
CS 4620 Lecture 15

© 2019 Steve Marschner • Cornell CS4620 Fall 2019 • Lecture 15

Games with 
Texture Mapping
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Texture mapping: a technique of 
defi ning surface properties (especially 
shading parameters) in such a way that 
they vary as a function of position on 
the surface.

Recall first definition…
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Let’s look at some examples of more general uses of texture maps.
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Texture mapping: a set of 
techniques for defi ning functions on 
surfaces, for a variety of uses.

A refined definition
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• Early (earliest?) non-decal use of textures 

• Appearance of shiny objects 
– Phong highlights produce blurry highlights for glossy surfaces.
– A polished (shiny) object reflects a sharp image of its environment.

• The whole key to a 
shiny-looking material is  
providing something  
for it to reflect.

Journal of Vision (2004) 4, 821-837 Dror, Willsky, & Adelson 822 

(a) (b)

Figure 2. (a). A shiny sphere rendered under photographically

acquired real-world illumination. (b). The same sphere rendered

under illumination by a point light source.  

(a) (b)

Figure 3. (a). A photograph of a metal sphere. (b). The negative

of the same photograph. 

realistic illumination provides a much stronger sense of the 
glossy reflectance than the image rendered under a point 
source.  

Figure 3 compares a photograph of a metal sphere to a 
negative of the same photograph. The original photograph 
has the characteristic appearance of a metal sphere viewed 
in an everyday scene. The sphere simply produces a dis-
torted and slightly blurred image of the world around it. 
The negative image could, in principle, also be a photo-
graph of the same sphere, if it happened to be placed in a 
world with the appropriate distribution of light and dark. 
There is no physical reason why this scene could not exist, 
and a determined photographer could build it on purpose, 
but it would never occur in ordinary life. This negative im-
age does not look like a metal sphere; in fact, it hardly 

looks like a realistic photograph of any ordinary sphere.  
These demonstrations show that some illumination 

patterns lead to significant errors in human material per-
ception. In ordinary life, however, we rarely encounter such 
phenomena. Figure 4 shows four spheres, each photo-
graphed in two locations. The images of different spheres 
in the same setting are more similar in a pixelwise sense 
than images of the same sphere in different settings. Yet, 
we easily recognize the various spheres under different eve-
ryday illumination conditions. In an experiment where sub-
jects were asked to match reflectance properties under dif-
ferent illumination conditions, they consistently performed 
better when given two complex real-world illuminations 
than when given one real-world illumination and one sim-
ple synthetic illumination (Fleming, Dror, & Adelson, 

Figure 4. The two images in each column are photographs of the same sphere. The four images in each row were photographed in the

same location, under the same illumination.  
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Reflection mapping
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• Recall how we can make mirror reflections in ray tracing
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Reflections in ray tracing
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r = v + 2((n · v)n� v)
= 2(n · v)n� v

n
r v



• If scene is infinitely far away, the color seen by the reflection 
ray depends only on the direction of the ray 
– a two-dimensional function
– represent it with a texture!

• Environment map: texture that maps directions to colors 
– one option: axes are (theta, phi)
– better option: cube map
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Reflection mapping
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A spherical panorama, aka. enironment map

straight upstraight up straight up

straight downstraight down straight down

openfootage.net

due Westdue East due South due North due East

http://openfootage.net


• A function from the sphere to colors, 
stored as a texture. 

[B
lin

n 
&

 N
ew

el
l 1

97
6]

© 2019 Steve Marschner • Cornell CS4620 Fall 2019 • Lecture 15

Environment map
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Spherical environment map

Hand with Reflecting Sphere. M. C. Escher, 1935. lithograph
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Environment Maps

[Paul Debevec]



[CS467 slides]
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Cube map

12

(u, v) = (1, 1)
x = y = z

(u, v) = (0, 0)
x = –y = –z

right face has
x > |y| and 
x > |z|

a direction vector maps to the point on the cube that is along that direction.  
The cube is textured with 6 square texture maps.
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[Emil Persson]

[Zephyris at en.wikipedia]



• A fragment operation 
– requires surface normal and a way to get the view direction

• GLSL handles cubemaps by itself 
– you just give it the reflection vector and it figures out where to 

sample and on which face
– sample using textureCube()

• Don’t overlook built-in functions 
– e.g. reflect()
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Reflection mapping in GLSL
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Geometry Bump 
mapping

Displacement 
mapping [C
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Paweł Filip 
tolas.wordpress.com

base surface

displaced surface

hand-painted displacement map (detail)





• A powerful tool for modeling detail 
– used heavily in film production

• Geometric prerequisites 
– texture map representing height field
– smooth normals
– texture coordinates
– dense triangulation

• In GLSL 
– a vertex operation (because it moves geometry)
– displace vertices along normal vectors by a distance proportional 

to texture map value
– compute new normal to displaced surface
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Displacement mapping
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• Displacement changes the surface normal, depending on: 
– derivative of height function
– orientation of texture coordinates
– speed of texture coordinates

© 2019 Steve Marschner • Cornell CS4620 Fall 2019 • Lecture 15

Normals in displacement mapping
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constant height function

varying height function

displaced  
surface

displaced  
surface

normals unchanged

normals tilted



• Displacement changes the surface normal, depending on: 
– derivative of height function
– orientation of texture coordinates
– speed of texture coordinates
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Normals in displacement mapping
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displaced  
surface

displaced  
surface

u = 0
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u = 1
<latexit sha1_base64="QaBMeYVPIPXpFQGif7hO8jzjYoU=">AAAB63icbZDLSsNAFIZP6q3WW9Wlm8EiuCpJWzAuxIIblxWMLbShTKaTduhkEmYmQil9BjcuVNz6Qu58Cx/BaVLF2w8DH/85h3PmDxLOlLbtN6uwtLyyulZcL21sbm3vlHf3blScSkI9EvNYdgKsKGeCepppTjuJpDgKOG0H44t5vX1LpWKxuNaThPoRHgoWMoK1sbwUnSGnX67YVTsT+gvOAirn75Cp1S+/9gYxSSMqNOFYqa5jJ9qfYqkZ4XRW6qWKJpiM8ZB2DQocUeVPs2Nn6Mg4AxTG0jyhUeZ+n5jiSKlJFJjOCOuR+l2bm//VuqkOXX/KRJJqKki+KEw50jGa/xwNmKRE84kBTCQztyIywhITbfIpZSE0ajW3UUc51J1PcL9C8GrV06pz1ag03TwMKMIBHMIxOHACTbiEFnhAgMEdPMCjJax768l6zlsL1mJmH37IevkAoJuPCw==</latexit><latexit sha1_base64="QaBMeYVPIPXpFQGif7hO8jzjYoU=">AAAB63icbZDLSsNAFIZP6q3WW9Wlm8EiuCpJWzAuxIIblxWMLbShTKaTduhkEmYmQil9BjcuVNz6Qu58Cx/BaVLF2w8DH/85h3PmDxLOlLbtN6uwtLyyulZcL21sbm3vlHf3blScSkI9EvNYdgKsKGeCepppTjuJpDgKOG0H44t5vX1LpWKxuNaThPoRHgoWMoK1sbwUnSGnX67YVTsT+gvOAirn75Cp1S+/9gYxSSMqNOFYqa5jJ9qfYqkZ4XRW6qWKJpiM8ZB2DQocUeVPs2Nn6Mg4AxTG0jyhUeZ+n5jiSKlJFJjOCOuR+l2bm//VuqkOXX/KRJJqKki+KEw50jGa/xwNmKRE84kBTCQztyIywhITbfIpZSE0ajW3UUc51J1PcL9C8GrV06pz1ag03TwMKMIBHMIxOHACTbiEFnhAgMEdPMCjJax768l6zlsL1mJmH37IevkAoJuPCw==</latexit><latexit sha1_base64="QaBMeYVPIPXpFQGif7hO8jzjYoU=">AAAB63icbZDLSsNAFIZP6q3WW9Wlm8EiuCpJWzAuxIIblxWMLbShTKaTduhkEmYmQil9BjcuVNz6Qu58Cx/BaVLF2w8DH/85h3PmDxLOlLbtN6uwtLyyulZcL21sbm3vlHf3blScSkI9EvNYdgKsKGeCepppTjuJpDgKOG0H44t5vX1LpWKxuNaThPoRHgoWMoK1sbwUnSGnX67YVTsT+gvOAirn75Cp1S+/9gYxSSMqNOFYqa5jJ9qfYqkZ4XRW6qWKJpiM8ZB2DQocUeVPs2Nn6Mg4AxTG0jyhUeZ+n5jiSKlJFJjOCOuR+l2bm//VuqkOXX/KRJJqKki+KEw50jGa/xwNmKRE84kBTCQztyIywhITbfIpZSE0ajW3UUc51J1PcL9C8GrV06pz1ag03TwMKMIBHMIxOHACTbiEFnhAgMEdPMCjJax768l6zlsL1mJmH37IevkAoJuPCw==</latexit><latexit sha1_base64="QaBMeYVPIPXpFQGif7hO8jzjYoU=">AAAB63icbZDLSsNAFIZP6q3WW9Wlm8EiuCpJWzAuxIIblxWMLbShTKaTduhkEmYmQil9BjcuVNz6Qu58Cx/BaVLF2w8DH/85h3PmDxLOlLbtN6uwtLyyulZcL21sbm3vlHf3blScSkI9EvNYdgKsKGeCepppTjuJpDgKOG0H44t5vX1LpWKxuNaThPoRHgoWMoK1sbwUnSGnX67YVTsT+gvOAirn75Cp1S+/9gYxSSMqNOFYqa5jJ9qfYqkZ4XRW6qWKJpiM8ZB2DQocUeVPs2Nn6Mg4AxTG0jyhUeZ+n5jiSKlJFJjOCOuR+l2bm//VuqkOXX/KRJJqKki+KEw50jGa/xwNmKRE84kBTCQztyIywhITbfIpZSE0ajW3UUc51J1PcL9C8GrV06pz1ag03TwMKMIBHMIxOHACTbiEFnhAgMEdPMCjJax768l6zlsL1mJmH37IevkAoJuPCw==</latexit><latexit sha1_base64="QaBMeYVPIPXpFQGif7hO8jzjYoU=">AAAB63icbZDLSsNAFIZP6q3WW9Wlm8EiuCpJWzAuxIIblxWMLbShTKaTduhkEmYmQil9BjcuVNz6Qu58Cx/BaVLF2w8DH/85h3PmDxLOlLbtN6uwtLyyulZcL21sbm3vlHf3blScSkI9EvNYdgKsKGeCepppTjuJpDgKOG0H44t5vX1LpWKxuNaThPoRHgoWMoK1sbwUnSGnX67YVTsT+gvOAirn75Cp1S+/9gYxSSMqNOFYqa5jJ9qfYqkZ4XRW6qWKJpiM8ZB2DQocUeVPs2Nn6Mg4AxTG0jyhUeZ+n5jiSKlJFJjOCOuR+l2bm//VuqkOXX/KRJJqKki+KEw50jGa/xwNmKRE84kBTCQztyIywhITbfIpZSE0ajW3UUc51J1PcL9C8GrV06pz1ag03TwMKMIBHMIxOHACTbiEFnhAgMEdPMCjJax768l6zlsL1mJmH37IevkAoJuPCw==</latexit><latexit sha1_base64="Mp+s3iLq/NRvj1ZNnZT7SGIYYrQ=">AAAB63icbZDLSsNAFIZP6q3WW9Wlm8EiuCpJWzAuhIIblxWMLbShTKaTduhkEmYmQgl9BjcuVNz6Qu58G6dpFG8/DHz85xzOmT9IOFPatt+t0srq2vpGebOytb2zu1fdP7hVcSoJ9UjMY9kLsKKcCepppjntJZLiKOC0G0wvF/XuHZWKxeJGzxLqR3gsWMgI1sbyUnSBnGG1ZtftXOgvOAXUoFBnWH0bjGKSRlRowrFSfcdOtJ9hqRnhdF4ZpIommEzxmPYNChxR5Wf5sXN0YpwRCmNpntAod79PZDhSahYFpjPCeqJ+1xbmf7V+qkPXz5hIUk0FWS4KU450jBY/RyMmKdF8ZgATycytiEywxESbfCp5CK1Gw2010RKazie4XyF4jfp53blu1dpukUYZjuAYTsGBM2jDFXTAAwIM7uERnixhPVjP1suytWQVM4fwQ9brBwbHjdw=</latexit>

u = 0.25
<latexit sha1_base64="wA+xJp2QZBlwc03doMzVS018u14=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuApJWjEuxIIblxWMLbShTKaTdujk4sxEKKEv4caFilufx51v4SOYJlW8/TDw8Z9zOGd+L+ZMKsN400oLi0vLK+XVytr6xuZWdXvnWkaJINQhEY9Ex8OSchZSRzHFaScWFAcep21vfD6rt2+pkCwKr9Qkpm6AhyHzGcEqszoJOkWGbh31qzVDN3Khv2DOoXb2Drla/eprbxCRJKChIhxL2TWNWLkpFooRTqeVXiJpjMkYD2k3wxAHVLppfu8UHWTOAPmRyF6oUO5+n0hxIOUk8LLOAKuR/F2bmf/VuonybTdlYZwoGpJikZ9wpCI0+zwaMEGJ4pMMMBEsuxWRERaYqCyiSh5Cw7LsRh0VUDc/wf4KwbH0E928bNSadhEGlGEP9uEQTDiGJlxACxwgwOEOHuBRu9HutSftuWgtafOZXfgh7eUD8yGPvQ==</latexit><latexit sha1_base64="wA+xJp2QZBlwc03doMzVS018u14=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuApJWjEuxIIblxWMLbShTKaTdujk4sxEKKEv4caFilufx51v4SOYJlW8/TDw8Z9zOGd+L+ZMKsN400oLi0vLK+XVytr6xuZWdXvnWkaJINQhEY9Ex8OSchZSRzHFaScWFAcep21vfD6rt2+pkCwKr9Qkpm6AhyHzGcEqszoJOkWGbh31qzVDN3Khv2DOoXb2Drla/eprbxCRJKChIhxL2TWNWLkpFooRTqeVXiJpjMkYD2k3wxAHVLppfu8UHWTOAPmRyF6oUO5+n0hxIOUk8LLOAKuR/F2bmf/VuonybTdlYZwoGpJikZ9wpCI0+zwaMEGJ4pMMMBEsuxWRERaYqCyiSh5Cw7LsRh0VUDc/wf4KwbH0E928bNSadhEGlGEP9uEQTDiGJlxACxwgwOEOHuBRu9HutSftuWgtafOZXfgh7eUD8yGPvQ==</latexit><latexit sha1_base64="wA+xJp2QZBlwc03doMzVS018u14=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuApJWjEuxIIblxWMLbShTKaTdujk4sxEKKEv4caFilufx51v4SOYJlW8/TDw8Z9zOGd+L+ZMKsN400oLi0vLK+XVytr6xuZWdXvnWkaJINQhEY9Ex8OSchZSRzHFaScWFAcep21vfD6rt2+pkCwKr9Qkpm6AhyHzGcEqszoJOkWGbh31qzVDN3Khv2DOoXb2Drla/eprbxCRJKChIhxL2TWNWLkpFooRTqeVXiJpjMkYD2k3wxAHVLppfu8UHWTOAPmRyF6oUO5+n0hxIOUk8LLOAKuR/F2bmf/VuonybTdlYZwoGpJikZ9wpCI0+zwaMEGJ4pMMMBEsuxWRERaYqCyiSh5Cw7LsRh0VUDc/wf4KwbH0E928bNSadhEGlGEP9uEQTDiGJlxACxwgwOEOHuBRu9HutSftuWgtafOZXfgh7eUD8yGPvQ==</latexit><latexit sha1_base64="wA+xJp2QZBlwc03doMzVS018u14=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuApJWjEuxIIblxWMLbShTKaTdujk4sxEKKEv4caFilufx51v4SOYJlW8/TDw8Z9zOGd+L+ZMKsN400oLi0vLK+XVytr6xuZWdXvnWkaJINQhEY9Ex8OSchZSRzHFaScWFAcep21vfD6rt2+pkCwKr9Qkpm6AhyHzGcEqszoJOkWGbh31qzVDN3Khv2DOoXb2Drla/eprbxCRJKChIhxL2TWNWLkpFooRTqeVXiJpjMkYD2k3wxAHVLppfu8UHWTOAPmRyF6oUO5+n0hxIOUk8LLOAKuR/F2bmf/VuonybTdlYZwoGpJikZ9wpCI0+zwaMEGJ4pMMMBEsuxWRERaYqCyiSh5Cw7LsRh0VUDc/wf4KwbH0E928bNSadhEGlGEP9uEQTDiGJlxACxwgwOEOHuBRu9HutSftuWgtafOZXfgh7eUD8yGPvQ==</latexit><latexit sha1_base64="wA+xJp2QZBlwc03doMzVS018u14=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuApJWjEuxIIblxWMLbShTKaTdujk4sxEKKEv4caFilufx51v4SOYJlW8/TDw8Z9zOGd+L+ZMKsN400oLi0vLK+XVytr6xuZWdXvnWkaJINQhEY9Ex8OSchZSRzHFaScWFAcep21vfD6rt2+pkCwKr9Qkpm6AhyHzGcEqszoJOkWGbh31qzVDN3Khv2DOoXb2Drla/eprbxCRJKChIhxL2TWNWLkpFooRTqeVXiJpjMkYD2k3wxAHVLppfu8UHWTOAPmRyF6oUO5+n0hxIOUk8LLOAKuR/F2bmf/VuonybTdlYZwoGpJikZ9wpCI0+zwaMEGJ4pMMMBEsuxWRERaYqCyiSh5Cw7LsRh0VUDc/wf4KwbH0E928bNSadhEGlGEP9uEQTDiGJlxACxwgwOEOHuBRu9HutSftuWgtafOZXfgh7eUD8yGPvQ==</latexit><latexit sha1_base64="ZSgoqwI1LFebcYsEavtI0oqG/fk=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuApJWjEuhIIblxWMLbShTKaTduhkEmcmQil9CTcuVNz6PO58G9M0ircfBj7+cw7nzB8knCltWe9GaWl5ZXWtvF7Z2Nza3qnu7t2oOJWEeiTmsewEWFHOBPU005x2EklxFHDaDsYX83r7jkrFYnGtJwn1IzwULGQE68zqpOgcWaZz0q/WLNPKhf6CXUANCrX61bfeICZpRIUmHCvVta1E+1MsNSOcziq9VNEEkzEe0m6GAkdU+dP83hk6ypwBCmOZPaFR7n6fmOJIqUkUZJ0R1iP1uzY3/6t1Ux26/pSJJNVUkMWiMOVIx2j+eTRgkhLNJxlgIll2KyIjLDHRWUSVPISG47iNOlpA3f4E9ysEzzHPTPuqUWu6RRplOIBDOAYbTqEJl9ACDwhwuIdHeDJujQfj2XhZtJaMYmYffsh4/QBZTY6O</latexit>

u = 0.75
<latexit sha1_base64="76KmMj7qEE5fzG4/rX30WG0GdjY=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVyFpK40LseDGZQVjC20ok+m0HTq5ODMRSuhLuHGh4tbncedb+AhOkyrefhj4+M85nDO/H3MmlWW9GQuLS8srq4W14vrG5tZ2aWf3WkaJINQlEY9E28eSchZSVzHFaTsWFAc+py1/fD6rt26pkCwKr9Qkpl6AhyEbMIKVttoJOkWWWT/ulcqWaWVCf8GeQ/nsHTI1e6XXbj8iSUBDRTiWsmNbsfJSLBQjnE6L3UTSGJMxHtKOxhAHVHppdu8UHWqnjwaR0C9UKHO/T6Q4kHIS+LozwGokf9dm5n+1TqIGjpeyME4UDUm+aJBwpCI0+zzqM0GJ4hMNmAimb0VkhAUmSkdUzEKoVSpOrYpyqNqf4HyF4FbME9O+rJUbTh4GFGAfDuAIbKhDAy6gCS4Q4HAHD/Bo3Bj3xpPxnLcuGPOZPfgh4+UD+rWPwg==</latexit><latexit sha1_base64="76KmMj7qEE5fzG4/rX30WG0GdjY=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVyFpK40LseDGZQVjC20ok+m0HTq5ODMRSuhLuHGh4tbncedb+AhOkyrefhj4+M85nDO/H3MmlWW9GQuLS8srq4W14vrG5tZ2aWf3WkaJINQlEY9E28eSchZSVzHFaTsWFAc+py1/fD6rt26pkCwKr9Qkpl6AhyEbMIKVttoJOkWWWT/ulcqWaWVCf8GeQ/nsHTI1e6XXbj8iSUBDRTiWsmNbsfJSLBQjnE6L3UTSGJMxHtKOxhAHVHppdu8UHWqnjwaR0C9UKHO/T6Q4kHIS+LozwGokf9dm5n+1TqIGjpeyME4UDUm+aJBwpCI0+zzqM0GJ4hMNmAimb0VkhAUmSkdUzEKoVSpOrYpyqNqf4HyF4FbME9O+rJUbTh4GFGAfDuAIbKhDAy6gCS4Q4HAHD/Bo3Bj3xpPxnLcuGPOZPfgh4+UD+rWPwg==</latexit><latexit sha1_base64="76KmMj7qEE5fzG4/rX30WG0GdjY=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVyFpK40LseDGZQVjC20ok+m0HTq5ODMRSuhLuHGh4tbncedb+AhOkyrefhj4+M85nDO/H3MmlWW9GQuLS8srq4W14vrG5tZ2aWf3WkaJINQlEY9E28eSchZSVzHFaTsWFAc+py1/fD6rt26pkCwKr9Qkpl6AhyEbMIKVttoJOkWWWT/ulcqWaWVCf8GeQ/nsHTI1e6XXbj8iSUBDRTiWsmNbsfJSLBQjnE6L3UTSGJMxHtKOxhAHVHppdu8UHWqnjwaR0C9UKHO/T6Q4kHIS+LozwGokf9dm5n+1TqIGjpeyME4UDUm+aJBwpCI0+zzqM0GJ4hMNmAimb0VkhAUmSkdUzEKoVSpOrYpyqNqf4HyF4FbME9O+rJUbTh4GFGAfDuAIbKhDAy6gCS4Q4HAHD/Bo3Bj3xpPxnLcuGPOZPfgh4+UD+rWPwg==</latexit><latexit sha1_base64="76KmMj7qEE5fzG4/rX30WG0GdjY=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVyFpK40LseDGZQVjC20ok+m0HTq5ODMRSuhLuHGh4tbncedb+AhOkyrefhj4+M85nDO/H3MmlWW9GQuLS8srq4W14vrG5tZ2aWf3WkaJINQlEY9E28eSchZSVzHFaTsWFAc+py1/fD6rt26pkCwKr9Qkpl6AhyEbMIKVttoJOkWWWT/ulcqWaWVCf8GeQ/nsHTI1e6XXbj8iSUBDRTiWsmNbsfJSLBQjnE6L3UTSGJMxHtKOxhAHVHppdu8UHWqnjwaR0C9UKHO/T6Q4kHIS+LozwGokf9dm5n+1TqIGjpeyME4UDUm+aJBwpCI0+zzqM0GJ4hMNmAimb0VkhAUmSkdUzEKoVSpOrYpyqNqf4HyF4FbME9O+rJUbTh4GFGAfDuAIbKhDAy6gCS4Q4HAHD/Bo3Bj3xpPxnLcuGPOZPfgh4+UD+rWPwg==</latexit><latexit sha1_base64="76KmMj7qEE5fzG4/rX30WG0GdjY=">AAAB7nicbZDLSsNAFIZPvNZ6q7p0M1gEVyFpK40LseDGZQVjC20ok+m0HTq5ODMRSuhLuHGh4tbncedb+AhOkyrefhj4+M85nDO/H3MmlWW9GQuLS8srq4W14vrG5tZ2aWf3WkaJINQlEY9E28eSchZSVzHFaTsWFAc+py1/fD6rt26pkCwKr9Qkpl6AhyEbMIKVttoJOkWWWT/ulcqWaWVCf8GeQ/nsHTI1e6XXbj8iSUBDRTiWsmNbsfJSLBQjnE6L3UTSGJMxHtKOxhAHVHppdu8UHWqnjwaR0C9UKHO/T6Q4kHIS+LozwGokf9dm5n+1TqIGjpeyME4UDUm+aJBwpCI0+zzqM0GJ4hMNmAimb0VkhAUmSkdUzEKoVSpOrYpyqNqf4HyF4FbME9O+rJUbTh4GFGAfDuAIbKhDAy6gCS4Q4HAHD/Bo3Bj3xpPxnLcuGPOZPfgh4+UD+rWPwg==</latexit><latexit sha1_base64="kn3CUeY+MhKm2AZU7ZlxVCWTzYs=">AAAB7nicbZDLSsNAFIZP6q3WW9Wlm8EiuApJW2lcCAU3LisYLbShTKaTduhkEmcmQgl9CTcuVNz6PO58G9M0ircfBj7+cw7nzO/HnCltWe9GaWl5ZXWtvF7Z2Nza3qnu7l2rKJGEuiTikez6WFHOBHU105x2Y0lx6HN640/O5/WbOyoVi8SVnsbUC/FIsIARrDOrm6AzZJmtk0G1ZplWLvQX7AJqUKgzqL71hxFJQio04Vipnm3F2kux1IxwOqv0E0VjTCZ4RHsZChxS5aX5vTN0lDlDFEQye0Kj3P0+keJQqWnoZ50h1mP1uzY3/6v1Eh04XspEnGgqyGJRkHCkIzT/PBoySYnm0wwwkSy7FZExlpjoLKJKHkKzXneaDbSAhv0JzlcIbt08Ne3LZq3tFGmU4QAO4RhsaEEbLqADLhDgcA+P8GTcGg/Gs/GyaC0Zxcw+/JDx+gFg4Y6T</latexit>height function

u varying slowly

u varying quickly

normals tilt more

normals tilt less



• Start with a parametric surface and a height function 

– Recall the tangent vectors are the partial derivatives of p

– …and the normal vector is the cross product of the two tangents.

– We normalize to make unit tangents and normals, when needed
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h(u, v) : R2 ! R
<latexit sha1_base64="WwQQXsdz4z2lpL24m4wai1Hop3g="></latexit><latexit sha1_base64="WwQQXsdz4z2lpL24m4wai1Hop3g="></latexit><latexit sha1_base64="WwQQXsdz4z2lpL24m4wai1Hop3g="></latexit><latexit sha1_base64="WwQQXsdz4z2lpL24m4wai1Hop3g="></latexit><latexit sha1_base64="WwQQXsdz4z2lpL24m4wai1Hop3g="></latexit><latexit sha1_base64="P90RI3vZgOutKX2jbev1ZlEY5mQ="></latexit>

p(u, v) : R2 ! R3
<latexit sha1_base64="au636mCcyDZX0o6mD87h1Z1teSo="></latexit><latexit sha1_base64="au636mCcyDZX0o6mD87h1Z1teSo="></latexit><latexit sha1_base64="au636mCcyDZX0o6mD87h1Z1teSo="></latexit><latexit sha1_base64="au636mCcyDZX0o6mD87h1Z1teSo="></latexit><latexit sha1_base64="au636mCcyDZX0o6mD87h1Z1teSo="></latexit><latexit sha1_base64="3aknrimXNCn5oa3JqHsy4EpsM9w="></latexit>

tu(u, v) =
@p

@u
(u, v)

<latexit sha1_base64="HYIBF16DWLllGjy0ELyph0ZUqxU="></latexit><latexit sha1_base64="HYIBF16DWLllGjy0ELyph0ZUqxU="></latexit><latexit sha1_base64="HYIBF16DWLllGjy0ELyph0ZUqxU="></latexit><latexit sha1_base64="HYIBF16DWLllGjy0ELyph0ZUqxU="></latexit><latexit sha1_base64="HYIBF16DWLllGjy0ELyph0ZUqxU="></latexit><latexit sha1_base64="7TutvQG8SeOmYSOZQ1d15I9U0nI="></latexit>

tv(u, v) =
@p

@v
(u, v)

<latexit sha1_base64="TTducLutfHu0WQw7xyU1Q3HA/a8="></latexit><latexit sha1_base64="TTducLutfHu0WQw7xyU1Q3HA/a8="></latexit><latexit sha1_base64="TTducLutfHu0WQw7xyU1Q3HA/a8="></latexit><latexit sha1_base64="TTducLutfHu0WQw7xyU1Q3HA/a8="></latexit><latexit sha1_base64="TTducLutfHu0WQw7xyU1Q3HA/a8="></latexit><latexit sha1_base64="230cVohsYMiVDYd72VfaUhv0S58="></latexit>

t̂u =
tu
ktuk

<latexit sha1_base64="le3TbHpHpcSTjTKf6Ybvi32u8yk="></latexit><latexit sha1_base64="le3TbHpHpcSTjTKf6Ybvi32u8yk="></latexit><latexit sha1_base64="le3TbHpHpcSTjTKf6Ybvi32u8yk="></latexit><latexit sha1_base64="le3TbHpHpcSTjTKf6Ybvi32u8yk="></latexit><latexit sha1_base64="le3TbHpHpcSTjTKf6Ybvi32u8yk="></latexit><latexit sha1_base64="UpUn32kxkU/8B+wOBjdINpelI4Y="></latexit>

t̂v =
tv
ktvk

<latexit sha1_base64="w/ufTYv6ztrf4JqxDhRHkaNXYDo="></latexit><latexit sha1_base64="w/ufTYv6ztrf4JqxDhRHkaNXYDo="></latexit><latexit sha1_base64="w/ufTYv6ztrf4JqxDhRHkaNXYDo="></latexit><latexit sha1_base64="w/ufTYv6ztrf4JqxDhRHkaNXYDo="></latexit><latexit sha1_base64="w/ufTYv6ztrf4JqxDhRHkaNXYDo="></latexit><latexit sha1_base64="VVjrtGTJoxw79ev6JdbfTMI3K0M="></latexit>

n(u, v) = tu(u, v)⇥ tv(u, v)
<latexit sha1_base64="NTqYtmtppsBPte//58b7PxsdwfA="></latexit><latexit sha1_base64="NTqYtmtppsBPte//58b7PxsdwfA="></latexit><latexit sha1_base64="NTqYtmtppsBPte//58b7PxsdwfA="></latexit><latexit sha1_base64="NTqYtmtppsBPte//58b7PxsdwfA="></latexit><latexit sha1_base64="NTqYtmtppsBPte//58b7PxsdwfA="></latexit><latexit sha1_base64="tk2VXsnhtT/C2QioJn64eKx9c+c="></latexit>

n̂ =
n

knk = t̂u ⇥ t̂v
<latexit sha1_base64="jQ3dp/PzEyvhj0me7NXbwo4G0kY="></latexit><latexit sha1_base64="jQ3dp/PzEyvhj0me7NXbwo4G0kY="></latexit><latexit sha1_base64="jQ3dp/PzEyvhj0me7NXbwo4G0kY="></latexit><latexit sha1_base64="jQ3dp/PzEyvhj0me7NXbwo4G0kY="></latexit><latexit sha1_base64="jQ3dp/PzEyvhj0me7NXbwo4G0kY="></latexit><latexit sha1_base64="YSs26/bFgpSHN1a2h8YJGINM9z4="></latexit>



• Define displaced surface by adding an offset along the normal 

• Tangents to the displaced surface 
– start with tangent in the direction of the u texture coordinate

– last term gets messy but only matters for large displacements 
relative to surface curvature;  throw it out.  Then the tangents are
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(unit normal here because we want h  
to measure the displacement distance)

@pd

@u
(u, v) =

@p

@u
(u, v) +

@h

@u
(u, v)n̂(u, v) + h(u, v)

@n̂

@u
(u, v)

<latexit sha1_base64="ue7vashLZkp9naOZQgBZbxh85nM="></latexit><latexit sha1_base64="ue7vashLZkp9naOZQgBZbxh85nM="></latexit><latexit sha1_base64="ue7vashLZkp9naOZQgBZbxh85nM="></latexit><latexit sha1_base64="ue7vashLZkp9naOZQgBZbxh85nM="></latexit><latexit sha1_base64="ue7vashLZkp9naOZQgBZbxh85nM="></latexit><latexit sha1_base64="MEYu9nlV5Q0EFaxlgsy1BJxBwhs="></latexit>

pd(u, v) = p(u, v) + h(u, v)n̂(u, v)
<latexit sha1_base64="i42E7nxiSaNP43xiFFC+MOWwJjw="></latexit><latexit sha1_base64="i42E7nxiSaNP43xiFFC+MOWwJjw="></latexit><latexit sha1_base64="i42E7nxiSaNP43xiFFC+MOWwJjw="></latexit><latexit sha1_base64="i42E7nxiSaNP43xiFFC+MOWwJjw="></latexit><latexit sha1_base64="i42E7nxiSaNP43xiFFC+MOWwJjw="></latexit><latexit sha1_base64="R5tQxDPy9ALsdyUo4is9MlGfqbk="></latexit>

tdu(u, v) = tu(u, v) +
@h

@u
(u, v) n̂(u, v)

tdv(u, v) = tv(u, v) +
@h

@v
(u, v) n̂(u, v)

<latexit sha1_base64="B0d9bxnnqiG6ehmXkrYngGVECQ4="></latexit><latexit sha1_base64="B0d9bxnnqiG6ehmXkrYngGVECQ4="></latexit><latexit sha1_base64="B0d9bxnnqiG6ehmXkrYngGVECQ4="></latexit><latexit sha1_base64="B0d9bxnnqiG6ehmXkrYngGVECQ4="></latexit><latexit sha1_base64="B0d9bxnnqiG6ehmXkrYngGVECQ4="></latexit><latexit sha1_base64="zZY6LkzxNyBqdU4juLQVWypNX3M="></latexit>

(non-unit tangents here because the  
correct result depends on their length)



• Last step is to compute the normal to the displaced surface
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nd = tdu ⇥ tdv

n̂d =
nd

kndk
<latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="Y6zAJ0qFvSxOfiP6GBC9rvv7Y4g=">AAACFXicbVC7TsMwFHXKq4RS2pklokJigCZhATYkFgaGIhFaqa0qx7lprdpOsJ2qUdQfYOUb+BomxMTf4D4GaDmSpeNzfH3vPWHKqNKe922VtrZ3dvfK+/ZBxT6sHtUqzyrJJIGAJCyRnRArYFRAoKlm0EklYB4yaIfju7nfnoBUNBFPOk+hz/FQ0JgSrI3UGtQaXtNbwNkk/oo00AqDulXtRQnJOAhNGFaq63upPo8ZvIh+gaWmhMHM7mUKUkzGeAhdQwXmoPrFYtqZc2qUyIkTaY7QzkL9XVFgrlTOQ/OSYz1S695c/M/rZjq+7hdUpJkGQZaN4ow5OnHmqzsRlUA0yw3BRFIzq0NGWGKiTUB2b1FYuIEyN1dJ7j7QUGKZuxqmPHapICyLwDV9JZ1eTMxXZhsToL8e1yYJLps3Tf/RQ2V0jE7QGfLRFbpF96iFAkRQhF7Rm/VufVify5xL1irwOvoD6+sHqtWhtQ==</latexit><latexit sha1_base64="BT5jy/eXKMEEGdvNmjd+2t+B1cs="></latexit><latexit sha1_base64="BT5jy/eXKMEEGdvNmjd+2t+B1cs="></latexit><latexit sha1_base64="GteKCzTc2PFHq+7MU6avO47MRM4="></latexit><latexit sha1_base64="tu5qKHuTjeiTnodJYrxt6gDVWHM="></latexit><latexit sha1_base64="Pa+SnaZUueZc5Nev4hWU8ryfp9A="></latexit><latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="NvGknXj3C2ZFoKWPK2RpKZgj3SY="></latexit><latexit sha1_base64="7qa1i0rawTaxRzxWmqszjHytgnY="></latexit>



• geometric inputs 
– u derivative (unnormalized tangent) as vertex attribute
– v derivative (unnormalized tangent) as vertex attribute
– height field as a texture

• vertex stage 
– compute displaced vertex position

– look up displacement value from texture
– compute normal to displaced surface

– compute derivatives of height by finite differences
– add offset to the base surface tangents
– normalized cross product is the shading normal

• fragment stage: just compute shading
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(or compute them  
ahead of time  
and store height and
derivatives in a 
3-channel texture)



• How do we get these tangent vectors? 
– they need to be stored at vertices on the mesh, like normals

• For a triangle, there’s a unique linear map from (u,v) to (x,y,z) 
– the derivatives of that map are the (non-unit) tangents
– can be computed by solving three 2x2 linear systems
– math resembles triangle setup for rasterization; details here

• For displacement mapping you want to leave the tangents 
unnormalized and non-orthogonal 

• For other uses it’s often handy to make the two tangents and 
the normal into an ONB 
– use exactly the basis-from-two math that we have used for 

cameras and manipulators
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http://www.terathon.com/code/tangent.html
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4. DEPENDANCE ON SCALE

One feature of the perturbation calculation
is that the perturbation amount is not invariant
with the scale at which the object is drawn. If
the X, Y, and Z surface definiton functions are
scaled up by 2 then the normal vector length, INI,

scaled up by a factor of 4 while the
perturbation  amount, IDI, is only scaled by 2.
This effect is due to the fact that the object is
being scaled but the displacement function F is
not. (Scale changes due to the object moving
nearer or farther from the viewer in perspective
space do not affect the size of the wrinkles, only
scale shanges applied directly to the object.) The
net effect of this is that if an object is scaled
up, the wrinkles flatten out. This is illustrated
in figure 9.

norma  l stretched

Figure 9 - stretched Bump Texture

This effect might be desirable for some
applications but undesirable for others. A scale
invariant perturbation, D', must scale at the same
rate as N. An obvious choice for this is

D' = a D INI/IDI

50 ID’1 = a INI

where a is independent of scales in P. The value
of a is then the tangent of the effective rotation
angle.

tan+'  = ID'l/lNl  = a

This can be defined in various ways. One simple
choice is a generalization from the simple, flat
unit square patch

X(u,v)  = u
Y(u,v)  = v
Z(u,v)  = 0

For this patch the original normal vector
perturbation gives

N = (0,0,1)
D = (-Fu,-Fv,0)

tan+ = sqrt(Fu'+Fv')

Here the value of a is purely a function of F.
Use of the same function for arbitrary patches
corresponds to a perturbation of

a = sqrt(Fu'+Fv.')
D' = a D lNl/lDl

N"  = N + D'

The texture defining function F is now no longer
being used as an actual displacement added to the
position of the surface. It just serves to
provide (in the form if its derivatives) a means
of defining the rotation axis and angle as
functions of u and v.

5 . ALIASING

In an earlier paper 121, the author described
the effect of aliasing on images made with color
texture mapping. The same problems can arise with
this new form. That is, undesirable artifacts can
enter the image in regions where the texture
pattern maps into a small screen region. The
solution applied to color textures was to average
the texture pattern over the region corresponding
to each picture element in the final image. The
bump texture definition function, however, does
not have a linear relationship to the intensity of
the final image. If the bump texture is averaged
the effect will be to smooth out the bumps rather
than average the intensities. The correct
solution to this problem would be to compute  the
intensities at some high sub-pixel resolution and
average them. Simply filtering the bump function
can, however, reduce the more offensive artifacts- -.
o f  aliasing. Figure 10 shows the result of such
an operation.

Before
:

After

Figure 10 - Filtering Bump Texture

291

[Blinn 1978]

sznple results that can be achieved with this 
technique. The first pattern, a hand drawn unit 
cell of bricks was mapped onto the sphere on the 
cover. 

Figure 8 Hand Drawn Functions Figure A- Hand Drawn Bump Funtions



• Displacement mapping is expensive 
– requires densely tessellated geometry
– many triangles to rasterize

• For small displacements, the most important effect is on the 
normal 
– so just do that part; don’t displace the surface

• Bump mapping is then a fragment operation 
– doesn’t require dense tessellation
– doesn’t actually displace the surface
– gives shading that looks just like displaced surface
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Geometry Bump 
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Displacement 
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• Geometric inputs 
– derivative vectors (unnormalized tangents) as vertex attributes
– height field as a texture
– no dense triangulation needed

• Vertex phase 
– simply transform and pass through the position and tangents

• Fragment phase 
– compute normal to displaced surface

– compute derivatives of height by finite differences
– add offset to the base surface tangents
– normalized cross product is the shading normal

– compute shading using displaced normal
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(or compute them  
ahead of time  
and store in a  
2-channel texture)
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[Paolo Cignoni]



• Geometric prerequisites 
– Texture map (3 channels) representing normal field

– single lookups into normal map required
– Smooth normals
– Unit tangent vectors (normalized, orthogonal)
– No dense triangulation needed
– No finite differencing needed

– Geometric logic 
– look up normal from map
– transform into (tangent-u, tangent-v, normal) space
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• Texture is a function of (u, v, w) 
– can just evaluate texture at 3D  

surface point
– good for solid materials
– often defined procedurally
– see book for more!
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