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MOUSE INPUT



ก	����&�ก!���	����  GLUT

• �กก��ก����

– glutMouseFunc(…)

• �กก��
�����	������ mouse

– glutMotionFunc(…)– glutMotionFunc(…)

– glutPassiveMotionFunc(…)



glutMouseFunc

• glutMouseFunc(void (*f)(int, int, int, int))

– ���ก���	 f ����ก
���ก��ก  ���!������ก�� (1) ก����
��"� (2) ��#������ mouse

• Argument ��� f ����$#�%�	�!
– $�&'�ก'"��������ก ��%("���#�– $�&'�ก'"��������ก ��%("���#�

• GLUT_LEFT_BUTTON

• GLUT_RIGHT_BUTTON

• GLUT_MIDDLE_BUTTON

– $�&���"��'"�&#�������กก)�����ก��#�� ��%("���#�
• GLUT_DOWN '"�&#�������กก

• GLUT_UP '"�&#�������ก��#��

– $�&���"��'��$�&���"�����$*�')	#� x '�� y +	 screen space ���
��"�



�!�� &	�

void mouse(int button, int state, int x, int y)

{

if (button == GLUT_LEFT_BUTTON)

printf("Left mouse button");

else if (button == GLUT_RIGHT_BUTTON)

printf("Right mouse button");

else if (button == GLUT_MIDDLE_BUTTON)else if (button == GLUT_MIDDLE_BUTTON)

printf("Middle mouse button");

if (state == GLUT_DOWN)

printf(" is clicked");

else if (state == GLUT_UP)

printf(" is released");

printf(" at (%d, %d)\n", x, y);

}



�!�� &	� (�&�)

int main(int argc, char **argv)

{

glutInit(&argc, argv);

glutInitDisplayMode(GLUT_RGBA | GLUT_DOUBLE | GLUT_DEPTH);

::

:

glutMouseFunc(mouse);

glutMainLoop();

return 0;

}



)*��ก�����ก�����ก�+,��-��	+�

• 
&�����ก
��"�����,(��'�(&��
ก���"�
���&-	)	(���
• 
ก.-��������ก
��%&(+	 vector ���� points

struct Point {

float x, y;float x, y;

Point(float _x, float _y) {

x = _x;

y = _y;

}

};

vector<Point> points;



)*��ก�����ก�����ก�+,��-��	+� (�&�)

• 
&�����ก
��"�����,(��+)(
/�����
�(�+	 points

void mouse(int button, int state, int x, int y)

{

if (button == GLUT_LEFT_BUTTON && state == GLUT_DOWN) {

if (x < 0 || x > screenWidth) return;if (x < 0 || x > screenWidth) return;

if (y < 0 || y > screenHeight) return;

float xx = 2*(x * 1.0f / screenWidth) - 1;

float yy = 2*((screenHeight - y) * 1.0f / screenHeight) - 1;

points.push_back(Point(xx,yy));

glutPostRedisplay();

}

}



)*��ก�����ก�����ก�+,��-��	+� (�&�)

• 
&��&����ก.+)(&�����!�)����
ก.-%&(

void display()

{

glClearColor(0,0,0,0);

glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);

glColor3f(0,1,0);glColor3f(0,1,0);

glPointSize(3.0f);

glBegin(GL_POINTS);

for(int i=0;i<(int)points.size();i++)

glVertex2f(points[i].x, points[i].y);

glEnd();

glutSwapBuffers();

}



glutMotionFunc

• glutMotionFunc(void (*f)(int, int))

– ��ก
���ก)��ก��ก0�(+�(ก����
��"�'�(& 
��"�
�����	$*�')	#�

– Argument ��� f ���/�ก� x '�� y ��� mouse +	 screen 

spacespace



�!�� &	�

void motion(int x, int y)

{

printf("Mouse is at position (%d, %d).\n", x, y);

}

int main(int argc, char **argv)

{{

glutInit(&argc, argv);

glutInitDisplayMode(GLUT_RGBA | GLUT_DOUBLE | GLUT_DEPTH);

:

:

:

glutMotionFunc(motion);

glutMainLoop();

return 0;

}



)*��ก���.ก�����$��	���	����/$����ก��	�

• ��$�&'�� bool ���� follow %&(
ก.-&#�$�		�!��ก-����&���$��
��"�
)���
��#�

• 
ก.-��1�	��ก��������ก-��%&(+	$�&'�� cx '�� cy

• 
ก.-$*�')	#����
��"�%&(��� mx '�� my• 
ก.-$*�')	#����
��"�%&(��� mx '�� my



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

void animate(int id) {
if (follow) {

float vx, vy;

float dx = mx - cx;

float dy = my - cy;

float l = sqrtf(dx*dx + dy*dy);

if (l < 0.000001f) { vx = 0;  vy = 0; }

)�ก�����'���	����ก�����

if (l < 0.000001f) { vx = 0;  vy = 0; }
if (l < 0.05f)  {  vx = dx;  vy = dy;  }
else { vx = 0.05f*dx / l; vy = 0.05f*dy / l;  }

cx += vx; cy += vy;

if (cx < -1) cx = -1;  if (cx > 1) cx = 1;

if (cy < -1) cy = -1;  if (cy > 1) cy = 1;

}

glutPostRedisplay();

glutTimerFunc(INTERVAL, animate, 0);

}



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

void animate(int id) {
if (follow) {

float vx, vy;

float dx = mx - cx;

float dy = my - cy;

float l = sqrtf(dx*dx + dy*dy);

if (l < 0.000001f) { vx = 0;  vy = 0; }

�(���ก-�����#���
��&ก�-
��"�'�(&ก.
%�#$(��+)(��	
�����	���if (l < 0.000001f) { vx = 0;  vy = 0; }

if (l < 0.05f)  {  vx = dx;  vy = dy;  }
else { vx = 0.05f*dx / l; vy = 0.05f*dy / l;  }

cx += vx; cy += vy;

if (cx < -1) cx = -1;  if (cx > 1) cx = 1;

if (cy < -1) cy = -1;  if (cy > 1) cy = 1;

}

glutPostRedisplay();

glutTimerFunc(INTERVAL, animate, 0);

}

%�#$(��+)(��	
�����	���



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

void animate(int id) {
if (follow) {

float vx, vy;

float dx = mx - cx;

float dy = my - cy;

float l = sqrtf(dx*dx + dy*dy);

if (l < 0.000001f) { vx = 0;  vy = 0; }

�(���ก-�����#+ก�(��กก.+)(
�&��
�.&�����ก-�����#�
�#�ก�-                

if (l < 0.000001f) { vx = 0;  vy = 0; }
if (l < 0.05f)  {  vx = dx;  vy = dy;  }
else { vx = 0.05f*dx / l; vy = 0.05f*dy / l;  }

cx += vx; cy += vy;

if (cx < -1) cx = -1;  if (cx > 1) cx = 1;

if (cy < -1) cy = -1;  if (cy > 1) cy = 1;

}

glutPostRedisplay();

glutTimerFunc(INTERVAL, animate, 0);

}

�&��
�.&�����ก-�����#�
�#�ก�-                
ก����� (,3�����#�	(����ก)



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

void animate(int id) {
if (follow) {

float vx, vy;

float dx = mx - cx;

float dy = my - cy;

float l = sqrtf(dx*dx + dy*dy);

if (l < 0.000001f) { vx = 0;  vy = 0; }

��
�#		�!	+)(��ก-������$��
�.& 
0.05 )	#&�'�����&��
�.&/�#�%�

if (l < 0.000001f) { vx = 0;  vy = 0; }
if (l < 0.05f)  {  vx = dx;  vy = dy;  }
else { vx = 0.05f*dx / l; vy = 0.05f*dy / l;  }

cx += vx; cy += vy;

if (cx < -1) cx = -1;  if (cx > 1) cx = 1;

if (cy < -1) cy = -1;  if (cy > 1) cy = 1;

}

glutPostRedisplay();

glutTimerFunc(INTERVAL, animate, 0);

}

)	#&�'�����&��
�.&/�#�%�
���$*�')	#����
��"�



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

void animate(int id) {
if (follow) {

float vx, vy;

float dx = mx - cx;

float dy = my - cy;

float l = sqrtf(dx*dx + dy*dy);

if (l < 0.000001f) { vx = 0;  vy = 0; }if (l < 0.000001f) { vx = 0;  vy = 0; }
if (l < 0.05f)  {  vx = dx;  vy = dy;  }
else { vx = 0.05f*dx / l; vy = 0.05f*dy / l;  }

cx += vx; cy += vy;

if (cx < -1) cx = -1;  if (cx > 1) cx = 1;

if (cy < -1) cy = -1;  if (cy > 1) cy = 1;

}

glutPostRedisplay();

glutTimerFunc(INTERVAL, animate, 0);

}

�*�+)(��ก-��
�����	���



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

void animate(int id) {
if (follow) {

float vx, vy;

float dx = mx - cx;

float dy = my - cy;

float l = sqrtf(dx*dx + dy*dy);

if (l < 0.000001f) { vx = 0;  vy = 0; }if (l < 0.000001f) { vx = 0;  vy = 0; }
if (l < 0.05f)  {  vx = dx;  vy = dy;  }
else { vx = 0.05f*dx / l; vy = 0.05f*dy / l;  }

cx += vx; cy += vy;

if (cx < -1) cx = -1;  if (cx > 1) cx = 1;

if (cy < -1) cy = -1;  if (cy > 1) cy = 1;

}

glutPostRedisplay();

glutTimerFunc(INTERVAL, animate, 0);

}

ก�	��ก-��$ก��-



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

• 
����0�(+�(���ก +)(
�����	 follow 
�5	 true

• 
����0�(+�(��#�� mouse +)(
�����	 follow 
�5	 false

void mouse(int button, int state, int x, int y) {
if (state == GLUT_DOWN) {if (state == GLUT_DOWN) {

follow = true;

setTarget(x,y);

glutPostRedisplay();
}
else

follow = false;
}



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

• setTarget(int x, int y) ��%&(
,$ mx '�� my +)($��ก�-$*�')	#���� 
mouse

void setTarget(int x, int y)

{{

if (x < 0 || x > screenWidth) return;

if (y < 0 || y > screenHeight) return;

mx = 2*(x * 1.0f / screenWidth) - 1;

my = 2*((screenHeight - y) * 1.0f / screenHeight) - 1;

}



)*��ก���.ก�����$��	���	����/$����ก��	� (�&�)

• ���ก���	���+)( glutMotionFunc ��)	(����
���ก setTarget 
/���

,$ mx '�� my 
����
��"�
�����	���

void motion(int x, int y)void motion(int x, int y)

{

setTarget(x,y);

}



glutPassiveMotionFunc

• glutPassiveMotionFunc(void (*f)(int, int))

– ��ก
���ก
����
��"�
�����	��� '�(%�#%(ก��ก����
��"�ก.$��

– Argument ��!�"��������ก���	 f ���/�ก� x '�� y +	 screen 

space ���
��"�space ���
��"�



�!�� &	�

void passive_motion(int x, int y)
{

printf("Mouse is at position (%d, %d).\n", x, y);

} 

int main(int argc, char **argv)

{{

glutInit(&argc, argv);

glutInitDisplayMode(GLUT_RGBA | GLUT_DOUBLE | GLUT_DEPTH);

:

:

:

glutPassiveMotionFunc(passive_motion);

glutMainLoop();

return 0;

}



)*��ก���.ก�����$��	���	��

• 
)���	ก�-8��'ก�����'�(& '$#%�#��$�&'�� follow '��+�( 
glutPassiveMotionFunc '�	

void passive_motion(int x, int y)void passive_motion(int x, int y)

{

setTarget(x,y);

}



)*��ก���.ก�����$��	���	�� (�&�)

void animate(int id) {
float vx, vy;

float dx = mx - cx;

float dy = my - cy;

float l = sqrtf(dx*dx + dy*dy);

if (l < 0.000001f)  { vx = 0; vy = 0; }if (l < 0.000001f)  { vx = 0; vy = 0; }
if (l < 0.05f) { vx = dx; vy = dy; }
else { vx = 0.05f*dx / l; vy = 0.05f*dy / l; }
cx += vx; cy += vy;

if (cx < -1) cx = -1; if (cx > 1) cx = 1;

if (cy < -1) cy = -1; if (cy > 1) cy = 1;

glutPostRedisplay();

glutTimerFunc(INTERVAL, animate, 0);
}



ARCBALL ROTATION



Arcball Rotation

• �*�+)(0�(+�("����� 9)��	: 8�
� ��#��
�5	;�����$�

• ��&#������ก�����#$��ก���<�ก

• 0�(+�(���ก��-	���ก�� '�(&��ก��-	���ก��	�!	 �*�+)(
ก�ก��)��	



Arcball Rotation



Arcball Rotation (�&�)



Arcball Rotation (�&�)



Arcball Rotation (�&�)

• 
&��'"�0� 
ก.- rotation matrix 
��%&(

• rotation matrix 
�5	 matrix �	� 4x4

• 
ก.-%((&� array ����*�	&	 16 $�&

• OpenGL 
ก.- matrix 8�
����$�&
��'-- column major• OpenGL 
ก.- matrix 8�
����$�&
��'-- column major

• ก�#�&��� "��$�
��+�( double m[16] 
ก.-��	 $�&
����
����'--
	�!
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Arcball Rotation (�&�)

• 
��
ก.- rotation matrix �����-�	%&(+	

double currentRotation[16];

• 
&��&�8�
�ก.	*� currentRotation %���=ก�- 
modelview matrix ก#�	(&��*�"��� glMultMatrixdmodelview matrix ก#�	(&��*�"��� glMultMatrixd

• ก����=	�!�*�)�����ก��= modelview matrix (&� view 

matrix '�(&



Arcball Rotation (�&�)

void display()
{

glClearColor(0,0,0,0);

glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();glLoadIdentity();

gluLookAt(0,0,5,0,0,0,0,1,0);

glMultMatrixd(currentRotation);

drawSomething();

glutSwapBuffers();
}



0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��?



0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��? (�&�)

• 
&�����ก 
����( screen space coordinate (x,y) ���
��"�

• 
/����&���#�� 
��ก*�)	 object space ������ก��

– ���ก������1�� 1

– $��ก���)	(�������� (0,0,0)– $��ก���)	(�������� (0,0,0)

– ��-,(�����)	(�$#�� x = -1, ��-�&� x = 1

– ��-�#�����)	(�$#�� y = -1, ��--	 y = 1

• ��	�!	%(&#� �(� xs '�� ys ���/�ก�+	 object space ��� sphere
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0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��? (�&�)

• '�(& zs 
�#�ก�-
�#�%)�#?
• "�ก��&�ก��                               ��	�!	

• '$#&#�                  ������#���กก&#� 1 %(!
– +	ก�=�	�!+)(
��+)( z = 0

1
222 =++ sss zyx 22

1 sss yxz +−=

22

ss yx +

– +	ก�=�	�!+)(
��+)( zs = 0

– '�(&
,$

22

22

ss

s
s

ss

s
s

yx

y
y

yx

x
x

+
=

+
=



0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��? (�&�)

void onSphere(double p[], int x, int y)
{

double xs = 2*(x * 1.0 / screenWidth) - 1;

double ys = 2*((screenHeight - y) * 1.0 / screenHeight) - 1;

double l = xs*xs + ys*ys;

if (l > 1)
{{

xs /= sqrt(l);

ys /= sqrt(l);

l = 1;

}
double zs = sqrt(1 - l*l);

p[0] = xs; p[1] = ys; p[2] = zs;
}



0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��? (�&�)

void onSphere(double p[], int x, int y)
{

double xs = 2*(x * 1.0 / screenWidth) - 1;

double ys = 2*((screenHeight - y) * 1.0 / screenHeight) - 1;

double l = xs*xs + ys*ys;

if (l > 1)
{

�*�	&= ss yx ,

{
xs /= sqrt(l);

ys /= sqrt(l);

l = 1;

}
double zs = sqrt(1 - l*l);

p[0] = xs; p[1] = ys; p[2] = zs;
}



0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��? (�&�)

void onSphere(double p[], int x, int y)
{

double xs = 2*(x * 1.0 / screenWidth) - 1;

double ys = 2*((screenHeight - y) * 1.0 / screenHeight) - 1;

double l = xs*xs + ys*ys;

if (l > 1)
{

�*�	&= 22

ss yx +

{
xs /= sqrt(l);

ys /= sqrt(l);

l = 1;

}
double zs = sqrt(1 - l*l);

p[0] = xs; p[1] = ys; p[2] = zs;
}



0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��? (�&�)

void onSphere(double p[], int x, int y)
{

double xs = 2*(x * 1.0 / screenWidth) - 1;

double ys = 2*((screenHeight - y) * 1.0 / screenHeight) - 1;

double l = xs*xs + ys*ys;

if (l > 1)
{ �(�                      +)(
,$1

22 >+ ss yx{
xs /= sqrt(l);

ys /= sqrt(l);

l = 1;

}
double zs = sqrt(1 - l*l);

p[0] = xs; p[1] = ys; p[2] = zs;
}

�(�                      +)(
,$1>+ ss yx
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0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��? (�&�)

void onSphere(double p[], int x, int y)
{

double xs = 2*(x * 1.0 / screenWidth) - 1;

double ys = 2*((screenHeight - y) * 1.0 / screenHeight) - 1;

double l = xs*xs + ys*ys;

if (l > 1)
{{

xs /= sqrt(l);

ys /= sqrt(l);

l = 1;

}
double zs = sqrt(1 - l*l);

p[0] = xs; p[1] = ys; p[2] = zs;
}

�*�	&= 22
1 sss yxz +−=



0�	1.�23����ก����#" �!����ก!�+,4-�5�����ก��? (�&�)

void onSphere(double p[], int x, int y)
{

double xs = 2*(x * 1.0 / screenWidth) - 1;

double ys = 2*((screenHeight - y) * 1.0 / screenHeight) - 1;

double l = xs*xs + ys*ys;

if (l > 1)
{{

xs /= sqrt(l);

ys /= sqrt(l);

l = 1;

}
double zs = sqrt(1 - l*l);

p[0] = xs; p[1] = ys; p[2] = zs;
}

��	�#�ก��-%�+	 array ���+)(��



0�	1.�23����ก��	��+, p1 �����	ก4*+, p2 ����
�!����ก!�ก	�-�,��ก��64�? �� �,���&	4-�&?

pp1

p2



0�	1.�23����ก��	��+, p1 �����	ก4*+, p2 ����
�!����ก!�ก	�-�,��ก��64�? �� �,���&	4-�&? (�&�)

v
v1 x v2

v1

v2
p1

p2

θ



0�	1.�23����ก��	��+, p1 �����	ก4*+, p2 ����
�!����ก!�ก	�-�,��ก��64�? �� �,���&	4-�&?

• +)( v1 
�5	
&ก
$��������ก��ก��1�	��ก���%���� p1

+)( v2 
�5	
&ก
$��������ก��ก��1�	��ก���%���� p2

• '�(&ก��)��	��
�5	ก��)��	��-'ก	 v1 x v2

(&���� θ = arccos(v ⋅ v )(&���� θ = arccos(v1 ⋅ v2)



�7�ก�3!� arcball

• void arcball(int x, int y)

– �*�)	(����
�����	 rotation matrix ���
ก.-+	 currentRotation

– 
����	%�
• x '�� y 
�5	 screen coordinate ���$*�')	#�
��"�+)�#• x '�� y 
�5	 screen coordinate ���$*�')	#�
��"�+)�#

• $*�')	#�
��"�
��
ก.-���#��� startX, startY

• $�&'�� startRotation 
ก.- rotation matrix +	$�	���
��"����#���$*�')	#� 
(startX, startY)



�7�ก�3!� arcball (�&�)

void arcball(int x, int y)
{

if (x == startX && y == startY)

return;

double  v1[3], v2[3];

onSphere(v1, startX, startY);

onSphere(v2, x, y);

double axis[3];

cross(axis, v1, v2);

normalize(axis);

double cosTheta = dot(v1, v2);

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();

glRotated(acos(cosTheta) / M_PI * 180, axis[0], axis[1], axis[2]);

glMultMatrixd(startRotation);

glGetDoublev(GL_MODELVIEW_MATRIX, currentRotation);
}



�7�ก�3!� arcball (�&�)

void arcball(int x, int y)
{

if (x == startX && y == startY)

return;

double v1[3], v2[3];

onSphere(v1, startX, startY);

onSphere(v2, x, y);

�(�
��"�%�#
����	ก.%�#$(���*���%�

double axis[3];

cross(axis, v1, v2);

normalize(axis);

double cosTheta = dot(v1, v2);

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();

glRotated(acos(cosTheta) / M_PI * 180, axis[0], axis[1], axis[2]);

glMultMatrixd(startRotation);

glGetDoublev(GL_MODELVIEW_MATRIX, currentRotation);
}



�7�ก�3!� arcball (�&�)

void arcball(int x, int y)
{

if (x == startX && y == startY)

return;

double v1[3], v2[3];

onSphere(v1, startX, startY);

onSphere(v2, x, y);

�*�	&= v1 '�� v2

double axis[3];

cross(axis, v1, v2);

normalize(axis);

double cosTheta = dot(v1, v2);

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();

glRotated(acos(cosTheta) / M_PI * 180, axis[0], axis[1], axis[2]);

glMultMatrixd(startRotation);

glGetDoublev(GL_MODELVIEW_MATRIX, currentRotation);
}



�7�ก�3!� arcball (�&�)

void arcball(int x, int y)
{

if (x == startX && y == startY)

return;

double v1[3], v2[3];

onSphere(v1, startX, startY);

onSphere(v2, x, y);

double axis[3];

cross(axis, v1, v2);

normalize(axis);

double cosTheta = dot(v1, v2);

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();

glRotated(acos(cosTheta) / M_PI * 180, axis[0], axis[1], axis[2]);

glMultMatrixd(startRotation);

glGetDoublev(GL_MODELVIEW_MATRIX, currentRotation);
}

�*�	&='ก	 v1 x v2 '���*�+)(��	
�5	
&ก
$���)	3��)	#&�



�7�ก�3!� arcball (�&�)

void arcball(int x, int y)
{

if (x == startX && y == startY)

return;

double v1[3], v2[3];

onSphere(v1, startX, startY);

onSphere(v2, x, y);

double axis[3];

cross(axis, v1, v2);

normalize(axis);

double cosTheta = dot(v1, v2);

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();

glRotated(acos(cosTheta) / M_PI * 180, axis[0], axis[1], axis[2]);

glMultMatrixd(startRotation);

glGetDoublev(GL_MODELVIEW_MATRIX, currentRotation);
}

�*�	&='ก	 cos θ



�7�ก�3!� arcball (�&�)

void arcball(int x, int y)
{

if (x == startX && y == startY)

return;

double v1[3], v2[3];

onSphere(v1, startX, startY);

onSphere(v2, x, y);

double axis[3];

cross(axis, v1, v2);

normalize(axis);

double cosTheta = dot(v1, v2);

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();

glRotated(acos(cosTheta) / M_PI * 180, axis[0], axis[1], axis[2]);

glMultMatrixd(startRotation);

glGetDoublev(GL_MODELVIEW_MATRIX, currentRotation);
}

��= matrix +)�#
�(�
ก�- matrix 
��



�7�ก�3!� arcball (�&�)

void arcball(int x, int y)
{

if (x == startX && y == startY)

return;

double v1[3], v2[3];

onSphere(v1, startX, startY);

onSphere(v2, x, y);

double axis[3];

cross(axis, v1, v2);

normalize(axis);

double cosTheta = dot(v1, v2);

glMatrixMode(GL_MODELVIEW);

glLoadIdentity();

glRotated(acos(cosTheta) / M_PI * 180, axis[0], axis[1], axis[2]);

glMultMatrixd(startRotation);

glGetDoublev(GL_MODELVIEW_MATRIX, currentRotation);
}

'�(&
���#�+)�#+"#��	%���� 
currentRotation



Arcball Rotation (�&�)

• 
&�����ก
��"�
– 
,$�#� startX '�� startY

– ก.���#���� currentRotation ��+"# startRotation

– -�	�3ก&#���ก�����ก
��"����#– -�	�3ก&#���ก�����ก
��"����#



Arcball Rotation (�&�)

void mouse(int button, int state, int x, int y)
{

if (button == GLUT_LEFT_BUTTON && state == GLUT_DOWN)
{

for(int i=0;i<16;i++)

startRotation[i] = currentRotation[i];startRotation[i] = currentRotation[i];

startX = x;

startY = y;

clicked = true;
}
else if (button == GLUT_LEFT_BUTTON && state == GLUT_UP)

clicked = false;
}



Arcball Rotation (�&�)

• 
&��
��"�
����	
– 
���ก arcball

void motion(int x, int y)
{{

if (clicked)
{

arcball(x,y);

glutPostRedisplay();
}

}



ก�������	
��ก�������
��ก��ก��

ก�����ก����������������������ก����ก �



5���.��	����
�������ก�	��ก��

• �����#)����	�(&�ก�	
– ��

– 
&ก
$���

– 
�$��ก,�

– ก��'���

– ������

– Texture mapping

– Material

– Material mapping– ก��'���

– Texture coordinate

– "�
– ���>�/

– Material mapping

– Scene graph

– ���ก�(��

– <�ก

– ?�?



ก	��5# �)*��ก���
/$�+!ก	�5���.��-�&	�#"

• 
����'�	�(������ก'--���&#��(��$(	'$#����#��(&� object

• �(����'$#�����
>����� class �����	
��
• 8�(���&�		�!+)(�%(+	8�($�&��#��

• ก��=��(&�
/�����=��$(��+�(8�(
)�#�	�!�*�ก��-(�	• ก��=��(&�
/�����=��$(��+�(8�(
)�#�	�!�*�ก��-(�	



5���.�
/"�8	�

• 
&ก
$���, ��, "� � Float3

• Texture Coordinate � Float2

• 
�$��ก,� � Float4x4

• ก��'��� �Xform• ก��'��� �Xform



��ก�����

structstructstructstruct FloatFloatFloatFloat3333
{{{{
unionunionunionunion
{{{{
floatfloatfloatfloat d[d[d[d[3333];];];];
structstructstructstruct {{{{ floatfloatfloatfloat x,x,x,x, y,y,y,y, z;z;z;z; };};};};
structstructstructstruct {{{{ floatfloatfloatfloat r,r,r,r, g,g,g,g, b;b;b;b; };};};};
structstructstructstruct {{{{ floatfloatfloatfloat x,x,x,x, y,y,y,y, z;z;z;z; };};};};
structstructstructstruct {{{{ floatfloatfloatfloat r,r,r,r, g,g,g,g, b;b;b;b; };};};};
structstructstructstruct {{{{ floatfloatfloatfloat s,s,s,s, t,t,t,t, u;u;u;u; };};};};
structstructstructstruct {{{{ floatfloatfloatfloat alpha,alpha,alpha,alpha, beta,beta,beta,beta, gamma;gamma;gamma;gamma; };};};};

};};};};

// Other parts of the struct omitted.

}}}}



��$��#$�,9�	�	�0��	4�ก!� Float3

• "�(����	�3!	��
– �� constructor 
/����*�	&��&��"�&ก)���'--

• Float3();();();();
– "�(��+)( component ��ก$�&���#�
�#�ก�- 0

• Float3((((floatfloatfloatfloat c);c);c);c);
– "�(��+)( component ��ก$�&���#�
�#�ก�- c– "�(��+)( component ��ก$�&���#�
�#�ก�- c

• Float3((((floatfloatfloatfloat _x,_x,_x,_x, floatfloatfloatfloat _y,_y,_y,_y, floatfloatfloatfloat _z);_z);_z);_z);
– ก*�)	�#�+)( component ��ก$�&

• $�&��#��
Float3 a();();();(); // a = (// a = (// a = (// a = (0000,,,,0000,,,,0000))))

Float3 b((((1111);););); // b = (// b = (// b = (// b = (1111,,,,1111,,,,1111))))

Float3 c((((1111,,,,2222,,,,3333);););); // c = (// c = (// c = (// c = (1111,,,,2222,,,,3333))))



��$��#$�,9�	�	�0��	4�ก!� Float3

• -&ก��	
– 8�(

Float3 operatoroperatoroperatoroperator ++++ ((((constconstconstconst FloatFloatFloatFloat3333 &x)&x)&x)&x) constconstconstconst

{{{{

returnreturnreturnreturn FloatFloatFloatFloat3333(d[(d[(d[(d[0000]]]] ++++ x[x[x[x[0000],],],],returnreturnreturnreturn FloatFloatFloatFloat3333(d[(d[(d[(d[0000]]]] ++++ x[x[x[x[0000],],],],

d[d[d[d[1111]]]] ++++ x[x[x[x[1111],],],], d[d[d[d[2222]]]] ++++ x[x[x[x[2222]);]);]);]);
}}}}

• $�&��#��
Float3 a((((1111);););); // a = (// a = (// a = (// a = (1111,,,,1111,,,,1111))))

Float3 b((((1111,,,,2222,,,,3333);););); // b = (// b = (// b = (// b = (1111,,,,2222,,,,3333))))

Float3 c ==== a+ba+ba+ba+b;;;; // c = (// c = (// c = (// c = (2222,,,,3333,,,,4444))))



��$��#$�,9�	�	�0��	4�ก!� Float3

• �-��	
– 8�(

Float3 operatoroperatoroperatoroperator ---- ((((constconstconstconst FloatFloatFloatFloat3333 &x)&x)&x)&x) constconstconstconst

{{{{

returnreturnreturnreturn FloatFloatFloatFloat3333(d[(d[(d[(d[0000]]]] ---- x[x[x[x[0000],],],],returnreturnreturnreturn FloatFloatFloatFloat3333(d[(d[(d[(d[0000]]]] ---- x[x[x[x[0000],],],],

d[d[d[d[1111]]]] ---- x[x[x[x[1111],],],], d[d[d[d[2222]]]] ---- x[x[x[x[2222]);]);]);]);
}}}}

– $�&��#��
Float3 a((((1111);););); // a = (// a = (// a = (// a = (1111,,,,1111,,,,1111))))

Float3 b((((1111,,,,2222,,,,3333);););); // b = (// b = (// b = (// b = (1111,,,,2222,,,,3333))))

Float3 c ==== aaaa----b;b;b;b; // c = (// c = (// c = (// c = (0000,,,,----1111,,,,----2222))))



��$��#$�,9�	�	�0��	4�ก!� Float3

• ��=��	(&�"
ก����
– 8�(

Float3 operatoroperatoroperatoroperator **** ((((floatfloatfloatfloat c)c)c)c) constconstconstconst

{{{{

returnreturnreturnreturn FloatFloatFloatFloat3333(d[(d[(d[(d[0000]*c, d[]*c, d[]*c, d[]*c, d[1111]*c,]*c,]*c,]*c, d[d[d[d[2222]*c);]*c);]*c);]*c);

}}}}

– $�&��#��

Float3 a((((1111,,,,0000,,,,2222);););); // a = (// a = (// a = (// a = (1111,,,,0000,,,,2222))))

Float3 b ==== a*a*a*a*1111....5555ffff;;;; // b = (// b = (// b = (// b = (1111....5555,,,,0000,,,,3333))))



��$��#$�,9��	4�ก!� Float3

• ��=��	 (������$�)
– 8�(

Float3 operatoroperatoroperatoroperator **** ((((constconstconstconst FloatFloatFloatFloat3333 &x)&x)&x)&x) constconstconstconst
{{{{

returnreturnreturnreturn FloatFloatFloatFloat3333(d[(d[(d[(d[0000]]]] **** x[x[x[x[0000],],],],returnreturnreturnreturn FloatFloatFloatFloat3333(d[(d[(d[(d[0000]]]] **** x[x[x[x[0000],],],],
d[d[d[d[1111]]]] **** x[x[x[x[1111],],],], d[d[d[d[2222]]]] **** x[x[x[x[2222]);]);]);]);

}}}}

– $�&��#��

Float3 a((((2222,,,,2222,,,,2222);););); // a = (// a = (// a = (// a = (2222,,,,2222,,,,2222))))

Float3 b((((1111,,,,2222,,,,3333);););); // b = (// b = (// b = (// b = (1111,,,,2222,,,,3333))))

Float3 c ==== a*b;a*b;a*b;a*b; // c = (// c = (// c = (// c = (2222,,,,4444,,,,6666))))



��$��#$�,9�	�	�0��	4�ก!� Float3

• )��&����&
– 8�(

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);

}}}}

– $�&��#��

Float3 a((((3333,,,,4444,,,,0000);););); // a = (// a = (// a = (// a = (3333,,,,4444,,,,0000))))

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



��$��#$�,9�	�	�0��	4�ก!� Float3

• �*�	&= dot product

– 8�(
floatfloatfloatfloat dot(dot(dot(dot(constconstconstconst FloatFloatFloatFloat3333 &v&v&v&v1111,,,, constconstconstconst FloatFloatFloatFloat3333 &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;

}}}}

– $�&��#��

Float3 a((((3333,,,,4444,,,,0000);););); // a = (// a = (// a = (// a = (3333,,,,4444,,,,0000))))

Float3 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



��$��#$�,9�	�	�0��	4�ก!� Float3

• �*�	&= cross product
– 8�(

inlineinlineinlineinline FloatFloatFloatFloat3333 cross(cross(cross(cross(
constconstconstconst FloatFloatFloatFloat3333 &v&v&v&v1111,,,, constconstconstconst FloatFloatFloatFloat3333 &v&v&v&v2222))))

{{{{
returnreturnreturnreturn FloatFloatFloatFloat3333((((returnreturnreturnreturn FloatFloatFloatFloat3333((((

(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));

}}}}

– $�&��#��
Float3 a((((1111,,,,0000,,,,0000);););); // a = (// a = (// a = (// a = (1111,,,,0000,,,,0000))))

Float3 b((((0000,,,,1111,,,,0000);););); // b = (// b = (// b = (// b = (0000,,,,1111,,,,0000))))

Float3 c ==== cross(cross(cross(cross(a,ba,ba,ba,b)))) // c = (// c = (// c = (// c = (0000,,,,0000,,,,1111))))



��$��#$�,9�	�	�0��	4�ก!� Float3

• �*�+)(
�5	
&ก
$���)	3��)	#&�
– 8�(

inlineinlineinlineinline FloatFloatFloatFloat3333 normalize(normalize(normalize(normalize(constconstconstconst FloatFloatFloatFloat3333 &v)&v)&v)&v)

{{{{

returnreturnreturnreturn vvvv //// v.lengthv.lengthv.lengthv.length();();();();

}}}}

– $�&��#��

Float3 a((((1111,,,,1111,,,,1111);););); // a = (// a = (// a = (// a = (1111,,,,1111,,,,1111))))

Float3 b = normalize(a) 
// b = (// b = (// b = (// b = (0000....717717717717,,,,0000....717717717717,,,,0000....717717717717))))



�����ก:�

• 
��"	+�
</��
�$��ก,��	� 4x4 
�#�	�!	
– 
	������กก��'������
��"	+���!�)�"�����'�	%((&�
�$��ก,� 4x4

• Affine transformation

• Look-at transformation

• Perspective projection

• 
��
ก.-
�$��ก,�+	��
��� 2 ��$� m �	� 4x4• 
��
ก.-
�$��ก,�+	��
��� 2 ��$� m �	� 4x4

• 
��
����"����ก+	
�$��ก,�$���*��- row-major
– m[0][0] ��� "����ก+	'�&'�ก �����	�'�ก
– m[0][1] ��� "����ก+	'�&'�ก �����	����"��
– m[1][2] ��� "����ก+	'�&���"�� �����	����"��
– m[3][3] ��� "����ก+	'�&���"�� �����	����"��

• ก��
����"����ก'--	�!'$ก$#��ก�-��� OpenGL ���
����'-- column-major



�����ก:�

structstructstructstruct FloatFloatFloatFloat4444xxxx4444

{{{{

privateprivateprivateprivate::::

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

// Other parts of the struct omitted.

};};};};



��$��#$�,9�	�	�0��	4�ก!������ก:�

• "�(����	�3!	��
– �� constructor �*�	&��&��"�&ก)���'--

• $�&��#��
Float4x4 A;;;; // All elements are // All elements are // All elements are // All elements are 0000....
Float4x4 B((((1111);););); // All elements are // All elements are // All elements are // All elements are 1111....Float4x4 B((((1111);););); // All elements are // All elements are // All elements are // All elements are 1111....
Float4x4 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);



��$��#$�,9��	4�ก!������ก:�

• 
���(���������	+"#��
���'-- column-major

– 8�(
inlineinlineinlineinline voidvoidvoidvoid fill_column_major_arrayfill_column_major_arrayfill_column_major_arrayfill_column_major_array((((floatfloatfloatfloat *result)*result)*result)*result) constconstconstconst

{{{{

FOR((((colcolcolcol,,,, 4444))))FOR((((colcolcolcol,,,, 4444))))

FOR(row,(row,(row,(row, 4444))))

result[[[[4444****colcolcolcol ++++ row]row]row]row] ==== m[row][m[row][m[row][m[row][colcolcolcol];];];];

}}}}

– $�&��#��
intintintint a[a[a[a[16161616];];];];

Float4x4 M((((1111,,,,0000,,,,0000,,,,1111,,,,0000,,,,1111,,,,0000,,,,2222,,,,0000,,,,0000,,,,1111,,,,3333,,,,0000,,,,0000,,,,0000,,,,1111););););

M.fill_column_major_array.fill_column_major_array.fill_column_major_array.fill_column_major_array(a);(a);(a);(a);



��$��#$�,9�	�	�0��	4�ก!������ก:�

• -&ก
�$��ก,�

• �-
�$��ก,�

• ��=
�$��ก,�(&�"
ก����

• ��=
�$��ก,�ก�-
�$��ก,�• ��=
�$��ก,�ก�-
�$��ก,�



��$��#$�,9��	4�ก!������ก:�

• $�&��#��
Float4x4 A((((2222,,,,0000,,,,0000,,,,0000,,,,0000,,,,2222,,,,0000,,,,0000,,,,0000,,,,0000,,,,2222,,,,0000,,,,0000,,,,0000,,,,0000,,,,2222););););
Float4x4 B((((0000,,,,1111,,,,0000,,,,0000,,,,0000,,,,0000,,,,1111,,,,0000,,,,0000,,,,0000,,,,0000,,,,1111,,,,1111,,,,0000,,,,0000,,,,0000););););
Float4x4 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]]

Float4x4 D ==== AAAA----B;B;B;B;Float4x4 D ==== AAAA----B;B;B;B;
// D = [[2,-1,0,0],[0,2,-1,0],[0,0,2,-1],[-1,0,0,2]]

Float4x4 E ==== A*A*A*A*2222;;;;
// E = [[4,0,0,0],[0,4,0,0],[0,0,4,0],[0,0,0,4]]

Float4x4 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]]



��$��#$�,9��	4�ก!������ก:�

• ��=
�$��ก,�ก�-��
• ��=
�$��ก,�ก�-
&ก
$���
• "��
ก$
– 
�$��ก,����	� 4x4 '$#��'��
&ก
$���
�5	
�$��ก,��	� 3x1– 
�$��ก,����	� 4x4 '$#��'��
&ก
$���
�5	
�$��ก,��	� 3x1

• <�	�!	8�;�����$�'�(&��	��=ก�	%�#%(

– '$#
������=
�$��ก,�(&� homogeneous coordinate �����'��

&ก
$��� ,3��
�5	
�$��ก,��	� 4x1

– ��&��: HC �����'��
&ก
$���	�!	$#��ก�	
• HC ����� (x,y,z) ��� (x,y,z,1)

• HC ���
&ก
$��� (x,y,z) ��� (x,y,z,0)



��$��#$�,9�	�	�0��	4�ก!������ก:�

Float4x4 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)."

Float3 v((((1111,,,,1111,,,,1111););););

Float3 p((((1111,,,,1111,,,,1111););););

Float3 u ==== A.multiply_vectorA.multiply_vectorA.multiply_vectorA.multiply_vector(v);(v);(v);(v); // u = (// u = (// u = (// u = (2222,,,,2222,,,,2222))))Float3 u ==== A.multiply_vectorA.multiply_vectorA.multiply_vectorA.multiply_vector(v);(v);(v);(v); // u = (// u = (// u = (// u = (2222,,,,2222,,,,2222))))

Float3 q ==== A.multiply_pointA.multiply_pointA.multiply_pointA.multiply_point(p);(p);(p);(p); // v = (// v = (// v = (// v = (3333,,,,3333,,,,3333))))



��$��#$�,9��	4�ก!������ก:�

• �*�	&= transpose �����	

• �*�	&= inverse �����	

• �*�	&= determinant �����	



��$��#$�,9��	4�ก!������ก:�

Float4x4 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)."

Float4x4 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]]

Float4x4 C ==== inverse(A);inverse(A);inverse(A);inverse(A);Float4x4 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



��$��#$�,9��	4�ก!������ก:�

• "�(�� matrix ���ก��'������"*���@ 
– ก���#�����

– ก��)��	

– ก��
����	'ก	�	�– ก��
����	'ก	�	�

– Look at transformation

– Orthogonal projection

– Perspective projection



��$��#$�,9��	4�ก!������ก:�

• ���ก���	"*�)��-"�(��ก��'���
)�#�	�!
���	
�5	 static method 
��%&(
– staticstaticstaticstatic FloatFloatFloatFloat4444xxxx4444 identity();identity();identity();identity();

• "�(��
�$��ก,�
�ก��กA=�
– staticstaticstaticstatic FloatFloatFloatFloat4444xxxx4444 translate(translate(translate(translate(floatfloatfloatfloat x,x,x,x, floatfloatfloatfloat y,y,y,y, floatfloatfloatfloat z);z);z);z);

• "�(��
�$��ก,����ก��
����	'ก	�	�	"�(��
�$��ก,����ก��
����	'ก	�	�	
– staticstaticstaticstatic FloatFloatFloatFloat4444xxxx4444 scale(scale(scale(scale(floatfloatfloatfloat x,x,x,x, floatfloatfloatfloat y,y,y,y, floatfloatfloatfloat z);z);z);z);

• "�(��
�$��ก,����ก���#�����
– staticstaticstaticstatic FloatFloatFloatFloat4444xxxx4444 rotate(rotate(rotate(rotate(floatfloatfloatfloat degrees,degrees,degrees,degrees, VectorVectorVectorVector3333 axis);axis);axis);axis);

• "�(��
�$��ก,����ก��)��	+	"����$�
– staticstaticstaticstatic FloatFloatFloatFloat4444xxxx4444 look_atlook_atlook_atlook_at((((

FloatFloatFloatFloat3333 eye,eye,eye,eye, FloatFloatFloatFloat3333 at,at,at,at, FloatFloatFloatFloat3333 up);up);up);up);

• "�(��
�$��ก,����ก��'��� look-at



��$��#$�,9��	4�ก!������ก:�

• $�&��#��
Float4x4 I ==== FloatFloatFloatFloat4444xxxx4444::identity();::identity();::identity();::identity();

Float4x4 T ==== FloatFloatFloatFloat4444xxxx4444::translation(::translation(::translation(::translation(1111,,,,2222,,,,3333););););

Float4x4 R ==== FloatFloatFloatFloat4444xxxx4444::rotation(::rotation(::rotation(::rotation(60606060,,,,
FloatFloatFloatFloat3333((((0000,,,,0000,,,,1111));));));));FloatFloatFloatFloat3333((((0000,,,,0000,,,,1111));));));));

Float4x4 S ==== FloatFloatFloatFloat4444xxxx4444::scale(::scale(::scale(::scale(2222,,,,2222,,,,2222););););



ก	��*��

• '�	ก��'���'-- affine 
�#�	�!	
– %�#�&� perspetive projection ,3��%�#+�#ก��'��� affine

• 
��"�����'�	ก��'���(&�
�$��ก,�
• '$#
��$(��ก��+)(���"���ก��'���"������*���	%(��กก&#�
�$��ก,�
<� 
– 
��$(��ก���*�	&=ก��'���0�	ก��-%(��#���&
�.&– 
��$(��ก���*�	&=ก��'���0�	ก��-%(��#���&
�.&
– 
��$(��ก���*�	&= inverse transpose ���ก��
�$��ก,����ก��'���%(��#��

�&
�.&(&�
• <�	�!	"*�)��-ก��'���)	3��  
����
ก.-
– 
�$��ก,������	 '��
– 
�$��ก,���� inverse �����	 '��
– inverse transpose ���
�$��ก,������	



ก	��*��

structstructstructstruct XformXformXformXform

{{{{

publicpublicpublicpublic::::

Float4x4 m;;;;Float4x4 m;;;;

Float4x4 mi;;;;

Float4x4 mit;;;;

// Other parts of the class omitted.

};};};};



��$��#$�,9�	�	�0��	4�ก!�ก	��*��

• "�(����	�3!	��
– �� constructor +)(+�()���'--

• Xform();();();();
– "�(��ก��'���
�ก��กA=�

• Xform((((constconstconstconst FloatFloatFloatFloat4444xxxx4444 &_m);&_m);&_m);&_m);• Xform((((constconstconstconst FloatFloatFloatFloat4444xxxx4444 &_m);&_m);&_m);&_m);
– ก*�)	
�$��ก,�+)(

• Xform((((constconstconstconst FloatFloatFloatFloat4444xxxx4444 &_m,&_m,&_m,&_m,
constconstconstconst FloatFloatFloatFloat4444xxxx4444 &&&&_mi_mi_mi_mi););););

– ก*�)	
�$��ก,�'�� inverse �����	+)(

• Xform((((constconstconstconst FloatFloatFloatFloat4444xxxx4444 &_m,&_m,&_m,&_m,
constconstconstconst FloatFloatFloatFloat4444xxxx4444 &&&&_mi_mi_mi_mi,,,,
constconstconstconst FloatFloatFloatFloat4444xxxx4444 &&&&_mit_mit_mit_mit););););

– ก*�)	
�$��ก,�, inverse �����	, '�� inverse transpose �����	+)(



��$��#$�,9�	�	�0��	4�ก!�ก	��*��

• $�&��#��
Xform T1 ==== XformXformXformXform();();();();

Xform T2 ==== XformXformXformXform(Float(Float(Float(Float4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333));));));));

Xform T3 ==== XformXformXformXform(Float(Float(Float(Float4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333),),),),

FloatFloatFloatFloat4444xxxx4444::translate(::translate(::translate(::translate(----1111,,,,----2222,,,,----3333));));));));

Xform T4 ==== XformXformXformXform(Float(Float(Float(Float4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333),),),),Xform T4 ==== XformXformXformXform(Float(Float(Float(Float4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333),),),),

FloatFloatFloatFloat4444xxxx4444::translate(::translate(::translate(::translate(----1111,,,,----2222,,,,----3333),),),),

transpose(transpose(transpose(transpose(FloatFloatFloatFloat4444xxxx4444::translate(::translate(::translate(::translate(----1111,,,,----2222,,,,----3333)));)));)));)));



��$��#$�,9�	�	�0��	4�ก!�ก	��*��

• ��=��	
�(�(&�ก�	
– /���ก��#��)	3������*�ก�� compose ��	

– �(� A '�� B 
�5	ก��'���'�(& A*B ���ก��'�������*� B ก#�	'�(&�#��
�*� A�*� A

• $�&��#��
Xform A ==== XformXformXformXform(Float(Float(Float(Float4444xxxx4444::translate(::translate(::translate(::translate(1111,,,,2222,,,,3333));));));));

Xform B ==== XformXformXformXform(Float(Float(Float(Float4444xxxx4444::scale(::scale(::scale(::scale(2222,,,,2222,,,,2222));));));));

Xform C ==== AAAA **** B;B;B;B;

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



��$��#$�,9��	4�ก!�ก	��*��

• "�(��ก��'��� affine /�!	B�	$#�� 
– staticstaticstaticstatic XformXformXformXform identity();identity();identity();identity();

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

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



Float2

structstructstructstruct FloatFloatFloatFloat2222
{{{{
unionunionunionunion
{{{{
floatfloatfloatfloat d[d[d[d[2222];];];];
structstructstructstruct {{{{ floatfloatfloatfloat x,x,x,x, y;y;y;y; };};};};
floatfloatfloatfloat d[d[d[d[2222];];];];
structstructstructstruct {{{{ floatfloatfloatfloat x,x,x,x, y;y;y;y; };};};};
structstructstructstruct {{{{ floatfloatfloatfloat s,s,s,s, t;t;t;t; };};};};
structstructstructstruct {{{{ floatfloatfloatfloat u,u,u,u, v;v;v;v; };};};};

};};};};

// Other parts of the class omitted.

};};};};



�,9�	�	�0��	�64�4�ก!� Float2

• "�(����	�3!	��
– �� constructor +)(+�(���#)���'--

• Float2();();();();
– ก*�)	�#�
����$(	 u = v = 0

• Float2((((floatfloatfloatfloat c);c);c);c);
– ก*�)	�#�
����$(	 u = v = c– ก*�)	�#�
����$(	 u = v = c

• Float2((((floatfloatfloatfloat _u,_u,_u,_u, floatfloatfloatfloat _v);_v);_v);_v);
– ก*�)	�#�
����$(	 u = _u, v = _v

– $�&��#��
Float2 tc1 ==== FloatFloatFloatFloat2222();();();(); // tc// tc// tc// tc1 1 1 1 = (= (= (= (0000,,,,0000))))

Float2 tc2 ==== FloatFloatFloatFloat2222((((0000....5555);););); // tc// tc// tc// tc2 2 2 2 = (= (= (= (0000....5555,,,,0000....5555))))

Float2 tc3 ==== FloatFloatFloatFloat2222((((0000....1111,,,,0000....2222);););); // tc// tc// tc// tc3 3 3 3 = (= (= (= (0000....1111,,,,0000....2222))))



5���.��.*���

• ���'--ก��'�	���������%(��-�&��	�����ก���"� ��� 
polygon mesh ($��#��������)���
)�����)

• Mesh ���ก�-(&�
– ���*�	&	)���  ��

– 
&ก
$���$�!�<�ก (normal) �*�	&	)���  
&ก
$���– 
&ก
$���$�!�<�ก (normal) �*�	&	)���  
&ก
$���

– Texture coordinate )���  $�&

– ���)���
)����� (polygon) ���"�(����ก���(��$(	 '$#�������(���� normal '�� texture 

coordinate ก*�ก�-���#(&� 

– 
/����&���#�� 
����
ก.-
</�����"��
)�����
�#�	�!	



Mesh

classclassclassclass MeshMeshMeshMesh
{{{{
publicpublicpublicpublic::::

Mesh();();();();
virtualvirtualvirtualvirtual ~Mesh();~Mesh();~Mesh();~Mesh();

publicpublicpublicpublic::::
std::vector<Float::vector<Float::vector<Float::vector<Float3333>>>> positions;positions;positions;positions;
std::vector<Float::vector<Float::vector<Float::vector<Float3333>>>> normalsnormalsnormalsnormals;;;;
std::vector<Float::vector<Float::vector<Float::vector<Float2222>>>> tex_coordstex_coordstex_coordstex_coords;;;;
std::vector<::vector<::vector<::vector<MeshTriangleMeshTriangleMeshTriangleMeshTriangle>>>> triangles;triangles;triangles;triangles;

};};};};



MeshTriangle

• 
ก.-"��
)�����+	 mesh ��	)	3��
• ���ก�-(&�

– int p[3]

• ��
���"*�)��-
ก.-
��������$*�')	#�+	"����$���� vertex ��!�"��• ��
���"*�)��-
ก.-
��������$*�')	#�+	"����$���� vertex ��!�"��

– int n[3]

• ��
���"*�)��-
ก.-
�������� normal ��� vertex ��!�"��

– int t[3]

• ��
���"*�)��-
ก.-
�������� texture coordinate ��� vertex ��!�"��



4��� .obj

• ���'--%��� .obj 
�5	���'--%������+�('�	 mesh ���+�(ก�	�#�	�(��
'/�#)���
– ���'--�#��

– 
�5	 plain text– 
�5	 plain text

• 8��'ก�����(�	���/�&
$���ก���Cก"�"#&	+)@# support %��� 
format 	�!
– 3DSMax, Maya, Blender, SoftImage XSI, ?�?



�!�� &	�4��� .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 



��	�!$�2�4��� .obj

• v x y z w

– ก*�)	$*�')	#��������)	3��

– ��'�ก���ก*�)	��)���
�� 1 ��$#�%���)���
�� 2 
�#		�!%�
����� 

• vn i j k• vn i j k

– ก*�)	 normal

– normal '�ก���ก*�)	��)���
�� 2 normal $�&$#�%���)���
�� 2 


�#		�!%�
����� 



��	�!$�2�4��� .obj

• f v/vt/vn v/vt/vn v/vt/vn v/vt/vn

– ก*�)	)	(�
– v/vt/vn �������#ก��$�&ก.%( �3!	���#ก�-�*�	&	���
– v ������	����$*�')	#� (
������ก 1)
– vt ������	���� texture coordinate (
������ก 1)– vt ������	���� texture coordinate (
������ก 1)

• '$#
��%�#"	+�$�&	�!

– vn ������	���� 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 



. Demo

• ก���#�	%��� .obj


