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couioyoriB Ta iHmMX ¢axiBiiB. He MeHII BaXJIMBMM € paHHE 3ajy4eHHsS MICHEBOI IpOMaaud Ta TPHCTOPOHHE
MApTHEPCTBO BJIA/M, OI3HECY i TPOMAJCHKOTO CEKTOpY, IO MiJBHUILYE JICTITUMHICTH IMPOEKTIB 1 CHIPHUAE 3ay4EHHIO
¢inancyBanHsi. BoaHouac Bapro 30epiraTd aBTEHTHYHICTH IPOMHUCIOBOI apXiTEKTypH, IHTEIPYIOYHM 1CTOPHUYHI
€JIEMEHTH y HOBI ()yHKIII, a TAKOXX BIPOBaKYBaTH T'Hy4YKe (yHKIIOHAIBHE 30HYBaHHS IS ajanTaiii IpoCTOpiB 10
notped Micra. AKTHBHa iHQopMaliiHa MiATPUMKAa Ta HpOMoLis ycmixXiB HpoekTiB (depe3 3MI, kynpTypHi monii,
BIZIKpUTI TIOKa3H) CIPHUAIOTH HMO3UTHBHOMY CHPUHHSATTIO OHOBJICHb Ta 3aJlydeHHIO iHBecTOpiB. Taki y3arajbHeHi
pexoMeHaamii (GopMyrOTh IHTETpOBaHWH MiAXiA MO peBiTamizamii KOJHMIIHIX MPOMHCIOBHX 30H, SIKHHM BiATIOBimae
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4.5. Basic features of computer graphics system design

The paper examines the basic requirements for building computer graphics software systems. The general
requirements for 3D rendering systems are analyzed, as well as the requirements for parallelizing computational
rendering processes, and the requirements for implementing texturing and shading subsystems. Keywords: computer
graphics software systems, rendering, parallelization, texturing, shading.

Introduction. Computer graphics systems are a basic element of modern information technologies and are used
in many application areas, including scientific activities, engineering design, computer modeling, medicine, education,
digital art, film production, as well as in virtual and augmented reality environments. The increase in the complexity of
graphic scenes, the volume of processed data, and the requirements for the reliability of visualization necessitate the
formation of clearly defined and scientifically substantiated requirements for the creation of computer graphics systems.
Such requirements relate to hardware architecture, software, algorithms for processing graphic information, as well as
aspects of performance, scalability, and interaction with other computing platforms. The formulation of these
requirements is the basis for the correct design and further development of the relevant systems.
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Literature review. An analysis of current scientific publications shows that in recent years, computer graphics
systems have been intensively researched in conditions of increased requirements for image realism, computational
speed and processing flexibility. A significant part of the work is focused on optimizing real-time rendering [1],
hardware ray tracing and the development of graphics pipelines for VR/AR [2-3], which leads to a revision of
traditional architectural approaches.

Research on rendering methods demonstrates a shift away from exclusively rasterization approaches to hybrid
schemes [4] using ray tracing, which in turn increases the requirements for computational accuracy, memory bandwidth
and energy efficiency. Lighting and shading models, in particular the Gouraud and Phong methods, remain relevant as
basic or simplified approaches and define the requirements for interpolation procedures, vector normalization and scene
complexity control.

Special attention is paid to the issues of normalization [5-7] and numerical stability, since computational errors
can accumulate in complex multi-pass scenes and negatively affect the final image quality. Adaptive triangulation [8-9]
is important in geometric processing processes , which allows reducing computational costs if coordinated with lighting
and texturing algorithms.

Texturing methods, including bump mapping, normal mapping, and parallax approaches [10], are considered an
effective way to increase visual fidelity without complicating geometry, while at the same time creating increased
demands on the fragment processing stage and shader programs. The introduction of machine learning methods [11-14]
is also noted, which allow reducing the computational load, but require more resources and increased architectural
adaptability of systems.

A summary of the analyzed sources shows that modern research is focused on forming holistic system
requirements for computer graphics as integrated software and hardware solutions aimed at achieving a high level of
rendering realism, stable performance, numerical reliability, and flexibility of the graphics pipeline.

The purpose of the work is to analyze and systematize the requirements for building computer graphics software
systems.

1. Basic requirements for parallel computing in computer graphics systems. One of the basic requirements
for creating modern computer graphics systems at the hardware level is to achieve high computing performance, which
is directly related to the effective organization of parallel computing. Graphics tasks have a pronounced parallel nature,
since most operations are performed independently for a large number of elements, such as vertices, geometric
primitives, fragments or pixels. This determines the orientation of modern graphics systems to the use of specialized
graphics processors, which contain hundreds or thousands of computing cores and are capable of performing the same
type of operations on large data sets in parallel.

The requirement for a high level of parallelism extends to all stages of the rendering pipeline, starting with
geometric processing and ending with final image post-processing. At the vertex calculation stage, coordinate
transformations, vector normalization, calculation of auxiliary attributes, and data preparation for subsequent stages are
performed in parallel. Each vertex of the scene can be processed separately, which allows scaling calculations with
increasing geometric complexity of the models. The system must provide such a level of parallelism that an increase in
the number of vertices does not cause a proportional increase in processing time.

The highest demands for parallel processing arise at the rasterization and fragment computation stages. This is
where the largest amount of operations is performed, as each fragment or pixel [15] requires separate color calculations,
lighting, texture sampling, and visibility checks. The graphics system must support massively parallel execution of
fragment shaders, reducing dependencies between threads and avoiding conditional jumps that reduce the efficiency of
SIMD architectures [16] of graphics processors. In this context, the requirements for parallelism directly affect the
structure of shader programs and the way calculations are organized.

An essential aspect is scalability, i.e. the ability of the system to effectively use additional computing resources if
they are available. This applies both to increasing the number of computing units within a single GPU and to using
multiple graphics processors within a single system. In multiprocessor configurations, the requirements for parallelism
are complemented by the need for balanced load distribution between GPUs, correct synchronization of calculations,
and reduction of data exchange overhead. The system should be organized so that the performance gain when adding a
new GPU is as close to linear as possible.

Parallel computing in computer graphics systems is closely related to the organization of data streams. Massive
parallelism is possible only if memory is accessed efficiently and conflicts are minimized when accessing it. Therefore,
the requirements for parallelism are complemented by the need for high memory bandwidth and a rational scheme for
its use. Modern graphics processors are equipped with high-speed video memory such as GDDR6 or HBM, which
allows servicing thousands of streams simultaneously. At the same time, software solutions must make maximum use of
cache memory, reduce the number of irregular accesses, and avoid excessive copying of data between the central and
graphics processors.
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A separate group of requirements is formed by the need for effective parallel implementation of lighting and
shading algorithms. Modern lighting models, even within the framework of classical approaches, contain a significant
number of vector operations, normalizations and calculations of scalar products. The system must provide the ability to
perform such operations in parallel without losing numerical stability and physical correctness of the results. This is
especially relevant for methods in which lighting is calculated at the fragment level, where the number of parallel
streams per frame can reach tens of millions.

The parallelism requirement also extends to image post-processing steps, such as filtering, tone mapping, color
correction, and anti-aliasing. These operations are typically applied to each pixel independently, making them well-
suited for parallel execution. The graphics system must provide the ability to implement these algorithms in the form of
parallel computing cores optimized for processing large amounts of data in real time.

Another important requirement is determinism of computation. In complex graphics systems, especially in
interactive and embedded environments, it is necessary to ensure predictable frame generation times. Excessive
asynchrony or uncontrolled dependencies between threads can cause performance fluctuations and frame rate
instability. Therefore, systems must support synchronization mechanisms and parallel task scheduling that combine
high performance with time stability.

Modern graphics programming interfaces have a significant impact on the implementation of parallel computing
requirements. Low-level APIs, such as Vulkan and DirectX 12, give developers direct control over resource allocation,
command queue management, and thread synchronization. This allows for more complete use of the parallel
architecture of the GPU, reduces driver overhead, and provides finer control over the execution of graphics and
computing tasks. Support for such interfaces is a prerequisite for modern computer graphics systems focused on high
performance and scalability.

The structure shown in the diagram (Fig. 1) illustrates the principles of implementing parallel computing at
different stages of the rendering pipeline and their hardware support by modern graphics processors. On the left is
shown the sequence of the main stages of rendering — from vertex processing and geometric assembly of primitives to
rasterization, fragment processing and final image post-processing. Each of these stages is organized in such a way that
the processing of individual elements (vertices, primitives, fragments or pixels) can be performed independently, which
creates the prerequisites for massive parallelism. This is consistent with the requirement described in the text to
distribute computations between a large number of threads of the same type without strict inter-thread dependencies.

Parallelization at Rendering Pipeline Stages

Vertex Processing Parallel GPU Architecture
Transform & Attribute Calc .
Compute Units
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Fig. 1. Scheme of parallelization of calculations at different stages of the graphics pipeline
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The right part of the diagram shows a generalized model of the parallel GPU architecture, which provides the
implementation of such an approach. Compute units contain a set of simple cores that simultaneously execute
instructions on different data within the SIMD model. It is these units that are mapped to vertex, geometric and
fragment calculations, and the number of active threads can reach thousands or more. This organization of hardware
resources meets the requirements of scalability, since an increase in the number of compute units allows us to increase
performance without fundamentally changing the rendering algorithms.

The diagram also highlights the role of the memory hierarchy, including a shared second-level cache and high-
speed video memory such as GDDR6 or HBM. They ensure efficient data exchange between parallel threads and
minimize memory access latency during massive fragment and post-processing operations. This directly complements
the requirements for high memory bandwidth and the need for rational organization of access to it in conditions of
massive parallelism.

The diagram demonstrates that parallelism in modern computer graphics systems is not a local property of
individual stages, but is inherent at all levels — from algorithms and shader programs to the organization of
computational units and memory.

In general, the requirements for parallelism in computer graphics systems cover hardware architecture, memory
organization, rendering algorithms, and the use of software interfaces. Efficient massively parallel execution of
calculations is a necessary condition for achieving high image quality, real-time processing, and stable operation of
systems with increasing scene complexity. It is the parallel organization of calculations that largely determines the
potential of modern and promising graphics systems and their ability to meet the growing demands of computer graphics.

2. General requirements for visualization software systems . Requirements for visualization systems are not
formed separately from specific methods, but as a generalized result of the need to maintain high rendering quality,
optimal performance and flexibility of the graphics pipeline.

In modern graphics engines, the requirements for scalability of calculations, support for hardware ray tracing and
the use of hybrid lighting models that combine rasterization and ray tracing are of particular importance. In this context,
a computer graphics software system must ensure the coordinated operation of all stages of the graphics pipeline, taking
into account the growing requirements for realism, interactivity and adaptability of visualization.

One of the basic requirements for visualization systems is the ability to process three-dimensional scenes with a
large number of geometric primitives in a mode close to real time. This necessitates the need to support massively parallel
computing and forms requirements for the architecture of graphics processors, which must effectively perform the same
type of operations on large data sets. The system must be designed taking into account the balance between the geometric
complexity of the scene and the speed of its processing, since excessive detailing without appropriate optimization
mechanisms leads to a decrease in performance. Accordingly, the requirements for visualization systems include means of
controlling the level of detail, adapting the quality of visualization and rational use of computing resources.

Rendering methods define the basic requirements for the organization of the graphics pipeline [17]. The system
must support a multi-stage process of converting geometric data into a raster image, which includes coordinate
transformations, clipping, projection, rasterization, and fragment processing. Each of the stages imposes its own
limitations on computational accuracy, memory bandwidth, and execution latency.

Accordingly, modern rendering methods must ensure stable results regardless of the scale of the scene and the
number of light sources, which is of particular importance for scientific visualization, architectural design and digital
prototyping. On the other hand, this directly affects the requirements for numerical stability, memory bandwidth and the
efficiency of implementing random samples in a parallel GPU environment.

Rendering methods with an increased level of realism form the requirements for the system from the standpoint
of the accuracy of physical light models and the efficiency of their calculation. Physically correct rendering [18], which
has become a de facto standard in modern graphics systems, requires the software platform to support complex material
models, multiple light reflections and stochastic sampling methods. It is based on solving the light transport equation,
which describes the propagation and interaction of light energy in a scene.

Along with physical correctness, there is a requirement for computational efficiency of rendering methods.
Classical ray tracing algorithms provide a high level of visual realism, but their computational complexity limits their
application in real-time tasks. Therefore, modern computer graphics systems must support optimized or approximation
approaches that allow reducing the number of calculations without significantly degrading image quality. The efficiency
requirement also includes the possibility of parallel execution of algorithms on the GPU and the use of specialized
hardware blocks to accelerate ray tracing.
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An important characteristic is the adaptability of rendering methods to different execution conditions. Graphics
systems must dynamically change rendering parameters depending on the complexity of the scene, available
computational resources and time constraints. Adaptive approaches allow us to reduce the number of rays, simplify
lighting models or reduce the accuracy of calculations in less visible areas of the scene. This approach is especially
relevant for interactive applications, where frame rate stability has a higher priority than maximum photorealism.

A key requirement for rendering methods is their compatibility with programmable shader pipelines. Modern
graphics APIs allow for the implementation of custom lighting, shadow, and material algorithms using shader
languages. This requires rendering methods to be formalized as algorithms that can be efficiently implemented in a
parallel GPU environment. They should follow the concept of data streaming and minimize dependencies between
computational stages that can limit parallelism.

One of the important requirements for modern rendering systems is to support hybrid methods [4], which
combine rasterization and ray tracing. This approach allows rasterization to be used for basic geometric processing of
the scene, and ray tracing to calculate complex lighting effects, reflections, and refractions. The use of hybrid rendering
provides a compromise between performance and image quality, allowing the system to dynamically switch between
methods or combine them depending on the importance of parts of the scene, the camera position, and the available
computing resources.

Within such hybrid approaches, fast basic lighting can be implemented using the Phong method [19], which, due to its
simplicity and computational efficiency, allows for rapid estimation of ambient, diffuse, and specular illumination of surfaces.
The Phong method is well suited for processing a large number of geometric primitives in near-real time. For complex scenes
where realistic optical effects need to be rendered, ray tracing is used as a complement to the Phong method.

Adaptive rendering techniques are used to improve efficiency: reducing detail for distant or peripheral objects,
using different Levels of Detail, calculating lighting per-vertex or per-pixel depending on the importance of areas of the
scene. In the case of ray tracing, this may include limiting the depth of tracing for non-priority areas, increasing the
number of rays in key areas, selective noise filtering, and reusing the results of previous frames to reduce calculations.

Combining the adaptive Phong method with ray tracing within hybrid rendering provides:

¢ The optimal balance between quality and performance, allowing us to maintain a stable frame rate in real time.

o Scalability across platforms — from powerful workstations to mobile devices or interactive simulators.

¢ Rendering flexibility — dynamic switching between methods and algorithm combinations depending on the
context.

o Efficient use of resources — adaptive regulation of calculations depending on the importance of objects and the
characteristics of user perception.

The requirement for stability and predictability of rendering methods is important. For real-time systems, in
particular in virtual and augmented reality, it is necessary to avoid sharp fluctuations in frame generation time. This
requires deterministic behavior and controlled computational complexity from algorithms. Methods with high peak
loads can negatively affect the user experience even with high average system performance.

Modern research is creating additional requirements for rendering methods due to the integration of neural
networks.

Neural rendering [11-14] uses deep learning to approximate complex lighting models, restore details, or generate
intermediate frames. This requires rendering methods to be compatible with neural network models and to support data
exchange between traditional graphics algorithms and machine learning modules.

Consistency of results requires special attention, since neural approaches can be unstable or sensitive to changes
in input data.

Additionally, this creates a need for hardware accelerators and close interaction between classical graphics
pipelines and deep learning modules.

The requirement for scalability of rendering methods is the ability of algorithms to work effectively on both
powerful desktop systems and limited mobile or embedded platforms.

This involves the development of multi-tier implementations, where the base layer provides minimal
functionality, and advanced capabilities are activated when additional resources are available.

This approach allows us to use a single software framework for different classes of devices.

Rendering systems are also typically characterized by a set of structural requirements for their components.

Figure 2 shows a typical structural diagram of a rasterization-based rendering system.
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Fig. 2. General structural diagram of the visualization system

Such requirements are formed taking into account the specifics of graphics calculations, the stages of image
formation, and the need for clear coordination between individual functional modules. The architecture of the rendering
system must reflect the sequential movement of data along the graphics pipeline — from the initial geometric description
of the scene to the formation of a completed image, ready for display or storage.
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The initial structural link of the rendering system (see Fig. 2 ) is the polygonal model processing
subsystem. [19]. The requirements for its organization are determined by the need for effective processing of geometric
data that describe the shape and spatial arrangement of scene objects. The structure of this subsystem should ensure the
correct storage and processing of vertex coordinates, normals, and topological relationships between mesh elements. Of
particular importance is the vertex transformation stage, which brings the geometry to the coordinate systems required
for further processing. From a structural point of view, this module should be clearly delimited, but at the same time
integrated into a common geometric pipeline.

The geometric pipeline as part of the mesh processing subsystem should be organized in such a way as to ensure
consistent preparation of primitives for the rasterization stage. Its structure should include the execution of coordinate
normalization operations, clipping, and the formation of a set of attributes necessary for further discretization. An
important structural requirement is the absence of procedures related to shading or texturing in this module, which
allows maintaining a clear division of responsibility between the rendering stages.

The next mandatory component of the architecture is the rasterization subsystem. [19]. Its structural role is to
transform geometric primitives into a set of discrete elements suitable for further pixel calculations. This subsystem
includes the stage of primitive assembly, which forms triangles or other basic shapes from a set of vertices. The
structural requirement is to ensure the consistency of this stage with the results of geometric processing and the correct
order of subsequent operations.

The key element of rasterization is fragment generation, during which vertex attributes are interpolated within
the primitive and a set of fragments is created, which are passed to the shading subsystem. The system architecture
should provide for the possibility of performing fragment clipping and depth accounting operations at this stage, which
allows reducing the load on subsequent modules. Such a structural organization helps to increase the overall system
performance.

The texturing subsystem is a separate functional block, the requirements for the structure of which are
determined by the need for the correct combination of geometric data with texture resources. It must be closely related
to the results of rasterization, but maintain logical autonomy. The texturing structure includes modules for working with
UV coordinates and sampling texture values. An important requirement is to ensure the correct mapping of textures to
the surfaces of objects regardless of the complexity of their shape.

The texture sampling module should be structurally separated from the lighting calculations, since its purpose is
to obtain the necessary data from texture maps. This approach allows us to change filtering methods, levels of detail,
and texture storage formats without making changes to other parts of the system. In addition, the structure of the
subsystem should take into account the intensity of memory access, which is characteristic of texturing operations.

The central place in the structure of the rendering system is occupied by the shading subsystem [19]. The
requirements for its organization are determined by the need to calculate the color characteristics of fragments taking
into account the lighting conditions and material properties. The structure of this module should provide for the
reception of data generated at the previous stages and the formation of color values, which are subsequently used to
create an image. An important requirement is a clear distinction between the calculation of lighting and auxiliary
operations associated with the use of texture coefficients.

The lighting computation module should be designed to support different approaches to modeling the interaction
of light with surfaces. This provides the system with flexibility and the ability to adapt to different requirements for
rendering quality. At the same time, the structural consistency of the shading subsystem with other modules is a
necessary condition for the stable operation of the entire graphics pipeline.

Modern rendering architectures are increasingly supplemented with neural components [11-14], which places
additional requirements on the system structure. The neural module must be integrated in such a way as to have access
to intermediate or final results of classical rendering. Its placement in the system structure may vary depending on the
tasks, but the general requirement is consistency of data formats and the ability to share the results of calculations.

The component responsible for using the trained features needs to support additional information channels and
intermediate representations. This means that the system structure must be flexible enough so that the integration of
neural methods does not require a complete overhaul of the traditional pipeline. The neural image enhancement module
must be logically separated from the classical post-processing algorithms, but at the same time compatible with them in
terms of input and output data.

The final structural stage is the post-processing subsystem. The requirements for its organization are determined
by the need to perform on-screen effects and form the final visual result. The structure of this module should allow
flexible adjustment of the sequence of effects and expansion of their set without interfering with the operation of the
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previous subsystems. The final output module should be separated from the main calculations and be responsible for
preparing the image for display or storage.

Structural requirements for rendering systems are reduced to logical decomposition into interconnected but
autonomous subsystems, clear organization of data flows, and the possibility of further development of the architecture.
The structural scheme, covering all the main stages — from geometry processing to post-processing and neural modules
— corresponds to modern approaches to building visualization systems and creates a basis for their further improvement.

In general, the requirements for visualization systems are formed as an integrated set of characteristics that arise
from the support of modern methods of geometric processing, rendering, shading and texturing. The system must
provide a balanced combination of image quality, performance, numerical stability and scalability, which is a necessary
condition for its effective use in scientific, engineering and applied tasks. Analysis of classical and modern methods of
computer graphics through the prism of requirements allows us to form a holistic idea of the principles of designing
graphics systems, focused on further development and adaptation to new technological challenges.

3. Basic requirements for shading subsystems . Shading methods significantly influence the formation of
requirements for visualization systems, since they determine the approach to calculating surface illumination and,
despite the active development of physically correct and hybrid rendering, remain in demand in many application areas.
The classical algorithms of Gouraud and Phong [19], despite their relatively simple algorithmic structure, continue to be
widely used in real-time systems, embedded graphics environments, educational platforms, and industrial solutions.
This necessitates the need to clearly define the requirements for their implementation.

Gouraud shading [19] is based on calculating the illumination at the vertices of a polygonal mesh followed by
linear interpolation of color values over the polygon surface. This approach requires the visualization system to provide
sufficient geometric detailing of the models, since the quality of the reproduction of chiaroscuro transitions directly
depends on the number, spatial arrangement, and regularity of the vertices. The low density of the polygonal mesh leads
to smoothing of local illumination maxima, in particular specular highlights, the appearance of striped transitions, and a
decrease in the expressiveness of surfaces. In this regard, the system must support effective tessellation mechanisms,
correct attribute interpolation, and matching the geometric complexity of the scene with the capabilities of the
hardware.

Within the Gouraud method, specific requirements are also formed for the bidirectional reflectance distribution
functions (BRDF) used. Since the illumination is determined only at the vertices, the BRDF models must be sufficiently
smooth and have moderate nonlinearity in angular parameters. The use of sharply directed or energy-concentrated
specular components leads to significant interpolation errors and loss of glare inside polygons. Therefore, in systems
focused on Gouraud shading, it is advisable to use simplified empirical BRDFs, in particular the Lambertian diffuse
model or smoothed versions of the Phong and Blinn—Phong models with limited reflection sharpness.

The Phong method [19], unlike the Gouraud approach, involves interpolation of normals within the polygon and
calculation of illumination for each image fragment. This significantly increases the load on the computational
subsystem of the graphics system, in particular on the performance of the GPU and the efficiency of the implementation
of shader programs. One of the main requirements is to ensure high accuracy of normal interpolation and their correct
normalization before use in lighting models. Even slight deviations of the normal length from a single value can cause
noticeable artifacts, in particular distortions of the intensity of the diffuse and specular components.

The application of the Phong method expands the permissible range of bidirectional reflectance distribution
functions, since the illumination is calculated at the fragment level. This allows the use of more complex and more
directional BRDF models, in which the reflectance intensity significantly depends on the directions of light, view and
surface normal. At the same time, such models impose increased requirements for numerical stability of calculations,
accuracy of vector normalization and compliance with energy consistency. The system must ensure that the applied
BRDFs do not violate the energy balance and do not cause uncontrolled increase in brightness during normal
interpolation or changing material parameters.

In general, the Gouraud and Phong methods pose different but complementary requirements for shading systems.
The Gouraud implementation is focused on geometric detail and simple reflection models, while the Phong method
requires increased normalization accuracy, significant computational resources, and correct use of BRDFs. Taking these
requirements into account is a necessary condition for building stable, efficient, and visually consistent rendering
systems, especially in real-time environments and hybrid rendering pipelines.

In modern computer graphics systems , in particular within the framework of the Phong method, considerable
attention is paid to the mathematical description of the interaction of light with the surfaces of objects, since it is on this
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that the level of realism and visual reliability of images depends. One of the main tools for such a description is
the bidirectional reflectance distribution function (BRDF) [20-24], which determines the dependence of the intensity of
reflected radiation on the direction of light incidence and the direction of observation. The requirements for BRDF are
formed taking into account both the physical laws of light propagation and the practical limitations associated with the
implementation of rendering algorithms in software and hardware environments.

First of all, the BRDF must comply with the physical laws that describe the processes of light reflection in the
real world. In particular, the function must satisfy the energy conservation condition, according to which the total
amount of reflected energy does not exceed the amount of incident radiation. Violation of this condition leads to
distortion of the visualization results and the appearance of unrealistic lighting effects. It is also essential to adhere to
the principle of reciprocity, according to which the value of the BRDF remains unchanged when the directions of
incidence and observation are mutually interchanged, which ensures the consistency of the lighting results regardless of
the chosen calculation method.

To ensure visual quality of images, the BRDF must be continuous and smooth throughout the entire permissible
range of angles. Abrupt changes in the function values can cause artifacts, noise, or unwanted brightness transitions on
the surfaces of objects. This is especially evident when modeling materials with a complex microstructure, where the
nature of light reflection significantly depends on the orientation of the surface and the direction of illumination.

An important requirement is the universality of the BRDF, which consists in the ability to describe a wide range
of materials within the framework of a single mathematical model. This is achieved by using parametric functions, the
values of which can vary depending on the physical properties of the material, such as surface roughness, reflection
coefficient or refractive index. This approach allows us to use a single model for different types of surfaces and
simplifies the process of setting up materials in graphics systems.

A separate place among the requirements for BRDF is occupied by computational efficiency. In rendering tasks,
especially in real-time systems, lighting calculations are performed repeatedly for each pixel or fragment of the image.
Therefore, the mathematical apparatus of BRDF should be relatively simple and well adapted to optimization and
parallel calculations on graphics processors. Even in offline visualization systems, where accuracy is a priority,
excessive complexity of the function can lead to a significant increase in rendering time, which reduces the practical
feasibility of its application.

In the formulas of bidirectional light reflection functions, the greatest computational complexity is usually
represented by the components associated with modeling the microgeometry of the surface and the angular dependence
of reflection. These include, first of all, microfacet normal distributions, which are often described by exponential or
fractional-rational functions and require the calculation of powers, exponent expressions, or complex fractions.
Significant costs of computational resources are also associated with geometric shading and masking terms, which take
into account the mutual overlap of micro-inequalities and usually contain conditional transitions, roots, or divisions.
The combination of these components significantly complicates the calculation of BRDF, especially in real-time
problems, which necessitates the use of simplified models or analytical approximations.

The BRDF should also be suitable for use in global illumination algorithms, in particular in ray tracing methods
and stochastic approaches. To do this, the function should be correctly defined for all possible reflection directions and
convenient for constructing probability distributions that are used when sampling directions in Monte Carlo methods.
This helps to increase the convergence of the algorithms and reduce the noise level in the final image.

Equally important is the predictability of the behavior of the BRDF when changing its parameters. Small
adjustments to the material characteristics should cause smooth and logical changes in the visual result, which facilitates
the process of artistic and technical tuning of the scene. This property is also useful in the context of automated
optimization methods and the application of machine learning algorithms in computer graphics tasks.

From a practical point of view, the BRDF should be compatible with common standards and approaches used in
modern graphics engines and software libraries. The focus on physically based rendering requires the use of models that
are easily integrated into standard visualization pipelines and provide consistent results on different hardware platforms.
Taken together, compliance with these requirements allows for the creation of efficient and reliable light reflection
models, which is a necessary basis for building modern computer graphics systems with a high level of realism and
performance.

Fig. 3 shows an example of a block diagram of a module for calculating the pixel color intensity based on the
well-known Blinn-Phong BRDF [20-24] . This module is the central element of the architecture of the shading
subsystem based on the Phong method.
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Fig. 3. Block diagram of the module for determining the pixel color intensity within the shading subsystem based
on the Blinn-Phong BRDF

The lighting calculation module, built on the basis of the Blinn-Phong approach, has a clearly structured internal
organization, focused on the phased formation of the color characteristics of the fragment. Its architecture reflects the
sequence of logical operations necessary to take into account the geometry of the scene, the properties of materials and
the parameters of light sources in order to obtain a visually correct result. Each element of the structure performs a
separate function, while remaining integrated into the overall lighting calculation process.

The initial component of the module is the input parameters block, which accumulates all the information
necessary for further processing. It contains data characterizing the position and orientation of the surface in space, the
direction of observation, and also describes the optical properties of the material. The parameters of the light source are
taken into account separately, in particular its spatial location and radiation intensity. The structural role of this block is
to form a single consistent data set, which serves as the basis for all subsequent stages of the calculation.

The next element of the structure is the component responsible for taking into account the general background
lighting. It provides a basic level of brightness that does not depend on the specific direction of the light flux or the
orientation of the surface. Within the module, this component plays a supporting but important role, since it prevents the
complete loss of visibility of objects in poorly lit areas of the scene. Its result is further combined with other lighting
components.

An important structural unit of the module is the vector data preparation and analysis block. Its purpose is to
form directions that describe the mutual location of the surface, light source and camera. In this block, vectors are
brought to a consistent form, which allows for correct comparison of their orientations. Such a structural organization
simplifies further calculations and ensures the stability of the results regardless of the spatial parameters of the scene.

After completing the vector preparation, the module proceeds to the formation of lighting components related to
light scattering. The corresponding structure block estimates the degree of influence of the light source on the surface,
taking into account its orientation and material characteristics. It is this component that determines the main visual
appearance of the object, its volume and perception of shape. Structurally, this block is closely related to material and
light data, but remains independent of other types of lighting effects.

A separate position in the module architecture is occupied by the component responsible for the formation of
specular reflections. Its functioning is based on the analysis of the directions of observation and illumination and the
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surface parameters that determine the nature of the shine. The structure of this block allows us to model different types
of surfaces - from matte to highly reflective - by adjusting the corresponding parameters. Due to this, greater
expressiveness of the image is achieved without significantly complicating the computational process.

Coordination of the work of all computational components is carried out using a processing pipeline, which
determines the order of operations within the module. Its structure involves step-by-step data processing, starting with
the normalization of input values and ending with the combination of the results of individual components. The pipeline
also implements mechanisms for controlling permissible values, which allows us to avoid incorrect or unstable results.
This approach increases the reliability of the module and ensures predictable behavior under different lighting
conditions.

The final element of the structure is the final color formation block. At this stage, the results of calculating the
background, diffuse and specular contributions are combined into a single color representation. The structure of this
block involves the final correction of values and preparation of data for transmission to subsequent rendering stages or
directly to the output system. The resulting result is complete from the point of view of the lighting module and can be
used without additional processing.

The structure of the lighting module according to the Blinn-Phong model is characterized by a sequential,
hierarchically ordered organization, in which each block performs a specific function and interacts with others through
clearly defined interfaces. This approach ensures the clarity of the module's logic, simplifies its inclusion in the overall
architecture of the rendering system, and creates the prerequisites for further adaptation or expansion without violating
the integrity of the entire system.

Vector normalization [5-7] forms a separate group of requirements for shading subsystems , as it directly affects
the correctness of lighting models and the stability of the visual result. The rendering system must ensure the unit length
of surface normals, light directions, view vectors and reflected rays before using them in lighting calculations. Violation
of this condition leads to distortion of scalar products, errors in calculating the intensity of lighting and the appearance
of visual artifacts.

Fig. 4 shows an example of a block diagram of the vector normalization module of the shading subsystem.
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Fig. 4. Block diagram of the vector normalization module within the shading subsystem
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The given module is intended for normalization of a three-dimensional vector and has a simple sequential data
processing structure. At the input, the module receives the vector coordinates, which are used in parallel to calculate
their squares. Then these values are aggregated to determine the length of the vector, after which the operation of
reducing each coordinate to a unit length by scaling is performed. At the output, a normalized vector is formed, the
direction of which coincides with the initial one, and the length is equal to one. Such a structure ensures the correct
preparation of vector data for further use in lighting calculations and geometric transformations.

The primary requirement for normalization algorithms is numerical robustness. With millions of floating-point
operations performed during rendering, normalization methods must minimize the accumulation of rounding errors, avoid
division by zero or under-valued values, and ensure reproducibility of results across hardware platforms. This is especially
true for normalizing interpolated normals in shaders, where even small errors can cause noticeable lighting artifacts.

Another important requirement is the geometric and physical correctness of the normalization. The
normalization process must preserve the vector direction and its physical content. For normals, this means maintaining
orthogonality to the surface, and for illumination and view vectors, compliance with the adopted photometric or
radiometric model. Normalization must not result in the loss of information necessary for subsequent stages of the
graphics pipeline.

It is essential that normalization methods are adaptable to rendering conditions. Modern scenes feature a wide
range of scales, levels of detail, and dynamic lighting characteristics. Therefore, normalization algorithms must work
correctly in both low-contrast scenes and high dynamic range conditions, ensuring visual stability and preventing loss of
detail or oversaturation.

Equally important is computational efficiency. Vector normalization is performed massively for vertices and
fragments, so the corresponding algorithms must be adapted to parallel execution on the GPU. The system must support
hardware-accelerated normalization or efficient approximation methods with controlled error, which allow achieving a
balance between accuracy and performance and reducing the number of operations and memory accesses.

A separate group of requirements is the consistency of normalization between different stages of the rendering
pipeline. The methods applied at the vertex level must be compatible with the fragment processing and post-processing
algorithms. Violation of this consistency can cause lighting instability, visual discontinuities, or incorrect interaction
with shadows and reflections.

In the context of modern and promising rendering systems, adaptive vector normalization methods are of
particular importance, which involve dynamic changes in the accuracy of calculations and the normalization method
depending on the geometric, screen, or time context of the scene. A promising direction is context-dependent geometric
normalization, in which normals are processed taking into account the local curvature of the surface and the density of
the polygonal mesh. In areas with high curvature, more accurate normalization is used with a full calculation of the
vector length, while approximation methods with reduced computational complexity are allowed in almost flat areas.
This approach reduces lighting noise, prevents the accumulation of numerical errors, and increases the stability of the
visual result, which is especially relevant when using normal mapping and parallax texturing methods.

The use of adaptive and context-aware normalization also helps improve temporal stability of the image in
dynamic scenes, where camera movement, geometry deformation, or lighting animation can cause noticeable intensity
fluctuations. Matching the accuracy of the normalization to the local geometric properties of the surface provides
smoother interpolation of normals in space and time, reduces flicker, and improves the perception of fine details without
significantly increasing the computational load.

In conclusion, the main requirements for vector normalization in rendering systems are to ensure numerical
stability, physical correctness, adaptability, high performance, and consistency with the entire graphics pipeline.
Meeting these conditions is a necessary prerequisite for creating reliable, scalable, and visually stable computer
graphics systems.

An important aspect of building visualization systems is also the requirements for adaptive triangulation of
geometric models [8-9]. Since graphics processors are optimized for processing triangles, the system must provide an
efficient representation of arbitrary surfaces in the form of a triangular mesh. Adaptive triangulation involves changing the
density of the polygonal mesh depending on the complexity of the geometry, the position of the camera and the
requirements for the quality of visualization. This allows us to reduce computational costs without significantly degrading
the image quality, but requires close integration of the geometric stage with other components of the graphics pipeline.

From the perspective of shading methods, adaptive triangulation directly affects the quality of lighting. For the
Gouraud method, an insufficient number of triangles can lead to a loss of visual information, while the Phong method is
less sensitive to a decrease in mesh density, but at the same time requires significantly more computational resources.
This creates a requirement for the system to ensure a coordinated interaction between triangulation algorithms and the
choice of shading method in order to achieve an optimal ratio between quality and performance.

Separately, the requirement of temporal stability of adaptive triangulation is put forward. In dynamic scenes,
frequent restructuring of the triangular grid can cause flickering or sudden changes in lighting, which negatively affects
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perception. Therefore, adaptive triangulation algorithms must be deterministic and provide a smooth change in the level
of detail, which is especially relevant for interactive systems and virtual reality environments.

In summary, the requirements for Gouraud and Phong shading methods, BRDFs, vector normalization, and
adaptive triangulation form an important layer of general requirements for building computer graphics systems. They
reflect the close relationship between the geometric complexity of scenes, the mathematical accuracy of calculations,
and the computational efficiency of the graphics pipeline, ensuring the creation of flexible, stable, and productive
graphics systems for a wide range of applications.

4. Basic requirements for texturing subsystems. The texturing subsystem occupies an important place in
modern visualization systems, since it largely determines the degree of detail, realism and informativeness of images
formed during rendering. Its functional purpose is to apply two-dimensional or multidimensional textures to the surface
of three-dimensional objects in order to reproduce their physical and optical characteristics, in particular color,
roughness, transparency, microrelief and other material parameters. In this regard, a set of interrelated requirements is
imposed on the texturing subsystem, covering image quality, performance, scalability, flexibility and rational use of
computing and memory resources.

One of the basic requirements is the correctness of texture mapping, which implies the consistency of the object
geometry with texture coordinates. The subsystem must provide reliable mechanisms for parameterizing surfaces,
including support for classic UV texturing, multiple sets of UV coordinates, as well as alternative approaches such as
projective, triplanar, and volumetric texturing. This allows us to avoid distortions, gaps, and unwanted repetitions of
textures, especially on models with complex topology. Support for automated and semi-automated texture coordinate
generation algorithms is also important, which simplifies work with large scenes and procedurally generated geometry.

An essential requirement is to ensure high quality texture rendering, which directly affects the perception of the
final image. The subsystem must guarantee correct interpolation of texture coordinates during rasterization, reducing
numerical errors and visual artifacts. This requires support for modern filtering methods, in particular, nearest, bilinear,
trilinear, and anisotropic [25] , which allows maintaining texture clarity at oblique viewing angles. The system must be
able to adapt filtering parameters depending on the distance to the object, scale, and hardware capabilities.

A separate block of requirements is related to the use of mip levels and hierarchical texture storage structures.
Mipmapping helps reduce aliasing and flickering when changing the scale and reduces the load on the memory
subsystem. The texturing subsystem should support automatic generation of mip levels, correct selection of the level of
detail and smooth transitions between them without noticeable visual jumps. It is also advisable to implement adaptive
or procedural approaches to detail control taking into account the characteristics of the scene and camera movement.

One of the most important requirements is efficient memory management, since texture data usually occupies a
significant portion of video memory. The system must provide fast access to textures, support caching, asynchronous
loading and unloading of resources, as well as optimal placement of data in the GPU memory. It is important to support
various texture formats, including compressed ones, which allows us to reduce the amount of memory without
significant loss of image quality.

The main requirements include support for multi-layer textures and combining different texture maps. Modern
systems use not only color textures, but also normal, height, roughness, metallicity, transparency and other auxiliary
data maps. The texturing subsystem must ensure their consistent use in shader programs and support for physically
based material models, which allows achieving a high level of realism without significantly complicating the geometry.

Increased requirements for the texturing subsystem arise when using relief texturing methods [10], which allow
simulating complex surface microgeometry without a real increase in the number of polygons. Such approaches
significantly improve the visual result, but at the same time complicate the processes of sampling and processing texture
data at the fragment stage of rendering, which imposes additional requirements for the accuracy of calculations,
performance, and consistency of work with other components of the graphics pipeline.

The application of bump mapping requires correct processing of height maps and accurate calculation of surface
derivatives, on the basis of which the perturbed normals are formed. Since such maps usually have limited bit depth, the
system must be resistant to numerical errors and provide smoothing of sharp gradient changes that can cause noise or
lighting artifacts. Stable normalization of perturbed normals after interpolation and consistency of relief scales with the
parameters of the lighting model, as well as optimized access to height maps, are important.

Normal mapping, unlike bump mapping, directly uses normal maps that encode the orientation of the surface in
tangent space. This creates requirements for correct work with tangent bases, in particular for storing and interpolating
tangent, binormal, and normal direction vectors. The subsystem must ensure consistency between geometry, texture
coordinates, and normal maps, as well as correct transformation of normals from texture space to scene or lighting
space. Support for different normal map formats and correct handling of edge cases associated with specular UV scans
or abrupt changes in surface orientation are important.

Parallax methods of relief texturing, in particular parallax mapping, steep parallax mapping and parallax
occlusion mapping, form an even more complex set of requirements. They are based on the iterative displacement of
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texture coordinates depending on the viewing direction and heightmap values, which leads to multiple sampling of
texture data for each fragment. In this context, the texturing subsystem must provide high throughput of access to
textures, minimize sampling delays and effectively use caching. It is important to be able to adaptively control the
complexity of calculations, for example, by dynamically changing the number of iterations depending on the distance to
the camera, viewing angle and available resources. The system must also be resistant to the appearance of artifacts on
the silhouettes of objects and correctly combine parallax methods with mipmapping and anisotropic filtering.

In general, support for bump mapping, normal mapping, and parallax relief texturing methods places increased
demands on the texturing subsystem in terms of computational accuracy, data access efficiency, memory management,
and integration with lighting and shader programming subsystems. The implementation of these approaches must be
accompanied by adaptive rendering mechanisms that allow maintaining a balance between visual quality and
performance in real-time conditions.

It is important to tightly integrate the texturing subsystem with the lighting and shader programming subsystems.
It should provide flexible means of accessing texture data in vertex, geometric, and fragment shaders, ensuring high
performance and scalability. It is necessary to support modern graphics APIs and standards, which allows us to
effectively use the hardware capabilities of various graphics processors, in particular in physically based lighting
models such as PBR, where the role of texture data is crucial.

Special attention is required for procedural and dynamic texturing requirements. The subsystem should support
real-time texture generation based on mathematical models, noise, fractals, or physical simulations. This allows for
reduced static resource usage and increased variability in visual effects, which is important for modeling dynamic
surfaces such as water, fire, smoke, or material degradation processes.

Performance, scalability, and reliability are among the most important requirements for a texturing subsystem,
especially in interactive applications and virtual and augmented reality systems. The subsystem must effectively use
parallel computing and hardware acceleration, adapt to different hardware configurations, and correctly handle errors
associated with the absence or corruption of texture resources. In addition, it must be convenient for extension and
modification, which is important for educational, scientific, and experimental systems.

Fig. 5 shows an example of a block diagram of a possible texturing subsystem.

Surface Parametrization Sampling & Interpolation

« Bilinear, Trilinear ]
= Anisotropic Filtering j
* Mip Levels

Relief Texturing
* Bump Mapping ]

Texture
Subsystem

« Loading & Caching j  Normal Mapping )

« Parallax Mapping

» Memory Optimization

Texture Combination Procedural & Dynamic Textures

» Normal Maps

« Real-Time Generation j

* Roughness Maps j » Noise & Fractal Textures ]

» PBR Materials

Fig. 5. Structural diagram of the texturing subsystem

The surface parameterization block (see Fig. 5) is responsible for establishing a correspondence between the
geometric elements of objects and the texture space. This block uses UV mapping, projection, and volume texturing
methods, which allows us to correctly apply textures to surfaces of arbitrary shape.

The texture management module handles texture resources at the storage and usage stages. It includes support
for various compression formats and methods, loading and caching mechanisms, and memory optimization, which helps
improve the efficiency of the rendering system.
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The sampling and interpolation functions are implemented in the corresponding module, which defines the method
of obtaining texture values during image formation. It uses bilinear and trilinear interpolation, mip-levels, and anisotropic
filtering, which allows to reduce distortion and ensure stable image quality under different display conditions.

The relief texturing module is designed to simulate small geometric surface details without increasing the
number of polygons. For this, bump mapping, normal mapping, and parallax mapping methods are used, which affect
the lighting and perception of the object's shape.

Texture blending allows us to use multiple texture maps simultaneously, including normal maps, roughness maps,
and physically correct material parameters. This allows us to create complex materials with realistic visual properties.

The procedural and dynamic textures module focuses on creating textures directly during rendering. It includes
algorithms for generating noise and fractal structures in real time, which increases the flexibility of the system and
reduces the need to use pre-prepared texture images.

In general, the requirements for the texturing subsystem are reduced to ensuring high quality visualization, rational
use of resources, flexible work with different types of textures and materials, and close interaction with other components
of the graphics system, which is a necessary condition for creating modern and productive computer graphics systems.

Conclusions. Summarizing the above, it should be noted that modern computer graphics systems are formed on
the basis of a comprehensive approach that takes into account the hardware, algorithmic and software aspects of the
graphics pipeline. Effective parallelization of calculations, accurate implementation of shading methods, stable vector
normalization, adaptive triangulation and a developed texturing subsystem create an interdependent structure that
determines the performance, scalability and quality of images. Coordination of these components ensures realistic
reproduction of complex scenes in real time, support for numerical and temporal stability of rendering and efficient use
of computational and memory resources. Fulfillment of these requirements creates the prerequisites for the development
of flexible and reliable visualization systems that can adapt to the growing complexity of graphics tasks and various
areas of practical application.
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