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FEATURES OF IMPLEMENTING PERSPECTIVE-CORRECT TEXTURING 

 

Texturing for rendering is the process of overlaying images or patterns on the 

surface of three-dimensional objects to give them visual properties such as color, detail, 

relief, transparency, or reflectivity. It is one of the most important stages of graphics 

rendering , allowing you to get a realistic or stylized image without having to create 

overly complex geometry. 

One of the important tasks in computer graphics when implementing realistic 

images of three-dimensional scenes is the correct application of textures to geometric 

surfaces. Among the most accurate methods of displaying visual information is 

perspective-correct texturing, which ensures the correct display of textures taking into 

account perspective distortions in the process of rasterizing polygons. 

The basic problem that perspective-correct texturing solves is that simple linear 

interpolation of texture coordinates using barycentric coordinates or screen coordinates 

leads to visual artifacts. This is especially noticeable when rendering large triangles 

that occupy a significant area on the screen, or when polygons are strongly tilted 

relative to the camera. In such cases, without correction, textures can appear blurry or 

distorted1. 

 
1 Khomyak, I. V. (2022). Three-dimensional rendering algorithms . Lviv: Ivan Franko National University of Lviv. 
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Perspective-correct coordinate interpolation is performed by transitioning to a 

homogeneous space and performing operations on coordinates that take into account 

the w component, the fourth coordinate resulting from perspective transformations. In 

the calculation process, the texture coordinates (u, v) and depth (z) are divided by w at 

the vertex stage, after which the values u/w, v/w, z/w are interpolated. After the 

interpolation at the pixel level is completed, these values are multiplied by w to restore 

the true texture coordinates2. 

This approach ensures accurate texture matching to the geometry of objects in 

three-dimensional space, especially with strong perspective distortions. Perspective 

correction algorithms are widely implemented in modern graphics APIs such as 

OpenGL and DirectX, as well as in GLSL and HLSL shader languages, allowing 

graphics programmers to manually adjust the interpolation process if necessary3. 

In modern graphics engines, such as Unreal Engine or Unity, perspective-correct 

texturing is a standard feature in the rendering pipeline. However, in cases where non-

standard shaders or new methods of lighting, depth, or object transformation are 

implemented, the interpolation process needs to be manually controlled. This is 

particularly true for procedural rendering, where computational efficiency and 

texturing accuracy can be critical to the performance of the scene4. 

It is worth noting that perspective-correct texturing is not limited to planar 

textures. In modern methods such as parallax displacement, displacement mapping, 

and relief mapping, it is also important to adhere to the principles of perspective 

correction to ensure the visual integrity of the result. This is especially important in 

VR/AR applications, where inaccuracies in textures can create discomfort for the user 

or reduce the realism of the scene5. 

Research in the field of perspective-correct texturing is aimed both at optimizing 

computations for mobile platforms and at expanding the application for complex 

 
2 Melnyk, Y. V. (2020). Fundamentals of Graphical Programming in GLSL . Kharkiv: Kharkiv National University of 

Radio Electronics. 
3 Soroka, M. O. (2021). Interactive visualizations based on OpenGL . Odessa: Odessa National Polytechnic University. 
4 Kulyk, P. M. (2021). Fundamentals of Computer Graphics: A Textbook . Kyiv: Aristei. 
5 Romanyuk, O. N., & Romanyuk, O. V. (2023). Computer Graphics [Electronic Textbook]. Vinnytsia: Vinnytsia 

National Technical University. 
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shader models. In particular, approaches to hardware acceleration through the use of 

the latest GPU architectures and intelligent methods for reducing the load on the 

rasterization pipeline are considered6. 

The most basic approach to texture overlay is affine texturing , which is 

implemented by linearly interpolating the texture coordinates (u, v) within the plane of 

a triangle. This method does not take into account perspective reduction and is effective 

only when the surfaces are relatively flat and parallel to the view plane. Affine texturing 

is fast to compute and is suitable for older game engines or mobile devices with limited 

resources. However, affine interpolation produces noticeable artifacts when the view 

angle changes, especially in areas of depth7. 

To ensure correct visual display of the texture, perspective-correct interpolation 

is used . This approach assumes that the texture coordinates (u, v), as well as the depth 

(z) and other parameters, must be normalized using the w coordinate - the fourth 

coordinate that appears after transformation into homogeneous space. At the vertex 

processing stage, the coordinates are divided by w: i.e. u/w, v/w, z/w. These values are 

interpolated linearly at the rasterization stage. Then, after interpolation, the inverse 

operation of multiplication by w is performed, i.e. (u/w) × w = u. This method provides 

a correct image even on strongly inclined or distant surfaces8. 

One of the options for implementing perspective correction is the barycentric 

interpolation method taking into account w . It is based on the fact that the texture 

coordinates are calculated using the formula: 

u = (α × (u₁ / w₁) + β × (u₂ / w₂) + γ × (u₃ / w₃)) / (α / w₁ + β / w₂ + γ / w₃), 

where α, β, γ are the barycentric coordinates for each pixel of the triangle, and 

u₁, u₂, u₃ are the texture coordinates at the vertices, corresponding to w₁, w₂, w₃ - the 

values of the w coordinate for each vertex. The v coordinate is calculated similarly. 

 
6 Khomyak, I. V. (2022). Three-dimensional rendering algorithms . Lviv: Ivan Franko National University of Lviv. 
7 Khomyak, I. V. (2022). Three-dimensional rendering algorithms . Lviv: Ivan Franko National University of Lviv. 
8 Romanyuk, O. N., & Romanyuk, O. V. (2023). Computer Graphics [Electronic Textbook]. Vinnytsia: Vinnytsia 

National Technical University. 
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This method allows to achieve high accuracy and is used in software rasterizers and 

custom graphics engines9. 

In graphics programming languages such as GLSL or HLSL, implementing 

perspective-correct texturing in shaders looks like this. At the vertex shader stage, the 

texture coordinates are divided by gl_Position.w, and the value 1.0 / w is also stored. 

Then, in the fragment shader, the interpolated values are multiplied by z to restore the 

true coordinates. This approach allows for flexible control of accuracy and allows for 

unique effects such as parallax shifting, reflections, or depth-aware shading10. 

It is worth highlighting another method - perspective-correct calculation of the 

texture level of detail (LOD) when using mipmaps. The optimal texture level is 

determined based on the partial derivatives of the coordinates u/z and v/z in x and y. In 

GLSL, the functions dFdx and dFdy are used for this , which take into account distortion 

at an angle. Without this correction, artifacts are possible: choosing a texture that is too 

detailed (memory overruns) or not detailed enough (blurring)11. 

To improve performance, hybrid texturing methods are used in some cases , 

where perspective is only partially taken into account. For example, in the background 

of a scene, where distortions are not noticeable, simplified affine interpolation can be 

used, and in the foreground or for large objects, full perspective correction. This allows 

saving GPU resources without significant loss of quality12. 

In some high-precision systems, another method is used - perspective correction 

through depth (z-correction) . It is especially useful in scientific visualization or in 

augmented reality systems, where it is important that the texture exactly matches the 

geometry of the scene regardless of the viewing angle. The change in the z value is 

taken into account when calculating not only the depth of the fragment, but also the 

texture coordinates, which eliminates microscopic errors13. 

 
9 Khomyak, I. V. (2022). Three-dimensional rendering algorithms . Lviv: Ivan Franko National University of Lviv. 
10 Melnyk, Y. V. (2020). Fundamentals of Graphical Programming in GLSL . Kharkiv: Kharkiv National University of 

Radio Electronics. 
11 Romanyuk, O. N., & Romanyuk, O. V. (2023). Computer Graphics [Electronic Textbook]. Vinnytsia: Vinnytsia 

National Technical University. 
12 Kulyk, P. M. (2021). Fundamentals of Computer Graphics: A Textbook . Kyiv: Aristei. 
13 Soroka, M. O. (2021). Interactive visualizations based on OpenGL . Odessa: Odessa National Polytechnic University. 
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Thus, perspective-correct texturing methods cover a wide range of techniques - 

from basic division of coordinates by w to complex barycentric interpolations with 

consideration of derivatives. Each of them has its place in practice - depending on the 

tasks, system performance, rendering accuracy and scene type. Perspective-correct 

texturing is an integral part of modern graphics APIs, and its correct implementation 

determines the quality of visualization in video games, VR/AR applications, technical 

graphics and scientific data visualization. 

In modern GPUs, perspective-correct texturing is implemented at the hardware 

level using specialized function blocks that are part of the graphics pipeline. This 

process ensures an exact correspondence between texture coordinates and the 3D 

geometry of the scene, taking into account perspective distortions. Without perspective 

correction, texture overlay leads to distortions, especially on polygons that are tilted 

relative to the plane of view or in scenes with great depth. 

The first stage is the transformation of geometric coordinates into a 

homogeneous space in the vertex shader. After model transformation, view and 

projection transformation, each vertex acquires four-dimensional coordinates (x, y, z, 

w), where w is the scale component that reflects the perspective effect. The vertex 

attributes, in particular the texture coordinates u and v, are also divided by w. Thus, the 

values of u/w, v/w and 1/w are calculated in the vertex shader for each vertex. These 

values are then passed to the next processing stage - rasterization. 

In the rasterizer block, which is responsible for constructing the triangle pixels, 

the texture coordinates are interpolated taking into account the barycentric coordinates 

of the pixel. The video card interpolates not the u and v coordinates themselves, but 

the u/w, v/w and 1/w values. This allows you to achieve linear interpolation in a 

homogeneous space, which corresponds to the real change in the texture space during 

perspective reduction. For each pixel, the summed u/w value and the corresponding 

1/w value are calculated. Then, in the fragment shader, the texture coordinates are 

inversely restored by dividing: 
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u = (u/w) / (1/w) = u,  

v = (v/w) / (1/w) = v. 

Thus, the texture coordinates correspond exactly to the position of the pixel on 

the surface of the 3D object, taking into account the perspective projection. This avoids 

the distortions observed in simple affine texturing, where the coordinates are 

interpolated without taking into account the w-component. At the hardware level, these 

operations are implemented in specialized GPU modules, called attribute interpolators. 

They support interpolation of an arbitrary number of parameters with perspective 

correction and work in parallel with the rasterization blocks. 

After determining the correct texture coordinates, the video card calls the texture 

sampling unit. At this stage, the texture color is determined by the u and v coordinates. 

If filtering is enabled, neighboring texels are sampled taking into account the 

smoothing method - bilinear, trilinear or anisotropic. In the case of using mipmaps, the 

system determines the level of texture detail based on the partial derivatives of u and v 

with respect to x and y. To ensure accuracy even in perspective space, the derivatives 

are also calculated from the u/z, v/z values. This allows you to correctly choose the 

mipmap level even on very inclined surfaces. 

In graphics APIs such as OpenGL, DirectX, or Vulkan, perspective-correct 

texturing is enabled by default. The programmer simply declares the attributes in the 

vertex shader, and the GPU automatically performs the necessary transformations and 

interpolation. For example, in OpenGL, attributes of type in vec2 texCoord; are interpolated 

taking perspective into account. In HLSL (DirectX), the linear modifiers are used for this , which 

are responsible for perspective-correct interpolation by default. 

At the hardware level, all of these calculations are optimized for maximum 

performance. The GPU uses parallel data processing with vectorization, SIMD (single 

instruction, multiple data) architecture, and caching of interpolated values. This allows 

for the interpolation of dozens of attributes for millions of pixels every second with 

minimal hardware overhead. 
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In most modern graphics cards, such as NVIDIA GeForce, AMD Radeon or Intel 

Arc, perspective-correct interpolation blocks are part of the fixed-function rasterizer 

and do not require manual implementation. However, when developing specialized 

shaders or non-standard rendering scenarios, the programmer can explicitly control the 

calculation of texture coordinates, independently performing division by w in the 

vertex shader and restoration in the fragment shader. This approach is used, in 

particular, in cases of implementing parallax displacement effects, displacement 

mapping or procedural surface deformation. 

In general, perspective-correct texturing in video cards is implemented as a 

standard and mandatory part of the graphics pipeline. Its implementation is based on 

precise mathematical principles that are effectively implemented in specialized GPU 

blocks. Due to this, computer graphics provide a high level of visual realism, reliable 

depth and an exact correspondence between the geometry of objects and the textures 

applied to them. 

Texturing in computer graphics is the process of superimposing a two-

dimensional image (texture) onto the surface of a three-dimensional object in order to 

create a more detailed and realistic image. There are two main approaches to texturing: 

conventional, or affine, texturing, which is based on linear interpolation of texture 

coordinates, and perspective-corrected texturing, which takes into account the 

distortions that occur when a scene is projected in perspective. The key difference 

between these methods is the computational complexity and the quality of the visual 

result. 

Affine texturing is the simplest method. It interpolates texture coordinates along 

the plane of the triangle, regardless of its orientation in space. The calculations are 

limited to adding and multiplying coordinates within the triangle without taking into 

account depth components or perspective deformation. During rendering, the u and v 

coordinates are calculated for each pixel belonging to the polygon using a simple linear 

formula. This approach has a low load on the GPU, as it does not require division, 

inverse scaling, or other complex arithmetic operations. On older or resource-
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constrained systems, affine texturing was dominant due to its speed. However, this 

method does not provide correct texture curvature that corresponds to the perspective 

of the scene. As a result, textures on distant or tilted objects appear distorted - too 

stretched or compressed, especially at the edges of the image. 

Perspective-correct texturing, on the other hand, involves much more complex 

calculations. The essence of this method is to use homogeneous coordinates. In the 

vertex shader, each texture coordinate u and v is divided by the coordinate w , which 

is the result of the perspective transformation. Thus, the GPU passes the values u/w , 

v/w , and 1/w to the rasterizer . In the fragment shader, these values are interpolated taking 

into account the barycentric weights of the pixel, and then restored by dividing u = (u/w) 

/ (1/w) and v = (v/w) / (1/w) . This approach ensures an exact correspondence of textures 

to objects, taking into account changes in perspective and depth, which allows you to 

avoid the typical artifacts of the affine method. But in return, it requires more 

operations per pixel - not only addition and multiplication, but also at least two 

divisions and inverse scaling. 

In terms of computational complexity, affine texturing is significantly faster: the 

GPU only needs to process linear interpolations without additional transformations. 

Perspective correction is about 2–3 times more expensive in terms of arithmetic 

operations per fragment. This increase is due not only to the more complex 

interpolation, but also to the need to store and process more intermediate values, 

including 1/w , u/w , and v/w . On older or mobile graphics systems, this could lead to 

a 10–20% performance penalty with a large number of textured pixels. 

However, in modern graphics cards, the implementation of perspective-correct 

texturing is carried out at the hardware level. Special functional blocks in the GPU - 

interpolation modules, rasterizers and texture processors - perform the necessary 

operations in parallel, using SIMD architecture (single-instruction, multiple-data), 

vectorized calculations and caching of repeated values. Due to this, even complex 

calculations associated with division by w do not significantly affect the overall 

performance of the graphics pipeline. In graphics APIs such as OpenGL or DirectX, 
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perspective-correct texturing is the default mode, and the programmer does not need 

to manually implement these operations unless he uses non-standard interpolation. 

It should be noted that in terms of labor intensity, affine texturing is a much 

simpler and less expensive method, but it is inferior in image quality. Perspective-

correct texturing, although it requires more computing resources, provides high 

reliability of texture display in three-dimensional space. In the conditions of modern 

hardware, the costs of perspective correction are almost completely compensated by 

hardware optimization, so its use is justified even in real time, in particular in games, 

VR applications and engineering visualization. 

In modern graphics processing units (GPUs), perspective-correct texturing is 

implemented automatically at the level of specialized hardware modules that are part 

of the graphics pipeline . These blocks work together to provide accurate interpolation 

of texture coordinates taking into account perspective distortion. The main hardware 

components involved in this process are discussed below: 

Perspective-correct texturing in modern graphics processing units (GPUs) is 

implemented by integrating specialized hardware blocks that provide accurate 

interpolation of texture coordinates according to the perspective distortion of the scene. 

All major processing stages - from vertex transformation to texture sampling - support 

the calculations necessary for perspective correction, making this process highly 

accurate and at the same time optimized for parallel processing. 

The first stage of processing is the vertex shader unit. At this stage, the 

coordinates of each vertex ( x , y , z , w ) are transformed from local space to clip space 

using a projection matrix. Along with the spatial coordinates, the vertex attributes are 

also passed, in particular the texture coordinates u and v . They are either directly 

divided by w in the vertex shader, or passed as a pair (u, w) for further interpolation. 

Thus, already at the first stage, the GPU prepares the data for perspective-correct 

interpolation. 

The next stage is the rasterization and interpolation block, or rasterizer and 

attribute interpolator. This is where the key principle of perspective correction is 
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implemented. Each triangle is divided into pixels, and all the transferred attributes, 

including u and v , are interpolated taking into account the barycentric coordinates ( α , 

β , γ ). In the case of perspective interpolation, the GPU does not work with u and v themselves , 

but with the values u/w , v/w and 1/w . The interpolation for a pixel is performed 

according to the formula: 

u = (α × (u₁ / w₁) + β × (u₂ / w₂) + γ × (u₃ / w₃)) / (α / w₁ + β / w₂ + γ / w₃) 

and similarly for v . This formula ensures the correct warping of the texture 

taking into account perspective projection. It is the hardware interpolation module that 

performs these calculations, automatically applying perspective correction to each 

pixel included in the triangle. 

After interpolation, the computed texture coordinates are fed into the fragment 

shader core, where final processing occurs before the texture is accessed. If u/w and 

1/w coordinates were passed separately, the shader performs the inverse scaling using 

the formula: 

u = (u / w) / (1 / w) = u 

The same applies to the v coordinate. The resulting values are used to select the 

appropriate texture element. In the case of more complex shaders or procedural 

texturing, the programmer can manually implement these operations for more flexible 

control, but in most cases everything is done automatically in hardware mode. 

The fragment shaders then pass the coordinates to the texture unit. This unit 

accesses the texture memory and retrieves the color value based on the u and v 

coordinates. The texture unit also performs filtering (e.g., bilinear or anisotropic) and 

calculates the level of detail (LOD), which takes into account the du/dx, dv/dy 

derivatives, but with perspective deformation taken into account, since the coordinates 

were correctly adjusted in the previous stages. 

All of these blocks operate within the GPU's parallel architecture, which allows 

it to process thousands of fragments simultaneously. The parallel SIMD (single 

instruction, multiple data) architecture and the use of caches allow for reduced 

overhead even with a large number of divisions and backscaling. Additionally, thread 
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schedulers and instruction dispatching blocks are used to distribute interpolation 

calculations between GPU cores as efficiently as possible. 

Thus, perspective-correct texturing in the GPU is implemented in a complex and 

hardware way. The main performers of this function are the vertex processing units 

(which prepare u/w), the rasterizer with an interpolation module (which calculates 

barycentric weights and performs perspective interpolation), fragment shaders (which 

perform inverse scaling), and the texture module (which applies the obtained 

coordinates and filters the texture). Due to the hardware implementation of this 

complex mathematics, the GPU allows you to achieve high visual accuracy of textures 

without a significant impact on performance even in real-time rendering mode.1415 

Perspective-correct texturing has long been an integral part of 3D computer 

graphics, providing accurate texture overlays that take into account perspective 

distortions. However, despite its widespread hardware implementation and 

standardization in graphics APIs, this method continues to evolve in response to 

increasing demands for visual quality, performance, and integration with new 

rendering technologies. The prospects for the development of this approach are 

associated with several key areas. 

First, with the proliferation of high-quality real-time rendering, especially in the 

context of virtual and augmented reality, there is a need for even more precise control 

over the interpolation of texture coordinates. Modern VR/AR displays have high pixel 

densities and small subpixel sizes, so even minor texturing errors, particularly at 

geometry boundaries or during fast camera movement, can be noticeable to the user. 

In this context, adaptive perspective-correct texturing methods are being developed 

that use hybrid strategies: for example, automatic switching between accurate and 

optimized texturing depending on the scene area, camera distance, or viewing angle. 

 
14 Romanyuk, O. N., Dudnyk, O. O., Romanyuk, O. V., & Ozerchuk, D. A. (2021). Perspective-correct texturing method. 

Information Technologies and Computer Engineering , (1), 55–63. 
15 Romanyuk, O. N., Dudnik, O. O., Snigur, A. V., Reida, O. M., & Romanyuk, O. V. (2021). Peculiarities of vector 

normalization in perspective-correct color reproduction. Scientific works of DonNTU. Series: Informatics, cybernetics 

and computing technology , (1[32]), 11–17. 
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Second, perspective-correct texturing is integrated with new lighting and 

shading algorithms. In modern physically based rendering (PBR), it is important that 

all surface attributes, including normals, roughness, specular, and albedo, are spatially 

consistent. This requires interpolating not only the base texture coordinates but also 

their derivatives, as well as ensuring that levels of detail (LOD) in mipmaps are 

correctly calculated. New GPU architectures allow derivatives to be calculated with 

greater precision, which opens the way to dynamically adjust the level of perspective 

correction. 

Another promising direction is the introduction of machine learning into the 

texturing process. Models are already being studied that, based on a preliminary 

analysis of the scene, predict in which areas of the image an exact correction is 

necessary, and where it can be replaced by an approximate version. For example, neural 

networks can detect areas of high visual attention (foveated rendering) and increase the 

accuracy of perspective-correct texturing in them, reducing resources for peripheral 

areas.1617 

Of particular note is the development of perspective correction for irregular 

meshes and curved surfaces. Traditional methods mainly use flat polygons (triangles), 

but the growing popularity of surface subdivision, Bezier curves, NURBS, and other 

complex geometric primitives requires new approaches to interpolation. In this context, 

perspective correction options for parametric and implicit surfaces are being developed 

that take into account not only the position and w-component, but also the geometric 

derivative of the surface. 

Also important is the development of methods for accurate texturing when 

objects are deformed - for example, in the case of skeletal animation, morphing or 

physically based simulations. Here, the creation of a correct w-component transfer 

during deformation is relevant, which guarantees the preservation of correspondence 

between geometry and texture even with significant changes in shape. 

 
16 Romanyuk, O. N., & Dudnik, O. O. (2016). Improving the performance of perspective-correct texturing using 

anisotropic filtering. Measuring and computing equipment in technological processes , (3), 192–195. 
17 Romanyuk, O. N., & Dudnik, O. O. (2016). Method for increasing the productivity of perspective-correct texturing. 

Scientific works of DonNTU. Series: Informatics, cybernetics and computing 
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No less promising is the direction of optimizing perspective-correct texturing in 

mobile and power-constrained devices. Since mobile GPUs have limited memory 

bandwidth and power budget, research is underway to simplify the calculations without 

losing visual quality, for example, through the use of lookup tables, approximations, 

or pre-encoding perspective deformation in texture space. 

In conclusion, perspective-correct texturing is not a finished and frozen 

technology. It continues to actively develop in the direction of increasing accuracy, 

adaptability, integration with new graphics technologies, the use of artificial 

intelligence, support for complex surfaces and reducing power consumption. All this 

indicates its continued importance for future 3D visualization systems, in particular in 

the field of interactive graphics, game engines, engineering modeling and virtual 

environments.


