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Ⱥɧɧɨɬɚɰɢɹ  
Ɋɚɫɫɦɨɬɪɟɧɚ ɪɟɚɥɢɡɚɰɢɹ ɚɥɝɨɪɢɬɦɚ vHGА ɩɨɥɭɬɨɧɨɜɨɣ ɦɨɪɮɨɥɨɝɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɬɟɯɧɨɥɨɝɢɣ ɩɚɪɚɥɥɟɥɶɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ OpОЧMP ɢ NVIDIA CUDA. 
Ɇɨɪɮɨɥɨɝɢɱɟɫɤɢɟ ɨɩɟɪɚɰɢɢ ɢɦɟɸɬ ɧɢɡɤɭɸ ɚɪɢɮɦɟɬɢɱɟɫɤɭɸ ɫɥɨɠɧɨɫɬɶ, ɨɞɧɚɤɨ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɩɚɪɚɥɥɟɥɢɡɦɚ ɩɨ ɞɚɧɧɵɦ ɩɨɡɜɨɥɹɟɬ ɩɨɜɵɫɢɬɶ ɭɫɤɨɪɟɧɢɟ 
ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ ɡɚ ɫɱɟɬ ɩɪɢɦɟɧɟɧɢɹ ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɯ ɩɚɪɚɥɥɟɥɶɧɵɯ ɩɪɨɰɟɫɫɨɪɨɜ, 
ɬɚɤɢɯ ɤɚɤ ɝɪɚɮɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɨɪɵ (GPU). ȼɵɩɨɥɧɟɧɢɟ ɷɬɢɯ ɨɩɟɪɚɰɢɣ ɧɚ GPU 
ɨɛɟɫɩɟɱɢɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɨɟ ɭɫɤɨɪɟɧɢɟ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɪɟɚɥɢɡɚɰɢɟɣ ɧɚ ɰɟɧɬɪɚɥɶɧɨɦ 
ɩɪɨɰɟɫɫɨɪɟ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɪɚɡɦɟɪɨɜ ɫɬɪɭɤɬɭɪɢɪɭɸɳɢɯ ɷɥɟɦɟɧɬɨɜ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɚɥɝɨɪɢɬɦ 
vHGА ɹɜɥɹɟɬɫɹ ɨɞɧɢɦ ɢɡ ɛɵɫɬɪɵɯ ɚɥɝɨɪɢɬɦɨɜ ɞɥɹ ɜɵɱɢɫɥɟɧɢɹ ɞɢɥɚɬɚɰɢɢ ɢ ɷɪɨɡɢɢ 
ɛɢɧɚɪɧɵɯ ɢ ɩɨɥɭɬɨɧɨɜɵɯ ɢɡɨɛɪɚɠɟɧɢɣ ɧɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɦ ɩɪɨɰɟɫɫɨɪɟ. ɉɪɟɞɫɬɚɜɥɟɧɧɚɹ 
ɪɟɚɥɢɡɚɰɢɹ ɚɥɝɨɪɢɬɦɚ vHGА ɞɥɹ ɝɪɚɮɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɪɨɜ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɢ 
CUDA ɩɨɜɵɲɚɟɬ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ ɦɨɪɮɨɥɨɝɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ ɢɡɨɛɪɚɠɟɧɢɣ. ɉɨɤɚɡɚɧɚ 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɪɟɚɥɢɡɚɰɢɢ ɚɥɝɨɪɢɬɦɚ ɫ ɩɨɦɨɳɶɸ ɬɟɯɧɨɥɨɝɢɢ CUDA ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
OpОЧMP ɩɪɢ ɮɢɥɶɬɪɚɰɢɢ ɩɨɥɭɬɨɧɨɜɨɝɨ ɢ ɛɢɧɚɪɧɨɝɨ ɢɡɨɛɪɚɠɟɧɢɣ ɫ ɪɚɡɧɵɦ ɪɚɡɪɟɲɟɧɢɟɦ ɢ 
ɪɚɡɥɢɱɧɵɦ ɪɚɡɦɟɪɨɦ ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ.  
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɪɮɨɥɨɝɢɹ, ɦɟɞɢɰɢɧɫɤɢɟ ɢɡɨɛɪɚɠɟɧɢɹ, GPU, OpОЧMP, 
NVIDIA CUDA, vHGА, ɮɢɥɶɬɪɚɰɢɹ. 
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Abstract 
The article discusses the implementation of the algorithm of vHGW grayscale morphology with 
the use of OpenMP parallel programming technology and NVIDIA CUDA. Morphological 
operations have low arithmetic complexity, but the use of data parallelism can improve 
acceleration performance with parallel processors such as graphics processors (GPU). Performing 
these operations for GPU provides significant acceleration compared with the central processor 
implementation for structuring elements of various sizes. It is shown that vHGW algorithm is a 
fast algorithm for computing dilation and erosion of binary and grayscale images on a serial 
processor. The implementation representation of vHGW algorithms for GPUs with CUDA 
technology improves the performance of morphological image processing. The authors 
demonstrate the efficiency of the algorithm implementation using CUDA technology, comparing 
it with the filtration OpenMP binary and grayscale images with different resolution and different 
size of the structuring element. 
Keywords: mathematical morphology; medical imaging; GPU; OpenMP; NVIDIA CUDA; 
vHGW; filtration. 

ȼ ɫɜɹɡɢ ɫ ɛɭɪɧɵɦ ɪɨɫɬɨɦ ɪɚɡɜɢɬɢɹ 
ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ 
ɩɨɥɭɱɚɟɬ ɛɨɥɶɲɨɟ ɪɚɡɜɢɬɢɟ ɬɚɤɚɹ ɨɛɥɚɫɬɶ 
ɢɫɫɥɟɞɨɜɚɧɢɹ, ɤɚɤ ɤɨɦɩɶɸɬɟɪɧɚɹ ɨɛɪɚɛɨɬɤɚ 
ɢɡɨɛɪɚɠɟɧɢɣ. Ɉɧɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɜɨ ɦɧɨɝɢɯ 
ɨɛɥɚɫɬɹɯ ɧɚɭɤɢ ɢ ɷɤɨɧɨɦɢɤɢ, ɧɚɩɪɢɦɟɪ, ɜ 
ɨɛɪɚɛɨɬɤɟ ɦɟɞɢɰɢɧɫɤɢɯ ɢɡɨɛɪɚɠɟɧɢɣ, 
ɪɚɫɩɨɡɧɚɜɚɧɢɢ ɬɟɤɫɬɚ, ɨɛɪɚɛɨɬɤɟ ɫɩɭɬɧɢɤɨɜɵɯ 
ɫɧɢɦɤɨɜ, ɦɚɲɢɧɧɨɦ ɡɪɟɧɢɢ, ɚɜɬɨɦɚɬɢɱɟɫɤɨɦ 
ɭɩɪɚɜɥɟɧɢɢ ɚɜɬɨɦɨɛɢɥɹɦɢ, ɨɩɪɟɞɟɥɟɧɢɢ ɮɨɪɦɵ 
ɢɧɬɟɪɟɫɭɸɳɟɝɨ ɨɛɴɟɤɬɚ, ɨɩɪɟɞɟɥɟɧɢɢ 
ɩɟɪɟɦɟɳɟɧɢɣ ɨɛɴɟɤɬɚ ɢ ɬ.ɞ. 

 Ɉɩɟɪɚɰɢɢ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɪɮɨɥɨɝɢɢ 
ɹɜɥɹɸɬɫɹ ɜɚɠɧɵɦɢ ɫɬɪɨɢɬɟɥɶɧɵɦɢ ɛɥɨɤɚɦɢ 
ɦɧɨɝɢɯ ɚɥɝɨɪɢɬɦɨɜ ɨɛɪɚɛɨɬɤɢ ɢɡɨɛɪɚɠɟɧɢɣ, 
ɤɨɬɨɪɵɟ ɜɤɥɸɱɚɸɬ ɜ ɫɟɛɹ ɭɞɚɥɟɧɢɟ ɨɛɴɟɤɬɨɜ, 
ɡɚɩɨɥɧɟɧɢɟ ɨɬɜɟɪɫɬɢɣ, ɫɝɥɚɠɢɜɚɧɢɟ ɝɪɚɧɢɰ, 
ɫɤɟɥɟɬɢɡɚɰɢɸ, ɭɞɚɥɟɧɢɟ ɲɭɦɚ ɢ ɬ.ɞ. 

Ɇɨɪɮɨɥɨɝɢɹ (ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɪɮɨɥɨɝɢɹ) – 

ɷɬɨ ɢɧɫɬɪɭɦɟɧɬ ɞɥɹ ɜɵɞɟɥɟɧɢɹ ɢ ɚɧɚɥɢɡɚ ɧɚ 
ɢɡɨɛɪɚɠɟɧɢɢ ɝɪɚɮɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ ɫ ɢɡɜɟɫɬɧɨɣ 
ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ Д2Ж. ȼ ɨɛɳɟɦ ɫɥɭɱɚɟ 
ɦɨɪɮɨɥɨɝɢɹ ɹɜɥɹɟɬɫɹ ɪɟɫɭɪɫɨɟɦɤɨɣ ɨɩɟɪɚɰɢɟɣ, 
ɩɨɷɬɨɦɭ ɧɚ ɩɪɚɤɬɢɤɟ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɸɬ ɮɢɥɶɬɪɵ ɫ 
ɩɪɹɦɨɭɝɨɥɶɧɵɦɢ ɩɪɢɦɢɬɢɜɚɦɢ, ɞɥɹ ɤɨɬɨɪɵɯ 
ɫɭɳɟɫɬɜɭɸɬ ɛɵɫɬɪɵɟ ɚɥɝɨɪɢɬɦɵ ɜɵɱɢɫɥɟɧɢɹ. 

ȼ ɬɨ ɜɪɟɦɹ ɤɚɤ ɦɨɪɮɨɥɨɝɢɱɟɫɤɢɟ ɨɩɟɪɚɰɢɢ 
ɢɦɟɸɬ ɧɢɡɤɭɸ ɚɪɢɮɦɟɬɢɱɟɫɤɭɸ ɫɥɨɠɧɨɫɬɶ, ɢɯ 
ɩɪɢɦɟɧɢɦɨɫɬɶ ɤ ɩɚɪɚɥɥɟɥɢɡɦɭ ɪɚɛɨɬɵ ɫ ɞɚɧɧɵɦɢ 

ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɞɥɹ ɭɫɤɨɪɟɧɢɹ 
ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ ɫ ɩɪɢɦɟɧɟɧɢɟɦ 
ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɯ ɩɚɪɚɥɥɟɥɶɧɵɯ ɩɪɨɰɟɫɫɨɪɨɜ.  
ȼɵɩɨɥɧɟɧɢɟ ɷɬɢɯ ɨɩɟɪɚɰɢɣ ɧɚ ɝɪɚɮɢɱɟɫɤɢɯ 
ɩɪɨɰɟɫɫɨɪɚɯ (GPU) ɨɛɟɫɩɟɱɢɜɚɟɬ ɡɧɚɱɢɬɟɥɶɧɨɟ 
ɭɫɤɨɪɟɧɢɟ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɪɟɚɥɢɡɚɰɢɟɣ ɧɚ 
ɰɟɧɬɪɚɥɶɧɨɦ ɩɪɨɰɟɫɫɨɪɟ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɪɚɡɦɟɪɨɜ 
ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨɫɹ ɷɥɟɦɟɧɬɚ. Ɉɞɧɚɤɨ, ɩɪɢ 
ɭɜɟɥɢɱɟɧɢɢ ɪɚɡɦɟɪɚ ɬɚɤɨɝɨ ɷɥɟɦɟɧɬɚ ɢɥɢ 
ɢɡɨɛɪɚɠɟɧɢɹ ɜɵɱɢɫɥɢɬɟɥɶɧɚɹ ɫɥɨɠɧɨɫɬɶ 
ɚɥɝɨɪɢɬɦɨɜ ɩɪɟɜɵɲɚɟɬ ɜɵɱɢɫɥɢɬɟɥɶɧɭɸ 
ɦɨɳɧɨɫɬɶ ɝɪɚɮɢɱɟɫɤɨɝɨ ɩɪɨɰɟɫɫɨɪɚ, ɢ ɨɧɚ ɧɟ 
ɞɨɫɬɢɝɚɟɬ ɪɟɡɭɥɶɬɚɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɧɚ ɫɚɦɵɯ 
ɛɵɫɬɪɵɯ ɚɥɝɨɪɢɬɦɚɯ ɧɚ ɨɫɧɨɜɟ CPU. 

Van Herk / Gil-Werman (vHGА) ɹɜɥɹɟɬɫɹ 
ɨɞɧɢɦ ɢɡ ɫɚɦɵɯ ɛɵɫɬɪɵɯ ɚɥɝɨɪɢɬɦɨɜ ɞɥɹ 
ɜɵɱɢɫɥɟɧɢɹ ɞɢɥɚɬɚɰɢɢ ɢ ɷɪɨɡɢɢ ɛɢɧɚɪɧɵɯ ɢ 
ɩɨɥɭɬɨɧɨɜɵɯ ɢɡɨɛɪɚɠɟɧɢɣ ɧɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɦ 
ɩɪɨɰɟɫɫɨɪɟ.  

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɪɟɚɥɢɡɚɰɢɹ 
ɚɥɝɨɪɢɬɦɚ vHGА ɞɥɹ ɝɪɚɮɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɪɨɜ ɫ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɢ CUDA, ɱɬɨ 
ɩɨɡɜɨɥɹɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɩɨɜɵɫɢɬɶ 
ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɞɪɭɝɢɦɢ 
ɚɥɝɨɪɢɬɦɚɦɢ ɦɨɪɮɨɥɨɝɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ 
ɢɡɨɛɪɚɠɟɧɢɣ. ȼ ɫɢɥɭ ɜɵɫɨɤɨɣ ɡɧɚɱɢɦɨɫɬɢ 
ɩɨɜɵɲɟɧɢɹ ɬɨɱɧɨɫɬɢ ɪɟɝɢɫɬɪɚɰɢɢ ɢɡɨɛɪɚɠɟɧɢɣ ɢ 
ɜɵɫɨɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɨɜɪɟɦɟɧɧɵɯ ɦɟɬɨɞɨɜ 
ɤɨɦɩɶɸɬɟɪɧɨɝɨ ɡɪɟɧɢɹ, ɞɚɧɧɚɹ ɨɛɥɚɫɬɶ 
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ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɩɟɪɫɩɟɤɬɢɜɧɨɣ ɢ ɚɤɬɭɚɥɶɧɨɣ ɞɥɹ 
ɫɨɜɪɟɦɟɧɧɨɣ ɞɟɣɫɬɜɢɬɟɥɶɧɨɫɬɢ.  

Ⱦɥɹ ɪɚɫɩɚɪɚɥɥɟɥɢɜɚɧɢɹ ɜɵɱɢɫɥɟɧɢɣ 
ɢɫɩɨɥɶɡɨɜɚɧɵ ɬɟɯɧɨɥɨɝɢɢ OpОЧMP ɢ CUDA, ɬɚɤ 
ɤɚɤ ɨɧɢ ɜ ɛɨɥɶɲɟɣ ɫɬɟɩɟɧɢ ɨɛɥɚɞɚɸɬ ɜɵɫɨɤɨɣ 
ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶɸ. 

ɉɨɥɭɬɨɧɨɜɵɟ ɨɩɟɪɚɰɢɢ ɞɢɥɚɬɚɰɢɢ ɢ ɷɪɨɡɢɢ 
ɭɫɬɚɧɚɜɥɢɜɚɸɬ ɡɧɚɱɟɧɢɟ ɤɚɠɞɨɝɨ ɩɢɤɫɟɥɹ j ɜ 
ɢɡɨɛɪɚɠɟɧɢɢ ɞɨ ɦɚɤɫɢɦɭɦɚ ɢ ɦɢɧɢɦɭɦɚ 
(ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ) ɞɥɹ ɜɫɟɯ ɩɢɤɫɟɥɟɣ ɜ ɡɚɞɚɧɧɨɣ 
ɨɤɪɟɫɬɧɨɫɬɢ j. Ɉɩɟɪɚɰɢɢ ɨɬɤɪɵɬɢɹ (ɡɚɤɪɵɬɢɹ) 
ɪɟɚɥɢɡɨɜɚɧɵ ɜ ɜɢɞɟ ɷɪɨɡɢɢ (ɞɢɥɚɬɚɰɢɢ) ɫ 
ɩɨɫɥɟɞɭɸɳɟɣ ɞɢɥɚɬɚɰɢɟɣ (ɷɪɨɡɢɟɣ). Ɉɤɪɟɫɬɧɨɫɬɶ, 
ɬɚɤɠɟ ɧɚɡɵɜɚɟɦɚɹ ɫɬɪɭɤɬɭɪɢɪɭɸɳɢɦ ɷɥɟɦɟɧɬɨɦ 
(SE), ɦɨɠɟɬ ɛɵɬɶ ɩɪɨɢɡɜɨɥɶɧɨɣ ɮɨɪɦɵ ɢ ɪɚɡɦɟɪɚ. 
ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɦɵ ɪɚɫɫɦɚɬɪɢɜɚɟɦ ɬɨɥɶɤɨ 
ɩɪɹɦɨɭɝɨɥɶɧɵɟ SE. 

Ⱥɥɝɨɪɢɬɦ vHGА (vКЧ HОrФ GТХ-Werman), 

ɨɩɢɫɚɧ ɜɚɧ ɏɟɪɤɨɦ Д10Ж, Ƚɢɥɟɦ ɢ ȼɟɪɦɚɧɨɦ Д6Ж ɜ 
ɫɜɨɢɯ ɪɚɛɨɬɚɯ.  

ɗɬɨ ɚɥɝɨɪɢɬɦ ɩɨɥɭɬɨɧɨɜɨɣ ɦɨɪɮɨɥɨɝɢɢ ɞɥɹ 
ɜɵɱɢɫɥɟɧɢɹ ɞɢɥɚɬɚɰɢɢ ɢ ɷɪɨɡɢɢ ɫɨ ɫɥɨɠɧɨɫɬɶɸ, 
ɧɟɡɚɜɢɫɢɦɨɣ ɨɬ ɪɚɡɦɟɪɚ ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨ 
ɷɥɟɦɟɧɬɚ. Ɉɧ ɪɚɛɨɬɚɟɬ ɞɥɹ ɜɫɟɯ ɫɬɪɭɤɬɭɪɢɪɭɸɳɢɯ 
ɷɥɟɦɟɧɬɨɜ, ɫɨɫɬɨɹɳɢɯ ɢɡ ɝɨɪɢɡɨɧɬɚɥɶɧɵɯ ɢ / ɢɥɢ 
ɜɟɪɬɢɤɚɥɶɧɵɯ ɥɢɧɟɣɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɢ ɬɪɟɛɭɟɬ ɧɟ 
ɛɨɥɟɟ 3-ɯ ɫɪɚɜɧɟɧɢɣ ɡɧɚɱɟɧɢɣ ɩɢɤɫɟɥɟɣ ɞɥɹ 
ɤɚɠɞɨɝɨ ɜɵɯɨɞɧɨɝɨ ɩɢɤɫɟɥɹ. 

Ⱦɥɹ ɩɨɥɭɬɨɧɨɜɨɣ ɦɨɪɮɨɥɨɝɢɢ ɞɢɥɚɬɚɰɢɹ 
ɜɵɱɢɫɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɟ 1, ɚ ɷɪɨɡɢɹ ɩɨ 
ɮɨɪɦɭɥɟ 2. ሺ݂ ْ ݇ሻሺݔሻ = max ௭∈�ሺ௫−௭ሻ∈ி{݂ሺݔ − ሻݖ + ሺݖሻ}  {݂ሺݔ ሻݖ−− + ݇ሺݖሻ} (1) ሺ݂ ٓ ݇ሻሺݔሻ = min௭∈�{݂ሺݔ + ሻݖ − ݇ሺݖሻ}     (2) 

Ⱦɥɹ ɷɪɨɡɢɢ, ɜɦɟɫɬɨ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ 
ɧɭɠɧɨ ɢɫɤɚɬɶ ɦɢɧɢɦɚɥɶɧɨɟ.  

Ɋɢɫ. 1. vHGW ɚɥɝɨɪɢɬɦ ɞɥɹ ɝɨɪɢɡɨɧɬɚɥɶɧɨɝɨ ɫɬɪɭɤɬɭɪɧɨɝɨ ɷɥɟɦɟɧɬɚ ɪɚɡɦɟɪɚ p 

Fig. 1. vHGW algorithm for horizontal structural element of p size 

Ⱥɥɝɨɪɢɬɦ ɫɨɫɬɨɢɬ ɢɡ ɬɪёɯ ɨɫɧɨɜɧɵɯ ɷɬɚɩɨɜ 
[3, 5Ж (ɪɢɫ. 1): 

I. ɂɡɨɛɪɚɠɟɧɢɟ ɪɚɡɞɟɥɹɟɬɫɹ ɧɚ ɨɬɪɟɡɤɢ 
ɞɥɢɧɵ p ɫ (p-1)/2 ɧɚ ɤɚɠɞɨɣ ɫɬɨɪɨɧɟ, ɱɬɨɛɵ 
ɫɮɨɪɦɢɪɨɜɚɬɶ ɨɤɧɨ ɪɚɡɦɟɪɨɦ 2p-1, ɫ ɰɟɧɬɪɨɦ ɜ 
ɬɨɱɤɟ ɪ-1, 2p-1, 3p-1, ... 

II. Ⱦɥɹ ɤɚɠɞɨɝɨ ɩɢɤɫɟɥɹ k = [0;p-1Ж ɜ
ɡɚɞɚɧɧɨɦ ɨɤɧɟ w, ɦɚɫɫɢɜ ɩɪɟɮɢɤɫɨɜ R 

ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɞɥɹ ɩɢɤɫɟɥɨɜ ɫɥɟɜɚ ɨɬ ɰɟɧɬɪɚ 

a) ܴ[݇] = maxሺݓ[݆]ሻ , ݆ = ݇ … ሺ� − ͳሻ,

ɚ ɦɚɫɫɢɜ ɫɭɮɮɢɤɫɨɜ S ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɞɥɹ 
ɩɢɤɫɟɥɨɜ ɫɩɪɚɜɚ ɨɬ ɰɟɧɬɪɚ (p-1) ... (2p-2),  

b) ܵ[݇] = maxሺݓ[� − ͳ + ݆]ሻ , ݆ = Ͳ … ݇
c) R [kЖ ɢ S ДkЖ ɨɛɴɟɞɢɧɹɸɬɫɹ ɜɦɟɫɬɟ,

ɱɬɨɛɵ ɜɵɱɢɫɥɢɬɶ ɦɚɤɫɢɦɭɦ ɮɢɥɶɬɪɚ 

III. Ⱦɥɹ ɤɚɠɞɨɝɨ ɩɢɤɫɟɥɹ 
(p-1)/2<=j<p+(p-1)/2 ɜ w (ɨɬɪɟɡɨɤ ɞɥɢɧɵ p) 

ɪɟɡɭɥɶɬɚɬ ɞɢɥɚɬɚɰɢɢ ݐ݈ݑݏ݁ݎ[݅] = maxሺܴ[݆ − ݉], ܵ[݆ + ݉]ሻ,  ݉ = ሺ� − ͳሻ/ʹ 
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ȼ ɪɟɡɭɥɶɬɚɬɟ, ɦɵ ɧɟ ɨɰɟɧɢɜɚɟɦ ɩɟɪɜɵɟ p / 2 

ɩɢɤɫɟɥɟɣ ɢ, ɜ ɯɭɞɲɟɦ ɫɥɭɱɚɟ, ɩɨɫɥɟɞɧɢɟ 3p / 2 

ɩɢɤɫɟɥɟɣ. ɑɬɨɛɵ ɩɨɥɭɱɢɬɶ ɪɚɡɭɦɧɵɟ ɪɟɡɭɥɶɬɚɬɵ 
ɧɚ ɜɫɟɯ ɩɢɤɫɟɥɹɯ ɜ ɢɡɨɛɪɚɠɟɧɢɢ, ɦɵ ɜɤɥɚɞɵɜɚɟɦ 
ɪɟɚɥɶɧɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɜ ɛɨɥɟɟ ɤɪɭɩɧɨɟ 
ɢɡɨɛɪɚɠɟɧɢɟ ɭɜɟɥɢɱɟɧɧɵɯ ɪɚɡɦɟɪɨɜ, ɝɞɟ 
ɞɨɛɚɜɥɟɧɵ ɩɨɝɪɚɧɢɱɧɵɟ ɩɢɤɫɟɥɢ, 
ɢɧɢɰɢɚɥɢɡɢɪɨɜɚɧɧɵɟ 0 ɞɥɹ ɞɢɥɚɬɚɰɢɢ ɢ 255 ɞɥɹ 
ɷɪɨɡɢɢ.  

Ⱥɥɝɨɪɢɬɦ vHGА ɜɵɩɨɥɧɹɟɬ ɞɢɥɚɬɚɰɢɸ ɫ 
ɩɨɦɨɳɶɸ SE ɪɚɡɦɟɪɨɦ ɪ = 2Ч + 1 ɡɚ O (n) ɜɪɟɦɟɧɢ 
(n = ɱɢɫɥɨ ɩɢɤɫɟɥɟɣ ɢɡɨɛɪɚɠɟɧɢɹ). ɉɪɢ ɷɬɨɦ 
ɜɵɩɨɥɧɹɟɬ ɦɟɧɟɟ ɬɪɟɯ ɫɪɚɜɧɟɧɢɣ ɧɚ ɩɢɤɫɟɥɶ, 
ɧɟɡɚɜɢɫɢɦɨ ɨɬ ɪɚɡɦɟɪɚ SE. 

ɇɟɫɦɨɬɪɹ ɧɚ ɛɵɫɬɪɨɬɭ ɫɚɦɨɝɨ ɚɥɝɨɪɢɬɦɚ, ɞɥɹ 
ɢɡɨɛɪɚɠɟɧɢɣ ɛɨɥɶɲɨɝɨ ɪɚɡɦɟɪɚ ɬɪɟɛɭɟɬɫɹ ɛɨɥɶɲɟ 
ɜɪɟɦɟɧɢ ɧɚ ɟɝɨ ɨɛɪɚɛɨɬɤɭ, ɚ ɟɫɥɢ ɧɟɨɛɯɨɞɢɦɨ 
ɨɛɪɚɛɨɬɚɬɶ ɤɨɥɥɟɤɰɢɸ ɢɡɨɛɪɚɠɟɧɢɣ, ɬɨ 
ɨɛɪɚɛɨɬɤɚ ɦɨɠɟɬ ɡɚɧɢɦɚɬɶ ɱɚɫɵ. Ⱦɥɹ ɭɫɤɨɪɟɧɢɹ 
ɜɵɩɨɥɧɟɧɢɹ ɚɥɝɨɪɢɬɦɚ ɩɪɟɞɥɚɝɚɟɬɫɹ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɚɪɚɥɥɟɥɶɧɵɟ ɬɟɯɧɨɥɨɝɢɢ. 

ɂɫɯɨɞɹ ɢɡ ɩɪɢɜɟɞɟɧɧɨɝɨ ɜɵɲɟ ɚɥɝɨɪɢɬɦɚ, 
ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɧɚ ɤɚɠɞɨɣ ɢɬɟɪɚɰɢɢ 

ɧɨɜɨɟ ɡɧɚɱɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɞɥɹ ɤɚɠɞɨɝɨ 

ɩɢɤɫɟɥɹ ɡɚɜɢɫɢɬ ɨɬ ɩɪɟɞɵɞɭɳɟɝɨ ɡɧɚɱɟɧɢɹ, ɚ 

ɬɚɤɠɟ ɨɬ ɡɧɚɱɟɧɢɣ ɨɤɪɭɠɚɸɳɢɯ ɟɝɨ ɩɢɤɫɟɥɟɣ. 
ɉɨɷɬɨɦɭ, ɱɬɨɛɵ ɢɦɟɬɶ ɜɨɡɦɨɠɧɨɫɬɶ 

ɪɚɫɩɚɪɚɥɥɟɥɢɬɶ ɩɪɨɝɪɚɦɦɭ ɫ ɩɨɦɨɳɶɸ OpenMP 

ɧɟɨɛɯɨɞɢɦɨ ɜɵɧɟɫɬɢ ɧɟɤɨɬɨɪɵɟ ɜɵɱɢɫɥɟɧɢɹ ɜ 

ɨɬɞɟɥɶɧɵɟ ɮɭɧɤɰɢɢ. ɉɨɫɥɟ ɷɬɨɝɨ ɦɨɠɧɨ ɜɫɬɚɜɢɬɶ 

ɞɢɪɟɤɬɢɜɭ #pragmaompparallelforprivate(prefix, 

suffix) ɩɟɪɟɞ ɨɫɧɨɜɧɵɦ ɰɢɤɥɨɦ ɚɥɝɨɪɢɬɦɚ. 
Ɍɟɯɧɨɥɨɝɢɹ OpenMP ɢɫɩɨɥɶɡɭɟɬ ɞɥɹ 

ɪɚɫɩɚɪɚɥɥɟɥɢɜɚɧɢɹ ɦɨɞɟɥɶ «ɜɟɬɜɥɟɧɢɟ-ɫɥɢɹɧɢɟ» 

(fork-joinparallelism), ɩɨɤɚɡɚɧɧɭɸ ɧɚ ɪɢɫɭɧɤɟ 2. 

ɉɪɨɝɪɚɦɦɚ ɧɚɱɢɧɚɟɬ ɜɵɩɨɥɧɹɬɶɫɹ ɜ ɝɥɚɜɧɨɦ 

ɩɨɬɨɤɟ, ɢ ɤɨɝɞɚ ɜɫɬɪɟɱɚɟɬɫɹ ɩɚɪɚɥɥɟɥɶɧɚɹ ɫɟɤɰɢɹ, 
ɫɨɡɞɚɸɬɫɹ ɧɨɜɵɟ ɩɨɬɨɤɢ, ɢ ɧɚɝɪɭɡɤɚ 

ɪɚɫɩɪɟɞɟɥɹɟɬɫɹ ɭɠɟ ɩɨ ɧɟɫɤɨɥɶɤɢɦ ɩɨɬɨɤɚɦ, 
ɩɨɫɥɟ ɬɨɝɨ ɤɚɤ ɜɫɟ ɩɨɬɨɤɢ ɜɵɩɨɥɧɢɥɢɫɶ, ɫɧɨɜɚ 

ɧɚɱɢɧɚɟɬ ɪɚɛɨɬɚɬɶ ɬɨɥɶɤɨ ɨɞɢɧ ɝɥɚɜɧɵɣ ɩɨɬɨɤ. ɋ 

ɬɨɱɤɢ ɡɪɟɧɢɹ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ – ɷɬɨ ɨɱɟɧɶ 

ɭɞɨɛɧɵɣ ɩɨɞɯɨɞ, ɬ.ɤ. ɧɟɨɛɯɨɞɢɦɨ ɜ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɭɸ ɱɚɫɬɶ ɩɪɨɝɪɚɦɦɵ ɜɫɬɚɜɢɬɶ 

ɜɫɟɝɨ ɥɢɲɶ ɨɞɧɭ ɢɥɢ ɧɟɫɤɨɥɶɤɨ ɞɢɪɟɤɬɢɜ [1]. 

Ɋɢɫ. 2. Ɇɨɞɟɥɶ «ɜɟɬɜɥɟɧɢɟ-ɫɥɢɹɧɢɟ» 

Fig. 2. Model "fork-joint parallelism" 

ɉɪɟɞɫɬɚɜɥɟɧɧɚɹ ɪɟɚɥɢɡɚɰɢɹ vHGW ɧɚ CUDA 

ɢɫɩɨɥɶɡɭɟɬ ɫɥɟɞɭɸɳɢɟ ɞɟɬɚɥɢ: 
• Ɉɬɞɟɥɶɧɵɣ ɤɨɞ ɞɥɹ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɢ

ɜɟɪɬɢɤɚɥɶɧɨɣ ɜɟɪɫɢɢ ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨ 
ɷɥɟɦɟɧɬɚ. 

• Ɉɞɢɧ ɩɨɬɨɤ ɜɵɱɢɫɥɹɟɬ ɦɚɤɫɢɦɚɥɶɧɨɟ
(ɦɢɧɢɦɚɥɶɧɨɟ) ɡɧɚɱɟɧɢɹ ɫɪɚɡɭ ɞɥɹ ɞɜɭɯ ɦɚɫɫɢɜɨɜ 
S [K], R [K] 

• Ɋɚɡɞɟɥɹɟɦɚɹ ɩɚɦɹɬɶ ɧɟ ɢɫɩɨɥɶɡɭɟɬɫɹ,
ɩɨɫɤɨɥɶɤɭ ɷɬɨ ɨɝɪɚɧɢɱɢɜɚɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢɟ 
ɦɭɥɶɬɢɩɪɨɰɟɫɫɨɪɨɜ CUDA ɫ ɭɜɟɥɢɱɟɧɢɟɦ 
ɪɚɡɦɟɪɚ ɢɡɨɛɪɚɠɟɧɢɣ ɢ ɫɬɪɭɤɬɭɪɢɪɭɸɳɢɯ 
ɷɥɟɦɟɧɬɨɜ. 

ɉɪɢ ɷɬɨɦ ɧɟɨɛɯɨɞɢɦɨ ɭɱɟɫɬɶ ɫɥɟɞɭɸɳɢɟ 
ɨɩɪɟɞɟɥɟɧɢɹ CUDA: 

• CUDA ɦɭɥɶɬɢɩɪɨɰɟɫɫɨɪ ɫɨɡɞɚёɬ, ɭɩɪɚɜɥɹɟɬ,
ɩɥɚɧɢɪɭɟɬ ɢ ɜɵɩɨɥɧɹɟɬ ɩɨɬɨɤɢ ɜ ɝɪɭɩɩɚɯ ɢɡ 32 
ɩɚɪɚɥɥɟɥɶɧɵɯ ɧɢɬɟɣ, ɧɚɡɵɜɚɟɦɵɯ warp’ɚɦɢ Д9Ж 

• CUDA ɦɭɥɶɬɢɩɪɨɰɟɫɫɨɪ ɫɨɞɟɪɠɢɬ ɪɹɞ
ɛɥɨɤɨɜ ɧɢɬɟɣ, ɫ ɦɚɤɫɢɦɭɦɨɦ 8 ɛɥɨɤɨɜ ɧɢɬɟɣ ɜ 
CUDA CC ɜɟɪɫɢɢ 2.ɯ ɢ ɧɢɠɟ. 

• Ɋɚɡɦɟɪ ɛɥɨɤɚ ɞɨɥɠɟɧ ɛɵɬɶ ɤɪɚɬɧɵɦ
32 ɧɢɬɹɦ (warp) ɫ ɪɟɤɨɦɟɧɞɭɟɦɵɦ ɦɢɧɢɦɭɦɨɦ 
64 (2 warp’ɚ). 

ȿɫɥɢ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɜɨɡɦɨɠɧɨ 
ɢɫɩɨɥɶɡɨɜɚɬɶ ɬɨɥɶɤɨ 32 ɩɨɬɨɤɚ (ɨɞɢɧ аКrp), ɦɵ 
ɦɨɠɟɦ ɜɵɩɨɥɧɢɬɶ ɝɨɪɢɡɨɧɬɚɥɶɧɭɸ ɞɢɥɚɬɚɰɢɸ ɧɚ 
ɢɡɨɛɪɚɠɟɧɢɢ ɫ 1100 ɫɬɨɥɛɰɨɜ ɜ ɫɬɪɨɤɟ ɢ 
ɫɬɪɭɤɬɭɪɧɨɝɨ ɷɥɟɦɟɧɬɚ ɪɚɡɦɟɪɨɦ 11, ɫ 
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INFORMATION TECHNOLOGIES  

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɛɨɥɟɟ 32KB ɪɚɡɞɟɥɹɟɦɨɣ ɩɚɦɹɬɢ 
ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

• ɫɬɪɭɤɬɭɪɧɵɣ ɷɥɟɦɟɧɬ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ
ɝɨɪɢɡɨɧɬɚɥɶɧɭɸ ɥɢɧɢɸ 11 ɩɢɤɫɟɥɨɜ, ɩɨɷɬɨɦɭ 
ɪ=11; 

• ɤɚɠɞɚɹ ɫɬɪɨɤɚ ɢɡɨɛɪɚɠɟɧɢɹ ɫɨɫɬɚɜɥɹɟɬ 1100
ɩɢɤɫɟɥɟɣ, ɩɨɷɬɨɦɭ 1100 / ɪ = 100 ɨɤɨɧ; 

• 2 ɦɚɫɫɢɜɚ ɜ ɨɞɧɨɦ ɨɤɧɟ ɫ ɩɨɦɨɳɶɸ 2ɪ
ɡɧɚɱɟɧɢɣ ɢ 2 ɧɢɬɟɣ; 

• ɤɚɠɞɵɣ ɛɥɨɤ ɢɫɩɨɥɶɡɭɟɬ 32 ɩɨɬɨɤɚ;
• ɩɨɷɬɨɦɭ ɤɚɠɞɵɣ ɛɥɨɤ ɬɪɟɛɭɟɬ 

100*2ɪ*32/2≈34K ɪɚɡɞɟɥɹɟɦɨɣ ɩɚɦɹɬɢ, ɤɨɬɨɪɚɹ 
ɪɚɜɧɚ 34KB ɞɥɹ 8 ɛɢɬɧɵɯ ɰɟɥɨɱɢɫɥɟɧɧɵɯ 
ɢɡɨɛɪɚɠɟɧɢɣ ɢɥɢ 136 ɄȻ ɞɥɹ 32 ɛɢɬɧɵɯ 

ɢɡɨɛɪɚɠɟɧɢɣ ɫ ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ; 
• ɤɚɠɞɵɣ ɦɭɥɶɬɢɩɪɨɰɟɫɫɨɪ ɢɦɟɟɬ 48ФЛ

ɪɚɡɞɟɥɹɟɦɨɣ ɩɚɦɹɬɢ ɞɥɹ ɤɚɪɬ, ɩɨɞɞɟɪɠɢɜɚɸɳɢɯ 
CUDA CC 2,0 ɢɥɢ ɜɵɲɟ Д9Ж. 

71% ɪɚɡɞɟɥɹɟɦɨɣ ɩɚɦɹɬɢ ɦɭɥɶɬɢɩɪɨɰɟɫɫɨɪɚ 
ɪɚɫɯɨɞɭɟɬɫɹ ɧɚ ɢɡɨɛɪɚɠɟɧɢɟ ɫ 8 ɛɢɬɚɦɢ ɬɨɱɧɨɫɬɢ 
(ɞɥɹ ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ, ɪɚɡɦɟɪɨɦ 11 
ɩɢɤɫɟɥɟɣ), ɚ ɬɚɤɠɟ ɩɪɟɜɵɲɚɟɬ ɟё ɜ 1,8 ɪɚɡɚ ɞɥɹ 32 
ɛɢɬɧɨɝɨ ɢɡɨɛɪɚɠɟɧɢɹ ɫ ɩɥɚɜɚɸɳɟɣ ɬɨɱɤɨɣ.  

Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɪɟɫɭɪɫɨɜ, ɤɨɬɨɪɨɟ ɜɵɞɟɥɹɟɬ 
ɜɫɟ 48kb ɪɚɡɞɟɥɹɟɦɨɣ ɩɚɦɹɬɢ ɧɚ ɨɞɢɧ ɛɥɨɤ ɫ 32 
ɧɢɬɹɦɢ ɜ ɛɥɨɤɟ ɬɨɥɶɤɨ 1 ɚɤɬɢɜɧɵɣ warp ɞɥɹ ɷɬɨɝɨ 
ɦɭɥɶɬɢɩɪɨɰɟɫɫɨɪɚ. Ɍɨɥɶɤɨ ɫ ɨɞɧɢɦ ɚɤɬɢɜɧɵɦ 
warp’ɨɦ ɢɡ ɜɨɡɦɨɠɧɵɯ 48 (CUDACC 2.0) [7] 

ɡɚɩɨɥɧɹɟɦɨɫɬɶ (ɤɨɷɮɮɢɰɢɟɧɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 
ɧɢɬɢ) ɜɫɟɝɨ 2% ɨɬ ɜɨɡɦɨɠɧɨɫɬɟɣ 
ɦɭɥɶɬɢɩɪɨɰɟɫɫɨɪɚ, ɱɬɨ ɡɧɚɱɢɬɟɥɶɧɨ ɨɝɪɚɧɢɱɢɜɚɟɬ 
ɩɨɬɟɧɰɢɚɥ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɢ. 

ɋ ɭɱɟɬɨɦ ɡɚɹɜɥɟɧɧɨɣ ɰɟɥɢ ɚɧɚɥɢɡɚ ɢ 
ɨɛɪɚɛɨɬɤɢ ɛɨɥɶɲɢɯ ɢɡɨɛɪɚɠɟɧɢɣ ɪɚɡɦɟɪɨɦ ɛɨɥɟɟ 
ɨɞɧɨɝɨ ɦɢɥɥɢɨɧɚ ɩɢɤɫɟɥɟɣ, ɫ 8 ɢ ɛɨɥɟɟ ɛɢɬ 
ɬɨɱɧɨɫɬɢ, ɦɚɤɫɢɦɭɦ ɪɚɡɞɟɥɹɟɦɨɣ ɩɚɦɹɬɢ ɞɥɹ 
ɦɚɫɫɢɜɨɜ vHGА ɧɟ ɹɜɥɹɟɬɫɹ ɞɨɫɬɚɬɨɱɧɵɦ.  

Ⱦɥɹ ɬɟɫɬɢɪɨɜɚɧɢɹ ɚɥɝɨɪɢɬɦɚ ɦɨɪɮɨɥɨɝɢ-

ɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ ɢɡɨɛɪɚɠɟɧɢɢ vHGW, 

ɪɟɚɥɢɡɨɜɚɧɧɨɝɨ ɫ ɩɨɦɨɳɶɸ ɬɟɯɧɨɥɨɝɢɣ OpОЧMP 

ɢ CUDA, ɢɫɯɨɞɧɨɟ ɢɡɨɛɪɚɠɟɧɢɟ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɟ 
ɧɚ ɪɢɫɭɧɤɟ 3, ɩɨɞɚɜɚɥɨɫɶ ɧɚ ɜɯɨɞ 100 ɪɚɡ ɞɥɹ 
ɛɨɥɟɟ ɬɨɱɧɨɝɨ ɢɡɦɟɪɟɧɢɹ ɜɪɟɦɟɧɢ ɟɝɨ 
ɜɵɩɨɥɧɟɧɢɹ. Ʉɚɠɞɵɣ ɩɪɨɞɟɥɚɧɧɵɣ ɷɤɫɩɟɪɢɦɟɧɬ 
ɩɪɨɜɨɞɢɥɫɹ ɫ ɨɞɧɢɦ ɢɡɨɛɪɚɠɟɧɢɟɦ, ɧɨ ɪɚɡɧɨɝɨ 
ɪɚɡɪɟɲɟɧɢɹ. ɉɨɫɥɟ ɜɵɩɨɥɧɟɧɢɹ ɨɛɪɚɛɨɬɤɢ 
ɢɡɨɛɪɚɠɟɧɢɣ, ɩɪɨɝɪɚɦɦɚ ɩɪɨɢɡɜɨɞɢɥɚ ɩɨɞɫɱɟɬ 
ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɨɩɟɪɚɰɢɣ ɧɚɞ 
ɢɡɨɛɪɚɠɟɧɢɟɦ.  

Ɋɢɫ. 3. ɂɫɯɨɞɧɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɡɟɦɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ 

Fig. 3. The original image of the Earth's surface 

ɇɚ ɪɢɫɭɧɤɟ 3 ɩɪɟɞɫɬɚɜɥɟɧɨ ɢɫɯɨɞɧɨɟ 
ɩɨɥɭɬɨɧɨɜɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɡɟɦɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ, 
ɫɧɹɬɨɟ ɢɡ ɤɨɫɦɨɫɚ, ɚ ɧɚ ɪɢɫɭɧɤɟ 4 – ɪɟɡɭɥɶɬɚɬ 
ɷɪɨɡɢɢ ɷɬɨɝɨ ɢɡɨɛɪɚɠɟɧɢɹ ɫɬɪɭɤɬɭɪɢɪɭɸɳɢɦ 
ɷɥɟɦɟɧɬɨɦ ɪɚɡɦɟɪɚ 3×3. Ɂɚɦɟɬɧɨ, ɱɬɨ 
ɢɡɨɛɪɚɠɟɧɢɟ ɫɬɚɥɨ ɧɟɦɧɨɝɨ ɬɟɦɧɟɟ, ɱɬɨ ɜɩɨɥɧɟ 
ɥɨɝɢɱɧɨ, ɭɱɢɬɵɜɚɹ ɬɨ, ɱɬɨ ɚɥɝɨɪɢɬɦ ɧɚɯɨɞɢɬ 
ɥɨɤɚɥɶɧɵɣ ɦɢɧɢɦɭɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜ ɡɚɞɚɧɧɨɣ 
ɨɤɪɟɫɬɧɨɫɬɢ. 

Ɋɢɫ. 4. Ɋɟɡɭɥɶɬɚɬ ɷɪɨɡɢɢ ɢɫɯɨɞɧɨɝɨ ɢɡɨɛɪɚɠɟɧɢɹ 

Fig. 4. The result of erosion of the original image 

Ɉɞɧɨɣ ɢɡ ɝɥɚɜɧɵɯ ɩɪɨɛɥɟɦ ɨɛɪɚɛɨɬɤɢ 
ɢɡɨɛɪɚɠɟɧɢɣ ɹɜɥɹɟɬɫɹ ɩɪɢɫɭɬɫɬɜɢɟ ɲɭɦɚ ɜ 
ɢɡɨɛɪɚɠɟɧɢɢ. ɗɬɭ ɩɪɨɛɥɟɦɭ ɦɨɠɧɨ ɪɟɲɢɬɶ ɫ 
ɩɨɦɨɳɶɸ ɦɨɪɮɨɥɨɝɢɱɟɫɤɨɣ ɮɢɥɶɬɪɚɰɢɢ Д4, 8].  

ɇɚ ɪɢɫɭɧɤɟ 5 ɩɪɟɞɫɬɚɜɥɟɧɨ ɢɫɯɨɞɧɨɟ 
ɛɢɧɚɪɧɨɟ ɡɚɲɭɦɥɟɧɧɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɨɬɩɟɱɚɬɤɚ 
ɩɚɥɶɰɚ. ɋ ɩɨɦɨɳɶɸ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ 
ɨɩɟɪɚɰɢɣ ɞɢɥɚɬɚɰɢɢ ɢ ɷɪɨɡɢɢ ɭɞɚɥɨɫɶ ɢɡɛɚɜɢɬɶɫɹ 
ɨɬ ɲɭɦɚ, ɱɬɨ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɨ ɧɚ ɪɢɫɭɧɤɟ 6. 
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Ɋɢɫ. 5. ɂɫɯɨɞɧɨɟ ɡɚɲɭɦɥɟɧɧɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɨɬɩɟɱɚɬɤɚ 
ɩɚɥɶɰɚ 

Fig. 5. Original noisy fingerprint image 

Ɋɢɫ. 6. Ɋɟɡɭɥɶɬɚɬ ɦɨɪɮɨɥɨɝɢɱɟɫɤɨɣ ɮɢɥɶɬɪɚɰɢɢ 
ɢɡɨɛɪɚɠɟɧɢɹ ɨɬɩɟɱɚɬɤɚ ɩɚɥɶɰɚ 

Fig. 6. The result of morphological filtering of a 

fingerprint image 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɝɪɚɮɢɤɚ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɝɨ 
ɪɢɫɭɧɤɟ 7, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɪɚɡɦɟɪɚ ɫɬɪɭɤɬɭɪɧɨɝɨ 
ɷɥɟɦɟɧɬɚ, ɜɪɟɦɹ ɜɵɩɨɥɧɟɧɢɹ ɚɥɝɨɪɢɬɦɚ ɧɟ ɬɨɥɶɤɨ 
ɧɟ ɭɜɟɥɢɱɢɜɚɟɬɫɹ, ɚ ɞɚɠɟ ɭɦɟɧɶɲɚɟɬɫɹ, ɤɚɤ ɫ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 1 ɩɨɬɨɤɚ, ɬɚɤ ɢ 12-ɬɢ ɩɨɬɨɤɨɜ.  

Ɋɢɫ. 7. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɨɬ ɪɚɡɦɟɪɚ 
ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ ɞɥɹ ɩɪɨɝɪɚɦɦɵ  

ɧɚ 1 ɢ 12 ɩɨɬɨɤɚɯ 

Fig. 7. Dependence of the execution time of the size of a 

structuring element for the application on 1 and 12 threads 

ɇɚ ɪɢɫɭɧɤɟ 8 ɜɢɞɢɦ, ɱɬɨ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 
ɪɚɡɪɟɲɟɧɢɹ ɢɡɨɛɪɚɠɟɧɢɹ ɩɪɨɝɪɚɦɦɚ ɫ ɨɞɧɢɦ 
ɩɨɬɨɤɨɦ ɪɚɛɨɬɚɟɬ ɝɨɪɚɡɞɨ ɦɟɞɥɟɧɧɟɟ, ɱɟɦ ɫ 12-ɸ 
ɩɨɬɨɤɚɦɢ. 

Ɋɢɫ. 8. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɨɬ 
ɪɚɡɪɟɲɟɧɢɹ ɢɡɨɛɪɚɠɟɧɢɹ ɞɥɹ ɩɪɨɝɪɚɦɦɵ  

ɧɚ 1 ɢ 12 ɩɨɬɨɤɚɯ 

Fig. 8. Dependence of the execution time of the image 

resolution for the program on 1 and 12 threads 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɚɧɚɥɢɡɢɪɭɹ ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ 
ɪɟɡɭɥɶɬɚɬɵ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ 
ɪɟɚɥɢɡɨɜɚɧɧɵɟ ɚɥɝɨɪɢɬɦɵ ɧɚ CPU ɬɪɟɛɭɸɬ 
ɛɨɥɶɲɨɝɨ ɤɨɥɢɱɟɫɬɜɚ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ. ɗɬɨɬ 
ɮɚɤɬ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɬɨɦ, ɱɬɨ ɧɟɨɛɯɨɞɢɦɨ 
ɭɥɭɱɲɢɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɚɥɝɨɪɢɬɦɨɜ ɞɥɹ 
ɭɦɟɧɶɲɟɧɢɹ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɩɪɨɝɪɚɦɦɵ. 

Ⱦɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɭɥɭɱɲɢɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɚɥɝɨɪɢɬɦɚ ɦɨɪɮɨɥɨɝɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɢ 
ɢɡɨɛɪɚɠɟɧɢɣ, ɞɚɧɧɵɣ ɚɥɝɨɪɢɬɦ ɛɵɥ ɪɟɚɥɢɡɨɜɚɧ 
ɧɚ GPUc ɩɨɦɨɳɶɸ ɬɟɯɧɨɥɨɝɢɢ NVIDIACUDA. 

ɇɚ ɪɢɫɭɧɤɟ 9. ɩɪɢɜɨɞɢɬɫɹ ɝɪɚɮɢɤ 
ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɚɥɝɨɪɢɬɦɚ ɨɬ 
ɪɚɡɦɟɪɚ ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ ɜ ɬɪёɯ 
ɫɥɭɱɚɹɯ: 

- ɧɚ 12 ɩɨɬɨɤɚɯ CPU; 

- ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɬɚɧɞɚɪɬɧɵɯ 
ɦɨɪɮɨɥɨɝɢɱɟɫɤɢɯ ɨɩɟɪɚɰɢɣ ɧɚ CUDA ɛɢɛɥɢɨɬɟɤɢ 
OpenCV; 

- ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɚɥɝɨɪɢɬɦɚ, 
ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɧɚ GPU. 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɝɪɚɮɢɤɚ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɝɨ 
ɪɢɫɭɧɤɟ 9, ɚɥɝɨɪɢɬɦ vHGА ɢ ɟɝɨ ɪɟɚɥɢɡɚɰɢɹ ɧɚ 
GPU ɝɨɪɚɡɞɨ ɷɮɮɟɤɬɢɜɧɟɟ, ɱɟɦ ɚɥɝɨɪɢɬɦɵ, 
ɢɫɩɨɥɶɡɭɸɳɢɟɫɹ ɜ OpОЧCV. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, 
ɪɟɚɥɢɡɚɰɢɹ ɚɥɝɨɪɢɬɦɚ vHGА ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɬɟɯɧɨɥɨɝɢɢ NVIDIA CUDA ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ 
ɭɫɤɨɪɟɧɢɟ ɩɪɢɛɥɢɡɢɬɟɥɶɧɨ ɜ 15 ɪɚɡ ɛɨɥɶɲɟɟ, ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɢ 
OpenMP. 
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Ɋɢɫ. 9. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɨɬ ɪɚɡɦɟɪɚ 
ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ 

Fig. 9. Dependence of the execution time of the size of the 

structuring element 

Ɋɢɫ. 10. Ɂɚɜɢɫɢɦɨɫɬɶ ɜɪɟɦɟɧɢ ɜɵɩɨɥɧɟɧɢɹ ɨɬ ɪɚɡɦɟɪɚ 
ɢɡɨɛɪɚɠɟɧɢɹ 

Fig. 10. Dependence of the execution time  

of the image size 

ɉɨ ɝɪɚɮɢɤɚɦ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧɢ 
ɜɵɩɨɥɧɟɧɢɹ ɩɪɨɝɪɚɦɦɵ ɨɬ ɪɚɡɪɟɲɟɧɢɹ ɢɫɯɨɞɧɨɝɨ 
ɢɡɨɛɪɚɠɟɧɢɹ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɧɚ ɪɢɫɭɧɤɟ 10, 
ɬɚɤɠɟ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɞɥɹ ɫɥɨɠɧɵɯ 
ɨɩɟɪɚɰɢɹ ɧɚɞ ɩɢɤɫɟɥɚɦɢ ɢɡɨɛɪɚɠɟɧɢɹ 
ɷɮɮɟɤɬɢɜɧɟɟ ɜɫɟɝɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɬɟɯɧɨɥɨɝɢɸ 
NVIDIA CUDA.  

ȼ ɩɪɨɰɟɫɫɟ ɜɵɩɨɥɧɟɧɢɹ ɞɚɧɧɨɣ ɪɚɛɨɬɵ 
ɪɚɫɫɦɨɬɪɟɧɚ ɪɟɚɥɢɡɚɰɢɹ ɚɥɝɨɪɢɬɦɚ vHGА 
ɩɨɥɭɬɨɧɨɜɨɣ ɦɨɪɮɨɥɨɝɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɬɟɯɧɨɥɨɝɢɣ ɩɚɪɚɥɥɟɥɶɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ 
OpОЧMP ɢ NVIDIA CUDA. ɉɨɤɚɡɚɧɨ, ɱɬɨ 
ɪɟɚɥɢɡɚɰɢɹ ɚɥɝɨɪɢɬɦɚ vHGА ɞɥɹ ɝɪɚɮɢɱɟɫɤɢɯ 
ɩɪɨɰɟɫɫɨɪɨɜ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɯɧɨɥɨɝɢɢ CUDA 
ɩɨɜɵɲɚɟɬ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ ɦɨɪɮɨɥɨɝɢɱɟɫɤɨɣ 
ɨɛɪɚɛɨɬɤɢ ɢɡɨɛɪɚɠɟɧɢɣ. ɉɨɤɚɡɚɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɪɟɚɥɢɡɚɰɢɢ ɚɥɝɨɪɢɬɦɚ ɫ ɩɨɦɨɳɶɸ ɬɟɯɧɨɥɨɝɢɢ 
CUDA ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ OpОЧMP ɩɪɢ ɮɢɥɶɬɪɚɰɢɢ 
ɩɨɥɭɬɨɧɨɜɨɝɨ ɢ ɛɢɧɚɪɧɨɝɨ ɢɡɨɛɪɚɠɟɧɢɣ ɫ ɪɚɡɧɵɦ 
ɪɚɡɪɟɲɟɧɢɟɦ ɢ ɪɚɡɥɢɱɧɵɦ ɪɚɡɦɟɪɨɦ 
ɫɬɪɭɤɬɭɪɢɪɭɸɳɟɝɨ ɷɥɟɦɟɧɬɚ. 
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