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ʨʴʵʺʨ˂ʰʨ 

 

 ʫʾʬʹ ʻʱʭʬ ʨʾʨʸʨʭʰʹ ʻʱʭʰʸʹ ʼʰʲʳʬʩˀʰ ʰʹ ʫʨʻˇʬʸʬʩʬʲʰ ʱʨʫʸʬʩʰ ʫʨ ʬʼʬʽʺʬʩʰ, 

ʸʰʹʰ ʴʨˆʭʨ˂ 20 ˄ʲʰʹ ˄ʰʴ ʪʨʨʵʪʴʬʩʫʨ ʳʨʿʻʸʬʩʬʲʹ.  ʼʰʲʳʬʩʰʹ ʫʰʫ ʴʨ˄ʰʲˀʰ, 

ʱʵʳʶʰʻʺʬʸʻʲʰ ʫʨʳʻˀʨʭʬʩʰʹ ʹʺʨʫʰʨʮʬ, ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʴʨ˄ʰʲʵʩʸʰʭʰ ʨʴ/ʫʨ ʹʸʻʲʰ 

ˁʨʴʨ˂ʭʲʬʩʨ ˆʫʬʩʨ. ˁʨʴʨ˂ʭʲʬʩʻʲʰ ʪʨʳʵʹʨˆʻʲʬʩʨ ʱʵʳʶʰʻʺʬʸʻʲʨʫ ʳʻˀʨʭʫʬʩʨ 

ʳʨʾʨʲʰ ʹʰʮʻʹʺʰʹ ʪʨʳʵʯʭʲʰʯʰ ʳʬʯʵʫʬʩʰʯ ʫʨ ʬʸʪʬʩʨ ʨʸʹʬʩʻʲ ʱʨʫʸʹ ʰʹʬ, ʸʵʳ ʬʹ 

ʶʸʵ˂ʬʹʰ ʳʨʿʻʸʬʩʲʰʹʯʭʰʹ ˀʬʻʳˁʴʬʭʬʲʰ ʸˁʬʩʨ.  ʨʸʹʬʩʻʲʰ ʨʴ/ʫʨ ʭʰʸʺʻʨʲʻʸʰ 

ʪʨʸʬʳʵʹ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʱʵʳʶʰʻʺʬʸʻʲʰ ˀʬʽʳʴʰʹ ʫʨ ʫʨʳʻˀʨʭʬʩʰʹ ʶʸʵ˂ʬʹʰ ʯʨʭʰʹ 

ʳˆʸʰʭ ʹʨʱʳʨʵʫ ʸʯʻʲʰ ʫʨ ʱʵʳʶʲʬʽʹʻʸʰ ʨʳʵ˂ʨʴʬʩʰʹ ʪʨʫʨ˅ʸʨʹ ʪʻʲʰʹˆʳʵʩʹ.  

 ʱʰʴʵʰʴʫʻʹʺʸʰʨ ʬʸʯ-ʬʸʯʰ ʿʭʬʲʨʮʬ ˃ʭʰʸʨʫʾʰʸʬʩʻʲʰ ʰʴʫʻʹʺʸʰʨʨ 

ʳʹʵʼʲʰʵˀʰ. ʯʨʴʨʳʬʫʸʵʭʬ ʼʰʲʳʬʩʰʹ ʩʰʻˇʬʺʰ ʨʹʬʻʲ ʳʰʲʰʵʴʬʩʹʨ˂ ʱʰ ʨʾ˄ʬʭʹ, ʸʨ˂ 

ʪʨʴʶʰʸʵʩʬʩʻʲʰʨ ˃ʭʰʸʨʫʾʰʸʬʩʻʲʰ ʺʬʽʴʵʲʵʪʰʬʩʰʯ, ʳʨʾʨʲʱʭʨʲʰʼʰ˂ʰʻʸʰ ʫʨ 

ʳʨʾʨʲʨʴʨʮʾʨʻʸʬʩʨʫʰ ʱʨʫʸʬʩʰʯ ʫʨ ʼʰʲʳʮʬ ʳʻˀʨʵʩʰʹ ʶʸʵ˂ʬʹʰʹ ʹʰʸʯʻʲʰʯ. 

ʸʵʪʵʸ˂ ʭʯʽʭʰʯ ʨʳ ʶʸʵ˂ʬʹˀʰ ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨʹ ʫʰʫʰ ʸʵʲʰ ʻʱʨʭʰʨ. 

 ʳʬʵʸʬ, ʨʸʨʴʨʱʲʬʩ ʫʰʫʰ, ˃ʭʰʸʨʫʾʰʸʬʩʻʲʰ ʫʨ ˀʬʹʨʩʨʳʰʹʨʫ ʳʨʸʱʬʺʰʴʪʻʲʨʫ 

ʹʨʰʴʺʬʸʬʹʵ ʫʨ ʳʰʳʮʰʫʭʬʲʰ ʰʴʫʻʹʺʸʰʨ ʪʨˆʲʨʭʯ ʱʵʳʶʰʻʺʬʸʻʲʰ ʭʰʫʬʵʯʨʳʨˀʬʩʰ. 

ʬʹ ʰʴʫʻʹʺʸʰʨ ʶʰʸʭʬʲʨʫ ʶʬʸʹʵʴʨʲʻʸʰ ʱʵʳʶʰʻʺʬʸʬʩʰʹ ʪʨʳʵˁʬʴʰʹ ʫʸʵʹ ʪʨʳʵˁʴʫʨ 

ʫʨ ʳʰʹʰ ʪʨʴʭʰʯʨʸʬʩʰʹ ʶʨʸʨʲʬʲʻʸʨʫ ʭʰʯʨʸʫʬʩʵʫʨ. ʱʵʳʶʰʻʺʬʸʻʲʰ 

ʭʰʫʬʵʯʨʳʨˀʬʩʰ ʫʾʬʹ ʱʰʴʵʰʴʫʻʹʺʸʰʨʮʬ ʨʸʨʴʨʱʲʬʩ ˀʬʳʵʹʨʭʲʰʨʴʰʨ. ʳʨʪʨʲʰʯʨʫ: 

ʶʵʶʻʲʨʸʻʲʰ ʭʰʫʬʵʯʨʳʨˀʰʹ Grand Theft Auto(ˀʬʳʵʱʲʬʩʰʯ GTA)-ʹ ʩʵʲʵ ʭʬʸʹʰʰʹ 

ʪʨʿʰʫʭʬʩʳʨ, ʪʨʳʵˀʭʬʩʰʹ ʫʾʰʫʨʴ 24 ʹʨʨʯˀʰ, 800 ʳʰʲʰʵʴ ʨʳʬʸʰʱʻʲ ʫʵʲʨʸʹ ʳʰʨʾ˄ʰʨ. 

ʱʰʴʵʰʴʫʻʹʺʸʰʰʹʪʨʴ ʪʨʴʹˆʭʨʭʬʩʰʯ, ʱʵʳʶʰʻʺʬʸʻʲ ʭʰʫʬʵ ʯʨʳʨˀʬʩʰ ʳʯʲʰʨʴʨʫ 

ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨʮʬʨ ʫʨʼʻ˃ʴʬʩʻʲʰ. ʬʹ ʿʭʬʲʨʼʬʸʰ ʰʳʨʹ ʴʰˀʴʨʭʹ, ʸʵʳ ʨʳ ʵʸ, 

ʻʮʨʸʳʨʮʨʸ ʰʴʫʻʹʺʸʰʨʮʬ ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨʹ ˃ʨʲʰʨʴ ʫʰʫʰ ʪʨʭʲʬʴʨ ʨʽʭʹ. ʨʳ 

ʿʭʬʲʨʼʸʰʹ ʪʨʯʭʨʲʰʹ˄ʰʴʬʩʰʯ, ʬʹ ʰʴʫʻʹʺʸʰʨ ʳʨʸʱʬʺʰʴʪʻʲʨʫ ˃ʨʲʰʨʴ 

ʳʰʳʮʰʫʭʬʲʰʨ, ʸʨ˂ ʯʬʳʰʹ ʨʽʺʻʨʲʵʩʨʹ ʱʰʫʬʭ ʬʸʯˆʬʲ ʻʹʭʨʳʹ ˆʨʮʹ. 

 ʳʵ˂ʬʳʻʲ ʴʨˀʸʵʳˀʰ ʪʨʴˆʰʲʻʲʰʨ ʭʰʸʺʻʨʲʻʸʰ ʪʨʸʬʳʵʹ ʪʨʳʵʹʨˆʻʲʬʩʰʹ 

ʳʰʾʬʩʰʹ ʹʨˀʻʨʲʬʩʬʩʰ ʱʵʳʶʰʻʺʬʸʰʹ ʳʬˀʭʬʵʩʰʯ, ʪʨʴʨʯʬʩʰʹ ʼʰʮʰʱʻʸʰ ʪʨʭʸ˂ʬʲʬʩʰʹ 

ʹʰʳʻʲʨ˂ʰʰʹ ʪʮʰʯ.  ʬʹ ʶʸʵ˂ʬʹʰ ʪʨʳʵʰʸˁʬʭʨ ʯʨʭʰʹʰ ʱʵʳʶʲʬʽʹʻʸʵʩʰʯ, ʸʨʫʪʨʴ 
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ʳʵʰʯˆʵʭʹ ˂ʵʫʴʨʹ ʹˆʭʨʫʨʹˆʭʨ ʳʰʳʨʸʯʻʲʬʩʰʯ: ʼʰʮʰʱʨ, ʪʨʳʵʯʭʲʰʯʰ ʹʺʨʺʰʹʺʰʱʨ, 

˄ʸʼʰʭʰ ʨʲʪʬʩʸʨ, ʪʨʳʵʯʭʲʰʯʰ ʪʬʵʳʬʺʸʰʨ ʫʨ, ʸʨ ʯʽʳʨ ʻʴʫʨ, ʭʰ˄ʸʵ ʳʰʳʨʸʯʻʲʬʩʬʩʰ 

ʱʵʳʶʰʻʺʬʸʻʲʰ ʳʬ˂ʴʰʬʸʬʩʰʫʨʴ.  

 

Summary 

 Nowadays nobody is surprised to see such unbelievable and exciting effects in films 

which could astonish spectators 20 years ago. In the majority of films during the computer 

processing happens the partial or complete replacement of the image. Replaced image is 

processed by computer with high precision computational methods and fits on existing image 

such that this process is not observing for spectators. Making and processing existing or virtual 

environment by computer by the way is a hard work and includes solving the complex 

problems. 

 Film industry is one of the most expensive industry in the world. Budget of modern films 

rich hundreds of million dollars. This is because of expensive technologies, highly trained 

specialists and highly payed staff and complexity of working on films. As we mentioned in this 

process computer graphics has a huge role. 

 Second, no less expensive and correspondingly marketingly interesting and attractive 

industry is computer video games. This industry first appeared when first personal computers 

came out and developed with them in parallel. Computer games is not less profitable then film 

industry. For example, popular video game Grand Theft Auto's (GTA) sales in first 24 hours 

reached 800 million American dollars. Difference between film industry and computer games 

is that computer games are completely based on computer graphics. This means that computer 

graphics has a huge influence on this industries. According to this computer graphics industry 

is marketingly attractive thus once again underlines the actuality of this theme. 

 In this work discussion is about getting image of virtual environment using physical 

simulation of light transport. This process is distinguished from its complexity because it 

requests knowledge in different directions: physics, computational statistics, linear algebra, 

computational geometry and of course narrow directions of computer science. 

  



4 

 

 

ʹʨʸˁʬʭʰ 
 

ˀʬʹʨʭʨʲʰ ..................................................................................................................................................................................... 7 

ʩʨʮʸʰʹ ʳʵʯˆʵʭʴʨ ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨʮʬ ................................................................................................................ 7 

ʫʨʹʳʻʲʰ ʨʳʵ˂ʨʴʰʹ ˁʨʳʵʿʨʲʰʩʬʩʨ ʫʨ ʨʴʨʲʰʮʰ ............................................................................................................. 8 

ʨʳʵ˂ʨʴʰʹ ʪʨʫʨ˅ʸʰʹ ʹˆʭʨʫʨʹˆʭʨ ʪʮʬʩʰ ʫʨ ˃ʰʸʰʯʨʫʰ ʹʰʸʯʻʲʬʬʩʰ ......................................................................... 8 

ʹʰʴʨʯʲʰʹ ʹˆʰʭʰʹ ʼʰʮʰʱʻʸʰ ʽ˂ʬʭʨ ʫʨ ʯʭʰʹʬʩʬʩʰ .......................................................................................................... 10 

ʹʰʴʨʯʲʰʹ ˆʰʲʻʲʰ ʹʶʬʽʺʸʰ ........................................................................................................................................... 10 

ʹˆʰʭʰʹ ʯʭʰʹʬʩʬʩʰ ................................................................................................................................................................ 11 

ʳʵʫʬʲʰʸʬʩʨ ............................................................................................................................................................................ 13 

ʪʨʸʬʳʵʹ ʱʵʳʶʰʻʺʬʸʻʲʰ ʳʵʫʬʲʰ ................................................................................................................................. 13 

ʮʬʫʨʶʰʸʬʩʰ .......................................................................................................................................................................... 13 

ʮʵʪʨʫʰ ʨʾ˄ʬʸʨ ................................................................................................................................................................ 13 

ʨʴʨʲʰʺʰʱʻʸʰ ʮʬʫʨʶʰʸʬʩʰ........................................................................................................................................... 14 

ʫʰʹʱʸʬʺʻʲʰ ʮʬʫʨʶʰʸʬʩʰ ........................................................................................................................................... 14 

ʳʨʺʬʸʰʨʲʬʩʰ ........................................................................................................................................................................ 14 

ʮʵʪʨʫʰ ʨʾ˄ʬʸʨ ................................................................................................................................................................ 14 

ʪʨʩʴʬʭʰʹ ʵʸʳˆʸʰʭʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʽʴ˂ʰʨ ................................................................................................................ 15 

ʨʴʰʮʵʺʸʵʶʻʲʰ ʳʨʺʬʸʰʨʲʰ........................................................................................................................................ 16 

ʰʮʵʺʸʵʶʻʲʰ ʳʨʺʬʸʰʨʲʰ ........................................................................................................................................... 17 

ʺʬʽʹʺʻʸʨ ʫʨ ʮʬʫʨʶʰʸʰʹ ʶʨʸʨʳʬʺʸʰʮʨ˂ʰʨ .............................................................................................................. 17 

ʪʨʴʨʯʬʩʨ ................................................................................................................................................................................ 19 

˄ʬʸʺʰʲʵʭʨʴʰ ʪʨʴʨʯʬʩʨ ................................................................................................................................................. 19 

ʹʼʬʸʻʲʰ ʫʰʼʻʮʰʻʸʰ ʪʨʴʨʯʬʩʨ ................................................................................................................................ 19 

ʪʨʸʬʳʵʹ ʪʨʴʨʯʬʩʨ ............................................................................................................................................................ 21 

ˀʬʩʸʻʴʬʩʻʲʰ ʱʭʨʫʸʨʺʰʹ ˄ʬʹʰ .................................................................................................................................... 22 

ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ʳʬʯʵʫʬʩʰ ................................................................................................................................................. 23 

ʳ˂ʰʸʬʫʰ ʨʲʩʨʯʵʩʰʹ ʯʬʵʸʰʰʫʨʴ .................................................................................................................................. 23 

ʱʻʳʻʲʨ˂ʰʻʸʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʨ ........................................................................................................................ 23 

ʨʲʩʨʯʵʩʰʹ ʹʰʳʱʭʸʰʭʰʹ ʼʻʴʽ˂ʰʨ................................................................................................................................. 23 



5 

 

ʳʨʯʬʳʨʺʰʱʻʸʰ ʳʵʲʵʫʰʴʰ ʫʨ ʫʰʹʶʬʸʹʰʨ ................................................................................................................ 25 

ʪʨʫʨˆʸʰʲʰ, ʵʩʰʬʽʺʻʸʰ ʫʨ ʯʨʴʳʰʳʫʬʭʸʻʲʰ ˀʬʳʼʨʹʬʩʲʬʩʰ ............................................................................. 25 

ʹˆʰʭʰʹ ʪʬʵʳʬʺʸʰʻʲ ʵʩʰʬʽʺʬʩʯʨʴ ʯʨʴʨʱʭʬʯʰʹ ʨʳʵ˂ʨʴʨ ........................................................................................... 26 

ʨʳʨˁʽʨʸʬʩʬʲʰ ʹʺʸʻʽʺʻʸʬʩʰ ....................................................................................................................................... 26 

ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʼʰʪʻʸʬʩʰ ........................................................................................................................................ 27 

ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʹʼʬʸʵ ............................................................................................................................................... 27 

ʾʬʸ˃ʬʩʮʬ ʪʨʹ˄ʵʸʬʩʻʲʰ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʰ ................................................................................................... 27 

ʵʩʰʬʽʺʬʩʰʹ ʫʨʿʵʼʨ ʫʨ ʹʰʭʸ˂ʰʹ ʫʨʿʵʼʨ .................................................................................................................. 28 

ʸʭʨʵʩʰʯʰ ˆʬ ..................................................................................................................................................................... 29 

ˀʬʳʵʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰʹ ʰʬʸʨʸʽʰʨ .................................................................................................................... 31 

ʮʬʫʨʶʰʸʰʹ ʼʨʸʯʵʩʰʹ ʬʭʸʰʹʺʰʱʨ ............................................................................................................................... 33 

ʹʰʭʸ˂ʻʲʰ ˀʬʳʵʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰʹ ʰʬʸʨʸʽʰʨ ............................................................................................... 34 

ˆʰʹ ʫʨʲʨʪʬʩʻʲʰ ˀʬʳʵʭʲʨ ........................................................................................................................................... 35 

ʪʨʴʨʯʬʩʰʹ ʳʵʫʬʲʬʩʰ ......................................................................................................................................................... 36 

ʬʳʶʰʸʰʻʲʰ ʫʨ ʼʰʮʰʱʻʸʨʫ ʹ˄ʵʸʰ BSDF-ʬʩʰ ............................................................................................................ 36 

ʲʨʳʩʬʸʺʰʹ ʳʵʫʬʲʰ ...................................................................................................................................................... 37 

ʼʵʴʪʰʹ ʳʵʫʬʲʰ .............................................................................................................................................................. 38 

ʩʲʰʴʰʹ ʳʵʫʬʲʰ .............................................................................................................................................................. 39 

ʶʸʵʬʽ˂ʰʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʭʰʮʻʨʲʰʮʨ˂ʰʨ ................................................................................................................ 41 

ʳʰʫʬʭʴʬʩʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʭʰʮʻʨʲʰʮʨ˂ʰʨ ............................................................................................................... 42 

ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʨ ............................................................................................................................................................ 43 

ʪʲʵʩʨʲʻʸʰ ʪʨʴʨʯʬʩʨ ....................................................................................................................................................... 45 

ʸʬʴʫʬʸʰʹ ʪʨʴʺʵʲʬʩʨ ........................................................................................................................................................ 49 

ʳʵʴʺʬ ʱʨʸʲʵʹ ʰʴʺʬʪʸʰʸʬʩʨ ............................................................................................................................................ 50 

ˀʬʸˁʬʭʨ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ............................................................................................................................................... 52 

ʳʸʨʭʨʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ .............................................................................................................................. 53 

ʪʨʫʨʸˁʬʻʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ ..................................................................................................................... 54 

ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʨ ................................................................................................................................................................ 55 

ʪʮʬʩʰʹ ʵʸʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʨ ............................................................................................................................................ 57 

ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ˃ʸʨʭʰ Colibri ............................................................................................................................................... 61 

ˁʨʺʨʸʬʩʻʲʰ ʹʨʳʻˀʨʵʬʩʰ ................................................................................................................................................... 61 

˃ʰʸʰʯʨʫʰ ˀʬʹʨ˃ʲʬʩʲʵʩʬʩʰ ............................................................................................................................................ 63 



6 

 

ʶʸʨʽʺʰʱʻʲʰ ˀʬʫʬʪʬʩʰ ...................................................................................................................................................... 64 

ʹʨʳʵʳʨʭʲʵ ʪʨʴʭʰʯʨʸʬʩʰʹ ʪʬʪʳʬʩʰ .................................................................................................................................. 70 

ˁʨʺʨʸʬʩʻʲʰ ʹʨʳʻˀʨʵʬʩʰʹ ʨʴʨʲʰʮʰ ʫʨ ˀʬʫʬʪʬʩʰʹ ˀʬˇʨʳʬʩʨ ........................................................................................ 72 

ʪʨʳʵʿʬʴʬʩʻʲ ʲʰʺʬʸʨʺʻʸʨʯʨ ʴʻʹˆʨ ................................................................................................................................ 73 

 

 

  



7 

 

ˀʬʹʨʭʨʲʰ 

 

ʩʨʮʸʰʹ ʳʵʯˆʵʭʴʨ ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨʮʬ 

 

 ʸʬʨʲʰʹʺʻʸ ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨʮʬ ʳʵʯˆʵʭʴʰʹ ˃ʰʸʰʯʨʫʰ ʴʨ˄ʰʲʰ ʳʵʫʰʹ 

ʱʰʴʵ ʫʨ ʹʨʸʬʱʲʨʳʵ ʰʴʫʻʹʺʸʰʰʫʨʴ. ʱʰʴʵʰʴʫʻʹʺʸʰʨˀʰ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ˆʨʸʰʹˆʹ 

ʩʬʭʸʨʫ ʻʼʸʵ ʳʬʺʰ ʿʻʸʨʫʾʬʩʨ ʬʽ˂ʬʭʨ ʭʰʫʸʬ ʸʬʱʲʨʳʨˀʰ, ʯʻʳ˂ʨ ˆˀʰʸʨʫ ʪʭˆʭʫʬʩʨ 

ʨʸʨʴʨʱʲʬʩʰ ˆʨʸʰʹˆʰʯ ˀʬʹʸʻʲʬʩʻʲʰ ʹʨʸʬʱʲʨʳʵ ʸʪʵʲʬʩʰ˂. ʫʾʬʭʨʴʫʬʲ ʭʰʫʬʵ 

ʸʪʵʲʬʩˀʰ ʱʵʳʶʰʻʺʬʸʻʲʰ ʪʸʨʼʰʱʨ ʪʨʳʵʰʿʬʴʬʩʨ ʸʨʳʵʫʬʴʰʳʬ ʳʰʮʴʰʯ: ʸʵʫʬʹʨ˂ 

ʹ˂ʬʴʨʹ ʸʬʨʲʻʸʰ ʨʴʨʲʵʪʰ ʨʸ ʪʨʨˁʴʰʨ, ʸʵʫʬʹʨ˂ ʸʬʨʲʻʸʰ ʨʴʨʲʵʪʰʹ ˀʬʽʳʴʨ ʫʰʫ 

ʺʬʽʴʰʱʻʸ ʨʴ/ʫʨ ʳʨʺʬʸʰʨʲʻʸ ʹʰʸʯʻʲʬʬʩʯʨʴʨʨ ʫʨʱʨʭˀʰʸʬʩʻʲʰ, ʸʵʫʬʹʨ˂ 

ʱʵʳʶʰʻʺʬʸʻʲʰ ʳʵʫʬʲʰʸʬʩʨ ˀʬʫʬʪʹ ʻʼʸʵ ʳʨʲʬ ʭʾʬʩʻʲʵʩʯ...  

 ʪʨʹʻʲ ʹʨʻʱʻʴʬˀʰ , ʸʵʫʬʹʨ˂ ʱʵʳʶʰʻʺʬʸʻʲʰ ʳʵʫʬʲʰʸʬʩʨ ʫʨ ʪʸʨʼʰʱʨ ˇʬʸ 

ʱʰʫʬʭ ʼʬˆʹ ʰʫʪʨʳʫʨ ʫʨ ʳʰʹʰ ʪʨʳʵʿʬʴʬʩʨ ʱʰʴʵˀʰ ʨʸ ˆʫʬʩʵʫʨ, ʼʰʲʳʬʩʰʹ ʪʨʫʨʾʬʩʨ 

ʫʰʫ ʹʰʸʯʻʲʬʬʩʯʨʴ ʰʿʵ ʫʨʱʨʭˀʰʸʬʩʻʲʰ. ʳʨʹʰʻʸʰ ʹ˂ʬʴʬʩʰ ʸʬʨʲʻʸʨʫ ʰʫʪʳʬʩʵʫʨ 

ʫʰʫʰ ʫʬʱʵʸʨ˂ʰʬʩʰʯ ʫʨ ʪʨʫʨʾʬʩʨˀʰ ʫʰʫʰ ʸʨʵʫʬʴʵʩʰʯ ˆʨʲˆʰ ʳʵʴʨ˄ʰʲʬʵʩʫʨ, ʸʨ˂ 

ʪʨʫʨʾʬʩʰʹ ʶʸʵ˂ʬʹʹ ʻʸʯʻʲʬʹʹ ˆʫʰʫʨ.  ʳʨʪʨʲʰʯʨʫ 1959 ˄ʬʲʹ ʪʨʫʨʾʬʩʻʲ, 

ʯʬʸʯʳʬʺʰ ʵʹʱʨʸʰʹ ʳʼʲʵʩʬʲ ʼʰʲʳ "Ben-Hur"-ʹ 5 ˄ʲʰʨʴʰ ʱʭʲʬʭʰʹ ˀʬʳʫʪʵʳ, ˄ʲʬʩʰʹ 

ʳʨʴ˃ʰʲʮʬ ʰʾʬʩʫʴʬʴ ʫʨ ˇʨʳˀʰ 15,175,000 $ ʫʨˇʫʨ, ʸʨ˂ ʰʳ ʫʸʵʰʹʨʯʭʰʹ 

˄ʨʸʳʵʻʫʪʬʴʲʨʫ  ʫʰʫʰ ʼʻʲʰ ʰʿʵ. ʫʾʬʹ ʨʳ ʶʸʵ˂ʬʹˀʰ ʨʸʹʬʩʻʲ ˃ʰʸʰʯʨʫ 

ʹʰʸʯʻʲʬʬʩʹ ʱʵʳʶʰʻʺʬʸʻʲʰ ʳʵʫʬʲʰʸʬʩʰʯʨ ʫʨ ʭʰʮʻʨʲʰʮʨ˂ʰʰʯ ʨʪʭʨʸʬʩʬʴ, ʸʨ˂ 

ʶʸʵ˂ʬʹʹ ʱʵʲʵʹʨʲʻʸʨʫ ʨʳʨʸʺʰʭʬʩʹ.  

ʱʰʫʬ ʻʼʸʵ ʳʬʺʰ ʳʵʯˆʵʭʴʨ ʳʵʫʰʹ ʯʨʳʨˀʬʩʰʹ ʰʴʫʻʹʺʸʰʰʫʨʴ. ʯʨʳʨˀʬʩˀʰ 

ʸʬʨʲʰʹʺʻʸ ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨʹ ˃ʨʲʰʨʴ ʫʰʫʰ ʿʻʸʨʫʾʬʩʨ ʬʽ˂ʬʭʨ, ʯʻʳ˂ʨ 

ʨʸʹʬʩʻʲʰ ʺʬʽʴʵʲʵʪʰʬʩʰ ʨʸʹʬʩʻʲ ʪʨʳʵʳʯʭʲʬʲ ʳʵ˄ʿʵʩʰʲʵʩʬʩʮʬ ʨʸ ʪʭʨ˃ʲʬʭʹ 

ʹʨˀʻʨʲʬʩʨʹ, ʸʬʨʲʻʸ ʫʸʵˀʰ ˆʨʸʭʬʮʬʩʰʹʪʨʴ ʯʨʭʰʹʻʼʨʲʰ, ʼʰʮʰʱʻʸʨʫ ʹ˄ʵʸʰ, 

ʹʻʶʬʸʸʬʨʲʰʹʺʻʸʰ ʪʨʳʵʹʨˆʻʲʬʩʨ ʳʰʭʨ˄ʵʫʵʯ ʳʵʳˆʳʨʸʬʩʬʲʹ. ʫʾʬʭʨʴʫʬʲ 

ʱʵʳʶʰʻʺʬʸʻʲ ʯʨʳʨˀʬʩˀʰ ʨʸʹʬʩʻʲʰ ˄ʨʳʿʭʨʴʰ ʭʰʮʻʨʲʰʮʨʺʵʸʬʩʰ ʨʸʰʹ ˈʰʩʸʰʫʻʲʰ 

ʺʰʶʰʹ, ʰʹʰʴʰ ʰʿʬʴʬʩʬʴ ʸʵʪʵʸ˂ ʸʨʹʺʬʸʰʮʨ˂ʰʨʹ, ʨʹʬʭʬ ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʨʹ. ʹˆʰʭʬʩʰʹ 
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ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʹ ʨʸ ʨˆʲʨʭʹ ʯʨʴ ʰʹ ˆʨʸʭʬʮʬʩʰ, ʸʵʳʬʲʰ˂ ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ 

ʳʬʯʵʫʹ, ʯʻʳ˂ʨ ʳʰʹʰ ʪʨʳʵʿʬʴʬʩʨ ˃ʨʲʰʨʴ ˀʬʮʾʻʫʻʲʰ ʫʵʮʰʯ ˆʫʬʩʨ ʳʨʹʯʨʴ 

ʫʨʱʨʭˀʰʸʬʩʻʲʰ ʹˆʭʨʫʨʹˆʭʨ ʶʸʵʩʲʬʳʰʹ ʪʨʳʵ. ʨʳʰʹ ʳʰʻˆʬʫʨʭʨʫ ʩʵʲʵ ˄ʲʬʩˀʰ ʻʱʭʬ 

ʫʨʰ˄ʿʵ ʨʽʺʰʻʸʰ ʱʭʲʬʭʨ ʨʳ ʳʰʳʨʸʯʻʲʬʩʰʯ, ʸʵʳ ʴʬʲ-ʴʬʲʨ ʳʵˆʫʬʹ ʨʸʹʬʩʻʲʰ 

ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ˃ʸʨʭʬʩʰʹ ˁʨʴʨ˂ʭʲʬʩʨ ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʨʮʬ ʹʸʻʲʨʫ 

ʫʨʼʻ˃ʴʬʩʻʲʰ ʼʰʮʰʱʻʸʨʫ ʹ˄ʵʸʰ, ʸʬʨʲʰʹʺʻʸʰ ʭʰʮʻʨʲʰʮʨʺʵʸʬʩʰʯ. ʱʭʲʬʭʬʩʰ ʨʳ 

ʳʰʳʨʸʯʻʲʬʩʰʯ ʬʸʯ-ʬʸʯʳʨ ʶʰʸʭʬʲʳʨ ʫʨʰ˄ʿʵ ˇʨʱʵ ʩʰʱʬʸʳʨ(Ray Tracing In Real-Time 

Games. September 2012), ʨʳ ʱʭʲʬʭʬʩʰʹ ʶʸʵ˂ʬʹˀʰ ʳʨʴ ˀʬʽʳʴʨ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ˃ʸʨʭʰ 

Brigade, ʸʵʳʬʲʰ˂ ʨˆʫʬʴʫʨ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʪʨʳʵʯʭʲʨʹ ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ 

ʳʬʯʵʫʰʯ. Brigade ʪʨʳʵʿʬʴʬʩʻʲʰ ʰʽʴʨ ʯʨʳʨˀʬʩˀʰ "Reflect"ʫʨ "It's About Time" 

ʹʺʻʫʬʴʺʬʩʰʹ ʳʰʬʸ. ʫʾʬʹ Brigade ʱʵʳʶʨʴʰʨ OTOY-ʹ ʹʨʱʻʯʸʬʩʨˀʰʨ, ʸʵʳʬʲʰ˂ 

ʶʨʸʨʲʬʲʻʸʨʫ ʨ˄ʨʸʳʵʬʩʹ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ˃ʸʨʭʹ octane. Brigade-ʹ ʪʨʴʭʰʯʨʸʬʩʨ 

ʨʽʺʰʻʸʨʫ ʳʰʳʫʰʴʨʸʬʵʩʹ. Octane ʵʸʰʬʴʺʰʸʬʩʻʲʰʨ ʵʼʲʨʰʴ ʭʰʮʻʨʲʰʮʨ˂ʰʨʮʬ, 

ʳʰʹʪʨʴ ʪʨʴʹˆʭʨʭʬʩʰʯ Brigade ʨʸʽʰʺʬʽʺʻʸʻʲʨʫ ʳʵʸʪʬʩʻʲʰʨ ʯʨʳʨˀʰʹ ʳʵʯˆʵʭʴʬʩʹ 

ʫʨ ʪʨʳʵʰʸˁʬʭʨ ʳʨʾʨʲʰ ʹʰʹ˄ʸʨʼʰʯ. 

 

ʫʨʹʳʻʲʰ ʨʳʵ˂ʨʴʰʹ ˁʨʳʵʿʨʲʰʩʬʩʨ ʫʨ ʨʴʨʲʰʮʰ 

 

 ˁʭʬʴʰ ʨʳʵ˂ʨʴʨʨ, ˀʬʭʽʳʴʨʯ ʭʰʮʻʨʲʰʮʨʺʵʸʰ, ʸʵʳʬʲʰ˂ ˀʬ˃ʲʬʩʹ 3 

ʪʨʴʮʵʳʰʲʬʩʰʨʴʰ ʼʰʪʻʸʬʩʰʹ ʼʰʮʰʱʻʸʨʫ ʹ˄ʵʸ ʭʰʮʻʨʲʰʮʨ˂ʰʨʹ ʪʨʴʨʯʬʩʰʹ 

ʪʨʭʸ˂ʬʲʬʩʰʹ ʹʰʳʻʲʨ˂ʰʰʹ ʹʨʼʻ˃ʭʬʲʮʬ. ʨʳ ʴʨˀʸʵʳʰʹ ʼʨʸʪʲʬʩˀʰ ʪʨʴʭʰˆʰʲʨʭʯ 

ʳʬʯʵʫʬʩʹ, ʸʵʳʬʲʯʨ ʹʨˀʻʨʲʬʩʰʯʨ˂ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ʶʸʵ˂ʬʹˀʰ ʪʨʭʰʯʭʨʲʰʹ˄ʰʴʬʩʯ 

ʪʨʴʨʯʬʩʰʹ ʹˆʰʭʰʹ ˃ʰʸʰʯʨʫ ʽ˂ʬʭʨʹ ʫʨ ʯʭʰʹʬʩʬʩʹ.  

 

ʨʳʵ˂ʨʴʰʹ ʪʨʫʨ˅ʸʰʹ ʹˆʭʨʫʨʹˆʭʨ ʪʮʬʩʰ ʫʨ ˃ʰʸʰʯʨʫʰ ʹʰʸʯʻʲʬʬʩʰ 

 

 ʨʳ ʴʨˀʸʵʳʰʹ ˃ʰʸʰʯʨʫʰ ʴʨ˄ʰʲʰ ʫʨʬʯʳʵʩʨ ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʹ, ʳʰʹ 

ʨʴʨʲʰʮʹ, ʹʰʸʯʻʲʬʬʩʹ. ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰʹ ʸʨʳʵʫʬʴʰʳʬ 

ʳʵʫʰʼʰ˂ʰʸʬʩʻʲʰ ʭʨʸʰʨʴʺʰ ʨʸʹʬʩʵʩʹ, ʸʵʳʬʲʹʨ˂ ʯʨʭʰʹʰ ʫʨʫʬʩʰʯʰ ʫʨ ʻʨʸʿʵʼʰʯʰ 

ʳˆʨʸʬʬʩʰ ʨʽʭʹ, ʸʨʹʨ˂ ʫʬʺʨʲʻʸʨʫ ʪʨʴʭʰˆʰʲʨʭʯ ʫʨ ˀʬʭʨʫʨʸʬʩʯ ʨʲʺʬʸʴʨʺʰʻʲ 

ʳʬʯʵʫʬʩʹ. 
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ʹʰʴʨʯʲʰʹ ʹˆʰʭʰʹ ʼʰʮʰʱʻʸʰ ʽ˂ʬʭʨ ʫʨ ʯʭʰʹʬʩʬʩʰ 

 

 

ʹʰʴʨʯʲʰʹ ˆʰʲʻʲʰ ʹʶʬʽʺʸʰ 

 

 ʹʰʴʨʯʲʬ ˄ʨʸʳʵʨʫʪʬʴʹ ʬʲʬʽʺʸʵʳʨʪʴʰʺʻʸ ʺʨʲʾʨʹ, ʸʵʳʬʲʹʨ˂, ʸʵʪʵʸ˂ ʿʭʬʲʨ 

ʬʲʬʽʺʸʵʳʨʪʴʰʺʻʸ ʺʨʲʾʨʹ, ʸʨʳʵʫʬʴʰʳʬ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʳʨˆʨʹʰʨʯʬʩʬʲʰ ʨʽʭʹ, ʳʨʯ 

ˀʵʸʰʹ ʬʸʯ-ʬʸʯʰ ʨʸʰʹ ʺʨʲʾʰʹ ʹʰʪʸ˃ʬ, ʸʵʳʬʲʰ˂ ʪʨʴʹʨʮʾʭʸʨʭʹ ʹˆʰʭʰʹ ʹʶʬʽʺʸʻʲ 

ʼʬʸʹ. ʬʲʬʽʺʸʵʳʨʪʴʰʺʻʸʰ ʺʨʲʾʬʩʰ ʩʻʴʬʩʨˀʰ ʫʨ ʯʨʴʨʳʬʫʸʵʭʬ ʹʨʳʿʨʸʵˀʰ ʳʸʨʭʲʨʫ 

ʪʭˆʭʫʬʩʨ. ʹˆʭʨʫʨʹˆʭʨ ʺʨʲʯʰʹ ʹʰʪʸ˃ʰʹ (ʹʰˆˀʰʸʰʹ) ʺʨʲʾʬʩʹ ʰʿʬʴʬʩʬʴ ʸʵʪʵʸ˂ 

ʹʨʿʵʼʨ˂ˆʵʭʸʬʩʵ (ʸʨʫʰʵ, ʳʵʩʰʲʻʸʰ ʺʬʲʬʼʵʴʰ) ʫʨʴʰˀʴʻʲʬʩʰʹ, ʨʹʬʭʬ ʹʨʳʬʫʰ˂ʰʴʵ 

(ʸʬʴʫʪʬʴʰʹ ʹˆʰʭʬʩʰ) ʫʨʹʨʳˆʬʫʸʵ (ʸʨʫʨʸʬʩʰ) ʳʵ˄ʿʵʩʰʲʵʩʬʩˀʰ. ʨʫʨʳʰʨʴʰʹ 

ʯʭʨʲʰʹʯʭʰʹ ˆʰʲʻʲʰ ʹʰʴʨʯʲʰʹ ʬʲʬʽʺʸʵʳʨʪʴʰʺʻʸʰ ʺʨʲʾʬʩʰʹ ʹʰʪʸ˃ʬ ʰ˄ʿʬʩʨ 

ʫʨʨˆʲʵʬʩʰʯ 400 ʴʨʴʵʳʬʺʸʰʫʨʴ ʫʨ ʳʯʨʭʸʫʬʩʨ 700 ʴʨʴʵʳʬʺʸʮʬ. ʨʳ ʫʰʨʶʨʮʵʴʹ 

ʽʭʬʳʵʯ ʬʽ˂ʬʭʨ ʻʲʺʸʨʰʰʹʼʬʸʰ ʺʨʲʾʬʩʰ ʫʨ ʫʰʨʶʨʮʵʴʹ ʮʬʳʵʯ - ʰʴʼʸʨ˄ʰʯʬʲʰ, 

ʸʵʳʬʲʹʨ˂ ʨʫʨʳʰʨʴʰʹ ʯʭʨʲʰ ʭʬʸ ʨʾʰʽʭʨʳʹ (ʰˆʰʲʬʯ ʽʭʬʳʵʯ ʳʵ˂ʬʳʻʲʰ ʹʻʸʨʯʰ).  

 
 

ʹʰʴʨʯʲʰʹ ʯʬʯʸʰ ʹˆʰʭʰ ˀʬʫʪʬʩʨ ʹˆʭʨʫʨʹˆʭʨ ʹʰˆˀʰʸʰʹ ʺʨʲʾʬʩʰʹ 

ʬʸʯʵʩʲʰʵʩʰʹʪʨʴ. ʱʰʫʬʭ ʬʸʯʰ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʳʨˆʨʹʰʨʯʬʩʬʲʰ ʨʸʰʹ ʨʳʶʲʰʺʻʫʨ, 
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ʸʨ˂ ʪʨʴʨʶʰʸʵʩʬʩʹ ʹʰʴʨʯʲʰʹ ʰʴʺʬʴʹʰʭʵʩʨʹ. ʬʹ ʵʸʰ ʳʨˆʨʹʰʨʯʬʩʬʲʰ - ʼʬʸʰ ʫʨ 

ʰʴʺʬʴʹʰʭʵʩʨ - ˁʭʬʴʰ ʯʭʨʲʰʹʯʭʰʹ ʿʭʬʲʨʮʬ ʳʬʺʨʫ ˀʬʹʨʳˁʴʬʭʰʨ, ʯʻʳ˂ʨ ʨʸʹʬʩʵʩʹ 

ʳʨˆʨʹʰʨʯʬʩʲʬʩʰ, ʸʵʳʬʲʯʨ ʪʨʭʲʬʴʨʹʨ˂ ʨʸ˂ ʯʻ ʰʹʬ ˆˀʰʸʨʫ, ʳʨʪʸʨʳ ʳʨʰʴ˂ ʭʨʳˁʴʬʭʯ. 

        ʬʲʬʽʺʸʵʳʨʪʴʰʺʻʸʰ ʺʨʲʾʨ ʨʸʰʹ ʬʲʬʽʺʸʻʲʰ ʫʨ ʳʨʪʴʰʺʻʸʰ ʺʨʲʾʬʩʰʹ 

ʬʸʯʵʩʲʰʵʩʨ, ʸʵʳʬʲʯʨ˂ ʨʽʭʯ ʺʵʲʰ ʺʨʲʾʰʹ ʹʰʪʸ˃ʬ ʫʨ  ʰʸˆʬʭʰʨʴ ʹˆʭʨʫʨʹˆʭʨ 

ʹʰʩʸʺʿʬˀʰ (ʰˆʰʲʬʯ ʹʻʸʨʯʰ). 

 

 

 
ʨʫʨʳʰʨʴʰʹ ʯʭʨʲʰ ʶʵʲʨʸʰʮʬʩʻʲ ʫʨ ʨʸʨʶʵʲʨʸʰʮʬʩʻʲ ʹˆʰʭʬʩʹ ʬʸʯʴʨʰʸʨʫ 

ʨʾʰʽʭʨʳʹ. 

 

ʹˆʰʭʰʹ ʯʭʰʹʬʩʬʩʰ 

 

  ʹʰʴʨʯʲʰʹ ʯʬʯʸʰ ʹˆʰʭʰ ˀʬʫʪʬʩʨ ʹˆʭʨʫʨʹˆʭʨ ʹʰˆˀʰʸʰʹ ʺʨʲʾʬʩʰʹ 

ʬʸʯʵʩʲʰʵʩʰʹʪʨʴ. ʹʰʴʨʯʲʰʹ ʬʲʬʽʺʸʻʲʰ ʫʨ ʳʨʪʴʰʺʻʸʰ ʺʨʲʾʬʩʰ ˀʬʰ˃ʲʬʩʨ 

ʰʸˆʬʵʫʴʬʴ ʬʸʯ ʹʰʩʸʺʿʬˀʰ. ʹʰʴʨʯʲʰʹ ʨʹʬʯ ʹˆʰʭʹ ʽʭʰʨ ˄ʸʼʰʭʨʫ ʶʵʲʨʸʰʮʬʩʻʲʰ. 

ʹʰʴʨʯʲʰʹ ʹˆʰʭʰ ˀʬʰ˃ʲʬʩʨ ʨʸ ʰʿʵʹ ʶʵʲʨʸʰʮʬʩʻʲʰ ʫʨ ˀʬʰ˃ʰʴʵʹ ʬʹ ʯʭʰʹʬʩʨ. 

ʳʨʪʨʲʰʯʨʫ, ʹˆʰʭʰ ʮʬʫʨʶʰʸʮʬ ʨʸʬʱʭʲʰʹʨʹ ʨʸʬʱʭʲʰʹ ʹʰʩʸʺʿʬˀʰ ʶʵʲʨʸʰʮʫʬʩʨ 

ʾʨʾʨ˂ ʫʵʴʬʮʬ. ʨʹʬʭʬ ʨʸʹʬʩʵʩʹ ʹˆʭʨʫʨʹˆʭʨ ʺʰʶʰʹ ʶʵʲʨʸʰʮʨʺʵʸʬʩʰ, ʸʵʳʬʲˀʰ 

ʪʨʭʲʰʹ ʫʸʵʹʨ˂ ˆʫʬʩʨ ʨʸʨʶʵʲʨʸʰʮʬʩʻʲʰ ʹˆʰʭʰʹ ʶʵʲʨʸʰʮʬʩʨ. 

        ʸʵʫʬʹʨ˂ ʹˆʰʭʰ ʪʨʫʨʫʰʹ ʬʸʯʰ ʵʶʺʰʱʻʸʰ ʹʰʳʱʭʸʰʭʰʹ ʳʽʵʴʬ ʪʨʸʬʳʵʫʨʴ ʳʬʵʸʬˀʰ, 

ʰʹ ʪʨʫʨʺʿʫʬʩʨ. ʹʰʴʨʯʲʰʹ ʹˆʰʭʰʹ ʪʨʫʨʺʬˆʭʨ ʴʰˀʴʨʭʹ ʳʰʹʰ ʬʲʬʽʺʸʵʳʨʪʴʰʺʻʸʰ 

ʺʨʲʾʰʹ ʳʰʳʨʸʯʻʲʬʩʰʹ ˂ʭʲʰʲʬʩʨʹ. ʸʵʪʵʸ˂ ˂ʴʵʩʰʲʰʨ, ʫʨʪʨʺʬˆʭʰʹ ʱʻʯˆʬ 
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ʫʨʳʵʱʰʫʬʩʻʲʰʨ ʸʵʪʵʸ˂ ʵʶʺʰʱʻʸ ʹʰʳʱʭʸʰʭʬʬʩʮʬ, ʨʹʬʭʬ ʺʨʲʾʰʹ ʹʰʪʸ˃ʬʮʬ 

(ʹʶʬʽʺʸʻʲ ʼʬʸʮʬ). ʳʵʱʲʬ ʺʨʲʾʰʹ ʹʰʪʸ˃ʰʹ ʳʽʵʴʬ ʹˆʰʭʬʩʰ ʻʼʸʵ ʳʬʺʨʫ 

ʪʨʫʨʺʿʫʬʩʨ, ˆʵʲʵ ʪʸ˃ʬʲʰ ʺʨʲʾʰʹ ʹʰʪʸ˃ʰʹ ʳʽʵʴʬ - ʻʼʸʵ ʴʨʱʲʬʩʨʫ. ʳʨʪʨʲʰʯʨʫ, 

ʭʨʱʻʻʳʰʫʨʴ ʨʲʳʨʹˀʰ ʪʨʫʨʹˆʭʲʰʹʨʹ ʹˆʰʭʰ ʻʼʸʵ ʳʬʺʨʫ ʪʨʫʨʺʿʫʬʩʨ, ʭʰʫʸʬ 

ʭʨʱʻʻʳʰʫʨʴ ˀʻˀʨˀʰ. 

 ʸʵʪʵʸ˂ ʮʬʳʵʯ ʭʯʽʭʰʯ, ʯʬʯʸʰ ʹˆʰʭʰ ˀʬʫʪʬʩʨ ʹˆʭʨʫʨʹˆʭʨ  ʹʰˆˀʰʸʰʹ 

ʺʨʲʾʬʩʰʹʪʨʴ. ʸʵʫʬʹʨ˂ ʯʬʯʸʰ ʹˆʰʭʰ ʪʨʫʨʫʰʹ ʬʸʯʰ ʵʶʺʰʱʻʸʰ ʹʰʳʱʭʸʰʭʰʹ 

ʪʨʸʬʳʵʫʨʴ ʳʬʵʸʬˀʰ, ʳʰʹʰ ʹˆʭʨʫʨʹˆʭʨ ʹʰʪʸ˃ʰʹ ʳʽʵʴʬ ʺʨʲʾʬʩʰ ʪʨʫʨʺʿʫʬʩʰʨʴ 

ʹˆʭʨʫʨʹˆʭʨ ʱʻʯˆʰʯ (ʰˆʰʲʬʯ ʽʭʬʫʨ ʹʻʸʨʯʰ). ʨʳ ʶʸʵ˂ʬʹʹ ʹˆʰʭʰʹ ʹʶʬʽʺʸʻʲʰ 

ʫʨˀʲʨ ʬ˄ʵʫʬʩʨ. ʹˆʰʭʰʹ ʬʹ ʯʭʰʹʬʩʨ ʨʸʰʹ ˆˀʰʸʨʫ ʯʭʨʲˀʰ ʹʨ˂ʬʳʰ.  

 

1ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʶʸʰʮʳʨˀʰ ʪʨʳʨʭʨʲʰ ʯʬʯʸʰ ʹˆʰʭʰʹ ʹʶʬʽʺʸʻʲʨʫ ʫʨˀʲʰʹ ʶʸʵ˂ʬʹʰ 
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ʳʵʫʬʲʰʸʬʩʨ 

 

ʪʨʸʬʳʵʹ ʱʵʳʶʰʻʺʬʸʻʲʰ ʳʵʫʬʲʰ 

 

 ˀʬʳʨʭʨʲ ʳʵʴʨ˂ʬʳʹ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ˃ʸʨʭʰʹʨʯʭʰʹ ˄ʨʸʳʵʨʫʪʬʴʹ ʪʨʸʬʳʵʹ 

ʱʵʳʶʰʻʺʬʸʻʲʰ ʳʵʫʬʲʰ, ʸʵʳʬʲʰ˂ ʸʨʳʵʫʬʴʰʳʬ ʴʨ˄ʰʲʰʹʪʨʴ ˀʬʫʪʬʩʨ: 

1. ʹ˂ʬʴʨˀʰ ʨʸʹʬʩʻʲʰ ʵʩʰʬʽʺʬʩʰ - ʵʩʰʬʽʺʬʩʰ ʳʵʰ˂ʬʳʨ ʮʬʫʨʶʰʸʬʩʰʹ ʹʨˆʰʯ. 

ʮʬʫʨʶʰʸʰ ʪʨʴʹʨʮʾʭʸʨʭʹ ʪʬʵʳʬʺʸʰʻʲ ʼʵʸʳʨʹ ʫʨ, ˀʬʹʨʩʨʳʰʹʨʫ, ʬʸʯ-ʬʸʯʰ 

ʿʭʬʲʨʮʬ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʳʵʴʨ˂ʬʳʰʨ. (ʨʳ ʴʨˀʸʵʳʰʹ ʼʨʸʪʲʬʩˀʰ ʪʨʴʭʰˆʰʲʨʭʯ 

ʳˆʵʲʵʫ ʮʬʫʨʶʰʸʬʩʰʹ ʭʰʮʻʨʲʰʮʨ˂ʰʨʹ  ʫʨ ʨʸʨ ʹʰʭʸ˂ʻʲʰ ʵʩʰʬʽʺʬʩʰʹʨʹ) 

2. ʵʩʰʬʽʺʬʩʰʹ ʮʬʫʨʶʰʸʰʹ ʳʨʺʬʸʰʨʲʬʩʰ - ʳʨʺʬʸʰʨʲʰ ʪʨʴʹʨʮʾʭʸʨʭʹ ʮʬʫʨʶʰʸʰʹ 

ʺʰʶʹ, ʸʵʳʬʲʰ˂ ˀʬʳʫʪʵʳˀʰ ʪʨʴʨʶʰʸʵʩʬʩʹ ʹʰʴʨʯʲʰʹ ʹˆʰʭʰʹ ʽ˂ʬʭʨʹ ʮʬʫʨʶʰʸʮʬ.  

3. ʪʨʴʨʯʬʩʨ - ʪʨʴʨʯʬʩʨʹ ˀʬʳʵʨʽʭʹ ʹ˂ʬʴʨˀʰ ʹʰʴʨʯʲʬ, ʨʹʬ ʸʵʳ, ʳʰʹ ʪʨʸʬˀʬ ˁʭʬʴ ʹ˂ʬʴʨˀʰ 

ʰʽʴʬʩʵʫʨ ʹʰʩʴʬʲʬ ʫʨ ʪʨʳʵʹʨˆʻʲʬʩʨ˂ ʪʨʳʵʭʰʫʵʫʨ ˀʨʭʰ. ʪʨʴʨʯʬʩʰʹ ʺʰʶʬʩʰ 

ˀʬʳʫʪʵʳ ʯʨʭʬʩˀʰ ʫʬʺʨʲʻʸʨʫ ʰʽʴʬʩʨ ʪʨʴˆʰʲʻʲʰ. 

4. ʹʬʴʹʵʸʰ - ʪʨʳʵʹˆʻʲʬʩʰʹ ʨʾʳʽʳʬʲʰ ʹʬʴʹʵʸʰ (ʯʭʨʲʰ, ʱʨʳʬʸʨ) ˆʨʹʰʨʯʫʬʩʨ 

ʹʶʬ˂ʰʼʰʻʸʰ ʳʨˆʨʹʰʨʯʬʩʲʰʯ, ʸʨ˂ ʹˆʭʨʫʨʹˆʭʨ ʹʨˆʰʯ ʳʵʽʳʬʫʬʩʹ ʹʨʩʵʲʵʵ 

ʪʨʳʵʹʨˆʻʲʬʩʨʮʬ.  

 

ʮʬʫʨʶʰʸʬʩʰ 

 

ʮʵʪʨʫʰ ʨʾ˄ʬʸʨ 

 

 ʮʬʫʨʶʰʸʬʩʰʹ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹʨʯʭʰʹ ʨʻ˂ʰʲʬʩʬʲʰʨ ʳʨʯʰ ʸʨʰʳʬ ʼʵʸʳʰʯ ʨʾ˄ʬʸʨ 

ʫʨ ʭʰʮʻʨʲʰʮʨʺʵʸʰʹʯʭʰʹ ʳʰ˄ʵʫʬʩʨ. ʮʬʫʨʶʰʸʬʩʰʹ ʨʾ˄ʬʸʰʹ ʸʨʳʵʫʬʴʰʳʬ ʳʬʯʵʫʰ 

ʨʸʹʬʩʵʩʹ. ʳʨʪʨʲʰʯʨʫ, ʯʻ ˁʭʬʴ ʹʼʬʸʵʹ ʨʾʭ˄ʬʸʯ ʳʰʹʰ ˂ʬʴʺʸʰʹ ʱʵʵʸʫʰʴʨʺʰʯ ʫʨ 

ʸʨʫʰʻʹʰʯ, ʬʹ ʳʰʹ ʮʬʫʨʶʰʸʹ ˂ʨʲʹʨˆʨʫ ʪʨʴʹʨʮʾʭʸʨʭʹ. ʨʹʬʯʰ ʨʾ˄ʬʸʨ ʹʸʻʲʨʫ ʰ˃ʲʬʭʨ 
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ʰʴʼʵʸʳʨ˂ʰʨʹ ʮʬʫʨʶʰʸʰʹ ˀʬʹʨˆʬʩ ʫʨ ʨʸ ʪʨʨˁʴʰʨ ʮʬʫʨʶʰʸʰʹ ʨʾ˄ʬʸʰʹ ˆʨʸʰʹˆʰʹ 

ʳʨˆʨʹʰʨʯʬʩʬʲʰ, ʯʻ, ʸʨ ʯʽʳʨ ʻʴʫʨ, ʶʵʮʰ˂ʰʨ ʫʨ ʸʨʫʰʻʹʰ˂ ˆʨʸʰʹˆʰʹ ʫʨʻʱʨʸʪʨʭʨʫ 

ʳʵʰ˂ʬʳʨ. ʳʬʵʸʬ ʳʬʯʵʫʰ ʨʸʰʹ ʮʬʫʨʶʰʸʰʹ ʹʨʳʱʻʯˆʬʫʬʩʨʫ ʨʾ˄ʬʸʰʹ ʳʬʯʵʫʰ. ʨʳ 

ʳʬʯʵʫʰʯ ʴʬʩʰʹʳʰʬʸʰ ʮʬʫʨʶʰʸʰ ʳʵʰ˂ʬʳʨ ˄ʬʸʺʰʲʬʩʰʯ ʫʨ ʳʨʯʰ ˀʬʬʸʯʬʩʰʯ 

ʳʰʾʬʩʻʲʰ ʹʨʳʱʻʯˆʬʫʬʩʰʯ. ʨʳ ʼʵʸʳʰʯ ʳʵ˂ʬʳʻʲ ʮʬʫʨʶʰʸʬʩʹ ʻ˄ʵʫʬʩʬʴ ʳʬˀʹ (mesh 

ʽʨʸʯʻʲʨʫ ʩʨʫʬʹ ʴʰˀʴʨʭʹ). ˀʬʳʫʪʵʳˀʰ ˁʭʬʴ ʳʨʹ ʨʳ ʺʬʸʳʰʴʰʯ ʳʵʭʰˆʹʬʴʰʬʩʯ. 

 

ʨʴʨʲʰʺʰʱʻʸʰ ʮʬʫʨʶʰʸʬʩʰ 

 

 ʨʴʨʲʰʺʰʱʻʸʰ ʮʨʫʨʶʰʸʬʩʰ, ʸʵʪʵʸ˂ ˄ʬʹʰ, ʳʵʰ˂ʬʳʨ ʼʵʸʳʻʲʰʹ ʹʨˆʰʯ, ʸʵʳʲʰʹ 

ʹʨˀʻʨʲʬʩʰʯʨ˂ ˁʭʬʴ ʭʨˆʫʬʴʯ ʨʹʨˆʭʨʹ ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫˀʰ. 

ʭʰʮʻʨʲʰʮʨ˂ʰʰʹʯʭʰʹ ʹʨʱʳʨʸʰʹʰʨ ʯʨʴʨʱʭʬʯʬʩʰʹ ʫʨʯʭʲʰʹ ʹʨˀʻʨʲʬʩʨ. 

 

ʫʰʹʱʸʬʺʻʲʰ ʮʬʫʨʶʰʸʬʩʰ 

 

 ʮʬʫʨʶʰʸʬʩʰʹ ʫʰʹʱʸʬʺʻʲʰ ʹʨˆʰʯ ˄ʨʸʳʵʹʨʫʪʬʴʨʫ ʭʰʿʬʴʬʩʯ ʹʨʳʱʻʯˆʬʫʬʩʰʹ 

ʩʨʫʬʹ (Triangle Mesh), ʴʨˀʸʵʳʰʹ ʳʰʳʫʰʴʨʸʬʵʩʰʹ ʶʸʵ˂ʬʹˀʰ ʳʨʹ ʳʵʭʰˆʹʬʴʰʬʩʯ 

ʹʨʳʱʻʯˆʨ ʳʬˀʰʹ ʹʨˆʬʲʰʯ. ʹʨʳʱʻʯˆʨ ʳʬˀʰ ˀʬʫʪʬʩʨ ˄ʭʬʸʵʬʩʰʹʨʪʨʴ ʫʨ ʳʨʯʰ ˀʬʬʸʯʬʩʰʯ 

ʳʰʾʬʩʻʲʰ ʹʨʳʱʻʯˆʬʫʬʩʰʹʪʨʴ(˄ʨˆʴʨʪʬʩʰʹʪʨʴ). 

 

ʳʨʺʬʸʰʨʲʬʩʰ 

 

ʮʵʪʨʫʰ ʨʾ˄ʬʸʨ 

 

 ʹˆʰʭʰʹ ʽ˂ʬʭʨʹ ʵʩʰʬʽʺʰʹ ʮʬʫʨʶʰʸʮʬ ʪʨʴʹʨʮʾʭʸʨʭʹ ʮʬʫʨʶʰʸʰʹ ʳʨʺʬʸʰʨʲʰ, 

ʳʨʪʨʲʰʯʨʫ ʹʨʸʱʰʹʬʩʻʸʰ ʮʬʫʨʶʰʸʮʬ ʫʨ˂ʬʳʻʲʰ ʹˆʰʭʬʩʰ ʰʳʨʭʬ ʱʻʯˆʰʯ 

ʨʰʸʬʱʲʬʩʰʨʴ ʹʰʳʬʺʸʰʻʲʨʫ ʴʵʸʳʨʲʰʹ ʳʰʳʨʸʯ, ʸʨ˂ ʮʬʫʨʶʰʸʮʬ ʳʱʨʼʰʵ ʨʸʬʱʲʰʲ 

ʪʨʳʵʹʨˆʻʲʬʩʨʹ ʰ˄ʭʬʭʹ. ʫʰʼʻʮʰʻʸʰ ʮʬʫʨʶʰʸʰ ʫʨ˂ʬʳʻʲ ʹˆʰʭʬʩʹ ʼʨʸʯʵʫ ˀʲʰʹ, 

ʨʳʰʺʵʳ ʮʬʫʨʶʰʸʮʬ ʨʸʬʱʲʰʲʰ ʪʨʳʵʹʨˆʻʲʬʩʨ ʨʸ ʰʱʰʯˆʬʩʨ. ʮʬʫʨʶʰʸʰʹ ʳʨʺʬʸʰʨʲʰ 

ʨʸʰʹ ʹʨʱʭʨʴ˃ʵ ʴʨ˄ʰʲʰ ʭʰʮʻʨʲʰʮʨʺʵʸʰʹ, ʸʵʳʬʲʰ˂ ʪʨʴʹʨʮʾʭʸʨʭʹ ʮʨʫʨʶʰʸʰʹ ʹʨˆʬʹ. 
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ʪʨʩʴʬʭʰʹ ʵʸʳˆʸʰʭʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʽʴ˂ʰʨ 

 

 ʪʨʩʴʬʭʰʹ ʵʸʳˆʸʰʭʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʨ (BSDF) ʨʹʨˆʨʭʹ ʳʨʴʨʯʵʩʬʲʰ ʹˆʰʭʰʹ 

ʽʳʬʫʬʩʨʹ ʮʬʫʨʶʰʸʮʬ ʫʨ˂ʬʳʰʹʨʹ. 

 

 

2ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʪʨʴʨʯʬʩʰʹ ʹˆʰʭʰʹ ʪʨʩʴʬʭʰʹ ʳʵʫʬʲʰ. ʹʻʸʨʯʰʹ ʵʸʰʪʰʴʨʲʰ ʨʾʬʩʻʲʰʨ ʭʰʱʰʶʬʫʰʰʫʨʴ 

 
 ʯʨʭʰʹʳˆʸʰʭ ʹˆʰʭʰʹ ʮʬʫʨʶʰʸʮʬ ʪʨʩʴʬʭʰʹ ˀʬʳʯˆʭʬʭʨʹ ʿʵʼʬʴ ʵʸ ʫʨʳʵʻʱʰʫʬʩʬʲ 

ʴʨ˄ʰʲʨʫ: 

1. ʨʸʬʱʭʲʰʹ ʵʸʳˆʸʰʭʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʨ (BRDF) -ʨʾ˄ʬʸʹ ʳˆʵʲʵʫ 

ʮʬʫʨʶʰʸʰʫʨʴ ʨʸʬʱʲʰʲʰ ʪʨʴʨʯʬʩʰʹ ʹˆʰʭʬʩʰʹ ʪʨʴʨ˄ʰʲʬʩʨʹ. 

2. ʪʨʺʨʸʬʩʰʹ ʵʸʳˆʸʰʭʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʨ (BTDF) -ʨʾ˄ʬʸʹ ʮʬʫʨʶʰʸʰʹ ʽʭʬˀ 

ʪʨʺʨʸʬʩʻʲʰ ʪʨʴʨʯʬʩʰʹ ʹˆʰʭʬʩʰʹ ʪʨʴʨ˄ʰʲʬʩʨʹ. 

ˆˀʰʸʨʫ ˂ʨʲʱʬ ʪʨʳʵʿʵʼʬʴ ˆʵʲʳʬ ˀʬʳʯˆʭʬʭʨʹ, ʸʵʫʬʹʨ˂ ʫʨ˂ʬʳʻʲʰ ʹˆʰʭʰ ʨʾ˄ʬʭʹ 

ʮʬʫʨʶʰʸʰʹ ʽʭʬˀ, ʪʨʫʨʨʫʪʰʲʫʬʩʨ ʹˆʭʨʫʨʹˆʭʨ ʳʰʳʨʸʯʻʲʬʩʰʯ ʫʨ ˀʬʳʫʬʪ ʺʵʭʬʩʹ 
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ʮʬʫʨʶʰʸʹ ʰʹʬʭ ʫʨ˂ʬʳʰʹ ʳˆʨʸʬʹ. ʬʹ ʨʸʰʹ BRDF-ʮʬ ʩʬʭʸʨʫ ʱʵʳʶʲʬʽʹʻʸʰ ˀʬʳʯˆʭʬʭʨ. ʨʳ 

ˀʬʳʯˆʭʬʭʨʹ ʨʾ˄ʬʸʬʴ ʵʸʳˆʸʰʭʰ ʮʬʫʨʶʰʸʽʭʬˀʪʨʩʴʬʻʲʰ ʨʸʬʱʭʲʰʹ ʪʨʴʨ˄ʰʲʬʩʰʹ 

ʼʻʴʽ˂ʰʰʯ (BSSRDF). ʳʨʪʨʲʰʯʨʫ BSSRDF-ʰʯ ʱʨʸʪʨʫ ˆʨʹʰʨʯʫʬʩʨ ʨʫʨʳʰʨʴʰʹ ʱʨʴʰ, 

ʸʵʳʬʲʰ˂ ʸʬʨʲʻʸ ʸʬʴʫʬʸˀʰ ˆˀʰʸʨʫ ʬʸʯ-ʬʸʯ ˄ʨʳʿʭʨʴ ʸʵʲʹ ʰʱʨʭʬʩʹ ʫʨ ʳʰʹʰ 

ʱʵʸʬʽʺʻʲʰ ʸʬʴʫʬʸʰ ˃ʨʲʰʨʴ ʳʴʰˀʭʴʬʲʵʭʨʴʰʨ. 

 

ʨʴʰʮʵʺʸʵʶʻʲʰ ʳʨʺʬʸʰʨʲʰ 

 

 

Figure 3ʨʴʰʮʵʺʸʵʶʻʲ brdf-ˀʰ ʳʵʴʨ˄ʰʲʬ ʱʵʳʶʵʴʬʴʺʬʩʰ. U, V - ʶʨʸʨʳʬʺʸʰʮʨ˂ʰʰʹ ʳʰʳʨʸʯʻʲʬʩʬʩʰ, N - ʮʬʫʨʶʰʸʰʹ ʴʵʸʳʨʲʰ, E - 
ʫʨʳʱʭʰʸʭʬʩʲʰʹ ʳʰʳʨʸʯʻʲʬʩʨ. L - ʪʨʴʨʯʬʩʰʹ ʳʰʳʨʸʯʻʲʬʩʨ. 

 ʸʵʫʬʹʨ˂ ʳʰʱʸʵʮʬʫʨʶʰʸʰ ʨʸʨʨ ʽʨʵʹʻʸʰ ˆʨʹʰʨʯʰʹ ʫʨ ʸʨʰʳʬ ʱʨʴʵʴʮʵʳʬʸʬʩʰʯ 

ʨʸʰʹ ʳʵ˄ʬʹʸʰʪʬʩʻʲʰ, ʬʹ ˀʬʰ˃ʲʬʩʨ ʪʨˆʫʬʹ ʨʴʰʮʵʺʸʵʶʻʲʰ ʨʸʬʱʭʲʰʹ 

ʳʰʮʬʮʰ(ʰˆʰʲʬʯ ʽʭʬʳʵʯ ʳʵ˂ʬʳʻʲʰ ʹʻʸʨʯʰ). ʳʨʪʨʲʰʯʨʫ ʯʻ ʮʬʫʨʶʰʸʹ 

˄ʨʸʳʵʭʰʫʪʬʴʯ, ʸʵʪʵʸ˂ ˁʨʳ˄ʱʸʰʭʬʩʻʲ ʳʰʱʸʵ ˂ʰʲʰʴʸʬʩʹ, ʸʵʳʬʲʯʨ˂ ʳʬʺʴʨʱʲʬʩʨʫ 

ʳʹʪʨʭʹʰ ʳʰʳʨʸʯʻʲʬʩʨ ʨʽʭʯ, ʨʹʬʯ ˀʬʳʯˆʭʬʭʨˀʰ ʹʰʴʨʯʲʰʹ ʹˆʰʭʰʹ ʨʸʬʱʭʲʰʹ 

ʳʰʳʨʸʯʻʲʬʩʬʩʰʹ ʪʨʴʨ˄ʰʲʬʩʨ(BSDF) ʫʨʳʵʱʰʫʬʩʻʲʰ ʰʽʴʬʩʨ ʰʳʨʮʬ˂, ʯʻ ʸʵʳʬʲʰ 

ʳˆʸʰʫʨʴ ˆʫʬʩʨ ʳʰʹʰ ʫʨ˂ʬʳʨ. ˀʬʹʨʩʨʳʰʹʨʫ ʨʴʰʮʵʺʸʵʶʻʲʰ ʳʨʺʬʸʰʨʲʰʹ ʨʾʹʨ˄ʬʸʨʫ 

ʨʻ˂ʰʲʬʩʬʲʰʨ ʶʨʸʨʳʬʺʸʰʮʬʩʻʲʰ ʮʬʫʨʶʰʸʰ(ʶʨʸʨʳʬʺʸʰʮʨ˂ʰʰʹ ʳʰʳʨʸʯʻʲʬʩʬʩʰ 

(U,V)), ʸʨʯʨ ʳʵˆʫʬʹ ʫʨ˂ʬʳʰʹ ʳʰʳʨʸʯʻʲʬʩʰʹ ʪʨʴʹʨʮʾʭʸʨ. 
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Figure 4ʨʴʰʮʵʺʸʵʶʻʲʰ ʮʬʫʨʶʰʸʰ 

 

ʰʮʵʺʸʵʶʻʲʰ ʳʨʺʬʸʰʨʲʰ 

 

 ʰʮʵʺʸʵʶʻʲʰ ʮʬʫʨʶʰʸʰ ʻʼʸʵ ʳʨʸʺʰʭʰ ˀʬʳʯˆʭʬʭʨʨ. ʨʽ ʳʰʱʸʵʮʬʫʨʶʰʸʰ 

ʽʨʵʹʻʸʰ ˆʨʹʰʨʯʰʹʨʨ ʫʨ ˀʬʹʨʩʨʳʰʹʨʫ BSDF ʨʸʨʨ ʫʨʳʵʱʰʫʬʩʻʲʰ θ ʱʻʯˆʬʮʬ. ʨʳʰʹ ʪʨʳʵ 

ˆˀʰʸʨʫ ʰʮʵʺʸʵʶʻʲʰ BSDF-ʬʩʰ ʹʽʬʳʨʺʻʸʨʫ ʵʸ ʪʨʴʮʵʳʰʲʬʩʨʮʬ ʰˆʨʺʬʩʨ, ʸʨ˂ ʳʨʯ 

ʨʾʽʳʨʹ ʨʨʫʭʰʲʬʩʹ. ʰʮʵʺʸʵʶʻʲʰ ʮʬʫʨʶʰʸʬʩʰ ʩʻʴʬʩʨˀʰ ʻʼʸʵ ˆˀʰʸʨʫ ʪʭˆʭʫʬʩʨ. 

 

 

ʺʬʽʹʺʻʸʨ ʫʨ ʮʬʫʨʶʰʸʰʹ ʶʨʸʨʳʬʺʸʰʮʨ˂ʰʨ 
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Figure 5ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʹʨʳʱʻʯˆʨ ʳʬˀʰ ʫʰʼʻʮʰʻʸʰ ʺʬʽʹʺʻʸʰʯ(ʳʨʸ˂ˆʴʰʭ) ʫʨ ʳʰʹ ʪʨʸʬˀʬ(ʳʨʸˇʭʴʰʭ) 

ʰʳʰʹʨʯʭʰʹ, ʸʵʳ ʮʬʫʨʶʰʸʰʹ ʹˆʭʨʫʨʹˆʭʨ ˄ʬʸʰʲʰ ʨʾʭ˄ʬʸʵʯ ʹˆʭʨʫʨʹˆʭʨ 

ʳʨˆʨʹʰʨʯʬʩʲʰʯ ʰʿʬʴʬʩʬʴ ʺʬʽʹʺʻʸʬʩʹ. ʺʬʽʹʺʻʸʨ ˀʬʰ˃ʲʬʩʨ ʰʿʵʹ ʸʵʪʵʸ˂ 

ʫʰʹʱʸʬʺʻʲʰ(ʸʨʹʺʸʻʲʰ), ʨʹʬʭʬ ʭʬʽʺʵʸʻʲʰ. ʫʰʹʱʸʬʺʻʲʰ ʹʨˆʰʯ ʳʵ˂ʬʳʻʲʰ 

ʺʬʽʹʺʻʸʬʩʰ ʻʼʸʵ ˆˀʰʸʨʫ ʪʨʳʵʰʿʬʴʬʩʨ. ʫʰʹʱʸʬʺʻʲʰ ʳʵʰ˂ʬʳʨ ʳʨʺʸʰ˂ʰʹ ʹʨˆʰʯ ʫʨ 

ˆˀʰʸ ˀʬʳʯˆʭʬʭʨˀʰ ʳʨʯʰ ˀʬʴʨˆʭʨ ʼʨʰʲʻʸ ʹʰʹʺʬʳʨˀʰ ˆʫʬʩʨ ˂ʰʼʸʻʲʰ ʹʻʸʨʯʰʹ ʹʨˆʰʯ. 

ʳʨʸʺʰʭʰ ʳʰʹʨˆʭʬʫʸʰʨ, ʸʵʳ ʯʻ ʪʭʹʻʸʹ ʮʬʫʨʶʰʸʰʹ ʴʬʩʰʹʳʰʬʸʰ ˄ʬʸʺʰʲʰ 

ʨʾʭ˄ʬʸʵʯ ʸʨʰʳʬ ʳʨˆʨʹʰʨʯʬʩʲʰʯ(ʼʬʸʰ, ʹʰʪʲʻʭʰʹ ʱʵʬʼʰ˂ʰʬʴʺʰ,...) ʫʨ ʬʹ ʳʵʴʨ˂ʬʳʬʩʰ 

ˀʬʭʰʴʨˆʵʯ ʳʨʺʸʰ˂ʰʹ ʹʨˆʰʯ, ʨʻ˂ʰʲʬʩʬʲʰʨ ʨʸʹʬʩʵʩʫʬʹ ʸʨʰʳʬ ʨʹʨˆʭʨ, ʸʵʳʬʲʰ˂ 

ʮʬʫʨʶʰʸʰʹ ʴʬʩʰʹʳʰʬʸ ˄ʬʸʺʰʲʹ ˀʬʻʹʨʩʨʳʬʩʹ ʳʨʺʸʰ˂ʰʹ ʬʲʬʳʬʴʺʹ. ʹˆʭʨ ʹʰʺʿʭʬʩʰʯ 

ʸʵʳ ʭʯʽʭʨʯ, ʳʵ˂ʬʳʻʲʰ ʺʬʽʹʺʻʸʨ ʻʴʫʨ ʪʨʫʨʭʨʱʸʨʯ ʪʬʵʳʬʺʸʰʰʹ ʮʬʫʨʶʰʸʹ, ˆˀʰʸʨʫ 

ʨʳʩʵʩʬʴ ʶʰʸʰʽʰʯ, ʸʵʳ ʮʬʫʨʶʰʸʰ ʻʴʫʨ ʪʨʭˀʨʲʵʯ ʹʰʩʸʺʿʬʮʬ(unwrap).  ʨʳ ʶʸʵ˂ʬʹʹ 

ʬ˄ʵʫʬʩʨ ʮʬʫʨʶʰʸʰʹ ʶʨʸʨʳʬʺʸʰʮʨ˂ʰʨ.  

ʨʸ ʨʸʰʹ ʨʻ˂ʰʲʬʩʬʲʰ, ʸʵʳ ʨʹʨˆʭʨ ʮʬʫʨʶʰʸʰʫʨʴ ʺʬʽʹʺʻʸʨʮʬ ʰʿʵʹ ʩʰʬʽ˂ʰʻʸʰ. 

ˆˀʰʸ ˀʬʳʯˆʭʬʭʨˀʰ ʮʬʫʨʶʰʸʰʹ ʪʨˀʲʨ ʹʰʩʸʺʿʬʮʬ ʨʫʭʰʲʨʫ ʭʬʸ ˆʬʸˆʫʬʩʨ, ʸʰʹ ʪʨʳʵ˂ 

ʨˆʫʬʴʬʴ ʳʰʹ ʫʨʴʨ˄ʬʭʸʬʩʨʹ ʫʨ ʰʹʬ ʫʨʲʨʪʬʩʨʹ ʹʰʩʸʺʿʬʮʬ. ʨʳ ʫʸʵʹ ʺʬʽʹʺʻʸʨ 

ʹʸʻʲʨʫ ˀʬʰ˃ʲʬʩʨ ʨʸ ʫʨʰʱʨʭʵʹ ʮʬʫʨʶʰʸʳʨ ʫʨ ʫʨʪʭʸˁʬʹ ʨʫʪʰʲʬʩʰ ʸʵʳʲʬʲʯʨ˂ 

ʮʬʫʨʶʰʸʮʬ ˀʬʹʨʺʿʭʰʹʰ ʨʸ ʪʨʨˁʴʰʨʯ. ʶʬʮʨʶʰʸʰʹ ʶʨʸʨʳʬʺʸʻʲ ʱʵʵʸʫʰʴʨʺʬʩʹ 

ʻʳʬʺʬʹʨʫ (u,v) ˄ʿʭʰʲʰʯ ʨʾʴʰˀʴʨʭʬʴ. 
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ʪʨʴʨʯʬʩʨ 

 

˄ʬʸʺʰʲʵʭʨʴʰ ʪʨʴʨʯʬʩʨ 

 

 ˄ʬʸʺʰʲʵʭʨʴʰ ʪʨʴʨʯʬʩʬʩʰ ʩʻʴʬʩʨˀʰ ʨʸ ʪʭˆʭʫʬʩʨ, ʸʨʫʪʨʴ ʸʬʨʲʻʸ ˂ˆʵʭʸʬʩʨˀʰ 

ʴʬʩʰʹʳʰʬʸ ʳʨʴʨʯʵʩʬʴ ʮʬʫʨʶʰʸʹ ʪʨʨˁʴʰʨ ʮʬʫʨʶʰʸʰʹ ʼʨʸʯʵʩʰ. ˄ʬʸʺʰʲʵʭʨʴʰ 

ʪʨʴʨʯʬʩʰʹ ˀʬʳʵʾʬʩʨ ʨʻ˂ʰʲʬʩʬʲʰ ʪʨˆʫʨ ʳʰʹʰ ʹʰʳʨʸʺʰʭʰʹ ʪʨʳʵ. ʰʹ ˆʨʹʰʨʯʫʬʩʨ 

ʶʵʮʰ˂ʰʰʯ ʹʰʭʸ˂ʬˀʰ, ʪʨʴʨʯʬʩʰʹ ʼʬʸʰʯ ʫʨ ʰʴʺʬʴʹʰʭʵʩʰʯ. ˄ʬʸʺʰʲʵʭʨʴʰ ʪʨʴʨʯʬʩʰʹ 

ˀʬʸˁʬʭʨ ʹ˂ʬʴʨˀʰ ʨʸʹʬʩʻʲʰ ʮʬʫʨʶʰʸʰʹ ˄ʬʸʰʲʬʩʰʹʯʭʰʹ ʪʨʴʨʯʬʩʰʹ ʫʨʹʨʯʭʲʬʲʨʫ 

ʳʨʸʺʰʭʰ ʶʸʵ˂ʬʹʰʨ, ʸʨʫʪʨʴ ʪʨʴʨʯʬʩʰʹ ʳʰʳʨʸʯʻʲʬʩʰʹ ʫʨʫʪʬʴʨ ʨʫʭʰʲʨʫ ˆʫʬʩʨ. ʨʳ 

ʺʰʶʰʹ ʪʨʴʨʯʬʩʰʹ ʫʸʵʹ ʫʨ˂ʬʳʻʲʰ ˁʸʫʰʲʬʩʹ ʳʱʭʬʯʸʰ ʱʰʫʬʬʩʰ ʨʽʭʹ(Hard Shadows). 

 

 

ʹʼʬʸʻʲʰ ʫʰʼʻʮʰʻʸʰ ʪʨʴʨʯʬʩʨ 

 

 ʸʵʪʵʸ˂ ʹʨˆʬʲ˄ʵʫʬʩʰʫʨʴ ˁʨʴʹ, ʹʼʬʸʻʲʰ ʪʨʴʨʯʬʩʨ ˄ʨʸʳʵʨʫʪʬʴʹ ʳʨʴʨʯʵʩʬʲ 

ʹʼʬʸʵʹ, ʸʵʳʲʰʹ ʮʬʫʨʶʰʸʰ˂ ʫʰʼʻʮʰʻʸʨʫ ʨʹˆʰʭʬʩʹ ʹʰʴʨʯʲʬʹ. ʮʬʫʨʶʰʸʰʹ 

˄ʬʸʺʰʲʬʩʰʹʯʭʰʹ ʹʼʬʸʻʲʰ ʪʨʴʨʯʬʩʰʹ ˄ʭʲʰʲʰʹ ʫʨʯʭʲʰʹ ʶʸʵ˂ʬʹʰ ʺʬʽʴʰʱʻʸʨʫ 

ʻʼʸʵ ʸʯʻʲʰ ʫʨ ˀʸʵʳʨʺʬʭʨʫʰʨ, ʭʰʫʸʬ ˄ʬʸʺʰʲʵʭʨʴʰʹ.  
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ʪʨʴʭʰˆʰʲʵʯ ʹʼʬʸʻʲʰ ʪʨʴʨʯʬʩʰʹ ˀʬʸˁʬʭʰʹ ʶʸʵ˂ʬʹʰ. ʹʼʬʸʻʲʰ ʪʨʴʨʯʬʩʰʹ 

ˀʬʸˁʬʭʰʹʨʹ ʨʸʹʬʩʻʲʰ ˀʬʳʯˆʭʬʭʬʩʰ ˀʬʪʭʰ˃ʲʰʨ ʪʨʭʿʵʯ 2 ʴʨ˄ʰʲʨʫ: ʸʵʫʬʹʨ˂ 

˄ʬʸʺʰʲʰ ʬʽ˂ʬʭʨ ʹʼʬʸʵʹ ˀʰʪʴʰʯ ʫʨ ʸʵʫʬʹʨ˂ ʨʸʰʹ ʪʨʸʬʯ. ʶʰʸʭʬʲ ˀʬʳʯˆʭʬʭʨˀʰ 

ʴʬʩʰʹʳʰʬʸʰ ˀʬʸˁʬʻʲʰ ʭʬʽʺʵʸʰ ʨʻ˂ʰʲʬʩʲʨʫ ʪʨʴʨʯʬʩʰʹʱʬʴʨʨ ʳʰʳʨʸʯʻʲʰ, ʨʹʬ ʸʵʳ 

ʹʨʱʳʨʸʰʹʰʨ ʳʵʭʨˆʫʰʴʵʯ ʳʰʳʨʸʯʻʲʬʩʰʹ ˀʬʳʯˆʭʬʭʰʯʰ, ʯʨʴʨʩʨʸʰ ˀʬʸˁʬʭʨ. ʨˆʲʨ 

ʪʨʴʭʰˆʰʲʵʯ ˀʬʳʯˆʭʬʭʨ, ʸʵ˂ʨ ˄ʬʸʺʰʲʰ ʪʨʴʨʯʬʩʰʹ ʪʨʸʬʯʨʨ(ʰˆʰʲʬʯ ʮʬʳʵʯ 

ʳʵ˂ʬʳʻʲʰ ʹʻʸʨʯʰ). ʹʰʳʨʸʺʰʭʰʹʯʭʰʹ ˀʬʳʯˆʭʬʭʨ ʪʨʴʭʰˆʰʲʵʯ 2 ʪʨʴʮʵʳʰʲʬʩʨˀʰ. 

ʮʬʫʨʶʰʸʰʹ ˄ʬʸʺʰʲʰ ʸʵʳʲʰʹʯʭʰʹʨ˂ ʭʨˆʫʬʴʯ ʳʰʳʨʸʯʻʲʬʩʬʩʰʹ ˀʬʸˁʬʭʨʹ 

ʨʾʭʴʰˀʴʵʯ P-ʯʰ, ʹʼʬʸʵʹ ˂ʬʴʺʸʰ O-ʯʰ ˆʵʲʵ ʸʨʫʰʻʹʰ r-ʰʯ. ʶʰʸʭʬʲ ʸʰʪˀʰ ʻʴʫʨ 

ʫʨʭʰʯʭʨʲʵʯ ʹʼʬʸʵʹ ˂ʬʴʺʸʨʳʫʬ ʳʨʴ˃ʰʲʰ d=|O-P|. ˀʬʳʫʬʪ ʻʴʫʨ ʪʨʳʵʭʯʭʨʲʵʯ 

ʹʼʬʸʵʹ ʳʰʬʸ P ˄ʬʸʺʰʲʰʹ ʳʰʳʨʸʯ ˀʬʫʪʬʴʰʲʰ ʱʻʯˆʬ. ʱʵʴʻʹʰʹ ˄ʭʬʸʵʹʯʨʴ ʨʸʹʬʩʻʲʰ 

ʱʻʯˆʬ ʸʵʳʬʲʹʨ˂ ʱʵʴʻʹʰʹ ʳʹʨˆʭʬʲʰ ʨʫʪʬʴʹ ʾʬʸ˃ʯʨʴ ʨʾʭʴʰˀʴʵʯ α-ʯʰ. ʴʨˆʨʮʰʫʨʴ 

ʱʨʸʪʨʫ ˁʨʴʹ ʸʵʳ                     ʨˆʲʨ, ʸʵ˂ʨ ʻʱʭʬ ʭʰ˂ʰʯ ʪʨʴʨʯʬʩʰʹʱʬʴ 

ʳʰʳʨʸʯʻʲʰ, ʱʵʴʻʹʰʹ ˄ʭʬʸʵʹʯʨʴ ʨʸʹʬʩʻʲʰ, α ʱʻʯˆʬ ˀʬʪʭʰ˃ʲʰʨ ʳʵʭʨˆʫʰʴʵʯ 

ʳʰʳʨʸʯʻʲʬʩʬʩʰʹ ˀʬʸˁʬʭʨ ʱʵʴʻʹˀʰ ʲʵʱʨʲʻʸʨʫ. ʬʹ ʨʳʵ˂ʨʴʨ ʪʨʴʭʰˆʰʲʵʯ ˂ʨʲʱʬ. 

       ʹʨʹʻʸʭʬʲʰ ʪʨˀʲʰʲʵʩʰʹ ʳʽʵʴʬ ʱʵʴʻʹˀʰ ʳʰʳʨʸʯʻʲʬʩʬʩʰʹ ʪʬʴʬʸʰʸʬʩʨ ʨʫʭʰʲʨʫ 

ˀʬʰ˃ʲʬʩʨ ʪʨʱʬʯʫʬʹ ʹʼʬʸʻʲʰ ʱʵʵʸʫʰʴʨʯʯʨ ʹʰʹʺʬʳʰʹ ʫʨˆʳʨʸʬʩʰʯ, ʯʻʳ˂ʨ ʨʽ ʨʸ 

ʻʴʫʨ ʫʨʪʭʨʭʰ˄ʿʫʬʹ ʬʸʯʰ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʳʵʳʬʴʺʰ. ʹʼʬʸʻʲʰ ʱʵʵʸʫʰʴʨʯʯʨ 

ʹʰʹʺʬʳʨˀʰ Φ ʫʨ Θ-ʹ ʯʨʴʨʩʨʸʰ ˀʬʸˁʬʭʰʹ ʫʸʵʹ ʶʵʲʻʹʬʩʯʨʴ ʻʼʸʵ ʳʬʺʰ ʹʰʳʱʭʸʰʭʰʯ 

ˆʫʬʩʨ ˀʬʸˁʬʭʨ ʨʳʰʺʵʳ ʬʹ ʶʸʵʩʲʬʳʨ ʻʴʫʨ ʳʵʭʨʪʭʨʸʵʯ. ˂ˆʨʫʰʨ ʨʳʰʹʯʭʰʹ Θ-ʹ ˀʬʸˁʬʭʨ 

ʯʨʴʨʩʸʨʫ ʨʸ ʻʴʫʨ ʳʵˆʫʬʹ. 

//ʼʻʴʽ˂ʰʨ ʨˆʫʬʴʹ ʴʵʸʳʨʲʰʮʬʩʻʰʲʰ ʭʬʽʺʵʸʬʩʰʹ ˀʬʸˁʬʭʨʹ ʱʻʴʻʹʰʹ ˀʬʰʪʴʰʯ 
Vector3 uniformRandomDirectionWithinCone( double cosMaxTheta, double r1, double r2 ) 

{ 

Vector3 dir; 
const double Phi = TWO_PI*r1; 

 

dir.z = cosMaxTheta+(1.0-cosMaxTheta)*r2; 
double sinAlpha = sqrt(1.0-dir.z*dir.z); 

dir.x = cos(Phi)*sinAlpha; 

dir.y = sin(Phi)*sinAlpha; 
  

return dir; 

} 

http://en.wikipedia.org/wiki/Spherical_coordinate_system
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ʼʻʴʽ˂ʰʨʹ ʪʨʫʨʬ˂ʬʳʨ ʱʵʹʰʴʻʹʰ ʱʻʯˆʰʹʨ, ʸʵʳʬʲʹʨ˂ ʱʵʴʻʹʰʹ ʳʹʨˆʭʬʲʰ ʨʫʪʬʴʹ 

ʾʬʸ˃ʯʨʴ ʫʨ 2 ʴʨʳʫʭʰʲʰ ʸʰ˂ˆʭʰ ʯʨʴʨʩʨʸʰ ʪʨʴʨ˄ʰʲʬʩʰʫʨʴ(ʬʹ ʸʰ˂ˆʭʬʩʰ ˀʬʰ˃ʲʬʩʨ 

ʰʿʵʹ ʸʵʪʵʸ˂ ʼʹʬʭʫʵ, ʨʹʬʭʬ ʱʭʨʮʰ ˀʬʳʯˆʭʬʭʰʯʰ ʸʰ˂ˆʭʬʩʰ). ʯʻ r1 ʫʨ r2 ʨʸʨʨ 

ʯʨʴʨʩʨʸʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʬʲʬʳʬʴʺʬʩʰ ʫʨ ʪʨʨˁʴʰʨʯ ʱʵʸʬʲʨ˂ʰʨ, ˀʬʸˁʬʻʲʰ ʭʬʽʺʵʸʬʩʰ˂ 

ʰʽʴʬʩʨʰʴ ʱʵʸʬʲʨ˂ʰʻʸʰ. ʸʬʹʻʸʹʰʹ ʳˆʸʰʭ ʼʻʴʽ˂ʰʨ ʰʵʲʰ ʴʨʳʫʭʰʲʨʫ ʨʸʨʨ, ʸʨʫʪʨʴ 

ˀʬʰ˂ʨʭʹ ʯʰʯʵ ʹʰʴʻʹ/ʱʵʹʰʴʻʹʹ ʫʨ ʼʬʹʭʰʹ ʨʳʵʾʬʩʨʹ.  

 

ʪʨʸʬʳʵʹ ʪʨʴʨʯʬʩʨ 

 

 
 ʪʨʸʬʳʵʹ ʪʨʴʨʯʬʩʨ ˄ʨʸʳʵʨʫʪʬʴʹ ʻʹʨʹʸʻʲʵʫ ˀʵʸ ʪʨʴʨʯʬʩʨʹ, ʸʵʳʬʲʰ˂ ʪʨʸˀʬʳʵ 

ʬʱʭʸʰʹ ʳʯʬʲ ʹ˂ʬʴʨʹ. ʪʨʸʬʳʵʹ ʪʨʴʨʯʬʩʨ ˃ʨʲʰʨʴ ʱʨʸʪʰ ʫʨ ʳʵʹʨˆʬʸˆʬʩʬʲʰ ʹʨˀʻʨʲʬʩʨʨ 

ʹ˂ʬʴʰʹ ʸʬʨʲʰʹʺʻʸʰ ʪʨʴʨʯʬʩʰʹʨʯʭʰʹ. ʰʹ ˃ʨʲʰʨʴ ʨʫʭʰʲʨʫ ʳʵʰ˂ʬʳʨ ʶʨʴʵʸʨʳʻʲʰ 

ʹʺʰʲʰʹ ʹʻʸʨʯʰʯ. ʰʳʰʹ ʪʨʳʵ, ʸʵʳ ʪʨʴʨʯʬʩʨ ʨʸʰʹ ʻʹʨʹʸʻʲʵʫ ˀʵʸʰ, ʰʹ ʶʵʮʰ˂ʰʨ-

ʰʴʭʨʸʰʬʴʺʰʨ, ʸʨ˂ ʫʨʳʨʺʬʩʰʯ ʹʨˀʻʨʲʬʩʬʩʹ ʪʭʨ˃ʲʬʭʹ ʪʨʳʵʯʭʲʰʹ ʶʸʵ˂ʬʹˀʰ. 
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ˀʬʩʸʻʴʬʩʻʲʰ ʱʭʨʫʸʨʺʰʹ ˄ʬʹʰ 

 

ˀʬʩʸʻʴʬʩʻʲʰ ʱʭʨʫʸʨʺʰʹ ˄ʬʹʰ ʨʾ˄ʬʸʹ ʪʨʴʨʯʬʩʰʹ ʰʴʺʬʴʹʰʭʵʩʰʹ ˀʬʹʻʹʺʬʩʰʹ 

ʼʬʴʵʳʬʴʹ ʪʨʴʨʯʬʩʰʹ ˄ʿʨʸʵʹʨ ʫʨ ʵʩʰʬʽʺʹ ˀʵʸʰʹ ʳʨʴ˃ʰʲʰʹ ʮʸʫʰʹ ʫʸʵʹ. ʨʳ ˄ʬʹʰʹ 

ʯʨʴʨˆʳʨʫ: ʪʨʴʨʯʬʩʰʹ ʰʴʺʬʴʹʰʭʵʩʨ ʬʸʯʬʻʲʵʭʨʴ ʼʨʸʯʵʩʮʬ ʨʸʰʹ ʪʨʴʨʯʬʩʰʹ 

˄ʿʨʸʵʳʫʬ ʳʨʴ˃ʰʲʰʹ ʱʭʨʫʸʨʺʰʹ ˀʬʩʸʻʴʬʩʻʲʰʹ ʶʸʵʶʵʸ˂ʰʻʲʰ. 

        ʳʨʪʨʲʰʯʨʫ ʪʭʨʽʭʹ P ʰʴʺʬʴʹʰʵʩʰʹ ʳʽʵʴʬ ʸʨʰʳʬ ˄ʬʸʺʰʲʵʭʨʴʰ ʪʨʴʨʯʬʩʨ. ʯʻ ʨʳ 

ʪʨʴʨʯʬʩʨʹ ʳʵʭʨʯʨʭʹʬʩʯ ʹʼʬʸʵʹ ˂ʬʴʺʸˀʰ, ʳʨˀʰʴ ˀʬʪʭʰ˃ʲʰʨ ʭʯʽʭʨʯ, ʸʵʳ ʨʳ ʪʨʴʨʯʬʩʰʹ 

ʹʸʻʲʰ ʰʴʺʬʴʹʰʵʩʨ(P) ʴʨ˄ʰʲʫʬʩʨ ʹʼʬʸʵʹ ʮʬʫʨʶʰʸʮʬ, ʸʵʳʲʰʹ ʼʨʸʯʵʩʰ˂ ʨʸʰʹ       

ˀʬʹʨʩʨʳʰʹʨʫ ʹʼʬʸʵʹ ʮʬʫʨʶʰʸʮʬ ʬʸʯʬʻʲʵʭʨʴ ʼʨʸʯʵʩʮʬ ʳʵʹʻʲʰ ʰʴʺʬʴʹʰʵʩʨ 

ʰʽʴʬʩʨ 
     . ʨʽʬʫʨʴ ʱʨʸʪʨʫ ˁʨʴʹ, ʸʵʳ ʬʸʯʬʻʲʵʭʨʴ ʼʨʸʯʵʩʮʬ ʳʵʹʻʲʰ ʰʴʺʬʴʹʰʭʵʩʨ 

ʨʸʰʹ r-ʰʹ(ʳʨʴ˃ʰʲʰʹ) ʱʭʨʫʸʨʺʰʹ ˀʬʩʸʻʴʬʩʻʲʰʹ ʶʸʵʶʵʸ˂ʰʻʲʰ. ʯʻ ʪʨʴʨʯʬʩʨʳʫʬ 

ʳʨʴ˃ʰʲʹ ʪʨʭʮʸʫʰʯ 2-ˇʬʸ ʰʴʺʬʴʹʰʵʭʵʩʨ ˀʬʳ˂ʰʸʫʬʩʨ 4-ˇʬʸ, ʯʻ ʪʨʭʮʸʫʰʯ 3-ˇʬʸ 

ʰʴʺʬʴʹʰʭʵʩʨ ˀʬʳ˂ʰʸʫʬʩʨ 9-ˇʬʸ ʫʨ ʨ.ˀ. 

        ʨʽʭʬ ʻʴʫʨ ʨʾʰʴʰˀʴʵʹ, ʸʵʳ ʪʨʴʨʯʬʩʰʹ ˄ʿʨʸʵʫʨʴ ʮʬʫʨʶʰʸʨʳʫʬ ʳʰʳʨʭʨʲ ʪʮʨʮʬ 

ʪʨʴʨʯʬʩʰʹ ʰʴʺʬʴʹʰʭʵʩʨ(ʬʴʬʸʪʰʨ) ʨʸ ʰʱʨʸʪʬʩʨ.  
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ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ʳʬʯʵʫʬʩʰ 

 

 ʨʳ ʴʨˀʸʵʳʰʹ ʳʯʨʭʨʸʰ ʯʬʳʨ ʨʸʰʹ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʳʰʾʬʩʨ ʼʰʮʰʱʻʸʰ ʶʸʵ˂ʬʹʰʹ 

ʹʰʳʻʲʨ˂ʰʰʹ ʪʮʰʯ. ʨʳ ʶʸʵ˂ʬʹʰʹ ʨʾʹʨ˄ʬʸʨʫ ʪʨʳʵʰʿʬʴʬʩʨ ʹˆʭʨʫʨʹˆʭʨ ʳʨʯʬʳʨʺʰʱʻʸʰ, 

ʹʺʨʺʰʹʺʰʱʻʸʰ ʳʵʫʬʲʬʩʰ ʫʨ ˀʬʳʼʨʹʬʩʲʬʩʰ. ˀʬʳʫʬʪ ʽʭʬʯʨʭˀʰ ʨʸʰʹ ʳʵ˂ʬʳʻʲʰ ʰʹ 

ʳʰʴʰʳʨʲʻʸʰ ʴʨ˄ʰʲʰ ʨʲʨʯʵʩʰʹ ʯʬʵʸʰʰʫʨʴ, ʸʵʳʬʲʹʨ˂ ʨʽʺʰʻʸʨʫ ʭʰʿʬʴʬʩʯ ʫʨ 

ʸʵʳʲʰʹ ˂ʵʫʴʨ˂ ʨʻ˂ʰʲʬʩʬʲʰʨ. 

 

ʳ˂ʰʸʬʫʰ ʨʲʩʨʯʵʩʰʹ ʯʬʵʸʰʰʫʨʴ 

 

ʱʻʳʻʲʨ˂ʰʻʸʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʨ 

 

ʱʻʳʻʲʨ˂ʰʻʸʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʨ X ʴʨʳʫʭʰʲʰ ˂ʭʨʲʰʹ ˀʬʳʯˆʭʬʭʰʯʰ 

ʹʰʫʰʫʰʹʨ ʪʨʴʰʳʨʸʺʬʩʨ ˀʬʳʫʬʪʴʨʰʸʨʫ:   ሺ ሻ   ሺ   ሻ  
 ʺʵʲʵʩʰʹ ʳʨʸˇʭʬʴʨ ʳˆʨʸʬ ʨʹʨˆʨʭʹ ʨʲʩʨʯʵʩʨʹ ʰʳʰʹʨ, ʸʵʳ X ˀʬʳʯˆʭʬʭʰʯʰ 

˂ʭʲʨʫʰ ʰʾʬʩʹ x-ʮʬ ʴʨʱʲʬʩ ʨʴ ʺʵʲ ʳʴʰˀʭʴʬʲʵʩʨʹ. ˀʬʹʨʩʨʳʰʹʨʫ, ʨʲʩʨʯʵʩʨ ʰʳʰʹʨ, 

ʸʵʳ X ʴʨʳʫʭʰʲʰ ˂ʭʲʨʫʰ ˁʨʭʨʸʫʬʩʨ ʸʨʰʳʬ (α,β] ˀʻʨʲʬʫˀʰ ʰʽʴʬʩʨ  ሺ     ሻ    ሺ ሻ    ሺ ሻ  
 ʳʨʹ ʨʹʬʭʬ ʳʵʰˆʹʬʴʰʬʩʬʴ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʰʹ ʹʨˆʬʲʰʯ(ʰʴʪʲʰʹʻʸʨʫ 

Cumulative Distribution Function). ˀʬʳʫʪʵʳˀʰ ʪʨʳʵʭʰʿʬʴʬʩʯ cdf ʨʩʸʬʭʰʨʺʻʸʰʹ ʹʨˆʰʯ. 

 

ʨʲʩʨʯʵʩʰʹ ʹʰʳʱʭʸʰʭʰʹ ʼʻʴʽ˂ʰʨ 

   ሺ ሻ       ሺ ሻ 
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 ʨʲʩʨʯʵʩʰʹ ʹʰʳʱʭʸʰʭʰʹ ʼʻʴʽ˂ʰʨ(pdf) ʨʸ˄ʬʸʹ ʨʲʩʨʯʵʩʨʹ ʰʳʰʹʨ, ʸʵʳ ʻ˄ʿʭʬʺʰ 

ˀʬʳʯˆʭʬʭʰʯʰ ʹʰʫʰʫʬ ˁʨʭʨʸʫʬʩʨ x-ʰʹ ʸʨʰʳʬ ʻʹʨʹʸʻʲʵʫ ʳ˂ʰʸʬ ʳʰʫʨʳʵˀʰ(ˆˀʰʸʨʫ 

ʨʳʩʵʩʬʴ, ʸʵʳ ʰʾʬʩʹ ʸʨʰʳʬ ʳʴʰˀʭʴʬʲʵʩʨʹ). ʮʬʳʵʯ ʳʵ˂ʬʳʻʲʰ ʼʵʸʳʻʲʨ ˅ʬˀʳʨʸʰʺʰʨ 

ʳʨˀʰʴ ʯʻ    ʨʸʰʹ ʻ˄ʿʭʬʺʰ x ˄ʬʸʺʰʲˀʰ. ˀʬʹʨʩʨʳʰʹʨʫ ʨʲʩʨʯʵʩʨ ʰʳʰʹʨ, ʸʵʳ 

ˀʬʳʯˆʭʬʭʰʯʰ ʹʰʫʰʫʬ X ˁʨʭʨʸʫʬʩʨ ʸʨʰʳʬ (α,β] ʰʴʺʬʸʭʨʲˀʰ ʳʵʰ˂ʬʳʨ ʨʳ ʰʴʺʬʸʭʨʲʮʬ 

ʼʻʴʽ˂ʰʰʹ ʰʴʺʬʪʸʨʲʰʯ, ʸʨ˂ ʪʭʰˁʭʬʴʬʩʹ ʨʲʩʨʯʵʩʰʹ ʹʰʳʱʭʸʰʭʰʹ ʼʻʴʽ˂ʰʰʹ 

ʹʨʰʴʺʬʸʬʹʵ ʫʨʳʵʱʰʫʬʩʻʲʬʩʨʹ ʱʻʳʻʲʨ˂ʰʻʸʰ ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʨʹʯʨʴ: 

 ሺ     ሻ  ∫   ሺ ሻ     ሺ ሻ    ሺ ሻ 
   

 

  ሺ ሻ  ∫   ሺ ሻ   
   

 

Figure 6ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʨʲʩʨʯʵʩʰʹ ʹʰʳʱʭʸʰʭʰʹ ʼʻʴʽ˂ʰʰʹ ʪʸʨʼʰʱʰ(ʽʭʬʫʨ) ʫʨ ʳʰʹʰ ˀʬʹʨʩʨʳʰʹʰ ʱʻʳʻʲʨ˂ʰʻʸʰ ʪʨʴʨ˄ʰʲʬʩʰʹ 
ʼʻʴʽ˂ʰʰʹ ʪʸʨʼʰʱʰ(ʮʬʫʨ). 

 ʭʰʮʻʨʲʻʸʨʫ ʸʵʳ ˄ʨʸʳʵʭʰʫʪʰʴʵʯ, ʬʹ ʨʸʰʹ ˀʬʹʨʩʨʳʰʹ ʰʴʺʬʸʭʨʲˀʰ ʼʻʴʽ˂ʰʰʹ 

˄ʰʸʹʨ ʫʨ x ʾʬʸ˃ʹ ˀʵʸʰʹ ʳʵʽ˂ʬʻʲʰ ʼʰʪʻʸʰʹ ʼʨʸʯʵʩʰ(ʰˆʰʲʬʯ ʶʰʸʭʬʲʰ ʹʻʸʨʯʰ). 

ʼʻʴʽ˂ʰʰʹ ʰʴʺʬʪʸʨʲʰ ʳʯʬʲ ʾʬʸ˃ʮʬ ʨʸʰʹ 1-ʰʹ ʺʵʲʰ. ʸʨʫʪʨʴ ʼʻʴʽ˂ʰʨ ʨʹʨˆʨʭʹ 

ʨʲʩʨʯʵʩʨʹ, ˀʬʹʨʩʨʳʰʹʨʫ ʰʹ ʨʸʰʹ ʳʯʲʰʨʴʨʫ ʨʸʨʻʨʸʿʵʼʰʯʰ. 

 ʨʲʩʨʯʵʩʰʹ ʹʰʳʱʭʸʰʭʰʹ ʼʻʴʽ˂ʰʨʹ ʨʹʬʭʬ ʻ˄ʵʫʬʩʬʴ ʪʨʴʨ˄ʰʲʬʩʰʹ ʹʰʳʱʭʸʰʭʬʹ 

ʨʴ/ʫʨ ʹʰʳʱʭʸʰʭʰʹ ʼʻʴʽ˂ʰʨʹ(ʰʴʪʲʰʹʻʸʨʫ Probability Density Function). ˀʬʳʫʪʵʳˀʰ 

ʪʨʳʵʭʰʿʬʴʬʩʯ pdf ʨʩʸʬʭʰʨʺʻʸʰʹ ʹʨˆʰʯ. 
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ʳʨʯʬʳʨʺʰʱʻʸʰ ʳʵʲʵʫʰʴʰ ʫʨ ʫʰʹʶʬʸʹʰʨ 

 

 X ˀʬʳʯˆʭʬʭʰʯʰ ʹʰʫʰʫʰʹ ʳʨʯʬʳʨʺʰʱʻʸʰ ʳʵʲʵʫʰʴʰ ʪʨʴʰʳʨʸʺʬʩʨ 

ˀʬʳʫʬʪʴʨʰʸʨʫ:  ሺ ሻ  ∫     ሺ ሻ   
   

ʹʨʫʨ˂   ሺ ሻ ʨʸʰʹ x ˀʬʳʯˆʭʬʭʰʯʰ ˂ʭʲʨʫʰʹ ʪʨʴʨ˄ʰʲʬʩʰʹ ʹʰʳʱʭʸʰʭʬ. ˆʵʲʵ ʫʰʹʶʬʸʹʰʨ 

ʨʸʰʹ  ሺ ሻ   ሺሺ   ሺ ሻሻ ሻ 
ʫʰʹʶʬʸʹʰʨ ʪʭʨ˃ʲʬʭʹ ˄ʨʸʳʵʫʪʬʴʨʹ ʳʵʴʨ˂ʬʳʬʩʰʹ ʪʨʫʨˆʸʰʹ ˀʬʹʨˆʬʩ ʳʰʹʰ ʿʭʬʲʨʮʬ 

ʳʵʹʨʲʵʫʴʬʲʰ(E(X)) ʳʴʰˀʭʴʬʲʵʩʰʫʨʴ. ʨʹʬʭʬ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʹʨʮʵʳʰʨ ʹʺʨʴʫʨʸʺʻʲʰ 

ʪʨʫʨˆʸʨ(standard deviation), ʸʵʳʬʲʰ˂ ʳʰʰʾʬʩʨ ʫʰʹʶʬʸʹʰʰʫʨʴ ʱʭʨʫʸʨʺʻʲʰ ʼʬʹʭʰʹ 

ʨʳʵʾʬʩʰʯ.  ሺ ሻ  √ ሺ ሻ 
 

 ˆˀʰʸʨʫ ʪʨʫʨʴ˄ʰʲʬʩʰʹ ʹʺʨʴʫʨʸʺʻʲʰ ʪʨʫʨˆʸʰʹ ʳʰʨˆʲʵʭʬʩʨ ˆʫʬʩʨ 

ʪʨʴʨ˄ʰʲʬʩʨˀʰ ˀʬʳʯˆʭʬʭʰʯʰ ˀʬʸˁʬʭʬʩʰʯ. ʿʭʬʲʨʮʬ ʼʨʸʯʵʫ ʪʨʭʸˁʬʲʬʩʻʲʰ ʹʨʮʵʳʰ 

ʨʸʰʹ ʹʺʨʴʫʨʸʺʻʲʰ ʪʨʫʨˆʸʨ, ʸʵʳʬʲʰ˂ ʳʵʰ˂ʬʳʨ ˀʬʳʫʬʪʴʨʰʸʨʫ: 

  √     ∑ሺ    ̅ሻ  
    

 ʹʨʫʨ˂    ˀʬʸˁʬʭʰʹ i-ʻʸʰ ʬʲʬʳʬʴʺʰ, ˆʵʲʵ  ̅ ʨʸʰʹ ˀʬʸˁʬʭʰʯʰ ʹʨˀʻʨʲʵ ʳʵ˂ʬʳʻʲ 

ʪʨʴʨ˄ʰʲʬʩʨˀʰ. ʳʨʯʬʳʨʺʰʱʻʸʰ ʳʵʲʵʫʰʴʰ ʫʨ ʫʰʹʶʬʸʹʰʨ, ʰʹʬʭʬ ʸʵʪʵʸ˂ 

ʹʺʨʴʫʨʸʺʻʲʰ ʪʨʫʨˆʸʨ ˀʬʳʯˆʭʬʭʰʯʰ ʹʰʫʰʫʰʹ ʪʨʴʨ˄ʰʲʬʩʰʹ ʬʸʯʬʸʯʰ 

ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʹʨʮʵʳʬʩʰʨ. 

 

 

ʪʨʫʨˆʸʰʲʰ, ʵʩʰʬʽʺʻʸʰ ʫʨ ʯʨʴʳʰʳʫʬʭʸʻʲʰ ˀʬʳʼʨʹʬʩʲʬʩʰ 

 



26 

 

 ʹʺʨʺʰʹʺʰʱʨˀʰ ˀʬʳʼʨʹʬʩʬʲʰʹ ʪʨʫʨˆʸʨ ʬ˄ʵʫʬʩʨ ʨʳ ˀʬʳʼʨʹʬʩʲʰʹ ʳʨʯʬʳʨʺʰʱʻʸʰ 

ʳʵʲʵʫʰʴʹʨ ʫʨ ʸʬʨʲʻʸ ʳʵʲʵʫʰʴʹ ˀʵʸʰʹ ʹˆʭʨʵʩʨʹ. ˀʬʹʨʩʨʳʰʹʨʫ ʪʨʫʨˆʸʰʲʰ 

ˀʬʳʼʨʹʬʩʲʬʩʰ ʬ˄ʵʫʬʩʨʯ ʰʹʬʯ ˀʬʳʼʨʹʬʩʲʬʩʹ, ʸʵʳʬʲʯʨ ʳʨʯʬʳʨʺʰʱʻʸʰ ʳʵʲʵʫʰʴʰ˂ 

ˀʬʼʨʹʬʩʰʹ ʫʸʵʹ ˂ʫʬʩʨ ʸʬʨʲʻʸʹ, ˆʵʲʵ ʵʩʰʬʽʺʻʸʰ ˀʬʳʼʨʹʬʩʬʲʰ ʨʸʰʹ ʰʹʬʯʰ 

ˀʬʳʼʨʹʬʩʬʲʰ, ʸʵʳʲʰʹ ʳʵʲʵʫʰʴʰ˂ ʬʳʯˆʭʬʭʨ ʸʬʨʲʻʸʹ. ʯʨʴʳʰʳʫʬʭʸʻʲ 

ˀʬʳʼʨʹʬʩʬʲʹ ʪʨʨˁʴʰʨ ʪʨʫʨˆʸʨ, ʯʻʳ˂ʨ ʬʹ ʪʨʫʨˆʸʨ ʳ˂ʰʸʫʬʩʨ ʸʨ˂ ʻʼʸʵ ʰʮʸʫʬʩʨ 

ˀʬʼʨʹʬʩʨˀʰ ʳʵʴʨ˄ʰʲʬ ˀʬʸˁʬʭʬʩʰʹ ʸʨʵʫʬʴʵʩʨ. 

 

 

ʹˆʰʭʰʹ ʪʬʵʳʬʺʸʰʻʲ ʵʩʰʬʽʺʬʩʯʨʴ ʯʨʴʨʱʭʬʯʰʹ ʨʳʵ˂ʨʴʨ 

 

ʨʳʨˁʽʨʸʬʩʬʲʰ ʹʺʸʻʽʺʻʸʬʩʰ 

ʹˆʰʭʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʬʩˀʰ ʹˆʰʭʰʹ ʪʬʵʳʬʺʸʰʻʲ ʵʩʰʬʽʺʬʩʯʨʴ ʯʨʴʨʱʭʬʯʰʹ 

ʨʳʵ˂ʨʴʨʹ ʬʸʯ-ʬʸʯʰ ˄ʨʳʿʭʨʴʰ ʨʫʪʰʲʰ ʻʱʨʭʰʨ. ʳʨʹ ʨʲʪʵʸʰʯʳʰʹ ʹʨʬʸʯʵ ʪʨʳʵʯʭʲʰʯʰ 

ʸʬʹʻʸʹʰʹ ʹʨʱʳʨʵʫ ʫʰʫʰ ʴʨ˄ʰʲʰ ʳʰʨʽʭʹ ʫʨ ʳʰʹʰ ʳʻˀʨʵʩʰʹ ʫʸʵʰʹ ˂ʭʲʰʲʬʩʨ˂ 

ʳʱʭʬʯʸʨʫ ʨʰʹʨˆʬʩʨ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ʹʨʬʸʯʵ ʫʸʵʮʬ. ʨʳʵ˂ʨʴʨ ʳʫʪʵʳʨʸʬʵʩʹ 

ˀʬʳʫʬʪˀʰ: ˁʭʬʴ ʪʭʨʽʭʹ ʹ˂ʬʴʨ, ʳʨʹˀʰ ʨʸʹʬʩʻʲʰ ʫʰʫʰ ʸʨʵʫʬʴʵʩʰʹ ʶʸʰʳʰʺʰʭʬʩʰʯ ʫʨ 

ʿʵʭʬʲʰ ʳʵ˂ʬʳʻʲʰ ʹˆʰʭʰʹʨʯʭʰʹ ʻʴʫʨ ʪʨʳʵʭʯʭʨʲʵʯ ʰʹ ʶʸʰʳʰʺʰʭʰ, ʸʵʳʲʹʨ˂ ʹˆʰʭʰ 

ʶʰʸʭʬʲʰ ˆʭʫʬʩʨ (ʨʳʨʹʯʨʴ ʬʸʯʨʫ ʻʴʫʨ ʳʵˆʫʬʹ ʯʨʴʨʱʭʬʯʰʹ ʳʨʴ˃ʰʲʰʹ ʫʨʫʪʬʴʨ˂ ʫʨ 

ˀʬʳʫʪʵʳ, ʳʰʹ ʹʨʼʻ˃ʭʬʲʮʬ, ʯʨʴʨʱʭʬʯʰʹ ʱʵʵʸʫʰʴʨʺʰʹ ʪʨʳʵʯʭʲʨ). ʯʨʭʨʫ ʹ˂ʬʴʰʹ ʬʸʯ 

ʶʸʰʳʰʺʰʭʯʨʴ ʯʨʴʨʱʭʬʯʰʹ ʨʳʵ˂ʨʴʨ ʹʸʻʲʫʬʩʨ O(1) ʫʸʵˀʰ, ˀʬʹʨʩʨʳʰʹʨʫ ʯʻ ˁʭʬʴ 

ʪʨʫʨʭʨʸˁʬʭʯ ʿʭʬʲʨ ʶʸʰʳʰʺʰʭʹ ʫʨ ˀʬʭʨʳʵ˄ʳʬʩʯ ʯʰʯʵʬʻʲ ʳʨʯʪʨʴʹ ʯʨʴʨʱʭʬʯʨʮʬ ʬʹ 

ʳʬʯʵʫʰ ʰʽʴʬʩʨ O(n) ʹʰʸʯʻʲʰʹ, ʹʨʫʨ˂ n ʹ˂ʬʴʨˀʰ ʨʸʹʬʩʻʲʰ ʶʸʰʳʰʺʰʭʬʩʰʹ 

ʸʨʵʫʬʴʵʩʨʨ. ʨʽ ʻʴʫʨ ʨʾʰʴʰˀʴʵʹ, ʸʵʳ O(n) ʹʰʸʯʻʲʬʹ ʭʰʾʬʩʯ ˂ʻʫ ʫʨ ʱʨʸʪ 

ˀʬʳʯˆʭʬʭʨˀʰ˂, ʸʨʫʪʨʴ ˁʭʬʴʰ ʨʳʵ˂ʨʴʨʨ ʭʰʶʵʭʵʯ ʨʸʨ ʸʵʳʬʲʰʳʬ, ʴʬʩʰʹʳʰʬʸʰ 

ʯʨʴʨʳʱʭʬʯʰ ʶʸʰʳʰʺʰʭʰ, ʨʸʨʳʬʫ ʰʹ, ʸʵʳʬʲʹʨ˂ ʶʰʸʭʬʲʰ ˈʽʱʬʯʹ ʹˆʰʭʰ. 

ʰʳʰʹʯʭʰʹ, ʸʵʳ ʨʸ ʳʵʭʨˆʫʰʴʵʯ ʯʨʴʨʱʭʬʯʰʹ ˀʬʳʵ˄ʳʬʩʨ ʿʭʬʲʨ ʶʸʰʳʰʺʰʭʯʨʴ ˁʭʬʴ 

ʻʴʫʨ ʨʭʨʪʵʯ ˆʬ(ʨʳʨˁʽʨʸʬʩʬʲʰ ʳʵʴʨ˂ʬʳʯʨ ʹʺʸʻʽʺʻʸʨ), ʸʵʳʬʲˀʰ˂ ˃ʬʩʴʨʹ 

ʪʨʴʭʨˆʵʸ˂ʰʬʲʬʩʯ O(logn) ʫʸʵˀʰ.  
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ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʼʰʪʻʸʬʩʰ 

 

ʰʳʰʹʨʯʭʰʹ, ʸʵʳ ʹ˄ʸʨʼʨʫ ʳʵˆʫʬʹ ʰʳ ʶʸʰʳʰʺʰʭʬʩʰʹ ʻʱʻʪʫʬʩʨ, ʸʵʳʬʲʯʨ˂ 

ʹ˂ʫʬʩʨ ˁʭʬʴʰ ʹˆʰʭʰ, ʱʨʸʪʰ ʰʽʴʬʩʨ ʯʻ, ʶʸʰʳʰʺʰʭʯʨʴ ʯʨʴʨʱʭʬʯʨʳʫʬ ʯʨʴʨʱʭʬʯʨʹ 

ˀʬʭʨʳʵ˄ʳʬʩʯ ˇʬʸ ʹˆʭʨ ʼʰʪʻʸʨʹʯʨʴ, ʸʵʳʬʲʰ˂ ʹʸʻʲʨʫ ʳʵʰ˂ʨʭʹ ʶʸʰʳʰʺʰʭʹ ʹʰʭʸ˂ʬˀʰ 

ʫʨ ʸʵʳʬʲʯʨʴ ʯʨʴʨʱʭʬʯʰʹ ˀʬʳʵ˄ʳʬʩʨ˂ ʻʼʸʵ ʳʨʸʺʰʭʰ ʵʶʬʸʨ˂ʰʨʨ ʭʰʫʸʬ ʹʨʹʻʸʭʬʲ 

ʶʸʰʳʰʺʰʭʯʨʴ. ʯʻ ʨʳ ˀʬʳʵʳʹʨʮʾʭʸʬʲ ʼʰʪʻʸʨʹʯʨʴ ʨʸ ʳʵˆʫʨ ʹˆʰʭʰʹ ʯʨʴʨʱʭʬʯʨ, ʳʨˀʰʴ 

ʨʸ ʳʵˆʫʬʩʨ ʨʸ˂ ʼʰʪʻʸʰʹ ˀʰʪʴʰʯ ʳʵʽ˂ʬʻʲ ʶʸʰʳʰʺʰʭʯʨʴ, ʨʳʰʯ ʯʨʭʰʫʨʴ ʨʭʰ˂ʰʲʬʩʯ 

ʸʯʻʲ ʪʨʳʵʯʭʲʬʩʹ. 

ʯʻ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʼʰʪʻʸʨ ʳ˅ʰʫʸʵʫ ʬʱʭʸʰʹ ʪʬʵʳʬʺʸʰʨʹ ʳʨʹ ʳʰʴʰʳʨʲʻʸʹ 

ʻ˄ʵʫʬʩʬʴ. ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʼʰʪʻʸʨ ˀʬʹʨ˃ʲʵʨ ʨʸ ʰʿʵʹ ʳʰʴʰʳʨʲʻʸʰ, ʯʻʳ˂ʨ ʬʹ ʳʰʹ 

ʱʵʸʬʽʺʻʲʵʩʨʹ ʨʸ ʨʸʾʭʬʭʹ, ʸʨʫʪʨʴ ʳʯʨʭʨʸʰ ʶʰʸʵʩʨ, ʸʵʳ ʶʸʰʳʰʺʰʭʰ ʼʰʪʻʸʰʹ 

ˀʰʪʴʰʯ ʹʸʻʲʨʫ ʻʴʫʨ ʬʽ˂ʬʵʫʬʹ ʨʸ ʰʸʾʭʬʭʨ, ʯʻʳ˂ʨ ʸʵʫʬʹʨ˂ ʼʰʪʻʸʨ ʳʰʴʰʳʨʲʻʸʰ 

ʨʸ ʨʸʰʹ, ʹˆʰʭʰʹ ʯʨʴʨʱʭʬʯʰʹ ˀʬʳʵ˄ʳʬʩʰʹ ʫʸʵʹ ʳʵˆʭʬʫʸʰʹ ʨʲʩʨʯʵʩʨ ʰʽʸʫʬʩʨ, ʸʨ˂ 

ʳʰʹ ʹʨʩʵʲʵʵʫ ʬʼʬʽʺʻʸʵʩʨʹ ʨʳ˂ʰʸʬʩʹ. 

 

ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʹʼʬʸʵ 

 

ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʼʰʪʻʸʬʩʰ, ʸʵʪʵʸ˂ ʮʬʳʵʯ ʨʾʰʴʰˀʴʨ, ʻʴʫʨ ʪʨʳʵʰʸˁʬʵʫʴʬʴ 

ʹʰʳʨʸʺʰʭʰʯ, ʸʨʯʨ ʳʨʯʯʨʴ ʹˆʰʭʰʹ ʯʨʴʨʱʭʬʯʰʹ ʫʨʯʭʲʨ ˆʫʬʩʵʫʬʹ ˃ʨʲʰʨʴ ʹ˄ʸʨʼʨʫ. 

ˀʬʳʵʳʹʨʮʾʭʸʬʲ ʼʰʪʻʸʬʩʨʫ ˆˀʰʸʨʫ ʰʿʬʴʬʩʬʴ ʹʼʬʸʵʬʩʹ. ʰʳʰʹʯʭʰʹ, ʸʵʳ ˀʬʭʨʳʵ˄ʳʵʯ 

ˆʭʫʬʩʨ ʯʻ ʨʸʨ ʹˆʰʭʰ ʹʼʬʸʵʹ ʻʴʫʨ ʫʨʭʰʯʭʲʵʯ ʳʨʴ˃ʰʲʰ ʹʼʬʸʵʹ ˂ʬʴʺʸʰʫʨʴ 

ʹˆʰʭʨʳʫʬ, ʯʻ ʳʨʴ˃ʰʲʰ ʹʼʬʸʵʹ ʸʨʫʰʻʹʮʬ ʫʰʫʰʨ ʳʨˀʰʴ ʹ˂ʫʬʩʨ, ˄ʰʴʨʨʾʳʫʬʪ 

ˀʬʳʯˆʭʬʭʨˀʰ ˆʭʫʬʩʨ. ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʹʼʬʸʵʬʩʰ ˆˀʰʸʨʫ ʪʨʳʵʰʿʬʴʬʩʨ ʶʸʰʳʰʺʰʭʬʩʰʹ 

ʬʸʯʳʨʴʬʯʯʨʴ ʯʨʴʨʱʭʬʯʰʹ ʨʳʵ˂ʨʴʨˀʰ, ʯʻʳ˂ʨ ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʬʩˀʰ ʳʨʹ 

ʴʨʱʲʬʩʰ ʪʨʳʵʿʬʴʬʩʨ ʨʽʭʹ. 

 

ʾʬʸ˃ʬʩʮʬ ʪʨʹ˄ʵʸʬʩʻʲʰ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʰ 
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Figure 7ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʹʺʬʴʼʵʸʫʰʹ ʱʻʸʫʾʲʰʹ ʳʵʫʬʲʰ ʫʨ ʳʰʹʰ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʰ 

ʸʵʪʵʸ˂ ʹʨˆʬʲ˄ʵʫʬʩʰʫʨʴ ˁʨʴʹ, ʾʬʸ˃ʬʩʮʬ ʪʨʹ˄ʵʸʬʩʻʲʰ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ 

ʿʻʯʰ ʨʸʰʹ ʶʨʸʨʲʬʲʬʶʰʶʬʫʰ, ʸʵʳʲʰʹ ˄ʨˆʴʨʪʬʩʰ˂ ʹʨʱʵʵʸʫʰʴʨʺʵ ʹʰʩʸʺʿʬʬʩʰʹ 

ʶʨʸʨʲʬʲʻʸʰʨ(ʰˆʰʲʬʯ ʹʻʸʨʯʰ). ʰʳʰʹʨʯʭʰʹ ʸʵʳ ʹʸʻʲʨʫ ʨʾʭ˄ʬʸʵʯ ʬʹ ʼʰʪʻʸʨ 3 

ʪʨʴʮʵʳʰʲʬʩʰʨʴ ʹʰʭʸ˂ʬˀʰ, ʹʨʱʳʨʸʰʹʰʨ ʳʰʹʰ x,y,z ʱʵʵʸʫʰʴʨʺʰʹ ʳʰʴʰʳʨʲʻʸʰ 

ʫʨʳʨʽʹʰʳʨʲʻʸʰ ʳʴʰˀʭʴʬʲʵʩʬʩʰ. ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʰ ʨʸʰʹ ʬʸʯʬʸʯʰ ʿʭʬʲʨʮʬ 

ʼʨʸʯʵʫ ʪʨʳʵʴʬʩʨʫʰ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʼʰʪʻʸʨ. ʨʸʹʬʩʻʲʰ ʨʳʨˁʽʨʸʬʩʬʲʰ 

ʹʺʸʻʽʺʻʸʬʩʰʹ ʻʳʸʨʭʲʬʹʵʩʨ ʹ˄ʵʸʬʫ ʳʨʹ ʨʿʬʴʬʩʹ ʱʭʨʴ˃ʬʩʰʹ ʹʰʭʸ˂ʬˀʰ ʨʾʹʨ˄ʬʸʨʫ. 

 

ʵʩʰʬʽʺʬʩʰʹ ʫʨʿʵʼʨ ʫʨ ʹʰʭʸ˂ʰʹ ʫʨʿʵʼʨ 

 

 

Figure 8ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ˀʬʳʯˆʭʬʭʨ, ʸʵʫʬʹʨ˂ ʳʵ˂ʬʳʻʲʰ 2 ʹʨʳʱʻʯˆʬʫʰʹ(ʶʸʰʳʰʺʰʭʰʹ) ʫʨʿʵʼʨ ˆʫʬʩʨ ʵʩʰʬʽʺʬʩʨʫ(ʳʨʸ˂ˆʬʴʨ) ʫʨ 

ʹʰʭʸ˂ʻʲʨʫ(ʳʨʸˇʭʬʴʨ). 
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ʨʳʨˁʽʨʸʬʩʬʲʰ ʹʺʸʻʽʺʻʸʰʹ(ˆʰʹ) ʨʪʬʩʰʹ ʶʸʵ˂ʬʹʰ ʪʻʲʰʹˆʳʵʩʹ ʶʸʰʳʰʺʰʭʬʩʰʹ 

ʪʨʫʨʴʨ˄ʰʲʬʩʨʹ ˆʰʹ ˀʰʫʨ ʫʨ ʪʨʸʬ ʱʭʨʴ˃ʬʩˀʰ, ʳʯʨʭʨʸʰʨ ˀʬʭʰʳʻˀʨʭʵʯ ʪʨʫʨʴʨ˄ʰʲʬʩʰʹ 

ʰʹʬʯʰ ʳʬʯʵʫʰ ʸʵʳʬʲʰ˂ ʳʵʽʭ˂ʬʳʹ ʻʱʬʯʬʹ ˀʬʫʬʪʹ. ʪʨʴʭʰˆʰʲʵʯ ˆʰʹ ʨʪʬʩʰʹ ʵʸʰ 

ʺʰʶʰʹ ʳʬʯʵʫʰ: 

1. ʹʰʭʸ˂ʻʲʰ ʫʨʿʵʼʨ - ʹʰʭʸ˂ʻʲʰ ʫʨʿʵʼʰʹ ʫʸʵʹ ˀʬʳʵʪʭʨʽʭʹ ʸʨʰʳʬ ʹʰʭʸ˂ʻʲʰ 

ʪʨʳʿʵʼʰ(ʳʨʪʨʲʰʯʨʫ ʹʰʩʸʺʿʬ) ʫʨ ʰʳʰʹ ʳʰˆʬʫʭʰʯ, ʯʻ ʪʨʳʿʵʼʰʹ ʸʵʳʬʲ ʳˆʨʸʬʹ 

ʬʽ˂ʬʭʨ ʶʸʰʳʰʺʰʭʰ, ʭʨʴʨ˄ʰʲʬʩʯ ˀʭʰʲʵʩʰʲ ʱʭʨʴ˃ʬʩˀʰ. ʨʹʬʯ ˀʬʳʯˆʭʬʭʨˀʰ ʬʸʯʰ 

ʶʸʰʳʰʺʰʭʰ ˀʬʰ˃ʲʬʩʨ ʸʨʳʵʫʬʴʰʳʬ ʱʭʨʴ˃ˀʰ ʳʵˆʭʫʬʹ. ʹˆʭʨ ʹʰʺʿʭʬʩʰʯ ʸʵʳ 

ʭʯʽʭʨʯ, ʬʸʯ ʶʸʰʳʰʺʰʭʹ ˀʬʹʨ˃ʲʵʨ ʸʨʳʵʫʬʴʰʳʬ ʱʭʨʴ˃ʰ ʻʯʰʯʬʩʫʬʹ. 

2. ʵʩʰʬʽʺʬʩʰʹ ʫʨʿʵʼʨ - ʵʩʰʬʽʺʬʩʰʹ ʫʨʿʵʼʰʹ ʫʸʵʹ ˆʫʬʩʨ ʶʸʰʳʰʺʰʭʬʩʰʹ 

ʪʨʫʨʴʨ˄ʰʲʬʩʨ ˀʭʰʲʵʩʰʲ ʱʭʨʴ˃ʬʩˀʰ ʰʹʬ, ʸʵʳ ʿʵʭʬʲʰ ʶʸʰʳʰʺʰʭʰ ˆʭʫʬʩʨ ʬʸʯ 

ʸʵʳʬʲʰʳʬ ʱʭʨʴ˃ˀʰ, ʹˆʭʨ ʹʰʺʿʭʬʩʰʯ ʸʵʳ ʭʯʽʭʨʯ: ʴʬʩʰʹʳʰʬʸ ʶʸʰʳʰʺʰʭʹ 

ʻʯʻʯʬʩʹ ʳˆʰʲʵʫ ʬʸʯʰ ʱʭʨʴ˃ʰ. 

ˆʬʬʩʰ, ʸʵʳʬʲʯʨ ʨʪʬʩʨ˂ ˆʫʬʩʨ ʹʰʭʸ˂ʰʹ ʫʨʿʵʼʰʯ, ʳʵʰʯˆʵʭʬʴ ʻʼʸʵ ʫʰʫ 

ʳʬˆʹʰʬʸʬʩʨʹ, ʸʨʫʪʨʴ ʹʰʭʸ˂ʻʲʰ ʫʨʿʵʼʰʹ ʫʸʵʹ ʬʸʯʰ ʶʸʰʳʰʺʰʭʰ ʸʨʳʵʫʬʴʰʳʬ ʱʭʨʴˀʰ 

ˀʬʰ˃ʲʬʩʨ ʰʴʨˆʬʩʵʫʬʹ. ʨʹʬʯ ˀʬʳʯˆʭʬʭʨˀʰ ʯʻ ˁʭʬʴ ˆʰʹ ʹʰʾʸʳʬʹ ˀʬʭʮʾʻʫʨʭʯ ʸʨʰʳʬ 

ʳʴʰˀʭʴʬʲʵʩʨʮʬ, ʳʰʹ ʼʵʯʲʬʩˀʰ ʨʾʳʵˁʴʫʬʩʰʨʴ ʪʨʴʹˆʭʨʭʬʩʻʲʰ ʸʨʵʫʬʴʵʩʰʹ 

ʶʸʰʳʰʺʰʭʬʩʰ. ʳʬˆʹʰʬʸʬʩʰʹ ʪʨʳʵʿʬʴʬʩʰʹ ʯʭʨʲʹʨʮʸʰʹʰʯ ʵʩʰʬʽʺʬʩʰʹ ʫʨʿʵʼʰʹ 

ʳʬʯʵʫʰ ʻʼʸʵ ʳʵʳʪʬʩʰʨʴʰʨ. ʨʳ ʫʸʵʹ ˁʭʬʴ ˄ʰʴʨʹ˄ʨʸ ˀʬʪʭʰ˃ʲʰʨ ʭʯʽʭʨʯ, ʯʻ ʸʨʳʫʬʴʰ 

ʱʭʨʴ˃ʰ ʪʭʬʽʴʬʩʨ ˆʬˀʰ ʫʨ ˀʬʹʨʩʨʳʰʹʨʫ ʸʨ ʳʬˆʹʰʬʸʬʩʨ ʫʨ˅ʰʸʫʬʩʨ ˆʬʹ. ʵʩʰʬʽʺʬʩʨʫ 

ʫʨʿʵʼʰʹ ʳʬʯʵʫʰʹ ʳʯʨʭʨʸ ʶʸʵʩʲʬʳʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ ʱʭʨʴ˃ʬʩʰʹ ʪʨʫʨʼʨʸʭʬʩʰ 

ʹʰʭʸ˂ʬˀʰ. ʳʨʪʨʲʰʯʨʫ, ʯʻ ʵʸʰ ʪʬʵʳʬʺʸʰʻʲʰ ʶʸʰʳʰʺʰʭʰ ʰʳʫʬʴʨʫ ʨˆʲʵʹʨʨ 

ʬʸʯʳʨʺʬʯʯʨʴ, ʸʵʳ ʳʨʯʰ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰʹ ʯʨʴʨʱʭʬʯʨ ʫʰʫʰʨ, ʨʹʬʯʰ 

ˀʬʳʯˆʭʬʭʰʯ ʳʰʾʬʩʻʲʰ ʱʭʨʴ˃ʰʹʯʭʰʹ ʹˆʰʭʰʹ ʯʨʴʨʱʭʬʯʰʹ ʫʨʯʭʲʰʹ ʶʸʵ˂ʬʹˀʰ ˆʰʹ 

ʬʼʬʽʺʻʸʵʩʨ ʳ˂ʰʸʫʬʩʨ, ʸʨʫʪʨʴ ʸʨ˂ ʻʼʸʵ ʫʰʫʰʨ ʪʨʫʨʼʨʸʭʨ ʱʭʨʴ˃ʬʩʹ ˀʵʸʰʹ ʳʰʯ 

ʴʨʱʲʬʩʰʹ ˀʨʴʹʰ ʰʳʰʹʨ, ʸʵʳ ʹˆʰʭʰ ʳˆʵʲʵʫ ʬʸʯ ʳʨʯʪʨʴʹ ʳʵˆʭʫʬʩʨ ʫʨ ʳʵʭʨˆʫʬʴʯ 

ʯʨʴʨʱʭʬʯʰʹ ʲʵʱʨʲʰʮʬʩʨʹ. 

 

ʸʭʨʵʩʰʯʰ ˆʬ 
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Figure 9ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʹʺʬʴʼʵʸʫʰʹ ʱʻʸʫʾʲʰʹ ʳʵʫʬʲʮʬ ʨʪʬʩʻʲʰ ʸʭʨʵʩʰʯʰ ˆʬ ʹˆʭʨʫʨʹˆʭʨ ʹʰʾʸʳʬʮʬ 

ʸʭʨʵʩʰʯʰ ˆʬ ʨʸʰʹ ʰʹʬʯʰ ˆʬ, ʸʵʳʲʰʹ ʯʰʯʵʬʻʲ ˀʰʫʨ ʱʭʨʴ˃ʹ ˈʿʨʭʹ ʳʨʽʹʰʳʻʳ 8 

ˀʭʰʲʵʩʰʲʰ ʱʭʨʴ˃ʰ, ʸʵʳʲʬʩʰ˂ ʳʰʰʾʬʩʨ ʳˀʵʩʬʲʰ ʱʭʨʴ˃ʰʹ ˀʬʹʨʩʨʳʰʹʰ 

ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʰʹ, x, y ʫʨ z ʾʬʸ˃ʬʩʰʹ ʳʰʳʨʸʯ, ʹʰʭʸ˂ʻʲʨʫ ˀʻʨʮʬ ʪʨʿʵʼʰʹ 

ˀʬʫʬʪʨʫ. ʸʭʨʵʩʰʯʰ ˆʰʹ ʨʪʬʩʨ ˀʬʪʭʰ˃ʲʰʨ ʸʨʳʵʫʬʴʰʳʬ ʪʮʰʯ, ʬʸʯ-ʬʸʯʰ ʨʹʬʯʰ ʪʮʨ 

ˆʰʹ ʨʪʬʩʨʹ ʨˆʫʬʴʹ ʮʬʳʵʫʨʴ ʽʭʬʳʵʯ, ʸʨ˂ ʰʳʨʹ ʪʻʲʰʹˆʳʵʩʹ, ʸʵʳ ʶʰʸʭʬʲ ʬʺʨʶʮʬ, 

ʸʵʫʬʹʨ˂ ʳʵ˂ʬʳʻʲʰ ʪʭʨʽʭʹ ʶʸʰʳʰʺʰʭʬʩʰʹ ʹʰʨ, ʭʨˆʫʬʴʯ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʰʹ 

ʫʨʫʪʬʴʨʹ ʫʨ ʭʽʳʴʰʯ ˆʰʹ ˃ʰʸʹ, ʸʵʳʬʲˀʰ˂ ʭʨʯʨʭʹʬʩʯ ʿʭʬʲʨ ʶʸʰʳʰʺʰʭʹ. ʨʳʰʹ ˀʬʳʫʪʵʳ 

ˀʬʭʫʰʭʨʸʯ ʱʭʨʴ˃ˀʰ, ʭʽʳʴʰʯ ʳʰʹ ˀʭʰʲʵʩʰʲ 8 ʱʭʨʴ˃ʹ, ʹʨʱʵʵʸʫʰʴʨʺʵ ʾʬʸ˃ʬʩʰʹ 

ʳʰʳʨʸʯ, ʹʰʭʸ˂ʻʲʨʫ, ˀʻʨʮʬ ʪʨʿʵʼʰʹ ʪʮʰʯ ʫʨ ʶʸʰʳʰʺʰʭʬʩʹ ʭʨʴʨ˄ʰʲʬʩʯ ˀʭʰʲʵʩʰʲ 

ʱʭʨʴ˃ʬʩˀʰ. ˀʬʳʫʪʵʳ ʰʹʬʭ ˁʨʭʫʰʭʨʸʯ ʯʰʯʵʬʻʲ ʱʭʨʴ˃ˀʰ ʫʨ ʨʳ ʶʸʵ˂ʬʹʹ ʭʰʳʬʵʸʬʩʯ 

ʸʬʱʻʸʹʰʻʲʨʫ, ʹʨʴʨʳ ʨʸ ʨʭʨʪʬʩʯ ʹʨʹʻʸʭʬʲ ˆʬʹ. 

ʸʵʪʵʸ˂ ʮʬʳʵʯ ʨʾʰʴʰˀʴʨ, ʶʸʰʳʰʺʰʭʬʩʰʹ ˀʭʰʲʵʩʰʲ ʱʭʨʴ˃ʬʩˀʰ ʪʨʫʨʴʨ˄ʰʲʬʩʰʹ 

ʫʸʵʹ ʬʸʯʰ ʶʸʰʳʰʺʰʭʰ ˀʬʹʨ˃ʲʵʨ ʳʵˆʭʫʬʹ ʸʨʳʵʫʬʴʰʳʬ ˀʭʰʲˀʰ ʬʸʯʫʸʵʻʲʨʫ, 

ʨʹʬʭʬ ˀʬʹʨ˃ʲʵʨ ʮʵʪʰʬʸʯ ˀʭʰʲˀʰ ʨʸ˂ʬʸʯʰ ʶʸʰʳʰʺʰʭʰ ʨʸ ʳʵˆʭʫʬʹ. ʨʹʬʯ ʫʸʵʹ ˆʰʹ 

ʨʪʬʩʨ ʨʳ ʳʰʳʨʸʯʻʲʬʩʰʯ ʨʾʨʸ ʪʸ˃ʬʲʫʬʩʨ. 

ʨʽʭʬ ʻʴʫʨ ʨʾʰʴʰˀʴʵʹ, ʸʵʳ ʸʭʨʵʩʰʯ ˆʬˀʰ ˀʭʰʲʵʩʰʲʰ ʱʭʨʴ˃ʬʩʰʹ ˀʬʹʨʩʨʳʰʹʰ 

ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰ ʨʸʨʨ ʳʰʴʰʳʨʲʻʸʰ ʫʨ ˀʬʹʨʩʨʳʰʹʨʫ ʳʨʹˀʰ ʨʸʹʬʩʻʲ 

ʶʸʰʳʰʺʰʭʬʩʹ ʳ˅ʰʫʸʵʫ ʨʸ ʬʱʭʸʰʹ, ʸʨ˂ ʳʨʹʮʬ ʹˆʰʭʰʹ ʳʵˆʭʬʫʸʰʹ ʨʲʩʨʯʵʩʨʹ ʮʸʫʰʹ. 

ʬʹ ʹʨʩʵʲʵʵʫ ʫʨʳʨʺʬʩʰʯ, ʺʿʻʰʲ(ʺʿʻʰʲʰ ˀʬʳʵ˄ʳʬʩʨʹ ʭʬ˃ʨˆʰʯ ʰʹʬʯ ˀʬʳʵ˄ʳʬʩʨʹ, 

ʸʵʫʬʹʨ˂ ʹˆʰʭʰ ˆʭʫʬʩʨ ˀʬʳʵʳʹʨʮʾʭʸʬʲ ʼʰʪʻʸʨʹ, ʯʻʳ˂ʨ ʹ˂ʫʬʩʨ ʶʸʰʳʰʺʰʭʹ) 

ˀʬʳʵ˄ʳʬʩʬʩʹ ʰ˄ʭʬʭʹ, ʸʨ˂ ʬʸʯʰʹʳˆʸʰ˂ ʨʭʳʰʸʬʩʹ ʳʰʹ ʬʼʬʽʺʻʸʵʩʨʹ, ʯʻʳ˂ʨ ʰʳʰʹ ʪʨʳʵ, 

ʸʵʳ ʱʭʨʴ˃ʬʩʰʹ ʳʫʬʩʨʸʬʵʩʨ ʹʰʭʸ˂ʬˀʰ ˄ʰʴʨʹ˄ʨʸ ʪʨʴʹʨʮʾʭʸʻʲʰʨ ʳʰʹʰ ʳʬˆʹʰʬʸʬʩʨˀʰ 

ˀʬʴʨˆʭʨ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰʹ ʹʨˆʰʯ ʨʸʨʨ ʨʻ˂ʰʲʬʩʬʲʰ. ʨʳ ʰʴʼʵʸʳʨ˂ʰʰʹ 

ʨʾʫʪʬʴʨ ʳʨʸʺʰʭʨʫ ˀʬʰ˃ʲʬʩʨ ˃ʬʩʴʰʹ ʶʸʵ˂ʬʹˀʰ, ʸʵʫʬʹʨ˂ ˁʨʭʫʰʭʨʸʯ ʹʰʾʸʳʬˀʰ, 

ʳˀʵʩʬʲʰ ʱʭʨʴ˃ʰʫʨʴ ˀʭʰʲʵʩʰʲʰ ʱʭʨʴ˃ʬʩʰʹ ʳʰʳʨʸʯʻʲʬʩʰʯ. 
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ʹ˄ʵʸʬʫ ʹʰʭʸ˂ʻʲʨʫ ʫʨʿʵʼʰʹ ʪʨʳʵ, ʸʭʨʵʩʰʯʰ ˆʬ ʨʸʰʹ ʨʸʨʩʨʲʨʴʹʰʸʬʩʻʲʰ, 

ʯʻʳ˂ʨ ˀʬʳʫʪʵʳˀʰ ʭʴʨˆʨʭʯ, ʸʵʳ ʳʰʹʰ ʬʹ ʯʭʰʹʬʩʨ ʹʻʲʨ˂ ʨʸ ʪʻʲʰʹˆʳʵʩʹ ʰʳʨʹ, ʸʵʳ 

ʹˆʰʭʰʹ ʯʨʴʨʱʭʬʯʰʹ ˃ʰʬʩʰʹ ʶʸʵ˂ʬʹʰ ʸʯʻʲʫʬʩʨ. 

 

ˀʬʳʵʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰʹ ʰʬʸʨʸʽʰʨ 

 

 

Figure 10ʳʨʸ˂ˆʬʴʨ ʳˆʨʸʬʹ ʴʨˁʭʬʴʬʩʰʨ ʶʸʰʳʰʺʰʭʬʩʰ(ʹʨʳʱʻʯˆʬʫʬʩʰ) ʫʨ ʳʨʹʮʬ ʨʪʬʩʻʲʰ BVH ʭʰʮʻʨʲʻʸʨʫ, ʳʨʸˇʭʬʴʨ ʳˆʨʸʬʹ ʴʨˁʭʬʴʬʩʰʨ 
ʰʪʰʭʬ BVHˆʰʹ ʹʨˆʰʯ 

ʸʵʪʵʸ˂ ʹʨˆʬʲ˄ʵʫʬʩʰʫʨʴ ˁʨʴʹ, ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰʹ ʰʬʸʨʸʽʰʨ 

˄ʨʸʳʵʨʫʪʬʴʹ ʰʹʬʯ ˆʬʹ, ʸʵʳʬʲˀʰ˂ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰ ʨʸʰʹ ˁʨʲʨʪʬʩʻʲʰ 

ʰʬʸʨʸʽʰʻʲʨʫ, ˆʵʲʵ ʼʵʯʲʬʩˀʰ ʳʵʯʨʭʹʬʩʻʲʰʨ ʬʸʯʰ ʨʴ ʸʨʳʫʬʴʰʳʬ ʶʸʰʳʰʺʰʭʰ. 

ˀʬʳʵʱʲʬʩʰʯ ˆˀʰʸʨʫ BVH-ʹ ʻ˄ʵʫʬʩʬʴ, ʸʨ˂ ʰʴʪʲʰʹʻʸʰ ʹʨˆʬʲ˄ʵʫʬʩʰʹ 

ʨʩʸʬʭʰʨʺʻʸʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ, ʹʰʳʨʸʺʰʭʰʹʨʯʭʰˀ ˀʬʳʫʪʵʳˀʰ ʨʳ ʹʨˆʬʲʹ ʪʨʳʵʭʰʿʬʴʬʩʯ. 

BVH-ʰʹ ʨʪʬʩʰʹ ʶʸʵ˂ʬʹˀʰ ˆʫʬʩʨ ʶʸʰʳʰʺʰʭʬʩʰʹ ʪʨʫʨʴʨ˄ʰʲʬʩʨ ʿʻʯʬʩˀʰ, ʸʰʹ ʪʨʳʵ˂ 

ʬʸʯʰ ʶʸʰʳʰʺʰʭʰ ʬʸʯ ʸʵʳʬʲʰʳʬ ʿʻʯˀʰ ˆʭʫʬʩʨ.  

 ʹʨʴʨʳ ˆʰʹ ʨʪʬʩʨʮʬ ʪʨʫʨʭʨʲʯ, ʪʨʴʭʰˆʰʲʵʯ ʬʸʯʰ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʹʨʱʰʯˆʰ. 

ʭʯʽʭʨʯ ʪʭʨʽʭʹ ʸʨʰʳʬ ʬʭʸʰʹʺʰʱʻʲʰ ʼʻʴʽ˂ʰʨ f(i,j), ʸʵʳʬʲʰ˂ ʱʭʨʴ˃ʬʩʰʹ ʴʬʩʰʹʳʰʬʸʰ (i,j) 

˄ʿʭʰʲʰʹʯʭʰʹ, ʹʨʫʨ˂ i≠j, ʨˆʫʬʭʹ ʳʨʯʰ ʫʨˇʪʻʼʬʩʰʹ ˆʨʸʰʹˆʰʹ ˀʬʼʨʹʬʩʨʹ. ʨʹʬʯ 

ˀʬʳʯˆʭʬʭʨˀʰ ˁʭʬʴ ˀʬʪʭʰ˃ʲʰʨ ʪʨʴʭʰˆʰʲʵʯ ʫʨˇʪʻʼʬʩʰʹ ʹˆʭʨʫʨʹˆʭʨ ʭʨʸʰʨʴʺʰ, 

ʳʵʭʨˆʫʰʴʵʯ ʳʨʯʰ ʬʭʸʰʹʺʰʱʻʲʰ ˀʬʼʨʹʬʩʨ ʫʨ ʨʳʵʭʰʸˁʰʵʯ ʬʭʸʰʹʺʰʱʻʲʨʫ ʿʭʬʲʨʮʬ 

ʳʵʳʪʬʩʰʨʴʰ ʭʨʸʰʨʴʺʰ(ʰʹ, ʸʵʳʬʲʰ˂ ʿʭʬʲʨʮʬ ʳʨʾʨʲʰ ˆʨʸʰʹˆʰʹ ˆʬʹ ʳʵʽʭ˂ʬʳʹ). 

 ʨʸʹʬʩʵʩʹ ʳʬʯʵʫʰ, ʸʵʳʬʲʰ˂ ˆʬʹ ʨʪʬʩʹ ʽʭʬʳʵʫʨʴ ʮʬʳʵʯ: ˇʬʸ ʽʳʴʰʹ ʼʵʯʲʬʩʹ 

ʨʸʹʬʩʻʲʰ ʶʸʰʳʰʺʰʭʬʩʰʯ, ˀʬʳʫʬʪ ʨˇʪʻʼʬʩʹ ʳʨʯ ʫʨ ʽʳʴʰʹ ʳʨʯ ʳˀʵʩʬʲ ˀʰʫʨ ʱʭʨʴ˃ʬʩʹ, 

ʫʨ ʨʹʬ ʹʨʴʨʳ ʨʸ ʳʰʰʾʬʩʹ ˆʰʹ ˃ʰʸʹ. ʸʵʪʵʸ˂ ʮʬʳʵʯ ʭʯʽʭʰʯ, ʰʳʰʹʨʯʭʰʹ ʸʵʳ 
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ʳʵʭʨˆʫʰʴʵʯ ʱʭʨʴ˃ʬʩʰʹ ʫʨˇʪʻʼʬʩʨ, ʫʨˇʪʻʼʬʩʰʹ ʹˆʭʨʫʨʹˆʭʨ ʭʨʸʰʨʴʺʬʩʰʫʨʴ ʻʴʫʨ 

ˀʬʭʨʸˁʰʵʯ ʬʭʸʰʹʺʰʱʻʲʨʫ ʿʭʬʲʨʮʬ ʳʵʳʪʬʩʰʨʴʰ. ʨʪʬʩʰʹ ʬʹ ʳʬʯʵʫʰ ʨʸʰʹ O(n3) 

ʹʰʸʯʻʲʰʹ, ʹʨʫʨ˂ n ʶʸʰʳʰʺʰʭʬʩʰʹ ʸʨʵʫʬʴʵʩʨʨ. ʱʻʩʻʸʰ ʹʰʸʯʻʲʰʫʨʴ ʪʨʳʵʿʭʨʴʨ 

ˀʬʹʨ˃ʲʬʩʬʲʰʨ ʯʻ ʪʨʳʵʭʰʿʬʴʬʩʯ ʪʸʵʭʬʩʹ, ʯʻʳ˂ʨ ʳʬʯʵʫʰ ʳʨʰʴ˂ ʰʳʫʬʴʨʫ ʸʯʻʲʰʨ, 

ʸʵʳ ʶʸʨʽʺʰʱʨˀʰ ʳʰʹʰ ʪʨʳʵʿʬʴʬʩʨ ʯʰʯʽʳʰʹ ʨʸ ˆʫʬʩʨ ʳʰʹʰ ʪʨʳʵʯʭʲʰʯʰ ʹʰʸʯʻʲʰʹ 

ʪʨʳʵ. 

 ʨˆʲʨ ʪʨʴʭʰˆʰʲʵʯ ʳʬʯʵʫʬʩʰ, ʸʵʳʲʬʩʰ˂ ˆʬʹ ʨʪʬʩʬʴ ʮʬʳʵʫʨʴ ʽʭʬʳʵʯ: ˇʬʸ 

ʨʪʬʩʬʴ ˆʰʹ ˃ʰʸʹ, ˀʬʳʫʬʪ ˀʭʰʲʵʩʰʲ, ˀʰʫʨ ʱʭʨʴ˃ʬʩʹ ʫʨ ˁʨʫʰʨʴ ʼʵʯʲʬʩʨʳʫʬ. ˆʰʹ 

ʨʪʬʩʰʹ ʸʨʳʵʫʬʴʰʳʬ, ʨʹʬʯʰ ʳʬʯʵʫʰ ʨʸʹʬʩʵʩʹ, ʳʵʭʰʿʭʨʴʵʯ ʳʨʪʨʲʰʯʰ: ʹʨ˄ʿʰʹ ʬʺʨʶʮʬ 

ʿʭʬʲʨ ʶʸʰʳʰʺʰʭʰ ʳʵʭʨʯʨʭʹʵʯ ʬʸʯ ʿʻʯˀʰ, ˀʬʳʫʬʪ ʪʨʴʭʹʨʮʾʭʸʵʯ ʿʻʯʰʹ ʿʭʬʲʨʮʬ 

ʪʸ˃ʬʲʰ ʳˆʨʸʬ ʫʨ ˀʬʹʨʩʨʳʰʹʰ ʾʬʸ˃ʰʹ ʪʨʹ˄ʭʸʰʭ ʫʨʭʨʲʨʪʵʯ ʶʸʰʳʰʺʰʭʬʩʰ ʳʨʯʰ 

˂ʬʴʺʸʰʹ ʱʵʵʸʫʰʴʨʺʬʩʰʹ ʳʰˆʬʫʭʰʯ. ʨʳʰʹ ˀʬʳʫʪʵʳ ʫʨʲʨʪʬʩʻʲʰ ʶʸʰʳʰʺʰʭʬʩʰʹ 

ʶʰʸʭʬʲʰ ʴʨˆʬʭʨʸʰ ʳʵʭʨʯʨʭʹʵʯ ʬʸʯ ˀʭʰʲʵʩʰʲ ʱʭʨʴ˃ˀʰ, ˆʵʲʵ ʳʬʵʸʬ ʴʨˆʬʭʨʸʰ 

ʳʬʵʸʬˀʰ. ʬʹ ʶʸʵ˂ʬʹʰ ʪʨʭʰʳʬʵʸʵʯ ʸʬʱʻʸʹʰʻʲʨʫ, ʹʨʴʨʳ ʼʵʯʲʬʩˀʰ ʹʨʹʻʸʭʬʲʰ 

ʸʨʵʫʬʴʵʩʰʹ ʶʸʰʳʰʺʰʭʬʩʰ ʨʸ ʫʨʪʭʸˁʬʩʨ. ʨʹʬʯʰ ʹʨˆʰʯ ʨʪʬʩʻʲʰ ˆʬ ʹʸʻʲʨʫ 

ʩʨʲʨʴʹʰʸʬʩʻʲʰʨ, ʸʨʫʪʨʴ ʿʵʭʬʲʰ ʱʭʨʴ˃ʰʹʯʭʰʹ ˀʭʰʲʵʩʰʲ ʱʭʨʴ˃ʬʩˀʰ ʶʸʰʳʰʺʰʭʬʩʰʹ 

ʸʨʵʫʬʴʵʩʰʹ ʴʨˆʬʭʨʸ-ʴʨˆʬʭʨʸʹ ʭʨʯʨʭʹʬʩʯ, ʯʻʳ˂ʨ ʯʨʭʨʫ ʨʪʬʩʰʹ  ʶʸʵ˂ʬʹʰ ʹʨʱʳʨʵʫ 

ʸʯʻʲʰʨ, ʸʨʫʪʨʴ ʪʭʰ˄ʬʭʹ ʶʸʰʳʰʺʰʭʬʩʰʹ ʫʨʲʨʪʬʩʬʩʰ ˀʻʨʮʬ ʪʨʹʨʿʵʼʨʫ.  

 ʪʨʴʭʰˆʰʲʵʯ ʱʰʫʬʭ ʬʸʯʰ ʳʬʯʵʫʰ: ˄ʰʴʨʹʪʨʴ ʪʨʴʹˆʭʨʭʬʩʰʯ ʬʹ ʳʬʯʵʫʰ ʯʨʭʰʫʨʴ 

ʰ˂ʰʲʬʩʹ ʶʸʰʳʰʺʰʭʬʩʰʹ ʫʨʲʨʪʬʩʨʹ. ʨʳʰʹ ʳʨʪʰʭʸʨʫ ʳʨʹ ˀʬʳʵʨʽʭʹ ʪʨʳʿʵʼʰ 

ʹʰʩʸʺʿʬ(ʿʭʬʲʨʮʬ ʳʨʸʺʰʭ ˀʬʳˆʭʬʭʨˀʰ ˀʬʰ˃ʲʬʩʨ ʨʭʰʾʵʯ ʰʹ ʹʰʩʸʺʿʬ, ʸʵʳʬʲʰ˂ ˀʻʨʮʬ 

ʿʵʼʹ ʿʻʯʹ ʳʰʹʰ ʪʸ˃ʬʲʰ ʪʭʬʸʫʰʹ ʳʰʳʨʸʯ) ʫʨ ʰʹ ʶʸʰʳʰʺʰʭʬʩʰ, ʸʵʳʬʲʯʨ ˂ʬʴʺʸʰʹ 

ʱʵʵʸʫʰʴʨʺʬʩʰ˂ ʳʵʬʽ˂ʬʭʰʨʴ ʪʨʳʿʵʼʰʹ ʬʸʯ ʳˆʨʸʬʹ ʳʵʭʨʯʨʭʹʵʯ ʬʸʯ ˀʭʰʲˀʰ, ˆʵʲʵ 

ʫʨʴʨʸˁʬʴʬʩʰ ʳʬʵʸʬˀʰ. ʶʸʰʳʰʺʰʭʰʹ ˂ʬʴʺʸʰʹ ʱʵʵʸʫʰʴʨʺʰ ʹʰʩʸʺʿʰʹ ʨʴ ʬʸʯ ʳˆʨʸʬʹ 

ʬʽ˂ʬʭʨ, ʨʴ ʳʬʵʸʬ, ʪʨʴʹˆʭʨʭʬʩʰʯ ʯʨʭʨʫ ʶʸʰʳʰʺʰʭʰʹʨʪʨʴ, ʸʵʳʬʲʰ˂ ˀʬʰ˃ʲʬʩʨ 

ʯʨʴʨʰʱʭʬʯʵʹ ʱʰʫʬ˂. ʨʳ ʳʬʯʵʫʰʯ ʨʪʬʩʻʲʰ ˆʬ ʪʨʳʵʭʨ ʨʸʨʩʨʲʨʴʹʰʸʬʩʻʲʰ, ʸʨʫʪʨʴ 

ʪʨʳʿʵʼʰʹ ʹˆʭʨʫʨʹˆʭʨ ʳˆʨʸʬʹ ʹˆʭʨʫʨʹˆʭʨ ʸʨʵʫʬʴʵʩʰʹ ʶʸʰʳʰʺʰʭʬʩʰ ˀʬʰ˃ʲʬʩʨ 

ʳʵʬʽ˂ʴʬʴ. ʸʨ˂ ˀʬʬˆʬʩʨ ʯʨʭʨʫ ʨʪʬʩʰʹ ʶʸʵ˂ʬʹʰʹ ʹʰʸʯʻʲʬʹ ˄ʰʴʨ ʳʬʯʵʫʯʨʴ 

ˀʬʫʨʸʬʩʰʯ ʩʬʭʸʨʫ ʹ˄ʸʨʼʨʫ ˆʫʬʩʨ, ʸʨʫʪʨʴ ʿʵʭʬʲ ʱʭʨʴ˃ˀʰ ʶʸʰʳʰʺʰʭʬʩʮʬ ʬʸʯʰ 

ʪʨʸʩʬʴʰʯ ʭʨˆʫʬʴʯ ʳʨʯ ʪʨʫʨʹʨʴʨ˄ʰʲʬʩʲʨʫ ˀʭʰʲʵʩʰʲ ʱʭʨʴ˃ʬʩˀʰ. 
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ʮʬʫʨʶʰʸʰʹ ʼʨʸʯʵʩʰʹ ʬʭʸʰʹʺʰʱʨ 

 

 ʸʵʪʵʸ˂ ʮʬʳʵʯ ʨʾʭʴʰˀʴʬʯ, ʰʳʰʹʨʯʭʰ, ʸʵʳ ˀʬʭ˃ʲʵʯ ˆʰʹ ˆʨʸʰʹˆʰʹ ˀʬʼʨʹʬʩʨ 

ʪʭ˅ʰʸʫʬʩʨ ʸʨʰʳʬ ˀʬʳʼʨʹʬʩʬʲʰ ʼʻʴʽ˂ʰʨ, ʬʹ ʼʻʴʽ˂ʰʨ ʫʨʪʭʬˆʳʨʸʬʩʨ ˆʰʹ ʨʪʬʩʰʹ 

ʶʸʵ˂ʬʹˀʰ, ʸʵʫʬʹʨ˂ ʪʭ˅ʰʸʫʬʩʨ ˀʬʭʨʫʨʸʵʯ ʬʸʯʳʨʴʬʯʹ ʹˆʭʨʫʨʹˆʭʨ ˆʬʬʩʰ/ʽʭʬˆʬʬʩʰ ʫʨ 

ʳʨʯˀʰ ˀʬʭʨʸˁʰʵʯ ˁʭʬʴʯʭʰʹ ʿʭʬʲʨʮʬ ˆʬʲʹʨʿʸʬʲʰ. ʬʹ ʼʻʴʽ˂ʰʨ ˀʬʰ˃ʲʬʩʨ ʰʿʵʹ 

ʬʭʸʰʹʺʰʱʻʲʰ, ʸʵʳʬʲʰ˂ ʨʸʨʵʶʺʰʳʨʲʻʸʨʫ, ʳʰʴʰʳʨʲʻʸʰ ʪʨʳʵʯˆʲʬʩʰʯ ˀʬʨʼʨʹʬʩʹ 

ˆʬʹ. 

 ʸʵʫʬʹʨ˂ ˁʭʬʴ ʭ˂ʫʰʲʵʩʯ ʨʭʨʪʵʯ ʨʳʨˁʽʨʸʬʩʬʲʰ ʹʺʸʻʽʺʻʸʨ ʹˆʰʭʬʩʰʹ 

ʯʨʴʨʱʭʬʯʰʹ ʨʳʵ˂ʨʴʰʹʯʭʰʹ ʳʯʨʭʨʸ ʶʸʰʵʸʰʺʬʺʹ ˄ʨʸʳʵʨʫʪʬʴʹ ʹ˄ʵʸʬʫ ʹˆʰʭʬʩʰʹ 

ʮʬʫʳʬʺʰ ˀʬʳʵ˄ʳʬʩʬʩʰʹ ʳʰʴʰʳʰʮʨ˂ʰʨ. ˁʭʬʴ ʮʬʳʵʯ ʭʯʽʭʰʯ, ʸʵʳ ʯʻ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ 

ʿʻʯʰ ʫʰʫʰʨ ʫʨ ʶʸʰʳʰʺʰʭʹ ʳ˅ʰʫʸʵʫ ʨʸ ʬʱʭʸʰʹ ʬʹ ʳʰʹ ʬʼʬʽʺʻʸʵʩʨʹ ʨʳ˂ʰʸʬʩʹ. 

ʬʼʬʽʺʻʸʵʩʰʹ ˀʬʳ˂ʰʸʬʩʨ ʰʳʨˀʰ ʪʨʳʵʰˆʨʺʬʩʨ, ʸʵʳ ˁʭʬʴʰ ʹˆʰʭʬʩʰʹ ʻʼʸʵ ʫʰʫʰ ʴʨ˄ʰʲʰ 

ˆʭʫʬʩʨ ʳʨʹ, ʸʵʳʲʬʩʰ˂ ʸʬʨʲʻʸ ʶʸʰʳʰʺʰʭʹ ˀʬʹʨ˃ʲʵʨ ˂ʫʬʩʵʫʴʬʴ ʫʨ ʪʭʰ˄ʬʭʹ ʿʻʯʰʹ 

ʺʿʻʰʲʨʫ ʪʨˆʹʴʨ ʫʨ ʽʭʬˆʬˀʰ ˁʨʹʭʲʨ. 

 ʮʬʫʨʶʰʸʰʹ ʼʨʸʯʵʩʰʹ ʬʭʸʰʹʺʰʱʨ(Surface Area Heuristic, ˀʬʳʵʱʲʬʩʰʯ SAH), 

ʸʵʪʵʸ˂ ʹʨˆʬʲʰʫʨʴ ˁʨʴʹ, ʨʸʰʹ ʬʭʸʰʹʺʰʱʻʲʰ ʼʻʴʽ˂ʰʨ, ʸʵʳʬʲʰ˂ ˀʬʼʨʹʬʩʰʹʯʭʰʹ 

ʰʿʬʴʬʩʹ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʰʹ ʮʬʫʨʶʰʸʰʹ ʼʨʸʯʵʩʹ. SAH ʬʭʸʰʹʺʰʱʰʹ ʯʨʴʨˆʳʨʫ 

ˆʰʹ ˀʰʫʨ ʱʭʨʴ˃ʰʹ ʼʨʹʰ ʺʵʲʰʨ: 

   ሺ    ሻ        ቆ  ሺ                   ሻ  ሺ         ሻ ቇ     ሺ              ሻ
  ቆ  ሺ                   ሻ  ሺ         ሻ ቇ     ሺ               ሻ 

ˆʰʹ ʼʵʯʲʬʩʰʹ ʼʨʹʰ ʺʵʲʰʨ: 

   ሺ    ሻ    ሺ         ሻ  ሺ                    ሻ                           
ʹʨʫʨ˂ : 

Ct - ʱʭʨʴ˃ʰʹ ʪʨʭʲʰʹ ʼʨʹʰ. 

Ci - ʶʸʰʳʰʺʰʭʰʹ ʯʨʴʨʱʭʬʯʰʹ ʼʨʹʰ. 
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SA() - ʮʬʫʨʶʰʸʰʹ ʼʨʸʯʵʩʰ. 

 

ʹʰʭʸ˂ʻʲʰ ˀʬʳʵʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰʹ ʰʬʸʨʸʽʰʨ 

 

 ʸʵʪʵʸ˂ ʮʬʳʵʯ ʰʯʽʭʨ ˆʰʹ ʨʪʬʩʨ ˆʫʬʩʨ, ʸʵʪʵʸ˂ ʵʩʰʬʽʺʬʩʨʫ ʫʨʿʵʼʰʯ, ʨʹʬʭʬ 

ʹʰʭʸ˂ʰʹ ʫʨʿʵʼʰʯ ʫʨ ʵʸʰʭʬ ʳʬʯʵʫʹ ʯʨʭʰʹʰ ʫʨʫʬʩʰʯʰ ʫʨ ʻʨʸʿʵʼʰʯʰ ʯʭʰʹʬʩʬʩʰ 

ʪʨʨˁʴʰʨ. ʳʨˀʰʴ, ʸʵʫʬʹʨ˂ ˁʭʬʴ ʪʭʹʻʸʹ ʳʨʾʨʲʰ ˆʨʸʰʹˆʰʹ ˆʰʹ ʨʪʬʩʨ, ʸʨʯʨ ʹˆʰʭʰʹ 

ʹ˂ʬʴʨʹʯʨʴ ʯʨʴʨʱʭʬʯʰʹ ʫʨʯʭʲʰʹ ʨʳʵ˂ʨʴʨ ʳʨʽʹʰʳʨʲʻʸʨʫ ʨʭʨˁʽʨʸʵʯ, ˀʬʪʭʰ˃ʲʰʨ 

ʳʵʭʨˆʫʰʴʵʯ ˆʰʹ ʨʪʬʩʨ ʱʵʳʩʰʴʰʸʬʩʻʲʰ ʳʬʯʵʫʰʯ, ʸʵʳʬʲʹʨ˂ ˀʬʬ˃ʲʬʩʨ ˆʰʹ 

ʱʵʴʱʸʬʺʻʲʰ ʱʭʨʴ˃ʰʹʯʭʰʹ ʪʨʳʵʰʿʬʴʵʹ ʹʨʻʱʬʯʬʹʵ ʭʨʸʰʨʴʺʰ. ʨʹʬʯ ˆʬʹ ʹʰʭʸ˂ʻʲ BVH 

ʻ˄ʵʫʬʩʬʴ, ˁʭʬʴ ʪʨʳʵʭʰʿʬʴʬʩʯ ʰʴʪʲʰʹʻʸʰ ˀʬʹʨʺʿʭʰʹʰʹ ʨʩʸʬʭʰʨʺʻʸʨʹ SBVH.  

 ˆʰʹ ʨʹʨʪʬʩʨʫ ʻʴʫʨ ʳʵʭʨˆʫʰʴʵʯ ʱʭʨʴ˃ʰʹ ʹʰʭʸ˂ʻʲʰ ʫʨ ʵʩʰʬʽʺʬʩʨʫ ʫʨʿʵʼʰʹ 

ʱʨʴʫʰʫʨʺʬʩʰʹ ˀʬʸˁʬʭʨ, ʫʨʭʰʯʭʨʲʵʯ ʳʨʯʯʭʰʹ SAH-ʰʹ ʼʨʹʰ ʫʨ ʨʭʰʸˁʰʵʯ 

ʹʨʻʱʬʯʬʹʵ ʭʨʸʰʨʴʺʰ(ʸʵʳʲʰʹ ʼʨʹʰ˂ ʴʨʱʲʬʩʰʨ). ʼʹʬʭʫʵʱʵʫʰ ʨʹʬ ʪʨʳʵʰʿʻʸʬʩʨ: 

SplitNode() 

{ 
 split1 = findBestObjectSplit() // ʵʩʰʬʽʺʬʩʨʫ ʫʨʿʵʼʰʹ ʱʨʴʫʰʫʨʺʰ 

 split2 = findBestSpatialSplit() // ʹʰʭʸ˂ʻʲʰ ʪʨʿʵʼʰʹ ʱʨʴʫʰʫʨʺʰ 

 
 if( split1.SAHcost <= split2.SAHcost ) 

  PerformSplit( split1 ) 

 else 
  PerformSplit( split2 ) 

} 

 ˆʰʹ ʨʪʬʩʰʹ ʬʹ ʳʬʯʵʫʰ ʳʬʯʵʫʰ ʳʵʪʭ˂ʬʳʹ ʳʨʾʨʲʰ ˆʨʸʰʹˆʰʹ ˆʬʹ, ʯʻʳ˂ʨ ʳʨʹʨ˂ 

ʯʨʭʰʹʰ ʳʰʴʻʹʬʩʰ ʪʨʨˁʴʰʨ. ʹʰʭʸ˂ʻʲʰ ʫʨʿʵʼʰʹ ʶʵʭʴʨ ʹʨʱʳʨʵʫ ʸʯʻʲʰ ʶʸʵ˂ʬʹʰʨ, ʸʨ˂ 

ˆʰʹ ʨʪʬʩʨʹ ˀʬʨʴʬʲʬʩʹ, ʨʳʰʺʵʳ ʸʬʱʵʳʬʴʫʰʸʬʩʻʲʰʨ ʳʰʹʰ ʪʨʳʵʿʬʴʬʩʨ ʹ˂ʬʴʰʹ 

ʹʺʨʺʰʱʻʸʰ ʵʩʰʬʽʺʬʩʰʹʨʯʭʰʹ. SBVH-ʰʹ ˀʬʳʯˆʭʬʭʨˀʰ ʻʱʭʬ ˆʰʹ ʻʩʸʨʲʵ ʪʨʫʨ˅ʰʳʭʨʹ 

ʭʬʾʨʸ ʪʨʭʨʱʬʯʬʩʯ, ʸʨʫʪʨʴ ʶʸʰʳʰʺʰʭʬʩʰ ʱʭʨʴ˃ʰʹ ˀʬʹʨʩʨʳʰʹ ʿʻʯʬʩˀʰ ʳʯʲʰʨʴʨʫ ʨʸ 

ʨʸʰʨʴ ʳʵʯʨʭʹʬʩʻʲʰ.  
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ˆʰʹ ʫʨʲʨʪʬʩʻʲʰ ˀʬʳʵʭʲʨ 

 

 ʸʵʪʵʸ˂ ʮʬʳʵʯ ʨʾʰʴʰˀʴʨ, ˁʭʬʴʰ ʨʳʵ˂ʨʴʨ ʪʻʲʰʹˆʳʵʩʹ ʨʸʹʬʩʻʲ ʪʬʵʳʬʺʸʰʨʹʯʨʴ 

ʹˆʰʭʰʹ ʻʨˆʲʵʬʹʰ ʯʨʴʨʱʭʬʯʰʹ ʶʵʭʴʨʹ. ʰʳʰʹ ʳʨʪʰʭʸʨʫ, ʸʵʳ ʭʰʶʵʭʵʯ ʿʭʬʲʨ ʯʨʴʨʱʭʬʯʨ 

ʹˆʰʭʰʹ ʪʨʹ˄ʭʸʰʭ ʫʨ ˀʬʳʫʪʵʳ ʨʳʵʭʨʸˁʰʵʯ ʰʽʰʫʨʴ ʻʨˆʲʵʬʹʰ ʨˇʵʩʬʩʹ ˃ʬʩʴʰʹ ʶʸʵ˂ʬʹʰ 

ʳʵʭʨ˄ʿʵʯ ʰʹʬ, ʸʵʳ ˀʬʭ˃ʲʵʯ ʨˆʲʵ ʯʨʴʨʱʭʬʯʬʩʰʹ ˀʬʳʵ˄ʳʬʩʨ ʻʼʸʵ ʨʫʸʬ ʫʨ ʯʨʭʰʫʨʴ 

ʨʭʰ˂ʰʲʵʯ ʫʨʳʨʺʬʩʰʯʰ ʪʨʳʵʯʭʲʬʩʰ. 

 
 ʳʵʭʰʿʭʨʴʵʯ ʳʨʸʺʰʭʰ ʳʨʪʨʲʰʯʰ: ʭʯʽʭʨʯ ʪʭʨʽʭʹ A ʫʨ B ʶʸʰʳʰʺʰʭʰ(ʹʨʳʱʻʯˆʬʫʰ) 

ʫʨ ʳʨʯʰ ˀʬʹʨʩʨʳʰʹʰ, ʹʨʬʸʯʵ ʳˀʵʩʲʰʹ ʳʽʵʴʬ BoxA ʫʨ BoxB ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰ 

ʫʨ ʪʭʰʴʫʨ ʫʨʭʰʯʭʨʲʵʯ R1 ʫʨ R2 ʹˆʰʭʰʹ ʯʨʴʨʱʭʬʯʨ ʻʨˆʲʵʬʹ ʶʸʰʳʰʺʰʭʬʩʯʨʴ. 

ʰʳʰʹʨʯʭʰʹ, ʸʵʳ ˀʬʭ˃ʲʵʯ ʭʨʸʨʻʫʰ, ʯʻ ʸʵʳʬʲ ʶʸʰʳʰʺʰʭʹ ˀʬʰ˃ʲʬʩʨ ʱʭʬʯʫʬʹ ʹˆʰʭʰ 

ʶʰʸʭʬʲʰ, ʯʰʯʵʬʻʲʰ ʾʬʸ˃ʰʹ ʳʰʳʨʸʯʻʲʬʩʰʯ ʻʴʫʨ  ʪʨʴʭʹʨʮʾʭʸʵʯ ʯʻ ʸʵʳʬʲʰ 

ʿʻʯʰ ʨʸʰʹ ʱʰʫʬˀʰ. ʳʨʪʨʲʰʯʨʫ ʸʵʫʬʹʨ˂ x ʾʬʸ˃ʮʬ ʭʳʵ˃ʸʨʵʩʯ ʫʨʫʬʩʰʯʰ 

ʳʰʳʨʸʯʻʲʬʩʰʯ ʶʰʸʭʬʲʰ ʪʭˆʭʫʬʩʨ BoxA ʫʨ ˀʬʳʫʬʪ BoxB, ˆʵʲʵ ʸʵʫʬʹʨ˂ ʭʳʵ˃ʸʨʵʩʯ 

ʹʨ˄ʰʴʨʨʾʳʫʬʪʵ ʳʰʳʨʸʯʻʲʬʩʰʯ ʶʰʸʰʽʰʯ. ʨʳ ʰʴʼʵʸʳʨ˂ʰʰʹ ʫʨˆʳʨʸʬʩʰʯ ˀʬʭ˃ʲʬʩʯ 

ʭʰʭʨʸʨʻʫʵʯ, ʯʻ ʸʵʳʬʲ ʱʭʨʴ˃ʹ ʳʵˆʭʫʬʩʨ ˁʭʬʴʰ ʹˆʰʭʰ ʶʰʸʭʬʲʰ ʫʨ ʨʳ 

ʯʨʴʳʰʳʫʬʭʸʵʩʰʯ ʳʵʭʨˆʫʰʴʵʯ ˀʬʳʵ˄ʳʬʩʨ. ʪʨʴʭʰˆʰʲʵʯ R1 ʹˆʰʭʰʹ ʯʨʴʨʱʭʬʯʰʹ 

ʶʸʵ˂ʬʹʰ: R1 ʹˆʰʭʰ ʻʼʸʵ ʳʬʺʨʫ x ʾʬʸ˃ʰʹ ʪʨʹ˄ʭʸʰʭ ʳʵ˃ʸʨʵʩʹ, ʾʬʸ˃ʰʹ ʫʨʫʬʩʰʯʰ 

ʳʰʳʨʸʯʻʲʬʩʰʯ, ʨʳʰʺʵʳ ʻʴʫʨ ʳʵʭ˃ʬʩʴʵʯ ʯʻ ʸʵʳʬʲʰ ˀʭʰʲʰʩʰʲʰ ʿʻʯʰ ʪʭˆʭʫʬʩʨ 

ʨʳ ʾʬʸ˃ʰʹ ʪʨʹ˄ʭʸʰʭ ʫʨʫʬʩʰʯʰ ʳʰʳʨʸʯʻʲʬʩʰʯ ʶʰʸʭʬʲʰ(ʬʹ ʰʴʼʵʸʳʨ˂ʰʨ ˆʰʹ ʨʪʬʩʰʹ 

ʶʸʵ˂ʬʹˀʰ ˀʬʪʭʰ˃ʲʰʨ ʪʨʫʨʭʰʯʭʨʲʵʯ ʫʨ ˀʬʭʰʴʨˆʵʯ ʱʭʨʴ˃ʬʩˀʰ) ʫʨ ʫʨʭʰʯʭʨʲʵʯ 

ʳʨʹʯʨʴ ʯʨʴʨʱʭʬʯʨ(ˆʰʹ ʱʭʨʴ˃ʬʩʰʹ ˀʬʳʯˆʭʬʭʨˀʰ ˁʨʭʨʲʯ ʨʳ ˀʭʰʲˀʰ ʸʬʱʻʸʹʰʻʲʨʫ). ʯʻ 

ʳʰʾʬʩʻʲʰ ʳʰʾʬʩʻʲʰ ʯʨʴʨʱʭʬʯʰʹ ˄ʬʸʺʰʲʰ I1, ʸʨʫʪʨʴ ʰʹ ʳʬʵʸʬ ˀʭʰʲʰʹ ʿʻʯʰʹ 

ʫʰʨʶʨʮʵʴˀʰ[MinB,MaxB] ʨʸ ʬʽ˂ʬʭʨ ʳʨʹʯʨʴ ʯʨʴʨʱʭʬʯʰʹ ˀʬʳʵ˄ʳʬʩʨ ʹʨ˅ʰʸʵ ʨʾʨʸʨʨ. Ray2-
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ʰʹ ˀʬʳʯˆʭʬʭʨˀʰ ʳʨʹ ʳʬʸʬ ʸʨ˂ ʳʰʹʰ ʫʵʳʰʴʨʴʺʰ ʳʰʳʨʸʯʻʲʬʩʰʹ ʪʨʹ˄ʭʸʰʭ ʶʰʸʭʬʲ 

ˀʭʰʲʵʩʰʲ ʱʭʨʴʮʯʨʴ BoxB-ʹʯʨʴ ʫʨʭʰʯʭʲʰʯ ʯʨʴʨʱʭʬʯʨʹ I2-ʹ ʭʴʨˆʨʭʯ ʸʵʳ ʰʹ 

[MinA,MinB] ʫʰʨʶʨʮʵʴˀʰ ʬʽ˂ʬʭʨ, ʨʳʰʺʵʳ ʨʳ ˀʬʳʯˆʭʬʭʨˀʰ ʵʸʰʭʬ ʱʭʨʴ˃ˀʰ ʳʵʪʭʰ˄ʬʭʹ 

ˁʨʹʭʲʨ. 

 

 

 

ʪʨʴʨʯʬʩʰʹ ʳʵʫʬʲʬʩʰ 

 

ʬʳʶʰʸʰʻʲʰ ʫʨ ʼʰʮʰʱʻʸʨʫ ʹ˄ʵʸʰ BSDF-ʬʩʰ 

 

ʪʨʴʨʯʬʩʰʹ ʳʵʫʬʲʬʩʹ ʿʵʼʬʴ ʵʸ ˇʪʻʼʨʫ: 

1. ʬʳʶʰʸʰʻʲʰ - ʬʳʶʰʸʰʻʲʰ ʳʵʫʬʲʬʩʰ ʳʰʰʾʬʩʨ ˂ʫʬʩʰʹʨ ʫʨ ʫʨʱʭʰʸʭʬʩʬʩʰʹ 

ˀʬʫʬʪʨʫ, ʨʳʰʺʵʳ ʪʨʴʨʯʬʩʰʹ ʬʳʶʰʸʰʻʲʰ ʳʵʫʬʲʬʩʰ ʼʰʮʰʱʻʸʰ ʹʰʮʻʹʺʰʯ 

ʨʸ ʪʨʳʵʰʸˁʬʭʰʨʴ. ʳʨʯ ʫʨʫʬʩʰʯ ʯʭʰʹʬʩʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ ʳ˂ʵʸʬ 

ʪʨʳʵʯʭʲʰʯʰ ʸʬʹʻʸʹʰ, ʹ˄ʵʸʬʫ ʨʳʰʹ ʪʨʳʵ ʰʹʰʴʰ ˆˀʰʸʨʫ ʪʭˆʭʫʬʩʰʨʴ 

ʸʬʨʲʻʸ ʫʸʵˀʰ ʳʵʳʻˀʨʭʬ ʨʶʲʰʱʨ˂ʰʬʩˀʰ. 

2. ʼʰʮʰʱʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ - ʳʵʫʬʲʬʩʰ ʳʰʰʾʬʩʨ ʳʬʺʴʨʱʲʬʩʨʫ ʮʻʹʺʰ, 

ʼʰʮʰʱʻʸʰ ʼʵʸʳʻʲʰʸʬʩʰʹ ʹʨʼʻ˃ʭʬʲʮʬ. ʰʹʰʴʰ ʰ˃ʲʬʭʰʨʴ ʻʼʸʵ 

ʸʬʨʲʰʹʺʻʸ ʪʨʴʯʬʩʨʹ, ʯʻʳ˂ʨ ˆˀʰʸ ˀʬʳʯˆʭʨʭʨˀʰ ʳʵʰʯˆʵʭʬʴ ʻʼʸʵ ʳʬʺ 

ʪʨʳʵʯʭʲʰʯ ʸʬʹʻʸʹʹ. ʼʰʮʰʱʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲ brdf-ʬʩʹ ʪʨʨˁʴʰʨʯ 

ʫʨʳʨʯʬʩʰʯʰ ʳʨˆʨʹʰʨʯʬʩʲʬʩʰ: 

 ʨʸʨʻʨʸʿʵʼʰʯʵʩʨ -   ሺ     ሻ    

 ˈʬʲʳˈʵʲʺʹʰʹ(Helmholtz) ʸʬ˂ʰʶʺʸʻʲʵʩʨ - ʸʨ˂ ʪʻʲʰʹˆʳʵʩʹ BRDF-

ʰʹ ʹʰʳʬʺʸʰʻʲʵʩʨʹ(ʯʻ wi ʫʨ wr ʪʨʭʻ˂ʭʲʰʯ ʨʫʪʰʲʬʩʹ 

ʳʴʰˀʭʴʬʲʵʩʨ ʰʪʰʭʬ ʻʴʫʨ ʫʨʸˁʬʹ). 

 ʬʴʬʸʪʰʰʹ ʳʻʫʳʰʭʵʩʨ -     ∫   ሺ     ሻ             
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ʲʨʳʩʬʸʺʰʹ ʳʵʫʬʲʰ 

 

 ʲʨʳʩʬʸʺʰʹ ʫʰʼʻʮʰʻʸʰ ʨʸʬʱʭʲʰʹ ʳʵʫʬʲʰ ʨʸʰʹ ʼʰʮʰʱʻʸʨʫ ʹ˄ʵʸʰ ʳʵʫʬʲʰ, 

ʸʵʳʬʲʰ˂ ʨʾ˄ʬʸʹ ʰʫʬʨʲʻʸʨʫ ʫʰʼʻʮʰʻʸ, ʰʮʵʺʸʵʶʻʲ ʮʬʫʨʶʰʸʮʬ ʨʸʬʱʭʲʨʹ. 

ʳʬʯʵʫʰ ʳʯʲʰʨʴʨʫ ʫʨʼʻ˃ʴʬʩʻʲʰʨ ʲʨʳʩʬʸʺʰʹ ʱʵʹʰʴʻʹʰʹ ˄ʬʹʮʬ ʫʨ ʨʳʩʵʩʹ, ʸʵʳ 

ʪʨʴʨʯʬʩʰʹ ʰʴʺʬʴʹʰʭʵʩʰʹ ˂ʭʲʰʲʬʩʨ ʫʰʼʻʮʰʻʸʰ ʮʬʫʨʶʰʸʰʹ ˄ʬʸʺʰʲˀʰ 

ʫʨʳʵʱʰʫʩʻʲʰʨ ʪʨʴʨʯʬʩʰʹ ʳʰʳʨʸʯʻʲʬʩʨʹʨ(L) ʫʨ ʮʬʫʨʶʰʸʰʹ ʴʵʸʳʨʲʹ(N) ˀʵʸʰʹ 

ʨʸʹʬʩʻʲʰ ʱʻʯˆʰʹ ʱʵʹʰʴʻʹʮʬ. ʸʵʪʵʸ˂ ʮʬʳʵʯ ʨʭʾʴʰˀʴʬʯ ʰʳʰʹʨʯʭʰʹ, ʸʵʳ ʨʸ 

ʫʨʭʨʸʾʭʰʵʯ ʬʴʬʸʪʰʰʹ ʳʻʫʳʰʭʵʩʨ, ʸʨʯʨ ʳʵˆʫʬʹ BRDF-ʰʹ ʴʵʸʳʨʲʰʮʬʩʨ(ʰʴʺʬʪʸʨʲʰ 

ʰʿʵʹ ʬʸʯʰ), θ ʱʻʯˆʰʹ ʱʵʹʰʴʻʹʰ ʻʴʫʨ ʪʨʭʿʵʯ ʴʨˆʬʭʨʸʹʼʬʸʵʹ ʶʸʵʬʽ˂ʰʸʬʩʻʲ 

ʱʻʯˆʻʸ ʳʴʰˀʭʴʬʲʵʩʨʮʬ (π-ʮʬ). 

 

double BRDFLambertian( const Vector3& N, const Vector3& L ) 

{ 

        double NdotL = Vector3::dot( N, L ); 

        if ( NdotL > 0.0 ) { 

                return NdotL*( 1 / 3.1415926 ); 

        } 

        return 0.0; 

} 

 

 ʲʨʳʩʬʸʺʰʹ ʨʸʬʱʭʲʰʹ ʳʵʫʬʲʰ ʨʸʰʹ ʬʸʯʬʸʯʰ ʿʭʬʲʨʮʬ ʳʬʺʨʫ ʪʨʳʵʿʬʴʬʩʨʫʰ. 

ʳʬʯʵʫʰ ʨʹʬʭʬ ʰʯˆʵʭʹ ˃ʨʲʰʨʴ ʳ˂ʰʸʬ ʪʨʳʵʯʭʲʰʯ ʸʬʹʻʸʹʹ. 
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ʼʵʴʪʰʹ ʳʵʫʬʲʰ 

 

 
 

 ʼʵʴʪʰʹ ʹʶʬʱʻʲʨʸʻʲʰ ʨʸʬʱʭʲʰʹ ʳʵʫʬʲʰ ʨʸʰʹ ʬʳʶʰʸʰʻʲʰ ʳʵʫʬʲʰ, ʸʵʳʬʲʰ˂ 

ʰʯʭʲʰʹ ʪʨʴʨʯʬʩʰʹ ʹʶʬʱʻʲʨʸʻʲ ʪʨʴʨʯʬʩʨʹ ʰʮʵʺʸʵʶʻʲʰ ʮʬʫʨʶʰʸʰʹ ʲʵʱʨʲʻʸ 

˄ʬʸʺʰʲˀʰ.  

        ʲʵʱʨʲʻʸʰ ʪʨʴʨʯʬʩʰʹ ʪʨʳʵʯʭʲʰʹ ʨʳʵ˂ʨʴʨ ʳʫʪʵʳʨʸʬʵʩʹ ˀʬʳʫʬʪˀʰ: ʳʵ˂ʬʳʻʲʰ 

ʪʭʨʽʭʹ ʮʬʫʨʶʰʸʰʹ ʳʰʳʨʸʯʻʲʬʩʨ (N), ʪʨʴʨʯʬʩʰʹ ʳʰʳʨʸʯʻʲʬʩʨ (L) ʫʨ ʫʨʳʱʭʰʸʭʬʩʲʰʹ 

ʳʰʳʨʸʯʻʲʬʩʨ (V), ʨʹʬʭʬ ʳʵ˂ʬʳʻʲʰʨ ʮʬʫʨʶʰʸʰʹ ʹʰʪʲʻʭʰʹ ʱʵʬʼʰ˂ʰʬʴʺʰ s. ˁʭʬʴ ʻʴʫʨ 

ʫʨʭʯʭʨʲʵʯ ʨʲʩʨʯʵʩʨ ʰʳʰʹʨ, ʸʵʳ ʲʵʱʨʲʻʸ ˄ʬʸʺʰʲˀʰ, ʸʵʳʬʲʹʨ˂ ʪʨʨˁʴʰʨ ʼʵʴʪʰʹ 

ʹʰʪʲʻʭʰʹ ʱʵʬʼʰ˂ʰʬʴʺʰ s, L ʳʰʳʨʸʯʻʲʬʩʰʫʨʴ ʳʵʹʻʲʰ ʹˆʰʭʰ ʨʰʸʬʱʲʬʩʨ V 

ʳʰʳʨʸʯʻʲʬʩʰʯ. 

        ʼʵʴʪʰʹ ʪʨʴʨʯʬʩʰʹ ʳʵʫʬʲʰ ʨʳʰʹʯʭʰʹ ˇʬʸ ʰʯʭʲʰʹ ʰʫʬʨʲʻʸʰ ʨʸʬʱʭʲʰʹ 

ʳʰʳʨʸʯʻʲʬʩʨʹ (R) ʫʨ ʨʳʩʵʩʹ, ʸʵʳ ʹʶʬʱʻʲʨʸʻʲʰ ʪʨʴʨʯʬʩʨ 

ʶʰʸʫʨʶʰʸʶʸʵʶʵʸ˂ʰʻʲʨʫ ʨʸʰʹ ʫʨʳʵʱʰʫʬʩʻʲʰ R ʫʨ V ʭʬʽʺʵʸʬʩʹ ˀʵʸʰʹ ʳʫʬʩʨʸʬ 

Θ ʱʻʯˆʰʹ ʱʵʹʰʴʻʹʮʬ. ʬʹ ʫʨʳʵʱʰʫʬʩʻʲʬʩʨ ʻʱʸʵ ʳʱʭʬʯʸʰʨ, ʸʨ˂ ʻʼʸʵ ʶʸʰʨʲʨ ʨʸʰʹ 

ʮʬʫʨʶʰʸʰ, ʨʳʰʺʵʳ ʹʰʪʲʻʭʰʹ s ʱʵʬʼʰ˂ʰʬʴʺʰ ˇʫʬʩʨ ˆʨʸʰʹˆʰʹ ʳʨˁʭʬʴʬʩʲʨʫ. ʨʳʰʹ 

ʪʨʳʵ s-ʹ ˆˀʰʸʨʫ ʹʶʬʱʻʲʨʸʻʲ ʬʽʹʶʵʴʬʴʺʹʨ˂ ʻ˄ʵʫʬʩʬʴ. ʽʭʬʳʵʯ ʳʵ˂ʬʳʻʲʰʨ ʼʻʴʽ˂ʰʨ, 

ʸʵʳʬʲʰ˂ ʰʯʭʲʰʹ ʹʶʬʱʻʲʨʸʻʲ ʪʨʴʨʯʬʩʨʹ ʶʵʴʪʰʹ ʳʬʯʵʫʰʯ: 
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double BRDFPhong( const Vector3& N, const Vector3& V, const Vector3& L, double s ) 

{ 

        Vector3 R = reflect( L, N ).normalize(); 

        double RdotV = Vector3::dot( R, V ); 

        if ( RdotV > 0.0 ) 

        { 

                double normalizationFactor = ( s + 2 ) / ( 2 * 3.1415926 ); 

                return pow( RdotV, s )*normalizationFactor; 

        } 

 

        return 0.0; 

} 

 

        ʳʰʻˆʬʫʨʭʨʫ ʰʳʰʹʨ, ʸʵʳ ʼʵʴʪʰʹ ʳʵʫʬʲʰ ʨʸ ʨʸʰʹ ʼʰʮʰʱʻʸʨʫ ʹ˄ʵʸʰ, ʰʹ ʳʨʰʴ˂ 

ˆˀʰʸʨʫ ʪʨʳʵʰʿʬʴʬʩʨ ʪʸʨʼʰʱʨˀʰ ʳʰʹʰ ʹʰʳʨʸʺʰʭʰʹ ʫʨ ʳ˂ʰʸʬ ʪʨʳʵʯʭʲʰʯʰ ʸʬʹʻʸʹʰʹ 

ʹʨ˅ʰʸʵʬʩʰʹ ʪʨʳʵ. 

 

ʩʲʰʴʰʹ ʳʵʫʬʲʰ 

 

 

 

 ʩʲʰʴʰʹ ʹʶʬʱʻʲʨʸʻʲʰ ʨʸʬʱʭʲʰʹ ʳʵʫʬʲʰ ʨʸʰʹ ʬʳʶʰʸʰʻʲʰ ʳʵʫʬʲʰ, 

ʸʵʳʬʲʰ˂ ʰʯʭʲʰʹ ʪʨʴʨʯʬʩʰʹ ʹʶʬʱʻʲʨʸʻʲ ˄ʰʲʹ ʰʮʵʺʸʵʶʻʲʰ ʮʬʫʨʶʰʸʰʹ 

ʲʵʱʨʲʻʸ ˄ʬʸʺʰʲˀʰ. ʰʹ ˄ʨʸʳʵʨʫʪʬʴʹ ʼʵʴʪʰʹ ʳʵʫʬʲʰʹ ʳʵʫʰʼʰ˂ʰʸʬʩʻʲ 

ʭʨʸʰʨʴʺʹ, ʸʵʳʬʲʰ˂ ˀʬʰʳʻˀʨʭʨ ˇʰʳ ʩʲʰʴʳʨ, ʹʨˆʬʲ˄ʵʫʬʩʨ˂ ʹ˄ʵʸʬʫ ʳʰʹʰ ʪʭʨʸʰʫʨʴ 
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ʳʵʫʰʹ. ʨʳʰʹ ʪʨʳʵ ʨʳ ʳʵʫʬʲʹ ˆˀʰʸʨʫ ʩʲʰʴ-ˈʵʴʪʰʹ ʳʵʫʬʲʹʨ˂ ʬ˃ʨˆʰʨʴ. 

        ʼʵʴʪʰʹ ʳʵʫʬʲʰʹʪʨʴ ʪʨʴʹˆʭʨʭʬʩʰʯ, ʩʲʰʴʰʹ ʳʵʫʬʲʰ ʰʯʭʲʰʹ ʪʨʴʨʯʬʩʰʹ (L) 

ʳʰʳʨʸʯʻʲʬʩʨʹʨ ʫʨ ʫʨʳʱʭʰʸʭʬʩʲʰʹ (V) ʳʰʳʨʸʯʻʲʬʩʰʹ ʹʨˀʻʨʲʵ ʳʰʳʨʸʯʻʲʬʩʨʹ (H) 

ʫʨ ʨʳʩʵʩʹ, ʸʵʳ ʹʶʬʱʻʲʨʸʻʲʰ ʪʨʴʨʯʬʩʨ ʶʰʸʫʨʶʰʸʶʸʵʶʵʸ˂ʰʻʲʨʫ ʨʸʰʹ 

ʫʨʳʵʱʰʫʬʩʻʲʰ N ʫʨ H ʭʬʽʺʵʸʬʩʹ ˀʵʸʰʹ ʳʫʬʩʨʸʬ Θ ʱʻʯˆʰʹ ʱʵʹʰʴʻʹʮʬ. ʮʬʫʨʶʰʸʰʹ 

ʹʰʪʲʻʭʰʹ s ʱʵʬʼʰ˂ʰʬʴʺʰ ʨʽʨ˂ ˆʨʸʰʹˆʰʹ ʳʨˁʭʬʴʬʩʲʨʫ ˇʫʬʩʨ, ʰʹʬʭʬ ʸʵʪʵʸ˂ ʼʵʴʪʰʹ 

ʳʵʫʬʲˀʰ. 

 

 ʽʭʬʳʵʯ ʳʵʭʬʳʻʲʰʨ ʼʻʴʽ˂ʰʨ, ʸʵʳʬʲʰ˂ ʰʯʭʲʰʹ ʹʶʬʱʻʲʨʸʻʲ ʪʨʴʨʯʬʩʨʹ 

ʩʲʰʴʰʹ ʳʬʯʵʫʰʯ. ʼʻʴʽ˂ʰʨʹ ʪʨʫʨʬ˂ʬʳʨ N, V, L ʭʬʽʺʵʸʬʩʰ ʫʨ s ʹʶʬʱʻʲʨʸʻʲʰ 

ʬʽʹʶʵʴʬʴʺʰ ʫʨ ʨʩʸʻʴʬʩʹ ʹʶʬʱʻʲʨʸʻʲʰ ʪʨʴʨʯʬʩʰʹ ˄ʰʲʹ. 

 

double BlinnPhongShading( const Vector3& N, const Vector3& V, const Vector3& L, double s ) 

{ 

        Vector3 H = (L + V).normalize(); 

        double HdotN = Vector3::dot( H, N ); 

        if ( HdotN > 0.0 ) 

        { 

                double normalizationFactor = ( s + 8 )/( 8 * 3.1415926 ); 

                return pow( HdotN, s )* normalizationFactor; 

        } 

        return 0.0; 

} 
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        ʩʲʰʴʰʹ ʳʵʫʬʲʰ, ʰʹʬʭʬ ʸʵʪʵʸ˂ ʼʵʴʪʰʹ ʳʵʫʬʲʰ, ʳʵʰʯˆʵʭʹ ʳ˂ʰʸʬ ʪʨʳʵʯʭʲʰʯ 

ʸʬʹʻʸʹʹ ʫʨ ʨʸʰʹ ʿʭʬʲʨʮʬ ʪʨʭʸ˂ʬʲʬʩʻʲʰ ʪʨʴʨʯʬʩʰʹ ʳʵʫʬʲʰ ʸʬʨʲʻʸ ʫʸʵˀʰ 

ʳʵʳʻˀʨʭʬ ʪʸʨʼʰʱʻʲʰ ʨʶʲʰʱʨ˂ʰʬʩʰʹʯʭʰʹ. ʹ˄ʵʸʬʫ ʨʳ ʳʵʫʬʲʹ ʰʿʬʴʬʩʬʴ OpenGL ʫʨ 

DirectX ˃ʸʨʭʬʩʰ ʹʶʬʱʻʲʨʸʻʲʰ ʪʨʴʨʯʬʩʰʹ ʫʨʹʨʯʭʲʬʲʨʫ. 

 

 

ʶʸʵʬʽ˂ʰʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʭʰʮʻʨʲʰʮʨ˂ʰʨ 

 

 ʶʸʵʬʽ˂ʰʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ʳʬʯʵʫʹ ˄ʨʸʳʵʨʫʪʬʴʹ 

ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ ʳʬʯʵʫʰ. ʳʰʹʯʭʰʹ ʨʻ˂ʰʲʬʩʬʲʰʨ, ʸʵʳ ʮʬʫʨʶʰʸʰ ʳʵ˂ʬʳʻʲʰ ʰʿʵʹ 

ʶʵʲʰʪʵʴʬʩʰʹ ʹʨˆʰʯ. ʳʬʯʵʫʰ ʰʾʬʩʹ ʶʵʲʰʪʵʴʰʹ ˄ʬʸʺʰʲʬʩʹ ʫʨ ʰʯʭʲʰʹ ʳʨʯ 

ʶʸʵʬʽ˂ʰʨʹ ʹʬʴʹʵʸʰʹ ʹʨʹʻʸʨʯʬ ʹʰʩʸʺʿʬʮʬ. ʯʻ ʪʭʹʻʸʹ ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ ʳʬʯʵʫʰʯ 

ʨʴʨʲʰʺʰʱʻʸʨʫ ʳʵ˂ʬʳʻʲʰ ʪʬʵʳʬʺʸʰʻʲʰ ʼʰʪʻʸʰʹ ʭʰʮʻʨʲʰʮʨ˂ʰʨ, ʶʰʸʭʬʲ ʬʺʨʶʮʬ 

ʻʴʫʨ ʫʨʭʿʵʯ ʮʬʫʨʶʰʸʰ ʶʵʲʰʪʵʴʬʩʨʫ ʫʨ ˀʬʳʫʪʵʳ ʳʵʭʨˆʫʰʴʵʯ ʳʨʯʰ ʶʸʵʬʽ˂ʰʨ. 

ʶʵʲʰʪʵʴʬʩʨʫ ʫʨʿʵʼʨ ʰ˄ʭʬʭʹ ʨʴʨʲʰʺʰʱʻʸʰ ʮʬʫʨʶʰʸʰʹ ʫʰʹʱʸʬʺʻʲʨʫ ʪʨʸʫʨʽʳʴʨʹ, 

ʸʨ˂ ʹʨʩʵʲʵʵʫ ʭʰʮʻʨʲʰʮʨ˂ʰʨʮʬ˂ ʨʰʹʨˆʬʩʨ. 

 ʨʸʹʬʩʵʩʹ ʳʬʯʵʫʰ, ʸʵʳʬʲʰ˂ ʨʴʨʲʰʺʰʱʻʸʰ ʮʬʫʨʶʰʸʰʹ ˆʨʺʭʰʹ ʫʨ˄ʿʬʩʨʳʫʬ 

ʹʨʾʭʸʨʭʹ ʫʰʹʱʸʬʺʰʮʨ˂ʰʰʹ ʶʨʸʨʳʬʺʸʹ ʰʹʬ, ʸʵʳ ʱʨʳʬʸʨʹʯʨʴ ʨˆʲʵʹ ʳʫʬʩʨʸʬ 

ʮʬʫʨʶʰʸʰ ʻʼʸʵ ʶʨʺʨʸʨ ʹʨʳʱʻʯˆʬʫʬʩʨʫ ʫʨʰʿʵʹ, ˆʵʲʵ ˀʵʸʹ ʳʫʬʩʨʸʬʬʩʰ - ʻʼʸʵ 

ʫʰʫʨʫ, ʯʻʳ˂ʨ ʬʹ ʶʸʵʩʲʬʳʨʹ ʩʵʲʵʳʫʬ ʨʸ ˅ʸʰʹ. 

 

 

Figure 11ʳʨʸ˂ˆʬʴʨ ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʼʬʸʬʩʰʹ ʩʻʼʬʸʰ, ʳʨʸˇʭʬʴʨʮʬ-ʹʰʾʸʳʰʹ ʩʻʼʬʸʰ ʰʴʺʬʴʹʰʭʵʩʰʹ ʹʨˆʰʯ 
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 ʶʸʵʬʽ˂ʰʸʬʩʻʲʰ ʶʸʰʳʰʺʰʭʬʩʰ ˀʬʰ˃ʲʬʩʨ ʬʸʯʳʨʴʬʯʹ ʮʬʳʵʯ ʨʾʳʵˁʴʫʴʬʴ ʫʨ 

ʶʵʲʰʪʵʴʬʩʳʨ ʬʸʯʳʨʴʬʯʰ ʪʨʫʨʼʨʸʵʴ. ʹʨ˅ʰʸʵʨ ˆʰʲʭʨʫʵʩʰʹ ʶʸʵʩʲʬʳʰʹ ʪʨʫʨ˅ʸʨ, 

ʸʵʳʬʲʰ˂ ʫʨʪʭʬˆʳʨʸʬʩʨ ʪʨʴʭʹʨʮʾʭʸʵʯ, ʯʻ ʸʵʳʬʲʰ ʶʸʰʳʰʺʰʭʰ ˁʨʴʹ ʱʨʳʬʸʰʫʨʴ ʫʨ 

ʸʵʳʬʲʰ - ʨʸʨ. ˆʰʲʭʨʫʵʩʰʹ ʶʸʵʩʲʬʳʨʹ ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ ʳʬʯʵʫʰ ˄ʿʭʬʺʹ ʹʰʾʸʳʰʹ 

ʩʻʼʬʸʰʹ ʫʨˆʳʨʸʬʩʰʯ, ʸʵʳʬʲʰ˂ ʰʴʨˆʨʭʹ ʹʰʾʸʳʰʹ ʰʴʼʵʸʳʨ˂ʰʨʹ ʯʰʯʵʬʻʲʰ 

ʶʰʽʹʬʲʰʹʯʭʰʹ ʫʨ ʿʵʭʬʲʰ ʶʸʰʳʰʺʰʭʰʹ ʫʨˆʨʺʭʰʹ ʫʸʵʹ ˆʫʬʩʨ ʳʰʹʰ ʪʨʴʨˆʲʬʩʨ. 

ʶʸʵʩʲʬʳʰʹ ʪʨʫʨ˅ʸʰʹ ʬʹ ʳʬʯʵʫʰ ʯʨʭʰʹʳˆʸʰʭ ʨʹʬʭʬ ʫʰʹʱʸʬʺʻʲʰʨ ʫʨ ʳʨʹʨ˂ 

ʹʶʬ˂ʰʼʰʻʸʰ ˆʨʸʭʬʮʬʩʰ ʨˆʨʹʰʨʯʬʩʹ, ʳʨʯ ˀʵʸʹ ʬʸʯ-ʬʸʯʰ ʿʭʬʲʨʮʬ ʳʴʰˀʭʴʬʲʵʭʨʴʰ 

ʨʸʰʹ ʪʨʳ˅ʭʰʸʭʨʲʬ ʶʵʲʰʪʵʴʬʩʰ, ʳʨʯʰ ʱʵʸʬʽʺʻʲʰ ˆʨʺʭʨ ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ 

ʳʬʯʵʫʰʹʯʭʰʹ  ʱʭʲʨʭ ʨʽʺʻʨʲʻʸ ʨʳʵ˂ʨʴʨʫ ʸˁʬʩʨ. 

 ʶʸʵʬʽ˂ʰʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ʳʬʯʵʫʰʹ ʪʨʳʵʯʭʲʰʯʰ ʹʰʸʯʻʲʬ 

ʶʰʸʫʨʶʰʸʶʸʵʶʵʸ˂ʰʻʲʨʫ ʨʸʰʹ ʫʨʳʵʱʰʫʬʩʻʲʰ ʶʸʰʳʰʺʰʭʬʩʰʹ ʸʨʵʫʬʴʵʩʨʮʬ. ʯʻ 

ʶʸʰʳʰʺʰʭʬʩʰʹ ʶʸʵʬʽ˂ʰʰʹʨʹ ʨʸʨʴʨʰʸʰ ʹˆʭʨ ʵʶʺʰʳʰʮʨ˂ʰʨ ʨʸ ˆʫʬʩʨ ʮʬʫʳʬʺʰ 

ʪʨʳʵʯʭʲʬʩʰʹ ʯʨʭʰʫʨʴ ʨʹʨ˂ʰʲʬʩʲʨʫ, ʳʨˀʰʴ ʬʹ ʫʨʳʵʱʰʫʬʩʻʲʬʩʨ ˄ʸʼʰʭʰʨ. 

ʳʨʪʨʲʰʯʨʫ ʯʨʳʨˀʬʩˀʰ, ʹʨʫʨ˂ ʶʸʰʳʰʺʰʭʬʩʰʹ ʸʨʵʫʬʴʵʩʨ ʳʰʲʰʨʸʫʬʩʹ ˂ʫʬʩʨ, 

ʹˆʭʨʫʨʹˆʭʨ ʵʶʺʰʳʰʮʨ˂ʰʰʹ ʹʨʼʻ˃ʭʬʲʮʬ (Frustum Culling, Occlusion Culling, Level Of 

Detail) ˆʫʬʩʨ ʫʨʹʨˆʨʺʰ ʶʸʰʳʰʺʰʭʬʩʰʹ ʪʨʫʨʸˁʬʭʨ, ʸʨ˂ ˀʬʹʨ˃ʲʬʩʬʲʹ ˆʫʰʹ ʫʰʫʰ 

ʹ˂ʬʴʬʩʰʹ ʭʰʮʻʨʲʰʮʨ˂ʰʨʹ. 

 ʫʾʬʭʨʴʫʬʲ ʸʬʨʲʻʸ ʫʸʵˀʰ ʳʵʳʻˀʨʭʬ ʨʶʲʰʱʨ˂ʰʬʩʹʨ ʫʨ ʯʨʳʨˀʬʩˀʰ 

ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ ʳʬʯʵʫʰ ˇʬʸ ʱʰʫʬʭ ʨˀʱʨʸʨʫ ʫʵʳʰʴʰʸʬʩʹ. ʹ˄ʵʸʬʫ ʳʨʹʮʬ ʨʸʰʹ 

ʫʨʼʻ˃ʴʬʩʻʲʰ OpenGL, DirectX ʩʰʩʲʰʵʯʬʱʬʩʰ, ʸʵʳʬʲʹʨ˂ ʯʨʳʨˀʰʹ ʯʰʯʽʳʰʹ ʿʭʬʲʨ 

˄ʨʳʿʭʨʴʰ  ˃ʸʨʭʰ ʰʿʬʴʬʩʹ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹʯʭʰʹ. 

 

ʳʰʫʬʭʴʬʩʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʭʰʮʻʨʲʰʮʨ˂ʰʨ 

 

ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ ʳʬʯʵʫʬʩʰʹʨʪʨʴ ʪʨʴʹˆʭʨʭʬʩʰʯ, ʸʵʳʬʲʰ˂ ˆʰʲʭʨʫʵʩʰʹ ʨʳʵ˂ʨʴʨʹ 

˅ʸʰʫʨ ʹʰʾʸʳʰʹ ʩʻʼʬʸʰʹ ʪʨʳʵʿʬʴʬʩʰʯ, ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰ ʰʪʰʭʬ ʨʳʵ˂ʨʴʨʹ ʹˆʰʭʰʹ 

ʹ˂ʬʴʨʹʯʨʴ ʯʨʴʨʱʭʬʯʰʹ ʨʳʵ˂ʨʴʰʹ ʪʨʫʨ˅ʸʰʹ ʪʮʰʯ ˆʹʴʰʹ. ʰʳʰʹʨʯʭʰʹ, ʸʵʳ ʹ˄ʸʨʼʨʫ 

ʫʨʭʰʯʭʨʲʵʯ, ʯʻ ʸʵʳʬʲ ʶʸʰʳʰʺʰʭʹ ʳʵˆʭʫʨ ˁʭʬʴʰ ʹˆʰʭʰ, ʶʸʰʳʰʺʰʭʬʩʮʬ ʨʪʬʩʬʴ 

ʨʳʨˁʽʨʸʬʩʬʲ ʹʺʸʻʽʺʻʸʨʹ (ˆʬʹ), ʸʵʳʬʲʰ˂ ʯʨʴʨʱʭʬʯʰʹ ʨʳʵ˂ʨʴʰʹ ʹʰʸʯʻʲʬʹ ʨʳ˂ʰʸʬʩʹ 

˄ʸʼʰʭʰʫʨʴ ʲʵʪʨʸʰʯʳʻʲʨʳʫʬ. ʳʰʫʬʭʴʬʩʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ 

ʳʬʯʵʫʬʩʰ, ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ ʳʬʯʵʫʰʹʪʨʴ ʪʨʴʹˆʭʨʭʬʩʰʯ, ʨˆʫʬʴʬʴ ʯʰʯʵʬʻʲ ʶʰʽʹʬʲˀʰ 
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ʳʰʳʨʭʨʲʰ ʹˆʰʭʰʹ ʳʰʫʬʭʴʬʩʨʹ ʰʳʰʹʯʭʰʹ, ʸʵʳ ʨʳ ʶʰʽʹʬʲʰʹʯʭʰʹ ʫʨʯʭʨʲʵʴ ʼʬʸʰ. ʰʳʰʹ 

ʪʨʳʵ, ʸʵʳ ʳʬʯʵʫʰ ʯʵʯʵʬʻʲʰ ʶʰʽʹʬʲʰʹʯʭʰʹ ˂ʨʲ-˂ʨʲʱʬ ˂ʫʰʲʵʩʹ ʼʬʸʰʹ 

ʳʵ˃ʬʩʴʨʹ, ʳʰʹʰ ʹʰʸʯʻʲʬ ʶʰʽʹʬʲʬʩʰʹ ʸʨʵʫʬʴʵʩʨʮʬ ˄ʸʼʰʭʨʫ ʨʸʰʹ ʫʨʳʵʱʰʫʬʩʻʲʰ.

  

 

12ʪʸʨʼʰʱʬʩʰ ʨʹʨˆʨʭʹ ʸʬʴʫʬʸʰʹ ʫʸʵʰʹ ʫʨʳʵʱʰʫʬʩʻʲʬʩʨʹ ʶʸʰʳʰʺʰʭʬʩʰʹ ʸʨʵʫʬʴʵʩʨʮʬ ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ(˄ʰʯʬʲʰ) ʫʨ ʹˆʰʭʬʩʰʹ 

ʳʰʫʬʭʴʬʩʰʹ(ʳ˄ʭʨʴʬ) ˀʬʳʯˆʭʬʭʨˀʰ 

ʸʵʪʵʸ˂ ʪʸʨʼʰʱʰʫʨʴ ˁʨʴʹ, ʰʳ ʹ˂ʬʴʬʩʰʹʯʭʰʹ, ʹʨʫʨ˂ ʶʸʰʳʰʺʰʭʬʩʰʹ ʸʨʵʫʬʴʵʩʨ 

ʸʨʾʨ˂ ʮʾʭʨʸʮʬ ʴʨʱʲʬʩʰʨ, ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ ʳʬʯʵʫʰ ʻʼʸʵ ʹ˄ʸʨʼʨʫ ʳʻˀʨʵʩʹ, ʭʰʫʸʬ 

ʳʰʫʬʭʴʬʩʰʹ, ˆʵʲʵ ʮʾʭʨʸʹ ʮʬʳʵʯ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰ ʻʼʸʵ ʹ˄ʸʨʼʰʨ. ʨʽʬʫʨʴ 

ʱʨʸʪʨʫ ˁʨʴʹ, ʸʵʳ ʯʻ ˁʭʬʴ ʪʭʰʴʫʨ ʸʬʨʲʻʸʯʨʴ ʳʨʽʹʰʳʨʲʻʸʨʫ ʳʵʨˆʲʵʭʬʩʻʲʰ 

ʹ˂ʬʴʰʹ ʭʰʮʻʨʲʰʮʨ˂ʰʨ, ʹʨʫʨ˂ ʪʬʵʳʬʺʸʰʻʲʰ ʮʬʫʨʶʰʸʬʩʰ ʫʰʫʰ ʹʰʮʻʹʺʰʯ ʰʽʴʬʩʰʨʴ 

ʳʵ˂ʬʳʻʲʰ, ʳʨˀʰʴ ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰ ʻʼʸʵ ˆʬʲʹʨʿʸʬʲʰ ˆʫʬʩʨ. ʨʳ 

ʴʨˀʸʵʳʰʹ ʳʯʨʭʨʸ ʯʬʳʨʹ ʹ˄ʵʸʬʫ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʬʩʰ ˄ʨʸʳʵʨʫʪʬʴʹ.  

 

ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʨ 

 

ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰ ʨʸʰʹ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʱʵʳʶʰʻʺʬʸʻʲʨʫ ʳʰʾʬʩʰʹ 

ʬʸʯ-ʬʸʯʰ ʪʮʨ, ʸʵʳʬʲʰ˂ ʪʻʲʰʹˆʳʵʩʹ ˂ʰʼʸʻʲʰ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʯʰʯʵʬʻʲʰ 

ʶʰʽʹʬʲʰʹʨʯʭʰʹ ʹˆʰʭʰʹ ʳʰʫʬʭʴʬʩʨʹ, ʸʵʳʬʲʰ˂ ʳʰʳʨʸʯʻʲʰʨ ʫʨʳʱʭʰʸʭʬʩʲʰʫʨʴ 

ˀʬʹʨʩʨʳʰʹʰ ʶʰʽʹʬʲʰʹ ʳʰʳʨʸʯʻʲʬʩʰʯ (ʽʭʬʳʵʯ ʳʵ˂ʬʳʻʲ ʹʻʸʨʯʮʬ ˀʬʹʨʩʨʳʰʹʰ 

ʹˆʰʭʬʩʰ ʴʨˁʭʬʴʬʩʰʨ ˄ʰʯʲʨʫ).  
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13ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʰʲʻʹʺʸʨ˂ʰʻʲʰ ʳʵʫʬʲʰ 

 ʳʬʯʵʫʰ ʨʪʬʩʹ ˆʬʫʭʰʹ ʹˆʰʭʬʩʹ, ʰʯʭʲʰʹ ʳʨʯ ʯʨʴʨʱʭʬʯʨʹ ʪʬʵʳʬʺʸʰʻʲ 

ʵʩʰʬʽʺʬʩʯʨʴ ʫʨ ʯʰʯʵʬʻʲʰ ʯʨʴʨʱʭʬʯʰʹ ˄ʬʸʺʰʲʰʹʯʭʰʹ ʰʯʭʲʰʹ ʪʨʴʨʯʬʩʨʹ 

ʪʨʴʨʯʬʩʰʹ ʳʵʫʬʲʰʹ ʹʨˀʻʨʲʬʩʰʯ ʰʳ ˀʬʳʯˆʭʬʭʨˀʰ, ʯʻ  ʬʹ ʪʨʴʨʯʬʩʨ ʨʳ ˄ʬʸʺʰʲʰʫʨʴ 

ˁʨʴʹ. ˆʰʲʭʨʫʵʩʰʹ ˀʬʹʨʳʵ˄ʳʬʩʲʨʫ ˆʫʬʩʨ ˁʸʫʰʲʰʹ ʹˆʰʭʬʩʰʹ ʪʨˀʭʬʩʨ ʹʰʴʨʯʲʰʹ 

˄ʿʨʸʵʹ ʳʰʳʨʸʯʻʲʬʩʰʯ, ʯʻ ˁʸʫʰʲʰʹ ʹˆʰʭʰ ʹʰʴʨʯʲʰʹ ˄ʿʨʸʵʳʫʬ ʸʨʳʬʹ ʳʵˆʭʫʨ, ʬʹʬ 

ʰʪʰ ˄ʬʸʺʰʲʰ ˁʸʫʰʲˀʰʨ, ˄ʰʴʨʨʾʳʫʬʪ ˀʬʳʯˆʭʬʭʨˀʰ ʪʨʴʨʯʬʩʨˀʰ. ʨʳʰʹ ˀʬʳʫʬʪ 

ʫʨʯʭʲʰʲ ʪʨʴʨʯʬʩʨʹ ʨʳʸʨʭʲʬʩʹ ʮʬʫʨʶʰʸʰʹ ʼʬʸʮʬ ʫʨ ʰʾʬʩʹ ʹʨʩʵʲʵʵ 

ʼʬʸʹ(ʳʵʿʭʨʴʰʲʰ ʳʨʪʨʲʰʯʰ ʨʹʨˆʨʭʹ ʿʭʬʲʨʮʬ ʳʨʸʺʰʭ ˀʬʳʯˆʭʬʭʨʹ). ˀʬʹʨʩʨʳʰʹʨʫ, ʨʳ 

ʳʬʯʵʫʰʹ ʳʰʬʸ ʨʪʬʩʻʲʰ ʪʨʴʨʯʬʩʰʹ ʪʨʫʨʳʺʨʴʰ ʪʮʬʩʰ ʪʨʴʨʯʬʩʨʹ ʱʨʳʬʸʨʹʯʨʴ 

ʨʱʨʭˀʰʸʬʩʹ ʳˆʵʲʵʫ ʬʸʯʰ ʮʬʫʨʶʰʸʰʹ ʪʨʭʲʰʯ. ʨʳ ʮʬʫʨʶʰʸʰʹʯʭʰʹ ʰʸʰʩʨʫ ʳʵʹʻʲʰ 

ʪʨʴʨʯʬʩʰʹ ʫʨʯʭʲʨ ʨʸ ˆʫʬʩʨ, ʨʳʰʺʵʳ ʯʻ ʮʬʫʨʶʰʸʰʹ ˆʰʲʻʲʰ ˄ʬʸʺʰʲʰʫʨʴ 

ʨʸ˂ʬʸʯʰ ʪʨʴʨʯʬʩʨ ʨʸ ˁʨʴʹ(ˁʸʫʰʲˀʰʨ) ʨʳ ˄ʬʸʺʰʲˀʰ ʫʨʯʭʲʰʲʰ ʪʨʴʨʯʬʩʨ ʹʨʬʸʯʵʫ 

ʨʸ ʪʭʬʽʴʬʩʨ. ʨʳʰʺʵʳ, ˁʸʫʰʲˀʰ ʳʿʵʼʰ ʨʫʪʰʲʬʩʰ ʹʻʲ ˀʨʭʰ ʸʵʳ ʨʸ ʰʿʵ ˀʬʳʵʰʾʬʹ 

ʪʨʸʬʳʵʳ˂ʭʬʲʰ ʪʨʴʨʯʬʩʨ(ambient light). ʬʹ ʨʸʰʹ ʳʰʴʰʳʨʲʻʸʰ ʪʨʴʨʯʬʩʨ, ʸʵʳʬʲʰ˂ 

ʿʭʬʲʪʨʴ ʪʭˆʭʫʬʩʨ ʫʨ ʸʵʳʬʲʹʨ˂ ʳʰʳʨʸʯʻʲʬʩʨ ʨʸ ʪʨʨˁʴʰʨ(˄ʨʸʳʵʨʫʪʬʴʹ ʳ˂ʰʸʬ 

ʫʨʴʨʳʨʺʹ). 



45 

 

ʳʬʯʵʫʰʹ ʸʬʨʲʰʮʨ˂ʰʰʹʨʹ ʨʻ˂ʰʲʬʩʬʲʰʨ ʫʰʫʰ ʿʻʸʨʫʾʬʩʨ ʳʰʬʽ˂ʬʹ ʹˆʰʭʰʹ 

ʯʨʴʨʱʭʬʯʰʹ ʨʳʵ˂ʨʴʰʹ ʵʶʺʰʳʨʲʻʸʵʩʨʹ, ʸʨʫʪʨʴ ʰʹ ˃ʨʲʰʨʴ ʫʰʫʰ ʸʨʵʫʬʴʵʩʰʯ 

ʪʭ˅ʰʸʫʬʩʨ ʫʨ ʳʱʭʬʯʸʨʫ ʳʵʽʳʬʫʬʩʹ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ʹʨʬʸʯʵ ʫʸʵʮʬ. 

 

ʪʲʵʩʨʲʻʸʰ ʪʨʴʨʯʬʩʨ 

 

 ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨˀʰ ˆˀʰʸʨʫ ʪʨʳʵʿʵʼʬʴ ʵʸʰ ˃ʰʸʰʯʨʫʰ ʺʰʶʰʹ ʪʨʴʯʬʩʨʹ: 

1. ʶʰʸʫʨʶʰʸʰ ʪʨʴʨʯʬʩʨ (Direct Illumination) - ʸʵʳʬʲʰ˂ ʪʨʳʵ˄ʭʬʻʲʰʨ ʹʰʴʨʯʲʰʹ 

˄ʿʨʸʵʫʨʴ ˄ʨʳʵʹʻʲʰ ʹˆʰʭʬʩʰʹ ʶʰʸʫʨʶʰʸʰ ʫʨ˂ʬʳʰʯ ʫʨ ʸʵʳʬʲʹʨ˂ ˁʭʬʴ 

ʭʰʯʭʲʰʯ ʪʨʴʨʯʬʩʰʹ ʳʵʫʬʲʬʩʰʹ ʹʨˀʻʨʲʬʩʰʯ. 

2. ʰʸʰʩʰ ʪʨʴʨʯʬʩʨ (Indirect Illumination) - ʿʭʬʲʨ ʫʨʴʨʸˁʬʴʰ ʪʨʴʨʯʬʩʨ, ʸʵʳʬʲʰ˂ 

ʪʨʳʵ˄ʭʬʻʲʰʨ ʬʸʯˇʬʸʨʫʨʫ ʨʴ ʳʸʨʭʨʲˇʬʸʨʫʨʫ ʨʸʬʱʲʰʲʰ ʹˆʰʭʬʩʰʯ.  

 ʳʨʯ ʪʨʬʸʯʰʨʴʬʩʨʹ ʻ˄ʵʫʬʩʬʴ ʪʲʵʩʨʲʻʸ ʪʨʴʨʯʬʩʨʹ (Global Illumination). 
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14ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʶʰʸʫʨʶʰʸʰ(ʮʬʫʨ), ʰʸʰʩʰ(ˀʻʨ) ʫʨ ʪʲʵʩʨʲʻʸʰ(ʽʭʬʫʨ) ʪʨʴʨʯʬʩʰʹ ʳʨʪʨʲʰʯʬʩʰ. ʫʨʸʬʴʫʬʸʬʩʻʲʰʨ Colibri-ˀʰ. 

 ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʫʨʯʭʲʨ ʶʰʸʫʨʶʰʸʰ ʪʨʴʨʯʬʩʰʯ ʳʨʸʺʰʭʨʫ ˆʫʬʩʨ ʻʩʸʨʲʵ 

ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʨʲʪʵʸʰʯʳʰʯ, ʸʵʳʬʲʰ˂ ʹ˂ʬʴʰʹ ʿʵʭʬʲʰ ˆʰʲʻʲʰ 

˄ʬʸʺʰʲʰʹʨʯʭʰʹ ʰʯʭʲʰʹ ʶʰʸʫʨʶʰʸ ʪʨʴʨʯʬʩʨʹ ˁʸʫʰʲʰʹ ʹˆʰʭʬʩʰʹ ʹʨˀʻʨʲʬʩʰʯ. ʸʨ˂ 

ˀʬʬˆʬʩʨ ʰʸʰʩ ʪʨʴʨʯʬʩʨʹ, ʳʰʹʰ ʪʨʳʵʯʭʲʨ ʻʩʸʨʲʵ ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʯ ʭʬʸ ˆʬʸˆʫʬʩʨ 

ʫʨ ʳʯʨʭʨʸ ʶʸʵʩʲʬʳʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ. ʸʵʪʵʸ˂ ʮʬʳʵʯ ʭʯʽʭʰʯ, ʹ˄ʵʸʬʫ ʨʳʰʹ ʪʨʳʵ 

ʳʵˆʫʨ ʪʨʸʬʳʵʳ˂ʭʬʲʰ ʪʨʴʨʯʬʩʨ, ʸʵʳʬʲʰ˂ ʨʾ˄ʬʸʹ ʰʳ ʳʰʴʰʳʨʲʻʸ ʪʨʩʴʬʻʲ, ʰʸʰʩ 

ʪʨʴʨʯʬʩʨʹ, ʸʵʳʬʲʹʨ˂ ʳʰʳʨʸʯʻʲʬʩʨ ʨʸ ʪʨʨˁʴʰʨ ʫʨ ʿʭʬʲʨ ʳˆʸʰʫʨʴ ʳʵʫʰʹ. ʪʨʩʴʬʻʲʰ 

ʪʨʴʨʯʬʩʰʹ ˀʬʳʵʾʬʩʰʯ ʳʵˆʫʨ ʸʬʴʫʬʸʰʹ ʪʨʴʺʵʲʬʩʰʹ ʿʭʬʲʨʮʬ ʸʯʻʲʨʫ 

ʫʨʹʨʯʭʲʬʲʰ ʴʨ˄ʰʲʰʹ ʳʰʨˆʲʵʬʩʰʯʨʫ ʨʳʵˆʹʴʨ ˃ʨʲʰʨʴ ʹ˄ʸʨʼʨʫ, ʸʨʳʨ˂ ˀʬʹʨ˃ʲʬʩʬʲʰ 
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ʪʨˆʨʫʨ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʸʬʨʲʻʸ ʫʸʵˀʰ ʪʨʳʵʯʭʲʨ. ʯʻʳ˂ʨ ʨʸʰʹ ʩʬʭʸʰ ˀʬʳʯˆʭʬʭʨ, 

ʹʨʫʨ˂ ʪʨʴʹˆʭʨʭʬʩʨ ʸʬʨʲʻʸ, ʰʸʰʩ ʪʨʴʨʯʬʩʨʹʨ ʫʨ ʪʨʸˀʬʳʵʸʺʳʻʲ(ambient) ʪʨʴʨʯʬʩʰʯ 

ʳʰʨˆʲʵʬʩʻʲʹ ˀʵʸʰʹ ˃ʨʲʰʨʴ ʯʭʨʲˀʰʹʨ˂ʬʳʰʨ. ʹ˄ʵʸʬʫ ʨʳʰʹʰ ˀʬʫʬʪʰʨ ʰʹʬʯʰ 

ʳʬʯʵʫʬʩʰʹ ʪʨʳʵˁʬʴʨ, ʸʵʪʵʸʰ˂ʨʨ ʳʨʪʨʲʰʯʨʫ Ambient Occlusion, ʸʵʳʬʲʰ˂ ʨʹʬʭʬ 

˂ʫʰʲʵʩʹ ʬʹ ʯʭʨʲˀʰʹʨ˂ʬʳʰ ʪʨʴʹˆʭʨʭʬʩʨ ʫʨʳʨʲʵʹ. ʫʾʬʭʨʴʫʬʲ ʸʬʨʲʻʸ ʫʸʵˀʰ 

ʳʵʳʻˀʨʭʬ ʨʶʲʰʱʨ˂ʰʬʩˀʰ, ʱʵʳʶʰʻʺʬʸʻʲ ʯʨʳʨˀʬʩˀʰ, ʸʵʳʬʲʯʨ ʫʰʫʰ ʻʳʸʨʭʲʬʹʵʩʨ 

ʫʨʼʻ˃ʴʬʩʻʲʰʨ ʸʨʹʺʬʸʰʮʨ˂ʰʰʹ ʨʲʪʵʸʰʯʳʬʩʮʬ (OpenGL, DirectX) ʹʻʲ ʸʨʳʵʫʬʴʰʳʬ 

˄ʬʲʰʨ ʸʨ˂ ʪʨʳʵˁʴʫʨ ʰʸʰʩʰ ʪʨʴʨʯʬʩʰʹ ʻʱʬʯʬʹʰ ʳʰʨˆʲʵʭʬʩʨ. 

 

 

15ʱʵʴʻʹʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰʹ ʳʻˀʨʵʩʰʹ ˀʬʫʬʪʰ Unreal Engine 4-ˀʰ. 

ʬʹ ʳʬʯʵʫʰ ʰʯʭʲʰʹ ʳˆʵʲʵʫ ʬʸʯˇʬʸʨʫ ʰʸʰʩ ʪʨʴʨʯʬʩʨʹ. ʳʰʹʰ ʪʨʳʵʿʬʴʬʩʨ 

ʳʵˆʫʨ ˃ʨʲʰʨʴ ˀʬʮʾʻʫʻʲʰ ʼʵʸʳʰʯ ʳˆʵʲʵʫ ʫʨˆʻʸʻʲ, ʶʨʺʨʸʨ ʹ˂ʬʴʬʩˀʰ. ʳʬʯʵʫʰ 

ʰʯˆʵʭʹ ʫʰʫ ʳʬˆʹʰʬʸʬʩʨʹ, ʸʨʫʪʨʴ ʰʴʨˆʨʭʹ ʳʬˁˆʬʸʰ ʱʻʩʰʱʬʩʰʹ ʸʭʨʵʩʰʯ ˆʬʹ(Sparse 

Voxel OcTree), ʯʨʭʰʹʰ ʺʬʽʹʺʻʸʬʩʰʯ, ʸʵʳʲʰʹ ʨʪʬʩʨʹʨ˂ ʨʹʬʭʬ ʫʰʫʰ ʫʸʵ ˅ʰʸʫʬʩʨ. 

ʹ˂ʬʴʰʹ ʫʨʿʵʼʨ ˆʫʬʩʨ ʯʨʴʨʩʨʸʰ ʮʵʳʰʹ ʿʻʯʬʩʨʫ(ʱʻʩʰʱʬʩʨʫ), ʯʻʳ˂ʨ ʰʹʰʴʰ ʳʯʲʰʨʴʨʫ 

ʨʸ ʰʴʨˆʬʩʰʨʴ ʳʬˆʹʰʬʸʬʩʨˀʰ, ʨʸʨʳʬʫ ʳʬˁˆʬʸʨʫ. ʰʴʨˆʬʩʨ ʳˆʵʲʵʫ ʰʹ ʴʨ˄ʰʲʰ ʸʵʳʬʲˀʰ˂ 

ʬʽ˂ʬʭʨ ʪʬʵʳʬʺʸʰʨ ʫʨ ʳʰʹ ˀʬʹʨʴʨˆʨʫ ʪʨʳʵʰʿʴʬʩʨ ʸʭʨʵʩʰʯʰ ˆʬ. 
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Figure 16ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ Light Propagation Volumes ʳʬʯʵʫʰʹ ʳʻˀʨʵʩʰʹ ʶʸʰʴ˂ʰʶʰ 

 ʨʸʨʴʨʱʲʬʩ ʹʨʰʴʺʬʸʬʹʵ ʳʬʯʵʫʰ ʨʸʰʹ Light Propagation Volumes, ʸʵʳʬʲʰ˂ 

ʨˆʫʬʴʹ ʪʨʴʨʯʬʩʰʹ ʰʴʼʵʸʳʨ˂ʰʰʹ ʱʬˀʰʸʬʩʨʹ ʹʰʭʸ˂ʬˀʰ, ʯʨʴʨʩʨʸʰ ʩʰˇʰʯ, 

ʫʰʹʱʸʬʺʻʲʨʫ, ʨˆʫʬʴʹ ʳʨʯ ʰʴʺʬʸʶʵʲʨ˂ʰʨʹ, ʸʨʯʨ ʫʨʰʯʭʨʲʵʹ ʪʨʴʨʯʬʩʰʹ ˄ʰʲʰ  

ʹʰʭʸ˂ʰʹ ʴʬʩʰʹʳʰʬʸʰ ˄ʬʸʺʰʲʰʹʯʭʰʹ ʫʨ ʰʿʬʴʬʩʹ ʳʨʯ ʰʸʰʩʰ ʪʨʴʨʯʬʩʰʹ ʫʨʯʭʲʰʹ 

ʫʸʵʹ. ʶʰʸʭʬʲ ʬʺʨʶʮʬ ʶʰʸʫʨʶʰʸʰ ʪʨʴʨʯʬʩʰʹ ʫʨʯʭʲʰʹ ʫʸʵʹ ʽʳʴʰʹ ʭʰʸʺʻʨʲʻʸ 

˄ʬʸʺʰʲʵʭʨʴ ʪʨʴʨʯʬʩʬʩʹ, ʨʯʨʭʹʬʩʹ ʳʨʯ ʹʰʭʸ˂ʰʹ ˀʬʹʨʩʨʳʰʹ ʿʻʯʬʩˀʰ ʫʨ ˀʬʳʫʬʪ 

ʬʺʨʶʮʬ ʳʨʯ ʹʨʼʻ˃ʭʬʲʮʬ ʨˆʫʬʴʹ ʰʴʼʵʸʳʨ˂ʰʰʹ ʫʨʯʭʲʨʹ ʹʰʭʸ˂ʰʹ ʹˆʭʨ ʿʻʯʬʩʰʹʯʭʰʹ. 

 

17Light Propagation Volumes ʳʬʯʵʫʰʹ ʳʻˀʨʵʩʰʹ ˀʬʫʬʪʰ Unreal Engine 4-ˀʰ 

ʫʾʬʭʨʴʫʬʲʰ ʶʵʶʻʲʨʸʻʲʰ ʯʨʳʨˀʰʹ ˃ʸʨʭʬʩʰ ʨʸʰʹ ˈʰʩʸʰʫʻʲʰ ʺʬʽʴʵʲʵʪʰʰʹ ʫʨ 

ʰʿʬʴʬʩʹ ʸʵʪʵʸ˂ ʶʸʵʬʽ˂ʰʬʩʹ, ʨʹʬʭʬ ʳʰʫʬʭʴʬʩʬʩʹ. 

 ʨʸʹʬʩʵʩʹ ʳʰʫʬʭʴʬʩʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʹˆʭʨʫʨʹˆʭʨ ʳʬʯʵʫʰ, ʸʵʳʬʲʰ˂ 
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ʳʨʽʹʰʳʨʲʻʸʰ ʹʰʮʻʹʺʰʯ ʰʯʭʲʰʹ ʪʲʵʩʨʲʻʸ ʪʨʴʨʯʬʩʨʹ, ʸʨ˂ ʨʳ ʴʨˀʸʵʳʰʹ ʳʯʨʭʨʸʰ 

ʪʨʴˆʰʲʭʰʹ ʹʨʪʨʴʰʨ. 

 

 

ʸʬʴʫʬʸʰʹ ʪʨʴʺʵʲʬʩʨ 

 

 

 
 

 ʰʳʰʹʨʯʭʰʹ, ʸʵʳ ˀʬʭ˃ʲʵʯ ʼʰʮʰʱʻʸʨʫ ʹ˄ʵʸʰ, ʹʻʶʬʸʸʬʨʲʰʹʺʻʸʰ 

ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʳʰʾʬʩʨ, ʰʿʬʴʬʩʬʴ ʸʬʴʫʬʸʰʹ ʪʨʴʺʵʲʬʩʰʹ ʹʨˆʬʲʰʯ ˂ʴʵʩʰʲ 

ʳʨʯʬʳʨʺʰʱʻʸ ʳʵʫʬʲʹ, ʸʵʳʬʲʹʨ˂ ʹʨʼʻ˃ʭʲʨʫ ʻʫʬʭʹ ʬʴʬʸʪʰʰʹ ʳʻʫʳʰʭʵʩʰʹ 

ʱʨʴʵʴʰ ʫʨ ʰʴʺʬʪʸʨʲʻʸʰ ʪʨʴʺʵʲʬʩʰʹ ʹʨˆʰʯ ʨʾ˄ʬʸʹ ʹʰʴʨʯʲʰʹ ʽ˂ʬʭʨʹ: 

  ሺ        ሻ    ሺ        ሻ  ∫   ሺ           ሻ   ሺ        ሻሺ    ሻ     
ʳʯʨʭʨʸʰ ʨʮʸʰ ʨʳ ʪʨʴʺʵʲʬʩʰʹʨ ʨʸʰʹ ʰʹ, ʸʵʳ ʫʨʭʰʯʭʨʲʵʯ Lo ʰʴʺʬʴʹʰʵʩʨ 

ʹʰʴʨʯʲʰʹʨ, ʸʵʳʬʲʹʨ˂ ʨʽʭʹ λ ʺʨʲʾʰʹ ʹʰʪʸ˃ʬ ʫʨ ʸʵʳʬʲʰ˂ ʳʵʫʰʹ ʮʬʫʨʶʰʸʰʹ x 

˄ʬʸʺʰʲʰʫʨʴ wo ʳʰʳʨʸʯʻʲʬʩʰʯ ʫʸʵʰʹ ʳʵ˂ʬʳʻʲʰ t ʳʵʳʬʴʺʰʹʯʭʰʹ. ʬʹ ʰʴʺʬʴʹʰʵʩʨ 

ˀʬʪʭʰ˃ʲʰʨ ʪʨʴʭʰˆʰʲʵʯ ʵʸʰ ʰʴʺʬʴʹʰʵʩʰʹ ˇʨʳʨʫ: 

1. ʰʴʺʬʴʹʰʵʩʨ λ ʺʨʲʾʰʹ ʹʰʪʸ˃ʬʮʬ, ʸʵʳʬʲʹʨ˂ ʯʨʭʨʫ ʨʹˆʰʭʬʩʹ x ˄ʬʸʺʰʲʰ ʫʸʵʰʹ 

ʳʵ˂ʬʳʻʲ t ʳʵʳʬʴʺˀʰ wo ʳʰʳʨʸʯʻʲʬʩʰʯ.  

2. x ˄ʬʸʺʰʲʰʫʨʴ wo ʳʰʳʨʸʯʻʲʬʩʰʯ ʨʸʬʱʲʰʲʰ ʰʹ ʰʴʺʬʴʹʰʵʩʨ λ ʺʨʲʾʰʹ 

ʹʰʪʸ˃ʬʮʬ, ʸʵʳʬʲʹʨ˂ ʰʾʬʩʹ ʯʨʭʨʫ x ˄ʬʸʺʰʲʰ ʿʭʬʲʨ ʳʰʳʨʸʯʻʲʬʩʰʫʨʴ 

ʳʵ˂ʬʳʻʲ t ʳʵʳʬʴʺˀʰ. ˀʬʹʨʩʨʳʰʹʨʫ, ʸʨʫʪʨʴ ʪʭʰ˄ʬʭʹ ʩʬʭʸʰ ʳʰʳʨʸʯʻʲʬʩʰʹ 
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ʪʨʴˆʰʲʭʨ, ʪʨʴʺʵʲʬʩʨˀʰ ʪʭʰʮʰʹ ˇʨʳʰ ΣΩ-ʮʬ, ʹʨʫʨ˂ Ω ʨʸʰʹ 

ʬʸʯʬʻʲʵʭʨʴʸʨʫʰʻʹʰʨʴʰ ʴʨˆʬʭʨʸʹʼʬʸʵ, ʸʵʳʬʲʰ˂ ˀʬʰ˂ʨʭʹ ʿʭʬʲʨ ˀʬʹʨ˃ʲʵ wi 

ʳʰʳʨʸʯʻʲʬʩʨʹ.  

 t ʫʸʵʰʹ ʳʵ˂ʬʳʻʲ ʳʵʳʬʴʺˀʰ ʱʵʴʱʸʬʺʻʲʰ wi ʳʰʳʨʸʯʻʲʬʩʰʫʨʴ x ˄ʬʸʺʰʲˀʰ 

ʳʵʹʻʲʰ λ ʺʨʲʾʰʹ ʹʰʪʸ˃ʰʹ ʳʽʵʴʬ ʹˆʰʭʰʹ ʰʴʺʬʴʹʰʵʩʨʹ ʰʯʭʲʰʹ Li ʼʻʴʽ˂ʰʨ. 

ʪʨʴʺʵʲʬʩʰʹ ʩʵʲʵˀʰ ʳʵ˂ʬʳʻʲʰ ˁʨʴʨ˄ʬʸʰ (wi*n) ʨʸʰʹ ʲʨʳʩʬʸʺʰʹ ʱʵʹʰʴʻʹʰʹ 

˄ʬʹʰ, ʸʵʳʬʲʰ˂ ʨʾ˄ʬʸʹ ʰʴʺʬʴʹʰʵʩʰʹ ˀʬʹʻʹʺʬʩʰʹ ʼʬʴʵʳʬʴʹ ˂ʬʸʨʫ ʫʨ˂ʬʳʻʲʰ 

ʹˆʰʭʬʩʰʹ ˀʬʳʯˆʭʬʭʨˀʰ. ʸʵʪʵʸ˂ ʮʬʳʵʯ ʭʨˆʹʬʴʬʯ, ˁʭʬʴ ʻʴʫʨ ʫʨʭʰʯʭʨʲʵʯ 

wo ʳʰʳʨʸʯʻʲʬʩʰʯ ʨʸʬʱʲʰʲʰ ʪʨʴʨʯʬʩʨ. ʨʽ ʻʱʭʬ ˀʬʳʵʫʰʹ ʨʸʬʱʭʲʰʹ fr ʼʻʴʽ˂ʰʨ, 

ʸʵʳʬʲʰ˂ ʪʨʴʹʨʮʾʭʸʨʭʹ ʹʰʴʨʯʲʰʹ ʽ˂ʬʭʨʹ ʮʬʫʨʶʰʸʮʬ. ʻʼʸʵ ʫʬʺʨʲʻʸʨʫ ʬʹ 

ʼʻʴʽ˂ʰʨ ʰʯʭʲʰʹ ʫʸʵʰʹ t ʳʵʳʬʴʺˀʰ x ˄ʬʸʺʰʲʮʬ wi ʳʰʳʨʸʯʻʲʬʩʰʫʨʴ 

ʫʨ˂ʬʳʻʲʰ λ ʺʨʲʾʰʹ ʹʰʪʸ˃ʰʹ ʳʽʵʴʬ ʹʰʴʨʯʲʰʹ ʹˆʰʭʰʹ ʨʸʬʱʭʲʰʹ 

ʨʲʩʨʯʵʩʨʹ wo ʳʰʳʨʸʯʻʲʬʩʰʯ. 

        ʸʨʫʪʨʴ ʪʨʴʺʵʲʬʩʨˀʰ ʪʭˆʭʫʬʩʨ Li, ʸʵʳʬʲʰ˂ ʨʸʰʹ x ˄ʬʸʺʰʲˀʰ wi 

ʳʰʳʨʸʯʻʲʬʩʰʫʨʴ ʳʵʹʻʲʰ ʪʨʴʨʯʬʩʨ ʫʨ ʸʵʳʬʲʰ˂ ˁʭʬʴʯʭʰʹ ʰʹʬʯʰʭʬ ʻ˂ʴʵʩʰ 

ʶʨʸʨʳʬʺʸʰʨ, ʸʵʪʵʸ˂ Lo, ʨʳʰʺʵʳ ʸʬʨʲʻʸʨʫ ʪʨʴʺʵʳʬʲʬʩʨ ˄ʨʸʳʵʨʫʪʬʴʹ ʻʹʨʹʸʻʲʵʫ 

ʳʨʾʨʲʰ ˆʨʸʰʹˆʰʹ ʰʴʺʬʪʸʨʲʹ. ʨʹʬʯʰ ʺʰʶʰʹ ʨʳʵ˂ʨʴʬʩʰʹ ʨʳʵʹʨˆʹʴʬʲʨʫ 

ʪʨʴʹʨʱʻʯʸʬʩʰʯ ʬʼʬʽʺʻʸʰʨ ʳʵʴʺʬ ʱʨʸʲʵʹ ʰʴʺʬʪʸʰʸʬʩʰʹ ʳʬʯʵʫʰ. 

        ʯʻ x ˄ʬʸʺʰʲʰ ʯʨʭʨʫ ʨʸ ˄ʨʸʳʵʨʫʪʬʴʹ ʪʨʴʨʯʬʩʨʹ, ʳʨˀʰʴ ʶʰʸʭʬʲʰ ʴʨ˄ʰʲʰ 

ˀʬʪʭʰ˃ʲʰʨ ʻʪʻʲʬʩʬʲʭʿʵʯ ʫʨ ʹʨʱʳʨʸʰʹʰʨ ʫʨʭʰʯʭʨʲʵʯ ʳʬʵʸʬ ʴʨ˄ʰʲʰ. ʨʹʬʭʬ ʯʻ 

ˁʭʬʴ ʭʨʸʬʴʫʬʸʬʩʯ ʬʸʯ ʱʨʫʸʹ ʫʨ ʨʸʨ ʨʴʰʳʨ˂ʰʨʹ, ˀʬʪʭʰ˃ʲʰʨ t ʫʨʭʨʼʰʽʹʰʸʵʯ. ʨʴ ʯʻ 

ʪʭʰʴʫʨ ʱʨʫʸʮʬ ʳʰʭʰʾʵʯ ʪʨʫʾʨʩʴʰʲʰ ʳʵ˃ʸʨʵʩʨ, ʳʨˀʰʴ ʫʸʵʰʹ ʳ˂ʰʸʬ ʰʴʺʬʸʭʨʲˀʰ 

ʻʴʫʨ ʭ˂ʭʨʲʵʯ t ʫʨ ʳʰʾʬʩʻʲʰ ʰʴʺʬʴʹʰʵʩʬʩʰ ʪʨʭʨʹʨˀʻʨʲʵʯ. 

 

 

ʳʵʴʺʬ ʱʨʸʲʵʹ ʰʴʺʬʪʸʰʸʬʩʨ 

 

ʳʵʴʺʬ ʱʨʸʲʵʹ ʰʴʺʬʪʸʰʸʬʩʨ ʨʸʰʹ ʸʰ˂ˆʭʰʯʰ ʰʴʺʬʪʸʰʸʬʩʰʹ ʳʬʯʵʫʰ, ʸʵʳʬʲʰ˂ 

ˀʬʳʯˆʭʬʭʰʯʰ ʸʰ˂ˆʭʬʩʰʹ ˀʬʸˁʬʭʰʹ ʪʨʳʵʿʬʴʬʩʰʯ ˆʹʴʰʹ ʹʨʹʸʻʲ ʰʴʺʬʪʸʨʲʹ. ʨʳ ʳʬʯʵʫʹ 

ʪʨʴʹʨʱʻʯʸʬʩʰʯ ʫʰʫʰ ʪʨʳʵʿʬʴʬʩʨ ʨʽʭʹ ʳʨʾʨʲʰ ʪʨʴʮʵʳʰʲʬʩʰʹ ʰʴʺʬʪʸʨʲʬʩʰʹ 

ʨʳʵˆʹʴʰʹʨʹ. 
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        ʳʵʴʺʬ ʱʨʸʲʵʹ ʳʬʯʵʫʰ ʪʨʳʵʰʸˁʬʭʨ ʨʸʨʫʬʺʬʸʳʰʴʰʹʺʻʲʰ ʳʻˀʨʵʩʰʹ ʶʸʰʴ˂ʰʶʰʯ, 

ʸʨ˂ ʰʳʨˀʰ ʪʨʳʵʰˆʨʺʬʩʨ, ʸʵʳ ʬʸʯʰ ʫʨ ʰʪʰʭʬ ˀʬʳʵʳʨʭʨʲ ʶʨʸʨʳʬʺʸʮʬ ʳʬʯʵʫʰ ʰʾʬʩʹ 

ʹˆʭʨʫʨʹˆʭʨ ˀʬʫʬʪʹ. ʨʾʹʨʴʰˀʴʨʭʰʨ, ʸʵʳ ʹʨʹʸʻʲʰ ʰʴʺʬʪʸʨʲʰʹ ʪʨʳʵʯʭʲʰʹʨʹ ʶʨʹʻˆʰ 

ʨʸʰʹ ˂ʨʲʹʨˆʨ ʫʨ ʹʨʹʸʻʲʰ, ˆʵʲʵ ʳʵʴʺʬ ʱʨʸʲʵʹ ʳʬʯʵʫʰ ʰ˃ʲʬʭʨ ʰʴʺʬʪʸʨʲʹ 

ʹʨʹʻʸʭʬʲʰ ʳʰʨˆʲʵʬʩʰʯ. ʳʵʭʰʿʭʨʴʵʯ ʳʨʪʨʲʰʯʰ: ʭʯʽʭʨʯ, ʪʭʰʴʫʨ ʫʨʭʯʭʨʲʵʯ Π-ʹ 

ʸʰ˂ˆʭʰʯʰ ʳʴʰˀʭʴʬʲʵʩʨ ʹʨʹʻʸʭʬʲʰ ʳʰʨˆʲʵʬʩʰʯ. 

 

˄ʨʸʳʵʭʰʫʪʰʴʵʯ ʱʭʨʫʸʨʺʰ, ʸʵʳʬʲˀʰ˂ ʨʸʰʹ ˁʨˆʨʮʻʲʰ ˄ʸʬ˄ʰʸʰ (ʰˆʰʲʬʯ 

ʹʻʸʨʯʰ).  ʭʽʭʨʯ, ʨʳ ʱʭʨʫʸʨʺˀʰ ʭʹʭʨʳʯ ʯʨʴʨʩʸʨʫ ʪʨʴʨ˄ʰʲʬʩʻʲ ˀʬʳʯˆʭʬʭʰʯ 

˄ʬʸʺʰʲʬʩʹ, ʸʵʳʬʲʯʨʪʨʴ ʴʨ˄ʰʲʰ ʳʵˆʭʫʬʩʨ ˄ʸʬ˄ʰʸʹ ˀʰʪʴʰʯ, ˆʵʲʵ ʴʨ˄ʰʲʰ ʪʨʸʬʯ. 

ˀʬʸˁʬʻʲʰ ˄ʬʸʺʰʲʬʩʰʹ ʹʨʬʸʯʵ ʸʨʵʫʬʴʵʩʨ ʨʾʭʴʰˀʴʵʯ ʸʵʪʵʸ˂ C, ˆʵʲʵ ˄ʸʬ˄ʰʸˀʰ 

ˁʨʭʨʸʫʴʰʲʰ ˄ʬʸʺʰʲʬʩʰʹ ʸʨʵʫʬʴʵʩʨ ʱʰ ʸʵʪʵʸ˂ Cc. ʸʨʫʪʨʴ ˁʭʬʴ ˄ʬʸʺʰʲʬʩʹ 

ʯʨʴʨʩʸʨʫ ʭʨʸˁʬʭʯ, ʭʰ˂ʰʯ, ʸʵʳ ʸʨ˂ ʻʼʸʵ ʪʨʭʮʸʫʰʯ ˄ʬʸʺʰʲʯʨ ʸʨʵʫʬʴʵʩʨʹ, ʳʰʯ 

ʻʼʸʵ ʯʨʴʨʩʨʸʰ ʪʨˆʫʬʩʨ ʪʨʴʨ˄ʰʲʬʩʨ. ʨʹʬʯ ˀʬʳʯˆʭʬʭʨˀʰ ˀʬʪʭʰ˃ʲʰʨ ʭʯʽʭʨʯ, ʸʵʳ Cc/C 

ʰʽʴʬʩʨ ʰʪʰʭʬ, ʸʨ˂ ˄ʸʬ˄ʰʸʰʹ ʼʨʸʯʵʩʰʹ ˀʬʼʨʸʫʬʩʨ ʱʭʨʫʸʨʺʰʹ ʼʨʸʯʵʩʯʨʴ. ˁʭʬʴ 

ʭʰ˂ʰʯ, ʸʵʳ ˄ʸʬ˄ʰʸʰʹ ʼʨʸʯʵʩʰ ʨʸʰʹ Π*r2, ˆʵʲʵ ʱʭʨʫʸʨʺʰʹ (2*r)2. ʭʰʾʬʩʯ: 

Cc/C=(Π*r2)/(4*r2)=Π/4; ʨʽʬʫʨʴ Π=(Cc*4)/C, ʹʨʫʨ˂ C ˁʭʬʴʯʭʰʹ ˂ʴʵʩʰʲʰ ʶʨʸʨʳʬʺʸʰʨ ʫʨ 

ʳʨʹ ʰʳʰʹ ʳʰˆʬʫʭʰʯ ʭʨʸˁʬʭʯ, ʯʻ ʸʨ ʹʰʮʻʹʺʰʯ ʪʭʹʻʸʹ ʶʨʹʻˆʯʨʴ ʳʰʨˆʲʵʬʩʨ. ʨʹʬʭʬ 

˂ʴʵʩʰʲʰʨ Cc, ʸʨʫʪʨʴ ʿʵʭʬʲʰ ʨˆʨʲʰ ˄ʬʸʺʰʲʰʹ ˀʬʸˁʬʭʰʹʨʹ ʭʨʳʵ˄ʳʬʩʯ, ˁʨʭʨʸʫʨ ʰʪʰ 

˄ʸʬ˄ʰʸˀʰ ʯʻ ʨʸʨ. 
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Figure 18ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ f(x) ʼʻʴʽ˂ʰʰʹ ʪʸʨʼʰʱʰ, ʹʨʫʨ˂ ʪʨʴʹʨʮʾʭʸʰʹ ʨʸʬʮʬ ˆʫʬʩʨ ʯʨʴʨʩʨʸʰ ˀʬʸˁʬʭʨ 

 ʳʵʭʰʿʭʨʴʵʯ ʱʰʫʬʭ ʬʸʯʰ ʯʭʨʲʹʨˁʰʴʵ ʳʨʪʨʲʰʯʰ, ʸʵʫʬʹʨ˂ ʭʨˆʫʬʴʯ ʼʻʴʽ˂ʰʰʹ 

ʰʴʺʬʪʸʨʲʰʹ ʨʴ ʹʨˀʻʨʲʵʹ ʫʨʯʭʲʨʹ ʸʨʰʳʬ ˀʻʨʲʬʫˀʰ, ʳʵʴʺʬ ʱʨʸʲʵʹ ʳʬʯʵʫʰ ʨʸʰʹ 

ʬʸʯʬʸʯʰ ʹʨˀʻʨʲʬʩʨ, ʸʵʳ ʰʺʬʸʨ˂ʰʻʲʨʫ ʴʬʲ-ʴʬʲʨ ʳʰʭʻʨˆʲʵʭʫʬʯ ʹʨʹʻʸʭʬʲ 

ˀʬʫʬʪʹ. ʮʬʳʵʯ ʳʵ˂ʬʳʻʲ ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʼʻʴʽ˂ʰʨ ʸʵʳʲʰʹ ʪʨʴʹʨʮʾʭʸʰʹ ʨʸʬʮʬ˂ 

ʭʨˆʫʬʴʯ ʯʨʴʨʩʨʸ ˀʬʳʯˆʭʬʭʰʯ ˀʬʸˁʬʭʨʹ(x1, x2, x3, დ ,x10 ʨʸʰʨʴ ʯʨʴʨʩʨʸʰ ʪʨʴʨ˄ʰʲʬʩʰʹ 

ʬʲʬʳʬʴʬʩʰ). ˀʬʸˁʬʭʰʯʰ ʹʨˀʻʨʲʵʹ ʫʨʯʭʲʨʹ ʳʰʾʬʩʻʲʰ ʳʵʴʨ˂ʬʳʬʩʰʹ ʹʨʼʻ˃ʭʬʲʮʬ 

ʨʫʭʰʲʨʫ ˀʬʭ˃ʲʬʩʯ. ˀʬʸˁʬʭʰʯʰ ʹʨˀʻʨʲʵ ʳʰʯ ʻʼʸʵ ʳʰʻʨˆʲʵʭʫʬʩʨ ʸʬʨʲʻʸ 

ʹʨˀʻʨʲʵʹ, ʸʨ˂ ʻʼʸʵ ʪʨʭʮʸʫʰʯ ˀʬʸˁʬʭʬʩʰʹ ʸʨʵʫʬʴʵʩʨʹ. 

 

ˀʬʸˁʬʭʨ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ 

 

ʮʬʳʵʯ ʳʵʿʭʨʴʰʲ ˀʬʳʯˆʭʬʭʨˀʰ ʼʻʴʽ˂ʰʰʹ ʹʨˀʻʨʲʵʹʯʨʴ ʳʰʨˆʲʵʭʬʩʨʹ ʭʨˆʫʬʴʫʰʯ 

ʪʨʴʹʨʮʾʭʸʰʹ ʨʸʬʮʬ x-ʬʩʰʹ ʯʨʴʨʩʨʸ ˀʬʸˁʬʭʰʯ. ʯʻ ʫʨʭʨʱʭʰʸʫʬʩʰʯ ʨʫʭʰʲʨʫ 

ˀʬʭʨʳˁʴʬʭʯ, ʸʵʳ x-ʰʹ ʰʹ ʳʴʰˀʭʴʬʲʵʩʬʩʰ, ʸʵʳʬʲʯʨ ˀʬʹʨʩʨʳʰʹ f(x)-ʹ ʫʰʫʰ ʸʰ˂ˆʭʰʯʰ 

ʳʴʰˀʭʴʬʲʵʩʨ ʪʨʨˁʴʰʨ ʻʼʸʵ ʳʬʺʨʫ ʳʵʽʳʬʫʬʩʬʴ(˂ʭʲʰʨʴ) ˀʬʸˁʬʭʰʯʰ ʹʨˀʻʨʲʵʹ 

ʳʴʰˀʭʴʬʲʵʩʨʹ, ʭʰʫʸʬ ʶʨʺʨʸʨ ʳʴʰˀʭʴʬʲʵʩʰʹ ʳʽʵʴʬʴʰ. ʨʹʬʯ ˀʬʳʯˆʭʬʭʨˀʰ ˀʬʪʭʰ˃ʲʰʨ 

ʭʯʽʭʨʯ, ʸʵʳ ʪʨʳʵʯʭʲʰʹ ʶʸʵ˂ʬʹʹʮʬ ʰʹʰʴʰ ʻʼʸʵ ʫʰʫ ʪʨʭʲʬʴʨʹ ʨˆʫʬʴʬʴ ʫʨ 

ˀʬʹʨʩʨʳʰʹʨʫ ʳʨʯʰ ˀʬʸˁʬʭʨ ˁʭʬʴʯʭʰʹ ʳʬʺʨʫ ʳʴʰˀʭʴʬʲʵʭʨʴʰʨ. 

 ʳʴʰʹʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ ʪʻʲʰʹˆʳʵʩʹ ʹ˄ʵʸʬʫ ʰʳʨʹ, ʸʵʳ ʴʨ˂ʭʲʨʫ ʯʨʴʨʩʨʸʰ 

ˀʬʸˁʬʭʰʹʨ ʪʨʴʹʨʮʾʭʸʰʹ ʨʸʬʮʬ ʳʵʭʨˆʫʰʴʵʯ ʳʬʺʰ ˀʬʸˁʬʭʬʩʰ ʰʽ, ʹʨʫʨ˂ ʪʨʳʵʯʭʲʰʯ 
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ʶʸʵ˂ʬʹˀʰ ʳʵʴʨ˄ʰʲʬ, ʻʼʸʵ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʬʲʬʳʴʺʬʩʰʨ ʪʨʴʲʨʪʬʩʻʲʰ. ʰʳʰʹʨʯʭʰʹ, 

ʸʵʳ ʪʨʳʵʯʭʲʰʹ ʶʸʵ˂ʬʹʰ ʫʨʸˁʬʹ ʱʵʸʬʽʺʻʲʰ ˀʬʸˁʬʻʲʰ ʬʲʬʳʬʴʺʬʩʰ ʻʴʫʨ 

ʪʨʫʨʭ˄ʵʴʵʯ ʳʨʯʰ ˀʬʸˁʬʭʰʹ ʨʲʩʨʯʵʩʰʹ ˀʬʩʸʻʴʬʩʻʲʰ ʹʰʫʰʫʬʬʩʰʯ. 

 

 

ʳʸʨʭʨʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ 

 

 

Figure 19ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ 3 ʪʨʳʵʹʨˆʻʲʬʩʨ: brdf-ʰʹ ˀʬʸˁʬʭʰʹ ʪʮʰʯ (ʳʨʸ˂ˆʬʴʨ), ʪʨʴʨʯʬʩʰʹ ˀʬʸˁʬʭʰʹ ʪʮʰʯ (ˀʻʨ) ʫʨ ʳʨʯʰ ʱʵʳʩʰʴʨ˂ʰʨ 
ʳʸʨʭʨʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʰʹ ʪʮʰʯ(ʳʨʸˇʭʬʴʨ) 

 ʬʸʰʱ ʭʰˁʳʨ ʳʰʹ ʹʨʫʵʽʺʵʸʵ ʴʨˀʸʵʳˀʰ( E. VEACH. 1997. Robust Monte Carlo 

Methods for Light Transport Simulation. PhD thesis, Standford Univeristy.) ˄ʨʸʳʵʨʫʪʰʴʨ 

ʸʨʳʵʫʬʴʰʳʬ ˃ʨʲʰʨʴ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʳʬʯʵʫʰ, ʸʵʳʬʲʯʨ ʪʨʳʵʿʬʴʬʩʰʯʨ˂ ˆʫʬʩʨ 

ˆʳʨʻʸʰʹ ʹʨʪʸ˃ʴʵʩʰ ˀʬʳ˂ʰʸʬʩʨ ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫˀʰ. ʬʸʯʬʸʯʰ ʨʳ 

ʳʬʯʵʫʯʨʪʨʴʰ ʰʿʵ ʳʸʨʭʨʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ. ˂ʴʵʩʰʲʰʨ, ʸʵʳ BRDF-ʰʯ 

ˀʬʸˁʬʭʰʹ ʫʸʵʹ ʶʰʸʫʨʶʰʸʰ ʪʨʴʨʯʬʩʰʹ ˄ʭʲʰʲʰʹ ʪʨʳʵʯʭʲʨ ˃ʨʲʰʨʴ ʸʯʻʲʫʬʩʨ 

ʸʵʫʬʹʨ˂ ʪʨʴʨʯʬʩʰʹ ˄ʿʨʸʵ ˃ʨʲʰʨʴ ʶʨʺʨʸʨʨ ʫʨ ʨʳ ʫʸʵʹ ˇʵʩʰʨ, ʸʵʳ ʳʵʭʨˆʫʰʴʵʯ 

ʪʨʴʨʯʬʩʰʹ ˂ʨʲʱʬ ˀʬʸˁʬʭʨ. ʨʹʬʯʰ ˀʬʸˁʬʭʨ ʫʨʬˆʳʨʸʬʩʨ ʳʬʯʵʫʹ ʳʨʲʬ ʨʳʵ˄ʻʸʵʹ ˆʳʨʻʸʰ 

ʸʵʳʬʲʹʨ˂ ʰ˄ʭʬʭʹ ʪʨʴʨʯʬʩʨʮʬ ˀʬʳʯˆʭʬʭʰʯ ʳʵˆʭʬʫʸʰʹ ˃ʨʲʰʨʴ ʳ˂ʰʸʬ ʨʲʩʨʯʵʩʨ. 

ʯʻʳ˂ʨ, ʰʳ ˀʬʳʯˆʭʬʭʨˀʰ, ʸʵʫʬʹʨ˂ ʭʨˆʫʬʴʯ ʪʨʴʨʯʬʩʰʹ ˂ʨʲʱʬ ˀʬʸˁʬʭʨʹ ʨʹʬʭʬ ʨʽʭʹ 

ʶʸʵʩʲʬʳʨ ʳʨˀʰʴ, ʸʵʫʬʹʨ˂ ʪʨʴʨʯʬʩʰʹ ˄ʿʨʸʵ ˃ʨʲʰʨʴ ʫʰʫʰʨ. ʸʬʨʲʻʸʨʫ ʵʸʰʭʬ ʬʹ 

ʳʬʯʵʫʰ ʨʸʰʹ ʳʰʻʱʬʸ˃ʵʬʩʬʲʰ, ʯʻʳ˂ʨ ʹˆʭʨʫʨʹˆʭʨ ˀʬʳʯˆʭʬʭʬʩˀʰ ʰʹʰʴʰ ʫʰʫ ˆʨʴʹ 

ʨʴʫʵʳʬʩʬʴ ˆʳʨʻʸʰʹ ʨʳʵ˄ʻʸʭʨʹ. ʭʰˁʳʨ ʯʽʭʨ, ʸʵʳ ʯʻ ʵʸʰ ʳʬʯʵʫʰ ʨʸʰʹ 

ʵʩʰʬʽʺʻʸʰ(unbiased) ʳʨʯʰ ʱʵʳʩʰʴʨ˂ʰʰʯ ʳʰʾʬʩʻʲʰ ʳʬʯʵʫʰ˂ ʰʽʴʬʩʨ ʨʻ˂ʰʲʬʩʲʨʫ 
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ʵʩʰʬʽʺʻʸʰ. ʨʽʬʫʨʴ ʪʨʳʵʳʫʰʴʨʸʬ, ˁʭʬʴ ˀʬʪʭʰ˃ʲʰʨ ˀʬʭʽʳʴʨʯ ʸʨʰʳʬ ʬʭʸʰʹʺʰʱʻʲʰ 

ʼʻʴʽ˂ʰʨ, ʸʵʳʬʲʰ˂ ʱʵʴʱʸʬʺʻʲ ˀʬʳʯˆʭʬʭʬʩˀʰ ˀʬʳʵʪʭʯʨʭʨʮʬʩʹ ˀʬʹʨʩʨʳʰʹ ʳʬʯʵʫʹ, 

ʰʹʬʯʹ  ʸʵʳʬʲʰ˂ ʱʵʴʱʸʬʺʻʲ ˀʬʳʯˆʭʬʭʨˀʰ ʻʱʬʯ ʻʳʱʲʨʭʫʬʩʨ ˆʳʨʻʸʹ. 

 ʳʸʨʭʨʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʰʹ ʳʬʯʵʫʰ ʨʸʰʹ ˃ʨʲʰʨʴ ʱʨʸʪ ʳʬʯʵʫʰ 

ʫʰʹʶʬʸʹʰʰʹ( ˆʳʨʻʸʰʹ) ˀʬʹʨʳ˂ʰʸʬʩʲʨʫ. ˄ʬʲʹ ʬʸʰʱ ʭʰˁʹ ʪʨʫʨʬ˂ʨ ʱʰʴʵʨʱʨʫʬʳʰʰʹ 

ˇʰʲʫʵ ʱʵʳʶʰʻʺʬʸʻʲʰ ʪʸʨʼʰʱʰʹ ʪʨʴʭʰʯʨʸʬʩʨˀʰ ˀʬʺʨʴʰʲʰ ˄ʭʲʰʲʰʹʨʯʭʰʹ. ʳʰʹ 

ʹʨʫʵʽʺʵʸʵ ʴʨˀʸʵʳˀʰ ʨʳ ʳʬʯʵʫʰʹ ʪʨʸʫʨ ʨʹʬʭʬ ʰʿʵ ˄ʨʸʳʵʫʪʬʴʰʲʰ ʳʬʺʸʵʶʵʲʰʹʰʹ 

ʹʰʴʨʯʲʰʹ ʺʸʨʴʹʶʵʸʺʰʸʬʩʰʹ ʳʬʯʵʫʰ(MLT), ʸʵʳʬʲʰ˂ ʨʸʰʹ ʳʨʸʱʵʭʰʹ ˇʨ˅ʭʬʩʮʬ 

ʫʨʼʻ˃ʴʬʩʻʲʰ ʳʵʴʺʬ-ʱʨʸʲʵʹ ʳʬʯʵʫʰ ʫʨ ʨʫʭʰʲʨʫ ʻʳʱʲʨʭʫʬʩʨ 

ʪʨʴʹʨʱʻʯʸʬʩʻʲʨʫ ʸʯʻʲ ˀʬʳʯˆʭʬʭʬʩʹ. 

 

ʪʨʫʨʸˁʬʻʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ 

 

ʳʬʯʵʫʰʹ ʨʸʹʰ ʳʫʪʵʳʨʸʬʵʩʹ ˀʬʳʫʬʪˀʰ: ʳʨʪʨʲʰʯʨʫ ʪʭʨʽʭʹ ʪʬʵʳʬʺʸʰʻʲʰ 

ʳʵʫʬʲʰ ʸʨʰʳʬ ʳʨʺʬʸʰʨʲʰʯ ʳʵʯʨʭʹʬʩʻʲʰ ʪʨʸʬʳʵʹ ʪʨʴʨʯʬʩʨˀʰ(ʰˆʰʲʬʯ ʮʬʳʵʯ 

ʳʵ˂ʬʳʻʲʰ ʹʻʸʨʯʰ). ˁʭʬʴ ˀʬʪʭʰ˃ʲʰʨ ʪʨʸʬʳʵʹ ʪʨʴʨʯʬʩʨʮʬ ʳʵʭʨˆʫʰʴʵʯ n ˀʬʸˁʬʭʨ, 

ˀʬʳʫʬʪ ʨʳ n ˀʬʸˁʬʭʰʹʯʭʰʹ ʫʨʭʰʯʭʨʲʵʯ ʪʨʴʨʯʬʩʨ ˆʰʲʭʨʫʵʩʰʹ ʺʬʹʺʰʹ ʪʨʸʬˀʬ, ʸʨ˂ 

ʯʨʭʰʹʳˆʸʰʭ ʿʭʬʲʨʮʬ ʸʯʻʲʰ ʫʨ ʳ˃ʰʳʬ ʴʨ˄ʰʲʰʨ ʶʰʸʫʨʶʰʸʰ ʪʨʴʨʯʬʩʰʹ ʫʨʯʭʲʰʹ 

ʳʵʳʬʴʺˀʰ. ʨʳʰʹ ˀʬʳʫʬʪ ʨʳ n ʫʨʯʭʲʰʲʰ ʪʨʴʨʯʬʩʰʫʨʴ ʳʵʭʨˆʫʰʴʵʯ m ʪʨʴʨʯʬʩʰʹ 

ʨʳʵʸˁʬʭʨ ʪʨʴʨʯʬʩʰʹ ʰʴʺʬʴʹʰʵʩʬʩʰʹ ʶʸʵʶʵʸ˂ʰʻʲʰ ʨʲʩʨʯʵʩʬʩʰʯ ʫʨ ʩʵʲʵ ʬʺʨʶʮʬ 

ʳʵʭʨˆʫʰʴʵʯ m ˀʬʸˁʬʻʲʰ ʪʨʴʨʯʬʩʰʹʨʯʭʰʹ ˆʰʲʭʨʫʵʩʰʹ ˀʬʳʵ˄ʳʬʩʨ. ʨʳ ʪʮʰʯ ˁʭʬʴ 

ʳʬʺʰ ʿʻʸʨʫʾʬʩʨ ʪʨʫʨʪʭʨʽʭʹ ʳʨʾʨʲʰ ʰʴʺʬʴʹʰʭʵʩʰʹ ʳʽʵʴʬ ʪʨʴʨʯʬʩʰʹ ʴʨ˄ʰʲʮʬ, ʸʨ˂ 

ʰ˄ʭʬʭʹ ʰʳʨʹ, ʸʵʳ ʸʵʫʬʹʨ˂ ʫʰʫʰ ʰʴʺʬʴʹʰʭʵʩʰʹ ʪʨʴʨʯʬʩʬʩʰ ˁʭʬʴʰ ʰʴʺʬʸʬʹʰʹ 

˄ʬʸʺʰʲʰʫʨʴ ʨʸ ˁʨʴʹ ʳʬʯʵʫʰ ʱʨʸʪʨʭʹ ʬʼʬʽʺʻʸʵʩʨʹ. ʯʻʳ˂ʨ ʩʬʭʸ ˀʬʳʯˆʭʬʭʨˀʰ 

ʳʬʯʵʫʰ ˃ʨʲʰʨʴ ʬʼʬʽʺʻʸʰʨ. ʪʨʴʹʨʱʻʯʸʬʩʰʯ, ʳʨˀʰʴ ʸʵʫʬʹʨ˂ ʹ˂ʬʴʨˀʰ ʪʭʨʽʭʹ ʫʰʫʰ 

ʸʨʵʫʬʴʵʩʰʹ ʹˆʭʨʫʨʹˆʭʨ ʺʰʶʰʹ, ʹʰʳ˃ʲʨʭʸʰʹ ʪʨʴʨʯʬʩʬʩʰ. ˀʬʸˁʬʭʰʹ ʬʹ ʳʬʯʵʫʰ 

ʯʨʭʰʹʳˆʸʰʭ ʨʸʰʹ ʳʰʻʱʬʸ˃ʵʬʩʬʲʰ, ʸʨ˂ ʳʰʹ ʫʰʫ ʶʲʰʻʹʹ ˄ʨʸʳʵʨʫʪʬʴʹ. 
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Figure 20ʪʨʫʨʸˁʬʻʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ. 

 ʸʵʪʵʸ˂ ʹʻʸʨʯʰʫʨʴ ˁʨʴʹ, ʪʨʸʱʭʬʻʲ ˀʬʳʯˆʭʬʭʬʩˀʰ ʬʹ ʳʬʯʵʫʰ ˃ʨʲʰʨʴ ʱʨʸʪ 

ˀʬʫʬʪʹ ʰ˃ʲʬʭʨ, ʯʻʳ˂ʨ ʨʳʨʭʫʸʵʻʲʨʫ ʹˆʭʨ ˀʬʳʯˆʭʬʭʨˀʰ ʻʼʸʵ ʮʸʫʰʹ ˆʳʨʻʸʹ. ʬʹ 

ʪʨʴʶʰʸʵʩʬʩʻʲʰʨ ʹ˄ʵʸʬʫ ʰʳ ʼʨʽʺʰʯ, ʸʵʳ ʮʬʫʨʶʰʸʰʹ ʰʳ ʨʫʪʰʲʬʩˀʰ(1 ʫʨ 2 ʻˇʸʨ 

ʮʬʳʵʯ ʳʵ˂ʬʳʻʲ ʹʻʸʨʯˀʰ), ʸʵʳʲʬʩʹʨ˂ ʴʵʸʳʨʲʰʹ ʳʰʳʨʸʯʻʲʬʩʰʯ ʴʨˆʬʭʨʸʹʼʬʸʵˀʰ 

ʫʨʩʸʱʵʲʬʩʬʩʰ ʨʸ ʨʽʭʯ ʫʨ ʹʨʰʫʨʴʨ˂ ʪʨʸʬʳʵʹ ʪʨʴʨʯʬʩʨ ʱʨʸʪʨʫ ʳʵˁʨʴʹ 

ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ ʪʭʬˆʳʨʸʬʩʨ, ˆʵʲʵ ʰʳ ˄ʬʸʺʰʲʬʩˀʰ(ʳʬ-2 ʫʨ ʳʬ-3 ʻˇʸʨ 

ʮʬʫʨ ʹʻʸʨʯˀʰ), ʸʵʳʲʯʨ˂ ʫʨʩʸʱʵʲʬʩʬʩʰ ʼʨʸʨʭʹ ʹʸʻʲʨʫ ʨʴ/ʫʨ ʴʨ˄ʰʲʵʩʸʰʭ 

ˆʰʲʭʨʫʵʩʰʹ ʺʬʽʹʰ ˄ʨʸʻʳʨʺʬʩʲʨʫ ʹʸʻʲʫʬʩʨ, ʸʨ˂ ʰ˄ʭʬʭʹ ʼʻ˅ʨʫ ʫʨ˄ʨʸˇʻʲ 

ʪʨʳʵʯʭʲʰʯ ʸʬʹʻʸʹʹ ʫʨ ˀʬʹʨʩʨʳʰʹʨʫ ʪʨʳʵʹʨˆʻʲʬʩʨˀʰ ˆʳʨʻʸʰ ʳʨʺʻʲʵʩʹ. ʨʹʬʯ 

ˀʬʳʯˆʭʬʭʨˀʰ ʻʴʫʨ ʳʵˆʫʬʹ ʬʭʸʰʹʺʰʱʻʲʰ ˀʬʳʼʨʹʬʩʲʰʹ ʪʨʳʵʿʬʴʬʩʨ, ʸʵʳʲʰʹ 

ʹʨʼʻ˃ʭʬʲʮʬ˂ ʳʰʭʰʾʬʩʯ ʪʨʫʨ˄ʿʭʬʺʰʲʬʩʨʹ ʯʻ ʸʵʳʬʲʰ ʳʬʯʵʫʰ ʪʨʳʵʭʰʿʬʴʵʯ. 
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 ʱʵʳʶʰʻʺʬʸʻʲ ʪʸʨʼʰʱʨˀʰ ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰ ʨʸʰʹ ʨʲʪʵʸʰʯʳʰ, 

ʸʵʳʬʲʰ˂ ʼʰʮʰʱʻʸʰ ʶʸʵ˂ʬʹʰʹ ʹʰʳʻʲʨ˂ʰʰʹ ʹʨʼʻ˃ʭʬʲʮʬ 3 ʪʨʴʮʵʳʰʲʬʩʰʨʴʰ 

ʹ˂ʬʴʬʩʰʹʯʭʰʹ ˆʹʴʰʹ ʸʬʴʫʬʸʰʹ ʪʨʴʺʵʲʬʩʨʹ,  ʪʲʵʩʨʲʻʸ ʪʨʴʨʯʬʩʨʹ ʰʯʭʲʰʹ ʫʨ 

ʰʾʬʩʹ ʳʨʽʹʰʳʨʲʻʸʨʫ ʸʬʨʲʰʹʺʻʸ ʪʨʳʵʹʨˆʻʲʬʩʨʹ. ʼʨʸʯʵʫ ʪʨʭʸ˂ʬʲʬʩʻʲʰ, 

ʶʸʵʬʽ˂ʰʨʮʬ ʫʨ ʸʨʹʺʬʸʰʮʨ˂ʰʨʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʳʬʯʵʫʬʩʰʹʨʪʨʴ ʪʨʴʹˆʭʨʭʬʩʰʯ, ʰʹ 

ʩʻʴʬʩʸʰʭʰ ʪʮʰʯ, ʳʨʸʺʰʭʨʫ ʰʾʬʩʹ ʰʹʬʯ ʭʰʮʻʨʲʻʸ ʬʼʬʽʺʬʩʹ, ʸʵʪʵʸʰ˂ʨʨ: ˆʬʫʭʰʹ 

ʹʰʾʸʳʬ (Depth Of Field), ʸʩʰʲʰ ˁʸʫʰʲʬʩʰ (Soft Shadow), ʸʵʪʵʸ˂ ʱʨʳʬʸʰʹ, ʨʹʬʭʬ 

ʵʩʰʬʽʺʬʩʰʹ ʪʨʫʾʨʩʴʰʲʰ ʳʵ˃ʸʨʵʩʨ (Motion Blur), ʳ˄ʭʬʲʰ ʹˆʰʭʬʩʰ (Caustics) ʫʨ ʩʬʭʸʰ 

ʹˆʭʨ, ʸʵʳʲʬʩʰ˂ ʹˆʭʨ ʳʬʯʵʫʬʩˀʰ ʳʰʰʾʬʩʨ ʹˆʭʨʫʨʹˆʭʨ, ʹʶʬ˂ʰʨʲʻʸʨʫ ʫʨʳʻˀʨʭʬʩʻʲʰ 

ʨʲʪʵʸʰʯʳʬʩʰʯ. 

       ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰʹʨʪʨʴ ʪʨʴʹˆʭʨʭʬʩʰʯ, ʸʵʳʬʲʰ˂ ˆˀʰʸ ˀʬʳʯˆʭʬʭʨˀʰ 

ʰʯʭʲʰʹ ʳˆʵʲʵʫ ʶʰʸʭʬʲʨʫ ʹˆʰʭʬʩʹ, ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʨʲʪʵʸʰʯʳʰ ˂ʫʰʲʵʩʹ 

ʨʾʨʫʪʰʴʵʹ ʱʨʳʬʸʰʫʨʴ ʹʰʴʨʯʲʬʳʫʬ ʳʰʳʨʭʨʲʰ ʿʭʬʲʨ ˀʬʹʨ˃ʲʵ ʪʮʬʩʰ. ʯʨʭʨʫ 

ʨʲʪʵʸʰʯʳʰʹ ʨʮʸʰ ʰʳʨˀʰ ʳʫʪʵʳʨʸʬʵʩʹ, ʸʵʳ ʵʩʰʬʽʺʬʩʰʹ ʮʬʫʨʶʰʸʰʹ ʱʵʴʱʸʬʺʻʲʰ 

˄ʬʸʺʰʲʰʹʨʯʭʰʹ ʫʨʰʯʭʨʲʵʹ ʳʯʬʲʰ ʰʹ ʪʨʴʨʯʬʩʨ, ʸʵʳʬʲʰ˂ ˆʭʫʬʩʨ ʨʳ ˄ʬʸʺʰʲˀʰ 

ʪʨʸʬʳʵʫʨʴ. ʳʬʯʵʫʰ ʸʬʴʫʬʸʰʹ ʪʨʴʺʵʲʬʩʨˀʰ ʨʸʹʬʩʻʲ ʻʹʨʹʸʻʲʵʫ ʳʨʾʨʲʰ 

ˆʨʸʰʹˆʰʹ ʰʴʺʬʪʸʨʲʹ ˆʹʴʰʹ ʳʵʴʺʬ ʱʨʸʲʵʹ ʰʴʺʬʪʸʰʸʬʩʰʹ ʳʬʯʵʫʰʯ ʰʺʬʸʨ˂ʰʻʲʨʫ 

ʫʨ ʴʬʲ-ʴʬʲʨ ʻʨˆʲʵʭʫʬʩʨ ʸʬʨʲʻʸ ʨʳʵʴʨˆʹʴʹ. ʳʰʰˁʴʬʭʨ, ʸʵʳ ʹ˂ʬʴʨˀʰ ʨʸʹʬʩʻʲʰ 

ʴʬʩʰʹʳʰʬʸʰ ʵʩʰʬʽʺʰ ʨʹˆʰʭʬʩʹ ʹʰʴʨʯʲʬʹ. ʯʭʰʯʵʴ ʨʹˆʰʭʬʩʹ ʪʨʴʨʯʬʩʨʹ, ʨʴ 
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ʰʸʬʱʲʨʭʹ/ʨʺʨʸʬʩʹ ʹˆʭʨ ʵʩʰʬʽʺʰʫʨʴ ʳʵʹʻʲ ʹˆʰʭʬʩʹ. ʹ˄ʵʸʬʫ ʳʻˀʨʵʩʰʹ ʨʳ ʶʸʰʴ˂ʰʶʰʹ 

ʪʨʳʵ ʨʲʪʵʸʰʯʳʰ ʸʬʱʻʸʹʰʻʲʰ ˆʨʹʰʨʯʰʹʨʨ. 

        ʨʲʪʵʸʰʯʳʰʹ ʳʰʮʨʴʰʨ, ʰʶʵʭʵʹ ʼʬʸʰ ʯʰʯʵʬʻʲʰ  ʶʰʽʹʬʲʰʹʨʯʭʰʹ. ʨʳʰʹʯʭʰʹ ʰʹ 

ʰ˄ʿʬʩʹ ʳʻˀʨʻʩʨʹ ʱʨʳʬʸʰʹ ʶʵʮʰ˂ʰʰʫʨʴ, ˀʬʹʨʩʨʳʰʹʰ ʶʰʽʹʬʲʰʹʨʯʭʰʹ ʨʾʨʫʪʬʴʹ ʭʬʽʺʵʸʹ 

ʫʨ ʪʨʳʵʯʭʲʰʹ ʻʨˆʲʵʬʹ ʯʨʴʨʱʭʬʯʨʹ ʪʨʸʬʳʵˀʰ ʨʸʹʬʩʻʲ ʵʩʰʬʽʺʬʩʯʨʴ. ʳʨʹ ˀʬʳʫʬʪ, 

ʸʨ˂ ʫʨʨʫʪʬʴʹ, ʯʻ ʸʨ ʺʰʶʰʹ ʮʬʫʨʶʰʸʹ ʳʵˆʭʫʨ ʹˆʰʭʰ, ʵʸʳˆʸʰʭʰ ʨʸʬʱʭʲʰʹ 

ʪʨʴʨ˄ʰʲʬʩʰʹ ʼʻʴʽ˂ʰʰʯ (BRDF) ʪʨʳʵʯʭʲʰʹ ʨʸʬʱʲʰʲ/ʪʨʺʨʸʬʩʻʲ ʹˆʰʭʹ ʫʨ 

ʸʬʱʻʸʹʰʻʲʨʫ ʪʨʴʨʪʸ˃ʵʩʹ ʹˆʰʭʰʹ ʳʰʫʬʭʴʬʩʨʹ ʳʨʴʨʳ, ʹʨʴʨʳ ʨʸ ˀʬʹʸʻʲʫʬʩʨ ʸʨʰʳʬ 

ʶʰʸʵʩʨ. ʳʨʪʨʲʰʯʨʫ: ʹˆʰʭʰ ʳʵˆʭʫʬʩʨ ʪʨʴʨʯʬʩʨʹ, ʨʴ ʳʰʭʨʾ˄ʬʭʯ ʸʨʰʳʬ ˄ʰʴʨʹ˄ʨʸ 

ʪʨʴʹʨʮʾʭʸʻʲ ʹʰʾʸʳʬʹ (ʬʹ ˀʬʮʾʻʫʭʨ ʪʨʳʵʰ˄ʭʬʭʹ ʹʰʹʺʬʳʨʺʻʸ ˀʬ˂ʫʵʳʨʹ ʫʨ ʳʬʯʵʫʹ 

ʪʨˆʫʰʹ ʳʰʱʬʸ˃ʵʬʩʻʲʹ), ʨʴ ˀʬʭ˄ʿʭʬʺʯ ʸʨʰʳʬ ˀʬʳʯˆʭʬʭʰʯʰ ˆʫʵʳʰʲʬʩʰʹ 

ʹʨʼʻ˃ʭʬʲʮʬ. ʸʵʪʵʸ˂ ʨʲʪʵʸʰʯʳʰʫʨʴ ˁʨʴʹ, ʫʰʼʻʮʰʻʸʰ ʮʬʫʨʶʰʸʬʩʰʹʯʭʰʹʨ˂ ʱʰ, 

ʸʵʳʲʬʩʰ˂ ʫʨ˂ʬʳʻʲ ʹˆʰʭʬʩʹ ʨʩʴʬʭʬʴ ʿʭʬʲʨ ʳʰʳʨʸʯʻʲʬʩʰʯ, ˁʭʬʴ ʨʸʬʱʭʲʨʹ ʳˆʵʲʵʫ 

ʬʸʯʰ ʳʰʳʨʸʯʻʲʬʩʰʯ ʭʨˆʫʬʴʯ. ʨʳ ˀʬʳʯˆʭʬʭʨˀʰ ʿʵʭʬʲ ˄ʬʸʺʰʲˀʰ ʳʵˆʫʬʩʨ ʳˆʵʲʵʫ 

ʸʵʳʬʲʰʳʬ, ʱʵʴʱʸʬʺʻʲʰ ʳʰʳʨʸʯʻʲʬʩʰʫʨʴ ʳʵʹʻʲʰ ʪʨʴʨʯʬʩʰʹ ʫʨʯʭʲʨ. ʨʳʰʺʵʳ 

ʨʲʪʵʸʰʯʳʰ ʨʳ ʶʸʵ˂ʬʹʹ ʰʳʬʵʸʬʩʹ ʩʬʭʸˇʬʸ, ʸʨʯʨ ʫʨʨʪʸʵʭʵʹ ʨʸʨ ʸʵʳʬʲʰʳʬ ʬʸʯʰ, 

ʨʸʨʳʬʫ ʿʭʬʲʨ ʳˆʸʰʫʨʴ ʳʵʹʻʲʰ ʪʨʴʨʯʬʩʨ. ʫʨʩʨʲʰ ʸʨʵʫʬʴʵʩʰʹ ʰʺʬʸʨ˂ʰʬʩʰʹ ʫʸʵʹ 

ʪʨʳʵʹʨˆʻʲʬʩʨʮʬ ʭʰʾʬʩʯ ˆʳʨʻʸʹ, ʰʺʬʸʨ˂ʰʬʩʰʹ ʮʸʫʨʹʯʨʴ ʬʸʯʨʫ ˆʳʨʻʸʰ ʳ˂ʰʸʫʬʩʨ 

ʫʨ ʭʰʾʬʩʯ ʳʨʽʹʰʳʨʲʻʸʨʫ ʸʬʨʲʰʹʺʻʸ ʪʨʳʵʹʨˆʻʲʬʩʨʹ ʪʲʵʩʨʲʻʸʰ ʪʨʴʨʯʬʩʰʯ. ʰʳ 

ʫʸʵʹ, ʸʵʫʬʹʨ˂ ʳʨʴʨʯʵʩʬʲʰ ʵʩʰʬʽʺʰ ˃ʨʲʰʨʴ ʳ˂ʰʸʬʨ, ʨʴ ʸʯʻʲʨʫ ʳʰʾ˄ʬʭʨʫ 

ʨʫʪʰʲʨʹ ʨʸʰʹ ʳʵʯʨʭʹʬʩʻʲʰ, ˁʭʬʴʹ ʳʰʬʸ ʳʰʫʬʭʴʬʩʻʲʰ ʹˆʰʭʬʩʰ ʳʨʹ ˀʬʰ˃ʲʬʩʨ ʫʰʫʰ 

ˆʴʰʹ ʪʨʴʳʨʭʲʵʩʨˀʰ ʨʸ ʳʵˆʭʫʴʬʴ, ʸʨ˂ ʳʬʯʵʫʹ ʳʱʭʬʯʸʨʫ ˀʬʨʴʬʲʬʩʹ ʫʨ ʪʨʮʸʫʰʹ 

ˆʳʨʻʸʹ. ʬʹ ˀʬʳʯˆʭʬʭʨ ʨʳ ʳʬʯʵʫʰʹ ʳʯʨʭʨʸ ʶʸʵʩʲʬʳʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ. ʨʸʹʬʩʵʩʹ ʨʳ 

ʶʸʵʩʲʬʳʰʹ ʪʨʫʨʽʿʭʬʺʰʹ ʨʲʪʵʸʰʯʳʰʹ ʳʵʫʰʼʰ˂ʰʸʬʩʻʲʰ ʭʬʸʹʰʬʩʰ, ʸʵʳʲʬʩʹʨ˂ 

ˀʬʳʫʪʵʳ ʶʨʸʨʪʸʨʼʬʩˀʰ ʪʨʴʭʰˆʰʲʨʭʯ. 

  

 

 

ʪʮʬʩʰʹ ʵʸʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʨ 

 



58 

 

 

21 ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʵʸʳˆʸʰʭʰ(ʳʨʸ˂ˆʬʴʨ) ʫʨ ˂ʨʲʳˆʸʰʭʰ(ʳʨʸˇʭʬʴʨ) ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰʹ ʳʻˀʨʵʩʰʹ ˀʬʫʬʪʰ 

ʰʳʰʹʨʯʭʰʹ, ʸʵʳ ʹˆʭʨʫʨʹˆʭʨ ˆʨʹʰʨʯʰʹ ʹʰʴʨʯʲʰʹ ʪʨʫʨʳʺʨʴʰ ʪʮʬʩʰ ˁʨʭ˄ʬʸʵʯ ʻʼʸʵ 

ʨʾʽʳʨʫʰ ʹʨˆʰʯ, ʰʿʬʴʬʩʬʴ ʸʬʪʻʲʨʸʻʲ ʪʨʳʵʹʨˆʻʲʬʩʬʩʹ. ʳʨʪʨʲʰʯʨʫ, ʫʰʼʻʮʰʻʸ, 

ʹʶʬʱʻʲʨʸʻʲ ʫʨ ʳʨʴʨʯʵʩʬʲ ʮʬʫʨʶʰʸʬʩʹ ʯʻ ʨʾʭʴʰˀʴʨʭʯ ˀʬʹʨʩʨʳʰʹʨʫ D, S, L 

ʹʰʳʩʵʲʵʬʩʰʯ, ˆʵʲʵ E-ʯʰ ʱʨʳʬʸʨʹ, ʳʨˀʰʴ ˀʬʭ˃ʲʬʩʯ ʴʬʩʰʹʳʰʬʸʰ ʪʮʰʹ ʨʾ˄ʬʸʨʹ 

ʸʬʪʻʲʨʸʻʲʰ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʹʨˆʰʯ. ʳʨʪʨʲʰʯʫ, ʪʨʴʨʯʬʩʰʹ ʪʮʨ, ʸʵʳʬʲʰ˂ ʰ˄ʿʬʩʨ 

ʳʨʴʨʯʵʩʬʲʰ ʮʬʫʨʶʰʸʰʫʨʴ, ʬ˂ʬʳʨ ʬʸʯ ʨʴ ʸʨʳʵʫʬʴʰʳʬ ʫʰʼʻʮʰʻʸ ʮʬʫʨʶʰʸʹ, ˀʬʳʫʬʪ 

ʹʶʬʱʻʲʨʸʻʲʹ ʫʨ ˀʬʳʫʬʪ ˆʭʫʬʩʨ ʱʨʳʬʸʨˀʰ, ˁʨʰ˄ʬʸʬʩʨ ʨʹʬ: LDD*SE. 

        ˂ʨʲʳˆʸʰʭʰ ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰ ʪʮʰʹ ʳʰʫʬʭʴʬʩʨʹ ʰ˄ʿʬʩʹ ʱʨʳʬʸʰʫʨʴ ʫʨ 

ʨʳʯʨʭʸʬʩʹ ʳʨʴʨʯʵʩʬʲ ʮʬʫʨʶʰʸʮʬ, ʨʹʬ ʸʵʳ, ʨʳ ʳʬʯʵʫʰʯ ʳʰʾʬʩʻʲʰ ʪʮʬʩʰ ʫʨʰ˄ʿʬʩʨ 

E-ʯʰ ʫʨ ʫʨʹʸʻʲʫʬʩʨ L-ʰʯ. ʻʩʸʨʲʵ, ˂ʨʲʳˆʸʰʭʰ ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʳʯʨʭʨʸ 

ʶʸʵʩʲʬʳʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ ʶʨʺʨʸʨ ʮʵʳʰʹ ʪʨʴʨʯʬʩʨʮʬ ˀʬʳʯˆʭʬʭʰʯʨʫ ʳʵˆʭʬʫʸʰʹ ʳ˂ʰʸʬ 

ʨʲʩʨʯʵʩʨ, ʯʻʳ˂ʨ ʨʳ ʶʸʵʩʲʬʳʰʹ ʳʵʪʭʨʸʬʩʨʹ ʭʨˆʬʸˆʬʩʯ ʪʨʴʨʯʬʩʬʩʰʹ ʫʨʳʨʺʬʩʰʯ 

ˀʬʸˁʬʭʰʹ ʪʮʰʯ. ʬʹ ʳʬʯʵʫʰ ʮʬʫʨʶʰʸʰʹ ˄ʬʸʺʰʲʰʹʯʭʰʹ ʨˆʫʬʴʹ ʳʰʳʨʸʯʻʲʬʩʬʩʰʹ 

ˀʬʸˁʬʭʨʹ ʳʨʴʨʯʵʩʬʲʰ ʮʬʫʨʶʰʸʰʹʱʬʴ ʰʳ ʰʳʬʫʰʯ, ʸʵʳ ʨʹʬʯʰ ˀʬʸˁʬʭʰʹ ʪʮʰʯ ʰʶʵʭʰʹ ʨʳ 

˄ʬʸʺʰʲˀʰ ʳʵʹʻʲʰ ʪʨʴʨʯʬʩʰʹ ʫʰʫ ˄ʰʲʹ. ʯʻʳ˂ʨ ʬʹ ʳʵʲʵʫʰʴʰ ʿʵʭʬʲʯʭʰʹ ʨʸ 

ʳʨʸʯʲʫʬʩʨ. ʮʬʳʵʯ ʳʵ˂ʬʳʻʲ ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ˀʬʳʯˆʭʬʭʨ, ʸʵʫʬʹʨ˂ ʵʯʨˆˀʰ 

ʨʸʹʬʩʻʲʰ ʪʨʴʨʯʬʩʰʹ ʫʰʫʰ ʴʨ˄ʰʲʰ ʨʸʰʹ ʰʸʰʩʰ, ʸʨ˂ ʰʳʨʹ ʴʰˀʴʨʭʹ, ʸʵʳ ʪʨʴʨʯʬʩʰʹ 

ʶʰʸʫʨʶʰʸ ˀʬʸˁʬʭʰʹ ʳʬʯʵʫʰ ʭʬʸ ʬˆʳʨʸʬʩʨ ʸʬʴʫʬʸʬʸʹ ʫʨ ˆʳʨʻʸʰʹ ʨʳʵ˄ʻʸʭʰʹ 

ʶʸʵ˂ʬʹʰ ʫʰʫ ˆʨʴʹ ʪʸ˃ʬʲʫʬʩʨ. ʹʻʸʨʯʰʹ ˂ʬʴʺʸˀʰ ˁʨʴʹ ˀʻˀʰʹ ʱʭʬʸ˂ˆʰ, ʸʵʳʬʲʰ˂ 

ʫʬʭʹ ʫʰʼʻʮʰʻʸ ʳʨʪʰʫʨʮʬ, ʳʰʹʱʬʴ ʳʰʳʨʸʯʻʲʰʨ ʳʱʭʬʯʸʰ ʪʨʴʨʯʬʩʨ, ʸʨ˂ ʳʨʪʰʫʰʹ 

ʮʬʫʨʶʰʸʮʬ ʰ˄ʭʬʭʹ ʳ˄ʭʬʲ ʹˆʰʭʬʩʹ. ʹ˄ʵʸʬʫ ʨʽ ʪʭˆʭʫʬʩʨ ʪʮʬʩʰ EDSSD*L, ʸʵʳʬʲʰ˂ 

ʪʨʴʹʨʱʻʯʸʬʩʻʲ ʶʸʵʩʲʬʳʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ ˂ʨʲʳˆʸʰʭʰ ʪʮʬʩʰʹ ʳʰʫʬʩʴʬʩʰʹ 
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ʳʬʯʵʫʰʹʯʭʰʹ. ʴʬʩʰʹʳʰʬʸʰ ʪʮʨ, ʸʵʳʬʲʰ˂ ʩʵʲʵʭʫʬʩʨ DS*D*L ʪʨʳʵʹʨˆʻʲʬʩʰʯ, ʨʸʰʹ 

ʶʸʵʩʲʬʳʨʺʻʸʰ ʨʳ ʳʬʯʵʫʰʹʯʭʰʹ. ʸʨʫʪʨʴ ʶʰʸʭʬʲʰ D ʮʬʫʨʶʰʸʰʫʨʴ ʳʬʵʸʬ D ʨʴ E 

ʮʬʫʨʶʰʸʰʹ ˆʰʲʭʨʫʵʩʨ ʭʬʸ ʳʵ˄ʳʫʬʩʨ ˀʻʨˀʰ ʨʸʹʬʩʻʲʰ ʹʶʬʱʻʲʨʸʻʲʰ ʮʬʫʨʶʰʸʰʹ 

ʪʨʳʵ, ʨʳʰʺʵʳ ʹʨ˅ʰʸʵ ʪʨˆʫʨ ʪʮʬʩʰʹ ʵʸʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʨ. 

 

22ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʯʭʨʲʰʹʨ ʫʨ ʪʨʴʨʯʬʩʰʹ ʪʮʬʩʰ ʫʨ ʳʨʯ ʱʭʨʴ˃ʬʩʹ ˀʵʸʰʹ ʱʨʭˀʰʸʬʩʰ ʸʵʳʬʲʯʨ ˀʬʳʵ˄ʳʬʩʨ˂ ˆʫʬʩʨ ʸʨʯʨ ʳʵˆʫʬʹ 

ʪʨʫʨʩʳʨ 

ʪʮʬʩʰʹ ʵʸʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰ ʨˆʫʬʴʹ ʹʰʴʨʯʲʰʹ ʪʨʫʨʳʺʨʴʰ ʪʮʬʩʰʹ 

ʪʬʴʬʸʨ˂ʰʨʹ ʫʨ˄ʿʬʩʻʲʹ ʸʵʪʵʸ˂ ʯʭʨʲʰʫʨʴ, ʨʹʬʭʬ ʪʨʴʨʯʬʩʰʫʨʴ. ʪʮʬʩʹ, ʸʵʳʬʲʰ˂ 

ʰ˄ʿʬʩʨ ʯʭʨʲʰʫʨʴ, ʻ˄ʵʫʬʩʬʴ ʯʭʨʲʰʹ ʪʮʨʹ (Eye Path), ˆʵʲʵ ʸʵʳʬʲʰ˂ ʰ˄ʿʬʩʨ 

ʪʨʴʨʯʬʩʰʫʨʴ, ʪʨʴʨʯʬʩʰʹ ʪʮʨʹ (Light Path). ʳʬʯʵʫʰ ˂ʫʰʲʵʩʹ ʳʬʾʬʩʻʲʰ  ʯʭʨʲʰʹ 

ʪʮʰʹ ʪʨʫʨʩʳʨʹ ʪʨʴʨʯʬʩʰʹ ʪʮʨʹʯʨʴ, ʸʰʹʯʭʰʹʨ˂ ʶʰʸʭʬʲ ʸʰʪˀʰ ʨʳʵ˄ʳʬʩʹ ʪʨʴʨʯʬʩʰʹʨ ʫʨ 

ʯʭʨʲʰʹ ʪʮʰʹ ʱʭʨʴ˃ʬʩʹ ˀʵʸʰʹ ˆʰʲʭʨʫʵʩʨʹ. ˀʬʹʨʩʨʳʰʹʨʫ ʪʨʫʨʩʳʻʲʰ ʪʮʬʩʰ 

ʨʻ˂ʰʲʬʩʲʨʫ ʰ˄ʿʬʩʰʨʴ ʯʭʨʲˀʰ ʫʨ ʳʯʨʭʸʫʬʩʰʨʴ ʪʨʴʨʯʬʩʨʮʬ. ʨʹʬʯ ˀʬʳʯˆʭʬʭʨˀʰ, 

ʸʵʪʵʸ˂ ʭʯʽʭʰʯ, ʪʨʴʨʯʬʩʰʹ ˀʬʸˁʬʭʨ ʳˆʵʲʵʫ ʳʨʴʨʯʵʩʬʲʰ ʮʬʫʨʶʰʸʬʩʰʹ ʳʰʳʨʸʯ ʨʸ 

ˆʫʬʩʨ, ʨʸʨʳʬʫ ʳʵ˄ʳʫʬʩʨ ʪʨʴʨʯʬʩʰʫʨʴ ˄ʨʳʵʹʻʲʰ ʪʮʰʹ ʱʭʨʴ˃ʬʩʰ (ʸʵʳʬʲʰ˂ ʯʨʭʰʹ 

ʳˆʸʰʭ ʪʨʴʨʯʬʩʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ), ʸʨ˂ ʬˆʳʨʸʬʩʨ ʳʬʯʵʫʹ, ʪʨʻʳʱʲʨʭʫʬʹ ʰʹʬʯ 

ʶʸʵʩʲʬʳʬʩʹ, ʸʵʳʬʲʹʨ˂ ˂ʨʲʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʰʯ ʬʼʬʽʺʻʸʨʫ ʭʬʸ ʭ˅ʸʰʯ. 

ˀʬʹʨʩʨʳʰʹʨʫ DS*D*L ʪʮʰʹ ʹʶʬʱʻʲʨʸʻʲ ʮʾʻʸʩʲʮʬ ʪʨʴʨʯʬʩʨ ʪʨʫʳʵʨʽʭʹ ʪʨʴʨʯʬʩʰʹ 

ʪʮʨʹ ʫʨ ˆʰʲʭʨʫʵʩʰʹ ˀʬʳʵ˄ʳʬʩʨ˂ ʯʭʨʲʰʹ ʪʮʰʫʨʴ ʻʶʸʵʩʲʬʳʵʫ ˆʫʬʩʨ. ʳʵʭʰʿʭʨʴʵʯ 

ʳʨʪʨʲʰʯʰ: ʭʯʽʭʨʯ ʪʭʨʽʭʹ ʵʯʨˆʰ, ʸʵʳʬʲˀʰ˂ ʬʸʯʨʫ-ʬʸʯ ʪʨʴʨʯʬʩʨʹ ˄ʨʸʳʵʨʫʪʬʴʹ 

ʴʨʯʻʸʨ, ʸʵʳʬʲʰ˂ ʯʨʭʰʹ ʳˆʸʰʭ ˀʬʫʪʬʩʨ ˀʻˀʨˀʰ ʳʵʽ˂ʬʻʲʰ ʳʨʴʨʯʵʩʬʲʰ 

ʹʶʰʸʨʲʰʹʪʨʴ. ʨʹʬʯ ˀʬʳʯˆʭʬʭʨˀʰ ʵʯʨˆˀʰ ʪʨʴʨʯʬʩʰʹ ʫʨʯʭʲʰʹ ʫʸʵʹ ʹʶʰʸʨʲʰʹ 

ʳʰʳʨʸʯʻʲʬʩʰʯ ʯʻ ʪʨʭʨʱʬʯʬʩʯ ʹˆʰʭʬʩʰʹ ˀʬʸˁʬʭʨʹ ˆʰʲʭʨʫʵʩʰʹ ʺʬʹʺʰ ʿʵʭʬʲʯʭʰʹ 

˄ʨʸʻʳʨʺʬʩʬʲʰ ʰʽʴʬʩʨ, ʸʨʫʪʨʴ ʹʶʰʸʨʲʹ ˄ʰʴ ʬʼʨʸʬʩʨ ˀʻˀʨ. ʵʸʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʰʹ 

ʫʸʵʹ ʪʨʴʨʯʬʩʰʫʨʴ ˄ʨʳʵʹʻʲʰ ʪʮʬʩʰ ʪʨ˂ʫʬʩʨʰʴ ˀʻˀʨʹ ʫʨ ʪʨʳʵʭʲʬʴ ʪʨʸʬʯ, ʨʳʰʹ 



60 

 

ˀʬʳʫʬʪ ʯʭʨʲʰʹ ʪʮʬʩʰʫʨʴ ˁʭʬʴ ˆʰʲʭʨʫʵʩʨʹ ˃ʰʸʰʯʨʫʨʫ ˀʬʭʨʳʵ˄ʳʬʩʯ ʹ˄ʵʸʬʯ 

ʹʶʬʱʻʲʨʸʻʲ ʮʬʫʨʶʰʸʹ ʪʨʸʬʯ ʨʸʹʬʩʻʲ ʱʭʨʴ˃ʬʩʯʨʴ, ʸʨ˂ ʳʵˆʹʴʰʹ ˁʭʬʴʹ ʶʸʵʩʲʬʳʨʹ. 

        ʨʸʹʬʩʵʩʹ ʪʮʬʩʰ, ʸʵʳʲʬʩʰ˂ ʪʮʬʩʰʹ ʵʸʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰʹʯʭʰʹ ʱʭʲʨʭ 

ʶʸʵʩʲʬʳʨʫ ʸˁʬʩʨ. ʳʨʪʨʲʰʯʨʫ, SDS ʪʮʬʩʰʹ ʫʨʯʭʲʨ ʨʳ ʳʬʯʵʫʰʯ ʭʬʸ ˆʬʸˆʫʬʩʨ, 

ʸʨʫʪʨʴ ˆʰʲʭʨʫʵʩʰʹ ʨʳʵ˂ʨʴʨʹ ʫʰʼʻʮʰʻʸʰ (D) ʮʬʫʨʶʰʸʰʫʨʴ ʬʼʬʽʺʻʸʨʫ ʭʬʸ˂ʬʸʯʰ 

ʳʰʳʨʸʯʻʲʬʩʰʯ ʭʬʸ ʭˆʹʴʰʯ. 

 ʪʮʬʩʰʹ ʵʸʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʰʹ ʳʬʯʵʫʰ ˆˀʰʸʨʫ ʪʭˆʭʬʩʨ ˀʬʳʵʱʲʬʩʰʯ, 

ʰʴʪʲʰʹʻʸʰ ˀʬʹʨʺʿʭʰʹʰʹ ʨʩʸʬʭʰʨʺʻʸʰʹ ʹʨˆʰʯ: BDPT კ Bidirectional Path Tracing. 

  



61 

 

 

ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ˃ʸʨʭʰ Colibri 

 

ˁʨʺʨʸʬʩʻʲʰ ʹʨʳʻˀʨʵʬʩʰ 

 

 

23ʹʺʬʴʼʵʸʫʰʹ ˂ʴʵʩʰʲʰ ʫʸʨʱʵʴʰʹ ʳʵʫʬʲʰ Colibri-ˀʰ. 

ʴʨˀʸʵʳʮʬ ʳʻˀʨʵʩʰʹ ʶʸʵ˂ʬʹˀʰ ʳʰʳʫʰʴʨʸʬʵʩʫʨ ʨʸʹʬʩʻʲʰ ʳʬʯʵʫʬʩʰʹ 

ʹʨʼʻ˃ʭʲʰʨʴʰ ˀʬʹ˄ʨʭʲʨ, ʳʨʯʰ ʶʸʨʽʺʰʱʻʲʰ ʫʨʶʸʵʪʸʨʳʬʩʨ ʫʨ ʳʰʾʬʩʻʲʰ ʸʬʨʲʻʸʰ 

ˀʬʫʬʪʬʩʰʹ ʨʴʨʲʰʮʰ. ʨʳʰʹʨʯʭʰʹ ˀʬʰʽʳʴʨ ʫʨʳʵʻʱʰʫʬʩʬʲʰ ʭʰʮʻʨʲʰʮʨʺʵʸʰ, 

ʸʵʳʬʲʰ˂ ʹˆʭʨʫʨʹˆʭʨ ʺʰʶʰʹ ʳʵʫʬʲʬʩʰʹ ʭʰʮʻʨʲʰʮʨ˂ʰʰʹ ʹʨˀʻʨʲʬʩʨʹ ʰ˃ʲʬʭʨ. 

ʭʰʮʻʨʲʰʮʨʺʵʸʮʬ ʳʻˀʨʵʩʰʹ ʶʨʸʨʲʬʲʻʸʨʫ ˆʫʬʩʵʫʨ ʱʵʳʻʴʰʱʨ˂ʰʨ ʳʹʪʨʭʹ 

ʶʸʵʫʻʽʺʬʩˀʰ ʳʵʳʻˀʨʭʬ, ʹˆʭʨʫʨʹˆʭʨ ʱʭʨʲʰʼʰʱʨ˂ʰʰʹ ʳʽʵʴʬ, ʹʼʬ˂ʰʨʲʰʹʺʬʩʯʨʴ, 

ˆʫʬʩʵʫʨ ʳʨʯʰ ʸˁʬʭʬʩʰʹ ʫʨ ʳʵʯˆʵʭʴʬʩʰʹ ʨʴʨʲʰʮʰ, ʸʨʳʨ˂ ˆʬʲʰ ˀʬʻ˄ʿʵ ʸʬʴʫʬʸʬʸʹ 

ʶʸʵʫʻʺʨʫ ˁʨʳʵʿʨʲʰʩʬʩʨˀʰ. ʸʬʴʫʬʸʬʸʰʹ ʶʸʵʫʻʽʺʨʫ ˁʨʳʵʿʨʲʰʩʬʩʰʹ ʶʸʵ˂ʬʹˀʰ ʳʰʹ 

ʹʨˆʬʲʹ ʫʨ ʲʵʪʵʹ ʫʰʫʰ ʳʴʰˀʭʴʬʲʵʩʨ ʨʽʭʹ. ʶʸʵʫʻʽʺʰʹ ʶʵʺʬʴ˂ʰʻʸʰ 

ʳʵʳˆʳʨʸʬʩʲʬʩʰ ʶʰʸʭʬʲ ʬʺʨʶʮʬ ʹ˄ʵʸʬʫ ʳʨʹ ʬ˂ʴʵʩʨ, ʸʰʹ ˀʬʳʫʬʪʨ˂ ʰ˄ʿʬʩʹ ʻˀʻʨʲʵʫ 

ʶʸʵʫʻʽʺʯʨʴ ʳʻˀʨʵʩʨʹ. 
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Figure 24ʹʻʸʨʯʮʬ ʪʨʳʵʹʨˆʻʲʰʨ ʱʵʲʰʩʸʰʹ "ʳʵʳ˄ʭʨʴʵ-ʳʵʰʰʹʼʸʵ" ʹʨˆʬʵʩʨ 

ʹʨʳˆʸʬʯ ʨʳʬʸʰʱʨˀʰ ʩʰʴʨʩʸʵʩʹ ʳʹʵʼʲʰʵˀʰ ʿʭʬʲʨʮʬ ʶʨʺʨʸʨ ˁʰʺʰ, ʸʵʳʬʲʰ˂ 

ʯʨʭʰʹʰ ʻ˂ʴʨʻʸʨʫ ʶʨʺʨʸʨ ʮʵʳʰʹ ʫʨ ʪʨʴʹʨʱʻʯʸʬʩʻʲʰ ʹʰʲʨʳʨʮʰʹ ʪʨʸʫʨ ʱʰʫʬʭ 

ʩʬʭʸʰ ʹʨʰʴʺʬʸʬʹʵ ʯʭʰʹʬʩʰʯ ʪʨʳʵʰʸˁʬʭʨ. ʹʰʹ˄ʸʨʼʬ, ʳʵʽʴʰʲʵʩʨ, ˈʨʬʸˀʰ ʻʫʰʫʬʹʨʫ 

ʮʻʹʺʰ ʫʨ ʹʺʨʩʰʲʻʸʰ ʳʨʴʬʭʸʰʸʬʩʰʹ ʻʴʨʸʰʻʴʨʸʰ(ʰʹ ʬʸʯʨʫʬʸʯʰ ˁʰʺʰʨ ʸʵʳʬʲʹʨ˂ 

ʻʱʨʴ ʼʸʬʴʨ ˀʬʻ˃ʲʰʨ) ʳʨʹ ˁʭʬʴʰ ʶʲʨʴʬʺʰʹ ʳʨʸʯʲʨ˂ ʸʵʳ ʪʨʴʹʨʱʻʯʸʬʩʻʲ 

ʼʸʰʴʭʬʲʨʫ ʨʽ˂ʬʭʹ. ʨʳ ʼʸʰʴʭʬʲʹ ʽʭʰʨ ʱʵʲʰʩʸʰ. ʹ˄ʵʸʬʫ ʨʳ ʯʭʰʹʬʩʬʩʰʹ ʪʨʳʵ 

ʸʬʴʫʬʸʬʸʹ ʫʨʬʸʽʭʨ "ʱʵʲʰʩʸʰ" (Colibri). ʶʸʵʫʻʽʺʰʹʯʭʰʹ ʹʨʯʨʴʨʫʵ ʲʵʪʵ 

ˀʬʹʨʸˁʬʭʨʫ ˁʨʺʨʸʫʨ ʱʵʴʱʻʸʹʰ, ʸʵʳʲʰʹ ˀʬʫʬʪʨʫʨ˂  ˀʬʰʸˁʨ ʪʨʳʨʸˇʭʬʩʻʲʰ 

ʴʨʳʻˀʬʭʨʸʰ.   
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25ʲʵʪʵ, ʸʵʳʬʲʰ˂ ˀʬʰʸˁʨ ʭʰʮʻʨʲʰʮʨʺʵʸʰʹʯʭʰʹ, ʱʵʴʱʻʸʹʰʹ ˀʬʫʬʪʨʫ. (ʲʵʪʵʹ ʨʭʺʵʸʰ: ʴʰʱʨ ʳʵʴʨʹʬʲʰ˃ʬ) 

 

˃ʰʸʰʯʨʫʰ ˀʬʹʨ˃ʲʬʩʲʵʩʬʩʰ 

 

ʸʬʴʫʬʸʬʸʰ ʰʾʬʩʹ ʹ˂ʬʴʰʹ ʵʩʰʬʽʺʬʩʹ, ʪʨʴʨʯʬʩʨʹ, ʱʨʳʬʸʰʹ ʶʨʸʨʳʬʺʸʬʩʹ, 

ʸʬʴʫʬʸʰʹ ʶʨʸʨʳʬʺʸʬʩʹ, ʰʯʭʲʰʹ ʸʬʴʫʬʸʰʹ ʪʨʴʺʵʲʬʩʨʹ ʵʩʰʬʽʺʻʸʨʫ, 

ʰʺʬʸʨ˂ʰʻʲʨʫ ʫʨ ʪʨʳʵʯʭʲʰʹ ʶʸʵ˂ʬʹʰʹ ʳʰʳʫʰʴʨʸʬʵʩʰʹ ˀʬʹʨˆʬʩ ʰʴʼʵʸʳʨ˂ʰʨʹ 

ʨ˃ʲʬʭʹ ʸʬʪʰʹʺʸʰʸʬʩʻʲ ʻʱʻʱʨʭˀʰʸʰʹ ʼʻʴʽ˂ʰʬʩʹ. ˀʬʹʨ˃ʲʬʩʬʲʰʨ ʪʨʳʵʯʭʲʬʩʰʹ 

ʳʰʳʫʰʴʨʸʬʵʩʰʹ ʶʸʵ˂ʬʹʰʹ ˀʬˁʬʸʬʩʨ, ʪʨʪʸ˃ʬʲʬʩʨ ʪʨʳʵʸʯʭʨ ʫʨ ʨˆʲʰʫʨʴ ʫʨ˄ʿʬʩʨ, ʸʨ˂ 

ʹʨˀʻʨʲʬʩʨʹ ʨ˃ʲʬʭʹ ʪʨʸʬ ʨʶʲʰʱʨ˂ʰʨʹ ʳʵʨˆʫʰʴʵʹ ʰʴʺʬʸʨʽʺʰʻʲʰ ʸʬʴʫʬʸʰ, ʸʵʫʬʹʨ˂ 

ʳʵʳˆʳʨʸʬʩʬʲʰ ʯʭʨʲʹ ʨʫʬʭʴʬʩʹ ʪʨʳʵʯʭʬʩʰʹ ʳʰʳʫʰʴʨʸʬʵʩʨʹ ʫʨ ˆʬʫʨʭʹ ʯʻ ʸʵʪʵʸ 

ʻʨˆʲʵʭʫʬʩʨ ʳʰʳʫʰʴʨʸʬ ʪʨʳʵʯʭʲʰʲʰ ˀʬʫʬʪʰ ʸʬʨʲʻʸʹ. ʨʽʭʹ ʹʨˀʻʨʲʬʩʨ ʱʨʳʬʸʰʹ 

ʶʨʸʨʳʬʺʸʬʩʰʹ(ʶʵʮʰ˂ʰʨ, ʵʸʰʬʴʺʨ˂ʰʨ, ʪʨˀʲʰʹ ʱʻʯˆʬ, ʹʨʼʵʱʻʹʬ ʳʨʴ˃ʰʲʰ, ...) 

˂ʭʲʰʲʬʩʰʹ, ʸʵʳʲʰʹ ʫʸʵʹʨ˂ ʨʭʺʵʳʨʺʻʸʨʫ ˆʫʬʩʨ ʪʨʳʵʯʭʲʰʹ ʶʸʵ˂ʬʹʰʹ ˀʬˁʬʸʬʩʨ 

ʫʨ ʯʨʭʰʫʨʴ ʪʨˀʭʬʩʨ. ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʪʨʳʵʯʭʲʰʹ ʴʬʩʰʹʳʰʬʸ ʫʸʵʹ ʳʵʳˆʳʨʸʬʩʬʲʹ 

ˀʬʻ˃ʲʰʨ ʨʸʹʬʩʻʲʰ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ˀʬʴʨˆʭʨ ʼʨʰʲʻʸ ʹʰʹʺʬʳʨˀʰ. ʳʨʹ ʨʹʬʭʬ ʩʬʭʸʰ 

ʫʨʳʨʺʬʩʰʯʰ ʶʨʸʨʳʬʺʸʰʹ ʱʵʴʺʸʵʲʰʹ ʹʨˀʻʨʲʬʩʨ ʱʵʴʺʬʽʹʺʻʸʰ ʳʬʴʰʻʫʨʴ. 

ʪʨʳʵʯʭʲʰʯʰ ʶʸʵ˂ʬʹʰ ʳʯʲʰʨʴʨʫ ʳʰʳʫʰʴʨʸʬʵʩʹ ˂ʬʴʺʸʨʲʻʸ ʶʸʵ˂ʬʹʵʸʮʬ, 

ʶʨʸʨʲʬʲʻʸ ʴʨʱʨʫʬʩˀʰ. ʳʵʳˆʳʨʸʬʩʬʲʹ ʨʽʭʹ ʹʨˀʻʨʲʬʩʨ ʳʰʻʯʰʯʵʹ ʫʨʺʭʰʸʯʭʰʹ 

ʶʸʵ˂ʬʴʺʻʲʰ ʳʨˁʭʬʴʬʩʬʲʰ, ʸʰʹ ʹʨʼʻ˃ʭʬʲʮʬ˂ ʸʬʴʫʬʸʬʸʰ ʳʵʨˆʫʬʴʹ ʶʸʵ˂ʬʹʵʸʰʹ 

ˀʬʹʨʩʨʳʰʹʨʫ ʫʨʺʭʰʸʯʭʨʹ. 
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ʶʸʨʽʺʰʱʻʲʰ ˀʬʫʬʪʬʩʰ 

 

 ʶʰʸʭʬʲ ʸʰʪˀʰ ʳʵʳʮʨʫʫʨ ʶʸʵʬʽʺʮʬ ʹʨʳʻˀʨʵʫ ʨʻ˂ʰʲʬʩʬʲʰ ʶʸʵʪʸʨʳʻʲʰ 

ʰʴʼʸʨʹʺʸʻʽʺʻʸʨ. ˀʬʰʽʳʴʨ ʹʨ˅ʰʸʵ ʵʩʰʬʽʺʬʩʰ ˄ʸʼʰʭʰ ʨʲʪʬʩʸʰʫʨʴ(ʭʬʽʺʵʸʬʩʰ, 

ʳʨʺʸʰ˂ʬʩʰ,...) ʫʨ ʹˆʭʨʫʨʹˆʭʨ ʺʰʶʰʹ ʳʨʯʬʳʨʺʰʱʻʸʰ ʼʻʴʽ˂ʰʵʴʨʲʰ, ʨʹʬʭʬ ʳʵʳʮʨʫʫʨ 

ʹˆʭʨʫʨʹˆʭʨ ʼʵʸʳʨʺʰʹ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ˁʨʳʺʭʰʸʯʭʬʲʰ/ˁʨʳ˄ʬʸʰ, ʹʨʳʱʻʯˆʨ ʳʬˀʰʹ 

ˁʨʳʺʭʰʸʯʭʬʲʰ, BVH, ..., ʸʨʳʨ˂ ˀʬʳʫʪʵʳˀʰ ʪʨʨʳʨʸʺʰʭʨ ʶʸʵʬʽʺʮʬ ʳʻˀʨʵʩʰʹ ʶʸʵ˂ʬʹʰ. 

 ʳʵˆʫʨ  SAH BVH-ʰʹ ʫʨʶʸʵʪʸʨʳʬʩʨ, ʸʵʳʬʲʹʨ˂ ˀʬʻ˃ʲʰʨ ʰʳʻˀʨʵʹ ʮʵʪʨʫʰ, 

ʻ˂ʴʵʩʰ ʺʰʶʰʹ ʶʸʰʳʰʺʰʭʯʨʴ. ʭʰʮʻʨʲʰʮʨʺʵʸʰʹ ʩʰʸʯʭˀʰ BVH-ʰʹ ʪʨʳʵʿʬʴʬʩʨ ˆʫʬʩʨ 2 

ʫʵʴʬʮʬ: ʹʨʳʱʻʯˆʨ ʳʬˀʰ ʰʿʬʴʬʩʹ ʳʨʹ ʹʨʳʱʻʯˆʬʫʬʩʰʹ ˀʬʹʨʴʨˆʨʫ ʫʨ ʨʹʬʭʬ ʹ˂ʬʴʰʹ 

ʵʩʰʬʽʺʬʩʰ ʯʨʭʰʹʳˆʸʰʭ ʰʴʨˆʬʩʰʨʴ BVH-ˀʰ, ʳʨʯ ˀʵʸʰʹ ʹʨʳʱʻʯˆʨ ʳʬˀʰ˂. ʳʵˆʫʨ BVH-ʰʹ 

ʫʨʲʨʪʬʩʻʲʰ  ˀʬʳʵʭʲʰʹ ʫʨʶʸʵʪʸʨʳʬʩʨ, ʸʨʯʨ ʳʨʲʬ ʳʵˆʫʬʹ ʿʭʬʲʨʮʬ ʨˆʲʵ 

ʯʨʴʨʱʭʬʯʰʹ ʶʵʭʴʨ ʫʨ ʯʨʭʰʫʨʴ ʨʭʰ˂ʰʲʵʯ ʿʭʬʲʨ ʰʳ ʯʨʴʨʱʭʬʯʰʹ ʫʨʯʭʲʨ, ʸʵʳʬʲʰ˂ 

ʹˆʰʭʰʹ ʪʨʹ˄ʭʸʰʭ ʪʭˆʭʫʬʩʨ. (ʰˆʰʲʬʯ ʽʭʬʫʨ ʹʻʸʨʯʰ) 

 

Figure 26ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʹˆʰʭʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʫʸʵʹ, SAH BVH-ʰʹ ʫʨʲʨʪʬʩʻʲʰ ˀʬʳʵʭʲʰʲʰʹ ʶʸʵ˂ʬʹˀʰ, ˀʬʳʵʭʲʰʲʰ ʱʭʨʴ˃ʬʩʰʹ 
ʸʨʵʫʬʴʵʩʨ ʰʴʺʬʴʹʰʵʩʰʹ ʹʨˆʰʯ. ʹʻʸʨʯʮʬ ʱʨʸʪʨʫ ˁʨʴʹ ʱʭʨʴ˃ʬʩʰʹ ˀʬʹʨʩʨʳʰʹʰ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰ. 

 ʪʨʱʬʯʫʨ ʹʨʳʱʻʯˆʨ ʳʬˀʰʹ Wavefronf Obj ʼʵʸʳʨʺʰʹ ʼʨʰʲʰʫʨʴ(*.obj 

ʪʨʼʨʸʯʵʭʬʩʰʹ ʼʨʰʲʬʩʰ) ˁʨʳʺʭʰʸʯʭʬʲʰ, ʸʵʳʬʲʰ˂ ʯʨʴʳʰʳʫʬʭʸʻʲʨʫ ʺʭʰʸʯʨʭʹ 

ʳʯʬʲ ʼʨʰʲʹ ʫʨ ˁʨʺʭʰʸʯʭʰʹ ʶʸʵ˂ʬʹˀʰ ʪʨ˄ʭʫʰʹ ʸʵʪʵʸ˂ ʳʵʴʨ˂ʬʳʬʩʹ, ʨʹʬʭʬ 
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ʰʴʼʵʸʳʨ˂ʰʨʹ ʯʻ ʸʨ ʴʨ˄ʰʲʰʨ ʨʳ ʬʺʨʶʮʬ ˁʨʺʭʰʸʯʻʲʰ. ˁʨʳʺʭʰʸʯʭʬʲʹ ˀʬʻ˃ʲʰʨ 

ʰʳʻˀʨʵʹ, ʸʵʪʵʸ˂ ʳʯʨʭʨʸ ʴʨʱʨʫˀʰ ʨʹʬʭʬ ʱʵʴʱʻʸʬʴʺʻʲˀʰ. 

 ʶʰʸʭʬʲ ʬʺʨʶʮʬ ʳʵˆʫʨ ˂ʨʲʳˆʸʰʭʰ ʪʮʬʩʰʹ ʳʰʫʬʭʴʬʩʰʹ ʶʸʵʪʸʨʳʻʲʰ 

ʪʨʴˆʵʸ˂ʰʬʲʬʩʨ, ʸʵʳʬʲʰ˂ ʨˆʫʬʴʫʨ ʯʨʴʨʩʨʸʰ ʸʨʵʫʬʴʵʩʰʹ ʪʮʬʩʰʹ ʨʪʬʩʨʹ 

ʯʰʯʵʬʻʲʰ ʶʰʽʹʬʲʰʹʯʭʰʹ. ʨʳ ʬʺʨʶʮʬ ˆʫʬʩʵʫʨ ʳˆʵʲʵʫ BSDF-ʰʹ ˀʬʸˁʬʭʰʯ 

ʵʩʰʬʽʺʰʹ ʮʬʫʨʶʰʸʬʩʮʬ ʨʸʬʱʭʲʨ, ʸʰʹʰ ʹʨˀʻʨʲʬʩʰʯʨ˂ ˁʨʭʫʰʵʫʰʯ ʹʰʾʸʳʬˀʰ, 

ʭʨʪʬʩʫʰʯ ʪʮʬʩʹ ʫʨ ʭˆʹʴʫʰʯ ʸʬʴʫʬʸʰʹ ʪʨʴʺʵʲʬʩʨʹ ʳʰʻʱʬʸ˃ʵʬʩʲʨʫ. ʸʵʪʵʸ˂ 

ʮʬʳʵʯ ʨʾʰʴʰˀʴʨ, ʨʳ ʳʬʯʵʫʰʯ ˃ʨʲʰʨʴ ʫʰʫʰ ʫʸʵ ˅ʰʸʫʬʩʨ ˆʳʨʻʸʰʹ ˀʬʳ˂ʰʸʬʩʨʹ ʰʳ 

ʹ˂ʬʴʬʩˀʰ, ʹʨʫʨ˂ ʨʸʰʹ ʳ˂ʰʸʬ ʮʵʳʰʹ ʳʱʭʬʯʸʰ ʪʨʴʨʯʬʩʬʩʰ, ʨʳʰʺʵʳ ˀʬʳʫʬʪ ʬʺʨʶʮʬ 

ʫʨʬʳʨʺʨ ʪʮʰʹ ʿʵʭʬʲʰ ʱʭʨʴ˃ʰʹʯʭʰʹ ʪʨʴʨʯʬʩʰʹ ʫʨʳʨʺʬʩʰʯ ˀʬʸˁʬʭʰʹ ʹʨˀʻʨʲʬʩʨ, ʸʨʳʨ˂ 

ʳʱʭʬʯʸʨʫ ˀʬʨʳ˂ʰʸʨ ˆʳʨʻʸʰ ʱʵʴʱʸʬʺʻʲ ʹ˂ʬʴʬʩˀʰ. ʽʭʬʳʵʯ ʳʵ˂ʬʳʻʲʰʨ ˀʬʫʨʸʬʩʨ ʨʳ 

ʵʸ ʳʬʯʵʫʹ ˀʵʸʰʹ, ʹʨʫʨ˂ ʱʨʸʪʨʫ ˁʨʴʹ ʪʨʴʹˆʭʨʭʬʩʨ. ʹ˂ʬʴʨˀʰ ʨʸʰʹ ʬʸʯʰ ʨʴʨʲʰʺʰʱʻʸʰ 

ʹʼʬʸʵ, ʬʸʯʰ ʨʴʨʲʰʺʰʱʻʸʰ ʹʨʱʵʵʸʫʰʴʨʺʵ ʹʰʩʸʺʿʬʬʩʰʹ ʶʨʸʨʲʬʲʻʸʰ ʹʰʩʸʺʿʬ, 

ʬʸʯʰ ʹʨʳʱʻʯˆʨ ʳʬˀʰ(ʰʱʵʹʨʬʫʸʰ), ʵʸʰ ʹˆʭʨʫʨʹˆʭʨ ʼʬʸʰʹ ʫʨ ʰʴʺʬʴʹʰʭʵʩʰʹ ʹʼʬʸʻʲʰ 

ʪʨʴʨʯʬʩʨ. ʵʸʰʭʬ ˀʬʳʯˆʭʬʭʨˀʰ ʸʬʴʫʬʸʰʹ ʫʸʵ ʨʸʰʹ ʫʨʨˆʲʵʬʩʰʯ ʯʨʴʨʩʨʸʰ. 

 

Figure 27ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʸʬʴʫʬʸʰ ʳˆʵʲʵʫ BRDF-ʰʹ ˀʬʸˁʬʭʰʯ(ʳʨʸ˂ˆʬʴʨ) ʫʨ ʪʨʴʨʯʬʩʰʹ ʫʨʳʨʺʬʩʰʯ ˀʬʸˁʬʭʰʹ ʪʮʰʯ(ʳʨʸˇʭʬʴʨ) 

 ʸʬʴʫʬʸʰʹ ʶʸʵ˂ʬʹˀʰ, ʹˆʭʨʫʨʹˆʭʨ ʳʰʮʬʮʬʩʰʹ ʪʨʳʵ, ʹʨʹʻʸʨʯʬ ʹʰʩʸʺʿʬʮʬ ˆʳʨʻʸʰ 

ʯʨʴʨʩʸʨʫ ʨʸ ʴʨ˄ʰʲʫʬʩʨ, ʸʨ˂ ʰ˄ʭʬʭʹ ʰʳʨʹ, ʸʵʳ ʸʵʫʬʹʨ˂ ˁʭʬʴ ʭʰʯʭʲʰʯ ʶʰʽʹʬʲʬʩˀʰ 
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ʯʨʴʨʩʨʸʰ ʸʨʵʫʬʴʵʩʰʹ ˀʬʸˁʬʭʬʩʹ, ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʮʵʪ ʨʫʪʰʲʮʬ ˆʳʨʻʸʰ 

ʹʻʼʯʨʭʫʬʩʨ, ˆʵʲʵ ʮʵʪʪʨʴ ʱʭʲʨʭ ˀʬʹʨʳˁʴʬʭʰ ʸˁʬʩʨ. ˆʳʨʻʸʰʹʪʨʴ ʹʸʻʲʨʫ 

ʯʨʭʰʹʻʼʨʲʰ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʳʰʹʨʾʬʩʨʫ ʪʭʰ˄ʬʭʹ ʫʰʫʰ ˆʨʴʰ ʲʵʫʰʴʰ. ʨʳʰʺʵʳ 

ʫʨʬʳʨʺʨ ʫʨʳʨʺʬʩʰʯʰ ʹʨˀʻʨʲʬʩʨ, ʸʵʳ ʳʵˆʫʬʹ ʫʰʹʶʬʸʹʰʰʹ ʨʴʨʲʰʮʰ ʫʨ ˀʬʸˁʬʭʬʩʰʹ 

ʸʨʵʫʬʴʵʩʨ ʯʰʯʵʬʻʲ ʶʰʽʹʬʲˀʰ ʪʨʭˆʨʫʵʯ ʨʫʨʶʺʻʸʰ. ʳʵʭʨˆʫʰʴʵʯ ʳʬʺʰ ˀʬʸˁʬʭʬʩʰ 

ʹʻʸʨʯʰʹ ʰʳ ʴʨ˄ʰʲˀʰ, ʹʨʫʨ˂ ʫʰʫʰʨ ˆʳʨʻʸʰ, ʸʨʯʨ ʹʻʸʨʯʰ ʯʨʴʨʩʸʨʫ ʪʨʹʻʼʯʨʭʫʬʹ.  

 

28ʳʨʸ˂ˆʬʴʨ ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ˂ʴʵʩʰʲʰ ʹʺʬʴʼʵʸʫʰʹ ʱʻʸʫʾʬʲʰʹ ʳʵʫʬʲʰ. ʳʨʸˇʭʬʴʨ ʹʻʸʨʯʰ ʻˁʭʬʴʬʩʹ ʶʰʽʹʬʲˀʰ ˀʬʸˁʬʭʬʩʰʹ 

ʸʨʵʫʬʴʵʩʨʹ ʪʨʸʫʨʳʨʭʨʲʰ ʼʬʸʬʩʰʹ ʹʨˆʰʯ. 

ʪʨʱʬʯʫʨ ʪʨʫʨʸˁʬʻʲʰ ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʰʹ ʶʸʵʪʸʨʳʻʲʰ 

ʪʨʴˆʵʸ˂ʰʬʲʬʩʨ, ʪʨʸʬʳʵʹ ʪʨʴʨʯʬʩʰʫʨʴ ʶʰʸʫʨʶʰʸʰ ʪʨʴʨʯʬʩʰʹ ʫʨʯʭʲʰʹ ʶʸʵ˂ʬʹˀʰ 

ˆʳʨʻʸʰʹ ˀʬʹʨʳ˂ʰʸʬʩʲʨʫ. ʨʳ ʳʰʳʨʸʯʻʲʬʩʰʯ ʱʭʲʬʭʬʩʰ ˇʬʸ ʱʰʫʬʭ ʳʰʳʫʰʴʨʸʬʵʩʹ, 

ʯʻʳ˂ʨ ʹʨʰʴʺʬʸʬʹʵ ˀʬʫʬʪʬʩʰ ʳʰʭʰʾʬʯ. (ˀʬʪʰ˃ʲʰʨʯ ʴʨˆʵʯ ʪʨʫʨʸˁʬʻʲʰ 

ʳʴʰˀʭʴʬʲʵʭʴʵʩʰʯ ˀʬʸˁʬʭʨ) 

ˀʬʰʽʳʴʨ ʱʵʴʼʰʪʻʸʰʸʬʩʨʫʰ ʳʨʺʬʸʰʨʲʬʩʰʹ ʹʰʹʺʬʳʨ, ʸʵʳʬʲʰ˂ ʹʨˀʻʨʲʬʩʨʹ 

ʰ˃ʲʬʭʨ ˀʬʭʽʳʴʨʯ ʹˆʭʨʫʨʹˆʭʨ ʺʰʶʰʹ ʳʨʺʬʸʰʨʲʬʩʰ, ʳʨʯʰ ʱʵʳʩʰʴʨ˂ʰʬʩʰ ʫʨ 

ˀʬʭʻʹʨʩʨʳʵʯ ʰʹʰʴʰ ʹʨʹʻʸʭʬʲ ʮʬʫʨʶʰʸʹ. ʯʰʯʵʬʻʲ ʳʨʺʬʸʰʨʲʮʬ ˀʬʹʨ˃ʲʬʩʬʲʰʨ 

ʳʰʬʯʰʯʵʹ ʳʨˆʨʹʰʨʯʬʩʬʲʰ ʸʵʪʵʸ˂ ʬʸʯʰ, ʨʹʬʭʬ ʪʨʴʹˆʭʨʭʬʩʻʲʰ ʮʬʫʨʶʰʸʰʹ 

ʹˆʭʨʫʨʹˆʭʨ ˄ʬʸʺʰʲʬʩʰʹʯʭʰʹ ʺʬʽʹʺʻʸʰʹ ʹʨˆʰʯ. 
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29ʨʴʨʲʰʺʰʱʻʸʰ ʹʼʬʸʵ ʱʵʳʩʰʴʰʸʬʩʻʲʰ ʳʨʺʬʸʰʨʲʰʯ 

 ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʨʴʨʲʰʺʰʱʻʸʰ ʹʼʬʸʵ ʫʰʼʻʮʰʻʸʰ ʫʨ ʹʶʬʱʻʲʨʸʻʲʰ 

ʳʨʺʬʸʰʨʲʬʩʰʹ ʱʵʳʩʰʴʨ˂ʰʰʯ. ˀʬʸʬʭʰʹ ʱʵʬʼʰ˂ʰʬʴʺʰ, ʰʹʬʭʬ ʸʵʪʵʸ˂ ʯʨʭʨʫ 

ʫʰʼʻʮʰʻʸʰ ʫʨ ʹʶʬʱʻʲʨʸʻʲʰ ʱʵʳʶʵʴʬʴʺʬʩʰ ʳʰʯʰʯʬʩʻʲʰʨ ʺʬʽʹʺʻʸʰʹ ʹʨˆʰʯ. 

 ʱʵʲʰʩʸʰ ʹʨˀʻʨʲʬʩʨʹ ʰ˃ʲʬʭʨ, ʸʵʳ ˀʬʰʽʳʴʨʹ ʨʸʹʬʩʻʲʰ ʪʬʵʳʬʺʸʰʻʲʰ 

ʵʩʰʬʽʺʬʩʰʹ ʹʨʹʻʸʭʬʲʰ ʸʨʵʫʬʴʵʩʰʹ ʳʰʯʰʯʬʩʨ. ʬʹ ʹʨˀʻʨʲʬʩʨʹ ʪʭʨ˃ʲʬʭʹ 

ʭʰʮʻʨʲʻʸʨʫ ʫʨʭʺʭʰʸʯʵʯ ʹ˂ʬʴʨ ʪʬʵʳʬʺʸʰʻʲʰ ʵʩʰʬʽʺʬʩʰʯ, ʯʻʳ˂ʨ ʳʬˆʹʰʬʸʬʩʨˀʰ 

ˀʬʭʰʴʨˆʵʯ ʳˆʵʲʵʫ ʬʸʯʰ. ʬʹ ˃ʨʲʰʨʴ ˆʬʲʹʨʿʸʬʲʰʨ ʰʹʬʯʰ ʹ˂ʬʴʬʩʰʹʯʭʰʹ, ʹʨʫʨ˂ 

ʫʰʫʰ ʸʨʵʫʬʴʵʩʰʹ ʳʹʪʨʭʹʰ ʵʩʰʬʽʺʬʩʰ ʪʭˆʭʫʬʩʨ, ʳʨʪʨʲʰʯʨʫ: ʩʨʲʨˆʬʩʰʯ, ˆʬʬʩʰʯ 

ʫʨʼʨʸʻʲʰ ʫʰʫʰ ʳʰʴʫʵʸʰ. 
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Figure 30 ʪʬʵʳʬʺʸʰʻʲʰ ʵʩʰʬʽʺʬʩʰʹ ʳʰʯʰʯʬʩʬʩʰ Colibri-ˀʰ 

 

Figure 31ʹʻʸʨʯʮʬ ʴʨˁʭʬʴʬʩʰʨ ʹʨʳʱʻʯˆʨ ʳʬˀʰʹ 4 ʳʰʯʰʯʬʩʨ Colibri-ˀʰ,  ʸʵʳʲʬʩʰ˂ ʹˆʭʨʫʨʹˆʭʨ ʹʨʱʵʵʸʫʰʴʨʺʵ ʹʰʹʺʬʳʨˀʰ ʰʳʿʵʼʬʩʰʨʴ. 
ʯʬʯʸʨʫ ʨʸʰʹ ʴʨˁʭʬʴʬʩʰ ʳʨʯʰ ˀʬʳʵʳʹʨʮʾʭʸʬʲʰ ʿʻʯʬʩʰ. 

 ʶʰʸʭʬʲ ʬʺʨʶʮʬ Colibri, ʪʨʴʨʯʬʩʰʹ ʫʨʯʭʲʰʹ ʶʸʵ˂ʬʹˀʰ, ʨˆʫʬʴʫʨ ʪʨʸʩʬʴʨʹ 

ʯʰʯʵʬʻʲ ʶʰʽʹʬʲʮʬ ʫʨ ʳʨʯʯʭʰʹ ʨʪʬʩʫʨ ʹˆʰʭʹ, ʰʯʭʲʰʫʨ ʯʨʴʨʱʭʬʯʨʹ, ʰʯʭʲʰʫʨ 

ʨʸʬʱʲʰʲ ʹˆʰʭʹ ʰʹʬʭ ʯʨʴʨʱʭʬʯʨʹ ʫʨ ʨʹʬ ˁʨʫʰʵʫʨ ʹʰʾʸʳʬˀʰ ʸʬʱʻʸʹʰʻʲʨʫ ʫʨ 

ʨʳʵˈʽʵʫʨ ʼʬʸʰ. ʬʹ ʶʸʵ˂ʬʹʰ ʹʰʾʸʳʬˀʰ ˃ʬʩʴʨʹ ʪʨʭʹ, ʫʨʫʬʩʰʯʰ ʯʭʰʹʬʩʨ ʰʹʨʨ, ʸʵʳ 

ʵʶʬʸʨʺʰʻʲʰ ʳʬˆʹʰʬʸʬʩʨʹ ʳʰʴʰʳʨʲʻʸʨʫ ʰʿʬʴʬʩʹ, ʸʨʫʪʨʴ ʳʬˆʹʰʬʸʬʩʨˀʰ ʻ˅ʰʸʨʭʹ 

ʳˆʵʲʵʫ ʬʸʯʰ ʪʮʨ(ʸʵʳʬʲʹʨ˂ ʰʯʭʲʰʹ ʳʰʳʫʰʴʨʸʬ ʳʵʳʬʴʺˀʰ). ʨʹʬʯʰ ʺʰʶʰʹ, ʾʸʳʨ 

ʸʬʱʻʸʹʰʻʲʰ, ʪʨʳʵʯʭʲʬʩʰʹ ʪʨʶʨʸʨʲʬʲʬʩʨ ˀʰʫʨ ʯʻ ʪʨʸʬ ʪʨʳʵʳʯʭʲʬʲ 
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ʳʵ˄ʿʵʩʰʲʵʩʨʮʬ ʸʯʻʲʰ ʶʸʵ˂ʬʹʰʨ, ʸʨʫʪʨʴ ʳʵʰʯˆʵʭʹ ʳʯʬʲʰ ˀʰʫʨ ʶʸʵʪʸʨʳʻʲʰ 

ʰʴʼʸʨʹʺʸʻʽʺʻʸʰʹ ʪʨʫʨʺʨʴʨʹ ˀʬʹʨʩʨʳʰʹ ʳʵ˄ʿʵʩʰʲʵʩʨʮʬ. 

 ʨʹʬʭʬ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʹʨʱʰʯˆʰʨ ʪʨʳʵʯʭʲʬʩʰʹ ʫʨ ʳʵʴʨ˂ʬʳʬʩʰʹ 

ʱʵˈʬʸʬʴʺʻʲʵʩʨ(ʳʹʪʨʭʹʬʩʨ). ʸʵʪʵʸ˂ ʮʬʳʵʯ ʭʯʽʭʰ, ʾʸʳʨ ʸʬʱʻʸʹʰʻʲʰ ʺʰʶʰʹ 

ʪʨʳʵʯʭʲʰʯʰ ʶʸʵ˂ʬʹʰ, ʸʵʳʲʰʹ ʿʵʭʬʲ ʳʵʳʫʬʭʴʵ ʬʺʨʶʮʬ ʪʭˆʭʫʬʩʨ ʬʸʯʳʨʴʬʯʰʹʪʨʴ 

ʪʨʴʹˆʭʨʭʬʩʻʲʰ ʳʵʴʨ˂ʬʳʬʩʰ ʫʨ ʰʴʹʺʸʻʽ˂ʰʬʩʰ, ʨʳ˂ʰʸʬʩʹ ʪʨʳʵʳʯʭʲʬʲʰ 

ʳʵ˄ʿʵʩʰʲʵʩʰʹ ʳʵʴʨ˂ʬʳʬʩʰʹ ʫʨ ʰʴʹʺʸʻʽ˂ʰʬʩʰʹ ʱʬˀʰʹ ʬʼʬʽʺʻʸʵʩʨʹ. 

 ʹ˄ʵʸʬʫ ʨʳ ʳʰʮʬʮʬʩʰʹ ʪʨʳʵ ʪʨʱʬʯʫʨ ˃ʰʸʬʻʲʰ ˂ʭʲʰʲʬʩʬʩʰ ʸʬʴʫʬʸʰʹ 

ʪʨʳʵʳʯʭʲʬʲ ʴʨ˄ʰʲˀʰ. ˂ʭʲʰʲʬʩʬʩʰʹ ʳʯʨʭʨʸʰ ʰʫʬʨ ʳʫʪʵʳʨʸʬʵʩʹ ˀʬʳʫʬʪˀʰ: ʰʳʰʹ 

ʳʨʪʰʭʸʨʫ, ʸʵʳ ʿʵʭʬʲʰ ʶʰʽʹʬʲʰʹʯʭʰʹ ʯʨʴʳʰʳʫʬʭʸʻʲʨʫ ˁʨʭʰʫʬʯ ʹʰʾʸʳʬˀʰ ʫʨ 

ʨʳʵʭʰʺʨʴʵʯ ʼʬʸʰ, ʳʵˆʫʬʹ ʨʳ ʶʸʵ˂ʬʹʰʹ ʪʨʫʨ˄ʿʵʩʨ ʪʨʴʰʭʨʫ. 

ʪʨʳʵʯʭʲʰʯʰ ʶʸʵ˂ʬʹʰ ʨʹʬ ʪʨʳʵʰʿʻʸʬʩʨ: 

1. ʭʰʯʭʲʰʯ ʱʨʳʬʸʰʫʨʴ ˄ʨʳʵʹʻʲ ʹˆʰʭʬʩʹ ʿʭʬʲʨ ʶʰʽʹʬʲʰʹʯʭʰʹ. 

2. ʹˆʰʭʬʩʰʹʯʭʰʹ ʭʰʯʭʲʰʯ ʯʨʴʨʱʭʬʯʬʩʹ ʫʨ ʸʻʹʻʲʰ ʸʻʲʬʺʱʰʹ ʳʬʯʵʫʰʯ 

ʭ˄ʿʭʬʯ ʪʨʭ˄ʿʭʰʺʵʯ ʯʻ ʨʸʨ ʪʮʨ ʨʳ ʱʭʨʴ˃ʮʬ. 

3. brdf-ʰʹ ʪʨʳʵʿʬʴʬʩʰʯ ʭʰʯʭʲʰʯ ʮʬʫʨʶʰʸʮʬ ʨʸʬʱʲʰʲ/ʪʨʺʨʸʬʩʻʲ ʹˆʰʭʬʩʹ. 

4. ʭʩʸʻʴʫʬʩʰʯ ʳʬ-2 ʬʺʨʶʮʬ. 

5. ʯʰʯʵʬʻʲʰ ʶʰʽʹʬʲʰʹʯʭʰʹ ˁʨʭʫʰʭʨʸʯ ʻʱʭʬ ʪʨʳʵʯʭʲʰʲ, ˀʬʴʨˆʻʲ ʪʮʬʩˀʰ, 

ʳʰʹʰ ʱʭʨʴ˃ʬʩʰʹʯʭʰʹ ʭʰʯʭʲʰʯ ʶʰʸʫʨʶʰʸ ʪʨʴʨʯʬʩʬʩʹ(ʯʻ ʹʨ˅ʰʸʵʨ) ʫʨ ʻʱʨʴ 

ʨʳʵʪʭʨʽʭʹ ʹʨʩʵʲʵʵ ʼʬʸʰ ʶʰʽʹʬʲʰʹʯʭʰʹ. 

ʨˆʨʲʰ ʺʰʶʰʹ ʪʨʳʵʯʭʲʰʯʰ ʶʸʵ˂ʬʹʰ, ˄ʰʹʨʴʯʨʴ ˀʬʫʨʸʬʩʰʯ, ʳʵʰʯˆʵʭʹ ʫʨʳʨʺʬʩʰʯ 

ʳʬˆʹʰʬʸʬʩʨʹ, ʸʨʫʪʨʴ ʰʴʨˆʨʭʹ ʪʨʴʨʯʬʩʰʹ ʪʨʫʨʳʯʨʴ ʪʮʬʩʹ ʿʭʬʲʨ ʶʰʽʹʬʲʰʹʯʭʰʹ. ʯʻʳ˂ʨ 

˄ʰʴʨ ʭʨʸʰʨʴʺʯʨʴ ˀʬʫʨʸʬʩʰʯ ʩʬʭʸʰ ʶʲʰʻʹʰ ʪʨʨˁʴʰʨ: 

 ʶʰʸʭʬʲʰ, ʬʸʯʬʸʯʰ ʳʯʨʭʨʸʰ ʫʨʫʬʩʰʯʰ ʯʭʰʹʬʩʨ ʨʸʰʹ ʰʹ, ʸʵʳ ʳʹʪʨʭʹʰ 

ʪʨʳʵʯʭʲʬʩʰ ʳʵʬʽ˂ʨ ʬʸʯʳʨʴʬʯʰʹ ʳʰʿʵʲʬʩʰʯ(ʹˆʰʭʬʩʰʹ ʪʬʴʬʸʨ˂ʰʨ, ʯʨʴʨʱʭʬʯʬʩʰʹ 

ʫʨʯʭʲʨ, ʪʨʴʨʯʬʩʬʩʰʹ ʫʨʯʭʲʨ) ʸʨ˂ ʪʭʨ˃ʲʬʭʹ ʹʨˀʻʬʲʬʩʨʹ, ʸʵʳ ʩʬʭʸʨʫ ʻʼʸʵ 

ʻʳʺʱʰʭʴʬʻʲʵʫ ʪʨʭʰʯʨʴʵʯ ʯʰʯʵʬʻʲʰ ʬʹ ʬʺʨʶʰ ʶʨʸʨʲʬʲʻʸ ʪʨʳʵʳʯʭʲʬʲʮʬ, 

ʰʽʴʬʩʨ ʬʹ CPU-ʮʬ ʫʨʼʻ˃ʴʬʩʻʲʰ ʯʻ GPU-ʮʬ. ʰʮʸʫʬʩʨ SIMD ʬʼʬʽʺʻʸʵʩʨ, 

ʪʨʳʵʳʯʭʲʬʲʰ ʳʵ˄ʿʵʩʰʲʵʩʰʹ ʳʵʴʨ˂ʬʳʬʩʰʹ ʫʨ ʰʴʹʺʸʻʽ˂ʰʬʩʰʹ ʱʬˀʰʹ ʪʨʳʵʿʬʴʬʩʰʹ 
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ʬʼʬʽʺʻʸʵʩʨ, ˀʬʪʭʰ˃ʲʰʨ ʶʨʱʬʺʬʩʨʫ ʸʬʴʫʬʸʰʹ ʵʸʪʨʴʰʮʬʩʨ. ʨʹʬʯʰ ʺʰʶʰʹ ʸʬʴʫʬʸʰʹ 

ʫʸʵʹ ˃ʨʲʰʨʴ ʨʫʭʰʲʨʫ ˆʫʬʩʨ ʸʬʴʫʬʸʰʹ ˀʸʬʬʩʰʹ(ʫʰʼʻʮʰʻʸʰ, ʹʶʬʱʻʲʨʸʻʲʰ, 

ʨʲʼʨ, ʴʵʸʳʨʲʬʩʰʹ, ...) ˂ʨʲ-˂ʨʲʱʬ ʫʨʿʵʼʨ ʸʨ˂ ʹʨʱʳʨʵʫ ʳʵʯˆʵʭʴʨʫʰ ʫʨ ˀʬʹʨʩʨʳʰʹʨʫ 

ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʹʨʱʰʯˆʰʨ. ʨʹʬʭʬ ˀʰʫʨ ʪʨʳʵʯʭʬʩʰʹ ʪʨʶʨʸʨʲʬʲʬʩʨ ʹʨˀʻʨʲʬʩʨʹ ʰ˃ʲʬʭʨ 

ʻʼʸʵ ʳʨʲʬ ʳʰʭʰʾʵʯ ʶʰʸʭʬʲʰ ʪʨʳʵʹʨˆʻʲʬʩʨ. ʻʼʸʵ ʳʬʺʰ˂, ʨʳ ʨʸʽʰʺʬʽʺʻʸʰʯ, ʳʬ-5 

ʬʺʨʶʮʬ, ʸʵʫʬʹʨ˂ ˆʫʬʩʨ ʪʮʬʩˀʰ ˁʨʹʭʲʨ ʫʨ ʰʽʰʫʨʴ ʪʨʴʨʯʬʩʰʹ ʨʳʵʺʨʴʨ, ˀʬʹʨ˃ʲʬʩʬʲʰʨ 

ʻʱʻʱʨʭˀʰʸʰʹ ʨʹʨˁʽʨʸʬʩʲʨʫ ˁʨʹʭʲʰʹ ʹʰʾʸʳʰʹ ʱʵʴʺʸʵʲʰ˂ ʸʨ˂ ʱʰʫʬʭ ʻʼʸʵ 

ˀʬʻ˄ʿʵʩʹ ˆʬʲʹ ʰʴʺʬʸʨʽʺʰʻʲ ʸʬʴʫʬʸʹ, ʸʵʳʬʲʰ˂ ʫʾʬʹʫʾʬʵʩʰʯ ˃ʨʲʰʨʴ 

ʳʵʯˆʵʭʴʨʫʰʨ. 

ʹʨʳʵʳʨʭʲʵ ʪʨʴʭʰʯʨʸʬʩʰʹ ʪʬʪʳʬʩʰ 

 

 ʴʨˀʸʵʳʮʬ ʳʻˀʨʵʩʰʹ ʶʸʵ˂ʬʹˀʰ ʹʨʱʳʨʵʫ ʫʰʫʰ ʳʵ˂ʻʲʵʩʰʹ ʯʬʵʸʰʻʲʰ ʳʨʹʨʲʨ 

ʹʨʼʻ˃ʭʲʰʨʴʨʫ ʰʽʴʨ ˀʬʹ˄ʨʭʲʰʲʰ ʫʨ ʫʨʳʻˀʨʭʬʩʻʲʰ, ʯʻʳ˂ʨ ʿʵʭʬʲʰ ʳʨʯʪʨʴʰʹ 

ʶʸʨʽʺʰʱʻʲʰ ʪʨʴˆʵʸ˂ʰʬʲʬʩʨ(ʫʨʶʸʵʪʸʨʳʬʩʨ) ʨʳ ʬʺʨʶʰʹʯʭʰʹ ʭʬʸ ʳʵˆʬʸˆʫʨ, ʨʳʰʺʵʳ 

ʹʨʳʵʳʨʭʲʵʫ ʱʭʲʬʭʨ ʻʴʫʨ ʪʨʪʸ˃ʬʭʲʬʫ ʹʨʱʰʯˆʬʩʰʹ ʱʰʫʬ ʻʼʸʵ ʾʸʳʨʫ ˀʬʹʨʹ˄ʨʭʲʨʫ, 

ʸʨʹʨ˂ ʯʨʴ ʻʴʫʨ ʨˆʲʫʬʹ ˀʬʹʨʩʨʳʰʹʰ ʶʸʨʽʺʰʱʻʲʰ ʰʳʶʲʬʳʬʴʺʨ˂ʰʬʩʰ. ʻʴʫʨ ʳʵˆʫʬʹ 

ʪʮʬʩʰʹ ʵʸʳˆʸʰʭʰ ʳʰʫʬʭʴʬʩʰʹ(BDPT) ʶʸʵʪʸʨʳʻʲʰ ʪʨʴˆʵʸ˂ʰʬʲʬʩʨ, ʸʰʹ ˀʬʳʫʪʵʳʨ˂ 

ʳʰʮʨʴˀʬ˄ʵʴʰʲʰʨ ʳʬʺʸʵʶʵʲʰʹʰʹ ʹʰʴʨʯʲʰʹ ʯʸʨʴʹʶʵʸʺʰʸʬʩʰʹ(MLT) ʪʨʱʬʯʬʩʨ˂, 

ʹˆʭʨʫʨʹˆʭʨ ʺʰʶʰʹ ʳʻʺʨ˂ʰʰʹ ʹʺʸʨʺʬʪʰʬʩʰʯ, ʸʨʯʨ ʪʨʳʵʹʨˆʻʲʬʩʨˀʰ ˆʳʨʻʸʰʹ 

ˀʬʳ˂ʰʸʬʩʰʹ ʫʨʳʵʱʰʫʬʩʻʲʬʩʨ ʹ˂ʬʴʰʹ ʹʰʸʯʻʲʬʮʬ ˀʬʳ˂ʰʸʫʬʹ ʫʨ ʸʬʴʫʬʸʬʸʰ ʳʬʺʨʫ 

ʪʨʳʵʿʬʴʬʩʨʫʰ ʪʨˆʫʬʹ.  

 ʻʴʫʨ ʪʨʪʸ˃ʬʲʫʬʹ ʱʭʲʬʭʬʩʰ ʫʨ ʶʸʵʪʸʨʳʻʲʰ ʪʨʴˆʵʸ˂ʰʬʲʬʩʬʩʰ ʨʳʨˁʽʨʸʬʩʬʲʰ 

ʹʺʸʻʽʺʻʸʬʩʰʹ ʪʨʸˀʬʳʵ. ʶʰʸʭʬʲ ʸʰʪˀʰ ʰʪʬʪʳʬʩʨ ʹʰʭʸ˂ʻʲʰ ˀʬʳʵʳʵʳʹʨʮʾʭʸʬʲʰ 

ʿʻʯʬʩʰʹ ʰʬʸʨʸʽʰʰʹ ʫʨʶʸʵʪʸʨʳʬʩʨ, ʳʨʽʹʰʳʨʲʻʸʨʫ ʳʨʾʨʲʰ ˆʨʸʰʹˆʰʹ ˆʰʹ ʳʰʹʨʾʬʩʨʫ, 

ʸʵʳʬʲʰ˂ ʪʨʳʵʿʬʴʬʩʨ˂ ʳʵˆʫʬʩʨ ʹ˂ʬʴʰʹ ʹʺʨʺʰʱʻʸʰ ʵʩʰʬʽʺʬʩʰʹʯʭʰʹ. 

 ʨʹʬʭʬ, ʬʸʯʬʸʯʰ ʿʭʬʲʨʮʬ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʫʨ ʶʸʰʵʸʰʺʬʺʻʲʰ ʹʨʱʰʯˆʰ ʨʸʰʹ 

ʪʨʳʵʯʭʲʰʯʰ ʶʸʵ˂ʬʹʰʹ ʪʨʶʨʸʨʲʬʲʬʩʨ ʨʸʹʬʩʻʲ ʪʸʨʼʰʱʻʲ ʶʸʵ˂ʬʹʵʸʬʩʮʬ, 

ʸʵʳʬʲʯʨ ʨʸʽʰʺʬʽʺʻʸʨ˂ ʹˆʭʨʫʨʹˆʭʨ ʺʰʶʰʹʨʨ ʫʨ ʪʨʴʹˆʭʨʭʫʬʩʨ ˂ʬʴʺʸʨʲʻʸʰ 

ʶʸʵ˂ʬʹʵʸʰʹ ʨʸʽʰʺʬʽʺʻʸʰʹʪʨʴ, ʸʰʹ ʪʨʳʵ˂ ʬʹ ʹʨʱʰʯˆʰ ʫʨʳʨʺʬʩʰʯ ʫʨʳʻˀʨʭʬʩʨʹ 

ʳʵʰʯˆʵʭʹ. 
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ˁʨʺʨʸʬʩʻʲʰ ʹʨʳʻˀʨʵʬʩʰʹ ʨʴʨʲʰʮʰ ʫʨ ˀʬʫʬʪʬʩʰʹ 

ˀʬˇʨʳʬʩʨ 

 

 ʸʵʫʬʹʨ˂ ˆʫʬʩʨ ʳʵʳˆʳʨʸʬʩʲʰʹ ʳʵʯˆʵʭʴʬʩʰʹ ˁʨʳʵʿʨʲʰʩʬʩʨ ʫʨ ʨʴʨʲʰʮʰ 

ʸʬʨʲʰʹʺʻʸʰ ʪʸʨʼʰʱʰʹ ʱʻʯˆʰʯ ʻʴʫʨ ʪʭʬʹʳʵʫʬʹ, ʸʵʳ ʪʨʳʵʯʭʲʰʯʰ ʶʸʵ˂ʬʹʰʹ 

ʹʰʸʯʻʲʬ ʫʨ ʱʵʳʶʲʬʽʹʻʸʵʩʨ ʶʸʵʪʸʨʳʻʲʰ ʶʸʵʫʻʽʺʹ ʪʬʸʬʯ ʨʸ ʻʴʫʨ ˁʨʴʫʬʹ. 

ʹʨʩʵʲʵʵ ʶʸʵʪʸʨʳʻʲʰ ʶʸʵʫʻʽʺʰ ʻʴʫʨ ʰʿʵʹ ʳʨʸʺʰʭʨʫ ʨʾʽʳʨʫʰ, ʰʴʺʻʰʺʰʻʸʰ ʫʨ 

ʨʫʭʰʲʨʫ ʳʵʹʨˆʳʨʸʰ. ʸʨ˂ ˀʬʬˆʬʩʨ ˆʨʸʰʹˆʹ, ʨʳ ʳˆʸʰʭ ʳʵʳˆʳʨʸʬʩʲʰʹ ʳʵʯˆʵʭʴʬʩʹ 

ʹʨʮʾʭʨʸʰ ʨʸ ʨʽʭʹ, ʨʳʰʺʵʳ ʳʨʽʹʰʳʨʲʻʸʨʫ ʸʬʨʲʰʹʺʻʸʰ ʪʨʳʵʹʨˆʻʲʬʩʰʹ ʳʰʾʬʩʰʹ 

ʿʭʬʲʨʮʬ ʩʻʴʬʩʸʰʭ ʹʨˀʻʨʲʬʩʨʹ ʼʰʮʰʱʻʸʰ ʹʰʳʻʲʨ˂ʰʨ ˄ʨʸʳʵʨʫʪʬʴʹ. ʸʵʪʵʸ˂ ʮʬʫʨ 

ʯʨʭˀʰ ʰʯʽʭʨ, ʯʬʵʸʰʻʲʰ ʱʭʲʬʭʬʩʰʹ ʶʨʸʨʲʬʲʻʸʨʫ ˁʨʺʨʸʬʩʻʲʰ ʶʸʨʽʺʰʱʻʲʰ 

ʹʨʳʻˀʨʵʬʩʰ ʹʨʱʳʨʵʫ ʼʨʸʯʵ ʫʨ ʳʨˀʺʨʩʻʸʰʨ. ʿʭʬʲʨʮʬ ʳʴʰˀʭʴʬʲʵʭʨʴʰ ʨʸʰʹ ʰʹ ʼʨʽʺʰ, 

ʸʵʳ ʿʭʬʲʨ ʬʹ ˀʬʽʳʴʰʲʰ ʶʸʨʽʺʰʱʻʲʰ ʶʸʵʪʸʨʳʻʲʰ ʶʨʱʬʺʰ ˀʬʰʱʸʨ ʬʸʯʨʫ ʫʨ 

ʹʨʼʻ˃ʭʬʲʰ ˁʨʬʿʨʸʨ ʸʬʨʲʻʸ ʶʸʵʫʻʽʺʹ, "Colibri"-ʹ. Colibri ˇʬʸ ʱʰʫʬʭ ʨʽʺʰʻʸʰ 

ʪʨʴʭʰʯʨʸʬʩʰʹ ʶʸʵ˂ʬʹˀʰʨ ʫʨ ʳʰʹʰ, ʸʵʪʵʸ˂ ʶʸʵʫʻʽʺʰʹ ˀʬʼʨʹʬʩʨ ʸʯʻʲʰʨ, ʯʻʳ˂ʨ ʰʹ 

ˀʬʹʨ˃ʲʬʩʲʵʩʬʩʰ, ʸʨ˂ ʳʨʹ ʨʳ ʫʸʵʰʹʯʭʰʹ ʪʨʨˁʴʰʨ ʪʭʨ˃ʲʬʭʹ ˄ʨʸʳʵʫʪʬʴʨʹ ʳʰʹ 

ʹʨʳʵʳʨʭʲʵ ʹʨˆʬʮʬ. 

  



73 

 

 

ʪʨʳʵʿʬʴʬʩʻʲ ʲʰʺʬʸʨʺʻʸʨʯʨ ʴʻʹˆʨ 

 

 

 E. VEACH. 1997. Robust Monte Carlo Methods for Light Transport Simulation. PhD 

thesis, Standford Univeristy. 

 E. VEACH AND L. J. GUIBAS. 1997. Metropolis light transport. In SIGGRAPH პ97. 
 J. BIKKER. Ray Tracing In Real-Time Games. PhD thesis, Delft Univeristy of 

technology. 

 B.SEGOVIA, J.C.IEHL AND B.PEROCHE. Coherent Metropolis Light Transport with 

Multiple-Try Mutations.  

 M. COLBERT, S. PROMOZE  AND G. FRANCOIS. Importance Sampling for 

Production Rendering. 2010 SIGGRAPH Course. 

 K. Crane. 2006. Importance Sampling for Monte Carlo Ray Tracing. 

 J.F. TALBOT. 2005. Importance Resampling for Global Illumination. Master's thesis, 

Brigham Young University. 

 D.CLINE AND P.EGBERT. 2005. A Practical Introduction to Metropolis Light 

Transport. Brigham Young University. 

 B.J. NEKOLA. 2011. Software library for reflectance functions. Master's thesis, Czech 

Technical University 

 Y.GU, Y.HE, K. FATAHALIAN AND G.BLELLOCH. Efficient BVH Construction via 

Approximate Agglomerative Clustering. Carnegie Mellon University. 

 M.STICH, H.FRIEDRICH NAD A.DIETRICH. Spatial Splits in Bounding Volume 

Hierarchies. NVIDIA Research. 

 T.KARRAS, T.AILA. Fast Parallel Construction of High-Quality Bounding Volume 

Hierarchies. NVIDIA Research. 

 F. PELLACINI. 2009. Rendering Equation. 

 M. ANDERSSON. 2012. Bounding Volume Hierarchy. Seminar.  

 J.ARVO, P.DURTE, A.KELLER, H.W.JENSEN, A.OWEN, M.PHARR, P.SHIRLEY. 

SIGGRAPH 2003 Course 44. 


	შესავალი
	ბაზრის მოთხოვნა კომპიუტერულ გრაფიკაზე
	დასმული ამოცანის ჩამოყალიბება და ანალიზი
	ამოცანის გადაჭრის სხვადასხვა გზები და ძირითადი სირთულეები

	სინათლის სხივის ფიზიკური ქცევა და თვისებები
	სინათლის ხილული სპექტრი
	სხივის თვისებები

	მოდელირება
	გარემოს კომპიუტერული მოდელი
	ზედაპირები
	ზოგადი აღწერა
	ანალიტიკური ზედაპირები
	დისკრეტული ზედაპირები

	მატერიალები
	ზოგადი აღწერა
	გაბნევის ორმხრივი განაწილების ფუქნცია
	ანიზოტროპული მატერიალი
	იზოტროპული მატერიალი
	ტექსტურა და ზედაპირის პარამეტრიზაცია

	განათება
	წერტილოვანი განათება
	სფერული დიფუზიური განათება
	გარემოს განათება
	შებრუნებული კვადრატის წესი


	ვიზუალიზაციის მეთოდები
	მცირედი ალბათობის თეორიიდან
	კუმულაციური განაწილების ფუნქცია
	ალბათობის სიმკვრივის ფუნქცია
	მათემატიკური მოლოდინი და დისპერსია
	გადახრილი, ობიექტური და თანმიმდევრული შემფასებლები

	სხივის გეომეტრიულ ობიექტებთან თანაკვეთის ამოცანა
	ამაჩქარებელი სტრუქტურები
	შემომსაზღვრელი ფიგურები
	შემომსაზღვრელი სფერო
	ღერძებზე გასწორებული შემომსაზღვრელი ყუთი
	ობიექტების დაყოფა და სივრცის დაყოფა
	რვაობითი ხე
	შემომომსაზღვრელი ყუთების იერარქია
	ზედაპირის ფართობის ევრისტიკა
	სივრცული შემომომსაზღვრელი ყუთების იერარქია
	ხის დალაგებული შემოვლა

	განათების მოდელები
	ემპირიული და ფიზიკურად სწორი BSDF-ები
	ლამბერტის მოდელი
	ფონგის მოდელი
	ბლინის მოდელი

	პროექციაზე დაფუძნებული ვიზუალიზაცია
	მიდევნებაზე დაფუძნებული ვიზუალიზაცია
	სხივების მიდევნება
	გლობალური განათება
	რენდერის განტოლება
	მონტე კარლოს ინტეგრირება
	შერჩევა მნიშვნელოვნობით
	მრავალი მნიშვნელოვნობით შერჩევა
	გადარჩეული მნიშვნელოვნობით შერჩევა
	გზების მიდევნება
	გზების ორმხრივი მიდევნება

	ვიზუალიზაციის ძრავი Colibri
	ჩატარებული სამუშაოები
	ძირითადი შესაძლებლობები
	პრაქტიკული შედეგები
	სამომავლო განვითარების გეგმები

	ჩატარებული სამუშაოების ანალიზი და შედეგების შეჯამება
	გამოყენებულ ლიტერატურათა ნუსხა

