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Abstract— In the article, it is developed a new illumination model based on cubic polynomial. Coefficients of this polynomial are based on the proposed cubic expressions. The increase in the accuracy of the approximation of the Blinn-Phong model is provided.
Keywords—illumination model, bidirectional reflectance distribution function, cubic polynomial, Phong model, rendering.
Introduction
Three-dimensional rendering [1] lies in the visualization of the graphic scene with respect to its geometrical model. The calculation of color intensity is done for each pixel of the image based on the selected reflectance model. Reflectance models are calculated based on surface normal, incident, and reflected light vectors, all normalized to unit length. Additionally, microrelief of the surface, special cases of light reflection from the surface, and extra optical properties of materials can be taken into account. Therefore, rendering is the most computationally expensive stage of three-dimensional image formation.
Modern interactive systems of three-dimensional rendering are characterized with the requirement of graphic scenes formation in real-time mode. In order to provide a highly productive shading of object surfaces, it’s reasonable to use simple reflectance models.
At the same time, existing highly productive reflectance models don’t always provide the acceptable quality level of an object’s visual features reproduction. Consequently, the development of new reflectance models is actual.
Literature Analysis
In order to determine the color intensity of pixel [2], the ambient and reflected from the surface lighting are considered.


Modeling the contribution of reflected from an object’s surface light to the color intensity of the pixel involves the calculation of diffuse [2] and specular [2] color components. The cosine of the angle between normal at the surface point  and the vector from the surface point to the light source  is often used for the diffuse color component calculation. The calculation of the specular color component [2], which is responsible for reproducing specular highlights at the surfaces of objects, is more computationally expensive.
In general, the color intensity of the pixel can be calculated according to the formula [2]

	,	(1)









where , ,  – coefficients of ambient lighting, diffuse light reflection, specular light reflection respectively,  – the angle between ,  – the intensity of ambient lighting,  – the intensity of the light source,  – bidirectional reflectance distribution function,  is a vector from the surface point to the camera.


The most common are the models of light reflection from the surface, which are based on bidirectional reflectance distribution functions (BRDFs) [3-6]. BRDFs evaluate the ratio of reflected light in direction  relative to the incident light direction . Physically-based BRDFs [4-5] and empirical BRDFs [4-5] are distinguished.



Physically-based BRDFs [4-5] are characterized by complex calculation formulas, high number of parameters and provide a highly realistic rendering of three-dimensional scenes. A broad subclass of physically-based BRDFs lies in the calculation of distribution function  of small mirror-like areas (microfacets), light shadowing-masking function , and Fresnel coefficient . The basic function of this BRDF subclass is a Cook-Torrance BRDF [7-10]

		,	(2)


where  – angle between .

The broadly used  function is a function of GGX distribution [11-12], which was introduced for usage in Walter BRDF. GGX-distribution is determined as

		,	(3)



where  - roughness parameter,  - halfway vector, which is calculated according to expression .
The advantages of the distribution are relative simplicity, providing the reproduction of concentrated epicenter and long tail of specular highlight. It gives possibility to highly accurately reproduce the reflective properties of materials.
Special physically-based distributive functions and respective microfacet distributions are used for materials with unique light reflection properties. For example, the Estevez-Kulla distribution “Charlie” [13] is used to represent light reflection from cloth-like surfaces. The formula is used

		,	(4)
The high complexity of physically-based BRDFs limits their usage during highly productive 3D-image formation.
Empirical BRDFs [4-5] approximately represent the reflective properties of materials and are intended for use in highly productive systems of three-dimensional rendering.


In particular, the distributive Phong function [5, 14-15] is broadly used, it involves taking the angle between vectors  to the th power:

			.			(5)






 is a vector of mirror reflection and is calculated using the formula , and  is a surface shininess coefficient. The advantages of the function are simplicity, possibility of cosine calculation through the dot product of vectors. The modified version of Phong BRDF is Blinn BRDF [5, 14-15], which involves the calculation of the cosine of the angle between  and halfway vector . The essential disadvantage of Phong and Blinn functions is a high computational complexity when the value of  is high.
Schlick BRDF [16-17] provides a highly productive approximation of Blinn-Phong BRDF, it has the form

		.	(6)
The disadvantage of the function is that the accurate enough reproduction of specular highlight is provided only for its epicenter zone. In the attenuation zone, a significant deviation of Schlick BRDF values from the values of Blinn-Phong BRDF [17] is observed.
Another low-power approximate expression is a cosine-power BRDF [18]. One of the formula variants is a fourth-degree expression [18]

		.	(7)
This expression is highly productive, permits accurate enough reproduction of epicenter and attenuation zones of the specular highlight. However, its plot is increasing after reaching zero level. Hence, it’s necessary to perform the calculation of zeroing coordinate of function values. 
The considered functions have a high computational complexity and relatively low accuracy. Therefore, the development of new highly productive empirical BRDFs, which will provide a highly accurate reproduction of specular highlights, is necessary.
Aim of the Work
The aim of the work is the development of a new surface reflectance model, which will provide an increased accuracy of the specular highlight’s epicenter and attenuation zones reproduction.
Approximated Blinn-Phong Model Based on Cubic Polynomials

Let’s consider the approximation of Blinn-Phong BRDF () by the cubic polynomial

,	(8)

where   – polynomial coefficients.



We select optimal  coefficients values for every value of  relative to . In order to select the optimal coefficients, we use the equation of polynomial regression [19]

,(9)










where  – і-th value of  relative to  with a step of  rad, ,  – Blinn-Phong BRDF value relative to  and constant  value. We save the obtained values of , which correspond to , to the respective text files.



Let us find the polynomial expressions  for representing the dependency between values of  and values of the shininess coefficient :

.	(10)
The equation of polynomial regression is similarly used

,(11)






where ,  – the і-th value of ,  – value of the respective polynomial coefficient relative to ,  – desired coefficients of the expression.




As a result, the expressions for , , ,  calculation are obtained

.	(12)

	.	(13)

	.	(14)

.	(15)








We denote the proposed polynomial expression as . Fig. 1(а) shows the plots of the proposed  and the Blinn-Phong BRDF (). Fig. 1(b) shows the plots of  and approximate  (Schlick BRDF),  (cosine-power BRDF of the 4th degree) expressions. It is shown that  provides a highly accurate approximation of .






Fig. 1. Plots of  and  (а), ,  and  (b)






Fig. 2 shows the plots of maximum relative errors  of , ,  from  in the specular highlight’s epicenter zone relative to .






Fig. 2. Plots of maximum of , ,  from  in the specular highlight’s epicenter zone


















It can be seen from Fig. 2 that the maximum value of  of  from  is 3.5% and it is much lower in comparison with  of , . Fig. 3 shows the plots of maximum absolute errors of , ,  from . It is shown that the maximum  of  from  at the bigger part of interval  doesn’t exceed 0.02. In comparison with , , it is provided an essential increase in the accuracy of the specular highlight’s attenuation zone reproduction, which corresponds to the maximum  of the specified BRDFs.






Fig. 3. Plots of maximum  of , ,  from  

The disadvantage of  is the abscissa axis intersection, which leads to the necessity of negative values clipping. The point, after which it’s necessary to clip the negative values, is approximately calculated

			.		(16)
We represent (10) in the form

.	(17)


Let us evaluate the complexity of  usage. We determine the clock counts of AMD Zen4 (2022) [20], which are required for the polynomial  calculation (Table 1).

Number of Operations and Respective Clock Counts for the Polynomial  Calculation
	Operation
	Number of operations
	Clock counts
	Total clock counts

	ADD
	3
	1
	12

	MUL
	3
	3
	










In order to check the negativity of  value, it’s necessary to use CMP operation, which corresponds to 1 clock count. Hence, the calculation of  with the condition of  values preservation in permanent memory requires 13 clock counts of AMD Zen4. It approximately corresponds to 4 multiplications for taking  to the 16-th degree. Therefore, it’s reasonable to use  when . The following analysis has shown that the additional 42 clock counts are needed with the condition of  calculation. Therefore, it’s reasonable to store the coefficient values in the permanent memory.







Let us consider the hardware implementation of the device (Fig. 4) for the determination of specular component of color intensity based on . The device includes the registers, multiplication units , adders , comparator block , block of keys , blocks of permanent memory .

Fig. 4. Schematic diagram of the proposed device for determining the specular component of color intensity





























,  values, the values of , multiplied by RGB-components of  (see (1)), are written to the registers  respectively. The values of  coefficients are stored in .  are used for the formation of ,  values respectively.  provide the formation of , ,  multipliers. Next,  are respectively used for the formation of intermediate sums ,  and calculation of .  and  provide the zeroing of  negative values. Based on the values of  and multipliers, written into , and using , the calculation of RGB-channels , ,  of the specular component of color intensity is done. The analysis has shown that in order to store the values of  in , it’s needed 30848 bits. 

Using the 3D-rendering tool Idx3d, it was visualized a test figure «Car» (Fig. 5) based on the .

Fig. 5. Result of the test figure «Car» visualization in Idx3d
Conslusions
[bookmark: _GoBack]In the article, it is proposed a new approximate expression of the Blinn-Phong light reflectance model with the usage of cubic polynomial. The expression is based on the calculation of coefficients of the cubic polynomial using the additional cubic polynomials. In the result, it is provided an increase in the accuracy of the specular highlight’s epicenter zone reproduction by 3 times in comparison with Schlick BRDF. Besides that, the absolute error of Blinn-Phong BRDF approximation is decreased by 4 times in comparison with Schlick BRDF. The schematic diagram of a hardware implementation of the developed expression is proposed. Expression is intended to increase the realism of scene formation in highly productive 3D-rendering systems.
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