Physically Based Rendering: 
Past, Present and Future
Intro
The term ‘shading models’ refers to the algorithms used to describe how the simulation of light interacts with the surface colour of a 3D object to mimic such effects as highlights and reflections. These models have taken many forms as the subject of computer graphics has grown as it aims toward greater realism (Whitted and Laboratories, 1980). Physically based rendering (PBR) is the term used to describe the approach that aims to render surfaces with the most accuracy when compared to the real world (Greenberg, 1999). This essay aims to present a critical analysis of a selection of the most popular models over its history while providing a brief explanation of the differences between these models as well as an introduction to shading models for the future. 
Past
[image: undefined]Lambert’s model for diffuse reflections has been widely used within computer graphics for many years as it provides a uniform scattering of brightness across a surface which is the same to the observer regardless of their view angle (Lambert, 1760). The intensity of this brightness is determined to be directly proportional to the cosine of the angle between the normal and the direction of the light (Smith, 2000). This provides an appropriate approximation of diffuse reflection for a considerable range of surfaces but provided an unrealistic output when applied to glossy surfaces (Angel, 2006). This is due to the lack of specular highlights typically found on these types of surfaces as these move as the view direction changes which is fundamentally opposed to Lambert’s model.Figure 1 - Lambertian Diffuse lighting applied using a flat and Gouraud model .


Gouraud went on to publish a new method of shading for real-time system with the Lambertian reflection model providing the basis for diffuse lighting (Gouraud, 1971). It computes the intensity of the lighting at each vertex and interpolates the value across the entire face. This provided a more accurate depiction of light across the surface with minimal overhead (Bishop and Weimer, 1986). It still contained several issues however, such as a dull appearance on some surfaces as well as edge artifacts known as ‘Mach bands’(Lotto, Williams and Purves, 1999) forming along polygon boundaries (Bangay, 2002).
While Gouraud’s model was a step forward, it still only contained diffuse lighting. To increase the image quality of real-time render, Phong proposed his own new shading model to introduce an approximation of specular highlights as well as removing the effect of Mach bands. The result of this however, produces a more computationally expensive technique as it requires the recalculation of an interpolated surface normal at each point of a displayed surface (Phong, 1975). James Blinn builds upon this in his expansion of Phong’s approach, producing an accurate specular highlight while simultaneously addressing reducing the computational costs. This was done through the introduction of the halfway vector, which can potentially be precomputed, in place of Phong’s reflection vector requires less operations per frame to calculate the full lighting output (Blinn, 1977).	Comment by Hal Rear: Too conversational?Figure 2 - Blinn-Phong vs Phong specular highlights.

Blinn-Phong remained the shading model of choice for decades given its computationally efficient approach, even remaining as the lighting model of choice for OpenGL’s fixed function pipeline (Shreiner, 2010). This was bolstered by the rapid increase in both hardware power and utilisation by developers. 
Present
Modern PBR workflows all find their basis in the ground-breaking approach presented by Cook and Torrance in 1981. Their approach provides a more general model for rough surfaces while accounting for the relative brightness of different materials within the same scene. It predicts the distribution and composition of reflected light in relation to the intensity of the light (Cook and Torrance, 1981). The Cook-Torrance reflectance model is more physically accurate than Blinn-Phong as it assumes the angular spread of the specular component changes due to microfacets within the surface, each of which reflects specularly (Akenine-Möller et al., 2019).  This difference was key in showing that the microfacet reflection model can produce accurate metallic surfaces which earlier methods struggled with (Pharr, Jakob and Humphreys, 2023).
Brent Burley presented a new development model on behalf of Disney to SIGGRAPH in 2012. This model went on to be used throughout several films including Wreck-it Ralph (2012). Their bidirectional reflectance distribution function (BRDF) paper began by analysing existing material data surrounding BRDFs. Under caution from artists internally, they went on to produce a “principled” BRDF model with a highly customisable set of parameters to provide an excellent level of control. The two most relevant of these parameters are; metallic and roughness (Burley, 2012). For their implementation, they utilise the Schlick-Fresnel approximation while ignoring the index of refraction for their diffuse factor as they find it to create a comparable match to their previously looked at data while still being within artistic reason. This motivation also matches their reasoning for their implementations of the specular components.
An additional method for implementing physically based lighting is to sample the real-world directly. Image-based lighting (IBL) is the process of lighting an object or scene with images taken from the real world. An omnidirectional image is taken such as a panorama or by stitching together several directional images. This is image is projected onto a sphere akin to environment mapping and then used as a radiance map sample in combination with a lighting model to simulate the final output for objects within a scene (Debevec, 2008). This technique is extremely popular as it continues to be used today, including in some major titles such as Forza Motorsport (Leadbetter, 2011) and Rise of the Tomb Raider (Walton, 2016).
Modern game engines utilise both PBR and IBL technologies including Unreal Engine 4 (Karis, 2013). They cite Burley’s presentation concerning their PBR model as an inspiration and foundation of the new workflow they would go on to create for UE4. The implementation for BRD, when compared to Burley’s, has a few key differences to mirror their different end goals, such as:
· Diffuse BRDF – They use the traditional Lambertian diffuse model rather than Burley’s own as there is no justification for the addition computational cost.
· Specular G – They use the Schlick model (Schlick, 1994) with an alteration to the k value to better fit the original model for GGX. They justify this as it provides an exact match the original Smitch model as α = 1.
· Specular F – In place of the power on the Schlick approximation, they utilise a Spherical Gaussian approximation as it provides no discernible difference in quality while being slightly more efficient to compute.
Creating an effective PBR pipeline like this with artists in mind is part of the reason Unreal Engine remains one of the most popular game engines in industry (VGI, 2025). PBR however, still incurs a higher computation cost than Blinn-Phong, requires highly parametrised materials and has no space within a stylised workflow.
Future
As the industry looks to the future of PBR, a few techniques stand out. One such example is Spectral Rendering. This technique considers the modelling of light rays as if they behaved like their real wavelengths. As well as this, spectral rendering considers the full spectrum of light as an input rather than the conventional RGB. This allows for a greater expression of colour and a more accurate representation leading to a more realistic end product (Kim and Gotchev, 2024). The trade-off for this accuracy is that the process is significantly slower than the traditional rendering techniques. 
With the release of the Nvidia Turing architecture GPUs, the hardware acceleration of raytracing has become widely accessible. Raytracing is an active field within PBR research that has been massively accelerate by this growth of interest. It has been a key part of photorealism for many years and continues to be at the forefront of game development as many games begin integrating support (Санжаров et al., 2019). Whitted introduced what would become the foundation for modern raytracing, in which he begins to implement reflections from nearby objects. He uses a tree system to store the intersections of each component ray with surfaces in the scene before recursively searching the tree to calculate the output for the visible surfaces. The cost of the increased scene accuracy, however, is a substantial increase in rendering time. In this paper, he discusses the allocation of processing time spent per frame. His conclusions indicates that the majority of time is spent calculating the intersection of rays and surfaces and suggests that a more efficient intersection processor would massively improve performance (Whitted and Laboratories, 1980). RTX/Turing architecture GPUs do exactly this, making use of specialised cores for accelerated intersection calculation tests to produce real-time raytracing (Санжаров et al., 2019).
Hertzmann states that machine learning can offer an efficient and effect solution for many of the key problems in the field of computer graphics. Given the computing power of modern computers, the limitation upon building digital worlds is not on the processing, but rather the level of effort required. Machine learning with graphics can cover a wide range of subjects from the denoising of scenes, generation of new textures and the use of neural networks to encode spherical harmonic coefficients (Nowrouzezahrai, Kalogerakis and Fiume, 2009). Machine learning is utilised by Nvidia, powered by RTX tensor cores, in a suite of neural network rendering technologies known as NVIDIA Deep Learning Super Sampling or DLSS. DLSS Multi-frame generation produces additional frames to improve perceived video game performance. It can multiply frame rates over 8x when compared to traditional brute-force rendering and can generate up to three additional frames for each rendered frame. Alongside this, it can also upscale the resolution and improve image quality on the fly. Previously powered by Convolutional Neural Networks (CNNs), the latest iteration uses a vision transformer to determine an individual pixel’s importance within a frame, across multiple frames (Lin and Burnes, 2025).
Conclusion
Physically based rendering has been a fundamental touchstone in the evolution of computer graphics. Driven by the reach for realism, PBR has pushed the standard of game rendering without compromising heavily on its intentions. Physical accuracy remains at the forefront of new developments such as hardware accelerated raytracing and spectral rendering. The acceptance of PBR workflows into mainstream engines has dramatically increased the fidelity and approachability of producing content to developers. The introduction of customisable metallic and roughness materials in-engine, driven by Burley’s work, and IBL has made PBR almost universal across the industry. This has only been pushed further by the advent of raytracing optimised hardware such as Nvidia’s RTX/Turing and AMD’s RDNA 4 architectures. The dedicated hardware to compute key components of raytracing calculations such as intersections has provided a revolutionary increase in speed for intense graphics scenes. With the ever increasing size of the games industry, the call for higher graphic fidelity also increases. With the current approaches to PBR, realistic materials and lighting responses are produced in a reasonable timeframe having being built upon years of research. In the future, this looks only to increase as developers (both software and hardware) utilise more reasons to produce higher resolution and higher accuracy frames.
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