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DEFERRED RENDERING METHODOLOGIES ANALYSIS AND COMPARISON

Real-time photorealistic rendering has always been one of the long-standing goals in computer graphics. In particular, this objective
often goes down to low-latency photorealistic two-dimensional image generation based on analytic three-dimensional environment
description and spectator location and view parameters using a typical personal computer with consumer graphics hardware with
relatively limited computing capability. The fundamental problems one has to solve to perform rendering are main view visibility
determination and shading, i. e. finding the environment surface element that is observed in the particular pixel of the resulting image and
calculating the amount of light this surface element reflects in the observer's direction for all image's pixels. Due to the computation
capability constraints of the target hardware, it is crucial to perform these operations as efficiently as possible.

This work is aimed at analysis and experimental comparison of the modern methodologies used to tackle main view visibility
determination and shading tasks. Due to modern lighting calculation methods' complexity and high geometric detail of the virtual
environments, forward rendering has become impractical as a general-purpose rendering approach and only remains in use when
specific geometry or material types are involved. Deferred rendering with G-buffer generation has become a state-of-the-art solution
for products demanding high visual quality and fidelity. G-buffer generation can be performed in different ways including rasterized
G-buffer generation and visibility buffer method. A theoretical overview and comparison of these techniques are presented in this
work. Also, we use a demonstration application we implemented to perform an experimental comparison of G-buffer generation
techniques in various conditions. Our experimental results can be used as a guidance when designing production rendering solutions.
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Introduction

Computer graphics is an important area of computer science nowadays with rendering being one of the key objectives.
Rendering (Pharr, Jakob, & Humphreys, 2016) in computer graphics generates an image of the analytically described
environment viewed by a certain observer with a given location, orientation, and view properties. It allows computer users to
observe virtual visual worlds. It is thus an integral part of computer simulation and modeling software packages, animated
films and cinematic effects production software, computer games, etc. Real-time photorealistic rendering is a particularly
crucial and relevant case — it is intended to interactively produce a photorealistic image sequence for the environment and
observer that can change over time based on behavior algorithms and user's input, which can provide a real-life-like visual
experience to the user. On the other hand, a typical interactive graphics application has to produce frames with a high enough
refresh rate (60 frames per second or more) using the consumer graphics adapter in a personal computer, smartphone, or
other device the application runs on. Since the demand for higher visual fidelity keeps increasing and the computational
capabilities and memory size of graphics processors are limited, real-time photorealistic rendering techniques and algorithms
remain relevant topics for further research aimed at minimizing the rendering software packages latency (time to build one
frame) and the amount of memory required for their operation.

Different rendering approaches have been used for interactive rendering. A forward rendering method was one of the first
and simplest methods used. Later, deferred rendering (Deering et al., 1988) became an important rendering technique
replacing forward rendering in most scenarios (Pharr, & Fernando, 2005, chap. 9; Karis, 2013). The idea behind it is to
generate a G-buffer — a set of large screen images containing the visible surface elements data (position, normal, material
properties, etc.), which are then used to calculate lighting by a separate deferred procedure. G-buffer generation is typically
much faster than complete lighting calculation, so this scheme provides significant speedup to the rendering algorithm,
especially when using complex lighting models and processing scenes with complex geometry. However, due to the
increasing complexity of virtual environments, the G-buffer generation stage can still pose a performance issue so it is rather
important to perform it most efficiently.

This article provides an overview of the forward and deferred rendering methodologies and compares their advantages
and disadvantages. Also, we perform an experimental comparison of two common G-buffer generation algorithms which are
rasterized G-buffer and visibility buffer generation, and analyze the applicability of both techniques in different scenarios.
These testing results can be used as a guidance when designing production rendering solutions.

1. Forward and deferred rendering

In general, interactive rendering intends continuous image (frame) generation of a given dynamic environment from a
certain dynamic observer's point of view. The frame generation process can be separated into two fundamental stages:
visibility determination and shading. Visibility determination is finding the environment surface element observed in the
particular pixel of the resulting frame. Shading means calculating the amount of light this surface element reflects in the
observer's direction. Rendering a frame is essentially solving visibility determination and shading tasks for every pixel of the
resulting frame. It should be noted that while both of these problems are important, visibility determination is a primary one
since it is impossible to perform any shading and generate a resulting image if visible surface elements are unknown. On the
other hand, shading itself can be simplified at the cost of the photorealism and visual quality of the rendering solution. Due to
this, initial graphics hardware with three-dimensional graphics acceleration implemented robust visibility determination in the
first place while shading solutions were gradually evolving with graphics cards' hardware capabilities.

Graphics processing units use rasterizers to tackle visibility determination problem. Rasterizers are fixed-function
hardware blocks that take the two-dimensional triangle defined in image space as input and output a set of pixels of the image
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the input triangle covers. To use these blocks, graphics processors implement a graphics pipeline, which consists of three
common stages:

¢ Vertex processing stage: it takes geometry data as input (for example, three-dimensional environment geometry) and
transforms it into two-dimensional geometry defined in the image space.

o Rasterization stage: it uses hardware rasterizers to determine a set of covered image pixels based on the vertex
processing stage's output.

¢ Pixel processing stage: it performs a certain program for every resulting pixel of the rasterization stage which must
output some value to the output image or discard the processing. To avoid occluded triangle color output, the graphics pipeline
can maintain a minimum camera-surface distance image (depth buffer, Z-buffer) to discard or overwrite existing results based
on distance comparison.

Forward rendering is a rendering method that uses a graphics pipeline to rasterize all the environment geometry and
performs shading in the pixel processing stage in these pipelines. This rendering method was implemented in the first non-
programmable three-dimensional graphics accelerators and remains relevant for specific rendering scenarios. Its most
important advantages are simplicity, wide hardware support (it only requires a basic graphics pipeline to be performed), and
low memory consumption, as only base output and depth buffers are necessary.

The rise of the graphics hardware computing power and the expansion of its technical capabilities opened possibilities to increase
the geometry scale and complexity and switch to advanced lighting models, which drastically improved the visual quality of virtual
environments (Burley, 2012; Walter et al., 2007). However, the forward rendering method turned out to be ineffective in these
conditions because new lighting models required a significantly larger amount of calculations. One reason for this is triangle overlap
which reduces pixel processing efficiency as it often leads to duplicate pixel processing in the overlap area when triangles are
processed in the order from the farthest to the closest to the observer. This phenomenon becomes common when using the pixel
processing stage to perform computation-intensive lighting models and rendering complex geometry with a severe amount of
triangle overlap, resulting in a crucial performance penalty. Another reason for performance degradation is the unbalanced workload
of the rasterizers and multiprocessors that perform computationally heavy lighting calculations, which reduces general graphics
pipeline processing throughput. The deferred rendering method (Deering et al., 1988; Liktor, & Dachsbacher, 2012; Mara, McGuire,
& Luebke, 2013) was developed to tackle these problems. Instead of immediately calculating the lighting during geometry
rasterization, this method uses a graphics pipeline pixel processing stage to generate a G-buffer — a set of textures that match the
main screen in size and contain visible surface element parameters corresponding to a particular pixel. After G-buffer generation,
the lighting is calculated once for every pixel by a separate procedure that uses G-buffer data as input. Example G-buffer images
are displayed in Figure 1; they preserve typical surface parameters including the color of the surface element, the surface normal,
the type of light reflection model, etc. Determining these values is usually significantly cheaper than lighting calculation in terms of
operations to be performed. Hence, the triangle overlap issue's influence on performance reduces drastically. Another key
advantage of this deferred shading method is compatibility with advanced shading algorithms that are impossible to implement in a
pixel processing stage. The main disadvantage of deferred shading is the increased memory consumption required for G-buffer
maintenance and performance overhead produced by writing data to G-buffer textures and reading from it. These may become
notable performance issues in case many different surface parameters are required for shading. G-buffer management also causes
problems with anti-aliasing support for deferred rendering due to severe memory consumption and processing requirement increase.
Various techniques were developed to decrease the negative effect of this issue (Kerzner, & Salvi, 2014; Crassin et al., 2016).

Recently, the method of generating a G-buffer using a visibility buffer (V-buffer) has become popular (Burns, & Hunt, 2013). This
method addresses the shortcomings of the classical rasterized G-buffer deferred rendering, which poses a performance issue when
using a G-buffer to store an extensive amount of data. It narrows the data written during the pixel processing stage when rasterizing
environment geometry to the minimal identifier of the rasterized triangle — the resulting buffer containing these identifiers is called
visibility buffer. This significantly speeds up the geometry rasterization stage since such identifiers need a small amount of memory
for storage and usually do not require any calculations in the pixel processing stage to be obtained. The G-buffer generation is
performed by a separate procedure that takes the visibility buffer as an input and uses environment data to reconstruct the visible
surface element for a particular pixel and calculate necessary parameters. To implement full simultaneous access to all the
environment data required, modern graphics processor programming model support is necessary which slightly limits the
applicability of the visibility buffer method for the old hardware. Surface element reconstruction requires software repeat of the
operations performed at the rasterization stage (for example, transforming the vertices of the triangle, determining the point of its
intersection with the corresponding pixel's sight ray, and others), which are not necessary when using rasterized G-buffer method.
Therefore, the visibility buffer approach efficiency may be lower on a small amount of geometry that does not cause significant
triangle overlap during rasterization, or simple lighting models that do not require a large number of geometric parameters. Hence,
choosing the optimal G-buffer generation technique is a subtle compromise that needs careful research and testing.
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Fig. 1. G-buffer example. The left image contains diffuse color, right image preserves the surface normal
(each of the 3D normal's components is encoded in one of the image's color channels)
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2. Testing and comparison

We implemented a demonstration application to perform an experimental comparison of two G-buffer generation methods
described above. To achieve decent analysis variability, we performed testing with different options for the following
parameters:

¢ Frame resolution: two common screen resolutions were used: 1920x1080 pixels (FullHD) and 2560x1440 (2K).

e Geometry amount: testing was performed using several common demonstration scenes containing different numbers of
triangles: Cornell Box (36 triangles), Sponza (262267 triangles), and Bistro (2829801 triangles).

e G-buffer memory size: to simulate testing of different lighting models, three G-buffer layouts with common surface
element parameters were implemented, each requiring 16, 32, and 64 bytes per pixel respectively.

The testing was performed on a personal computer with an NVidia RTX 2080 Super graphics card. Results are shown in Tab.
1 and 2. Each table corresponds to the screen resolution specified in the description; the table rows contain the time measurements
for the specified scene, while the columns contain the measurements for the rendering using the specified G-buffer generation
method with the G-buffer of a certain size. For example, the column labeled "Raster, 16 bpp" corresponds to rasterized G-buffer
deferred rendering with a G-buffer size of 16 bytes per pixel, and the column "V-buffer, 64 bpp" corresponds to visibility buffer
deferred rendering with a G-buffer size of 64 bytes per pixel. All time measurements are given in milliseconds.

Table 1
Time measurements for 1920x1080 resolution

Time, ms Raster, 16bpp | V-buffer, 16bpp | Raster, 32bpp | V-buffer, 32bpp | Raster, 64bpp | V-buffer, 64bpp
Cornell box 0.10 0.31 0.17 0.35 0.28 0.41
Sponza 0.35 0.37 0.58 0.48 0.89 0.54
Bistro 0.61 0.62 0.99 0.67 1.74 0.71

Table 2
Time measurements for 2560x1440 resolution
Time, ms Raster, 16bpp | V-buffer, 16bpp | Raster, 32bpp | V-buffer, 32bpp | Raster, 64bpp | V-buffer, 64bpp

Cornell box 0.21 0.54 0.35 0.62 0.52 0.75
Sponza 0.63 0.67 1.07 0.76 1.53 0.88
Bistro 1.10 1.03 1.78 1.16 3.42 1.24

As can be observed in the testing results, the visibility buffer turns out to be a powerful optimization when rendering
complex environments with high geometry detail and using advanced lighting models that require large G-buffers. However,
when dealing with smaller environment geometry amounts, classical deferred shading noticeably outperforms the visibility
buffer approach due to surface element reconstruction calculations needed by the visibility buffer method which adds an
unavoidable fixed performance price to it. Visibility buffer approach relative performance also tends to slightly improve with
increasing screen resolution, because shortcomings of classic deferred rendering become more apparent when processing
a larger number of pixels.

Discussion and conclusions

In this work, common rendering methodologies were reviewed and compared, including forward rendering and deferred
rendering with its G-buffer generation algorithm variations — rasterized G-buffer and visibility buffer approaches. In addition
to the theoretical discussion, a demonstration application was developed and an experimental comparison of G-buffer
generation methods was performed in different data and working conditions. Experiments show that the rasterized G-buffer
method is more efficient for simple graphics libraries designed to process simple visual environments, while the visibility buffer
turns out to be superior when rendering complex scenes using advanced lighting models. Based on the testing data, the
relative performance of different G-buffer generation approaches can be predicted for other rendering applications.

References
Burley, B. (2012). Physically-based shading at Disney. Disney.
https://media.disneyanimation.com/uploads/production/publication_asset/48/asset/s2012_pbs_disney_brdf notes_v3.pdf
Burns, C. A., & Hunt, W. A. (2013). The Visibility Buffer: A Cache-Friendly Approach to Deferred Shading. Journal of Computer Graphics Techniques, 2(2), 55-69.
http://jcgt.org/published/0002/02/04/
Crassin, C., McGuire, M., Fatahalian, K., & Lefohn, A. (2016). Aggregate G-Buffer Anti-Aliasing. IEEE Transactions on Visualization and Computer Graphics,
22(10), 2215-2228. https://doi.org/10.1109/TVCG.2016.2586073
Deering, M., Winner, S., Schediwy, B., Duffy, C., & Hunt, N. (1988). The triangle processor and normal vector shader: a VLSI system for high performance
graphics. SIGGRAPH Computer Graphics, 22(4), 21-30. https://doi.org/10.1145/378456.378468
Karis, B. (2013). Real Shading in Unreal Engine 4. Epic Games. https://cdn2.unrealengine.com/Resources/files/2013SiggraphPresentationsNotes-
26915738.pdf
Kerzner, E., & Salvi, M. (2014). Streaming G-Buffer compression for multi-sample anti-aliasing. In HPG '14: Proceedings of High Performance Graphics (pp. 1-7).
Eurographics Association.
Liktor, G., & Dachsbacher, C. (2012). Decoupled deferred shading for hardware rasterization. In Spencer, S. N. (Ed.), Proceedings of the ACM SIGGRAPH
Symposium on Interactive 3D Graphics and Games (pp. 143—150). Association for Computing Machinery. https://doi.org/10.1145/2159616.2159640
Mara, M., McGuire, M., & Luebke, D. (2013). Lighting Deep G-Buffers: A single-pass, layered depth images with minimum separation applied to indirect
illumination. NVIDIA Corporation. https://research.nvidia.com/sites/default/files/pubs/2013-12_Lighting-Deep-G-Buffers/Mara2013DeepGBuffer.pdf
Pharr, M., & Fernando, R. (2005). GPU Gems 2: Programming Techniques for High-Performance Graphics and General-Purpose Computation (Gpu Gems).
Addison-Wesley Professional.
Pharr, M., Jakob, W., & Humphreys, G. (2016). Physically Based Rendering: From Theory to Implementation (3rd ed.). Morgan Kaufmann Publishers Inc.
Walter, B., Marschner, S. R., Li, H., & Torrance, K. E. (2007). Microfacet models for refraction through rough surfaces. In J. Kautz, & S. Pattanaik (Eds.),
Proceedings of the 18th Eurographics Conference on Rendering Techniques (pp. 195-206). Eurographics Association.
OTpumaHo pepakuiet xypHany / Received: 06.12.24
MpopeueH3oBaHo / Revised: 07.03.25
CxBaneHo po aopyky / Accepted: 13.03.25

ISSN 1728-3817



DI3BUKO-MATEMATUYHI HAYKMU. 1(80)/2025 ~ 147 ~

Poctucnas NIKYNbCbKWUHW, acn.

ORCID ID: 0000-0001-8973-8084

e-mail: rostyslav.pikulsky@gmail.com

KviBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LLleByeHka, KuiB, YkpaiHa

AHATI3 | NOPIBHAHHA METOOONOI N BIAKNALEHOIO PEHAEPUHIY

@Pomopeanicmu4Huli peHOepuH2 y peasibHOMY 4aci € 0OHielo 3 OCHO8HUX npobrem y cgpepi kommn'romepHoi epaghiku. Ha npakmuyi eoHa yacmo
3800umbcsi 0o 2eHepayii aHimoeaHoi nocnidoeHocmi ¢ghomopeanicmu4Hux 306paxeHb 3 HU3bKOIO 3amPUMKOIK Ha OCHO8i aHanimu4Hoe2o onucy
mpueumipHozo eipmyanbHoz2o cepedosuwa ma napamempie criocmepizaya 3 UKOPUCMaHHSIM MUMNO8020 MepPcoHabHO20 KoM 'tomepa abo iHwo20
npucmporo 3 2pagpiyHUM o61adHaHHAM, W0 Mae 8iIOHOCHO ob6MexxeHi o64ucroeanbHi Moxueocmi. ®yHOameHmanbHUMU 3adavyamu, siki He06xiOHO
po3e’a3amu Onsi BUKOHAaHHSI peHOepuUHay, € 8U3Ha4YeHHsI sudumMocmi 207108HO20 8udy ma 3amiHeHHs1 OISl KO)XKHO20 riKkcesiss 306paxeHHs1, mo6mo
nowyk eneMeHma rnoeepxHi cepedosuwa, W0 Crocmepi2caeMo 8 KOHKPeMHOMY fiKcesni pe3ysbmyr4020 306paxeHHsI ma 064UcsIeHHs] Kinbkocmi
ceimna, sike yel eneMeHm rnoeepxHi eidd3epkantoe 8 HanpsiMKy criocmepica4a. Yepe3 obMmexeHi o64ucrosanbHi MOXIueocmi UYinbog8o20
ob6nadHaHHs eKpall 8aJIU8O 8UKOHye8amu yi onepauii skomMmo2a egpekmueHiwe.

lMponoHoeaHy pobomy npucesideHO aHanisy U ekcriepuMeHmasnbHOMY [OPi8HSIHHIO cy4YacHux Memodornogill, siki eukopucmosyoms Onsi
po3e'si3aHHA 3ae0aHb 8U3Ha4YeHHs1 eUOUMOCMI Ma 3amiHeHHs1 20/108H020 8udy. Yepe3 cknadHicmb cyvyacHux memodie po3paxyHKy oceimsieHHs1 ma
8UCOKy 2eomempuyHy demanisayito eipmyanbHux cepedoguly Npsimuli peHoepuHa Nocmynogo empamue npakmuYyHicms siK 3a2anbHoexueaHull nioxio
00 peHOepuH2y ma HUHIi sUKopucmosyembcs suwe e pa3i Heob6xiGHocmi 06pobrieHHs1 crnieyugbiyHUX munie 2eomempii ma Mamepiasnie. BioknadeHulii
peHdepuHa 3 sukopucmaHHsIM G-6yghepa cmae HaliakmyanbHiWuM piweHHsIM Ons1 2paghiyHux dodamkie, W0 Nompebyomb 8UCOKOT 8i3yanbHoI sikocmi
ma moy4Hocmi. eHepayis G-6yghepa Moxe 6ymu eUKOHaHa pPi3HUMU criocobaMu, makumu sik Memod pacmepu3ayii G-6yghepa ma memod 6yghepa
sudumocmi. Y docnidxeHHi npedcmaesieHo MakoX meopemuyHuli 0251510 i nopieHsiHHA yux mMemooduk. Kpim moeo, po3pobneHo deMoHcmpayiliHy
npoepamy ma 3acmocoeaHo ii dns 30ilicHeHHs1 eKcriepuMeHmMasnbHO20 MopieHsIHHA Memodie 2eHepauii G-6yghepa 6 pi3Hux ymoeax. Pe3ynbmamu
eKcriepumMeHmie MOXXHa eukopucmosyeamu OJisi IPO2HO3y8aHHs1 eheKmueHocMi 3a3HavyeHux memodie nid Yac po3pobreHHs 6i6niomek peHOepuHay.

Knio4yoBi cnoBa: komn'tomepHa spaghika, peHOepuHa y peasibHOMY 4Yaci, npsiMull peHOepuHe, eidknadeHuli peHdepuHa, G-6ygep, 6ychep
sudumocmi.

ABTOp 3asiBNsi€ Npo BiACYTHICTb KOHMMIKTY iHTepeciB. CrnoHcopu He Gpanu y4yacTi B po3pobneHHi JocnimkeHHs; y 36opi, aHanisi um
iHTepnpeTauii AaHWX; Y HanMCaHHI pyKonucy; B pilleHHi Npo nybnikauito pe3ynbTartis.
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