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ABSTRACT

In this paper, we develop and evaluate a sequential and GPU parallel blur filter solution. We provide
the background in filtering as well as a high-level overview of two low-pass image blurring filters,
Gaussian and Average. The experimental results and performance metrics, such as execution time
and speedup, provide insights into the benefits of GPU acceleration for Gaussian blur operations.
This paper demonstrates the feasibility and performance gains of GPU-accelerated Gaussian blur

algorithms.
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1 INTRODUCTION

Image blur is a fundamental operation in computer vision and image processing, with applications in various domains
such as photography, computer graphics, and medical imaging. A substantial application for object research is in the
form of facial and object recognition. From individuals using FacelID to unlock their phone, to governments using
Clearview Al to apprehend suspected criminals, the ability to better analyze imperfect images is becoming more
prevalent. In recent years, the use of mixed training on blurred and sharp images has helped to better train convolutional
neural networks (CNNs) on object recognition [6]]. By varying the level of blur, image-computing models can better
advance the ability for CNNs to perform like the human visual system in terms of global shape information processing.
One of the major limitations within computer vision and image processing is within the computational availability
and resource intensity needed to perform these tasks. Not only is substantial data needed to train machine learning,
the act of processing the data itself can be time-intensive. Using the newest NVIDIA graphics card, we implement
GPU acceleration on images, discuss the performance achievable at a small scale, where bottlenecks exist, and how to

potentially mitigate those blockers.
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2 GROUNDWORK

2.1 Filtering

Image blurring occurs through the use of low-pass filtering on an image source. A low-pass filter allows for frequencies
below the threshold to maintain their value while gradually removing the intensity of the frequencies above the threshold.
Alternatively, a high-pass filter minimizes low frequencies. High-pass filtering is used to increase the sharpness of an

image using similar techniques. A mixture of a low-pass and high-pass filter is called a band-pass filter.

A real-world example of a low-pass filter is in a sub-woofers. Sub-woofers are specifically designed to minimize higher
frequency noises in order to better output lower sounds. In image filtering, these noises are related to random variation
in brightness or color generated by photograph pixels. Figure[T]is an example of noise that occurs in photographs
where you can see random peppered out of context pixels. These noises are a combination of the sensor in the camera,
resolution of the photo, and light sensitivity. Image blurring filters will take these noises and perform operations so that
the difference in pixel colors is less abrupt and removes this peppered effect. The low-pass filters discussed within this

paper are Gaussian and Median blur techniques.

Figure 1: Example of image noise [9]

2.1.1 Filter Kernels

The way the blur effect is produced is by altering a pixels in relations to to the pixels around it. For instance, the average
filter blur works by taking pixel values surrounding the pixel being operated on and then taking an average of those
pixel to generate a new image as seen in the kernel filter figure. Then these kernels can have other weights applied to
them to accomplish Gaussian blur or other types of filters. This works for black and white images and to process color
images we just need to consider the RGB colors individually. The pixel filter will be applied to each red, green and blue

and then added back to the output image to generate the final filtered image.
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Figure 2: Kernel Visualization
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2.1.2 Average/Medium

For simplicity of understanding kernels is how the average of surrounding pixels generates a new pixel. This produces a
new image but now it generates artificial pixels as the average value was not present in the original image. The next
level of improving image blurring is medium blur where instead of the average we get a medium. This allows the image

to be more like original but now makes the function non-linear[8].

medium[A(z) + B(x)] # medium[A(z)] + medium[B(x)] (1)

2.1.3 Gaussian

The Gaussian function, also known as the normal distribution or bell curve in statistics, is the basis for the Gaussian
blur. When Gaussian is applied to images, it creates concentric circles the size of the standard deviation o, with weights
for the surrounding pixels that correspond to the bell curve, depending on their distance from the center. The each
pixel in the resulting image is the average of circle of size ¢. The Gaussian blur can be applied in two separate one
dimensional (1D) calculations. Rather than applying a two dimensional (2D) matrix, it is possible to implement a series
of 1D matrices horizontally and then repeating vertically. This linear filtering makes it suitable for many types of image

processing tasks, which is why it’s one of the most commonly used filters.

exp (— x;:%’ ’ )
GaussianBlur = ——~ 2)
2mo2

2.2 CPU and GPU

The Central Processing Unit (CPU) is used to process computer tasks. It consist of Random Access Memory (RAM),
cache, control units, and arithmetic units, with a control or arithmetic unit taking a clock cycle to complete. The CPU
operates by receiving an input from memory, using the control and arithmetic units to process the input, and storing the
results in memory. Since CPU has a clock speed average of 3 GHz, the CPU is able to perform sequential tasks quickly.
Current day CPU’s have multiple clusters of cores, with each cluster independent of another, allowing for a level of
parallel-task completion.

The Graphical Processing Unit (GPU) is used to compute tasks in parallel. The GPU consists of interfaces which allow
it to output video formats, Video Random Access Memory (VRAM), and cores. GPU cores exist within clusters and
are specifically designed to perform video related tasks such as general arithmetic or vector computation. The GPU
generally operates by receiving instructions from a queue, typically in the form of a vector. It then scheduling threads to
pass the instructions to core clusters. Each core cluster assigns the instructions to each core for processing, depending
on the processing need. Then, each core processes their instructions in parallel and the output is displayed. Thus, you

can think of graphics displayed on a screen as a collection of ever-changing millions of processed vectors.
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2.2.1 CUDA

No standard exists for GPU computing specifications. AMD refers to their core counts as Compute Units while NVIDIA
refers to their core counts in terms of Computer Unified Device Architecture (CUDAcore), ray tracing (RT), and Tensor
cores. These counts are not equatable since Compute Units are groups of processing elements whereas a CUDAcore for
example, is a single processing element. For the purpose of this paper, we focus on the NVIDIA nomenclature.

Ada Lovelace is the specific configuration of CUDA, RT, and Tensor cores which makes up the architecture of the GPU.
CUDAcores are used for general parallel computing tasks. It produces high accuracy and high throughput since each
core completes in a clock cycle. RT cores are specifically designed to handle the computation necessary to cast light
and shadows into digital images. Tensor cores are designed for vector and matrix operations in order to aide in Al and
deep learning tasks. Since Tensor cores are able to perform an operation at faster than a clock cycle, they’re useful
when faster compute speed is preferred over precision. CUDA is the NVIDIA framework that utilizes the hardware in

order to achieve GPU acceleration.

3 EXPERIMENT

3.1 Setup

The hardware used for bench marking consists of an AMD Ryzen 5 3600x 6-core CPU, 64GB RAM, and a GigaByte
NVIDIA GeForce 4090 GPU. Additionally, a laptop with a 11th Gen Intel(R) Core(TM) i7-1185G7 @ 3.00GHz, 2995
Mhz, 4 Core(s), 8 Logical Processor(s), 32GB Ram, with a NVIDIA GeForce GTX 1650 Ti with Max-Q GPU was used
to compare performance. Windows 10 Operating System utilized Visual Studio Code 2022. The CUDA Toolkit V12.3

is a downloadable package for Visual Studio Code 2022 and did not require extra dependencies to setup.

3.2 Design

For the entirety of the code, opted not to use any thrid-party libraries that exist for image manipulation or can be used in
conjunction with CUDA toolkit. Rather, we built everything in C++17 using standard C++ libraries and baseline CUDA
toolkit. The average blur filter was initially built as a basis for understanding the image processing requirements. The
sequential algorithm consists of reading the image, creating a copy of the image, running the Gaussian Blur through the
image, and saving the output to a new image. Psuedocode for sequential Gaussian Blur is in the Appendix Algorithm 1.
The parallel version of the Gaussian Blur consisted of utilizing the CUDA toolkit to allocate memory to and from the
host (CPU) to the device (GPU) for processing. The block size and grid size for the parallel computing was determined
by the limitations of the hardware. This specific GPU has a block size of 1024 threads (or 32 x 32 blocks). Grid size is

determined as function of block size and the image dimensions.

width + blockSize.x — 1] [height + blockSize.y — 1]
blockSize.x ’ blockSize.y

gridSizelz][y] = | (3)
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Upon completion of the kernel programming, the data was reallocated from the device to the host and saved to a new
file. Equation 3 shows the calculation used to determine grid size for the kernels. The pseudocode for parallel Gaussian

Blur is in the Appendix Algorithm 2.

3.3 Test Framework

Our testing consisted of running the sequential and parallel algorithms on three sizes of images, with three sizes of
o. Bitmap (BMP) with 24-bit per pixel (bpp) was chosen as the image file type and size format to streamline input
parameters. The three sizes tested were: 426x240 (240p), 1280x720 (720p), and 2560x1440 (1440p). Each image ran
against a o value of 5, 10, and 15. The sequential was only ran on the AMD Ryzen 5 3600x 6-core CPU and not the

other PC as the main focus was GPU processing.

4 RESULTS

It was found that when setting up the program to run a sequence of tests, even though the program is calling to access
the image independently every time, the compiler saves certain information which makes the first image passed through
take significantly longer than the following images. Seeing this trend, we decided to run each image and o as an
independent executable, ensuring that memory was not saved from previous instructions that would altar the time
outputs. We also saw that when running the test repeatedly, if the image existed, it would take longer to rewrite the
image rather than create a new one. Thus, for the data we collected, we ensured that the output images did not exist
prior to the programming running, meaning that none of the tests required to rewrite an existing BMP file.

The act of reading the data and writing it to the output file was sequentially done so we did not include it in the
processing time for our Gaussian Blur data. Instead, for the sequential run, we calculated the time to be how long it
took for the Gaussian Blur function to iterate through image. In the parallel runs, we calculated the time to be how long
it took for program to copy the image to the GPU, process the image, and return the image to the CPU. The following
figures showcase the exponential increase of performance between CPU and GPUs processing.

The data comparison for time is displayed in Figure 3, Figure 4, and Figure 5. The outputs from the code are in the

Appendix: Figure 6.
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Figure 3: Parallel vs Sequential Performance of 240p Image
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Figure 4: Parallel vs Sequential Performance of 720p Image
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Figure 5: Parallel vs Sequential Performance of 1440p Image

S CONCLUSION

Since the sequential algorithm is solely completed on the CPU, we can see see the see a vast difference in processing
time from 5x (smallest image) to 752x (largest image) when compared to the desktop GPU. As expected there was an a
direct relation of processing time to sigma value and pixel count. For an increase in sigma there is an increase in how
many pixels that is inputted into the kernel for computations, which would increases the for loop in the gaussianWeight
function.

Then we see that performance between the two GPUs to be from 2x to 11x increase in performance which is due to the
increase of GPU memory and allowable threads. For pixel size, the amount of pixels is directly related to the amount of
kernels needed. The laptop GPU has 1024 CUDA cores while the desktop GPU has 16,384 CUDA cores available. This
means as the photo size increases but the sigma remains small, the laptop GPU will run out of parallel computing power
and will need to schedule certain threads to process after the completion of other threads, whereas the desktop GPU has
come computing power for parallel tasks at a larger thread scale. We also tested the code using a 16x16 block size

rather than 32x32 but found the difference to be negligible, especially at larger resolutions.
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6 FUTURE WORK

OpenCV is an open source image processing library we kept finding during our research. We would like to compare

our implementation to the one available with OpenCV. We would like to have tested if there is a correlation between

the kernel size and resolution for non-standard sized images versus standard sized images. We ran our tests using the

general memory copy function available in CUDA. It would be interesting to see the performance difference of using

the general copy between host and device versus the asynchronous memory transfer.
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7 APPENDIX

Algorithm 1: Gaussian Blur Algorithm

Function gaussianWeight(zx,y, o ):

return exp (— z;:gz ) /(2ma?);

Function gaussianBlur(image, x,y, 0):

size < [3- o], center + |size/2| totalWeight, total Red, totalGreen, total Blue < 0.0;
for i <— 0 to size — 1 do

for j < O to size — 1 do

newX < r — center + ¢ and newY < y — center + j;

for newX > 0and newX < image.size() and newY > 0 and newY < image|0].size() do
weight < gaussianWeight(i — center, j — center,o);

total Red < total Red + weight - image[newX|[newY].red;

totalGreen < totalGreen + weight - image[newX]newY].green;

total Blue < total Blue + weight - image[newX|[newY].blue;

totalW eight < totalW eight + weight;

blurredPizel.red < (total Red/totalW eight);
blurredPizel.green < (totalGreen/totalW eight);
blurredPizel.blue + (total Blue/totalW eight);
return blurredPizel;
Function applyGaussianBlur(image, o):
// Apply Gaussian blur to the image
blurredImage < image;
for z < 0 to image.size() — 1 do

for y < 0 to image[z].size() — 1 do

blurredImage[z]y] < gaussianBlur(image, z,y,0);

image < blurredImage;

Main // Main function to take user input
Read user input for parameters input file , o, and output file;
Call applyGaussianBlur with parameters image and o,

Write output image to output file;:
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Algorithm 2: Gaussian Blur Algorithm with CUDA

1 Function gaussianWeight(x,y, o):

2 return exp (— z;jéf ) /(2m0?);
3 Function gaussianBlurKernel(inputImage, outputImage, width, height, o):

4 x < blockldz.x x blockDim.x + threadldz.z and y < blockIdz.y x blockDim.y + threadldz.y;
5 if £ < width and y < height then

6 size < [3 - o], center < |size/2], and totalW eight, total Red, total Green, total Blue < 0.0;
7 for i < —center to center do

8 for j < —center to center do

9 newX < zr + ¢ and newY < y + 7j;

// Ensure that the indices are within bounds

10 if newX > 0and newX < width and newY > 0 and newY < height then

11 weight + gaussianWeight(i, j, 0);

12 For each RGB color do:

13 totalColor «+ totalColor + weight - inputImage[newX + newY X width].color;
14 totalWeight < totalW eight + weight;
15 For each color:
16 outputImagely x width + ). + static_cast < unsignedchar >(totalColor [totalW eight);

17 Function applyGaussianBlurCUDA(image, width, height, o):

18 d_inputImage, d_outputImage < cudaM alloc(width x height x sizeof(Pizel)); // Allocate GPU memory
19 cudaMemcpy(d_inputImage, image.data(), width x height x sizeof(Pixel), cudaMemcpyH ostT oDevice);
// Copy input image to GPU

20 blockSize < (16,16); // Define block dimensions

21 gridSize < ((width + blockSize.x — 1) /blockSize.x, (height + blockSize.y — 1) /blockSize.y); // Define
grid dimensions

22 gaussianBlur Kernel <<< gridSize, blockSize >>> (d_inputImage, d_outputImage, width, height, o);
// Launch the CUDA kernel

23 cudaDeviceSynchronize(); // Sychronize

24 cudaM emcepy(image.data(), d_outputImage, width x height x sizeof(Pizel), cudaMemcpyDeviceToHost);
// Copy result back to CPU

25 cudaDeviceSynchronize();

26 cudaFree(d_inputImage); // Free GPU memory

27 cudaFree(d_outputImage); // Free GPU memory

28 Main // Main function to take user input

29 Read user input for parameters input file , o, and output file;
30 Call applyGaussianBlur with parameters image and o;

31 Write output image to output file;:
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Figure 6: Blur Image Results
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