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• 
�ก
���� � Vector3

• ��� � Point3

• 
����ก�� � Matrix4x4

• ก������ � Transform• ก������ � Transform

• Texture Coordinate � Uv

•   � Rgb ��� Rgba
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structstructstructstruct VectorVectorVectorVector3333
{{{{
publicpublicpublicpublic::::

floatfloatfloatfloat x;x;x;x;
floatfloatfloatfloat y;y;y;y;floatfloatfloatfloat y;y;y;y;
floatfloatfloatfloat z;z;z;z;

// Other parts of the struct omitted.

};};};};



��$��#$�/0�	�	�1��	2�ก!���ก�����

•  ������	�1)	��
– � constructor 
"2&��-�	��(��� ���ก�����%%

• Vector3();();();();
–  ����*�� component ��ก����(��
���ก�% 0

• Vector3((((floatfloatfloatfloat c);c);c);c);
–  ����*�� component ��ก����(��
���ก�% c–  ����*�� component ��ก����(��
���ก�% c

• Vector3((((floatfloatfloatfloat _x,_x,_x,_x, floatfloatfloatfloat _y,_y,_y,_y, floatfloatfloatfloat _z);_z);_z);_z);
– ก-��	�(��*�� component ��ก���

• ��������
Vector3 a();();();(); // a = (// a = (// a = (// a = (0000,,,,0000,,,,0000))))

Vector3 b((((1111);););); // b = (// b = (// b = (// b = (1111,,,,1111,,,,1111))))

Vector3 c((((1111,,,,2222,,,,3333);););); // c = (// c = (// c = (// c = (1111,,,,2222,,,,3333))))



��$��#$�/0�	�	�1��	2�ก!���ก�����

• %�ก
�ก
����
– '(��

Vector3 operatoroperatoroperatoroperator+(+(+(+(constconstconstconst VectorVectorVectorVector3333 &v)&v)&v)&v) constconstconstconst

{{{{

returnreturnreturnreturn VectorVectorVectorVector3333(x(x(x(x ++++ v.xv.xv.xv.x,,,, yyyy ++++ v.yv.yv.yv.y,,,, zzzz ++++ v.zv.zv.zv.z););););

}}}}

– ��������

Vector3 a((((1111);););); // a = (// a = (// a = (// a = (1111,,,,1111,,,,1111))))

Vector3 b((((1111,,,,2222,,,,3333);););); // b = (// b = (// b = (// b = (1111,,,,2222,,,,3333))))

Vector3 c ==== a+ba+ba+ba+b;;;; // c = (// c = (// c = (// c = (2222,,,,3333,,,,4444))))



��$��#$�/0�	�	�1��	2�ก!���ก�����

• �%
�ก
����
– '(��

Vector3 operatoroperatoroperatoroperator----((((constconstconstconst VectorVectorVectorVector3333 &v)&v)&v)&v) constconstconstconst

{{{{

returnreturnreturnreturn VectorVectorVectorVector3333(x(x(x(x ---- v.xv.xv.xv.x,,,, yyyy ---- v.yv.yv.yv.y,,,, zzzz ---- v.zv.zv.zv.z););););

}}}}

– ��������

Vector3 a((((1111);););); // a = (// a = (// a = (// a = (1111,,,,1111,,,,1111))))

Vector3 b((((1111,,,,2222,,,,3333);););); // b = (// b = (// b = (// b = (1111,,,,2222,,,,3333))))

Vector3 c ==== aaaa----b;b;b;b; // c = (// c = (// c = (// c = (0000,,,,----1111,,,,----2222))))



��$��#$�/0�	�	�1��	2�ก!���ก�����

• (�,
�ก
�������� 
ก����
– '(��

Vector3 operatoroperatoroperatoroperator*(*(*(*(floatfloatfloatfloat f)f)f)f) constconstconstconst

{{{{

returnreturnreturnreturn VectorVectorVectorVector3333(f*x,(f*x,(f*x,(f*x, f*y,f*y,f*y,f*y, f*z);f*z);f*z);f*z);

}}}}

– ��������

Vector3 a((((1111,,,,0000,,,,2222);););); // a = (// a = (// a = (// a = (1111,,,,0000,,,,2222))))

Vector3 b ==== a*a*a*a*1111....5555ffff;;;; // b = (// b = (// b = (// b = (1111....5555,,,,0000,,,,3333))))



��$��#$�/0�	�	�1��	2�ก!���ก�����

• ��(������
– '(��

floatfloatfloatfloat length()length()length()length() constconstconstconst

{{{{

returnreturnreturnreturn sqrtfsqrtfsqrtfsqrtf(x*x(x*x(x*x(x*x ++++ y*yy*yy*yy*y ++++ z*z);z*z);z*z);z*z);

}}}}

– ��������

Vector3 a((((3333,,,,4444,,,,0000);););); // a = (// a = (// a = (// a = (3333,,,,4444,,,,0000))))

floatfloatfloatfloat llll ==== a.lengtha.lengtha.lengtha.length();();();(); // l = // l = // l = // l = 5555



��$��#$�/0�	�	�1��	2�ก!���ก�����

• (-�	�, dot product

– '(��
floatfloatfloatfloat dot(dot(dot(dot(constconstconstconst VectorVectorVectorVector3333 &v&v&v&v1111,,,, constconstconstconst VectorVectorVectorVector3333 &v&v&v&v2222))))

{{{{

returnreturnreturnreturn vvvv1111.x.x.x.x **** vvvv2222.x.x.x.x ++++ vvvv1111.y.y.y.y **** vvvv2222.y.y.y.y ++++ vvvv1111.z.z.z.z **** vvvv2222.z;.z;.z;.z;returnreturnreturnreturn vvvv1111.x.x.x.x **** vvvv2222.x.x.x.x ++++ vvvv1111.y.y.y.y **** vvvv2222.y.y.y.y ++++ vvvv1111.z.z.z.z **** vvvv2222.z;.z;.z;.z;

}}}}

– ��������

Vector3 a((((3333,,,,4444,,,,0000);););); // a = (// a = (// a = (// a = (3333,,,,4444,,,,0000))))

Vector3 b((((1111,,,,----1111,,,,5555);););); // b = (// b = (// b = (// b = (1111,,,,----1111,,,,5555))))

floatfloatfloatfloat dddd ==== dot(dot(dot(dot(a,ba,ba,ba,b);););); // d = // d = // d = // d = ----1111



��$��#$�/0�	�	�1��	2�ก!���ก�����

• (-�	�, cross product
– '(��

inlineinlineinlineinline VectorVectorVectorVector3333 cross(cross(cross(cross(
constconstconstconst VectorVectorVectorVector3333 &v&v&v&v1111,,,, constconstconstconst VectorVectorVectorVector3333 &v&v&v&v2222))))

{{{{
returnreturnreturnreturn VectorVectorVectorVector3333((((returnreturnreturnreturn VectorVectorVectorVector3333((((

(v(v(v(v1111.y.y.y.y **** vvvv2222.z).z).z).z) ---- (v(v(v(v1111.z.z.z.z **** vvvv2222.y),.y),.y),.y),
(v(v(v(v1111.z.z.z.z **** vvvv2222.x).x).x).x) ---- (v(v(v(v1111.x.x.x.x **** vvvv2222.z),.z),.z),.z),
(v(v(v(v1111.x.x.x.x **** vvvv2222.y).y).y).y) ---- (v(v(v(v1111.y.y.y.y **** vvvv2222.x));.x));.x));.x));

}}}}

– ��������
Vector3 a((((1111,,,,0000,,,,0000);););); // a = (// a = (// a = (// a = (1111,,,,0000,,,,0000))))

Vector3 b((((0000,,,,1111,,,,0000);););); // b = (// b = (// b = (// b = (0000,,,,1111,,,,0000))))

Vector3 c ==== cross(cross(cross(cross(a,ba,ba,ba,b)))) // c = (// c = (// c = (// c = (0000,,,,0000,,,,1111))))



+/

structstructstructstruct PointPointPointPoint3333
{{{{
publicpublicpublicpublic::::

floatfloatfloatfloat x;x;x;x;
floatfloatfloatfloat y;y;y;y;floatfloatfloatfloat y;y;y;y;
floatfloatfloatfloat z;z;z;z;

// Other parts of the struct omitted.

};};};};
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• (�,+�� ����.
– %�ก��� �����
�������ก�	+��

– (�,������� 
ก����+��

– ��(������������+��– ��(������������+��

• ���(�, ����.
– �%��� �����+�� (3���"4���ก��
�5	
�ก
����)

– %�ก���ก�%
�ก
����+�� (3���"4���ก��
�5	���)

– �������������������� �����+��



��$��#$�/0�	�	�1��	ก!�+/2�

•  ������	�1)	��
– � constructor 
"2&��-�	��(��� ���ก�����%%

• Point3();();();();
–  ����*�� component ��ก����(��
���ก�% 0

• Point3((((floatfloatfloatfloat c);c);c);c);
–  ����*�� component ��ก����(��
���ก�% c–  ����*�� component ��ก����(��
���ก�% c

• Point3((((floatfloatfloatfloat _x,_x,_x,_x, floatfloatfloatfloat _y,_y,_y,_y, floatfloatfloatfloat _z);_z);_z);_z);
– ก-��	�(��*�� component ��ก���

• ��������
Point3 a();();();(); // a = (// a = (// a = (// a = (0000,,,,0000,,,,0000))))

Point3 b((((1111);););); // b = (// b = (// b = (// b = (1111,,,,1111,,,,1111))))

Point3 c((((1111,,,,2222,,,,3333);););); // c = (// c = (// c = (// c = (1111,,,,2222,,,,3333))))



��$��#$�/0�	�	�1��	ก!�+/2�

• �%����	1&���ก��ก�ก����	1&�
– +��3�
�5	
�ก
������ก����%+���������)�
– '(��

Vector3 operatoroperatoroperatoroperator----((((constconstconstconst PointPointPointPoint3333 &p)&p)&p)&p) constconstconstconst

{{{{{{{{

returnreturnreturnreturn VectorVectorVectorVector3333(x(x(x(x ---- p.xp.xp.xp.x,,,, yyyy ---- p.yp.yp.yp.y,,,, zzzz ---- p.zp.zp.zp.z););););

}}}}

– ��������
Point3 a((((1111,,,,2222,,,,3333);););); // a = (// a = (// a = (// a = (1111,,,,2222,,,,3333))))

Point3 b((((4444,,,,5555,,,,6666);););); // b = (// b = (// b = (// b = (4444,,,,5555,,,,6666))))

Vector3 c ==== bbbb----a;a;a;a; // c = (// c = (// c = (// c = (3333,,,,3333,,,,3333))))



��$��#$�/0�	�	�1��	ก!�+/2�

• %�ก���ก�%
�ก
����
– +��3�
�5	����&�(��
���ก�%ก��
�2&�	��������)�+����
�ก
�����&*��
– '(��

Point3 operatoroperatoroperatoroperator+(+(+(+(constconstconstconst VectorVectorVectorVector3333 &v)&v)&v)&v) constconstconstconst

{{{{{{{{

returnreturnreturnreturn PointPointPointPoint3333(x(x(x(x ++++ v.xv.xv.xv.x,,,, yyyy ++++ v.yv.yv.yv.y,,,, zzzz ++++ v.zv.zv.zv.z););););

}}}}

– ��������
Point3 a((((1111,,,,2222,,,,3333);););); // a = (// a = (// a = (// a = (1111,,,,2222,,,,3333))))

Vector3 v((((1111,,,,1111,,,,1111);););); // v = (// v = (// v = (// v = (1111,,,,1111,,,,1111))))

Point3 b ==== a+va+va+va+v // b = (// b = (// b = (// b = (2222,,,,3333,,,,4444))))
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• ��������������������
– '(��

floatfloatfloatfloat distance(distance(distance(distance(constconstconstconst PointPointPointPoint3333 &p&p&p&p1111,,,, constconstconstconst PointPointPointPoint3333 &p&p&p&p2222))))

{{{{

returnreturnreturnreturn (p(p(p(p1111 ---- pppp2222).length();).length();).length();).length();returnreturnreturnreturn (p(p(p(p1111 ---- pppp2222).length();).length();).length();).length();

}}}}

– ��������

Point3 a((((1111,,,,2222,,,,3333);););); // a = (// a = (// a = (// a = (1111,,,,2222,,,,3333))))

Point3 b((((1111,,,,2222,,,,4444);););); // b = (// b = (// b = (// b = (1111,,,,2222,,,,4444))))

floatfloatfloatfloat dddd ==== distance(distance(distance(distance(a,ba,ba,ba,b);););); // d = // d = // d = // d = 1111



�����ก4�

• 
�� 	*�
#"��
����ก���	�� 4x4 
���	�)	
– 
	2&����กก�������&
�� 	*���)���� ����.��	+������
����ก�� 4x4

• Affine transformation

• Look-at transformation

• Perspective projection

• 
��
ก6%
����ก��*	��
��� 2 ���� m �	�� 4x4• 
��
ก6%
����ก��*	��
��� 2 ���� m �	�� 4x4

• 
��
��� ����ก*	
����ก������-���% row-major
– m[0][0] (2�  ����ก*	�.���ก (����	���ก
– m[0][1] (2�  ����ก*	�.���ก (����	��& ��
– m[1][2] (2�  ����ก*	�.��& �� (����	��& ��
– m[3][3] (2�  ����ก*	�.��& & (����	��& &

• ก��
��� ����ก�%%	)��ก����ก�%��� OpenGL �&
����%% column-major



�����ก4�

structstructstructstruct Matrix4x4Matrix4x4Matrix4x4Matrix4x4

{{{{

privateprivateprivateprivate::::

floatfloatfloatfloat m[m[m[m[4444][][][][4444];];];];floatfloatfloatfloat m[m[m[m[4444][][][][4444];];];];

// Other parts of the struct omitted.

};};};};



��$��#$�/0�	�	�1��	2�ก!������ก4�

•  ������	�1)	��
– � constructor �-�	��(��� ���ก�����%%

• ��������
Matrix4x4 A;;;; // All elements are // All elements are // All elements are // All elements are 0000....
Matrix4x4 B((((1111);););); // All elements are // All elements are // All elements are // All elements are 1111....Matrix4x4 B((((1111);););); // All elements are // All elements are // All elements are // All elements are 1111....
Matrix4x4 C((((1111,,,,2222,,,,3333,,,,4444,,,,

5,,,,6666,,,,7777,,,,8888,,,,
9,,,,1111,,,,2222,,,,3333,,,,
4,,,,5555,,,,6666,,,,7777););););

floatfloatfloatfloat mmmm ==== {{{{{{{{1111,,,,0000,,,,0000,,,,0000},},},},
{{{{0000,,,,1111,,,,0000,,,,0000},},},},
{{{{0000,,,,0000,,,,1111,,,,0000},},},},
{{{{0000,,,,0000,,,,0000,,,,1111}};}};}};}};

Matrix4x4 D(m);(m);(m);(m);



��$��#$�/0�	�	�1��	2�ก!������ก4�

• %�ก
����ก��

• �%
����ก��

• (�,
����ก������ 
ก����

• (�,
����ก��ก�%
����ก��• (�,
����ก��ก�%
����ก��
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• ��������
Matrix4x4 A((((2222,,,,0000,,,,0000,,,,0000,,,,0000,,,,2222,,,,0000,,,,0000,,,,0000,,,,0000,,,,2222,,,,0000,,,,0000,,,,0000,,,,0000,,,,2222););););
Matrix4x4 B((((0000,,,,1111,,,,0000,,,,0000,,,,0000,,,,0000,,,,1111,,,,0000,,,,0000,,,,0000,,,,0000,,,,1111,,,,1111,,,,0000,,,,0000,,,,0000););););
Matrix4x4 C ==== A+B;A+B;A+B;A+B;
// C = [[2,1,0,0],[0,2,1,0],[0,0,2,1],[1,0,0,2]]

Matrix4x4 D ==== AAAA----B;B;B;B;Matrix4x4 D ==== AAAA----B;B;B;B;
// D = [[2,-1,0,0],[0,2,-1,0],[0,0,2,-1],[-1,0,0,2]]

Matrix4x4 E ==== A*A*A*A*2222;;;;
// E = [[4,0,0,0],[0,4,0,0],[0,0,4,0],[0,0,0,4]]

Matrix4x4 F ==== A*B;A*B;A*B;A*B;
// F = [[0,2,0,0],[0,0,2,0],[0,0,0,2],[2,0,0,0]]



��$��#$�/0��	2�ก!������ก4�

• (�,
����ก��ก�%���
• (�,
����ก��ก�%
�ก
����
•  ��
ก�
– 
����ก����	�� 4x4 ���������
�ก
����
�5	
����ก���	�� 3x1– 
����ก����	�� 4x4 ���������
�ก
����
�5	
����ก���	�� 3x1

• #�	�)	'��4�������������	(�,ก�	+��+��

– ���
����(�,
����ก������ homogeneous coordinate ���������

�ก
���� �1&�
�5	
����ก���	�� 4x1

– �����: HC ���������
�ก
����	�)	����ก�	
• HC ������ (x,y,z) (2� (x,y,z,1)

• HC ���
�ก
���� (x,y,z) (2� (x,y,z,0)



��$��#$�/0�	�	�1��	2�ก!������ก4�

Matrix4x4 A((((2222,,,,0000,,,,0000,,,,1111,,,,0000,,,,2222,,,,0000,,,,1111,,,,0000,,,,0000,,,,2222,,,,1111,,,,0000,,,,0000,,,,0000,,,,1111););););

// A is "scale by factor of 2" then "translate by 
(1,1,1)."

Vector3 v((((1111,,,,1111,,,,1111););););

Point3 p((((1111,,,,1111,,,,1111););););

Vector3 u ==== A*v;A*v;A*v;A*v; // u = (// u = (// u = (// u = (2222,,,,2222,,,,2222))))Vector3 u ==== A*v;A*v;A*v;A*v; // u = (// u = (// u = (// u = (2222,,,,2222,,,,2222))))

Point3 q ==== A*p;A*p;A*p;A*p; // v = (// v = (// v = (// v = (3333,,,,3333,,,,3333))))



��$��#$�/0��	2�ก!������ก4�

• (-�	�, transpose �����	

• (-�	�, inverse �����	

• (-�	�, determinant �����	



��$��#$�/0��	2�ก!������ก4�

Matrix4x4 A((((2222,,,,0000,,,,0000,,,,2222,,,,0000,,,,2222,,,,0000,,,,2222,,,,0000,,,,0000,,,,2222,,,,2222,,,,0000,,,,0000,,,,0000,,,,1111););););

// A is "scale by factor of 2" then "translate by 
(2,2,2)."

Matrix4x4 B ==== transpose(A);transpose(A);transpose(A);transpose(A);

// B = [[2,0,0,0],[0,2,0,0],[0,0,2,0],[2,2,2,1]]

Matrix4x4 C ==== inverse(A);inverse(A);inverse(A);inverse(A);Matrix4x4 C ==== inverse(A);inverse(A);inverse(A);inverse(A);

// C = [[0.5,0,0,1],[0,0.5,0,1],[0,0,0.5,1],[0,0,0,1]]

floatfloatfloatfloat dddd ==== detdetdetdet(A)(A)(A)(A)

// d = 8



��$��#$�/0��	2�ก!������ก4�

•  ���� matrix ���ก�������& -�(�78
– ก���������

– ก�����	

– ก��
�2&�	�ก	�	��– ก��
�2&�	�ก	�	��

– Look at transformation

– Orthogonal projection

– Perspective projection



��$��#$�/0��	2�ก!������ก4�

• 9:�ก���	 -����% ����ก������
����	)
��	
�5	 static method 

��+��
– staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 identity();identity();identity();identity();

•  ����
����ก��
�ก��ก;,�
– staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 translate(translate(translate(translate(floatfloatfloatfloat x,x,x,x, floatfloatfloatfloat y,y,y,y, floatfloatfloatfloat z);z);z);z);– staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 translate(translate(translate(translate(floatfloatfloatfloat x,x,x,x, floatfloatfloatfloat y,y,y,y, floatfloatfloatfloat z);z);z);z);

•  ����
����ก�����ก��
�2&�	�ก	�	�	
– staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 scale(scale(scale(scale(floatfloatfloatfloat x,x,x,x, floatfloatfloatfloat y,y,y,y, floatfloatfloatfloat z);z);z);z);

•  ����
����ก�����ก���������
– staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 rotate(rotate(rotate(rotate(floatfloatfloatfloat degrees,degrees,degrees,degrees, VectorVectorVectorVector3333 axis);axis);axis);axis);

•  ����
����ก�����ก�����	*	 ������



��$��#$�/0��	2�ก!������ก4�

– staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 look_atlook_atlook_atlook_at((((
PointPointPointPoint3333 eye,eye,eye,eye, PointPointPointPoint3333 at,at,at,at, VectorVectorVectorVector3333 up);up);up);up);

•  ����
����ก�����ก������ look-at

– staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 orthographic_projectionorthographic_projectionorthographic_projectionorthographic_projection((((
floatfloatfloatfloat l,l,l,l, floatfloatfloatfloat r,r,r,r, floatfloatfloatfloat b,b,b,b, floatfloatfloatfloat t,t,t,t,
floatfloatfloatfloat n=n=n=n=0000,,,, floatfloatfloatfloat f=f=f=f=1111););););

•  ����
����ก����� orthographic projection•  ����
����ก����� orthographic projection

– staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 perspective_projectionperspective_projectionperspective_projectionperspective_projection((((
floatfloatfloatfloat l,l,l,l, floatfloatfloatfloat r,r,r,r, floatfloatfloatfloat b,b,b,b,
floatfloatfloatfloat t,t,t,t, floatfloatfloatfloat n,n,n,n, floatfloatfloatfloat f);f);f);f);

staticstaticstaticstatic MatrixMatrixMatrixMatrix4444xxxx4444 perspective_projectionperspective_projectionperspective_projectionperspective_projection((((
floatfloatfloatfloat fovyfovyfovyfovy,,,, floatfloatfloatfloat aspect,aspect,aspect,aspect,
floatfloatfloatfloat near,near,near,near, floatfloatfloatfloat far);far);far);far);

•  ����ก��������� perspective projection



��$��#$�/0��	2�ก!������ก4�

• ��������
Matrix4x4 I ==== MatrixMatrixMatrixMatrix4444xxxx4444::identity();::identity();::identity();::identity();

Matrix4x4 T ==== MatrixMatrixMatrixMatrix4444xxxx4444::translation(::translation(::translation(::translation(1111,,,,2222,,,,3333););););

Matrix4x4 R ==== MatrixMatrixMatrixMatrix4444xxxx4444::rotation(::rotation(::rotation(::rotation(60606060,,,,
VectorVectorVectorVector3333((((0000,,,,0000,,,,1111));));));));VectorVectorVectorVector3333((((0000,,,,0000,,,,1111));));));));

Matrix4x4 S ==== MatrixMatrixMatrixMatrix4444xx::scale(xx::scale(xx::scale(xx::scale(2222,,,,2222,,,,2222););););



ก	���	���!"��-�2) (1)

• *��
��	9:�ก���	 static  -����% ����
����ก��
����	)



ก	��)��

• ��	ก�������%% affine 
���	�)	
– +����� perspetive projection �1&�+��*��ก������ affine

• 
�� ����.��	ก����������
����ก��
• ���
������ก��*��(�� ���ก������ ����.�-���	+����กก���
����ก��
#�8
– 
������ก��(-�	�,ก������3�	ก��%+����������
�6�– 
������ก��(-�	�,ก������3�	ก��%+����������
�6�
– 
������ก��(-�	�, inverse transpose ���ก��
����ก�����ก������+�������

���
�6�����
• #�	�)	 -����%ก�������	1&�8 
����
ก6%
– 
����ก�������	 ���
– 
����ก����� inverse �����	 ���
– inverse transpose ���
����ก�������	



ก	��)��

structstructstructstruct TransformTransformTransformTransform

{{{{

publicpublicpublicpublic::::

Matrix4x4 m;;;;Matrix4x4 m;;;;

Matrix4x4 mi;;;;

Matrix4x4 mit;;;;

// Other parts of the class omitted.

};};};};



��$��#$�/0�	�	�1��	2�ก!�ก	��)��

•  ������	�1)	��
– � constructor *��*�������%%

• Transform();();();();
–  ����ก������
�ก��ก;,�

• Transform((((constconstconstconst MatrixMatrixMatrixMatrix4444xxxx4444 &_m);&_m);&_m);&_m);• Transform((((constconstconstconst MatrixMatrixMatrixMatrix4444xxxx4444 &_m);&_m);&_m);&_m);
– ก-��	�
����ก��*��

• Transform((((constconstconstconst MatrixMatrixMatrixMatrix4444xxxx4444 &_m,&_m,&_m,&_m,
constconstconstconst MatrixMatrixMatrixMatrix4444xxxx4444 &&&&_mi_mi_mi_mi););););

– ก-��	�
����ก����� inverse �����	*��
• Transform((((constconstconstconst MatrixMatrixMatrixMatrix4444xxxx4444 &_m,&_m,&_m,&_m,

constconstconstconst MatrixMatrixMatrixMatrix4444xxxx4444 &&&&_mi_mi_mi_mi,,,,
constconstconstconst MatrixMatrixMatrixMatrix4444xxxx4444 &&&&_mit_mit_mit_mit););););

– ก-��	�
����ก��, inverse �����	, ��� inverse transpose �����	*��



��$��#$�/0�	�	�1��	2�ก!�ก	��)��

• ��������
Transform T1 ==== Transform();Transform();Transform();Transform();

Transform T2 ==== Transform(MatrixTransform(MatrixTransform(MatrixTransform(Matrix4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333));));));));

Transform T3 ==== Transform(MatrixTransform(MatrixTransform(MatrixTransform(Matrix4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333),),),),

Matrix4x4::translate(::translate(::translate(::translate(----1111,,,,----2222,,,,----3333));));));));

Transform T4 ==== Transform(MatrixTransform(MatrixTransform(MatrixTransform(Matrix4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333),),),),Transform T4 ==== Transform(MatrixTransform(MatrixTransform(MatrixTransform(Matrix4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333),),),),

Matrix4x4::translate(::translate(::translate(::translate(----1111,,,,----2222,,,,----3333),),),),

transpose(Matrix(Matrix(Matrix(Matrix4444xxxx4444::translate(::translate(::translate(::translate(----1111,,,,----2222,,,,----3333)));)));)));)));



��$��#$�/0�	�	�1��	2�ก!�ก	��)��

• (�,��	
�������ก�	
– "���ก������	1&�(2��-�ก�� compose ��	

– .�� A ��� B 
�5	ก���������� A*B (2�ก�������&�-� B ก��	����(���
�-� A�-� A

• ��������
Transform A ==== Transform(MatrixTransform(MatrixTransform(MatrixTransform(Matrix4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333));));));));

Transform B ==== Transform(MatrixTransform(MatrixTransform(MatrixTransform(Matrix4444xxxx4444::scale(::scale(::scale(::scale(2222,,,,2222,,,,2222));));));));

Transform C ==== AAAA **** B;B;B;B;

// C = "scale by factor of 2" then "translate by 
(1,2,3)"



��$��#$�/0��	2�ก!�ก	��)��

•  ����ก������ affine "2)	<�	����8
– staticstaticstaticstatic TransformTransformTransformTransform identity();identity();identity();identity();

– staticstaticstaticstatic TransformTransformTransformTransform translate(translate(translate(translate(
floatfloatfloatfloat x,x,x,x, floatfloatfloatfloat y,y,y,y, floatfloatfloatfloat z);z);z);z);floatfloatfloatfloat x,x,x,x, floatfloatfloatfloat y,y,y,y, floatfloatfloatfloat z);z);z);z);

– staticstaticstaticstatic TransformTransformTransformTransform scale(scale(scale(scale(
floatfloatfloatfloat x,x,x,x, floatfloatfloatfloat y,y,y,y, floatfloatfloatfloat z);z);z);z);

– staticstaticstaticstatic TransformTransformTransformTransform rotate(rotate(rotate(rotate(
floatfloatfloatfloat degrees,degrees,degrees,degrees, VectorVectorVectorVector3333 axis);axis);axis);axis);



ก	���	���!"��-�2) (2)

• 
��	9:�ก���	
"2&�
– (�, transform  �����
�������ก�	

–  ���� affine transform "2)	<�	����8



Texture Coordinate

structstructstructstruct UvUvUvUv

{{{{

publicpublicpublicpublic::::

floatfloatfloatfloat u;u;u;u;floatfloatfloatfloat u;u;u;u;

floatfloatfloatfloat v;v;v;v;

// Other parts of the class omitted.

};};};};



�/0�	�	�1��	�32�2�ก!� Texture Coordinate

•  ������	�1)	��
– � constructor *��*�����������%%

• Uv();();();();
– ก-��	�(��
��&���	 u = v = 0

• Uv((((floatfloatfloatfloat c);c);c);c);
– ก-��	�(��
��&���	 u = v = c– ก-��	�(��
��&���	 u = v = c

• Uv((((floatfloatfloatfloat _u,_u,_u,_u, floatfloatfloatfloat _v);_v);_v);_v);
– ก-��	�(��
��&���	 u = _u, v = _v

– ��������
Uv tc1 ==== UvUvUvUv();();();(); // tc// tc// tc// tc1 1 1 1 = (= (= (= (0000,,,,0000))))

Uv tc2 ==== UvUvUvUv((((0000....5555);););); // tc// tc// tc// tc2 2 2 2 = (= (= (= (0000....5555,,,,0000....5555))))

Uv tc3 ==== UvUvUvUv((((0000....1111,,,,0000....2222);););); // tc// tc// tc// tc3 3 3 3 = (= (= (= (0000....1111,,,,0000....2222))))



�#

• � ���%%(2�
– Rgb

– Rgba

• 
"2&�*�� +��� �)	 
����ก����.1�
#"�� �%% Rgba 
���	�)	• 
"2&�*�� +��� �)	 
����ก����.1�
#"�� �%% Rgba 
���	�)	



�# Rgba

structstructstructstruct RgbaRgbaRgbaRgba
{{{{
publicpublicpublicpublic::::

floatfloatfloatfloat r;r;r;r;
floatfloatfloatfloat g;g;g;g;floatfloatfloatfloat g;g;g;g;
floatfloatfloatfloat b;b;b;b;
floatfloatfloatfloat a;a;a;a;

// Other parts of the struct omitted.

};};};};



�/0�	�	�1��	�32�ก!��# Rgba 2���	�

•  ������	�1)	��
– � constructor *��*�������%%
• Rgba()()()()

– ก-��	�(��
��&���	 r = g = b = a = 0ก-��	�(��
��&���	 

• Rgba((((floatfloatfloatfloat c)c)c)c)
– ก-��	�(��
��&���	 r = g = b = a = c

• Rgba((((floatfloatfloatfloat _r,_r,_r,_r, floatfloatfloatfloat _g,_g,_g,_g, floatfloatfloatfloat _b)_b)_b)_b)
– ก-��	�(�� r, g, b ��� argument �&*�������ก-��	� a = 1

• Rgba((((floatfloatfloatfloat _r,_r,_r,_r, floatfloatfloatfloat _g,_g,_g,_g, floatfloatfloatfloat _b,_b,_b,_b, floatfloatfloatfloat _a)_a)_a)_a)

– ก-��	�(�� r, g, b, ��� a ��� argument �&*����



�/0�	�	�1��	�32�ก!��# Rgba 2���	�

• 
����	��
– %�กก�	
– �%ก�	
– (�,ก�	

• (�, Rgba ���� 
ก����
• ��������• ��������

Rgba a((((0000....1111,,,, 0000....2222,,,, 0000....3333,,,, 0000....4444););););
Rgba b((((0000....8888,,,, 0000....7777,,,, 0000....6666,,,, 0000....5555););););
Rgba c ==== aaaa ++++ b;b;b;b; // c = (// c = (// c = (// c = (0000....9999, , , , 0000....9999, , , , 0000....9999, , , , 0000....9999))))
Rgba d ==== aaaa ---- b;b;b;b; // d = (// d = (// d = (// d = (----0000....7777, , , , ----0000....5555, , , , ----0000....3333, , , , ----0000....1111))))
Rgba e ==== aaaa **** b;b;b;b; // e = (// e = (// e = (// e = (0000....08080808, , , , 0000....14141414, , , , 0000....18181818, , , , 0000....2222))))
Rgba f ==== aaaa **** 2222;;;; // f = (// f = (// f = (// f = (0000....2222, , , , 0000....4444, , , , 0000....6666, , , , 0000....8888))))



&���'��')���

• ����%%ก����	�������&+����%(���	�����ก�& �� (2� 
polygon mesh (����������������
��&��)

• Mesh ���ก�%����
– ����-�	�	����8 ���

– 
�ก
������)�#�ก (normal) �-�	�	����8 
�ก
����– 
�ก
������)�#�ก (normal) �-�	�	����8 
�ก
����

– �������
��&�� (polygon) �& ������ก���������	 ��������������� normal ก-�ก�%�������� 

–  ��	��ก
����
��ก�������
��&��
����	)��� =�	��> (face)



&���'��')���

• �	�� (face)

– �������
��&���	1&����

– ������������	����ก&���

– ����ก��: 
ก6%����������&
�2&������ก������		�ก�������
��&��������– ����ก��: 
ก6%����������&
�2&������ก������		�ก�������
��&��������

���ก�	����	���	
�6�	�?�ก�

–  -����%��������������������
• 
���-�	�	
�6�����	1&�%�ก������������	)���ก�%���+�	

• 
���-�	�	
�6�����	1&�%�ก���
�ก
������)�#�ก������������	)



&���'��')���

• 
���� ���� interface �2&� Mesh  -����%
ก6%������ mesh

• Interface 	)�9:�ก���	����8 ������+�	)
– intintintint get_position_countget_position_countget_position_countget_position_count()()()() constconstconstconst

• ���������ก&���• ���������ก&���

– intintintint get_normal_countget_normal_countget_normal_countget_normal_count()()()() constconstconstconst

• ������
�ก
������)�#�กก&
�ก
����
– Point3 get_position((((intintintint position_indexposition_indexposition_indexposition_index)))) constconstconstconst

• ���	(������&ก-��	���������	 position_index

– Vector3 get_normal((((intintintint normal_indexnormal_indexnormal_indexnormal_index)))) constconstconstconst

• ���	(������&ก-��	���������	 normal_index



&���'��')���

– intintintint get_face_countget_face_countget_face_countget_face_count()()()() constconstconstconst

• �������	��������)����ก&�	��
– intintintint get_face_vertex_countget_face_vertex_countget_face_vertex_countget_face_vertex_count((((intintintint face_indexface_indexface_indexface_index)))) constconstconstconst

• ������	���&ก-��	���������	 face_index ����ก&���
– intintintint get_face_vertex_position_indexget_face_vertex_position_indexget_face_vertex_position_indexget_face_vertex_position_index((((

intintintint face_indexface_indexface_indexface_index,,,, intintintint vertex_indexvertex_indexvertex_indexvertex_index)))) constconstconstconst
intintintint get_face_vertex_position_indexget_face_vertex_position_indexget_face_vertex_position_indexget_face_vertex_position_index((((

intintintint face_indexface_indexface_indexface_index,,,, intintintint vertex_indexvertex_indexvertex_indexvertex_index)))) constconstconstconst

• �������	����-���	������������&ก-��	���������	 vertex_index ���
�	���&.�กก-��	���������	 face_index

– intintintint get_face_vertex_normal_indexget_face_vertex_normal_indexget_face_vertex_normal_indexget_face_vertex_normal_index((((
intintintint face_indexface_indexface_indexface_index,,,, intintintint vertex_indexvertex_indexvertex_indexvertex_index)))) constconstconstconst

• ������	��� normal ����������&ก-��	���������	 vertex_index ���
�	���&.�กก-��	���������	 face_index



&���'��')���

• Point3 get_face_vertex_position((((
intintintint face_indexface_indexface_indexface_index,,,, intintintint vertex_indexvertex_indexvertex_indexvertex_index)))) constconstconstconst

– ���-���	������������&ก-��	���������	 vertex_index ����	���&.�ก
ก-��	���������	 face_index

• Vector3 get_face_vertex_normal((((• Vector3 get_face_vertex_normal((((
intintintint face_indexface_indexface_indexface_index,,,, intintintint vertex_indexvertex_indexvertex_indexvertex_index)))) constconstconstconst

– �� normal ����������&ก-��	���������	 vertex_index ���
�	���&.�กก-��	���������	 face_index



&���'��')���

•  ��
ก���� interface Mesh 	)�
#"��
�4�� -����%���	�������&

ก6%����*	 mesh 
���	�)	
– 	-�+�*��*	ก��� ��3�+�������
���

• 
���� ���� class �1&�
�5	��ก���	��� Mesh �&�
�4�� -����%ก��• 
���� ���� class �1&�
�5	��ก���	��� Mesh �&�
�4�� -����%ก��

"�&���������+�����

• *	�&	)
����*���2&� class 	�)	��� UniversalMesh (
	2&����ก��	
��	 mesh +����ก�%%)



&���'��')���

classclassclassclass UniversalMeshUniversalMeshUniversalMeshUniversalMesh :::: publicpublicpublicpublic MeshMeshMeshMesh

{{{{

publicpublicpublicpublic::::

virtualvirtualvirtualvirtual voidvoidvoidvoid append_positionappend_positionappend_positionappend_position((((constconstconstconst PointPointPointPoint3333 &position);&position);&position);&position);

virtualvirtualvirtualvirtual voidvoidvoidvoid append_normalappend_normalappend_normalappend_normal((((constconstconstconst VectorVectorVectorVector3333 &normal);&normal);&normal);&normal);

virtualvirtualvirtualvirtual voidvoidvoidvoid append_new_faceappend_new_faceappend_new_faceappend_new_face();();();();virtualvirtualvirtualvirtual voidvoidvoidvoid append_new_faceappend_new_faceappend_new_faceappend_new_face();();();();

virtualvirtualvirtualvirtual voidvoidvoidvoid append_vertex_to_last_faceappend_vertex_to_last_faceappend_vertex_to_last_faceappend_vertex_to_last_face((((

intintintint position_indexposition_indexposition_indexposition_index,,,, intintintint normal_indexnormal_indexnormal_indexnormal_index););););

// Other parts of the class omitted.

}}}}



&���'��')���

• virtualvirtualvirtualvirtual voidvoidvoidvoid append_positionappend_positionappend_positionappend_position((((
constconstconstconst PointPointPointPoint3333 &position);&position);&position);&position);

– 
"�&��-���	��������� list ����-���	���&���)����
• virtualvirtualvirtualvirtual voidvoidvoidvoid append_normalappend_normalappend_normalappend_normal((((

constconstconstconst VectorVectorVectorVector3333 &normal);&normal);&normal);&normal);
– 
"�&�
�ก
����������� list ���
�ก
�����&���)����– 
"�&�
�ก
����������� list ���
�ก
�����&���)����

• virtualvirtualvirtualvirtual voidvoidvoidvoid append_new_faceappend_new_faceappend_new_faceappend_new_face(); (); (); (); 

– 
"�&��	��*��� (
���ก�%
�5	ก���@��	��
���)
• virtualvirtualvirtualvirtual voidvoidvoidvoid append_vertex_to_last_faceappend_vertex_to_last_faceappend_vertex_to_last_faceappend_vertex_to_last_face((((

intintintint position_indexposition_indexposition_indexposition_index,,,, intintintint normal_indexnormal_indexnormal_indexnormal_index); ); ); ); 
– 
"�&�������������������
��� ���	�� ������*	��		)
– ������������������(2�����	����-���	���������	��� normal



&���'��')���

• ��������ก��*�� UniversalMesh

– 
���� ������ก%�Aก��	�� 2x2x2 �&���A�	��ก��������&��� (0,0,0)

– ��	��%��ก*�����ก�A��	�1)	��ก��	
UniversalMesh cube;;;;UniversalMesh cube;;;;



&���'��')���

– ������ก	�)	�1�* ����

cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333((((----1111,,,,----1111,,,,----1111));));));));

cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333((((----1111,,,,----1111,,,, 1111));));));));

cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333((((----1111,,,, 1111,,,,----1111));));));));cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333((((----1111,,,, 1111,,,,----1111));));));));

cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333((((----1111,,,, 1111,,,, 1111));));));));

cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333(((( 1111,,,,----1111,,,,----1111));));));));

cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333(((( 1111,,,,----1111,,,, 1111));));));));

cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333(((( 1111,,,, 1111,,,,----1111));));));));

cube.append_position.append_position.append_position.append_position(Point(Point(Point(Point3333(((( 1111,,,, 1111,,,, 1111));));));));



&���'��')���

– �����1�* � normal

cube.append_normal.append_normal.append_normal.append_normal(Vector(Vector(Vector(Vector3333(((( 0000,,,, 0000,,,, 1111));));));));

cube.append_normal.append_normal.append_normal.append_normal(Vector(Vector(Vector(Vector3333(((( 0000,,,, 0000,,,,----1111));));));));

cube.append_normal.append_normal.append_normal.append_normal(Vector(Vector(Vector(Vector3333(((( 1111,,,, 0000,,,, 0000));));));));cube.append_normal.append_normal.append_normal.append_normal(Vector(Vector(Vector(Vector3333(((( 1111,,,, 0000,,,, 0000));));));));

cube.append_normal.append_normal.append_normal.append_normal(Vector(Vector(Vector(Vector3333((((----1111,,,, 0000,,,, 0000));));));));

cube.append_normal.append_normal.append_normal.append_normal(Vector(Vector(Vector(Vector3333(((( 0000,,,, 1111,,,, 0000));));));));

cube.append_normal.append_normal.append_normal.append_normal(Vector(Vector(Vector(Vector3333(((( 0000,,,,----1111,,,, 0000));));));));



&���'�

• ������ก	�)	�1�
"�&��	��*����&���	�� ����* ��������������������	��	�)	
���
+�
�2&��8

cube.append_new_face.append_new_face.append_new_face.append_new_face();();();();

cube.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face((((1111,,,,0000););););cube.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face((((1111,,,,0000););););

cube.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face((((5555,,,,0000););););

cube.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face((((7777,,,,0000););););

cube.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face.append_vertex_to_last_face((((3333,,,,0000););););



ก	���	���!"��-�2) (3)

• *�� implement UniversalMesh



2��� .obj

• ����%%+9�� .obj 
�5	����%%+9���&*����	 mesh �&*��ก�	(��	����
�"������
– ����%%����

– 
�5	 plain text– 
�5	 plain text

• '���ก��������	(��"��
����ก��9@ก � ��	*�7� support +9�� 
format 	)
– 3DSMax, Maya, Blender, SoftImage XSI, $�$



�!�� -	�2��� .obj

# cube.obj

#

g cube

v  0.0  0.0  0.0

v  0.0  0.0  1.0

v  0.0  1.0  0.0

f 1//2  7//2  5//2

f  1//2  3//2  7//2 

f  1//6  4//6  3//6 

f  1//6  2//6  4//6 

f  3//3  8//3  7//3 

f  3//3  4//3  8//3 

f  5//5  7//5  8//5 

f  5//5  8//5  6//5 

v  0.0  1.0  1.0

v  1.0  0.0  0.0

v  1.0  0.0  1.0

v  1.0  1.0  0.0

v  1.0  1.0  1.0

vn 0.0  0.0  1.0

vn 0.0  0.0 -1.0

vn 0.0  1.0  0.0

vn 0.0 -1.0  0.0

vn 1.0  0.0  0.0

vn -1.0  0.0  0.0

f  1//4  5//4  6//4 

f  1//4  6//4  2//4 

f  2//1  6//1  8//1 

f  2//1  8//1  4//1 



��	�!$�5�2��� .obj

• v x y z w

– ก-��	��-���	������������	1&�

– �����ก�&ก-��	������
�� 1 ������+������
�� 2 
��		)+�
�2&��8

• vn i j k• vn i j k

– ก-��	� normal

– normal ��ก�&ก-��	������
�� 2 normal ������+������
�� 2 


��		)+�
�2&��8



��	�!$�5�2��� .obj

• f v/vt/vn v/vt/vn v/vt/vn v/vt/vn

– ก-��	��	��
– v/vt/vn �������ก&���ก6+�� �1)	����ก�%�-�	�	���
– v (2�����	����-���	�� (
��&���ก 1)
– vt (2�����	��� texture coordinate (
��&���ก 1)– vt (2�����	��� texture coordinate (
��&���ก 1)

• ���
��+�� 	*����	)

– vn (2�����	��� normal (
��&���ก 1)
– ��������

• f 1/1/1 2/2/2 3/3/3 4/4/4 

–  -����% mesh %�� mesh ���+��������� texture coordinate ก�,	)

�� ����.
��	 vt +��
• f 1//1 2//2 3//3 4//4 



ก	���	���!"��-�2) (4)

• 
��	 code 
"2&����	+9�� .obj


