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FEATURES OF DESIGNING MODERN GRAPHICS PIPELINES

This work examines the design features of modern graphics pipelines used in real-time computer graphics,
scientific visualization, and virtual and augmented reality systems. The evolution of graphics pipelines is analyzed,
tracing their development from fixed-function architectures to programmable multi-stage systems optimized for
maximum utilization of GPU computing resources. The role of shader technologies, compute modules, ray tracing, and
artificial intelligence algorithms in shaping new approaches to image synthesis is investigated. Furthermore, the paper
reviews modern geometric processing optimization tools, GPU resource management methods, and development
prospects for hybrid graphics pipelines. Keywords: graphics pipeline, computer graphics, shader, ray tracing, graphics
processing unit, rasterization, visualization, GPU.

The contemporary development of information technologies is accompanied by a rapid increase in requirements
for computer graphics quality and visualization system performance. This necessitates the creation of new graphics
pipeline architectures capable of processing complex 3-dimensional scenes in real time. Traditional graphics pipelines,
built upon fixed-function hardware, have gradually lost their efficiency due to limited adaptability to modern tasks.
Consequently, the core trend of recent years has been the implementation of programmable graphics pipelines, which
offer high flexibility and enable the execution of complex image generation algorithms.

A classical graphics pipeline consisted of a sequence of stages, including vertex processing, primitive assembly,
rasterization, visibility determination, and pixel color calculation. In such systems, most operations were performed by
hardware using predefined algorithms [1]. The evolution of graphics processing units (GPUs) led to the emergence of
programmable shaders, allowing developers to create custom lighting, texturing, and animation algorithms. As a result,
the graphics pipeline has transformed into a complex software-hardware system where individual stages can be tailored
to meet the requirements of a specific application (Figure 1).

S o A

Data Preparation Compute Stage Geometry Processing

models, textures, buffers culling, LOD, animation, physics vertices, tessellation,
mesh shaders

~ ! ’

H ge3
Rasterization Fragment Processing
primitive-to-fragment conversion lighting, texturing, materials

4
y J
Post-processing Frame Output
HDR, bloom, TAA, tone mapping composition and display presentation

Figure 1. Stage sequence of a modern graphics pipeline
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One of the most significant features of modern graphics pipelines is the complete programmability of the core
data processing stages. The utilization of vertex, tessellation, geometry, fragment, and compute shaders substantially
increases rendering efficiency and enables the implementation of complex visual effects. Consequently, developers gain
the ability to generate geometry directly at runtime, implement adaptive model detailing, create procedural surfaces, and
perform sophisticated processing of texture data.

A prominent trend in graphics pipeline development is the integration of computing technologies with traditional
rendering tools. Modern GPUs ensure the execution of not only graphical but also general-purpose computing tasks [2].
This approach allows GPU resources to be leveraged for physical simulation, large dataset processing, particle behavior
modeling, and the implementation of machine learning algorithms. As a result, the graphics pipeline is transforming
into a versatile environment for parallel computing [3].

One of the defining characteristics of new graphics pipelines is the use of a multi-threaded architecture. Modern
GPUs contain thousands of compute cores capable of executing a massive number of operations simultaneously. To
utilize this hardware potential efficiently, specialized algorithms for thread load balancing and asynchronous task
execution mechanisms are employed. This significantly reduces frame generation time and ensures stable performance
in real-time systems.

The integration of ray tracing technology has had a profound impact on the architecture of modern graphics
pipelines. Unlike traditional rasterization, ray tracing allows for the physically accurate simulation of light propagation
within a scene (Figure 2).
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Figure 2. Ray tracing integration

This ensures high-quality rendering of reflections, refractions, shadows, and global illumination effects. At the
same time, the computational complexity of these algorithms demands specialized hardware acceleration tools and
novel approaches to graphics pipeline organization. Therefore, modern rendering systems increasingly employ hybrid
schemes that combine rasterization and ray tracing [4].

A distinct role in the construction of new graphics pipelines is played by mesh shading technologies. The
traditional geometry processing pipeline is gradually giving way to more flexible primitive generation methods. The use
of mesh shaders allows for geometry generation and culling directly on the GPU, which significantly reduces the load
on the CPU and increases overall system efficiency [5]. This is particularly relevant when visualizing scenes with a
massive humber of polygonal objects.

Significant shifts in graphics pipeline architecture occurred due to the emergence of low-level graphics APIs.
These application programming interfaces grant developers direct access to GPU resources, enabling autonomous
management of memory, synchronization, and command execution queues. As a result, the overhead of CPU-GPU
interaction is substantially reduced, which positively impacts the performance of complex graphical applications.

An essential vector in the development of modern graphics pipelines is the integration of artificial intelligence
technologies. Machine learning algorithms are utilized to enhance image quality, upscale frames, denoise, restore
details, and generate intermediate frames. Combining traditional computer graphics methods with Al tools makes it
possible to achieve high-quality visualization even under constrained computing resources.
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Another characteristic feature of new graphics pipelines is their modular structure. The rendering of a modern
frame is typically carried out in multiple passes, each performing a distinct function. This approach ensures flexibility in
rendering system configuration, simplifies the deployment of new algorithms, and adapts the graphics pipeline to
various hardware tiers.

In conclusion, the construction of new graphics pipelines is based on the principles of programmability,
parallelism, scalability, and the integration of diverse image synthesis methods. Modern graphics systems combine the
capabilities of rasterization, ray tracing, compute shaders, and artificial intelligence technologies, thereby ensuring high
visualization quality and efficient GPU resource utilization. The future development of graphics pipelines is tied to the
deeper integration of graphical and computing technologies, the refinement of geometry processing methods, and the
introduction of novel approaches to parallel computing organization.
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Tapacenko BsuecsiaB MukosaiioBu4
3100yBay
Tonicokutl HayionanvHull yHigepcumem
HayxkoBuii kepiBauk: Kopuenko Anna OnekcaHIpiBHa, JOKTOP TEXHIYHHUX HayK, mpodecop kadeapu KTiMC,
[Monickkuit HaiOHANBEHUH YHIBEPCHTET

BUKOPUCTAHHS IHTEPAKTUBHUX 3ACOBIB BI3YAJIIBAII 1JIsI MOHITOPUHI'Y CTAHY
HABKOJINIIIHBOT'O CEPEJIOBHUIIIA B PEXKUMI PEAJIBHOI'O YACY

CrpiMka ypOaHi3amis Ta 3pOCTaHHS IMPOMHUCIOBOTO HaBaHTA)KCHHS HAa €KOCHCTEMH 3YMOBIIOIOTh HEOOXiTHICTH
BIIPOBA/KCHHS BHCOKOS()EKTUBHUX CHUCTEM EKOJIOTIYHOTO MOHITOpHHTY. Tpaaumiitai MeToan 300py Ta 0OpoOKH TaHIX
YacTO XapaKTEPU3YIOTHCS IHCKPETHICTIO Ta 3aTPUMKOI Y dYaci, IO YHEMOJXIIHBIIOE OIEPATHBHE pearyBaHHs Ha
Ha/3BUYAlHI CHUTyamii. AKTyaJpHICTb TEeMH IMONSTae y TEepexondi BiJ CTATHYHOTO HAKOMWYEHHS iHQopmarii xo
MUHAMIYHOTO BI3yalbHOTO aHaji3y, SKHH J03BOJSIE B PEXHMi pEANbHOro dYacy imeHTH(]iKyBaTH aHOMANil Ta
MPOTHO3YBaTH €KOJIOTIYHI PU3UKH.

[MiarpyHTsIM  JOCHIKEHHS cTamd  poOoTu  daxiBuiB y ramy3i reoindopmauniitnux cucrem (I'IC) Ta
IHTEJIEKTYaJIbHOTO aHaJl3y JaHuX. 30KpeMa, BUBUAIKMCSA KOHLEMMil «po3ymHoro micta» (Smart City), e exkonoriuHi
JIATYMKY IHTETpOBaHi B €1uHy iHpopMauiiiHy Mepexxy. OCHOBOIO HOCIYKHIM JTOCHI/PKeHHs mon0 apxitekrypu loT-
cucrem (Internet of Things) Ta npuHUMIIB KOTHITHBHOI rpadiky, sIKi ONMUCYIOTh METOAM HAHOLIbII e(heKTHBHOrO
CHPHUMHSTTS BEJIMKUX MACHBIB JaHHUX JIFOJICBKMM OKOM.

VY poboti Oyino 3acTOCOBAaHO CHCTEMHHMU MIiAXiA A0 aHadi3y MOTOKOBHX NaHWX. BHKOPHCTOBYBANHCS METOIU
KapTorpadiyHOro MOJENFOBAaHHS, CTATHCTUYHOTO aHANi3y YacOBHX PAIiB Ta alrOPUTMH MAIIMHHOTO HaBYAHHS UL
BUSIBJICHHS NaTEpHiB 3a0pynHeHHS. OCHOBHUM iHCTPYMEHTApieM BUCTYIIH BeO-opieHTOBaHI namoopau (Dashboards),
mo Oa3yroTecs Ha TexHoorisx WebGL Ta API-inTerparmii 3 MepexaMu CEHCOpPIB (HANPHKIIAA, CTaHIii MOHITOPHUHTY
SIKOCTI TTOBITPS Ta BOIIN).

BcraHOBIIEHO, 10 BIPOBA/KEHHSI IHTEPaKTUBHUX KapT 3 TeIIoBUMHU mapamu (heatmaps) 103BOJISIE CKOPOTUTH
Yyac NPUAHSTTS yHpaBliHChKUX pimeHb Ha 30-40%. ['onoBHOO mepeBaror € MoxmBicTs metamizaii (drill-down) Bix
3arajbHOI0 CTaHy PpErioHy 10 KOHKPETHOTO JaTyhKa B OJWH KIIK. [HTEpakTHBHICTH 3a0e3redye KOpHCTyBauy
MOXIJIMBICTh CAMOCTIHHO HaJlalITOBYBaTH (GiIBTPH (4aCOBI IPOMIXKH, TUIIH 3a0pyJHIOBaYiB), [0 TPAaHC(HOPMYE «CUPI»
udpu y 3p03yMisly Bi3yalbHY MOJIEINb.

IaTepakTHBHI 3acobu Bi3yami3alii € KpUTHYIHO BaXKJIMBOIO JIAHKOIO MK TEXHIYHHMHU CEHCOPaMHU Ta 0c000r0, 110
npuiiMae pimeHHs. BoHu 3a0e3neuyioTh MpO30pICTh €KOJOTIYHOro CTaHy Ta J03BOJSIOTH aBTOMATH3YBaTH MPOILEC
OTIOBILIEHHSI ITPO MEPEBHUIIEHHS I'PaHNYHO AoiycTUMUX KoHueHTpamii (I'/IK) mkiuymBux peyoBuH.

VY KOHTEKCTi KibepOe3lekn CHUCTEMH EKOJIOTIYHOTO MOHITOPHHIY € 00’€KTaMH KPHUTHYHOI iH(QPacTPYKTYypH.
Bukopucranns 3aco0iB Bi3yamizamii 703BOJISIE HE JIMIIE CTEXUTH 3a IPUPOAOI0, a i 3AIHCHIOBATH MOHITOPHHT
LIUIICHOCTI CaMUX JaHUX.
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