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Fresnel Equations, Schlick
Approximation, Metals, and
Dielectrics
If you look at a renderer you will probably see some references to
"Schlick" and "Fresnel" and see some 5th order polynomial equations. 
This is all about smooth metals and "dielectrics".

You will notice that the reflectivity of smooth surfaces vary with angle. 
This is especially easy to see on water:

Note how the reflectivity increases as the angle of the viewer
increases as the incident angle of the viewing direction to the
normal increases.   Work by Escher.

The fraction of how much light is transmitted and how much is reflected
adds to one.  This is true tracing the light in either direction:

https://en.m.wikipedia.org/wiki/Three_Worlds_(Escher)
https://1.bp.blogspot.com/-K8rHTzxatCA/XmwVKmZcT5I/AAAAAAAACcU/SxsS2xMW-Gw-j43UMjmnjLEYlKcjk7QSACLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B5.19.08%2BPM.png
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Left: the light hitting the water divides between reflected and refracted based
on angle (for this particular one it is 23% reflected).  Right: the eye sees 77%
of whatever color comes from below the water and 23% of whatever color
comes from above the water.

So in a ray tracer we would have the color of the ray be

color = 0.77*color(refracted_ray) + 0.23*color(reflected_ray)

But how do we compute those reflected and refracted constants?

These are given by the Fresnel Equations.  For a non-metal like water, all
that you need for them is the refractive index of the material.  Back in the
dark ages, I was very excited about these equations and used them in my
ray tracer.  Here they are from that wikipedia page:

Here R is the reflectance, theta is the angle to the normal of the incident
direction, n1 is the refractive index of the material the incident light is in,
and n2 is the refractive index of the material the light is going into.  But
there are two of them?!  One is for one type of polarization, and one is for
the other.  The "types" are relative to the surface normal.  This is a cool

https://en.wikipedia.org/wiki/Fresnel_equations
https://en.wikipedia.org/wiki/Refractive_index
https://1.bp.blogspot.com/-nrDG-J5R-vg/XmwaEjCi0lI/AAAAAAAACcg/ho_SK_-qi0YZC-I77BMeaUpjDTDC0rCFQCLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B5.40.46%2BPM.png
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topic but we would need would delve into some pretty serious optics we
wont use (though many applications do where optical accuracy is needed
and Alexander Wilkie has been doing great work in that area).  So what if I
don't have polarization in my ray tracer.  I used to just average them:

R = (R_s + R_p) /2

So how do those look?  Here is from that same wikipedia page as above:

 Well there are some cool things there.  Especially that R_p goes to zero
for one angle.  This is Brewster's Angle and why I have polarized sun
glasses-- so I can get x-ray vision into water!  But I wont simulate that in a

https://cgg.mff.cuni.cz/~wilkie/Website/Home.html
https://en.wikipedia.org/wiki/Brewster%27s_angle
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ray tracer.

So what does R = (R_s + R_p) /2 look like for the example above.  I'll type
it into grapher on my mac, where x is in theta_i in radians:

Wow that is certainly a complicated expensive function for such a smooth
curve.  The x axis in in radians so 90 degrees is x = PI/2 = 1.57.  So 0 to
1.57 is the interesting part.

Now I ran that code for years.  But Christophe Schlick has some sweet
papers in the 1990s about using simple approximations to smooth
functions in rendering.  I mean why are we solving the approximate
equation (we threw away polarization) with exact, expensive equations??! 
His equation for approximate fresnel reflection was almost immediately
adopted by all of us.  Here it is from that wikipedia page:

https://1.bp.blogspot.com/-7AIx5nZGOVM/Xmwp-EarL-I/AAAAAAAACc0/g9RDcToAEHwpGclf3rsXiEX0IBTs1TT3QCLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B6.48.25%2BPM.png
https://en.wikipedia.org/wiki/Schlick%27s_approximation
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 That R_0 is the reflectance for theta=0, so light going straight at the
surface.  That is right where transparent surfaces are most clear.  It is just
the big fancy equations above which both collapse to that for theta=0.   If I
graph that too for the n=1.5 I get:

 OK that is close!  And a lot easier and cheaper.

So where do you get n1 and n2?   If one of the surfaces is air use 1.0 for
that.  From that wikipedia article on refractive index above we have:

https://1.bp.blogspot.com/-jMyXoUZX2xA/XmwrWkMm4OI/AAAAAAAACdA/rbFD1W5iRD4kwKMFsXhJ2jFgdoT8G6GBACLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B6.54.35%2BPM.png
https://1.bp.blogspot.com/-RZ9q5TQFSco/XmwscpnBexI/AAAAAAAACdI/0O9b5S92KV4j8je4vRb87EpliREiBGQRQCLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B6.58.52%2BPM.png
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When in doubt, use 1.5.

Now what happens if you want the rainbows you can see along edges in
glass?  That is dispersion and it is a pain in RGB renderers... you probably
need more samples than 3 in color and you need to convert to a spectral
renderer.  This has been done a few times (here is a fun one with lovely
images) but I wont here!

Note that this same equation is used not only for transparent surfaces but
also for the reflective coat of "diffuse-specular" surfaces.  Here is one
way to think of these surfaces-- a chunk of glass/plastic/whatever with
junk in it:

https://1.bp.blogspot.com/-AHY9rcT_acg/XmwtGGPK_GI/AAAAAAAACdU/XXlOtN7lCOgRiXwCN_dAImPbg-pqDyQfACLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B7.01.20%2BPM.png
https://en.wikipedia.org/wiki/Dispersion_(optics)
http://people.eecs.berkeley.edu/~cecilia77/graphics/a6/
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Note that the *surface* (specular) component is just like glass-- use the
Schlick for that!  What refractive index?  When in doubt, 1.5 :) 
Now what about metals?  Does the above apply?  No, they are nothing like
the Fig 2.11 above.  All the action is at the surface.  But the Fresnel
equations are more complex-- literally-- the refractive index of metals is
complex!   This is sometimes written as real refractice index and
conductivity (the real and imaginary part).

Here are the equations:

https://1.bp.blogspot.com/-AVXw6QHVV_w/XmwwhUoF79I/AAAAAAAACdg/pJCJ8itiK8oXvkAR_9u0-Y8JRpGG3Fo8wCLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B7.15.15%2BPM.png
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Wow.  Those are even worse (with k, the conductivity set to zero, you get
the non-conductor ones).  So for some applications, this is needed.  But
not for most graphics programs.  I rarely use them.  Note that they are real
valued.  So can we use Fresnel?  The answer is yes!   So where do I get n
and k?  I implemented them in the dark ages and tried it for a few metals. 
Here is one:

https://1.bp.blogspot.com/-38Ml-wiaQL0/XmwxzywnLDI/AAAAAAAACdo/bvArNW_XzBMOQ4aV5YPvz-uK5iQ_U8SFQCLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B7.21.12%2BPM.png
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That looks like we can probably use the Schlick equations but with
different base cases for R, G, B.  So where do we get the normal incident
reflectance?  We could by evaluating normal incidence.   But the data isn't
widely available and a lot of metals are alloys of unknown composition.  So
we make R0 up (like grab them from an image-- it's an RGB color, but be
careful about gamma!)

vec3 R0 = (guess by looking)
vec3 R = R0 + (1-R0)*pow(1-cosine,5)

But with RGB not just floats.  This is because the refractive index for
metals can vary a lot with wavelength (that is why some metals like gold
are colored).

Now most graphics programs have two Schlick Equations running around-
- one for dielectrics that are float and set by a refractive index, and one

https://1.bp.blogspot.com/-1A50eREofqY/Xmw8Dr7fjQI/AAAAAAAACd0/Z06o1HLm1I8qGBgcrSltfPoVRwSasESbQCLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B8.04.30%2BPM.png
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that is RGB and set by an RGB R0. This seems odd at first, because it is,
but it makes sense if you go searching for the refractive index of glass,
then gold (try it!).

Naty H writes:

I think this is good advice by Naty.

For the curious-- does light refract into metal?  Yes it does, but it gets
absorbed quickly.  This is why a gold film is transparent if it is thin
enough.   Here is information on refraction for metals (I have never
implemented this) using Snell's law: 

Thanks to Alain Galvan for pointing out some errors!

https://1.bp.blogspot.com/-fnYV-Ua-rn0/XmxFbBHL-OI/AAAAAAAACeM/W4es_nEu5qwNVA5toWafAB-4pHfPT7QJwCLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B8.44.55%2BPM.png
https://en.wikipedia.org/wiki/Snell%27s_law
https://1.bp.blogspot.com/-4CVzTI1pt20/Xmw91znSvCI/AAAAAAAACeA/2kh8hv2G7HcYJ0i9mdxbsxV_nST3njA1wCLcBGAsYHQ/s1600/Screen%2BShot%2B2020-03-13%2Bat%2B8.12.17%2BPM.png

