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ИСКАЖЕНИЕ ИМПУЛЬСНЫХ СИГНАЛОВ 
В МНОГОКАНАЛЬНЫХ СИСТЕМАХ ПЕРЕДАЧИ 

С КОГЕРЕНТНЫМ ДЕТЕКТИРОВАНИЕМ, ВЫЗВАННОЕ
ЯВЛЕНИЯМИ ФАЗОВОЙ САМОМОДУЛЯЦИИ И ФАЗОВОЙ

КРОСС�МОДУЛЯЦИИ В ОПТИЧЕСКОМ ВОЛОКНЕ

Ключевые слова: нелинейные явления, фазовая
кросс-модуляция, фазовая самомодуляция,
спектральное разделение каналов, когерентный
прием, помехозащищенность сигнала.

Для цитирования: 
Сычук А.Н., Варданян В.А. Искажение импульсных сигналов в многоканальных системах передачи с когерентным детектированием,
вызванное явлениями фазовой самомодуляции и фазовой кросс-модуляции в оптическом волокне // T-Comm: Телекоммуникации и
транспорт. 2020. Том 14. №1. С. 4-12.

For citation: 
Sychuk A.N., Vardanyan V.A. (2020) Pulsed signals distortions in multichannel conerent detection transmission systems caused by self-
phase modulation and cross-phase modulation in optical fiber. T-Comm, vol. 14, no.1, pр. 4-12. (in Russian)

Исследуется влияние эффектов фазовой самомодуляции (ФСМ) и фазовой кросс-модуляции
(ФКМ) на помехоустойчивость передаваемых импульсных сигналов в многоканальной систе-
ме передачи со спектральным уплотнением в зависимости от параметров системы передачи:
уровня суммарной мощности излучения в оптоволокне и типа линейных кодов. На приемной
стороне, после когерентного фотодетектирования импульсных сигналов анализируются по-
лученные глаз-диаграммы. Критерием оценки влияния ФСМ и ФКМ на помехоустойчивость
передаваемых сигналов принят Q-фактор, который вычисляется графическим способом с
помощью глаз-диаграммы. Имитационная модель многоканальной волоконно-оптической си-
стемы передачи со спектральным разделением каналов реализована в среде моделирования
MathCAD. Влияние явлений ФСМ и ФКМ на передаваемый сигнал имитируется как искаже-
ние фазы этого сигнала при его распространении по стандартному одномодовому волокну и
преобразование этих искажений в амплитудные при фотодетектировании. Показано, что из-
за влияния ФСМ и ФКМ при увеличении уровня суммарной мощности излучения в оптово-
локне происходит ухудшение показателя качества сигнала. В 128-канальной системе переда-
чи с канальной скоростью передачи данных 40 Гбит/с, увеличение суммарной мощности с 
2 до 30 мВт приводит к снижению величины Q-фактора при использовании линейного кода
передачи NRZ в 8 раз и при использовании кода RZ в 9 раз. В работе показано, что по срав-
нению с линейным кодом NRZ, использование кода RZ позволяет уменьшить влияние ФСМ
и ФКМ и увеличить Q-фактор в среднем в 1.7 раза. Полученные результаты могут быть ис-
пользованы при проектировании многоканальных волоконно-оптических систем передачи
со спектральным разделением каналов для оценки потенциального вклада явлений ФСМ и
ФКМ в снижение помехоустойчивости системы.
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Ââåäåíèå 
 
Òåõíîëîãèè ñïåêòðàëüíîãî óïëîòíåíèÿ (WDM – wave-

lengths division multiplexing), ïðèìåíÿåìûå â ñîâðåìåííûõ 
âîëîêîííî-îïòè÷åñêèõ ñèñòåìàõ ïåðåäà÷è (ÂÎÑÏ), ïîçâî-
ëÿþò ïåðåäàâàòü îäíîâðåìåííî áîëüøîå êîëè÷åñòâî ñïåê-
òðàëüíî ðàçäåëåííûõ êàíàëîâ (dense WDM – DWDM), ÷òî 
ïîçâîëÿåò ñóùåñòâåííî ïîâûñèòü ïðîïóñêíóþ ñïîñîáíîñòü 
ñèñòåì ñâÿçè [1]. Îäíàêî óâåëè÷åíèå êîëè÷åñòâà êàíàëîâ 
ïåðåäà÷è íåèçáåæíî ïðèâîäèò ê òîìó, ÷òî óðîâåíü ñóììàð-
íîãî îïòè÷åñêîãî èçëó÷åíèÿ îò âñåõ êàíàëîâ ïåðåäà÷è, ââî-
äèìûõ â îïòîâîëîêíî, áóäåò âîçðàñòàòü. Â ïðîöåññå ðàñïðî-
ñòðàíåíèÿ îïòè÷åñêîãî èçëó÷åíèÿ ÷åðåç ñðåäó ïåðåäà÷è ïðî-
èñõîäèò âçàèìîäåéñòâèå ìàòåðèàëà ñðåäû ïåðåäà÷è è îïòè-
÷åñêîãî èçëó÷åíèÿ. Êàê ðåçóëüòàò – óâåëè÷åíèå ìîùíîñòè 
îïòè÷åñêîãî èçëó÷åíèÿ ïðèâîäèò ê èçìåíåíèþ ïîêàçàòåëÿ 
ïðåëîìëåíèÿ ñðåäû ïåðåäà÷è – ïîÿâëÿåòñÿ íåëèíåéíàÿ ñî-
ñòàâëÿþùàÿ ïîêàçàòåëÿ ïðåëîìëåíèÿ, çàâèñÿùàÿ îò èíòåí-
ñèâíîñòè îïòè÷åñêîãî èçëó÷åíèÿ [2, 3]. Â ðåçóëüòàòå, óâåëè-
÷åíèå óðîâíÿ ñóììàðíîé ìîùíîñòè íåèçáåæíî ïðèâîäèò ê 
âîçíèêíîâåíèþ ðàçëè÷íûõ íåëèíåéíûõ ÿâëåíèé, äâà èç êî-
òîðûõ – ôàçîâàÿ ñàìîìîäóëÿöèÿ (ÔÑÌ) è ôàçîâàÿ êðîññ-
ìîäóëÿöèÿ (ÔÊÌ), êîòîðûå çíà÷èòåëüíî óõóäøàþò ïîìåõî-
óñòîé÷èâîñòü ñîâðåìåííûõ ÂÎÑÏ-DWDM [4, 5]. ßâëåíèå 
ÔÑÌ âîçíèêàåò âñëåäñòâèå ñàìîâîçäåéñòâèÿ èíòåíñèâíîñòè 
ðàñïðîñòðàíÿþùåãîñÿ îïòè÷åñêîãî ñèãíàëà íà ýôôåêòèâíûé 
ïîêàçàòåëü ïðåëîìëåíèÿ ñðåäû ïåðåäà÷è è, ñëåäîâàòåëüíî, 
âñåãäà âîçíèêàåò ïðè ðàñïðîñòðàíåíèè îïòè÷åñêîãî èçëó÷å-
íèÿ ÷åðåç îïòîâîëîêíî. ßâëåíèå ÔÊÌ âîçíèêàåò ïðè ñîâìå-
ñòíîì ðàñïðîñòðàíåíèè äâóõ è áîëåå ñïåêòðàëüíûõ êàíàëîâ 
â îïòîâîëîêíå è ñâÿçàíî ñ òåì, ÷òî íà ýôôåêòèâíûé ïîêàçà-
òåëü ïðåëîìëåíèÿ äëÿ êàæäîãî ñïåêòðàëüíîãî êàíàëà îêàçû-
âàåò âîçäåéñòâèå, êàê èíòåíñèâíîñòü èçëó÷åíèÿ ñàìîãî ñïåê-
òðàëüíîãî êàíàëà, òàê è èíòåíñèâíîñòü èçëó÷åíèÿ îò ñîñåä-
íèõ ñïåêòðàëüíûõ êàíàëîâ. ßâëåíèå ÔÊÌ âñåãäà ñîïðîâîæ-
äàåòñÿ ÿâëåíèåì ÔÑÌ [6, 7].   

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå óõóäøåíèÿ 
ïîìåõîóñòîé÷èâîñòè ÂÎÑÏ-DWDM, âûçâàííîãî ÿâëåíèÿìè 
ÔÑÌ è ÔÊÌ, âîçíèêàþùèìè â îïòîâîëîêíå. Êðèòåðèåì 
îöåíêè êà÷åñòâà èìïóëüñíûõ ñèãíàëîâ ïðèíÿò Q-ôàêòîð, 
îïðåäåëÿåìûé íà ïðèåìíîé ñòîðîíå, ïîñëå êîãåðåíòíîãî 
(ãîìîäèííîãî) ïðèåìà. Äëÿ ýòîãî â ñðåäå MathCAD ðåàëèçî-
âàíà èìèòàöèîííàÿ ìîäåëü äëÿ îöåíêè âëèÿíèÿ ÿâëåíèé 
ÔÑÌ è ÔÊÌ íà ïîêàçàòåëè êà÷åñòâà ïåðåäàâàåìûõ îïòè÷å-
ñêèõ èìïóëüñíûõ ñèãíàëîâ. 

 
Ñòðóêòóðíàÿ ñõåìà 
 
Íà ðèñóíêå 1 ïðåäñòàâëåíà ñòðóêòóðíàÿ ñõåìà ìíîãîêà-

íàëüíîé ÂÎÑÏ-DWDM c ãîìîäèííûì ïðèåìîì. Íà ïåðå-
äàþùåé ñòîðîíå, â êàæäîì êàíàëå ïðè ïîìîùè ëàçåðíûõ 
äèîäîâ (ËÄ) ôîðìèðóþòñÿ îïòè÷åñêèå íåñóùèå ñ çàäàííîé 
äëèíîé âîëíû è óðîâíåì âûõîäíîé ìîùíîñòè îïòè÷åñêîãî 
èçëó÷åíèÿ. Â ìîäåëè ïðåäóñìîòðåíà âîçìîæíîñòü èçìåíåíèÿ 
óðîâíÿ âûõîäíîé ìîùíîñòè ëàçåðíîãî äèîäà, à òàê æå äëèíû 
âîëíû îïòè÷åñêîé íåñóùåé. Ñëåäóåò îòìåòèòü, ÷òî ëàçåðíûå 
äèîäû ãåíåðèðóþò îïòè÷åñêèå íåñóùèå ñ äëèíàìè âîëí, 
áëèçêèìè äðóã ê äðóãó, èç äèàïàçîíà «C» äëÿ ñòàíäàðòíîãî 
îäíîìîäîâîãî âîëîêíà (SSMF – standard single mode fiber) 
[8].  

Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà ìíîãîêàíàëüíîé ÂÎÑÏ-WDM  
ñ êîãåðåíòíûì äåòåêòèðîâàíèåì 

 
Îïòè÷åñêèå íåñóùèå ïîñòóïàþò íà îäèí èç âõîäîâ îïòè-

÷åñêèõ ìîäóëÿòîðîâ (Ì). Íà äðóãîé âõîä ñîîòâåòñòâóþùèõ 
îïòè÷åñêèõ ìîäóëÿòîðîâ ïîäàþòñÿ ìîäóëèðóþùèå ñèãíàëû, 
ôîðìèðóåìûå ïðè ïîìîùè ãåíåðàòîðà èìïóëüñîâ NRZ, RZ, 
ïðè ýòîì ëîãè÷åñêîé «1» ìîäóëèðóþùåãî ñèãíàëà ñîîòâåò-
ñòâóåò íàëè÷èå îïòè÷åñêîãî èçëó÷åíèÿ íà âûõîäå ìîäóëÿòî-
ðà, à ëîãè÷åñêîìó «0» – îòñóòñòâèå îïòè÷åñêîãî èçëó÷åíèÿ. 
Òàê æå â ðàáîòå ó÷èòûâàåòñÿ ìåæñèìâîëüíàÿ èíòåðôåðåíöèÿ 
ñèãíàëîâ â ñîñåäíèõ òàêòîâûõ èíòåðâàëàõ. Â ìîäåëè ïðåäó-
ñìîòðåíà âîçìîæíîñòü èçìåíåíèÿ äëèòåëüíîñòè ìîäóëè-
ðóþùèõ èìïóëüñîâ â ãåíåðàòîðå èìïóëüñîâ NRZ, RZ.  

Ðàññìàòðèâàþòñÿ ñèãíàëû ñî ñêîðîñòüþ ïåðåäà÷è 
40 Ãáèò/ñ â êàæäîì êàíàëå. Ìîäóëèðîâàííûå îïòè÷åñêèå 
íåñóùèå ïîñòóïàþò íà âõîä ñîîòâåòñòâóþùèõ îïòè÷åñêèõ 
ëèíèé çàäåðæêè (Òç). Ëèíèè çàäåðæêè âíîñÿò âðåìåííûå 
çàäåðæêè èìïóëüñîâ îò íóëÿ äî äâóõ òàêòîâûõ èíòåðâàëîâ. 
Ðàññìàòðèâàþòñÿ òàêæå äâà ðåæèìà ðàáîòû âñåõ ëèíèé çà-
äåðæêè. Â ïåðâîì ðåæèìå ðàáîòû ãåíåðèðóåòñÿ ôèêñèðî-
âàííûé èíòåðâàë çàäåðæêè. Äàííûé ðåæèì ðàáîòû ðåàëèçó-
åò íàèõóäøèé ñëó÷àé ïåðåäà÷è, ïðè êîòîðîì ÿâëåíèÿ ÔÑÌ 
è ÔÊÌ îêàçûâàþò íàèáîëüøåå âëèÿíèå íà ïîêàçàòåëè êà÷å-
ñòâà èìïóëüñíûõ ñèãíàëîâ. Âî âòîðîì ðåæèìå ðàáîòû ëèíèè 
çàäåðæêè âíîñÿò ñëó÷àéíûå âðåìåííûå çàäåðæêè, âåëè÷èíà 
êîòîðûõ íàõîäèòñÿ â äèàïàçîíå îò íóëÿ äî óäâîåííîé äëè-
òåëüíîñòè òàêòîâîãî èíòåðâàëà áèòà ìîäóëèðóþùåé ïîñëå-
äîâàòåëüíîñòè. Â äàëüíåéøåì, ñèñòåìó ïåðåäà÷è, ôóíêöèî-
íèðóþùóþ â ïåðâîì ðåæèìå ðàáîòû ëèíèè çàäåðæåê, áóäåì 
íàçûâàòü ñèíõðîííîé, à ôóíêöèîíèðóþùóþ âî âòîðîì ðå-
æèìå – àñèíõðîííîé.  

Â ðåàëüíûõ ÂÎÑÏ-DWDM ñèíõðîííàÿ ìîäóëÿöèÿ âñåõ 
ìîäóëÿòîðîâ – ìàëîâåðîÿòíûé ïðîöåññ, òàê êàê â êà÷åñòâå 
ãåíåðàòîðîâ èìïóëüñîâ èñïîëüçóþòñÿ ðåàëüíûå, íåçàâèñè-
ìûå äðóã îò äðóãà èñòî÷íèêè èìïóëüñíûõ ïîñëåäîâàòåëüíî-
ñòåé. Ïðè àñèíõðîííîé ïåðåäà÷å îïòè÷åñêèå ñèãíàëû â êàæ-
äîì êàíàëå ïåðåäà÷è âîçíèêàþò â  ñëó÷àéíûå ìîìåíòû âðå-
ìåíè, ñîîòâåòñòâóþùèå èíòåðâàëàì çàäåðæåê. Âûõîäíûå 
îïòè÷åñêèå ñèãíàëû ìîäóëÿòîðîâ ïîñòóïàþò íà âõîä îïòè-
÷åñêîãî ìóëüòèïëåêñîðà (MUX), îáúåäèíÿþòñÿ è ïîñòóïàþò 
íà âõîä îïòîâîëîêíà. Íà ïðèåìíîé ñòîðîíå ìóëüòèïëåêñè-
ðîâàííûé ñèãíàë ñ âûõîäà îïòè÷åñêîãî âîëîêíà ïîñòóïàåò 
íà îäèí èç âõîäîâ íàïðàâëåííîãî îòâåòâèòåëÿ (ÍÎ). Íà äðó-
ãîé âõîä îïòè÷åñêîãî îòâåòâèòåëÿ ïîñòóïàåò îïòè÷åñêîå 
èçëó÷åíèå, ãåíåðèðóåìîå ãåòåðîäèíîì. Â äàííîé ðàáîòå 
ïðåäïîëàãàëîñü, ÷òî ÷àñòîòà èçëó÷åíèÿ ãåòåðîäèíà ñîâïàäà-
åò ñ ÷àñòîòîé äåòåêòèðóåìîãî îïòè÷åñêîãî ñèãíàëà, ÷òî ñî-
îòâåòñòâóåò ãîìîäèííîìó òèïó êîãåðåíòíîãî äåòåêòèðîâà-
íèÿ.  
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Îïòè÷åñêîå èçëó÷åíèå ñ âûõîäà ÍÎ ïîñòóïàåò íà ôîòî-
äåòåêòîð (ÔÄ) ïðè ïîìîùè êîòîðîãî âûïîëíÿåòñÿ äåòåêòè-
ðîâàíèå ïðèíèìàåìîãî îïòè÷åñêîãî ñèãíàëà. Íà âûõîäå ôî-
òîäåòåêòîðà ôîðìèðóåòñÿ ôîòîòîê, ïîâòîðÿþùèé îãèáàþ-
ùóþ äåòåêòèðîâàííîãî îïòè÷åñêîãî ñèãíàëà. Äàëåå ôîòîòîê 
ðåãèñòðèðóåòñÿ îñöèëëîãðàôîì (Îñö), êîòîðûé ñèíõðîíèçè-
ðóåòñÿ îò ñèãíàëîâ ãåíåðàòîðà èìïóëüñîâ NRZ, RZ. 

 
Òåîðåòè÷åñêîå îáîñíîâàíèå èìèòàöèîííîé ìîäåëè 
 
Ìîäóëèðóþùèé ñèãíàë ïðåäñòàâëÿåò ñîáîé ïîñëåäîâà-

òåëüíîñòü ãàóññîâñêèõ èìïóëüñîâ, êîòîðûå  ìîæíî îïèñàòü 
ñëåäóþùèì îáðàçîì [2, 3]: 

 
2

òàêò
l 2

0

( )
( , ) exp

2
t l T

s l t P
T

⎡ ⎤− − ⋅
= ⋅ ⎢ ⎥⋅⎣ ⎦

,    (1) 

ãäå, Pl – óðîâåíü ïèêîâîé ìîùíîñòè îïòè÷åñêîãî èìïóëüñà â 
l-ì òàêòîâîì èíòåðâàëå ìîäóëèðóþùåé ïîñëåäîâàòåëüíîñòè; 
Ò0 – ïîëîâèíà äëèòåëüíîñòè ãàóññîâñêîãî èìïóëüñà íà óðîâ-
íå 0.6 îò ìàêñèìàëüíîãî çíà÷åíèÿ íàïðÿæåííîñòè îïòè÷å-
ñêîãî ïîëÿ; Tòàêò – äëèòåëüíîñòü òàêòîâîãî èíòåðâàëà ìîäó-
ëèðóþùåé ïîñëåäîâàòåëüíîñòè. Äëèòåëüíîñòü òàêòîâîãî 
èíòåðâàëà îïðåäåëÿåòñÿ íà óðîâíå ïîëîâèíû îò ïèêîâîé 
ìîùíîñòè ãàóññîâñêîãî èìïóëüñà. Ñèãíàë íà âûõîäå îïòè-
÷åñêîãî ìîäóëÿòîðà â n-ì êàíàëå ïåðåäà÷è èìååò âèä: 
 

n n
1

( ) ( , ) cos(2 )
L

l
S t s l t f tπ

=
= ⋅ ⋅ ⋅ ⋅∑ ,   (2) 

ãäå, fn — ÷àñòîòà íåñóùåé äëÿ n-ãî êàíàëà ïåðåäà÷è, ãäå 
1,2,...n N= ; L – äëèíà áèòîâîé ïîñëåäîâàòåëüíîñòè ñèãíà-

ëà. Âûïîëíåíû ñèìóëÿöèè ïðè ðàçëè÷íûõ çíà÷åíèÿõ äëèíû 
áèòîâîé ïîñëåäîâàòåëüíîñòè. Â ïðîöåññå ñèìóëÿöèé âûÿñ-
íåíî, ÷òî ãëàç-äèàãðàììû äåòåêòèðîâàííûõ ñèãíàëîâ íå 
èìåþò ðàçëè÷èé ïðè L ?  3. Äëÿ äàëüíåéøåãî óïðîùåíèÿ 
ðàñ÷åòîâ áûëî ïðèíÿòî L = 3. Òàê æå, ñëåäóåò îòìåòèòü, ÷òî 
â äàííîé ðàáîòå óðîâíè ïèêîâîé ìîùíîñòè îïòè÷åñêîãî èì-
ïóëüñà âî âñåõ ââîäèìûõ êàíàëàõ ïåðåäà÷è èìåþò îäèíàêî-
âûå âåëè÷èíû. Ìîäóëèðîâàííûå êàíàëüíûå ñèãíàëû ìóëü-
òèïëåêñèðóþòñÿ è ââîäÿòñÿ â îïòîâîëîêíî. Â ïðîöåññå ðàñ-
ïðîñòðàíåíèÿ ïî îïòîâîëîêíó ôàçû ñïåêòðàëüíûõ êàíàëü-
íûõ ñèãíàëîâ èçìåíÿþòñÿ. Íà âûõîäå îïòîâîëîêíà ñèãíàë â 
n-ì êàíàëå ïåðåäà÷è èìååò ñëåäóþùèé âèä [2, 3]: 
 

*
n n NL n

1
( ) ( , ) cos(2 ( ))

L

l
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= ⋅ ⋅ ⋅ ⋅ +∑ ,  (3) 

ãäå NL nϕ  — íåëèíåéíûé ñäâèã ôàçû, ñîñòîÿùèé èç äâóõ ñëà-
ãàåìûõ: ïåðâîå ñëàãàåìîå õàðàêòåðèçóåò ñìåùåíèå ôàçû èç-
çà ÿâëåíèÿ ÔÑÌ, à âòîðîå ñëàãàåìîå — ñìåùåíèå ôàçû èç-çà 
ÿâëåíèÿ ÔÊÌ. Íåëèíåéíûé ñäâèã ôàçû ñèãíàëà â  n-ì êàíà-
ëå ïåðåäà÷è [2, 3, 7]: 
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⎡ ⎤
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⎢ ⎥⎣ ⎦

∑ ,  (4) 

ãäå Le ff = (1- exp(-áL))/á – ýôôåêòèâíàÿ ïðîòÿæåííîñòü îïòî-
âîëîêíà; ã – íåëèíåéíûé êîýôôèöèåíò îïòîâîëîêíà (äëÿ 
SSMF âîëîêíà ã = 1.2 Âò/êì); á – êîýôôèöèåíò çàòóõàíèÿ 
îïòîâîëîêíà. 

Â ïðèåìíîé ÷àñòè ÂÎÑÏ-WDM ñèãíàë ñ âûõîäà îïòîâî-
ëîêíà ïîñòóïàåò â íàïðàâëåííûé îòâåòâèòåëü, â êîòîðîì 
îïòè÷åñêîå ïîëå ìóëüòèïëåêñèðîâàííîãî ñèãíàëà ñóììèðó-
åòñÿ ñ ïîëåì ñèãíàëà ãåòåðîäèíà. Îïòè÷åñêîå ïîëå íà âûõî-
äå íàïðàâëåííîãî îòâåòâèòåëÿ ôîòîäåòåêòèðóåòñÿ. Ðåçóëüòà-
òîì ôîòîäåòåêòèðîâàíèÿ ÿâëÿåòñÿ ôîòîòîê íà âûõîäå ôîòî-
äèîäà [9]: 
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ãäå Ð0 – ïèêîâàÿ ìîùíîñòü îïòè÷åñêîãî èçëó÷åíèÿ ãåòåðî-
äèíà; f0 – ÷àñòîòà îïòè÷åñêîãî èçëó÷åíèÿ ãåòåðîäèíà; 0ϕ  – 
ôàçà îïòè÷åñêîãî èçëó÷åíèÿ ãåòåðîäèíà. Â äàííîé ðàáîòå 
ïðåäïîëàãàåòñÿ, ÷òî ÷àñòîòà èçëó÷åíèÿ ãåòåðîäèíà è ÷àñòîòà 
èçëó÷åíèÿ äåòåêòèðóåìîãî êàíàëà ñîâïàäàþò. Òàê æå, ïðåä-
ïîëàãàåòñÿ, ÷òî ôàçà îïòè÷åñêîãî èçëó÷åíèÿ ãåòåðîäèíà ðàâ-
íà íóëþ. 

Ôîðìóëà (5) ïîçâîëÿåò ðàññ÷èòàòü ôîòîòîêè, ñîîòâåòñò-
âóþùèå ðàçíûì ñïåêòðàëüíûì êàíàëüíûì ñèãíàëàì è â 
äàëüíåéøåì, ïîëó÷èòü ãëàç-äèàãðàììû èìïóëüñíûõ ïîñëå-
äîâàòåëüíîñòåé âî âðåìåííîé îáëàñòè. Íà ðèñóíêå 2 ïîêàçàí 
ïðèìåð ãëàç-äèàãðàììû. Èñêàæåíèÿ ñèãíàëüíûõ èìïóëüñîâ 
â ãëàç-äèàãðàììå èç-çà ÔÑÌ è ÔÊÌ îáóñëîâëåíû ïðåîáðà-
çîâàíèåì ôàçîâûõ èñêàæåíèé â àìïëèòóäíûå ïðè ôîòîäå-
òåêòèðîâàíèè.  

 

 
 

Ðèñ. 2. Ãðàôè÷åñêîå îïðåäåëåíèå ïàðàìåòðîâ Q-ôàêòîðà  
äåòåêòèðîâàííîãî ñèãíàëà 

 
Ñ ïîìîùüþ ïîëó÷åííûõ ãëàç-äèàãðàìì äåòåêòèðîâàííûõ 

ñèãíàëîâ, âûïîëíÿåòñÿ îöåíêà âåëè÷èíû Q-ôàêòîðà [2, 3, 7]: 
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ãäå I1 è 1σ  – óðîâíè òîêà ñèãíàëà è øóìà èç-çà ÿâëåíèé 
ÔÑÌ è ÔÊÌ ïðè ïåðåäà÷å ëîãè÷åñêîé «1», ñîîòâåòñòâåííî; 
I0 è 0σ  – óðîâíè òîêà ñèãíàëà è øóìà èç-çà ìåæñèìâîëüíîé 
èíòåðôåðåíöèè ïðè ïåðåäà÷å ëîãè÷åñêîãî «0», ñîîòâåòñò-
âåííî (ñì. ðèñ. 2).  
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Íà îñíîâå âû÷èñëåííûõ âåëè÷èí Q-ôàêòîðà âûïîëíåí 
ðàñ÷åò çíà÷åíèé âåðîÿòíîñòè ïîÿâëåíèÿ îøèáêè (BER – bit 
error rate) [2, 3]: 

1( ) erfc
2 2

QBER Q ⎛ ⎞= − ⋅ ⎜ ⎟
⎝ ⎠

,    (9) 

ãäå erfc – äîïîëíèòåëüíàÿ ôóíêöèÿ îøèáîê. 
 
Ðåçóëüòàòû ìîäåëèðîâàíèÿ 
 
Â äàííîé ðàáîòå, ðåçóëüòàòîì ìîäåëèðîâàíèÿ ÿâëÿþòñÿ 

ãëàç-äèàãðàììû äåòåêòèðîâàííûõ îïòè÷åñêèõ ñèãíàëîâ ñ 
èñêàæåííûìè àìïëèòóäàìè èìïóëüñíûõ ñèãíàëîâ, îáóñëîâ-
ëåííûìè ÿâëåíèÿìè ÔÑÌ è ÔÊÌ. Íà îñíîâå ïîëó÷åííûõ 
ãëàç-äèàãðàìì ðàññ÷èòûâàåòñÿ çíà÷åíèå Q-ôàêòîðà äåòåêòè-
ðîâàííîãî ñèãíàëà. 

Ãëàç-äèàãðàììû äåòåêòèðîâàííûõ ñèãíàëîâ, ôàçû êîòî-
ðûõ èçìåíèëèñü ïîä âîçäåéñòâèåì ÿâëåíèé ÔÑÌ è ÔÊÌ 
ïðè ðàçëè÷íûõ óðîâíÿõ ñóììàðíîé ìîùíîñòè îïòè÷åñêîãî 
èçëó÷åíèÿ â îïòîâîëîêíå ïðåäñòàâëåíû íà ðèñ. 3. 

Ãëàç-äèàãðàììû áûëè ïîëó÷åíû ïðè ñëåäóþùèõ ïàðà-
ìåòðàõ ñèñòåìû ïåðåäà÷è: ñèíõðîííûé ðåæèì ïåðåäà÷è; 
ïðîòÿæåííîñòü îïòîâîëîêíà – 100 êì; ÷èñëî ââîäèìûõ êàíà-
ëîâ ïåðåäà÷è – 128; ñêîðîñòü ïåðåäà÷è äàííûõ – 40 Ãá/ñ; òèï 
êîäîâûõ èìïóëüñîâ – NRZ; âåëè÷èíà ñóììàðíîé ìîùíîñòè 
îïòè÷åñêîãî èçëó÷åíèÿ, ââîäèìîãî â îïòîâîëîêíî, èçìåíÿ-
åòñÿ îò 2 äî 30 ìÂò. Øòðèõîâîé ëèíèåé îáîçíà÷åíà îãè-
áàþùàÿ äåòåêòèðîâàííîãî ñèãíàëà, êîòîðûé ÿâëÿåòñÿ ýòà-
ëîííûì (íåèñêàæåííûì) ïðè çàäàííûõ ïàðàìåòðàõ ñèñòåìû 
ïåðåäà÷è, à íåïðåðûâíîé ëèíèåé îáîçíà÷åíà îãèáàþùàÿ 
äåòåêòèðîâàííîãî ñèãíàëà, ôàçà êîòîðîãî áûëà èñêàæåíà 
âîçäåéñòâèåì ÿâëåíèé ÔÑÌ è ÔÊÌ.  

Èç ðèñóíêà 3 ñëåäóåò, ÷òî, ïðè ôèêñèðîâàííîì êîëè÷åñò-
âå êàíàëîâ ïåðåäà÷è, óâåëè÷åíèå óðîâíÿ ñóììàðíîé ìîùíî-
ñòè èçëó÷åíèÿ â îïòîâîëîêíå ïðèâîäèò ê ñèëüíûì èñêàæå-
íèÿì ãëàç-äèàãðàììû äåòåêòèðîâàííîãî ñèãíàëà. Èç óðàâíå-
íèÿ (4) ìîæíî ñäåëàòü âûâîä, ÷òî ñîñòàâëÿþùèå íåëèíåéíîé 
ôàçû, õàðàêòåðèçóþùèå ÿâëåíèÿ ÔÑÌ è ÔÊÌ, íàïðÿìóþ 
çàâèñÿò îò ìîùíîñòè îïòè÷åñêîãî ñèãíàëà, ïåðåäàâàåìîãî â 
êàíàëå [2, 3, 7].  

Óâåëè÷åíèå óðîâíÿ ñóììàðíîé ìîùíîñòè ïðè ôèêñèðî-
âàííîì êîëè÷åñòâå êàíàëîâ ïåðåäà÷è ïðèâîäèò ê óâåëè÷å-
íèþ óðîâíÿ ìîùíîñòè ñèãíàëîâ â êàæäîì ñïåêòðàëüíîì êà-
íàëå, â ðåçóëüòàòå ÷åãî âîçðàñòàåò âëèÿíèå ÿâëåíèé ÔÑÌ è 
ÔÊÌ íà ôàçó ñèãíàëîâ. Ðîñò óðîâíÿ ñóììàðíîãî èçëó÷åíèÿ 
òàêæå ïðèâîäèò ê óâåëè÷åíèþ óðîâíÿ øóìîâ, âûçâàííûõ 
ìåæñèìâîëüíîé èíòåðôåðåíöèåé. 

Èñïîëüçóÿ óêàçàííûå âûøå ïàðàìåòðû ñèñòåìû ïåðåäà-
÷è, áûëî ïîëó÷åíî ìíîæåñòâî ãëàç-äèàãðàìì äåòåêòèðîâàí-
íûõ ñèãíàëîâ äëÿ àñèíõðîííîãî ðåæèìà ïåðåäà÷è. Ìíîæå-
ñòâî ãëàç-äèàãðàìì, ïðåäñòàâëåííûõ íà ðèñ. 4, áûëî ïîëó÷å-
íî íàëîæåíèåì ãëàç-äèàãðàìì 100 èòåðàöèé èìèòàöèîííîé 
ìîäåëè. 

Èç ðèñóíêà 4 ìîæíî óâèäåòü, ÷òî ïðèìåíåíèå àñèíõðîí-
íîãî ðåæèìà ïåðåäà÷è ïîçâîëÿåò  ñíèçèòü èñêàæåíèÿ ôàçû 
äåòåêòèðîâàííîãî ñèãíàëà èç-çà ÿâëåíèé ÔÑÌ è ÔÊÌ. Ýòî 
ìîæíî îáúÿñíèòü òåì, ÷òî ïðè èñïîëüçîâàíèè ñèíõðîííîãî 
ðåæèìà ëèíèè çàäåðæêè âñÿ ñóììàðíàÿ ìîùíîñòü îïòè÷å-
ñêîãî èçëó÷åíèÿ ñêîíöåíòðèðîâàíà â òàêòîâûõ èíòåðâàëàõ, 
÷òî ïðèâîäèò ê ðåçêîìó óâåëè÷åíèþ íåëèíåéíûõ ÿâëåíèé è, 
êàê ñëåäñòâèå, óñèëåíèþ âîçäåéñòâèÿ ÿâëåíèé ÔÑÌ è ÔÊÌ 
íà ôàçû ïåðåäàâàåìûõ ñèãíàëîâ. 

 

 

 
Ðèñ. 3. Ãëàç-äèàãðàììà è èñêàæåíèå äåòåêòèðóåìîãî îïòè÷åñêîãî ñèãíàëà â ôîðìàòå ëèíåéíîãî êîäà NRZ  
ïðè ñèíõðîííîé ïåðåäà÷å â çàâèñèìîñòè îò ñóììàðíîé ìîùíîñòè èçëó÷åíèÿ, ââîäèìîãî â îïòîâîëîêíî:  

à) 2 ìÂò; á) 10 ìÂò; â) 20 ìÂò; ã) 30 ìÂò 
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Ðèñ. 4. Ãëàç-äèàãðàììà è èñêàæåíèå äåòåêòèðóåìîãî îïòè÷åñêîãî ñèãíàëà â ôîðìàòå ëèíåéíîãî êîäà NRZ  
ïðè àñèíõðîííîé ïåðåäà÷å â çàâèñèìîñòè îò ñóììàðíîé ìîùíîñòè èçëó÷åíèÿ ââîäèìîãî â îïòîâîëîêíî:  

à) 2 ìÂò; á) 10 ìÂò; â) 20 ìÂò; ã) 30 ìÂò 
 

 
Àñèíõðîííûé ðåæèì ïåðåäà÷è ïîçâîëÿåò ïåðåðàñïðåäå-

ëèòü ýôôåêòèâíóþ ìîùíîñòü èçëó÷åíèÿ â ïðåäåëàõ äèàïàçîíà 
èíòåðâàëîâ ëèíèè çàäåðæêè. Â ðåçóëüòàòå, ïðîèñõîäèò ñíè-
æåíèå âëèÿíèÿ ÿâëåíèé ÔÑÌ è ÔÊÌ íà ôàçû ïåðåäàâàåìûõ 
ñèãíàëîâ. Ñ ïîâûøåíèåì óðîâíÿ ñóììàðíîé ìîùíîñòè ðàñ-
êðûòèÿ ãëàç-äèàãðàììû äåòåêòèðîâàííîãî ñèãíàëà ïðèîáðå-
òàåò áîëüøèé ðàçáðîñ. Óâåëè÷åíèå ðàçáðîñà ìîæíî îáúÿñíèòü 
òåì, ÷òî êàæäàÿ íîâàÿ èòåðàöèÿ ñèìóëÿöèè ïðèâîäèò ê ïåðå-
îïðåäåëåíèþ èíòåðâàëîâ, ãåíåðèðóåìûõ ëèíèåé çàäåðæêè. 
Òàê êàê ñ óâåëè÷åíèåì óðîâíÿ ñóììàðíîãî èçëó÷åíèÿ ïðîèñ-
õîäèò óâåëè÷åíèå ìîùíîñòè èçëó÷åíèÿ â êàæäîì êàíàëå, è 
ýôôåêòèâíàÿ ìîùíîñòü èçëó÷åíèÿ â ïðåäåëàõ äèàïàçîíà èí-
òåðâàëîâ ëèíèè çàäåðæêè ðàñïðåäåëÿåòñÿ ìåíåå ðàâíîìåðíî.  

Ó÷èòûâàÿ ôîðìóëó (4), ìîæíî ïðåäïîëîæèòü, ÷òî íåðàâ-
íîìåðíîñòü ðàñïðåäåëåíèÿ óðîâíÿ ýôôåêòèâíîé ìîùíîñòè â 
òàêòîâûõ èíòåðâàëàõ ïåðåäàâàåìîãî ñèãíàëà ìîæåò ïðèâåñòè 
ê ñêà÷êàì èñêàæåíèÿ ôàçû èç-çà ÿâëåíèé ÔÑÌ è ÔÊÌ â 
äåòåêòèðóåìîì ñèãíàëå. Ðàçáðîñ âîçìîæíûõ âåëè÷èí ðàñ-
êðûòèÿ ãëàç-äèàãðàììû äåòåêòèðîâàííîãî ñèãíàëà èìååò 
ñâîè ïðåäåëû ñâåðõó è ñíèçó. Âåðõíèé ïðåäåë âåëè÷èíû 
ðàñêðûòèÿ ãëàç-äèàãðàììû îãðàíè÷åí ñèòóàöèåé, êîãäà ïîë-
íîñòüþ îòñóòñòâóåò âëèÿíèå ÿâëåíèé ÔÑÌ è ÔÊÌ íà ôàçó 
äåòåêòèðîâàííîãî ñèãíàëà è ñîîòâåòñòâóåò ìàêñèìàëüíîìó 
ðàñêðûòèþ ãëàç-äèàãðàììû ïðè äåòåêòèðîâàíèè ýòàëîííûõ 
ñèãíàëîâ ïðè çàäàííûõ ïàðàìåòðàõ ñèñòåìû. Íèæíèé ïðåäåë 
îãðàíè÷åí ñèòóàöèåé, êîãäà âëèÿíèå ÿâëåíèé ÔÑÌ è ÔÊÌ 
íà ôàçó äåòåêòèðîâàííîãî ñèãíàëà èìåëî ìàêñèìàëüíî âîç-
ìîæíîå çíà÷åíèå, ÷òî ñîîòâåòñòâóåò ìèíèìàëüíîìó ðàñêðû-
òèþ ãëàç-äèàãðàììû äåòåêòèðîâàííîãî ñèãíàëà ïðè ñèí-
õðîííîé ïåðåäà÷å. 

Â äàííîé ðàáîòå èññëåäîâàëîñü âëèÿíèå ÿâëåíèé ÔÑÌ è 
ÔÊÌ íà îãèáàþùóþ äåòåêòèðîâàííîãî ñèãíàëà â çàâèñèìî-
ñòè îò òèïà ëèíåéíîãî êîäà è ïðè ðàçëè÷íûõ ïàðàìåòðàõ 
ñèñòåìû ïåðåäà÷è, à òàêæå ïîìåõîóñòîé÷èâîñòü ñèãíàëà ïðè 
äâóõ òèïàõ ëèíåéíîãî êîäà: NRZ è RZ. Èññëåäîâàíèÿ ïðî-
âîäèëèñü ïðè ñëåäóþùèõ ïàðàìåòðàõ ñèñòåìû ïåðåäà÷è: 
ïðîòÿæåííîñòü îïòîâîëîêíà – 100 êì; ÷èñëî ââîäèìûõ êàíà-
ëîâ ïåðåäà÷è – 128; ñêîðîñòü ïåðåäà÷è èíôîðìàöèè – 
40 Ãá/ñ; âåëè÷èíà ñóììàðíîé ìîùíîñòè îïòè÷åñêîãî èçëó-
÷åíèÿ, ââîäèìîãî â îïòîâîëîêíî, èçìåíÿåòñÿ îò 2 äî 30 ìÂò. 

Íà ðèñóíêå 5 ïðåäñòàâëåíû ãëàç-äèàãðàììû äåòåêòèðî-
âàííûõ ñèãíàëîâ, ôàçû êîòîðûõ èçìåíèëèñü ïîä âîçäåéñò-
âèåì ÿâëåíèé ÔÑÌ è ÔÊÌ ïðè ðàçíûõ óðîâíÿõ ñóììàðíîé 
ìîùíîñòè îïòè÷åñêîãî èçëó÷åíèÿ â îïòîâîëîêíå. Äåòåêòè-
ðîâàííûå ñèãíàëû èìåþò ôîðìàò ëèíåéíîãî êîäà RZ. Ìîäå-
ëèðîâàíèå îñóùåñòâëÿëàñü â ñèíõðîííîì ðåæèìå ïåðåäà÷è. 

Ñðàâíèâàÿ ðèñ. 3 è ðèñ. 5, ìîæíî ñäåëàòü âûâîä, ÷òî ïå-
ðåõîä îò âèäà ëèíåéíîãî êîäà NRZ ê RZ ïîçâîëÿåò óâåëè-
÷èòü ïîìåõîóñòîé÷èâîñòü äåòåêòèðîâàííîãî ñèãíàëà. Óâåëè-
÷åíèå ïîìåõîóñòîé÷èâîñòè îáúÿñíÿåòñÿ ñíèæåíèåì óðîâíÿ 
øóìîâ, âûçâàííûõ ìåæñèìâîëüíîé èíòåðôåðåíöèåé. Ñíè-
æåíèå óðîâíÿ øóìîâ ìåæñèìâîëüíîé èíòåðôåðåíöèè ìîæíî 
îáúÿñíèòü òåì, ÷òî â ñëó÷àå ïðèìåíåíèÿ êîäà NRZ ïåðåäà-
âàåìûé èìïóëüñ çàíèìàåò âåñü òàêòîâûé èíòåðâàë, à â ñëó-
÷àå ïðèìåíåíèÿ êîäà RZ ïåðåäàâàåìûé èìïóëüñ çàíèìàåò 
ïîëîâèíó òàêòîâîãî èíòåðâàëà. Â ðåçóëüòàòå, ïåðåõîä îò êî-
äà NRZ ê êîäó RZ ñïîñîáñòâóåò ðàçíåñåíèþ èìïóëüñîâ â 
êàíàëàõ ïåðåäà÷è íà áîëüøèé âðåìåííîé èíòåðâàë. Ïåðåõîä 
îò êîäà NRZ ê êîäó RZ íå ñîïðîâîæäàåòñÿ èçìåíåíèåì ôîð-
ìû îãèáàþùåé äåòåêòèðîâàííîãî ñèãíàëà. 
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Ðèñ. 5. Ãëàç-äèàãðàììà è èñêàæåíèå ôîðìû äåòåêòèðóåìîãî îïòè÷åñêîãî ñèãíàëà â ôîðìàòå ëèíåéíîãî êîäà RZ  
ïðè ñèíõðîííîé ïåðåäà÷å â çàâèñèìîñòè îò ñóììàðíîé ìîùíîñòè èçëó÷åíèÿ, ââîäèìîãî â îïòîâîëîêíî:  

à) 2 ìÂò; á) 10 ìÂò; â) 20 ìÂò; ã) 30 ìÂò 
 
 

 

 
Ðèñ. 6. Ãëàç-äèàãðàììà è èñêàæåíèå ôîðìû äåòåêòèðóåìîãî îïòè÷åñêîãî ñèãíàëà ñ ôîðìàòîì ëèíåéíîãî êîäà RZ,  

ïðè àñèíõðîííîé ïåðåäà÷å, â çàâèñèìîñòè îò ñóììàðíîé ìîùíîñòè èçëó÷åíèÿ, ââîäèìîãî â îïòîâîëîêíî:  
à) 2 ìÂò; á) 10 ìÂò; â) 20 ìÂò; ã) 30 ìÂò 

 

ЭЭЛЛЕЕККТТРРООННИИККАА..  РРААДДИИООТТЕЕХХННИИККАА



T-Comm Tом 14. #1-2020
10

Ïîëó÷åíî ìíîæåñòâî ãëàç-äèàãðàìì äåòåêòèðîâàííîãî 
ñèãíàëà â ôîðìàòå ëèíåéíîãî êîäà RZ ïðè àñèíõðîííîé  
ïåðåäà÷å. Ìîäåëèðîâàíèå âûïîëíÿëîñü ïðè ñëåäóþùèõ ïà-
ðàìåòðàõ ñèñòåìû ïåðåäà÷è: ïðîòÿæåííîñòü îïòîâîëîêíà – 
100 êì; ÷èñëî ââîäèìûõ êàíàëîâ ïåðåäà÷è èçìåíÿåòñÿ îò  
16 äî 128; ñêîðîñòü ïåðåäà÷è èíôîðìàöèè – 40 Ãá/ñ; òèï 
ëèíåéíîãî êîäà – RZ; âåëè÷èíà ñóììàðíîé ìîùíîñòè îïòè-
÷åñêîãî èçëó÷åíèÿ, ââîäèìîãî â îïòîâîëîêíî, èçìåíÿåòñÿ îò 
2 äî 30 ìÂò. Ìíîæåñòâî ãëàç-äèàãðàìì äåòåêòèðîâàííîãî 
ñèãíàëà â ôîðìàòå RZ ïðè àñèíõðîííîé ïåðåäà÷å ïðåäñòàâ-
ëåíî íà ðèñ. 6. 

Èç ðèñóíêà 6 âèäíî, ïðèìåíåíèå RZ ëèíåéíîãî êîäà ïî-
çâîëÿåò ñóùåñòâåííî ñíèçèòü óðîâåíü øóìîâ îò ìåæñèì-
âîëüíîé èíòåðôåðåíöèè, à ïåðåäà÷à â àñèíõðîííîì ðåæèìå 
ïîçâîëÿåò çíà÷èòåëüíî ñíèçèòü âëèÿíèå ÿâëåíèé ÔÑÌ è 
ÔÊÌ íà ôàçû ïåðåäàâàåìûõ ñèãíàëîâ. Â ðåçóëüòàòå, äîñòè-
ãàåòñÿ íàèëó÷øàÿ ïîìåõîçàùèùåííîñòü ïåðåäàâàåìîãî ñèã-
íàëà ïðè âûñîêîì óðîâíå ñóììàðíîãî îïòè÷åñêîãî èçëó÷å-
íèÿ â îïòîâîëîêíå.  

Èñïîëüçóÿ ñîâîêóïíîñòü ãëàç-äèàãðàìì, ïîëó÷åííûõ ïðè 
ðàçëè÷íûõ ïàðàìåòðàõ ñèñòåìû ïåðåäà÷è, ðàññ÷èòàí Q-
ôàêòîð äåòåêòèðîâàííîãî ñèãíàëà. Ðåçóëüòàòû ðàñ÷åòîâ 
ïðåäñòàâëåíû íà ðèñ. 7 â âèäå êðèâûõ, îòðàæàþùèõ çàâèñè-
ìîñòü âåëè÷èíû Q-ôàêòîðà îò óðîâíÿ ñóììàðíîé ìîùíîñòè 
îïòè÷åñêîãî èçëó÷åíèÿ â îïòîâîëîêíå; íåïðåðûâíûå êðèâûå 
ïîêàçûâàþò ðåçóëüòàòû, ïîëó÷åííûå ïðè ñèíõðîííîé ïåðå-
äà÷å, à ðåçóëüòàòû, ïîëó÷åííûå ïðè àñèíõðîííîé ïåðåäà÷å 
ïîêàçàíû çàøòðèõîâàííîé îáëàñòüþ. Ãîðèçîíòàëüíûå ëèíèè 
îáîçíà÷àþò ðàçëè÷íûå ïîðîãîâûå âåëè÷èíû Q-ôàêòîðà, 
îáåñïå÷èâàþùèå ïåðåäà÷ó ñèãíàëà ñ âåðîÿòíîñòüþ îøèáêè 
10-12. Ãîðèçîíòàëüíàÿ íåïðåðûâíàÿ óòîëùåííàÿ ëèíèÿ îáî-
çíà÷àåò ïîðîã ïî âåëè÷èíå Q-ôàêòîðà, îáåñïå÷èâàþùåé ïå-
ðåäà÷ó ñèãíàëà ñ âåðîÿòíîñòüþ îøèáêè 10-12 áåç ïðèìåíåíèÿ 
ìåòîäîâ êîððåêòèðóþùåãî êîäèðîâàíèÿ FEC (forward error 
correction); ãîðèçîíòàëüíàÿ íåïðåðûâíàÿ òîíêàÿ ëèíèÿ îáî-
çíà÷àåò ïîðîã ïî âåëè÷èíå Q-ôàêòîðà, îáåñïå÷èâàþùåé ïå-
ðåäà÷ó ñèãíàëà ñ âåðîÿòíîñòüþ îøèáêè 10-12 ïðè èñïîëüçî-
âàíèè òåõíîëîãèè FEC-1; ãîðèçîíòàëüíàÿ ïóíêòèðíàÿ óòîë-
ùåííàÿ ëèíèÿ îáîçíà÷àåò ïîðîã ïî âåëè÷èíå Q-ôàêòîðà, 
îáåñïå÷èâàþùåé ïåðåäà÷ó ñèãíàëà ñ âåðîÿòíîñòüþ îøèáêè 
10-12 ïðè èñïîëüçîâàíèè òåõíîëîãèè FEC-2 [10]. Îáëàñòè, 
çàøòðèõîâàííûå ïóíêòèðíûìè ëèíèÿìè, îáîçíà÷àþò äèàïà-
çîíû çíà÷åíèé Q-ôàêòîðà, äîïóñòèìûå ïðè èñïîëüçîâàíèè 
ñîîòâåòñòâóþùèõ òåõíîëîãèé FEC. 

Èç ðèñóíêà 7 âèäíî, ÷òî óâåëè÷åíèå óðîâíÿ ñóììàðíîé 
ìîùíîñòè èçëó÷åíèÿ â îïòîâîëîêíå îêàçûâàåò ñóùåñòâåííîå 
âëèÿíèå íà ïîìåõîóñòîé÷èâîñòü ñèãíàëà. Ïðîâåäåííûå èç-
ìåðåíèÿ ïîêàçàëè, ÷òî ïðè óâåëè÷åíèè óðîâíÿ ñóììàðíîé 
ìîùíîñòè ñ 2 ìÂò äî 30 ìÂò ïðîèñõîäèò óìåíüøåíèå âåëè-
÷èíû Q-ôàêòîðà â 8 ðàç ïðè èñïîëüçîâàíèè êîäà NRZ, è â 9 
ðàç ïðè èñïîëüçîâàíèè êîäà RZ.  

Òàê æå èç ðèñ. 7 ñëåäóåò, ÷òî ïåðåõîä îò ëèíåéíîãî êîäà 
NRZ ê ëèíåéíîìó êîäó RZ ñîïðîâîæäàåòñÿ óâåëè÷åíèåì  
Q-ôàêòîðà â ñðåäíåì â 1,7 ðàçà. Â äàííîì ñëó÷àå, óñðåäíå-
íèå èñïîëüçóåòñÿ ïî ïðè÷èíå òîãî, ÷òî ñ óâåëè÷åíèåì óðîâ-
íÿ ñóììàðíîé ìîùíîñòè îïòè÷åñêîãî èçëó÷åíèÿ ïðîèñõîäèò 
óìåíüøåíèå âûèãðûøà â âåëè÷èíå Q-ôàêòîðà ïðè ïåðåõîäå 
îò êîäà NRZ ê êîäó RZ. Ñíèæåíèå âûèãðûøà ïî âåëè÷èíå 
Q-ôàêòîðà ñâÿçàíî ñ óâåëè÷åíèåì ðàçáðîñà ðàñêðûòèÿ ãëàç-
äèàãðàììû äåòåêòèðîâàííîãî ñèãíàëà, èç-çà îïèñàííîãî 

âûøå óâåëè÷åíèÿ íåðàâíîìåðíîñòè ðàñïðåäåëåíèÿ ýôôåê-
òèâíîé ìîùíîñòè â òàêòîâûõ èíòåðâàëàõ ïåðåäàâàåìîãî 
ñèãíàëà ñ ðîñòîì óðîâíÿ ñóììàðíîé ìîùíîñòè èçëó÷åíèÿ â 
îïòîâîëîêíå. 

 

 
 

Ðèñ. 7. Çàâèñèìîñòü èçìåíåíèÿ âåëè÷èíû Q-ôàêòîðà îò óðîâíÿ 
ñóììàðíîé ìîùíîñòè îïòè÷åñêîãî èçëó÷åíèÿ ïðè ðàçëè÷íûõ òèïàõ 

êîäîâûõ èìïóëüñîâ ïðè ñèíõðîííîé ïåðåäà÷å (íåïðåðûâíûå  
ëèíèè) è àñèíõðîííîé ïåðåäà÷å (çàøòðèõîâàííûå îáëàñòè) 

 
Îòìåòèì, ÷òî èç ðèñ. 7 òàê æå ñëåäóåò, ÷òî ïåðåäà÷à ñèã-

íàëà ñ âåðîÿòíîñòüþ îøèáêè 10-12 áåç èñïîëüçîâàíèÿ FEC 
âîçìîæíà â ñëó÷àå, åñëè óðîâåíü ñóììàðíîé ìîùíîñòè èç-
ëó÷åíèÿ â îïòîâîëîêíå ïðè ñèíõðîííîé ïåðåäà÷å íå ïðåâû-
øàåò 5 ìÂò äëÿ êîäà NRZ è 15 ìÂò äëÿ êîäà RZ. Ýòî ñîãëà-
ñóåòñÿ ñ ðåçóëüòàòàìè, ïîëó÷åííûìè â [7], ãäå áûëî ïîêàçà-
íî, ÷òî ïðè óðîâíå ñóììàðíîé ìîùíîñòè â îïòîâîëîêíå 
áîëüøåì, ÷åì 12 äÁì (15 ìÂò), ïåðåäà÷à QPSK-ñèãíàëîâ ñ 
âåðîÿòíîñòüþ 10-12 ñòàíîâèòñÿ íåâîçìîæíîé áåç ïðèìåíåíèÿ 
ìåòîäîâ êîððåêöèè îøèáîê.  

Ïðèìåíåíèå àñèíõðîííîé ïåðåäà÷è ïîçâîëÿåò ïîâûñèòü 
ïîìåõîóñòîé÷èâîñòü ñèãíàëà, â ðåçóëüòàòå ÷åãî îãðàíè÷åíèå 
ïî óðîâíþ ñóììàðíîé ìîùíîñòè ïðè ïåðåäà÷å áåç ìåòîäîâ 
êîððåêöèè îøèáîê îñëàáåâàåò: ïåðåäà÷à âîçìîæíà åñëè óðî-
âåíü ñóììàðíîé ìîùíîñòè íå ïðåâûøàåò 10 ìÂò äëÿ êîäà 
NRZ è íå ïðåâûøàåò 27 ìÂò äëÿ êîäà RZ. Ïðè ñîáëþäåíèè 
óêàçàííûõ ïðåäåëîâ îáåñïå÷èâàåòñÿ ïåðåäà÷à ñèãíàëà ñ âå-
ðîÿòíîñòüþ îøèáêè 10-12 ñ âåëè÷èíîé Q-ôàêòîðà â 17 äÁì.  

Ïðèìåíåíèå òåõíîëîãèè FEC-1 ïîçâîëÿåò ñíèçèòü òðåáî-
âàíèÿ ïî âåëè÷èíå Q-ôàêòîðà äî 11 äÁì ïðè ñîáëþäåíèè 
âåðîÿòíîñòè îøèáêè 10-12, ÷òî ïîçâîëÿåò ñíèçèòü îãðàíè÷å-
íèå ïî óðîâíþ ñóììàðíîé ìîùíîñòè ïðè àñèíõðîííîé ïåðå-
äà÷å äî 15 ìÂò äëÿ êîäà NRZ è äî 20 ìÂò äëÿ êîäà RZ. Ïðè 
àñèíõðîííîé ïåðåäà÷å îãðàíè÷åíèÿ ïî óðîâíþ ñóììàðíîé 
ìîùíîñòè ñíèæàþòñÿ äî 30 ìÂò äëÿ êîäà NRZ è áîëåå ÷åì 
äî 30 ìÂò äëÿ êîäà RZ.  

Ïðèìåíåíèå òåõíîëîãèè FEC âòîðîãî ïîêîëåíèÿ (FEC-2) 
ïîçâîëÿåò åùå ñíèçèòü òðåáîâàíèÿ ïî âåëè÷èíå Q-ôàêòîðà 
äî 8.5 äÁì ïðè ñîáëþäåíèè âåðîÿòíîñòè îøèáêè 10-12. Ýòî 
ïîçâîëÿåò ñíèçèòü îãðàíè÷åíèå ïî óðîâíþ ñóììàðíîé ìîù-
íîñòè ïðè àñèíõðîííîé ïåðåäà÷å äî 18 ìÂò äëÿ êîäà NRZ è 
äî 24 ìÂò äëÿ êîäà RZ. Ïðè àñèíõðîííîé ïåðåäà÷å îãðàíè-
÷åíèÿ ïî óðîâíþ ñóììàðíîé ìîùíîñòè áîëåå ÷åì äî 30 ìÂò 
è äëÿ êîäà NRZ è äëÿ êîäà RZ. 
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Çàêëþ÷åíèå 
 
Ðåàëèçîâàíî êîìïüþòåðíîå ìîäåëèðîâàíèå èñêàæåíèÿ 

ñèãíàëà èç-çà ÿâëåíèé ÔÑÌ è ÔÊÌ â ìíîãîêàíàëüíîé 
ÂÎÑÏ-DWDM ñ ãîìîäèííûì ïðèåìîì. Â êà÷åñòâå êðèòåðèÿ 
îöåíêè âîçäåéñòâèÿ ÿâëåíèé ÔÑÌ è ÔÊÌ íà äåòåêòèðîâàí-
íûé ñèãíàë èñïîëüçîâàëñÿ Q-ôàêòîð. Èñõîäÿ èç ðåçóëüòàòîâ, 
ïîëó÷åííûõ â ïðîöåññå êîìïüþòåðíîãî ìîäåëèðîâàíèÿ, 
ìîæíî ñäåëàòü ñëåäóþùèå âûâîäû: 

1) Óâåëè÷åíèå óðîâíÿ ñóììàðíîé ìîùíîñòè èçëó÷åíèÿ 
â îïòîâîëîêíå ïðèâîäèò ê ñóùåñòâåííîìó ñíèæåíèþ ïîìå-
õîóñòîé÷èâîñòè äåòåêòèðîâàííîãî ñèãíàëà èç-çà ÿâëåíèé 
ÔÑÌ è ÔÊÌ. Óâåëè÷åíèå óðîâíÿ ñóììàðíîé ìîùíîñòè èç-
ëó÷åíèÿ îò 2 ìÂò äî 30 ìÂò ïðèâåëî ê ñíèæåíèþ âåëè÷èíû 
Q-ôàêòîðà â 8 ðàç ïðè èñïîëüçîâàíèè êîäà NRZ, è â 9 ðàç 
ïðè èñïîëüçîâàíèè êîäà RZ. 

2) Àñèíõðîííûé ðåæèì ïåðåäà÷è èìïóëüñíûõ ïîñëå-
äîâàòåëüíîñòåé â ñïåêòðàëüíûõ êàíàëàõ ïîçâîëÿåò ïîâûñèòü 
Q-ôàêòîð 1.7 ðàç çà ñ÷åò áîëåå ðàâíîìåðíîãî ðàñïðåäåëåíèÿ 
ýôôåêòèâíîé ìîùíîñòè â òàêòîâûõ èíòåðâàëàõ äåòåêòèðî-
âàííîãî ñèãíàëà. 

3) Ïðèìåíåíèå ðàçëè÷íûõ òèïîâ ëèíåéíûõ êîäîâ îêà-
çûâàåò âëèÿíèå íà Q-ôàêòîð. Â äàííîé ðàáîòå, ïåðåõîä îò 
ëèíåéíîãî êîäà NRZ ê ëèíåéíîìó êîäó RZ ïîçâîëèë óâåëè-
÷èòü Q-ôàêòîð â 1.9 ðàç, ÷òî îáóñëîâëåíî ñíèæåíèåì óðîâíÿ 
øóìîâ, âûçâàííûõ ìåæñèìâîëüíîé èíòåðôåðåíöèåé. 

Ñëåäóåò îòìåòèòü, ÷òî ðåçóëüòàòû, ïîëó÷åííûå â ðàìêàõ 
äàííîé ðàáîòû, ïîêàçûâàþò âêëàä â èñêàæåíèå èìïóëüñíûõ 
ñèãíàëîâ òîëüêî ÿâëåíèé ÔÑÌ è ÔÊÌ è íå ó÷èòûâàþò 
âëèÿíèå äðóãèõ ëèíåéíûõ è íåëèíåéíûõ ÿâëåíèé. Ïîëó÷åí-
íûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ïðîåêòèðîâà-
íèè âîëîêîííî-îïòè÷åñêèõ ñèñòåì ïåðåäà÷è ñî ñïåêòðàëü-
íûì óïëîòíåíèåì ñ öåëüþ îöåíêè îæèäàåìîãî âêëàäà ÿâëå-
íèé ÔÑÌ è ÔÊÌ â ñíèæåíèå ïîìåõîóñòîé÷èâîñòè ïåðåäà-
âàåìûõ ñèãíàëîâ. 
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Abstract
The self-phase modulation (SPM) and the cross-phase modulation (XPM) effects influence, depending on transmitting system parame-
ters and affecting noise immunity of pulsed signals to be transmitted of the multichannel wavelength division multiplexing transmitting
system is investigated. The investigation is carried out under the conditions of transmitting system parameters variation: the total opti-
cal power level in optical fiber and the linear code type. At the receiver after the coherent photodetection of pulsed signals the eye dia-
grams obtained are analyzed. The estimate criterion of the SPM and XPM effects influence affecting noise immunity of pulsed signals is
Q-factor to be calculated by graphic method with an eye diagram. The simulation model of the multichannel wavelength division multi-
plexing transmitting system is implemented in the environment MathCAD modeling. The SPM and XPM effects influence is simulated
as the pulsed signal phase distortions in the signal propagation process through standard single mode optical fiber. With coherent pho-
todetecting the pulsed signal phase distortions are transformed to the pulsed signal amplitude distortions. In the paper deals with the
SPM and XPM effects influence affecting noise immunity of pulsed signals is dependent on transmitting system parameters. The simula-
tions shown, the signal quality index is decreased while increasing the total optical signal power level. When the total optical signal
power level is increasing from 2 mW to 30 mW, for 128-channel transmitting system 40 Gbps the signal Q-factor is reduced by 8 times
for NRZ-code and it is reduced by 9 times for RZ-code, correspondingly. In addition, the simulations showed that transition from 
NRZ-code to RZ-code allows one to increase value of Q-factor by average 1.7 times. The obtained results can be used to estimate one
the potential penalty on signal noise immunity due to the SPM and XPM effects influence in the designed multichannel wavelength divi-
sion multiplexing transmitting system.

Keywords: nonlinear effects, self-phase modulation, cross-phase modulation, wavelength division multiplexing, coherent detection, 
signal noise immunity.
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Вводится и применяется параметр – множитель параллелизма P, даются выражения для расчета
спектральной эффективности и скорости передачи данных, приводятся примеры реализации про-
странственного параллелизма. Параллелизм передачи информации в оптических волокнах осуще-
ствляется посредством применения поляризационного, спектрального, модового, сердцевинного
мультиплексирования с коэффициентами мультиплексирования – множителями параллелизма Pi .

Множитель пространственного параллелизма Pпр соответствует количеству пространственных ка-

налов, создаваемых методами и средствами модового и сердцевинного мультиплексирования. Эле-
ментарные, комплексные и интегральный множители параллелизма позволяют оценить пропуск-
ную способность оптического волокна, в том числе в программно-конфигурируемых оптических
сетях с выбором маршрута, формата модуляции, ширины спектра, задействуемых волоконных
сердцевин. Множитель пространственного параллелизма в оптическом волокне в составе оптичес-
кого кабеля как части волоконно-оптической системы передачи используется для расчета значе-
ний  компонент спектральной эффективности и агрегированной скорости передачи данных. Ком-
поненты спектральной эффективности образуются сопоставлением результата и ресурса операции
формирования пропускной способности оптического волокна. Даются выражения для расчета спе-
ктральной эффективности и для определения скорости передачи в условиях реализации простран-
ственного параллелизма распространения оптических сигналов. Приводятся примеры применения
пространственного параллелизма, в т.ч. для трехмодовой схемы с односердцевинным оптическим
волокном (Рпр = 3), имеющим стандартный диаметр оптической оболочки 125 мкм, спектрально уп-

лотненным в оптическом диапазоне C+L, скорость 160…180 Тбит/с и для 6-модовой 19-сердцевин-
ной схемы (Рпр = 114) с волокном, имеющим диаметр оптической оболочки 318 мкм, спектрально

уплотненным в диапазоне C, скорость 2,05 Пбит/с. При 30 спектральных каналах, в трехмодовом
семисердцевинном волокне (Рпр = 21) при канальной скорости 400 Тбит/с скорость передачи дан-

ных составляет 250 Тбит/с.
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Ââåäåíèå 
Îïòè÷åñêîå âîëîêíî (ÎÂ) â ñîñòàâå îïòè÷åñêîãî êàáåëÿ 

êàê ÷àñòè âîëîêîííî-îïòè÷åñêîé ñèñòåìû ïåðåäà÷è (ÂÎÑÏ) 
ÿâëÿåòñÿ ñðåäîé ðàñïðîñòðàíåíèÿ ñèãíàëîâ â ñîâðåìåííûõ è 
ïåðñïåêòèâíûõ ïðîâîäíûõ èíôîêîììóíèêàöèîííûõ ñåòÿõ. 
Íàðàñòàþùèìè òåìïàìè óâåëè÷èâàåòñÿ ìîùíîñòü èíôî-
êîììóíèêàöèîííîãî òðàíñïîðòà. Íà 30…60 % (ïî ðåãèîíàì) 
ðàñòåò ìèðîâîé òðàôèê. Ïðîãíîçèðóåòñÿ [1] ê 2037 ãîäó äîñ-
òèæåíèå ïðîïóñêíîé ñïîñîáíîñòè ÂÎÑÏ ñî ñïåêòðàëüíûì 
ðàçäåëåíèåì (ÂÎÑÏ-ÑÐ) 32…400 Òáèò/ñ, ïðè èñïîëüçîâàíèè 
ïðîñòðàíñòâåííîãî ìóëüòèïëåêñèðîâàíèÿ – 5…100 Ïáèò/ñ. 
Ìîæíî âèäåòü, ÷òî ïàðàëëåëüíàÿ ïåðåäà÷à ñèãíàëîâ â ôèçè-
÷åñêîì ïðîñòðàíñòâå ïîçâîëèò ðàäèêàëüíî ïîâûñèòü ñêî-
ðîñòü ïåðåäà÷è, ïðåäïîëîæèòåëüíî â 150…250 ðàç. 

Ïàðàëëåëüíàÿ ïåðåäà÷à ñèãíàëîâ è, â îñîáåííîñòè, ïðî-
ñòðàíñòâåííûé ïàðàëëåëèçì ñîçäàþò îñíîâó äîñòèæåíèÿ 
âûñîêèõ ñêîðîñòåé íà îïòè÷åñêèõ èíôîêîììóíèêàöèîííûõ 
ñåòÿõ, â òîì ÷èñëå â Åäèíîé ñåòè ýëåêòðîñâÿçè Ðîññèéñêîé 
Ôåäåðàöèè. Åäèíàÿ ñåòü ýëåêòðîñâÿçè ÐÔ îáðàçóåò òåõíîëî-
ãè÷åñêèé ôóíäàìåíò öèôðîâîé ýêîíîìèêè â ñîîòâåòñòâèè ñ 
Ôåäåðàëüíûì ïðîåêòîì «Èíôîðìàöèîííàÿ èíôðàñòðóêòóðà» 
íàöèîíàëüíîé ïðîãðàììû «Öèôðîâàÿ ýêîíîìèêà» [2, 3].  
Ñîãëàñíî ïðîãðàììå è ïðîåêòó, â ÷àñòíîñòè, äëÿ ïîäêëþ÷å-
íèÿ âñåõ ãîñó÷ðåæäåíèé ê èíòåðíåòó ê êîíöó 2024 ã. áóäåò 
ïðîëîæåíî íà èíôîêîììóíèêàöèîííûõ ëèíèÿõ 410 òûñ. êì 
îïòè÷åñêîãî êàáåëÿ. Ñëåäóåò îòìåòèòü, ÷òî â Ðîññèè ðàñòåò 
ïðîèçâîäñòâî îïòè÷åñêèõ êàáåëåé: òàê, îáúåì èõ ïðîèçâîä-
ñòâà â 2018 ãîäó ñðàâíèòåëüíî ñ 2017 ãîäîì ñîñòàâèë 122% 
ïî ôèçè÷åñêèì äëèíàì è 120% ïî âîëîêíó [4]. 

Ïåðìàíåíòíûé êîëè÷åñòâåííûé ðîñò îáúåìîâ ïðèìåíå-
íèÿ îïòè÷åñêèõ êàáåëåé è ñèñòåì ïåðåäà÷è íàðÿäó ñ ïîâû-
øåíèåì ñêîðîñòè ïåðåäà÷è îïòè÷åñêèõ ñèãíàëîâ òðåáóåò 
àäåêâàòíîãî ñîïðîâîæäåíèÿ – ïîâûøåíèÿ ýôôåêòèâíîñòè 
ìåòîäîâ è ñðåäñòâ ïåðåäà÷è, ÷òî îáîñíîâûâàåò àêòóàëüíîñòü 
èññëåäîâàíèÿ ñîâåðøåíñòâîâàíèÿ ïðîöåññà òðàíñïîðòèðîâà-
íèÿ èíôîðìàöèè, â òîì ÷èñëå, â óñëîâèÿõ ðåàëèçàöèè êîì-
ïëåêñà ïàðàëëåëüíûõ ïóòåé ïåðåäà÷è ñèãíàëîâ ïîñðåäñòâîì 
ïðîñòðàíñòâåííîãî ìóëüòèïëåêñèðîâàíèÿ. Äàííîé òåìàòèêå 
ïîñâÿùåíà íàñòîÿùàÿ ðàáîòà. Çäåñü ââîäèòñÿ ïàðàìåòð – 
ìíîæèòåëü ïàðàëëåëèçìà, ñ ïðèìåíåíèåì ýòîãî ïàðàìåòðà 
îïðåäåëÿåòñÿ ñïåêòðàëüíàÿ ýôôåêòèâíîñòü è ñêîðîñòü ïåðå-
äà÷è èíôîðìàöèè ïî îïòè÷åñêèì âîëîêíàì. 

 
Ìíîæèòåëü ïàðàëëåëèçìà 
Ïàðàëëåëèçì ïåðåäà÷è èíôîðìàöèè â ÎÂ ðåàëèçóåòñÿ 

ïîñðåäñòâîì ïðèìåíåíèÿ ïîëÿðèçàöèîííîãî, ñïåêòðàëüíîãî, 
ìîäîâîãî, ñåðäöåâèííîãî ìóëüòèïëåêñèðîâàíèÿ ñ êîýôôè-
öèåíòàìè ìóëüòèïëåêñèðîâàíèÿ Êi. Ýòè êîýôôèöèåíòû [5]: 

− Ê1 = ð , ÷èñëî ïîëÿðèçàöèé; 
− Ê2 =m, êîëè÷åñòâî ñïåêòðàëüíûõ êàíàëîâ ÂÎÑÏ-ÑÐ; 
− Ê3 = μ, ÷èñëî ïåðåäàâàåìûõ ïðîñòðàíñòâåííûõ ìîä; 
− Ê4 = ψ, ÷èñëî ñåðäöåâèí â ÎÂ. 
Ïðè áèòîâîé ñêîðîñòè â ñïåêòðàëüíîì êàíàëå äî ïîëÿðè-

çàöèîííîãî ìóëüòèïëåêñèðîâàíèÿ Vâõ èìååì â îáùåì ñëó÷àå 
ðåçóëüòèðóþùóþ ñêîðîñòü â âîëîêíå 

4

ÎÂ âõ
1

,  ,  ,  .i i
i

V V K K p m μ ψ
=

= ⋅ =∏    (1) 

Ââåäåì ïîíÿòèå ìíîæèòåëü ïàðàëëåëèçìà – êðàòíîñòü 
óâåëè÷åíèÿ áèòîâîé ñêîðîñòè áëàãîäàðÿ èñïîëüçîâàíèþ ïà-

ðàëëåëüíûõ ïóòåé ïåðåäà÷è èíôîðìàöèè è ïðåäëîæèì äëÿ 
ïðèìåíåíèÿ ñîîòâåòñòâóþùèé ïàðàìåòð P, ïðåäñòàâëÿþùèé 
ñîáîé ïðîèçâåäåíèå êîýôôèöèåíòîâ Ki çàäåéñòâîâàííûõ 
âèäîâ ìóëüòèïëåêñèðîâàíèÿ: 

max
1

4.
q

i
i

Ð K q q
=

= ≤ =∏     (2) 

 

Íà ðèñóíêå 1 ïðåäñòàâëåíà êîíöåïòóàëüíàÿ ñõåìà îïåðà-
öèè ñîçäàíèÿ ïàðàëëåëèçìà ïåðåäà÷è èíôîðìàöèè ïî ÎÂ. 
Ïîêàçàí îáùèé ñëó÷àé ïðèìåíåíèÿ ÷åòûðåõ âèäîâ ïàðàëëå-
ëèçìà: ïîëÿðèçàöèîííîãî, ñïåêòðàëüíîãî, ìîäîâîãî è ñåðä-
öåâèííîãî. Íà âõîäå ñõåìû – ñèãíàë ñïåêòðàëüíîãî êàíàëà 
ÂÎÑÏ-ÑÐ äî ïîëÿðèçàöèîííîãî ìóëüòèïëåêñèðîâàíèÿ ñ áè-
òîâîé ñêîðîñòüþ Vâx. Â òèïîâûõ ñëó÷àÿõ ýòîò ñèãíàë ïîñòðî-
åí â ôîðìàòàõ êâàäðàòóðíîé àìïëèòóäíîé ìîäóëÿöèè QPSK 
(QAM4), QAM16, QAM64 è ò.ï. Ïîñëå ïåðâîé ñòóïåíè 
ìóëüòèïëåêñèðîâàíèÿ èìååì îáû÷íûå äëÿ âûñîêîñêîðîñò-
íûõ ÂÎÑÏ ôîðìàòû ìîäóëÿöèè ñ äâóìÿ ïîëÿðèçàöèÿìè: 
DP-QPSK, DP-QAM16, DP-QAM64 è ò.ä. Çäåñü P = p = 2, è 
ñêîðîñòü â ñïåêòðàëüíîì êàíàëå ÂÎÑÏ-ÑÐ Vê = 2Vâx . Ïðè 
ñïåêòðàëüíîì óïëîòíåíèè âîëîêíà (WDM)  P = p ⋅ m è 
VÂÎÑÏ-ÑÐ = p ⋅ m ⋅ Vâõ . 

 

Ðèñ. 1. Ñõåìà ñîçäàíèÿ ïàðàëëåëèçìà ïåðåäà÷è èíôîðìàöèè ïî ÎÂ 
 
Ïîñëåäóþùèå øàãè ìóëüòèïëåêñèðîâàíèÿ ñîçäàþò ïðî-

ñòðàíñòâåííûé ïàðàëëåëèçì ïåðåäà÷è èíôîðìàöèè â îïòè÷å-
ñêîì âîëîêíå çà ñ÷åò ïðèìåíåíèÿ ïðîñòðàíñòâåííîãî ìóëüòèï-
ëåêñèðîâàíèÿ (SDM, space division multiplexing): ìîäîâîãî è 
ñåðäöåâèííîãî [6]. Ìíîæèòåëè ïðîñòðàíñòâåííîãî ïàðàëëå-
ëèçìà – ìîäîâûé, ñåðäöåâèííûé è êîìïëåêñíûé: 

 

ì c ïð ì c;   ;   ,P P P P P Ìμ ψ μ ψ= = = ⋅ = ⋅ =   (3) 
 

ãäå M - êîëè÷åñòâî ïðîñòðàíñòâåííûõ êàíàëîâ. 
Èíòåãðàëüíûé ìíîæèòåëü ïàðàëëåëèçìà 
 

èíò .P p m μ ψ= ⋅ ⋅ ⋅      (4) 
 

Çàìåòèì, ÷òî âûøå èñïîëüçîâàíû ôèêñèðîâàííûå çíà÷å-
íèÿ ïàðàìåòðîâ îïòè÷åñêîé ñèñòåìû. Ïðèâåäåííûå âåëè÷è-
íû ìíîæèòåëåé ïàðàëëåëèçìà (2)-(4) ìîæíî ðàññìàòðèâàòü 
êàê ìàêñèìàëüíûå ïîêàçàòåëè, õàðàêòåðèçóþùèå ìàêñè-
ìàëüíóþ ñêîðîñòü ïåðåäà÷è èíôîðìàöèè – ïðîïóñêíóþ ñïî-
ñîáíîñòü îïòè÷åñêîãî âîëîêíà. Â ïåðñïåêòèâíûõ ïðîãðàìì-
íî-êîíôèãóðèðóåìûõ (ãèáêèõ) ñåòÿõ â òåêóùèå ìîìåíòû 
âðåìåíè âûáèðàþòñÿ ìàðøðóò, ôîðìàò ìîäóëÿöèè, øèðèíà 
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ñïåêòðà è èñïîëüçóåìûå ñåðäöåâèíû âîëîêíà (RMSCA, rout-
ing, modulation format, spectrum and core allocation) [7, 8], è 
äåéñòâóþùèå âåëè÷èíû P (t) áóäóò íàõîäèòüñÿ â ïðåäåëàõ 
çíà÷åíèé, îïðåäåëåííûõ ïî (2)-(4). 

Ðàññìîòðèì ïðèìåðû ðåàëèçàöèè ïðîñòðàíñòâåííîãî ïà-
ðàëëåëèçìà. 

1. Ìîäîâûé ïàðàëëåëèçì [9]. Â ýêñïåðèìåíòå ïåðåäàâà-
ëèñü òðè ïðîñòðàíñòâåííûå ìîäû ìàëîìîäîâîãî ÎÂ: LP01, 
LP11a, LP11b, ìíîæèòåëü ïðîñòðàíñòâåííîãî ïàðàëëåëèçìà Pì 
= 3. Â äèàïàçîíå C + L 1528…1610 íì áûëè ïåðåäàíû ñèã-
íàëû 348 ñïåêòðàëüíûõ êàíàëîâ ñ ñèìâîëüíîé ñêîðîñòüþ 
24,5 ÃÁîä (êàíàëüíûå èíòåðâàëû 25 ÃÃö) â ôîðìàòå ìîäóëÿ-
öèè DP-16QAM ïî ïåòëå èç ñîñòàâíîãî òðàêòà ìàëîìîäîâûõ 
ÎÂ äëèíîé 55 êì íà ðàññòîÿíèå 1045 êì. Ïðèåìíèê èìåë 
êîìïåíñàòîð MIMO ñ 751 çâåíüÿìè. Äëÿ ðàçëè÷íîé êîäîâîé 
èçáûòî÷íîñòè àãðåãèðîâàííàÿ ñêîðîñòü ïåðåäà÷è äàííûõ 
ñîñòàâèëà 160…180Òáèò/ñ. Îòìå÷åíî, ÷òî ýêñïåðèìåíò ïî-
êàçàë âîçìîæíîñòü ðåàëèçàöèè ìîäîâîãî ïàðàëëåëèçìà íà 
ëèíèÿõ ñðåäíåé äëèíû ñî ñòàíäàðòíîé âåëè÷èíîé âíåøíåãî 
äèàìåòðà ñòåêëîâîëîêíà 125 ìêì. 

2. Êîìïëåêñíûé ïðîñòðàíñòâåííûé ïàðàëëåëèçì [10]. ÎÂ 
äèàìåòðîì 318 ìêì ïî îïòè÷åñêîé îáîëî÷êå èìåëî äëèíó 9,8 
êì è ñîäåðæàëî 19 ãðàäèåíòíûõ ìàëîìîäîâûõ ñåðäöåâèí 
äèàìåòðîì 17 ìêì ñ øàãîì ðàçìåùåíèÿ 62 ìêì â ãåêñàãî-
íàëüíîì ðàñïîëîæåíèè ñåðäöåâèí: â öåíòðå âîëîêíà, â ñðåä-
íåì êîíòóðå è âî âíåøíåì êîíòóðå. Èñïîëüçîâàëèñü ïðî-
ñòðàíñòâåííûå ìîäû LP01, LP11a, LP11b, LP21a, LP21b, LP02. 
Ìíîæèòåëü ïðîñòðàíñòâåííîãî ïàðàëëåëèçìà Pïð = 6 ⋅ 19 = 114. 
Îïòè÷åñêèå ñèãíàëû ïåðåäàâàëèñü ïî 360 ñïåêòðàëüíûì 
êàíàëàì ñ øàãîì ÷àñòîòíîé ñåòêè 12,5 ÃÃö â äèàïàçîíå C 
191…196 ÒÃö â ôîðìàòå ìîäóëÿöèè DP-QPSK. Â ðåæèìå 
«ñóïåð-Íàéêâèñò» ñèìâîëüíàÿ ñêîðîñòü ñîñòàâëÿëà 15 ÃÁîä, 
ïðåäïîëàãàëàñü âåëè÷èíà èçáûòî÷íîñòè 20%. Îáùàÿ ñêî-
ðîñòü ïåðåäà÷è äàííûõ ðàâíÿëàñü 2,05 Ïáèò/ñ, àãðåãèðîâàí-
íàÿ ñïåêòðàëüíàÿ ýôôåêòèâíîñòü äëÿ ÎÂ â öåëîì äîñòèãëà 
450 áèò/ñ/Ãö. Ýêñïåðèìåíò áûë ïðîâåäåí ñ öåëüþ ïîëó÷åíèÿ 
ðåêîðäíîé ñêîðîñòè ïåðåäà÷è äàííûõ ïî âîëîêíó ñ êîì-
ïëåêñíûì ìîäîâûì è ñåðäöåâèííûì ïàðàëëåëèçìîì. 

 
Ñïåêòðàëüíàÿ ýôôåêòèâíîñòü 
Ñïåêòðàëüíàÿ ýôôåêòèâíîñòü ïåðåäà÷è èíôîðìàöèè ïî 

îïòè÷åñêîìó âîëîêíó èìååò ðÿä ìîäèôèêàöèé [11,12]. Ýòè 
ìîäèôèêàöèè ñòðîÿòñÿ íà îñíîâå îáùåãî ïîäõîäà ê îïðåäå-
ëåíèþ ýôôåêòèâíîñòè W òåõíè÷åñêîé ñèñòåìû [13], îöåíè-
âàåìîé ïîñðåäñòâîì ñîïîñòàâëåíèÿ âåëè÷èíû äîñòèãàåìîãî 
ðåçóëüòàòà G âûïîëíÿåìîé îïåðàöèè ñ êîëè÷åñòâîì H çàòðà-
÷èâàåìîãî ðåñóðñà. Ýôôåêòèâíîñòü îïåðàöèè ôîðìèðîâàíèÿ 
ñâîéñòâ îïòè÷åñêèõ ñèñòåì, êàáåëåé è âîëîêîí îïðåäåëÿåòñÿ 
ñîîòíîøåíèåì 

 

/ .W G H=      (5) 
 

Â êà÷åñòâå ñâîéñòâ ðàññìàòðèâàåì ïðîïóñêíóþ ñïîñîá-
íîñòü è àãðåãèðîâàííóþ â ðåçóëüòàòå îñóùåñòâëåíèÿ ïðî-
ñòðàíñòâåííîãî ïàðàëëåëèçìà ñïåêòðàëüíóþ ýôôåêòèâíîñòü. 
Ðåçóëüòàò îïåðàöèè 

 

{ }1 2 àãð1, 2,  ,  ,iG G i G R G γ= = = =   (6) 
 

ãäå R è γàãð – ñîîòâåòñòâåííî ñêîðîñòü è àãðåãèðîâàííàÿ 
ñïåêòðàëüíàÿ ýôôåêòèâíîñòü ïåðåäà÷è èíôîðìàöèè. 

Â ñâîþ î÷åðåäü, ñêîðîñòü ïåðåäà÷è èíôîðìàöèè 
 

{ }1 21,2,  ,  ,iR R i R V R B= = = =   (7) 
 

ãäå V è Â – áèòîâàÿ è áîäîâàÿ (ñèìâîëüíàÿ) ñêîðîñòè. 
Ðåñóðñ âûïîëíåíèÿ îïåðàöèè 
 

{ }1 21,2,  ,  .iH H i H S H A= = = =    (8) 

Çäåñü S – ñïåêòðàëüíûé ðåñóðñ, 
 

{ }1 21,2,  ,  ,iS S i S F S= = = = Λ   (9) 

F – øèðèíà äèàïàçîíà ÷àñòîò, ïðåäíàçíà÷åííîãî äëÿ ïåðåäà-
÷è ñèãíàëîâ; Λ – øèðèíà ñîîòâåòñòâóþùåãî äèàïàçîíà äëèí 
âîëí. Ïðîñòðàíñòâåííûé ðåñóðñ õàðàêòåðèçóåòñÿ âåëè÷èíîé 
ïëîùàäè ïîïåðå÷íîãî ñå÷åíèÿ ÎÂ â ãðàíèöàõ îïòè÷åñêîé 
îáîëî÷êè ñ äèàìåòðîì Dîá: 

 

2 / 4.îáA Dπ=                  (10) 
 

Òàêèì îáðàçîì, ðåçóëüòàò G è ðåñóðñ H êîìáèíèðóþòñÿ â 
ïàðû (5) òðåõ âèäîâ ðåçóëüòàòà (6), (7) è òðåõ âèäîâ ðåñóðñà 
(8) - (10) ñ îáðàçîâàíèåì ïÿòè ìîäèôèêàöèé ýôôåêòèâíîñòè. 

 

{ }1,5 .iW iγ= Γ = =                 (11) 
 

Ñèíòåç ìîäèôèêàöèé ñïåêòðàëüíîé ýôôåêòèâíîñòè èë-
ëþñòðèðóåò ñõåìà íà ðèñ. 2. Íà ýòîé ñõåìå ïðåäñòàâëåíû 
ýëåìåíòû ìíîæåñòâà Γ: 

− ñîáñòâåííî ñïåêòðàëüíàÿ ýôôåêòèâíîñòü SE, â ò.÷. â àã-
ðåãèðîâàííîì âèäå γàãð 

 

1 / ;V Fγ γ= =                      (12) 
 

− áîäîâàÿ ýôôåêòèâíîñòü BE 
2 / ;B B Fγ γ= =                  (13) 

 

− ñïåêòðàëüíî-âîëíîâàÿ ýôôåêòèâíîñòü SWE, â ò.÷. â àã-
ðåãèðîâàííîì âèäå γΛàãð, 

 

3 / ;Vγ γ Λ= = Λ                  (14) 
 

− áîäîâî-âîëíîâàÿ ýôôåêòèâíîñòü BWE 
 

4 / ;B Bγ γ Λ= = Λ                  (15) 
 

− ñïåêòðàëüíî-ïðîñòðàíñòâåííàÿ ýôôåêòèâíîñòü SSÅ 
 

5 àãð / .Aζγ γ γ= =                  (16) 
 

Ïðîñòðàíñòâåííûé ïàðàëëåëèçì âëèÿåò íà âåëè÷èíû áè-
òîâîé ñêîðîñòè V è àãðåãèðîâàííîé ñïåêòðàëüíîé ýôôåêòèâ-
íîñòè γàãð. 

Ñîáñòâåííî ñïåêòðàëüíàÿ ýôôåêòèâíîñòü (12) ïðåäñòàâ-
ëÿåò ñîáîé îòíîøåíèå êàíàëüíîé ñêîðîñòè Vê, ê øèðèíå êà-
íàëüíîãî èíòåðâàëà Fêè: 

 

ê êè/ .V Fγ =                  (17) 
 

Àãðåãèðîâàííàÿ ñîáñòâåííî ñïåêòðàëüíàÿ ýôôåêòèâ-
íîñòü óâåëè÷åíà ìíîæèòåëåì ïðîñòðàíñòâåííîãî ïàðàëëå-
ëèçìà: 
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àãð ïð.Pγ γ= ⋅                  (18) 
 

Àíàëîãè÷íî âûðàæàþòñÿ ñïåêòðàëüíî-âîëíîâàÿ ýôôåê-
òèâíîñòü è àãðåãèðîâàííàÿ ñïåêòðàëüíî-âîëíîâàÿ ýôôåêòèâ-
íîñòü: 

 

ê êè/ ;Vγ Λ = Λ                  (19) 
 

àãð ïð,Pγ γΛ Λ= ⋅                  (20) 
 

çäåñü Λêè – âîëíîâîé êàíàëüíûé èíòåðâàë. 
Èç ñîîòíîøåíèé (12), (14), (16), (18), (20) ìîæíî âèäåòü, 

÷òî îò ðåàëèçàöèè ïðîñòðàíñòâåííîãî ïàðàëëåëèçìà çàâèñÿò 
ìîäèôèêàöèè ýôôåêòèâíîñòåé γàãð, γΛàãð, ζγ , ñîîòâåòñòâóþ-
ùèå àãðåãèðîâàííîé áèòîâîé ñêîðîñòè ïåðåäà÷è äàííûõ. 

 

 
Ðèñ. 2. Ñõåìà îáðàçîâàíèÿ ìîäèôèêàöèé  

ñïåêòðàëüíîé ýôôåêòèâíîñòè 
 
 
Ñêîðîñòü ïåðåäà÷è 
Àãðåãèðîâàííàÿ ñêîðîñòü ïåðåäà÷è äàííûõ ïî îïòè÷å-

ñêîìó âîëîêíó 
 

êè
ÎÂ

êè

,
.

F m
V

m
γ μ ψ
γ μ ψΛ

⋅ ⋅ ⋅ ⋅⎧
= ⎨Λ ⋅ ⋅ ⋅ ⋅⎩

                       (21) 

 

Îáîçíà÷èâ 
 

ÂÎÑÏ-ÑÐ êè êè .V F m mγ γΛ= ⋅ ⋅ = Λ ⋅ ⋅              (22) 
 

è ïðèìåíèâ ïàðàìåòð – ìíîæèòåëü ïðîñòðàíñòâåííîãî ïà-
ðàëëåëèçìà (3), ïîëó÷àåì áèòîâóþ àãðåãèðîâàííóþ ñêîðîñòü 
â âîëîêíå 

 

ÎÂ ÂÎÑÏ-ÑÐ ïðV V P= ⋅  .              (23) 
 

Ïðè èçâåñòíîé êàíàëüíîé ñêîðîñòè èìååì 
 

ÎÂ ê ïð.V V m P= ⋅ ⋅                 (24) 
 

Íàïðèìåð, äëÿ çíà÷åíèé Vê = 400 Ãáèò/ñ [14], m = 30,  
μ = 3, ψ = 7, âåëè÷èíà VÎÂ = 250 Òáèò/ñ. 

 
 
 

Çàêëþ÷åíèå 
 
Ïåðåäà÷à ñèãíàëîâ ïàðàëëåëüíûìè ïóòÿìè ÿâëÿåòñÿ 

êëþ÷åâûì ôàêòîðîì ðåàëèçàöèè âûñîêîé ïðîïóñêíîé ñïî-
ñîáíîñòè îïòè÷åñêèõ ëèíèé íà ñîâðåìåííûõ è ïåðñïåêòèâ-
íûõ èíôîêîììóíèêàöèîííûõ ñåòÿõ. Ðàäèêàëüíîå ïîâûøå-
íèå ñêîðîñòè ïåðåäà÷è èíôîðìàöèè ïî îïòè÷åñêèì âîëîê-
íàì îáåñïå÷èâàåòñÿ ìåòîäàìè è ñðåäñòâàìè ïðîñòðàíñòâåí-
íîãî ïàðàëëåëèçìà. Ïàðàìåòð ìíîæèòåëü ïàðàëëåëèçìà ïî-
çâîëÿåò îñóùåñòâëÿòü êîëè÷åñòâåííóþ îöåíêó âêëàäà ïðî-
ñòðàíñòâåííîãî ìóëüòèïëåêñèðîâàíèÿ â ôîðìèðîâàíèå ñêî-
ðîñòè â îïòè÷åñêîì âîëîêíå â ñîñòàâå îïòè÷åñêîãî êàáåëÿ 
êàê ÷àñòè ñèñòåìû ïåðåäà÷è. Ìíîæèòåëü ïàðàëëåëèçìà ñî-
îòâåòñòâóåò ÷èñëó ïðîñòðàíñòâåííûõ êàíàëîâ â ÎÂ, ñîçäà-
âàåìûõ ïîñðåäñòâîì ìîäîâîãî è ñåðäöåâèííîãî ìóëüòèï-
ëåêñèðîâàíèÿ. Ñ ïîìîùüþ ýòîãî ïàðàìåòðà ìîãóò áûòü ðàñ-
ñ÷èòàíû âåëè÷èíû ìîäèôèêàöèé ñïåêòðàëüíîé ýôôåêòèâíî-
ñòè è àãðåãèðîâàííîé ñêîðîñòè ïåðåäà÷è äàííûõ ïî îïòè÷å-
ñêèì âîëîêíàì â óñëîâèÿõ ðåàëèçàöèè êîìïëåêñíîãî, â ò.÷. 
ïðîñòðàíñòâåííîãî ïàðàëëåëèçìà. 
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Abstract
The article introduces and applies the parameter P – factor of parallelism, gives expressions for calculating the spectral efficiency and
data transfer rate, provides examples of the implementation of spatial parallelism. Parallelism of information transmission in optical
fibers is carried out through the use of polarization, spectral, mode, core multiplexing with multiplexing coefficients – parallelism mul-
tipliers Pi. The multiplier of spatial parallelism of Psp corresponds to the number of spatial channels created by methods and means of
mode and core multiplexing. Elementary, complex and integral parallelism multipliers allow estimating the bandwidth of optical fiber,
including software-configurable optical networks with a choice of route, modulation format, spectrum width, fiber cores involved. The
spatial parallelism multiplier in optical fiber as part of an optical cable which is integrated in a fiber-optic transmission system is used to
calculate the values of the spectral efficiency components and the aggregated data rate. The spectral efficiency components are formed
by comparing the result and resource of the optical fiber bandwidth shaping operation. Expressions are given to calculate the spectral
efficiency and to determine the transmission rate in the conditions of optical signals propagation spatial parallelism realization. 
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ЭКСПЕРИМЕНТАЛЬНОЕ ИССЛЕДОВАНИЕ СТРУКТУРЫ
ПАКЕТНОГО БУФЕРА ETHERNET КОММУТАТОРА
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Исследуется метод детектирования дисциплины обслуживания пакетного буфера
Ethernet коммутатора. Актуальность задачи обусловлена необходимостью верифика-
ции объемов и структуры буферной памяти коммутаторов, а также недостаточной или
неоднозначной информацией, которую публикуют производители. Цель исследования
– разработка метода экспериментального исследования Ethernet коммутатора, позво-
ляющего делать выводы о структуре пакетных очередей, используемой политике об-
служивания, абсолютном размере пакетного буфера. Материалы и методы. Опреде-
ление размера буфера предлагается производить на основании наблюдения за поведе-
нием пакетного трафика, при его прохождении сквозь исследуемое устройство под
большой нагрузкой. На основе предполагаемой архитектуры тракта обработки пакета
построена модель переходного процесса нарастания пакетной очереди в различных
точках тракта обработки пакета. Показано как структура и относительные размеры
очередей влияют на наблюдаемые свойства пакетного трафика под предельной на-
грузкой. Метод позволяет определить используемую структуру очередей – одна исхо-
дящая очередь, несколько исходящих очередей, несколько исходящих очередей с
граничными условиями, приоритетная очередь, а также вариант с общим буферным
пространством. Приводятся обоснования применимости метода при различных конфи-
гурациях структуры очередей. Результаты. Приведены данные экспериментов с раз-
личными вариантами форматирования пакетного буфера и различными структурами
нагрузочного трафика. Проведено экспериментальное вычисление размеров пакетно-
го буфера на нескольких популярных моделях Ethernet коммутаторов. Эксперимен-
тально показано как определенные варианты структурирования буферов влияют на
поток транзитного трафика, а также когда наблюдаются непредвиденные потери. 
Выявлены варианты способствующие проявлению нежелательного эффекта перегруз-
ки клиентского порта. Последовательно проведен анализ переходных процессов во
всех экспериментальных конфигурациях и даны рекомендации по их применимости.
Предложенный метод пригоден для определения абсолютного размера пакетного 
буфера коммутатора, а также структуры очередей в классических коммутаторах с про-
межуточной буферизацией.
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Ââåäåíèå 
Ñîâðåìåííûå ìíîãîïîðòîâûå Ethernet-êîììóòàòîðû ðà-

áîòàþò ïî ïðèíöèïó áóôåðèçàöèè ïðîõîäÿùèõ Ethernet-
ôðåéìîâ. Â îáû÷íûõ êîììóòàòîðàõ óðîâíÿ äîñòóïà ðåàëèçî-
âàíà ñõåìà “ïîëíîñòüþ ïðèíÿòü, òîëüêî ïîòîì îòïðàâèòü” 
(store-and-forward). Êîãäà ïîðò êîììóòàòîðà ïðèíèìàåò 
ôðåéì, ïðîèçâîäèòñÿ êîíòðîëü îøèáîê, ïðèíèìàåòñÿ ðåøå-
íèå î äàëüíåéøåé êîììóòàöèè è òîëüêî ïîòîì ôðåéì ïîêè-
äàåò êîììóòàòîð ñ èñõîäÿùåãî ïîðòà. Âñå ýòî âðåìÿ ôðåéì 
íàõîäèòñÿ â òàê íàçûâàåìîì ïàêåòíîì áóôåðå, èëè ïðîõîäèò 
÷åðåç ñåðèþ ïàêåòíûõ áóôåðîâ âî âíóòðåííèõ êîììóòàöè-
îííûõ ýëåìåíòàõ. Ñóùåñòâóþò ðàçëè÷íûå àëãîðèòìû ñêîðî-
ñòíîé êîììóòàöèè (cut-through), íî äàæå â íèõ ïðîèñõîäèò 
ïåðåêëþ÷åíèå íà êëàññè÷åñêóþ ñõåìó áóôåðèçàöèè, íàïðè-
ìåð ïðè êîíêóðåíöèè çà èñõîäÿùèé ïîðò. Òàêèì îáðàçîì, 
ïàêåòíûé áóôåð – íåîòúåìëåìàÿ ÷àñòü êîììóòàöèîííîãî 
òðàêòà, ïîçâîëÿþùàÿ ïîâûñèòü çàãðóçêó êîììóòàòîðà ïðè 
íåðàâíîìåðíîñòÿõ â èíòåíñèâíîñòè ïîñòóïëåíèÿ ïîòîêà 
òðàôèêà. 

Àáñîëþòíûå ðàçìåðû áóôåðîâ âàæíû äëÿ ãðàìîòíîãî 
ïëàíèðîâàíèÿ åìêîñòè ñåòè. Óâåëè÷åíèå î÷åðåäåé ïðèâîäèò 
ê çàäåðæêàì, òîãäà êàê óìåíüøåíèå áóôåðà íèæå îïðåäå-
ëåííûõ âåëè÷èí ïðèâîäèò ê ïîòåðÿì òðàôèêà. Äëÿ îòäåëü-
íûõ òèïîâ òðàôèêà, òàêèõ êàê ãîëîñîâîé, èíòåðàêòèâíûé 
òðàôèê,  ïðåäåëüíûå çíà÷åíèÿ ïîòåðü è çàäåðæåê ðåãëàìåí-
òèðîâàíû ðàçëè÷íûìè ñòàíäàðòàìè è äàæå íîðìàòèâíî ïðà-
âîâûìè àêòàìè [1-3]. Äîïóñòèìûå çíà÷åíèÿ çàäåðæåê è ïî-
òåðü òàêæå âêëþ÷àþòñÿ â äîãîâîðà íà ïðåäîñòàâëåíèå óñëó-
ãè ïî ïåðåäà÷å äàííûõ. Ê ñîæàëåíèþ, äàííûå î ðàçìåðàõ 
ïàêåòíûõ áóôåðîâ ïóáëèêóþòñÿ äàëåêî íå âñåìè ïðîèçâîäè-
òåëÿìè è íå äëÿ âñåõ ìîäåëåé êîììóòàòîðîâ [4, 5]. Ñèòóàöèÿ 
óñëîæíÿåòñÿ òàêæå òåì, ÷òî âíóòðåííÿÿ îðãàíèçàöèÿ áóôå-
ðîâ â êîíêðåòíîé ìîäåëè êîììóòàòîðà íåèçâåñòíà [6–8]. Âñå 
ýòî óñëîæíÿåò ïëàíèðîâàíèå ñåòè ïåðåäà÷è äàííûõ è ïîèñê 
ïðè÷èí íåèñïðàâíîñòåé â ñóùåñòâóþùèõ ñåòÿõ. 

Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàåòñÿ ìîäåëü ïðîñòîé 
FIFO-î÷åðåäè ïàêåòíîãî áóôåðà, è âàðèàíòû áóôåðà ñ äâóìÿ 
î÷åðåäÿìè. Èññëåäîâàíà ìåòîäèêà ñòåíäîâîãî ýêñïåðèìåíòà 
â çàäà÷å îïðåäåëåíèÿ îáúåìà áóôåðà. Ðàññ÷èòàíû ðàçìåðû 
áóôåðíîé ïàìÿòè íà îñíîâàíèè ýêñïåðèìåíòàëüíûõ äàííûõ. 
Èññëåäîâàíû âîçìîæíûå âàðèàíòû ñòðóêòóðèðîâàíèÿ î÷å-
ðåäåé íà êîììóòàòîðå Cisco Catalyst 2960G-24 è ïðîâåäåíà 
ñåðèÿ ýêñïåðèìåíòîâ ïî èçó÷åíèþ âëèÿíèÿ äàííûõ ñòðóêòóð 
íà ïîòîêè òðàôèêà. 

 
1. Ìåòîäèêà îïðåäåëåíèÿ ðàçìåðîâ  

è ñòðóêòóðû ïàêåòíîãî áóôåðà 
 
Ðàññìîòðèì íåñêîëüêî ïðîñòûõ ñõåì îðãàíèçàöèè î÷åðå-

äåé è ðàçëè÷èÿ â èõ âëèÿíèè íà ïðîõîäÿùèé òðàôèê. Ïðî-
ñòåéøàÿ äèñöèïëèíà îáñëóæèâàíèÿ î÷åðåäè – FIFO (“ïåð-
âûé ïðèøåë – ïåðâûé âûøåë”). Âñå ïàêåòû òðàôèêà ðàâíî-
ïðàâíû è íà íàãðóæåííîì ïîðòó áóôåðèçóþòñÿ â î÷åðåäè. 
Î÷åðåäü ðàñòåò äî îïðåäåëåííîãî ìàêñèìàëüíîãî ðàçìåðà, 
ïîñëå ÷åãî âíîâü ïðèáûâøèå ïàêåòû îòáðàñûâàþòñÿ (ñõåìà 
“tail-drop”). Êîãäà òðåáóåòñÿ îáåñïå÷èòü ðàçëè÷íûå óðîâíè 
îáñëóæèâàíèÿ, ïàêåòû ðàçëè÷íûõ êëàññîâ ìàðêèðóþòñÿ ëè-
áî â ìîìåíò ïðèõîäà íà ïîðò, ëèáî çàðàíåå – â ïðîöåññå ïå-
ðåäà÷è ïî ñåòè. Ìàðêèðîâêà ïðîèçâîäèòñÿ â ïîëÿõ DSCP â 
çàãîëîâêå IP, è/èëè â ïîëÿõ CoS êàäðîâ Ethernet [9-10].  

Îäíà èç ïîïóëÿðíûõ ñõåì ðåàëèçàöèè ïðèîðèòåòíîãî îá-
ñëóæèâàíèÿ – âûäåëåíèå íà áóôåðå ïðèîðèòåòíîé î÷åðåäè – 
òðàôèê èç äàííîé î÷åðåäè áóäåò îáñëóæåí âíå çàâèñèìîñòè 
îò òîãî, îæèäàþò ëè ïàêåòû â îáû÷íîé î÷åðåäè. Ðàçìåðû 
îáû÷íîé è ïðèîðèòåòíîé î÷åðåäè ìîãóò îòëè÷àòüñÿ. Äðóãàÿ 
ðàñïðîñòðàíåííàÿ ñõåìà – âûäåëåíèå â î÷åðåäè ïðîìåæó-
òî÷íûõ ïðåäåëüíûõ çíà÷åíèé, êîòîðûå äåéñòâóþò òîëüêî íà 
îòäåëüíûå êëàññû òðàôèêà. Ïàêåòû òðàôèêà îïðåäåëåííîãî 
êëàññà áóäóò îòáðîøåíû ïðè ïðåâûøåíèè ãðàíè÷íîãî çíà-
÷åíèÿ çàäàííîãî èìåííî äëÿ ýòîãî êëàññà. Ïðèìåðíàÿ àðõè-
òåêòóðà áóôåðà ñ äâóìÿ î÷åðåäÿìè, îäíà èç êîòîðûõ ïðèîðè-
òåòíàÿ, ïðåäñòàâëåíà íà ðèñ.1 (ñëåâà). Íà ðèñóíêå 1 (ñïðàâà) 
èçîáðàæåíà îäíà î÷åðåäü ñ íåñêîëüêèìè ïðîìåæóòî÷íûìè 
ãðàíèöàìè. 

 

 
Ðèñ 1. Ñõåìà îðãàíèçàöèè áóôåðà ñ ïðèîðèòåòíîé î÷åðåäüþ  

(ñëåâà), è ñ òðåìÿ ïðîìåæóòî÷íûìè ãðàíèöàìè â åäèíñòâåííîé 
î÷åðåäè (ñïðàâà) 

 
Èñïîëüçóåìàÿ ìåòîäèêà ýêñïåðèìåíòàëüíîãî îïðåäåëå-

íèÿ ðàçìåðà áóôåðà ïîðòà îñíîâàíà íà íàáëþäåíèè âëèÿíèÿ 
ïåðåãðóæåííîãî ïîðòà íà âðåìåííûå ñâîéñòâà òðàíçèòíîãî 
òðàôèêà [11]. Ïóñòü ïàêåòû ïîñòóïàþò ñ ïîñòîÿííîé èíòåí-
ñèâíîñòüþ, âðåìÿ îáðàáîòêè âñåõ ïàêåòîâ îäèíàêîâî è çàâè-
ñèò òîëüêî îò ðàçìåðà ïàêåòà. Ïðèìåì òàêæå, ÷òî èíòåíñèâ-
íîñòü îáðàáîòêè ïàêåòîâ ïîñòîÿííà è èçâåñòíà, à êîëè÷åñòâî 
ìåñò â î÷åðåäè (áóôåðå) êîíå÷íî è ðàâíî N. Òàêóþ ñõåìó 
ÑÌÎ ïðèíÿòî îáîçíà÷àòü D/D/1/N.  Àíàëèòè÷åñêîå ðåøåíèå 
äëÿ ïîäîáíîé î÷åðåäè äàíî, íàïðèìåð, â [12]. Èññëåäóåìûé 
êîììóòàòîð âêëþ÷àåòñÿ â ðàçðûâ ìåæäó äâóìÿ òåñòèðóþ-
ùèìè óçëàìè [13]. Ñ óçëà èñòî÷íèêà çàïóñêàåòñÿ íåïðåðûâ-
íûé ïîòîê ïàêåòîâ îäèíàêîâîé äëèíû ñ áèòîâîé èíòåíñèâ-
íîñòüþ ë. Êàæäûé ïàêåò íóìåðóåòñÿ ïîðÿäêîâûì íîìåðîì. 
Àáñîëþòíûì çíà÷åíèåì ìåæïàêåòíîãî èíòåðâàëà ïðåíåáðå-
æåì ïî ñðàâíåíèþ ñ ðàçìåðîì ïàêåòà. Íàñòðîèì êîììóòàòîð 
íà ôèêñèðîâàííóþ ïîñòîÿííóþ èíòåíñèâíîñòü îòïðàâêè 
ïàêåòîâ – ì. Ïðåäïîëîæèì, ÷òî èíòåíñèâíîñòü ïîñòóïëåíèÿ 
ïàêåòîâ ïðåâûøàåò èíòåíñèâíîñòü îáðàáîòêè (ðèñ. 2). 

 

 
 

Ðèñ. 2. Ìîäåëü ïåðåäà÷è ïàêåòà ñêâîçü êîììóòàòîð ñ áóôåðèçàöèåé 
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Ïðèìåì, ÷òî âñÿ çàäåðæêà íà êîììóòàöèîííîì òðàêòå áóäåò 
ñîñòîÿòü èç âðåìåíè ñåðèàëèçàöèè ïàêåòà íà âõîäå è íà âûõîäå 
èç áóôåðà. Êîììóòàòîð íà÷èíàåò îáðàáàòûâàòü ïàêåò òîëüêî 
ïîñëå ïîëíîãî ïðèåìà ïàêåòà â áóôåð. Ïðèåì ïàêåòà â áóôåð 
âîçìîæåí òîëüêî â òîì ñëó÷àå, åñëè èìååòñÿ õîòÿ áû îäíà ñâî-
áîäíàÿ ÿ÷åéêà. Ïàêåò çàíèìàåò ÿ÷åéêó öåëèêîì âïëîòü äî 
îêîí÷àíèÿ îáðàáîòêè. Îáîçíà÷èì çà t0

i ìîìåíò âðåìåíè, êîãäà 
ïàêåò ñ ïîðÿäêîâûì íîìåðîì i ïîêèíåò èñòî÷íèê.  

Íà ðèñóíêå 3 ïðåäñòàâëåíû âðåìåííûå äèàãðàììû ïðî-
öåññà îòïðàâêè ïàêåòîâ ñ èñòî÷íèêà, ïðîõîæäåíèÿ ÷åðåç áó-
ôåð êîììóòàòîðà, è ïîëó÷åíèÿ èõ ïðèåìíèêîì. Äèàãðàììà 
äëÿ áóôåðà ïðåäñòàâëåíà ñî ñêâîçíîé íóìåðàöèåé áèòîâ (êàê 
äëÿ êîëüöåâîãî áóôåðà), èíòåíñèâíîñòè ë è ì âçÿòû ïðîèç-
âîëüíî äëÿ íàãëÿäíîñòè, ïðè÷åì ë > ì. Ïóñòü ïàêåòû ïðîíó-
ìåðîâàíû ñêâîçíîé íóìåðàöèåé. Èç äèàãðàììû âèäíî, ÷òî 
íà ìîìåíò ïðèõîäà â áóôåð ïàêåòîâ cî 2 ïî 6 â áóôåðå âñå 
åùå çàíÿòà ÿ÷åéêà ïàêåòîì íîìåð 1. Òåêóùàÿ äëèíà î÷åðåäè 
îáîçíà÷åíà q(t). Íàêëîí ïðÿìûõ íà äèàãðàììå ïðåäñòàâëÿåò 
ñîáîé áèòîâóþ èíòåíñèâíîñòü ïîñòóïëåíèÿ è îáðàáîòêè ïà-
êåòîâ – ë è ì, ñîîòâåòñòâåííî. 

 

 
 

Ðèñ. 3. Âðåìåííûå äèàãðàììû ïðîöåññà îòïðàâêè ïàêåòîâ  
ñ èñòî÷íèêà (âåðõíÿÿ), ïðîõîæäåíèÿ ÷åðåç áóôåð êîììóòàòîðà 

(ñðåäíÿÿ), è ïîëó÷åíèÿ èõ ïðèåìíèêîì (íèæíÿÿ) 
 

Î÷åâèäíî, ÷òî ïðè ïðåâûøåíèè ñêîðîñòè ïðèåìà íàä 
ñêîðîñòüþ îáðàáîòêè, ïàêåòû áóäóò íàêàïëèâàòüñÿ â áóôåðå. 
Ââåäåì îãðàíè÷åíèå íà äëèíó î÷åðåäè. Ïóñòü áóôåð îãðàíè-
÷åí âñåãî òðåìÿ ÿ÷åéêàìè ïàìÿòè: N = 3. Ñîîòâåòñòâóþùèå 
âðåìåííûå äèàãðàììû ïðîöåññîâ îòïðàâêè ïàêåòîâ íà  
ðèñ. 4. Èç äèàãðàììû âèäíî, ÷òî âî âðåìÿ îòïðàâêè ïàêåòà 
íîìåð 1 íà êîììóòàòîð óñïåâàþò ïðèéòè ïàêåòû ñ íîìåðàìè  
îò 2 äî 6. Ïðè ýòîì ïàêåò 1 âñå åùå çàíèìàåò î÷åðåäü, 2 è 3 
ñòàíîâÿòñÿ â î÷åðåäü. Íà ìîìåíòû ïðèõîäà 4 è 5 ïàêåòîâ â 
î÷åðåäè íåò ñâîáîäíûõ ÿ÷ååê è ïàêåòû îòáðàñûâàþòñÿ (íà 
äèàãðàììå îòìå÷åíû ñèìâîëîì “Õ”). Äàæå êîãäà íà÷èíàåò 
ïîñòóïàòü ïàêåò íîìåð 6, áóôåð âñå åùå çàíÿò, è ïàêåò îò-
áðàñûâàåòñÿ. 

 
 

Ðèñ. 4. Âðåìåííûå äèàãðàììû ïåðåïîëíåíèÿ ïàêåòíîãî áóôåðà 
N 3 ( ) ( )

Â áóôåðå ïîÿâëÿåòñÿ ñâîáîäíîå ìåñòî òîëüêî ê ìîìåíò
ïðèõîäà 7 ïàêåòà. Äàëåå î÷åðåäü îñòàåòñÿ â ñîñòîÿíèè í
ñûùåíèÿ è âõîäèò â ôàçó ïîñòîÿííîé ôëóêòóàöèè êîëè÷åñ
âà çàíÿòûõ ÿ÷ååê îò çíà÷åíèÿ N äî N–1. Ñ òî÷êè çðåíèÿ òå
ðèè ÑÌÎ ýòîò ïðîöåññ ðàññìîòðåí â ðàáîòå [14]. Ïðåäïîë
æèì, ÷òî çíà÷åíèå N äîñòàòî÷íî âåëèêî, ÷òîáû îïóñòèòü è
ðàññìîòðåíèÿ âûøåîçíà÷åííûå ôëóêòóàöèè.  

Îáðàòèì âíèìàíèå íà òî, êàê ïîäîáíûé ïîòîê òðàôèê
âîñïðèíèìàåòñÿ ïðèåìíèêîì. Ñíà÷àëà ïðèåìíèê ôèêñèðóå
ñòàáèëüíûé ïîòîê òðàôèêà èíòåíñèâíîñòè ì, íîìåðà ïðèõ
äÿùèõ ïàêåòîâ ñòðîãî ïîñëåäîâàòåëüíû. ×åðåç íåêîòîðî
âðåìÿ  íåïðåðûâíîñòü íóìåðàöèè íàðóøàåòñÿ, è Ïðèåìíè
äåòåêòèðóåò èñ÷åçíîâåíèå ñåðèè ïàêåòîâ. Èíòåíñèâíîñò
ïîñòóïëåíèÿ ïàêåòîâ íà Ïðèåìíèê íåèçìåííà. Âðåìåíà ïð
õîäà ïàêåòîâ è èõ íîìåðà ôèêñèðóþòñÿ Ïðèåìíèêîì äë
äàëüíåéøåé îáðàáîòêè [15]. 

Òåïåðü, çíàÿ ìåõàíèçì ýâîëþöèè î÷åðåäè, ïîñòðîè
äèàãðàììó çàíÿòîãî áèòîâîãî îáúåìà â ïàêåòíîì áóôåð
îò âðåìåíè (ðèñ. 5). 

 

 

Ðèñ. 5. Âðåìåííàÿ äèàãðàììà çàíÿòîãî îáúåìà ïàêåòíîãî áóôåðà
åìêîñòüþ N ïàêåòîâ 

 
Äëÿ áèòîâîãî ðàçìåðà áóôåðà ïðè äàííûõ óñëîâèÿõ, í

îñíîâàíèè ãðàôèêîâ çàïîëíåíèÿ î÷åðåäè, ìîæåì ïîëó÷èò
ôîðìóëó äëÿ ðàñ÷åòà áèòîâîãî ðàçìåðà áóôåðà B: 

2

1( ) ,LB M t t μμ
λ

⎛ ⎞
= + − −⎜ ⎟

⎝ ⎠
 

ãäå M – áèòîâûé ðàçìåð ïàêåòà, t1 – ýêñïåðèìåíòàëüíî ç
ôèêñèðîâàííîå âðåìÿ ïðèåìà ïåðâîãî ïàêåòà, tL – ýêñïåðè
ìåíòàëüíî çàôèêñèðîâàííîå âðåìÿ ïîëó÷åíèÿ ïîñëåäíåã
ïàêåòà ñ êîððåêòíûì íîìåðîì. Ïîäðîáíûé âûâîä ôîðìóë
ðàñ÷åòà áóôåðà ïðåäñòàâëåí â ðàáîòå [11]. 

Ðàñøèðèì äàííóþ ìåòîäèêó äëÿ ïðèìåíåíèÿ ê ïàêåòí
ìó áóôåðó, ïðåäñòàâëåííîìó íà ðèñ. 1 (ñëåâà). Ïðèìåíè
äâà íåçàâèñèìûõ èñòî÷íèêà òðàôèêà (ðèñ. 6). 

 

 
 

Ðèñ. 6. Ñõåìà âêëþ÷åíèÿ êîììóòàòîðà ñ äâóìÿ èñòî÷íèêàìè  
è îäíèì ïîëó÷àòåëåì 

 
Èç ïðåäñòàâëåííîé ñõåìû î÷åâèäíî, ÷òî ëþáîé è

äâóõ èñòî÷íèêîâ òðàôèêà ìîæåò ïåðåãðóçèòü ïàêåòíóþ î÷
ðåäü è ââåñòè èñõîäÿùèé ïîðò â ñîñòîÿíèå ïåðåãðóçêè. Íà
íåì ãåíåðàöèþ òðàôèêà íà ïåðâîì èñòî÷íèêå ñ ìàêñèìàëüí
âîçìîæíîé èíòåíñèâíîñòüþ, ïî âûøåîïèñàííîé ìåòîäèêå,
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DSCP d1. Âû÷èñëèì îáúåì áóôåðà îòíîñèòåëüíî ïåðâîãî 
ïîòîêà – B1. Óáåäèìñÿ ïðè ïîìîùè àíàëèçàòîðà òðàôèêà íà 
Ïðèåìíèêå, ÷òî íåêîòîðûå ïàêåòû îòáðàñûâàþòñÿ êîììóòà-
òîðîì, è î÷åðåäü íà ïîðòó íàõîäèòñÿ â ñîñòîÿíèè ïåðåãðóç-
êè. Ïðè ýòîì ðàçìåð î÷åðåäè â ïàêåòàõ íàõîäèòñÿ â ïîñòîÿí-
íîé ôëóêòóàöèè îò ìàêñèìàëüíîãî ðàçìåðà N äî N – 1.  

Äàëåå, íå îñòàíàâëèâàÿ ïåðâûé ïîòîê òðàôèêà, ïðîâîäèì 
ýêñïåðèìåíò àíàëîãè÷íî, íî ñ íåçàâèñèìîãî èñòî÷íèêà òðà-
ôèêà, òàêæå íà ìàêñèìàëüíîé èíòåíñèâíîñòè, ñ ïàêåòàìè, 
ïðîìàðêèðîâàííûìè îòëè÷íûì îò ïåðâîãî êîäîì DSCP d2. 
Âû÷èñëèì îáúåì áóôåðà îòíîñèòåëüíî âòîðîãî ïîòîêà – B2.  

Â ñëó÷àå åñëè îáà ïîòîêà ïîïàäàþò â îäíó è òó æå î÷å-
ðåäü è íå èìåþò ïðèîðèòåòîâ îòíîñèòåëüíî äðóã äðóãà, íà 
âòîðîì ïîòîêå Ïðèåìíèê íå çàôèêñèðóåò íà÷àëüíîãî ëèíåé-
íîãî ó÷àñòêà ñ íåïðåðûâíûìè íîìåðàìè ïàêåòîâ. Âû÷èñëèòü 
B2 íå ïîëó÷èòñÿ, ÷òî ðàâíîñèëüíî çíà÷åíèþ B2 ýêâèâàëåíò-
íîìó îäíîìó ïàêåòó.  

Òàêèì îáðàçîì, åñëè çíà÷åíèå B2 óäàåòñÿ èçìåðèòü ïðè 
ìíîãîêðàòíîì ïðîâåäåíèè ýêñïåðèìåíòà, çíà÷èò òðàôèê ñ 
DSCP d2 ïîïàäàåò â ïðèîðèòåòíóþ î÷åðåäü è åå îáúåì ðàâåí 
B2. Òåïåðü èçìåðèì ðàçìåðû î÷åðåäåé äëÿ êàæäîãî èç ïîòî-
êîâ d1 è d2 íåçàâèñèìî, áåç òðàôèêà îò âòîðîãî èñòî÷íèêà. 
Îáîçíà÷èì ïîëó÷åííûå ðàçìåðû B’1 è B’2, ñîîòâåòñòâåííî. 
Åñëè B’2 = B2, òî ïðèîðèòåòíàÿ î÷åðåäü ÿâëÿåòñÿ âûäåëåí-
íîé, è ìåíåå ïðèîðèòåòíûé òðàôèê íà íåå íå âëèÿåò.  

Åñëè ðàâåíñòâî íå âûïîëíÿåòñÿ, òî ïðèîðèòåòíûé òðàôèê 
d2 èñïîëüçóåò òó æå î÷åðåäü, ÷òî è d1, íî ïàêåòû ïîïàäàþò 
ïîä äåéñòâèå ðàçëè÷íûõ ãðàíè÷íûõ çíà÷åíèé (ñì. ðèñ. 1 
(ñïðàâà)). Ïåðåáðàâ âñå êîìáèíàöèè çíà÷åíèé DSCP (èëè, 
÷òî ïðîùå, ïîëå CoS â IEEE 802.1q ìåòêå) äëÿ îáîèõ 1îòòî-
êîâ òðàôèêà, ìû ìîæåì ïîëó÷èòü òàáëèöó ñîîòâåòñòâèÿ çíà-
÷åíèé DSCP êîíêðåòíûì î÷åðåäÿì è ãðàíè÷íûì óðîâíÿì. 

 
2. Ðåçóëüòàòû ýêñïåðèìåíòà 

 
Â ýêñïåðèìåíòå èññëåäîâàëàñü ñòðóêòóðà è ðàçìåðû ïà-

êåòíîãî áóôåðà êîììóòàòîðà Cisco Catalyst WS-C2960G-
24TC-L, ðåâèçèÿ B0, ñ óñòàíîâëåííîé âåðñèåé ÏÎ Cisco IOS 
c2960-lanbasek9-mz.122-58.SE2. Ïðîèçâîäèòåëü íå ïóáëèêó-
åò äàííûõ îá îáúåìàõ áóôåðîâ íà äàííîì êîììóòàòîðå, íî, 
ñîãëàñíî êîììåíòàðèÿì ðàçðàáîò÷èêîâ [16] êàæäàÿ ASIC-
ìèêðîñõåìà íà äàííîé ïëàòôîðìå îïåðèðóåò 576 ÊÁ áóôåðà 
íà 4 ñìåæíûõ ïîðòà. 

Âî âñåõ ýêñïåðèìåíòàõ èñòî÷íèê òðàôèêà ïîäêëþ÷àåòñÿ 
íà ïîðò ñ ïðèíóäèòåëüíî âûñòàâëåííîé ñêîðîñòüþ 100 
Ìáèò/ñ (100Base-T), à ïðèåìíèê òðàôèêà ïîäêëþ÷àåòñÿ â 
ïîðò íà ñêîðîñòè 10 Ìáèò/ñ (10Base-T). Îòïðàâèòåëü ìàðêè-
ðóåò êàæäûé ïàêåò ïîðÿäêîâûì íîìåðîì. Ïðèåìíèê äåòåê-
òèðóåò âðåìÿ ïðèõîäà êàæäîãî ïàêåòà è åãî ïîðÿäêîâûé íî-
ìåð ñ ïîìîùüþ ÏÎ çàõâàòà ïàêåòîâ tcpdump. 

Â ïåðâîì ýêñïåðèìåíòå ñðàâíèâàåòñÿ ïîâåäåíèå òðàôèêà 
ïðè îòêëþ÷åííîì óïðàâëåíèè êà÷åñòâîì îáñëóæèâàíèÿ 
(QoS) è âêëþ÷åííîì. Íà ðèñóíêå 7 ïðåäñòàâëåíû ãðàôèêè 
çàâèñèìîñòè ïðèíÿòîãî ïîðÿäêîâîãî íîìåðà ïàêåòà òðàôèêà 
îò âðåìåíè ïðèáûòèÿ ýòîãî ïàêåòà. Íà ãðàôèêàõ ïðåäñòàâëå-
íû ïî òðè ðåçóëüòàòà äëÿ êàæäîãî âàðèàíòà íàñòðîéêè. 

 

 
 

Ðèñ.7. Çàâèñèìîñòü ïîðÿäêîâîãî íîìåðà ïðèíÿòîãî ïàêåòà  
îò âðåìåíè ñ âêëþ÷åííûì è âûêëþ÷åííûì ôóíêöèîíàëîì QoS 
 
Êàê âèäíî èç ðèñ. 7, ïðè îòêëþ÷åííûõ íàñòðîéêàõ QoS 

êîììóòàòîð ïåðåäàåò áåç ïîòåðü 110±1 ïàêåòîâ, ïîñëå ÷åãî 
áóôåð èñõîäÿùåãî ïîðòà ïåðåïîëíÿåòñÿ è ìû âèäèì çíà÷è-
òåëüíûå (? 90%) ïîòåðè ïàêåòîâ. Òàêîé ïðîöåíò ïîòåðü îáú-
ÿñíÿåòñÿ äåñÿòèêðàòíûì ðàçëè÷èåì â ñêîðîñòè âõîäÿùåãî è 
èñõîäÿùåãî ïîðòà. Íàçîâåì ïåðèîä âðåìåíè æèçíè ïîòîêà 
íà ïåðåïîëíåííîé î÷åðåäè ôàçîé îòñå÷êè. Âðåìÿ ïîëó÷åíèÿ 
ïîñëåäíåãî ïàêåòà ñ êîððåêòíûì íîìåðîì ñîñòàâëÿåò 136 ìñ. 
Ýòè æå çíà÷åíèÿ ïîñëå âêëþ÷åíèÿ QoS ñîñòàâëÿþò 15 ïàêå-
òîâ è 18 ìñ. Ðàññ÷èòàâ ïî ïðåäñòàâëåííîé ìåòîäèêå îáúåì 
áóôåðà ïîëó÷èì 155 ÊÁ è 22 ÊÁ äëÿ îòêëþ÷åííîãî è âêëþ-
÷åííîãî QoS ñîîòâåòñòâåííî. Èñõîäÿ èç çíà÷åíèÿ 155 ÊÁ, 
ìîæíî ïðåäïîëîæèòü, ÷òî êàæäàÿ ASIC-ìèêðîñõåìà äåëèò 
576 ÊÁ áóôåðíîãî ïðîñòðàíñòâà ðàâíîìåðíî íà 4 ïîðòà. Ïðè 
âêëþ÷åíèè ìåõàíèçìîâ óïðàâëåíèÿ ïðèîðèòåòàìè (QoS) 
äàííàÿ ìîäåëü êîììóòàòîðà, ñîãëàñíî äîêóìåíòàöèè, ôîð-
ìàòèðóåò áóôåð ïîðòà â 4 î÷åðåäè, ïðè ýòîì êàæäàÿ î÷åðåäü 
ïîëó÷àåò 25% îò èñõîäíîãî ðàçìåðà áóôåðà è ëèøü ïîëîâè-
íà ýòîãî ïðîñòðàíñòâà ðåçåðâèðóåòñÿ. Òàêèì îáðàçîì, ìû 
îæèäàåì ïîëó÷èòü âîñüìèêðàòíîå óìåíüøåíèå äîñòóïíîãî 
îäíîé î÷åðåäè áóôåðà ïðè âêëþ÷åíèè QoS. Ïîëó÷åííûé 
ýêñïåðèìåíòàëüíî ðåçóëüòàò ñîîòâåòñòâóåò íàøèì ïðåäïî-
ëîæåíèÿì. 

Âî âòîðîì ýêñïåðèìåíòå ìû âêëþ÷àåì ôóíêöèîíàë QoS 
è íàïðàâëÿåì òðàôèê îò äâóõ èñòî÷íèêîâ ñ ðàçíûìè ìåòêàìè 
DSCP íà îäèí ïðèåìíèê, ïðè÷åì íà âûõîäíîì ïîðòó áóäåì 
èñïîëüçîâàòü îäíó î÷åðåäü ñ äâóìÿ  ãðàíè÷íûìè óðîâíÿìè 
äëÿ ýòèõ êëàññîâ òðàôèêà. Î÷åðåäü èñïîëüçóåò 25% îáùåãî 
áóôåðà. Ãðàíèöà äëÿ ìåíåå ïðèîðèòåòíîãî òðàôèêà (T1) âû-
ñòàâëåíà íà óðîâåíü 100% îò îáúåìà î÷åðåäè, ãðàíèöà äëÿ 
áîëåå ïðèîðèòåòíîãî òðàôèêà – 150% (T2). Çíà÷åíèå áîëüøå 
100% îçíà÷àåò, ÷òî î÷åðåäü ìîæåò ïîëüçîâàòüñÿ îáùèì áó-
ôåðîì ñâåðõ çàðåçåðâèðîâàííîãî ïðîñòðàíñòâà. Áîëåå ïðè-
îðèòåòíûé ïîòîê çàïóñêàåòñÿ ñ íåáîëüøîé çàäåðæêîé îòíî-
ñèòåëüíî íà÷àëà ïåðâîãî ïîòîêà. Îäèí èç ãðàôèêîâ ñåðèè 
ïðåäñòàâëåí íà ðèñ. 8. 

Íà ãðàôèêå (ðèñ. 8) ìû ìîæåì íàáëþäàòü ïîëíîå ïðå-
êðàùåíèå ïðèåìà ìåíåå ïðèîðèòåòíîãî òðàôèêà ïîñëå ïîÿâ-
ëåíèÿ áîëåå ïðèîðèòåòíîãî. Ýòî ìîæíî îáúÿñíèòü ëîãèêîé 
ðàáîòû îäíîé î÷åðåäè ñ äâóìÿ ãðàíè÷íûìè çíà÷åíèÿìè 
(ñì. ðèñ. 1, ñïðàâà). Ïåðâûé ïîòîê ïîñëå ñòàðòà ýêñïåðèìåíòà 
ïîëíîñòüþ çàïîëíÿåò äîñòóïíóþ åìó ÷àñòü î÷åðåäè è ïåðåõî-
äèò â ôàçó îòñå÷êè.  

 

ССВВЯЯЗЗЬЬ



ССВВЯЯЗЗЬЬ

T-Comm Tом 14. #1-2020
22

 
 

Ðèñ.8. Çàâèñèìîñòü ïîðÿäêîâîãî íîìåðà ïðèíÿòîãî ïàêåòà  
îò âðåìåíè äëÿ äâóõ ïîòîêîâ ñ ðàçíûìè ãðàíèöàìè áóôåðà: T1 è T2 

 
Ïàêåòû âòîðîãî ïîòîêà çàñòàþò íèæíþþ ÷àñòü î÷åðåäè 

ïîëíîñòüþ çàíÿòîé, íî èìåþò âîçìîæíîñòü çàïîëíÿòü î÷åðåäü 
âûøå, äî ñâîåãî ãðàíè÷íîãî çíà÷åíèÿ. Çàïîëíèâ óêàçàííîå 
ïðîñòðàíñòâî, ïðèîðèòåòíûé ïîòîê òàêæå ïåðåõîäèò â ôàçó 
îòñå÷êè. Âðåìÿ îò íà÷àëà ïîòîêà äî íà÷àëà ïîòåðü äëÿ íèç-
êîïðèîðèòåòíîãî òðàôèêà ñîñòàâèëî 8,5 ìñ, äëÿ âûñîêîïðè-
îðèòåòíîãî – 4 ìñ. Ðàñ÷åòíûå çíà÷åíèÿ ðàçìåðîâ î÷åðåäè 
ñîñòàâëÿþò 11 ÊÁ è 4 ÊÁ ñîîòâåòñòâåííî. Çàìåòèì, ÷òî âòî-
ðîå çíà÷åíèå ñîîòâåòñòâóåò ðàçíèöå ìåæäó ãðàíè÷íûìè 
óðîâíÿìè, ò.å. ðåàëüíîå çíà÷åíèå îáúåìà äëÿ âòîðîãî ãðà-
íè÷íîãî óðîâíÿ – 15 ÊÁ. Ýòî çíà÷åíèå ìåíüøå, ÷åì çíà÷åíèå 
èç ïðåäûäóùåãî ýêñïåðèìåíòà äëÿ îäíîé î÷åðåäè. 

Â ñëåäóþùåì ýêñïåðèìåíòå ìû èñïîëüçóåì òàêóþ æå òî-
ïîëîãèþ – äâà èñòî÷íèêà è îäèí ïðèåìíèê, íî îäíó èç ÷åòû-
ðåõ î÷åðåäåé îáúÿâèì ïðèîðèòåòíîé. Íà îñíîâíîé î÷åðåäè 
îñòàâëÿåì ãðàíè÷íîå çíà÷åíèå 100%. Ìû îæèäàåì, êàê è â 
ñëó÷àå ñ äâóìÿ ãðàíè÷íûìè çíà÷åíèÿìè, ÷òî ñòàðò ïðèîðè-
òåòíîãî ïîòîêà ïðèâåäåò ê ïîëíîé îñòàíîâêå íèçêîïðèîðè-
òåòíîãî òðàôèêà. Ðåçóëüòàò ïðåäñòàâëåí íà ðèñ. 9. 

 

 
 

Ðèñ. 9. Çàâèñèìîñòü ïîðÿäêîâîãî íîìåðà ïðèíÿòîãî ïàêåòà  
îò âðåìåíè äëÿ îáû÷íîãî ïîòîêà (T1) è ïðèîðèòåòíîãî (P) 

 
Êàê è îæèäàëîñü, ïðèîðèòåòíûé òðàôèê, çàïîëíèâ ñâîþ 

î÷åðåäü, ïàðàëèçóåò äâèæåíèå íèçêîïðèîðèòåòíîãî ïîòîêà. 
Âû÷èñëåííûå çíà÷åíèÿ îáúåìà  ïðèîðèòåòíîé è îáû÷íîé î÷å-
ðåäè ñîñòàâèëè 10 ÊÁ è 11 ÊÁ ñîîòâåòñòâåííî. Ñðàâíèâàÿ Ðèñ. 
8 è 9 ìîæåì çàêëþ÷èòü, ÷òî ïî äàííîé ìåòîäèêå íåëüçÿ îòëè-
÷èòü ðàáîòó êîììóòàòîðà ñ îäíîé î÷åðåäüþ è ðàçíûìè ãðàíè÷-
íûìè çíà÷åíèÿìè îò ñòðóêòóðû ñ ïðèîðèòåòíîé î÷åðåäüþ.  

Â ñëåäóþùåì ýêñïåðèìåíòå ìû ïðîíàáëþäàåì ðàáîòó 
î÷åðåäè ñ îáùåé ïàìÿòüþ. Îäíîé èç ÷åòûðåõ èñõîäÿùèõ 
î÷åðåäåé ïîðòà ìû íàçíà÷èì ìàêñèìàëüíî äîïóñòèìûé ðàç-
ìåð, îñòàëüíûì – ìèíèìàëüíûé. Ïðîèçâîäèòåëü ðàçðåøàåò 
ðåçåðâèðîâàòü äëÿ î÷åðåäè íå áîëåå 100% îáúåìà, íî çàÿâëÿ-
åò, ÷òî î÷åðåäü ìîæåò èñïîëüçîâàòü äî 3200% ïàìÿòè èç íå-
êîåãî îáùåãî áóôåðíîãî ïðîñòðàíñòâà (“common pool”) [17]. 
Ðåçóëüòàòû ïðåäñòàâëåíû íà ðèñ. 10. 

 

 
 

Ðèñ. 10. Çàâèñèìîñòü ïîðÿäêîâîãî íîìåðà ïàêåòà îò âðåìåíè  
äëÿ ñåðèè ïîòîêîâ ñ èñïîëüçîâàíèåì ìàêñèìàëüíî âîçìîæíîãî 

îáúåìà ïàìÿòè 
 

Ãðàôèê äëÿ äàííîãî ýêñïåðèìåíòà ðåçêî îòëè÷àåòñÿ îò 
ïðåäûäóùèõ – ïîñëå ñåðèè èç 162 ðàâíîìåðíî èäóùèõ ïàêå-
òîâ ïðîèñõîäèò ðåçêèé ñêà÷îê è 140 ïàêåòîâ òåðÿþòñÿ. Ïî-
ñëå ñêà÷êà ïîòîê ïåðåõîäèò â ôàçó îòñå÷êè. Ðàññ÷èòàííîå ïî 
ïåðâîé ÷àñòè ãðàôèêà çíà÷åíèå áóôåðà ñîñòàâëÿåò 227 ÊÁ, 
÷òî â ïîëòîðà ðàçà áîëüøå, ÷åì çíà÷åíèå áóôåðà ïðè âûêëþ-
÷åííîì ôóíêöèîíàëå QoS. Àíîìàëüíóþ ïîòåðþ ïàêåòîâ 
ìîæíî îáúÿñíèòü ñëåäóþùèì îáðàçîì.  

Êàæäûé ïîðò èìååò âõîäÿùèé áóôåð, â êîòîðîì ïàêåòû 
îæèäàþò î÷åðåäè äëÿ äîñòóïà íà êîììóòàöèîííóþ ìàòðèöó. 
Âõîäÿùèé è èñõîäÿùèé áóôåðû ðàçìå÷åíû íà îäíîé è òîé 
æå ïàìÿòè. Ïðè ìåäëåííîé ñêîðîñòè âûâîäà ïàêåòîâ âîç-
ìîæíî çàòèðàíèå èñõîäÿùèì áóôåðîì ÷àñòè ÿ÷ååê âõîäÿùå-
ãî áóôåðà â ïðåäåëàõ îäíîé ìèêðîñõåìû ASIC. Ïîõîæèé 
ýôôåêò íàáëþäàëñÿ ðàíåå íà êîììóòàòîðàõ öåíòðîâ îáðà-
áîòêè äàííûõ â ðàáîòàõ [18-19], íî ýôôåêò îáúÿñíÿëñÿ íå-
ñîâïàäåíèåì ÷àñòîòû ðàáîòû äèñïåò÷åðà îáñëóæèâàíèÿ êîí-
êðåòíîãî ïîðòà è äèñïåò÷åðà êîììóòàöèîííîé ìàòðèöû. 

Â ïîñëåäíåì ýêñïåðèìåíòå ìû ïîñòàðàëèñü ïðîíàáëþ-
äàòü êîíêóðåíöèþ äâóõ ïîòîêîâ èç ðàçíûõ ðàâíîïðàâíûõ 
î÷åðåäåé çà âûõîäíîé ïîðò. Ïîêàçàòåëüíûé ðåçóëüòàò èç 
ñåðèè ïðåäñòàâëåí íà ðèñ. 11. 

 

 
 

Ðèñ. 11. Çàâèñèìîñòü ïîðÿäêîâîãî íîìåðà ïàêåòà îò âðåìåíè äâóõ 
ïîòîêîâ íàçíà÷åííûõ â ðàçíûå èñõîäÿùèå î÷åðåäè
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Ìû îæèäàåì, ÷òî îáå î÷åðåäè áóäóò îáñëóæèâàòüñÿ èñ-
õîäÿùèì ïîðòîì ñ îäèíàêîâîé èíòåíñèâíîñòüþ, ò.ê. íè îäíà 
èç íèõ íå ÿâëÿåòñÿ ïðèîðèòåòíîé. Êàê âèäíî èç ðèñ. 11 
èìåííî ýòî è ïðîèñõîäèò íà íà÷àëüíîé ôàçå çàïîëíåíèÿ áó-
ôåðà è â ôàçå îòñå÷êè. Òåì íå ìåíåå, â ïîòîêå èç âòîðîé î÷å-
ðåäè ìû âèäèì õàðàêòåðíûé ñêà÷îê èç 50 ïîòåðÿííûõ ïàêå-
òîâ. Ýòî ïåðåêëèêàåòñÿ ñ ðåçóëüòàòàìè ïðåäûäóùåãî ýêñïå-
ðèìåíòà è ñèãíàëèçèðóåò î íàëè÷èè íåêîåãî ïðîöåññà ïåðå-
ôîðìàòèðîâàíèÿ îáùåãî áóôåðà.  

Ýêñïåðèìåíòàëüíûå äàííûå î ðàçìåðàõ èñõîäÿùåãî  
áóôåðà íåñêîëüêèõ ïîïóëÿðíûõ ìîäåëåé êîììóòàòîðîâ ñ 
îòêëþ÷åííûì óïðàâëåíèåì êà÷åñòâîì îáñëóæèâàíèÿ ïðåä-
ñòàâëåíû â òàáë. 1, ñ ðàçëè÷íûìè íàñòðîéêàìè QoS –  
â òàáë. 2. 

Òàáëèöà 1 
 

Ýêñïåðèìåíòàëüíûå ïîëó÷åííûå ðàçìåðû èñõîäÿùåãî 
áóôåðà íà íåêîòîðûõ êîììóòàòîðàõ ïðè âûêëþ÷åííîì 

ôóíêöèîíàëå QoS 
 

Êîììóòàòîð Îáúåì  
áóôåðà, ÊÁ 

Îáúåì áóôåðà,  
êîë-âî ïàêåòîâ 1500Á 

WS-C2960-24TT-L 124 82 
WS-C2960S-48FPD-L 71 48 
WS-X6748-GE-TX 376 249 
WS-C2960G-24TC-L 154 103 

 
Òàáëèöà 2 

 

Ýêñïåðèìåíòàëüíûå ïîëó÷åííûå ðàçìåðû èñõîäÿùåãî 
áóôåðà íà WS-C2960G-24TC-L ïðè ðàçëè÷íûõ  

ïàðàìåòðàõ óïðàâëåíèÿ QoS 
 

Ïàðàìåòðû QoS Îáúåì áóôåðà, 
ÊÁ 

Îáúåì áóôåðà,  
êîë-âî ïàêåòîâ 1500Á 

Óïðàâëåíèå QoS âûêëþ÷åíî, 
1 î÷åðåäü 

154 103 

Óïðàâëåíèå QoS âêëþ÷åíî, 
1 î÷åðåäü 

22 15 

Óïðàâëåíèå QoS âêëþ÷åíî, 
1 î÷åðåäü, 2 óðîâíÿ  
(ïåðâûé ïîòîê) 

11 7 

Óïðàâëåíèå QoS âêëþ÷åíî, 
1 î÷åðåäü, 2 óðîâíÿ  
(âòîðîé ïîòîê) 

6 4 

Óïðàâëåíèå QoS âêëþ÷åíî, 
2 î÷åðåäè (îäíà èç êîòîðûõ 
ïðèîðèòåòíàÿ) – îáû÷íûé 
ïîòîê 

11 7 

Óïðàâëåíèå QoS âêëþ÷åíî, 
2 î÷åðåäè (îäíà èç êîòîðûõ 
ïðèîðèòåòíàÿ) – ïðèîðèòåò-
íûé ïîòîê 

10 7 

Óïðàâëåíèå QoS âêëþ÷åíî, 
2 î÷åðåäè (ïåðâûé ïîòîê) 

11 7 

Óïðàâëåíèå QoS âêëþ÷åíî, 
îäíîé î÷åðåäè âûäàí ìàê-
ñèìàëüíûé îáúåì îáùåãî 
áóôåðà 

227 150 

 
Âûâîäû 

Ïðåäñòàâëåííàÿ ìåòîäèêà ýêñïåðèìåíòàëüíîãî èññëåäî-
âàíèÿ ñòðóêòóðû áóôåðîâ Ethernet-êîììóòàòîðà ïîçâîëÿåò 
âû÷èñëÿòü àáñîëþòíûå ðàçìåðû èñõîäÿùåãî ïàêåòíîãî áó-
ôåðà. Èñõîäÿ èç ïîëó÷àåìûõ ãðàôèêîâ, ìîæíî äåëàòü âûâî-

äû î êîíêðåòíîé ñòðóêòóðå î÷åðåäåé, â òîì ÷èñëå î ðàçìåðå 
êàæäîé î÷åðåäè è ïðèâÿçêå êëàññà òðàôèêà ê î÷åðåäè. Ìåòîä 
òàêæå ïîçâîëÿåò äèàãíîñòèðîâàòü ñëó÷àè àíîìàëüíî áîëü-
øèõ ïîòåðü òðàôèêà â îïðåäåëåííûõ ñõåìàõ âêëþ÷åíèÿ, ÷òî 
äàåò âîçìîæíîñòü â äàëüíåéøåì ïðèíèìàòü ìåðû äëÿ èñ-
êëþ÷åíèÿ ïîäîáíîãî ïîâåäåíèÿ. Âîïðîñ ýêñïåðèìåíòàëüíî-
ãî äåòåêòèðîâàíèÿ ïðèîðèòåòíîé î÷åðåäè è åå îòëè÷èÿ îò 
îäíîé î÷åðåäè ñ íåñêîëüêèìè ãðàíè÷íûìè óñëîâèÿìè òðå-
áóåò äîïîëíèòåëüíîãî èçó÷åíèÿ.  
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EXPERIMENTAL EVALUATION OF ETHERNET SWITCH PACKET BUFFER STRUCTURES

Victor I. Moiseev, Perm State University, Perm, Russia, vim@psu.ru

Abstract
A method to detect or verify actual packet buffer size of an Ethernet switch with different queuing disciplines presented. In enterprise
and datacenter networking environment there exists a need for a method to experimentally verify or measure exactly how deep pack-
et buffers are and which structures and service disciplines do they have. Also there exists lack of published specifications from switch
vendors on these topics. Aim. To develop a method to detect queuing discipline and actual buffer sizes of Ethernet switches. Materials
and methods. Based on possible buffer architectures we study effects of different engineering decisions on observed traffic patterns.
We show how from these patterns internal buffer schemes could be revealed. Buffers are verified on size and priority handling. Buffer
sizes estimated on the basis of analyzed packet loss under overload conditions. Results. We present numeric results of buffer size esti-
mation for an Ethernet switch of popular vendor and give some thoughts on how modern complex QoS schemes can be identified and
verified. We also show experimental data on packet loss and packet flow structures in several configurations. In some cases incast or
outcast collapse effects observed. Conclusion. The method presented is suitable for reliable verification of packet buffer sizes and queue
structures in store-and-forward Ethernet switches.

Keywords: scheduling discipline, QoS, packet buffer, priority queue, stress testing.
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АДАПТИВНЫЙ КОНТРОЛЬ ТЕХНИЧЕСКОГО СОСТОЯНИЯ
АВТОНОМНЫХ СЛОЖНЫХ ТЕХНИЧЕСКИХ ОБЪЕКТОВ 

НА ОСНОВЕ ИНТЕЛЛЕКТУАЛЬНЫХ ТЕХНОЛОГИЙ

Ключевые слова: автономные сложные
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Статья посвящена исследованию процессов адаптивного контроля технического
состояния автономных сложных технических объектов, характеризующихся высо-
кой ценой отказа. Показана актуальность данного направления исследования.
Цель работы заключается в синтезе адаптивной автоматизированной системы кон-
троля технического состояния автономных сложных технических объектов, функ-
ционирующих в условиях воздействия дестабилизирующих факторов, для поддер-
жания работоспособности которых, необходим адаптивный экспресс-анализ изме-
рительной информации, получаемой в процессе контроля и ее безызбыточная пе-
редача для принятия оперативных решений со стороны системы управления.
Представлен подход к построению адаптивных систем контроля технического со-
стояния автономных территориально-распределенных объектов на основе телеме-
трических систем, функционирующих в режимах экспресс-контроля и полного
контроля. Приведен пример построения, структуры подсистемы оценивания изме-
рительной информации и идентификации классов состояний объектов контроля в
адаптивных автоматизированных системах контроля на основе идентификатора
аварийных ситуаций. Определены характерные черты адаптивных автоматизиро-
ванных систем контроля технического состояния автономных территориально-
распределенных сложных технических объектов. К особенностям перспективных
адаптивных систем контроля таких объектов следует отнести: двухэтапность про-
цесса контроля (снижение избыточности измерительной информации), учет стоха-
стической взаимозависимости контролируемых параметров объектов, адаптируе-
мость частоты измерений относительно наблюдаемых отклонений параметров,
проведение постоянного метрологического самоконтроля в процессе функциони-
рования адаптивных автоматизированных систем контроля, комплексное примене-
ние разнородных каналов связи в сочетании с адаптивностью к внешним воздей-
ствиям на линию связи в процессе передачи телеметрической информации. При-
ведены основные методы адаптации автоматизированных систем контроля техни-
ческого состояния автономных сложных технических объектов.
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Ââåäåíèå 
 
Ðåçêèé ðîñò íîâûõ àâòîíîìíûõ ñëîæíûõ òåõíè÷åñêèõ 

ñèñòåì (ÀÑÒÑ), õàðàêòåðèçóþùèõñÿ «âûñîêîé öåíîé îòêà-
çà», íà îñíîâíûõ ýòàïàõ æèçíåííîãî öèêëà (ÆÖ – èñïûòà-
íèé, ýêñïëóàòàöèè) òðåáóåò êîððåêöèè ñòàðûõ, à òàêæå ðàç-
ðàáîòêè íîâûõ òðåáîâàíèé è çàäà÷ ê àâòîìàòèçèðîâàííûì 
ñèñòåìàì êîíòðîëÿ (ÀÑÊ) òåõíè÷åñêîãî ñîñòîÿíèÿ (ÒÑ) 
ÀÑÒÑ. Ïîä ÀÑÒÑ ñëåäóåò ïîíèìàòü òàêèå îáúåêòû êàê ðî-
áîòîòåõíè÷åñêèå êîìïëåêñû (ÐÒÊ) ðàçëè÷íûõ òèïîâ áàçèðî-
âàíèÿ (íàçåìíîãî è ìîðñêîãî (êàê ïîäâîäíîãî, òàê è íàäâîä-
íîãî)), íåîáèòàåìûå îòñåêè ñòàöèîíàðíûõ òåõíîëîãè÷åñêèõ 
îáúåêòîâ ñïåöèàëüíîãî íàçíà÷åíèÿ (ÑÍ), áåñïèëîòíûå ëåòà-
òåëüíûå àïïàðàòû (ÁÏËÀ) è äð.  

Àâòîíîìíîñòü ôóíêöèîíèðîâàíèÿ ÀÑÒÑ, òðåáóþùàÿ ïî-
ñòîÿííîãî êîíòðîëÿ èõ ÒÑ, õàðàêòåðèçóåò ðîñò îáúåìà èçìå-
ðåíèé, íåîáõîäèìûõ äëÿ êîíòðîëÿ äîâîëüíî áîëüøîãî ÷èñëà 
êîíòðîëèðóåìûõ ïàðàìåòðîâ è ïîçâîëÿþùèõ ïðîèçâîäèòü 
îöåíêó ÒÑ îáúåêòîâ êîíòðîëÿ (ÎÊ). Îäíàêî íå âñÿ èíôîð-
ìàöèÿ îäèíàêîâî öåííà, åñëè ó÷åñòü, ÷òî ëþáûå èçìåðåíèÿ 
ïðîâîäÿòñÿ ñ îïðåäåëåííîé òî÷íîñòüþ, òî ÷àñòü èçìåðåííîãî 
îáúåìà èíôîðìàöèè ÿâëÿåòñÿ èçáûòî÷íîé.  

Ñ ó÷åòîì ñïåöèôèêè ÀÑÒÑ, íàèáîëüøèé èíòåðåñ ïðåä-
ñòàâëÿþò ñèñòåìû êîíòðîëÿ, ôóíêöèîíèðóþùèå íåïðåðûâ-
íî, èëè â ðåæèìå âðåìåíè, áëèçêîì ê ðåàëüíîìó, è ðåàëè-
çóþùèå êàê ïîëíûé êîíòðîëü, òàê è ýêñïðåññ-êîíòðîëü [1], 
÷òî íåîáõîäèìî äëÿ èíôîðìàöèîííîãî îáåñïå÷åíèÿ ïðîöåñ-
ñîâ óïðàâëåíèÿ, à òàêæå îáåñïå÷åíèÿ ðàáîòîñïîñîáíîñòè 
äàííûõ ñèñòåì.  

Êîíòðîëü ôóíêöèîíèðîâàíèÿ ÀÑÒÑ – êîíòðîëü åãî ÒÑ, 
îñóùåñòâëÿåìûé íåïðåðûâíî (ïåðèîäè÷åñêè) ïðè èñïîëüçî-
âàíèè ïî íàçíà÷åíèþ ñ öåëüþ ñâîåâðåìåííîãî îáíàðóæåíèÿ 
ôàêòà ïåðåõîäà åãî â íåðàáîòîñïîñîáíîå ñîñòîÿíèå [1].  

Ïîëíûé êîíòðîëü, çàêëþ÷àåòñÿ â ïîëó÷åíèè èçìåðèòåëü-
íîé èíôîðìàöèè (ÈÈ) ïî âñåì êîíòðîëèðóåìûì ïàðàìåòðàì 
ÎÊ. Ýêñïðåññ-êîíòðîëü ïîçâîëÿåò îñóùåñòâëÿòü íàáëþäåíèå 
çà îãðàíè÷åííîé (ïðèîðèòåòíîé) ãðóïïîé ïàðàìåòðîâ â òå-
÷åíèè îïðåäåëåííîãî ïåðèîäà âðåìåíè [1]. 

Äèíàìè÷åñêîå èçìåíåíèå ïðîöåññîâ ìîíèòîðèíãà (äèñ-
òàíöèîííîãî êîíòðîëÿ) ÒÑ òåððèòîðèàëüíî-ðàñïðåäåëåííûõ 
àâòîíîìíûõ ÀÑÒÑ ïî ïîëó÷åííîé ýêñïðåññ-èíôîðìàöèè â 
ðÿäå ñëó÷àåâ ÿâëÿåòñÿ äîñòàòî÷íî âàæíûì. 

Â óñëîâèÿõ àâòîíîìíîãî ôóíêöèîíèðîâàíèÿ, êîãäà ñèñ-
òåìà îáëàäàåò øèðîêèì ñïåêòðîì ðåñóðñíûõ îãðàíè÷åíèé 
(âðåìåííûõ, ýíåðãåòè÷åñêèõ, ñòðóêòóðíûõ è äð.), íàèáîëåå 
àêòóàëüíûì ÿâëÿåòñÿ òðåáîâàíèå ïî àäàïòèâíîñòè ñèíòåçè-
ðóåìîé ìîäåëè ôóíêöèîíèðîâàíèÿ ÀÑÒÑ ïîä êîíêðåòíóþ 
çàäà÷ó [2]. Äàííûé ôàêò ïîäòâåðæäàåòñÿ ïåðñïåêòèâíûì 
íàïðàâëåíèåì ðàáîò â îáëàñòè ñîçäàíèÿ ñèñòåì àäàïòèâíîãî 
êîíòðîëÿ ÒÑ ÀÑÒÑ, ïîñòðîåííûõ ñ ó÷åòîì ñóùåñòâóþùèõ 
(àïðîáèðîâàííûõ) èíòåëëåêòóàëüíûõ òåõíîëîãèé, à òàêæå 
ðàçëè÷íûõ ìàòåìàòè÷åñêèõ àïïàðàòîâ. Ïðè ýòîì, ïîä àäàï-
òèâíîñòüþ â îáùåì ñìûñëå ïîíèìàåòñÿ ñâîéñòâî ñèñòåìû 
ìîíèòîðèíãà (êîíòðîëÿ) ïðèñïîñàáëèâàòüñÿ ê èçìåíåíèþ 
ïàðàìåòðîâ îáúåêòà è ñðåäû ôóíêöèîíèðîâàíèÿ. Î÷åâèäíî, 
÷òî ÀÑÒÑ ðàáîòàþò â èçìåíÿþùåéñÿ, íåîïðåäåëåííîé îá-
ñòàíîâêå, ïîýòîìó ñâîéñòâî àäàïòèâíîñòè äîëæíî â îáÿçà-
òåëüíîì ïîðÿäêå ïðèñóòñòâîâàòü â ìîäåëèðóåìîé ñèñòåìå 
àâòîìàòèçèðîâàííîãî êîíòðîëÿ (ÀÑÊ) êàê íåëèíåéíîé ìíî-
ãîñâÿçíîé ñèñòåìå [3]. 

1. Ïîñòàíîâêà çàäà÷è ñèíòåçà àäàïòèâíûõ  
ÀÑÊ ÒÑ ÀÑÒÑ 
 
Ñòðàòåãè÷åñêàÿ öåëü ëþáîé ÀÑÒÑ – âûæèòü âîïðåêè 

ðàçðóøàþùèì âîçäåéñòâèÿì äåñòàáèëèçèðóþùèõ ôàêòîðîâ 
(âíóòðåííåé è âíåøíåé ñðåäû), îáóñëàâëèâàåò åå òàêòè÷å-
ñêèå öåëè: ñîõðàíåíèå öåëîñòíîñòè, èíôîðìèðîâàííîñòü î 
ñðåäå è âíåøíÿÿ àêòèâíîñòü ïî îòíîøåíèþ ê íåáëàãîïðèÿò-
íîìó âîçäåéñòâèþ îêðóæàþùåé ñðåäû.  

ÀÑÒÑ ÿâëÿåòñÿ ôóíêöèîíèðóþùåé ñèñòåìîé òîëüêî òî-
ãäà, êîãäà îíà ôèçè÷åñêè íå ðàçðóøåíà, òåõíè÷åñêè èñïðàâ-
íà è ðàçâåðíóòà òàê, ÷òî ðàáîòîñïîñîáíà ïðè äîïóñòèìîì 
îòêëîíåíèè åå ïàðàìåòðîâ. Íåâûïîëíåíèå ëþáîãî èç ïåðå-
÷èñëåííûõ óñëîâèé ïðåêðàùàåò ñóùåñòâîâàíèå ÀÑÒÑ êàê 
åäèíîãî öåëîãî è ïðèâîäèò ê ïîòåðå âñåõ îñòàëüíûõ (äîïîë-
íèòåëüíûõ) ñâîéñòâ. 

Ïàðèðîâàíèå óãðîç âîçìîæíî çà ñ÷åò ïîâûøåíèÿ ýôôåê-
òèâíîñòè ðàáîòû (ôóíêöèîíèðîâàíèÿ) ÀÑÊ, îñóùåñòâëÿþ-
ùåé äèñòàíöèîííûé êîíòðîëü ÒÑ ÀÑÒÑ ðàçëè÷íîé ñòåïåíè 
àâòîíîìíîñòè è áàçèðîâàíèÿ, êîòîðûé âêëþ÷àåò, ñâîåâðå-
ìåííîå ôîðìèðîâàíèå, îáðàáîòêó è ïåðåäà÷ó ÈÈ, ñ ó÷åòîì 
åå èçáûòî÷íîñòè, äëÿ ïðèíÿòèÿ îïåðàòèâíûõ ðåøåíèé (ÏÎÐ) 
ïî ïîääåðæàíèþ ðàáîòîñïîñîáíîñòè ÀÑÒÑ èëè, íàïðèìåð, 
åå ðåçåðâèðîâàíèÿ. 

Ðåøåíèå çàäà÷ êîíòðîëÿ ÒÑ ÀÑÒÑ ñ òðåáóåìîé äîñòî-
âåðíîñòüþ êàê åäèíîãî êîìïëåêñà, à íå êàê ñîâîêóïíîñòè 
÷àñòíûõ ïàðàìåòðîâ, ñ öåëüþ îïðåäåëåíèÿ îáùåãî ÒÑ ÎÊ â 
öåëîì, â íàñòîÿùåå âðåìÿ çàòðóäíåíî ââèäó ïðèìåíåíèÿ â 
ñóùåñòâóþùèõ ÀÑÊ ëèáî îäíîïàðàìåòðè÷åñêîãî äîïóñêî-
âîãî ìåòîäà êîíòðîëÿ, ëèáî êîíòðîëÿ ôóíêöèîíàëüíîãî [1]. 
Ñòîõàñòè÷åñêèé õàðàêòåð äðåéôà êîíòðîëèðóåìûõ ïàðàìåò-
ðîâ ÎÊ è ñòåïåíè èõ êîððåëÿöèè (ñòîõàñòè÷åñêîé âçàèìî-
ñâÿçàííîñòè), îïðåäåëåíèå ñòåïåíè ïðèáëèæåíèÿ ïàðàìåò-
ðîâ ê äîïóñòèìûì ïðåäåëàì (äèíàìèêà îòêëîíåíèé) âíîñÿò 
îïðåäåëåííûå òðóäíîñòè â ïðîöåññ àíàëèçà ÈÈ, âëèÿþùèå 
íà äîñòîâåðíîñòü ðåçóëüòàòîâ êîíòðîëÿ. Ó÷åò ñòîõàñòè÷å-
ñêîé ñâÿçè (êîððåëÿöèè) êîíòðîëèðóåìûõ ïàðàìåòðîâ, ïðè 
ïðèíÿòèè ðåøåíèé î ðåçóëüòàòàõ êîíòðîëÿ, íåîáõîäèì ñ 
òî÷êè çðåíèÿ àäàïòàöèè ÀÑÊ ê ÷àñòîòå âûáðîñîâ (ïðåâûøå-
íèé äîïóñêîâ êîíòðîëèðóåìûìè ïàðàìåòðàìè). 

Çàòðàòû íà ïîääåðæàíèå òðåáóåìîãî ñîñòîÿíèÿ ÀÑÒÑ (íà 
êîìïåíñàöèþ èçìåíåíèé ïàðàìåòðîâ, îñóùåñòâëÿåìóþ â 
ïðîöåññå òåõíè÷åñêîãî îáñëóæèâàíèÿ) â íàñòîÿùåå âðåìÿ 
ïðåâûøàþò â ñðåäíåì â 2-3 ðàçà çàòðàòû íà èõ ðàçðàáîòêó è 
èçãîòîâëåíèå. Çà âåñü ïåðèîä ýêñïëóàòàöèè çàòðàòû íà ðå-
ìîíò è òåõíè÷åñêîå îáñëóæèâàíèå ÀÑÒÑ, â ñâÿçè ñ èõ èçíî-
ñîì è ñòàðåíèåì, ïðåâûøàþò ñòîèìîñòü íîâîé ÀÑÒÑ äî 
12 ðàç [4]. 

Íåäîñòàòî÷íàÿ èçó÷åííîñòü ôèçè÷åñêèõ ïðîöåññîâ ñòà-
ðåíèÿ è èçíîñà, íåñîâåðøåíñòâî ìåòîäîâ êîíòðîëÿ, ïðîãíî-
çèðîâàíèÿ ñëó÷àéíûõ ïðîöåññîâ äðåéôà ïàðàìåòðîâ ïðèâî-
äèò ê ñóùåñòâåííîìó íåäîèñïîëüçîâàíèþ ïîòåíöèàëüíûõ 
âîçìîæíîñòåé ÀÑÒÑ, ê êîòîðûì ïðåäúÿâëÿþòñÿ âûñîêèå 
òðåáîâàíèÿ ïî áåçîïàñíîñòè. Ïîäîáíûå îáúåêòû, êàê ïðàâè-
ëî, ñíèìàþòñÿ ñ ýêñïëóàòàöèè íàìíîãî ðàíüøå òîãî ñðîêà, 
êîòîðûé ìîãëî áû íàðàáîòàòü áîëüøèíñòâî èç íèõ. 

×àñòè÷íàÿ ðàáîòîñïîñîáíîñòü ÎÊ âíîñèò íåîïðåäåëåí-
íîñòü â ïðîöåññ ôóíêöèîíèðîâàíèÿ âñåé ÀÑÒÑ. Â äàííîì 
ñëó÷àå, ñ îäíîé ñòîðîíû, ïðîáëåìàòè÷íî îöåíèòü äëÿ êàêèõ 
ðåæèìîâ ðàáîòû ÎÊ ãîäåí, à äëÿ êàêèõ íåò, ñ äðóãîé ñòîðî 
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ñòîðîíû, òðóäíî ñïðîãíîçèðîâàòü ãàðàíòèðîâàííîå èçìåíå-
íèå (òðåíä äèíàìèêè) ÒÑ âñåãî íàáëþäàåìîãî îáúåêòà. 
ÀÑÒÑ ïðèçíàííàÿ ïî ðåçóëüòàòàì ïðîâåäåíèÿ ïëàíîâîãî ÒÎ 
èñïðàâíîé (ðàáîòîñïîñîáíîé), äîïóñêàåòñÿ ê äàëüíåéøåé 
ýêñïëóàòàöèè, íåñìîòðÿ íà òî, ÷òî ñóùåñòâóþùèå ñèñòåìû 
êîíòðîëÿ íå ïîçâîëÿþò îïðåäåëèòü ãðàíè÷íîå ñîñòîÿíèå 
ðàáîòîñïîñîáíîñòè ÎÊ. Ýòîò ôàêò îáóñëàâëèâàåò ðèñê ïåðå-
õîäà ÷åðåç êîðîòêèé ïðîìåæóòîê âðåìåíè îäíîãî âèäà ÒÑ 
ÀÑÒÑ â äðóãîé [5]. 

Ó÷åò äåñòàáèëèçèðóþùèõ ôàêòîðîâ â ïðîöåññå êîíòðîëÿ 
ÒÑ ÀÑÒÑ, ïðåäïîëàãàåò îïðåäåëåííóþ àäàïòàöèþ, ãèáêîñòü 
ÀÑÊ ïðè ïåðåäà÷å è îáðàáîòêå ÈÈ, ïîäâåðãàþùåéñÿ âîç-
äåéñòâèþ ïîìåõ (â êàíàëàõ ïåðåäà÷è), îòêàçîâ è ñáîåâ â ðà-
áîòå àïïàðàòóðû (ýëåìåíòîâ ïîäñèñòåìû êîíòðîëÿ ÒÑ). Ïðè 
ýòîì ÈÈ ìîæåò áûòü èñêàæåíà èç-çà âîçäåéñòâèÿ âíåøíåé 
ñðåäû ïî îòíîøåíèþ ê ñèñòåìå [6-8]. 

Ðàññìîòðåíèå ñèñòåìû «â öåëîì» ïîçâîëÿåò íàìåòèòü ïó-
òè âûÿâëåíèÿ ïîñëåäñòâèé âëèÿíèÿ ðàçëè÷íîãî ðîäà äåñòà-
áèëèçèðóþùèõ ôàêòîðîâ ñðåäû íà ïðîöåññ ôóíêöèîíèðîâà-
íèÿ ÀÑÒÑ ñ öåëüþ îïðåäåëåíèÿ âåêòîðà ïîâûøåíèÿ ýôôåê-
òèâíîñòè (êà÷åñòâà ðàáîòû) ÀÑÊ. Êîìïëåêñíûé ïîäõîä ê 
ïðîáëåìå ïîâûøåíèÿ ÀÑÒÑ ê âîçäåéñòâèþ ðàçëè÷íûõ ôàê-
òîðîâ äàåò âîçìîæíîñòü íå òîëüêî áîëåå ðàöèîíàëüíî ðàñ-
ïðåäåëèòü ðåñóðñû ÀÑÊ, íî è ðåøàòü âîïðîñû îïòèìàëüíîãî 
èñïîëüçîâàíèÿ ïàðàìåòðè÷åñêîé, ñòðóêòóðíîé, àëãîðèòìè÷å-
ñêîé, èíôîðìàöèîííîé è äðóãîé èçáûòî÷íîñòè. 

Çàäà÷ó ñèíòåçà íåëèíåéíûõ ìíîãîñâÿçíûõ ñèñòåì, ê êî-
òîðûì îòíîñÿòñÿ ÀÑÊ, ôóíêöèîíèðóþùèõ â óñëîâèÿõ íåîï-
ðåäåëåííîñòè ìîæíî ñôîðìóëèðîâàòü êàê çàäà÷ó ïîèñêà íå-
êîòîðîãî âåêòîðà èäåíòèôèêàöèè â ôóíêöèè êîîðäèíàò ñî-
ñòîÿíèÿ u u(x)= , êîòîðûé îáåñïå÷èâàåò àñèìïòîòè÷å-
ñêèé ïåðåõîä ê öåëè êîíòðîëÿ îáúåêòà: 

x( ) (x,a,u)d t f
dt

= ,       (1) 

èç ïðîèçâîëüíîãî íà÷àëüíîãî ñîñòîÿíèÿ x(0), ïðèíàä-
ëåæàùåãî íåêîòîðîé äîïóñòèìîé îáëàñòè ïðîñòðàíñòâà ñî-
ñòîÿíèé Ω, â æåëàåìîå êîíå÷íîå h(x)=0 ñ çàäàííûìè äè-
íàìè÷åñêèìè õàðàêòåðèñòèêàìè èçìåíåíèÿ (äâèæåíèÿ). Ïðè 
ýòîì ïàðàìåòðû a( )t , à èíîãäà, è ñòðóêòóðà ïðàâûõ ÷àñòåé 
ñèñòåìû (1) ìîãóò íåîïðåäåëåííûì îáðàçîì èçìåíÿòüñÿ â 
íåêîòîðîì îãðàíè÷åííîì äèàïàçîíå. 

Âûøåïåðå÷èñëåííûå ïðîáëåìû ïðîöåññà êîíòðîëÿ ÒÑ 
ÀÑÒÑ, ìîæíî îáîáùèòü êàê íåîáõîäèìîñòü ðàçðàáîòêè ìå-
òîäîâ ïîñòðîåíèÿ àäàïòèâíûõ ñèñòåì êîíòðîëÿ ñ ó÷åòîì 
àâòîìàòèçàöèè ïðîöåññîâ ñáîðà, ôîðìèðîâàíèÿ èçìåðèòåëü-
íîé èíôîðìàöèè è åå ïåðåäà÷è äëÿ ïîñëåäóþùåé îáðàáîòêè 
è ïðèíÿòèÿ ñîîòâåòñòâóþùèõ ðåøåíèé, ÷òî ïðåäñòàâëÿåò 
ñîáîé îäíî èç íàèáîëåå âàæíûõ íàïðàâëåíèé òåîðèè êîí-
òðîëÿ. 

Öåëü ðàáîòû – ñèíòåç àäàïòèâíîé ÀÑÊ ÒÑ ÀÑÒÑ, 
ôóíêöèîíèðóþùèõ â óñëîâèÿõ âîçäåéñòâèÿ äåñòàáèëèçè-
ðóþùèõ ôàêòîðîâ, äëÿ ïîääåðæàíèÿ ðàáîòîñïîñîáíîñòè 
êîòîðûõ, íåîáõîäèì àäàïòèâíûé ýêñïðåññ-àíàëèç ÈÈ, ïîëó-
÷àåìîé â ïðîöåññå êîíòðîëÿ è åå áåçûçáûòî÷íàÿ ïåðåäà÷à 
äëÿ ÏÎÐ ñî ñòîðîíû ñèñòåìû óïðàâëåíèÿ. 

Äëÿ äîñòèæåíèÿ öåëè íåîáõîäèì àíàëèç ñóùåñòâóþùèõ 
àäàïòèâíûõ ÀÑÊ è ðàçðàáîòêà íîâûõ ìîäåëåé è ìåòîäîâ, 
ïîçâîëÿþùèõ îñóùåñòâëÿòü äèñòàíöèîííûé êîíòðîëü ìíî-

ãîïàðàìåòðè÷åñêèõ ÀÑÒÑ â ðåæèìå âðåìåíè áëèçêîì ê ðå-
àëüíîìó ñ ó÷åòîì äåñòàáèëèçèðóþùèõ ôàêòîðîâ.  

Ñîêðàùåíèå îáúåìà ÈÈ, ïðè êîíòðîëå ÒÑ ÀÑÒÑ, ñ ó÷å-
òîì îøèáîê ïðè åå ïåðåäà÷å, ïîçâîëèò ñîêðàòèòü îáúåì 
óïðàâëÿþùåé èíôîðìàöèè è, â öåëîì, ñâîåâðåìåííî ïðè-
íÿòü óïðàâëÿþùåå ðåøåíèå. 

 
2. Àíàëèç èçâåñòíûõ ðàáîò â îáëàñòè àäàïòèâíîãî  
êîíòðîëÿ òåõíè÷åñêîãî ñîñòîÿíèÿ ñëîæíûõ  
òåõíè÷åñêèõ ñèñòåì 
 
Ïðîáëåìà ñèíòåçà àäàïòèâíûõ ñèñòåì êîíòðîëÿ â òå÷å-

íèè ìíîãèõ äåñÿòêîâ ëåò ÿâëÿåòñÿ îäíîé èç ñàìûõ àêòóàëü-
íûõ çàäà÷. Íåóáûâàþùèé ïîòîê ïóáëèêàöèé ïîäòâåðæäàåò 
àêòóàëüíîñòü ýòîé ïðîáëåìû è ñåé÷àñ [3]. 

Âîïðîñû ñèíòåçà àäàïòèâíûõ ñèñòåì ñáîðà, îáðàáîòêè è 
ïåðåäà÷è ÈÈ îñâåùåíû â ðàáîòàõ ó÷åíûõ Àâäååâà Á.ß., Àí-
òîíþêà Å.Ì., Äÿäþíîâà À.Í., Íàçàðîâà À.Â., Ïüÿâ÷åíêî 
Î.Í., Ôðåìêå À.Â., Õàóñëè Ò., Ïøèõîïîâà Â.Õ. è äðóãèõ 
ñïåöèàëèñòîâ â îáëàñòè òåëåìåòðè÷åñêèõ ñèñòåì (ÒÌÑ), à 
òàêæå èíôîðìàöèîííî-èçìåðèòåëüíûõ è óïðàâëÿþùèõ ñèñ-
òåì [8-11]. 

Â ðàáîòàõ [13, 14] ïðåäñòàâëåíû òåîðåòè÷åñêèå îñíîâû 
ïîñòðîåíèÿ âûñîêîýôôåêòèâíûõ ìíîãîêàíàëüíûõ èçìåðè-
òåëüíûõ ñèñòåì è ÀÑÊ ñî ñæàòèåì ÈÈ, îáåñïå÷èâàþùèõ åå 
îáðàáîòêó â ðåàëüíîì ìàñøòàáå âðåìåíè; ñïîñîáû (ìåòîäû) 
ïîâûøåíèÿ ýôôåêòèâíîñòè àäàïòèâíûõ ñèñòåì, îáåñïå÷è-
âàþùèõ îáðàáîòêó ÈÈ ñ ïîìîùüþ îáðàòíîé ñâÿçè ïî ïî-
ãðåøíîñòè àïïðîêñèìàöèè, ïîçâîëÿþùèå ïîâûñèòü òî÷íîñòü 
ñèñòåìû.  

Ïîèñê ïóòåé ïî óìåíüøåíèþ èçáûòî÷íîñòè ÈÈ, ïðåä-
ñòàâëåííûé â ðàáîòàõ [15, 16], ïðèâîäèò ê ïîñòðîåíèþ àëãî-
ðèòìîâ ñæàòèÿ ÈÈ, ïîçâîëÿþùèõ ñíèçèòü çàãðóæåííîñòü 
êàíàëîâ ñâÿçè (ÊÑ), çàùèòèòü èíôîðìàöèþ, öèðêóëèðóþ-
ùóþ â ñèñòåìàõ ìîíèòîðèíãà è ò.ä. Äëÿ îïåðàòèâíîãî âûäå-
ëåíèÿ àêòóàëüíîé èíôîðìàöèè ïðåäëàãàåòñÿ óìåíüøàòü èç-
áûòî÷íîñòü ÈÈ áëàãîäàðÿ ïðèìåíåíèþ àëãîðèòìîâ ñåìàí-
òè÷åñêîãî ñæàòèÿ, à òàêæå óñòðîéñòâ, ïîñòðîåííûõ íà èõ 
îñíîâå, ñ ó÷åòîì ñèòóàöèîííîé îáñòàíîâêè, ñêëàäûâàþùåé-
ñÿ â ïðîöåññå èçìåðåíèÿ.  

Ïðîâåäåííûé àíàëèç ìîäåëåé, ìåòîäîâ è ìåòîäèê ñèíòåçà 
íåëèíåéíûõ àäàïòèâíûõ äèíàìè÷åñêèõ ðåãóëÿòîðîâ (èäåíòè-
ôèêàòîðîâ) [3, 6-8], ñîîòâåòñòâóþùèõ èäåîëîãèè ñèíåðãåòè-
÷åñêîé òåîðèè óïðàâëåíèÿ [17, 18], ïîêàçàë âîçìîæíîñòü èñ-
ïîëüçîâàíèÿ â ðåøåíèè ýòîé ïðîáëåìû ïðèíöèïà ðàñøèðåíèÿ 
ïðîñòðàíñòâà ñîñòîÿíèé óïðàâëÿåìîé (êîíòðîëèðóåìîé) ñèñ-
òåìû äëÿ ó÷åòà äèíàìèêè âíåøíèõ âîçìóùåíèé. 

Îäíàêî, ðàññìîòðåííûå èñòî÷íèêè äîñòàòî÷íî ïîëíî îõ-
âàòûâàþò êëàññè÷åñêóþ òåîðèþ óïðàâëåíèÿ (êîíòðîëÿ), íî 
ïðàêòè÷åñêè íå çàòðàãèâàþò äðóãèõ ïîñòàíîâîê çàäà÷ êîí-
òðîëÿ, è ïî÷òè íå ðàññìàòðèâàþò èíòåëëåêòóàëüíîå óïðàâ-
ëåíèå (êîíòðîëü), äåöåíòðàëèçîâàííûé/ðàñïðåäåëåííûé 
êîíòðîëü, ñåòåâîå óïðàâëåíèå (êîíòðîëü) è óïðàâëåíèå ìíî-
ãîàãåíòíûìè è êèáåðôèçè÷åñêèìè ñèñòåìàìè, êîíòðîëü ñ 
ó÷åòîì ñîâðåìåííûõ òåõíîëîãè÷åñêèõ òåíäåíöèé è âîçìîæ-
íîñòåé ìàøèííîãî îáó÷åíèÿ, ñòðàòåãè÷åñêîå ïîâåäåíèå 
ñóáúåêòîâ êîíòðîëèðóåìûõ ñèñòåì è äð. 

Òàêèì îáðàçîì, äàëüíåéøåãî èññëåäîâàíèÿ òðåáóþò ïðî-
öåññû êîíòðîëÿ ñ ó÷åòîì âëèÿíèÿ äåñòàáèëèçèðóþùèõ ôàê-  
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ôàêòîðîâ (êàê âíóòðåííèõ, òàê è âíåøíèõ) íà ÒÑ êîíòðîëè-
ðóåìûõ ÀÑÒÑ, ïðîöåññû ïåðåäà÷è ÈÈ â óñëîâèÿõ ïîìåõ, 
âçàèìîñâÿçàííîñòè ïàðàìåòðîâ íà ÷àñòîòó èçìåðåíèé, õàðàê-
òåðèñòèê èçìåðèòåëüíûõ êàíàëîâ, êàíàëîâ ïåðåäà÷è ÈÈ íà 
ñîñòàâ ñåíñîðíûõ ïîäñèñòåì ÀÑÊ è äð. Ñîâðåìåííûå ÀÑÊ 
äîëæíû îáëàäàòü âûñîêîé èíôîðìàòèâíîñòüþ è ñòðóêòóð-
íîé ãèáêîñòüþ, ÷òî ïîçâîëèò îáåñïå÷èòü äîñòàòî÷íóþ âåðî-
ÿòíîñòü îáñëóæèâàíèÿ ÀÑÒÑ è ñâîåâðåìåííóþ äîñòàâêó 
òåëåìåòðè÷åñêîé èíôîðìàöèè (ÒÌÈ) ñîîòâåòñòâóþùèì ïî-
ëó÷àòåëÿì (äëÿ ÏÎÐ è óïðàâëåíèé) ñ ìèíèìàëüíûìè ïîòå-
ðÿìè â äîñòîâåðíîñòè. 

 
3. Ïîñòðîåíèå àäàïòèâíûõ ñèñòåì äèñòàíöèîííîãî  
êîíòðîëÿ ÀÑÒÑ íà îñíîâå èíòåëëåêòóàëüíûõ òåõíîëîãèé  
 

Ñïåöèôèêà ôóíêöèîíèðîâàíèÿ ÀÑÒÑ, çàêëþ÷àþùàÿñÿ â 
òåððèòîðèàëüíîé ðàñïðåäåëåííîñòè îáúåêòîâ îïðåäåëåííîé 
ñòåïåíè àâòîíîìíîñòè, ïðåäïîëàãàåò, â êà÷åñòâå ÀÑÊ, èñ-
ïîëüçîâàíèå ÒÌÑ äëÿ ðåàëèçàöèè ïðîöåññîâ êîíòðîëÿ íà 
ýòàïàõ ñáîðà, îáðàáîòêè è äèñòàíöèîííîé ïåðåäà÷è ÒÌÈ íà 
äèñïåò÷åðñêèå ïóíêòû (ìîíèòîðèíãà òåëåìåòðèè). Êëàññè-
ôèêàöèÿ ÒÌÑ ïðèâåäåíà íà ðèñ. 1. 

Â ñâÿçè ñ óâåëè÷åíèåì ÷èñëà èñòî÷íèêîâ ÈÈ, ñïåöèôè÷-
íîñòüþ çàäà÷, êîòîðûå ñòàâÿòñÿ ïðè êîíòðîëå ÒÑ ÀÑÒÑ, è, 
ñîîòâåòñòâåííî, ìíîãîîáðàçèåì êàíàëîâ ïåðåäà÷è ÒÌÈ, ê 
ÒÌÑ ïðåäúÿâëÿþòñÿ áîëåå æåñòêèå òðåáîâàíèÿ. Ïîýòîìó 
òðàäèöèîííûìè ìåòîäàìè íå âñåãäà óäàåòñÿ ðåøèòü çàäà÷ó 
ñáîðà è ïåðåäà÷è áîëüøèõ ïîòîêîâ ÒÌÈ ñ çàäàííîé äîñòî-
âåðíîñòüþ (è òðåáóåìîé îïåðàòèâíîñòüþ) ïðè âîçäåéñòâèè 
ïîìåõ â ÊÑ. 

Íåïðåðûâíîå óâåëè÷åíèå ïîòîêîâ ÒÌÈ, ñâÿçàííîå ñ èç-
áûòî÷íîñòüþ ñîîáùåíèé, âîçðàñòàíèåì ÷èñëà êîíòðîëèðóå-
ìûõ ïàðàìåòðîâ, æåñòêîñòüþ ïîñòðîåíèÿ ñåíñîðíûõ ïîäñèñ-
òåì ÒÌÑ, îãðàíè÷åííîñòüþ ïðîïóñêíîé ñïîñîáíîñòè ÊÑ â 
èõ ñîñòàâå [5], ïðèâîäÿò ê íåîáõîäèìîñòè ëèáî ñîêðàùåíèÿ 
îáúåìà äàííûõ, àäàïòàöèè ñòðóêòóðû ïîäñèñòåì ÒÌÑ ïîä 
ðåàëüíûå õàðàêòåðèñòèêè êàíàëîâ ñ ó÷åòîì èõ ïîìåõîóñòîé-
÷èâîñòè è ïðîïóñêíîé ñïîñîáíîñòè, ëèáî êîìïëåêñèðîâàíèÿ 
äàííûõ ñâîéñòâ â îäíîé ñèñòåìå [19-21]. 

Ñóùåñòâóþùèå ÒÌÑ (ÀÑÊ), îïðåäåëÿåìûå êàê ñîâîêóï-
íîñòü ôóíêöèîíàëüíî îáúåäèíåííûõ ìåð, èçìåðèòåëüíûõ 
ïðèáîðîâ, èçìåðèòåëüíûõ ïðåîáðàçîâàòåëåé, ÝÂÌ è äðóãèõ 
òåõíè÷åñêèõ ñðåäñòâ (ðèñ. 2), ðàçìåùåííûå â ðàçëè÷íûõ 
òî÷êàõ òåððèòîðèàëüíî-ðàñïðåäåëåííûõ êîíòðîëèðóåìûõ 
ÀÑÒÑ, ñ öåëüþ èçìåðåíèÿ íåñêîëüêèõ ôèçè÷åñêèõ âåëè÷èí, 
ñâîéñòâåííûõ äàííûì îáúåêòàì, è âûðàáîòêè èçìåðèòåëü-
íûõ ñèãíàëîâ â ðàçíûõ öåëÿõ, íå îáëàäàþò ñâîéñòâîì àäàï-
òàöèè ê èçìåíÿþùåéñÿ îáñòàíîâêå (èçìåíåíèþ ÷èñëà ÎÊ è 
ðåæèìîâ èõ ðàáîòû, âëèÿíèþ äåñòàáèëèçèðóþùèõ ôàêòîðîâ 
íà âçàèìîñâÿçàííûå ÀÑÊ è ÎÊ è äð.). 

Ñîãëàñíî ÃÎÑÒ Ð 8.673-2009, àäàïòèâíàÿ èçìåðèòåëü-
íàÿ ñèñòåìà (ÀÈÑ) – èçìåðèòåëüíàÿ ñèñòåìà, ïàðàìåòðû 
è/èëè àëãîðèòìû êîòîðîé â ïðîöåññå ýêñïëóàòàöèè ìîãóò 
èçìåíÿòüñÿ â çàâèñèìîñòè îò ñèãíàëîâ ñîäåðæàùèõñÿ â íåé 
àäàïòèâíûõ äàò÷èêîâ. Èçìåíåíèå ïàðàìåòðîâ è/èëè àëãî-
ðèòìîâ ðàáîòû ÀÈÑ â ïðîöåññå ýêñïëóàòàöèè îñóùåñòâëÿåò-
ñÿ ñ öåëüþ ïîâûøåíèÿ òî÷íîñòè è/èëè äîñòîâåðíîñòè ðå-
çóëüòàòîâ èçìåðåíèé. 
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Ïî íàçíà÷åíèþ
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Ðèñ. 1. Êëàññèôèêàöèÿ òåëåìåòðè÷åñêèõ ñèñòåì 
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ÀÈÑ ìîæåò îáåñïå÷èâàòü àäàïòàöèþ (ïðèñïîñîáëåíèå) â 
ïðåäåëàõ, óñòàíîâëåííûõ â òåõíè÷åñêèõ óñëîâèÿõ, ê 
äèàïàçîíó è ñêîðîñòè èçìåíåíèÿ çíà÷åíèé èçìåðÿåìîé 
âåëè÷èíû, ê âîçäåéñòâèþ âëèÿþùèõ ôàêòîðîâ, âêëþ÷àÿ 
ïîìåõè, ê îáúåìó âûáîðêè, ê âûáîðó ìàðøðóòîâ â êàíàëàõ 
ñâÿçè è ò.ä. Ïðè ýòîì ïîä àäàïòèâíûì äàò÷èêîì ïîíèìàþò 
ïåðâè÷íûé èçìåðèòåëüíûé ïðåîáðàçîâàòåëü (èëè èõ 
ñîâîêóïíîñòü), ïàðàìåòðû è/èëè àëãîðèòìû ðàáîòû êîòîðîãî 
ìîãóò èçìåíÿòüñÿ â çàâèñèìîñòè îò ñèãíàëîâ, ñîäåðæàùèõñÿ 
â íåì ïðåîáðàçîâàòåëåé. Èçìåíåíèå ïàðàìåòðîâ è/èëè 
àëãîðèòìîâ ðàáîòû äàò÷èêà â ïðîöåññå ýêñïëóàòàöèè 
îñóùåñòâëÿåòñÿ ñ öåëüþ ïîâûøåíèÿ òî÷íîñòè è/èëè 
äîñòîâåðíîñòè ðåçóëüòàòîâ èçìåðåíèé. Àäàïòèâíûé äàò÷èê 
ìîæåò îáåñïå÷èâàòü àäàïòàöèþ (ïðèñïîñîáëåíèå) â 
ïðåäåëàõ, óñòàíîâëåííûõ â òåõíè÷åñêèõ óñëîâèÿõ, ê 
äèàïàçîíó è ñêîðîñòè èçìåíåíèÿ çíà÷åíèé èçìåðÿåìîé 
âåëè÷èíû, ê âîçäåéñòâèþ âëèÿþùèõ ôàêòîðîâ, âêëþ÷àÿ 
ïîìåõè. 

Â äîïîëíåíèå ê ñèãíàëàì ïðåîáðàçîâàòåëåé, 
ñîäåðæàùèõñÿ â àäàïòèâíîì äàò÷èêå, ïàðàìåòðû è/èëè 
àëãîðèòìû åãî ðàáîòû â ïðîöåññå  ýêñïëóàòàöèè ìîãóò 
èçìåíÿòüñÿ â çàâèñèìîñòè îò âíåøíèõ ñèãíàëîâ (íàïðèìåð, 
ñèãíàëîâ, ïîñòóïàþùèõ ñ âñòðîåííîãî êîíòðîëëåðà). Â 
äàííîì ñëó÷àå äàò÷èê íàçûâàåòñÿ àäàïòèðóåìûì. 

Ñðåäè ìíîæåñòâà ïîäõîäîâ ê ïîñòðîåíèþ àäàïòèâíûõ 
ñèñòåì êîíòðîëÿ, êàê íåëèíåéíûõ ìíîãîñâÿçíûõ ñèñòåì, â 
òåîðèè àâòîìàòè÷åñêîãî óïðàâëåíèÿ ìîæíî âûäåëèòü 
àäàïòèâíûå ñèñòåìû ñ èäåíòèôèêàòîðîì, êîòîðûå 
îöåíèâàþò ïàðàìåòðû ÎÊ è ñðåäû ôóíêöèîíèðîâàíèÿ è íå 
âêëþ÷àþòñÿ íåïîñðåäñòâåííî â êîíòóð óïðàâëåíèÿ. Â 
ïðåäñòàâëåííîé íà ðèñ. 2 ñòðóêòóðíîé ñõåìå ÒÌÑ, 
èäåíòèôèêàòîð ìîæåò áûòü âêëþ÷åí êàê â óñòðîéñòâî 
ôîðìèðîâàíèÿ ãðóïïîâîãî òåëåìåòðè÷åñêîãî ñèãíàëà è 
óñòðîéñòâî (â ñèñòåìàõ òåëåñèãíàëèçàöèè (ÑÒÑ)), òàê è â 
óñòðîéñòâî ñåëåêöèè è äåêîäèðîâàíèÿ ãðóïïîâîãî ñèãíàëà (â 
ñèñòåìàõ òåëåèçìåðåíèÿ (ÑÒÈ)). 

Åñëè çàäàíà ñòðóêòóðà èäåíòèôèêàòîðà, òî åñòü çàäàí 
äîïóñòèìûé êëàññ ÒÑ ÀÑÒÑ u(x ) , òî ñàìè ïðîöåäóðû 
îïòèìàëüíîé èäåíòèôèêàöèè, òî åñòü ïðîöåäóðû àäàïòàöèè, 
ðàçâèòû äîñòàòî÷íî ïîëíî. Â ýòîì ñëó÷àå ñòðóêòóðà ñèñòåìû 
ñ ïðÿìîé àäàïòàöèåé ìîæåò èìåòü âèä, ïðåäñòàâëåííûé íà 
ðèñ. 3. 

 

Èäåíòèô.

Àäàïòåð

e( )t u( )t
ÎÊ

g( )t y( )t

 
Ðèñ. 3. Ñòðóêòóðà àäàïòèâíîé ñèñòåìû êîíòðîëÿ: 

ÈÄÔ – èäåíòèôèêàòîð; ÎÊ – îáúåêò êîíòðîëÿ; À – àäàïòåð;  
g(t) – ñèãíàë «àâàðèè»; e(t) – ëîæíûé îòêàç (îøèáêà ïåðâîãî ðîäà), 
ðàçëè÷íîãî ðîäà «øóìû», ïîìåõè; u(x) – äîïóñòèìûå ïîðîãîâûå 
çíà÷åíèÿ êîíòðîëèðóåìûõ ïàðàìåòðîâ, îïðåäåëÿþùèå çàäàííûé 

êëàññ ÒÑ; y(t) – âûõîä ñèñòåìû 
 
Î÷åâèäíî, ÷òî êà÷åñòâî àäàïòèâíîé ñèñòåìû íàïðÿìóþ 

çàâèñèò îò âûáðàííîãî êëàññà è ñòðóêòóðû èäåíòèôèêàòîðà. 
Åñëè èäåíòèôèêàòîð äîñòàòî÷íî àäåêâàòåí çàäà÷å êîíòðîëÿ 

è óñëîâèÿì ôóíêöèîíèðîâàíèÿ, òî àëãîðèòì àäàïòàöèè 
îáåñïå÷èò æåëàåìîå êà÷åñòâî îïðåäåëåíèÿ êîîðäèíàò 
ñîñòîÿíèÿ. Îäíàêî ñèíòåç ñòðóêòóðû èäåíòèôèêàòîðà 
ïðåäñòàâëÿåò ñîáîé ñàìîñòîÿòåëüíóþ ñëîæíóþ çàäà÷ó. Â 
íàñòîÿùåå âðåìÿ â êà÷åñòâå èäåíòèôèêàòîðîâ, â îñíîâíîì, 
âûáèðàþòñÿ ëèíåéíûå èäåíòèôèêàòîðû (ñ ëèíåéíûìè 
çàêîíàìè), ÷òî îãðàíè÷èâàåò âîçìîæíîñòè àëãîðèòìà 
àäàïòàöèè. Ïðè òàêîì âûáîðå ñòðóêòóðû èäåíòèôèêàòîðà 
àëãîðèòì àäàïòàöèè ïîçâîëÿåò ïîäîáðàòü åãî ïàðàìåòðû â 
ñîîòâåòñòâèè ñ íåêîòîðûì êðèòåðèåì îöåíêè òîëüêî ëèøü 
äëÿ óçêîãî äèàïàçîíà îïðåäåëåíèÿ ïåðåìåííîãî ñîñòîÿíèÿ. 

Ïîäîáíûé ïîäõîä îãðàíè÷èâàåò âîçìîæíîñòè àäàïòàöèè, 
òàê êàê ïðåäåëüíûå ñâîéñòâà çàìêíóòîé ñèñòåìû 
îïðåäåëÿþòñÿ ëèíåéíûìè èëè òèïîâûìè çàêîíàìè 
èäåíòèôèêàöèè, êîòîðûå êàê èçâåñòíî, ýôôåêòèâíû â 
ëîêàëüíûõ îáëàñòÿõ, íî îêàçàëèñü ìàëîïðîäóêòèâíûìè ïðè 
ñèíòåçå ñèñòåì êîíòðîëÿ ÒÑ ÀÑÒÑ. 

Ïðîàíàëèçèðóåì ñòðóêòóðíûå ñâîéñòâà àäàïòèðóåìîñòè 
è ïàðàìåòðè÷åñêîãî ñèíòåçà èäåíòèôèêàòîðà. 

Ïóñòü ÀÑÒÑ è èäåíòèôèêàòîð ÀÑÊ çàäàííîé ñòðóêòóðû 
îïèñûâàþòñÿ âî âðåìåííîé îáëàñòè. 

 

2 1 0, (0) 0,
;

x Ax B u B w x x
y Cx

= + + = =
=
                               (2) 

1 0 0

2 1 2

( ), (0) , (0) 0,
( ), , .

r rm r rm rm

rm r r r

x A x G g y x x g g
u C x G g y G B G D

= + − = = =
= + − = =

  (3) 

 

ãäå , rx x  è , , ,y g u w  – âåêòîðû ñîñòîÿíèé ÎÊ, 
èäåíòèôèêàòîðà, âûõîäà ÎÊ, çàäàíèÿ, âûõîäà 
èäåíòèôèêàòîðà è âîçìóùåíèÿ (äåñòàáèëèçèðóþùèå 
ôàêòîðû) ñîîòâåòñòâåííî, Rnx ∈ , R rn

rx ∈ , , , Rnu y g ∈ , 
3Rmw∈ .  

×åðåç 1 2 1 2, , , , , , ,rm rmA B B C A C G G  îáîçíà÷åíû ìàòðèöû 
ïàðàìåòðîâ ÎÊ è ðåãóëÿòîðà ñîîòâåòñòâóþùèõ 
ðàçìåðíîñòåé. Ïðåäïîëîæèì, ÷òî îáúåêò (1) ïîëíîñòüþ 
íàáëþäàåì (êîíòðîëèðóåòñÿ âñå íåîáõîäèìûå, êðèòè÷åñêè 
âàæíûå ïàðàìåòðû), ðåàëèçàöèè 2( , , )A B C , 1 2( , , , )rm rmA G C G  
ìèíèìàëüíû, à ìàòðèöû , ,A B C  ïðèíàäëåæàò 
îãðàíè÷åííîìó ìíîæåñòâó Σ . Öåëüþ èäåíòèôèêàöèè 
ÿâëÿåòñÿ ñëåæåíèå çà çàäàíèåì äëÿ ïðîèçâîëüíûõ 
íà÷àëüíîãî ñîñòîÿíèÿ è ïåðåìåííûõ ïàðàìåòðîâ ÎÊ, âçÿòûõ 
èç èíòåðâàëüíîãî ìíîæåñòâà Σ : 

 

{ }2, , , : , , ,ij ij ij ij ij ij ij ij ijA B C a a a b b b c c c− + − + − +∈Σ Σ ≤ ≤ ≤ ≤ ≤ ≤ . 
 

Òðåáóåìûå ïîêàçàòåëè êà÷åñòâà ðåãóëèðîâàíèÿ 
îñíîâíîãî êîíòóðà çàäàþòñÿ ñòàöèîíàðíîé ýòàëîííîé 
ìîäåëüþ ðàçîìêíóòîãî êîíòóðà, êîòîðàÿ ìîæåò áûòü 
îïèñàíà ñèñòåìîé óðàâíåíèé 

 

0, (0) 0,
,

m m m m m

m m m

x A x B g x x
y C x

= + = =
=

                               (4) 

 

ãäå âåêòîðû ñîñòîÿíèÿ mx , âûõîäà my  è ìàòðèöû ýòàëîííîé 
ìîäåëè ðàçîìêíóòîãî îñíîâíîãî êîíòóðà îòìå÷åíû 
èíäåêñîì m ; R , Rmn m

m mx y∈ ∈ , ïðè÷åì m rn n n= + . 
Îòìåòèì, ÷òî â êà÷åñòâå ýòàëîííîé ìîäåëè ìîæíî âûáðàòü 
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ãäå ÷åðåç ( )W jω , ( )pW jω , ( )rW jω , ( )mW jω  îáîçíà÷åíû 
ñîîòâåòñòâåííî ïåðåäàòî÷íûå ôóíêöèè ðàçîìêíóòîãî îñíîâ-
íîãî êîíòóðà. Óñëîâèå (5) åñòü óñëîâèå èäåàëüíîãî íàáëþ-
äåíèÿ âûõîäà ðàçîìêíóòîé ñèñòåìû çà âûõîäîì åå íåÿâíîé 
ýòàëîííîé ìîäåëè. Öåëåâîìó ðàâåíñòâó (5) ñîîòâåòñòâóåò 
ïîëèíîìèàëüíîå óðàâíåíèå íàñòðîéêè èäåíòèôèêàòîðà âèäà 

 

2 1 1

2 1

1 1

2
0 0 0

0 0
1

0

0

( )

,

m

m

n n n
j v

j rm rm r r rmv
j v

n n
i v

i rmv
i v

n

m m m

n

m

s CA B s C A B D a s I

a s a s

s C A B

a s

λ
λ

λ

μ
μ

μ

σ
σ

σ

− −

= = =

= =
−

=

=

+
=

=

∑ ∑ ∑

∑ ∑

∑

∑

,       (6) 

 

ãäå , ,j r mA A Aλ μ  – ìàòðèöû Ôàäååâà, êîòîðûå ïðåäñòàâëÿþò 
ñîáîé ëèíåéíûå êîìáèíàöèè ïðîèçâåäåíèé êîýôôèöèåíòîâ 
õàðàêòåðèñòè÷åñêèõ óðàâíåíèé ìàòðèö íà èõ ñòåïåíè [22], 
íàïðèìåð  

 

1

1
, 1,2,..., , 1

n q j
j q n

q j
A a A q n a− +

= +
= = =∑ . 

 

Óìíîæàÿ îáå ÷àñòè (6) íà ïðîèçâåäåíèå õàðàêòåðèñòè÷å-
ñêèõ ïîëèíîìîâ, ïîëó÷èì ïîëèíîìèàëüíîå óðàâíåíèå 

 

2 1
2 1 2 1

2 1 2 1

2 1
1 1 2 1 2 1

2 2

( ) ... ( )
( ) 0.

n n
n n n n

n n n n

P Q s P Q s
P Q

+ −
+ − + −

+ +

− + + − +
+ − =

. 

 

Îïðåäåëèì ñëåäóþùèå ìàòðèöû àäàïòèðóåìîñòè è 
ôóíêöèîíàëû íàñòðîéêè 

 

2 1

T T
1 2 1 2

2

1 2
1

2 1 2T
1 2

0

[ ], [ ];

, ;

( ) ( ), ( ) ( ) .
n n

m F

L L L Q Q Q

P L G Q Q Q

J tr P Q P Q J W j W j

μ μ μ μ

μ μη η μ μ μ
η

μ μ μ μ
μ

ω ω

=

+ −

=

= =

= = +

= − − = −

∑

∑

 

Äëÿ òîãî ÷òîáû ìèíèìèçèðîâàòü ôóíêöèîíàë 1J , íåîá-
õîäèìî íàéòè òî÷íîå èëè ïðèáëèæåííîå ðåøåíèå ýêâèâà-
ëåíòíîãî ìàòðè÷íîãî àëãåáðàè÷åñêîãî óðàâíåíèÿ  

 

LG Q= .         (7) 
 

Ôóíêöèîíàëû 1 2,J J  ïîêàçûâàþò ìåðó îòêëîíåíèÿ ïîêà-
çàòåëåé êà÷åñòâà èäåíòèôèêàöèè ÒÑ ÎÊ îò àíàëîãè÷íûõ 
ïîêàçàòåëåé ýòàëîííîé ìîäåëè. Ïðè ýòîì íèæíÿÿ ãðàíèöà 
çíà÷åíèé ôóíêöèîíàëà íà ìíîæåñòâå Σ  ÿâëÿåòñÿ ïîëîæè-
òåëüíûì âåùåñòâåííûì ÷èñëîì, íå îáÿçàòåëüíî ìàëûì. Çà-
äà÷à àäàïòèâíîãî ñèíòåçà èäåíòèôèêàòîðà çàäàííîé ñòðóê-
òóðû ñâîäèòñÿ ê ñëåäóþùèì äâóì çàäà÷àì. 

 

1 2 1

1 2 2

[ ] arg min ,

[ ] arg min .

G G G J

G G G J

∗ ∗

∗ ∗

= =

= =
 

 

Òî÷íîå ðåøåíèå óðàâíåíèÿ (7) ñóùåñòâóåò òîëüêî â ñëó-
÷àå âûïîëíåíèÿ óñëîâèé ïîëíîé àäàïòèðóåìîñòè ïî âûõîäó. 
Îäíàêî ýòî íå âñåãäà ïðåäñòàâëÿåòñÿ âîçìîæíûì. 

Â ñâÿçè ñ ýòèì, ðàññìîòðèì àëüòåðíàòèâíîå ðåøåíèå ïî-
ñòàâëåííîé çàäà÷è íåéðîñåòåâûì ìåòîäîì, ïîëó÷èâøèì â 
íàñòîÿùåå âðåìÿ øèðîêîå ðàñïðîñòðàíåíèå äëÿ ñèíòåçà àäàï-
òèâíîãî êîíòðîëÿ ÒÑ ñëîæíûõ òåõíè÷åñêèõ ñèñòåì â óñëîâè-
ÿõ íåîïðåäåëåííîñòè [6, 23, 24]. Ñòðóêòóðà òàêîé àäàïòèâíîé 
íåéðîñåòåâîé ñèñòåìû èìååò âèä, ïîêàçàííûé íà ðèñ. 4. 

 
ÌÍÑ 1ÎÊ

ÀÎ

Ô

ÌÍÑ 2

ÀÎ
e ( )t′

y ( )t′

y( )tg( )t u( )t r( )t e( )t

 
Ðèñ. 4. Ñòðóêòóðà àäàïòèâíîé ñèñòåìû êîíòðîëÿ ñ íåéðîñåòüþ: 

Ô – ôèëüòð; ÌÍÑ1 – ðåãóëÿòîð íà ìíîãîñëîéíîé íåéðîííîé ñåòè; 
ÀÎ – àëãîðèòì îáó÷åíèÿ; ÎÊ – îáúåêò êîíòðîëÿ;  

ÌÍÑ2 – èäåíòèôèêàòîð íà ìíîãîñëîéíîé íåéðîííîé ñåòè 
 
Ñèñòåìà ñîäåðæèò äâå äèíàìè÷åñêè îáó÷àåìûå íåéðîñå-

òè. Ñåòü ÌÍÑ 1 âûïîëíÿåò ðîëü ðåãóëÿòîðà, à âòîðàÿ – 
ÌÍÑ 2 – èäåíòèôèêàòîðà. Àäàïòàöèÿ ñèñòåìû ïðîèñõîäèò 
áëàãîäàðÿ óíèâåðñàëüíûì ñâîéñòâàì íåéðîñåòè, êàê ìíîãî-
ìåðíîãî àïïðîêñèìèðóþùåãî óñòðîéñòâà. Ïðè ýòîì ñåòü 
ÌÍÑ 2 ðåàëèçóåò ïðÿìóþ àïïðîêñèìàöèþ íåîïðåäåëåííîé 
ìîäåëè îáúåêòà, òî åñòü èäåíòèôèöèðóåò ìîäåëü îáúåêòà â 
ðåàëüíîì âðåìåíè, à ÌÍÑ 1 àïïðîêñèìèðóåò èíâåðñíóþ 
ìîäåëü, òî åñòü îáåñïå÷èâàåò ñâåäåíèå îøèáêè êîíòðîëÿ 
(îøèáêè 1 è 2 ðîäà) â ïðîöåññå óïðàâëåíèÿ ê íóëþ. 

Ïîëó÷åííûå â ðàìêàõ íåéðîñåòåâîãî ïîäõîäà ðåçóëüòàòû 
ïîêàçûâàþò åãî âûñîêóþ ýôôåêòèâíîñòü. Ïðè ýòîì èñïîëü-
çîâàíèå íåéðîñåòåé äëÿ ñòðóêòóðíîé è ïàðàìåòðè÷åñêîé 
àäàïòàöèè âîçìîæíî è â ñëó÷àå çíà÷èòåëüíîé íåîïðåäåëåí-
íîñòè ìîäåëåé óïðàâëÿåìûõ îáúåêòîâ, êîãäà çàòðóäíåíî 
ñàìî îïèñàíèå ïðîöåññîâ íà ÿçûêå äèíàìèêè. 

Â ìîäåëèðóåìîé àäàïòèâíîé ÀÑÊ ïðåäëîæåíà ñòðóêòóðà 
èäåíòèôèêàòîðà, â êîòîðîé îïåðàòèâíî ôîðìèðóåòñÿ àäàï-
òèâíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü, ïðåäñòàâëåííàÿ íà ðèñ. 5. 

 

maxNx

max 1Nx
−

max mNx
−

kbu

y

 
 

Ðèñ. 5. Ñòðóêòóðà àäàïòèâíîé ìîäåëè ÀÑÊ 
 

Ïðåäñòàâëåííàÿ àäàïòèâíàÿ ìîäåëü ÀÑÊ ÿâëÿåòñÿ óíè-
âåðñàëüíîé â òîì ñìûñëå, ÷òî ìîæåò áûòü èñïîëüçîâàíà äëÿ 
àïïðîêñèìàöèè ëþáîãî íåïðåðûâíîãî ïðîöåññà, ïðè ýòîì 
òðåáóåòñÿ îöåíêà òîëüêî îäíîãî êîýôôèöèåíòà èëè åãî çíà-
êà. Â êà÷åñòâå ïåðåìåííîãî ñîñòîÿíèÿ çàäàþòñÿ ïðîèçâîä-
íûå îò âðåìåíè âûõîäíîé êîîðäèíàòû îáúåêòà. 

Ñòðóêòóðà àäàïòèâíîãî èäåíòèôèêàòîðà äëÿ òàêîé ìîäå-
ëè èìååò âèä, ïðåäñòàâëåííûé íà ðèñ. 6, è âêëþ÷àåò â ñåáÿ 

maxN  öåïî÷åê, îöåíèâàþùèõ ñòðóêòóðó è ïàðàìåòðû òåêó-
ùåãî ñîñòîÿíèÿ îáúåêòà. Êàæäàÿ öåïî÷êà ñîñòîèò èç áëîêà  

ИИННФФООРРММААТТИИККАА



T-Comm Vol.14. #1-2020 31

îöåíèâàíèÿ, êîîðäèíàò è áëîêà ýêñòðàïîëÿöèè è èäåíòèôè-
êàöèè òåêóùåãî ïîðÿäêà ñèñòåìû. 

n=1
Áëî êè 

îöå íèâàíèÿ

Ýêñòðàïîëÿöèÿ 
è 

è äåíòèôèêàöè ÿ

n=1
Áëî êè 

îöå íèâàíèÿ

Ýêñòðàïîëÿöèÿ 
è 

è äåíòèôèêàöè ÿ

n =1
Áëîêè 

îö åíèâàíèÿ

Ýêñòðàï îëÿöè ÿ 
è  

èäåíòèôèêàöèÿ

n=2
m axn =N

n=2
maxn=N

n=2
maxn=N

À ëãîðèòì 
óïðàâëåí èÿ

y,u

u

1cT

c2T

cm
T

T11x
T12
x

m axT1Nx

T21
x
T22x

m ax
T2Nx

Tm 1x
Tm2x
m axTm Nx

1x

1
n
1
T

m
x

mn
mT

 

Ðèñ. 6. Ñòðóêòóðà àäàïòèâíîãî èäåíòèôèêàòîðà 
 
Íà âõîä àäàïòèâíîãî èäåíòèôèêàòîðà ïîäàþòñÿ èçìå-

ðÿåìûå âõîäíûå è âûõîäíûå ñèãíàëû u, y. Ñàì èäåíòèôè-
êàòîð ñîñòîèò èç ïàðàëëåëüíî ðàáîòàþùèõ öåïî÷åê ñ ðàçíû-
ìè âðåìåíàìè öèêëîâ 1 2, ,...,c c cmT T T , ãäå m  – öåëîå ïîñòîÿí-
íîå ÷èñëî, âêëþ÷àþùèõ â ñåáÿ áëîêè îöåíèâàíèÿ ðàçëè÷íûõ 
ïîðÿäêîâ 1,2,..., maxN . Êàæäûé áëîê îöåíèâàíèÿ ôîðìèðóåò 
âåêòîð ïåðåìåííûõ ñîñòîÿíèÿ ïðîñòîé ìîäåëè 

max, 1, , 1,ijx i m j N= = , àïïðîêñèìèðóþùåé âûõîäíîé ñèã-
íàë è åãî ñâÿçè ñî âõîäàìè. Äàëåå, ïî äàííîé ìîäåëè îñóùå-
ñòâëÿåòñÿ àïïðîêñèìàöèÿ è ýêñòðàïîëÿöèÿ îöåíêè âûõîäíî-
ãî âåêòîðà è ñðàâíåíèå ýêñòðàïîëèðîâàííîé âûõîäíîé âåëè-
÷èíû yý  ñ ðåàëüíûì ñèãíàëîì y ïî íåêîòîðîìó êðèòåðèþ, 
ìèíèìóì êîòîðîãî äàåò òåêóùóþ îöåíêó êîîðäèíàò ñîñòîÿ-
íèÿ îáúåêòà (ÀÑÒÑ) 1 2, , ..., mx x x .  

Â ïðîöåññå îöåíèâàíèÿ àäàïòèâíîé ñèñòåìîé êîíòðîëÿ 
ÒÑ ÀÑÒÑ ìîæíî âûäåëèòü ñëåäóþùèå êðèòåðèè êà÷åñòâà: 
òî÷íîñòü îöåíèâàíèÿ; ñêîðîñòü ïîëó÷åíèÿ îöåíêè; êëàññ 
íàáëþäàåìûõ âåëè÷èí; ñëîæíîñòü àëãîðèòìà îöåíèâàíèÿ. 
Ïî ðåçóëüòàòàì êîíòðîëÿ âûäåëÿþò åãî äîñòîâåðíîñòü. 

Òî÷íîñòü îöåíèâàíèÿ èëè íàáëþäåíèÿ èçìåðÿåìûõ âîç-
ìóùåíèé (äåñòàáèëèçèðóþùèõ ôàêòîðîâ) õàðàêòåðèçóåòñÿ 
ðàçëè÷íûìè îøèáêàìè. Ïðè îöåíèâàíèè ïîñòîÿííûõ âåëè-
÷èí îáû÷íî èñïîëüçóåòñÿ ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå, 
à ïðè îöåíèâàíèè äèíàìè÷åñêèõ âåëè÷èí – èíòåãðàëüíûå 
êðèòåðèè îò ñðåäíåêâàäðàòè÷åñêèõ îøèáîê. Òàêæå â íåêîòî-
ðûõ ñëó÷àÿõ ïðèìåíÿþòñÿ íîðìû ìàêñèìàëüíûõ îøèáîê. 
Åñëè â ñèñòåìå ïðèñóòñòâóåò óñòàíîâèâøèéñÿ (êâàçèóñòàíî-
âèâøèéñÿ) ðåæèì, òî ìîæåò ïðèìåíÿòüñÿ ñðåäíåêâàäðàòè÷å-
ñêàÿ îøèáêà â óñòàíîâèâøåìñÿ ðåæèìå. 

Åñëè óäàåòñÿ îïðåäåëèòü çíà÷åíèÿ îøèáîê, òî îíè ñëó-
æàò ÷èñëåííûìè êðèòåðèÿìè ïðè ñðàâíåíèè äëÿ îïðåäåëå-
íèÿ òî÷íîñòè àëãîðèòìà îöåíèâàíèÿ. Â ïðîòèâíîì ñëó÷àå 
ïðèìåíÿþòñÿ íå÷åòêèå øêàëû. 

Ñêîðîñòü ïîëó÷åíèÿ îöåíêè òàêæå ÿâëÿåòñÿ âàæíåéøèì 
ôàêòîðîì ôóíêöèîíèðîâàíèÿ àëãîðèòìà îöåíèâàíèÿ. Ñêîðîñòü 
îöåíèâàíèÿ õàðàêòåðèçóåòñÿ âðåìåíåì ïåðåõîäíûõ ïðîöåññîâ 
â áëîêå îöåíèâàíèÿ, ïîñëå ÷åãî ðåãóëÿðíàÿ îøèáêà ñòàíî-
âèòñÿ äîñòàòî÷íî ìàëîé. Òðåáîâàíèå ìèíèìèçàöèè âðåìåíè 

îöåíèâàíèÿ et  îáû÷íî âõîäèò â ïðîòèâîðå÷èå ñ íåîáõîäèìî-
ñòüþ ìèíèìèçàöèè ñëó÷àéíûõ ïîãðåøíîñòåé. ×åì âûøå 
ñêîðîñòü ïðîöåññà îöåíèâàíèÿ, òåì ìåíüøå ðåãóëÿðíàÿ ñî-
ñòàâëÿþùàÿ îøèáêè, íî áîëüøå ñëó÷àéíûå ïîãðåøíîñòè. 

Êëàññ íàáëþäàåìûõ âåëè÷èí îáû÷íî ïîñòóëèðóåòñÿ. Íà-
ïðèìåð, ñóùåñòâóþò àëãîðèòìû îöåíèâàíèÿ ïîñòîÿííûõ 
ïàðàìåòðîâ, ïåðåìåííûõ ñîñòîÿíèé, âíåøíèõ, ïàðàìåòðè÷å-
ñêèõ èëè ñòðóêòóðíûõ äåñòàáèëèçèðóþùèõ ôàêòîðîâ. Êðîìå 
òîãî, ìîæíî âûäåëèòü àëãîðèòìû îöåíèâàíèÿ ðåãóëÿðíûõ è 
ñëó÷àéíûõ âåëè÷èí. 

Ñëîæíîñòü àëãîðèòìà íàïðÿìóþ âëèÿåò íà ñòîèìîñòü è 
íàäåæíîñòü ðåàëèçóþùåãî åãî óñòðîéñòâà. Îáû÷íî îöåíèâà-
åòñÿ âû÷èñëèòåëüíàÿ ñëîæíîñòü àëãîðèòìà, íî ïðîñòîé ïîä-
ñ÷åò àðèôìåòè÷åñêèõ èëè ëîãè÷åñêèõ îïåðàöèé íå âñåãäà 
îòðàæàåò èñòèííóþ ñëîæíîñòü àëãîðèòìà. Êðîìå ÷èñëà îïå-
ðàöèé íóæíî åùå ó÷èòûâàòü èñïîëüçóåìûé ìàòåìàòè÷åñêèé 
áàçèñ è âîçìîæíîñòü åãî àïïàðàòíîé ðåàëèçàöèè. 

 

4. Õàðàêòåðíûå ÷åðòû àäàïòèâíûõ ÀÑÊ ÒÑ ÀÑÒÑ 
 

Ïðèìåíåíèå èíòåëëåêòóàëüíûõ òåõíîëîãèé äëÿ ðåàëèçà-
öèè íåïðåðûâíîãî êîíòðîëÿ íåñêîëüêèõ ìíîãîïàðàìåòðè÷å-
ñêèõ ÀÑÒÑ âëå÷åò íåîáõîäèìîñòü ñîêðàùåíèÿ èçáûòî÷íî-
ñòè ÒÌÈ, ïîñòóïàþùåé â îáðàáàòûâàþùèé öåíòð äàííûõ 
ìîíèòîðèíãà äëÿ ÏÎÐ, ÷òî õàðàêòåðèçóåò ïîòðåáíîñòü â ñî-
êðàùåíèè ìàøèííîãî âðåìåíè êîíòðîëÿ (ïðîöåññà îöåíèâà-
íèÿ ïîëó÷åííîé ñ ïåðâè÷íûõ ïðåîáðàçîâàòåëåé (äàò÷èêîâ) 
ÈÈ). Âàðèàíòàìè ïîäîáíûõ ðåøåíèé óêàçàííîé çàäà÷è ìî-
ãóò ÿâëÿòüñÿ ðåàëèçàöèè: à) ïàðàëëåëüíîãî àëãîðèòìà êîí-
òðîëÿ ÒÑ îáúåêòà; á) ãèáêîãî àëãîðèòìà êîíòðîëÿ ÒÑ îáúåê-
òà; â) ïðèíöèïà ñíèæåíèÿ îáúåìà êîíòðîëèðóåìûõ ïàðàìåò-
ðîâ, áåç ñíèæåíèÿ ñâîéñòâ äîñòîâåðíîñòè, òî÷íîñòè è äð. 
íèæå òðåáóåìûõ, çà ñ÷åò èñïîëüçîâàíèÿ êîìïëåêñèðîâàíèÿ 
ìåòîäîâ êîíòðîëÿ – äîïóñêîâîãî, ôóíêöèîíàëüíîãî, äèàãíî-
ñòè÷åñêîãî è ïðîôèëàêòè÷åñêîãî. 

Ñ ó÷åòîì ýòîãî, äîïîëíèòåëüíûìè òðåáîâàíèÿìè, ïðåäú-
ÿâëÿåìûìè ê ñèñòåìàì àâòîìàòèçèðîâàííîãî êîíòðîëÿ ñ 
ó÷åòîì àäàïòàöèè, ÿâëÿþòñÿ [25]: 

– íåîáõîäèìîñòü ïðèìåíåíèÿ â ÀÑÊ (ÒÌÑ) ÒÑ ÀÑÒÑ 
ìåòîäîâ àäàïòèâíîé ïðîôèëàêòèêè, òî åñòü ïðîôèëàêòèêè 
ïî ôàêòè÷åñêîìó ñîñòîÿíèþ ÎÊ, íàõîäÿùåãîñÿ â ðåæèìå 
íåïðåðûâíîãî êîíòðîëÿ; 

– îáÿçàòåëüíîñòè ïðîâåäåíèÿ âñåõ (ïîëíûé êîíòðîëü) 
èëè îïðåäåëåííîé ÷àñòè (ýêñïðåññ-êîíòðîëü) ïðîôèëàêòè÷å-
ñêèõ ïðîâåðîê â ïðîãíîçèðóþùèõ ðåæèìàõ (ìåòîäû ýêñòðà-
ïîëÿöèè) è óñòàíîâëåíèÿ (íà ýòàïå ïðîåêòèðîâàíèÿ ÎÊ) 
ïðîôèëàêòè÷åñêèõ äîïóñêîâ íà êîíòðîëèðóåìûå ïàðàìåòðû; 

– íåîáõîäèìîé ñòåïåíè àâòîìàòèçàöèè ïðîôèëàêòè÷å-
ñêèõ îïåðàöèé â öåëîì èëè òîëüêî îïåðàöèé ðåãèñòðàöèè 
ðåçóëüòàòîâ èçìåðåíèÿ ïàðàìåòðîâ è ñîïîñòàâëåíèÿ èõ ñ 
ïðîôèëàêòè÷åñêèìè äîïóñêàìè. 

Äëÿ ðåàëèçàöèè ïðîöåññà ìîíèòîðèíãà ÒÑ òåððèòîðèàëü-
íî-ðàñïðåäåëåííûõ ÀÑÒÑ â óñëîâèÿõ íåîïðåäåëåííîñòè 
(âîçäåéñòâèÿ äåñòàáèëèçèðóþùèõ ôàêòîðîâ è, êàê ñëåäñò-
âèå, ïîÿâëåíèå îòêàçîâ â ÎÊ) íåîáõîäèìî èñïîëüçîâàíèå 
ñóùåñòâóþùåãî òåõíîëîãè÷åñêîãî áàçèñà, îñíîâàííîãî íà 
ðÿäå èíòåëëåêòóàëüíûõ òåõíîëîãèé [2, 23, 24, 26, 27]: CALS-
òåõíîëîãèè; Web-ñåðâèñû; Virtualization (âèðòóàëèçàöèÿ); 
Mesh-ñåòè (ÿ÷åèñòàÿ òîïîëîãèÿ); Grid Computing (ãðèä 
âû÷èñëåíèÿ); Neuro Computing (íåéðîêîìïüþòåðíûå âû÷èñ-
ëåíèÿ); Autonomic Computing (àâòîíîìíûå âû÷èñëåíèÿ èëè 
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ñàìîóïðàâëÿåìûå ñèñòåìû); Cloud Computing (îáëà÷íûå âû-
÷èñëåíèÿ); Fog Computing (òóìàííûå âû÷èñëåíèÿ); LXI-
òåõíîëîãèè è äð. 

Ïðîâåäåííûé àíàëèç âîçìîæíîñòåé ñóùåñòâóþùèõ ñèñ-
òåì è ñðåäñòâ êîíòðîëÿ ÒÑ ÀÑÒÑ, ïðåäñòàâëåííîãî âûøå 
òåõíîëîãè÷åñêîãî áàçèñà ïîçâîëÿþò îïðåäåëèòü íàïðàâëå-
íèÿ ðàçâèòèÿ ïðèíöèïèàëüíî íîâûõ, ïåðñïåêòèâíûõ àäàï-
òèâíûõ ÀÑÊ ÒÑ ÀÑÒÑ. 

Îòëè÷èòåëüíûìè îñîáåííîñòÿìè (íàèáîëåå çíà÷èìûìè 
ñâîéñòâàìè) ïåðñïåêòèâíûõ àäàïòèâíûõ ÀÑÊ ÒÑ ÀÑÒÑ  
ÿâëÿþòñÿ: 

1) Ïîñòðîåíèå ñèñòåì êîíòðîëÿ íà îñíîâå ÒÌÑ, èíòåã-
ðèðóþùèõ ÑÒÑ è ÑÒÈ. 

Â îòëè÷èè îò òðàäèöèîííûõ ÒÌÑ, ðàçäåëÿåìûõ ïî ñïî-
ñîáó ïîëó÷åíèÿ òåëåìåòðè÷åñêèõ ñèãíàëîâ íà ÑÒÑ è ÑÒÈ, 
ïðåäëàãàåòñÿ ñëåäóþùàÿ ìîäåëü îáðàáîòêè ñèãíàëîâ òðåâî-
ãè, îòðàæàþùàÿ ïðîöåññ èíòåãðàöèè ñóùåñòâóþùèõ êëàññîâ 
ñèñòåì: ñèãíàë òðåâîãè ôîðìèðóåòñÿ òîëüêî â ñëó÷àå ïðå-
âûøåíèÿ êîíòðîëèðóåìûì ïàðàìåòðîì õ óñòàíîâëåííîãî 
ïîðîãîâîãî óðîâíÿ Ïõ  (êàê â ÑÒÑ) ñ ïîñëåäóþùèì èçìåðå-
íèåì (êàê â ÑÒÈ) âåëè÷èíû âûáðîñà íàä ïîðîãîì [28-31].  
Â èíòåãðèðîâàííîé ñèñòåìå ñëó÷àéíûìè âåëè÷èíàìè ÿâëÿ-
þòñÿ ìîìåíòû it  ôîðìèðîâàíèÿ ñèãíàëîâ òðåâîãè è óðîâíè 

iu  äàííûõ ñèãíàëîâ. Òàêîé ïîäõîä ïðåäïîëàãàåò äâóõýòàï-
íîñòü ïðîöåññà àäàïòèâíîãî êîíòðîëÿ, íà ïåðâîì ýòàïå êî-
òîðîãî âûïîëíÿåòñÿ ýêñïðåññ-êîíòðîëü (îöåíêà îãðàíè÷åí-
íîãî ÷èñëà íàèáîëåå êðèòè÷íûõ ïàðàìåòðîâ), à íà âòîðîì – 
ïîëíûé êîíòðîëü (îöåíêà ïîëíîãî ïåðå÷íÿ ïàðàìåòðîâ, ïîä-
ëåæàùèõ ïðîâåðêå). 

2) Êîíòðîëü ìíîãîïàðàìåòðè÷åñêèõ ÀÑÒÑ, íàáëþäàåìûå 
ïàðàìåòðû êîòîðûõ èìåþò ñòîõàñòè÷åñêóþ âçàèìîñâÿçü. 

Áîëüøèíñòâî ñóùåñòâóþùèõ ñèñòåì êîíòðîëÿ ÒÑ ÀÑÒÑ 
õàðàêòåðèçóþòñÿ ëèáî ìåòîäàìè îäíîïàðàìåòðè÷åñêîãî äî-
ïóñêîâîãî êîíòðîëÿ, ÷òî íå ïîçâîëÿåò îáúåêòèâíî îïðåäå-
ëèòü îáùåå ÒÑ îáúåêòà â öåëîì, ëèáî – ôóíêöèîíàëüíîãî 
êîíòðîëÿ, ÷òî çàìåòíî ñíèæàåò äîñòîâåðíîñòü êîíòðîëÿ. 

Ïðè ïîñòðîåíèè àäàïòèâíûõ ñèñòåì êîíòðîëÿ íåîáõîäèìî 
ðàññìàòðèâàòü ìíîãîïàðàìåòðè÷åñêóþ îáëàñòü ðàáîòîñïîñîá-
íîñòè ÎÊ (ýëëèïñîèäàëüíàÿ àïïðîêñèìàöèÿ), ó÷èòûâàþùóþ 
ôàêòîð íàëè÷èÿ ñòîõàñòè÷åñêîé ñâÿçè êîíòðîëèðóåìûõ ïàðà-
ìåòðîâ ñ ó÷åòîì èõ êðèòè÷íîñòè (ïðèîðèòåòíîñòè àâàðèéíûõ 
ñèãíàëîâ) äëÿ ïîñëåäóþùåãî àíàëèçà, îöåíèâàíèÿ [32-40]. 

3) Àäàïòèðóåìîñòü ÷àñòîòû èçìåðåíèé îòíîñèòåëüíî 
íàáëþäàåìûõ îòêëîíåíèé êîíòðîëèðóåìûõ ïàðàìåòðîâ. 

Îïðåäåëåíèå äîïóñêîâûõ îáëàñòåé íà ãðóïïó ïàðàìåòðîâ 
ÀÑÒÑ ïîçâîëÿåò ó÷èòûâàòü èõ êîððåëÿöèþ. Ñ óâåëè÷åíèåì 
÷àñòîòû âçàèìíîé êîððåêöèè äîïóñêîâ ïðîèñõîäèò óâåëè÷å-
íèå ÷àñòîòû «âûáðîñîâ», è íàîáîðîò – ñ óâåëè÷åíèåì ÷èñëà 
(÷àñòîòû) âûáðîñîâ âîçíèêàåò íåîáõîäèìîñòü àäàïòàöèè 
äîïóñêîâ. Òàêèì îáðàçîì, äèíàìèêà èçìåíåíèé äîïóñêîâ, ñ 
ó÷åòîì âçàèìîñâÿçàííîñòè çíà÷åíèé êîíòðîëèðóåìûõ ïàðà-
ìåòðîâ, ïðåäñòàâëÿåò ñîáîé àäàïòàöèþ ïîðîãîâûõ çíà÷åíèé 
ïî ýëëèïñó. Ýòî ïîçâîëÿåò ïðîãíîçèðîâàòü íàõîæäåíèå ïà-
ðàìåòðîâ ÎÊ â çàäàííûõ äîïóñêàõ â òå÷åíèå òðåáóåìîãî èí-
òåðâàëà âðåìåíè, ïðèâîäèò ê ïîâûøåíèþ äîñòîâåðíîñòè 
ðåçóëüòàòîâ êîíòðîëÿ è, â öåëîì, ñïîñîáñòâóåò áîëåå ýôôåê-
òèâíîé ðàáîòå ÀÑÊ [41, 42]. 

4) Ïðîâåäåíèå ïîñòîÿííîãî ìåòðîëîãè÷åñêîãî ñàìîêîí-
òðîëÿ â ïðîöåññå ôóíêöèîíèðîâàíèÿ àäàïòèâíûõ ÀÑÊ. 

Êîìïëåêñíîå îöåíèâàíèå ðåçóëüòàòîâ èçìåðåíèé äîëæíî 
ïðîâîäèòüñÿ, è â îòíîøåíèè îòêàçîâ ÎÊ, è â îòíîøåíèè 
ìåòðîëîãè÷åñêèõ îòêàçîâ ñàìèõ ïðåîáðàçîâàòåëåé (äàò÷è-
êîâ). Öåëÿìè ìåòðîëîãè÷åñêîãî ñàìîêîíòðîëÿ èíòåëëåêòó-
àëüíûõ äàò÷èêîâ è èíòåëëåêòóàëüíûõ èçìåðèòåëüíûõ ñèñ-
òåì, âñòðàèâàåìûõ â ÀÑÒÑ, ÿâëÿþòñÿ ïîâûøåíèå íàäåæíî-
ñòè ÀÑÊ è äîñòîâåðíîñòè ðåçóëüòàòîâ êîíòðîëÿ äëÿ îáåñïå-
÷åíèÿ òåõíîëîãè÷åñêèõ ïðîöåññîâ è óïðàâëåíèÿ èìè. 

5) Êîìïëåêñíîå ïðèìåíåíèå êàíàëîâ ñâÿçè â ñî÷åòàíèè ñ 
àäàïòèâíîñòüþ ê âíåøíèì âîçäåéñòâèÿì íà ëèíèþ ñâÿçè â 
ïðîöåññå ïåðåäà÷è ÒÌÈ. 

Ñîâìåñòíîå èñïîëüçîâàíèå ñïåöèàëèçèðîâàííûõ ðàäèî-
ëèíèé ðàçëè÷íûõ ðîäîâ ñâÿçè ïîçâîëèò îáåñïå÷èòü óñòîé÷è-
âîå äîâåäåíèå (ïåðåäà÷ó) ÒÌÈ îò ÀÑÒÑ äî ÏÓ, ÷òî äîñòè-
ãàåòñÿ íà îñíîâå ìîäåëè ðàäèîìîíèòîðèíãà [42]. Òàêîé ïîä-
õîä ïîçâîëÿåò ïðîâåñòè îöåíêó êîìïëåêñíîãî èñïîëüçîâàíèÿ 
ðàçíîðîäíûõ ÊÑ äëÿ êîíòðîëÿ ÒÑ ÀÑÒÑ ïðè ãëîáàëüíûõ 
óäàëåíèÿõ îò ÏÓ íà îñíîâå ôîðìèðîâàíèÿ ñòðóêòóðû åäèíîé 
ñèñòåìû ðàäèîìîíèòîðèíãà ñ ïðèìåíåíèåì èíòåëëåêòóàëü-
íûõ òåõíîëîãèé. Â äàííîì ñëó÷àå ê íèì îòíîñÿò: ïðèíöèïû 
êîãíèòèâíîãî ðàäèî (ïðîãðàììèðóåìîãî ðàäèî ñ ýëåìåíòàìè 
êîãíèòèâíûõ ðàäèîñèñòåì), èñêóññòâåííîãî èíòåëëåêòà è 
íåéðîáèîíèêè, ïðè îáðàáîòêå ïðèíèìàåìîé ÒÌÈ â õîäå 
èíòåíñèâíîãî èíôîðìàöèîííîãî âçàèìîäåéñòâèÿ íà îñíîâå 
îáùèõ áàç äàííûõ ðàñïðåäåëåííûõ ñèñòåì [44-47]. 

Ñ ó÷åòîì ðàññìîòðåííûõ îñîáåííîñòåé, ê îñíîâíûì ìå-
òîäàì àäàïòàöèè ÀÑÊ ÒÑ ÀÑÒÑ ñëåäóåò îòíåñòè: 

1) ìåòîäû àäàïòàöèè ñòðóêòóðû âû÷èñëèòåëüíîé ñèñòåìû; 
2) èçìåíåíèå ëîãè÷åñêèõ ôóíêöèé àäàïòèðóåìûõ ýëåìåíòîâ; 
3) àäàïòèâíî íàñòðàèâàåìûå è ïåðåñòðàèâàåìûå ëîãè÷å-

ñêèå ìîäóëè; 
4) àäàïòèâíîå ïåðåðàñïðåäåëåíèå ïðîãðàìì ìåæäó ïðî-

öåññîðàìè; 
5) àäàïòèâíûå àëãîðèòìû áàëàíñèðîâêè íàãðóçêè (äèñ-

ïåò÷åðèçàöèè); 
6) àäàïòèâíàÿ êîììóòàöèÿ (ïåðåðàñïðåäåëåíèå êàíàëîâ) 

ïðè èçìåíåíèè ïîòîêîâ; 
7) àäàïòèâíûå àëãîðèòìû (ïðîòîêîëû) ìàðøðóòèçàöèè 

ïàêåòîâ è êîíòðîëÿ ïåðåãðóçîê; 
8) àäàïòèâíîå óïðàâëåíèå íàñòðîéêàìè ïàðàìåòðîâ ñåòå-

âûõ ïðîòîêîëîâ è óñòðîéñòâ. 
 
Çàêëþ÷åíèå 
 

Ïîâûøåíèå ñòåïåíè àâòîìàòèçàöèè ñèñòåì êîíòðîëÿ ñ 
ó÷åòîì ïîäñòðîéêè ê èçìåíåíèþ ïàðàìåòðîâ îáúåêòà è ñðå-
äû ôóíêöèîíèðîâàíèÿ ÀÑÒÑ, õàðàêòåðèçóþòñÿ ðåçêî èçìå-
íÿþùåéñÿ, íåîïðåäåëåííîé îáñòàíîâêîé, ÷òî, â öåëîì, 
äîëæíî ñòàòü îñíîâîé ñèíòåçà óíèâåðñàëüíûõ àäàïòèâíûõ 
ÀÑÊ. Ïîÿâëåíèå àäàïòèâíûõ ÀÑÊ çíàìåíóþò íîâûé ýòàï â 
àâòîìàòèçàöèè è èíòåíñèôèêàöèè êîíòðîëÿ ôóíêöèîíèðî-
âàíèÿ ñëîæíûõ òåõíè÷åñêèõ îáúåêòîâ – èíòåëëåêòóàëèçà-
öèè, îñíîâàííîé íà ïðèìåíåíèè íîâûõ íàóêîåìêèõ òåõíîëî-
ãèé. Ïðè ýòîì îòëè÷èòåëüíûìè ÷åðòàìè äàííîãî ýòàïà ñòà-
íóò ïåðåõîä îò äîïóñêîâîãî, ôóíêöèîíàëüíîãî èëè äèàãíî-
ñòè÷åñêîãî êîíòðîëÿ ê êîìïëåêñíîìó êîíòðîëþ, ôóíêöèî-
íèðóþùåãî ïî àäàïòèâíîìó àëãîðèòìó. Àäàïòèâíûå ÀÑÊ, 
ïîìèìî îáû÷íûõ çàäà÷ ñíàáæåíèÿ îðãàíîâ óïðàâëåíèÿ íå-
îáõîäèìîé ÈÈ äëÿ ÏÎÐ, ñìîãóò âûïîëíÿòü ñàìîðåãóëèðîâ-
êó îáúåìà äîïîëíèòåëüíûõ äàííûõ çà ñ÷åò êîìáèíàöèè 
ñòðóêòóðíîé, âðåìåííîé è ôóíêöèîíàëüíîé èçáûòî÷íîñòè. 
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Abstract
The article is devoted to the study of processes of adaptive monitoring of technical condition of autonomous complex technical objects
characterized by high cost of failure. The relevance of this direction of research is shown. The purpose of the work is to synthesize an
adaptive automated system for monitoring the technical condition of autonomous complex technical objects operating under the influ-
ence of destabilizing factors, in order to maintain the operability of which, an adaptive rapid analysis of measurement information
obtained during the monitoring process is required and its free transmission is required for making operational decisions by the con-
trol system. An approach to the construction of adaptive systems for monitoring the technical condition of autonomous geographical-
ly distributed objects on the basis of telemetry systems operating in express control and full control modes is presented. An example
of the construction, structure of the measurement information evaluation subsystem and identification of state classes of control
objects in adaptive automated control systems based on the emergency identifier is given. Characteristics of adaptive automated sys-
tems for monitoring the technical condition of autonomous geographically distributed complex technical facilities have been defined.
Among the features of promising adaptive control systems for such objects are: Two-stage control process (reduction of measurement
information redundancy), consideration of stochastic interdependence of controlled parameters of objects, adaptability of measurement
frequency relative to observed deviations of parameters, continuous metrological self-control during operation of adaptive automated
control systems, complex application of heterogeneous communication channels in combination with adaptability to external effects on
the communication line during transmission of telemetry information. The main methods of adaptation of automated systems of mon-
itoring of technical condition of autonomous complex technical objects are presented.

Keywords: autonomous complex technical objects, measuring information, adaptability, automated control systems, 
technical condition, identification, evaluation.
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За последние 50 лет отечественной промышленностью выпущено не-
сколько поколений дорожных контроллеров, которые составляют осно-
ву управления дорожным движением на улично-дорожной сети в Рос-
сийской Федерации. Широко применяются микропроцессорные техно-
логии. Большинство светофорных объектов включается в состав автома-
тизированных систем управления дорожным движением, а в последнее
время – в интеллектуальные транспортные системы. При этом конструк-
тивное исполнение осталось практически неизменным. По-прежнему не-
обходимы отдельно стоящие вандалоустойчивые металлические шкафы
на самостоятельных фундаментах. Переключение сигналов светофоров
производится коммутацией силового электропитания. Подключение к
контроллерам новых устройств (детекторов транспорта, видеокамер, ли-
ний связи и пр.) каждый раз требует разработки нового интерфейса. 
На основе классификации дорожных контроллеров по периодам разви-
тия и анализа их функций предлагается структура и конструктивное ис-
полнение контроллеров 4 поколения. Предполагается, что концепция
"умных светофоров" со встроенными ксветодиодными элементами поз-
волит избавиться от необходимости самостоятельных конструктивных
элементов в виде металлических шкафов при одновременном расшире-
нии функциональных возможностей. Выработаны предложения по вне-
сению изменений и дополнений в действующие стандарты.
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Óêàçîì Ïðåçèäåíòà Ðîññèéñêîé Ôåäåðàöèè «Î 
íàöèîíàëüíûõ öåëÿõ è ñòðàòåãè÷åñêèõ çàäà÷àõ ðàçâèòèÿ 
Ðîññèéñêîé Ôåäåðàöèè íà ïåðèîä äî 2024 ãîäà» îò 7 ìàÿ 
2018 ãîäà ïðåäóñìàòðèâàåòñÿ, â ÷àñòíîñòè, ðàçðàáîòêà è 
ðåàëèçàöèÿ ìåðîïðèÿòèé â ðàìêàõ íàöèîíàëüíîãî ïðîåêòà 
"Áåçîïàñíûå è êà÷åñòâåííûå äîðîãè". Ê ÷èñëó öåëåâûõ 
ïîêàçàòåëåé ïðîåêòà îòíåñåíî ñíèæåíèå â 3.5 ðàçà ÷èñëà 
ïîãèáøèõ â  
äîðîæíî-òðàíñïîðòíûõ ïðîèñøåñòâèÿõ (äî 4 íà êàæäûå  
100 òûñ. ÷åëîâåê íàñåëåíèÿ), à ê 2030 ãîäó – ñòðåìëåíèå ê 
íóëåâîìó óðîâíþ ñìåðòíîñòè.  

Ïðè ñîõðàíåíèè ñóùåñòâóþùåé äèíàìèêè ñîêðàùåíèÿ 
äîñòè÷ü ïîñòàâëåííûõ öåëåé íå óäàñòñÿ è ðåøåíèå çàäà÷è 
ïîòðåáóåò ïðèìåíåíèÿ íîâûõ ïîäõîäîâ ê ïîâûøåíèþ 
áåçîïàñíîñòè äîðîæíîãî äâèæåíèÿ, àêòèâèçàöèè óñèëèé 
âñåõ çàèíòåðåñîâàííûõ îðãàíîâ âëàñòè. Ê ÷èñëó òàêèõ 
ïîäõîäîâ ñëåäóåò îòíåñòè ðàçâèòèå è âíåäðåíèå 
èííîâàöèîííûõ òåõíîëîãèé â òðàíñïîðòíóþ 
èíôðàñòðóêòóðó Ðîññèè – ïðåæäå âñåãî èçëîæåííûõ â 
êîíöåïöèÿõ "óìíàÿ äîðîãà", "óìíûé ãîðîä", 
"èíòåëëåêòóàëüíàÿ òðàíñïîðòíàÿ ñèñòåìà", "òåõíîëîãèè 
ñïóòíèêîâîé íàâèãàöèè ÃËÎÍÀÑÑ" è äð. [2, 3]. 

Òåõíè÷åñêèå ðåøåíèÿ â ñîîòâåòñòâèè ñ äàííûìè 
êîíöåïöèÿìè ïîçâîëÿþò íå òîëüêî ïîâûñèòü áåçîïàñíîñòè 
íà äîðîãàõ. Îíè äàþò âîçìîæíîñòü èíòåëëåêòóàëüíî 
óïðàâëÿòü òðàíñïîðòíûìè ïîòîêàìè, óëó÷øèòü êà÷åñòâî 
îáñëóæèâàíèÿ âîäèòåëåé è ñîáèðàòü íåîáõîäèìûå äàííûå 
äëÿ äàëüíåéøåãî ðàçâèòèÿ äîðîæíî-òðàíñïîðòíîé 
èíôðàñòðóêòóðû.  

Â òî æå âðåìÿ çàòðàòû íà ñîçäàíèå òàêèõ ñèñòåì âåñüìà 
çíà÷èòåëüíû è íåîáõîäèì òùàòåëüíûé àíàëèç 
âñåâîçìîæíûõ âàðèàíòîâ òåõíè÷åñêîé ðåàëèçàöèè 
èíòåëëåêòóàëüíûõ êîìïîíåíò äîðîæíî-òðàíñïîðòíîé 
èíôðàñòðóêòóðû.  

Ê ÷èñëó âîçìîæíûõ ìåòîäîëîãè÷åñêèõ ïîäõîäîâ ê 
òàêîìó àíàëèçó ñëåäóåò îòíåñòè è èçó÷åíèå èñòîðèè 
ðàçâèòèÿ ïðèìåíÿåìûõ òåõíè÷åñêèõ ðåøåíèé. Èçó÷åíèå 
èñòîðèè ðàçâèòèÿ òåõíèêè äàåò âîçìîæíîñòü ïðîñëåäèòü 
çàêîíîìåðíîñòè òåõíè÷åñêîãî ðàçâèòèÿ, óñòàíàâëèâàòü ñâÿçü 
ìåæäó òåõíèêîé, íàóêîé è äðóãèìè îáëàñòÿìè ÷åëîâå÷åñêîé 
äåÿòåëüíîñòè. Äëÿ èíæåíåðíîãî è òåõíè÷åñêîãî òâîð÷åñòâà 
ôàêòîëîãè÷åñêèé ìàòåðèàë ïî èñòîðèè ðàçâèòèÿ òîãî èëè 
èíîãî íàïðàâëåíèÿ, èçó÷åíèå ýâîëþöèè òåõíèêè ïîçâîëÿåò 
âûðàáîòàòü ïîäõîäû ê ôîðìèðîâàíèþ òåõíè÷åñêèõ ðåøåíèé 
äëÿ íîâûõ ïîêîëåíèé. 

Ïîäîáíîãî òèïà àíàëèòè÷åñêèå èññëåäîâàíèÿ â 
ïîñëåäíåå âðåìÿ íà÷àëè ïðîâîäèòüñÿ è â ñôåðå îðãàíèçàöèè 
è áåçîïàñíîñòè äîðîæíîãî äâèæåíèÿ. Â êà÷åñòâå ïðèìåðà 
ìîæíî ïðèâåñòè ëþáîïûòíûé àíàëèç, ïðîâåäåííûé  
À.À. Ñóøêî [1], êîòîðûé êîëè÷åñòâåííûå äàííûå î ÷èñëå 
ïðèìåíÿåìûõ äîðîæíûõ çíàêîâ ðàññìàòðèâàåò êàê 
èíäèêàòîð ñìåíû ïàðàäèãì â îðãàíèçàöèè äîðîæíîãî 
äâèæåíèÿ. Ïðîñëåæèâàíèå òàêèõ òåíäåíöèé ìîæåò ïðèâåñòè, 
ïî íàøåìó ìíåíèþ, äåéñòâèòåëüíî ê ãëîáàëüíîìó 
èçìåíåíèþ âçãëÿäîâ íà âîçìîæíîñòè ðåãóëèðîâàíèÿ è 
óïðàâëåíèÿ äîðîæíûì äâèæåíèåì. 

Â ðàìêàõ íàñòîÿùåé ñòàòüè ïðåäïðèíÿòà ïîïûòêà 
ïðîñëåäèòü ýâîëþöèþ îäíîé èç êîìïîíåíò òåõíè÷åñêèõ 
ñðåäñòâ îðãàíèçàöèè äîðîæíîãî äâèæåíèÿ – äîðîæíîãî 
ñâåòîôîðà è, ïðåæäå âñåãî – äîðîæíîãî êîíòðîëëåðà. 

Â ñîîòâåòñòâèè ñ "ÎÄÌ 218.6.003-2011. Ìåòîäè÷åñêèå 
ðåêîìåíäàöèè ïî ïðîåêòèðîâàíèþ ñâåòîôîðíûõ îáúåêòîâ íà 
àâòîìîáèëüíûõ äîðîãàõ" áóäåì èñïîëüçîâàòü ñëåäóþùèå 
òåðìèíû: 

"êîíòðîëëåð äîðîæíûé – óñòðîéñòâî äëÿ óïðàâëåíèÿ 
äîðîæíûì äâèæåíèåì ïóòåì ïåðåêëþ÷åíèÿ ñèãíàëîâ 
ñâåòîôîðîâ è ìíîãîïîçèöèîííûõ äîðîæíûõ çíàêîâ, êàê íà 
ëîêàëüíûõ ïåðåñå÷åíèÿ àâòîìîáèëüíûõ äîðîã, òàê è 
âõîäÿùèõ â ñèñòåìó êîîðäèíèðîâàííîãî óïðàâëåíèÿ 
äîðîæíûì äâèæåíèåì; 

ñâåòîôîð äîðîæíûé – ñâåòîñèãíàëüíîå óñòðîéñòâî, 
ïðèìåíÿåìîå äëÿ ðåãóëèðîâàíèÿ î÷åðåäíîñòè ïðîïóñêà 
òðàíñïîðòíûõ ñðåäñòâ è ïåøåõîäîâ, à òàêæå äëÿ 
îáîçíà÷åíèÿ îïàñíûõ ó÷àñòêîâ äîðîã;  

ñâåòîôîðíûé îáúåêò – ãðóïïà ñâåòîôîðîâ, 
óñòàíîâëåííûõ íà ó÷àñòêå äîðîæíîé ñåòè, î÷åðåäíîñòü 
äâèæåíèÿ ïî êîòîðîìó êîíôëèêòóþùèõ òðàíñïîðòíûõ 
ïîòîêîâ èëè òðàíñïîðòíûõ è ïåøåõîäíûõ ïîòîêîâ 
ðåãóëèðóåòñÿ ñâåòîôîðíîé ñèãíàëèçàöèåé". 

Ïåðâûé ýëåêòðè÷åñêèé ñâåòîôîð ñ ðó÷íûì óïðàâëåíèåì 
â ÑØÀ áûë óñòàíîâëåí â Êëèâëåíäå (ÑØÀ) â 1914 ã. Ðîëü 
äîðîæíîãî êîíòðîëëåðà âûïîëíÿë ðåãóëèðîâùèê. Óæå ÷åðåç 
10-15 ëåò áûëà ðåàëèçîâàíà êîíöåïöèÿ àâòîìàòè÷åñêîãî 
êîíòðîëëåðà. Âûõîäíûìè ïàðàìåòðàìè äëÿ äîðîæíîãî 
êîíòðîëëåðà ÿâëÿåòñÿ óðîâåíü íàïðÿæåíèÿ íà 
ñîîòâåòñòâóþùåé ñèëîâîé öåëè, îòâå÷àþùåé çà âêëþ÷åíèå 
îïðåäåëåííîãî ñèãíàëà ñâåòîôîðà. Â ÷àñòè ðåçóëüòèðóþùåãî 
âûõîäíîãî ñèãíàëà  êîíòðîëëåð ìîæíî ïðåäñòàâèòü êàê ðåëå, 
âêëþ÷àþùåå èëè âûêëþ÷àþùåå îïðåäåëåííóþ ëàìïó (ãðóïïó 
ëàìï). 

Â äàëüíåéøåì äîðîæíûå êîíòðîëëåðû áûëè îáúåäèíåíû 
â àâòîìàòèçèðîâàííûå ñèñòåìû, êîòîðûå óïðàâëÿëè 
ïåðåêëþ÷åíèåì ñèãíàëîâ ñâåòîôîðà ïî ïëàíàì êîîðäèíàöèè, 
êîòîðûå ðàññ÷èòûâàëèñü íà îñíîâàíèè äàííûõ î 
òðàíñïîðòíûõ ïîòîêàõ. Ïëàí êîîðäèíàöèè ïîä íàçâàíèåì 
«çåëåíàÿ âîëíà» øèðîêî èñïîëüçóåòñÿ íà ñëàáî çàãðóæåííûõ 
äîðîæíûõ ñåòÿõ è â íàñòîÿùåå âðåìÿ.  

Â ÑÑÑÐ ðàçðàáîòêè ñèñòåì êîîðäèíèðîâàííîãî 
óïðàâëåíèÿ äîðîæíûì äâèæåíèåì íà÷àëèñü â 60-õ ãîäàõ. 
Îñâîåííûå â ïðîèçâîäñòâå êîíòðîëëåðû äîñòàòî÷íî ÷åòêî 
ìîæíî ïîäðàçäåëèòü íà òðè ïîêîëåíèÿ.  

Êîíòðîëëåðû ïåðâîãî ïîêîëåíèÿ ïðîèçâîäèëèñü 
ïðèìåðíî äî 1980 ã. Ê ÷èñëó êîíòðîëëåðîâ ïåðâîãî 
ïîêîëåíèÿ îòíîñÿòñÿ ñåðèè ÓÊ (ÓÊ-1, ÓÊ1-Ó1 ÓÊ-2), 
ïåøåõîäíûå âûçûâíûå óñòðîéñòâà (ÏÂÓ-2Ì è ÓÂÓ-2Ì). 
Êîíòðîëëåðû äàííîãî òèïà èñïîëíÿëèñü â âèäå  íàâåñíîãî 
ìåòàëëè÷åñêîãî øêàôà àíòèâàíäàëüíîãî òèïà.  

Ñ òî÷êè çðåíèÿ ñîñòàâà ýëåêòðîííîé áàçû îíè 
ôóíêöèîíèðîâàëè íà äèñêðåòíûõ ýëåìåíòàõ. Àëãîðèòìû 
óïðàâëåíèÿ ñâåòîôîðíîé ñèãíàëèçàöèåé áûëè óçêî 
ñïåöèàëèçèðîâàíû. Êîëè÷åñòâî ïåðåêëþ÷àåìûõ ôàç íå 
ïðåâûøàëî òðåõ è èõ äëèòåëüíîñòü íå ìîãëà 
êîððåêòèðîâàòüñÿ â ñîîòâåòñòâèè ñ èçìåíåíèÿìè äîðîæíûõ 
óñëîâèé. Äëèòåëüíîñòü ïðîìåæóòî÷íîãî òàêòà òàêæå íå 
ìîãëà èçìåíÿòüñÿ. Âîçìîæíîñòü ðó÷íîãî ïåðåêëþ÷åíèÿ  ôàç 
ñ ïóëüòà îïåðàòîðà îòñóòñòâîâàëà. Ïî ìåðå óñëîæíåíèÿ 
ñòðóêòóðû óëè÷íî-äîðîæíûõ ñåòåé è ðîñòà èíòåíñèâíîñòè 
äâèæåíèÿ òàêèå êîíòðîëëåðû íå ìîãëè îáåñïå÷èòü 
íåîáõîäèìîãî óðîâíÿ è êà÷åñòâà óïðàâëåíèÿ. 
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Â êà÷åñòâå ýëåìåíòíîé áàçû èñïîëüçîâàëèñü íå îòäåëü-
íûå äèñêðåòíûå ýëåìåíòû, à èíòåãðàëüíûå ñõåìû ñðåäíåé 
ñòåïåíè èíòåãðàöèè. 

Àãðåãàòíàÿ ñèñòåìà êàðäèíàëüíî èçìåíèëà âîçìîæíîñòè 
ãèáêîãî óïðàâëåíèÿ. ×èñëî ôàç ðåãóëèðîâàíèÿ óâåëè÷èëîñü 
äî 8, ÷òî ñäåëàëî âîçìîæíûì óïðàâëÿòü äâèæåíèåì ïî îò-
äåëüíûì íàïðàâëåíèÿì. Â ÷èñëå òèïîâûõ ýëåìåíòîâ èìåëèñü 
áëîêè äëÿ ïîäêëþ÷åíèÿ äåòåêòîðîâ òðàíñïîðòà è  ðåàëèçà-
öèè àäàïòèâíûõ àëãîðèòìîâ íà îñíîâå ìåòîäîâ  ïîèñêà ðàç-
ðûâîâ â òðàíñïîðòíîì ïîòîêå. Âàæíûì ñâîéñòâîì ÿâèëèñü 
ôóíêöèè âûçîâà ôàçû ïåøåõîäàìè è  ðó÷íîå óïðàâëåíèå. 
Óíèôèöèðîâàíî áûëî è êîíñòðóêòèâíîå èñïîëíåíèå, ÷òî 
ñäåëàëî âîçìîæíûì ìîäèôèöèðîâàòü ôóíêöèè êîíòðîëëåðà  
ïóòåì ëèøü çàìåíû  ñîîòâåòñòâóþùèõ áëîêîâ. Â êîíòðîëëå-
ðû áûëè âñòðîåíû áëîêè ñàìîäèàãíîñòèêè íåêîòîðûõ ôóíê-
öèé. 

Îáîáùåííàÿ ôóíêöèîíàëüíàÿ ñõåìà äîðîæíîãî êîíòðîë-
ëåðà ïðåäñòàâëåíà íà ðèñ. 1. 

 

 
 

Ðèñ. 1. Îáîáùåííàÿ ôóíêöèîíàëüíàÿ ñõåìà äîðîæíîãî êîíòðîëëåðà 
 
Â ñîñòàâå êîíòðîëëåðîâ âòîðîãî ïîêîëåíèÿ íàèáîëåå 

ìàññîâî âûïóñêàëèñü è ïðèìåíÿëèñü íà ïðàêòèêå ÄÊÌ 2Ñ-4, 
ÄÊÌ 5-4, ÄÊÌ 5-8, ÄÊÌ 6-4, ÄÊÌ 6-8.  

Îáùèé âèä äîðîæíîãî êîíòðîëëåðà 2-ãî ïîêîëåíèÿ ïðåä-
ñòàâëåí íà ðèñ. 2 (https://www.dosaaf-khab.ru/byl-sozdan-
svetofor-kak-ustroen-sovremennyi-svetofor-blok.html). 

 

 
 

Ðèñ. 2. Îáùèé âèä äîðîæíîãî êîíòðîëëåðà 2-ãî ïîêîëåíèÿ 
 
Ñ 1985 ã. íà÷àòî ïðîèçâîäñòâî êîíòðîëëåðîâ 3-ãî ïîêî-

ëåíèÿ ñ èñïîëüçîâàíèåì ìèêðîïðîöåññîðíîé òåõíèêè. 

Íåîáõîäèìîñòü íàðàùèâàíèÿ âû÷èñëèòåëüíûõ ìîùíî-
ñòåé íà äîðîæíîì êîíòðîëëåðå áûëà ñâÿçàíà ñ ðåàëèçàöèåé 
àäàïòèâíûõ ðåæèìîâ ðàáîòû íà ëîêàëüíîì îáúåêòå (à â ïî-
ñëåäñòâèè è íà ñåòè), ÷òî ïðèâåëî ê ïîïûòêàì ñîçäàíèÿ âû-
÷èñëèòåëüíûõ êëàñòåðîâ íà áàçå äîðîæíûõ êîíòðîëëåðîâ, 
ïðîèçâîäÿùèõ ðàñ÷åòû äëèòåëüíîñòè öèêëà â ðåàëüíîì 
ìàñøòàáå âðåìåíè â çàâèñèìîñòè îò ïîêàçàíèé äåòåêòîðîâ 
òðàíñïîðòà. 

Êîíòðîëëåðû ðàçðàáîòàíû íà ñîâðåìåííûõ òåõíè÷åñêèõ 
ñðåäñòâàõ. Îáåñïå÷èâàåòñÿ ñîêðàùåíèå âðåìåíè îáñëóæèâà-
íèÿ, ðåìîíòà è ïðîôèëàêòèêè. Ïðàêòè÷åñêè âñå êîíòðîëëå-
ðîâ ðåàëèçîâàíû ïðîãðàììíûìè ñðåäñòâàìè. Ðàññ÷èòàííûå 
ïëàíû êîîðäèíàöèè ïåðåíîñÿòñÿ è çàãðóæàþòñÿ â êîíòðîë-
ëåð äèñòàíöèîííî èëè ñ ïåðåíîñíûõ ñðåäñòâ âû÷èñëèòåëü-
íîé òåõíèêè. Íåðàçðóøàþùàÿñÿ ïàìÿòü êîíòðîëëåðà ñîõðà-
íÿåò ââåäåííûå äàííûå â øèðîêîì äèàïàçîíå óñëîâèé ýêñ-
ïëóàòàöèè. Èìååòñÿ âîçìîæíîñòü îïåðàòèâíîãî èçìåíåíèÿ 
äëèòåëüíîñòè òàêòîâ ðåãóëèðîâàíèÿ è îòäåëüíûõ ôàç (äî 12) 
â çàâèñèìîñòè îò  âðåìåíè ñóòîê ñ ó÷åòîì ðàáî÷èõ è âûõîä-
íûõ (äî 8), êîëè÷åñòâî ïîäêëþ÷åííûõ ñâåòîôîðîâ è íàïðàâ-
ëåíèé äâèæåíèÿ.  

Â íàñòîÿùåå âðåìÿ ïðîäîëæàåòñÿ ïðîèçâîäñòâî êîíòðîë-
ëåðîâ 3 ïîêîëåíèÿ òèïà ÄÊÑ, ÄÊÌ, ÄÊÌÏ è äð. Íàðàùèâà-
þòñÿ èõ ôóíêöèè – ïðåæäå âñåãî â ÷àñòè ïîäêëþ÷åíèÿ äå-
òåêòîðîâ ðàçíîãî òèïà è ñâåòîäèîäíûõ ñâåòîôîðîâ. Ïðè 
ýòîì ñîõðàíÿåòñÿ ñîâìåñòèìîñòü è âîçìîæíîñòü èõ ñîïðÿ-
æåíèÿ ñ ñèñòåìàìè 2 ïîêîëåíèÿ. Êîíñòðóêòèâíî êîíòðîëëå-
ðû 3 ïîêîëåíèÿ ðàçìåùàþò â òåõ æå ìåòàëëè÷åñêèõ øêàôàõ 
è  òåõ æå ðàçìåðîâ, ÷òî è êîíòðîëëåðû 2 ïîêîëåíèÿ. 

Òàêèì îáðàçîì, ñåãîäíÿ ñóùåñòâóåò òðè ïîêîëåíèÿ ñèñ-
òåì àâòîìàòèçàöèè è âñå òðè óñïåøíî èñïîëüçóþòñÿ ïî 30 
ëåò è áîëåå. Íîâûå çàäà÷è óïðàâëåíèÿ äîðîæíûì äâèæåíèåì 
äèêòóþò àêòèâíîå ðàçâèòèå èíòåëëåêòóàëüíûõ òðàíñïîðò-
íûõ ñèñòåì è ôîðìèðîâàíèå, â òîì ÷èñëå, íîâîãî îáëèêà 
ôóíêöèîíàëüíûõ âîçìîæíîñòåé è êîíñòðóêòèâíîãî èñïîë-
íåíèÿ äîðîæíûõ êîíòðîëëåðîâ. 

Íåñìîòðÿ íà ñìåíó àïïàðàòíîé áàçû è ñèñòåìíûõ ýëå-
ìåíòîâ, ôóíêöèîíàëüíî êîíòðîëëåðû âòîðîãî è òðåòüåãî 
ïîêîëåíèÿ èìåþò ìíîãî ñõîæåãî è íå ãåíåðèðóþò íîâûå 
âîçìîæíîñòè äëÿ èíòåëëåêòóàëüíûõ òðàíñïîðòíûõ ñèñòåì. 
Íåñìîòðÿ íà ãèãàíòñêèå ñêà÷êè â ðàçâèòèè ìèêðîïðîöåññîð-
íîé òåõíèêè è ñðåäñòâ ïåðåäà÷è äàííûõ âîïðîñû  ñîçäàíèÿ 
äîðîæíûõ êîíòðîëëåðîâ ñëåäóþùåãî  ïîêîëåíèÿ  äî ñèõ ïîð 
íå ïðîðàáîòàíû äàæå â êîíöåïòóàëüíîì àñïåêòå. 

Êîíòðîëëåðû ÷åòâ ð̧òîãî ïîêîëåíèÿ ðåàëèçóþòñÿ ïîêà 
òîëüêî ôðàãìåíòàðíî: îäíà êîìïàíèÿ ïðîèçâîäèò îäíó ïî-
çèöèþ, âòîðàÿ – äðóãóþ è òàê ïî êðóãó. Íèêòî â ìèðå åù¸ íå 
äîø¸ë äî âûïóñêà äàííîãî îáîðóäîâàíèÿ â ïîëíîì îáú¸ìå. 
Äàâíî ïîðà ñôîðìóëèðîâàòü òðåáîâàíèÿ è ïîæåëàíèÿ ê ñèñ-
òåìàì áóäóùåãî êàê íà óðîâíå ñåãîäíÿøíèõ âîçìîæíîñòåé, 
òàê è ñ âîçìîæíûìè ïðîãíîçàìè ðàçâèòèÿ íàóêè è òåõíèêè. 

Ðåòðîñïåêòèâíûé àíàëèç ðàçâèòèÿ äîðîæíûõ êîíòðîëëå-
ðîâ ïîçâîëÿåò, íà íàø âçãëÿä, ñôîðìóëèðîâàòü ñàìûå ñóùå-
ñòâåííûå òðåáîâàíèÿ ê ïðîäóêòàì ÷åòâ¸ðòîãî ïîêîëåíèÿ.  

Ïðåæäå âñåãî – ãàáàðèòû. Íàëè÷èå ãðîìîçäêèõ øêàôîâ, 
íåîáõîäèìîñòü èõ èñïîëíåíèÿ â àíòèêîððîçèéíîì è âàíäà-
ëîóñòîé÷èâîì èñïîëíåíèè äëÿ ðàçëè÷íûõ êëèìàòè÷åñêèõ 
óñëîâèé çàìåòíî óâåëè÷èâàåò èõ ñòîèìîñòü. Òàêèå êîíñòðóê-
òèâû ñàìûì ñóùåñòâåííûì îáðàçîì âëèÿþò íà ýêñïëóàòàöèè- 
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ýêñïëóàòàöèîííûå çàòðàòû – íåîáõîäèìû âûäåëåíèå çåìëè, 
óñòðîéñòâî ôóíäàìåíòîâ, ðåãóëÿðíîå ìûòüå îò çàãðÿçíåíèé 
è ïîêðàñêà. Ïîâñåìåñòíà ïðîáëåìà î÷èñòêè îò ðåêëàìíûõ 
îáúÿâëåíèé è íàäïèñåé. Â çèìíèé ïåðèîä íåîáõîäèìà ðàñ-
÷èñòêà ïîäõîäîâ ê êîíòðîëëåðàì. Íåðåäêè ñëó÷àè, êîãäà îíè 
ïîâðåæäàþòñÿ â ðåçóëüòàòå äîðîæíî-òðàíñïîðòíûõ ïðîèñ-
øåñòâèé è îøèáî÷íûõ ìàíåâðîâ âîäèòåëåé òðàíñïîðòíûõ 
ñðåäñòâ. 

Íàèáîëåå ïðîñòî ðåøàåìàÿ ÷àñòü çàäà÷è ðåçêîãî ñíèæå-
íèÿ ãàáàðèòîâ äîðîæíîãî êîíòðîëëåðà – áëîê óïðàâëåíèÿ 
(ðèñ. 1), êîòîðûé âñå áîëüøå ïðèîáðåòàåò ïðèçíàêè êîìïüþ-
òåðà (íàëè÷èå îïåðàöèîííîé ñèñòåìû, ìûøè, êëàâèàòóðû, 
ìîíèòîðà è äð.), à êîìïüþòåðû ñòðåìèòåëüíî óìåíüøàþòñÿ 
â ãàáàðèòàõ è ñòîèìîñòè. Èçâåñòíî âûñêàçûâàíèå êîìïüþ-
òåðíîãî ìàãíàòà Áèëëà Ãåéòñà: "Åñëè áû àâòîìîáèëü ïðî-
ãðåññèðîâàë òàê æå áûñòðî, êàê êîìïüþòåð, òî "Ðîëëñ-Ðîéñ" 
ñòîèë áû ñåé÷àñ ìåíüøå äîëëàðà, à íà ëèòðå áåíçèíà ìîæíî 
áûëî áû ïðîåõàòü òûñÿ÷ó êèëîìåòðîâ" 

Áûñòðîäåéñòâèå, ïàìÿòü è äðóãèå õàðàêòåðèñòèêè êîì-
ïüþòåðîâ çà ïîñëåäíèå 30 ëåò âûðîñëè õà 3-5 ïîðÿäêîâ ïðè 
òîì, ÷òî èõ ñòîèìîñòü çà ýòî æå âðåìÿ ñíèçèëàñü â 3-5 ðàç 
[4]. Èìåþòñÿ êîìïüþòåðû â êîíñòðóêòèâàõ äëÿ æåñòêèõ óñ-
ëîâèé ýêñïëóàòàöèè. Àïïàðàòíûå ðàçëè÷èÿ ìåæäó êîìïüþ-
òåðîì è êîíòðîëëåðîì ïîñòåïåííî èñ÷åçàþò.  

Îñíîâíûìè îòëè÷èòåëüíûìè ïðèçíàêàìè êîíòðîëëåðà è 
îãðàíè÷åíèÿìè ïî ñíèæåíèþ ãàáàðèòîâ îñòàåòñÿ åãî ïåðè-
ôåðèéíîå îáîðóäîâàíèå. 

Îäíèì èç ãëîáàëüíûõ íåäîñòàòêîâ êëàññè÷åñêîãî ïîäõî-
äà ê ïðîåêòèðîâàíèþ äîðîæíûõ êîíòðîëëåðîâ ÿâëÿåòñÿ èõ 
ïîçèöèîíèðîâàíèå êàê öåíòðàëüíîãî êîììóòèðóþùåãî óñò-
ðîéñòâà, îñóùåñòâëÿþùåãî ïåðåêëþ÷åíèå ñèãíàëà ïåðåìåí-
íîãî òîêà 220 Â. Ôàêòè÷åñêè ê êàæäîìó ñâåòîôîðó îò äî-
ðîæíîãî êîíòðîëëåðà íåîáõîäèìî òÿíóòü íå ìåíåå 3-õ ñèëî-
âûõ êàáåëåé ïèòàíèÿ 220 Â.  

Â ñëîæèâøèõñÿ óñëîâèÿõ ãîðîäñêîé çàñòðîéêè íàðàùè-
âàíèå êîëè÷åñòâà ïåðåêðåñòêîâ ñî ñâåòîôîðíûì ðåãóëèðîâà-

íèåì óïèðàåòñÿ â îãðîìíîå êîëè÷åñòâî ïîäçåìíûõ êîììó-
íèêàöèé, óâåëè÷èâàþùèõ ñòîèìîñòü óñòàíîâêè è ýêñïëóàòà-
öèè îáúåêòà, óñëîæíÿþùèõ ñïîñîáû ïðîêëàäêè êîììóíèêà-
öèé. 

Òàêîé ïîäõîä áûë îïðàâäàí, êîãäà ñâåòîñèãíàëüíûì 
ýëåìåíòîì ñâåòîôîðà ÿâëÿëàñü îáû÷íàÿ ëàìïà íàêàëèâàíèÿ. 
Â íàñòîÿùåå âðåìÿ áîëüøèíñòâî ñâåòîôîðîâ óæå âûïóñêà-
þòñÿ íà îñíîâå ñâåòîäèîäíûõ ïàíåëåé è â ñâîåì ñîñòàâå 
èìåþò âñòðîåííûå êîíòðîëëåðû (áóäåì èõ íàçûâàòü "ñâåòî-
ôîðíûå êîíòðîëëåðû"), êîòîðûå ôîðìèðóþò ñèãíàëû ðàç-
ëè÷íîãî òèïà, âêëþ÷àÿ ñòèëèçîâàííûå èçîáðàæåíèÿ, ñòðåë-
êè, òàáëî îáðàòíîãî îòñ÷åòà âðåìåíè (ðèñ. 3).  

Íàëè÷èå ñâåòîôîðíîãî êîíòðîëëåðà ïîçâîëèò âñòðàèâàòü 
â íåãî âèäåîêàìåðû, äàò÷èêè (øóìà, çàãðÿçíåíèÿ, ìåòåîóñ-
ëîâèé è ïð.), ñðåäñòâà áåñïðîâîäíîé ñâÿçè è ò.ä. [5]. Ôàêòè-
÷åñêè íè÷òî íå ïðåïÿòñòâóåò òîìó, ÷òî â êàæäûé ñâåòîôîð 
áóäåò âõîäèòü òîëüêî äâà ïðîâîäà – ïèòàíèå (êîòîðîå íå 
îáÿçàòåëüíî äîëæíî ïîäâîäèòüñÿ îò äîðîæíîãî êîíòðîëëå-
ðà) è óïðàâëåíèå (êîòîðîå ìîæåò ïîäàâàòüñÿ è ïî áåñïðî-
âîäíîé ñâÿçè). Ýòî íå òîëüêî óïðîñòèò ñòðîèòåëüíî-
ìîíòàæíûå ðàáîòû íà ìåñòíîñòè, íî è ïîçâîëèò èñêëþ÷èòü 
èç ñîñòàâà êîíòðîëëåðà åãî íàèáîëåå êðóïíóþ è ýíåðãîåì-
êóþ ÷àñòü – ñèëîâîé áëîê. 

Âòîðàÿ ïî ãàáàðèòàì ñîñòàâíàÿ ÷àñòü äîðîæíîãî êîí-
òðîëëåðà – ïëàòû ñîïðÿæåíèÿ ñ âíåøíèìè óñòðîéñòâàìè. Â 
íàñòîÿùåå âðåìÿ â áîëüøèíñòâå ñëó÷àåâ êàæäîå âíåøíåå 
óñòðîéñòâî èìååò ñâîé èíòåðôåéñ è, ñîîòâåòñòâåííî, ñâîþ 
ïëàòó (êàðòó) ñîïðÿæåíèÿ. Ïåðåâîä ôóíêöèîíàëüíîé ñòðóê-
òóðû äîðîæíîãî êîíòðîëëåðà íà ñòàíäàðòíûå êîìïüþòåðíûå 
êîíôèãóðàöèè è ïðèìåíåíèå òåõíîëîãèè Plug and Play ñâå-
äåò ýòó ÷àñòü ïðîáëåìû ê óíèôèöèðîâàííûì ðàçúåìàì  òèïà 
USB. Ïî ýòîé æå òåõíîëîãèè ìîãóò áûòü ðåàëèçîâàíû ïîä-
êëþ÷åíèÿ ê ëèíèÿì ñâÿçè ñ öåíòðàìè óïðàâëåíèÿ äîðîæíûì 
äâèæåíèåì. 

Ïðåäìåòîì äîïîëíèòåëüíîé ðàçðàáîòêè áóäåò ðåàëèçàöèÿ 
ôóíêöèé äèàãíîñòèêè è êîíòðîëÿ ðàáîòîñïîñîáíîñòè. 

 
 

 
 

Ðèñ. 3. Êîíöåïòóàëüíûå âîçìîæíîñòè ñâåòîäèîäíîãî ñâåòîôîðà ñî âñòðîåííûì ñâåòîôîðíûì êîíòðîëëåðîì 
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Â ëþáîì äîðîæíîì êîíòðîëëåðå äîëæíû áûòü 
ðåàëèçîâàíû êàê ìèíèìóì ñëåäóþùèå ôóíêöèè äèàãíîñòèêè 
è êîíòðîëÿ:  

–èìåòü êîíòðîëü îòêàçîâ êðàñíûõ ñèãíàëîâ ñâåòîôîðîâ; 
–èìåòü êîíòðîëü è  áëîêèðîâêó âêëþ÷åíèÿ ðàçðåøàþùèõ 

ñèãíàëîâ ñâåòîôîðîâ ïî  êîíôëèêòíûì íàïðàâëåíèÿì; 
–èìåòü çàùèòó âûõîäíûõ ñèëîâûõ öåïåé îò ïåðåãðóçîê è 

êîðîòêèõ çàìûêàíèé; 
– ïðîèçâîäèòü àâàðèéíîå îòêëþ÷åíèå â ñëó÷àå 

îòêëîíåíèé â ðàáîòå âûõîäíûõ êàíàëîâ ëèáî ïîÿâëåíèÿ íà 
íèõ âíåøíåãî ïàðàçèòíîãî íàïðÿæåíèÿ; 

– îáåñïå÷èâàòü àâòîìàòè÷åñêîå âêëþ÷åíèå â ðàáîòó 
ïîñëå ïåðåðûâà â ýëåêòðîïèòàíèè; 

– ñîõðàíÿòü ðàáîòîñïîñîáíîñòü ïðè âîçäåéñòâèè 
èíäóñòðèàëüíûõ ðàäèîïîìåõ, íàëè÷èå êîòîðûõ íå äîëæíî 
ïðèâîäèòü ê ñáîÿì â ðàáîòå êîíòðîëëåðà. 

Ðåàëèçàöèÿ ýòèõ ôóíêöèé ïîòðåáóåò ðàñïðåäåëåíèÿ 
ôóíêöèé êîíòðîëÿ ìåæäó ñâåòîôîðíûì è äîðîæíûì 
êîíòðîëëåðàìè è  ðàçðàáîòêè àëãîðèòìîâ èõ ñîâìåñòíîãî 
èñïîëüçîâàíèÿ. Îäíàêî ðåøåíèå ýòîé çàäà÷è íå ïîòðåáóåò 
äîïîëíèòåëüíûõ àïïàðàòíûõ ñðåäñòâ, òàê êàê ñ ó÷åòîì 
âîçìîæíîñòåé ñîâðåìåííûõ ìèêðîïðîöåññîðîâ, 
ïðèìåíÿåìûõ ïðè ñîçäàíèè êîìïüþòåðîâ, ìîæåò áûòü 
ðåàëèçîâàíà ïðîãðàììíûìè ñðåäñòâàìè.  

Â êîíöåïöèè "Óìíûõ äîðîã" ïîòðåáóþòñÿ äàò÷èêè 
äâèæåíèÿ íå òîëüêî àâòîìîáèëåé, íî  è ïåøåõîäîâ. Äëÿ 
âûáîðà ïðîãðàìì óïðàâëåíèÿ â ñîîòâåòñòâèè ñ ïîãîäíûìè 
óñëîâèÿìè ïîòðåáóþòñÿ ìåòåî-äàò÷èêè. Íà äîðîæíûå 
êîíòðîëëåðû ìîãóò âîçëàãàòüñÿ ôóíêöèè GPS/ÃËÎÍÀÑÑ 
íàâèãàöèè, ïåðåäà÷è äàííûõ îò ñðåäñòâ ôîòî-
âèäåîôèêñàöèè íàðóøåíèé ïðàâèë äîðîæíîãî äâèæåíèÿ, 
óïðàâëåíèÿ óëè÷íûì îñâåùåíèåì, ýëåêòðîííûìè 
äîðîæíûìè çíàêàìè è èíôîðìàöèîííûìè  òàáëî. Â 
çíà÷èòåëüíîé ìåðå äîðîæíûå êîíòðîëëåðû 4 ïîêîëåíèÿ 
ìîãóò îáñëóæèâàòü ïåðèôåðèéíûå êîìïîíåíòû óïðàâëåíèÿ 
åäèíûì ïàðêîâî÷íûì ïðîñòðàíñòâîì. 

Ýòè è äðóãèå ôóíêöèè åùå â áîëüøåé ñòåïåíè 
ïðåäîïðåäåëÿþò íåîáõîäèìîñòü ðåàëèçàöèè äîðîæíûõ 
êîìïüþòåðîâ íà áàçå ïðîìûøëåííûõ êîìïüþòåðîâ ñ õîðîøî 
îòðàáîòàííûìè îïåðàöèîííûìè ñèñòåìàìè è èíòåðôåéñàìè 
âçàèìîäåéñòâèÿ.  

Ïî ïðåäâàðèòåëüíîé îöåíêå ãàáàðèòû òàêîãî 
êîíòðîëëåðà ìîãóò áûòü ñâåäåíû ê ãàáàðèòàì ñòàíäàðòíîãî 
ñìàðòôîíà è ðàçìåùåíèÿ äîïîëíèòåëüíûõ êîíñòðóêòèâîâ íà 
óëè÷íî-äîðîæíîé ñåòè íå ïîòðåáóåòñÿ! 

Ïðàêòè÷åñêàÿ ðåàëèçàöèè êîíòðîëëåðîâ 4 ïîêîëåíèÿ 
äîëæíà íà÷àòüñÿ ñ ïðîðàáîòêè âîïðîñîâ âíåñåíèÿ èçìåíåíèé 
è äîïîëíåíèé â äåéñòâóþùèå ÃÎÑÒû. 

Íà ñåãîäíÿøíèé äåíü òåõíè÷åñêèå òðåáîâàíèÿ ê 
äîðîæíûì ñâåòîôîðàì â Ðîññèéñêîé Ôåäåðàöèè 
óñòàíàâëèâàþòñÿ äâóìÿ ðàçíûìè ñòàíäàðòàìè: 

– ìåæãîñóäàðñòâåííûì ñòàíäàðòîì ÃÎÑÒ 33385-2015 
"Äîðîãè àâòîìîáèëüíûå îáùåãî ïîëüçîâàíèÿ. Äîðîæíûå 
ñâåòîôîðû. Òåõíè÷åñêèå òðåáîâàíèÿ", ââåäåííûì â äåéñòâèå 
ñ 8 ñåíòÿáðÿ 2016ã. ïðèêàçîì Ôåäåðàëüíîãî àãåíòñòâà ïî 
òåõíè÷åñêîìó ðåãóëèðîâàíèþ è ìåòðîëîãèè îò 31 àâãóñòà 
2016ã. ¹1001-ñò; 

– íàöèîíàëüíûì ñòàíäàðòîì Ðîññèéñêîé Ôåäåðàöèè 
ÃÎÑÒ Ð 52282-2004 "Òåõíè÷åñêèå ñðåäñòâà îðãàíèçàöèè 
äîðîæíîãî äâèæåíèÿ. ÑÂÅÒÎÔÎÐÛ ÄÎÐÎÆÍÛÅ. Òèïû è 

îñíîâíûå ïàðàìåòðû. Îáùèå òåõíè÷åñêèå òðåáîâàíèÿ. 
Ìåòîäû èñïûòàíèé". 

Îáà ñòàíäàðòà äåéñòâóþùèå è ñîäåðæàò êàê îáùèå 
òðåáîâàíèÿ, òàê è íåêîòîðûå ðàçëè÷èÿ. Òèïû è èñïîëíåíèÿ 
ñâåòîôîðîâ ïî îáîèì ÃÎÑÒàì ïîëíîñòüþ ñîâïàäàþò, îäíàêî 
ÃÎÑÒ 33385 ñîäåðæèò îòñûëêó ê íàöèîíàëüíûì íîðìàì 
ñòðàí ó÷àñòíèö è ñîäåðæèò ðåêîìåíäóåìûå òèïû è 
èñïîëíåíèÿ. Èìåþòñÿ ðàçíî÷òåíèÿ è äðóãèå ðàçíî÷òåíèÿ â 
ïðèìåíåíèè îáîèõ ñòàíäàðòîâ. 

Íàïðèìåð, ìåæãîñóäàðñòâåííîì ñòàíäàðòå ÃÎÑÒ 33385 
èìååòñÿ êëàññèôèêàöèÿ ñâåòîôîðîâ â çàâèñèìîñòè îò 
òåìïåðàòóðíûõ äèàïàçîíîâ: óñòàíîâëåíû ïÿòü 
òåìïåðàòóðíûõ äèàïàçîíîâ. Â íàöèîíàëüíîì ñòàíäàðòå 
Ðîññèè ýòîãî íåò. Èìåþòñÿ ðàçëè÷èÿ â òðåáîâàíèÿõ ê 
îêðàñêå êîðïóñà ñâåòîôîðà, ê ñâåòîîòðàæàþùèì ýêðàíàì è ê 
êðåïëåíèÿì, ñîõðàíåíû òðåáîâàíèÿ ê êîçûðüêàì (êàê äëÿ 
ñâåòîôîðíûõ ëèíç ñ ëàìïàìè íàêàëèâàíèÿ è íåêîòîðûå äð. 

Â ñâÿçè ñ ïðèìåíåíèåì ñâåòîäèîäíûõ ñâåòîôîðîâ 
òðåáóåòñÿ óòî÷íåíèå âîïðîñîâ êîîðäèíàòû öâåòíîñòè è 
ôîòîìåòðè÷åñêèõ õàðàêòåðèñòèê. Íà ïðàêòèêå ïðèìåíÿþòñÿ 
ñâåòîäèîäû ñ äëèíîé âîëíû, îáåñïå÷èâàþùåé ñèíå-çåëåíûé 
öâåò èëè èçóìðóäíî-çåëåíûé, êîòîðûé â êîîðäèíàòû 
öâåòíîñòè íå ïîïàäàåò. Â ñâÿçè ñ ìàññîâûì ïðèìåíåíèåì 
ñâåòîâîé ðåêëàìû òðåáóþò íîðìèðîâàíèÿ âîïðîñû 
ðàçëè÷èìîñòè ñèãíàëîâ ñâåòîôîðîâ. 

Îäíàêî ïåðâîî÷åðåäíîé çàäà÷åé ñëåäóåò ñ÷èòàòü 
âêëþ÷åíèå â ãîñóäàðñòâåííûå ñòàíäàðòû òðåáîâàíèé îá 
îáÿçàòåëüíîñòè ñâåòîôîðíûõ êîíòðîëëåðîâ ñ 
ðåãëàìåíòàöèåé ðàñïðåäåëåíèÿ ôóíêöèé ìåæäó äîðîæíûì è 
ñâåòîôîðíûì êîíòðîëëåðàìè è ïî ïîðÿäêó îáìåíà 
èíôîðìàöèåé ìåæäó íèìè. 

Âíåñåíèå íåîáõîäèìûõ èçìåíåíèé â ÃÎÑÒû è 
ïðàêòè÷åñêàÿ ðåàëèçàöèÿ "â æåëåçå" ïîçâîëèò ïåðåéòè ê 
ñîçäàíèþ äåéñòâèòåëüíî èíòåëëåêòóàëüíûõ òðàíñïîðòíûõ 
ñèñòåì – ïî êðàéíåé ìåðå â ÷àñòè îáóñòðîéñòâà äîðîæíî-
òðàíñïîðòíîé èíôðàñòðóêòóðû. 

 
Ëèòåðàòóðà 
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ROAD CONTROLLERS - PAST, NOWADAYS, FUTURE
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Abstract
Over the past 50 years, the domestic industry has produced several generations of road controllers, which form the basis of traffic con-
trol on the road network in the Russian Federation. Microprocessor technologies are widely used. Most traffic lights are included in
automated traffic control systems, and more recently in intelligent transport systems. At the same time, the design remained virtually
unchanged. Free-standing vandal-resistant metal cabinets on independent foundations are still needed. Switching of signals of traffic lights
is made by switching of power supply. Connecting new devices to the controllers (transport detectors, video cameras, communication
lines, etc.) each time requires the development of a new interface. In the proposed article, based on the classification of road controllers
by periods of development and analysis of their functions, the structure and design of the 4th generation controllers are proposed. 
It is assumed that the concept of "smart traffic lights" with built-in led elements will eliminate the need for independent structural ele-
ments in the form of metal cabinets while expanding the functionality. Proposals for amendments and additions to the existing stan-
dards have been developed.

Keywords: road controller, traffic light controller, functional scheme, design, current state standards.
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Saving the lives of people suffering from emergencies is the most
important task facing any state. The speed of response of rescue
systems depends on their ability to interact and ensure reliable
communication between the population and the organizations that
are responsible for rescue services. The article is devoted to the
search for solutions to ensure sustainable communication in emer-
gencies. The article offers options for solving two different prob-
lems that arise during the development of emergencies. One of the
consequences of the emergency is a sharp increase in the number
of calls by the population to rescue services, the pos-sible partial
destruction of rescue systems, as well as a breakdown in commu-
nica-tion between the population and response points. The first
task is to increase the capacity of call centers to detect emergen-
cies, monitor the situation, inform the public and reduce panic. The
second task – is providing emergency communication between res-
cue services. To solve this problem, use TETRA professional radio-
telephone equipment as an alternative to mobile communication
systems that can be disabled or disabled.
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The level of development of states can be assessed by the 
level of introduction of telecommunication technologies to en-
sure convenience for residents, as well as to assist them in emer-
gencies. The transition from autonomous call centers of emer-
gency services (CC ES) to their integration into the system helps 
to attract additional resources for service calls in emergencies. 
The need for combining and operational processing of emergen-
cies traffic in a single duty dispatch services (SDDS) has led to 
the introduction of Systems112, with the help of which access to 
several operational services is carried out by one number 112. 

The development of emergencies leads to a rapidly increase 
in traffic directed to call centers ES. Consequently, the call cen-
ters ES cannot support the established indicators of quality of 
service (QoS). 

As shown in Figure 1, during emergencies, real-time com-
munication traffic (telephone communication) is especially rap-
idly growing. A quick response is important to rescue the victims 
[1, 2]. 

 

 
 

Figure1. Traffic increase during Emergency 
 

Call centers of the “System 112” should fix the emergence of 
emergencies and, as a result, transfer the response systems in 
emergency mode. 

In some situations, it is difficult to predict occurrence of 
emergencies based on data from traditional warning systems. We 
can offer such a sequence to switch to emergency mode. 

1. We fix a certain number of calls, numerically equal to 
the number of operators in the call service center; we denote it by 
the value (C). 

2.  Set this value as a threshold value. 
3. A certain time interval t is fixed for observing the pro-

cess of incoming calls (it can be assumed that t is equal to the 
time of one session, that is, the time during which one call is 
served). 

4. In each time interval, the number of incoming calls is 
recorded IC (t). 

5. Comparison performed of the number of incoming calls 
in the time interval t that was denoted as with a threshold value. 

6. If the number of incoming calls in the time interval t is 
greater than the threshold value, then the occurrence of an emer-
gency announced, and the emergency mode is switched on 

 

 
 
 

Function x(t) – the appearance of emergency during the time t. 
After switching on the emergency mode, the task is to in-

crease Throughput of call centers of emergency services (ÑÑ ES) 
We list the list of factors of multidirectional influence on the 

throughput of “System 112”: 
- Structure choice – distributed, centralized, mixed; 
- Allocation of a special center for operational reserve; 
- Combining in emergency mode the resources of several 

call service centers; 
- Selection of traffic distribution method in emergency 

mode. 
Under normal conditions, the throughput is high enough and 

the “System 112” ensures reliable communication. In emergency 
mode, everything changes and the quality of service decreases. 
To increase the throughput in call centers, a special method must 
be developed. The first two factors are difficult to change (it 
means the choice of structure and allocation of resources). The 
third and fourth factors can be used to provide high throughput. 
Based on them, can be chosen a method for combining call cen-
ters of emergency services (ÑÑ ES), and develop a method for 
distributing excess traffic. 

One of the manifestations of an emergency can be the block-
ing of various elements of the emergency call center. Proposed 
solutions should consider this possibility. A high availability 
ratio is required to ensure due to the provision of a sufficient 
reserve. 

This article proposes a solution for the task by combining the 
resources of several call centers of emergency services (ÑÑ ES), 
to increase the throughput of the SDDS system as a whole. 

From the point of view of queuing theory, it is possible to 
consider emergency call service centers as a multichannel system 
[1, 3, 4]. If the emergency mode is fixed in one area, the thread 
of emergency calls to one specific emergency call service center 
is increasing. It is necessary to increase the number of operators 
in the ÑÑ ES taking into account the expected emergency traffic. 
Part of the operator’s workplaces was not be used, because 
emergencies are quite rare. To reduce costs when deploying new 
operator jobs, significant redundancy is laid down for devices 
and line-cable structures. By providing a connection between call 
centers in different regions using fiber-optic rings, we get the 
fundamental possibility of serving a large part of the excess traf-
fic with the resources of those ÑÑ ES that are not affected by the 
emergency. 

Figure two shows a variant of the organization of interaction 
between different ÑÑ ES on fiber-optic communication lines. In 
this case, a special center for operational response has been set 
up (ÑÑ ES OR), resources which are available to several ÑÑ ES. 
That is, for each of the ÑÑ ESs, it provides for the possibility of 
reroute excess traffic to the call center ÑÑ ES OR. The mathe-
matical model and calculation results of this option published in 
article [3]. 

The positive aspects of using the rapid response center are: 
- Efficient service of excess traffic from several call cen-

ters of ES in the service areas of which emergencies occurred at 
the same time; 

- The possibility to take into account the geographical fac-
tor, including call centers of regions and settlements distant 
from each other in the CC of the OR, which reduces the risk of 
critical congestion when several emergencies occur simultane-
ously. 
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- The possibility to provide operational mutual assistance 
to several call centers at the same time; 

This option has a significant drawback, consisting in the irra-
tionality of the use of the operational response center, the equip-
ment that used only in emergencies. 
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Figure 2. The use of fiber optic rings for interconnecting  
an EC call center 

 
In Figure 3 another variant of the organization of mutual as-

sistance between ÑÑ ESs is presented. This takes into account 
the need to maintain a sufficiently high level of emergency call 
service in areas where there is no emergency, but the resources 
that are used to service excess traffic. 

The functional diagram of this option presented in Figure 3. 
The operational management methods ORR (Overflow Reroute) 
and COR (Cancel Reroute Overflow) are used. Consider apply-
ing the Overflow Reroute method. The principle of its operation 
is that when any ÑÑ ES goes into lock mode (all operators are 
busy), the ORR method activated in this call center. Unserved 
calls to this call center are redirected to other ÑÑ ES.  

When a redirected call incomes at the ÑÑ ES, which is una-
vailable due to the busyness of all operators or due to the man-
agement functions involved by the network, the call goes in a 
circular pattern to the next call center (ÑÑ ES). If not all ÑÑ ESs 
are available for a redirected call, the call receives information 
from the IVR interactive voice menu system. Part of the load is 

serviced in the ÑÑ ES – Emg (emergency call service center, in 
the service area of which the emergency is recorded).  

Excess traffic from it is sent through a distributor to call cen-
ters of the mutual assistance system, the volume of such traffic is 
set in proportion to the real capacity of these ÑÑ ES. Figure 3 
shows a simplified sample. The number of centers to be com-
bined can be established taking into account real conditions. Be-
tween the ÑÑ ES, it may be possible to transfer excess traffic 
along the mutual assistance chain. 

It is possible to use the interactive voice menu IVR in each call 
center or only the last one in the chain of call center ES. A load 
that does not receive service in the system is routed to this IVR. 

We describe emergency call service in two stages based on 
the theory of teletraffic. The first stage involves the calculation 
of excess traffic using the first Erlang formula. Excess traffic 
expression 

 

,                                                          (1) 
 

Where  is the intensity of the arriving load in call cen-
ter in the emergency zone; pCall – expression for assessing the 
probability of call loss, characterizing the state "all operators are 
busy" 

.                      (2) 

 

An important is the recurrence relation, which allows making 
calculations according to the first Erlang formula using a com-
puter  

 

.(3) 

In the event of an emergency in the service area of several 
call centers, excess traffic is determined based on the RDA 
method (R is the average value of the excess load; D is its dis-
persion; A is the load intensity). The expression for calculating 
excess traffic from several call centers is defined as the sum of 
the flows of excess traffic 

 

                                         (4) 
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Figure 3. Variant of organization of a distributed system of mutual assistance 
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The second stage assumes a mathematical description of the 
operation in the call center. Suppose there are V operators. Two 
Poisson streams arrive (see Fig. 3). The time between calls and 
the duration of their service are distributed exponentially with 
the parameters, accordingly, λ and  – for the stream coming 
from the call center ÑÑ ES–ES (it can be called an excess 
stream) and the second stream with parameter λν and parameter 
μ. We denote by the ϕ number of operator jobs reserved for ser-
vicing calls coming from the call center (n). Using the indicator 
function, the system of equations of probabilistic characteristics 
can be written in the form of a single relation. 

 

     

v=0, 1…v-1,                                                                         (5) 
 

. 
 

System of equations (5) has a unique solution that can be ob-
tained using linear algebra methods. We use the iteration method 
for solving [3, 4]. We present the calculation results for a specif-
ic example. In the conditions of standardization of SDDS for 
large cities, it is important to use call center (ÑÑ ES) with the 
same capacity. According to statistics, during emergencies a 
fivefold increase in traffic in the emergency response center  
(ÑÑ ES-Emg) was recorded. 

The number of centers combined in a single system was cal-
culated. Suppose the average value of the intensity of the load in 
each of the central heating facilities is 10 Erl. When emergencies 
emerge, ÀEmg rises to 50 Erl. To cope with overloads, it is neces-
sary to calculate the necessary number of operators in each of the 
call center of the system (Vj) and necessary number of centers, to 
which excess traffic is directed (W), as well as the number of 
reserved operators in the centers (Vrez). As the calculation 
showed, with Vj = 30, it is necessary to combine four emergency 
call service centers (W = 3). That is, the capacity of call center is 
30 operators, of which three operators in each of the centers are 
included in the operational reserve and serve traffic only in their 
area of responsibility. The total number of call centers integrated 
into a mutual assistance system is four, since W is three. Under 
these conditions, the system will withstand five-fold overload. 
Figure 4 shows the dependence of the potential stability coeffi-
cient of the emergency call center to overloads on the number of 
channels of the operational reserve Vjrez at Vj = 30, W = 3,  
Aj = 10 Erl. The coefficient of potential resistance of the emer-
gency call center to overloads is defined as h = Achs / Aj. 

Another factor that affects throughput is the method of man-
aging excess traffic. Various control methods may be used. Traf-
fic management is understood as the establishment of control 
under the quality of real-time information servicing for delivery 
to the end user, and ensuring the efficient use of network re-
sources. On communication networks, regardless of the switch-
ing technologies used, and the network structure.  

We list four principles of controlling the intensity of teletraffic: 
- support for calls that with high probability can end  

conversation , in order to reduce the impact of inefficient traffic 
on work the network; 

- providing priority to the direct path of establishing a 
connection; 

- use of available free network resources; 
- prevention of overload of switching systems. 

 
Fig. 4. The dependence of the coefficient of potential stability  

of the call center on overload h to the number of channels  
of the operational reserve Vjrez 

 
One of the important factors of communication management 

in emergencies is to ensure the continued functioning of commu-
nications, to achieve which they use a number of technical ap-
proaches and systems for backup and recovery. The availability 
of communication systems and the duration of their functioning 
can be affected by both physical damage caused to the network 
because of an emergency and its overload immediately after a 
disaster. Figure 5 shows statistics on the use of communications 
facilities after the earthquake in Japan in March 2011. As the 
graph shows, there was a sharp increase in the number of at-
tempts to use the mobile network, but such attempts were not 
successful, due to network congestion and the small number of 
available base stations [2]. 

To reduce overload in conventional communication paths, it 
is possible to recommend the use of various portable communi-
cation systems (Portable Emergency Communications System) 
as an alternative in emergencies. 

In emergencies, as an alternative means of communication 
when overloading mobile networks, it is promising to use the 
TETRA open standard digital trunked radio communications [5]. 
The prospects of the digital standard TETRA (TErrestrial 
Trunked RAdio) for creating professional trunked communica-
tion networks in the Russian Federation are recognized. Compar-
ison of professional radio communication standards [6, 7] ac-
cording to the main characteristics (technical, functional capa-
bilities, provided communication services) showed that, The 
TETRA standard is the most technologically advanced profes-
sional radiotelephone standard with the largest installed base in 
the world. The TETRA digital radio communication system has 
the ability to operate in three communication modes – half-
duplex, duplex, and multimedia traffic transmission. 

GSM and LTE technologies using unmanned aerial vehicles 
(UAVs) can be used for the rescue system (see ITU recommen-
dations) [2]. There is a high probability that such technologies 
will not be available for use (threat of terrorist acts). Can be 
adapted the TETRA standard to serve role of GSM and LTE. In 
practice, we are talking about the possibility of using the TETRA 
standard in duplex mode and multimedia mode. When using the 
capabilities of TETRA standard equipment, it can be considered 
from the point of view of teletraffic theory as a queuing system 
(QS) with group arrive of customers (customers from the source 
in half-duplex mode, customers from the source in duplex mode, 
and, at the end, customers from the source in multimedia mode). 
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Fig. 5. Statistics on the use of communications facilities after the earthquake in Japan in March 2011 
 

To describe this system, methods of the teletraffic theory are 
used. The relationship between the size and nature of the 
information load, the number of channels and quality of service 
is established. The general statement of the problem is as 
follows.  

Let V be information channels in the TETRA standard. 
Service discipline with failures. The Poisson stream of group 
customer of random composition arrives to the system. This 
means that at time t with only a certain probability F1 there can 
be only one customer, and with probability F2, two customers. In 
our case, there are three communication modes. The half-duplex 
mode corresponds to F1 - the probability that a customer arrives 
from the source in half-duplex mode and one radio channel is 
required for its maintenance. Duplex mode corresponds to F2 – 
the probability that the customer arrives from the source in 
duplex mode and two radio channels are required for its 
maintenance. 

The communication mode taking into account multimedia 
corresponds to F8 – the probability that a customer arrives from 
a source in multimedia mode and requires several radio channels 
to service it (suppose in this case that you need 8 radio channels). 

We present a system of equations for the mathematical  
description of the functional model 

         (6) 
 

λ – the stream density of groups of customers; µ – service  
parameter; V – number of radio channels in the TETRA system. 

Blocking probability in half-duplex mode: 
 .                                                      (7) 

Blocking probability in duplex mode: 
.                                                   (8) 

Blocking probability in multimedia mode: 
 (In our example m = 8).             (9) 

The purpose of the research was to determine the possibility 
of using TETRA when working in these three modes. As the 
results of the research showed, professional radiotelephone 
communication systems are very sensitive to multimedia traffic. 
Its presence is permissible only in large systems with the number 
of radio channels of more than 24 radio channels (with V ?  96 
information channels). We take into account the four-fold 
temporary compression of the radio channel. As shown by the 
dependence Potk on the intensity of the load in the radio 
interface of the α groups in Fig. 6, at V = 64, the appearance of 
multimedia traffic causes significant failures in the system. 

 

 
Fig. 6. The dependence of the probability of multimedia blocking (lost) 

Potk on the intensity of the load at F1 = 0.2; F2 = 0.6; F8 = 0.2 

CCOOMMMMUUNNIICCAATTIIOONNSS



T-Comm Vol.14. #1-2020 47

CCOOMMMMUUNNIICCAATTIIOONNSS



T-Comm Tом 14. #1-2020
48

РАЗРАБОТКА ПОДХОДОВ К ОБЕСПЕЧЕНИЮ НАДЕЖНОЙ ЭКСТРЕННОЙ СВЯЗИ 
В УСЛОВИЯХ ЧРЕЗВЫЧАЙНЫХ СИТУАЦИЙ

Мохаммед Омар Ахмед Абдулвасеа, Университет Таиз, г. Таиз, Республика Йемен, omaralmu2012@mail.ru

Аннотация
Спасение жизни людей, страдающих при чрезвычайных ситуациях, является важнейшей задачей, стоящей перед любом
государством. Быстрота реагирования систем спасения зависит от их способности к взаимодействию и обеспечению надежной
связи между населением и организациями, которые отвечают за службы спасения. Статья посвящена поиску решений для
обеспечения устойчивой связи в условиях чрезвычайной ситуации (ЧС). Предлагаются варианты решения двух разных задач,
возникающих при развитии ЧС. Одним из последствий чрезвычайной ситуации является резкий рост числа обращений населения
к службам спасения, возможное частичное разрушение систем спасения, а также нарушение связи между населением и пунктами
реагирования. Первая задача – увеличение пропускной способности центров обслуживания вызовов для выявления ЧС,
мониторинга ситуации, информирования населения и снижения уровня паники. Вторая решаемая задача – обеспечение связи в
режиме ЧС между службами спасения. Предлагается использовать оборудование профессиональной радиотелефонной связи
стандарта TETRA в качестве альтернативы системам мобильной связи, которые могут быть выведены из строя или отключены.

Ключевые слова: чрезвычайная ситуация, центр обслуживания вызовов, пропускная способность, беспилотные летающие
аппараты, профессиональная радиотелефонная связь, мультисервисный трафик.

Литература

1. Степанова И.В., Мохаммед Омар А.А. Метод повышения пропускной способности Системы 112 за счет объединения ресурсов единых дежурно-
диспетчерских служб // Методические вопросы преподавания инфокоммуникаций в высшей школе. 2019. №3. С. 39-43.
2. МСЭ-D 2-я Исследовательская комиссия, Заключительный отчет – (Вопрос 5/2: Использование электросвязи / ИКТ для обеспечения
готовности к бедствиям, смягчения последствий бедствий и реагирования на них), 6 й Исследовательский период 2014-2017 гг.
3. Степанов С.Н. Теория телетрафика: концепции, модели, приложения. М.: горячая линия – Телеком, 2015. 868 с. (Серия "Теория и практика
инфокоммуникаций").
4. Пшеничников А.П. Теория Телетрафика. Учебник для вузов. М.: Горячая линия – Телеком, 2017. 212 с.
5. Степанова И.В. Проектирование систем радиотелефонной связи стандарта TETRA // T- Comm: телекоммуникации и транспорт. 2017. Том 11.
№1. С. 10-16.
6. Мохаммед О.А.А. Результаты расчета ресурса каналов БПЛА при использовании в системах профессиональной радиотелефонной связи. М.:
Тезисы доклада на МФИ-2019. С. 82-83.
7. Сайт http://ess.ru Сравнительный анализ стандартов цифровой транкинговой связи.

Информация об авторe: 

Мохаммед Омар Ахмед Абдулвасеа, университет Таиз, г. Таиз, Республика Йемен; аспирант МТУСИ, Москва, Россия

CCOOMMMMUUNNIICCAATTIIOONNSS



CCOOMMMMUUNNIICCAATTIIOONNSS

T-Comm Vol.14. #1-2020 49

THE SPECTRAL DECOMPOSITION METHOD 
FOR SOLVING THE LINDLEY INTEGRAL EQUATION 

AND RELATED NUMERICAL METHODS

Keywords: queuing system, average queue waiting
time, Lindley integral equation, Laplace transform,
hyperexponential distribution.

Для цитирования: 
Липилина Л.В. Метод спектрального разложения решения интегрального уравнения линдли и связанные с ним численные методы // 
T-Comm: Телекоммуникации и транспорт. 2020. Том 14. №1. С. 49-55.

For citation: 
Lyudmila V.L. (2020) The spectral decomposition method for solving the lindley integral equation and related numerical methods. T-Comm,
vol. 14, no.1, pр. 49-55. (in Russian)

In researching the traffic of modern computer networks and telecommunication net-
works, the methods of queuing theory are widely used. In turn, in studies of queuing sys-
tems (QS) of type G/G/1 with arbitrary laws of the distribution of intervals between adja-
cent requirements in the input flow and service time, the spectral decomposition
method (SDM) of solving the Lindley integral equation is used [1-3]. The basis of this
method is the search for zeros and poles of the constructed spectral decomposition in
the form of some fractional rational function involving numerical methods for deter-
mining the roots of polynomials. Moreover, the coefficients of the polynomial in the
decomposition numerator are usually expressed in terms of the unknown parameters of
the distribution laws used to describe the QS. Typically, these unknown parameters of
the laws of distribution can be determined through the numerical characteristics of the
analyzed traffic by the known method of moments. The purpose of this article is to illus-
trate in detail the spectral decomposition method as applied to QS H2/H2/1 of type
G/G/1 with hyperexponential laws of second-order distributions and its relation to prob-
lems of numerical analysis. A characteristic feature of this distribution law is the possi-
bility of its unambiguous description both at the level of the first two initial moments of
time intervals, and at the level of three moments. The second-order hyper-exponential
distribution law of Н2 provides the coefficient of variation   of time intervals  , and start-
ing from four, the Н2 distribution law has a heavy tail, which is well suited for describing
traffic with a heavy-tail distribution. The use of this law of higher order distribution in
the method of spectral decomposition leads to an increase in the computational com-
plexity of the problem. The proposed approach to the use of the spectral decomposition
method allows us to determine, in addition to the average waiting time, other moments
of waiting time. In the telecommunications standard, the concept of jitter is defined
through the spread of waiting time around its average value. Then, the presented
approach of applying the spectral decomposition method allows one to determine jitter
through the second initial moment of waiting time. This refers to the practical applica-
bility of queuing systems to the study of delays in telecommunication networks.
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Introduction 
In [1], in the section of G/G/1 systems of the general queuing 

theory, an incomplete formula for the average waiting time in the 
queue of requirements entering the system is given: 

 

2 22 2 2(1 ñ)
22 (1 ñ)

( )a b I
I

tW
t −

σ +σ + −= − . 

 

In [1] following notation is used: 
– ñ is the system load factor; 
– ë is the intensity of the incoming stream; 
– µ is the intensity of service requirements, 
– aσ  and bσ  – respectively, the standard deviation of the time 

intervals for the incoming flow and the service time; 
– 2, II  – the first two initial moments of a random variable – 

of the idle period of system. These components of the above for-
mula in the case of arbitrary (G) distribution laws that determine 
the QS functioning process cannot be established in the general 
case. This formula unambiguously assumes that the average wait-
ing time for requirements in the queue when recalculating vari-
ances for the coefficients of variation directly depends on the 
squares of the coefficients of variation of the time intervals for the 
incoming flow and the service time. In addition, computational 
experiments to determine the average waiting time using the  
example of QS with the laws of distributions of H2 confirm its 
dependence on the moments of time intervals above the second 
order. 

A probabilistic mixture of two exponential distributions 
called the second-order hyperexponential distribution law H2 
with a density function ( ) ( ) tt epeptf 21 21 1 λ−λ− λ−+λ=  is de-
fined in [1], where it is noted that "the distribution law is three-
parameter (p, 0ë,ë 21 > ) and allows the method of moments to 
approximate arbitrary distribution laws at the level of the first 
three initial moments". It was also used in [8, 9, and 10] in the 
study of other QS. 

For the study of G/G/1 systems, as is known for example 
from [1], where "the Lindley integral equation is used. To write 
it, we introduce the following notation: 

– ( )yW  is the probability distribution function of the waiting 
time for requirements in the queue, 

– ( ) )~( uuPuC <=  is the probability distribution function of a 
random variable txu ~~~ −= , where, in turn x~ , is a random ser-
vice time for a requirement, t~  – a random variable is the time 
interval between requirements arrivals. Then one of the forms of 
the Lindley equation looks like this” [1]: 

 

( ) ( ) ( )
⎪⎩

⎪
⎨
⎧

<

≥−= ∫
∞−

00,

0,d

y

yuCuyWyW
y

. 

 

From this notation, it can be seen that “the Lindley integral 
equation is valid only for non-negative values of the argument y” 
[1]. 

In the course of illustrating the main points of the SDM of 
solving the Lindley integral equation, we retained the notation 
of the original [1], in which the notation and was introduced for 
the Laplace transforms of the density functions of the distribu-
tion of the intervals between the requirements )(sA∗  and the 

service time )(sB∗ . “The SDM of solving the Lindley Integral 
Equation (LIE) consists in transforming the key expression 

( ) ( ) 1** −⋅− sBsA  to the product of some two factors in the 
form of fractional rational functions. For definiteness, we will 
present this key expression of spectral decomposition in the 
form: ( ) ( ) ( ) ( )sssBsA −+ ψψ=−⋅− /1** , where ( )s+ø  and 

( )s−ψ  are the components of the SDM” [1]. In each specific 
case of QS, these will be uniquely defined fractional rational 
functions s that satisfy, according to [1], two general conditions 
(1) and (2):  

1. In the case ( ) 0sRe > , ( )s+ψ  is an analytic function that 
does not contain zeros in this half-plane;  

2. In the case ( ) D<sRe , ( )s−ψ  it is an analytic function that 
does not contain zeros in this half-plane, where the constant 
D>0, for which  

 

( ) ∞<−∞→ Dtt e
talim .                                                                      (1) 

 

Additionally, for the functions and the conditions must be 
met” [1]:  

 

( )
( )

;1lim
0Re,s

=
ψ +

>∞→ s
s

s ( )
( )

1lim
Re,

−=
ψ −

<∞→ s
s

Dss
.                   (2) 

 

The construction of these functions satisfying the above con-
ditions (1) and (2) will be demonstrated below. 

In the Russian-language scientific literature “instead of the 
spectral decomposition method for solving the Lindley integral 
equation, the factorization method and factorization components 

( )tz ,+ω  and ( )tz ,−ω  are used” [2].  
 
Application of the spectral decomposition method  
to the study of QS with hyperexponential distributions 
Consider the QS, which is formed by the laws of distribu-

tions: 
– the density function of the intervals between requirements 

in the input flow has the form  
 

( ) ( ) tt epepta 21
21 1 λ−λ− λ−+λ= ,                                            (3) 

 

and the density function of the service time has the form  
 

( ) ( ) tt eqeqtb 21
21 1 μ−μ− μ−+μ= .                                             (4) 

 

The Laplace transform of function (3) has the form: 
 

( ) ( )
2

2

1

1 1*
λ+

λ
−+

λ+
λ

=
s

p
s

psA ,                                         (5) 

 

and functions (4) 
 

( ) ( )
2

2

1

1 1*
μ+

μ
−+

μ+
μ

=
s

q
s

qsB .                                         (6) 

 

Then the spectral decomposition ( ) ( ) () ()sssBsA −+ ψψ=−⋅− /1** , 
as the ratio of two fractional rational functions, will have the 
form:  

 

( )
( ) ( ) ( ) 111

2

2

1

1

2

2

1

1 −⎥
⎦

⎤
⎢
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⎡
μ+

μ−+
μ+

μ⋅⎥
⎦

⎤
⎢
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⎡
−λ

λ−+
−λ
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ψ

−

+
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q
s

q
s

p
s

p
s
s .  
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Convert this expression. 
We imagine the first factor on the right side of the expression 

in square brackets in the form: 
 

( )

( )
( )( ) ( )( )

1 2

1 2

1 2 1 2 0 1

1 2 1 2

1

1
,

p p
s s

p p s a a s
s s s s

λ λ
λ λ

λ λ λ λ
λ λ λ λ

⎡ ⎤
+ − =⎢ ⎥− −⎣ ⎦

− + −⎡ ⎤ −⎣ ⎦= =
− − − −

 

 

where the auxiliary parameters are equal to: 
210 λλ=a , ( ) 211 1 λ−+λ= ppa . 

Similarly, the second factor in square brackets can be 
represented as: 

 

( )

( )
( )( ) ( )( )

1 2

1 2

1 2 1 2 0 1

1 2 1 2

1

1
,

q q
s s

q q s b b s
s s s s

μ μ
μ μ

μ μ μ μ
μ μ μ μ

⎡ ⎤
+ − =⎢ ⎥+ +⎣ ⎦

− + −⎡ ⎤ +⎣ ⎦= =
+ + + +

 

 

where the auxiliary parameters are equal to:  
210 μμ=b , ( ) 211 1 μ−+μ= qqb . 

After such simple transformations, the spectral 
decomposition can be represented as: 

 

( )
( )

( )( ) ( )( )( )( )
( )( )( )( )ssss

sssssbbsaa
s
s

+μ+μ−λ−λ
+μ+μ−λ−λ−+−

=
ψ
ψ

−

+

2121

21211010 . 

 

On the right side of the expansion, both in the numerator and 
the denominator, we have polynomials of the fourth degree. In 
the spectral decomposition method, we are interested in the 
polynomial in the numerator, which can be represented as you 
need to determine its zeros. In the spectral decomposition 
method, we are interested in the polynomial in the numerator, 
which can be represented as 4 3 2

2 1 0s d s d s d s− + + +  and then you 
need to determine its zeros. To do this, we determine its 
coefficients using the symbolic operations of the Mathcad 
mathematical package: 

 

0 0 1 1 0 0 1 2 0 1 2( ) ( )d a b a b a b= − − μ +μ + λ + λ ,  

( )( )1 1 1 0 0 1 2 1 2d a b a b= − − − + λ +λ μ +μ  
and 2 1 2 1 2d = λ + λ − μ − μ .  

 

They are expressed through so far unknown distribution 
parameters (3) and (4), which are subject to determination by the 
moment method. Now the ratio of two fractional rational 
functions ( ) ( )ss −+ ψψ /  can be represented as: 

 

( )
( )

( )
( )( )( )( )

3 2
2 1 0

1 2 1 2

s s d s d s ds
s s s s s

+

−

− − −ψ
=

ψ − λ λ − μ + μ +
.  

 

It follows from the method of spectral (factorial) 
decomposition that such a decomposition exists and is unique. 

For the completion of the spectral decomposition, it will be 
necessary to determine the roots of the equation 

 

3 2
2 1 0 0s d s d s d− − − = ,                                                        (7) 

 

satisfying together with this functions ( )s+ψ  and ( )s−ψ  this 
above conditions (1) and (2).  

For this, it is necessary and sufficient "that the cubic equation 
(7) has two real negative roots (two complex conjugate roots 
with negative real parts), which for convenience we denote - 1σ  
and - 2σ  and one positive root 3σ . The presence of the required 
roots is guaranteed by the uniqueness of the spectral 
decomposition" [1]. 

We will verify this using the example of equation (7). To do 
this, we study the sign of the lowest coefficient 0d  of the 
polynomial (7) according to the Vieta’s formula. In the stationary 
mode of operation of the QS, its load factor must satisfy the 
condition:  

 

( )[ ]
( )[ ] 1
1
1

21

21

21

21 <
λ+−λ
μ+−μ

μμ
λλ

=
τ
τ

=ρ
λ

μ

pp
qq .  

 

The load factor here, as in simulation, is determined by the 
ratio of the average intervals: of the service time μτ  and of the 
interval between requirements λτ  in the incoming flow.  

The expression for the coefficient 0d  in expanded form has 
the form:  

 

( ) ( )0 1 2 1 2 1 2 1 21 1d q q p p= −λ λ μ − +μ +μ μ λ − +λ⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦ .  
 

Now comparing the expressions for the lower coefficient 0d  
and load ρ, we get that coefficient 0 0d > . From the Vieta’s 
formula it follows that the product of the three roots of the cubic 
equation 0 1 2 3 0d = σ σ σ > , therefore, the required roots really 
exist.  

"The components of the spectral decomposition method in 
the form of fractional rational functions ( )s+ψ  and ( )s−ψ  can be 
written according to conditions (1) and (2) in the form:  

 

( ) ( )( )
( )( )

1 2

1 2

s s s
s

s s+
+ σ + σ

ψ =
+ μ + μ

, ( ) ( )( )1 2

3

s s
s

s−
− λ λ −

ψ =
− σ

.  

 

Then the function ( )s+ψ , includes only the negative real 
parts of the roots - 1σ  and - 2σ  of equation (7), and the function 

( )s−ψ  - only the positive real root 3σ . Now we focus on the 
function ( )s+ψ  containing negative roots in the numerator and, 
when they are determined by Newton’s numerical method, we 
adapt it to finding only negative roots" [1].  

"Using the method of spectral decomposition, we determine 
the constant K:  

 

( ) ( )( )
( )( )

1 2 1 2
0 0 1 2 1 2

lim lim
s s

s s s
K

s s s
+

→ →

ψ + σ + σ σ σ= = =
+ μ + μ μ μ

.  

 

The constant K in solving the problem means the probability 
that the next requirement arriving in the system, finds the system 
free" [1]. Next, through the function ( )s+ψ , we determine the 
Laplace transform ( )*W s  of the waiting time distribution 
function ( )yW :  

 

( ) ( )
( )( )
( )( )

1 2 1 2

1 2 1 2

s sK
s

s s s s+
+

σ σ + μ + μ
Φ = =

ψ μ μ + σ + σ
.  
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Through it, we express the Laplace transform of the probabil-
ity density function of the waiting time probability ( )ss +Φ⋅ " 
[1]. Finally, the Laplace transform ( )*W s  

 

( ) ( )( )
( )( )

* 1 2 1 2

1 2 1 2

s s
W s

s s
σ σ + μ + μ

=
μ μ + σ + σ

.                                            (8) 

 

Based on the properties of the Laplace transform, we define 
its first derivative 

 

( ) ( ) ( )( )
( ) ( )

( )( ) ( )
( ) ( )

1 2 1 2 1 2 1 2
2 22 2

1 2 1 2

1 2 1 2 1 2 1 2
2 22 2

1 2 1 2

* 2

2

dW s s s s
ds s s

s s s

s s

σ σ + μ + μ μ μ + σ + σ
= −

μ μ + σ + σ

σ σ + μ + μ μ μ + σ + σ
−

μ μ + σ + σ

 

 

and find the average waiting time for requirements in the queue 
 

( ) ( ) ( )2 2 2 2
1 2 1 2 1 2 1 2 1 2 1 2

2 2 2 2
1 2 1 20

1 2 1 2

1 2 1 2 1 2 1 2

*

1 1 1 1
.

s

dW s
ds =

σ σ μ μ σ + σ − σ σ μ μ μ + μ
− = =

μ μ σ σ

σ + σ μ + μ
= − = + − −

σ σ μ μ σ σ μ μ

 

 

This the final calculation formula for the average waiting 
time for QS Í2/Í2/1 can be represented as:  

 

1 2 1 2

1 1 1 1
W = + − −

σ σ μ μ
,                                                        (9) 

 

where 1σ  and 2σ  there are absolute values of the found negative 
roots - 1σ , - 2σ .  

From expression (8) for the spectral expansion of the proba-
bility density function of the waiting time, it is also possible to 
determine the initial moments of the second, third and higher 
orders for the waiting time. Determining the second derivative of 

( )*W s , we find the second initial moment of the waiting time:  
 

2
2

2
1 2 1 2

1 2
1 2 1 2 1 2 1 22 2

1 2 1 2

( ) 2 2

2( )
[ ( ) ( )]

d W sW
ds

∗
= = − −

μ μ σ σ
σ + σ

− σ σ μ + μ − μ μ σ + σ
μ μ σ σ

, 

 

through which we express the variance of this random variable. 
Recalling that the concept of “delay jitter” in telecommunica-
tions according to the standard [7] is defined as the spread of the 
waiting time from its average value W, the delay jitter can be 
determined through the variance. This fact can be considered as a 
practical application of the theory of queuing for the analysis of 
teletraffic of telecommunication networks. 

 
Determination of parameters of distribution laws using  
the first two initial moments of time intervals 
For practical calculations of the average waiting time for re-

quirements in the queue according to formula (9), it is necessary 
to determine the parameters of the distribution laws that describe 
the operation of the QS. For this, we again use the properties of 
the Laplace transform and determine the initial moments for dis-
tributions (3) and (4). For distribution (3) we have: 

( )1 2/ 1 / ,p pλτ = λ + − λ                                                    
(10) 

( )2 2 2
1 22 / 2 1 / .p pλτ = λ + − λ                                                (11) 

 

Because distributions (3) and (4) include three parameters 
each, to these two equations of moments we add the third equa-
tion (12) with respect to the square of the coefficient of variation 
of the intervals of receipts: 

 

2 2 2 2[ ( ) ] / ( )c λ λ λ= τ − τ τ .                                                   (12) 
 

At the same time, the third equation (12) relates equations 
(10) and (11) to each other. Now, having solved the system of 
three nonlinear equations (10) – (12), we will determine the dis-
tribution parameters (3) p,, 21 λλ  unknown so far. Since the not 
complete formula of the queuing theory given at the very begin-
ning includes the squares of the coefficients of variations, this 
approach is completely valid. In the future, the coefficients of 
variation will be used as input parameters of the task of calculat-
ing the average waiting time of requirements in the queue. 

Now we indicate the technique for solving systems of nonlin-
ear equations (10) - (12). Using the substitution method for solv-
ing systems of equations, we set as parameters ë1 and ë2:  

 

λτ=λ /21 p ,    λτ−=λ /)1(22 p                                        (13) 
 

so that they satisfy the equation of moments (10) and  we substi-
tute them in (12) taking into account (11), (12). Then we obtain 
an equation of the fourth degree with respect to the parameter p. 
Discarding two trivial solutions p=0, p=1 in this equation, we 
reduce the degree of the equation to two and solving this equa-
tion with respect to the parameter p, we obtain two roots:  

 

)
1
1

1(
2
1

2

2

+
−

±=
λ

λ

c
c

p .  

 

For definiteness, in further calculations we will use the larg-
est root. Therefore, the hyperexponential distribution law of H2 
can be described at the level of the first two moments and it pro-
vides a coefficient of variation cτ  from unity to ? .  

We will do the same with distribution (4), then its unknown 
parameters will take the form: 

1 2q / μμ = τ , 1 2(1 )q / μμ = − τ , 
2

2

11
(1 )

2 1
c

q
c

μ

μ

−
= ±

+
.   

Consider an example. For definiteness, we take the load fac-
tor of the QS equal: 9,0/ =ττ=ρ λμ . Note that the load factor 
here is determined, as in simulation systems, by the ratio of the 
average intervals. We set the average service time in QS equal 

11 =μ=τ −
μ , then the average interval between receipts will be 

equal .9/10=τλ  Additionally, as input parameters we take the 
coefficients of variation of time intervals equal to two: 

2== μλ cc . A description of the distribution law using the first 
two initial moments gives the following values of the distribution 
parameters (3) and (4) when rounding the results: 887,0≈p , 

597,11 ≈λ , 203,02 ≈λ , 887,0≈q , 775,11 ≈μ , 225,02 ≈μ . 
Thus, all parameters of distributions (3) and (4) are uniquely 
determined.  
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Now it remains to determine the coefficients of equation (7) 
and for them we obtain the following results:  

0 0,014d ≈ ; 1 0,572d ≈ ; 2 0,201d = − . The negative roots of 
this polynomial we need are determined using the Newton 
method, which gives: 1 0,852−σ ≈ − , 2 0,025−σ ≈ − . The 
average waiting time for requirements in the queue W according 
to the calculation formula (10) for the considered example is 
equal to 36,202W ≈  time units.  

The results of computational experiments obtained in the 
Mathcad package for the average latency in QS H2/H2/1 are 
presented in table 1. Here we consider the cases of small (ñ=0,1), 
medium (ñ=0,5) and high load (ñ=0,9) with service time μτ =1 
and coefficient of variation of intervals between receipt of 
requirements λc  and service time μc  equal to 2, 4, 8.  

 
Table 1 

 

The results of computational experiments for QS H2/H2/1  
 

Input parameters for QS Average waiting time  
for QS H2/H2/1 ñ ),( μλ cc  

0,1 
(2, 2) 0,452 
(4, 4) 1,781 
(8, 8) 7,110 

0,5 
(2, 2) 4,039 
(4, 4) 16,131 
(8, 8) 64,178 

0,9 
(2, 2) 36,201 
(4, 4) 144,832 
(8, 8) 577,861 

 
Determination of the parameters of distribution laws  
using the first three initial moments of time intervals 
Because the H2 distribution under consideration contains 

three parameters, we will approximate the distribution law using 
the first three initial moments of time intervals and compare the 
results with the data obtained using the first two initial moments. 
Using the Laplace transforms of functions (5) and (6) will give 
the following expressions for the moments of time intervals of 
the third order: 

– for input flow intervals 
 

( )3 3 3
1 26 / 6 1 /p pλτ = λ + − λ ,  

 

– for service time 
 

( )3 3 3
1 26 / 6 1 /q qμτ = μ + − μ .  

 

Now, in the example considered above, we add the 
expression for the third moment as the third equation. We define 
it through the asymmetry coefficient and take for example 

4== μλ SS AA , more than that of the Poisson flow. Now the 

input parameters for the second and third initial moments will 
change and become equal; 22 )9/10(5⋅=τλ , 33 )9/10(45 ⋅=τλ , 

52 =τμ , 453 =τμ . Then the equations of moments take the form: 

( )
( )
( )

1 2
2 2 2
1 2

3 3 3
1 2

/ 1 / 10 / 9

2 / 2 1 / 5 (10 / 9)

6 / 6 1 / 45 (10 / 9)

p p

p p

p p

λ + − λ =⎧
⎪

λ + − λ = ⋅⎨
⎪ λ + − λ = ⋅⎩

,                           (14) 

( )
( )
( )

1 2
2 2
1 2

3 3
1 2

/ 1 / 1

2 / 2 1 / 5

6 / 6 1 / 45

q q

q q

q q

μ + − μ =⎧
⎪

μ + − μ =⎨
⎪ μ + − μ =⎩

.                                           (15) 

 

The solution of these systems of nonlinear equations in the 
Mathcad mathematical package gives the desired distribution 
parameters (3) and (4). The solution for system (14) is: 

739,0≈p , 306,31 ≈λ , 294,02 ≈λ , and for system (15), the 
solution is: 739,0≈q , 673,31 ≈μ , 327,02 ≈μ .  

The coefficients of equation (7) for such values of the 
distribution parameters (3) and (4) are equal to: 0 0,130d ≈ ; 

1 5,172d ≈ ; 2 0,40d ≈ − , and its negative roots: 1 2,471−σ ≈ − , 

2 0,025−σ ≈ − .  
Therefore, conditions (1) and (2) for the spectral 

decomposition method are fulfilled (in this case we have two real 
negative roots and one positive root). We determine the average 
waiting time by the calculation formula (9): 37, 051W ≈  units 
of time, which is 2.35% more than in the first case when using 
only two initial moments. 

In [5, 6], necessary and sufficient conditions for the existence 
of a unique solution to systems of three equations of moments 
similar to systems (14) and (15) are given in the form of a 
constraint  

 

23 5,1 jjj τ⋅≥τ⋅τ .  
 

As computational experiments on this system have shown, 
the approximation of the distribution law at the level of the first 
two moments underestimates the average waiting time in the 
queue in the system, compared with the three-moment 
approximation. This can easily be explained by the difference in 
the distribution parameters for these two density functions, as 
shown by their values above. In addition to this, Fig. 1 shows 
their graphs to confirm this fact [8]. 

 

 
 

Fig. 1. Graphs of the distribution density function (4):  
1 – using two initial moments; 2 – using three initial moments 
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Conclusions 
The article presents the spectral decomposition obtained by 

the classical method of solving the Lindley integral equation for 
QS formed by two hyperexponential distributions and a solution 
for the average waiting time for this system. In this case, the ap-
plication of the method of spectral decomposition together with 
numerical methods for finding the negative roots of polynomials 
and finding positive solutions to systems of two and three non-
linear equations is successively illustrated.  

It is shown that the use of the proposed approach, in addition 
to the average waiting time, also allows you to determine the 
moments of waiting time above the first. Then, through the se-
cond moment (variance) of the waiting time, it is possible to de-
termine the jitter value in telecommunication networks as delay 
fluctuations around its average value. Therefore, this approach 
can be used in the modern theory of teletraffic as a practical ap-
plication. To do this, you need to know the moment characteris-
tics (two or three first initial moments) of the time intervals of 
the incoming traffic. 

Because the Í2 distribution includes three parameters, it al-
lows using the method of moments to approximately describe 
arbitrary input distributions using the first three initial moments. 
The presented method of approximating the H2 distribution law 
at the level of the first two initial moments shows underestimated 
results in the average waiting time compared to the approxima-
tion of the H2 distribution law using three initial moments. 
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МЕТОД СПЕКТРАЛЬНОГО РАЗЛОЖЕНИЯ РЕШЕНИЯ ИНТЕГРАЛЬНОГО УРАВНЕНИЯ ЛИНДЛИ 
И СВЯЗАННЫЕ С НИМ ЧИСЛЕННЫЕ МЕТОДЫ

Липилина Людмила Владимировна, Поволжский государственный университет телекоммуникаций и информатики, 
г. Самара, Россия, mila199113@gmail.com

Аннотация
При исследовании трафика современных компьютерных сетей и сетей телекоммуникаций широко используются методы теории
массового обслуживания. В свою очередь, в исследованиях систем массового обслуживания (СМО) типа G/G/1 с произвольными
законами распределений интервалов между соседними требованиями во входном потоке и времени обслуживания, часто
применяется метод спектрального разложения (МСР) решения интегрального уравнения Линдли [1-3]. В основе этого метода лежит
поиск нулей и полюсов построенного спектрального разложения в виде некоторой дробно-рациональной функции с привлечением
численных методов для определения корней многочленов. При этом коэффициенты многочлена в числителе разложения
выражаются через неизвестные параметры используемых для описания СМО законов распределений. Обычно эти неизвестные
параметры законов распределений могут быть определены через числовые характеристики анализируемого трафика известным
методом моментов. Цель данной статьи заключается в подробной иллюстрации метода спектрального разложения применительно к
СМО Н2/Н2/1 типа G/G/1 с гиперэкспоненциальными законами распределений второго порядка и его связи с задачами численного
анализа. Характерной особенностью этого закона распределения является возможность его однозначного описания как на уровне
двух первых моментов временных интервалов, так и на уровне трех моментов. Гиперэкспоненциальный закон распределения второго
порядка Н2 обеспечивает коэффициент вариации временных интервалов cτ > 1, а начиная с четырех, закон распределения Н2 имеет
тяжелый хвост, что хорошо подходит для описания трафика с тяжелохвостным распределением. Использование этого закона
распределения большего порядка в методе спектрального разложения приводит к возрастанию вычислительной сложности задачи.
Предлагаемый подход к использованию метода спектрального разложения позволяет определить кроме среднего времени
ожидания и другие моменты времени ожидания. В стандарте по телекоммуникациям понятие джиттера определено через разброс
времени ожидания вокруг его среднего значения. Тогда представленный подход применения метода спектрального разложения
позволяет определить джиттер через второй момент времени ожидания.

Ключевые слова: система массового обслуживания, среднее время ожидания в очереди, интегральное уравнение Линдли,
преобразование Лапласа, гиперэкспоненциальное распределение.
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The purpose of this work is to analyze and classify threats that
arise when working with personal data in information systems. In
the field of information technology in any country, one of the
national interests is to ensure and protect the constitutional
rights and freedoms of man and citizen in so far as it relates to the
receipt and use of information, as well as confidentiality when
using information technologies. In this regard, special attention is
currently being paid to the organization of processing and ensur-
ing the security of personal data in information systems, including
during their cross-border transfer. In the European Union, this
activity is regulated by the General Data Protection Regulation
(GDPR), which was put into effect on May 25, 2018. Personal data
are in a high-risk area, especially in organizations that operate
with large amounts of personal data, such as passport data, sol-
vency data, employers, contact details, phone numbers, address-
es, email, and other information that represents interest for
potential computer attacks. The solution to the problem of
ensuring the security of personal data is impossible without iden-
tifying and classifying potential threats to personal data in infor-
mation systems. The proposed classification can serve as the basis
for a threat model of a specific information system designed to
process personal data.
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Introduction 
 
With the development of information technology, attention 

and interest in the problem of privacy and the further develop-
ment of the Institute of Personal Data began to significantly in-
crease.  

In the Russian Federation, one of the national interests in the 
information sphere is "ensuring and protecting the constitutional 
rights and freedoms of man and citizen in so far as it concerns 
the receipt and use of information, privacy in the use of infor-
mation technology ...". 

From this follows the attention that is currently being paid at 
enterprises to the organization of processing and ensuring the 
security of personal data, including when they are processed in 
information systems. 

With the entry into force in May 2018 of the Global Data 
Protection Regulation (GDPR), personal data operators have 
faced new threats related to the cross-border transfer of personal 
data. 

Personal data refers to any data that in one way or another re-
lates to an identifiable or identifiable person. An identifiable 
person is a natural person that can be established directly or indi-
rectly by reference to a certain identification number, as well as 
by one or more factors specific to its physiological, physical, 
mental, economic, cultural or social affiliation. 

The subjects of personal data in the organization are employ-
ees, retirees, candidates for filling vacant posts and others. The 
purposes of processing personal data may be: providing services 
to a client of the organization, processing data in accordance 
with labor legislation, etc. Personal data are divided into catego-
ries such as: publicly available, special, as well as other personal 
data that do not fall under the first two categories. 

Former or current employees of an organization at present 
time commit many violations of the confidentiality of personal 
data. This is due to the presence in companies of information 
systems for processing personal data, access to which are availa-
ble to employees who are able to transfer confidential infor-
mation to third parties. The existence of such a vulnerability in 
the company can significantly facilitate the ability of an attacker 
to obtain personal data, while making a computer attack more 
effective. 

There are a number of mandatory measures that enterprises 
must take in order to “correctly” store and process personal data 
in the information system. The functioning of the entire business 
model of the activity of the personal data operator and the cost of 
risks associated with the processing of personal data depend on 
how competently the business processes for organizing automat-
ed processing of personal data are implemented. 

According to company “InfoWatch” analysis, in 2018 the 
share of personal data leaks amounted to 80.2% of all confiden-
tial information leaks. Type of data compromised by retiring 
employees shown at Table 1. 

 
Table 1 

 
 Personal 

Data, % 
State  

Secret, % 
Trade  

Secret, % 
Other, % 

2017 year 47.2 2.8 36.1 13.9 
2018 year 35.3 3.9 58.8 2.0 

 

Source: company InfoWhatch 

To create a model for protecting personal data, it is necessary 
to identify and classify potential threats to personal data in in-
formation systems. 

 
Classification of Personal Data Threats 
There are two classes of threats to personal data in infor-

mation systems: 
• threats that cannot be correlated with attacks; 
• threats that can be correlated with attacks. 
There are threats incompatible with attacks that can not only 

lead to the loss, distortion or compromise of the subject’s per-
sonal data, but also create conditions for their use by various 
violators for their own purposes. 

These threats include: 
• threats not related to human activities: natural disasters 

and natural phenomena (earthquakes, floods, hurricanes, etc.); 
• threats of a socio-political nature: strikes, sabotage, lo-

cal conflicts, accompanied by an attack on an object that hosts 
information system resources, etc .; 

• erroneous actions and (or) violation of requirements by 
personnel and users of the information system of the correspond-
ing operational, organizational, technical or other documenta-
tion; 

• threats of anthropogenic nature, for example: accidents, 
various malfunctions, interference and interference, leading to 
violations and malfunctions in the hardware components of the 
information system. 

Protection against threats that cannot be correlated with at-
tacks is regulated by instructions developed and approved by the 
authorized services of the personal data operator, taking into 
account the specific conditions for the functioning of the infor-
mation system, as well as the current regulatory framework. 

Protection against threats that can be correlated with attacks 
should be provided with the help of protective measures and 
means used by the information system and designed mainly to 
counter attacks. 

The composition and content of security threats to personal 
data is determined by the combination of conditions and factors 
creating the danger of unauthorized, including accidental, access 
to personal data. 

The totality of such conditions and factors is formed taking 
into account the characteristics of the information system, the 
properties of the distribution medium of informative signals con-
taining protected information, and the capabilities of the sources 
of threats. 

The following characteristics of an information system can 
cause threats for personal data: 

• structure, category and amount of personal data pro-
cessed in the information system; 

• availability of information system connections to public 
communication networks and (or) the Internet; 

• security subsystem characteristics and personal data 
processing modes; 

• modes of differentiation of access rights of users of the 
information system; 

• location and conditions of placement of technical 
equipment of the information system. 

The main elements of the information system in which per-
sonal data is processed are: 
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• personal data contained in databases, as a combination 
of information and its sources used in the information system; 

•  information technology, as a set of methods and methods 
of using computer technology in the processing of personal data; 

• software and hardware that process personal data; 
• information security tools; 
• additional hardware and systems. 
The properties of the information distribution medium con-

taining the protected information are characterized by the type of 
physical environment in which personal data is distributed, and 
are determined when assessing the possibility of implementing a 
security threat channel for personal data. 

The security threat to personal data is realized as a result of 
the formation of channels for the implementation of a security 
threat to personal data between the threat source and the personal 
data carrier, creates the necessary conditions for violating the 
security of personal data. 

The main elements of the channel for implementing a securi-
ty risk to personal data are: 

• source of threat - a subject, material object or physical 
phenomenon that creates a threat to the security of personal data, 
for example, a violator of the security of personal data, the capa-
bilities of which with respect to the system are determined in the 
model of the violator; 

• an environment for the distribution of personal data or 
influences in which a physical field, signal, data or program may 
be distributed and affect the protected characteristics of personal 
data. These characteristics include: confidentiality, integrity, 
accessibility; 

• personal data carrier - an individual or material object, 
including a physical field, in which personal data are reflected in 
the form of symbols, images, signals, technical solutions and 
processes, quantitative characteristics of physical quantities. 

Other security characteristics of personal data that are im-
portant to the operator, such as data authenticity, are also possi-
ble. 

Personal data carriers may contain information presented in 
the following forms: acoustic (speech) information; textual and 
visual information; processed (circulating in the information sys-
tem) information. 

A classification of threats to the security of personal data is 
proposed according to the following criteria: 

• by types of possible sources of security risk to personal 
data, caused by deliberate or unintended actions of users of the 
information system: with or without access to it. It should be 
noted that the sources of threats in relation to the information 
system can be both external and internal; 

• by type of unauthorized actions carried out with person-
al data: 
 threats leading to a violation of the confidentiality of 

personal data (copying or unauthorized distribution), the imple-
mentation of which does not directly affect the content of the 
information; 
 threats leading to unauthorized, including accidental, in-

fluence on the content of information, as a result of which per-
sonal data is changed or destroyed; 
 threats leading to unauthorized, including accidental, 

impact on the software and hardware elements of the information 
system, as a result of which personal data is blocked; 

• by methods of implementing a security risk to personal 
data: 
 threats implemented in information systems when they 

are connected to public communication networks; 
 threats implemented in information systems when they 

are connected to international information exchange networks; 
 threats implemented in information systems that do not 

have connections to public communication networks and the 
Internet. 

•  by type of channels for implementing a security risk to 
personal data: 
 threats implemented through channels arising from the 

use of technical means to intercept information processed in the
information system (technical channels for information leakage); 
 threats realized due to unauthorized access to personal 

data in the information system using standard software or spe-
cially developed or applied software. 

The implementation of any of the listed threats and (or) their
combination can lead to the following consequences for the sub-
jects of personal data: 

• significant negative consequences; 
• negative consequences; 
• minor negative consequences. 
Consider typical security threats for personal data in infor-

mation system. 
Threats of information leakage through technical channels: 
• threats of leakage of acoustic (speech) information - in 

the presence of voice input functions or functions for reproduc-
ing personal data by acoustic means of an information system; 

• threats to leakage of specific information - by viewing 
information using optical (optoelectronic) means from display 
screens; 

• threats of information leakage due to the presence of 
electromagnetic radiation, mainly monitors and system units of 
personal computers and servers from the information system. 

Threats of unauthorized access to personal data in the infor-
mation system: 
 threats of access (penetration) into the operating envi-

ronment of computers or servers of the information system using
standard software: 

• realized direct access threats: 
– during and after loading the operating system; 
– due to the installation of hardware bookmarks and the in-
troduction of malware. 
• remote access threats: 
- analysis of the transmitted and received network traffic; 
- network scanning and password identification; 
- substitution of a trusted network object with or without 

a virtual connection; 
– the imposition of a false route and the introduction of a 

false network object; 
– denial of service: 
 partial and complete exhaustion of resources; 
 violation of logical connectivity between data or ob-

jects; 
 the use of errors in programs that implement network 

exchange protocols. 
– remote launch of applications: 
 distribution of files containing unauthorized executable 

code;  
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 remote launch of the application by overflowing the 
server application buffer or using the remote control capabilities 
of the system provided by hidden software and hardware book-
marks. 

– introduction of malware; 
 threats to create abnormal operating modes of software 

and hardware due to deliberate changes in service data, charac-
teristics of the processed information, distortions (modifications) 
of the data itself, etc .; 
 combined threats, which are a combination of the above 

threats. 
Organizations that directly work with personal data are re-

quired to take all appropriate measures to prevent the above 
threats. Therefore, it is important that all departments provide 
security for employees with access to confidential data. The fol-
lowing rules must be followed. 

1. Departments must protect their information systems with 
appropriate technology. They must be sure that this technology is 
working in an appropriate condition, sufficient to counter emerg-
ing threats. 

2. Departments need to identify cases of unauthorized access 
(internal or external). It is also necessary to identify the addition, 
deletion and editing of data. To identify this kind of action, audit 
logs should be used, in which information about the similar state 
of the information system will be recorded. Information systems 
containing personal data in which they do not record information 
about the available viewing or reading conditions need to be in-
vestigated and immediately corrected. Departments must take 
into account external influences on the performance of this sys-
tem. If this functionality cannot be enabled, and there is a risk of 
unauthorized access to personal data, then a decision should be 
made on changing the architecture or functionality of the infor-
mation system for processing personal data. 

3. Access to files that contain personal data should be con-
stantly monitored. Organization staff should be informed of this. 

To maintain this observation, it may be necessary to create addi-
tional information systems. 

 
Conclusion 
 
This list of threats underlies the threat model of a specific in-

formation system for processing personal data and having con-
nections to public communication networks and (or) the Internet. 
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Аннотация
Целью данной работы является анализ и классификация угроз, возникающих при работе с персональными данных в информаци-
онных системах. В сфере информационных технологий в любой стране одним из национальных интересов является обеспечение
и защита конституционных прав и свобод человека и гражданина в части, касающейся получения и использования информации,
неприкосновенности частной жизни при использовании информационных технологий. В связи с этим в настоящее время уделяет-
ся особое внимание вопросам организации обработки и обеспечения безопасности персональных данных в информационных си-
стемах, в том числе, при их трансграничной передаче. В Европейском союзе данная деятельность регламентируется Общим рег-
ламентом по защите данных (General Data Protection Regulation, GDPR), вступившим в силу 25 мая 2018 г. Персональные данные
находятся в зоне повышенного риска, особенно в организациях, которые работают с большими объемами персональных данных,
таких как паспортные данные, данные о платежеспособности, работодатели, контактные данные, номера телефонов, адреса, эле-
ктронная почта и другая информация, представляющая интерес для потенциальных компьютерных атак. Решение задачи обеспе-
чения безопасности персональных данных невозможно без определения и классификации потенциальных угроз персональным
данным в информационных системах. Предлагаемая классификация может быть положена в основу модели угроз конкретной ин-
формационной системы, предназначенной для обработки персональных данных.

Ключевые слова: персональные данные, информация, безопасность, угрозы, риски, информационные системы, классификация.
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