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Abstract 
 
 
How important is a perfect index of refraction value for the look of a material? 
Does everything have to be physically accurate to be percieved as a 
photorealistic material?  
 
There are some aspects of a lot of materials that is already physically measured, 
like its reflectance values. Are all these measurements enough to create a 
material that can be percieved as photorealistic, or are there other more diffuse 
things that needs and artistic input? This paper will take silver as an example. 
Silver often has two distinct types of oxidation: one semi-transparent yellow-ish 
coating and one more black opaque tarnish. Is this something that can be dialed 
in from derived data? What properties of the metal will change when the 
oxidation occurs and how will it affect it look of it from a shading perspective? 
 
Silver utilitys will be thoroughly examined to make out what important visual 
cues there are, and what they are made of. This information will then be used to 
create a silver material that could be percieved as real. A reference silver cup will 
be used as a comparison next to the rendered material. 
 

Sammanfattning 
 
Hur viktigt är det med ett perfekt brytningsindex för att material ska se ut som 
det ska? Behöver allting vara fysiskt korrekt för att ett material ska bli uppfattat 
som realistiskt? 
 
Det finns vissa aspekter av flera material som har mätts, såsom dess reflektivitet. 
Är alla dessa värden tillräckliga för att skapa ett material som kan uppfattas som 
realistiskt, eller finns det fler diffusa saker som behöver ett mer artistiskt 
närmande? Den här rapporten kommer ta metallen silver som exempel. Silver 
har bland annat ofta två typer av oxidation:  en semi-transparant gultonad 
beläggning och en svart, mer opak och matt missfärgning. Är detta någonting 
som kan användas från mätt data? Vilka egenskaper av metallen ändras när 
oxidationen händer och hur kommer det att påverka utseendet från ett 
shadingperspektiv? 
 
Bordssilver och liknande kommer att bli grundligt granskade för att se vilka 
viktiga visuella komponenter det finns. Den informationen kommer sen att 
användas för att skapa ett silvermaterial som ska kunna uppfattas som verkligt. 
En bägare av silver kommer användas som referens för det slutgiltiga materialet.  



 
 

 

Table of Contents 

Abstract ................................................................................................................ 2 

Sammanfattning ................................................................................................... 2 

1 Introduction .................................................................................................. 1 
1.1 Purpose ................................................................................................................................................. 1 
1.2 Delimitations ...................................................................................................................................... 1 

2 Theory ........................................................................................................... 1 
2.1 Index of refraction ............................................................................................................................ 1 
2.2 What happenes when light interacts with matter? ............................................................. 1 
2.3 Fresnel effect ...................................................................................................................................... 4 
2.4 Micro geometry and roughness .................................................................................................. 5 
2.5 Dielectrics, metals and semiconductors .................................................................................. 6 

2.5.1 Metals........................................................................................................................................................ 6 
2.5.2 Dielectrics ............................................................................................................................................... 7 

2.6 Retro-reflectance .............................................................................................................................. 9 
2.7 Coated materials ............................................................................................................................ 10 
2.8 Measured values ............................................................................................................................. 11 

3 ......................................................................................................................... 11 

4 Method ....................................................................................................... 12 
4.1 Material analysis ............................................................................................................................ 12 
4.2 Material creation ............................................................................................................................ 15 

5 Result .......................................................................................................... 18 

6 Discussion and conclusion ........................................................................... 20 

7 References .................................................................................................. 21 

 

  



1 
 

1 Introduction 

1.1 Purpose 
The purpose is to see if measured values is enough to convey realism to a 
material or if artistic inputs are needed. If they are not enough, then how much 
will it help? The goal is to recreate the visual cues on the silver cup, not to make 
an exact replica of the reference. 

1.2 Delimitations 
This paper will focus on the shading aspect of the material creation. Lighting, 
rendering, camera effects and such will not be discussed. 

2 Theory 
 

2.1 Index of refraction 
Index of refraction (IOR) of a material is the value (n) used to describe how light 
spreads through that medium. IOR is defined as  
 

 
 
where c is the speed of the light in vacuum and v is the velocity of a wavelength 
of the light when traveling inside the material. E.g. the n for glass is aproximately 
1.5, which means that light travels n times faster in vacuum than it does inside 
the glass. 
In other words the refractive index determines how much light is bent or 
refracted when entering another medium other than that it is currently traveling 
through. To get the inverse, the IOR can be divided with the target medium. E.g. 
the IOR for water above surface is 1.333, but it is 0.75 below it.  
 

1/1.333 = 0.750  
 

2.2 What happenes when light interacts with matter? 
There are three basic types of  light interaction: absorption, scattering and 
emission. The two most common being absorption and scattering. 
Absorption occurs when some lightwaves of the spectrum are absorbed by a 
material, leaving only a few colors left on the spectrum. E.g. if an object appears 
red, that means all the wavelengths except the red one has been absorbed. 
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Absorption can be seen here in this glass of lemonade. Just as in the example 
above, this medium has absorbed more light in the blue part of the spectrum, 
leaving it with a red appearance.  
 
 
 

 
Figure 1: A glass of lemonade where the only lightwaves left is the red. (Čtenář 

2013) 
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Scattering occurs when the traveling light is disturbed by abrubt changes in the 
IOR. This changes the direction of the incoming light, which in turn gives the 
medium a more opaque appearance. How opaque a medium appears depends on 
how dense the scattering particles that the medium contains of are.  
 

 
Figure 2: This glass of milk has very dense scattering particles which completely 

randomizes the light’s direction, giving it an almost opaque look. (Kühn 2003) 
 
 
Scale is also a factor for both absorption and scattering. Both air and water 
shows almost no sign of absorption or scattering at a close distance, but is very 
visible the farther the distance is. 
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Figure 3: Even though water is seemingly clear in a few inches, it shows its 
absorption and scattering properties over a few meters (Martanto 2015). 

2.3 Fresnel effect 
The Fresnel effect is the observation that the amount of reflectance is based on 
the viewing angle. It also predicts that all smooth surfaces will approach 100% 
specular reflection at grazing angles as shown in figure 4.  

 
Figure 4: The diagram represents a theoretical Fresnel response. (Burley, B. 

2012. Physically-Based Shading at Disney, p. 8) 
 
As figure 5 also proves is that the Fresnel reflection just at the grazing angles are 
completely white. All three of the red, green and blue wavelengths go up to 
100%, which of course equals white once they are added together. 
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Full specular reflection on rough surfaces cannot be achieved; however the 
reflectance will still be visibly brighter and less saturated at grazing angles.  
 

 
 

Figure 5: The red, green and blue wavelengths of gold. The non-polarized values 
all approach 100% at 90° which will result in a white Fresnel reflection 

(Polyanskiy 2016). 
 
 
 

2.4 Micro geometry and roughness 
Roughness is entirely dependent on the smoothness of a surface and affects both 
the specular and the diffuse reflection. Most visibly smooth materials in the real 
world are not actually completely smooth, at least not on a macroscopic level. 
Most of them have microscopic bumps, too small for the eye to see an individual 
bump but still larger than a light wavelength. Surface irregularities will scatter 
the incoming rays which results in a blurrier reflection. The rougher the surface 
is, the wider the spread. (Walter et al. 2007, p. 3) 
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Figure 6: Rays bouncing off a smooth and a rough surface. Note that both 
surfaces appear to visibly smooth, this is because the irregularities on the 

surface is happening on a macroscopic level.  
 
 
Roughness also affects the Fresnel function. If a material has a very rough 
surface then the Fresnel will not reach 100 % at the glancing angles, but it will 
still be sharper and brighter. 
 

2.5 Dielectrics, metals and semiconductors 
Light is made up of electromagnetic waves, therefore the visual properties of a 
material is closely linked to its electric properties. Materials are for that reason 
often grouped into three different categories: dielectrics (insulators), metals 
(conductors) and semiconductors. However since semiconductors are so rarely 
seen it is often grouped together with dielectrics or metals. 
 

2.5.1 Metals  
Metals are characterized by the high amount of specular reflection at the 
incidence angle. Since metals immediately absorb all incoming light, all of its 
colors come from the specular reflection. In other words, a metal never has a 
diffuse component.  
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Figure 7: Raw copper showing a clearly colored specular reflection (Zander 
2009). 

 
 
 

The amount of specular reflectance at the incidence angle often varies between 
60-96%. The reflectance for metals can be calculated using the formula below.  
 

 
In this equation n1 represents the IOR values of the medium, while n0 represents 
the IOR of the medium light is currently traveling through. The last variable, k, is 
the absorption value [King & Raine, n.d].  
 
 
 

2.5.2 Dielectrics  
Dielectrics however always refract and/or scatter light to some degree, then is 
reemitted. This phenomenon is called subsurface scattering (SSS). 
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Figure 8: Light enters a dielectric, scatters around and then is reemitted back out 
of the surface. The broad arrows represent specular reflection and the thin ones 

represents diffuse reflection.   
 

As can be seen in figure 8; the reemitted light exits in various distances from the 
entry point. The distance of the exit point depends on both the density and 
properties of the scattering particles. 
 
Now for shading purposes, if the pixel size is large compared to the entry-exit 
distance then the light can be assumed to be remitted at the entry point. 
Is it a small area compared to the entry-exit distance however then a sub-surface 
scattering technique is needed to achieve a realistic result [Akenine-Möller et al, 
2008, p. 225-226]. 
 
 

 
Figure 9: The upper left image shows where the pixel size is large compared to 

the entry-exit distance, resulting in a local shading point (top right). The bottom 
image shows where the pixel size is small compared to the entry-exit distance.  
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Dielectrics have a very small percentage of specular reflection at the incidence 
angle compared to metals. 95-98% of its reflection is diffuse, leaving only 2-5% 
as a specular reflection. There are a few exceptions to these numbers, among 
them are gemstones that can go all the way up to 17%. The specular reflection of 
dielectrics rarely vary much over the visible spectrum, therefore the reflection is 
almost always white. Figure 12 shows the linear values of water, which supports 
the claim that the specular reflectance value is colorless [Akenine-Möller et al. 
2008, p. 234-235]. 
 
The equation for dielectric incidence reflectance values is as follows: 
 

 
n in this equation is the IOR value of the material in question. 
 

2.6 Retro-reflectance 
In Burley’s paper [Burley 2012, p.9] it shows that almost no material of the 100 
measured ones in the MERL database reached a diffuse reflection over 35% at 
the incidence angle.  
 

 
Figure 10: Showing the average representation of the 50 smooth materials to the 

left and the average representation of the 50 rough materials to the right. 
(Burley, B. 2012. Physically-Based Shading at Disney, p. 9) 

 
Note how the rough materials get a sharp peak at somewhere around 75 degrees 
and then drop after ~85 towards 90 degrees. The smooth materials keep a 
relatively straight amount, then give a slight peak after 75 degrees and dips after 
that.  
 



10 
 

2.7 Coated materials 
One thing to really notice when trying to mimic a multicoated material is that 
unless the underlying material have a significantly higher IOR than the coating, 
then only the specular reflection of the coating will be visible. Figure 11 shows a 
leather wallet with a visible rough specular reflection above the water surface. 
As soon as the wallet is submerged below the water surface, its reflection is 
practically gone and the only prominent specular reflection comes from the 
water. The reason for this is because the difference in IOR between the materials 
is not big enough for a secondary specular lobe to be visible. 
 

 
Figure 11: A leather wallet showing that the IOR difference between the water 

and the leather is too small to produce a second specular lobe. 
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2.8 Measured values 
To our help we have already measured data for the specular component for 
various materials. Note how the values for the dielectrics (water in this case) are 
achromatic, that is because all their RGB wavelengths have approximately the 
same values. [Akenine-Möller et al. 2008, p. 235] Metals on the other hand have 
various values which gives them its colors. Copper for instance has a much 
higher value in the red spectrum, which gives it its reddish specular reflection.  
 
 

 
Figure 12: Showing both linear values as well as the linear colors. 

3  
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4 Method 
 

4.1 Material analysis 
 

 
Image 13: References of the silver material. 

 
When observing the metal it is important to take into consideration is the shape, 
roughness and amount of the reflection. The reflectance value is already 
provided by refractiveindex.info, and gives value of 95.5 %, which makes silver 
one of the most reflective metals.  
 

 
Image 14: One of the reference images showing the specular shape of  

a silverware. Notice the faint wobblyness and the difference in the spread due to 
the surface imperfections and larger dents. 
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Image 15: Five of the more common 

distrubution models.  
 
 
Looking at the reference, the GGX model suits the needs better than the rest, and 
gives generally the more realistic result for most materials with its sharper peak 
and longer tail.  
 
The roughness is equally important to get right for the final look of the material. 
It is important to take the larger surface irregularites into concideration when 
deciding the roughness amount, since they make the surface appear even 
rougher when applied. Therefore a lesser amount of roughness should be used if 
visible irregularities such as scratches or other finishes will be applied as well. 
The references gives a fairly sharp reflection, indicating a relatively low 
roughness value. 
 
The other important observations needed are what kind of finish the material 
has, as well as what the consequences of being exposed to the elements has been.  
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Image 16: A close-up of the cup clearly shows the micro scratches that makes up 

some of the roughness. 
 

 
As the reference shows, the silver cup has been given a polished finish, which is 
indicated by the small scratches visible in the highlights. The reference also 
shows two types of oxidation and corrosion. There is a multi-colored semi-
transparent coating, as well as some more opaque tarnish in the crevices of the 
cup. Some fingerprints and other signs of contact with other materials are also 
visible 
 
All of these visual cues needs to be replicated in order to sell the material as 
realistic. 
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4.2 Material creation 
 
To easiest way to reproduce this kind of material is to take a layered approach. 
The first thing to do is to build the material as its newly manufactured state, then 
add the second layer of coating (if applicable) and continue with adding dirt, 
grime, scratches and other wear and tear. 
 
Since silver is a metal it will not have a diffuse component, but instead reflect its 
environment. It is therefore very important to use an HDR image so that the 
metal has something to reflect.  
 
 

 
Figure 17: The metal cup in its newly manufactured state. 

 
 

Since this is a pure metal with no coating, it should only have one specular lobe. 
However, it looked a bit flat in that state even after the roughness was matched. 
The GGX model provided a fairly close representation of the specular highlight 
found on the references, but it didn’t look as rich as the photos. The solution was 
to add a second rougher specular lobe on top of the first. This gave the 
impression of an even broader tail than the GGX model provided.  
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Figure 18: Measured values with a single specular lobe. 

 
 
The second layer is the semi-transparent coating along with some more opaque 
tarnish. Both the tarnish and the coating happen when the silver comes in 
contact with oxygen as well as hydrogen sulfur. This means that the coating is no 
longer metal and should therefore be considered a dielectric. Unlike rust, the 
tarnish is self-limiting, which means that it only affects the top layers of the 
metal and then works as a protective layer of sorts. 
 
As the reference shows us, the coating can be seen in patches all over the 
material in a somewhat random fashion, meaning that a colored base texture as 
well as some procedural cloud textures should be able to do the trick.  
To ensure that the diffuse reflection of the materials is still in the realm of 
physical plausibility [Burley 2012, p. 9], the reflection generally cannot exceed 
40%.  
 

 
Figure 19: Diffuse reflection can be calculated using the linear RGB (0-1) values. 

 
Since it is semi-transparent the main part of the reflection is coming from the 
metal. It does appear to be rougher than the underlying metal as well. 
The tarnish is, as said previously, a more opaque and very rough substance and 
should be considered as a whole new material entirely. It also shows up 
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predominantly in crevices, so an ambient occlusion shader with some noise can 
be used to keep the procedural workflow going. 
 
The last layer will be fingerprints and other roughness variations. Just as the 
semi-transparent coating and tarnish, this material is a dielectric. Since this is 
something that only will be visible in small parts, the diffuse component only has 
to have some random color variations and a high roughness value. This is also 
driven with a texture to apply the effect where needed. 
 
One last thing to add for a bit more breakup and interest is a low frequency noise 
over the whole cup, so that the highlights don’t read in a perfect straight line. 
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5 Result 
 

 
 

Figure 20: The silver cup next to the silver material with all its components 
combined. 

 
 
The result contains all the important visual cues of the silver cup discussed 
earlier: a similar specular highlight, surface imperfections, various oxidations 
and variations in roughness. All of these are key components to achieve a look 
that represents what the references are showing us.  
 
The material creation itself was a fairly straight forward process. Using the 
layered approach by creating the base material first, then adding the rest of the 
visual cues made the whole thing very manageable. One thing that could’ve made 
this process easier is to have an HDR image from the scene where the reference 
was shot, so that the lighting in the look development scene was matching the 
setting. 
 
The most difficult thing was to create the randomness of the oxidation, to make it 
look random yet visually pleasing. A simple cloud texture was not enough to 
create all the various patterns that occurred in the references. Instead the 
pattern was broken down into three separate texture maps. The first was a cloud 
texture, the second was more of a stain-like mask and the third was a scratch like 
map that subtracted from the other maps.  
The same goes with the tarnish. Three various fractal patterns were multiplied 
and added together to create the hard edged tarnish look. 
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Figure 21: A close-up of the surface imperfections. 

 
This result was achieved using mainly procedural techniques; therefore there 
are some randomness to the result, for better or worse. For an even better result 
hero texturing would be preferable to ensure full control of the outcome, and if 
needed, use procedural techniques in the texturing process instead of the 
shading process.  
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6 Discussion and conclusion 
 
In the end it is the visual result that matters. Measured values provides a great 
base to start, but they don’t always “look” right and you often have to tweak 
them to get it right. 
 
 The reflectance value is something that generally gives a correct look, but a 
precise IOR is not as important for metals as they are for dielectrics. An arbitrary 
value between 10-100 is often enough to convey a material as metallic. 
In fact, measured values can sometimes even make a material look wrong. The 
measured specular values for gold and copper for example, they look way too 
desaturated if you compare the result to references. The red F0 (reflectance at 
the incidence angle) value for gold even goes above 1 (1.022) which is above the 
sRGB color space.  
 
Silver in itself is a pure metal, so its measured reflectance vaule can be trusted, 
however from a shading perspective it is near impossible to be able to get 100% 
accurate reflectance values for alloys, like sterling silver. The reason is because 
there are simply too many variations and there aren’t enough measured IOR and 
reflectance values. For example there are hundreds of different varieties of 
stainless steel, and every one of them are going to have different reflectance 
values depending on how they were made. Some will have various percentages 
of carbon mixed with the iron, some will have chromium and so on. Therefore 
the best thing we have at the moment are only approximations. 
That is one of the reasons that things like the oxidations is difficult to get actual 
measurements of, since its reflectance, roughness and other parameters depend 
on how much the surface has been affected and transformed. It is therefore still 
best to approach if from an artistic perspective and let references dictate the 
values. 
 
The conclusion is that measured values work as a good base if the simulated 
material is supposed to be newly produced. As soon as a material has come in 
contact with the outside world its properties starts to change. When layers of 
oxidation and other wear and tear occurs other variables come into play. The 
measured values still serve as a base, but after that the latter variables make up 
just as much, or even more of the percieved final look of the material. In the end 
the best tool we currently have in our goal to create believable materials are 
references. Data will only take us so far, and if it does not look right, then it is up 
to the artist to take it the rest of the way.  

  



21 
 

7 References 
 
Akenine-Möller, T., Haines, E., Hoffman, N. Real-time rendering. 3rd Edition, A K 
Peters 2008. p. 224-226, 233-245 
 
Burley, B. Physically-Based Shading at Disney, 2012 (https://disney-
animation.s3.amazonaws.com/library/s2012_pbs_disney_brdf_notes_v2.pdf) 
 
King, R.J., Raine, K.W., Light reflection. National Physical Laboratory, n.d. 
(http://www.kayelaby.npl.co.uk/general_physics/2_5/2_5_9.html) (May 2016) 
 
Walter, B., Marschner, S. R., Li, H., Torrence, K. E., Microface Models for Refraction 
through Rough Surfaces, 2007 
(http://www.cs.cornell.edu/~srm/publications/EGSR07-btdf.pdf) 
 
Figure 1: Čtenář. 2013. Limonáda před hostincem v Kuksu, [Photograph]. 
Available at: 
https://commons.wikimedia.org/wiki/File:Limon%C3%A1da_p%C5%99ed_hos
tincem_v_Kuksu.jpg (viewed 2016-10-01) 
 
Figure 2: Kühn, Stefan. 2003. Milk glass. [Photography]. Available at: 
https://commons.wikimedia.org/wiki/File:Milk_glass.jpg (viewed 2016-09-28) 
 
Figure 3: Martanto, Stefanus. 2015. Underwater blue ocean sea. [Photography]. 
Available at: https://static.pexels.com/photos/9149/pexels-photo.jpeg (viewed 
2016-09-28) 
 
Figure 5: Polyanskiy, Mikhail. 2016. [Chart]. Available at: 
www.refractiveindex.info (viewed 2016-09-25) 
 
Figure 7: Zander, Jonathan. 2009. NatCopper. [Photography]. Available at: 
https://commons.wikimedia.org/wiki/File:NatCopper.jpg (viewed 2016-09-27) 

https://disney-animation.s3.amazonaws.com/library/s2012_pbs_disney_brdf_notes_v2.pdf
https://disney-animation.s3.amazonaws.com/library/s2012_pbs_disney_brdf_notes_v2.pdf
http://www.kayelaby.npl.co.uk/general_physics/2_5/2_5_9.html
http://www.cs.cornell.edu/~srm/publications/EGSR07-btdf.pdf
https://commons.wikimedia.org/wiki/File:Limon%C3%A1da_p%C5%99ed_hostincem_v_Kuksu.jpg
https://commons.wikimedia.org/wiki/File:Limon%C3%A1da_p%C5%99ed_hostincem_v_Kuksu.jpg
https://commons.wikimedia.org/wiki/File:Milk_glass.jpg
https://static.pexels.com/photos/9149/pexels-photo.jpeg
http://www.refractiveindex.info/
https://commons.wikimedia.org/wiki/File:NatCopper.jpg

