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ʛʦʷʜʝʨʥʳʝ ʧʨʦʮʝʩʩʦʨʳ. ʆʥʠ ʙʳʣʠ ʩʦʟʜʘʥʳ ʩ ʮʝʣʴʶ ʧʨʦʜʦʣʞʠʪʴ ʫʚʝʣʠʯʠʚʘʪʴ
ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʦʨʦʚ, ʪʘʢ ʢʘʢ ʥʘʨʘʱʠʚʘʥʠʝ ʝʝ ʧʫʪʝʤ ʫʚʝʣʠʯʝʥʠʷ
ʧʦʢʘʟʘʪʝʣʝʡ ʦʜʥʦʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʷʜʨʘ ʩʪʘʣʦ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʠʟ-ʟʘ ʵʢʦʥʦ-
ʤʠʯʝʩʢʠʭ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ.

ʎʝʣʴ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ: ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʧʠʢʦʚʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʫʚʝ-
ʣʠʯʠʚʘʣʘʩʴ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʷʜʝʨ. ʆʜʥʘʢʦ ʜʦʩʪʠʞʠ-
ʤʦʩʪʴ ʵʪʦʡ ʧʠʢʦʚʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʥʘ ʧʨʘʢʪʠʢʝ ʩʪʘʣʘ ʥʝʧʨʦʩʪʦʡ ʟʘʜʘ-
ʯʝʡ. ʆʙ ʦʜʥʦʤ ʠʟ ʦʛʨʘʥʠʯʝʥʠʡ, ʥʘʢʣʘʜʳʚʘʶʱʠʭ ʚʝʨʭʥʶʶ ʛʨʘʥʠʮʫ ʧʨʦʠʟʚʦʜʠ-
ʪʝʣʴʥʦʩʪʠ ʥʘ ʧʘʨʘʣʣʝʣʴʥʫʶ ʧʨʦʛʨʘʤʤʫ, ʩʦʦʙʱʘʝʪ ʟʘʢʦʥ ɸʤʜʘʣʘ [2]. ʇʦʵʪʦʤʫ
ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚ ʫʩʣʦʚʠʷʭ ʤʥʦʛʦʧʦʪʦʯʥʳʭ
ʧʨʦʛʨʘʤʤ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʧʝʮʠʘʣʴʥʳʝ ʘʣʛʦʨʠʪʤʳ ʠ ʩʪʨʫʢʪʫʨʳ ʜʘʥ-
ʥʳʭ, ʩʧʦʩʦʙʥʳʝ ʵʬʬʝʢʪʠʚʥʦ, ʘ ʛʣʘʚʥʦʝ, ʢʦʨʨʝʢʪʥʦ ʨʘʙʦʪʘʪʴ ʚ ʤʥʦʛʦʧʦʪʦʯʥʦʤ
ʢʦʜʝ.

ʆʜʥʦʡ ʠʟ ʯʘʩʪʦ ʚʩʪʨʝʯʘʝʤʳʭ ʟʘʜʘʯ ʚ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʠ ʷʚʣʷʝʪʩʷ ʭʨʘʥʝ-
ʥʠʝ ʠ ʚʳʧʦʣʥʝʥʠʝ ʟʘʧʨʦʩʦʚ ʥʘʜ ʫʧʦʨʷʜʦʯʝʥʥʳʤ ʤʥʦʞʝʩʪʚʦʤ ʵʣʝʤʝʥʪʦʚ. ʇʦ-
ʧʫʣʷʨʥʳʤ ʨʝʰʝʥʠʝʤ ʪʘʢʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ
ʜʝʨʝʚʴʝʚ ʧʦʠʩʢʘ ʠʣʠ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ. ʆʜʥʘʢʦ, ʚ ʫʩʣʦʚʠʷʭ ʤʥʦʛʦʧʦʪʦʯ-
ʥʳʭ ʧʨʦʛʨʘʤʤ, ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʜʝʨʝʚʴʝʚ ʧʦʠʩʢʘ ʧʣʦʭʦ ʤʘʩʰʪʘʙʠʨʫʝʪʩʷ ʩ
ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʢʦʥʢʫʨʝʥʪʥʳʭ ʟʘʧʨʦʩʦʚ, ʪʘʢ ʢʘʢ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʜʝʨʞʠʚʘʪʴ
ʙʘʣʘʥʩʠʨʦʚʢʫ ʜʝʨʝʚʴʝʚ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩ-
ʢʘʤʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʧʦʪʦʢʦʚ ʚ ʩʠʩʪʝʤʝ ʨʘʩʪʝʪ ʛʦʨʘʟʜʦ ʣʫʯʰʝ. ʕʪʦ ʤʦʞ-
ʥʦ ʦʙʲʷʩʥʠʪʴ ʪʝʤ, ʯʪʦ ʚʩʝ ʦʧʝʨʘʮʠʠ ʥʘʜ ʩʧʠʩʢʦʤ ʩʠʣʴʥʦ ʣʦʢʘʣʠʟʦʚʘʥʳ ʚʥʫʪʨʠ
ʩʪʨʫʢʪʫʨʳ, ʪʦ ʝʩʪʴ ʦʧʝʨʘʮʠʠ ʥʘʜ ʫʟʣʦʤ ʟʘʪʨʘʛʠʚʘʶʪ ʪʦʣʴʢʦ ʩʦʩʝʜʝʡ ʵʪʦʛʦ ʫʟʣʘ.

ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʦʚʘʷ ʚʝʨʩʠʷ ʢʦʥʢʫʨʝʥʪʥʦʛʦ ʩʧʠʩʢʘ ʩ ʧʨʦ-
ʧʫʩʢʘʤʠ, ʢʣʶʯʝʚʳʤ ʦʪʣʠʯʠʝʤ ʢʦʪʦʨʦʛʦ ʙʫʜʝʪ ʭʨʘʥʝʥʠʝ ʚ ʫʟʣʘʭ ʤʘʩʩʠʚʘ ʟʥʘ-
ʯʝʥʠʡ. ʉʪʨʫʢʪʫʨʘ ʩʧʦʩʦʙʥʘ ʵʬʬʝʢʪʠʚʥʦ ʠ ʢʦʨʨʝʢʪʥʦ ʚʳʧʦʣʥʷʪʴ ʢʦʥʢʫʨʝʥʪʥʳʝ
ʟʘʧʨʦʩʳ, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʟʘʥʠʤʘʝʤʦʡ
ʧʘʤʷʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʨʝʘʣʠʟʘʮʠʷʤʠ.
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ɻʃɸɺɸ 1. ʆɹɿʆʈ ʇʈɽɼʄɽʊʅʆʁ ʆɹʃɸʉʊʀ
ɺ ʵʪʦʡ ʛʣʘʚʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʜʘʥʥʳʭ ʢʘʢ

ʜʝʨʝʚʴʷ ʧʦʠʩʢʘ ʠ ʩʧʠʩʢʠ ʩ ʧʨʦʧʫʩʢʘʤʠ, ʘ ʪʘʢʞʝ ʦʪʤʝʯʝʥʳ ʠʭ ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥ-
ʥʦʩʪʠ ʠ ʦʪʣʠʯʠʷ. ɹʫʜʝʪ ʧʨʠʚʝʜʝʥ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʝʘʣʠʟʘʮʠʡ ʩʧʠʩʢʦʚ ʩ
ʧʨʦʧʫʩʢʘʤʠ, ʦʪʤʝʯʝʥʳ ʠʭ ʦʪʣʠʯʠʪʝʣʴʥʳʝ ʯʝʨʪʳ, ʘ ʪʘʢʞʝ ʚʳʜʝʣʝʥʳ ʩʠʣʴʥʳʝ ʠ
ʩʣʘʙʳʝ ʩʪʦʨʦʥʳ. ʊʘʢʞʝ ʙʫʜʫʪ ʜʘʥʳ ʬʦʨʤʫʣʠʨʦʚʢʠ ʠ ʦʧʨʝʜʝʣʝʥʠʷ, ʠʩʧʦʣʴʟʫʝ-
ʤʳʝ ʚ ʨʘʙʦʪʝ.

1.1. ʌʦʨʤʫʣʠʨʦʚʢʠ ʠ ʦʧʨʝʜʝʣʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʙʦʪʝ
ʉʧʠʩʦʢ ʩ ʧʨʦʧʫʩʢʘʤʠðʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ, ʭʨʘʥʷʱʘʷ ʚ ʩʝʙʝ ʫʧʦʨʷʜʦʯʝʥ-

ʥʦʝ ʤʥʦʞʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʠ ʩʧʦʩʦʙʥʘʷ ʚʳʧʦʣʥʷʪʴ ʦʧʝʨʘʮʠʠ ʥʘʜ ʥʠʤ. ʉʦʩʪʦʠʪ
ʠʟ ʤʥʦʞʝʩʪʚʘ ʫʟʣʦʚ, ʭʨʘʥʷʱʠʭ ʵʣʝʤʝʥʪʳ ʤʥʦʞʝʩʪʚʘ ʠ ʦʙʲʝʜʠʥʝʥʥʳʭ ʚ ʫʨʦʚʥʠ
ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʩʚʷʟʥʳʝ ʩʧʠʩʢʠ. ʋʨʦʚʥʠ ʠʤʝʶʪ
ʩʩʳʣʢʠ ʥʘ ʥʠʟʣʝʞʘʱʠʝ ʫʨʦʚʥʠ ʣʠʰʴ ʚ ʨʘʤʢʘʭ ʙʘʰʝʥ ʫʟʣʦʚ. ʇʨʠʤʝʨ ʩʧʠʩʢʘ ʩ
ʧʨʦʧʫʩʢʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1.

ʈʠʩʫʥʦʢ 1 ï ʇʨʠʤʝʨ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ

ʋʨʦʚʝʥʴ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠð ʩʚʷʟʥʳʡ ʩʧʠʩʦʢ ʫʟʣʦʚ, ʭʨʘʥʷʱʠʭ ʟʥʘʯʝ-
ʥʠʷ ʤʥʦʞʝʩʪʚʘ. ʇʨʠʤʝʨ ʫʨʦʚʥʷ ʩʧʠʩʢʘ ʚʳʜʝʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2.

ʈʠʩʫʥʦʢ 2 ï ʋʨʦʚʝʥʴ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ
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ɹʘʰʥʷ ʫʟʣʦʚ ð ʵʪʦ ʥʘʙʦʨ ʫʟʣʦʚ, ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʩʧʠ-
ʩʦʢ ʠ ʭʨʘʥʷʪ/ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʵʣʝʤʝʥʪʫ. ʇʨʠʤʝʨ ʙʘʰʥʠ ʫʟʣʦʚ
ʚʳʜʝʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 3.

ʈʠʩʫʥʦʢ 3 ï ɹʘʰʥʷ ʫʟʣʦʚ

ʃʦʛʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩʧʠʩʢʘ ð ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩʧʠʩʢʘ, ʚ ʢʦʪʦʨʦʤ
ʚʩʝ ʫʟʣʳ ʫʧʦʨʷʜʦʯʝʥʳ ʩʣʝʚʘ ʥʘ ʧʨʘʚʦ ʧʦ ʭʨʘʥʠʤʳʤ ʚ ʥʠʭ ʵʣʝʤʝʥʪʘʤ, ʘ ʫʟʣʳ,
ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʙʘʰʥʝ ʫʟʣʦʚ, ʨʘʩʧʦʣʦʞʝʥʳ ʜʨʫʛ ʧʦʜ ʜʨʫʛʦʤ. ʇʨʠʤʝʨ ʣʦʛʠ-
ʯʝʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʧʠʩʢʘ ʥʘ ʨʠʩʫʥʢʝ 1.

ɸʣʛʦʨʠʪʤ ʙʝʟ ʙʣʦʢʠʨʦʚʦʢ ð ʵʪʦ ʘʣʛʦʨʠʪʤ, ʚ ʢʦʪʦʨʦʤ ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ
ʚʨʝʤʝʥʠ ʛʘʨʘʥʪʠʨʫʝʪʩʷ ʩʠʩʪʝʤʥʳʡ ʧʨʦʛʨʝʩʩ.

ʋʟʝʣ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʜʦʩʪʠʞʠʤʳʤ, ʝʩʣʠ ʦʥ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪ ʠʟ ʩʘ-
ʤʦʛʦ ʣʝʚʦʛʦ ʠ ʚʝʨʭʥʝʛʦ ʫʟʣʘ ʚ ʣʦʛʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩʧʠʩʢʘ ʪʦʣʴʢʦ ʣʠʰʴ
ʧʦ ʩʩʳʣʢʘʤ ʥʘʧʨʘʚʣʝʥʥʳʤ ʩʣʝʚʘ-ʥʘʧʨʘʚʦ ʠ ʩʚʝʨʭʫ-ʚʥʠʟ ʚ ʣʦʛʠʯʝʩʢʦʤ ʧʨʝʜ-
ʩʪʘʚʣʝʥʠʠ ʩʧʠʩʢʘ (ʚ ʨʘʟʣʠʯʥʳʭ ʨʝʘʣʠʟʘʮʠʷʭ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ ʤʦʛʫʪ ʙʳʪʴ
ʩʩʳʣʢʠ ʥʘʧʨʘʚʣʝʥʥʳʝ ʠ ʚ ʜʨʫʛʠʝ ʥʘʧʨʘʚʣʝʥʠʷ).

ʕʣʝʤʝʥʪ ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʜʦʩʪʠʞʠʤʳʤ, ʝʩʣʠ ʦʥ ʥʘʭʦʜʠʪʩʷ ʚ ʜʦʩʪʠʞʠ-
ʤʦʤ ʫʟʣʝ.

ʌʠʟʠʯʝʩʢʠ ʫʜʘʣʝʥʥʳʡ ʫʟʝʣð ʫʟʝʣ, ʢʦʪʦʨʳʡ ʥʝ ʜʦʩʪʠʞʠʤ.
ʃʦʛʠʯʝʩʢʠ ʫʜʘʣʝʥʥʳʡ ʫʟʝʣ ð ʫʟʝʣ, ʢʦʪʦʨʳʡ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʫʜʝʪ ʫʜʘʣʝʥ

ʬʠʟʠʯʝʩʢʠ.
ʇʫʩʪʦʡ ʵʣʝʤʝʥʪ/ʟʥʘʯʝʥʠʝðʵʪʦ ʦʙʲʝʢʪ, ʢʦʪʦʨʳʡ ʥʝ ʚʭʦʜʠʪ ʚ ʤʥʦʞʝʩʪʚʦ

ʵʣʝʤʝʥʪʦʚ, ʧʦʜʤʥʦʞʝʩʪʚʦ ʢʦʪʦʨʦʛʦ ʙʫʜʝʪ ʭʨʘʥʠʪʩʷ ʚ ʩʧʠʩʢʝ ʩ ʧʨʦʧʫʩʢʘʤʠ.
ʀʩʧʦʣʥʝʥʠʝ ʩʠʩʪʝʤʳ ð ʵʪʦ ʤʥʦʞʝʩʪʚʦ ʘʪʦʤʘʨʥʳʭ ʩʦʙʳʪʠʡ, ʥʘʧʨʠʤʝʨ,

ʩʦʙʳʪʠʝ ʟʘʚʝʨʰʝʥʠʷ ʦʧʝʨʘʮʠʠ.
ɺʳʩʦʢʦʫʨʦʚʥʝʚʘʷ ʠʩʪʦʨʠʷ ð ʵʪʦ ʧʦʜʤʥʦʞʝʩʪʚʦ ʠʩʧʦʣʥʝʥʠʷ ʩʠʩʪʝʤʳ,

ʚʢʣʶʯʘʶʱʠʝ ʪʦʣʴʢʦ ʩʦʙʳʪʠʷ ʥʘʯʘʣʘ inv(e) ʠ ʟʘʚʝʨʰʝʥʠʷ res(e) ʦʧʝʨʘ-
ʮʠʡ.
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ñʇʨʦʠʟʦʰʣʦ ʜʦò ð ʦʪʥʦʰʝʥʠʝ ʯʘʩʪʠʯʥʦʛʦ ʩʪʨʦʛʦʛʦ ʧʦʨʷʜʢʘ ʥʘ ʤʥʦʞʝ-
ʩʪʚʝ ʦʧʝʨʘʮʠʡ. ʇʫʩʪʴ e, hð ʦʧʝʨʘʮʠʠ, ʥʘʧʨʠʤʝʨ, ʯʪʝʥʠʝ ʠʣʠ ʟʘʧʠʩʴ ʚ ʷʯʝʡʢʫ
ʧʘʤʷʪʠ. ʂʘʞʜʫʶ ʦʧʝʨʘʮʠʶ ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʢʘʢ ʤʥʦʞʝʩʪʚʦ ʫʧʦʨʷʜʦʯʝʥʥʳʭ
ʘʪʦʤʘʨʥʳʭ ʩʦʙʳʪʠʡ. ɺ ʢʘʞʜʦʡ ʦʧʝʨʘʮʠʠ ʤʦʞʥʦ ʦʪʜʝʣʴʥʦ ʚʳʜʝʣʠʪʴ ʜʚʘ ʩʦʙʳ-
ʪʠʷ inv(e) ʠ res(e) ð ʚʳʟʦʚ ʦʧʝʨʘʮʠʠ e ʠ ʝʝ ʨʝʟʫʣʴʪʘʪ ʩʦʦʪʚʝʪʩʚʝʥʥʦ.
ʊʦʛʜʘ ʛʦʚʦʨʷʪ, ʯʪʦ ʦʧʝʨʘʮʠʷ e ʧʨʦʠʟʦʰʣʘ ʜʦ ʦʧʝʨʘʮʠʠ h ʪʦʛʜʘ ʠ ʪʦʣʴʢʦ ʪʦʛʜʘ,
ʢʦʛʜʘ ʩʦʙʳʪʠʝ res(e) ʧʨʝʜʰʝʩʪʚʦʚʘʣʦ ʩʦʙʳʪʠʶ inv(h) [1].

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʠʩʧʦʣʥʝʥʠʝðʠʩʧʦʣʥʝʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʝʩʣʠ ʚʩʝ
ʦʧʝʨʘʮʠʠ ʣʠʥʝʡʥʦ ʫʧʦʨʷʜʦʯʝʥʳ ʦʪʥʦʰʝʥʠʝʤ ñʧʨʦʠʟʦʰʣʦ ʜʦò [1].

ʃʠʥʝʘʨʠʟʫʝʤʦʩʪʴ [1]. ʇʦʣʥʘʷ ʚʳʩʦʢʦʫʨʦʚʥʝʚʘʷ ʠʩʪʦʨʠʷ H ʣʠʥʝʘʨʠʟʫʝʤʘ
ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʲʝʢʪʘ t, ʝʩʣʠ ʩʫʱʝʩʪʚʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ ʚʳʩʦʢʦʫʨʦʚʥʝʚʘʷ
ʠʩʪʦʨʠʷ S ʵʢʚʠʚʘʣʝʥʪʥʘʷ H ʪʘʢʘʷ, ʯʪʦ:

ð S ʩʦʭʨʘʥʷʝʪ ʦʪʥʦʰʝʥʠʝ ñʧʨʦʠʟʦʰʣʦ ʜʦò H;
ð S ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʩʧʝʮʠʬʠʢʘʮʠʠ ʦʙʲʝʢʪʘ t.

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʩʦʢʦʫʨʦʚʥʝʚʘʷ ʠʩʪʦʨʠʷ H ʣʠʥʝʘʨʠʟʫʝʤʘ, ʝʩʣʠ ʤʦʞʝʪ ʙʳʪʴ
ʜʦʧʦʣʥʝʥʘ ʜʦ ʧʦʣʥʦʡ ʣʠʥʝʘʨʠʟʫʝʤʦʡ ʚʳʩʦʢʦʫʨʦʚʥʝʚʦʡ ʠʩʪʦʨʠʠ ʧʫʪʝʤ ʜʦʙʘʚ-
ʣʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʦʙʳʪʠʡ ʟʘʚʝʨʰʝʥʠʷ ʧʦʜʤʥʦʞʝʩʪʚʫ ʥʝʟʘʚʝʨʰʝʥʥʳʭ
ʦʧʝʨʘʮʠʡ ʠ ʫʜʘʣʝʥʠʝʤ ʦʩʪʘʚʰʠʭʩʷ.

ʊʘʢʞʝ ʩʪʦʠʪ ʦʧʠʩʘʪʴ, ʢʘʢ ʦʙʳʯʥʦ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦʠʩʢ/ʚʩʪʘʚʢʘ/ʫʜʘʣʝʥʠʝ
ʵʣʝʤʝʥʪʘ ʚ ʩʧʠʩʢʝ ʩ ʧʨʦʧʫʩʢʘʤʠ.

ɼʣʷ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ ʥʘ ʢʘʞʜʦʤ ʫʨʦʚʥʝ ʠʱʫʪ ʩʘʤʳʡ ʧʨʘʚʳʡ ʫʟʝʣ ʚ ʣʦʛʠ-
ʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩʧʠʩʢʘ, ʟʥʘʯʝʥʠʝ ʚ ʢʦʪʦʨʦʤ ʤʝʥʴʰʝ ʠʣʠ ʨʘʚʥʦ ʠʩʢʦʤʦ-
ʤʫ. ɿʘʪʝʤ ʧʝʨʝʭʦʜʷ ʥʘ ʫʨʦʚʝʥʴ ʥʠʞʝ. ɽʩʣʠ ʜʦʩʪʠʛʥʫʪ ʩʘʤʳʡ ʥʠʞʥʠʡ ʫʨʦʚʝʥʴ,
ʪʦ ʧʨʦʚʝʨʷʶʪ, ʭʨʘʥʠʪ ʣʠ ʥʘʡʜʝʥʥʳʡ ʫʟʝʣ ʠʩʢʦʤʦʝ ʟʥʘʯʝʥʠʝ ʠʣʠ ʥʝʪ, ʪʘʢʠʤ ʦʙ-
ʨʘʟʦʤ ʦʪʚʝʯʘʷ ʥʘ ʟʘʧʨʦʩ.

ɼʣʷ ʦʧʝʨʘʮʠʠ ʚʩʪʘʚʢʠ ʩʥʘʯʘʣʘ ʚʳʧʦʣʥʷʶʪ ʧʦʠʩʢ ʫʟʣʘ, ʦʧʠʩʘʥʥʳʡ ʨʘʥʝʝ.
ɽʩʣʠ ʥʘʡʜʝʥʥʳʡ ʫʟʝʣ ʥʝ ʭʨʘʥʠʪ ʟʘʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ, ʪʦ ʩʦʟʜʘʝʪʩʷ ʥʦʚʳʡ ʫʟʝʣ
ʠ ʚʩʪʘʚʣʷʝʪʩʷ ʧʦʩʣʝ ʥʘʡʜʝʥʥʦʛʦ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʥʝʦʙʭʦʜʠʤʦ ʥʘʨʘʩʪʠʪʴ ʙʘʰʥʶ
ʫʟʣʦʚ, ʪʦ ʥʦʚʳʝ ʫʟʣʳ ʚʩʪʘʚʣʷʶʪ ʧʦʩʣʝ ʪʝʭ ʫʟʣʦʚ, ʥʘ ʢʦʪʦʨʳʭ ʙʳʣ ʩʦʚʝʨʰʝʥ
ʧʝʨʝʭʦʜ ʥʘ ʫʨʦʚʝʥʴ ʥʠʞʝ. ʂʘʢ ʧʨʘʚʠʣʦ ʵʪʠ ʫʟʣʳ ʥʝ ʠʱʫʪ ʟʘʥʦʚʦ, ʘ ʠʩʧʦʣʴʟʫʶʪ
ʠʥʬʦʨʤʘʮʠʶ ʩʦ ʩʪʝʢʘ ʧʨʦʛʨʘʤʤʳ ʚ ʩʣʫʯʘʝ ʨʝʢʫʨʩʠʚʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠʣʠ ʞʝ ʠʟ
ʦʪʜʝʣʴʥʦʛʦ ʩʧʠʩʢʘ, ʭʨʘʥʷʱʝʛʦ ʪʘʢʠʝ ʫʟʣʳ, ʚ ʩʣʫʯʘʝ ʠʪʝʨʘʪʠʚʥʦʡ ʨʝʘʣʠʟʘʮʠʠ.

ʆʧʝʨʘʮʠʷ ʫʜʘʣʝʥʠʷ ʘʥʘʣʦʛʠʯʥʘ ʦʧʝʨʘʮʠʠ ʚʩʪʘʚʢʠ ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʪʦʛʦ,
ʯʪʦ ʠʱʫʪ ʥʝ ʩʘʤ ʫʟʝʣ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʭʨʘʥʷʱʠʡ ʵʣʝʤʝʥʪ, ʘ ʧʨʝʜʳʜʫʱʠʡ ʢ ʥʝʤʫ,
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ʯʪʦʙʳ ʚ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʫʟʝʣ ʤʦʞʥʦ ʙʳʣʦ ʫʜʘʣʠʪʴ ʙʝʟ ʧʝʨʝʟʘʧʫʩʢʘ ʘʣ-
ʛʦʨʠʪʤʘ ʧʦʠʩʢʘ.

1.2. ʉʨʘʚʥʝʥʠʝ ʜʝʨʝʚʴʝʚ ʧʦʠʩʢʘ ʠ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ
ɼʝʨʝʚʴʷ ʧʦʠʩʢʘ ʠ ʩʧʠʩʢʠ ʩ ʧʨʦʧʫʩʢʘʤʠ ʚʳʧʦʣʥʷʶʪ ʦʜʥʫ ʟʘʜʘʯʫ ð ʭʨʘ-

ʥʝʥʠʝ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ ʠ ʚʳʧʦʣʥʝʥʠʷ ʥʘʜ ʥʠʤ ʦʧʝʨʘʮʠʡ. ʉʘʤʠ ʧʦ
ʩʝʙʝ ʩʪʨʫʢʪʫʨʳ ʦʯʝʥʴ ʩʭʦʞʠ. ʆʙʝ ʩʪʨʫʢʪʫʨʳ ʜʘʥʥʳʭ ʩʪʨʦʷʪʩʷ ʥʘ ʦʩʥʦʚʝ ʚʩʧʦ-
ʤʦʛʘʪʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ, ʥʘʟʳʚʘʝʤʳʭ ʫʟʣʘʤʠ. ʂʘʢ ʧʨʘʚʠʣʦ, ʵʪʠ ʩʪʨʫʢʪʫʨʳ ʭʨʘ-
ʥʷʪ ʥʝʢʦʪʦʨʳʡ ʵʣʝʤʝʥʪ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ, ʘ ʪʘʢʞʝ ʩʩʳʣʢʠ ʥʘ ʜʨʫʛʠʝ
ʫʟʣʳ ʩʪʨʫʢʪʫʨʳ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʫʶ ʠʥʬʦʨʤʘʮʠʶ, ʥʝʦʙʭʦʜʠʤʫʶ ʜʣʷ ʨʝʘʣʠʟʘ-
ʮʠʠ. ʆ ʜʫʘʣʴʥʦʩʪʠ ʜʚʦʠʯʥʳʭ ʜʝʨʝʚʴʝʚ ʧʦʠʩʢʘ ʠ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ ʛʦʚʦ-
ʨʠʪʩʷ ʚ ʨʘʙʦʪʝ [4].

ʆʜʥʘʢʦ, ʫ ʵʪʠʭ ʜʚʫʭ ʩʪʨʫʢʪʫʨ ʜʘʥʥʳʭ ʝʩʪʴ ʚʘʞʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʢʦʪʦʨʳʝ
ʦʧʨʝʜʝʣʷʶʪ ʠʭ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ. ʋʟʣʳ ʚ ʜʝʨʝʚʝ ʧʦʠʩʢʘ ʢʘʢ ʧʨʘʚʠʣʦ ʟʘʥʠ-
ʤʘʶʪ ʤʝʥʴʰʝ ʧʘʤʷʪʠ ʥʘ ʦʜʠʥ ʭʨʘʥʠʤʳʡ ʵʣʝʤʝʥʪ ʚ ʩʨʘʚʥʝʥʠʠ ʩʦ ʩʧʠʩʢʘʤʠ ʩ
ʧʨʦʧʫʩʢʘʤʠ, ʪʘʢ ʢʘʢ ʥʘ ʦʜʥʦ ʟʥʘʯʝʥʠʝ ʠʟ ʭʨʘʥʠʤʦʛʦ ʤʥʦʞʝʩʪʚʘ ʩʦʟʜʘʝʪʩʷ ʣʠʰʴ
ʦʜʠʥ ʫʟʝʣ. ʊʘʢʞʝ, ʚʚʠʜʫ ʙʦӢ ʣʴʰʝʛʦ ʯʠʩʣʘ ʫʟʣʦʚ, ʩʧʠʩʢʠ ʩ ʧʨʦʧʫʩʢʘʤʠ ʭʫʞʝ ʨʘ-
ʙʦʪʘʶʪ ʩ ʢʵʰ-ʧʘʤʷʪʴʶ (ʪʘʢ ʢʘʢ ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʝ ʧʝʨʝʭʦʜʦʚ ʦʪ ʫʟʣʘ ʢ ʫʟʣʫ, ʯʪʦ
ʧʨʠʚʦʜʠʪ ʢ ʢʵʰ-ʧʨʦʤʘʭʘʤ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ
ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʝʨʝʚʴʷʤʠ ʧʦʠʩʢʘ. ʂʨʦʤʝ ʪʦʛʦ, ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʘʣʠʟʘ-
ʮʠʡ ʜʝʨʝʚʴʝʚ ʧʦʠʩʢʘ ʠʤʝʶʪ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʝ ʚʨʝʤʷ ʨʘʙʦʪʳ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘ-
ʮʠʡ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ, ʢʦʪʦʨʳʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʨʝʘʣʠʟʫʶʪʩʷ
ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʛʦʨʠʪʤʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʛʝʥʝʨʘʪʦʨ ʩʣʫʯʘʡʥʳʭ ʯʠʩʝʣ, ʠ
ʜʘʶʪ ʛʘʨʘʥʪʠʠ ʣʠʰʴ ʥʘ ʩʨʝʜʥʝʝ ʚʨʝʤʷ ʨʘʙʦʪʳ ʦʧʝʨʘʮʠʡ. ʍʦʪʷ ʠ ʩʫʱʝʩʪʚʫʶʪ
ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʝ ʩʧʠʩʢʠ ʩ ʧʨʦʧʫʩʢʘʤʠ [5], ʦʥʠ ʠʤʝʶʪ ʧʨʦʙʣʝʤʳ ʩ ʧʨʦʠʟ-
ʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʚʚʠʜʫ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʥʘʢʣʘʜʥʳʭ ʨʘʩʭʦʜʦʚ ʥʘ ʧʦʜʜʝʨʞʘʥʠʝ
ʠʥʚʘʨʠʘʥʪʦʚ

ʊʘʢʞʝ, ʫ ʜʝʨʝʚʴʝʚ ʧʦʠʩʢʘ ʩʫʱʝʩʪʚʫʶʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʘʣʠʟʘʮʠʡ,
ʢʦʪʦʨʳʝ ʫʤʝʶʪ ʵʬʬʝʢʪʠʚʥʦ ʨʝʰʘʪʴ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʝ ʟʘʜʘʯʠ. ʅʘʧʨʠʤʝʨ,
splay-ʜʝʨʝʚʴʷ ʤʦʛʫʪ ʵʬʬʝʢʪʠʚʥʦ ʨʝʰʘʪʴ ʟʘʜʘʯʫ ʦʙʨʘʱʝʥʠʷ ʢ ʜʝʨʝʚʫ ʧʦʠʩʢʘ, ʚ
ʢʦʪʦʨʦʤ ʯʘʩʪʦ ʟʘʧʨʘʰʠʚʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ ʥʝ ʦʯʝʥʴ ʤʥʦʛʦ. ʇʦ ʵʪʠʤ ʧʨʠʯʠʥʘʤ
ʜʝʨʝʚʴʷ ʧʦʠʩʢʘ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ ʚʳʙʦʨʦʤ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʫʧʦʨʷʜʦʯʝʥʥʳʭ
ʤʥʦʞʝʩʪʚ ʚ ʩʪʘʥʜʘʨʪʥʳʭ ʙʠʙʣʠʦʪʝʢʘʭ ʤʥʦʛʠʭ ʷʟʳʢʦʚ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ [3,
9].
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ʆʜʥʘʢʦ, ʫʪʚʝʨʞʜʝʥʠʷ ʚʳʰʝ ʩʧʨʘʚʝʜʣʠʚʳ, ʢʦʛʜʘ ʨʝʯʴ ʠʜʝʪ ʦ ʨʝʘʣʠʟʘʮʠʷʭ,
ʨʘʩʩʯʠʪʘʥʥʳʭ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʣʠʰʴ ʦʜʥʠʤ ʧʦʪʦʢʦʤ ʦʜʥʦʚʨʝʤʝʥʥʦ. ɽʩʣʠ ʞʝ
ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʦʥʢʫʨʝʥʪʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʜʝʨʝʚʴʝʚ ʧʦʠʩʢʘ, ʪʦ ʦʥʠ ʠʤʝʶʪ ʩʫ-
ʱʝʩʪʚʝʥʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ð ʠʤ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʜʝʨʞʠʚʘʪʴ ʩʚʦʶ ʙʘʣʘʥʩʠʨʦʚʢʫ,
ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ ʢʦʥʢʫʨʝʥʪʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʠ ʪʨʫʜʦʝʤ-
ʢʦʡ ʟʘʜʘʯʝʡ, ʪʘʢ ʢʘʢ ʜʝʡʩʪʚʠʷ ʥʘʜ ʦʜʥʠʤ ʫʟʣʦʤ ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʘ ʙʘʣʘʥʩʠʨʦʚʢʫ
ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʫʟʣʦʚ. ʊʘʢʞʝ, ʠʟ-ʟʘ ʧʝʨʝʙʘʣʘʥʩʠʨʦʚʢʠ ʜʝʨʝʚʘ ʟʘʪʨʫʜʥʷ-
ʝʪʩʷ ʧʦʠʩʢ ʫʟʣʘ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʭʨʘʥʷʱʝʛʦ ʠʩʢʦʤʳʡ ʵʣʝʤʝʥʪ, ʪʘʢ ʢʘʢ ʫʟʝʣ ʤʦ-
ʞʝʪ ʧʝʨʝʤʝʩʪʠʪʴʩʷ ʚ ʜʨʫʛʦʝ ʧʦʜʜʝʨʝʚʦ ʠ ʦʢʘʟʘʪʴʩʷ ʥʝʜʦʩʪʠʞʠʤʳʤ ʠʟ ʪʝʢʫʱʝ-
ʛʦ. ɺʩʝ ʵʪʦ ʩʠʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʢʦʥʢʫʨʝʥʪʥʳʭ ʜʝʨʝʚʴʝʚ
ʧʦʠʩʢʘ.

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʩʧʠʩʢʠ ʩ ʧʨʦʧʫʩʢʘʤʠ ʥʝ ʠʤʝʶʪ ʪʘʢʠʭ ʧʨʦʙʣʝʤ: ʠʤ ʥʝ ʥʘʜʦ
ʦʩʫʱʝʩʪʚʣʷʪʴ ʙʘʣʘʥʩʠʨʦʚʢʫ ʠ ʦʧʝʨʘʮʠʠ ʥʘʜ ʫʟʣʘʤʠ ʚʣʠʷʶʪ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʝ
ʯʠʩʣʦ ʫʟʣʦʚ ʚ ʦʜʠʥ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. ʇʦʵʪʦʤʫ ʦʥʠ ʧʦʢʘʟʳʚʘʶʪ ʩʝʙʷ ʣʫʯʰʝ ʜʝ-
ʨʝʚʴʝʚ ʧʦʠʩʢʘ ʚ ʢʦʥʢʫʨʝʥʪʥʳʭ ʧʨʦʛʨʘʤʤʘʭ. ʇʦʜʨʦʙʥʦʝ ʩʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠ-
ʪʝʣʴʥʦʩʪʠ ʙʳʣʦ ʧʨʠʚʝʜʝʥʦ ʚ ʨʘʙʦʪʝ [6]. ʇʦʵʪʦʤʫ, ʥʘʧʨʠʤʝʨ, ʚ ʷʟʳʢʝ ʧʨʦʛʨʘʤ-
ʤʠʨʦʚʘʥʠʷ Java ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʥʜʘʨʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʢʦʥʢʫʨʝʥʪʥʦʛʦ ʫʧʦʨʷʜʦ-
ʯʝʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʤʝʥʥʦ ʢʦʥʢʫʨʝʥʪʥʳʡ ʩʧʠʩʦʢ ʩ
ʧʨʦʧʫʩʢʘʤʠ [8].

ʅʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʩʫʱʝʩʪʚʫʝʪ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʨʝʘ-
ʣʠʟʘʮʠʡ ʢʦʥʢʫʨʝʥʪʥʳʭ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ. ɼʘʚʘʡʪʝ ʨʘʩʩʤʦʪʨʠʤ ʥʝʢʦʪʦʨʳʝ
ʠʟ ʥʠʭ, ʦʪʤʝʪʠʤ ʢʣʶʯʝʚʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʚʳʜʝʣʠʤ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦ-
ʩʪʘʪʢʠ.

1.2.1. ʂʦʥʢʫʨʝʥʪʥʳʡ ʩʧʠʩʦʢ ʩ ʧʨʦʧʫʩʢʘʤʠ ʩʪʘʥʜʘʨʪʥʦʡ ʙʠʙʣʠʦʪʝʢʠ
ʷʟʳʢʘ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Java

ɼʘʛ ʃʠ ʨʝʘʣʠʟʦʚʘʣ ʢʦʥʢʫʨʝʥʪʥʳʡ ʩʧʠʩʦʢ ʩ ʧʨʦʧʫʩʢʘʤʠ ʜʣʷ ʩʪʘʥʜʘʨʪʥʦʡ
ʙʠʙʣʠʦʪʝʢʠ ʷʟʳʢʘ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Java [8] ʚ 2006 ʛʦʜʫ, ʠ ʵʪʘ ʨʝʘʣʠʟʘʮʠʷ
ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʦ ʩʠʭ ʧʦʨ.

ɺ ʩʚʦʝʡ ʨʘʙʦʪʝ ɼʘʛ ʃʠ ʦʧʠʨʘʣʩʷ ʥʘ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʨʫʛʠʭ ʠʩ-
ʩʣʝʜʦʚʘʥʠʷʭ [7, 11]. ʂʣʶʯʝʚʦʡ ʠʜʝʝʡ ʚ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʢʦʥʢʫ-
ʨʝʥʪʥʳʭ ʩʧʠʩʢʦʚ ʙʳʣʦ ʩʦʟʜʘʥʠʝ ʠ ʚʩʪʘʚʢʘ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʫʟʣʘ ʚ ʩʧʠʩʦʢ ʧʨʠ
ʫʜʘʣʝʥʠʠ ʫʟʣʘ. ʊʘʢʦʡ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʡ ʫʟʝʣ ʘʚʪʦʨʳ ʥʘʟʚʘʣʠ ʤʘʨʢʝʨʦʤ ʫʜʘʣʝ-
ʥʠʷ (ʦʨʠʛ. marker). ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʠʣ ʨʝʰʠʪʴ ʧʨʦʙʣʝʤʳ ʩ ʦʧʝʨʘʮʠʷʤʠ
ʚʩʪʘʚʢʠ, ʢʦʥʢʫʨʠʨʫʶʱʠʤʠ ʩ ʦʧʝʨʘʮʠʷʤʠ ʫʜʘʣʝʥʠʷ, ʘ ʠʤʝʥʥʦ ʧʦʟʚʦʣʠʣ ʠʟʙʝ-
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ʞʘʪʴ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʪʦʣʴʢʦ ʯʪʦ ʚʩʪʘʚʣʝʥʥʳʡ ʚ ʩʧʠʩʦʢ ʫʟʝʣ ʦʢʘʞʝʪʩʷ ʥʝʜʦʩʪʠ-
ʞʠʤʳʤ, ʚʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʙʫʜʝʪ ʚʩʪʘʚʣʝʥ ʧʦʩʣʝ ʫʞʝ ʫʜʘʣʝʥʥʦʛʦ ʫʟʣʘ.

ʊʘʢʞʝ ʚ ʵʪʠʭ ʨʘʙʦʪʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʪʘʥʜʘʨʪʥʳʡ ʧʦʜʭʦʜ ʜʣʷ ʥʝʙʣʦʢʠʨʫ-
ʶʱʠʭ ʘʣʛʦʨʠʪʤʦʚ, ʧʨʠ ʢʦʪʦʨʳʤ ʧʦʪʦʢʠ ʠʩʧʦʣʥʝʥʠʷ ñʧʦʤʦʛʘʶʪò ʜʨʫʛʠʤ ʦʧʝ-
ʨʘʮʠʷʤ ʟʘʚʝʨʰʠʪʴʩʷ. ʅʘʧʨʠʤʝʨ, ʧʨʠ ʧʦʠʩʢʝ ʵʣʝʤʝʥʪʘ ʚʦ ʤʥʦʞʝʩʪʚʝ ʧʦʪʦʢ ʠʩ-
ʧʦʣʥʝʥʠʷ ʤʦʞʝʪ ñʧʦʤʦʯʴò ʫʜʘʣʠʪʴ ʧʦʤʝʯʝʥʥʳʡ ʢ ʫʜʘʣʝʥʠʶ ʫʟʝʣ. ʂʨʦʤʝ ʪʦ-
ʛʦ, ɼʘʛ ʃʠ ʚ ʩʚʦʝʡ ʨʝʘʣʠʟʘʮʠʠ ʫʤʝʥʴʰʠʣ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʦʡ ʧʘʤʷʪʠ ʟʘ
ʩʯʝʪ ʧʝʨʝʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʚʥʫʪʨʠ ʫʟʣʦʚ.

ʈʝʘʣʠʟʘʮʠʷ ɼʘʛʘ ʃʠ ʧʦʣʫʯʠʣʦʩʴ ʜʦʚʦʣʴʥʦ ʵʬʬʝʢʪʠʚʥʦʡ ʜʣʷ ʩʚʦʝʛʦ ʚʨʝ-
ʤʝʥʠ ʠ ʩʝʡʯʘʩ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʚʳʙʦʨʦʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʧʦʨʷʜʦʯʝʥ-
ʥʳʭ ʤʥʦʞʝʩʪʚ ʵʣʝʤʝʥʪʦʚ ʚ ʢʦʥʢʫʨʝʥʪʥʳʭ ʧʨʦʛʨʘʤʤʘʭ ʥʘ ʷʟʳʢʝ Java. ʆʜʥʘ-
ʢʦ, ʪʝʩʪʠʨʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʵʪʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩ ʨʦ-
ʩʪʦʤ ʯʠʩʣʘ ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʟʘʧʨʦʩʦʚ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚʩʝʡ
ʩʪʨʫʢʪʫʨʳ ʚ ʮʝʣʦʤ ʟʘʤʝʜʣʷʝʪʩʷ [10].

1.2.2. A Contention-Friendly Non-Blocking Skip List
ɺ ʨʘʙʦʪʝ [12] ʘʚʪʦʨʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʨʘʟʣʠʯʥʳʝ ʚʘʨʠʘʥʪʳ ʨʝʘʣʠʟʘʮʠʠ

ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ. ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʦʜʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʷʚʣʷ-
ʝʪʩʷ ʚʳʜʝʣʝʥʠʝ ʦʪʜʝʣʴʥʦʛʦ ʧʦʪʦʢʘ ʠʩʧʦʣʥʝʥʠʷ, ʥʘʟʳʚʘʝʤʳʤ ʘʚʪʦʨʘʤʠ ʫʧʨʘʚ-
ʣʷʶʱʠʤ ʧʦʪʦʢʦʤ (ʦʨʠʛ. maintenance thread). ʕʪʦʪ ʧʦʪʦʢ ʚʩʝʛʜʘ ʠʩʧʦʣʥʷʝʪʩʷ
ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʤʘʥʠʧʫʣʷʮʠʡ ʩʦ ʩʧʠʩʢʦʤ ʩ ʧʨʦʧʫʩʢʘʤʠ. ʆʥ ʩʣʫʞʠʪ ʜʣʷ ʫʧʨʘʚ-
ʣʝʥʠʷ ʩʪʨʫʢʪʫʨʦʡ ʩʧʠʩʢʘ ʥʘ ʚʝʨʭʥʠʭ ʫʨʦʚʥʷʭ. ɸʚʪʦʨʳ ʨʘʙʦʪʳ ʟʘʤʝʪʠʣʠ, ʯʪʦ
ʫʟʢʠʤ ʤʝʩʪʦʤ ʢʦʥʢʫʨʝʥʪʥʳʭ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ ʤʦʛʫʪ ʷʚʣʷʪʴʩʷ ʦʧʝʨʘʮʠʠ
ʧʦ ʫʜʘʣʝʥʠʶ ʠ ʜʦʙʘʚʣʝʥʠʶ ʫʟʣʦʚ ʥʘ ʚʝʨʭʥʠʭ ʫʨʦʚʥʷʭ. ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ ʧʨʝʜʧʦ-
ʣʦʞʝʥʠʷ ʠʤʠ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʠʜʝʷ, ʯʪʦ ʫʟʣʳ ʙʫʜʫʪ ʜʦʙʘʚʣʷʪʴʩʷ ʠ ʧʦʤʝʯʘʪʴʩʷ
ʢ ʫʜʘʣʝʥʠʶ ʥʘ ʥʠʞʥʠʭ ʫʨʦʚʥʷʭ ʧʦʪʦʢʘʤʠ, ʢʦʪʦʨʳʝ ʵʪʠ ʫʟʣʳ ʩʦʟʜʘʣʠ/ʫʜʘʣʠʣʠ,
ʘ ʫʧʨʘʚʣʷʶʱʠʡ ʧʦʪʦʢ ʙʫʜʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʜʦʙʘʚʣʝʥʠʝ ʠ ʬʠʟʠʯʝʩʢʦʝ ʫʜʘʣʝʥʠʝ
ʵʪʠʭ ʫʟʣʦʚ ʥʘ ʚʝʨʭʥʠʭ ʫʨʦʚʥʷʭ.

ʊʘʢʞʝ ʘʚʪʦʨʘʤʠ ʙʳʣʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʵʚʨʠʩʪʠʢʠ. ʅʘʧʨʠʤʝʨ,
ʚ ʦʜʥʦʤ ʠʟ ʧʨʦʪʝʩʪʠʨʦʚʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʦʥʠ ʧʨʝʜʣʘʛʘʶʪ ʥʠʢʦʛʜʘ ʥʝ ʫʜʘʣʷʪʴ
ʫʟʣʳ ʬʠʟʠʯʝʩʢʠ ʠʟ ʩʧʠʩʢʘ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ
ʨʦʩʪʫ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʦʧʝʨʘʮʠʠ ʫʜʘʣʝʥʠʷ. ʅʦ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚ ʩʣʫʯʘʝ
ʩʠʣʴʥʦ ʤʝʥʷʶʱʝʛʦʩʷ ʥʘʙʦʨʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʧʨʦʛʨʘʤʤʝ ʟʥʘʯʝʥʠʡ ʭʨʘʥʠʤʦ-
ʛʦ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʤʥʦʞʝʩʪʚʘ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʜʣʝʥʠʶ ʜʨʫʛʠʭ ʦʧʝʨʘʮʠʡ ʚʚʠʜʫ
ʨʘʟʨʘʩʪʘʥʠʷ ʩʘʤʦʛʦ ʩʧʠʩʢʘ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʫʟʣʦʚ,
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ʥʝʦʙʭʦʜʠʤʳʭ ʢ ʧʦʩʝʱʝʥʠʶ ʘʣʛʦʨʠʪʤʦʤ. ʊʘʢʞʝ, ʘʚʪʦʨʳ ʨʘʩʩʤʦʪʨʝʣʠ ʨʘʟʣʠʯ-
ʥʳʝ ʚʘʨʠʘʥʪʳ ʢʦʥʬʠʛʫʨʘʮʠʠ ʫʧʨʘʚʣʷʶʱʝʛʦ ʧʦʪʦʢʘ.

ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʚʪʦʨʳ ʩʨʘʚʥʠʣʠ ʨʘʟʣʠʯʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʳ ʩ
ʨʝʰʝʥʠʝʤ ɼʘʛʘ ʃʠ ʠ ʧʦʣʫʯʠʣʠ ʩʫʱʝʩʪʚʝʥʥʳʡ ʧʨʠʨʦʩʪ ʚ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ
ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ, ʘ ʪʘʢʞʝ ʥʝʙʦʣʴʰʦʡ ʧʨʠʨʦʩʪ ʚ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʤʦʜʠʬʠ-
ʮʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ.

ʆʜʥʘʢʦ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʥʝʜʦʩʪʘʪʢʠ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ: ʩ ʨʦʩʪʦʤ ʯʠʩʣʘ ʧʦ-
ʪʦʢʦʚ ʩʠʩʪʝʤʝ ʫʟʢʠʤ ʤʝʩʪʦʤ ʩʪʨʫʢʪʫʨʳ ʩʪʘʥʦʚʠʪʩʷ ʠʤʝʥʥʦ ʫʧʨʘʚʣʷʶʱʠʡ ʧʦ-
ʪʦʢ, ʪʘʢ ʢʘʢ ʪʦʣʴʢʦ ʦʥ ʦʜʠʥ ʙʫʜʝʪ ʦʙʩʣʫʞʠʚʘʪʴ ʚʩʝ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ
ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ ʥʘ ʚʳʩʦʢʠʭ ʫʨʦʚʥʷʭ. ʊʘʢʞʝ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ
ʟʘʚʠʩʠʪ ʦʪ ʧʦʚʝʜʝʥʠʷ ʦʜʥʦʛʦ ʧʦʪʦʢʘ ʠʩʧʦʣʥʝʥʠʷ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ
ʥʝʜʦʩʪʘʪʢʦʤ, ʝʩʣʠ ʥʝʦʙʭʦʜʠʤʘ ʢʦʥʢʫʨʝʥʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ ʩ ʦʞʠʜʘʝʤʳʤ
ʧʦʚʝʜʝʥʠʝʤ, ʥʝ ʩʠʣʴʥʦ ʟʘʚʠʩʷʱʠʤ ʦʪ ʧʦʚʝʜʝʥʠʷ ʧʣʘʥʠʨʦʚʱʠʢʘ ʧʨʦʮʝʩʩʦʨʘ.
ʊʘʢʞʝ, ʥʝʙʦʣʴʰʠʤ ʤʠʥʫʩʦʤ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʧʦʩʪʦʷʥʥʦ ʧʦʪʨʝʙʣʷʶʱʠʡ ʧʨʦʮʝʩ-
ʩʦʨʥʦʝ ʚʨʝʤʷ ʫʧʨʘʚʣʷʶʱʠʡ ʧʦʪʦʢ, ʢʦʪʦʨʳʡ ʘʢʪʠʚʝʥ ʜʘʞʝ ʚ ʤʦʤʝʥʪʳ, ʢʦʛʜʘ ʢ
ʩʪʨʫʢʪʫʨʝ ʥʠʢʪʦ ʥʝ ʦʙʨʘʱʘʝʪʩʷ.

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 1
ɺ ʛʣʘʚʝ ʙʳʣʠ ʧʨʠʚʝʜʝʥʳ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʬʦʨʤʫʣʠʨʦʚʢʠ ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ

ʨʘʙʦʪʝ, ʙʳʣʦ ʧʨʦʠʟʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʜʝʨʝʚʴʝʚ ʧʦʠʩʢʘ ʠ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ
ʚ ʫʩʣʦʚʠʷʭ ʢʦʥʢʫʨʝʥʪʥʳʭ ʠ ʦʜʥʦʧʦʪʦʯʥʳʭ ʧʨʦʛʨʘʤʤ. ʊʘʢʞʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝ-
ʥʳ ʜʚʝ ʠʟʚʝʩʪʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʢʦʥʢʫʨʝʥʪʥʳʭ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ, ʚʳʜʝʣʝʥʳ
ʠʭ ʦʪʣʠʯʠʪʝʣʴʥʳʝ ʯʝʨʪʳ, ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ.
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ɻʃɸɺɸ 2. ʈɸɿʈɸɹʆʊʂɸ ʉʊʈʋʂʊʋʈʓ
ɺ ʵʪʦʡ ʛʣʘʚʝ ʙʫʜʝʪ ʧʨʠʚʝʜʝʥʦ ʦʧʠʩʘʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʜʘʥʥʳʭ,

ʘ ʪʘʢʞʝ ʘʣʛʦʨʠʪʤʦʚ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ ʨʘʙʦʪʳ ʥʘʜ ʤʥʦʞʝʩʪʚʦʤ ʫʧʦʨʷʜʦʯʝʥ-
ʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʦʧʝʨʘʮʠʡ, ʫʧʨʦʱʘʶʱʠʭ ʨʝʘʣʠʟʘ-
ʮʠʶ.

ʇʝʨʝʜʦ ʤʥʦʡ ʙʳʣʘ ʧʦʩʪʘʚʣʝʥʘ ʟʘʜʘʯʘ ʨʘʟʨʘʙʦʪʘʪʴ ʢʦʥʢʫʨʝʥʪʥʳʡ ʩʧʠʩʦʢ
ʩ ʧʨʦʧʫʩʢʘʤʠ, ʫ ʢʦʪʦʨʦʛʦ ʦʜʥʘ ʙʘʰʥʷ ʫʟʣʦʚ ʙʫʜʝʪ ʦʪʚʝʯʘʪʴ ʥʝ ʟʘ ʦʜʠʥ ʵʣʝʤʝʥʪ
ʭʨʘʥʠʤʦʛʦ ʤʥʦʞʝʩʪʚʘ, ʘ ʟʘ ʥʝʩʢʦʣʴʢʦ. ɼʣʷ ʵʪʦʛʦ ʧʨʝʜʣʘʛʘʝʪʩʷ ʭʨʘʥʠʪʴ ʪʘʢʠʝ
ʤʥʦʞʝʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʚ ʤʘʩʩʠʚʘʭ ʚʥʫʪʨʠ ʫʟʣʦʚ. ʊʘʢʦʝ ʨʝʰʝʥʠʝ ʜʦʣʞʥʦ ʫʤʝʥʴ-
ʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʚʳʜʝʣʝʥʠʡ ʠ ʦʯʠʩʪʦʢ ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ, ʩʚʷʟʘʥʥʳʭ ʩ ʩʦ-
ʟʜʘʥʠʝʤ ʠ ʫʜʘʣʝʥʠʝʤ ʫʟʣʦʚ ʠ ʩʩʳʣʦʢ ʦʧʠʩʳʚʘʶʱʠʭ ʩʪʨʫʢʪʫʨʫ ʩʧʠʩʢʘ ʩ ʧʨʦ-
ʧʫʩʢʘʤʠ, ʘ ʪʘʢʞʝ ʤʦʞʝʪ ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʢʵʰ-ʧʨʦʤʘʭʦʚ ʟʘ ʩʯʝʪ ʤʝʥʴ-
ʰʝʛʦ ʯʠʩʣʘ ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʫʟʣʘʤʠ ʠ ʣʦʢʘʣʠʟʦʚʘʥʥʦʩʪʠ ʚ ʧʘʤʷʪʠ ʭʨʘʥʠʤʳʭ
ʟʥʘʯʝʥʠʡ, ʯʪʦ ʜʦʣʞʥʦ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʟʘʪʴʩʷ ʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʩʪʨʫʢ-
ʪʫʨʳ. ʆʜʥʘʢʦ, ʪʘʢʦʝ ʨʝʰʝʥʠʝ ʩʦʟʜʘʝʪ ʩʣʦʞʥʦʩʪʠ ʧʨʠ ʤʦʜʠʬʠʢʘʮʠʠ ʤʘʩʩʠʚʦʚ.
ʅʘʧʨʠʤʝʨ, ʥʝʩʢʦʣʴʢʦ ʘʢʪʠʚʥʳʭ ʧʦʪʦʢʦʚ ʤʦʛʫʪ ʧʳʪʘʪʴʩʷ ʧʨʦʠʟʚʦʜʠʪʴ ʢʦʥʢʫ-
ʨʝʥʪʥʫʶ ʨʘʙʦʪʫ ʥʘʜ ʦʜʥʠʤ ʠʣʠ ʨʘʟʥʳʤʠ ʫʯʘʩʪʢʘʤʠ ʤʘʩʩʠʚʘ, ʥʦ ʧʨʠ ʵʪʦ ʚʩʝ
ʨʘʚʥʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʜʝʨʞʠʚʘʪʴ ʩʦʛʣʘʩʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʫʟʣʘ ʠ ʩʪʨʫʢʪʫʨʳ ʚ
ʮʝʣʦʤ. ʇʦʵʪʦʤʫ ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʨʝʘʣʠʟʦʚʘʪʴ ʦʧʝʨʘʮʠʠ, ʤʦʜʠʬʠʮʠʨʫ-
ʶʱʠʝ ʤʘʩʩʠʚʳ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʣʦʢʠʨʦʚʦʢ, ʥʦ ʧʨʠ ʵʪʦʤ ʨʝʘʣʠʟʦʚʘʪʴ ʧʦʠʩʢ
ʵʣʝʤʝʥʪʘ ʤʥʦʞʝʩʪʚʘ ʚ ʩʪʨʫʢʪʫʨʝ ʥʝʙʣʦʢʠʨʫʶʱʠʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʦʙʭʦʜʠ-
ʤʦ ʨʝʘʣʠʟʦʚʘʪʴ ʚ ʥʘʰʝʡ ʩʪʨʫʢʪʫʨʝ ʜʘʥʥʳʭ ʪʨʠ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʠ ʨʘʙʦʪʳ ʩʦ
ʤʥʦʞʝʩʪʚʘʤʠ:

ð ʥʝʙʣʦʢʠʨʫʶʱʠʡ ʧʦʠʩʢ ʵʣʝʤʝʥʪʘ;
ð ʜʦʙʘʚʣʝʥʠʝ ʵʣʝʤʝʥʪʘ ʢʦ ʤʥʦʞʝʩʪʚʫ;
ð ʫʜʘʣʝʥʠʝ ʵʣʝʤʝʥʪʘ ʠʟ ʤʥʦʞʝʩʪʚʘ.

2.1. ɹʘʟʦʚʳʝ ʩʪʨʫʢʪʫʨʳ
ʇʨʝʞʜʝ ʯʝʤ ʧʝʨʝʭʦʜʠʪʴ ʢ ʦʧʠʩʘʥʠʶ ʘʣʛʦʨʠʪʤʦʚ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ,

ʩʥʘʯʘʣʘ ʥʝʦʙʭʦʜʠʤʦ ʦʧʠʩʘʪʴ ʩ ʢʘʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʨʘʙʦʪʘʶʪ ʵʪʠ ʦʧʝʨʘʮʠʠ,
ʘ ʪʘʢʞʝ ʠʥʚʘʨʠʘʥʪʳ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʚ ʥʠʭ ʧʦʜʜʝʨʞʠʚʘʪʴʩʷ.

NodeArray. ʄʘʩʩʠʚ ʵʣʝʤʝʥʪʦʚ key ʩ ʫʢʘʟʘʪʝʣʝʤ ʥʘ ʧʝʨʚʫʶ ʧʫʩʪʫʶ ʧʦ-
ʟʠʮʠʶ ʚ ʤʘʩʩʠʚʝ end ʚʳʥʝʩʝʥʳ ʚ ʦʪʜʝʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʥʘ
ʣʠʩʪʠʥʛʝ 1, ʜʣʷ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʛʣʘʩʦʚʘʥʥʦʛʦ ʯʪʝʥʠʷ ʦʙʦʠʭ ʧʦʣʝʡ. ʊʘʢʞʝ ʧʨʝʜ-
ʣʘʛʘʝʪʩʷ ʭʨʘʥʠʪʴ ʚʩʝ ʵʣʝʤʝʥʪʳ ʥʘ ʧʨʝʬʠʢʩʝ ʤʘʩʩʠʚʘ, ʪʦ ʝʩʪʴ ʚʩʝ ʧʫʩʪʳʝ ʧʦʟʠ-
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ʮʠʠ ʙʫʜʫʪ ʥʘʭʦʜʠʪʴʩʷ ʥʘ ʩʫʬʬʠʢʩʝ ʤʘʩʩʠʚʘ. ɼʘʣʝʝ ʙʫʜʝʪ ʦʙʲʷʩʥʝʥʦ, ʧʦʯʝʤʫ
ʙʳʣ ʚʳʙʨʘʥ ʠʤʝʥʥʦ ʪʘʢʦʡ ʠʥʚʘʨʠʘʥʪ.

ʃʠʩʪʠʥʛ 1 ï ʆʧʠʩʘʥʠʝ ʤʘʩʩʠʚʘ, ʭʨʘʥʷʱʝʛʦʩʷ ʚ ʫʟʣʝ

class NodeArray:
volatile int end;
AtomicReferenceArray<E> key;

Node. ʊʘʢ ʢʘʢ ʮʝʣʴʶ ʙʳʣʦ ʧʦʩʪʘʚʣʝʥʦ ʵʬʬʝʢʪʠʚʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʵʰ-
ʧʘʤʷʪʠ, ʪʦ ʧʨʝʜʣʘʛʘʝʪʩʷ ʭʨʘʥʠʪʴ ʚʩʶ ʙʘʰʥʶ ʫʟʣʦʚ ʚ ʦʜʥʦʤ ʫʟʣʝ, ʵʪʦ ʧʦʟʚʦʣʠʪ,
ʚʦ-ʧʝʨʚʳʭ, ʩʵʢʦʥʦʤʠʪʴ ʧʘʤʷʪʴ ʥʘ ʩʩʳʣʢʘʭ ʚʥʫʪʨʠ ʙʘʰʥʠ ʫʟʣʦʚ ʠ ʚʩʧʦʤʦʛʘ-
ʪʝʣʴʥʳʭ ʜʘʥʥʳʭ, ʚʦ-ʚʪʦʨʳʭ, ʧʦʟʚʦʣʠʪ ʫʤʝʥʴʰʠʪʴ ʯʠʩʣʦ ʢʵʰ-ʧʨʦʤʘʭʦʚ, ʪʘʢ ʢʘʢ
ʥʝ ʙʫʜʝʪ ʧʝʨʝʭʦʜʦʚ ʚʥʫʪʨʠ ʙʘʰʥʠ ʫʟʣʦʚ.

ʉʦʙʩʪʚʝʥʥʦ, ʩʪʨʫʢʪʫʨʘ ʫʟʣʘ/ʙʘʰʥʠ ʫʟʣʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʣʠʩʪʠʥʛʝ 2,
ʭʨʘʥʠʪ ʚ ʩʝʙʝ ʤʘʩʩʠʚ NodeArray array, ʩʦʜʝʨʞʘʱʠʡ ʵʣʝʤʝʥʪʳ ʤʥʦʞʝʩʪʚʘ;
ʧʝʨʚʦʝ ʟʘʧʠʩʘʥʥʦʝ ʚ ʵʪʦʪ ʫʟʝʣ ʟʥʘʯʝʥʠʝ initialValue; ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʘʩ-
ʩʠʚ ʩʩʳʣʦʢ ʥʘ ʩʣʝʜʫʶʱʠʝ ʫʟʣʳ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʫʨʦʚʥʷʭ next; ʦʙʲʝʢʪ
ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʘʣʛʦʨʠʪʤʘ ʢʨʠʪʠʯʝʩʢʦʡ ʩʝʢʮʠʠ lock; ʜʠʥʘʤʠʯʝʩʢʠʡ ʤʘʩʩʠʚ
ʩʩʳʣʦʢ ʥʘ ʫʟʣʳ deletedBy, ʢʦʪʦʨʳʝ ʷʚʣʷʣʠʩʴ ʧʨʝʜʳʜʫʱʠʤʠ ʚ ʣʦʛʠʯʝʩʢʦʤ
ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩʧʠʩʢʘ ʥʘ ʫʨʦʚʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʠʥʜʝʢʩʫ ʚ ʤʘʩʩʠʚʝ ʚʦ ʚʨʝ-
ʤʷ ʫʜʘʣʝʥʠʷ ʜʘʥʥʦʛʦ ʫʟʣʘ ʩ ʢʦʥʢʨʝʪʥʦʛʦ ʫʨʦʚʥʷ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ, ʘ ʪʘʢʞʝ
ʣʦʛʠʯʝʩʢʘʷ ʧʝʨʝʤʝʥʥʘʷ deleted, ʧʦʢʘʟʳʚʘʶʱʘʷ, ʫʜʘʣʸʥ ʣʠ ʣʦʛʠʯʝʩʢʠ ʵʪʦʪ
ʫʟʝʣ.

ʃʠʩʪʠʥʛ 2 ï ʆʧʠʩʘʥʠʝ ʫʟʣʘ

class Node:
NodeArray array;
E initialValue;
Vector<Node> next;
Lock lock;
Vector<Node> deletedBy;
volatile boolean deleted;

KArraySkipList. ʉʘʤ ʞʝ ʩʧʠʩʦʢ ʩ ʧʨʦʧʫʩʢʘʤʠ ʠʟʥʘʯʘʣʴʥʦ ʧʨʝʜʩʪʘʚʣʷ-
ʝʪ ʠʟ ʩʝʙʷ ʜʚʘ ʫʟʣʘ ð ʛʦʣʦʚʫ H ʠ ʭʚʦʩʪ T, ʘ ʪʘʢʞʝ ʪʝʢʫʱʫʶ ʚʳʩʦʪʫ ʩʧʠʩʢʘ
curHeight ʠ ʜʣʠʥʫ ʤʘʩʩʠʚʦʚ k, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʫʟʣʘʭ.
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ʃʠʩʪʠʥʛ 3 ï ʆʧʠʩʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ

class KArraySkipList:
int k;
Node H;
Node T;
AtomicInteger curHeight;

2.2. ʆʧʠʩʘʥʠʝ ʦʧʝʨʘʮʠʡ ʥʘʜ ʩʪʨʫʢʪʫʨʦʡ
ʇʝʨʚʦʡ ʯʘʩʪʴʶ ʣʶʙʦʡ ʠʟ ʪʨʝʭ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ ʥʘʜ ʢʣʘʩʩʠʯʝʩʢʠʤ

ʩʧʠʩʢʦʤ ʧʨʦʧʫʩʢʦʚ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʫʟʣʘ, ʥʘʜ ʢʦʪʦʨʳʤ ʵʪʫ ʦʧʝʨʘʮʠʶ ʥʝʦʙʭʦ-
ʜʠʤʦ ʩʦʚʝʨʰʠʪʴ. ʅʘʧʨʠʤʝʨ, ʯʪʦʙʳ ʫʜʘʣʠʪʴ ʵʣʝʤʝʥʪ ʠʟ ʩʪʨʫʢʪʫʨʳ, ʥʝʦʙʭʦʜʠ-
ʤʦ ʥʘʡʪʠ ʫʟʝʣ, ʚ ʢʦʪʦʨʦʤ ʵʪʦʪ ʵʣʝʤʝʥʪ ʤʦʛ ʙʳ ʭʨʘʥʠʪʴʩʷ, ʠ ʝʩʣʠ ʥʘʡʜʝʥʥʳʡ
ʫʟʝʣ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʭʨʘʥʠʪ ʫʢʘʟʘʥʥʳʡ ʵʣʝʤʝʥʪ, ʪʦ ʥʝʦʙʭʦʜʠʤʦ ʫʜʘʣʠʪʴ ʜʘʥ-
ʥʳʡ ʫʟʝʣ, ʘ ʪʘʢʞʝ ʚʩʝ ʫʟʣʳ ʠʟ ʙʘʰʥʠ ʝʤʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ. ʇʦʵʪʦʤʫ ʜʣʷ ʥʘ-
ʯʘʣʘ ʥʝʦʙʭʦʜʠʤʦ ʥʘʫʯʠʪʴʩʷ ʥʘʭʦʜʠʪʴ ʥʫʞʥʳʡ ʫʟʝʣ, ʚ ʤʘʩʩʠʚʝ ʢʦʪʦʨʦʛʦ ʧʦʪʝʥ-
ʮʠʘʣʴʥʦ ʤʦʛ ʙʳ ʥʘʭʦʜʠʪʴʩʷ ʵʣʝʤʝʥʪ, ʥʘʜ ʢʦʪʦʨʳʤ ʚʳʧʦʣʥʷʝʪʩʷ ʦʧʝʨʘʮʠʷ.

ɼʣʷ ʥʘʯʘʣʘ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʪʨʠʚʠʘʣʴʥʳʤ ʨʝʰʝʥʠʝʤ ʙʫʜʝʪ ʧʦʜʜʝʨ-
ʞʠʚʘʪʴ ʠʥʚʘʨʠʘʥʪ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ ʪʘʢʦʡ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʡ ʵʣʝʤʝʥʪ ʣʶʙʦ-
ʛʦ ʤʘʩʩʠʚʘ ʫʟʣʘ ʩʪʨʦʛʦ ʤʝʥʴʰʝ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ, ʭʨʘʥʷʱʝʛʦʩʷ ʚ ʤʘʩʩʠʚʘʭ ʫʟʣʦʚ,
ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʨʘʚʝʝ ʚ ʣʦʛʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ. ʊʘ-
ʢʠʤ ʦʙʨʘʟʦʤ ʜʣʷ ʧʦʠʩʢʘ ʫʟʣʘ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʭʨʘʥʷʱʝʛʦ ʟʘʜʘʥʥʳʡ ʵʣʝʤʝʥʪ, ʜʦ-
ʩʪʘʪʦʯʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʘʣʛʦʨʠʪʤ ʧʝʨʝʭʦʜʘ ʢ ʩʣʝʜʫʶʱʝʤʫ ʫʟʣʫ ʚ ʢʣʘʩʩʠʯʝ-
ʩʢʦʤ ʘʣʛʦʨʠʪʤʝ ʧʦʠʩʢʘ ʫʟʣʘ: ʥʘʡʪʠ ʚ ʤʘʩʩʠʚʝ ʩʣʝʜʫʶʱʝʛʦ ʥʘ ʪʝʢʫʱʝʤ ʫʨʦʚʥʝ
ʫʟʣʘ ʥʘʠʤʝʥʴʰʠʡ ʵʣʝʤʝʥʪ ʠ ʩʨʘʚʥʠʪʴ ʩ ʟʘʜʘʥʥʳʤ ʠ ʝʩʣʠ ʥʘʠʤʝʥʴʰʠʡ ʵʣʝʤʝʥʪ
ʤʝʥʴʰʝ ʠʣʠ ʨʘʚʝʥ ʟʘʜʘʥʥʦʛʦ, ʪʦ ʧʝʨʝʡʪʠ ʢ ʩʣʝʜʫʶʱʝʤʫ ʫʟʣʫ ʥʘ ʫʨʦʚʥʝ, ʠʥʘʯʝ
ʧʝʨʝʡʪʠ ʥʘ ʫʨʦʚʝʥʴ ʥʠʞʝ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʧʝʨʝʭʦʜ ʩʦʚʝʨʰʠʪʴ ʥʝʚʦʟʤʦʞʥʦ, ʪʦ
ʪʝʢʫʱʠʡ ʫʟʝʣ ʠ ʷʚʣʷʝʪʩʷ ʠʩʢʦʤʳʤ. ʕʪʦʪ ʘʣʛʦʨʠʪʤ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʣʠʩʪʠʥʛʝ 4.

ɿʘʤʝʪʠʤ, ʯʪʦ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʤʠʥʠʤʫʤʘ ʚ ʤʘʩʩʠʚʝ ʙʫʜʝʪ ʥʝʦʙʭʦʜʠʤʦ
ʧʨʦʚʝʨʠʪʴ ʚʩʝ ʟʥʘʯʘʱʠʝ ʵʣʝʤʝʥʪʳ, ʯʪʦ ʧʦʪʨʝʙʫʝʪ ʚ ʭʫʜʰʝʤ ʩʣʫʯʘʝ k ʠʪʝʨʘʮʠʡ,
ʛʜʝ k ð ʜʣʠʥʘ ʤʘʩʩʠʚʦʚ. ʄʦʞʥʦ ʙʳʣʦ ʙʳ ʧʦʜʜʝʨʞʠʚʘʪʴ ʚ ʢʘʞʜʦʤ ʫʟʣʝ ʘʢʪʫ-
ʘʣʴʥʳʡʤʠʥʠʤʫʤʤʘʩʩʠʚʘ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʝʛʦ ʧʦʠʩʢʘ, ʦʜʥʘʢʦ ʧʨʠ
ʫʜʘʣʝʥʠʠ ʤʠʥʠʤʘʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʠʟ ʤʘʩʩʠʚʘ ʚʩʝ ʨʘʚʥʦ ʧʨʠʜʝʪʩʷ ʩʦʚʝʨʰʠʪʴ ʚ
ʭʫʜʰʝʤ ʩʣʫʯʘʝ k ʠʪʝʨʘʮʠʡ ʜʣʷ ʧʦʠʩʢʘ ʥʦʚʦʛʦ ʤʠʥʠʤʫʤʘ.

ʇʦʵʪʦʤʫ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʠ ʩʦʟʜʘʥʠʠ ʢʘʞʜʦʛʦ ʫʟʣʘ ʦʪʜʝʣʴʥʦ ʟʘʧʠʩʳʚʘʪʴ
ʚ ʥʝʛʦ, ʩ ʢʘʢʠʤ ʵʣʝʤʝʥʪʦʚ ʵʪʦʪ ʫʟʝʣ ʙʳʣ ʩʦʟʜʘʥ (ʫʟʣʳ ʩʦʟʜʘʶʪʩʷ ʭʦʪʷ ʙʳ ʩ ʦʜ-
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ʃʠʩʪʠʥʛ 4 ï ɸʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʫʟʣʘ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʭʨʘʥʷʱʝʛʦ ʟʘʜʘʥʥʦʝ ʟʥʘʯʝ-
ʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʥʠʤʫʤʘ ʤʘʩʩʠʚʦʚ

function find(v) : Node
cur H
curLevel curHeight.get()
while curLevel > 0 do

next cur:next.get(curLevel)
while next 6= T && next:array.min() 6 v do

cur next
next cur:next.get(curLevel)

end while
curLevel curLevel � 1

end while
return cur

end function

ʥʠʤ ʵʣʝʤʝʥʪʦʤ ʚ ʤʘʩʩʠʚʝ. ɻʦʣʦʚʝ ʠ ʭʚʦʩʪʫ ʧʨʠʩʚʘʠʚʘʶʪʩʷ�1 ʠ +1 ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ). ɿʘʪʝʤ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʦʜʜʝʨʞʠʚʘʪʴ ʩʣʝʜʫʶʱʠʡ ʠʥʚʘʨʠʘʥʪ ʥʘ ʣʦʛʠʯʝ-
ʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩʧʠʩʢʘ: ʚʩʝ ʫʟʣʳ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʧʨʘʚʝʝ ʚʳʙʨʘʥʥʦʛʦ
(ʚʢʣʶʯʘʷ ʩʘʤ ʚʳʙʨʘʥʥʳʡ ʫʟʝʣ), ʭʨʘʥʷʪ ʵʣʝʤʝʥʪʳ ʙʦʣʴʰʠʝ ʠʣʠ ʨʘʚʥʳʝ ʧʝʨʚʦʤʫ
ʟʘʧʠʩʘʥʥʦʤʫ ʚ ʚʳʙʨʘʥʥʳʡ ʫʟʝʣ ʵʣʝʤʝʥʪʫ, ʘ ʚʩʝ ʫʟʣʳ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʣʝʚʝʝ
ʚʳʙʨʘʥʥʦʛʦ ʫʟʣʘ ʚ ʣʦʛʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩʧʠʩʢʘ, ʭʨʘʥʷʪ ʵʣʝʤʝʥʪʳ ʤʝʥʴ-
ʰʠʝ ʧʝʨʚʦʛʦ ʟʘʧʠʩʘʥʥʦʛʦ ʚ ʚʳʙʨʘʥʥʳʡ ʫʟʝʣ ʵʣʝʤʝʥʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʚʳʝ
ʟʘʧʠʩʘʥʥʳʝ ʚ ʫʟʣʳ ʵʣʝʤʝʥʪʳ ʙʫʜʫʪ ʟʘʜʘʚʘʪʴ ñʦʪʨʝʟʢʠò ʚ ʣʦʛʠʯʝʩʢʦʤ ʧʨʝʜʩʪʘʚ-
ʣʝʥʠʠ ʩʧʠʩʢʘ, ʥʘ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʢʘʢʦʡ-ʣʠʙʦ ʵʣʝʤʝʥʪ. ʇʨʠʤʝʨ ʠʥ-
ʚʘʨʠʘʥʪʘ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 4. ʊʝʧʝʨʴ ʚ ʘʣʛʦʨʠʪʤʝ ʧʦʠʩʢʘ ʫʟʣʘ ʤʦʞʥʦ ʟʘʤʝ-
ʥʠʪʴ next.array.min() ʥʘ next.initialValue. ʈʝʟʫʣʴʪʠʨʫʶʱʠʡ ʘʣʛʦʨʠʪʤ ʧʨʠʚʝʜʝʥ
ʥʘ ʣʠʩʪʠʥʛʝ 5.

ʈʠʩʫʥʦʢ 4 ï ʇʨʠʤʝʨ ʦʪʨʝʟʢʦʚ, ʟʘʜʘʚʘʝʤʳʭ ʧʝʨʚʳʤʠ ʟʘʧʠʩʘʥʥʳʤʠ ʚ ʫʟʣʳ
ʟʥʘʯʝʥʠʷʤʠ
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ʃʠʩʪʠʥʛ 5 ï ɸʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʫʟʣʘ

function find(v) : Node
cur H
curLevel curHeight.get()
while curLevel > 0 do

next cur:next.get(curLevel)
while next 6= T && next:initialV alue 6 v do

cur next
next cur:next.get(curLevel)

end while
curLevel curLevel � 1

end while
return cur

end function

2.2.1. ɺʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʦʧʝʨʘʮʠʠ
ʈʘʩʩʤʦʪʨʠʤ ʜʚʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝʬʫʥʢʮʠʠ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ

ʜʘʣʝʝ.
ʇʝʨʚʘʷ ʬʫʥʢʮʠʷ firstNotPhysicallyDeleted ʧʦʤʦʞʝʪ ʠʟʙʝʞʘʪʴ

ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʧʦʩʣʝ ʧʦʠʩʢʘ ʫʟʣʘ ʠ ʚʟʷʪʠʷ ʥʘ ʥʝʛʦ ʙʣʦʢʠʨʦʚʢʠ ʦʥ ʤʦʛ ʦʢʘ-
ʟʘʪʴʩʷ ʬʠʟʠʯʝʩʢʠ ʫʜʘʣʝʥʥʳʤ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʟʘʧʫʩʪʠʪʴ ʘʣ-
ʛʦʨʠʪʤ ʧʦʠʩʢʘ ʩʥʘʯʘʣʘ, ʥʦ ʵʪʦ ʥʝ ʜʘʝʪ ʛʘʨʘʥʪʠʡ, ʯʪʦ ʤʳ ʦʧʷʪʴ ʥʝ ʦʢʘʞʝʤʩʷ
ʚ ʪʘʢʦʡ ʞʝ ʩʠʪʫʘʮʠʠ. ʉʦʙʩʪʚʝʥʥʦ, ʬʫʥʢʮʠʷ ʥʘʭʦʜʠʪ ʬʠʟʠʯʝʩʢʠ ʥʝ ʫʜʘʣʝʥʥʳʡ
ʫʟʝʣ, ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʣʝʚʝʝ ʟʘʜʘʥʥʦʛʦ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴ-
ʟʫʶʪʩʷ ʩʩʳʣʢʠ deletedBy. ʕʪʘ ʬʫʥʢʮʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʣʠʩʪʠʥʛʝ 6. ʆʥʘ
ʧʨʠʥʠʤʘʝʪ ʫʟʝʣ, ʩʯʠʪʘʷ, ʯʪʦ ʧʦʪʦʢ ʚʳʟʚʘʚʰʠʡ ʝʝ ʜʝʨʞʠʪ ʥʘ ʥʝʤ ʙʣʦʢʠʨʦʚʢʫ.
ɿʘʪʝʤ ʧʨʦʚʝʨʷʝʪ ʥʝ ʙʳʣ ʣʠ ʫʟʝʣ ʬʠʟʠʯʝʩʢʠ ʫʜʘʣʝʥ ʩ ʪʝʢʫʱʝʛʦ ʫʨʦʚʥʷ ʠ, ʝʩ-
ʣʠ ʙʳʣ, ʧʝʨʝʭʦʜʠʪ ʢ ʫʟʣʫ, ʢʦʪʦʨʳʡ ʷʚʣʷʣʩʷ ʧʨʝʜʳʜʫʱʠʤ ʚʦ ʚʨʝʤʷ ʫʜʘʣʝʥʠʷ,
ʠʩʧʦʣʴʟʫʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʩʩʳʣʢʠ ʠʟ ʚʝʢʪʦʨʘ deletedBy.

ɺʪʦʨʘʷ ʬʫʥʢʮʠʷ moveForwardBlocking ʧʦʤʦʞʝʪ ʠʟʙʝʞʘʪʴ ʩʠʪʫʘʮʠʠ,
ʢʦʛʜʘ ʧʦʩʣʝ ʧʦʠʩʢʘ ʠ ʚʟʷʪʠʷ ʙʣʦʢʠʨʦʚʢʠ ʥʘ ʫʟʝʣ ʦʥ ʤʦʛ ʦʢʘʟʘʪʴʩʷ ʫʞʝ ʥʝ ʘʢ-
ʪʫʘʣʴʥʳʤ ʜʣʷ ʵʪʦʡ ʦʧʝʨʘʮʠʠ, ʘ ʘʢʪʫʘʣʴʥʳʡ ʥʘʭʦʜʠʪʩʷ ʜʘʣʴʰʝ ʧʦ ʩʧʠʩʢʫ ʨʘʩ-
ʩʤʘʪʨʠʚʘʝʤʦʛʦ ʫʨʦʚʥʷ. ʌʫʥʢʮʠʷ ʧʨʠʥʠʤʘʝʪ ʫʟʝʣ, ʫʨʦʚʝʥʴ ʩʧʠʩʢʘ ʠ ʟʥʘʯʝʥʠʝ.
ʌʫʥʢʮʠʷ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʧʦʪʦʢ, ʚʳʟʚʘʚʰʠʡ ʝʝ, ʜʝʨʞʠʪ ʙʣʦʢʠʨʦʚʢʫ ʥʘ ʧʝʨʝ-
ʜʘʥʥʳʡ ʫʟʝʣ. ʇʦʜ ʙʣʦʢʠʨʦʚʢʘʤʠ ʬʫʥʢʮʠʷ ʥʘʭʦʜʠʪ ʫʟʝʣ ʪʘʢʦʡ, ʯʪʦ ʥʘʯʘʣʴʥʦʝ
ʟʥʘʯʝʥʠʝ initialMin ʩʣʝʜʫʶʱʝʛʦ ʟʘ ʥʠʤ ʫʟʣʘ ʩʪʨʦʛʦ ʙʦʣʴʰʝ ʧʝʨʝʜʘʥʥʦʛʦ ʚ
ʬʫʥʢʮʠʶ ʟʥʘʯʝʥʠʷ. ʌʫʥʢʮʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʣʠʩʪʠʥʛʝ 7.
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ʃʠʩʪʠʥʛ 6 ï ʌʫʥʢʮʠʷ ʧʦʠʩʢʘ ʬʠʟʠʯʝʩʢʠ ʥʝ ʫʜʘʣʝʥʥʦʛʦ ʫʟʣʘ ʥʘ ʟʘʜʘʥʥʦʤ
ʫʨʦʚʥʝ

function firstNotPhysicallyDeleted(inputNode; level) : Node
cur inputNode
height cur:next.size()
notDeletedLevels height� cur:deletedBy.size()
while cur:deleted && notDeletedLevels� 1 < level do

prev cur:deletedBy.get(height� level � 1)
cur:lock.unlock()
cur prev
cur:lock.lock()
height cur:next.size()
notDeletedLevels height� cur:deletedBy.size()

end while
return cur

end function

ʃʠʩʪʠʥʛ 7 ï ʌʫʥʢʮʠʷ ʧʦʠʩʢʘ ʫʟʣʘ ʧʦʪʝʥʮʠʘʣʴʥʦ ʭʨʘʥʷʱʝʛʦ ʧʝʨʝʜʘʥʥʦʝ ʟʥʘʯʝ-
ʥʠʝ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ

function moveForwardBlocking(inputNode; level; v) : Node
cur firstNotPhysicallyDeleted(inputNode; level)
next cur:next.get(level)
while next 6= tail && v > next:initialMin do

next:lock.lock()
cur:lock.unlock()
cur next
next next:next.get(level)

end while
return cur

end function

2.3. ʈʘʟʙʦʨ ʘʣʛʦʨʠʪʤʦʚ ʦʧʝʨʘʮʠʡ
ɺ ʵʪʦʤ ʨʘʟʜʝʣʝ ʙʫʜʫʪ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʦʪʨʝʥʳ ʠ ʦʙʲʷʩʥʝʥʳ ʘʣʛʦʨʠʪʤʳ ʦʩ-

ʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ.

2.3.1. ɼʦʙʘʚʣʝʥʠʝ ʠ ʫʜʘʣʝʥʠʝ ʵʣʝʤʝʥʪʘ
ʇʝʨʚʳʤʠ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʜʦʙʘʚʣʝʥʠʝ ʠ ʫʜʘʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʠʟ ʩʧʠʩʢʘ

ʩ ʧʨʦʧʫʩʢʘʤʠ, ʪʘʢ ʢʘʢ ʦʥʠ ʜʦʚʦʣʴʥʳ ʧʦʭʦʞʠ.
ʇʣʘʥ ʚʳʧʦʣʥʝʥʠʷ ʣʶʙʦʡ ʦʧʝʨʘʮʠʠ ʥʘʜ ʩʧʠʩʢʦʤ ʩ ʧʨʦʧʫʩʢʘʤʠ ʤʦʞʥʦ

ʦʧʠʩʘʪʴ ʜʚʫʤʷ ʰʘʛʘʤʠ: ʧʦʠʩʢ ʫʟʣʘ, ʥʘʜ ʢʦʪʦʨʳʤ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʦʧʝ-
ʨʘʮʠʶ, ʠ, ʩʦʙʩʪʚʝʥʥʦ, ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʠ ʥʘʜ ʥʘʡʜʝʥʥʳʤ ʫʟʣʦʤ, ʝʩʣʠ ʧʦ-
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ʪʨʝʙʫʝʪʩʷ. ɼʦʚʦʣʴʥʦ ʯʘʩʪʦ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ ʧʨʠ ʧʦʠʩʢʝ
ʫʟʣʘ ʧʝʨʝʜ ʚʳʧʦʣʥʝʥʠʝʤ ʥʘʜ ʥʠʤ ʦʧʝʨʘʮʠʠ ʩʦʭʨʘʥʷʶʪ ʚʩʝ ʫʟʣʳ, ʢʦʪʦʨʳʝ ʙʳʣʠ
ʧʦʩʝʱʝʥʳ ʚʦ ʚʨʝʤʷ ʧʦʠʩʢʘ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ, ʚ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʜʦʙʘʚʠʪʴ
ʫʟʝʣ, ʥʝ ʚʳʧʦʣʥʷʪʴ ʧʦʠʩʢ ʧʦʟʠʮʠʡ ʥʘ ʫʨʦʚʥʷʭ ʚʳʰʝ, ʥʘ ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ
ʚʩʪʘʚʠʪʴ ʫʟʝʣ. ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʧʦʠʩʢʘ ʫʟʣʘ ʚʦ ʚʨʝʤʷ ʦʧʝʨʘʮʠʠ ʫʜʘʣʝʥʠʷ ʧʨʠ-
ʤʝʥʠʤ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʪʦʛʦ, ʯʪʦ ʠʱʝʤ ʥʝ ʩʘʤ ʫʟʝʣ, ʘ
ʫʟʝʣ, ʢʦʪʦʨʳʡ ʙʳ ʥʘʭʦʜʠʣʩʷ ʧʝʨʝʜ ʠʩʢʦʤʳʤ.

ʊʘʢ ʢʘʢ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʪʨʫʢʪʫʨʝ ʚ ʫʟʣʘʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʘʩʩʠʚʳ, ʪʦ
ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʧʝʨʘʮʠʡ ʚʩʪʘʚʢʠ (ʘ ʪʘʢʞʝ ʫʜʘʣʝʥʠʷ) ʙʫʜʫʪ ʟʘʢʘʥʯʠʚʘʪʴʩʷ
ʙʝʟ ʟʘʪʨʘʛʠʚʘʥʠʷ ʜʨʫʛʠʭ ʫʟʣʦʚ. ʊʦ ʝʩʪʴ, ʜʦʚʦʣʴʥʦ ʯʘʩʪʦ ʥʝ ʚʦʟʥʠʢʥʝʪ ʥʝʦʙʭʦ-
ʜʠʤʦʩʪʠ ʠʟʤʝʥʷʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʠʣʠ
ʫʜʘʣʝʥʠʷ ʫʟʣʦʚ. ʊʘʢʞʝ, ʦʧʝʨʘʮʠʠ ʤʦʛʫʪ ʠ ʚʦʚʩʝ ʟʘʚʝʨʰʘʪʴʩʷ ʥʠʯʝʛʦ ʥʝ ʠʟʤʝʥʠʚ
ʚ ʩʪʨʫʢʪʫʨʝ, ʪʘʢ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʵʣʝʤʝʥʪʘ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ, ʯʪʦ
ʵʣʝʤʝʥʪ ʫʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʩʪʨʫʢʪʫʨʝ. ʂʨʦʤʝ ʪʦʛʦ, ʜʘʞʝ ʝʩʣʠ ʧʨʠʜʝʪʩʷ ʩʦʟʜʘʪʴ
ʥʦʚʳʡ ʫʟʝʣ, ʪʦ ʚ ʧʦʣʦʚʠʥʝ ʩʣʫʯʘʝʚ (ʚʝʨʦʷʪʥʦʩʪʴ ʫʚʝʣʠʯʝʥʠʝ ʚʳʩʦʪʳ ʙʘʰʥʠ ʥʘ
ʦʜʠʥ ʨʘʚʥʷʝʪʩʷ 0:5) ʜʦʩʪʘʪʦʯʥʦ ʟʥʘʪʴ ʧʦʟʠʮʠʶ ʚʩʪʘʚʢʠ ʪʦʣʴʢʦ ʥʘ ʩʘʤʦʤ ʥʠʞ-
ʥʝʤ ʫʨʦʚʥʝ. ʕʪʫ ʠʥʬʦʨʤʘʮʠʶ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ, ʯʪʦʙʳ ʩʵʢʦʥʦʤʠʪʴ ʚʨʝʤʷ ʠ
ʧʘʤʷʪʴ ʥʝ ʩʦʭʨʘʥʷʷ ʵʪʦʪ ʧʫʪʴ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʞʝ ʠʥʬʦʨʤʘʮʠʷ ʦ ʧʫʪʠ ʚʩʝ ʪʘʢʠ
ʧʦʥʘʜʦʙʠʪʩʷ ʜʣʷ ʜʦʙʘʚʣʝʥʠʷ/ʫʜʘʣʝʥʠʷ ʫʟʣʘ, ʧʨʝʜʣʘʛʘʝʪʩʷ ʟʘʧʫʩʪʠʪʴ ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʱʠʡ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ, ʥʦ ʫʞʝ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʨʦʡʜʝʥʥʦʛʦ ʧʫʪʠ.

ʇʦʩʣʝ ʥʘʭʦʞʜʝʥʠʷ ʫʟʣʘ, ʥʘʜ ʢʦʪʦʨʳʤ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʦʧʝʨʘ-
ʮʠʶ, ʤʦʞʥʦ ʧʝʨʝʭʦʜʠʪʴ ʢ ʚʳʧʦʣʥʝʥʠʶ ʦʧʝʨʘʮʠʠ. ʆʜʥʘʢʦ, ʟʘʤʝʪʠʤ, ʯʪʦ ʦʧʝ-
ʨʘʮʠʷ ʧʦʠʩʢʘ ʫʟʣʘ ʷʚʣʷʝʪʩʷ ʥʝʙʣʦʢʠʨʫʶʱʝʡ, ʠ ʧʦʩʣʝ ʧʦʣʫʯʝʥʠʷ ʝʝ ʨʝʟʫʣʴ-
ʪʘʪʘ ʠ ʜʦ ʥʘʯʘʣʘ ʚʳʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʠ ʫ ʥʘʩ ʥʝʪ ʛʘʨʘʥʪʠʡ, ʯʪʦ ʥʘʤ ʚʩʝ ʝʱʝ
ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʦʧʝʨʘʮʠʶ ʠʤʝʥʥʦ ʥʘʜ ʥʘʡʜʝʥʥʳʤ ʫʟʣʦʤ. ʅʘʧʨʠʤʝʨ,
ʜʨʫʛʦʡ ʧʦʪʦʢ ʤʦʛ ʫʜʘʣʠʪʴ ʥʘʡʜʝʥʥʳʡ ʫʟʝʣ ʠʟ ʩʧʠʩʢʘ ʜʦ ʪʦʛʦ, ʢʘʢ ʤʳ ʚʦʟʴ-
ʤʝʤ ʥʘ ʥʝʛʦ ʙʣʦʢʠʨʦʚʢʫ, ʠʣʠ ʞʝ ʵʣʝʤʝʥʪ, ʥʘʜ ʢʦʪʦʨʳʤ ʚʳʧʦʣʥʷʝʪʩʷ ʦʧʝʨʘ-
ʮʠʷ ʦʢʘʞʝʪʩʷ ʚ ʫʟʣʝ ʩʣʝʜʫʶʱʠʤ ʟʘ ʥʘʡʜʝʥʥʳʤ ʧʦʩʣʝ ʨʘʟʙʠʝʥʠʷ ʥʘʡʜʝʥʥʦʛʦ
ʥʘ ʜʚʘ. ʇʦʵʪʦʤʫ, ʧʨʝʜʣʘʛʘʝʪʩʷ ʚʟʷʪʴ ʙʣʦʢʠʨʦʚʢʫ ʥʘ ʥʘʡʜʝʥʥʳʡ ʫʟʝʣ ʠ ʚʳʧʦʣ-
ʥʠʪʴ ʧʦʠʩʢ ʫʟʣʘ, ʥʦ ʫʞʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʣʦʢʠʨʦʚʦʢ, ʯʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʪʘ-
ʢʠʝ ʩʠʪʫʘʮʠʠ. ɼʣʷ ʵʪʦʛʦ ʟʘʧʫʩʢʘʝʪʩʷ ʬʫʥʢʮʠʷ ʧʦʠʩʢʘ ʫʟʣʘ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ
moveForwardBlocking, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʣʠʩʪʠʥʛʝ 7. ʈʘʩʩʤʦʪʨʠʤ ʧʦ-
ʜʨʦʙʥʝʝ ʧʦʯʝʤʫ ʵʪʦ ʥʝʦʙʭʦʜʠʤʦ.
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ʉʥʘʯʘʣʘ, ʵʪʘ ʬʫʥʢʮʠʷ ʚʳʟʳʚʘʝʪ ʚʩʧʦʤʦʛʘʪʝʣʴʥʫʶ ʬʫʥʢʮʠʶ
firstNotPhysicallyDeleted, ʧʨʦʚʝʨʷʷ ʙʳʣ ʣʠ ʜʘʥʥʳʡ ʫʟʝʣ ʬʠʟʠ-
ʯʝʩʢʠ ʫʜʘʣʝʥ ʠʟ ʩʧʠʩʢʘ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ ʠ ʝʩʣʠ ʙʳʣ, ʧʝʨʝʭʦʜʠʪ ʢ ʫʟʣʫ,
ʢʦʪʦʨʳʡ ʙʳʣ ʧʨʝʜʳʜʫʱʠʤ ʚ ʤʦʤʝʥʪ ʫʜʘʣʝʥʠʷ. ʕʪʦʪ ʘʣʛʦʨʠʪʤ ʧʦʚʪʦʨʷʝʪʩʷ
ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʝ ʙʫʜʝʪ ʥʘʡʜʝʥ ʫʟʝʣ, ʢʦʪʦʨʳʡ ʝʱʝ ʥʝ ʙʳʣ ʬʠʟʠʯʝʩʢʠ
ʫʜʘʣʝʥ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ ʠ ʚʦʟʚʨʘʱʘʝʪ ʝʛʦ. ʇʦʩʣʝ ʵʪʦʛʦ, ʚʳʧʦʣʥʷʝʪʩʷ ʧʦʠʩʢ
ʵʣʝʤʝʥʪʘ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ, ʥʘʜ ʢʦʪʦʨʳʤ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʦʧʝʨʘʮʠʶ,
ʠ ʥʘʡʜʝʥʥʳʡ ʫʟʝʣ ʚʦʟʚʨʘʱʘʝʪʩʷ. ʊʘʢ ʢʘʢ ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ ʙʣʦʢʠʨʦʚʢʠ ʧʨʠ
ʧʝʨʝʭʦʜʝ ʢ ʩʣʝʜʫʶʱʝʤʫ ʫʟʣʫ, ʧʦʩʣʝ ʚʳʭʦʜʘ ʠʟ ʵʪʦʡ ʬʫʥʢʮʠʠ ʫʟʝʣ ʙʫʜʝʪ
ʷʚʣʷʪʴʩʷ ʪʝʤ, ʥʘʜ ʢʦʪʦʨʳʤ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʠʪʴ ʦʧʝʨʘʮʠʶ. ɿʘʤʝʪʠʤ, ʯʪʦ
ʜʨʫʛʠʝ ʧʦʪʦʢʠ ʥʝ ʤʦʛʣʠ ʬʠʟʠʯʝʩʢʠ ʫʜʘʣʠʪʴ ʥʘʡʜʝʥʥʳʡ ʫʟʝʣ, ʪʘʢ ʢʘʢ ʠʤ ʙʳ
ʧʦʪʨʝʙʦʚʘʣʦʩʴ ʚʟʷʪʴ ʙʣʦʢʠʨʦʚʢʫ ʥʘ ʧʨʝʜʳʜʫʱʠʡ, ʯʪʦ ʩʜʝʣʘʣ ʪʝʢʫʱʠʡ ʧʦʪʦʢ.
ɼʦʙʘʚʠʪʴ ʥʦʚʳʡ ʫʟʝʣ ʧʦʩʣʝ ʥʘʡʜʝʥʥʦʛʦ ʜʨʫʛʠʝ ʧʦʪʦʢʠ ʥʝ ʩʤʦʛʣʠ ʙʳ, ʪʘʢ ʢʘʢ
ʠʤ ʙʳ ʧʨʠʰʣʦʩʴ ʚʟʷʪʴ ʙʣʦʢʠʨʦʚʢʫ ʥʘ ʥʘʡʜʝʥʥʳʡ. ʊʝʧʝʨʴ ʤʦʞʥʦ ʚʳʧʦʣʥʠʪʴ
ʦʧʝʨʘʮʠʶ ʥʘʜ ʫʟʣʦʤ.

ʌʫʥʢʮʠʷ ʜʦʙʘʚʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʠʱʝʪ ʥʘ ʧʨʝʬʠʢʩʝ ʤʘʩʩʠʚʘ ʧʝʨʝʜʘʥʥʳʡ
ʵʣʝʤʝʥʪ ʠ, ʝʩʣʠ ʝʛʦ ʥʝʪ, ʪʦ ʚʩʪʘʚʣʷʝʪ ʵʣʝʤʝʥʪ ʥʘ ʧʝʨʚʫʶ ʧʫʩʪʫʶ ʧʦʟʠʮʠʠ ʠ
ʫʚʝʣʠʯʠʚʘʝʪ ʠʥʜʝʢʩ ʧʝʨʚʦʡ ʧʫʩʪʦʡ ʧʦʟʠʮʠʠ ʥʘ ʝʜʠʥʠʮʫ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʧʫ-
ʩʪʳʝ ʧʦʟʠʮʠʠ ʙʳʣʠ, ʪʦ ʧʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʦʧʝʨʘʮʠʶ ʤʦʞʥʦ ʟʘʚʝʨ-
ʰʠʪʴ. ʀʥʘʯʝ, ʝʩʣʠ ʚ ʫʟʣʝ ʥʝ ʦʢʘʟʘʣʦʩʴ ʧʫʩʪʳʭ ʧʦʟʠʮʠʡ, ʪʦ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʦʟʜʘʪʴ
ʥʦʚʳʡ ʫʟʝʣ, ʘ ʪʘʢʞʝ ʥʦʚʳʡ ʤʘʩʩʠʚ ʜʣʷ ʪʝʢʫʱʝʛʦ ʫʟʣʘ. ɿʘʪʝʤ ʧʝʨʝʨʘʩʧʨʝʜʝ-
ʣʠʪʴ ʵʣʝʤʝʥʪʳ ʤʝʞʜʫ ʤʘʩʩʠʚʘʤʠ ʥʦʚʦʛʦ ʫʟʣʘ ʠ ʥʦʚʳʤ ʤʘʩʩʠʚʦʤ ʜʣʷ ʪʝʢʫʱʝʛʦ
ʫʟʣʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʚʩʝ ʵʣʝʤʝʥʪʳ ʙʦʣʴʰʠʝ ʜʦʙʘʚʣʷʝʤʦʛʦ ʦʢʘʟʘʣʠʩʴ ʚ
ʥʦʚʦʤ ʫʟʣʝ, ʘ ʦʩʪʘʚʰʠʝʩʷ ʚ ʩʪʘʨʦʤ. ʌʫʥʢʮʠʷ ʩʦʟʜʘʶʱʘʷ ʥʦʚʳʡ ʫʟʝʣ ʠ ʚʳʧʦʣ-
ʥʷʶʱʘʷ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ ʤʘʩʩʠʚʘʤʠ ʫʟʣʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ
ʥʘ ʣʠʩʪʠʥʛʝ ɸ.4. ɿʘʪʝʤ ʤʦʞʥʦ ʜʦʙʘʚʠʪʴ ʥʦʚʳʡ ʫʟʝʣ ʧʦʩʣʝ ʪʝʢʫʱʝʛʦ ʚ ʩʧʠʩʦʢ.
ʀ ʧʦʩʣʝ ʜʦʙʘʚʣʝʥʠʷ ʥʦʚʦʛʦ ʫʟʣʘ ʚ ʩʧʠʩʦʢ ʟʘʤʝʥʠʪʴ ʤʘʩʩʠʚ ʪʝʢʫʱʝʛʦ ʫʟʣʘ ʥʦ-
ʚʳʤ ʤʘʩʩʠʚʦʤ, ʧʦʣʫʯʝʥʥʳʤ ʧʦʩʣʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ. ʉʪʦʠʪ ʩʢʘ-
ʟʘʪʴ, ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʪʨʫʢʪʫʨʝ ʜʣʷ ʫʜʦʙʩʪʚʘ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʜʣʘʛʘʝʪʩʷ
ʟʘʧʨʝʪʠʪʴ ʜʦʙʘʚʣʷʪʴ ʵʣʝʤʝʥʪʳ ʚ ʫʟʝʣ H. ʄʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʚ ʵʪʦʤ ʫʟʣʝ ʚʩʝʛʜʘ
ʥʝʪ ʧʫʩʪʳʭ ʧʦʟʠʮʠʡ ʠ ʧʦʵʪʦʤʫ ʧʨʠ ʧʦʧʳʪʢʝ ʚʩʪʘʚʠʪʴ ʚ ʥʝʛʦ ʵʣʝʤʝʥʪ ʥʝʦʙʭʦ-
ʜʠʤʦ ʩʦʟʜʘʪʴ ʥʦʚʳʡ ʫʟʝʣ. ʕʪʦʪ ʩʣʫʯʘʡ ʚ ʘʣʛʦʨʠʪʤʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʦʪʜʝʣʴʥʦ,
ʥʦ ʦʥ ʥʝ ʠʤʝʝʪ ʩʣʦʞʥʦʩʪʝʡ ʩ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʫʟʣʦʚ.
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ɺ ʠʪʦʛʝ, ʥʦʚʳʡ ʵʣʝʤʝʥʪ ʫʞʝ ʤʦʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥ ʚ ʩʧʠʩʢʝ. ɺ ʩʣʫʯʘʝ, ʝʩ-
ʣʠ ʥʝʦʙʭʦʜʠʤʦ ʜʦʙʘʚʠʪʴ ʫʟʝʣ ʥʘ ʫʨʦʚʥʝ ʚʳʰʝ, ʪʦ ʚʳʟʳʚʘʝʪʩʷ ʬʫʥʢʮʠʷ ʧʦʠʩʢʘ
ʫʟʣʘ, ʥʦ ʫʞʝ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʧʨʦʡʜʝʥʥʦʛʦ ʧʫʪʠ. ɿʘʪʝʤ ʥʘ ʢʘʞʜʦʤ ʫʨʦʚʥʝ, ʠʩ-
ʧʦʣʴʟʫʷ ʘʥʘʣʦʛʠʯʥʳʝ ʨʘʩʩʫʞʜʝʥʠʷ ʧʨʦ ʥʝʙʣʦʢʠʨʫʶʱʠʡ ʧʦʠʩʢ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦ
ʥʝʘʢʪʫʘʣʴʥʳʡ ʫʟʝʣ ʧʦʩʣʝ ʚʟʷʪʠʷ ʙʣʦʢʠʨʦʚʢʠ, ʠʱʝʪʩʷ ʙʣʠʞʘʡʰʠʡ ʩʣʝʚʘ ʫʟʝʣ
ʜʣʷ ʥʦʚʦʛʦ ʫʟʣʘ ʠ ʥʦʚʳʡ ʫʟʝʣ ʜʦʙʘʚʣʷʝʪʩʷ ʧʦʩʣʝ ʥʝʛʦ ʚ ʩʧʠʩʦʢ ʥʘ ʟʘʜʘʥʥʦʤ
ʫʨʦʚʥʝ. ɽʩʣʠ ʥʝʦʙʭʦʜʠʤʦ ʫʚʝʣʠʯʠʪʴ ʚʳʩʦʪʫ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ, ʪʦ ʥʦʚʳʡ
ʫʟʝʣ ʚʩʪʘʚʣʷʝʪʩʷ ʧʦʩʣʝ ʫʟʣʘ H. ʌʫʥʢʮʠʷ ʚʩʪʘʚʢʠ ʥʦʚʦʛʦ ʫʟʣʘ ʥʘ ʫʨʦʚʥʝ ʚʳʰʝ
ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʣʠʩʪʠʥʛʝ ɸ.3. ʇʦʣʥʳʡ ʘʣʛʦʨʠʪʤ ʜʦʙʘʚʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʧʨʝʜ-
ʩʪʘʚʣʝʥ ʥʘ ʣʠʩʪʠʥʛʝ ɸ.2

ʈʘʩʩʤʦʪʨʠʤ ʪʝʧʝʨʴ ʧʦʜʨʦʙʥʝʝ ʦʧʝʨʘʮʠʶ ʫʜʘʣʝʥʠʷ. ʅʘʯʠʥʘʝʪʩʷ ʦʥʘ ʘʥʘ-
ʣʦʛʠʯʥʦ ʦʧʝʨʘʮʠʠ ʜʦʙʘʚʣʝʥʠʷ, ʩʥʘʯʘʣʘ ʠʱʝʪʩʷ ʫʟʝʣ ʧʦʪʝʥʮʠʘʣʴʥʦ ʭʨʘʥʷʱʠʡ
ʧʝʨʝʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ, ʙʝʨʝʪʩʷ ʙʣʦʢʠʨʦʚʢʘ ʥʘ ʥʘʡʜʝʥʥʳʡ ʫʟʝʣ, ʠ ʟʘʧʫʩʢʘʝʪʩʷ
ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʫʟʣʘ ʧʦʜ ʙʣʦʢʠʨʦʚʢʘʤʠ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ, ʟʘʪʝʤ ʚʳʟʳʚʘ-
ʝʪʩʷ ʦʧʝʨʘʮʠʷ ʫʜʘʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʠʟ ʫʟʣʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʣʠʩʪʠʥʛʝ ɸ.1. ɺ
ʥʝʡ ʧʨʦʚʝʨʷʶʪʩʷ ʚʩʝ ʵʣʝʤʝʥʪʳ ʥʘ ʟʥʘʯʘʱʝʤ ʧʨʝʬʠʢʩʝ, ʠ ʝʩʣʠ ʵʣʝʤʝʥʪ ʧʨʠ-
ʩʫʪʩʪʚʫʝʪ ʚ ʤʘʩʩʠʚʝ, ʪʦ ʦʥ ʫʜʘʣʷʝʪʩʷ ʠʟ ʤʘʩʩʠʚʘ. ɼʣʷ ʵʪʦʛʦ ʙʝʨʝʪʩʷ ʧʦʩʣʝʜʥʠʡ
ʟʥʘʯʘʱʠʡ ʵʣʝʤʝʥʪ ʥʘ ʧʨʝʬʠʢʩʝ ʠ ʢʦʧʠʨʫʝʪʩʷ ʚ ʧʦʟʠʮʠʶ ʥʘʡʜʝʥʥʦʛʦ ʵʣʝʤʝʥ-
ʪʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʟʘʪʠʨʘʷ ʥʘʡʜʝʥʥʳʡ ʵʣʝʤʝʥʪ. ɿʘʪʝʤ ʧʦʩʣʝʜʥʠʡ ʵʣʝʤʝʥʪ ʥʘ
ʧʨʝʬʠʢʩʝ ʟʘʤʝʥʷʝʪʩʷ ʧʫʩʪʳʤ ʵʣʝʤʝʥʪʦʤ ʠ ʩʜʚʠʛʘʝʪʩʷ ʠʥʜʝʢʩ ʢʦʥʮʘ ʟʥʘʯʘʱʝ-
ʛʦ ʧʨʝʬʠʢʩʘ. ɺ ʩʣʫʯʘʝ ʝʩʣʠ ʵʣʝʤʝʥʪ ʙʳʣ ʫʜʘʣʝʥ ʠ ʤʘʩʩʠʚ ʦʢʘʟʘʣʩʷ ʧʫʩʪʳʤ, ʪʦ
ʫʟʝʣ ʪʘʢʞʝ ʧʦʤʝʯʘʝʪʩʷ ʢ ʫʜʘʣʝʥʠʶ.

ɽʩʣʠ ʫʟʝʣ ʥʝ ʙʳʣ ʧʦʤʝʯʝʥ ʫʜʘʣʸʥʥʳʤ, ʪʦ ʚʦʟʚʨʘʱʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪ ʦʧʝʨʘ-
ʮʠʠ, ʠʥʘʯʝ, ʥʘʯʠʥʘʝʪʩʷ ʧʨʦʮʝʩʩ ʫʜʘʣʝʥʠʷ ʫʟʣʘ ʩʦ ʚʩʝʭ ʫʨʦʚʥʝʡ ʚ ʧʦʨʷʜʢʝ ʩʚʝʨ-
ʭʫ ʚʥʠʟ. ɼʣʷ ʵʪʦʛʦ ʟʘʧʫʩʢʘʝʪʩʷ ʬʫʥʢʮʠʷ ʧʦʠʩʢʘ ʚʩʝʭ ʫʟʣʦʚ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ
ʧʨʝʜʳʜʫʱʠʤʠ ʢ ʫʜʘʣʷʝʤʦʤʫ ʥʘ ʩʚʦʠʭ ʫʨʦʚʥʷʭ. ʅʘ ʢʘʞʜʦʤ ʫʨʦʚʥʝ ʚʳʧʦʣʥʷʝʪ-
ʩʷ ʠʟʤʝʥʝʥʠʝ ʩʩʳʣʢʠ ʫ ʧʨʝʜʳʜʫʱʝʛʦ ʫʟʣʘ ʥʘ ʫʟʝʣ ʩʣʝʜʫʶʱʠʡ ʟʘ ʫʜʘʣʷʝʤʳʤ,
ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʜʝʣʘʚ ʧʦʠʩʢ ʥʫʞʥʦʛʦ ʫʟʣʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʠʩʘʥʥʦʡ ʨʘ-
ʥʝʝ ʬʫʥʢʮʠʠ moveForwardBlocking. ʕʪʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦ ʪʝʤ ʞʝ ʧʨʠʯʠʥʘʤ,
ʯʪʦ ʠ ʧʨʠ ʚʩʪʘʚʢʝ ʥʘ ʥʠʞʥʠʡ ʫʨʦʚʝʥʴ: ʧʦʩʣʝ ʧʦʠʩʢʘ ʫʟʣʘ ʠ ʜʦ ʚʟʷʪʠʷ ʙʣʦʢʠʨʦʚ-
ʢʠ ʥʘ ʥʝʛʦ ʩʪʨʫʢʪʫʨʘ ʩʧʠʩʢʘ ʤʦʛʣʘ ʧʦʤʝʥʷʪʴʩʷ. ʊʘʢʞʝ, ʚ ʚʝʢʪʦʨ deletedBy
ʫʜʘʣʷʝʤʦʛʦ ʫʟʣʘ ʜʦʙʘʚʣʷʝʪʩʷ ʩʩʳʣʢʘ ʥʘ ʫʟʝʣ, ʢʦʪʦʨʳʤ ʦʥ ʙʳʣ ʫʜʘʣʝʥ.
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2.3.2. ʇʦʠʩʢ ʵʣʝʤʝʥʪʘ
ʇʝʨʝʡʜʝʤ ʢ ʧʦʩʣʝʜʥʝʡ ʦʧʝʨʘʮʠʠ. ɼʣʷ ʥʘʯʘʣʘ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʢʣʶʯʝʚʳʝ

ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʘʣʛʦʨʠʪʤʘʭ ʧʨʝʜʳʜʫʱʠʭ ʦʧʝʨʘʮʠʡ.
ʆʧʝʨʘʮʠʷ ʜʦʙʘʚʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʚ ʫʟʝʣ ʥʝ ʧʝʨʝʤʝʱʘʝʪ ʵʣʝʤʝʥʪʳ ʚ ʤʘʩʩʠ-

ʚʝ, ʘ ʣʠʰʴ ʜʦʙʘʚʣʷʝʪ ʥʦʚʳʝ. ɺ ʩʣʫʯʘʝ ʩʦʟʜʘʥʠʷ ʥʦʚʦʛʦ ʫʟʣʘ ʩʧʝʮʠʘʣʴʥʦ ʩʦʟʜʘ-
ʝʪʩʷ ʥʦʚʳʡ ʤʘʩʩʠʚ ʜʣʷ ʩʪʘʨʦʛʦ ʫʟʣʘ, ʯʪʦʙʳ ʵʪʦ ʩʚʦʡʩʪʚʦ ʩʦʭʨʘʥʷʣʦʩʴ. ʆʧʝʨʘ-
ʮʠʷ ʫʜʘʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʠʟ ʫʟʣʘ ʧʝʨʝʤʝʱʘʝʪ ʵʣʝʤʝʥʪʳ ʣʠʰʴ ʚ ʩʪʦʨʦʥʫ ʥʘʯʘʣʘ
ʤʘʩʩʠʚʘ.

ʉʫʤʤʠʨʫʷ ʵʪʠ ʜʚʘ ʚʘʞʥʳʭ ʩʚʦʡʩʪʚʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʣʝʜʫʶʱʠʡ ʘʣ-
ʛʦʨʠʪʤ ʧʨʦʚʝʨʢʠ ʥʘʣʠʯʠʷ ʵʣʝʤʝʥʪʘ ʚ ʫʟʣʝ: ʥʘʯʘʪʴ ʧʦʠʩʢ ʵʣʝʤʝʥʪʘ ʩ ʢʦʥʮʘ ʧʨʝ-
ʬʠʢʩʘ ʤʘʩʩʠʚʘ ʠ ʜʚʠʛʘʪʴʩʷ ʚ ʩʪʦʨʦʥʫ ʥʘʯʘʣʘ ʤʘʩʩʠʚʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʵʣʝ-
ʤʝʥʪ ʧʨʠʩʫʪʩʪʚʦʚʘʣ ʚ ʤʘʩʩʠʚʝ ʥʘ ʤʦʤʝʥʪ ʟʘʧʫʩʢʘ ʧʦʠʩʢʘ ʠ ʥʝ ʙʫʜʝʪ ʫʜʘʣʝʥ
ʢʦʥʢʫʨʠʨʫʶʱʠʤ ʧʦʪʦʢʦʤ, ʪʦ ʦʥ ʙʫʜʝʪ ʛʘʨʘʥʪʠʨʦʚʘʥʦ ʥʘʡʜʝʥ.

ʀʩʧʦʣʴʟʫʷ ʵʪʦʪ ʘʣʛʦʨʠʪʤ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʣʝʜʫʶʱʠʡ ʘʣʛʦʨʠʪʤ
ʧʨʦʚʝʨʢʠ ʥʘʣʠʯʠʷ ʵʣʝʤʝʥʪʘ ʚʦ ʚʩʝʤ ʩʧʠʩʢʝ ʩ ʧʨʦʧʫʩʢʘʤʠ. ɿʘʧʫʩʪʠʪʴ ʘʣʛʦʨʠʪʤ
ʧʦʠʩʢʘ ʫʟʣʘ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʭʨʘʥʷʱʝʛʦ ʠʩʢʦʤʦʝ ʟʥʘʯʝʥʠʝ. ʉ ʧʦʤʦʱʴʶ ʦʧʠʩʘʥ-
ʥʦʛʦ ʚʳʰʝ ʘʣʛʦʨʠʪʤʘ ʧʨʦʚʝʨʠʪʴ, ʝʩʪʴ ʣʠ ʚ ʥʘʡʜʝʥʥʦʤ ʫʟʣʝ ʠʩʢʦʤʳʡ ʵʣʝʤʝʥʪ.
ɽʩʣʠ ʝʩʪʴ, ʪʦ ʚʝʨʥʫʪʴ ʦʪʚʝʪ, ʚ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʫʙʝʜʠʪʴʩʷ, ʯʪʦ
ʩʣʝʜʫʶʱʠʡ ʫʟʝʣ ʥʝ ʤʦʞʝʪ ʭʨʘʥʠʪʴ ʠʩʢʦʤʳʡ ʵʣʝʤʝʥʪ (ʪʘʢʦʝ ʤʦʛʣʦ ʧʨʦʠʟʦʡʪʠ
ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʧʝʨʝʜ ʯʪʝʥʠʝʤ ʤʘʩʩʠʚʘ ʜʨʫʛʦʡ ʧʦʪʦʢ ʫʩʧʝʣ ʙʳ ʩʦʟʜʘʪʴ ʥʦʚʳʡ
ʫʟʝʣ ʠ ʟʘʤʝʥʠʪʴ ʤʘʩʩʠʚ ʜʨʫʛʠʤ, ʪʦ ʝʩʪʴ ʠʩʢʦʤʳʡ ʵʣʝʤʝʥʪ ʤʦʛ ʦʢʘʟʘʪʴʩʷ ʚ ʩʣʝ-
ʜʫʶʱʝʤ ʫʟʣʝ). ɽʩʣʠ ʩʣʝʜʫʶʱʠʡ ʫʟʝʣ ʥʝ ʤʦʞʝʪ ʭʨʘʥʠʪʴ ʠʩʢʦʤʳʡ ʵʣʝʤʝʥʪ, ʪʦ
ʤʦʞʥʦ ʚʝʨʥʫʪʴ ʦʪʚʝʪ, ʠʥʘʯʝ ʥʝʦʙʭʦʜʠʤʦ ʧʝʨʝʡʪʠ ʢ ʥʝʤʫ. ɸʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʵʣʝ-
ʤʝʥʪʘ ʚ ʩʧʠʩʢʝ ʩ ʧʨʦʧʫʩʢʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʣʠʩʪʠʥʛʝ 8.
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ʃʠʩʪʠʥʛ 8 ï ɸʣʛʦʨʠʪʤ ʧʨʦʚʝʨʢʠ ʥʘʣʠʯʠʷ ʵʣʝʤʝʥʪʘ ʚʦ ʤʥʦʞʝʩʪʚʝ

function contains(v) : boolean
cur find(v)
repeat

curNodeContainsV  false
if !cur:deleted then

singleReadArray cur:array
key singleReadArray:key
for it singleReadArray:end� 1; 0 do

curV alue key[it]
if curV alue 6= EMPTY && v == curV alue then

curNodeContainsV  true
break

end if
end for

end if
if curNodeContainsV then

return true
end if
cur cur:next.get(0)

until cur 6= tail && v > cur:initialMin
return false

end function

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 2
ɹʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʦʙʲʷʩʥʝʥʘ ʩʪʨʫʢʪʫʨʘ ʢʦʥʢʫʨʝʥʪʥʦʛʦ ʩʧʠʩʢʘ, ʭʨʘʥʷ-

ʱʝʛʦ ʚ ʫʟʣʘʭ ʤʘʩʩʠʚ ʵʣʝʤʝʥʪʦʚ. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʘʣʛʦʨʠʪʤʳ ʚʩʝʭ ʦʩʥʦʚʥʳʭ
ʦʧʝʨʘʮʠʡ ʥʘʜ ʩʪʨʫʢʪʫʨʦʡ, ʧʨʠʚʝʜʝʥ ʠʭ ʧʩʝʚʜʦʢʦʜ. ɺ ʩʣʝʜʫʶʱʝʡ ʛʣʘʚʝ ʧʣʘʥʠ-
ʨʫʝʪʩʷ ʧʨʠʚʝʩʪʠ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʣʠʥʝ-
ʘʨʠʟʫʝʤʦʩʪʠ, ʘ ʪʘʢʞʝ ʧʨʦʠʟʚʝʩʪʠ ʩʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ
ʘʣʛʦʨʠʪʤʘ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʨʝʘʣʠʟʘʮʠʷʤʠ ʢʦʥʢʫʨʝʥʪʥʳʭ ʩʧʠʩʢʦʚ



24

ɻʃɸɺɸ 3. ʂʆʈʈɽʂʊʅʆʉʊʔ. ʇʈʆʀɿɺʆɼʀʊɽʃʔʅʆʉʊʔ.
ʈɸʉʉʄʆʊʈɽʅʅʓɽ ʀʅɺɸʈʀɸʅʊʓ ʋɿʃɸ.

ɺ ʵʪʦʡ ʛʣʘʚʝ ʙʫʜʝʪ ʧʨʠʚʝʜʝʥʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʦʧʝʨʘʮʠʡ, ʘ
ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʘʥʘʣʦʛʘ-
ʤʠ. ɺ ʢʦʥʮʝ ʛʣʘʚʳ ʙʫʜʝʪ ʧʨʠʚʝʜʝʥʦ ʦʧʠʩʘʥʠʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ, ʥʦ ʥʝʠʩʧʦʣʴʟʦ-
ʚʘʥʥʳʭ ʠʥʚʘʨʠʘʥʪʦʚ ʤʘʩʩʠʚʘ ʫʟʣʘ.

3.1. ʂʦʨʨʝʢʪʥʦʩʪʴ ʦʧʝʨʘʮʠʡ
ʇʝʨʚʳʤʠ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʦʧʝʨʘʮʠʠ, ʘ ʟʘʪʝʤ ʦʩʥʦʚ-

ʥʳʝ. ɼʣʷ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ ʙʫʜʫʪ ʫʢʘʟʘʥʳ ʪʦʯʢʠ ʣʠʥʝʘʨʠʟʘʮʠʠ.

3.1.1. ɺʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʦʧʝʨʘʮʠʠ
ʈʘʩʩʤʦʪʨʠʤ ʦʧʝʨʘʮʠʶ ʧʦʠʩʢʘ ʬʠʟʠʯʝʩʢʠ ʥʝ ʫʜʘʣʝʥʥʦʛʦ ʫʟʣʘ

firstNotPhysicallyDeleted. ɿʘʤʝʪʠʤ, ʯʪʦ ʧʝʨʝʭʦʜʳ ʚʳʧʦʣʥʷʶʪʩʷ
ʧʦ ʩʩʳʣʢʘʤ, ʚʝʜʫʱʠʤ ʚ ʩʪʦʨʦʥʫ ʥʘʯʘʣʘ ʩʧʠʩʢʘ, ʠ ʚ ʩʣʫʯʘʝ ʚʳʧʦʣʥʝʥʠʷ
ʧʝʨʝʭʦʜʘ ʩʥʘʯʘʣʘ ʦʪʧʫʩʢʘʝʪʩʷ ʙʣʦʢʠʨʦʚʢʘ ʥʘ ʪʝʢʫʱʝʤ ʫʟʣʝ ʠ ʪʦʣʴʢʦ ʟʘʪʝʤ
ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ. ʊʘʢ ʢʘʢ ʧʝʨʝʭʦʜʳ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʚʣʝʚʦ ʚ ʣʦʛʠʯʝ-
ʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʩʧʠʩʢʘ, ʪʦ ʝʩʣʠ ʬʫʥʢʮʠʷ ʟʘʢʦʥʯʠʪ ʩʚʦʶ ʨʘʙʦʪʫ, ʟʥʘʯʠʪ
ʙʫʜʝʪ ʚʦʟʨʘʱʝʥ ʫʟʝʣ, ʥʘʯʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʚʩʝ ʝʱʝ ʤʝʥʴʰʝ ʠʣʠ ʨʘʚʥʦ
ʥʘʯʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʝʨʝʜʘʥʥʦʛʦ ʚ ʬʫʥʢʮʠʶ ʫʟʣʘ. ɸ ʪʘʢ ʢʘʢ ʚʦʟʚʨʘʱʘʝʤʳʡ
ʫʟʝʣ ʝʱʝ ʥʝ ʙʳʣ ʬʠʟʠʯʝʩʢʠ ʫʜʘʣʝʥ, ʪʦ ʦʥ ʜʦʩʪʠʞʠʤ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ.

ʊʝʧʝʨʴ ʨʘʩʩʤʦʪʨʠʤ ʦʧʝʨʘʮʠʶ ʧʦʠʩʢʘ ʫʟʣʘ ʥʘ ʫʨʦʚʥʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ
ʙʣʦʢʠʨʦʚʦʢ moveForwardBlocking. ɿʘʤʝʪʠʤ, ʯʪʦ ʧʝʨʝʜ ʧʝʨʝʭʦʜʦʤ ʢ ʩʣʝ-
ʜʫʶʱʝʤʫ ʫʟʣʫ ʥʘ ʥʝʛʦ ʙʝʨʝʪʩʷ ʙʣʦʢʠʨʦʚʢʘ. ʀ ʪʦʣʴʢʦ ʟʘʪʝʤ ʦʪʧʫʩʢʘʝʪʩʷ ʙʣʦʢʠ-
ʨʦʚʢʘ ʪʝʢʫʱʝʛʦ. ʕʪʦ ʛʘʨʘʥʪʠʨʫʝʪ, ʯʪʦ ʜʨʫʛʠʝ ʧʦʪʦʢʠ ʥʝ ʩʤʦʛʫʪ ʫʜʘʣʠʪʴ ʬʠʟʠ-
ʯʝʩʢʠ ʩʣʝʜʫʶʱʠʡ ʫʟʝʣ ʩ ʪʝʢʫʱʝʛʦ ʫʨʦʚʥʷ. ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʷʚ-
ʣʷʝʪʩʷ ʫʟʝʣ, ʧʦʩʣʝ ʢʦʪʦʨʦʛʦ ʠʜʝʪ ʫʟʝʣ, ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʩʪʨʦʛʦ
ʙʦʣʴʰʝ ʧʝʨʝʜʘʥʥʦʛʦ ʚ ʬʫʥʢʮʠʶ. ʅʦʚʳʭ ʫʟʣʦʚ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʜʦʙʘʚʣʝʥʦ ʠ ʩʘʤ
ʫʟʝʣ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʫʜʘʣʝʥ, ʪʘʢ ʢʘʢ ʥʘ ʚʦʟʚʨʘʱʘʝʤʦʤ ʫʟʣʝ ʜʝʨʞʠʪʩʷ ʙʣʦʢʠʨʦʚ-
ʢʘ.

3.1.2. ɼʦʙʘʚʣʝʥʠʝ ʠ ʫʜʘʣʝʥʠʝ ʵʣʝʤʝʥʪʘ
ʈʘʩʩʤʦʪʨʠʤ ʦʧʝʨʘʮʠʶ ʜʦʙʘʚʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʢʦ ʤʥʦʞʝʩʪʚʫ. ʅʝʩʣʦʞʥʦ ʟʘ-

ʤʝʪʠʪʴ, ʯʪʦ ʯʪʦʙʳ ʜʦʙʘʚʠʪʴ ʵʣʝʤʝʥʪ ʢʦ ʤʥʦʞʝʩʪʚʫ, ʥʝʦʙʭʦʜʠʤʦ ʜʝʨʞʘʪʴ ʙʣʦ-
ʢʠʨʦʚʢʫ ʥʘ ʫʟʝʣ, ʚ ʢʦʪʦʨʳʡ ʵʪʦʪ ʵʣʝʤʝʥʪ ʥʝʦʙʭʦʜʠʤʦ ʚʩʪʘʚʠʪʴ. ʀʟ ʵʪʦʛʦ ʩʣʝʜʫ-
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ʝʪ, ʯʪʦ ʚʥʫʪʨʝʥʥʝʝ ʩʦʩʪʦʷʥʠʝ ʫʟʣʘ ʙʫʜʝʪ ʠʟʤʝʥʷʪʴʩʷ ʥʝ ʙʦʣʝʝ ʯʝʤ ʦʜʥʠʤ ʧʦʪʦ-
ʢʦʤ ʚ ʣʶʙʦʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. ʊʘʢʞʝ, ʯʪʦʙʳ ʜʦʙʘʚʠʪʴ ʥʦʚʳʡ ʫʟʝʣ ʥʘ ʚʳʙʨʘʥ-
ʥʳʡ ʫʨʦʚʝʥʴ ʩʧʠʩʢʘ ʩ ʧʨʦʧʫʩʢʘʤʠ ʥʝʦʙʭʦʜʠʤʦ ʜʝʨʞʘʪʴ ʙʣʦʢʠʨʦʚʢʫ ʥʘ ʫʟʝʣ,
ʧʦʩʣʝ ʢʦʪʦʨʦʛʦ ʥʦʚʳʡ ʫʟʝʣ ʙʫʜʝʪ ʜʦʙʘʚʣʝʥ. ɸ ʪʘʢ ʢʘʢ, ʵʪʦʪ ʫʟʝʣ ʷʚʣʷʝʪʩʷ ʜʦʩʪʠ-
ʞʠʤʳʤ ʠʟ ʥʘʯʘʣʘ ʩʧʠʩʢʘ, ʚʝʜʴ ʦʥ ʙʳʣ ʧʦʣʫʯʝʥ ʘʣʛʦʨʠʪʤʦʤ ʠʱʫʱʠʤ ʠʤʝʥʥʦ
ʪʘʢʦʡ ʫʟʝʣ (ʙʳʣʦ ʜʦʢʘʟʘʥʦ ʨʘʥʝʝ), ʪʦ ʠ ʥʦʚʳʡ ʫʟʝʣ ʙʫʜʝʪ ʜʦʩʪʠʞʠʤ ʠʟ ʥʘʯʘʣʘ
ʩʧʠʩʢʘ ʧʦʩʣʝ ʚʩʪʘʚʢʠ.

ʂʦʛʜʘ ʥʝʦʙʭʦʜʠʤʦ ʫʚʝʣʠʯʠʪʴ ʚʳʩʦʪʫ ʙʘʰʥʠ, ʜʣʷ ʢʘʞʜʦʛʦ ʫʨʦʚʥʷ ʙʫʜʝʪ
ʟʘʧʫʱʝʥ ʘʣʛʦʨʠʪʤ ʘʥʘʣʦʛʠʯʥʳʡ ʜʦʙʘʚʣʝʥʠʶ ʫʟʣʘ ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʨʦʚʥʝ ʟʘ ʠʩ-
ʢʣʶʯʝʥʠʝʤ ʪʦʛʦ, ʯʪʦ ʝʩʣʠ ʟʘ ʚʨʝʤʷ ʧʝʨʝʭʦʜʘ ʦʪ ʫʨʦʚʥʷ ʢ ʫʨʦʚʥʶ ʫʟʝʣ ʙʳʣ ʧʦ-
ʤʝʯʝʥ ʢ ʫʜʘʣʝʥʠʶ ʜʨʫʛʠʤ ʧʦʪʦʢʦʤ, ʪʦ ʘʣʛʦʨʠʪʤ ʜʦʙʘʚʣʝʥʠʷ ʙʫʜʝʪ ʦʩʪʘʥʦʚʣʝʥ.

ɼʣʷ ʫʜʘʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʠʟ ʫʟʣʘ ʨʘʩʩʫʞʜʝʥʠʷ ʘʥʘʣʦʛʠʯʥʳ ʨʘʩʩʫʞʜʝʥʠʷʤ
ʜʣʷ ʦʧʝʨʘʮʠʠ ʜʦʙʘʚʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʚ ʫʟʝʣ. ʅʘ ʢʘʞʜʦʤ ʫʨʦʚʥʝ ʩ ʠʩʧʦʣʴʟʦʚʘ-
ʥʠʝʤ ʙʣʦʢʠʨʦʚʦʢ ʠʱʝʪʩʷ ʫʟʝʣ ʧʨʝʜʳʜʫʱʠʡ ʢ ʫʜʘʣʷʝʤʦʤʫ ð ʵʪʦ ʛʘʨʘʥʪʠʨʫʝʪ,
ʯʪʦ ʥʘʡʜʝʥʥʳʡ ʫʟʝʣ ʦʩʪʘʥʝʪʩʷ ʧʨʝʜʳʜʫʱʠʤ, ʚʝʜʴ ʯʪʦʙʳ ʜʦʙʘʚʠʪʴ ʫʟʝʣ ʤʝʞ-
ʜʫ ʥʘʡʜʝʥʥʳʤ ʠ ʫʜʘʣʷʝʤʳʤ ʥʝʦʙʭʦʜʠʤʦ ʜʝʨʞʘʪʴ ʙʣʦʢʠʨʦʚʢʫ ʥʘ ʥʘʡʜʝʥʥʳʡ.
ʊʘʢʞʝ, ʥʠʢʘʢʦʡ ʜʨʫʛʦʡ ʧʦʪʦʢ ʥʝ ʩʤʦʞʝʪ ʜʦʙʘʚʠʪʴ ʫʟʝʣ ʧʦʩʣʝ ʫʜʘʣʷʝʤʦʛʦ, ʚʝʜʴ
ʝʤʫ ʥʝʦʙʭʦʜʠʤʦ ʙʫʜʝʪ ʜʝʨʞʘʪʴ ʙʣʦʢʠʨʦʚʢʫ ʥʘ ʫʜʘʣʷʝʤʳʡ. ʇʦʩʣʝ ʠʟʤʝʥʝʥʠʷ
ʩʩʳʣʦʢ ʠ ʦʙʥʦʚʣʝʥʠʷ ʚʝʢʪʦʨʘ deletedBy ʫʜʘʣʷʝʤʳʡ ʫʟʝʣ ʩʪʘʥʦʚʠʪʩʷ ʥʝʜʦʩʪʠ-
ʞʠʤʳʤ ʥʘ ʵʪʦʤ ʫʨʦʚʥʝ.

ɿʘʤʝʪʠʤ, ʯʪʦ ʦʧʝʨʘʮʠʶ ʧʦ ʜʦʙʘʚʣʝʥʠʶ ʠ ʫʜʘʣʝʥʠʶ ʫʟʣʘ ʠʟ ʩʧʠʩʢʘ ʩ ʧʨʦ-
ʧʫʩʢʘʤʠ ʚʳʧʦʣʥʷʝʪ ʩʪʨʦʛʦ ʦʜʠʥ ʧʦʪʦʢ, ʠ ʜʨʫʛʠʝ ʧʦʪʦʢʠ ʥʠʢʘʢ ʥʝ ñʧʦʤʦʛʘʶʪò
ʝʤʫ. ʇʦʵʪʦʤʫ ʥʠʢʘʢʠʭ ʛʦʥʦʢ ʚ ʵʪʦʤ ʤʝʩʪʝ ʚʦʟʥʠʢʥʫʪʴ ʥʝ ʤʦʞʝʪ.

ʅʝʩʣʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʫʟʝʣ, ʚ ʢʦʪʦʨʳʡ ʥʝʦʙʭʦʜʠʤʦ ʚʩʪʘʚʠʪʴ (ʫʜʘʣʠʪʴ)
ʵʣʝʤʝʥʪ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʜʥʦʟʥʘʯʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʦʯʢʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ ʜʣʷ
ʦʧʝʨʘʮʠʠ ʚʩʪʘʚʢʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠʥʜʝʢʩ ʧʝʨʚʦʡ
ʧʫʩʪʦʡ ʧʦʟʠʮʠʠ ʚ array ʚ ʦʧʝʨʘʮʠʠ ʜʦʙʘʚʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʢ ʫʟʣʫ ɸ.6 ʚ ʩʣʫʯʘʝ,
ʝʩʣʠ ʥʦʚʳʡ ʫʟʝʣ ʥʝ ʩʦʟʜʘʚʘʣʩʷ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʥʦʚʳʡ ʫʟʝʣ ʙʳʣ ʩʦʟʜʘʥ, ʪʦ ʪʦʯ-
ʢʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʚ ʫʟʣʝ, ʧʦʩʣʝ ʢʦʪʦʨʦʛʦ ʥʦʚʳʡ
ʫʟʝʣ ʙʫʜʝʪ ʚʩʪʘʚʣʝʥ, ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʤʘʩʩʠʚʝ next ʙʫʜʝʪ ʠʟʤʝʥʝʥʘ ʩʩʳʣʢʘ ʧʦ
ʥʫʣʝʚʦʤʫ ʠʥʜʝʢʩʫ ʥʘ ʩʦʟʜʘʚʘʝʤʳʡ ʫʟʝʣ. ɼʣʷ ʦʧʝʨʘʮʠʠ ʫʜʘʣʝʥʠʷ ʪʦʯʢʦʡ ʣʠʥʝʘ-
ʨʠʟʘʮʠʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʫʜʘʣʷʝʤʳʡ ʵʣʝʤʝʥʪ ʚ ʦʧʝʨʘʮʠʠ ʫʜʘʣʝʥʠʷ
ʠʟ ʫʟʣʘ ʩ ʣʠʩʪʠʥʛʘ ɸ.1 ʙʫʜʝʪ ʟʘʤʝʥʝʥ ʧʦʩʣʝʜʥʠʤ ʟʥʘʯʘʱʠʤ ʵʣʝʤʝʥʪʦʤ ʚ ʤʘʩ-
ʩʠʚʝ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʵʣʝʤʝʥʪ ʥʝ ʙʳʣ ʧʦʩʣʝʜʥʠʤ ʥʘ ʟʥʘʯʘʱʝʤ ʧʨʝʬʠʢʩʝ, ʠʥʘʯʝ
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ʪʦʯʢʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ ʙʫʜʝʪ ʟʘʤʝʥʘ ʧʦʩʣʝʜʥʝʛʦ ʟʥʘʯʘʱʝʛʦ ʵʣʝʤʝʥʪʘ ʧʫʩʪʳʤ ʚ
ʬʫʥʢʮʠʠ ʩ ʪʦʛʦ ʞʝ ʣʠʩʪʠʥʛʘ.

ɺ ʟʘʢʣʶʯʝʥʠʝ ʨʘʟʙʦʨʘ ʤʦʜʠʬʠʮʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ ʩʪʦʠʪ ʜʦʙʘʚʠʪʴ, ʯʪʦ
ʚʩʝ ʙʣʦʢʠʨʦʚʢʠ ʙʝʨʫʪʩʷ ʩʪʨʦʛʦ ʚ ʧʦʨʷʜʢʝ ʥʘʭʦʞʜʝʥʠʷ ʥʘ ʫʨʦʚʥʷʭ, ʚʚʠʜʫ ʯʝʛʦ
ʥʝ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪʴ ʮʠʢʣʘ ʧʨʠ ʚʟʷʪʠʠ ʙʣʦʢʠʨʦʚʦʢ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠ ʚʟʘʠʤ-
ʥʦʡ ʙʣʦʢʠʨʦʚʢʠ.

3.1.3. ʇʦʠʩʢ ʵʣʝʤʝʥʪʘ
ɼʦʢʘʞʝʤ, ʯʪʦ ʦʧʝʨʘʮʠʷ ʧʦʠʩʢʘ ʣʠʥʝʘʨʠʟʫʝʤʘ. ɼʣʷ ʵʪʦʛʦ ʨʘʩʩʤʦʪʨʠʤ ʪʦʯ-

ʢʠ ʣʠʥʝʘʨʠʟʘʮʠʠ ʦʧʝʨʘʮʠʡ ʚʩʪʘʚʢʠ ʠ ʫʜʘʣʝʥʠʷ ʵʣʝʤʝʥʪʘ v ʤʝʞʜʫ ʩʦʙʳʪʠʷʤʠ
ʥʘʯʘʣʘ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ ʵʣʝʤʝʥʪʘ v ʠ ʝʝ ʟʘʚʝʨʰʝʥʠʝʤ. ɺʦʟʤʦʞʥʦ ʜʚʘ ʩʣʫʯʘʷ.
ʇʝʨʚʳʡ ʩʣʫʯʘʡ ð ʪʘʢʠʭ ʪʦʯʝʢ ʥʝ ʦʢʘʟʘʣʦʩʴ. ʆʧʷʪʴ ʞʝ, ʜʚʘ ʩʣʫʯʘʷ. ɽʩʣʠ ʵʣʝ-
ʤʝʥʪʘ ʥʝ ʙʳʣʦ ʚ ʩʪʨʫʢʪʫʨʝ ʥʘ ʤʦʤʝʥʪ ʟʘʧʫʩʢʘ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ, ʪʦ ʦʥ ʠ ʥʝ ʤʦ-
ʞʝʪ ʙʳʪʴ ʥʘʡʜʝʥ ʚʚʠʜʫ ʘʣʛʦʨʠʪʤʘ ʧʦʠʩʢʘ. ɽʩʣʠ ʞʝ ʵʣʝʤʝʥʪ ʥʘʭʦʜʠʣʩʷ ʚ ʩʧʠʩʢʝ
ʩ ʧʨʦʧʫʩʢʘʤʠ ʥʘ ʤʦʤʝʥʪ ʥʘʯʘʣʘ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ, ʪʦ ʦʥ ʙʳʣ ʜʦʩʪʠʞʠʤʳʤ, ʘ ʪʘʢ
ʢʘʢ ʦʧʝʨʘʮʠʷ ʧʦʠʩʢʘ ʥʝ ʤʦʞʝʪ ʧʨʦʧʫʩʪʠʪʴ ʫʟʝʣ ʭʨʘʥʷʱʠʡ ʵʣʝʤʝʥʪ ʠ ʪʘʢʞʝ ʥʝ
ʤʦʞʝʪ ʧʨʦʧʫʩʪʠʪʴ ʝʛʦ ʧʨʠ ʧʦʠʩʢʝ ʚʥʫʪʨʠ ʤʘʩʩʠʚʘ ʚʚʠʜʫ ʘʣʛʦʨʠʪʤʘ ʧʦʠʩʢʘ ʚ
ʤʘʩʩʠʚʝ, ʪʦ ʵʣʝʤʝʥʪ ʙʫʜʝʪ ʥʘʡʜʝʥ.

ʈʘʩʩʤʦʪʨʠʤ ʚʪʦʨʦʡ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʝʩʪʴ ʪʦʯʢʠ ʣʠʥʝʘʨʠʟʘʮʠʠ ʤʦʜʠʬʠʮʠ-
ʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ ʥʘʜ ʵʣʝʤʝʥʪʦʤ v ʤʝʞʜʫ ʥʘʯʘʣʦʤ ʠ ʢʦʥʮʦʤ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ
ʦʧʝʨʘʮʠʠ ʵʣʝʤʝʥʪʘ v. ʈʘʩʩʤʦʪʨʠʤ ʨʝʟʫʣʴʪʘʪ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ: ʝʩʣʠ ʵʣʝʤʝʥʪ
ʙʳʣ ʥʘʡʜʝʥ, ʪʦ ʥʘʡʜʝʤ ʪʦʯʢʫ ʣʠʥʝʘʨʠʟʘʮʠʠ ʚʩʪʘʚʢʠ ʵʣʝʤʝʥʪʘ v ʠ ʦʪʤʝʪʠʤ ʪʦʯ-
ʢʫ ʣʠʥʝʘʨʠʟʘʮʠʠ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ ʩʨʘʟʫʞʝ ʧʦʩʣʝ ʥʝʝ, ʝʩʣʠʞʝ ʦʧʝʨʘʮʠʷ ʧʦʠʩʢʘ
ʥʝ ʥʘʰʣʘ ʵʣʝʤʝʥʪ, ʪʦ ʦʪʤʝʪʠʤ ʪʦʯʢʫ ʣʠʥʝʘʨʠʟʘʮʠʠ ʩʨʘʟʫ ʞʝ ʧʦʩʣʝ ʪʦʯʢʠ ʣʠʥʝʘ-
ʨʠʟʘʮʠʠ ʦʧʝʨʘʮʠʠ ʫʜʘʣʝʥʠʷ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʪʘʢʠʭ ʪʦʯʝʢ ʥʝ ʦʢʘʟʘʣʦʩʴ, ʪʦ, ʚʚʠʜʫ
ʪʦʛʦ ʯʪʦ ʦʧʝʨʘʮʠʠ ʜʦʙʘʚʣʝʥʠʷ ʠ ʫʜʘʣʝʥʠʷ ʣʠʥʝʘʨʠʟʫʝʤʳ, ʘ ʟʥʘʯʠʪ ʠʭ ʨʝʟʫʣʴʪʘ-
ʪʳ ʩʦʛʣʘʩʦʚʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʪʦʯʢʫ ʣʠʥʝʘʨʠʟʘʮʠʠ ʦʧʝʨʘʮʠʠ
ʧʦʠʩʢʘ ʩʨʘʟʫ ʞʝ ʧʦʩʣʝ ʩʦʙʳʪʠʷ ʥʘʯʘʣʘ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ.

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʦʯʢʦʡ ʣʠʥʝʘʨʠʟʘʮʠʠ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ (ʣʠʩʪʠʥʛ 8) ʚ ʩʣʫ-
ʯʘʝ ʦʪʩʫʪʩʪʚʠʷ ʵʣʝʤʝʥʪʘ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʘʣʛʦʨʠʪʤ ʚʳʭʦʜʠʪ ʠʟ
ʮʠʢʣʘ repeat-until, ʠʣʠ ʞʝ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ ʫʩʪʘʥʘʚʣʠʚʘʝʪ
ʣʦʛʠʯʝʩʢʫʶ ʧʝʨʝʤʝʥʥʫʶ curNodeContainsV ʚ ʠʩʪʠʥʫ ʚ ʩʣʫʯʘʝ ʠʩʪʠʥʥʦʩʪʠ
ʨʝʟʫʣʴʪʘʪʘ ʧʦʠʩʢʘ.

ɺ ʠʪʦʛʝ, ʦʧʝʨʘʮʠʷ ʧʦʠʩʢʘ ʣʠʥʝʘʨʠʟʫʝʤʘ.
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3.2. ʉʨʘʚʥʝʥʠʝ
ʊʝʩʪʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʩʝʨʚʝʨʝ ʣʘʙʦʨʘʪʦʨʠʠ ʢʦʤʧʴʶʪʝʨʥʳʭ ʪʝʭ-

ʥʦʣʦʛʠʡ ʋʥʠʚʝʨʩʠʪʝʪʘ ʀʊʄʆ ʩ 64-ʷʜʝʨʥʳʤ ʧʨʦʮʝʩʩʦʨʦʤ AMD Opteron
6378 @2.4 GHz ʠ ʫʩʪʘʥʦʚʣʝʥʥʳʤʠ 256 Gb ʦʧʝʨʘʪʠʚʥʦʡ ʧʘʤʷʪʠ. ʆʜʥʘʢʦ,
ʚʚʠʜʫ ʦʛʨʘʥʠʯʝʥʠʡ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʥʘ ʩʠʩʪʝʤʫ ʧʣʘʥʠʨʦʚʱʠʢʘ ʟʘʜʘʯ Slurm,
ʙʳʣʦ ʜʦʩʪʫʧʥʦ ʪʦʣʴʢʦ 32 ʧʦʪʦʢʘ ʠʩʧʦʣʥʝʥʠʷ ʧʨʦʮʝʩʩʦʨʘ. ʅʘ ʩʝʨʚʝʨʝ ʙʳʣʘ
ʫʩʪʘʥʦʚʣʝʥʘ ʆʉ Ubuntu 18.04.2 LTS, ʧʨʦʛʨʘʤʤʥʳʝ ʨʝʘʣʠʟʘʮʠʠ ʙʳʣʠ ʚʳ-
ʧʦʣʝʥʳ ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Java ʠ ʟʘʧʫʩʢʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 64-
ʙʠʪʥʦʛʦ OpenJDK RE ʚʝʨʩʠʠ 11.0.3+7-Ubuntu-1ubuntu218.04.1.

ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʙʳʣʦ ʚʳʙʨʘʥʦ ʪʨʠ ʛʠʧʝʨʧʘ-
ʨʘʤʝʪʨʘ:

ð ʨʘʟʤʝʨ ʤʥʦʞʝʩʪʚʘ, ʧʦʜʤʥʦʞʝʩʪʚʦ ʢʦʪʦʨʦʛʦ ʙʫʜʝʪ ʭʨʘʥʠʪʴʩʷ ʚ ʩʪʨʫʢʪʫʨʝ
(ʧʘʨʘʤʝʪʨ ʩʚʝʨʭʫ ʢʘʞʜʦʛʦ ʨʠʩʫʥʢʘ ʩ ʛʨʘʬʠʢʘʤʠ ʫʢʘʟʳʚʘʝʪ ʵʪʦʪ ʛʠʧʝʨʧʘ-
ʨʘʤʝʪʨ ʜʣʷ ʚʩʝʭ ʛʨʘʬʠʢʦʚ ʨʠʩʫʥʢʘ);

ð ʚʝʨʦʷʪʥʦʩʪʴ ʤʦʜʠʬʠʮʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ x: ʪʦ ʝʩʪʴ ʧʨʠʤʝʨʥʦ 100� x%
ʦʧʝʨʘʮʠʡ ʙʫʜʫʪ ʦʧʝʨʘʮʠʷʤʠ ʧʦʠʩʢʘ ʵʣʝʤʝʥʪʘ, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ-
ʤʝʨʥʦ x/2% ʙʫʜʫʪ ʦʧʝʨʘʮʠʷʤʠ ʚʩʪʘʚʢʠ ʠ ʧʨʠʤʝʨʥʦ x/2% ʙʫʜʫʪ ʦʧʝ-
ʨʘʮʠʷʤʠ ʫʜʘʣʝʥʠʷ ʵʣʝʤʝʥʪʘ (ʚʝʨʦʷʪʥʦʩʪʴ ʤʦʜʠʬʠʮʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʡ
ʫʢʘʟʘʥʘ ʩʚʝʨʭʫ ʢʘʞʜʦʛʦ ʛʨʘʬʠʢʘ);

ð ʢʦʣʠʯʝʩʪʚʦ ʧʦʪʦʢʦʚ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʙʦʪʘʶʱʠʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ (ʦʩʴ ʘʙʩ-
ʮʠʩʩ ʥʘ ʛʨʘʬʠʢʘʭ).
ʇʝʨʝʜ ʪʝʩʪʠʨʦʚʘʥʠʝʤ ʢʘʞʜʘʷ ʩʪʨʫʢʪʫʨʘ ʟʘʧʦʣʥʷʣʘʩʴ ʧʦʜʤʥʦʞʝʩʪʚʦʤ

ʤʦʱʥʦʩʪʠ ʨʘʚʥʦʛʦ ʧʦʣʦʚʠʥʝ ʪʝʩʪʠʨʫʝʤʦʛʦ (ʧʘʨʘʤʝʪʨ ʩʚʝʨʭʫ ʢʘʞʜʦʛʦ ʨʠʩʫʥ-
ʢʘ ʩ ʛʨʘʬʠʢʘʤʠ ʫʢʘʟʳʚʘʝʪ ʨʘʟʤʝʨ ʚʩʝʛʦ ʤʥʦʞʝʩʪʚʘ, ʘ ʥʝ ʧʦʜʤʥʦʞʝʩʪʚʘ). ʂʘʞ-
ʜʘʷ ʪʦʯʢʘ ʥʘ ʛʨʘʬʠʢʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʧʨʠ
ʟʘʜʘʥʥʳʭ ʛʠʧʝʨʧʘʨʘʤʝʪʨʘʭ, ʦʧʠʩʘʥʥʳʭ ʨʘʥʝʝ.

ʇʦʩʣʝ ʟʘʧʦʣʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʩʦʟʜʘʚʘʣʦʩʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʯʠʩʣʦ ʧʦʪʦ-
ʢʦʚ ʠʩʧʦʣʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʚʳʧʦʣʥʷʣʠ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ/ʚʩʪʘʚʢʠ/ʫʜʘʣʝʥʠʷ ʫʞʝ
ʥʘʜ ʚʩʝʤ ʪʝʩʪʠʨʫʝʤʳʤ ʤʥʦʞʝʩʪʚʦʤ ʩ ʟʘʜʘʥʥʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʤʦʜʠʬʠʮʠʨʫʶ-
ʱʠʭ ʦʧʝʨʘʮʠʡ ʚ ʪʝʯʝʥʠʝ ʧʷʪʠ ʤʠʥʫʪ ʠ ʩʯʠʪʘʣʠ ʯʠʩʣʦ ʟʘʚʝʨʰʝʥʥʳʭ ʦʧʝʨʘʮʠʡ.
ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʚʩʝʭ ʧʦʪʦʢʦʚ ʢʦʣʠʯʝʩʪʚʦ ʟʘʚʝʨʰʝʥʥʳʭ ʦʧʝʨʘʮʠʡ ʩʫʤʤʠʨʦ-
ʚʘʣʦʩʴ ʧʦ ʚʩʝʤ ʧʦʪʦʢʘʤ ʠ ʜʝʣʠʣʦʩʴ ʥʘ ʯʠʩʣʦ ʩʝʢʫʥʜ, ʟʘʪʨʘʯʝʥʥʳʭ ʥʘ ʠʭ ʠʩʧʦʣ-
ʥʝʥʠʝ (300 ʩʝʢʫʥʜ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ), ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʣʫʯʘʷ ʧʨʦʧʫʩʢʥʫʶ ʩʧʦ-
ʩʦʙʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʚ ʦʧʝʨʘʮʠʷʭ ʥʘ ʩʝʢʫʥʜʫ. ʊʘʢʞʝ ʩʪʦʠʪ ʩʢʘʟʘʪʴ, ʯʪʦ ʚʩʝ ʪʦʯ-
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ʢʠ ʥʘ ʦʜʥʦʤ ʛʨʘʬʠʢʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʦʜʥʦʤʫ ʥʘʙʦʨʫ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ ʙʳ-
ʣʠ ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʟʘʧʫʩʢʘ ʪʝʩʪʠʨʫʶʱʝʛʦ ʘʣʛʦʨʠʪʤʘ ʠʟ ʠʜʝʥʪʠʯʥʳʭ ʥʘʯʘʣʴ-
ʥʳʭ ʫʩʣʦʚʠʡ. ʊʦ ʝʩʪʴ, ʝʩʣʠ ʥʘ ʛʨʘʬʠʢʝ ʥʝʩʢʦʣʴʢʠʤ ʪʦʯʢʘʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʠʥ
ʥʘʙʦʨ ʛʠʧʝʨʧʘʨʘʤʝʪʨʦʚ, ʪʦ ʦʪʣʠʯʠʝ ʚ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʙʳʣʦ ʣʠʰʴ ʚ ʠʩ-
ʧʦʣʴʟʫʝʤʦʡ ʩʪʨʫʢʪʫʨʝ, ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʦʚʧʘʜʘʣʠ: ʟʝʨʥʘ ʩʣʫʯʘʡʥʦ-
ʩʪʠ ʜʣʷ ʪʝʩʪʠʨʫʶʱʠʭ ʧʦʪʦʢʦʚ; ʯʠʩʣʦ, ʪʝʩʪʠʨʫʶʱʠʭ ʧʦʪʦʢʦʚ; ʥʘʯʘʣʴʥʦʝ ʧʦʜ-
ʤʥʦʞʝʩʪʚʦ, ʥʘʧʦʣʥʷʶʱʝʝ ʩʪʨʫʢʪʫʨʫ.

ʇʝʨʝʜ ʩʨʘʚʥʝʥʠʝʤ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩ ʩʫʱʝ-
ʩʪʚʫʶʱʠʤʠ ʘʥʘʣʦʛʘʤʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʨʝ-
ʘʣʠʟʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ k ð ʨʘʟʤʝʨʥʦʩʪʠ ʤʘʩʩʠ-
ʚʦʚ. ʇʦʜʙʦʨ ʧʘʨʘʤʝʪʨʘ k ʧʨʦʠʟʚʦʜʠʣʩʷ ʥʘ ʤʥʦʞʝʪʩʪʚʝ ʨʘʟʤʝʨʘ 500 000. ʈʝ-
ʟʫʣʴʪʘʪʳ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʥʘ ʨʠʩʫʥʢʝ 5. ʈʝʘʣʠʟʦʚʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘʟʳʚʘʝʪʩʷ
KSkipListConcurrent, ʯʠʩʣʦ ʚ ʩʢʦʙʢʘʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʟʤʝʨʥʦʩʪʠ ʤʘʩʩʠʚʘ ʚʥʫʪ-
ʨʠ ʫʟʣʦʚ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʭʦʨʦʰʦ ʩʝʙʷ ʧʦʢʘʟʳʚʘʶʪ ʟʥʘʯʝʥʠʷ k ʨʘʚʥʳʝ
32 ʠ 24. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʩ ʜʨʫʛʠʤʠ ʨʝʰʝʥʠʷʤʠ ʙʳʣʦ ʚʳʙʨʘʥʦ k ʨʘʚʥʦʝ 32.

ʈʠʩʫʥʦʢ 5 ï ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ k
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ɿʘʪʝʤ ʙʳʣʦ ʧʨʦʠʟʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʨʝʰʝʥʠʷʤʠ. ʉʪʦ-
ʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʝʘʣʠʟʘʮʠʷ ʙʳʣʦ ʚʳʧʦʣʥʝʥʘ ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ Java
ʚ ʢʦʪʦʨʦʤ ʚʩʝ ʦʙʲʝʢʪʳ ʷʚʣʷʶʪʩʷ ʩʩʳʣʦʯʥʳʤʠ ʪʠʧʘʤʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʦʧʦʣ-
ʥʠʪʝʣʴʥʳʤ ʧʝʨʝʭʦʜʘʤ ʧʦ ʧʘʤʷʪʠ ʧʨʠ ʦʙʨʘʱʝʥʠʠ ʢ ʵʣʝʤʝʥʪʘʤ ʭʨʘʥʠʤʦʛʦ ʤʥʦ-
ʞʝʩʪʚʘ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʚʝʩʦʤʦʛʦ ʚʳʠʛʨʳʰʘ ʦʪ ʧʦʧʘʜʘʥʠʷ ʵʣʝʤʝʥ-
ʪʦʚ ʤʘʩʩʠʚʘ ʚ ʢʵʰ ʧʨʦʮʝʩʩʦʨʘ. ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʜʣʷ ʤʥʦʞʝʩʪʚʘ ʨʘʟʤʝʨʦʤ
1 500 000 ʠ ʚʝʨʦʷʪʥʦʩʪʝʡ ʠʟʤʝʥʝʥʠʷ 0:1, 0:5 ʠ 1:0 ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 6. ʈʝ-
ʟʫʣʴʪʘʪʳ ʜʣʷ ʜʨʫʛʠʭ ʨʘʟʤʝʨʦʚ ʤʥʦʞʝʩʪʚ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ ɹ.1, ɹ.2 ʠ ɹ.3
ʚ ʧʨʠʣʦʞʝʥʠʠ. ʉʨʘʚʥʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩʦ ʩʪʨʫʢʪʫʨʘʤʠ ʦʧʠʩʘʥʥʳʤʠ ʚ ʨʘʥʝʝ.
ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʩʪʠʨʦʚʘʥʠʷ ʚʠʜʥʦ, ʯʪʦ ʥʦʚʘʷ ʚʝʨʩʠʷ ʢʦʥʢʫʨʝʥʪʥʦʛʦ ʩʧʠʩʢʘ
ʧʦʢʘʟʳʚʘʝʪ ʩʝʙʷ ʥʘ ʫʨʦʚʥʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʨʝʰʝʥʠʡ ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ
ʩʩʳʣʦʯʥʳʭ ʪʠʧʦʚ.

ʈʠʩʫʥʦʢ 6 ï ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩ ʜʨʫʛʠʤʠ

ɼʘʣʝʝ ʙʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʧʨʦʪʝʩʪʠʨʦʚʘʪʴ ʥʘʰʫ ʩʪʨʫʢʪʫʨʫ ʥʘ ʥʝʩʩʳ-
ʣʦʯʥʳʭ ʪʠʧʘʭ. ɼʣʷ ʵʪʦʛʦ ʙʳʣ ʚʳʙʨʘʥ ʧʨʠʤʠʪʠʚʥʳʡ ʮʝʣʦʯʠʩʣʝʥʥʳʡ ʪʠʧ int.
ʊʘʢʞʝ ʜʣʷ ʧʦʣʥʦʮʝʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʩʫʱʝʩʪʚʫʶʱʠʝ ʨʝʰʝʥʠʷ ʪʦʞʝ ʙʳʣʠ ʧʝʨʝ-
ʧʠʩʘʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʦʣʴʢʦ ʪʠʧʘ int. ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʜʣʷ ʤʥʦʞʝ-
ʩʪʚʘ ʨʘʟʤʝʨʦʤ 1 500 000 ʠ ʚʝʨʦʷʪʥʦʩʪʝʡ ʠʟʤʝʥʝʥʠʷ 0:2, 0:5 ʠ 1:0 ʧʨʠʚʝʜʝʥʳ
ʥʘ ʨʠʩʫʥʢʝ 7. ʈʝʟʫʣʴʪʘʪʳ ʜʣʷ ʜʨʫʛʠʭ ʨʘʟʤʝʨʦʚ ʤʥʦʞʝʩʪʚ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠ-
ʩʫʥʢʘʭ ɹ.4, ɹ.5 ʠ ɹ.6 ʚ ʧʨʠʣʦʞʝʥʠʠ. ʅʘ ʛʨʘʬʠʢʘʭ ʚʠʜʥʦ, ʯʪʦ ʚ ʪʘʢʦʤ ʚʘʨʠʘʥ-
ʪʝ ʩʪʨʫʢʪʫʨʘ ʜʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʧʨʠʨʦʩʪ ʚ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ (ʨʠʩʫʥʦʢ 7).
ʅʝʪʨʫʜʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʤʠʪʠʚʥʳʭ ʪʠʧʦʚ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-
ʥʦʩʪʴ ʥʦʚʦʛʦ ʨʝʰʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʘʥʘʣʦʛʠ.

ɺ ʟʘʢʣʶʯʝʥʠʝ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʟʘʥʠʤʘʝʤʦʡ ʧʦʣʫʯʝʥʥʦʡ
ʩʪʨʫʢʪʫʨʦʡ ʧʘʤʷʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦConcurrentSkipListSet. ʉʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠ-
ʣʦʩʴ ʟʘʧʦʣʥʝʥʠʝʤ ʦʙʝʠʭ ʩʪʨʫʢʪʫʨ ʦʜʠʥʘʢʦʚʳʤ ʥʘʙʦʨʦʤ ʜʘʥʥʳʭ ʠ ʩʥʷʪʠʝʤ ʜʘʤ-



30

ʈʠʩʫʥʦʢ 7 ï ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩ ʜʨʫʛʠʤʠ ʩ ʪʠʧʦʤ int

ʧʦʚ ʧʘʤʷʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ VisualVM. ʉʨʘʚʥʝʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ
ʥʦʚʘʷ ʚʝʨʩʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʩʩʠʚʦʚ ʚ ʫʟʣʘʭ ʧʦʪʨʝʙʣʷʝʪ ʙʦʣʝʝ ʯʝʤ ʚ ʜʚʘ
ʨʘʟʘ ʤʝʥʴʰʝ ʧʘʤʷʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ConcurrentSkipListSet (40 Mb ʧʨʦʪʠʚ 87

Mb ʧʨʠ ʥʘʧʦʣʥʝʥʠʠ 1:5 � 106 ʵʣʝʤʝʥʪʘʤʠ).

3.3. ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʨʝʰʝʥʠʷ
ɿʜʝʩʴ ʙʫʜʫʪ ʦʧʠʩʘʥʳ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚʘʨʠʘʥʪʳ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʢʦʥʢʫ-

ʨʝʥʪʥʦʛʦ ʩʧʠʩʢʘ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʦʪʙʨʦʰʝʥʳ ʚ ʧʦʣʴʟʫ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ.
ʇʝʨʚʳʤ ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʚʘʨʠʘʥʪʦʤ ʠʥʚʘʨʠʘʥʪʘ ʤʘʩʩʠʚʘ ʫʟʣʘ ʙʳʣʦ ʦʪ-

ʩʫʪʩʪʚʠʝ ʠʥʚʘʨʠʘʥʪʘ, ʪʦ ʝʩʪʴ ʥʝ ʙʳʣʦ ʥʠʢʘʢʠʭ ʛʘʨʘʥʪʠʡ ʦ ʧʦʟʠʮʠʠ ʵʣʝʤʝʥʪʦʚ.
ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʣʶʙʘʷ ʦʧʝʨʘʮʠʷ ʪʨʝʙʦʚʘʣʘ ʙʳ k ʠʪʝʨʘʮʠʡ ʧʦ ʤʘʩʩʠʚʫ, ʚʝʜʴ ʵʣʝ-
ʤʝʥʪ, ʥʘʜ ʢʦʪʦʨʳʤ ʦʧʝʨʘʮʠʷ ʤʦʛ ʦʢʘʟʘʪʴʩʷ ʥʘ ʣʶʙʦʡ ʠʟ ʧʦʟʠʮʠʡ.

ʉʣʝʜʫʶʱʠʤ ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʠʥʚʘʨʠʘʥʪʦʤ ʤʘʩʩʠʚʘ ʫʟʣʘ ʙʳʣʦ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʝ ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʝʧʨʝʨʳʚʥʦʛʦ ʧʦʜʦʪʨʝʟʢʘ ʚ ʤʘʩʩʠʚʝ. ʉʨʝʜʥʝʝ ʚʨʝʤʷ ʚʳ-
ʧʦʣʥʝʥʠʷ ʦʧʝʨʘʮʠʡ ʙʳʣʦ ʙʳ ʘʥʘʣʦʛʠʯʥʦ ʧʨʝʜʣʦʞʝʥʥʦʤʫ ʚ ʨʘʙʦʪʝ, ʦʜʥʘʢʦ ʜʣʷ
ʨʝʘʣʠʟʘʮʠʠ ʮʠʢʣʠʯʝʩʢʦʛʦ ʧʦʜʦʪʨʝʟʢʘ ʥʝʦʙʭʦʜʠʤʦ ʚʳʧʦʣʥʷʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ
ʘʨʠʬʤʝʪʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ, ʘ ʪʘʢʞʝ ʩʦʭʨʘʥʷʪʴ ʦʙʘ ʢʦʥʮʘ ʵʪʦʛʦ ʧʦʜʦʪʨʝʟʢʘ ʜʣʷ
ʢʦʨʨʝʢʪʥʦʡ ʨʘʙʦʪʳ ʦʧʝʨʘʮʠʠ ʧʦʠʩʢʘ ʵʣʝʤʝʥʪʘ. ʏʪʦ ʷʚʥʦ ʭʫʞʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ
ʚʘʨʠʘʥʪʘ.

ʉʣʝʜʫʶʱʠʤʠ ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʚʘʨʠʘʥʪʦʤ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʨʦʛʦ
ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʧʨʝʬʠʢʩʘ, ʪʦ ʝʩʪʴ ʚʩʝ ʵʣʝʤʝʥʪʳ ʥʘ ʧʨʝʬʠʢʩʝ ʙʳʣʠ ʙʳ ʫʧʦʨʷ-
ʜʦʯʝʥʳ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʙʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʥʘʨʥʦʛʦ ʧʦʠʩʢʘ ʧʦ ʧʨʝʬʠʢʩʫ
ʙʳʩʪʨʦ ʥʘʭʦʜʠʪʴ ʠʩʢʦʤʳʡ ʵʣʝʤʝʥʪ, ʦʜʥʘʢʦ ʧʨʠ ʦʧʝʨʘʮʠʷʭ ʤʦʜʠʬʠʢʘʮʠʠ ʥʝʦʙ-
ʭʦʜʠʤʦ ʙʳʣʦ ʙʳ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʝʨʝʩʦʨʪʠʨʦʚʢʫ ʧʨʝʬʠʢʩʘ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʙʳ ʢ
ʧʝʨʝʤʝʱʝʥʠʶ ʵʣʝʤʝʥʪʦʚ ʤʘʩʩʠʚʘ ʚ ʧʨʦʠʟʚʦʣʴʥʳʝ ʩʪʦʨʦʥʳ. ɺʚʠʜʫ ʵʪʦʛʦ ʨʝʘʣʠ-
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ʟʦʚʘʪʴ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʶʱʠʡ ʥʝʙʣʦʢʠʨʫʶʱʠʡ ʧʦʠʩʢ ʙʳʣʦ ʙʳ ʥʝʚʦʟʤʦʞʥʦ.
ɽʩʣʠ ʞʝ ʩʜʝʣʘʪʴ ʦʪʩʦʨʪʠʨʦʚʘʥʥʳʡ ʮʠʢʣʠʯʝʩʢʠʡ ʧʦʜʦʨʝʟʦʢ, ʪʦ ʵʪʦ ʙʳ ʧʦʟʚʦʣʠ-
ʣʦ ʚʳʧʦʣʥʷʪʴ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʠʩʢ ʚʦ ʚʨʝʤʷ ʤʦʜʠʬʠʮʠʨʫʶʱʠʭ ʦʧʝʨʘʮʠʷʭ, ʥʦ
ʚʩʝ ʝʱʝ ʥʝ ʧʦʟʚʦʣʠʣʦ ʙʳ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʠʥʘʨʥʳʡ ʧʦʠʩʢ ʧʨʠ ʥʝʙʣʦʢʠʨʫʶʱʝʤ
ʧʦʠʩʢʝ.

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 3
ɺ ʵʪʦʡ ʛʣʘʚʝ ʙʳʣʦ ʧʨʠʚʝʜʝʥʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʦʩʥʦʚʥʳʭ

ʦʧʝʨʘʮʠʡ ʨʘʙʦʪʳ ʥʘʜ ʤʥʦʞʝʩʪʚʘʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʣʠʥʝʘʨʠʟʫʝʤʦʩʪʠ, ʘ ʪʘʢ-
ʞʝ ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʘʥʘʣʦʛʘʤʠ. ɺ
ʟʘʢʣʶʯʝʥʠʝ, ʙʳʣʦ ʧʨʠʚʝʜʝʥʦ ʦʧʠʩʘʥʠʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ, ʥʦ ʥʝʠʩʧʦʣʴʟʦʚʘʥʥʳʭ
ʠʥʚʘʨʠʘʥʪʦʚ ʤʘʩʩʠʚʘ ʫʟʣʘ, ʘ ʪʘʢʞʝ ʧʨʠʯʠʥʳ, ʧʦ ʢʦʪʦʨʳʤ ʦʥʠ ʥʝ ʙʳʣʠ ʠʩʧʦʣʴ-
ʟʦʚʘʥʳ.
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ɿɸʂʃʖʏɽʅʀɽ
ɺ ʨʘʙʦʪʝ ʙʳʣʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʦʜʭʦʜʦʚ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʝʨʝ-

ʚʴʝʚ ʧʦʠʩʢʘ ʠ ʩʧʠʩʢʦʚ ʩ ʧʨʦʧʫʩʢʘʤʠ ʜʣʷ ʨʘʙʦʪʳ ʩ ʫʧʦʨʷʜʦʯʝʥʥʳʤʠ ʤʥʦʞʝ-
ʩʪʚʘʤʠ ʵʣʝʤʝʥʪʦʚ. ɹʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʦʙʦʠʭ
ʨʝʰʝʥʠʡ ʢʘʢ ʚ ʦʜʥʦʧʦʪʦʯʥʳʭ, ʪʘʢ ʠ ʢʦʥʢʫʨʝʥʪʥʳʭ ʧʨʦʛʨʘʤʤʘʭ.

ɹʳʣʠ ʨʘʟʦʙʨʘʥʳ ʜʚʝ ʩʫʱʝʩʪʚʫʶʱʠʝ ʨʝʘʣʠʟʘʮʠʠ ʢʦʥʢʫʨʝʥʪʥʳʭ ʩʧʠʩʢʦʚ
ʩ ʧʨʦʧʫʩʢʘʤʠ [8, 12], ʧʨʠʚʝʜʝʥʳ ʠʭ ʦʩʥʦʚʥʳʝ ʦʪʣʠʯʠʪʝʣʴʥʳʝ ʯʝʨʪʳ, ʜʦʩʪʦʠʥ-
ʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ.

ɹʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʦʚʘʷ ʠʜʝʷ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʢʦʥʢʫʨʝʥʪʥʳʭ ʩʧʠʩʢʦʚ.
ʅʘ ʦʩʥʦʚʝ ʠʜʝʠ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ ʨʝʘʣʠʟʦʚʘʥʘ ʥʦʚʘʷ ʩʪʨʫʢʪʫʨʘ ʜʘʥʥʳʭ. ɹʳ-
ʣʦ ʧʨʠʚʝʜʝʥʦ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʣʠʥʝʘ-
ʨʠʟʫʝʤʦʩʪʠ. ʀ, ʥʘʢʦʥʝʮ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʩ ʩʫ-
ʱʝʩʪʚʫʶʱʠʤʠ ʨʝʰʝʥʠʷʤʠ.

ʀʩʭʦʜʷ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʩʨʘʚʥʝʥʠʷ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʧʦʣʫʯʝʥ-
ʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʩʳʣʦʯʥʳʭ ʪʠʧʦʚ ʚʝʜʝʪ ʩʝʙʷ ʥʘ ʫʨʦʚʥʝ ʩʫ-
ʱʝʩʪʚʫʶʱʠʭ ʨʝʰʝʥʠʡ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʤ ʤʥʦʞʝʩʪʚʝ ʭʨʘʥʠʤʳʭ ʚ
ʩʪʨʫʢʪʫʨʝ ʟʥʘʯʝʥʠʡ, ʥʦ ʪʘʢʞʝ ʧʦʢʘʟʳʚʘʝʪ ʥʝʙʦʣʴʰʦʡ ʧʨʠʨʦʩʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-
ʥʦʩʪʠ ʧʨʠ ʙʦʣʴʰʦʤ ʥʘʙʦʨʝ ʭʨʘʥʠʤʳʭ ʚ ʩʪʨʫʢʪʫʨʝ ʟʥʘʯʝʥʠʡ. ʆʜʥʘʢʦ, ʧʨʠ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʠ ʥʝʩʩʳʣʦʯʥʳʭ ʪʠʧʦʚ ʥʘʰʘ ʩʪʨʫʢʪʫʨʘ ʧʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʡ
ʧʨʠʨʦʩʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʨʝʰʝʥʠʷʤʠ. ʊʘʢʞʝ, ʧʦ-
ʣʫʯʝʥʥʦʝ ʨʝʰʝʥʠʝ ʧʦʟʚʦʣʠʣʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ ʠʩʧʦʣʴʟʫʝʤʫʶ ʩʧʠʩʢʦʤ
ʩ ʧʨʦʧʫʩʢʘʤʠ ʧʘʤʷʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʨʝʰʝʥʠʷʤʠ, ʙʣʘʛʦʜʘʨʷ ʩʦʢʨʘ-
ʱʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʫʟʣʦʚ ʚ ʩʘʤʦʡ ʩʪʨʫʢʪʫʨʝ.
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ʇʈʀʃʆɾɽʅʀɽ ɸ. ʇʈʀʃʆɾɽʅʀɽ ʉ ʃʀʉʊʀʅɻɸʄʀʌʋʅʂʎʀʁ

ʃʠʩʪʠʥʛ ɸ.1 ï ʌʫʥʢʮʠʷ ʫʜʘʣʝʥʠʷ ʵʣʝʤʝʥʪʘ ʠʟ ʤʘʩʩʠʚʘ ʫʟʣʘ

function remove(node; v) : boolean
end node:array:end
key node:array:key
if end = 0 then

return false
else

positionOfV  �1
i 0
while i 6= end do

cur key[i]
if v = cur then

positionOfV  i
break

end if
i i + 1

end while
if positionOfV 6= �1 then

key[positionOfV ] key[end� 1]
key[end� 1] EMPTY
node:array:end end� 1
node:deleted end = 1
return true

else
return false

end if
end if

end function
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ʃʠʩʪʠʥʛ ɸ.2 ï ʌʫʥʢʮʠʷ ʜʦʙʘʚʣʝʥʠʷ ʵʣʝʤʝʥʪʘ

function add(v) : boolean
cur find(v)
cur:lock.lock()
cur moveForwardBlocking(cur; 0; v)
if cur == head jj cur:deleted then

newNode split(cur, v)
newNode:array:key[0] v)
newNode:initialMin v)
newNode:array:end 1)
newNode:next.add(cur:next[0])
cur:next[0] newNode)
cur:lock.unlock()

else
vPos posOfV(cur, v)
if vPos 6= �1 then

cur:lock.unlock()
return false

else
end cur:array:end
emptyPos end == k ? � 1 : end
if emptyPos == �1 then

<newNode; kArrayL> split(cur; v)
newNode:next.add(cur:next[0])
cur:next[0] newNode
cur:array NodeArray(kArrayL; l)
cur:lock.unlock()

else
cur:array:key[emptyPos] v
cur:array:end cur:array:end + 1
cur:lock.unlock()
return true

end if
end if

end if
//newNode was created; so it0s height may be increased
heightForNode generateHeight()
if heightForNode == 0 then

return true
end if
increaseNodeHeightTo(newNode; heightForNode)
return true

end function
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ʃʠʩʪʠʥʛ ɸ.3 ï ʌʫʥʢʮʠʷ ʚʩʪʘʚʣʷʶʱʘʷ ʫʟʝʣ ʥʘ ʚʝʨʭʥʠʝ ʫʨʦʚʥʠ ʜʦ ʫʢʘʟʘʥʥʦʡ
ʚʳʩʦʪʳ

function increaseNodeHeightTo(newNode; heightForNode)
path findWithPathSaving(newNode)
for curLevel 1;heightForNode do

cur path[curLevel] == EMPTY ?H : path[curLevel]
cur:lock.lock()
if cur:next.size() 6 curLevel then

cur:next.add(T )
maxLevel.incrementAndGet()

end if
cur moveForwardBlocking(cur; curLevel; newNode:initialMin)
newNode:lock.lock()
if newNode:deleted then

//someone already deleted that node
newNode:lock.unlock()
cur:lock.unlock()
return

end if
newNode:next.add(cur:next[curLevel])
cur:next[curLevel] newNode
newNode:lock.unlock()
cur:lock.unlock()

end for
end function
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ʃʠʩʪʠʥʛ ɸ.4 ï ʌʫʥʢʮʠʷ ʨʘʟʜʝʣʝʥʠʷ ʫʟʣʘ ʥʘ ʜʚʘ

function split(cur; v) : <Node, NodeArray>
newNode Node()
l 0
r 0
kArrayL AtomicReferenceArray()
newNodeKey newNode:array:key
oldNodeKey cur:array:key
for i 0;k � 1 do

curV alue oldNodeKey[i]
if v < curV alue then

newNodeKey[r + +] curV alue
else

kArrayL[l + +] curV alue
end if

end for
if r == k then

newNodeKey[l + +] v
newMin EMPTY
for i 0;k � 1 do

if newMin EMPTY then
newMin newNodeKey[i]

else
if newNodeKey[i] < newMin then

newMin newNodeKey[i]
end if

end if
end for
newNode:initialMin newMin

else
newNodeKey[r + +] v
newNode:initialMin v

end if
newNode:array:end r
return <newNode; kArrayL>

end function
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ʃʠʩʪʠʥʛ ɸ.5 ï ʌʫʥʢʮʠʷ ʧʦʠʩʢʘ ʧʦʟʠʮʠʠ ʵʣʝʤʝʥʪʘ ʚ ʤʘʩʩʠʚʝ

function posOfV(node; v) : int
end node:array:end
if end == 0 then

return �1
else

key node:array:key
i 0
while i 6= end do

cur key[i]
if v == cur then

return i
end if
i i + 1

end while
end if
return �1

end function
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ʃʠʩʪʠʥʛ ɸ.6 ï ʌʫʥʢʮʠʷ ʫʜʘʣʝʥʠʷ ʵʣʝʤʝʥʪʘ

function remove(v) : boolean
cur find(v)
cur:lock.lock()
cur moveForwardBlocking(cur; 0; v)
if cur:deleted then

cur:lock.unlock()
return false

end if
optimisticRemoveResult remove(cur; v)
deleted cur:deleted
cur:lock.unlock()
if optimisticRemoveResult then

if deleted then
path findAllPrevious(cur)
forDeletion cur
curLevel forDeletion:next.size() - 1
while curLevel > 0 do

cur path[curLevel]
cur:lock.lock()
cur firstNotPhysicallyDeleted(cur; curLevel)
next cur:next[curLevel]
while next 6= forDeletion do

next:lock.lock()
cur:lock.unlock()
cur next
next next:next[curLevel]

end while
forDeletion:lock.lock()
cur:next[curLevel] forDeletion:next[curLevel]
forDeletion:deletedBy.add(cur)
forDeletion:lock.unlock()
cur:lock.unlock()
curLevel ��

end while
end if
return true

end if
return false

end function




