):



	for y in range(grid_y):
	func(arr[i * grid_x + x, j * grid_y + y])















```

## NumPy

This backend uses NumPy vectorized operation for parallel computation.

There’s no extra parameter for NumPy EquSolver:

`bash
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b numpy --method equ
Successfully initialize PIE equ solver with numpy backend
# of vars: 12559
Iter 5000, abs error [450.09415 445.24747 636.1397 ]
Time elapsed: 3.26s
Successfully write image to result.jpg
`

There’s no extra parameter for NumPy GridSolver:

`bash
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b numpy --method grid
Successfully initialize PIE grid solver with numpy backend
# of vars: 17227
Iter 5000, abs error [450.07922 445.27014 636.1374 ]
Time elapsed: 3.09s
Successfully write image to result.jpg
`

For NumPy backend, GridSolver is a little bit faster than EquSolver. However, for other backends, GridSolver is always slower than EquSolver.

## GCC

This backend uses a single thread C++ program to perform computation.

There’s no extra parameter for GCC EquSolver:

`bash
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b gcc --method equ
Successfully initialize PIE equ solver with gcc backend
# of vars: 12559
Iter 5000, abs error [ 5.179281   6.6939087 11.006622 ]
Time elapsed: 0.29s
Successfully write image to result.jpg
`

For GCC GridSolver, you need to specify –grid-x and –grid-y described in the first section:

`bash
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b gcc --method grid --grid-x 8 --grid-y 8
Successfully initialize PIE grid solver with gcc backend
# of vars: 17227
Iter 5000, abs error [ 5.1776047  6.69458   11.001862 ]
Time elapsed: 0.36s
Successfully write image to result.jpg
`

## Taichi

[Taichi](https://github.com/taichi-dev/taichi) is an open-source, imperative, parallel programming language for high-performance numerical computation. We provide 2 choices: taichi-cpu for CPU-level parallelization, taichi-gpu for GPU-level parallelization. You can install taichi via pip install taichi.


	For taichi-cpu: use -c or –cpu to determine how many CPUs it will use;


	For taichi-gpu: use -z or –block-size to determine the number of threads used in a block.




The parallelization strategy for Taichi backend is written by Taichi itself.

There’s no other parameters for Taichi EquSolver:

`bash
# taichi-cpu
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b taichi-cpu --method equ -c 6
[Taichi] version 0.9.2, llvm 10.0.0, commit 7a4d73cd, linux, python 3.8.10
[Taichi] Starting on arch=x64
Successfully initialize PIE equ solver with taichi-cpu backend
# of vars: 12559
Iter 5000, abs error [ 5.1899223  6.708023  11.034821 ]
Time elapsed: 0.57s
Successfully write image to result.jpg
`

`bash
# taichi-gpu
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b taichi-gpu --method equ -z 1024
[Taichi] version 0.9.2, llvm 10.0.0, commit 7a4d73cd, linux, python 3.8.10
[Taichi] Starting on arch=cuda
Successfully initialize PIE equ solver with taichi-gpu backend
# of vars: 12559
Iter 5000, abs error [37.35366  46.433205 76.09506 ]
Time elapsed: 0.60s
Successfully write image to result.jpg
`

For Taichi GridSolver, you also need to specify –grid-x and –grid-y described in the first section:

`bash
# taichi-cpu
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b taichi-cpu --method grid --grid-x 16 --grid-y 16 -c 12
[Taichi] version 0.9.2, llvm 10.0.0, commit 7a4d73cd, linux, python 3.8.10
[Taichi] Starting on arch=x64
Successfully initialize PIE grid solver with taichi-cpu backend
# of vars: 17227
Iter 5000, abs error [ 5.310623   6.8661118 11.2751465]
Time elapsed: 0.73s
Successfully write image to result.jpg
`

`bash
# taichi-gpu
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b taichi-gpu --method grid --grid-x 8 --grid-y 8 -z 64
[Taichi] version 0.9.2, llvm 10.0.0, commit 7a4d73cd, linux, python 3.8.10
[Taichi] Starting on arch=cuda
Successfully initialize PIE grid solver with taichi-gpu backend
# of vars: 17227
Iter 5000, abs error [37.74704  46.853233 74.741455]
Time elapsed: 0.63s
Successfully write image to result.jpg
`

## OpenMP

OpenMP backend needs to specify the number of CPU cores it can use, with -c or –cpu option (default choice is to use all CPU cores).

There’s no other parameters for OpenMP EquSolver:

`bash
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b openmp --method equ -c 6
Successfully initialize PIE equ solver with openmp backend
# of vars: 12559
Iter 5000, abs error [ 5.2758713  6.768402  11.11969  ]
Time elapsed: 0.06s
Successfully write image to result.jpg
`

For OpenMP GridSolver, you also need to specify –grid-x and –grid-y described in the first section:

`bash
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b openmp --method grid --grid-x 8 --grid-y 8 -c 6
Successfully initialize PIE grid solver with openmp backend
# of vars: 17227
Iter 5000, abs error [ 5.187172  6.701462 11.020264]
Time elapsed: 0.10s
Successfully write image to result.jpg
`

### Parallelization Strategy

For [EquSolver](https://github.com/Trinkle23897/Fast-Poisson-Image-Editing/blob/main/fpie/core/openmp/equ.cc), it first groups the pixels into two folds by (i+j)%2, then parallelizes per-pixel iteration inside a group in each step. This strategy can utilize the thread-local accessment.

For [GridSolver](https://github.com/Trinkle23897/Fast-Poisson-Image-Editing/blob/main/fpie/core/openmp/grid.cc), it parallelizes per-grid iteration in each step, where the grid size is (grid_x, grid_y). It simply iterates all pixels in each grid.

## MPI

To run with MPI backend, you need to install both mpicc and mpi4py (pip install mpi4py).

Different from other methods, you need to use mpiexec or mpirun to launch MPI service instead of directly calling fpie program. -np option is to indicate the number of process it will launch.

Apart from that, you need to specify the synchronization interval for MPI backend with –mpi-sync-interval. If this number is too small, it will cause a large amount of overhead of synchronization; however, if it is too large, the quality of solution drops down dramatically.

MPI EquSolver and GridSolver don’t have any other arguments because of the parallelization strategy we used, see the next section.

`bash
$ mpiexec -np 6 fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b mpi --method equ --mpi-sync-interval 100
Successfully initialize PIE equ solver with mpi backend
# of vars: 12559
Iter 5000, abs error [264.6767  269.55304 368.4869 ]
Time elapsed: 0.10s
Successfully write image to result.jpg
`

`bash
$ mpiexec -np 6 fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b mpi --method grid --mpi-sync-interval 100
Successfully initialize PIE grid solver with mpi backend
# of vars: 17227
Iter 5000, abs error [204.41124 215.00548 296.4441 ]
Time elapsed: 0.13s
Successfully write image to result.jpg
`

### Parallelization Strategy

MPI cannot use share-memory program model, so that we need to reduce the amount of data for communication. Each process is only responsible for a part of computation, and synchronized with other process per mpi_sync_interval steps.

For [EquSolver](https://github.com/Trinkle23897/Fast-Poisson-Image-Editing/blob/main/fpie/core/mpi/equ.cc), it’s hard to say which part of the data should be exchanged to other process, since it relabels all pixels at the very beginning of this process. We use MPI_Bcast to force sync all data.

For [GridSolver](https://github.com/Trinkle23897/Fast-Poisson-Image-Editing/blob/main/fpie/core/mpi/grid.cc), we use line partition: process i exchanges its first and last line data with process i-1 and i+1 separately. This strategy has a continuous memory layout to exchange, thus has less overhead comparing with block partition.

However, even if we don’t use the synchronization in MPI (set mpi_sync_interval to be greater than the number of iteration), it is still slower than OpenMP and CUDA backends.

## CUDA

CUDA backend needs to specify the number of threads in one block it will use, with -z or –block-size option (default value is 1024).

There’s no other parameters for CUDA EquSolver:

```bash
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b cuda –method equ -z 256
———————————————————
Found 1 CUDA devices
Device 0: NVIDIA GeForce GTX 1060


SMs:        10
Global mem: 6078 MB
CUDA Cap:   6.1




Iter 5000, abs error [37.63664 48.39614 79.6199 ]
Time elapsed: 0.06s
Successfully write image to result.jpg
```

For CUDA GridSolver, you also need to specify –grid-x and –grid-y described in the first section:

```bash
$ fpie -s test2_src.png -m test2_mask.png -t test2_tgt.png -o result.jpg -h1 130 -w1 130 -n 5000 -g src -b cuda –method grid –grid-x 4 –grid-y 128 -z 1024
———————————————————
Found 1 CUDA devices
Device 0: NVIDIA GeForce GTX 1060


SMs:        10
Global mem: 6078 MB
CUDA Cap:   6.1




Iter 5000, abs error [37.50096  48.061874 79.06909 ]
Time elapsed: 0.07s
Successfully write image to result.jpg
```

### Parallelization Strategy

The strategy used in CUDA backend is quite similar to OpenMP.

For [EquSolver](https://github.com/Trinkle23897/Fast-Poisson-Image-Editing/blob/main/fpie/core/cuda/equ.cu), it performs equation-level parallelization.

For [GridSolver](https://github.com/Trinkle23897/Fast-Poisson-Image-Editing/blob/main/fpie/core/cuda/grid.cu), each grid with size (grid_x, grid_y) will be in the same block. A thread in a block performs iteration only for a single pixel.



            

          

      

      

    

  

    
      
          
            
  ## Environment configuration

OS: Red Hat Enterprise Linux Workstation 7.9 (Maipo)

CPU: 8x Intel(R) Core(TM) i7-9700 CPU @ 3.00GHz

GPU: GeForce RTX 2080 8G

Python: 3.6.8

Python package version:


	numpy==1.19.5


	opencv-python==4.5.5.64


	mpi4py==3.1.3


	taichi==0.9.2




## Problem size vs backend

To run and get the time spend:

`bash
$ fpie -s $NAME.png -t $NAME.png -m $NAME.png -o result.png -n 5000 -b $BACKEND --method $METHOD ...
`

The following table shows the best performance of corresponding backend choice, i.e., tuning other parameters on square10/circle10 and apply them to other tests, instead of using the default value.

### EquSolver

The benchmark commands for squareX and circleX:

`bash
# numpy
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b numpy --method equ
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b numpy --method equ
# gcc
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b gcc --method equ
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b gcc --method equ
# openmp
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b openmp --method equ -c 8
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b openmp --method equ -c 8
# mpi
mpiexec -np 8 fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b mpi --method equ --mpi-sync-interval 100
mpiexec -np 8 fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b mpi --method equ --mpi-sync-interval 100
# cuda
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b cuda --method equ -z 1024
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b cuda --method equ -z 1024
# taichi-cpu
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b taichi-cpu --method equ -c 8
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b taichi-cpu --method equ -c 8
# taichi-gpu
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b taichi-gpu --method equ -z 1024
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b taichi-gpu --method equ -z 1024
`


EquSolver  | square6 | square7 | square8 | square9 | square10 |

———- | ——- | ——- | ——- | ——- | ——– |

# of vars  | 4097    | 16385   | 65537   | 262145  | 1048577  |

NumPy      | 0.84s   | 3.24s   | 12.25s  | 52.12s  | 222.44s  |

GCC        | 0.08s   | 0.30s   | 1.21s   | 4.99s   | 22.00s   |

OpenMP     | 0.02s   | 0.04s   | 0.14s   | 0.59s   | 8.63s    |

MPI        | 0.01s   | 0.05s   | 0.18s   | 0.79s   | 8.32s    |

CUDA       | 0.02s   | 0.02s   | 0.04s   | 0.19s   | 0.70s    |

Taichi-CPU | 0.44s   | 0.52s   | 0.77s   | 1.94s   | 12.87s   |

Taichi-GPU | 0.57s   | 0.58s   | 0.60s   | 0.83s   | 1.44s    |




EquSolver  | circle6 | circle7 | circle8 | circle9 | circle10 |

———- | ——- | ——- | ——- | ——- | ——– |

# of vars  | 4256    | 16676   | 65972   | 262338  | 1049486  |

NumPy      | 0.86s   | 3.27s   | 12.33s  | 52.42s  | 222.85s  |

GCC        | 0.08s   | 0.31s   | 1.21s   | 4.84s   | 22.16s   |

OpenMP     | 0.02s   | 0.04s   | 0.13s   | 0.49s   | 8.07s    |

MPI        | 0.01s   | 0.05s   | 0.18s   | 0.78s   | 8.37s    |

CUDA       | 0.02s   | 0.02s   | 0.04s   | 0.19s   | 0.70s    |

Taichi-CPU | 0.45s   | 0.52s   | 0.77s   | 1.84s   | 12.88s   |

Taichi-GPU | 0.57s   | 0.57s   | 0.60s   | 0.79s   | 1.44s    |



### GridSolver

The benchmark commands for squareX and circleX:

`bash
# numpy
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b numpy --method grid
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b numpy --method grid
# gcc
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b gcc --method grid --grid-x 8 --grid-y 8
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b gcc --method grid --grid-x 8 --grid-y 8
# openmp
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b openmp --method grid -c 8 --grid-x 2 --grid-y 16
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b openmp --method grid -c 8 --grid-x 2 --grid-y 16
# mpi
mpiexec -np 8 fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b mpi --method grid --mpi-sync-interval 100
mpiexec -np 8 fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b mpi --method grid --mpi-sync-interval 100
# cuda
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b cuda --method grid -z 1024 --grid-x 2 --grid-y 128
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b cuda --method grid -z 1024 --grid-x 2 --grid-y 128
# taichi-cpu
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b taichi-cpu --method grid -c 8 --grid-x 16 --grid-y 64
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b taichi-cpu --method grid -c 8 --grid-x 16 --grid-y 64
# taichi-gpu
fpie -s square10.png -t square10.png -m square10.png -o result.png -n 5000 -b taichi-gpu --method grid -z 1024 --grid-x 16 --grid-y 64
fpie -s circle10.png -t circle10.png -m circle10.png -o result.png -n 5000 -b taichi-gpu --method grid -z 1024 --grid-x 16 --grid-y 64
`
| GridSolver | square6 | square7 | square8 | square9 | square10 |
| ———- | ——- | ——- | ——- | ——- | ——– |
| # of vars  | 4356    | 16900   | 66564   | 264196  | 1052676  |
| NumPy      | 0.79s   | 2.84s   | 12.35s  | 50.62s  | 208.60s  |
| GCC        | 0.09s   | 0.35s   | 1.38s   | 5.53s   | 24.73s   |
| OpenMP     | 0.02s   | 0.06s   | 0.20s   | 0.79s   | 5.44s    |
| MPI        | 0.01s   | 0.05s   | 0.20s   | 0.79s   | 5.48s    |
| CUDA       | 0.01s   | 0.02s   | 0.03s   | 0.15s   | 0.57s    |
| Taichi-CPU | 0.60s   | 0.79s   | 1.56s   | 4.90s   | 26.45s   |
| Taichi-GPU | 0.63s   | 0.64s   | 0.70s   | 1.02s   | 2.15s    |


GridSolver | circle6 | circle7 | circle8 | circle9 | circle10 |

———- | ——- | ——- | ——- | ——- | ——– |

# of vars  | 5476    | 21316   | 84100   | 335241  | 1338649  |

NumPy      | 0.85s   | 3.09s   | 13.20s  | 56.32s  | 224.65s  |

GCC        | 0.10s   | 0.38s   | 1.48s   | 5.83s   | 25.06s   |

OpenMP     | 0.02s   | 0.07s   | 0.40s   | 0.99s   | 6.36s    |

MPI        | 0.02s   | 0.06s   | 0.25s   | 0.98s   | 5.81s    |

CUDA       | 0.01s   | 0.01s   | 0.03s   | 0.15s   | 0.59s    |

Taichi-CPU | 0.62s   | 0.78s   | 1.60s   | 5.32s   | 27.67s   |

Taichi-GPU | 0.63s   | 0.64s   | 0.71s   | 1.05s   | 2.25s    |



## Per backend performance

In this section, we will perform ablation studies on OpenMP/MPI/CUDA backend. We use circle9 with 25000 iterations as the experiment setting.

### OpenMP

Command to run:

```bash

```

### MPI

Command to run:

`bash
`

### CUDA

Command to run:

`bash
`



            

          

      

      

    

  

    
      
          
            
  ## Proposal

Challenge: How to implement a fully-parallelized Jacobi Iteration to support a real-time image fusion?


	Workload/constrains: similar to the 2d-grid example demonstrated in class.




Resources:


	Codebase: https://github.com/Trinkle23897/DIP2018/blob/master/1/image_fusion/image_fusion.cpp, written by Jiayi Weng, one of our group members


	Computation Resources: GHC (CPU, GPU - 2080), PSC (CPU, GPU), laptop (CPU, GPU - 1060)




Goals:


	[x] 75%: implement one parallel version of PIE


	[x] 100%: benchmark the algorithm with OpenMP/MPI/CUDA implementation


	[ ] 125%: include a interactive python frontend that can demonstrate the result in a user-friendly style. Real-time computation on a single GTX-1060 Nvidia GPU.




Platform choice:


	OS: Linux, Ubuntu machine


	Language: C++/CUDA for core development, Python for interactive frontend




Schedule:


	3.28 - 4.9: implement parallel version of PIE (OpenMP, MPI, CUDA)


	4.11 - 4.22: benchmarking, optimizing, write Python interactive frontend


	4.25 - 5.5: write report




## Milestone

In Apr. 11th, we have finished all implementations for parallel PIE algorithm. Each implementation contains two different solver: EquSolver and GridSolver. We also create two datasets: one for real image demonstration, another one for benchmark performance.

Most of the results are in the homepage README file. We are going to polish the documentation and running benchmark experiments this week. Then do some ablation study and write report in the next week. If we have extra time, we will implement an interactive frontend for creating mask image.

At the poster session we plan to show a live demo of this project, and on the other hand, briefly describe the benchmark result to demonstrate its high-performance.
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