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ABSTRACT

Cel-Shading is a method of rendering 3D objects to make them look like a 2D drawn images. This pa-
per will focus on explaining the existing techniques we implemented to achieve Cel-Shaded rendering on the

CSCI-580 rendering API.
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INTRODUCTION

Cel-Shading has its origins on celluloid 2D animations like the ones created by Disney and many other
animation companies. It is also called “toon-shading” because its results mimic cartoon and comic drawings. In

simple terms, outlines are drawn between areas of smooth color to get the simulated 2d drawn effect. (Méller)

Our approach to Cel-Shading was very hands-on. Surface shading was easily implemented as a shader
that runs on a per-pixel base and computes the correct shade for the pixel. For outline detection, we started by
implementing Object Space detection using back-face culling techniques and then moved on to use image

processing techniques, in Image Space, to achieve great results.

There are many methods of implementing Cel-Shading, but most of the time two phases are involved:

shading and outlining.

The first phase is to shade the object using one color, taken from the model’s data or from the model’s

texture. This phase may also include adding specular highlights.

The second phase is to find the outlines of the object, both internal and external, and then draw them.
Outlines are what makes cartoons particular because they define boundaries between areas of different colors.

In real life, we have no outlines, but cartoons need them to define differences between entities.
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Shading is the process of giving color to a surface depending on its orientation towards the camera,
the lights that affect it and the color data encoded into the object or its texture. In Cel-Shading, it is done

either using a solid flat color, or using a multi-tone approach (Méller).

When doing multi-tone shading, if the pixel faces a light, the color is displayed in full intensity. Pixels
which are partially facing the light display varying degrees of the color, but the color changes are very sharp.
Specular highlights are also calculated for each pixel if the material currently being rendered requires it. To

achieve a Cel-Shaded effect, the specular highlight has to be clamped to either o or 1.

To implement shading, we use a texture lookup function. The texture lookup function uses either a 1D

texture map with a grayscale, or a 1D array of floating points ranging between o and 1.

The Diffuse Shading dot product (N * L) is used to calculate the texture map index (Moller). After
calculating the index, the texture lookup function is called with the index as a parameter. The texture lookup
returns a shade (between o and 1) that is then multiplied with the surface’s color (either a texture or a solid

color) to get the correct color for the pixel.
In the case of Specular highlights, they are calculated for each pixel using the following equation:
specularColor = (N * E ~ specpower)

If this value is above a certain threshold, the pixel is output in white. Otherwise, the specular component is

zero and the shading color will be the output. This allows for full specular highlight or non at all.

In case the object has a texture instead of a solid color, it is only a matter of using either of our filters
(Sobel or Contour, explained in the next section). A grayscale value has to be calculated from the color compo-

nents (r, g, b) values using the formula:
Igrayscale= 0.3 * Ireat 0.59 * Igreent 0.XX * Iptue (Saurabh)

Instead of applying it on the Normal map color value, the filters are applied on the texture color value. Quite
simply;, when this calculated grayscale value of the texture color is put through the filter, it gives us texture dis-
continuities. The final result will be that abrupt changes in the colors of the texture will be outlined. (Wasi-

lewski)
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The following image shows the results of the shader:

Solid-color Cel-Shaded Rendering with Specular Highlights

The Cel-Shaded output bellow has a Contour Detection filter passing over it in 2 phases. Each pro-
duces black outlines. One phase will outline silhouette edges and the other will outline abrupt changes in the

texture color.

Phong Shaded Rendering Cel-Shaded Rendering

The outlining process is explained in more detail in the next section.
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PHASE 2: OUTLINING

Outlines can be implemented in two different stages of the rendering process. The first is in the
Model (Object) space and the second is the Image space. Our implementation detects outlines in the Image
Space. Detection in Image space can be done using two methods — Depth Map and Normal map. A combina-
tion of both methods will also yield higher quality because both methods will find edges that the other can’t
find.

DEPTH MAP IMPLEMENTATION

A Depth Map, also known as Z-buffer or Depth buffer, can be represented as a 2D array in which the
X, Y coordinates of the pixels are the array indices and the value holds the Z value. Hence, for an image that is
256 pixels by 256 pixels, we will have a 256*256 array, where the content of the array is the Z value for each

pixel.

DRAWING THE DEPTH MAP

The following image is a visual representation
of a Depth Map. Here the color of the Depth Map im-
age corresponds to the Z-values of the 3D model. Its
important to note that the Depth Map is relative to the
camera position. Hence, the Depth Map image is sensi-

tive to changes in camera position and object transfor-

mations. In the above gray scale image, the Depth Map y
shows the minimum value of Z as white, and the maxi- N "4
mum value of Z as black. The objective is to find large Z
discontinuities of the Depth Map which are going to be
the outlines of the image. (Hertzmann) (Decaudin)

Depth Map Image

The implementation in our API entailed using the display buffer (dZsplay->fbuf) which contained the x,
Y, z, 1, g, b, a (Position, Color and Alpha) values. We take the Z value and scale it between o and 1, where o rep-
resents the minimum value of Z and 1 represents the maximum value of Z for the Teapot model. The Z value

replaces the values of 1, g, b to generate the above image, but we map the values (o, D to (255, 0).

Non-Photorealistic Rendering: Cel-Shading 7



The Normal map is an image which represents the surface normal at each pixel on an object by giving
it a color. The values of the (1, g, b) color components of a pixel in the Normal map correspond to the (N, Ny,

N surface normal at that pixel. Computing a Normal map can be done in one of two ways:

On the first rendering pass (I) we place three directional lights on the scene. A red light (1,0,0) lying
on the positive X axis, a green light (0,1,0) lying on the positive Y axis, and a blue light (0,0,1) lying on the posi-
tive Z axis. The ambient coefficient (K,) and the specular coefficient (Ko are set as o, while the diffuse

coefficient (K¢ is set to 1. The calculation of the color for the normals (Ny, Ny, N) is as follows:
color = red max{N, o} + green maxi{N,, o} + blue max{N, o}

The second rendering pass (I,) places the three directional lights of the first pass in the corresponding

negative axes. The calculation of color for the normal (Ny, Ny, N) is as follows:
color = red max{-N., o} + green max{-N,, o} + blue max{-N, o}

Finally, subtracting the two renderings, I,-I., gives a buffer in which each component red, blue and

green correspond to Ny, Ny and N, respectively. (Decaudin)

In order to calculate the Normal map on a single rendering pass, we must put lights on the positive
and negative axes at the same time, if the renderer allows it. The red light is placed on the positive and nega-
tive X axis, the green light is placed on the positive and negative Y axis, and the blue light is placed on the

positive and negative Z axis. (Decaudin)

An alternative Normal map can be implemented using the above techniques but using negative lights
(instead of positive lights) on the negative axes. i.e.. having a negative red light coming from the negative X
axis, a negative green light coming from the negative Y axis and a negative blue light coming from the negative

Z axis into the model. (Hertzmann)
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Normal Map Normal Map (negative lights)

SOBEL OPERATOR

A Sobel operator is one that calculates a gradient based on the Z-value (Depth map) and surface nor-
mal (Normal map) at each pixel. The results of the operator will be a gradient which will be filtered to detect

abrupt changes.

On our API, we implemented the Sobel operator by creating a Depth map and a Normal map with
colors and coordinates. Afterwards, a 3x3 Sobel operator is applied on the Z-values or surface normals of a 3x3
pixel neighborhood. Two passes are performed, one for Gy (horizontal component), one pass for Gy (vertical

component). T

+1 0 -1 +1 +2 +1
G.=|+2 0 —2|+A and G,=|0 0 0 |*A
+1 0 -1 -1 -2 -1

The magnitude is approximated using G = |Gyl + IGyl. A suitable threshold, which decides if an outline should

be present, is applied on G. (Strothotte) (Wikipedia)

A 5x5 Sobel operator was used instead of using the 3x3 operator because it improved the quality of the

output (less noise).

A is the source image

Non-Photorealistic Rendering: Cel-Shading 9



Outlines using x5 Sobel operator on Normal map

CONTOUR DETECTION FILTER

The first step is to apply the following differential operator of order 1 and size 3x3
g=0.125 * (A-x| + 2/B-x! + |IC-xI + 2ID-xI + 2|E-x| + [F-x| + 2IG-xI + [H-xI)

where A,B, ... ,H are the 8 neighboring pixels of x:

B C
X E
G H

This operator produces a gradient from the Depth map or the Normal map. A threshold has to be

applied on the gradient to obtain outlines. The following 3x3 nonlinear filter is used:
P= ((gmax - gm.m) / I(p)2

Here gmax and gmin are the maximum and minimum values of the gradient in the 3x3 neighborhood, and K, is
the detection threshold between o and 1. (Decaudin) (Saito) For our Normal map, K = 0.2. The Contour De-
tection filter for a Normal map should be applied on a grayscale image. We used the following formula to com-

posite the colors and get a grayscale image:

Igrayscale= 0.3 * Ireat 0.59 * Igreent 0.1X * Iptue (Saurabh)
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After applying the filter to Iguayscale, the following Normal map edges are found:

Contour Detection on Normal map 1 Contour Detection on Normal map 2
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CONCLUSION

While researching and implementing Cel-Shading, we were exposed to many methods that showed us
how to implement image processing. We found that there are now definite methods to implement Cel-Shading
and that it depends, mostly, on the result we want to achieve and the computing power we are going to dedi-

cate to the rendering.

One of the most challenging aspects of the project was finding an appropriate threshold for the out-

line detection algorithms to work correctly.

In the end, we feel that our results are compelling and produce a high quality outputon the flexible

CSCI-580 APL.
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