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        ABSTRACT. The paper examines global illumination methods in computer graphics based on the hardware capabilities of the previous and modern generations of GPUs. The methods were compared by execution speed, memory consumption and the root-mean-square error (hereinafter RMSE) between the images.
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          АНОТАЦІЯ. У тезах розглянуто методи глобального освітлення комп'ютерної графіки, що базуються на апаратних можливостях попереднього та сучасного покоління відеопроцесорів. Виконано порівняння методів за швидкістю роботи, обсягом пам'яті та визначено середньоквадратичну помилку (далі RMSE) між зображеннями.
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Introduction. One of the main criteria for the realism of generated images in computer graphics is correctly calculated global illumination. The utilization of global illumination methods can significantly reduce the time spent by developers to adapt an image to the current quality standards. A considerable part of indirect illumination algorithms of previous generations is founded on different approximation models that allow them to be computed in real-time. However, with the release of GPUs with hardware-accelerated ray tracing support [1], it has become possible to perform reference calculations with a frame time of 33.3 ms.
Objectives. The aim of the work is to examine two methods of global illumination, one of which uses ray tracing and the other performs approximate calculations of indirect lighting, determine their execution speed, memory consumption, RMSE and draw conclusions for the further application.
The main part. Image synthesis in computer graphics can be reduced to the calculation of the rendering equation [2], in which global illumination is described by taking an integral over the (hemi)sphere.
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The interpretation of the rendering equation is as follows: radiance leaving a surface point consists of the emitted radiance, plus radiance of rays coming directly from light sources (direct illumination) and radiance of rays from the same sources but transformed from other surfaces (indirect illumination). The most well-known approach for indirect illumination calculation is Monte Carlo integration [3], various variations of which are constantly being developed [4].
One of the first methods of real-time global illumination calculation is voxel cone tracing (hereinafter VCT) [5]. Its basic algorithm can be divided into 4 steps: scene voxelization - a virtual scene is transformed into a set of voxels containing direct lighting, normal and other surface parameters; voxel filtering – voxels transformation by different methods and mipmaps generation; calculation of indirect illumination - from each voxel, taking into account the normal direction, several cones are emitted, that are considered as a beam of rays, thus collecting new illumination for each voxel; scene rendering - a combination of direct lighting and indirect lighting from cones tracing.
The VCT method is in fact an approximation of ray tracing (hereinafter RTX), since instead of calculating dozens of rays per pixel, several cones per voxel are computed. When tracing rays, from the position of the virtual camera rays are emitted for each pixel, the ray hit point is determined, the radiance at the point is calculated, and the next ray is generated from the found point, taking into account the surface normal direction.
To carry out the experiment, two programs for global illumination calculation were developed. The first method - VCT was implemented using DirectX 11; a 3D texture with the size of 128x128x128 was used for voxelization; to calculate indirect lighting, 8 cones per voxel with two reflections of light were computed. The second method - ray tracing was written using DirectX 12; to generate an image, 128 rays per pixel were calculated with up to 8 reflections per ray. The Cryengine Sponza scene, which contained one direct light source with an intensity of 50 SU, was chosen to perform the calculations, and the Cook-Torrance model was utilized. All surfaces were considered rough, reflecting diffuse light. The resolution of generated images is 1280x720. The comparison was performed with an RTX 2060 GPU.
	Table 1 – methods comparison

	           Criteria

Methods
	GPU

time (ms)
	GPU

memory (mb)
	RMSE

Object is fully lit
	RMSE

Object is partly lit
	RMSE

Object is unlit

	VCT
	3.1
	25.14
	0.251
	0.148
	0.089

	RTX
	2781.5
	17.75
	
	
	


Based on the results obtained, it can be stated that the difference between the images is significant, but the time spent on calculations is even greater. To mitigate the disadvantages of the examined methods, VCT can be advanced using clipmap or svo [6] and RTX using denoisers [7]. It should improve cone tracing quality and ray tracing performance, and could be a further direction of research.
Conclusions. The support for hardware-accelerated ray tracing is a powerful tool for creating a realistic image, but brute-force calculation of a noise-free image in real-time is not currently possible. Although the obtained RTX frame duration (table 1) does not meet the conditions of real-time image generation, the frame can be calculated in 33.3ms by developing various hybrid rendering and noise reduction methods, image scaling technologies and improved hardware support for GPUs. Thus, the methods of previous generations and their modifications are a reliable and successfully used solution for calculating global illumination, but, taking into account emerging trends, the capabilities of the new generation of GPUs should cause a significant qualitative leap in computer graphics. It should lead to a gradual displacement of previously developed methods for high-performance devices and set a new quality standard for images generated in real-time.
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