


ıı �� ĮĮ� �� � ¯d¯d 3&9"#,3&9"#, Úƅĝæ¯¡ĥÚƅĝæ¯¡ĥ   

�����
���

��	�����������

̑ʮȉĄſĶ.ƬLɇĨƢ�ƃĠÃÿǹĆ<ķǹŲʠĆ˽ǀ!ɳ�ɺǦĶȡĎǦĶɌ

ͣ¡ĄſĶɺǭǭΒΒ�žə3´、 ShaderĆĶ4 Shaderɺ͒ʚ&�ƦMȂŢcɯɺŏǹʆʹ
îʈ�¾ǦĶɺ�Ǟ.��（ƑJǦ�

ƃĞ̪ˠ̒)ĄſĶ&ɺǦĶĜȊƢɺʏ��>ǦĶȡĎĆ�ĶˠʁȍǻɅƢZƃ

Ğƚ���ƦMΏ̆Ư?ͩɺÒǹ�>ĒʍɺǦĶ͔ʮ�ˡÒ̆ǏǗ8͗>�ŀ�ŏTËɪƃĞ

:ƚÔL͓�ˡ̎ƦMĆʋʜîĶ4IB˔�ɺ Shader Jʊǵ�3��Tɷ;��I)C,̆
͗,���ˡǹ�ò�͗Ͳŏǹcɯʈ̀͘8�%ÎǋˡŚ�

)8̪̔ˠ˪ğÅ�¡̑ʮ&ȍ�ˡ�ǹĕÂŶć̪�Ć�>ŋ˳ɺȂÞƦMTˍ��>

）4Ι）4ΙɺʫȚTĆȇʣȂÞˍ���̆sʁʫȚ��Ώ̆ȻƟɺǹ�͗>）4Ιŧ�ǹ

ÔȃÔǲɺ�ƦMŧΐƞ�ɯΙɂƨȈȍ̪̔ˠǏǗ͗>ǦĶ͔ʮ�ˡǹƞ�ɯ͗>）4Ιȍ

͛�>ŀǷ�ƧĻ͂&Ţ̈ɺ;Ιͥ ͒͗>）4Ι�̪ ˠÔLŇȇ˳�ŀȃȁ¬ɇ¤ɺɬ̎

ͫ,�ǅ̹ʦȍ�̔ƦM�̷̹͘ǦĶɺ!ɳâ�

 4.1  ŉïSl�ċÖ 
)8̪̔ˠȁ¬ɬ̎ǦĶ̑ʮɺ�_Ɵ-�ƦM{ȍpĺ�%ĈǽɪĆ�p̛ƦMȧĆų

Ë�ȥ¼ͥΝșɺ�ĈɎƤĆ͗%ɎƤͲ�ɩĿÔLĆ�ĈͲ�ƃĞÔɞɺĩɢ�Ǽͥ�Ĉ

ɎƤ�Üɺǹ�ƦMɺ*̍�ǹɩĿ�ˡǹ�ģɢ�≠≠�ĬĄ 4.1 Ƭʑ≠≠�DͼƅĘ�
ķŇƃĞ:ƚͮzɑ8īĥƆ
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4.2  į�¸�úĸ 

4� ��	� � Øpĝl�ċÖƗØpĝEřƒƒíƏ¨ƀÏðƐƖª©ÐÍÈĝƑđ

̪ˠ�)C,ɎƤ*̍�ǹɩĿë� ƦM�ÿ)ƦMɺʬ�ŏǹ͗,PƑ
ĆǢ:ɺ�ų≤��Ĉ!ɳǹȶȃǦĶȠƋɺͥ͒�ΒɺĶ4�ƦMT̝̈ǦĶˍ͗%!

ɳŠȍ8Ǝȗ˝ġ̇ćɺÎµ

 4.2  į�¸�úĸ 
ĆɎƤ¢a&�ƦMcɯǦĶˎĠͭ�ͮǹ)8̑ʮ[˚�̾ʓî̍űʪÎʹˡ͗>̑ʮ

Ġͭ�ͮǹĆc�5'Oe�Cartesian Coordinate System��̀͘ɺ͗%ÝĴȍɐ<ȸăU
ĠɺôĶĿ�ɣɬĶĿ�ƆɬĶĿ�ǦĶĿʧ¼ō�René Descartes � 

ͫ,�ƦM)C,Ώ̆ʧ¼ōċȕʺë�ȃ͗ȗ�%V̨�̗͛8ʧ¼ōǕ�ʧ¼ōċȕʺ

ɺɰȍʧ¼ōGŋ^ŻĞɸ�ƬLIƬĆɺŃłĶȖɺ˞ŝx̙IÔL�ɾɴĆŪ�ɾ¡&¸

Ćʧ¼ōɺ�ɮ&�Iȯġɺ�¸ǵ|�/ͮǹĆŪ�ű͒ɺʧ¼ōŧȶȃƵ͗ȭǵͿɯĆʅ

ƣ̌��ˡǹƏ˟8ƃĞ�<ǦĶîôĶ�ɺ;Ιȃ�ġ�ʧ¼ōËɪ�Ò˵˿Ćġ˴ȏ�ɝ

ȍɝÄ�Ỉņ8ƃͼ�ȭǵͿʧ¼ōƞ�Ʀ̆Ĭ_ȍǔ͛͗Ò˵˿ɺ͔¯͝ͅë�ȂÞ�ʧ

¼ōƟ̞¡�IÔLcɯ͗Ò˵˿̾ʓƫͿ��Ü

ĖΒɺ[˚ȍǔ͛�ĬĄ 4.2ƬʑIGŪ�̹̓�
��8IɺËɪəÞ�I̢Ąǔ͛�>ɖɺ[˚�

ȧĬĬǔ͛˵˿ɺ[˚�ȗȂÞ�ʧ¼ōŏË

Ƕ8͗%ċȕŦΒl ͗%ċȕŦΒÞȍͤɋËŔ�

ŏſƥ8ċȕʺʺˏBM)8ʿƋʧ¼ōɺŖa�

ŏɯIɺÝĴȍˍ͗ʔċȕʺ̀͘íÝ

žə��ΒV̨ɺÔΑƑǲGΦ̝�>͊ʂ

wɺ̪ˠŏ�ɯƐʄßȇ5²̧ͬʱ&ËͬN̨�

�ú�bʭɾǹ˩̨���͒�̪ˠÔLG͗%V̨

&Ëɪ�ʧ¼ōċȕʺîƦMɺɮȾǹń�ɿ�ɺ 

��
�	� � fŃį�¸�úĸ�

:Ļ��̪ˠƃÔ˪�ɾĆɯ;˒ʧ¼ōċȕʺ�ŐʯbÔ˪ŧȶȃä͒ʧ¼ō͗%Ý̠

b͖̖ƅĆ�ð�Ⱥɤ�άȸʉ�ɱƀ&�ð�î˙ƕĠƨĥȽǤǍɺάȸȞɼà�͗ͲɺăΆ

4� ��
� � tŞ7į�¸�úĸôČgį�¸´�

§ōõVƏ�Ɣƕĝŭ|ŧųĝŖ³Ɨį�¸�ĕ7

�o`ĘƔƕťX�¢ƇĝťĨôâŲ°ĝÉy\ņ�

《

入
门
精
要
》



 

42 

4.2  į�¸�úĸ 

̮ȞȞɼ3ÔLɬ̎ƥǹ�%;˒ɺʧ¼ōċȕʺ

Ą 4.3Ǻʑ8�%;˒ʧ¼ōċȕʺķǹ�ǹƃv�%Ȟɼë� 
�%;˒ɺʧ¼ōċȕʺ´ã8#%ͭ�ɺkƗ�

•� �%ɤȫɺ[˚�¾Ãɖ�ķǹǧ%ċȕʺɺ&Ɔ�

•� #Ȍ͒Ãɖɺ=ɿčɾɺʆʹ�¾ x ͈î y ͈͗>ċ
ȕ͈3̃ʘ)ǹ̤ċȕʺɺĒʆʹ

˾əĆĄ 4.3& x͈î y͈� ǹȳŦîčɾǭßɺ�Z͗
ŧ�ǹƇΕɺƞ̮Ƶ�Βɺċȕʺǧ^ßŗǰ͆ 30°ˡ �
˾əĄ&ɺ x͈ǇßÖ�y͈Ǉß��Z͗3ŧ�ǹƇΕɺd
Ĭ�Ć 2.3.4˳œťǸŉ&�OpenGLî DirectXcɯ8�Üɺ;
˒ʧ¼ōċȕʺ�ĬĄ 4.4Ƭʑ 

ˡȃ8͗%ċȕʺƦMŏÔLʸʏćĺ[�%ɖɺ[˚d

Ĭ�Ĭȑ̨��Ć�1, 2�ɺ[˚�ɲ�%ɖ�ͫ,ɿk̪ˠ˧ĺʇͩ͗%[˚ĆóͲ 
ƦMȍʁ��ʧ¼ōċȕʺˍĩɢ�ĈŠȍ8C,ÎµĆȶȃʧ¼ōċȕʺɺǵn�ĩɢ

MȘȇȶȃǶʏɺ[˚ȠƋĬȑ�ģĩɢ;��≠≠�bɪĆĆóͲö��≠≠Ò˪þʫ̨�Ʀ

Ć͗Ͳ�Ƨˠ�ƦĆͫͲ�͗>ȡʹɺ̠̦Zͫģĩɢȴ͙�Tʇͩ≠≠ɺʏ�[˚ˡƵʧ

¼ōċȕʺŷ~¡ĩɢ�ĈÞ�Ƭȃɺ��ͮÎƅɊǾ̹ȍƦMƵĩɢ�Ĉɺ&Ɔĺ-ƥċȕ

Ãɖ�ˡƵćɬǭß&ɺ"�¶ĺ-ƥċȕ͈ǭßɪĆ�Ĭȑĩɢ�;��≠≠�bɪĆĆóͲ

ö��≠≠ŏÔLþʫ̨��ƦĆ" 1ʴ�¶ 3ʴɺćǭ�ĬĄ 4.5Ƭʑ 

� � � � � � � � � � � � � 4� ���� � �»Àìµë71+#C./ � -',#!.8� � � � � � � � � � � � � � � � � � � � � � 4� ��� � į�¸�úĸ�oŜ�

`ĘeX�é�ĝfŃį�¸�úĸ� � � � � � � � � � � � � � � � � � � � � � � � � � � � ƒƒķĦŒŲŊ¿ĝ\ņ�

��
�
� � UŃį�¸�úĸ�

Ć�Β�˳&�ƦMŚ．8̎8;˒ʧ¼ōċȕʺÔLʁ��;˒ʧ¼ōċȕʺĻΆ�ǹ

Ȱ͊ʭºɺͫ,��˒Ȱ;˒ÒĞ8�%˒ű�ǹ�ǹ3ŏ8 50%ˡŚë� 
�Ũɺǹ�ʫȚǹáĺɺ�˒ʧ¼ōċȕʺɿ͊<;˒ǫ̏̆ĜȊ̙Ğ�Z͗ŧ�Ɵìʄ

ƃĶTķŇBʵǫ̏�ƦMɮȾɺ!ɳŏǹ�˒ɺ�ÿȨŇ

<ɬ̎ȁ\˒űɺʝͿ��˒î;˒�ǹȰ͊ŀǷɺˡŇ<Ü

ʪ˒űɺ�>ȠƋ�ɬ̹̎ȍűŏĠ�>�Ň<ȁΪ˒űɺʝ

Ϳ�Ĭý˒ʝͿ��ɬ̎űŏȁĠ8

Ć�˒ʧ¼ōċȕʺ&�ƦMΏ̆ĺ- 3 %ċȕ͈î�%Ã
ɖĄ 4.6Ǻʑ8�%�˒ʧ¼ōċȕʺ 

4� ���� � ƏBfŃį�¸�úĸ�

4� ��(� � ƏBUŃį�¸�úĸ�
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4.2  į�¸�úĸ 

͗ 3%ċȕ͈3̃ʘ)ǹ̤ċȕʺɺ*[ʹ�basis vector�ͥŢƚ���͗ 3 %ċȕ͈.
Ϳǹ=ɿčɾɺ� ͼű) 1�͗ȗɺĒʆʹ̃ʘ)O�R�*�orthonormal basis��Z͗ŧ�
ǹƇΕɺdĬ�Ć�>ċȕʺ&ċȕ͈.Ϳ=ɿčɾZͼű�) 1�͗ȗɺĒʆʹ̃ʘ)R�
*�orthogonal basis�Ĭΐɤǫ̈̄Ƕ�ȇ5ΰ̒ƚ��cɯɺċȕ͈Ǉɺͮǹȕ�ȧ?Ē 

̪ˠ�ȧ?͗%̠ǹC,ƟƏë�

ƦM�ȧ?ÔLɬ̎ƥ=ɿčɾɺƟƏĆ�Βʈɺ�ŀ&�ƦM͖Tʁ¡ȧ?ʈɺ

ȠƋ

î;˒ʧ¼ōċȕʺʵY��˒ʧ¼ōċȕʺ&ɺċȕ͈ǭß3�ǹ…ĺɺ�¾��ĺǹv

Ą 4.6 &ͫȗɺǇßZ͗ʔ�Üň˰8#ʔ�Üʔʵɺċȕʺ�9C'Oe� left-handed 
coordinate space�î"C'Oe�right-handed coordinate space� 
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4.2  į�¸�úĸ 

��
��� � ¾Û�úĸ��Û�úĸ�

)C,Ć�˒ʧ¼ōċȕʺ&̆·�ŗƭċȕʺîÖƭċȕʺ�ˡ;˒&ŏȶȃ͗>ɘBɺ

:ƚë�͗ǹÿ)�Ć;˒ʧ¼ōċȕʺ&�x͈î y͈ɺǇß˾əÔ˪�Ü�ŏĬƦMĆĄ 4.4
&ʁ¡ɺ�ȗZƦMƓÔLͥ͒�>ǰ͆ǜaȍcķMɺċȕ͈ǇßɿÜLĄ 4.4& OpenGL
î DirectX cɯɺċȕʺ)d�)8ƵÖ·ɺċȕ͈Ǉß͆ǋ¡ŗ·ͫȗɺǇß�ƦMÔLΤ{
ŇÖ·ɺċȕʺΔǵͶǰ͆ 180°�Ȩǵķɺ y͈Ǉß��ˡ x͈ǇßŗəÞ�ƦM�Ƶǧ%˂
ΒȳŦ˝͆���ŏÔLƵ x͈˝͆¡ǇßÖ8�ȨǵŗÖ#·ɺċȕ͈Ǉßŏĸ�ɿÜ8G
͗ʔƟ-�ǫ̏�Ƭȃɺ;˒ʧ¼ōċȕʺͮǹʪOɺ

ZŇ<�˒ʧ¼ōċȕʺ�Α͗ʔǰ͆ȃǵŧ�˪c#%�ÜȅßɺċȕʺͳÛdĬ�Ć

Ą 4.6&�+z͈ɺǭßǇß˂Βɺ�ͭ�ĬȑȃÑ�%�˒ʧ¼ōċȕʺ�ķɺ+z͈ǹǇß˂Β
ĝͭ�x ͈î y ͈jǆ�Î�ͫ,ƦMÔLͥ͒ǰ͆Ƶ͗#%ċȕ͈ͳÛĆ�̹à�ʫȚǹáĺ
ɺƦMƓÔL̔�&#%ċȕ͈ɺǇßͳÛ�Zʩ�%ċȕ͈ɺǇßƓǹɿÊɺ

3ŏǹ̨��˒ʧ¼ōċȕʺŧ�ͮǹʪOɺÿȨ�ŏ�ɪ8#ʔ�Üɺ�˒ċȕʺ�ŗ

ƭċȕʺîÖƭċȕʺĬȑ#%ċȕʺ�ȃɿÜɺK$B�handedness��ͫ,ƦMŏÔLͥ
͒ǰ͆ɺǭȸȍ̔ķMɺċȕ͈ǇßͳÛZǹ�ĬȑķM�ȃ�ÜɺǰßƑ�dĬċȕʺ Aŕ
<ŗƭċȕʺ�ˡċȕʺ Bŕ<Öƭċȕʺ��ͫ,ŏǲȸ͐¡ͳÛɺɽɺ 

ͫ,�)C,ÓŗƭċȕʺîÖƭċȕʺë�îƭȃC,�ʺ�͗ǹÿ)�ƦMÔL�ɯƦ

MɺÉƭȍ�ǫ�%ċȕʺɺǰßƑ̩̪ˠ+̹bɺŗƭ�ɯΞǇîĠƽǇǛ��%�L�ɺ
ƭ±�ŧ ̔bɺΞǇǇß��ĠƽǇǇßÖɪĆ�X�bɺ&Ǉ���Ɵĝɺ̣ķṳ̆Ǉß

bɺ¥ǭ�Ĭȑb�ĺ̆ŔʑˮřΨΩƛĥɺ̣Ʀ3ȶȃªȸ�Ɩ÷b�bŚ．ƅ¡8�%ŗƭ

ċȕʺ8�bɺĠƽǇ�ΞǇî&Ǉ� Ňŭ8+x�+yî+z͈ɺǭß�ĬĄ 4.7Ƭʑ 
Üȗ�̪ˠÔLͥ͒Öƭȍƅ¡�%Öƭċȕʺ+̹bɺÖƭ�͗ȣΞǇFəǇß��&

ǇǇß¥ǭ��Üɺǹ�ĠƽǇŊǇßŗ·�ĬĄ 4.8Ƭʑ 

4� ��)� � ¾Û�úĸ� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 4� ���� � �Û�úĸ�

ȧĬƦM.¥Ƭ̨�ŗƭċȕʺîÖƭċȕʺ.Ϳǲȸͥ͒ǰ͆ȍÜǵcķMɺ 3%ċȕ͈
ǇßͳÛ�Ĭȑb�k�bɪĆÔLǅˮřɺÉƭȍ̢Φ��

Ñĝ�%ʏĺǹŗƭ͖ǹÖƭċȕʺɺǭȸǹ��ǫ�$�forward�ɺǭß̩̪ˠċɾ�
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4.2  į�¸�úĸ 

ßÖXɾbɺÖƭ�ȨǵÖƭǭßŏǹ x͈ɺȧß�ˡbɺģΓß�ɺǭßŏǹ y͈ɺȧß͗
ǵ�Ĭȑbɺȧ¥ǭɺǭßǹ z ͈ɺȧß�ͫ,bȇ̓ƬĆɺċȕʺŏǹ�%ŗƭċȕʺ�Ĭȑ
bɺȧ¥ǭɺǭßŇŭɺǹ z͈ɺ̯ß�ͫ,͗ŏǹ�%Öƭċȕʺ 

Ί8ċȕ͈ȅß�Ü.ĝ�ŗƭċȕʺîÖƭċȕʺŇ<ȧßǰ͆ɺĺ-3�Ü�¾Ć�Ϊ

&ɣɬ&Ķ¡ɺ9CT�� left-hand rule�î"CT��right-hand rule�p̛ɪĆʝͿ&ȃ�
Ȍɾ（�͖ȃ�%ɖ�ƦMŞȄƵ͗%ɖL̤ɾ（)ǰ͈͆ǰ͆Ȓ%̍ű�ȰĬǰ͆ 30°̪ˠ
ÔLǅ�Ǟʦžƥ͗%ǰ͈͆��ǅˮřɺƭžƥ͗%Ώ̆ǰ͆ɺɖ�ÔLËɪ�ƦMȃ#%ǰ

͆ǭßÔL͢ǂͫ,�ƦMṳ̆Ɓó%ǭßǰ͆ë�͗Ɵìʄ�ƦMΏ̆Ćċȕʺ&ĺ-�%

ǰ͆ɺȧǭßĆŗƭċȕʺ&�͗%ǰ͆ȧǭßǹɰŗƭȸ�ĺ-ɺ�ˡĆÖƭċȕʺ&�ǹ

ɰÖƭȸ�ĺ-ɺ

Ćŗƭċȕʺ&�ƦMÔL͗ȗȍŭɯŗƭȸ��͖ǹ+̹bɺŗƭ�Ǘ。�X�ĠƽǇ̔

ķǇßǰ͈͆ɺȧǭß�ͫ,ǰ͆ɺȧǭßŏǹ§� 4%ƭǇɺźȀǭßĆÖƭċȕʺ&�c
ɯÖƭȸ�Ňǰ͆ȧǭßɺ�ǫʵYĬĄ 4.9Ƭʑ 

GĄ 3.9 &ÔLʁ��Ćŗƭċȕʺ&�ǰ͆ȧǭßǹΔǵͶɺ�ˡĆÖƭċȕʺ&�ǰ͆
ȧǭßǹ͡ǵͶɺ

ŗÖƭċȕʺ.ͿǹÔL̀͘=ɿ͆ǋɺȂʭºɺǭȸŏǹƵ�&�%͈Ê͆�ŧjǆ�

I#%͈�Î

Ň<ųËˠǫ̏�cɯŗƭċȕʺ͖ǹÖƭċȕʺͮǹÔLɺ�ķM.ͿŧȶȃR®.�

ǲ～cɯóʔċȕʺ�ˎĠĞǦƚ��ŧ�TƀñŮŒɺǦĶ͔ʮ�ˡÒǹĆǸŉ¡̋̌�ǵT

ȃŘ �̈）4Ι 2�͗ǹÿ)��%ɖƧˠǰ͆ĆʝͿ�ǫ̏ǹˎŇɺ�>͊ʂw̪ˠÔ˪
Tʁ�Ɲ�ˎŇ�͗%̠��bƎ,˪ƌɵɿŇ～ë�͗!���ͮǹɿŇɺ��͗>̪ˠ̩ŀƦ

̎ͱ͗ͲƬ̨ɺˎŇǹ̨�ĆƦMƬ�ƆɺȂũɺʝͿ&�͗>oǹˎŇɺdĬƦ̨�Ƶ

bɺ5Gțĳɺŗ͏ʙ¡Ö͏�b�TŇ͗%͒ʚ@ɮC,ɷ;�ȨǵƦM�Ɔɺǧ%ʝͿŏǹ

țĳ͗%ʝͿ�ˡĆ͗%ʝͿ&�5ɺ͔¯ǹˎŇɺZǹ�ĆǦĶɺ!ɳ&�ƦMΏ̆cɯ�

ʔǦĶȡĎȍʸʏćǔ͛ķM�͗%ȡĎŏǹċȕʺ�Ǵȃ8ċȕʺ�ȯ%ɖɺ[˚ŏ��ǹ

ˎŇɺ�ˡǹɿŇ<͗%ċȕʺǫ̏ɺ͗ʔɿŇ�ʺň˰�¾×GǦĶ́ʑ�ǫ̏#ʔ́ʑǭ

Ŷĸ��ȗ�ZG̋̌�ǫ̏ǹ��ȗɺ

ƦMÔLĆĩɢ�Ĉɺdĳ&^TŗƭċȕʺîÖƭċȕʺɺ� ƦMp̛�≠≠ƞ̆¡�%

Ǭɺćǭ�ÿ)ͫͲɺ˹ƃ？ì≠≠ʇͩ¡͐͗%ɽȕɖɺ�ˎŇ́Ƃ�ǹƎȗɺ�ĬĄ 4.10Ƭʑ 
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4.2  į�¸�úĸ 

4� ���� � Ę¾Ûćt��ÛćtôvçêŨĀé�� � � � � � 4� ��	�� � DeĪ|xèĝ\ņ7ƒƒƅŕƌf��

     øBé�ÁĪ 	 B�\7k��ƏB�

  é�ÁĪ � B�\7ð�k�ƏBé�êŨ (�°Ɨ�

ƦMÔL� Ć�%ŗƭċȕʺîÖƭċȕʺ&ǔ͛͗ȗ�ȣ͔¯�¾cɯǦĶ́͐Ŷȍǔ

͛ķƦMTËɪ�Ć�Üɺċȕʺ&ǔ͛͗ȗÜ�ȣ͔¯ǹ��ȗɺ�ĬĄ 4.11Ƭʑ 

4� ��		� � ¾����qwŒħe�¾Û�úĸ��Û�úĸCâŲƒƒůÿŭ|ĝŀ÷7Ïxĝæ¯âŲíX�ĝ�

Ćŗƭċȕʺ&�3%ċȕ͈ɺȅßĬĄ 4.11ŗĄƬʑ≠≠Τ{ß x͈ȧǭßŦʙ 1 %º
[�əÞ�ß z ͈̯ǭßʙ¯ 4 %º[�ȂÞȅǰ͆ɺȧǭßǰ͆ 60°ˡĆÖƭċȕʺ&�+z
͈ɺǭßîŗƭċȕʺ&�īɿÊ�ÿȨ≠≠Τ{ß x͈ȧǭßŦʙ 1%º[��ŗƭċȕʺ&
ɺʙ¯�˰��əÞ�ß z͈ȧǭßʙ¯ 4%º[��ŗƭċȕʺ&ɺʙ¯ɿÊ��ȂÞȅǰ͆ɺ
̯ǭßǰ͆ 60°��ŗƭċȕʺ&ɺǰ͆ɿÊ� 

ÔLʁ��)8͐¡Üȗɺ̋̌ǣȑ�͗ͲǇƵ≠≠ʙ¯¡̋̌�ɺÜ�%[˚��ŗÖƭċ

ȕʺĆ z ͈�ɺʙ¯LÈǰ͆ǭßǹ�ÜɺĬȑcɯɿÜɺǦĶ͔ʮ�Ǉĉß z ͈Ȓǭßʙ¯
Ƨĉȅǰ͆ȧǭßǰ͆ʪ��ͫ,ƅ¡ɺ̋̌ǣȑŏǹ��ȗɺÿȨ�ĬȑƦMΏ̆Gŗƭċȕ

ʺ͑ʙ¡Öƭċȕʺ�ŧ jǆ̋̌�ɺ�Î�ŏΏ̆̀͘�>͆ǋ̪ˠÔLÅ̈ȇʣȂÞɺ

ưŔ̪ͭ�

��
��� � 5C'.1 `Ęĝ�úĸ�

Ň<�%Ώ̆Ô̋µ˽ǀɺ�˒!ɳɺŭɯ�Ĭ Unity�ǫ̏�ķɺ̛̑ˠŏ̆̀͘�%͢
ǂŇ<ȡĎʝͿî!ɳʝͿ�Ć 4.6 ˳&T�^̗̎͗#%ʝͿǹC,��Unity cɯɺǹŗƭ
ċȕʺ͗ÔLG Scene ̋Ąɺċȕ͈Ǻʑʁ�ȍ�ĬĄ 4.12 Ƭʑ͗Ɵìʄ�ĆȡĎʝͿ&�
�%ɣ^ɺÖ·�right���·�up�î¥·�forward�� Ňŭ8 x͈�y͈î z͈ɺȧǭß 
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4.2  į�¸�úĸ 

4� ��	
� � �ý ĬƁ�@ěĬƁC75C'.1 `Ęĝí¾Û�úĸƗ�C7Ėĝ�úũîħe°�ý ĬƁCĝ � B�ú

ũOĺŋD �ũ7ńŋí � ũ7Őŋí �ũP�

ZŇ<̉ņʝͿǫ̏�Unity cɯɺǹÖƭċȕʺ̉ņʝͿ�ͥiȍ̗ŏǹLǚvȉ)Ã
ɖɺċȕʺĆ͗%ċȕʺ&�ǚvȉɺ¥ßǹ z͈ɺ̯ǭß�͗�ĆȡĎʝͿî!ɳʝͿ&ɺ
ĺ-ɿÊ3ŏǹ̨�z͈ċȕɺ�ŌƟìʄĈǽɇűɺ→¬�ĬĄ 4.13Ƭʑ 

4� ��	�� � � 5C'.1 C7Ŗ³ĬƁ`Ęĝí�Û�úĸ7ãdóĝy�í �ũĝšé�7�

�ũŤ·7ĒwĝĊÄŤ¦7ĨãdóŤű�

�< Unity&cɯɺċȕʺɺǰßƑ�ƦMTĆ 4.5.9˳&̥ˇć̗̎ 

��
�� � ĽdƊ�

͗ǹȇ5&ʩ�ȣ�ɪ）4Ιɺćǭ�ŞȄbÔLƊͦ̎�ķM�

1�ĆΐŢȿ̀ɺŲȡ͇N 3ds Max&�ΰ̒ɺċȕ͈ǭßǹ�x͈ȧǭßǇßÖǭ�y͈ȧ
ǭßǇß¥ǭ�z͈ȧǭßǇß�ǭͫ,ķǹŗƭċȕʺ͖ǹÖƭċȕʺ� 

2�Ćŗƭċȕʺ&�ȃ�ɖɺċȕǹ�0, 0, 1��ĬȑƵ̤ɖˌ y͈ȧǭßǰ͆+90°�ǰ͆Þ
ɺċȕǹC,�ĬȑǹĆÖƭċȕʺ&�Üȗȃ�ɖċȕ)�0, 0, 1��Ƶķˌ y͈ȧǭßǰ͆+90°�
ǰ͆ÞɺċȕǹC,�

3�Ć Unity&�ǬŲɺĈǽ&*ǚvȉɺ[˚[<!ɳʝͿ&ɺ�0, 1, −10�[˚Ć�Ǡ
ÎǚvȉɺP_̛˚�Ĭjǆ Rotation)(0, 0, 0)�Scale)�1, 1, 1��ɺƚ���Ć!ɳʝͿ&
ɺ(0, 1, 0)[˚ǬŲ�%ɫ^�ĬĄ 4.14Ƭʑ 

4� ��	�� � ãdóĝ\ņíO���	���	�P7Ėwĝ\ņíO���	���P�

Ćǚvȉɺ̉ņʝͿ��̤ɫ^ɺ z oǹĞŌ�ĆǚvȉɺȡĎʝͿ��̤ɫ^ɺ z oÆǹ
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4.3  č�ĢŻ 

ĞŌ�

 4.3  č�ĢŻ 
V�point�ǹ n˒ʝͿ�ɎƤ&*̆cɯ;˒î�˒ʝͿ�&ɺ�%[˚�ķȶȃĠŋ�Ł

ű͗ʵȠƋĆʧ¼ōċȕʺ&�ƦMÔLcɯ 2%Ƨ 3%ĻǦȍ́ʑ�%ɖɺċȕ�Ĭ�P = (Px, 
Py)�́ʑ;˒ʝͿɺɖ�P = (Px, Py, Pz)�ȍ́ʑ�˒ʝͿ&ɺɖ 

[|�vector�
n`	$|�ɺĺ-�ĜȊ�>ĆǦĶĿʁȍ�ʆʹŏǹ�(ǦĴb
Ô˪̆;8�ɖɺ́͐Ŷ�3ǹ�(ǦĴà�ȶ�ZʆʹĵĆɺƟ-ȁĞǹ)8îO|�scalar�
·�ųȍͥŢȍ̗�ʆʹǹǇ n ˒ʝͿ&�ʔ´ã8P�magnitude�îJ$�direction�Z
M$gS�ƦMͥŢ̗¡ɺͦű�velocity�ŏǹ�ʔ�ĎɺʆʹdĬ�͗ ͋̈́ɺͦűǹß» 80km/h
�ß»ǇǶ8ʆʹɺǭß�80km/hǇǶ8ʆʹɺȡ�ˡȕʹÒȃȡȶȃǭß�ɮȾ&ŢŢ̨¡ɺ
̾ʓ�distance�ŏǹ�ʔȕʹdĬ�ƦĿʓĶȖÒȃ 200ʴ�200ʴŏǹ�%ȕʹ� 

�^ȍ̗

•� ʆʹɺȡǇɺǹ͗%ʆʹɺͼű�%ʆʹɺͼűÔLǹPƟɺΐ̯Ǧ

•� ʆʹɺǭß�ǔ͛8͗%ʆʹĆʝͿ&ɺǇß

ʆʹɺ́ʑǭȸîɖʵYƦMÔLcɯ v = (x, y)ȍ́ʑ;˒ʆʹ�ɯ v = (x, y, z)ȍ́ʑ�
˒ʆʹ�ɯ v = (x, y, z, w)ȍ́ʑý˒ʆʹ 

)8ǭ×͛�ƦMŇ�ÜʵĎɺÎʹĆ5�î½£�cɯ�ÜɺȗŶ�

•� Ň<ȕʹ�ƦMcɯŋ�ĴȮȍ́ʑ�Ĭ a�b�x�y�z�θ�αʪ�

•� Ň<ʆʹ�ƦMcɯŋ�ɺʷ^ĴȮȍ́ʑ�Ĭ a�b�u�vʪ�
•� Ň<ÞΒ̆Ķ4ɺʈ�ƦMcɯĠ�ɺʷ^ĴȮȍ́ʑ�Ĭ A�B�S�M�Rʪ
ĆĄ 4.15&��%ʆʹͥŢɰ�%ʰģȍ́ʑƦMȃǵT̗¡�%ʆʹɺ-�head�î6

�tail�ʆʹɺģǇɺǹķɺʰģƬĆɺʤɖĚ�ˡőǇɺǹÑ�%ʤɖĚ�ĬĄ 4.15Ƭʑ 
ͫ,�%ʆʹ̆ǡĆóͲë�Gʆʹɺĺ-ȍʁ�ķÒȃȡîǭß#%ŕƑ�ŧȶȃ[˚k

Ɨ͗ä̹ȍƃɬ̎�ZĻΆ�ĆɮȾ&ƦMƓǹTî͗ȗɺʆʹƯ?ͩdĬ�žƦM̗¡

�%ɣ^ɺͦűǵ�Ô˪T͗ų̑�ͫ%ŋsȧĆL 100km/h ɺͦűß»͠ʟ��Ɗƶ]I���
͗Ͳɺ�L 100km/hɺͦűß»�ŏÔLcɯ�%ʆʹȍ́ʑͥŢ�ʆʹ̃ɯ<́ʑɿŇ<Ȓ
%ɖɺ�a�displacement��3ŏǹ̨ķǹ�%ɿŇʹÒ̆ʆʹɺȡîǭßjǆ�Î�ǲ～ǡ
ĆóͲ�ͮǹÜ�%ʆʹ

����	� � č�ĢŻĝ~w�

þΖ���ɖǹ�%ȶȃĠŋ.�ɺʝͿ&ɺ[˚�ˡʆʹǹ�%ȃȡîǭßZȶȃ[˚ɺ

ʹG͗Ͳʁ�ɖîʆʹ�ȃ�ÜɺƟ-Zǹ�ǴʑǭŶ�#ˠΐŢɿY

Ć��˳&ƦMǕ¡�ʆʹͥŢɯ<ǔ͛qʙʹ�ÿȨ�ķMÔLɯ<ǔ͛ɿŇ[˚�¾ɿ

Ň<Ñ�%ɖɺ[˚�Ȩǵʆʹɺőǹ�%[˚�ͫ,ʆʹɺģŏÔĹʑÑ�%[˚8ˡ�

%ɖÔLɯ<ǇĺʝͿ&ɺ�%[ �̊¾ɿŇ<Ãɖɺ[˚�ĬȑƦMƵʆʹɺő…ĺĆċȕʺ

Ãɖ�ͫ,͗%ʆʹɺ́ʑŏîɖɺ́ʑͳÛ8Ą 4.16́ʑ8#ˠ.Ϳɺ�ʺ 
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4.3  č�ĢŻ 

� � � � � � � � � � � � 4� ��	� � ƏBfŃ�Żo�°ĝ¨�º� � � � � � � � � � � � � 4� ��	(� � č�ĢŻbƁĝhĸ�

Őʯ�Βɺ�ŀʁ̹ȍǺˡǷ̈�Z·�ɖîʆʹ.Ϳɺ�ÜǹΐŢͳ̆ɺ�ŐʯķMĆǦ

Ķ́͐Ŷ�ǹ�ȗɺ�ͮǹ�(ǦĴˡŚĬȑ�ĺ̆ˍķM.ͿŲʠ�%ˣʺɺ̣�ƦMÔL

̒)�P_�%ɖͮÔĹʑƥ�%GÃɖ�Ëɺʆʹ)8Ƕʏɖîʆʹɺ· �Ćȇ5ÞΒ

ɺ�ŀ&�ƦMŊɯ<́ʑǭßɺʆʹʘ)ǭßʆʹ

����
� � ĢŻŭĴ�

Ć�Βɺ�ŀͲ�ƦMŊˍ��>ȂŢ̈ɺʆʹ͔ʮŨ͔ɺǹ�͗>͔ʮĠɺƃīɬ̎

Ň<ȯʔ͔ʮ�ƦMT{ˍ�ǦĶ�ɺǔ͛�əÞ�ˍ��_Ɵ-�ɺ̎ͱÜȗ�)8̪̔ˠ

¬ɇ½̮�ƦMTĆȂÞˍ��>）4Ιɿk̪ĸȇ˳Þ�b�ĺÔLƊͦć̎�ķM�

	8ĢŻ�úŻcć�Ƅć�

͖̖ƅà�ȕʹǹÒȃȡȶȃǭßɺʹ�˾əƦM�˪Ƶʆʹîȕʹ̀͘ɿ¬/ɿ�ɺ͔ʮ
�ƞ̮���bTƵͦűî̾ʓɿ¬à��ZÔLŇķM̀͘2ȸ͔ʮ�ˋȑTƅ¡�%�Üͼű

 Ô˪ǭßɿÊɺǬɺʆʹ

�ŶΐŢʭº�ƦMÒΏ̆Ƶʆʹɺȯ%�ʹîȕʹɿ2¾Ô�

kv = (kvx, kvy, kvz) 
ʵYɺ��%ʆʹ3ÔL̃�%ΐΎɺȕʹΊ͗ʪÜ<î͗%ȕʹɺmǦɿ2�

v
k
=
(x, y, z)
k

=
1
k
(x, y, z) = x

k
, y
k
, z
k

⎛

⎝
⎜

⎞

⎠
⎟,k ≠ 0

�Βˍ��>dĳ�

2(1, 2, 3) = (2, 4, 6) 
−3.5(2, 0) = (−7, 0) 

(1,2,3)
2

= (0.5,1,1.5)

ȻƟ�Ň<2ȸǫ̏�ʆʹîȕʹɺ[˚ÔL=ǋZŇ<Ίȸ�Ò˪ǹʆʹ̃ȕʹΊ�ˡ

�˪ǹȕʹ̃ʆʹΊ�͗ǹȶȃƟ-ɺ

G�_Ɵ-�ʁ�Ƶ�%ʆʹ v î�%ȕʹ kɿ2�ƟìʄŇʆʹ v ̀͘�%Ġŋ)|k|ɺ：
ǡdĬ�Ĭȑƞ̆Ƶ�%ʆʹǡĠ#l�ŏÔL2L 2ž k < 0ǵ�ʆʹɺǭß3TÌÊĄ
4.17Ǻʑ8͗ȗɺ�>dĳ 


8ĢŻĝ{ć�mć�

ƦMÔLŇ#%ʆʹ̀͘ɿ¬Ƨɿ���ˋȑǹ�%ɿÜ˒űɺǬʆʹ
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ƦMÒΏ̆Ƶ#%ʆʹɺŇŭ�ʹ̀͘ɿ¬Ƨɿ�¾Ô�ŶĬ��

a + b = (ax + bx, ay + by, az + bz) 
a – b = (ax - bx, ay - by, az - bz) 

�Βǹ�>dĳ�

(1, 2, 3) + (4, 5, 6) = (5, 7, 9) 
(5, 2, 7) - (3, 8, 4) = (2, -6, 3) 

Ώ̆ȻƟɺǹ��%ʆʹ�ÔLî�%ȕʹɿ¬Ƨɿ��Ƨˠǹî�Ü˒űɺʆʹ͔̀͘ʮ

G�_Ɵ-�ȍʁ�Ň<¬ȸ�ƦMÔLƵʆʹ a ɺģ͚Ǒ¡ʆʹ b ɺő�əÞɲ�ȌG a
ɺő¡ bɺģɺʆʹ�ȍƅ¡ aî bɿ¬Þɺʆʹ3ŏǹ̨�ĬȑƦMG�%̹ɖų≤̀͘8
�%[˚qʙ a�əÞÆ̀͘�%[˚qʙ b�ͫ,ŏʪÜ<̀͘8�% a+b ɺ[˚qʙ͗̃
ʘ)ʆʹ¬ȸɺ�̍@0��triangle rule�ʆʹɺ�ȸǹʵYɺĬĄ 4.18Ƭʑ 

� � � � � � � � � 4� ��	)� � fŃĢŻ�ƏiúŻĝcć�Ƅć� � � � � � � � � � � � 4� ��	�� � fŃĢŻĝ{ć�mć�

̪ˠΏ̆ǵ¤̭̖�ĆĄſĶ&ʆʹͥŢɯ<ǔ͛[˚qʙ�ʭʘ[ʙ�ÿȨ�ƦMÔL�

ɯʆʹɺ¬ȸî�ȸȍ̑ʮ�ɖɿŇ<Ñ�ɖɺ[ʙ

p̛�ʝͿ�ȃ#ɖ aî b͖̖ƅà�ƦMÔLɯʆʹ a î b ȍ́ʑķMɿŇ<Ãɖɺ[
ʙĬȑƦMƞ̆̑ʮɖ bɿŇ<ɖ aɺ[ʙ�ŏÔLͥ͒Ƶ bî aɿ�ƅ¡�ĬĄ 4.19Ƭʑ 

�8ĢŻĝý�

ȧĬƦM.¥̗¡ɺ�ȗ�ʆʹǹȃȡîǭßɺʆʹɺȡǹ�%ȕʹ�ÔLɬ̎)ǹʆʹ

ĆʝͿ&ɺͼűķɺ́ʑʨ×ͥŢǹĆʆʹ#ǯ� ¬��Ȍčɾ（�ȃɺǨɧ&Tcɯ#Ȍ

čɾ（��˒ʆʹɺȡɺ̑ʮ�ŶĬ��

|v| = 2 2 2
x y zv v v+ +

�I˒űɺʆʹɺȡ̑ʮʵY�ͮǹŇȯ%�ʹɺŦǭɿ¬Þ�ųȘ×ƅ¡

�Βˍ��>dĳ�

| (1,2,3) |= 12 + 22 +32 = 1+ 4+9 = 14 ≈ 3.742

2 2| (3,4) | 3 4 9 16 25 5= + = + = =  

ƦMÔLG�_Ɵ-ȍɬ̎�͛�ŶŇ<;˒ʆʹǫ̏�ƦMÔLŇPƟʆʹȐŲ�%�

̍ſ�ĬĄ 4.20Ƭʑ 
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� � � � � � � � 4� ��	�� � `ĘĢŻmćôśĴnč 9 xč  ĝ\Ī� � � � � � � � � � � � � 4� ��
�� � ĢŻĝý�

G 4.20ĄÔLʁ��Ň<;˒ʆʹ��Ļŏǹcɯ8³˦ĺɬ�ʆʹɺ#%�ʹɺˎŇoŇ
ŭ8�̍ſ#%ɾ̍͏ɺͼű�ˡǪ͏ɺͼűŏǹʆʹɺȡ
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�8�\ĢŻ�

ĆƃĞƚ���ƦMÒ�Ɔʆʹɺǭßˡ�ǹȡdĬ�Ć̑ʮ|ɚȡĎǵ�ƦMƁƁΏ̆

ƅ¡Γɖɺȸ（ǭßî|ɐǭß�ȨǵƦM��Ɔ͗>ʆʹȃĞͼĆ͗>ƚ���ƦMŏΏ̆

̑ʮ��[ʹ�unit vector� 
º[ʆʹǇɺǹͫ>ȡ) 1ɺʆʹº[ʆʹ3̃ʘ)n?��Z[|�normalized vector�

ŇP_ˍĺɺΐΎʆʹ�Ƶķ͆ǋƥº[ʆʹɺ͒ʚŏ̃ʘ)?���normalization� 
ˍĺPƟΐΎʆʹ v�ƦMÔL̑ʮî v ǭßɿÜɺº[ʆʹĆȇ5&�ƦMͥ͒Ć�%

ʆʹɺģ�ɉ¬�%ƪţʨ×ȍ́ʑº[ʆʹ�dĬ v̂ )8Ňʆʹ̀͘Ž�µ�ƦMÔLɯʆ
ʹɺȡΊL̤ʆʹȍƅ¡�ŶĬ��

^ =
| |
vv
v

,vǹPƟΐΎʆʹ 

�Βˍ��>dĳ�

(3,−4)
| (3,−4) |

=
(3,−4)

32 + (−4)2
=
(3,−4)
25

=
(3,−4)
5

=
3
5
,−4
5

⎛

⎝
⎜

⎞

⎠
⎟= (0.6,−0.8)

�[|�¾ʆʹɺȯ%�ʹoͮ) 0�Ĭ v = (0, 0, 0)�ǹ�ÔL̃Ž�µɺ͗ǹÿ)rΊ
ȸ͔ʮǵ�Ȯ�˪) 0 

G�_Ɵ-�ʁ�Ň;˒ʝͿǫ̏�ƦMÔLɲ�%º[ą�

ͫ,º[ʆʹŏÔLǹGąƆ�Ë�¡ą͏ɳɺʆʹĆ�˒ʝ

Ϳ&�º[ʆʹŏǹG�%º[ɫɺɫƆ�Ë�¡͐ɫΒɺʆʹ

Ą 4.21ˍ�8;˒ʝͿ�ɺ�>º[ʆʹ 
Ώ̆ȻƟɺǹ�ĆÞΒɺʣ˳&ƦMŊT�ǫͨ¡ȸ（ǭß

�3̃ʘ)ȸʆʹ��|ɐǭßʪ�͗>ʆʹ��ĺǹŽ�µÞɺ

ʆʹɰ<ƦMɺ̑ʮƁƁ̆ȵʆʹǹº[ʆʹ�ÿȨĆcɯ¥

ŭ{Ň͗>ʆʹ̀͘Ž�µ͔ʮ

8ĢŻĝčĩ�

ʆʹ.Ϳ3ÔL̀͘2ȸ�Zǹîȕʹ.Ϳɺ2ȸȃƃĠ�Üʆʹɺ2ȸȃ#ʔȂŢɯɺ

ʔʵ�V_�dot product�
n`	�_�inner product�î�_�cross product�
n`	,
_�outer product�Ćȇ˳&�ƦMŊ̓～ʩ�ʔʵĎ�ɖʗ 

̪ˠÔ˪̒)�Β�˳ɺ�ŀͮƃʭº��͗>ͮǺˡǷ̈ø�ͫ,G͗�˳ų≤�ƦMŏ

Tͨ¡�>ʂȧΏ̆˴̲©Ȳ�ʂɺÒ̆�ɖɖ�Ä̖ƈɺ�ŶŨ͔ɺǹ�ˎĠĞǦ�Ŷǹȃ

�_Ɵ-ɺ�3ŏǹ̨�ƦMÔLͥ͒ɲĄɺǭŶȍɬ̎îš°̖ƈ

ȰDD̖]͗>�Ŷȁ¬ͳ̆ɺǹ�ƦM̆ʂȧɬ̎ķMǹrC,ɺÒȃ͗ȗ�ƦMƮ˪

ĆΏ̆ǵƞ̹ȍ��û�͗%ΏȵƦÔLɯ͗%�ŶȍĻɪ��ĆƦM˔� Shaderɺ͒ʚ&�ͥŢ
ʚūǑÏͮTǕ°͗>�ŶɺĻɪ�ÿȨƦMƁƁ�Ώ̆ƭŖ͌~͗>�ŶdĬ�Ć Unity Shader
&�ƦMÔLɾǑcɯſĬ dot(a, b)ɺJʊȍŇ#%ʆʹò͘ɖʗɺ͔ʮ 

ɖʗɺÝʘȍɐ<͗%͔ʮɺʨ×�a·b&Ϳɺ͗%ąɖʨ×ǹ�ÔLʀɵɺɖʗɺ�Ŷ
ȃ#ʔſŶ�ƦM{ȍʁʩ�ʔ#%�˒ʆʹɺɖʗǹƵ#%ʆʹŇŭ�ʹɿ2Þ�Ìî�Ȃ

Þɺˋȑǹ�%ȕʹ

�Ŷ��

4� ��
	� � fŃĬƁĝ�\ĢŻ�

Ÿsŏ��\�V�
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4.3  č�ĢŻ 

a·b = (ax, ay, az) ·(bx, by, bz) = axbx + ayby + azbz 
�Βǹ�>dĳ� 

(1, 2, 3) · (0.5, 4, 2.5) = 0.5 + 8 + 7.5 = 16 
(-3, 4, 0) · (5, -1, 7) = -15 + -4 + 0 = -19 

ʆʹɺɖʗɑ̽?ǋƄ�¾ a·b = b·a 
ɖʗɺ�_Ɵ-ƃͳ̆�ÿ)ɖʗ�/ŭɯ¡8ĄſĶɺÚ%ǭΒ�&�%�_Ɵ-ŏǹ

DA�projection� 

p̛�ȃ�%º[ʆʹ âîÑ�%ͼű�Ήɺʆʹ bɪĆ�ƦMŞȄƅ¡ b ĆŦ̀< âɺ
�Ȍɾ（�ɺƷƀͫ,�ƦMŏÔLcɯɖʗ â ·bȍƅ¡ bĆ âǭß�ɺȃʨ×ɺƷƀ 

ͫ,�Ʒƀ¡ŮǹC,ƟƏë�͗Ͳˍ��%ͥiɺ̎ͱƦMÔL̒)�ɪĆȃ�%|ɐ�

ķË�ɺ|（ǹčɾ< âǭßɺ�ͫ, b Ć âǭß�ɺƷƀŏǹ b Ć âǭß�ɺƀĳ�ĬĄ 4.22
Ƭʑ 

Ώ̆ȻƟɺǹ�ƷƀɺoÔ˪ǹ̯ǦƷƀˋȑɺȧ̯×� âî b ɺǭßȃ��žķMɺǭ
ßɿÊ�Ĥ̍Ġ< 90°�ǵ�ˋȑŋ< 0�žķMɺǭß=ɿčɾ�Ĥ̍) 90°�ǵ�ˋȑʪ< 0�
žķMɺǭßɿÜ�Ĥ̍ŋ< 90°�ǵ�ˋȑĠ< 0Ą 4.23ˍ�8͗ 3ʔƚ�ɺĄʑ 

   
 4� ��

� � ĢŻ  ��\ĢŻ 9 é�VĝÞË� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 4� ��
�� � čĩĝİ�Ɨ�

3ŏǹ̨�ɖʗɺʨ×ÔL̔ƦMʇͩ#%ʆʹɺǭß�ʺ 
ͫ,�Ĭȑ â�ǹ�%º[ʆʹTĬ_ë�͗ƃŀǷƞ¡�P_#%ʆʹɺɖʗ a·bʪÜ< b

Ć aǭß�ɺƷƀo��2L aɺͼű 
ɖʗ�ȃ�>ƃͳ̆ɺƑ̱�Ć Shaderɺ̑ʮ&�ƦMT．Ţ�ɯ͗>Ƒ̱ȍš°̑ʮ 
Ƒ̱��ɖʗÔˋÛȕʹ2ȸ 
�Βɺ�ˋÛ�ǹ̨�ɖʗɺǜaǦ.�ÔLǹÑ�%͔ʮɺˋȑ�¾ʆʹîȕʹɿ2ɺˋ

ȑ�ŶĬ�� 
(ka) · b = a · (kb) = k(a · b) 

3ŏǹ̨�Ňɖʗ&�&�%ʆʹ̀͘：ǡɺˋȑ�ɿž<ŇȂÞɺɖʗˋȑ̀͘：ǡ 
Ƒ̱;�ɖʗÔˋÛʆʹ¬ȸî�ȸ�îƑ̱�ʵY 
͗Ͳɺ�ˋÛ�Ǉɺǹ�ɖʗɺǜaǦÔLǹʆʹɿ¬Ƨɿ�Þɺˋȑɯ�Ŷ́͐ŏǹ� 

a · (b + c) = a · b + a · c 
Ƶ�Βɺ cǋƥ−cŏÔLƅ¡�ȸɺɡȇ 
Ƒ̱���%ʆʹîȇ̓̀͘ɖʗɺˋȑ�ǹ̤ʆʹɺȡɺŦǭ 
͗ɖÔLƃŀǷG�ŶΦ̝ƅ¡� 
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4.3  č�ĢŻ 

v · v = vxvx + vyvy + vzvz = |v|2 
͗Ɵìʄ�ƦMÔLɾǑ�ɯɖʗȍȵʆʹɺȡ�ˡ�Ώ̆cɯȡɺ̑ʮ�Ŷžə�ƦM

Ώ̆Ňɖʗˋȑ̀͘ųŦǭɺǜaȍƅ¡ʂȧɺȡZƃĞƚ���ƦMÒǹƞ̆Ȱ͊#%ʆʹ

ɺͼűĠŋ�ÿȨÔLɾǑcɯɖʗɺˋȑȱʢ�ųŦǭɺ͔ʮΏ̆Ƀˢ�ĺƑ˪

ɪĆǹǵnȍʁɖʗɺÑ�ʔ́ʑǭȸ8͗ʔǭȸǹG�̍JǦɺ̍ű�Ëɺ�͗ʔ́ʑ

ǭȸȁ¬�ȃ�_Ɵ-�ÿ)ķÔLǶʏćż̬�#%ʆʹ.Ϳɺ̍ű

ƦM{ɾǑˍ�ʩ;%�Ŷ

�Ŷ;�

a · b = |a||b|cosθ 
�ʁ.��Y/î�Ŷ�ȶȃC,ˣʺ�Ǝ,Tɿʪë�ƦM{ȍʁȂʭºɺƚ�p̛�

ƦMŇ#%º[ʆʹ̀͘ɖʗ�¾ â · b̂�ĬĄ 4.24Ƭʑ

¡8@ɮάȸɺǵͿ8�ƦMʇͩ b̂ɺȡ) 1� ̪ˠŭ

̤̖ƅ cosθ =���
��

ƦMÔLËɪ�Ą& â · b̂ɺˋȑ�ī

ŏǹ cosθŇŭɺɾ̍͏ÿȨ�ɰĄ 4.24ÔLƅ¡� 

â · b̂ =���
��

= cosθ 

͗3ŏǹ̨�#%º[ʆʹɺɖʗʪ<ķM.ͿĤ̍ɺ

`Źo�ŭɯƑ̱�ŏÔLƅ¡�Ŷ;8�

a · b = (|a| â ) · (|b| b̂ ) = |a||b|( â · b̂ ) = |a||b|cosθ 
3ŏǹ̨�#%ʆʹɺɖʗÔĹʑ)#%ʆʹɺȡɿ2��2LķM.ͿĤ̍ɺ`Źo

G͗%�Ŷ3ÔLʁ��)C,̑ʮƷƀǵ#%ʆʹɺǭß�ÜTƅ¡�Üʨ×ɺƷƀo�žĤ

̍ŋ< 90°ǵ�cosθ > 0�žĤ̍ʪ< 90°ǵ�cosθ = 0�žĤ̍Ġ< 90°ǵ�cosθ < 0 
�ɯ͗%�ŶƦM͖ÔLȵƅ#%ßʹ.ͿɺĤ̍�Ć 0°�180°�� 

θ = arcos( â · b̂ )�p̛ âî b̂ ǹº[ʆʹ
�&�arcosǹÊ`Źǜa 

(8ĢŻĝ�ĩ�

Ñ�%ͳ̆ɺʆʹ͔ʮŏǹ�_�cross product��3̃ʘ),_�outer product��ɖʗ
�Üɺǹ�ʆʹÇʗɺˋȑFǹ�%ʆʹ�ˡΐȕʹ

îɖʗʵY�ÇʗɺÝʘȍɐ<ķɺʨ×�a�bÜȗ�͗%Ç×3ǹ�Ôʀɵɺ#%ʆ
ʹɺÇʗÔLɯĬ��Ŷ̑ʮ�

a�b = (ax, ay, az)�(bx, by, bz) = (aybz - azby, azbx - axbz, axby - aybx)  
�Βɺ�Ŷʁ̹ȍƃĜȊ�Z�Ļǹȃ�ĺ̊ƄɺĄ 4.25ˍ�8͗ȗɺ̊ƄĄʑ 

4� ��
�� � AB�\ĢŻŰőčĩ�
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4.3  č�ĢŻ 

4� ��
� � UŃĢŻ�ĩĝśĴŗÎƗX�ƋŋĝļŒħeśĴŀ÷ĢŻC´ÃƋŋĝqŻĝśĴŦÌƗ�

oĺŋDa7�ŀ÷ĢŻĝıƏBqŻ7°ínıƏBĢŻĝ � qŻo�coıfBĢŻĝ �qŻ7�

km�ıƏBĢŻĝ �qŻ�ıfĢŻĝ � qŻĝcĩ�

dĬ�

(1, 2, 3)×(−2, −1, 4) = ((2)(4) − (3)(−1), (3)(−2) − (1)(4), (1)(−1) − (2)(−2)) 
= (8 − (−3), (−6) − 4, (−1) − (−4)) = (11, −10, 3) 

Ώ̆ȻƟɺǹ�Çʗ�ɑ̽?ǋƄ�¾ a×b
b×aĻΆ��Çʗǹɑ̽Ê?ǋƄɺ�¾ a×b 
= −(b×a)ˡ Çʗ3�ɑ̽ˋÛƄ�¾ (a�b) ×c
a×(b×c) 

GÇʗɺ�_Ɵ-�Ë�ƦMÔLȁ¬ɇ~ćɬ̎ķɺɯĚŇ#%ʆʹ̀͘ÇʗɺˋȑT

ƅ¡�%Üǵčɾ<͗#%ʆʹɺǬʆʹƦMŚ．ʇͩ�ʆʹǹɰ�%ȡîǭßȍĺ-ɺ�ͫ

,͗%ǬɺʆʹɺȡîǭßǹC,ë�

ƦM{ȍʁķɺȡa×bɺͼűʪ< aî bɺȡɺ2ʗ�2LķM.ͿĤ̍ɺȧŹo�Ŷ
Ĭ��

|a×b| = |a||b|sinθ 
̪ˠÔ˪Ś．Ëɪ��͛�Ŷîɖʗɺ̑ʮ�ŶƃʵY��Üɺǹ�͗ͲcɯɺǹȧŹo

Ĭȑ̪ˠŇ&ĶǦĶ͖ȃ̖ƈɺ̣�Ô˪͖TËɪ�͗îŦ̀ý͏ſɺΒʗ̑ʮ�Ŷǹ�ȗɺ

ĬȑbƉ̖8�ȶ�ʺ�ƦMĆ͗Ͳþƈ��

ĬĄ 4.26Ƭʑ�ƦMcɯ aî bȐŲ�%Ŧ̀ý͏ſ 
ƦMʇͩ�Ŧ̀ý͏ſɺΒʗÔLcɯ|b|hȍƅ¡�¾Ů2LΪˡ hÆÔLcɯ|a|îĤ̍θ

ȍƅ¡�¾

A = |b|h = |b|(|a|sinθ) = |a||b|sinθ = |a×b| 
bÔ˪T;�Ĭȑ aî bŦ̀�ÔLǹǭßĸ�ɿÜ�3ÔLǹĸ�ɿÊ�Ǝ,ª��ŏ�

˪ȐŲŦ̀ý͏ſ8à�ƦMÔL̒)ȐŲ�ȍɺŦ̀ý͏ſΒʗ) 0�ͫ, a×b = 0ȻƟ�͗
Ͳƅ¡ɺǹΎßʹ�ˡ�ǹȕʹ 0 

�Β�ƦMȍʁˋȑʆʹɺǭßbÔ˪T̨��ǭß��ǹŚ．̨8ǭß8ø�ŏǹî#%

ʆʹͮčɾŏÔL8ö�Zǹ�ĬȑbHˇƞ��ŏTËɪ�ĻΆ�ƦMȃ#%ǭßÔL͢ǂ�

͗#%ǭßͮî͗#%ʆʹčɾͫ,�ƦM̆͢ǂó%ǭßë�

͗Ͳŏ̆î.¥Ǖ¡ɺŗƭċȕʺîÖƭċȕʺˣʺ̹ȍ8�ĬĄ 4.27Ƭʑ 

� � � � � � � � � � � � � � � � � � 4� ��
(� � `ĘĢŻ 9 �� � � � � � � � � � � � � � � � � 4� ��
)� � qw`Ę¾Û�úĸ��

� � � � � � � � � � � � � � � � � ĢŻ  öÅƏBÁő�ūÊ� � � � � � � � � � � � � � � � � � �Û�úĸÏxĝ�ĩŀ÷� � �

͗%ˋȑǹƎ,ƅ¡ɺë�ȍ�+̹bɺÉƭ�ò����{+̹bɺÖƭĆÖƭċȕʺ
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4.3  č�ĢŻ 

&�a×bɺǭßŊcɯÖƭȸ�ȍ�ǫƦM{ƞ̮ƵƭƆǡĆ8 aî bɺőͭ?ɖĚ�əÞŸ
ųbɺƭǏ̔ƭǏǭßî aɺǭßͳÛ��źȀbɺýǇ̔ķMß bɺǭßΑǁ�ȂÞX�bɺ
ĠƽǇ�ĠƽǇǇßɺǭßŏǹÖƭċȕʺ& a×bɺǭß8ĬȑbĻĆ�ǶɹƎ,ǛǡîƱ¯
bɺƭ�ͫ,ŏʁĄ 4.28ī8 

Üɬ�ƦMÔLcɯŗƭȸ�ȍ�ǫŗƭċȕʺ&

a×b ɺǭß̸！+̹bɺŗƭ̢̢â�bÔ˪TËɪ
͗%Ĳ±Ȱ͊ƱȀ��

Ώ̆ȻƟɺǹ�˾əʁ̹ȍŗÖƭċȕʺɺ͢ǂT

ƀñÇʗɺˋȑ�Z͗DDǹ�ʁ̹ȍ�ˡŚGÇʗ

ɺǦĶ́͐ŶÔLËɪ�cɯŗƭċȕʺ͖ǹÖƭċȕ

ʺ�TŇ̑ʮˋȑ@ɮP_ƀñ�ķƀñɺÒǹǦĴĆ

�˒ʝͿ&ɺ̋̌µ́ɪˡŚžGÖƭċȕʺ͆ǋ)

ŗƭċȕʺǵ�Ƭȃɖîʆʹɺ́͐î̑ʮǭŶͮTj

ǆ�Î�Òǹžçɪ¡œť�ǵ�ƦMÔ˪TËɪ��ï�

Ǝ,ĄvÊ͒ȍ8��žƦMƞ̆#%ċȕʺ͐¡Üȗ

ɺ̋̌ǣȑǵ�Ô˪ŏΏ̆ǠÎ�>ǦĶ͔ʮ�Ŷ�͗

�Ćȇ5ɺ˸ɶ�ȃ�̼ɺ̪ˠÔLÅ˟ȇʣɺưŔ

̪ͭ� 
ͫ,�Çʗ¡ŮȃC,ɯë�ȂŢ̈ɺ�%ŭɯŏǹ̑ʮčɾ<�%ŦΒ��̍ſɺʆʹ

͖ÔLɯ<�ǫ�̍Βɠɺȅß̪ˠÔLĆȇ˳ɺ）4Ι&ƴ¡͗>ŭɯ

������ � ĽdƊ�

Æ¡8r）4ɺǵn8�ĠĿǹ�ǹͮƃɔ¯�ͫ,�̸！ǅ̹ʦ�ǅ̹˂ų≤â�

1�ǹΐΙ 
�1��%ʆʹɺĠŋ�ͳ̆�ƦMÒΏ̆Ćȧʏɺ[˚Ƶķɲ�ȍŏÔL8 
�2�ɖÔL̒)ǹ[˚ʆʹ�͗ǹͥ͒Ƶʆʹɺő…ĺĆÃɖƅ¡ɺ 
�3�͢ǂŗƭċȕʺ͖ǹÖƭċȕʺƃͳ̆�ÿ)͗TƀñÇʗɺ̑ʮ 

2�̑ʮ�Βɺʆʹ͔ʮ� 
�1�|(2, 7, 3)| 
�2�2.5(5, 4, 10) 

�3�
(3,4)
2

�4�Ň(5, 12)̀͘Ž�µ 
�5�(1, 1, 1)̀͘Ž�µ 
�6�(7, 4) + (3, 5)  
�7�(9, 4, 13) − (15, 3, 11) 

3�p̛�Ĉǽ&ȃ�%|ɐ�[˚Ć(10, 13, 11)Ě�͖ȃ�%ɖ(2, 1, 1)�ͫ,|ɐ̾ʓ̤ɖ
ɺ̾ʓǹɺŌ�

4�̑ʮ�Βɺʆʹ͔ʮ� 
�1�(4, 7) · (3, 9)  
�2�(2, 5, 6) · (3, 1, 2) − 10 

4� ��
�� � `Ę�Ûćtvç�

�Û�úĸC �×�ĝé��
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4.3  č�ĢŻ 

�3�0.5(−3, 4) · (−2, 5)  
�4�(3, −1, 2)�(−5, 4, 1) 
�5�(−5, 4, 1)�(3, −1, 2) 

5�Śʇʆʹ aîʆʹ b�aɺȡ) 4�bɺȡ) 6�ķM.ͿɺĤ̍) 60°̑ʮ� 
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�1�a · b 

�2�|a × b| Ǖʑ� 3sin 60 0.866
2

° = ≈ � cos60° = 1
2
= 0.5 

6�p̛�Ĉǽ&ȃ�% NPC�ķ[<ɖ pĚ�ķɺ¥ǭ�forward�ÔLcɯʆʹ vȍ́ʑ 
�1�ĬȑɪĆɩĿ͔¯¡8ɖ xĚ�ͫ ,Ĭ_�ǫɩĿǹĆ NPCɺ¥ǭ͖ǹÞǭ�̩cɯǦ

Ķ�Ŷȍǔ͛bɺʫȚǕʑ�cɯɖʗ

�2�cɯbĆ�1�&Ǖ¡ɺǭȸ�J~ p = (4, 2), v = (−3, 4), x = (10, 6)ȍΦ̝bɺʫȚ 
�3�ɪĆ�ɎƤȃ8ǬɺΏȵ�NPC Ò˪̉ņ¡ȃΉɺ̋̍˸”�͗%̋̍ɺ̍űǹφ�3

ŏǹ̨ NPC ȂĞÒ˪ʁ¡ķ¥ǭŗ·ƧÖ·
2
φ
̍ű�ɺɣ^ͫ,�ƦMĬ_ͥ͒ɖʗȍ�ǫ

NPCǹáÔLʁ¡ɖ xë� 
�4�Ć�3�ɺȌNĒʍ��ʬ�Æȃ8ǬɺΏȵ�

NPCɺ̉ņ̾ʓ3ȃ8Ή¢�ķÒ˪ʁ¡…ĺ̾ʓ�ɺ
Ň̮�ɪĆÆĬ_�ǫë�

7�Ćɍȓ&ƦMǵŢTΏ̆�ǫ�%�̍Βɠǹȧ
Β͖ǹ˨Β�͗ÔLͥ͒�ǫ�̍ſɺ 3 %ΓɖĆž¥
ʝͿ&ǹΔǵͶ͖ǹ͡ǵͶǐ�ȍƅ¡ˍĺ�̍ſɺ

�%Γɖ p1�p2î p3�Ĭ_�ɯÇʗȍ�ǫ͗�%ɖɺ

ΔūǹΔǵͶ͖ǹ͡ǵͶ�p̛ƦMcɯɺǹŗƭċȕ

ʺ� p1�p2î p3ͮ[< xy ŦΒ�¾ķMɺ z �ʹĉ
) 0��Bʃ[< z͈ɺ̯ǭß��ß z͈ȧǭß̉ņ�
ĬĄ 4.29Ƭʑ 

 4.4  Ĥƃ 
�Ũɺǹ�ȶȃB˪è̟bȮ^�matrix�ʜʢǹC,bΏ̆ˮřÄËɪķ 

�ɱƀ�ίļşă��˷ǨÝ�The Matrix� 
\��˷ǨÝǹ matrixĬȑbɯ˝̡͇NÄȔ matrix͗%º̠ɺ˝̡�ŏTËɪķ͖ȃ�

%ƟƏŏǹȮ^:Ļ��ƃĞBͮ�ʇͩ�ͫͭ�ȃ̀ǵJƟ-ɺɱƀ�ίļşă�ɺ˷ǨÝ

ŏǹ�The Matrix�Ćɱƀ�ίļşă�&�Ȯ^ǹ�%ŰĠɺ˽ǀʺˏ�ķʁY˽ǲ˕ɏ�Z
Æ͚Ǒ�ɣ͗�ɖîʈȃŴȀÜŖ.ĭ

ȶȃBǥá̒ʈĆ�˒ǦĶ&ɺͳ̆Ƒ�:Ļ�ʈĆǧ%（ƑJǦɺ!ɳ&ͮƲɓ8+

͉̽ͳɺ̍˲Ć�˒ǦĶ&�ƦMͥŢTcɯʈȍ̀͘Îǋ�%ʈÔLƵ�%ʆʹG�

%ċȕʝͿ͆ǋ¡Ñ�%ċȕʝͿĆʩ 1ʣɍȓȿȳ（&�ƦMŏʁ¡8ƃĞċȕÎǋ�dĬ
ĆΓɖʄ˲—&ƦMΏ̆ƵΓɖċȕGȡĎʝͿÎǋ¡βȣ̄¨ċȕʺ&ˡĆ͗�ʣ&�ƦM

{ȍ̞̒��ʈ͗%ȠƋ

ͫ,�ɪĆƦMŏȍʁ���͗>ǡĆ�%ŋ、×ͲɺǦĴƎ,ŏ͗,ͳ̆ë�)C,ǦĶ

ĿMͮ÷Ȥɯ͗%ŋ"̅ȍǘ�͗,ĞÝēë�

����	� � Ĥƃĝ²a�

ɿkƃĞ̪ˠͮ̈͒ʈɺʂŀ�dĬv�Β͗%ȗĳ�

4� ��
�� � UřÊĝUBƈč\g �� ÁƇV7�

Qġ\g � ũšé�7� � ũĀé�Ŗ³�
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1 0.5 3 2

2.3 5 3 10
4 8 11 5

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

 

Gķɺĝ̉�ȍʁ�ŏǹ�%ͼǭſɺ˘ș�ȯ%șĳͲǡ8�%ǦĴɺʏ�ʈŏǹ͗

,ʭº�ķǹɰ m�n %ȕʹˆƥɺͼǭſǦˆĆ�ΒɺŶĳ&�ƦMǹɯǭ、×ȍ”]ʈ
&ɺǦĴ�ˡ�>�Iɺ̳ǩÔ˪Tcɯą、×Ƨ˴、×ȍ́ʑ�͗ͮǹʪOɺ

ǳəǹ˘șˋȐ�ŏƟìʄʈȃl�row���column�.�dĬ�Βɺdĳŏǹ�% 3�4
ɺʈ�ķȃ�̀ý�ǌȨ�ƦMÔLˍ�ʈɺ�˱́͐ŶL 3�3ɺʈ)d�ķÔL�ƥ� 

11 12 13

21 22 23

31 32 33

m m m
m m m
m m m

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

M

mij́Ƕ8͗%yʻĆʈ Mɺʩ ì�ʩ j� 
͗ȗʁ̹ȍʈ3ȶC,ʒʖɺøZǹ�̻ʭºɺ"̅ƁƁ̻Áľ�͗3ǹǦĶɺΫ©ƬĆ 

����
� � �ĢŻňĸţô�

¥Β̨¡�ʆʹ�Ļŏǹ�%Ǧˆ�l ʈ3ǹ�%ǦˆǳəͮǹǦˆ�ͫ ŏǹ�ĿB8�

ƦMƃŀǷƞ¡�ƦMÔLɯʈȍ́ʑʆʹĻΆ��ʆʹÔLʁƥǹ n×1ɺ�\��column 
matrix�Ƨ 1×nɺl\��row matrix���& nŇŭ8ʆʹɺ˒űdĬ�ʆʹ v = (3, 8, 6)ÔL
�ƥ̀ʈ

[3  8  6] 

Ƨ�ʈ

3
8
6

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

)C,ƦM̆ƵʆʹîʈˣʺĆ�̹ë�͗ǹ)8ÔL̔ʆʹv�%ʈ�ȗ�̹Å�ʈ

͔ʮ͗ĆʝͿÎǋ&ŊΐŢȃɯ

¡ɪĆ�cɯ̀ʈ͖ǹ�ʈȍ́ʑʆʹʁ̹ȍǹȶC,� ɺɺʏ�ƦMÔLȘǌˮ

řɺ÷īȍ͢ǂ́ʑǭȸ�Zǹ�Ĭȑ̆îʈ�̹Å�2ȸ͔ʮǵ�͗ʔ͢ǂTƀñƦMɺ5

�Δūîˋȑ͗ȧǹƦM�Β̗̆¡ɺ

������ � ĤƃŭĴ�

ʈ͗%ĿSʁ̹ȍȰʆʹ̆ŰĠƃĞ�ͫ,ķɺ͔ʮǹ�ǹƃĜȊë�ʫȚǹ˧ĺɺZ

ǹ�Ũ͔ɺǹĆ� Shaderɺ͒ʚ&�ƦMÒΏ̆îƃʭºɺ�ͭ�͔ʮƯ?ͩ 

	8Ĥƃ�úŻĝcć�

îʆʹʵY�ʈ3ÔLîȕʹɿ2�ķɺˋȑFəǹ�%ɿÜ˒űɺʈķM.Ϳɺ2

ȸΐŢʭº�ŏǹʈɺȯ%yʻî̤ȕʹɿ2L 3×3ɺʈ)d���ŶĬ�� 
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11 12 13 11 12 13

21 22 23 21 22 23

31 32 33 31 32 33

m m m km km km
k k k m m m km km km

m m m km km km

⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

M =M  


8Ĥƃ�Ĥƃĝcć�

#%ʈɺ2ȸ3ƃʭº�ķMɺˋȑTǹ�%Ǭɺʈ�ŧ ͗%ʈɺ˒űî#%Ãʈ

ɺ˒űͮȃ�ʺ

�% r�nɺʈAî�% n�cɺʈBɿ2�ķMɺˋȑABŊTǹ�% r�cĠŋɺʈ
̩̪ˠȻƟķMɺ̀��ʺ�ʩ�%ʈɺ�ǦƇΕîʩ;%ʈɺ̀ǦɿÜ�ķMɿ2ƅ¡ɺ

ʈɺ̀Ǧǹʩ�%ʈɺ̀Ǧ�l �Ǧǹʩ;%ʈɺ�ǦdĬ�Ĭȑʈ Aɺ˒űǹ 4�3�
ʈ Bɺ˒űǹ 3�6�ͫ, ABɺ˒űŏǹ 4�6 

Ĭȑ#%ʈɺ̀��ɑ̽�Βɺ̊ĺƎ,ª�ͫ,ƃƹȦ�͗#%ʈŏ�˪ɿ2�ÿ)

ķM.Ϳɺ2ȸǹȶȃ̃ĺ-ɺ�žə�̪ˠĸ�ÔLˮřĺ-�ʔǬɺ2ȸ�ZǹǦĶĿMT

�T6̰ŏ��ĺ8�ͫ ,)C,Tȃ�Βɺ̊ĺë�ʪƦMɬ̎8ʈ2ȸɺǜa͒ʚˮəŏ

TǶɹ

ƦM{ˍ�ʁ̹ȍƃĜȊƢ�žˍ�ɾ̉ɺ́ŶÞ̪ˠTËɪ�Ļķȶͫ,Ƣ�ɺǦĶ

́͐Ŷ�̛ȃ r�nɺʈ Aî�% n×cɺʈ B�ķMɿ2Tƅ¡�% r�cɺʈ C = ABͫ
,�C&ɺȯ�%yʻ cijʪ< Aɺʩ ìƬŇŭɺʆʹî Bɺʩ j�ƬŇŭɺʆʹ̀͘ʆʹɖ2
ɺˋȑ�¾

cij = ai1b1j + ai2b2j + � + ainbnj =
1

n

ik kj
k
a b

=
∑

ʁ̹ȍƃĜȊŇà�Zǹ�ƦMÔLɯ�%ȁʭºɺǭŶȍ̎ͱ�Ň<ȯ%yʻ cij�ƦMƴ

¡ A&ɺʩ ìî B&ɺʩ j��əÞƵķMɺŇŭyʻɿ2Þ�¬̹ȍ�͗%îŏǹ cij 
�ʔȁɾ̉ɺǭŶĬĄ 4.30Ƭʑp̛ AɺĠŋǹ 4×2�BɺĠŋǹ 2×4�ͫ,Ĭȑ̆̑ʮ

C ɺyʻ c23ɺ̣�{ƴ¡Ňŭɺ̀ʈî�ʈ�¾

A &ɺʩ 2 ̀î B &ɺʩ 3 ��ƵķM̀͘ʆʹɖʗ
ÞŏÔLƅ¡ˋȑoÿȨ� c23 = a21b13 + a22b23 

Ć Shaderɺ̑ʮ&�ƦMȁĞɺǹcɯ 4�4ʈ
ȍ͔ʮɺ

ʈ2ȸɑ̽�>Ƒ̱

Ƒ̱��ʈ2ȸŧ�ɑ̽?ǋƄ

3ŏǹ̨�ͥŢƚ���

AB 
 BA 
Ƒ̱;�ʈ2ȸɑ̽ˋÛƄ

3ŏǹ̨�

(AB)C = A(BC)  

ʈ2ȸɺˋÛƄÔLưŔ¡ȁĞʈɺɿ2dĬ�

ABCDE = ((A(BC))D)E = (AB)(CD)E 

̪ˠÔȘǌʈ2ȸɺĺ-ƃ͉ȎćΦ̝�͛ˋ～

4� ����� � śĴ �
� ĝŬī�
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������ � ēĂĝĤƃ�

ȃ�>ɤȫɺʈʵĎĆ Shader&．Ţ̈¡͗>ɤȫɺʈƁƁ�ȃ�>ͳ̆ɺƑ̱ 

1�J(\� 

J(\��square matrix��ʭʘǭ�ǹǇͫ>̀î�ǦɽɿʪɺʈĆ�˒ɍȓͲ�
ȂŢcɯɺŏǹ 3�3î 4�4ɺǭ 

ǭ.ƬLoƅºɦǅ�ȍ̗�ǹÿ)ʈɺ�>͔ʮîƑ̱ǹÒȃǭƮ�ȃɺdĬ�

2̍�f�diagonal elements�ǭɺŇ̍yʻǇɺǹ̀×î�×ɿʪɺyʻ�dĬ m11�m22�

m33 ʪĬȑƵǭʁƥ�%ȧǭſɺ̣�͗>yʻǐ�ĆȧǭſɺŇ̍（��͗3ǹķMÝĴ

ɺɰȍĬȑ�%ʈΊ8Ň̍yʻĝɺƬȃyʻͮ) 0�ͫ ,͗%ʈŏÓr2s\��diagonal 
matrix�dĬ��Βŏǹ�% 4�4ɺŇ̍ʈ� 

3 0 0 0
0 2 0 0
0 0 1 0
0 0 0 7

⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦


8�\Ĥƃ�

�%ɤȫɺŇ̍ʈǹ��\� identity matrix��ɯ Inȍ́ʑ�% 3×3ɺº[ʈĬ�� 

3

1 0 0
0 1 0
0 0 1

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

I

)C,̆)͗ʔʈºɦ̹�%ÝĴë�͗ǹÿ)�P_ʈîķɿ2ɺˋȑ͖ͮǹÃȍɺ

ʈ3ŏǹ̨�

MI = IM = M 
͗ŏ̿ȕʹ&ɺǦĴ 1�ȗ� 

3�vj\� 

vj\��transposed matrix�ĻΆǹŇÃʈɺ�ʔ͔ʮ�¾͆˚͔ʮˍĺ�% r�cɺ
ʈM�ķɺ͆˚ÔĹʑƥMT�͗ǹ�% c�rɺʈ͆˚ʈɺ̑ʮΐŢʭº�ƦMÒΏ
̆ƵÃʈ˝͆��¾Ô3ŏǹ̨�Ãʈɺʩ ìÎƥ8ʩ i��ˡʩ j�Îƥ8ʩ j̀Ǧ
Ķ�Ŷǹ�

T
ij ji=M M  

dĬ�

6 7
6 2 10 3 2 5
7 5 4 9 10 4

3 9

T
⎡ ⎤
⎢ ⎥⎡ ⎤ ⎢ ⎥=⎢ ⎥ ⎢ ⎥⎣ ⎦
⎢ ⎥
⎣ ⎦
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Ň<̀ʈî�ʈǫ̏�ƦMÔLcɯ͆˚ǜaȍ͆ǋ̀�ʈ�

[ ]T
x

x y z y
z

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

[ ]

Tx
y x y z
z

⎡ ⎤
⎢ ⎥ =⎢ ⎥
⎢ ⎥⎣ ⎦

 

͆˚ʈ3ȃ�>ŢɯɺƑ̱

Ƒ̱��ʈ͆˚ɺ͆˚ʪ<Ãʈ

ƃŀǷɬ̎�ƦMƵ�%ʈ˝͆��Þ�˝͆���ʪ<ȶȃŇʈrP_ǜa¾

(MT)T = M 
Ƒ̱;�ʈ(Ǒɺ͆˚�ʪ<Êß(ǑÚ%ʈɺ͆˚

ɯ�Ŷ́ʑŏǹ�

(AB)T = BTAT 
̤Ƒ̱ÜȗÔLưŔ¡ȁĞʈɿ2ɺƚ�

4�z\� 

z\�� inverse matrix�ĠȠǹȇ5̗¡ɺ�<ʈȂĜȊɺ�ʔǜa8�ǹƬȃɺʈ
ͮȃ͡ʈ�ʩ�%¥Ǖŏǹ�̤ʈƇΕǹ�%ǭ

ˍĺ�%ǭ M�ķɺ͡ʈɯ M−1ȍ́ʑ͡ʈȂͳ̆ɺƑ̱ŏǹ�ĬȑƦMƵ M î

M-1ɿ2�ͫ,ķMɺˋȑŊTǹ�%º[ʈ3ŏǹ̨�

MM−1 = M−1M = I 
¥Β̨8�ŧΐƬȃɺǭͮȃŇŭɺ͡ʈ�%ǶǺɺdĳŏǹ�%Ƭȃyʻͮ) 0ɺ

ʈ�ƃǺə�P_ʈîķɿ2ͮTƅ¡�%Ύʈ�¾ƬȃɺyʻFəͮǹ 0Ĭȑ�%ʈ
ȃŇŭɺ͡ʈ�ƦMǫ̆͗%ʈǹ!zZ� invertible�Ƨˠ̨ǹ�.=Z�nonsingular��
ɿÊɺ�Ĭȑ�%ʈȶȃŇŭɺ͡ʈ�ƦMǫ̆ķǹ�!zZ�noninvertible�Ƨˠ̨ǹ.
=Z�singular� 

ͫ,Ĭ_�ǫ�%ʈǹáǹÔ͡ɺë�ʭºǫ̏�Ĭȑ�%ʈɺl�>�determinant�
�) 0�ͫ,ķŏǹÔ͡ɺ�<ʈɺ̀�ŶǹC,LÈĬ_ȵ̎�%ʈɺ͡ʈ�ÔLÅ
̈ȇʣɺưŔ̪ͭ�ɰ<͗ͭ��ŀɄÈ͊Ğ̑ʮî�Iĺ-�ȇ5��̶͛Ć� Shader
ɺ͒ʚ&�͗>ʈͥŢÔL̬ͥ͒ɯʩ�ǭŬ�Ĭ C++ǦĶŬ Eigen�ȍɾǑȵƅ��Ώ̆ų
Ëˠƭ¯̑ʮĆ Unity &�ͳ̆Îǋʈɺ͡ʈ Unity 3Ǖ°8ɿŭɺÎʹ°ƦMcɯ�
<͗> Unity�˚ɺʈ�̪ˠÔLĆȇʣɺ 4.8˳ƴ¡ḁ̏ˇɺ̎ͱ 

͡ʈȃƃĞΐŢͳ̆ɺƑ̱

Ƒ̱��͡ʈɺ͡ʈǹÃʈȇ̓

p̛ʈMǹÔ͡ɺ�ͫ, 
(M−1)−1 = M 

Ƒ̱;�º[ʈɺ͡ʈǹķȇ̓

¾

I −1 = I 
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Ƒ̱��͆˚ʈɺ͡ʈǹ͡ʈɺ͆˚

¾

(MT) −1 = (M−1)T 
Ƒ̱ý�ʈ(Ǒɿ2Þɺ͡ʈʪ<Êß(ǑÚ%ʈɺ͡ʈ

¾

(AB) −1 = B−1A−1 
͗%Ƒ̱3ÔLưŔ¡ȁĞʈɺ͚2�Ĭ�

(ABCD) −1 = D−1C−1B−1A−1 
͡ʈǹ�ȃ�_Ɵ-ɺƦMʇͩ�%ʈÔĹʑ�%Îǋ�̥̈ 4.5˳��ˡ͡ʈx

̙ƦM͖Ã͗%Îǋ�Ƨˠ̨ǹ̑ʮ͗%ÎǋɺÊßÎǋÿȨ�ĬȑƦMcɯÎǋʈMŇʆ
ʹ v̀͘8�ȣÎǋ�əÞ�cɯķɺ͡ʈM−1̀͘Ñ�ȣÎǋ�ͫ ,ƦMTƅ¡Ãȍɺʆʹ

͗%Ƒ̱ÔLcɯʈ2ȸɺˋÛƄƃŀǷć̝̀͘Ƕ�

M−1(Mv) = (M−1M)v = Iv = v 

8ĀPĤƃ�

Ñ�%ɤȫɺǭǹR�\�orthogonal matrix�ȧ?ǹʈɺ�ʔŕƑĬȑ�%ǭ
Mîķɺ͆˚ʈɺ2ʗǹº[ʈɺ̣�ƦMǫ̆͗%ʈǹR�Z�orthogonal�Ê͒ȍ3
ǹƥʠɺ3ŏǹ̨�ʈMǹȧ?ɺʪO<� 

MMT = MTM = I 
̪ˠÔ˪Ś．ʁ�ȍ��ŶîƦMĆ��˳̗¡ɺ͡ʈǵͨ¡ɺ�ŶƃvƵ͗#%�Ŷ

ˋÛ̹ȍ�ƦMŏÔLƅ¡�%ͳ̆ɺƑ̱�¾Ĭȑ�%ʈǹȧ?ɺ�ͫ,ķɺ͆˚ʈî͡

ʈǹ�ȗɺ3ŏǹ̨�ʈMǹȧ?ɺʪO<� 
MT = M−1 

͗%ŶĳΐŢȃɯ�ÿ)Ć�˒Îǋ&ƦM．ŢTΏ̆cɯ͡ʈȍȵ̎ÊßɺÎǋˡ͡

ʈɺȵ̎ƁƁ̑ʮʹƃĠ�Z͆˚ʈ¿ΐŢŀǷȵ̎�ƦMÒΏ̆Ƶʈ˝͆��ŏÔL8

ͫ,�ƦMĬ_Ǖ¥�ǫ�%ʈǹáǹȧ?ʈë�̪ˠÔ˪T̨��ǫMMT = Iǹáƥʠŏ
ÔL8ø�Zǹ�ȵ̎͗ȗ�%́͐ŶǲɷǹΏ̆�ĺ̑ʮʹɺ�͗>̑ʮʹÔ˪îɾǑȵ̎͡

ʈǲŴˡ �ĬȑƦM�ǫ�ȍ͗�ǹ�%ȧ?ʈ�ͫ,͗>˴ĆΦ̝ǹáǹȧ?ʈ�

ɺ̑ʮŏɀ̲8ÿȨ�ƦMȁƞ�Ώ̆̑ʮ�ˡDDȘǌ�%ʈɺȐͧ͒ʚȍ�ǫ͗%ʈ

ǹáǹȧ?ʈ)Ȩ�ƦMΏ̆ȍ8̎ȧ?ʈɺ�_Ɵ-

ƦMȍʁ��Ň< 3�3ɺȧ?ʈȃC,ɤɖȘǌȧ?ʈɺĺ-�ƦMȃ� 

1

2 1 2 3

3

1 1 1 2 1 3

2 1 2 2 2 3

3 1 3 2 3 3

| | |

| | |

1 0 0
0 1 0
0 0 1

T

− −⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥− −⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥− − ⎣ ⎦⎣ ⎦

⋅ ⋅ ⋅⎡ ⎤
⎢ ⎥= ⋅ ⋅ ⋅⎢ ⎥
⎢ ⎥⋅ ⋅ ⋅⎣ ⎦

⎡ ⎤
⎢ ⎥= =⎢ ⎥
⎢ ⎥⎣ ⎦

c
M M = c c c c

c

c c c c c c
c c c c c c
c c c c c c

I
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͗ȗ�ƦMŏȃ8 9%ʪŶ� 
c1·c1 = 1�c1·c2 = 0�c1·c3 = 0 
c2·c1 = 0�c2·c2 = 1�c2·c3 = 0 
c3·c1 = 0�c3·c2 = 0�c3·c3 = 1 

ƦMÔLƅ¡L�ˋ～�

•� ʈɺȯ�̀�¾ c1�c2î c3ǹº[ʆʹ�ÿ)Òȃ͗ȗķM�ˮřɺɖʗƮ˪ǹ 1
•� ʈɺȯ�̀�¾ c1�c2î c3.Ϳ=ɿčɾ�ÿ)Òȃ͗ȗķM.ͿɺɖʗƮ˪ǹ 0
•� �͛#Ȍˋ～Ňʈɺȯ��Üȗ͟ɯ�ÿ)ĬȑMǹȧ?ʈɺ̣�MT3Tǹȧ?ʈ

3ŏǹ̨�Ĭȑ�%ʈɑ̽�ΒɺȌN�ͫ,ķŏǹ�%ȧ?ʈ̪ˠÔLȻƟ¡��

ˆȕ�ȧ?Ē�ĺ-̥̈ 4.2.2˳�ÔLʸʏćɑ̽�͛ȌNĆ 4.6.2˳&�ƦMTcɯċȕʝ
ͿɺĒʆʹȍȐŲɯ<ʝͿÎǋɺʈÿȨ�Ĭȑ͗>Ēʆʹǹ�ˆȕ�ȧ?Ēɺ̣�dĬÒ

ĵĆǰ͆Îǋ��ͫ,ƦMŏÔLɾǑcɯ͆˚ʈȍȵƅ̤Îǋɺ͡Îǋ

̪ˠ�Ʀ̃ȕ�ȧ?�ȧ?͗>ȠƋǘɈ8�ÔL�̨Ƕ��ǹC,ƟƏà�

ƦM�̪ˠṳ̆Ś．ʇͩ��%ċȕʝͿΏ̆Ǉĺ�ˆĒʆʹ�3ŏǹƦMɬ̎ɺċȕ͈

Ĭȑ͗>Ēʆʹ.Ϳǹ=ɿčɾɺ�ͫ,ƦMŏƵķMʘ)ǹ�ˆR�*�orthogonal basis�
Zǹ�ķMɺͼűŧ�̆ȵ�ĺǹ 1ĬȑķMɺͼűɺʏǹ 1 ɺ̣�ƦMǫ̆ķMǹ�ˆO�
R�*�orthonormal basis�ÿȨ��%ȧ?ʈɺ̀î�.Ϳ� Ȑƥ8�ˆȕ�ȧ?ĒZ
ǹ�ĬȑƦMcɯ�ˆȧ?ĒȍȐŲ�%ʈɺ̣�͗%ʈÔ˪ŏ�ǹ�%ȧ?ʈ�ÿ)͗

>ĒʆʹɺͼűÔ˪�) 1�3ŏǹ̨ķM�ǹȕ�ȧ?Ē 

����� � őĤƃŮísĤƃ�

ƦMŚ．8̎8̽ğĞɺǦĶȠƋ�ZĆĶ4ʈɺ�_Ɵ-.¥�ƦMȃƇ̨̆Ƕ��̀

ʈî�ʈɺ;Ι

Ć¥Βɺʣ˳&ƦM̗¡�ÔLƵ�%ʆʹ͆ǋƥ�%̀ʈƧǹ�ʈķMȇ̓ǹȶȃ

· ɺ�Zǹ�žƦMΏ̆ƵķîÑ�%ʈɿ2ǵ�ŏT�ɪ�>ŘŴ

p̛ȃ�%ʆʹ v = (x, y, z)�ƦMÔLƵķ͆ǋƥ̀ʈ v = [x  y  z]Ƨ�ʈ v = [x  y  z]T

�͗Ͳcɯ8͆˚ʨ×ȍͪ}�ʈĆƦMɺ͗�̀&ǺƅĢΪ�ɪĆ�ȃÑ�%ʈM� 

11 12 13

21 22 23

31 32 33

m m m
m m m
m m m

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

M =

ͫ,M � î̀ʈLÈ�ʈɿ2ÞTǹC,ˋȑë�ƦM{ȍʁM î̀ʈɺɿ2
ɰʈ2ȸɺĺ-Ôʇ�ƦMΏ̆Ƶ̀ʈǡĆMɺŗ͏�͖̖ƅà�ʈ2ȸ̆ȵ#%ʈɺ
̀�Ǧɑ̽�ĺȌN��¾

11 21 31 12 22 32 13 23 33[ ]xm ym zm xm ym zm xm ym zm+ + + + + +vM =  

ˡĬȑî�ʈɿ2ɺ̣�ˋȑǹ�

Mv =
xm11 + ym12 + zm13
xm21 + ym22 + zm23
xm31 + ym32 + zm33

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
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4.4  Ĥƃ 

̪ˠ̒ʂŇȰŏTËɪ�ˋȑʈΊ8̀�ʈɺ· ĝ�ͲΒɺyʻ3ǹ��ȗɺ͗ŏ

Ɵìʄ�Ćîʈɿ2ǵ͢ǂ̀ʈ͖ǹ�ʈȍ́ʑʆʹǹΐŢͳ̆ɺ�ÿ)͗�ĺ8ʈ2

ȸɺ5�ȣūîˋȑo

Ć Unity&�Ţ̊rȸǹƵʆʹǡĆʈɺÖ·�¾Ƶʆʹ͆ǋƥ�ʈȍ͔̀͘ʮÿȨ�
Ćȇ5ÞΒɺ�ŀ&�Ĭǲɤȫƚ��ƦMͮŊcɯ�ʈ͗Ɵìʄ�ƦMɺʈ2ȸͥŢͮ

ǹÖ2�dĬ�

( ( ( )))=CBAv C B Av  

cɯ�ßʹɺˋȑǹ�ƦMɺ̪ΔūǹGÖ¡ŗ�¾{Ň vcɯ À͘Îǋ��cɯ B͘
̀Îǋ�ȂÞcɯ C̀͘Îǋ 

�Βɺ̑ʮʪO<�Βɺ̀ʈ͔ʮ�

((( ) ) )T T T T T T=vA B C vA B C  
Ĭȑb͖ǹ�˪Ƕɹ�Βɺã-�ÔLÅ̈）4Ι 3 

����(� � ĽdƊ�

1��ǫ�Βʈɺ2ȸǹáĵĆĬȑĵĆ�̑ʮķMɺ2ʗ 

�1�
1 3 1 5
2 4 0 2

−⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦

 

�2� 2 4 3
2 1 4

⎡

⎣
⎢

⎤

⎦
⎥

−1 5
0 2
3 10
4 5

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

�3�
1 2 3 5
5 1 4 4
6 0 3 8

− −⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦

2��ǫ�Βɺʈǹáǹȧ?ʈ 

�1�
1 0 0
1 0 0
1 0 0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

�2�

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

�3�
cos sin 0
sin cos 0
0 0 1

θ θ

θ θ

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
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4.5  Ĥƃĝn^ÕaS�à 

3�ˍĺ�%ʆʹ(3, 2, 6)�� Ƶķžƥ̀ʈî�ʈ��Βɺʈ̀͘2ȸ˟˼#ʔ
ƚ��ƅ¡ɺʆʹˋȑǹá�ȗĬȑ��ȗ�˟˼Ĭ_ƅ¡ɿÜɺˋȑ

�1�
1 0 0
0 1 0
0 0 1

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

�2�
1 0 2
0 1 3
0 0 3

⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥⎣ ⎦

�3�
2 1 3
1 5 3
3 3 4

−⎡ ⎤
⎢ ⎥− −⎢ ⎥
⎢ ⎥−⎣ ⎦

 4.5  Ĥƃĝn^ÕaS�à 
�<ʈ�ƃĞ“Ƴ�Ķˠɺ;ΙͮǹʵYɺ�

•� ɖîʆʹͮÔLĆĄv&ɲ�ȍ�ͫ,ʈÔLà�

•� Ʀą̈ʈî（ƑÎǋ�QŉÎǋȃ��͗>Îǋ¡ŮǹC,ƟƏë�

•� ƦƓǹä¡βȣċȕ͗%Ý̠�ķǹC,ƟƏë�

•� Îǋîʈɺ�ʺÆǹC,ë�Ƨˠ̨�ˍĺ�%Îǋ�ƦĬ_ƅ¡ķŇŭɺʈë�

ĆĶ4ĸȇ˳Þ�ŞȄ̪ˠM˪ğþʫ�͗>;Ι

Ň<ʩ�%;Ι�Ć�˒ɍȓ&ʈÔLÔ̋µà�Ũ͔ɺǹ�ʫȚǹ˧ĺɺ�͗%Ô̋µ

ɺˋȑŏǹÎǋÿȨ�Ĭȑ̪ˠĆÞΒɺ�ŀ&ʁ¡8�%ʈ�ͫ,bÔL̒)ˮřʁ¡ɺ

ŏǹ�%Îǋ�žə�Ć（ƑJǦ&ʈɺɯĚ�Dǹɯ<Îǋ�Zȇ5ɺ̓～˸”DĆ<Ȩ� 
ĆɎƤɺ!ɳ&�͗>Îǋ�˱´ã8ǰ͆�：ǡîŦʙɎƤųËBêŞȄˍĺ�%ɖƧ

ʆʹ��ˍĺ�%Îǋ�dĬƵɖŦʙ¡Ñ�%[˚�Ƶʆʹɺǭßǰ͆ 30°ʪ��ŏÔLͥ͒Ȓ
%ǦĶ͔ʮȍȵƅǬɺɖîʆʹˤǶɺ{BMËɪ�ÔLcɯʈȍĸ？ć̎�͗%;Ιͫ

,;ΙŏÎƥ8�ƦMĬ_cɯʈȍ́ʑ͗>Îǋ�

���	� � RFí�à�

�E� transform��ǇɺǹƦMƵ�>Ǧǌ�Ĭɖ�ǭßʆʹɭ˯ǹΚ˲ʪ�ͥ͒ȒʔǭŶ
̀͆͘ǋɺ͒ʚĆ̑ʮȉĄſĶΘđ�ÎǋΐŢͳ̆Őʯͥ͒ÎǋƦM˪ğ̀͘ɺǜaǹȃ

Ήɺ�Z͗>ǜaŚ．̽ğħĺÎǋĆĄſĶΘđ+͉̽ͳɺć[8

ƦM{ȍʁ�%ΐŢŢ̈ɺÎǋʵĎ�gB�E� linear transform�（ƑÎǋǇɺǹͫ
>ÔLjɴʆʹ¬îȕʹ2ɺÎǋɯǦĶ�Ŷȍ́ʑ͗#%ȌNŏǹ�

f(x) + f(y) = f(x + y) 
kf(x) = f(kx)  

�ΒɺŶĳʁ̹ȍƃƻ̮iH�scale�ŏǹ�ʔ（ƑÎǋdĬ�f(x) = 2x�ÔĹʑ�
%Ġŋ) 2ɺˏ�：ǡ�¾．͒ÎǋÞʆʹ xɺȡŊ̃ǡĠ#lÔLËɪ�f(x) = 2xǹɑ̽�
Βɺ#%ȌNɺÜȗ�Kv�rotation�3ǹ�ʔ（ƑÎǋŇ<（ƑÎǋǫ̏�ĬȑƦM̆
Ň�%�˒ɺʆʹ̀͘Îǋ�ͫ,DDcɯ 3�3ɺʈŏÔĹʑƬȃɺ（ƑÎǋ 
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4.5  Ĥƃĝn^ÕaS�à 

（ƑÎǋΊ8´、ǰ͆î：ǡĝ�͖ ´、}��shear�����mirroring�
n`	 reflection��
R�DA�orthographic projection�ʪ�Zȇ5ʄͳ̗͛ǰ͆î：ǡÎǋ 

Zǹ�Dȃ（ƑÎǋǹ�ğɺƦMȍ˟˼ŦʙÎǋ�dĬ f(x) = x + (1, 2, 3)͗%Îǋŏ
�ǹ�%（ƑÎǋ�ķ既不ɑ̽ȕʹ2ȸ�也�ɑ̽ʆʹ¬ȸĬȑƦMK x = (1, 1, 1)�ͫ,� 

f(x) + f(x) = (4, 6, 8) 
f(x + x) = (3, 4, 5)  

Ô̈�#%͔ʮƅ¡ɺˋȑǹ��ȗɺÿȨ�ƦM�˪ɯ�% 3�3ɺʈȍ́ʑ�%Ŧʙ
Îǋ͗ǹƦM�ŞȄʁ¡ɺ�ȱʢŦʙÎǋǹΐŢŢ̈ɺ�ʔÎǋ

͗ȗ�ŏȃ83�E�affine transform�QŉÎǋŏǹÛŧ（ƑÎǋîŦʙÎǋɺÎǋ
ʵĎQŉÎǋÔLcɯ�% 4×4ɺʈȍ́ʑ�)Ȩ�ƦMΏ̆ƵʆʹưŔ¡ý˒ʝͿ��͗
ŏǹ�Q'Ob��homogeneous space� 

́ 4.1ˍ�8ĄſĶ&Ţ̈ÎǋʈɺÝʘîķMɺɤƑ 

m 4.1 :pZ�E^d&/�ZXB�Nm]�UutXB�Ym]UutXB� 

� E # ` LgB�E% L3�E% L!z\�% LR�\�%

Ŧʙʈ N Y Y N 

ˌċȕ͈ǰ͆ɺǰ͆ʈ Y Y Y Y 

ˌPƟ͈ǰ͆ɺǰ͆ʈ Y Y Y Y 

ǈċȕ͈：ǡɺ：ǡʈ Y Y Y N 

�ʈ Y Y Y N 

ͻvʈ Y Y Y Y 

ȧ?Ʒƀʈ Y Y N N 

ͣ̋Ʒƀʈ N N N N 

Ć�Βɺ�ŀ&�ƦMŊĶ4�&�>ĒȇɺÎǋʵĎ�ǰ͆�：ǡîŦʙŇ<ȧ?Ʒƀ

îͣ̋Ʒƀ�ƦMŊĆ 4.6.7˳&ˍ�ķMɺ́ʑǭȸl Ň<�IÎǋʵĎ�ȇ5���^̓～�

̪ˠÔLĆȇʣɺưŔ̪&ƴ¡ȁĞ�ŀ

���
� � Ǝÿ�ú�

ƦMʇͩ�ɰ< 3�3ʈ�˪́ʑŦʙǜa�ƦMŏƵ�ưŔ¡8 4�4ɺʈ�ǹɺ�Ò
̆Ğ�%˒űŏÔLĻɪŇŦʙɺ́ʑ�)Ȩ�ƦM͖Ώ̆ƵÃȍɺ�˒ʆʹ͆ǋƥý˒ʆʹ�

3ŏǹƦMƬ̨ɺ�Q'O�homogeneous coordinate��:Ļ�βȣċȕɺ˒űÔL̺͒ý˒�
Zȇ5&Ƭ̨ɺβȣċȕŊȹǇý˒βȣċȕ�ƦMÔLËɪ�βȣċȕŧȶȃʒʖɺćǭ�ķ

Òǹ)8ǭ×̑ʮˡcɯɺ�ʔ́ʑǭŶˡŚ

Ĭ�Ƭ̨�βȣċȕǹ�%ý˒ʆʹͫ,�ƦMĬ_Ƶ�˒ʆʹ͆ǋƥβȣċȕë�Ň<

�%ɖ�G�˒ċȕ͆ǋƥβȣċȕǹƵ� w�ʹ̛) 1�ˡŇ<ǭßʆʹǫ̏�Ώ̆Ƶ� w�
ʹ̛) 0͗ȗɺ̛˚Tň˰�žɯ�% 4×4 ʈŇ�%ɖ̀͘Îǋǵ�Ŧʙ�ǰ͆�：ǡͮT
Ǯ¬<̤ɖZǹĬȑǹɯ<Îǋ�%ǭßʆʹ�ŦʙɺǣȑŏT̃ƌɵƦMÔLG�Βɺ�

ŀ&ɬ̎͗>ŘŴɺÃÿ

����� � qŚ¡ĥ�àĤƃ�

ƦMŚ．ʇͩ�ÔLcɯ�% 4×4ɺʈȍ́ʑŦʙ�ǰ͆î：ǡƦMƵ́ʑˀŦʙ�ˀ
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4.5  Ĥƃĝn^ÕaS�à 

ǰ͆îˀ：ǡɺÎǋʈÓrĒʍÎǋʈ͗>ʈ�ȃ�>�Üɖ�ƦMÔLƵ�%ĒʍÎ

ǋʈ�̎ƥ 4%ˆƥͭ�� 

3 3 3 1

1 3 1
× ×

×

⎡ ⎤
⎢ ⎥
⎣ ⎦

M t
0

�&�ŗ�̍ɺʈM3�3ɯ<́ʑǰ͆î：ǡ�t3�1ɯ<́ʑŦʙ�01�3ǹΎʈ�¾ 01�3 = 
[0  0  0]�Ö�̍ɺyʻŏǹȕʹ 1 

Ǒ�ȍ�ƦMȍ�^Ķ4Ĭ_ɯ͗ȗ�% 4�4ɺʈȍ́ʑŦʙ�ǰ͆î：ǡ 

����� � ÁĪĤƃ�

ƦMÔLcɯʈ2ȸȍ́ʑŇ�%ɖ̀͘ŦʙÎǋ�

1 0 0
0 1 0

0 0 1
10 0 0 1 1

x x

y y

z z

t x tx
t y ty

zt z t

+⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥ +⎢ ⎥ ⎢ ⎥⎢ ⎥ =
⎢ ⎥ ⎢ ⎥⎢ ⎥ +
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

 

GˋȑȍʁƦMÔLƃŀǷʁ�)C,͗%ʈȃŦʙɺǣȑ�ɖɺ x�y�z �ʹ� →¬
8�%[˚qʙĆ 3D&ɺÔ̋µǣȑǹ�Ƶɖ(x, y, z)ĆʝͿ&Ŧʙ8(tx, ty, tz)%º[ 

ȃ̼ɺǹ�ĬȑƦMŇ�%ǭßʆʹ̀͘ŦʙÎǋ�ˋȑĬ��

1 0 0
0 1 0

0 0 1
0 00 0 0 1

x

y

z

t x x
t y y

z zt

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥=
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎣ ⎦ ⎣ ⎦⎣ ⎦

ÔLËɪ�ŦʙÎǋ�TŇǭßʆʹ@ɮP_ƀñ͗ɖƃŀǷɬ̎�ƦMĆĶ4ʆʹɺǵ

nǫ̆͒8�ʆʹȶȃ[˚ŕƑ�3ŏǹ̨ķÔL[<ʝͿ&ɺPƟ�ɖ�ÿȨŇ[˚ɺǠÎ�¾

Ŧʙ��ṳ̆Ňǭßʆʹ@ɮƀñ

ɪĆ�̪ˠṳ̆Ƕɹžˍĺ�%ŦʙǜaǵĬ_ȐŲ�%Ŧʙʈ�ĒʍÎǋʈ&ɺ t3�1

ʆʹŇŭ8Ŧʙʆʹ�ŗ�̍ɺʈM3�3)º[ʈ I3 
Ŧʙʈɺ͡ʈŏǹÊßŦʙƅ¡ɺʈ�¾

1 0 0 − tx
0 1 0 − ty
0 0 1 − tz
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

ÔLʁ��Ŧʙʈŧ�ǹ�%ȧ?ʈ

���� � ŅåĤƃ�

ƦMÔLŇ�%ȡĎȷʝͿɺ x ͈�y ͈î z ͈̀͘：ǡÜȗ�ƦMÔLcɯʈ2ȸȍ
́ʑ�%：ǡÎǋ�
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0 0 0
0 0 0

0 0 0
10 0 0 1 1

x x

y y

z z

k k xx
k k yy

zk k z

⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥ =
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

ŇǭßʆʹÔLcɯÜȗɺʈ̀͘：ǡ�

0 0 0
0 0 0

0 0 0
00 0 0 1 0

x x

y y

z z

k k xx
k k yy

zk k z

⎡ ⎤ ⎡ ⎤⎡ ⎤
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥ =
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎢ ⎥
⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦ ⎣ ⎦

 

Ĭȑ：ǡʺǦ kx = ky = kz�ƦMƵ͗ȗɺ：ǡʘ)h�iH�uniform scale��á�ʘ)�h
�iH�nonuniform scale�Gĝ̉�ʁ�ˏ�：ǡǹưĠǧ%ȡĎ�ˡΐˏ�：ǡTƾXƧ《
ÂȡĎȁͳ̆ɺǹ�ˏ�：ǡ�TǠÎ̍űîȰdkƗ�ˡΐˏ�：ǡTǠÎ�ȡĎɿ�ɺ̍

űîȰddĬĆŇȸ（̀͘Îǋǵ�ĬȑĵĆΐˏ�：ǡ�ɾǑcɯɯ<ÎǋΓɖɺÎǋʈ

ɺ̣�ŏTƅ¡̧ɺˋȑȧʏɺÎǋǭȸÔÅ̈ 4.7˳ 
：ǡʈɺ͡ʈǹcɯÃ：ǡʺǦɺmǦȍŇɖƧǭßʆʹ̀͘：ǡ�¾

1 0 0 0

10 0 0

10 0 0

0 0 0 1

x

y

z

k

k

k

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

 

：ǡʈ�˱�ǹȧ?ʈ

�ΒɺʈÒ͟ɯ<ȷċȕ͈ǭß̀͘：ǡĬȑƦMŞȄĆPƟǭß�̀͘：ǡ�ŏΏ̆

cɯ�%ĜÛÎǋ�&�ʔǭȸɺ*̆Əƞŏǹ�{Ŋ：ǡ͈Îǋƥȕ�ċȕ͈�əÞ̀͘ȷ

ċȕ͈ɺ：ǡ��cɯ͡Îǋƅ¡Ãȍɺ：ǡ͈ȅß

���(� � êŨĤƃ�

ǰ͆ǹ�ʔŢ̈ɺÎǋʈ&ȂĜȊɺ�ʔƦMʇͩ�ǰ͆ǜaΏ̆Ǉĺ�%ǰ͈͆�͗

%ǰ͈͆��ĺǹʝͿ&ɺċȕ͈�Zȇ˳Ƭ̗ɺǰ͆ŏǹǇˌʄʝͿ&ɺ x ͈�y ͈Ƨ z ͈͘
̀ǰ͆

ĬȑƦMΏ̆Ƶɖˌʄ x͈ǰ͆θű�ÔLcɯ�Βɺʈ� 

1 0 0 0
0 cos sin 0

( )
0 sin cos 0
0 0 0 1

x

θ θ
θ

θ θ

⎡ ⎤
⎢ ⎥−⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

R  

ˌ y͈ɺǰ͆3ǹʵYɺ� 
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4.5  Ĥƃĝn^ÕaS�à 

cos 0 sin 0
0 1 0 0

( )
sin 0 cos 0
0 0 0 1

y

θ θ

θ
θ θ

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥−
⎢ ⎥
⎣ ⎦

R  

ȂÞ�ǹˌ z͈ɺǰ͆� 
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4.5  Ĥƃĝn^ÕaS�à 

 

cos sin 0 0
sin cos 0 0

( )
0 0 1 0
0 0 0 1

zR

θ θ

θ θ
θ

−⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

 

ǰ͆ʈɺ͡ʈǹǰ͆ɿÊ̍űƅ¡ɺÎǋʈǰ͆ʈǹȧ?ʈ�ˡ Ğ%ǰ͆ʈ

.Ϳɺ(ˣÜȗǹȧ?ɺ 

���)� � ¤��à�

ƦMÔLƵŦʙ�ǰ͆î：ǡˆÛ̹ȍ�ȍſƥ�%ĜȊɺÎǋ͒ʚdĬ�ÔLŇ�%ȡ

Ď{̀͘Ġŋ)(2, 2, 2)ɺ：ǡ��ˌ y͈ǰ͆ 30°�ȂÞß z͈Ŧʙ 4%º[ĜÛÎǋÔLͥ
͒ʈɺ(ˣȍĻɪ�ΒɺÎǋ͒ʚÔLcɯ�Βɺ�Ŷȍ̑ʮ� 
 pnew =MtranslationMrotationMscalepold  

ɰ<�ΒƦMcɯɺǹ�ʈ�ÿȨ̪ΔūǹGÖ¡ŗ�¾{̀͘：ǡÎǋ��̀͘ǰ͆

Îǋ�ȂÞ̀͘ŦʙÎǋΏ̆ȻƟɺǹ�Îǋɺˋȑǹf̵<ÎǋΔūɺ�ɰ<ʈ2ȸ�ɑ

̽?ǋƄ�ÿȨʈɺ2ȸΔūƃͳ̆3ŏǹ̨��ÜɺÎǋΔūƅ¡ɺˋȑÔ˪ǹ��ȗɺ

ƞ̮���Ĭȑ̪̔ˠß¥�ȩəÞŗ͆�̖]Ȩǵɺ[˚əÞþ¡Ã[�͗ȣ{ŗ͆�ß¥

̷�ȩ�ƅ¡ɺ[˚î��ȣǹ��ȗɺʜ�ȇ̱�ǹÿ)ʈɺ2ȸ�ɑ̽?ǋƄ�ÿȨ�

Üɺ2ȸΔūƅ¡ɺˋȑǹ��ȗɺ 
ĆˎĠĞǦƚ���ƦMʾĺÎǋɺΔūŏǹ{：ǡ��ǰ͆�ȂÞŦʙ 
̪ˠ�)C,̆ʾĺ͗ȗɺΔū�ˡ�ǹ�IΔūë�  
ƦM�ÿ)͗ȗɺÎǋΔūǹƦMΏ̆ɺƞ̮ƦMŇĩɢ≠≠̀͘�%ĜÛÎǋĬ

ȑƦMǈ{Ŧʙ��：ǡɺΔū̀͘Îǋ�p̛�≤ƚ��≠≠[<Ãɖ�ƦM{ǈ(0, 0, 5)
Ŧʙķ�ɪĆķ̾ʓÃɖ 5%º[əÞ�ŊķǡĠ 2l�͗ȗƬȃɺċȕͮÎƥ8Ãȍɺ 2
l�ˡ͗Ɵìʄ≠≠ɪĆɺ[˚ǹ(0, 0, 10)�͗�ǹƦMŞȄɺȧʏɺrȸǹ�{：ǡ�Ŧ
ʙ3ŏǹ̨�ƦM{ĆÃɖŇ≠≠̀͘ 2lɺ：ǡ��̀͘Ŧʙ�͗ȗ≠≠ɺĠŋȧʏ8�
[˚3ȧʏ8 

)8GǦĶ�Ŷ�ɬ̎ÎǋΔūɺȇ̱�ƦMÔLŇȰ�ÜÎǋΔū@ɮɺÎǋʈɺ́͐

ŶĬȑƦMÒ˟˼Ň y͈ɺǰ͆ɺ̣�ǈ{：ǡ��ǰ͆�ȂÞŦʙ͗ȗɺΔūˆÛ�ʔÎǋ
ƅ¡ɺÎǋʈǹ� 

 

MtranslationMrotationMscale =

1 0 0 tx
0 1 0 ty
0 0 1 tz
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

cosθ 0 sinθ 0
0 1 0 0
−sinθ 0 cosθ 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

kx 0 0 0

0 ky 0 0

0 0 kz 0

0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

=

kx cosθ 0 kz sinθ tx
0 ky 0 ty

−kx sinθ 0 kz cosθ tz
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

 

ˡĬȑƦMcɯ8�IÎǋΔū�dĬ{Ŧʙ��：ǡ�ȂÞǰ͆�ͫ ,ƅ¡ɺÎǋʈǹ� 
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MrotationMscaleMtranslation =

cosθ 0 sinθ 0
0 1 0 0
−sinθ 0 cosθ 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

kx 0 0 0

0 ky 0 0

0 0 kz 0

0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

1 0 0 tx
0 1 0 ty
0 0 1 tz
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

=

kx cosθ 0 kz sinθ txkx cosθ + tzkz sinθ
0 ky 0 tyky

−kx sinθ 0 kz cosθ − txkx sinθ + tzkz cosθ
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

 

G#%ˋȑÔLʁ��ƅ¡ɺÎǋʈǹ��ȗɺ

Ί8Ώ̆ȻƟ�ÜʵĎɺÎǋΔūĝ�ƦMȃǵ͖Ώ̆ŋƆǰ͆ɺÎǋΔūĆ 4.5.6˳&�
ƦMˍ�8� ˌ x ͈�y ͈î z ͈ǰ͆ɺÎǋʈ�%;Ιǹ�ĬȑƦMΏ̆Üǵˌʄ�%
͈̀͘ǰ͆�ǹ{ˌ x͈��ˌ y͈ȂÞˌ z͈ǰ͖͆ǹǈ�Iɺǰ͆Δūë� 

žƦMɾǑˍ�(θx, θy, θz)͗ȗɺǰ͆̍űǵ�Ώ̆ĺ-�%ǰ͆ΔūĆ Unity&�͗%ǰ
͆Δūǹ zxy�͗Ćǰ͆ɿ�ɺ APIǨȜ&ͮą̑Ƕ͗Ɵìʄ�žˍĺ(θx, θy, θz)͗ȗɺǰ͆̍
űǵ�ƅ¡ɺˆÛǰ͆Îǋʈǹ�

MrotateZ
MrotateX

MrotateY
=

cosθ z − sinθ z 0 0
sinθ z cosθ z 0 0

0 0 1 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

1 0 0 0
0 cosθx − sinθx 0
0 sinθx cosθx 0

0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

cosθ y 0 sinθ y 0

0 1 0 0
−sinθ y 0 cosθ y 0

0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

�>̪ˠTȃɷ;��Βɺ�Ŷ5�Δūǹ�ǹÊ8��ǹ̨�ʈ̆GÖƁŗ̪à�͗ȗ

�ȍΔū�ŏΜm8à�ĻΆ��ȃ�%ΐŢͳ̆ɺ"̅ƦMȶą̑Ƕɹ�ͫŏǹǰ͆ǵcɯɺ

ċȕʺˍĺ�%ǰ͆Δū�dĬ͗Ͳɺ zxy��LÈķMŇŭɺǰ͆̍ű(θx, θy, θz)�ȃ#ʔċȕ
ʺÔL͢ǂ

�� ˌċȕʺ E�ɺ z͈ǰ͆θz�ˌċȕʺ E�ɺ y͈ǰ͆θy�ˌċȕʺ E�ɺ x͈ǰ͆θx�

¾̀͘�ȣǰ͆ǵ��̹ǰ͆ž¥ċȕʺ

�� ˌċȕʺ E�ɺ z͈ǰ͆θz�Ćċȕʺ E�ˌ z͈ǰ͆θzÞɺǬċȕʺ E'�ɺ y͈ǰ͆θy�

Ćċȕʺ E'�ˌ y͈ǰ͆θyÞɺǬċȕʺ E''�ɺ x͈ǰ͆θx�¾Ćǰ͆ǵ�Ƶċȕʺ�̹͆¯ 
ƃŀǷʇͩ�͗#ʔ͢ǂɺˋȑǹ��ȗɺZĬȑƵķMɺǰ͆ΔūΜm���ķMƅ¡

ɺˋȑŏTǹ�ȗɺ�̨ƅǶɹɖ�Ćʩ�ʔƚ��ǈ zxy Δūǰ͆îĆʩ;ʔƚ��ǈ yxz Δ
ūǰ͆ǹ�ȗɺˡ UnityǨȜ&̨Ƕɺǰ͆ΔūǇɺǹĆʩ�ʔƚ��ɺΔū 

î�Β�ÜʵĎɺÎǋΔūň˰ɺ;ΙʵY��Üɺǰ͆Δūƅ¡ɺˋȑ3Ô˪ǹ��ȗɺ

ƦMÜȗÔLͥ͒ŇȰ�Üǰ͆Δūƅ¡ɺÎǋʈȍɬ̎)C,T�ɪ͗ȗɺ�Üˡ͗%Φ

̝͒ʚɴˍ̪ˠa)）4

 4.6  �úĬƁ 
ƦMŚ．ĶT8Ĭ_cɯʈȍ́ʑĒȇɺÎǋ�ĬŦʙ�ǰ͆î：ǡˡĆȇ˳&�ƦM

Ŋ�ȻĬ_cɯ͗>ÎǋȍŇċȕʝͿ̀͘Îǋ

ƦMĆʩ 2ʣɍȓȿȳ（&ŏǑ̏8ċȕʝͿɺÎǋdĬ�ĆĶ4Γɖʄ˲—ȿȳ（΄ȭ
ǵ�ƦM̨͒�Γɖʄ˲—ȂĒȇɺ«˪ŏǹƵȡĎɺΓɖċȕGȡĎʝͿ͆ǋ¡βȣ̄¨ċȕ
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4.6  �úĬƁ 

ʝͿ&

ɍȓɎƤɺ͒ʚÔLɬ̎ƥǹƵ�%%Γɖ．͒ŒŒĚɬȂ，͆µ¡œť�ɺ͒ʚ�ͫ,ȇ

˳ƦMŏŊĶ4͗%͆ǋɺ͒ʚǹĬ_Ļɪɺȁ�^ǫ̏�Γɖǹ．͒8ó>ċȕʝͿÞ�Ȃ

Þ̃ɲĆ8ƦMɺœť�

��(�	� � DRFŕ`ĘůF¥X�ĝ�úĬƁ�

ƦM{̆þʫ̪ˠɺ�%ɷ;Ć˔� Shaderɺ͒ʚ&�ƃĞʁ̹ȍƃɬ̎îĜȊɺǦĶ
͔ʮͮǹ)8Ć�ÜċȕʝͿ.Ϳ͆ǋɖîʆʹʁ̹ȍ�͗,ĞɺċȕʝͿŏǹ��Ƙ.ɐ�

ö�ƃĞBͮȃ͗ȗɺɷ;��)C,ƦM�˪Òcɯ�%ċȕʝͿȍrƬȃɺ:ƚë�͗ȗ�ȍ

ƦM�ŏ�ɯĶ4͗>ɘBɺǦĶ�Ŷ8à�͗ȗ!ɳŊÎƅĞ？īö��

:ƚʁ̹ȍ˾əǹ͗ȗ�ĆÒȃ�%ċȕʝͿɺ!ɳͲ�ShaderɺųËˠTɮȾƅȁ¬？
īZ:Ļǹ��Ǵbʂɺ͗,r8�ŏTËɪɬƞîɪĻ.ͿɺŘ̾�ƦM�ÔL3�ơƟƸ

ŵ͗>�ÜɺċȕʝͿ

:Ļ��ĆƦMɺɮȾ&�ƦM3Ɠǹcɯ�ÜɺċȕʝͿȍ?ȿɪĆȧĆ̪͗ȇ5ɺb�

ƃÔ˪ȧċĆª�ĽƧ5ƫ&Ĭȑ;b��ª�ĽɺȳȉĆóͲ��bĠȠTþʫ��Ćª�

Ľͽɺŗǭ 3ʴĚ�͗Ͳ�bƃˮəćcɯ8Lͽ)ÃɖɺċȕʝͿɪĆ��Øɺ¥Õŋı̷
͘ͽȍ�bΐŢƛ̘ćʁ¡Ī˭�͖Ȭɴȃ&¸ÙΡɺʴʶ�ƦMp̛ȧĆ̪͗ȇ5ɺbǹ�%

īƆˡ �÷Ȥʁ Bʥ̣ɺB�͗ǵbÔ˪TǕͯĪ��ú�bŗ˭�Βȃ>"̅ȶȃǝǎ��

Ȩǵ�bÆcɯ8L¥Õŋıɺùś)ÃɖɺċȕʝͿĬȑÒȃ�%ċȕʺTƎ,ȗë�bÔ

LŎ̢��cɯLbɺª�Ľɺͽ)ÃɖɺċȕʝͿȍǔ͛¥Õŋı˭�ɺ�ʶΡʶ

�ȰĬ�ƦMȯ%BƬɮȾɺĐŜÔLʁƥǹ�%!ɳċȕʺ��˒ɍȓͲɺ!ɳċȕʺŊ

Ć 4.6.5˳&̗¡��͗%ċȕʺɺċȕ͈ÔL̒)ǹɰ"»̅¶͗>ĺ-ɺǭß͈Ĭȑ�%·
ɮBßb;́�bƃȃÔ˪T̨��ß"̷ 800ʴ�ȝ�əÞ�ß»̷ 50ʴŏ¡8�ZǹƦMʇ
ͩ�ɪĻɮȾ&ȃƃĞBǹ��Ɋ"»̅¶ɺ�Ćaˠŋǵn�．Ţcɯ��¶�»ŗ̅Ö"�

ȍuuć�ǫ"»̅¶�ÿȨƓǹƅ¡̧ǭ[�ĬȑɪĆȃ�%Π˥͍͍Æ��Ɋ"»̅¶ɺ

́Bȍ;bȂ͕ɺΟÀƎ,̷�bÔ˪T̨��b{Ɓ¥̷ 50ʴ�¡8́Ïßŗƿ 100ʴŏȃ�
ĿΐŢīÙɺɗέů�Ȩǵ�bcɯɺǹL͗%́B)ÃɖɺċȕʝͿƞ̮���ĬȑĆ͗%

!ɳ�ƦMÒ˪cɯ"»̅¶ȍǔ͛Ƭȃ"̅ɺ̣�̤TȃĞŌBT̃ΣȪ

ɰȨÔ̈�ƦMΏ̆Ć�Üɺƚ��cɯ�ÜɺċȕʝͿ�ÿ)�>ȠƋÒȃĆɤĺɺċȕ

ʝͿ�ƮȃƟ-�ƮȁŀǷɬ̎͗3ǹ)C,Ćɍȓ&ƦM̆cɯ͗,ĞċȕʝͿ

Ćų≤Eˉ�>�ÜɺċȕʝͿ.¥�̪ ˠΏ̆ȻƟ�ƬȃɺċȕʝͿĆɬ～�ͮǹŦʪɺ�

ȶȃ̫R̫®.���Tÿ)ƦMG�%ċȕʝͿ͆ǋ¡Ñ�%ċȕʝͿ̑ʮŏ�8Zǹ�

Ćɤĺɺƚ����>ċȕʝͿɺʏȰÑ�>ċȕʝͿȁ¬æŷB

ɪĆ�ŏ̔ƦMȍʁ��ĆɎƤɍȓȿȳ（&��%Γɖ¡Ů．͒8ƎȗɺʝͿÎǋ

��(�
� � �úĬƁĝ�à�

ƦM{̆)ÞΒɺ�ŀr>ǦĶͷďĆɍȓȿȳ（&�ƦMƁƁΏ̆Ƶ�%ɖƧǭßʆʹ

G�%ċȕʝͿ͆ǋ¡Ñ�%ċȕʝͿ͗%͒ʚ¡ŮǹƎ,Ļɪɺë�

ƦMƵ;Ι�˱µƦMʇͩ�̆ƞĺ-�%ċȕʝͿ�ƇΕǇǶ�Ãɖ[˚î 3%ċȕ͈
ɺǭßˡ͗>ǦoĻΆ�ǹɿŇ<Ñ�%ċȕʝͿɺ�̪ˠΏ̖̆]�ƬȃɺͮǹɿŇɺ�3

ŏǹ̨�ċȕʝͿTſƥ�%ŒȣˋȐ�ȯ%ċȕʝͿͮǹÑ�%ċȕʝͿɺĳʝͿ�Ê͒ȍ
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̨�ȯ%ʝͿͮȃ�%W�parent�ċȕʝͿŇċȕʝͿɺÎǋĻΆ�ŏǹĆɟʝͿîĳʝͿ.
ͿŇɖîʆʹ̀͘Îǋ

p̛�ɪĆȃɟċȕʝͿ PLÈ�%ĳċȕʝͿ CƦMʇͩĆɟċȕʝͿ&ĳċȕʝͿɺ
Ãɖ[˚LÈ 3%º[ċȕ͈ƦM�˱Tȃ#ʔΏȵ��ʔΏȵǹƵĳċȕʝͿ�́ʑɺɖƧ
ʆʹ Ac͆ǋ¡ɟċȕʝͿ�ɺ́ʑ Ap�Ñ�%ΏȵǹÊ͒ȍ�¾ƵɟċȕʝͿ�́ʑɺɖƧʆ

ʹ Bp͆ǋ¡ĳċȕʝͿ�ɺ́ʑ BcƦMÔLcɯ�Βɺ�Ŷȍ́ʑ͗#ʔΏȵ� 
Ap = Mc	p Ac 
Bc = Mp	c Bp 

�&�Mc	ṕʑɺǹGĳċȕʝͿÎǋ¡ɟċȕʝͿɺÎǋʈ�ˡ Mp	cǹ�͡ʈ�¾

ÊßÎǋ�ͫ,�ɪĆɺ;Ιŏǹ�Ĭ_ȵ̎͗>Îǋʈ�:Ļ��ƦMÒΏ̆̎�#ˠ.�

¾Ô�Ñ�%ʈÔLͥ͒ȵ͡ʈɺǭŶȍƅ¡

�Β�ƦMŏȍ̗̎Ĭ_ȵ�GĳċȕʝͿ¡ɟċȕʝͿɺÎǋʈMc	p 
Τ{�ƦMȍþΖ�%ʁYƃʭºɺ;Ι�žˍĺ�%ċȕʝͿLÈ�&�ɖ(a, b, c)ǵ�Ʀ

MǹĬ_ʇ̤ͩɖɺ[˚ɺë�ƦMÔLͥ͒ 4%ȩΧȍʏĺķɺ[˚� 
�1�GċȕʝͿɺÃɖų≤� 
�2�ß x͈ǭßʙ¯ a%º[� 
�3�ß y͈ǭßʙ¯ b%º[� 
�4�ß z͈ǭßʙ¯ c%º[ 
Ώ̨̆Ƕɺǹ��ΒɺȩΧÒǹƦMɺƞ̮�͗%ɖĻΆ�ŧȶȃËɮʙ¯�ΒɺȩΧʁ

̹ȍ�ʭº�͒8�ċȕʝͿɺÎǋŏ˻ãĆ�Βɺ 4%ȩΧ&ɪĆ�ƦMŚʇĳċȕʝͿ C
ɺ 3%ċȕ͈ĆɟċȕʝͿ P �ɺ́ʑ xc�yc�zc�LÈ�Ãɖ[˚ Ocžˍĺ�%ĳċȕʝͿ

&ɺ�ɖ Ac = (a,b,c)�ƦMÜȗÔLfɚ�Β 4%ȩΧȍʏĺ�ĆɟċȕʝͿ�ɺ[˚ pA � 

	8n�úĬƁĝ�čÆ¬� �

͗ƃʭº�ƦMŚ．ʇͩ8ĳċȕʝͿɺÃɖ[˚ cO  


8� � ũé�Ī| � B�\�

Fəƃʭº�ÿ)ƦMŚ．ʇͩ8 x͈ɺʆʹ́ʑ�ÿȨÔLƅ¡ 

c ca+O x  

�8� � ũé�Ī| � B�\�

Üȗɺͩɬ�͗�ȩŏǹ�

c c ca b+ +O x y

�8� � ũé�Ī| � B�\�

ȂÞ�ŏÔLƅ¡

c c c ca b c+ + +O x y z
ɪĆ�ƦMŚ．ȵ�8Mc	p�C,�bȶʁ�ȍà�ƦM�ȍʁ��ȂÞƅ¡ɺŶĳ� 

p c c c ca b c= + + +A O x y z
̪ˠÔ˪T;�͗%ŶĳͲȘȇȶȃʈö��ĻƦMÒ̆ʛʛcɯ�ɖ�άȸ��ʈŏT

�ɪĆ�ΒɺŶĳ&�
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A p =Oc + axc +byc + czc
= (xOc , yOc , zOc )+ a(xxc , yxc , zxc )+b(xyc , yyc , zyc )+ c(xzc , yzc , zzc )

= (xOc , yOc , zOc )+

xxc xyc xzc
yxc yyc yzc
zxc zyc zzc

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

a
b
c

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

= (xOc , yOc , zOc )+
| | |
xc yc zc
| | |

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

a
b
c

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

 

�&�|�ʨ×́ʑǹǈ�Ŕųɺ�ΒɺŶĳĻΆ�ŏǹcɯ8ƦM.¥ƬĶɺ�ŶˡŚ
Z͗%ȂÞɺ́͐Ŷ͖�ǹƃɒA�ÿ)͖ĵĆ¬ȸ́͐Ŷ�¾ŦʙÎǋƦMŚ．ʇͩ 3�3
ɺʈǲȸ́ʑŦʙÎǋ�ÿȨ)8ƅ¡�%ȁɒAɺˋȑ�ƦMƵ�ΒɺŶĳưŔ¡βȣċȕ

ʝͿ&�ƅ 

 

A p = (xOc , yOc , zOc ,1)+

| | | 0
xc yc zc 0
| | | 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

a
b
c
1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

1 0 0 xOc
0 1 0 yOc
0 0 1 zOc
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

| | | 0
xc yc zc 0
| | | 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

a
b
c
1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

 

 

=

| | | xOc
xc yc zc yOc
| | | zOc
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

a
b
c
1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

| | | |
xc yc zc Oc
| | | |
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

a
b
c
1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

 

ͫ,ɪĆ�bʁ¡Mc	pĆóͲ8â�ȶ� 

 

| | | |

| | | |
0 0 0 1

c c c c
c p→

⎡ ⎤
⎢ ⎥
⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

x y z O
M  

̪ˠ�͗%ʁ̹ȍĢʒĥ8�Ǝ,ŏÎʄÎʄŏ�ɪ8ʈë�  
ƦM��ΒÒǹ͔ɯ8�>Ēʍɺʆʹîʈ͔ʮ��Ǵžbʂȧɬ̎8͗>͔ʮŏTËɪ

�Βɺ͒ʚÒǹʭºćǓň8��ˡŚ 
�Ǵȵ�ȍ Mc	p�Mp	cŏÔLͥ͒ȵ͡ʈɺǭŶȵ�ȍ�ÿ)GċȕʝͿ C Îǋ¡ċȕ
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ʝͿ P�GċȕʝͿ PÎǋ¡ċȕʝͿ Cǹ=͡ɺ#%͒ʚ 
ÔLʁ�ȍ�Îǋʈ Mc	pĻΆ�ÔLͥ͒ċȕʝͿ C ĆċȕʝͿ P &ɺÃɖîċȕ͈ɺ

ʆʹ́ʑȍȐŲ�ȍ�Ƶ 3 %ċȕ͈fȣǡ~ʈɺ¥ 3 ��ƵÃɖʆʹǡ¡ȂÞ����ɯ 0
î 1ĕzȂÞ�̀¾Ô 

Ώ̆ȻƟɺǹ�͗ͲƦMŧȶȃ̆ȵ 3%ċȕ͈ xc�ycî zcǹº[ʆʹ�:Ļ��ĬȑĵĆ

：ǡɺ̣�͗�%ʆʹoƃÔ˪�ǹº[ʆʹ

ȁ¬KB》Ħɺǹ�ƦMÔL�ɯÊßƏ˒�G͗%ÎǋʈÊǓȍ˺ÌĳċȕʝͿɺÃɖ

îċȕ͈ǭß�dĬ�žƦMŚʇGȡĎʝͿ¡!ɳʝͿɺ�% 4×4ɺÎǋʈ�ÔLǕÌķɺ
ʩ���̀͘Ž�µÞ�)8ɃΊ：ǡɺƀñ�ȍƅ¡ȡĎʝͿɺ x͈Ć!ɳʝͿ�ɺº[ʆʹ
́ʑÜȗɺǭȸÔLǕÌ y ͈î z ͈ƦMÔLGÑ�%̍űȍɬ̎͗%ǕÌ͒ʚÿ)ʈ
Mc	pÔLƵ�%ǭßʆʹGċȕʝͿ C Îǋ¡ċȕʝͿ P &�ͫ,�ƦMÒΏ̆ɯķȍÎǋċ
ȕʝͿ C&ɺ x͈(1, 0, 0, 0)�¾cɯʈ2ȸMc	p[1  0  0  0]T�ƅ¡ɺˋȑȧǹMc	pɺʩ�

�

Ñ�%ȃ̼ɺƚ�ǹ�ŇǭßʆʹɺċȕʝͿÎǋƦMʇͩ�ʆʹǹȶȃ[˚ɺ�ÿȨċ

ȕʝͿɺÃɖÎǋǹÔLƌɵɺ3ŏǹ̨�ƦMDDŦʙċȕʺɺÃɖǹ�TŇʆʹͧƥP_

ƀñɺͫ,�ŇʆʹɺċȕʝͿÎǋŏÔLcɯ 3�3ɺʈȍ́ʑ�ÿ)ƦM�Ώ̆́ʑŦʙ
Îǋͫ,Îǋʈŏǹ�

| | |

| | |
c p c c c→

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

M x y z

Ć Shader&�ƦMŢŢTʁ¡ƩÌÎǋʈɺ¥ 3̀¥ 3�ȍŇȸ（ǭß�|ɚǭßȍ̀͘
ʝͿÎǋ�͗ȧǹÃÿƬĆ

ɪĆ�ƦM�ȍ�Ȼ Mp	cƦM¥Β̗¡�ÔLͥ͒ȵ Mc	pɺ͡ʈɺǭŶȵ̎�ȍÊß

ÎǋMp	cZȃ�ʔƚ�ƦM�Ώ̆ȵ̎͡ʈŏÔLƅ¡Mp	c�͗ʔƚ�ŏǹMc	pǹ�%ȧ

?ʈĬȑķǹ�%ȧ?ʈɺ̣�Mc	pɺ͡ʈŏʪ<ķɺ͆˚ʈ͗ƟìʄƦM�Ώ̆

̀͘ĜȊɺȵ͡ǜaŏÔLƅ¡ÊßÎǋ3ŏǹ̨�

M p→c =

| | |
x p y p z p
| | |

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
=Mc→p

−1 =Mc→p
T

=

− xc −

− yc −

− zc −

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

ˡɪĆ�ƦM�DÔLȘǌÎǋʈMc	pÊǓ�ĳċȕʝͿɺċȕ͈ǭßĆɟċȕʝͿ&ɺ

́ʑ xc�ycî zc�͖ÔLÊǓ�ɟċȕʝͿɺċȕ͈ǭßĆĳċȕʝͿ&ɺ́ʑ xp�ypî zp�͗

>ċȕ͈ŇŭɺŏǹMc	pɺȯ�̀�3ŏǹ̨�ĬȑƦMʇͩċȕʝͿÎǋʈMA	Bǹ�%ȧ

?ʈ�ͫ ,ƦMÔLǕÌķɺʩ��ȍƅ¡ċȕʝͿ Aɺ x͈ĆċȕʝͿ B�ɺ́ʑ�͖ ÔL

ǕÌķɺʩ�̀ȍƅ¡ċȕʝͿ Bɺ x͈ĆċȕʝͿ A�ɺ́ʑÊ͒ȍ�ĬȑƦMʇͩċȕʝ
Ϳ B ɺ x͈�y͈î z͈�ƇΕǹº[ʆʹ�á�ȐŲ�ȍɺŏ�ǹȧ?ʈ8�ĆċȕʝͿ A
�ɺ́ʑ�ŏÔLƵķMfȣǡĆʈɺȯ�̀ŏÔLƅ¡G A¡ BɺÎǋʈ8 
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̪ˠ�ġé�Ʀɺ˫ĳŚ．ĸ�7ǎ8��TwG P¡ C��TwÆG C¡ P��Twǹ̀�
�TwÆǹ��Ʀˮř�ɺǵn�ĺTǘ�Ɋȟ�  

ƦM�ƦMʇͩ͗%͒ʚƃŀǷͧƥƏ˒ɺɈ7�ÿȨƮ̆˴̲ĠʹɺʲŤȍ̎ͱ˨ÞɺǦ

ĶÃɬÒȃʇͩ8͗>Ãɬ�ͨ ¡ɷ;ǵbƮʇͩƎȗÄΦ̝ˋȑɺȧʏƑdĬv�Β͗ȗ 
žb�ʇͩƵċȕ͈ɺ́ʑǹǈ̀ǡ͖ǹǈ�ǡɺǵn��į{͢ǂ�ʔǛǡǭŶȍƅ¡Î

ǋʈdĬ�ɪĆƦMƞƵ�%ʆʹGċȕʝͿ AÎǋ¡ċȕʝͿ B�ˡ ƦMŚ．ʇͩċȕ
ʝͿ B ɺ x͈�y͈�z͈ĆʝͿ A �ɺ́ʑ�¾ xB�yBî zBͫ,ƞ̆ƅ¡G A ¡ B ɺÎǋ
ʈMA	B�ƦMǹƵķMǈ�ǡë͖ǹǈ̀ǡë�Ĭȑ̪ˠĻĆƞ�̹ȍȧʏʫȚ�ƦM�į{

×͢ǂ�ʔǭŶ�dĬǈ�Ǜǡͫ,� 

| | |

| | |
A B B B B→

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

M x y z �ȻƟ�͗%ʈǹ�Ňɺ 

ɪĆ�ƦMÔLΐŢƊͦćȍΦ̝ķǹáǹȧʏɺǭȸŏǹ�ɯ MA	BȍÎǋ xBĆ̑ʮ

¥ƦM{ƞ��͗%ˋȑ�ĬȑƦMɯÎǋʈȍÎǋ B ɺ x͈ɺ̣�ͫ,ˋȑṳ̆ǹ(1,0,0)Ʈ
Ňÿ)žÎǋ¡ʝͿ B&ǵ�x͈ɺǇßŏǹ(1, 0, 0)ī8�ƦMÔLȍ̀͘ʂȧɺ̑ʮȍΦ
̝ķ8� 

 
| | |

| | |
A B B B B→

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

B BM x x y z x  

̪ˠʁ¡͗ͲTȃɷ;��Ʀ�ʇͩ͗%ˋȑǹC,ö�ȶ�͗�ǹbɺ̑ʮȃ;Ι�ˡ

ǹ�Ŷɺ̑ʮˋȑɺʏ�Ôʇ͗ʔǵnbŏTËɪƦMɺǛǡǭŶ͢ǂ8ɪĆ�ƦMcɯ

ȧʏɺǛǡǭŶ�¾ǈ̀ȍǛǡ�ͫ,ŏȃ� 

 
1
0
0

B B B

A B B B B

B B B

→

− − ⋅⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − − = ⋅ =⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − ⋅ ⎣ ⎦⎣ ⎦ ⎣ ⎦

B B

x x x
M x y x y x

z z x

 

͗ȣˋȑŏîƦMΗȆɺ�ȗ8 
ɬ̎�ΒɺÃɬî͒ʚΐŢͳ̆ƦMĆȇ5ɺÞΒ3T．Ţͨ¡ċȕʝͿɺÎǋ 

��(��� � ƈčĝ�úĬƁ�àŬī�

ƦMʇͩ�Ćɍȓȿȳ（&��%Γɖ̆．͒Ğ%ċȕʝͿɺÎǋƮ˪Ȃ，̃ɲĆœť��

%ΓɖȂų≤ǹĆȡĎʝͿ�̈ 4.6.4˳�&ĺ-ɺ�ȂÞķŊTÎǋ¡œťʝͿ�̈ 4.6.8˳�&�
ƅ¡ʂȧɺœťvʻċȕÿȨ�Ǒ�ȍɺ�ŀƦMŊ̎ͱΓɖ̆̀͘ɺÚʔʝͿÎǋɺ͒ʚ 

)8š°̪ˠɬ̎͗%͒ʚ�ƦMŊŲʠĆ�ĈɎƤɺĻd˨ǽ��ȯ̗¡�ʔʝͿÎǋ�

ƦMT̎ͱĬ_ŭɯ¡͗%Țd& 
ĆƦMɺ�ĈɎƤ&�≠≠ƃīĥˮřǹĬ_̃ɍȓ¡œť�ɺķÒʇͩˮřî�˜ŋS

WĆ�ĈͲƊ1ćÙ˹�ˡ¥Βȃ�%ǚvȉ�ɾĆ̉ņķM�ĬĄ 4.31Ƭʑ≠≠ɤ ÷Ȥˮ
řɺαĳ�ķƞʇͩαĳǹƎ,̃ɲ¡œť�ɺ� 
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4� ���	� � �ïCĝƒƒO¾�P�»ÀVĝƒƒO��PƗƒƒÔģŶ7Ŋ¿ĝƍí«^œĚx»ÀVĝ�

Ć�Βɺ�ŀ&�ƦMŊ8̎≠≠ɺαĳǹĬ_�ȩȩɲ¡œť�ɺ

��(��� � ý ĬƁ�

P)bͿ�model space��ĬķɺÝĴƬǿʑɺͫȗ�ǹîȒ%ȡĎƧˠ̨ǹŇ̮ȃ�ɺ
ȃǵȡĎʝͿ3̃ʘ)2̮bͿ�object space�Ƨ7ͭbͿ� local space�ȯ%ȡĎͮȃˮř
ɦʠɺċȕʝͿ�žķʙ¯Ƨǰ͆ɺǵn�ȡĎʝͿ3T̿ʄķʙ¯îǰ͆ƵƦMˮřžƥɎ

Ƥ&ɺȡĎɺ̣�žƦMĆª�ĽͲʙ¯ǵ�ƦMɺȡĎʝͿ3Ć̿ʄʙ¯�žƦM͆̓ǵ�Ʀ

Mȇ̓ɺ¥ÞŗÖǭß3Ć̿ʄǠÎ

ĆȡĎʝͿ&�ƦM．Ţcɯ�>ǭßȠƋ�dĬ�¥�forward����Þ�back����ŗ�left���
�Ö�right������up������down��Ćȇ5&�ƦMƵ͗>ǭßʘ)ˮəǭßȡĎʝͿ
&ɺċȕ͈ͥŢTcɯ͗>ˮəǭßĆ 4.2.4˳&ƦM̗͒�UnityĆȡĎʝͿ&cɯɺǹŗƭ
ċȕʺ�ÿȨĆȡĎʝͿ&�+x ͈�+y ͈�+z ͈� ŇŭɺǹȡĎɺÖ��î¥ßΏ̆ȻƟ
ɺǹ�ȡĎċȕʝͿ&ɺ x͈�y͈�z͈îˮəǭßɺŇŭ��ĺǹ�͛͗ʔ�ʺ�Zɰ< Unity
cɯɺǹ͗ȗɺʾĺ�ÿȨȇ5Ŋcɯ͗ʔǭŶƦMÔLĆ Hierarchy̋Ą&º�PƟŇ̮ŏÔ
Lʁ̈ķMŇŭɺȡĎʝͿɺ 3%ċȕ͈ 

ȡĎʝͿɺÃɖîċȕ͈ͥŢǹɰ？ȈBê

ĆŲȡ͇NͲʏĺīɺžň~¡ Unity &Þ�
ƦMÔLĆΓɖʄ˲—&̜;¡ȡĎɺΓɖkƗ�

�&´ã8ȯ%Γɖɺċȕ͗>ċȕͮǹɿŇ

<ȡĎʝͿ&ɺÃɖ�ͥŢ[<ȡĎɺͳƆ�ĺ

-ɺ

žƦMƵ≠≠ǡ¡Ĉǽ&ǵ�ŏTȃ�%ȡ

ĎċȕʝͿǵ¤̿ʄķ≠≠αĳɺ[˚ÔL

̜ͥ͒;ΓɖŕƑȍƅ¡p̛͗%[˚ǹ(0, 2, 
4)�ɰ<ΓɖÎǋ&ƁƁ´ã8ŦʙÎǋ�ÿȨ
Ώ̆Ƶ�ưŔ¡βȣċȕʺ��ƅ¡Γɖċȕǹ

(0, 2, 4, 1)�ĬĄ 4.32Ƭʑ 

��(�� � @ěĬƁ�

�YbͿ�world space�ǹ�%ɤȫɺċȕʺ�ÿ)ķŲʠ8ƦMƬ�ƆɺȂĠɺʝͿ�
>̪ˠÔ˪TǇ��ʝͿÔLǹǲΉĠɺ�Ǝ,Tȃ�ȂĠ�͗�̨ë�͗Ͳ̨ɺȂĠǇɺǹ�

4� ���
� � �Øpĝl�ċÖC7ăBƑđŸñŊ¿ĝ�

ý �úĸƗ�ý �úĸCƒƒƍĝ\ņí����
�����	 �
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%Ĺ̉ɺȠƋ�3ŏǹ̨ķǹƦMƬ�ƆɺȂĝŒɺċȕʝͿLƦMɺ�ĈɎƤ)d�Ć͗%

ɎƤͲ!ɳʝͿǇɺŏǹ�Ĉ�ƦM��Ɔ͗%�ĈǹĆC,ćǭ�Ć͗%˽ǀɺɎƤ!ɳͲ�

�ĈŏǹȂĠɺʝͿȠƋ

!ɳʝͿÔL̃ɯ<ǔ͛ˎŇ[˚�͊ʂɺ̪ˠÔ˪T��ȣǕͯƦ�ȶȃˎŇɺ[˚ȶ

�ZƦɿk̪ˠÔLǶɹ͗ͲˎŇɺƟƏ�Ćȇ5&�ˎŇ[˚ǇɺŏǹĆ!ɳċȕʺ&ɺ[

˚ͥŢ�ƦMTƵ!ɳʝͿɺÃɖǡ˚ĆɎƤʝͿɺ&Ɔ

Ć Unity &�!ɳʝͿÜȗcɯ8ŗƭċȕʺZķɺ x ͈�y ͈�z ͈ǹ…ĺ�ÎɺĆ
Unity&�ƦMÔL̬ͥ͒ǧ TransformˆN&ɺ PositionŕƑȍǠÎȡĎɺ[˚�͗Ͳɺ[˚Ǉ
ɺǹɿŇ<͗% Transform ɺWkV�parent�ɺȡĎċȕʝͿ&ɺÃɖĺ-ɺĬȑ�%
Transform ȶȃP_ɟ˳ɖ�ͫ,͗%[˚ŏǹĆ!ɳċȕʺ&ɺ[˚�ĬĄ 4.33 ƬʑƦMÔ
Lƞ̮ƥ͖ȃ�%˽ǀɺȘȡĎ�͗%ȘȡĎɺȡĎʝͿŏǹ!ɳʝͿ�ƬȃɺɎƤŇ̮ͮ΅ŕ

<͗%ȘȡĎÜȗ�Transform&ɺ Rotationî Scale3ǹÜȗɺͩɬ 
ΓɖÎǋɺʩ�ȩ�ŏǹŊΓɖċȕGȡĎʝͿÎǋ¡!ɳʝͿ&͗%ÎǋͥŢÓrP)

�E�model transform� 
ɪĆ�ƦMȍŇ≠≠ɺαĳ̀͘ȡĎÎǋ)Ȩ�ƦMΤ{Ώ̆ʇͩ≠≠Ć!ɳċȕʺ&͘

̀8ó>Îǋ�͗ÔLͥ͒Βȏ&ɺ TransformˆNȍƅ¡ɿ�ɺÎǋkƗ�ĬĄ 4.34Ƭʑ 
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    4� ����� � 5C'.1 ĝ 4,9CG$D,( ľW�oŠŌý ĝ\ņƗ       4� ����� � l�ċÖCĝ@ěĬƁƗ@ěĬƁĝ�č�

 «÷ 4,9CG$D,( ñďŌč7«�CĝL0#G&M7ŷF 2DG'.'DC� � � �  � œåņ�l�ĝCÐƗ¾Wřîħeƒƒ�@ě�

  ¶í�iďŌčOůŹíL,D0MPĝý ĬƁCĝ\ņT� � � � � �  � � � ĬƁCÚcĝ�àƗØpÔŕÝƒƒĝƍ�

   «÷ĆñďŌč72DG'.'DC ¹í�@ěĬƁCĝ\ņ� � � � � � � � � � � � � � � � � � ný ĬƁ�àx@ěĬƁC�

Șǌ TransformˆN�ɺkƗ�ƦMʇͩĆ!ɳʝͿ&�≠≠̀͘8(2, 2, 2)ɺ：ǡ�Æ̀͘
8(0, 150, 0)ɺǰ͆LÈ(5, 0, 25)ɺŦʙȻƟ͗ͲɺÎǋΔūǹ�˪=ǋɺ�¾{̀͘：ǡ��
̀͘ǰ͆�ȂÞǹŦʙǌȨƦMÔLȐŲ�ȡĎÎǋɺÎǋʈ� 

 

Mmodel =

1 0 0 tx
0 1 0 ty
0 0 1 tz
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

cosθ 0 sinθ 0
0 1 0 0

−sinθ 0 cosθ 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

kx 0 0 0
0 ky 0 0

0 0 kz 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

=

1 0 0 5
0 1 0 0
0 0 1 25
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

−0.866 0 0.5 0
0 1 0 0

−0.5 0 −0.866 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

2 0 0 0
0 2 0 0
0 0 2 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

−1.732 0 1 5
0 2 0 0

−1 0 −1.732 25
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

 

ɪĆƦMÔLɯķȍŇ≠≠ɺαĳ̀͘ȡĎÎǋ8� 
 Pworld                           = MmodelPmodel 

 =

−1.732 0 1 5
0 2 0 0
−1 0 −1.732 25
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

0
2
4
1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

9
4
18.072
1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

 

3ŏǹ̨�Ć!ɳʝͿ��≠≠αĳɺ[˚ǹ(9, 4, 18.072)ȻƟ�͗ ͲɺɁɖǦͮǹ͕Yo�

͗Ͳ͕Y¡ŋǦɖÞ 3[ĻΆǦoî UnityͰɯɺɁɖoʸűȃ� 
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��(�(� � Ŗ³ĬƁ�

q1b��view space�3̃ʘ)G�Nb��camera space�̉ņʝͿÔL̒)ǹȡĎʝ
Ϳɺ�%ɤd�ĆƬȃɺȡĎ&ȃ�%ΐŢɤȫɺȡĎ�¾ǚvȉ�˾əͥŢǫ̏ǚvȉȇ̓

ǹ�Ô̈ɺ��ķɺȡĎʝͿoƅƦMºɦǅ�ȍ̓～�3ŏǹ̉ņʝͿ 
ǚvȉ�ĺ8ƦMɍȓɎƤƬcɯɺ̋̍Ć̉ņʝͿ&�ǚvȉ[<Ãɖ�Üȗ��ċȕ

͈ɺ͢ǂÔLǹPƟɺ�Zɰ<ȇ5̓～ɺǹL Unity )*�ˡ Unity &̉ņʝͿɺċȕ͈͢ǂ
ǹ�+x ͈ǇßÖǭ�+y ͈Ǉß�ǭ�ˡ+z ͈ǇßɺǹǚvȉɺÞǭ̪ˠĆ͗ͲÔ˪̌ƅƃĥ
ƒ�ƦM.¥̓～ɺȡĎʝͿî!ɳʝͿ&+z͈Ǉɺͮǹɣ^ɺ¥ǭ�)C,͗Ͳ��ȗ8ë�
͗ǹÿ)�Unity ĆȡĎʝͿî!ɳʝͿ&͢ɯɺͮǹŗƭċȕʺ�ˡĆ̉ņʝͿ&cɯɺǹÖ
ƭċȕʺ͗ ǹʨÛ OpenGLVˏɺ�Ć͗ȗɺ̉ņʝͿ&�ǚvȉɺȧ¥ǭǇßɺǹ-z͈ǭß 

͗ʔŗÖƭċȕʺ.ͿɺǠÎƃŌTŇƦMĆ Unity &ɺ˔ʚ@ɮƀñ�ÿ) Unity )ƦM
r8ƃĞɍȓɺŮŒŖa�́ 、ƃĞċȕʝͿɺ͆ǋZǹ�Ĭȑ̪ˠΏ̬̆ɯʵY Camera.camera 
ToWorldMatrix�Camera.worldToCameraMatrixʪǑÏˮ̀̑ʮȒȡĎĆ̉ņʝͿ&ɺ[˚�ŏ̆
ŋƆ͗ȗɺŘŴ 

ȂÞ̆Ǖ̪ͯˠɺ�ɖǹ�̉ņʝͿîœťʝͿ�̥̈ 4.6.8˳�ǹ�Üɺ̉ņʝͿǹ�%
�˒ʝͿ�ˡœťʝͿǹ�%;˒ʝͿG̉ņʝͿ¡œťʝͿɺ͆ǋΏ̆．͒�%ǜa�ͫŏ

ǹDA�projection�ƦMÞΒŏT̗¡ 
ΓɖÎǋɺʩ;ȩ�ŏǹŊΓɖċȕG!ɳʝͿÎǋ¡̉ņʝͿ&͗%ÎǋͥŢÓr̉1

�E�view transform� 
þ¡ƦMɺ�ĈɎƤɪĆƦMΏ̆Ƶ≠≠ɺαĳG!ɳʝͿÎǋ¡̉ņʝͿ&)Ȩ�Ʀ

MΏ̆ʇͩ!ɳċȕʺ�ǚvȉɺÎǋkƗ͗ÜȗÔLͥ͒ǚvȉΒȏ&ɺ Transform ˆNƅ
¡�ĬĄ 4.35Ƭʑ 

 
4� ���� � l�ċÖCãdóĝŖ³ĬƁƗŖ³ĬƁĝ�č\gãdó£ƗĈÕ�Ŗ³ĬƁC7ãdóĝy�í �ũĝš

é�O�C�Ěoe �ũĀé�P7ůí�D 5C'.1 �Ŗ³ĬƁC`Ęe�Û�úĸƗ¾Wřîħeãdó�@ěĬƁC

Úcĝ�àƗØpÔŕÝƒƒĝƍn@ěĬƁ�àxŖ³ĬƁC�

)8ƅ¡ΓɖĆ̉ņʝͿ&ɺ[˚�ƦMÔLȃ#ʔǭȸ�ʔǭȸǹ̑ʮ̉ņʝͿɺ�%

ċȕ͈Ć!ɳʝͿ�ɺ́ʑ�əÞȘǌ 4.6.2˳&̗¡ɺǭȸ�ȐŲ�G̉ņʝͿÎǋ¡!ɳʝͿ
ɺÎǋʈ��Ň̤ʈȵ͡ȍƅ¡G!ɳʝͿÎǋ¡̉ņʝͿɺÎǋʈƦM͖ÔLcɯÑ
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�ʔǭȸ�¾ƞ̮Ŧʙǧ%̉ņʝͿ�̔ǚvȉÃɖ[<!ɳċȕɺÃɖ�ċȕ͈�!ɳʝͿ&

ɺċȕ͈ͳÛ¾Ô͗#ʔǭȸƅ¡ɺÎǋʈͮǹ�ȗɺ��ÜɺÒǹƦMƏ˟ɺǭŶ

͗ͲƦMcɯʩ;ʔǭȸɰ TransformˆNÔLʇͩ�ǚvȉĆ!ɳʝͿ&ɺÎǋǹ{ǈ(30, 
0, 0)̀͘ǰ͆�əÞǈ(0, 10, −10)̀͘8Ŧʙͫ,�)8ƵǚvȉͳǬʙþ¡�≤ɥƍ�͗Ͳ
ǇǚvȉÃɖ[<!ɳċȕɺÃɖ�ċȕ͈�!ɳʝͿ&ɺċȕ͈ͳÛ��ƦMΏ̆̀͘͡ßÎǋ�

¾{ǈ(0, −10, 10)Ŧʙ�L×Ŋǚvȉʙþ¡Ãɖ��ǈ(−30, 0, 0)̀͘ǰ͆�L×̔ċȕ͈ͳÛ
ÿȨ�Îǋʈŏǹ�

Mview =

1 0 0 0
0 cosθ − sinθ 0
0 sinθ cosθ 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

1 0 0 tx
0 1 0 ty
0 0 1 tz
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥

=

1 0 0 0
0 0.866 0.5 0
0 −0.5 0.866 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

1 0 0 0
0 1 0 −10
0 0 1 10
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

1 0 0 0
0 0.866 0.5 −3.66
0 −0.5 0.866 13.66
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

Zǹ�ɰ<̉ņʝͿcɯɺǹÖƭċȕʺ�ÿȨΏ̆Ň z �ʹ̀͘ÌÊǜaƦMÔLͥ͒
2LÑ�%ɤȫɺʈȍƅ¡Ȃ，ɺ̉ņÎǋʈ�

Mview = Mnegate z Mview 

=

1 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

1 0 0 0
0 0.866 0.5 −3.66
0 −0.5 0.866 13.66
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

1 0 0 0
0 0.866 0.5 −3.66
0 0.5 −0.866 −13.66
0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

ɪĆƦMÔLɯķȍŇ≠≠ɺαĳ̀͘ΓɖÎǋ8�

Pview =Mview Pworld 

1 0 0 0 9 9
0 0.866 0.5 3.66 4 8.84
0 0.5 0.866 13.66 18.072 27.31
0 0 0 1 1 1

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥−⎢ ⎥ ⎢ ⎥ ⎢ ⎥= =
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 

͗ȗ�ƦMŏƅ¡8̉ņʝͿ&≠≠αĳɺ[˚� (9, 8.84, −27.31) 
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��(�)� � ŔzĬƁ�

ΓɖǑ�ȍ̆G̉ņʝͿ͆ǋ¡o�b��clip space�
n`	�Qo�b��&�͗%ɯ
<ÎǋɺʈÓro�\��clip matrix��3̃ʘ)Ʒƀʈ�projection matrix� 

̄¨ʝͿɺɽȕǹ˪ğǭ×ćŇɍȓĄỳ̄͘¨�ĸ�[<͗ČʝͿ�ͭɺĄyŊT̃j

ɴ�ĸ�[<͗ČʝͿĝͭɺĄyŊT̃¦Ί�l �͗ČʝͿ͏ɳɿ?ɺĄyŏT̃̄¨ͫ ,�

͗ČʝͿǹĬ_�ĺɺë�ʫȚǹɰr~��view frustum�ȍ�ĺ 
̋^ǇɺǹʝͿ&ɺ�Č·đ�͗Č·đ�ĺ8ǚvȉÔLʁ¡ɺʝͿ̋^ɰ�%Ŧ

Β´”ˡƥ�͗>ŦΒ3̃ʘ)o�<��clip planes�̋^ȃ#ʔʵĎ�͗ɄÈ#ʔƷƀ
ʵĎ��ʔǹR�DA�orthographic projection���ʔǹ{rDA�perspective projection�
Ą 4.36Ǻʑ8GÜ�[˚�Ü�̍űɍȓÜ�%Ĉǽɺ#ʔǚvȉɺɍȓˋȑ 

4� ���(� � ŵŘÞËO¾�P�ĀPÞËO��PƗ¾WřqwîħeÉyãdóĝÞËýÇ�ğh½Ñ�

GĄ&ÔLËɪ�Ćͣ̋Ʒƀ&�ćȏ�ɺŦ̀（ŧ�TjǆŦ̀�ʓǚvȉ̻͕˘ș̻Ġ�

ʓǚvȉ̻͙˘ș̻ŋl Ćȧ?Ʒƀ&�Ƭȃɺ˘șĠŋͮ�ȗ�l  Ŧ̀（T�ɾjǆŦ̀

ÔLȻƟ¡�ͣ̋Ʒƀȡǀ8Bʃʁ!ɳɺǭŶ�ˡȧ?Ʒƀ�ĸ�jɴ8ɣ^ɺ̾ʓî̍ű

ÿȨ�Ć͞ȵʂĻƠɺ 3DɎƤ&ƦMƁƁTcɯͣ̋Ʒƀ�l Ć�> 2DɎƤƧɍȓŋćĄʪ�
I HUDyʻǵ�ƦMTcɯȧ?Ʒƀ 

Ć̋^ɺ 6Č̄¨ŦΒ&�ȃ#Č̄¨ŦΒȰ͊ɤȫ�ķM� ̃ʘ)w�o<��near 
clip plane�îx�o<��far clip plane�ķM�ĺ8ǚvȉÔLʁ¡ɺɇű˸”ȧ?Ʒƀî
ͣ̋Ʒƀɺ̋^ĬĄ 4.37Ƭʑ 

4� ���)� � Řžw�ŔzÁƇƗ¾�îħeŵŘÞËĝŘžw7��îħeĀPÞËĝŘžw�
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ɰĄÔLʁ��ͣ̋Ʒƀɺ̋^ǹ�%͵ĴĔſ�·Βɺý%̄¨ŦΒŊTĆǚvȉĚɿ

?ķȁʨÛ̋^͗%̠̦ȧ?Ʒƀɺ̋^ǹ�%ͼǭ^¥Β̗¡�ƦMŞȄȘǌ̋

^”ƥɺ·đŇĄỳ̄͘¨�Zǹ�ĬȑɾǑcɯ̋^ĺ-ɺʝͿȍ̀̄͘¨�ͫ,�Üɺ

̋^ŏΏ̆�ÜɺĚɬ͒ʚ�ˡ Ň<ͣ̋Ʒƀɺ̋^ǫ̏�ƞ̆�ǫ�%ΓɖǹáĚ<�

%͵ĴĔ�ͭǹȰ͊ήɘɺÿȨ�ƦMƞɯ�ʔȁ¬ͥɯ�ǭ×îǧȼɺǭŶȍ̀̄͘¨ɺŖ

a�͗ʔǭŶŏǹͥ͒�%ƷƀʈƵΓɖ͆ǋ¡�%̄¨ʝͿ&

Ʒƀʈȃ#%ɽɺ�

•� Τ{ǹ)Ʒƀr�ě͗ǹ%͜Ɯɖ�˾əƷƀʈɺÝʘ´ã8Ʒƀ;Ĵ�Zǹķŧȶȃ

̀͘ʂȧɺƷƀŖa�ˡǹĆ)Ʒƀr�ěʂȧɺƷƀËɮĆÞΒɺ�Q�T

�homogeneous division�͒ʚ&ˡ．͒ƷƀʈɺÎǋÞ�Γɖɺ w�ʹŊT�ȃɤȫɺ
Ɵ-

̪ˠ�Ʒƀ¡ŮǹC,ƟƏë�

ƦM�ÔLɬ̎ƥǹ�%ʝͿɺΈ˒�dĬGý˒ʝͿƷƀ¡�˒ʝͿ&ˡƷƀʈĻΆ

�ŧ�Tʂɺ̀͗͘%ȩΧ�ķT)ʂȧɺƷƀr�ěŖaʂȧɺƷƀTĆœťǸŉǵËɮ�

ͥ͒βȣΊȸȍƅ¡;˒ċȕ�^TĆ 4.6.8˳&̗¡ 
•� �ȣǹŇ x�y�z�ʹ̀͘：ǡƦM�Β̗͒ɾǑcɯ̋^ɺ 6%̄¨ŦΒȍ̀̄͘
¨TȰ͊ήɘˡ．͒Ʒƀʈɺ：ǡÞ�ƦMÔLɾǑcɯ w �ʹa)�%˸”o�
Ĭȑ x�y�z�ʹͮ[<͗%˸”��ǫ̆Ƕ̤Γɖ[<̄¨ʝͿ� 

Ć̄¨ʝͿ.¥�˾əƦMcɯ8βȣċȕȍ́ʑɖîʆʹ�ZķMɺʩý%�ʹͮǹ…ĺ

ɺ�ɖɺ w�ʹǹ 1�ǭßʆʹɺ w�ʹǹ 0．͒ƷƀʈɺÎǋÞ�ƦMŏT̴9βȣċȕ
ɺʩ 4%ċȕȁ¬'Ņɺã-�Β�ƦMȍʁ
��#ʔƷƀʵĎcɯɺƷƀʈ�^ǹC, 

	8ŵŘÞË�

̋^ɺƟ-Ć<ĺ-8Ĉǽ&ɺ�Č�

˒ʝͿƬȃ[<͗ČʝͿ�ɺɣ^ŊT̃ɍȓ�

á�ŏT̃¦ΊƧ̄¨ƦMŚ．ʇͩ�͗Č·

đɰ 6%̄¨ŦΒĺ-�ͫ ,͗ 6%̄¨ŦΒÆ
ǹƎ,�ĺɺë�Ć Unity &�ķMɰ Camera
ˆN&ɺÅǦî Game ̋ĄɺȢˁȰ�Ü�ĺ�
ĬĄ 4.38Ƭʑ 

ɰĄ 4.38 ÔLʁ��ƦMÔLͥ͒ Camera
ˆNɺ Field of View�ʭʘ FOV�ŕƑȍǠÎ̋
^ʡɾǭßɺŸų̍ű�ˡ Clipping Planes&
ɺ Nearî FarÅǦÔLǒ¢̋^ɺ͕̄¨ŦΒî͙̄¨ŦΒ̾ʓǚvȉɺ͙͕͗ȗ�ƦMÔ
Lȵ�̋^͕̄¨ŦΒî͙̄¨ŦΒɺΪű�3ŏǹ�

2 tan
2

2 tan
2

FOVnearClipPlaneHeight Near

FOVfarClipPlaneHeight Far

= ⋅ ⋅

= ⋅ ⋅

ɪĆƦM͖；0ȢßɺkƗ͗ÔLͥ͒ǚvȉɺȢˁȰƅ¡Ć Unity &��%ǚvȉɺ

4� ����� � ŵŘãdóĝ�æ´ŵŘÞËŘžwĝË��《
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ȢˁȰɰ Game̋ĄɺȢˁȰî Viewport Rect&ɺWî HŕƑ�Ü�ĺ�ĻΆ��Unityx̙Ʀ
MĆˬȇͲͥ͒Camera.aspect̀͘ȁǠ�Z͗Ͳ�r̓～�p̛�ž¥ǚvȉɺȢˁȰ)Aspect�
ƦMĺ-�

nearClipPlaneWidthAspect
nearClipPlaneHeight
farClipPlaneWidthAspect
farClipPlaneHeight

=

=

ɪĆ�ƦMÔLȘǌŚʇɺ Near�Far�FOVî Aspectɺoȍʏĺͣ̋ƷƀɺƷƀʈĬ�� 

cot
2 0 0 0

0 cot 0 0
2

2
0 0

0 0 1 0

frustum

FOV

Aspect
FOV

Far Near Near Far
Far Near Far Near

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥

= ⎢ ⎥
⎢ ⎥
⎢ ⎥+ ⋅ ⋅

− −⎢ ⎥− −⎢ ⎥
−⎢ ⎥⎣ ⎦

M  

�Β�ŶɺǓňͭ�ÔLÅ̈ȇʣɺưŔ̪ͭ�Ώ̆ȻƟɺǹ�͗ͲɺƷƀʈǹŲʠ

Ć Unity Ňċȕʺɺpĺ�Βɺ�3ŏǹ̨�ƦMͶŇɺǹ̉ņʝͿ)Öƭċȕʺ�cɯ�ʈ
ĆʈÖ·̀͘ɿ2� ÎǋÞ z �ʹ˸”ŊĆ[-w, w].Ϳɺƚ�ˡĆʵY DirectX ͗ȗɺĄ
ſǑÏ&�ķMŞȄÎǋÞ z�ʹ˸”ŊĆ[0, w].Ϳ�ÿȨŏΏ̆Ň�Βɺͣ̋ʈ̀͘�>ȁ
Ǡ͗�Ćȇ5ɺ̓～˸”�

ˡ�%Γɖî�͛Ʒƀʈɿ2Þ�ÔLɰ̉ņʝͿÎǋ¡̄¨ʝͿ&�ˋȑĬ��

!!"#$ = !!"#$%#&!!"#$

=

cot!"#2
!"#$%& 0 0 0

0 cot!"#2 0 0

0 0 −!"# + !"#$!"# − !"#$ − 2 ⋅ !"#$ ⋅ !"#!!" − !"#$
0 0 −1 0

!
!
!
1

=

!
cot!"#2
!"#$%&

!cot!"#2
−! !"# + !"#$!"# − !"#$ −

2 ⋅ !"#$ ⋅ !"#
!"# − !"#$−!

GˋȑÔLʁ��͗%Ʒƀʈȇ̱ŏǹŇ x�y î z �ʹ̀͘8�Üʚűɺ：ǡ�žə�z
�ʹ͖r8�%Ŧʙ��：ǡɺɽɺǹ)8ǭ×̄¨ƦMÔLȻƟ¡�ȨǵΓɖɺ w �ʹ��
ǹ 1�ˡǹÃ{ z �ʹɺÌÊˋȑɪĆ,ƦMŏÔLǈĬ��ʪŶȍ�ǫ�%ÎǋÞɺΓɖǹá
[<̋^�Ĭȑ�%ΓɖĆ̋^��ͫ,ķÎǋÞɺċȕƇΕɑ̽�

−w � x � w 

《

入
门
精
要
》



 

86 

4.6  �úĬƁ 

−w � y � w 
−w � z � w 

P_�ɑ̽�͛ȌNɺĄyͮΏ̆̃¦ΊƧˠ̄¨Ą 4.39Ǻʑ8．͒�͛ƷƀʈÞ�̋
^ɺÎµ

4� ����� � �ŵŘÞËC7ÞËĤƃ´ƈčŰőeŅåƗ�CúĈe � BhſčĿŬÞËĤƃ�à�ĝŀ÷Ɨnůiŀ÷

�oĠo �Ɩ�Ɩ�� � qŻĝŎ��ėĝ�}�

GĄ 4.39͖ÔLȻƟ¡�̄¨ʈTǠÎʝͿɺǰßƑ�ʝͿGÖƭċȕʺÎǋ¡8ŗƭċ
ȕʺ͗Ɵìʄ�ʓǚvȉ̻͙�zoŊ̻Ġ 


8ĀPÞË�

Τ{�ƦM͖ǹʁ��ȧ?Ʒƀ&ɺ 6 %̄
¨ŦΒǹĬ_ĺ-ɺîͣ̋ƷƀʵY�Ć Unity
&�ķM3ǹɰ CameraˆN&ɺÅǦî Game̋
ĄɺȢˁȰ�Ü�ĺ�ĬĄ 4.40Ƭʑ 

ȧ?Ʒƀɺ̋^ǹ�%ͼǭ^�ÿȨ̑ʮ

�ɿȰͣ̋Ʒƀǫ̏ȁ¬ʭºɰĄÔLʁ��

ƦMÔLͥ͒CameraˆNɺ SizeŕƑȍǠÎ̋
^ʡɾǭß�Ϊűɺ�¹�l Clipping Planes&ɺ
Near î Far ÅǦÔLǒ¢̋^ɺ͕̄¨ŦΒî
͙̄¨ŦΒ̾ʓǚvȉɺ͙͕͗ȗ�ƦMÔLȵ�̋^͕̄¨ŦΒî͙̄¨ŦΒɺΪű�3

ŏǹ�

nearClipPlaneHeight = 2·Size 
farClipPlaneHeight = nearClipPlaneHeight 

ɪĆƦM͖；0ȢßɺkƗÜȗ�ƦMÔLͥ͒ǚvȉɺȢˁȰƅ¡p̛�ž¥ǚvȉ

ɺȢˁȰ) Aspect�ͫ,� 
nearClipPlaneWidth = Aspect·nearClipPlaneHeight 

farClipPlaneWidth = nearClipPlaneWidth 

4� ����� � ĀPãdóĝ�æ´ĀPÞËŘžwĝË��《
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4.6  �úĬƁ 

ɪĆ�ƦMÔLȘǌŚʇɺ Near�Far�Sizeî Aspectɺoȍʏĺȧ?Ʒƀɺ̄¨ʈĬ�� 

Mortho =

1
Aspect ⋅ Size

0 0 0

0 1
Size

0 0

0 0 −
2

Far − Near
−
Far + Near
Far − Near

0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

�Β�ŶɺǓňͭ�ÔLÅ̈ȇʣɺưŔ̪ͭ�Üȗ�͗ͲɺƷƀʈǹŲʠĆ Unity
Ňċȕʺɺpĺ�Βɺ

�%Γɖî�͛Ʒƀʈɿ2ÞɺˋȑĬ��

Pclip = Mortho Pview 

=

1
Aspect ⋅ Size

0 0 0

0 1
Size

0 0

0 0 −
2

Far − Near
−
Far + Near
Far − Near

0 0 0 1

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

x
y
z
1

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=

x
Aspect ⋅ Size
y
Size

−
2z

Far − Near
−
Far + Near
Far − Near
1

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

ȻƟ¡�îͣ̋Ʒƀ�Üɺǹ�cɯȧ?ƷƀɺƷƀʈŇΓɖ̀͘ÎǋÞ�� w�ʹFə
) 1ȇ̱ǹÿ)ƷƀʈȂÞ�̀ɺ�Ü�ͣ̋ƷƀɺƷƀʈɺȂÞ�̀ǹ[0  0  −1  0]�
ˡȧ?ƷƀɺƷƀʈɺȂÞ�̀ǹ[0  0  0  1]͗ȗɺ͢ǂǹȃÃÿɺ�ǹ)8)βȣΊȸ
r�ě�^TĆ��˳&̗¡

�ǫ�%ÎǋÞɺΓɖǹá[<̋^�cɯɺ�ʪŶîͣ̋Ʒƀ&ɺ�ȗ�͗ʔͥɯƑ3

ǹ)C,̆cɯƷƀʈɺÃÿ.�Ą 4.41Ǻʑ8．͒�͛ƷƀʈÞ�ȧ?Ʒƀɺ̋^ɺ
Îµ

Üȗ�̄¨ʈǠÎ8ʝͿɺǰßƑÔLȻƟ¡�．͒ȧ?ƷƀÎǋÞɺΓɖĻΆŚ．[

<�%ʠǭ^�8

ŞȄʁ¡͗Ͳ̪ˠɺ˫͖̂ȶȃɜɕɪĆ�ƦMːˑȍʁƦMɺ�ĈɎƤĆ 4.6.6˳ɺȂ
Þ�ƦMŚ．š°≠≠ʏĺ8ķɺαĳĆ̉ņʝͿ&ɺ[˚�(9, 8.84, -27.31)ɪĆ�ƦM̆̑
ʮķĆ̄¨ʝͿ&ɺ[˚

Τ{�ƦMΏ̆ʇͩ�ĈɎƤ&cɯɺǚvȉʵĎɰ<�ĈɎƤǹ�% 3D ɎƤ�ÿȨ͗
ͲƦMcɯ8ͣ̋ǚvȉǚvȉÅǦî Game̋ĄɺȢˁȰĬĄ 4.42Ƭʑ 
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4� ���	� � �ĀPÞËC7ÞËĤƃ´ƈčŰőeŅåƗ�CúĈe � BhſčĿŬÞËĤƃ�à�ĝŀ÷Ɨnůiŀ÷

�oĠo �Ɩ�Ɩ�� � qŻŎ��ėĝ�}Ɨ�

4� ���
� � l�ċÖ`Ęĝãdó�æ�ċÖĚƇĝþĻĄ�

ǌȨ�ƦMÔLʇͩͣ̋ƷƀɺÅǦ�FOV) 60°�Near) 5�Far) 40�Aspect) 4/3 = 1.333
ͫ,�ŇŭɺƷƀʈŏǹ�
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M frustum =

cot FOV
2

Aspect
0 0 0

0 cot FOV
2

0 0

0 0 −
Far + Near
Far − Near

−
2 ⋅Near ⋅Far
Far − Near

0 0 −1 0

⎡

⎣

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

=

1.299 0 0 0
0 1.732 0 0
0 0 −1.286 −11.429
0 0 −1 0

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

əÞ�ƦMɯ͗%ƷƀʈȍƵ≠≠ɺαĳG̉ņʝͿ͆ǋ¡̄¨ʝͿ&Ĭ��

Pclip = Mfrustum Pview 

1.299 0 0 0 9 11.691
0 1.732 0 0 8.84 15.311
0 0 1.286 11.429 27.31 23.692
0 0 1 0 1 27.31

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥= =
⎢ ⎥ ⎢ ⎥ ⎢ ⎥− − −
⎢ ⎥ ⎢ ⎥ ⎢ ⎥

−⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 

͗ȗ�ƦMŏȵ�8≠≠ɺαĳĆ̄¨ʝͿ&ɺ[˚� (11.691, 15.311, 23.692, 27.31)Ǒ
�ȍ�UnityT�ǫ≠≠ɺαĳǹáΏ̆̄¨ͥ͒Ȱ͊ƅ¡�≠≠ɺαĳɑ̽�Βɺ�ʪŶ� 

−w � x � w 	 −27.31 � 11.691 � 27.31 
−w � x � y 	 −27.31 � 15.311 � 27.31 
−w � z � w 	 −27.31 � 23.692 � 27.31 

ɰȨ�ƦMÔL�ǫ�≠≠ɺαĳ[<̋^���Ώ̆̃̄¨

��(��� � »ÀĬƁ�

．͒ƷƀʈɺÎǋÞ�ƦMÔL̀̄͘¨ǜažĸƥ8Ƭȃɺ̄¨ŖaÞ�ŏΏ̆̀͘

ʂȧɺƷƀ8�3ŏǹ̨�ƦMΏ̆Ƶ̋^Ʒƀ¡8;bͿ�screen space�&．͒͗�ȩ
Îǋ�ƦMTƅ¡ʂȧɺvʻ[˚�ˡ�ǹ˽ǀɺ�˒ċȕ

œťʝͿǹ�%;˒ʝͿ�ÿȨ�ƦMƇΕƵΓɖḠ¨ʝͿƷƀ¡œťʝͿ&�ȍɮƥŇ

ŭɺ 2Dċȕ͗%͒ʚÔLɬ̎ƥȃ#%ȩΧ 
Τ{�ƦMΏ̆̀͘ȕ�βQΊT�homogeneous division��3̃ʘ){r�T�perspective 

division�˾ə͗%ȩΧä̹ȍƃ·ɮ�ZǹķĻΆ�ΐŢʭº�ŏǹɯβȣċȕʺɺ w�ʹÄ
ΊL x�y�z�ʹĆ OpenGL&�ƦMƵ͗�ȩƅ¡ɺċȕÓr?��Z̛+'O�Normalized 
Device Coordinates�NDC�．͒͗�ȩ�ƦMÔLƵċȕGβȣ̄¨ċȕʝͿ͆ǋ¡ NDC&
．͒ͣ̋ƷƀÎǋÞɺ̄¨ʝͿ�．͒βȣΊȸÞTÎǋ¡�%ʠǭ^�ǈɚ OpenGL ɺVˏ�
͗%ʠǭ^ɺ x�y�z�ʹɺ˸”ͮǹ[−1, 1]ZĆ DirectX͗ȗɺ API&�z�ʹɺ˸”Tǹ[0, 
1]ˡ Unity͢ǂ8 OpenGL͗ȗɺβȣ̄¨ʝͿĬĄ 4.43Ƭʑ
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4� ����� � ĿŬƎÿƄć�7ŵŘÞËĝŔzĬƁs�àxƏBĭéw�

ˡŇ<ȧ?Ʒƀǫ̏�ķɺ̄¨ʝͿĻΆŚ．ǹ�%ʠǭ^8�ˡ ɰ<．͒ȧ?Ʒƀʈ

ÎǋÞɺΓɖɺ w�ʹǹ 1�ÿȨβȣΊȸŧ�TŇΓɖɺ x�y�zċȕ@ɮƀñĬĄ 4.44
Ƭʑ

4� ����� � ĿŬƎÿƄć�7ĀPÞËĝŔzĬƁs�àxƏBĭéwƗ�

．͒βȣΊȸÞ�ͣ̋Ʒƀîȧ?Ʒƀɺ̋^ͮÎǋ¡�%ɿÜɺʠǭ^�ɪĆ�ƦM

ÔLȘǌÎǋÞɺ xî yċȕȍǸŉ͌�ʞÏɺŇŭvʻċȕ 
ĆUnity&�œťʝͿŗ�̍ɺvʻċȕǹ�0, 0��Ö�̍ɺvʻċȕǹ(pixelWidth, pixelHeight)

ɰ<ž¥ xî yċȕͮǹ[−1, 1]�ÿȨ͗%Ǹŉɺ͒ʚŏǹ�%：ǡɺ͒ʚ 
βȣΊȸîœťǸŉɺ͒ʚÔLcɯ�Βɺ�ŶȍƓˋ�
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4.6  �úĬƁ 

2 2

2 2

x
x

w

y
y

w

clip pixelWidth pixelWidthscreen
clip

clip pixelHeight pixelHeightscreen
clip

⋅
= +

⋅

⋅
= +

⋅

 

�ΒɺŶĳŇ xî y�ʹͮ̀͘8Ěɬ�ͫ, z�ʹë�ͥŢ�z�ʹT̃ɯ<ɇű˓��

%VˏɺǭŶǹƵ z

w

clip
clip

ɺoɾǑĵ͘ɇű˓�&�Z͗ŧ�ǹƇΕɺͥ ŢΥ¯ɮ@õTȘǌʎ

Nȍ͢ǂȂīɺĵtșŶȨǵ clipw3ŧ�T̃Ƹŵ�˾əķŚ．ĸƥ8ķɺ*̆Ŗa�Ćβ

ȣΊȸ&a)�Ȯȍƅ¡ NDC�ZķFəTĆÞˑɺ�>Ŗa&̹¡ͳ̆ɺaɯ�dĬ̀ͣ̋͘
Ȗȧǖo 

Ć Unity &�Ḡ¨ʝͿ¡œťʝͿɺ͆ǋǹɰŮŒšƦMĸƥɺƦMɺΓɖʄ˲—ÒΏ
̆ƵΓɖ͆ǋ¡̄¨ʝͿ¾Ô 

Ć��ȩ&�ƦMʇͩ8̄¨ʝͿ&≠≠αĳɺ[˚�(11.691, 15.311, 23.692, 27.31)ɪ
Ć�ƦM，<ÔLʏĺ≠≠ɺαĳĆœť�ɺvʻ[˚p̛�ž¥œťɺvʻŁű) 400�Ϊ
ű) 300Τ{�ƦMΏ̆̀͘βȣΊȸ�Ƶ̄¨ʝͿɺċȕƷƀ¡ NDC&əÞ��Ǹŉ¡œ
ťʝͿ&͗%͒ʚĬ�� 

2 2
11.691 400 400
2 27.31 2
285.617

2 2
15.311 300 300
2 27.31 2
234.096

x
x

w

y
y

w

clip pixelWidth pixelWidthscreen
clip

clip pixelHeight pixelHeightscreen
clip

⋅
= +

⋅

⋅
= +

⋅
=

⋅
= +

⋅

⋅
= +

⋅
=

 

ɰȨ�ƦMʇͩ8≠≠αĳĆœť�ɺ[˚�(285.617, 234.096) 

��(��� � Òŀ�

L�ŏǹ�%ΓɖĬ_GȡĎʝͿÎǋ¡œťċȕɺ͒ʚĄ 4.45Ɠˋ8͗>ʝͿîɯ<Î
ǋɺʈ 

Γɖʄ˲—ɺȂĒȇɺPŏǹƵΓɖċȕGȡĎʝͿ͆ǋ¡̄¨ʝͿ&͗Ňŭ8Ą 4.45
&ɺ¥�%ΓɖÎǋ͒ʚˡĆɠyʄ˲—&�ƦMͥŢ3ÔLƅ¡̤ɠyĆœťʝͿɺvʻ[

˚ƦMTĆ 4.9.3˳&ʁ¡Ĭ_ƅ¡͗>vʻ[˚ 
Ć Unity&�ċȕʺɺǰßƑ3ʄÎǋËɮ8ǠÎĄ 4.46Ɠˋ8 Unity&Ú%ʝͿcɯ

ɺċȕʺǰßƑ 
GĄ 4.46&ÔLËɪ�ÒȃĆ̉ņʝͿ& Unitycɯ8Öƭċȕʺ 
Ώ̆ȻƟɺǹ�͗ͲDDˍ�ɺǹ�>Ȃͳ̆ɺċȕʝͿ͖ȃ�>ʝͿĆĻΆųË&3

Tͨ¡�dĬ�gb�� tangent space��（ʝͿͥŢɯ<ȸ（Ǹŉ�ĆÞΒɺ 4.7˳&ƦM
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T̗¡

� � � � � � � � � � � � � � � 4� ���� � ƓùĉąļCƈčĝĬƁ�àŬī� � � � � � � � � � � � � � 4� ���(� � 5C'.1 C�B�úĬƁĝê�

Ñ�
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4.7  ćļ�à 

 4.7  ćļ�à 
ĆȇʣɺȂÞ�ƦMȍʁ�ʔɤȫɺÎǋ�ȸ（Îǋ

Tg�normal��3̃ʘ)T[ʹ�normal vector�Ć�ΒƦMŚ．ʁ¡Ĭ_cɯÎǋʈ
ȍÎǋ�%ΓɖƧ�%ǭßʆʹ�Zȸ（ǹΏ̆ƦMɤȫĚɬɺ�ʔǭßʆʹĆɎƤ&�ȡĎ

ɺ�%ΓɖƁƁTǙŠΛĝɺkƗ�l Γɖȸ（ŏǹ�&�ʔkƗžƦMÎǋ�%ȡĎɺǵn�

�DΏ̆ÎǋķɺΓɖ�͖ Ώ̆ÎǋΓɖȸ（�L×ĆÞˑĚɬ�Ĭɠyʄ˲—�&̑ʮ|ɚʪ

�˱ǫ̏�ɖîˎĠͭ�ǭßʆʹͮÔLcɯÜ�% 4�4 Ƨ 3�3 ɺÎǋʈ MA	BƵ�G

ċȕʝͿ AÎǋ¡ċȕʝͿ B&ZĆÎǋȸ（ɺ
ǵn�ĬȑcɯÜ�%Îǋʈ�Ô˪ŏǲȸʏj

˒ǆȸ（ɺčɾƑ�Βŏȍ8̎��)C,T�

ɪ͗ȗɺ;Ι

ƦM{ȍ8̎��Ñ�ʔǭßʆʹ��g

� tangent��3̃ʘ)�[ʹ�tangent vector��
ȸ（ʵY��（ƁƁ3ǹȡĎΓɖǙŠɺ�ʔkƗ

ķͥŢ�˃ɬʝͿŇβ�ˡ �ȸ（ǭßčɾ�Ĭ

Ą 4.47Ƭʑ 
ɰ<�（ǹɰ#%Γɖ.ͿɺŘȏʮƅ¡ɺ�

ÿȨƦMÔLɾǑcɯɯ<ÎǋΓɖɺÎǋʈȍ

Îǋ�（p̛�ƦMcɯ 3�3 ɺÎǋʈ MA	B

ȍÎǋΓɖ�ȻƟ�͗ͲɄÈɺÎǋʈͮǹ 3�3ɺʈ��˟˼ŦʙÎǋ͗ǹÿ)�（îȸ
（ͮǹǭßʆʹ��TÍŦʙɺƀñ��ÔLɰ�ΒɺŶĳɾǑƅ¡ÎǋÞɺ�（�

TB = MA	BTA 
�& TAî TB� ́ʑĆċȕʝͿ A �îċȕʝͿ B �ɺ�（ǭßZĬȑɾǑcɯ MA	B

ȍÎǋȸ（�ƅ¡ɺǬɺȸ（ǭßÔ˪ŏ�T�́Βčɾ8Ą 4.48ˍ�8͗ȗɺ�%dĳ 

4� ����� � ŰőƆłƏŅåë7«÷`Ę��àƈčğ�ĝ�àĤƃô�àćļ7�

¹sÏxŽŝĝŀ÷7��à�ĝćļé�?ÁƇXk�Ğ�

ͫ,�ṳ̆cɯó%ʈȍÎǋȸ（ë�ƦMÔLɰǦĶʾȋȌNȍǓ�͗%ʈƦMʇ

ͩÜ�%Γɖɺ�（ TAîȸ（ NAƇΕɑ̽čɾȌN�¾ TA NA = 0ˍĺÎǋʈMA	B�ƦM

Ś．ʇͩ TB = MA	B TAƦMɪĆƞ̆ƴ¡�%ʈ GȍÎǋȸ（ NA�cƅÎǋÞɺȸ（Fə

4� ���)� � ƈčĝrļ�ćļƗrļ�ćļhğ�Ğ�
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��（čɾ¾

TB NB = (MA	B TA) (GNA) = 0 
Ň�Ŷ̀͘�>ǓňÞÔƅ

( ) ( ) ( ) ( ) ( ) 0T T T T T
A B A A A B A A A A B A A A B A→ → → →⋅ = = = =M T GN M T GN T M GN T M G N  

ɰ< TA NA = 0�ÿȨĬȑ T
A B→M G = I�ͫ,�Ŷ¾Ôƥʠ3ŏǹ̨�Ĭȑ

1 1= ( ) = ( )T T
A B A B

− −
→ →G M M �¾cɯÃÎǋʈɺ͆͡˚ʈȍÎǋȸ（ŏÔLƅ¡ȧʏɺˋȑ

oƅȻƟɺǹ�ĬȑÎǋʈMA	Bǹȧ?ʈ�ͫ , 1 T
A B A B
−
→ →=M M �ÿȨ 1( )T

A B A B
−

→ →=M M �

3ŏǹ̨ƦMÔLcɯɯ<ÎǋΓɖɺÎǋʈȍɾǑÎǋȸ（ĬȑÎǋÒ´、ǰ͆Îǋ�ͫ

,͗%Îǋʈŏǹȧ?ʈˡĬȑÎǋÒ´ãǰ͆îˏ�：ǡ�ˡ�´ãΐˏ�：ǡ�ƦM

�ɯˏ�：ǡʺǦ k ȍƅ¡Îǋʈ MA	Bɺ͆͡˚ʈ
1 1( )T

A B A Bk
−

→ →=M M ͗ȗŏÔLͪ}

̑ʮ͡ʈɺ͒ʚĬȑÎǋ&´ã8ΐˏ�Îǋ�ͫ,ƦMŏƇΕ̆ȵ̎͡ʈȍƅ¡Îǋȸ

（ɺʈ

 4.8  Unity Shader ĝjņ�ŻOæ¯ĵP 
cɯ Unity� Shaderɺ�%īĚĆ<�ķǕ°8ƃĞ�˚ɺÅǦ�͗cƅƦM��Ώ̆ˮř

ƭ¯̑ʮ�>oȇ˳Ŋˍ� Unity �˚ɺɯ<ʝͿÎǋîǚvȉLÈœťÅǦɺ�˚Îʹ͗
>�˚ÎʹÔLĆ UnityShaderVariables.cgincǨN&ƴ¡ĺ-į̂Ƕ 

����	� � �àĤƃ�

Τ{ǹɯ<ċȕʝͿÎǋɺʈ́ 4.2ˍ�8 Unity 5.2ɡȇǕ°ɺƬȃ�˚Îǋʈ�
ΒƬȃɺʈͮǹ float4x4ʵĎɺ 

̪ˠ�)C,ĆƦɺ Unity&�ȃ>Îʹ�ĵĆë� 
ƦM�Ô˪ǹɰ<bcɯɺ Unityɡȇîȇ5cɯɺɡȇ�ÜĆ�ȇ5ǵ�ƦMcɯɺ Unity

ɡȇǹȂǬɺ 5.2ˡĆ 4.xɡȇ&��>�˚ÎʹÔ˪T�.�Ü 

m 4.2 Unity�jZ�E\� 

� |  # F y

UNITY_MATRIX_MVP ž¥ɺȡĎ⋅̉ņ⋅Ʒƀʈ�ɯ<ŊΓɖ/ǭßʆʹGȡĎʝͿÎǋ¡̄¨ʝͿ 

UNITY_MATRIX_MV ž¥ɺȡĎ⋅̉ņʈ�ɯ<ŊΓɖ/ǭßʆʹGȡĎʝͿÎǋ¡̉ņʝͿ 

UNITY_MATRIX_V ž¥ɺ̉ņʈ�ɯ<ŊΓɖ/ǭßʆʹG!ɳʝͿÎǋ¡̉ņʝͿ 

UNITY_MATRIX_P ž¥ɺƷƀʈ�ɯ<ŊΓɖ/ǭßʆʹG̉ņʝͿÎǋ¡̄¨ʝͿ 

UNITY_MATRIX_VP ž¥ɺ̉ņ⋅Ʒƀʈ�ɯ<ŊΓɖ/ǭßʆʹG!ɳʝͿÎǋ¡̄¨ʝͿ 

UNITY_MATRIX_T_MV UNITY_MATRIX_MVɺ͆˚ʈ 

UNITY_MATRIX_IT_MV UNITY_MATRIX_MVɺ͆͡˚ʈ�ɯ<Ŋȸ（GȡĎʝͿÎǋ¡̉ņʝͿ�3Ôɯ<
ƅ¡ UNITY_MATRIX_MVɺ͡ʈ 

_Object2World ž¥ɺȡĎʈ�ɯ<ŊΓɖ/ǭßʆʹGȡĎʝͿÎǋ¡!ɳʝͿ 

_World2Object _Object2Worldɺ͡ʈ�ɯ<ŊΓɖ/ǭßʆʹG!ɳʝͿÎǋ¡ȡĎʝͿ 

́ 4.2 ˍ�8͗>ʈɺŢɯɯȸZ̪ˠÔLȘǌΏȵȍ͐¡�Üɺɽɺ�dĬƦMÔL
ǕÌċȕʝͿɺċȕ͈�ǭȸÔþΖ 4.6.2˳ 

�&ȃ�%ʈȰ͊ɤȫ�¾ UNITY_MATRIX_T_MVʈƃĞŇǦĶ�8̎ɺ̪ˠ�ɬ
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̎͗%ʈȃC,ɯĚĬȑ̪ˠ̒ʂʁ͒ʈ�˳ɺʇ̞�ṳ͖̆T̖ƅ�ʔΐŢæŷBɺʈ

ʵĎ�ȧ?ʈŇ<ȧ?ʈǫ̏�ķɺ͡ʈŏǹ͆˚ʈÿȨ�Ĭȑ

UNITY_MATRIX_MVǹ�%ȧ?ʈɺ̣�ͫ, UNITY_MATRIX_T_MVŏǹķɺ͡ʈ�3
ŏǹ̨�ƦMÔLcɯ UNITY_MATRIX_T_MV ƵΓɖîǭßʆʹG̉ņʝͿÎǋ¡ȡĎʝͿ
ͫ,;Ιǹ�UNITY_MATRIX_MV C,ǵnǹ�%ȧ?ʈë�̪ˠÔLG 4.5 ˳ƴ¡ʫȚ
Ɠˋ���ĬȑƦMÒ˟˼ǰ͆�Ŧʙî：ǡ͗�ʔÎǋɺ̣�Ĭȑ�%ȡĎɺÎǋÒ´、ǰ͆�

ͫ, UNITY_MATRIX_MVŏǹ�%ȧ?ʈ͗%ȌNY/ȃ>˶¤�ƦMÔLƵȌN�ǡŁ
�>�ĬȑÒ´、ǰ͆îˏ�：ǡ�p̛：ǡʺǦǹ k��ͫ, UNITY_MATRIX_MVŏ�/ǹ�
%ȧ?ʈ8)C,ǹ�/ë�ÿ)ˏ�：ǡÔ˪Tň˰ȯ�̀�Ƨȯ���ɺʆʹͼű�)

1�ˡǹ k�͗�ʨÛȧ?ʈɺɤƑ�ZƦMÔLͥ͒ΊL͗%ˏ�：ǡʺǦ�ȍƵķÎƥȧ?

ʈĆ͗ʔƚ���UNITY_MATRIX_MV ɺ͡ʈŏǹ
1
k

UNITY_MATRIX_T_MVˡ �

ĬȑƦMÒǹŇǭßʆʹ̀͘Îǋɺ̣�ȌNÔLǡƅȁŁ�¾�ɯ˟˼ȃȶȃŦʙÎǋ�ÿ)

ŦʙŇǭßʆʹȶȃƀñÿȨ�ƦMÔLƩÌ UNITY_MATRIX_T_MVɺ¥�̀¥��ȍƵǭ
ßʆʹG̉ņʝͿÎǋ¡ȡĎʝͿ�¥ǕǹÒĵĆǰ͆Îǋîˏ�：ǡ�Ň<ǭßʆʹ�ƦMÔ

LĆcɯ¥ŇķM̀͘Ž�µĚɬ�ȍɃΊˏ�：ǡɺƀñ

͖ȃ�%ʈΏ̨̆Ƕ���ͫ ŏǹUNITY_MATRIX_IT_MVʈƦMĆ 4.7˳Ś．ʇͩ�
ȸ（ɺÎǋΏ̆cɯÃÎǋʈɺ͆͡˚ʈÿȨ UNITY_MATRIX_IT_MV ÔLƵȸ（Gȡ
ĎʝͿÎǋ¡̉ņʝͿZÒ̆ƦMr�ɖƭˬ�ķ3ÔLɯ<ɾǑƅ¡ UNITY_MATRIX_MV
ɺ͡ʈ�ƦMÒΏ̆Ňķ̀͆͘˚ŏÔL8ÿȨ�)8ƵΓɖƧǭßʆʹG̉ņʝͿÎǋ

¡ȡĎʝͿ�ƦMÔLcɯʵY�ΒɺJʊ�

// éćƏS`Ę transpose pæ´ UNITY_MATRIX_IT_MV ŰőŨņ7 
// Ïx UNITY_MATRIX_MV ĝŴĤƃ7Ď�ŰősĤƃcć7 
// ÝŖ³ĬƁCĝčÙé�ĢŻ�àxý ĬƁC 
float4 modelPos = mul(transpose(UNITY_MATRIX_IT_MV), viewPos); 

// éćfSXĞá`ĘŨņpæ transpose7ŇíPà mul �æĝ\ņ7`ĘőĤƃcć 
// òŢ�éćƏí±gƏûĝ 
float4 modelPos = mul(viewPos, UNITY_MATRIX_IT_MV); 

�< mul�ǦÅǦ[˚ň˰ɺ�Ü�Ć 4.9.2˳&ƦMTːˑ̗¡ 

����
� � ãdó�»À�æ�

Unity Ǖ°8�>�˚Îʹȍ̔ƦM̜;ž¥ȧĆɍȓɺǚvȉɺÅǦkƗ͗>ÅǦŇŭ
8ǚvȉ�ɺ CameraˆN&ɺŕƑó 4.3ˍ�8 Unity 5.2ɡȇǕ°ɺ͗>Îʹ 

m 4.3 Unity�jZG�N&8;�I 

� |  # d) F y

_WorldSpaceCameraPos float3 ̤ǚvȉĆ!ɳʝͿ&ɺ[˚

_ProjectionParams float4 
x = 1.0�Ƨ−1.0�ĬȑȧĆcɯ�%˝͆ɺƷƀʈ̀͘ɍȓ��y = 
Near�z = Far�w = 1.0 + 1.0/Far��& Nearî Far� ǹ͕̄¨ŦΒ
î͙̄¨ŦΒîǚvȉɺ̾ʓ

_ScreenParams float4 
x = width�y = height�z = 1.0 + 1.0/width�w = 1.0 + 1.0/height��&
widthî height� ǹ̤ǚvȉɺɍȓɽȕ�render target�ɺvʻŁ
űîΪű

_ZBufferParams float4 
x = 1− Far/Near�y = Far/Near�z = x/Far�w = y/Far�̤Îʹɯ<（Ƒ
µ Z˓ĵ&ɺɇűo�ÔÅ˟ 13.1˳� 

《

入
门
精
要
》



 

96 

4.9  ĳĜŚÓ 

ˑ́

� |  # d) F y

unity_OrthoParams float4 
x = width�y = heigth�zȶȃĺ-�w = 1.0�̤ǚvȉǹȧ?ǚvȉ�
Ƨ w = 0.0�̤ǚvȉǹͣ̋ǚvȉ���& widthî heightǹȧ?Ʒ
ƀǚvȉɺŁűîΪű

unity_CameraProjection float4x4 ̤ǚvȉɺƷƀʈ

unity_CameraInvProjection float4x4 ̤ǚvȉɺƷƀʈɺ͡ʈ

unity_CameraWorldClipPlanes[6] float4 
̤ǚvȉɺ 6 %̄¨ŦΒĆ!ɳʝͿ�ɺʪŶ�ǈĬ�Δū�ŗ�
Ö�����͕�͙̄¨ŦΒ

 4.9  ĳĜŚÓ 
Ɩ÷bŚ．�/ĸƥ8ȇ5ƬȃɺǦĶ̕）�ƦMŞȄb˪G�Βɺ�ŀ&ƅ¡ƃĞǟ˺î

åËZǹ�ƦM3ɿkĆ̪ĸ�Βɺ�ŀÞbÔ˪ŇȒ>ȠƋFəƠ¡͜Ɯ�̆ƼƆ�ʫɷ

̎Ɯ�˳ŏÔLšb̀͒�>Όʐ

����	� � `Ę �×� Ůí �×� ĝ�àĤƃ�

Ň<（ƑÎǋ�dĬǰ͆î：ǡ�ǫ̏�Dcɯ 3×3ɺʈŏ̽ğ́ʑƬȃɺÎǋ8ZĬȑĵĆ
ŦʙÎǋ�ƦMŏΏ̆cɯ 4×4ɺʈÿȨ�ĆŇΓɖɺÎǋ&�ƦMͥŢcɯ 4×4ɺÎǋʈž
ə�ĆÎǋ¥ƦMΏ̆Ƶɖċȕ͆ǋƥβȣċȕɺ́ʑ�¾ƵΓɖɺw�ʹ̛) 1ˡĆŇǭßʆʹɺ
Îǋ&�ƦMͥŢcɯ 3×3ɺʈŏ̽ğ8�͗ǹÿ)ŦʙÎǋŇǭßʆʹǹȶȃƀñɺ 

����
� � ,% CĝĢŻ�ĤƃĶ �

ƦMͥŢĆ Unity Shader&cɯ Cga)ʄ˲—˔ʚ̦̐Ć Cg&ÎʹʵĎȃƃĞʔ�ZĆ
ȇ˳ƦMǹƞ̎ͱĬ_cɯ͗>ʵĎ̀͘ǦĶ͔ʮÿȨ�ƦMÒL floatĿǱɺÎʹȍr̨Ƕ 

Ć Cg&�ʈʵĎǹɰ float3x3�float4x4ʪ�ͺ̠̀͘ęǶîĺ-ɺl Ň< float3�float4
ʪʵĎɺÎʹ�ƦMǳÔLƵķžƥ�%ʆʹ�3ÔLƵķžƥǹ�% 1 x nɺ̀ʈƧˠ�% n 
x 1ɺ�ʈ͗Ì�<͔ʮɺʔʵîķMĆ͔ʮ&ɺ[˚dĬ�žƦM̀͘ɖʗǜaǵ�#%
ǜaǦŏ̃žƥʆʹʵĎ�Ĭ��

float4 a = float4(1.0, 2.0, 3.0, 4.0); 
float4 b = float4(1.0, 2.0, 3.0, 4.0); 
// ́ ABĢŻŰőčĩäy 
float result = dot(a, b); 

ZĆ̀͘ʈ2ȸǵ�ÅǦɺ[˚Ŋ�ĺǹǈ�ʈ͖ǹ̀ʈ̀͘2ȸĆ Cg &�ʈ
2ȸǹͥ͒ mul�ǦĻɪɺdĬ� 

float4 v = float4(1.0, 2.0, 3.0, 4.0); 
float4x4 M = float4x4(1.0, 0.0, 0.0, 0.0, 

0.0, 2.0, 0.0, 0.0, 
0.0, 0.0, 3.0, 0.0, 
0.0, 0.0, 0.0, 4.0); 

// Ý v É×sĤƃ�Ĥƃ M Űő�c 
float4 column_mul_result = mul(M, v); 
// Ý v É×őĤƃ�Ĥƃ M Űő¾c 
float4 row_mul_result = mul(v, M); 
// ĈÕScolumn_mul_result XĲg row_mul_result7ŇíS 
// mul(M,v) == mul(v, tranpose(M)) 
// mul(v,M) == mul(tranpose(M), v) 
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ÿȨ�ÅǦɺ[˚TɾǑƀñˋȑoͥŢĆÎǋΓɖǵ�ƦMͮǹcɯÖ2ɺǭŶȍǈ�

ʈ̀͘2ȸ͗ǹÿ)�UnityǕ°ɺ�˚ʈ�Ĭ UNITY_MATRIX_MVPʪ�ͮǹǈ�ĵt
ɺZȃǵ�ƦM3Tcɯŗ2ɺǭŶ�͗ǹÿ)ÔLʀÄŇʈ͆˚ɺǜa

Ώ̆ȻƟɺ�ɖǹ�CgŇʈʵĎ&yʻɺ�≤µî̜;ΔūĆ Cg&�Ň float4x4ʪʵ
ĎɺÎʹǹǈ̀R{ɺǭŶ̀͘ĕzɺC,ƟƏë�ƦMʇͩ�ƞ̆ĕz�%ʈΏ̆ˍĺ�

(ǦĴ�dĬ�ĬȑΏ̆ęǶ�% 3×4 ɺʈ�ƦMΏ̆Ǖ° 12 %ǦĴͫ,�͗(ǦĴǹ�
̀�̀ćĕzʈ͖ǹ����ćĕzʈë�͗#ʔǭŶƅ¡ɺʈǹ�ÜɺdĬ�ƦMc

ɯ(1, 2, 3, 4, 5, 6, 7, 8, 9)Äĕz�% 3 x 3ɺʈ�Ĭȑǹǈɚ̀R{ɺǭŶ�ƅ¡ɺʈǹ� 

1 2 3
4 5 6
7 8 9

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

Ĭȑǹǈɚ�R{ɺǭŶ�ƅ¡ɺʈǹ�

1 4 7
2 5 8
3 6 9

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

Cgcɯɺǹ̀R{ɺǭȸ�¾ǹ�̀�̀ćĕzʈɺÿȨ�Ĭȑ̪ˠΏ̆ˮřĺ-�%
ʈǵ�dĬ�ˮřȐŲɯ<ʝͿÎǋɺʈ��ŏ̆ȻƟ͗Ͳɺ�≤µǭŶ

ʵYć�žƦMĆ Cg&̜;�%ʈ&ɺyʻǵ�3ǹǈ̀ȍʼŷɺdĬ� 
// ßőrfĝéÇu¬}Ĥƃ M 
float3x3 M = float3x3(1.0, 2.0, 3.0, 

4.0, 5.0, 6.0, 
7.0, 8.0, 9.0); 

// Ïx M ĝıƏő7�(1.0, 2.0, 3.0) 
float3 row = M[0];  

// Ïx M ĝı 2 őı 1 sĝeĹ7� 4.0 
float ele = M[1][0]; 

.ƬL Unity Shader&ɺʈʵĎɑ̽�͛̊��ǹÿ)cɯɺǹ Cg̦̐ǋÐ̨̣��Β
ɺɤƑͮǹ Cgɺ̊ĺ 

Ĭȑ̪ˠɛƙ Unity ɺ API�Ô˪ʇͩ Unity Ćˬȇ&Ǖ°8�ʔʈʵĎ�Matrix4x4
ˬȇ&ɺ͗%ʈʵĎ�ǹͰɯ�R{ɺǭŶ͗� Unity Shader&ɺ̊ĺ��ȗ�ŞȄ̪ˠĆ
ͨ¡ǵ�TƠ¡“Ɯ

������ � 5C'.1 Cĝ»À�úS,D(+/.#3!,##C2DG�6213�7213�

ƦMĆ 4.6.8 ˳&̗8œťʝͿɺ͆ǋˇ˳Ć� Shader ɺ͒ʚ&�ƦMȃǵnŞȄ˪ğ˺
ƅɠyĆœť�ɺvʻ[˚

ĆΓɖ/ɠyʄ˲—&�ȃ#ʔǭŶȍ˺ƅɠyɺœťċȕ 
�ʔǹĆɠyʄ˲—ɺ͌~&ęǶ VPOSƧWPOȘ-��<C,ǹ̦-�ÔÅ̈ 5.4˳�

VPOSǹ HLSL&Ňœťċȕɺ̦-�ˡWPOSǹ Cg&Ňœťċȕɺ̦-#ˠĆ Unity Shader
&ǹʪOɺƦMÔLĆ HLSL/Cg &̦ͥ͒-ɺǭŶȍĺ-Γɖ/ɠyʄ˲—ɺΰ̒͌~�ˡ�
Ώ̆ˮřĺ-͌~͌�ɺǦǌˋȐ͗Ͳɺ�ŀȃ�>̺¥�ÿ)ƦM͖ȶȃ�^̗̎Γɖ/ɠy
ʄ˲—ɺ�ȸ�̪ˠĆ͗ͲÔLÒ�Ȼ VPOSîWPOSɺ̦-cɯ͗ʔǭȸ�ÔLĆɠyʄ˲
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—&͗ȗ��

fixed4 frag(float4 sp : VPOS) : SV_Target { 
    // Ę»À�úƄo»ÀqŪĔ_ScreenParams.xy7ÏxŘ�ĬƁCĝ�ú 
    return fixed4(sp.xy/_ScreenParams.xy,0.0,1.0); 
} 

ƅ¡ɺǣȑĬĄ 4.49Ƭʑ 
VPOS/WPOȘ-ĺ-ɺ͌~ǹ�% float4ʵĎɺ

ÎʹƦMŚ．ʇͩķɺ xyoJ́8ĆœťʝͿ&ɺ
vʻċȕĬȑœť�͎ɨ) 400 x 300�ͫ, xɺ˸
”ŏǹ[0.5, 400.5]�yɺ˸”ǹ[0.5, 300.5]ȻƟ�͗
Ͳɺvʻċȕŧ�ǹǧǦo�͗ǹÿ) OpenGL î
DirectX 10 LÞɺɡȇ̒)vʻ&ƆŇŭɺǹɁɖo
&ɺ 0.5ͫ,�ķɺ zw�ʹǹC,ë�Ć Unity&�
VPOS/WPOSɺ z�ʹ˸”ǹ[0,1]�Ćǚvȉɺ͕̄¨
ŦΒĚ�zo) 0�Ć͙̄¨ŦΒĚ�zo) 1Ň< w
�ʹ�ƦMΏ̆˟˼ǚvȉɺƷƀʵĎĬȑcɯɺǹͣ̋Ʒƀ�ͫ, w �ʹɺ˸”ǹ
1 1,
Near Far
⎡ ⎤
⎢ ⎥⎣ ⎦

�Nearî FarŇŭ8Ć CameraˆN&̛˚ɺ͕̄¨ŦΒî͙̄¨ŦΒ̾ʓǚvȉɺ

͙͕�Ĭȑcɯɺǹȧ?Ʒƀ�ͫ, w�ʹɺoƔ) 1͗>oǹͥ͒Ň．͒ƷƀʈÎǋÞɺ
w �ʹÌmǦÞƅ¡ɺĆJʊɺȂÞ�ƦMƵœťʝͿΊLœť�͎ɨȍƅ¡̋ bͿ
�viewport space�&ɺċȕ̋Ïċȕƃʭº�ŏǹƵœťċȕŽ�µ�͗ȗœťŗ�̍ŏǹ(0, 

0)�Ö�̍ŏǹ(1, 1)ĬȑŚʇœťċȕɺ̣�ƦMÒΏ̆Ƶ xyoΊLœť�͎ɨ¾Ô
Ñ�ʔǭŶǹͥ͒ UnityǕ°ɺ ComputeScreenPos�Ǧ͗ %�ǦĆ UnityCG.cgincͲ̃ĺ

-ͥŢɺɯȸΏ̆#%ȩΧ�Τ{ĆΓɖʄ˲—&Ŋ ComputeScreenPosɺˋȑjĵĆ͌�ˋȐ
^&�əÞĆɠyʄ˲—&̀͘�%βȣΊȸ͔ʮÞƅ¡̋ÏʝͿ�ɺċȕdĬ�

struct vertOut { 
    float4 pos : SV_POSITION; 
    float4 scrPos : TEXCOORD0; 
}; 

vertOut vert(appdata_base v) { 
    vertOut o; 

o.pos = mul (UNITY_MATRIX_MVP, v.vertex);
// ıƏāSÝ ComputeScreenPos ĝŀ÷b®x scrPos C
o.scrPos = ComputeScreenPos(o.pos);
return o;

} 

fixed4 frag(vertOut i) : SV_Target { 
    // ıfāSĘ scrPos.xy Ƅo scrPos.w ÏxŘ�ĬƁCĝ�ú 
    float2 wcoord = (i.scrPos.xy/i.scrPos.w); 
    return fixed4(wcoord,0.0,1.0); 
} 

�ΒJʊɺĻɪǣȑîĄ 4.49&ɺ�ȗƦMɪĆȍʁ��͗ʔǭŶɺĻɪˇ˳͗ʔǭȸ
ĻΆ�ǹƭ¯Ļɪ8œťǸŉɺ͒ʚ�ˡ ķƅ¡ɺċȕɾǑŏǹ̋ÏʝͿ&ɺċȕƦMĆ

3.6.8˳&Ś．ʁ¡8Ĭ_Ŋ̄¨ċȕʝͿ&ɺɖǸŉ¡œťċȕ&ǌȨ�ƦMÔLƅ¡̋Ïʝ
Ϳ&ɺċȕ��ŶĬ��

4� ����� � ęĐeĝdĹ\ņÏxĝ�d�
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4.9  ĳĜŚÓ 

1
2 2

1
2 2

x
x

w

y
y

w

clip
viewport

clip
clip

viewport
clip

= +
⋅

= +
⋅

 

�Β�ŶɺƏƞŏǹ�Τ{Ň̄¨ʝͿ�ɺċȕ̀͘βȣΊȸ�ƅ¡˸”Ć[-1, 1]ɺ NDC�
əÞ�Ŋ�Ǹŉ¡˸”Ć[0, 1]ɺ̋ÏʝͿ�ɺċȕͫ , ComputeScreenPosʜʢǹĬ_r¡ɺë�
ƦMÔLĆ UnityCG.cgincǨN&ƴ¡ ComputeScreenPos�Ǧɺĺ-Ĭ�� 

 
inline float4 ComputeScreenPos (float4 pos) { 
    float4 o = pos * 0.5f; 
    #if defined(UNITY_HALF_TEXEL_OFFSET) 
    o.xy = float2(o.x, o.y*_ProjectionParams.x) + o.w * _ScreenParams.zw; 
    #else 
    o.xy = float2(o.x, o.y*_ProjectionParams.x) + o.w; 
    #endif 
     
    o.zw = pos.zw; 
    return o; 
} 

 
ComputeScreenPos ɺ͌~ÅǦ pos ǹ．͒ MVP ʈÎǋÞĆ̄¨ʝͿ&ɺΓɖċȕ

UNITY_HALF_TEXEL_OFFSET ǹ Unity ĆȒ> DirectX ŦÕ�cɯɺĹ�Ć͗ͲƦMÔLƌɵ
ķ͗ȗ�ƦMÔLÒ�Ȼ#else ɺͭ�_ProjectionParams.x Ćΰ̒ƚ��ǹ 1�ĬȑƦMcɯ
8�%˝͆ɺƷƀʈɺ̣ŏǹ−1�Z͗ʔƚ�ƃŌ̈�ͫ,�͛Jʊɺ͒ʚĻΆǹ͌�8� 

 

2 2

2 2

x w
x

y w
y

z z

w w

clip clip
Output

clip clip
Output

Output clip
Output clip

= +

= +

=

=

 

ÔLʁ��͗Ͳɺ xyŧ�ǹʂȧɺ̋ÏʝͿ�ɺċȕÿȨ�ƦMĆɠyʄ˲—&�̀͘�
ȩĚɬ�¾ΊL̄¨ċȕɺ w�ʹ˯Ȩ�ĸƥǧ%Ǹŉɺ͒ʚÿȨ�˾ə ComputeScreenPos
ɺ�ǦÝĴY/ƟìʄTɾǑƅ¡œťʝͿ&ɺ[˚�Zŧ�ǹ͗ȗɺ�ƦMFΏĆɠyʄ˲—

&ΊLķɺ w �ʹȍƅ¡ʂȧɺ̋ÏʝͿ&ɺ[˚ͫ,�)C, Unity �ɾǑĆ
ComputeScreenPos&)ƦM̀͘ΊLw�ʹɺ͗%ȩΧë�)C,͖Ώ̆ƦMȍ̀͗͘%Ίȸ�
͗ǹÿ)�Ĭȑ Unity ĆΓɖʄ˲—&͗,rɺ̣�ŏTʌĊǖoɺˋȑƦMʇͩ�GΓɖʄ
˲—¡ɠyʄ˲—ɺ͒ʚĻΆTȃ�%ǖoɺ͒ʚ�ĬȑbƉ8ɺ̣�ÔLþΖ 2.3.6ŋ˳�Ĭ
ȑ�ĆΓɖʄ˲—&̀͗͘%Ίȸ�jɴ x�y î w �ʹ�ͫ,ķMĆǖoÞ�̀͗͘%Ίȸ�

ƅ¡ɺ
x
w
î
y
w
ŏǹȧʏɺ�ƦMÔL̒)ǹΊȸƺɃ8ǖoɺƀñ�ZĬȑƦMɾǑĆΓɖʄ

˲—&̀͗͘%Ίȸ�ͫ,ŏΏ̆Ň
x
w
î
y
w
ɾǑ̀͘ǖo�͗ȗƅ¡ɺǖoˋȑŏT��ʏÃ

ÿǹ�ƦM�ÔLĆƷƀʝͿ&̀͘ǖo�ÿ)͗ŧ�ǹ�%（ƑʝͿ�ˡǖoƁƁǹ（Ƒɺ 
．͒ΊȸǜaÞ�ƦMŏÔLƅ¡̤ɠyĆ̋ÏʝͿ&ɺċȕ8�3ŏǹ�% xy˸”ͮĆ[0, 

1].Ϳɺoͫ,ķɺ zwoǹC,ë�ÔLʁ��ƦMĆΓɖʄ˲—&ɾǑƵ̄¨ʝͿɺ zwo
ĵ͘8͌�ˋȐ^&�ÿȨɠyʄ˲—͌~ɺŏǹ͗>ǖoÞɺ̄¨ʝͿ&ɺ zwo͗ Ɵìʄ�
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Ĭȑcɯɺǹͣ̋Ʒƀ�ͫ, zoɺ˸”ǹ[-Near, Far]�woɺ˸”ǹ[Near, Far]�Ĭȑcɯɺǹ
ȧ?Ʒƀ�ͫ, zo˸”ǹ[−1, 1]�ˡ woƔ) 1 

4.10  Ü¼Ƃş 
̑ʮȉĄſĶcɯɺǦĶ͖ȃƃĞ� ȇ5DɆɻ8�&ΐŢŋɺ�ͭ�Ĭȑ̪ˠƞ̆ɇ~

Ķ4͗>ʇ̞ɺ̣�5ʳ[1][2]ǹΐŢīɺĄſĶǦĶĶ4̳ǩ�̪ ˠÔLĆͫͲƴ¡ȁĞʵĎɺÎ

ǋÈ�ǦĶ́ʑ�<Ĭ_Gŗƭċȕʺ͆ǋ¡ÖƭċȕʺÜǵÆjǆ̋̌ǣȑ�ȗ�ÔLÅ˟

̳ǩ[3]�<Ĭ_ƅ¡（ƑɺɇűoÔLÅ˟̳ǩ[4] 
[1] Fletcher Dunn, Ian Parberry. 3D Math Primer for Graphics and Game Development (2nd

Edition). November 2, 2011 by A K Peters/CRC Press 
[2] Eric Lengyel. Mathematics for 3D game programming and computer graphics (3rd Edition).

2011 by Charles River Media. 
[3] David Eberly. Conversion of Left-Handed Coordinates to Right-Handed Coordinates
[4] http://www.humus.name/temp/Linearize%20depth.txt

4.11  ĽdƊĳü 
4.2.5k 
1�Öƭċȕʺ 
2�(1, 0, 0)(1, 0, 0)Gċȕ́ʑȍʁ�ˋȑǹĸ��ȗɺŗƭċȕʺîÖƭċȕʺĆˎ

ĠĞǦƚ���TŇŮŒɺǦĶ͔ʮͧƥƀñ�ZǹTĆ̋̌́ɪ�ȃƬŘŴLȇΙ)d�˾

əǰ͆.¥ɖɺċȕǹ�ȗɺ�ZĬȑƵķMˏ�ĆÜ�%ʝͿ&Ǻʑ�ȍ��ˎŇ[˚ǹ�Ü

ɺĬĄ 4.50Ƭʑ 

4� ���� � �CAB�úĸĝ �ũ� � ũíź�ĝ7~wm�g �ũĝé�Ɨ¾Û�úĸĝO������	Pč��Û�úĸC

ĝO������	PčíX�ĝ7u°pêŨ�ĝč�´Ãxe�Əč�

ÿȨ�ĬȑƦMƞ̆ĆŗƭîÖƭċȕʺ&́ʑÜ�%ɖ�ŏΏ̆Ƶ�&�%ċȕʺ&ɺ́

ʑǭȸ&ɺȒ%͈Êß��˱ǹƵ zoÌÊĆȇd&�ŗƭċȕʺɺ(0, 0, 1)ɖîÖƭċȕʺ&
ɺ(0, 0, −1)ɖǹÜ�ɖZǹ�ĬȑȨǵŇ̤ɖ�ȣ� ĆŗƭîÖƭċȕʺ&ˌ y͈ȧǭßǰ
͆ 90°�ˋȑŏ�ǹÜ�%ɖ8�ĬĄ 4.51Ƭʑ 
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4� ��	� � Ł´ĬƁCĝ�Əč7�¾Û��Û�úĸCŰő�ûřÄĝêŨ7iêŨé�íXƏûĝƗ�¾Û�úĸC

¶ßƉëżé�êŨ7��Û�úĸC¶ßŴëżé�êŨƗ�

3�−1010͗ǹÿ)�Ć Unity &�ȡĎʝͿcɯɺǹŗƭċȕʺɫ^ƬĆɺ[˚[<
ǚvȉȡĎʝͿ&ɺ z͈ȧǭß�ÿȨĆȡĎʝͿ�� zo) 10l ̉ņʝͿcɯɺÖƭċȕʺ�

ǚvȉɺȧ¥ǭǹ z͈ɺ̯ǭß�ÿȨĆ̉ņʝͿ�� zo)−10 
4.3.3k 
1� 
�1�̧�ĸ�̨Ê8Ň<ʆʹǫ̏ķȃ#%ŕƑ�ȡ�¾Ġŋ�îǭß�ʆʹǹȶȃ[

˚ŕƑɺ�3ŏǹ̨�ƦMÔLƟƵķǡĆʝͿɺP_[˚

�2�ȧʏ 
�3�̧ċȕʺɺ͢ǂ�TŇŮŒɺǦĶ̑ʮ@ɮƀñ�Ň<Çʗǫ̏�ƦMƓÔLcɯ

�Ŷ

a×b = (ax, ay, az)×(bx, by, bz) 
= (aybz − azby, azbx − axbz, axby − aybx) 

ȍ̑ʮZǹ��ÜɺċȕʺTƀñȂÞɺǺʑˋȑ�¾̋̌�ɺ́ɪǦĶǹ�ͽΐŢ$

̭ɺĶʕ�ZBʵƁƁΏ̆Ô̋µ�>"̅�dĬĆœť�Ǻʑ˽ǀɺ�˒ʝͿ�ĆƵǦĴ͆ǋ

ƥ̋̌́ɪɺǵn�͢ǂ�ÜɺċȕʺÔ˪Tƅ¡�Üɺˋȑ

2� 

�1� 62 7.874≈  

�2�(12.5, 10, 25) 
�3�(1.5, 2)  

�4�
5 12 0.385 0.923
13 13
⎛ ⎞ ≈⎜ ⎟
⎝ ⎠
� � � � 

�5� 1 1 1 0.577 0.577 0.577
3 3 3

⎛ ⎞
≈⎜ ⎟

⎝ ⎠
� � � � � � 

�6�(10, 9)  
�7�(−6, 1, 2) 

3� 308 17.55≈  
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4� 
�1�75 
�2�13 
�3�13 
�4�(−9, −13, 7)  
�5�(9, 13, −7)�ȻƟ�ˋȑîʫȚ�4�ǹɿÊɺ͗ǹÿ)�Çʗɑ̽Ê?ǋƄ 

5� 
�1�12 

�2�12 3 ≈ 20.785   

6� 
�1�ƦMÔLͥ͒�ǫ x - pî vɖʗɺʨ×ȍ�ǫ xǹáĆ NPCɺ¥ǭ͗ǹÿ)� 

(x − p) · v = |v||x − p|cosθ 
�&θǹ x - pî v.ͿɺĤ̍ĬȑķMɖʗɺˋȑĠ< 0�ͫ,̨Ƕθ < 90��¾ɖ xĆ

NPCɺ¥ǭ�Ĭȑɖʗˋȑŋ< 0�ͫ,̨Ƕθ > 90��¾ɖ xĆ NPCɺÞǭ�Ĭȑɖʗˋȑʪ
< 0�ͫ,̨Ƕθ = 90��¾ɖ xĆ NPCɺȧŗ·ƧȧÖ· 
�2�J~ƅ 

(x − p) · v = ((10, 6) − (4, 2)) · (−3, 4) = (6, 4) · (−3, 4) = −18 + 16 = −2 < 0 
ÿȨ�ɖ xĆ NPCɺÞǭ 

�3�ƦMɪĆΏ̆�ǫ cosθî cos
2
φ
ɺĠŋĬȑ cos cos

2
φ

θ > �ͫ,̨Ƕ
2
φ

θ < �¾ NPCÔ

Lʁ¡̤ɖ�Ĭȑ cos cos
2
φ

θ < �ͫ,̨Ƕ
2
φ

θ > �¾ NPC ǲȸʁ¡̤ɖ cosθÔLɰ

( )
cos

| || |
θ

− ⋅
=

−

x p v
x p v

ȍƅ¡�ˡ cos
2
φ
ÔɾǑ̑ʮƅ¡ 

�4�Ĭȑȃ̾ʓΉ¢�ƦMÒΏ̆�ǫ̤ɖ¡ pɺ̾ʓǹáŋ<̤Ή¢o¾Ô 
7�K u = p2 - p1�v = p3 - p1ɰ<�ɖͮ[< xyŦΒ�ͫ,ȃ� 

u = (ux, uy, 0), v = (vx, vy, 0) 
ķMɺÇʗ)� 

u�v = (0, 0, uxvy − uyvx) 
ƦMÔLͥ͒�ǫ uxvy − uyvxɺʨ×ȍ�ǫ�̍ſɺȅßĬȑ̤o)̯��ɰŗƭȸ��ǫ

Ôƅ¡ 3%ΓɖɺΔūǹΔǵͶǭß�Ĭȑ)ȧ��)͡ǵͶǭßĬĄ 4.52Ƭʑ 
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4� ��
� � �¾Û�úĸC7«÷�ĩŀ÷Dš7ŷF � čĝƉÂíƉëżé��

4.4.6  4k 
1. 

�1�
1 3 1 5 (1)( 1) (3)(0) (1)(5) (3)(2) 1 11
2 4 0 2 (2)( 1) (4)(0) (2)(5) (4)(2) 2 18

− − + + −⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
= =⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥− + + −⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 

�2�ǲȸ̀͘ʈ2ȸ�#%ʈɿ2̆ȵʩ�%ʈɺ�Ǧʪ<ʩ;%ɺ̀Ǧ�ÿȨƦM
ǲȸŇ 2×3î 4×2ɺʈ̀͘2ȸ 

�3�
1 2 3 5 (1)( 5) ( 2)(4) (3)(8) 11
5 1 4 4 (5)( 5) (1)(4) (4)(8) 11
6 0 3 8 (6)( 5) (0)(4) (3)(8) 6

− − − + − +⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= − + + =⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥− + + −⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 

2� 
�1��ǹȧ?ʈķɺ͆˚ʈîȇ̓ɿ2ɺˋȑ�ǹº[ʈ3ÔLͥ͒Φ̝ʈɺ

̀ǹáȐƥ�ˆȕ�ȧ?Ēȍ�ǫ 
�2�ǹȧ?ʈ 
�3�ǹȧ?ʈ͗ĻΆ�ǹ�%ˌ z͈ǰ͆θ°ɺǰ͆ʈ 

3� 

�1�
1 0 0 (3)(1) (2)(0) (6)(0)

[3 2 6] 0 1 0 (3)(0) (2)(1) (6)(0) [3 2 6]
0 0 1 (3)(0) (2)(0) (6)(1)

+ +⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥= + + =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥+ +⎣ ⎦ ⎣ ⎦

 

1 0 0 3 (1)(3) (0)(2) (0)(6) 3
0 1 0 2 (0)(3) (1)(2) (0)(6) 2
0 0 1 6 (3)(0)(3) (0)(2) (1)(6) 6

+ +⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= + + =⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ +⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 

ƅ¡ɺˋȑ͆ǋƥʆʹͮǹ(3, 2, 6)�ǹ�ȗɺ͗ǹÿ)�̤ʈǹ�%º[ʈ�º[ʈ
îP_ʈɿ2ͮǹÃʈȇ̓ 
�2� 
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1 0 2 (3)(1) (2)(0) (6)(0)
[3 2 6] 0 1 3 (3)(0) (2)(1) (6)(0) [3 2 18]

0 0 3 (3)(2) (2)( 3) (6)(3)

+ +⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥− = + + =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥+ − +⎣ ⎦ ⎣ ⎦

 

1 0 2 3 (1)(3) (0)(2) (2)(6) 15
0 1 3 2 (0)(3) (1)(2) ( 3)(6) 16
0 0 3 6 (0)(3) (0)(2) (3)(6) 18

+ +⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥− = + + − = −⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ +⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
ƅ¡ɺˋȑ��˰)8ƅ¡�˰ɺˋȑ�ƦMÔLŇʈ̀͆͘˚dĬ�)8ƅ¡î�

ʈɿÜɺˋȑ�Ć̀̀͘ʈ2ȸǵ�Ňʈ̀͆͘˚�ƅ

[ ]

1 0 2 1 0 0
[3 2 6] 0 1 3 [3 2 6] 0 1 0

0 0 3 2 3 3

(3)(1) (2)(0) (6)(2)
(3)(0) (2)(1) (6)( 3) 15 16 18
(3)(0) (2)(0) (6)(3)

T
⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥− =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥−⎣ ⎦ ⎣ ⎦

+ +⎡ ⎤
⎢ ⎥= + + − = −⎢ ⎥
⎢ ⎥+ +⎣ ⎦

�3� 
2 1 3 (3)(2) (2)( 1) (6)(3)

[3 2 6] 1 5 3 (3)( 1) (2)(5) (6)( 3) [22 11 27]
3 3 4 (3)(3) (2)( 3) (6)(4)

− + − +⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥− − = − + + − = −⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥− + − +⎣ ⎦ ⎣ ⎦

 

2 −1 3
−1 5 −3
3 −3 4

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

3
2
6

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
=

(2)(3)+(-1)(2)+(3)(6)
(−1)(3)+(5)(2)+(−3)(6)
(3)(3)+(−3)(2)+(4)(6)

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
=

22
−11
27

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

ƅ¡ɺˋȑ͆ǋƥʆʹͮǹ(22, −11, 27)�ǹ�ȗɺ͗ǹÿ)�̤ʈǹ�%2`\�
�symmetric matrix�Ňʘʈɺ͆˚ǹ�ȇ̓�ÿȨ̀ʈî�ʈ�TŇˋȑ@ɮƀñ 
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