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Outline

* \Vertex Normals in OpenGL
* \ertex Normals for Flat / Smooth Shading
« Light & Material Setup for Phong lllumination

« Flat: Phong Illumination + Gouraud Shading
— + Ambient / + Diffuse / + Specular component

 Flat: Phong lllumination + Phong Shading

« Smooth: Phong Illumination + Gouraud / Phong Shading
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Vertex Normals in OpenGL

Lighting & shading require surface normals.

In modern OpenGL, normals must be provided as
vertex attributes.

Without normals, lighting cannot be computed.

Each vertex must have at least:
— position (for geometry)
— normal (for lighting)
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Vertex Normals for
Flat / Smooth Shading



Example: a cube of length 2 again

vertex ...
index pOSItIOﬂ
0 (1,1, 1)
1 (1,1,1)
2 (1,-1,1)
3 (-1,-1,1)
4 (-1, 1,-1)
5 (1,1,-1)
6 (1,-1,-1)
7 (-1,-1,-1)
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Flat Shading in OpenGL

 Shading (flat vs smooth) depends on how vertex
normals are defined.

* Flat shading: Assign the same normal (the face
normal) to all vertices of a face.

« A geometric vertex Is shared by multiple faces,
so it has multiple possible normals (one per face).

* — In practice, vertices must be duplicated per face
to assign different normals.

Hanyang University CSE4020, Yoonsang Lee, 2026



Normals of the Cube
for Flat Shading
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vertex index position normal
0 (-1,1,1) (0,0,1)
2 (1,-1,1) (0,0,1)
1 (1,1,1) (0,0,1)
0 (-1,1,1) (0,0,1)
3 (-1,-1,1) (0,0,1)
2 (1,-1,1) (0,0,2)
4 (-1,1,-1) (0,0,-1)
5 (1,1,-1) (0,0,-1)
6 (1,-1,-1) (0,0,-1)
4 (-1,1,-1) (0,0,-1)
6 (1,-1,-1) (0,0,-1)
7 (-1,-1,-1) (0,0,-1)
0 (-1,1,1) (0,1,0)
1 (1,1,1) (0,1,0)
5 (1,1,-1) (0,1,0)
0 (-1,1,1) (0,1,0)
5 (1,1,-1) (0,1,0)
4 (-1,1,-1) (0,1,0)
3 (-1,-1,1) (0,-1,0)
6 (1,-1,-1) (0,-1,0)
2 (1,-1,1) (0,-1,0)
3 (-1,-1,1) (0,-1,0)
7 (-1,-1,-1) (0,-1,0)
6 (1,-1,-1) (0,-1,0)
1 (1,1,1) (1,0,0)
2 (1,-1,1) (1,0,0)
6 (1,-1,-1) (1,0,0)
1 (1,1,1) (1,0,0)
6 (1,-1,-1) (1,0,0)
5 (1,1,-1) (1,0,0)
0 (-1,1,1) (-1,0,0)
7 (-1,-1,-1) (-1,0,0)
3 (-1,-1,1) (-1,0,0)
0 (-1,1,1) (-1,0,0)
4 (-1,1,-1) (-1,0,0)
7 (-1,-1,-1) (-1,0,0)




Vertex Data

def prepare vao cube():

# 36 vertices for 12 triangles

vertices
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“True” Flat Shading

« Compute color once per polygon

* In OpenGL.:
— Can be implemented using the £1at qualifier

— flat in vecd4 vout color;
// in fragment shader

 Problem:

— Each polygon is rendered as triangles

— Each triangle computes its color independently

— Lighting depends on position (light/view direction)
— Each triangle uses a different point — different color
— Visible discontinuities appear
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Practical Flat Shading

 Assign the same normal (face normal) to all
vertices of a face

« Compute lighting per vertex or per fragment
(using Gouraud or Phong shading)

« Even with the same normal, lighting varies slightly
across the polygon
— due to varying light/view directions

e But the variation is small, so the surface still
appears flat

Hanyang University CSE4020, Yoonsang Lee, 2026



Smooth Shading in OpenGL

« Smooth shading: Assign an averaged
normal to each vertex

« A geometric vertex Is shared by multiple
faces, so a single averaged normal is used.

* — This produces smooth transitions across
faces
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Normals of the Cube for Smooth Shading

vertex

index position normal

0 (-1,1,1) | (-0.5773502691896258 , 0.5773502691896258 , 0.5773502691896258 )

1 (1,1,1) (0.8164965809277261 , 0.4082482904638631 , 0.4082482904638631 )

2 (1,-1,1) | (0.4082482904638631 , -0.4082482904638631 , 0.8164965809277261 )

3 (-1,-1,1) (-0.4082482904638631 , -0.8164965809277261 , 0.4082482904638631 )

4 (-1,1,-1) | (-0.4082482904638631 , 0.4082482904638631 , -0.8164965809277261 )

5 (1,1,-1) | (0.4082482904638631 ,0.8164965809277261 , -0.4082482904638631 )

6 (1,-1,-1) | (0.5773502691896258 , -0.5773502691896258 , -0.5773502691896258 )

7 ((-1,-1,-1)| (-0.8164965809277261 , -0.4082482904638631 , -0.4082482904638631 )
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Vertex and Index Data

# 8 vertices

vertices = glm.array(glm.float32,
# position normal
-, 1, 1, =-0.577, 0.577, 0.577, #
i, 1, 1, 0.816, 0.408, 0.408, #
i, -1, 1, 0.408, -0.408, 0.816, #
-1, -1, 1, -0.408, -0.816, 0.408, #
-1, 1, -1, =-0.408, 0.408, -0.816, #
i, 1, -1, 0.408, 0.816, -0.408, #
i, -1, -1, 0.577, -0.577, =0.577, #
-1, -1, -1, -0.816, -0.408, -0.408, #
)
# 12 triangles
indices = glm.array(glm.uint32,
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How to Get VVertex Normals

« 1. Hard-code normals
— Simple but not scalable

e 2. Compute from geometry \
— Cross product (face normals) o

— Averaging (vertex normals) QL

3. Load from model files (.obj, etc.)
— Most commonly used in practice
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Light & Material Setup for Phong
I llumination



Recall: Phong lHlumination Model

| =1, *m, + |, *m, max(0, L-N) + I.*m, max(0, V-R)"

« I, /1,/1 : light ambient/diffuse/specular color

* m,/ my/ m,: material ambient/diffuse/specular
reflectance
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Light & Material Setup for Phong lHlumination

 Light color
— diffuse, specular: color of the light source
— ambient: the same color, lower intensity (about 10%)

 Material reflectance -

— diffuse, ambient: base color of the object

— specular:

» white (non-metal)
« color of the object (metal)
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Flat: Phong lllumination + Gouraud
Shading

+ Ambient / + Diffuse / + Specular component



Recall: Gouraud Shading

W 4 Henri Gouraud
) (1944~)

 Use one normal per vertex

« Compute lighting at each vertex
—> This Is done In vertex shader

 Interpolate vertex colors across the
polygon

— using barycentric interpolation

Hanyang University CSE4020, Yoonsang Lee, 2026



[Code] 1-ambient-only-gouraud-facenorm

#version 330 core

layout (location = 0) in vec3 vin pos;
layout (location = 1) in vec3 vin normal;

i Vertex out vec4 vout color;
uniform mat4 MVP;
shader

void main ()

{
vecd4d p3D in hcoord = vecd (vin pos.xyz, )/
gl Position = MVP * p3D in hcoord;

// light and material properties
vec3 light color = vec3(1,1,1);
vec3 material reflectance = vec3(1,0,0);

// light components
vec3 light ambient = *light color;

// material components
vec3 material_ambient = material_reflectance;

// ambient
vec3 ambient = light ambient * material ambient;

vec3 color = ambient;
vout color = vecd (color, ) ;
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[Code] 1-ambient-only-gouraud-facenorm

* Fragment shader

#version 330 core
in vec4 vout color; // interpolated color
out vec4 FragColor;

volid main ()

{

FragColor = vout color;

}
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[Code] 1-ambient-only-gouraud-facenorm
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def prepare vao cube(): ) a1 , -1, 1, 0,-1, O,
# 36 vertices for 12 triangles 3 1, -1, -1, 0,-1, 0,
vertices = glm.array(glm.float32, i1, -, 1, 0,-1, 0,

# position normal
-1, 1, 1 0, 0, 1, # vO -1,-1, 1, 0,-1, 0,
1, -1, 1 0, 0, 1, # v2 -1, -1, -1, 0,-1, 0,
1, 1, 1 0, 0, 1, # vi 1, -1, -1, 0,-1, 0,
-1, 1, 1 0, 0, 1, # vO 1 1, 1, 1, 0, 0,
-1, -1, 1 0, 0, 1, # v3 1,-1, 1, 1,0, 0,
1, -1, 1 0, 0, 1, # v2 1,-1,-1, 1,0, 0,
-1, 1, -1 0, 0,-1, # v4 1 1, 1, 1, 0, 0,
1, 1, -1 0, 0,-1, # v5 1,-1,-1, 1,0, 0,
1, -1, -1 0, 0,-1, # vé 1 1, -1, 1, 0, 0,
-1, 1, -1 0, 0,-1, # v4 -1 1, 1, -1, 0, 0,
1, -1, -1 0, 0,-1, # vé6 -1, -1, -1, -1, 0, 0,
-1, -1, -1 0, 0,-1, # v7 -1, -1, 1, -1, 0, 0,
-1, 1, 1 0, 1, 0, # vO -1 i, 1, -1, 0, O,
1, 1, 1 0, 1, 0, # v1 -1 1, -1, -1, 0, 0,
1, 1, -1 0, 1, 0, # v5 -1, -1, -1, -1, 0, 0,
-1, 1, 1 0, 1, 0, # vO
1, 1, -1 0, 1, 0, # v5
-1, 1, -1 0, 1, 0, # v4 (Same as page 5)




[Code] 1-ambient-only-gouraud-facenorm

def main():

vao cube = prepare vao_ cube()
while not glfwWindowShouldClose (window) :

glUseProgram(shader program)
P = glm.perspective (45, 1, 1, 10) # projection matrix

view pos = glm.vec3(5*np.sin(g cam ang),g cam height,5*np.cos(g _cam ang))
V = glm.lookAt (view pos, glm.vec3(0,0,0), glm.vec3(0,1,0)) # view matrix

M = glm.mat4 ()

# # try applying rotation
# M =R

# update uniforms
MVP = P*V*M
glUniformMatrix4fv(loc MVP, 1, GL FALSE, glm.value ptr(MVP))

# draw cube w.r.t. the current frame MVP
glBindVertexArray(vao cube)
glDrawArrays (GL TRIANGLES, 0, 36)
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[Code] 2-ambient-diffuse-gouraud-shading

e \ertex shader

#fversion 330 core

layout (location = 0) 1in vec3 vin pos;
layout (location = 1) 1in vec3 vin normal;

out vec4 vout color;

uniform mat4 MVP;
uniform mat4 M;

void main ()

{
vecd4 p3D in hcoord = vecd(vin pos.xyz, ) ;
gl Position = MVP * p3D in hcoord;

// light and material properties

vec3 light pos = vec3(3,2,4);

vec3 light color = vec3(l,1,1);

vec3 material reflectance = vec3(1,0,0);
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[Code] 2-ambient-diffuse-gouraud-shading

// light components
vec3 light ambient *light color;
vec3 light diffuse = light color;

// material components
vec3 material ambient = material reflectance;
vec3 material diffuse = material reflectance;

// ambient

vec3 ambient = light ambient * material ambient;

// diffuse

vec3 normal = normalize( mat3(inverse(transpose(M))) * vin normal) ;
vec3 surface pos = vec3(M * vecd(vin pos, 1)); // in world space

vec3 light dir = normalize (light pos - surface pos);
float diff = max(dot(light dir, normal), 0);
vec3 diffuse = diff * light diffuse * material diffuse;

vec3 color = ambient + diffuse;
vout color = vec4(color, ) ;

}
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[Code] 2-ambient-diffuse-gouraud-shading

vec3 normal = normalize( mat3(inverse (transpose(M))) * vin normal) ;

Apply X to normals A X — (MT)—l

Apply M to shape

float diff = max(dot(light dir, normal), 0);

* l,=1;m,max(0, cos(0)) = I;*my max(0, L - N)
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[Code] 2-ambient-diffuse-gouraud-shading

= vec3(M * vec4(vin pos, 1)); // in world space

vec3 surface pos =
 Convert the vertex position from object Object space
space to world space. 9 Yo
Po
« We do lighting calculations in world space.
— light_pos, surface pos, normal should all be in 1 .
the world space.
Modeling
* View space is often used for lighting transformation
computation in practice. 3 'VL
— Advantage: view position is always (0,0,0) in - M
, Pw Po
view space.
— But we use world space here because it is more
intuitive.
World space
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|Code] 3-all-components-gouraud-facenorm

e \ertex shader

uniform mat4d MVP;
uniform mat4d M;
uniform vec3 view pos;

void main ()

{
vecd4 p3D in hcoord = vecd(vin pos.xyz, ) ;
gl Position = MVP * p3D in hcoord;

// light and material properties

vec3 light pos = vec3(3,2,4);

vec3 light color = vec3(l,1,1);

vec3 material reflectance = vec3(1,0,0);
float material shininess = ;

// light components

vec3 light ambient = *light color;
vec3 light diffuse = light color;
vec3 light specular = light color;
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// material components

vec3 material ambient = material reflectance;
vec3 material diffuse = material reflectance;
vec3 material specular = vec3(1,1,1); // for non-metal material

// ambient
vec3 ambient = light ambient * material ambient;

// for diffiuse and specular

vec3 normal = normalize(mat3(inverse(transpose(M))) * vin normal);
vec3 surface pos = vec3(M * vecd(vin pos, 1));

vec3 light dir = normalize(light pos - surface pos);

// diffuse
float diff = max(dot(light dir, normal), 0);
vec3 diffuse = diff * light diffuse * material diffuse;

// specular

vec3 view _dir = normalize(view_pos - surface pos);

vec3 reflect dir = reflect(-light dir, normal);

float spec = pow( max(dot(view dir, reflect dir), ),
material shininess) ;

vec3 specular = spec * light specular * material specular;

vec3 color = ambient + diffuse + specular;
vout color = vec4(color, ) ;




|Code] 3-all-components-gouraud-facenorm

vec3 reflect dir = reflect(-light dir, normal);

N
| A reflect (I,N)

LITT777777777777777777777

float spec = pow(max(dot(view dir,reflect dir), ) ,material shininess);

I, = I.*m, max(0, cos (a))" = |.*m, max(0, (V - R))"
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Quiz 3

* Go to https://www.slido.com/
* Join #cg-ys
* Click "Polls"

« Submit your answer in the following format:

— Student ID: Your answer
— e.¢. 2024123456: 4.0

* Note that your quiz answer must be submitted in the
above format to be counted for attendance.
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Flat: Phong Illumination + Phong
Shading



Bui Tuong Phong
(1942 — 1975)

Recall: Phong Shading

 Use one normal per vertex

 Interpolate vertex normals across the
polygon

« Compute lighting at each pixel
— using the interpolated normal

—> This is done in fragment shader
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[Code] 4-all-components-phong-facenorm

e \ertex shader

#fversion 330 core

layout (location = 0) 1in vec3 vin pos;
layout (location = 1) 1in vec3 vin normal;

out vec3 vout_surface_pos;
out vec3 vout_normal;

uniform mat4d MVP;
uniform matd M;

volid main ()

{
vecd4 p3D in hcoord = vecd4(vin pos.xyz,
gl Position = MVP * p3D in hcoord;

}

vout surface pos = vec3(M * vec4 (vin pos,
vout normal = normalize( mat3(inverse (transpose(M))) * vin normal) ;

) ;

))
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[Code] 4-all-components-phong-facenorm

* Fragment shader

Hanyang

#version 330 core

in vec3 vout surface pos; // interpolated surface position
in vec3 vout normal; // interpolated normal

out vec4 FragColor;
uniform vec3 view_pos;

void main ()
{
// light and material properties
vec3 light pos = vec3(3,2,4);
vec3 light color = vec3(l,1,1);
vec3 material reflectance = vec3(1,0,0);
float material shininess = ;

// light components

vec3 light ambient = *1light color;
vec3 light diffuse = light color;
vec3 light specular = light color;




// material components

vec3 material ambient = material reflectance;
vec3 material diffuse = material reflectance;
vec3 material specular = vec3(!,1,1); // or can be material color

// ambient
vec3 ambient = light ambient * material ambient;

// for diffiuse and specular

vec3 normal = normalize (vout normal) ;

vec3 surface pos = vout surface pos;

vec3 light dir = normalize(light pos - surface pos);

// diffuse
float diff = max(dot(light dir, normal), 0);
vec3 diffuse = diff * light diffuse * material diffuse;

// specular

vec3 view dir = normalize(view pos - surface pos);

vec3 reflect dir = reflect(-light dir, normal);

float spec = pow( max(dot(view dir, reflect dir), ),
material shininess);

vec3 specular = spec * light specular * material specular;

vec3 color = ambient + diffuse + specular;

FragColor = vec4 (color, ) ;




Smooth: Phong Hlumination +
Gouraud / Phong Shading



|Code]

 '5-all-components-gouraud-avgnorm’
. Same as '3-all-components-gouraud-facenorm'’
except prepare_vao_cube() and glDrawElements()
call

* '6-all-components-phong-avgnorm’
. Same as '4-all-components-phong-facenorm'
except prepare_vao_cube() and glDrawElements()
call
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Time for Lab Check

* Let's start today’s lab check.
* TAs will guide you.
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