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Ìîäåëèðîâàíèå òðèîäíûõ èñòî÷íèêîâ ýëåêòðîíîâ
âûñîêîâîëüòíîãî òëåþùåãî ðàçðÿäà ñ ïëàñòèí÷àòûì
óïðàâëÿþùèì ýëåêòðîäîì è êîíè÷åñêèì àíîäîì*

Ðàññìîòðåíà ìåòîäèêà ìîäåëèðîâàíèÿ òðèîäíûõ èñòî÷íèêîâ ýëåêòðîíîâ âûñîêîâîëüòíîãî
òëåþùåãî ðàçðÿäà (ÂÒÐ) ñ ïëàñòèí÷àòûì óïðàâëÿþùèì ýëåêòðîäîì è êîíè÷åñêèì àíîäîì.
Ïðåäëàãàåìàÿ ìåòîäèêà îñíîâàíà íà èòåðàöèîííîì àëãîðèòìå, ïîçâîëÿþùåì îïðåäåëÿòü
òåðìîäèíàìè÷åñêèå ïàðàìåòðû ñâîáîäíûõ ýëåêòðîíîâ â àíîäíîé ïëàçìå ñ ó÷åòîì ýëåêò-
ðè÷åñêèõ ïàðàìåòðîâ ìîäåëè è ýëåêòðîôèçè÷åñêèõ ïàðàìåòðîâ èñïîëüçóåìûõ ìàòåðèàëîâ
ýëåêòðîäîâ è ðàáî÷åãî ãàçà. Â ðåçóëüòàòå ìîäåëèðîâàíèÿ ïîëó÷åíû çàâèñèìîñòè ýíåðãåòè-
÷åñêîé ýôôåêòèâíîñòè èñòî÷íèêîâ ýëåêòðîíîâ îò óñêîðÿþùåãî íàïðÿæåíèÿ, íàïðÿæåíèÿ
ãîðåíèÿ âñïîìîãàòåëüíîãî ðàçðÿäà è ïðèâåäåííîãî äàâëåíèÿ â ðàçðÿäíîì ïðîìåæóòêå. Óñòà-
íîâëåíî, ÷òî ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ ñ ïëàñòèí÷àòûì
óïðàâëÿþùèì ýëåêòðîäîì è êîíè÷åñêèì àíîäîì ñîñòàâëÿåò îò 70 äî 85%.

Ê ë þ ÷ å â û å ñ ë î â à: òðèîäíûé èñòî÷íèê ýëåêòðîíîâ, âûñîêîâîëüòíûé òëåþùèé ðàç-
ðÿä, ýëåêòðè÷åñêîå óïðàâëåíèå òîêîì ðàçðÿäà, àíîäíàÿ ïëàçìà, ýíåðãåòè÷åñêàÿ ýôôåê-
òèâíîñòü.

Ðîçãëÿíóòî ìåòîäèêó ìîäåëþâàííÿ òð³îäíèõ äæåðåë åëåêòðîí³â âèñîêîâîëüòíîãî òë³þ-
÷îãî ðîçðÿäó (ÂÒÐ) ³ç ïëàñòèí÷àòèì åëåêòðîäîì òà êîíóñíèì àíîäîì. Çàïðîïîíîâàíà ìå-
òîäèêà áàçîâàíà íà ³òåðàö³éíîìó àëãîðèòì³, ÿêèé äîçâîëÿº âèçíà÷àòè òåðìîäèíàì³÷í³
ïàðàìåòðè â³ëüíèõ åëåêòðîí³â â àíîäí³é ïëàçì³ ç óðóõóâàííÿì åëåêòðè÷íèõ ïàðàìåòð³â
ìîäåë³ òà åëåêòðîô³çè÷íèõ ïàðàìåòð³â âèêîðèñòàíèõ ìàòåð³àë³â åëåêòðîä³â ³ ðîáî÷îãî ãà-
çó. Â ðåçóëüòàò³ ìîäåëþâàííÿ îòðèìàíî çàëåæíîñò³ åíåðãåòè÷íî¿ åôåêòèâíîñò³ äæåðåë åëåêò-
ðîí³â â³ä ïðèñêîðþâàëüíî¿ íàïðóãè, íàïðóãè ãîð³ííÿ äîïîì³æíîãî ðîçðÿäó òà ïðèâåäåíîãî
òèñêó ó ðîçðÿäíîìó ïðîì³æêó. Âñòàíîâëåíî, ùî åíåðãåòè÷íà åôåêòèâí³ñòü äæåðåë åëåêò-
ðîí³â ÂÒÐ ç ïëàñòèí÷àòèì åëåêòðîäîì òà êîíóñíèì àíîäîì ñêëàäàº â³ä 70 äî 85%.
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* Ñòàòüÿ ïîäãîòîâëåíà â ðàìêàõ âûïîëíåíèÿ íàó÷íî-èññëåäîâàòåëüñêèõ ðàáîò ïî ãîñó-
äàðñòâåííîé äîãîâîðíîé òåìàòèêå «Ðàçðàáîòêà ìîùíîé ãàçîðàçðÿäíîé ýëåêòðîííîé ïóøêè
äëÿ èìïóëüñíîãî íàíåñåíèÿ ìíîãîêîìïîíåíòíûõ è õèìè÷åñêè ñëîæíûõ ïîêðûòèé», ïîä-
äåðæèâàåìîé Ìèíèñòåðñòâîì îáðàçîâàíèÿ è íàóêè Óêðàèíû, ñåêöèÿ «Ýëåêòðîíèêà, ðàäèî-
òåõíèêà è òåëåêîììóíèêàöèè». Íîìåð ãîñóäàðñòâåííîé ðåãèñòðàöèè 0116U003793.
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Ê ë þ ÷ î â ³ ñ ë î â à: òðèîäíå äæåðåëî åëåêòðîí³â, âèñîêîâîëüòíèé òë³þ÷èé ðîçðÿä,
åëåêòðè÷íå êåðóâàííÿ ñòðóìîì ðoçðÿäó, àíîäíà ïëàçìà, åíåðãåòè÷íà åôåêòèâí³ñòü.

Èñòî÷íèêè ýëåêòðîíîâ íà îñíîâå âûñîêîâîëüòíîãî òëåþùåãî ðàçðÿäà

(ÂÒÐ) øèðîêî ïðèìåíÿþòñÿ â ýëåêòðîííîé è àâèàêîñìè÷åñêîé ïðîìûø-

ëåííîñòè, ìàøèíîñòðîåíèè, ïðèáîðîñòðîåíèè è âî ìíîãèõ äðóãèõ îòðàñ-

ëÿõ ïðîìûøëåííîñòè, ãäå èñïîëüçóþòñÿ ñîâðåìåííûå ýëåêòðîííîëó÷åâûå

òåõíîëîãèè. Èñòî÷íèêè ýëåêòðîíîâ ÂÒÐ èñïîëüçóþòñÿ â îñíîâíîì äëÿ

ðåàëèçàöèè ðàçëè÷íûõ òåðìè÷åñêèõ îïåðàöèé ñ ïîìîùüþ ìîùíûõ ýëåêò-

ðîííûõ ïó÷êîâ, âêëþ÷àÿ âûñîêîïðîèçâîäèòåëüíóþ ñâàðêó, íàíåñåíèå ïî-

êðûòèé ñëîæíîãî õèìè÷åñêîãî ñîñòàâà â êîíòðîëèðóåìîé ãàçîâîé ñðåäå,

î÷èñòêó òóãîïëàâêèõ ìåòàëëîâ [1—6]. Ýòî îáóñëîâëåíî òåì, ÷òî èñòî÷-

íèêè ýëåêòðîíîâ ÂÒÐ èìåþò ðÿä òåõíèêî-ýêîíîìè÷åñêèõ ïðåèìóùåñòâ

íàä òðàäèöèîííûìè èñòî÷íèêàìè ñ íàãðåâàåìûìè êàòîäàìè [1—7].

Ñðåäè ýòèõ ïðåèìóùåñòâ îñíîâíûìè ÿâëÿþòñÿ îòíîñèòåëüíàÿ ïðîñòî-

òà êîíñòðóêöèè è äåøåâèçíà ãàçîðàçðÿäíûõ èñòî÷íèêîâ ýëåêòðîíîâ, à

òàêæå ýëåêòðîííîëó÷åâîãî òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ íà èõ îñíîâå,

âîçìîæíîñòü ðàáîòû òàêèõ èñòî÷íèêîâ ñ ðàçëè÷íûìè ãàçàìè, âêëþ÷àÿ

èíåðòíûå è àêòèâíûå, ïðîñòîòà óïðàâëåíèÿ òîêîì ýëåêòðîííîãî ïó÷êà

ïîñðåäñòâîì èçìåíåíèÿ äàâëåíèÿ â ðàáî÷åé êàìåðå [8], áîëüøîé ñðîê

ñëóæáû õîëîäíûõ êàòîäîâ è îòíîñèòåëüíî âûñîêàÿ ýíåðãåòè÷åñêàÿ ýôôåê-

òèâíîñòü èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ [7]. Îäíàêî â ðàáîòå [8] óêàçàí

ñóùåñòâåííûé íåäîñòàòîê ãàçîäèíàìè÷åñêîãî óïðàâëåíèÿ ìîùíîñòüþ ýëåêò-

ðîííîãî ïó÷êà, à èìåííî î÷åíü áîëüøîå çíà÷åíèå ïîñòîÿííîé âðåìåíè ðå-

ãóëèðîâàíèÿ òîêà ðàçðÿäà, îáóñëîâëåííîå âûñîêîé èíåðöèîííîñòüþ ãàçî-

äèíàìè÷åñêèõ ïðîöåññîâ.

Â ïðîìûøëåííûõ òåõíîëîãè÷åñêèõ óñòàíîâêàõ ñ ýëåêòðîííûìè ïóø-

êàìè íà îñíîâå ÂÒÐ ïîñòîÿííàÿ âðåìåíè ðåãóëèðîâàíèÿ òîêà ðàçðÿäà

ìîæåò ñîñòàâëÿòü íåñêîëüêî ñåêóíä, ÷òî íåïðèåìëåìî äëÿ áîëüøèíñòâà

ñîâðåìåííûõ ýëåêòðîííîëó÷åâûõ òåõíîëîãèé [9—12]. Â ñâÿçè ñ ýòèì â

íàñòîÿùåå âðåìÿ ïðîâîäÿòñÿ èññëåäîâàíèÿ âîçìîæíîñòåé èñïîëüçîâàíèÿ ìå-

òîäà ýëåêòðè÷åñêîãî óïðàâëåíèÿ òîêîì ÂÒÐ [7, 13, 14], êîòîðûé îñíîâàí íà

ââåäåíèè â ðàçðÿäíûé ïðîìåæóòîê äîïîëíèòåëüíîãî ýëåêòðîäà äëÿ çàæèãà-

íèÿ âñïîìîãàòåëüíîãî ðàçðÿäà. Òåîðåòè÷åñêèå îöåíêè ïîêàçàëè, ÷òî ïðè

ýëåêòðè÷åñêîì óïðàâëåíèè òîêîì ðàçðÿäà âðåìÿ ïåðåõîäà ÂÒÐ èç ñëàáî-

òî÷íîãî â ñèëüíîòî÷íûé ðåæèì ìîæåò ñîñòàâëÿòü îò äåñÿòêîâ äî ñîòåí

ìèêðîñåêóíä [13—15]. Òàêèå ìàëûå âðåìåíà ðåãóëèðîâàíèÿ òîêà ðàçðÿäà

ÿâëÿþòñÿ âïîëíå ïðèåìëåìûìè äëÿ áîëüøèíñòâà òåðìè÷åñêèõ ïðîöåññîâ

ñîâðåìåííûõ ýëåêòðîííîëó÷åâûõ òåõíîëîãèé [9—12].

Îñîáåííî àêòóàëüíîé ÿâëÿåòñÿ ðàçðàáîòêà ýëåêòðîííûõ ïóøåê ÂÒÐ

ïðîìûøëåííîãî íàçíà÷åíèÿ. Òàêèå ýëåêòðîííûå ïóøêè ìîãóò áûòü ýô-
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ôåêòèâíî èñïîëüçîâàíû äëÿ âûñîêîâàêóóìíîãî ïåðåïëàâà òóãîïëàâêèõ

ìåòàëëîâ è ñïëàâîâ [1, 2] è äëÿ íàíåñåíèÿ êîìïîçèòíûõ ïîëèìåòàëëè-

÷åñêèõ è êåðàìè÷åñêèõ ïîêðûòèé â ñðåäå ðàçëè÷íûõ ãàçîâ. Ïðè ýòîì õèìè-

÷åñêèé ñîñòàâ ãàçîâîé ñðåäû ìîæåò áûòü ðàçëè÷íûì è âûáèðàåòñÿ â ñîîò-

âåòñòâèè ñ òðåáîâàíèÿìè âûïîëíÿåìîãî òåõíîëîãè÷åñêîãî ïðîöåññà [2—6].

Ôîðìà è ðàñïîëîæåíèå âñïîìîãàòåëüíîãî ýëåêòðîäà, ïðåäíàçíà÷åííîãî

äëÿ ðåãóëèðîâàíèÿ òîêà ðàçðÿäà, òàêæå ìîãóò áûòü ðàçëè÷íûìè. Íàïðè-

ìåð, â ðàáîòàõ [7, 13—15] ðàññìîòðåíà ñèñòåìà ñ êîëüöåâûì ýëåêòðîäîì,

ðàñïîëîæåííûì â îáëàñòè àíîäíîé ïëàçìû (ÀÏ). Àíàëîãè÷íîé, ñ òî÷êè

çðåíèÿ ýëåêòðîííî-îïòè÷åñêèõ è ýíåðãåòè÷åñêèõ õàðàêòåðèñòèê, ÿâëÿåòñÿ

ñèñòåìà ñ öèëèíäðè÷åñêèì óïðàâëÿþùèì ýëåêòðîäîì, íà êîòîðûé ïî-

äàåòñÿ ïîëîæèòåëüíûé ïîòåíöèàë [13—15].
Îäíàêî ìåòîä ðàñ÷åòà ïîëîæåíèÿ ÀÏ â òðèîäíûõ èñòî÷íèêàõ ýëåêò-

ðîíîâ ÂÒÐ, îïèñàííûé â ðàáîòàõ [7, 15], îñíîâàí íà ïðèáëèæåííûõ àíàëè-
òè÷åñêèõ îöåíêàõ ñ èñïîëüçîâàíèåì áîëüøîãî êîëè÷åñòâà ñïðàâî÷íûõ
äàííûõ. Ïîñêîëüêó ñïðàâî÷íûå äàííûå î òåðìîäèíàìè÷åñêèõ ïàðàìåòðàõ
ÀÏ â èñòî÷íèêàõ ýëåêòðîíîâ ÂÒÐ ñóùåñòâóþò íå äëÿ âñåõ ðåæèìîâ ãîðå-
íèÿ ðàçðÿäà, ÷àñòî ïðîåêòèðîâàíèå òàêèõ èñòî÷íèêîâ òðåáóåò ïðîâåäåíèÿ
ñëîæíûõ ýêñïåðèìåíòàëüíûõ ðàáîò ïî èçìåðåíèþ òåìïåðàòóðû ýëåêòðî-
íîâ â ÀÏ è èõ ïîäâèæíîñòè, ÷òî çíà÷èòåëüíî óñëîæíÿåò èõ ïðîåêòèðî-
âàíèå [7].

Ðàçðàáîòàííûé àëãîðèòì ïðîåêòèðîâàíèÿ òðèîäíûõ èñòî÷íèêîâ ýëåêòðî-
íîâ ÂÒÐ ñ ïëàñòèí÷àòûì óïðàâëÿþùèì ýëåêòðîäîì è êîíè÷åñêèì àíîäîì
ïðåäíàçíà÷åí äëÿ ïðèáëèæåííûõ îöåíîê ýíåðãåòè÷åñêèõ ïàðàìåòðîâ ôîðìè-
ðóåìîãî ýëåêòðîííîãî ïó÷êà. Åãî îñîáåííîñòü ñîñòîèò â òîì, ÷òî ðàñ÷åòû
ïðîâîäÿòñÿ äëÿ ðåàëüíîé ãåîìåòðèè ýëåêòðîäíîé ñèñòåìû (ÝÑ). Äëÿ âû-
÷èñëåíèÿ òåðìîäèíàìè÷åñêèõ ïàðàìåòðîâ ÀÏ ïðèìåíåí ýôôåêòèâíûé èòå-
ðàöèîííûé àëãîðèòì, íå òðåáóþùèé èñïîëüçîâàíèÿ äîïîëíèòåëüíûõ ñïðà-
âî÷íûõ äàííûõ î òåìïåðàòóðå ýëåêòðîíîâ â ÀÏ è îá èõ ïîäâèæíîñòè.

Ïîñòàíîâêà çàäà÷è. Îñíîâíîé îñîáåííîñòüþ êîíñòðóêòèâíîé ñõåìû
ìîäåëèðóåìîé òðèîäíîé ÝÑ ÂÒÐ ñ ïëàñòèí÷àòûì ýëåêòðîäîì (ðèñ. 1)
ÿâëÿåòñÿ èñïîëüçîâàíèå êîíè÷åñêîé ôîðìû àíîäà, ÷òî ïîçâîëÿåò óâåëè-
÷èòü øèðèíó ÀÏ è óìåíüøèòü ðàññòîÿíèå îò ãðàíèöû ïëàçìû äî ïîâåðõ-
íîñòè êàòîäà ïðè ñîõðàíåíèè îáúåìà ÀÏ è åå ýìèññèîííûõ ñâîéñòâ. Ïîýòîìó
ïîëîæåíèå ãðàíèöû ÀÏ îòíîñèòåëüíî êàòîäà dê.ï íåîáõîäèìî ïåðåñ÷è-
òûâàòü â ñîîòâåòñòâèè ñ ðåàëüíîé ãåîìåòðèåé ÝÑ.

Íà ðèñ. 1 ïîêàçàíû îñîáåííîñòè ýëåêòðè÷åñêîãî ïèòàíèÿ ðàññìàò-
ðèâàåìîé ÝÑ: íà êàòîä ïîäàåòñÿ îòðèöàòåëüíîå óñêîðÿþùåå íàïðÿæåíèå
– Uóñ îò åäèíèö äî äåñÿòêîâ êèëîâîëüò, à íà óïðàâëÿþùèé ýëåêòðîä — ïîëî-
æèòåëüíîå íàïðÿæåíèå +Uóï, êîòîðîå èçìåíÿåòñÿ â ïðåäåëàõ îò äåñÿòêîâ
äî ñîòåí âîëüò [7, 13—15].
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Ïðè ðàñ÷åòå ïîëîæåíèÿ ÀÏ â ìîäåëèðóåìîé ÝÑ ÂÒÐ äëÿ îöåíêè
òåìïåðàòóðû ýëåêòðîíîâ è èõ ïîäâèæíîñòè â ÀÏ èñïîëüçîâàí èòåðàöèîí-
íûé àëãîðèòì, ïîçâîëÿþùèé ïîëó÷àòü áîëåå òî÷íûå è àäåêâàòíûå îöåíêè,
÷åì óïðîùåííûå àíàëèòè÷åñêèå ðàñ÷åòû, ïðèâåäåííûå â ðàáîòàõ [7,
13—15]. Äëÿ îöåíêè ýíåðãåòè÷åñêîé ýôôåêòèâíîñòè èñòî÷íèêîâ ýëåêòðî-
íîâ ÂÒÐ èñïîëüçîâàíû ñîîòíîøåíèÿ, ïîëó÷åííûå â ðàáîòàõ [7, 13—15],
îäíàêî ïðè ýòîì ó÷òåíû ñïåöèôè÷åñêèå ôèçè÷åñêèå óñëîâèÿ ãîðåíèÿ ÂÒÐ â
èññëåäóåìîé ÝÑ.

Ïàðàìåòðû ìîäåëè òðèîäíûõ èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ. Îñ-
íîâíûå ãåîìåòðè÷åñêèå ïàðàìåòðû ðàññìàòðèâàåìîé ìîäåëè òðèîäíîé ÝÑ
ÂÒÐ (ðèñ. 2) ñëåäóþùèå:

1. Ïðîäîëüíûé ðàçìåð ðàçðÿäíîãî ïðîìåæóòêà l.
2. Ïîïåðå÷íûé ðàçìåð ðàçðÿäíîãî ïðîìåæóòêà dï.
3. Ïîïåðå÷íûé ðàçìåð êàòîäà rê.
4. Ïîïåðå÷íûé ðàçìåð ÀÏ dÀÏ.
5. Ñóììàðíàÿ ïëîùàäü óïðàâëÿþùèõ ýëåêòðîäîâ Sóï.
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Ðèñ. 1. Êîíñòðóêòèâíàÿ ñõåìà ìîäåëèðóåìîé ÝÑ ÂÒÐ ñ ïëàñòèí÷àòûì óïðàâëÿþùèì
ýëåêòðîäîì: 1 — êàòîä; 2 — êîëëåêòîð ýëåêòðîííîãî ïó÷êà; 3 — àíîä; 4 — óïðàâëÿþùèé
ýëåêòðîä; 5 — ýëåêòðîííûé ïó÷îê; 6 — ÀÏ; 7 — ãðàíèöà ÀÏ; 8 è 9 — âûñîêîâîëüòíûé è
íèçêîâîëüòíûé èçîëÿòîðû; 10 — ôîêóñèðóþùàÿ ìàãíèòíàÿ ëèíçà



Çàìåòèì, ÷òî ïàðàìåòðû 1—4 èäåíòè÷íû ïàðàìåòðàì, èñïîëüçóåìûì
äëÿ òðèîäíûõ ÝÑ ÂÒÐ ñ êîëüöåâûì ýëåêòðîäîì [13—15].

Îñíîâíûìè ýëåêòðè÷åñêèìè ïàðàìåòðàìè äàííîé ìîäåëè, êàê è ìîäå-
ëåé ÝÑ ÂÒÐ ñ êîëüöåâîé ãåîìåòðèåé óïðàâëÿþùåãî ýëåêòðîäà, ÿâëÿþòñÿ
óñêîðÿþùåå íàïðÿæåíèå Uóñ è íàïðÿæåíèå ãîðåíèÿ âñïîìîãàòåëüíîãî ðàç-
ðÿäà Uóï [7, 13—16]. Âàæíûì âíóòðåííèì åå ïàðàìåòðîì ÿâëÿåòñÿ ïðèâå-
äåííîå äàâëåíèå â ðàçðÿäíîì ïðîìåæóòêå pa0 [7, 13—16]. Êðîìå òîãî âíóò-
ðåííèìè ïàðàìåòðàìè ðàññìàòðèâàåìîé ìîäåëè ÿâëÿþòñÿ ïîëóýìïèðè÷åñêèå
êîýôôèöèåíòû, ñâÿçûâàþùèå òåðìîäèíàìè÷åñêèå ïàðàìåòðû ÀÏ ñ ýëåêòðè-
÷åñêèìè ïàðàìåòðàìè ãîðåíèÿ ðàçðÿäà è äàâëåíèåì ãàçà â ðàçðÿäíîì ïðî-
ìåæóòêå. Â îáùåì âèäå ìåòîäû îöåíêè ïàðàìåòðîâ ÀÏ ÂÒÐ ðàññìîòðåíû â
ðàáîòàõ [7, 13—15].

Îñîáåííîñòü ïîñòðîåíèÿ ïðåäëàãàåìîé ìîäåëè — èñïîëüçîâàíèå èòå-

ðàöèîííîãî àëãîðèòìà îöåíêè ïîäâèæíîñòè ýëåêòðîíîâ è èõ òåìïåðàòóðû

â ÀÏ, äëÿ êîòîðîãî òðåáóåòñÿ çíà÷èòåëüíî ìåíüøå ñïðàâî÷íûõ äàííûõ,

÷åì äëÿ àíàëîãè÷íûõ àíàëèòè÷åñêèõ îöåíîê. Íåîáõîäèìûå äëÿ ðàñ÷åòà

ñïðàâî÷íûå äàííûå âçÿòû èç ðàáîò [17—21].

Îñíîâíûå âûõîäíûå ïàðàìåòðû ðàññìàòðèâàåìîé ìîäåëè ñëåäóþùèå

[9, 10]:

1. Ôîêàëüíûé ðàäèóñ ôîðìèðóåìîãî ýëåêòðîííîãî ïó÷êà rï.

2. Îáùàÿ ìîùíîñòü ôîðìèðóåìîãî ýëåêòðîííîãî ïó÷êà Wï è åãî óäåëü-

íàÿ ìîùíîñòü wï.

3. Ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü èñòî÷íèêà ýëåêòðîíîâ �.
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Ðèñ. 2. Êâàçèîäíîìåðíàÿ ìîäåëü ÝÑ òðèîäíîé ýëåêòðîííîé ïóøêè ÂÒÐ ñ öèëèíäðè÷åñêèì
àíîäîì è ïëàñòèí÷àòûì óïðàâëÿþùèì ýëåêòðîäîì: 1 è 2 — êàòîä è àíîä ÂÒÐ; 3 —
ïëàñòèí÷àòûé ýëåêòðîä äëÿ çàæèãàíèÿ âñïîìîãàòåëüíîãî ðàçðÿäà; 4 è 5 — íèçêîâîëüòíûé
è âûñîêîâîëüòíûé èçîëÿòîðû; 6 — àíîäíàÿ ïëàçìà; 7 — ýëåêòðîííûé ïó÷îê; 8 — íèçêî-
âîëüòíûé èñòî÷íèê óïðàâëÿþùåãî íàïðÿæåíèÿ; 9 — îáðàáàòûâàåìîå èçäåëèå; 10 —
âûñîêîâîëüòíûé èñòî÷íèê ïèòàíèÿ; rîò — äèàìåòð âûõîäíîãî îòâåðñòâèÿ àíîäà



4. Âðåìÿ çàæèãàíèÿ ÂÒÐ �ç è âðåìÿ åãî ãàøåíèÿ �ã [7, 13—15] (äëÿ

èìïóëüñíûõ òðèîäíûõ èñòî÷íèêîâ ýëåêòðîíîâ).

Îöåíêà òåðìîäèíàìè÷åñêèõ ïàðàìåòðîâ ÀÏ è åå ïðîäîëüíîãî ðàç-

ìåðà. Â ðàáîòàõ [7, 13—15] ïîêàçàíî, ÷òî îöåíèòü îáúåì ÀÏ è êîíöåíò-

ðàöèþ èîíîâ â íåé äëÿ ÝÑ ÂÒÐ (ñì. ðèñ. 2) ìîæíî, ðåøèâ ñàìîñîãëà-

ñîâàííóþ ñèñòåìó àëãåáðàè÷åñêèõ óðàâíåíèé, âêëþ÷àþùóþ óðàâíåíèå

áàëàíñà çàðÿæåííûõ ÷àñòèö â îáúåìå êâàçèíåéòðàëüíîé ïëàçìû, è óðàâ-

íåíèå ñàìîñîãëàñîâàííîñòè ãîðåíèÿ ÂÒÐ. Äëÿ ÝÑ ñ öèëèíäðè÷åñêèì àíî-

äîì ïðîäîëüíûé ðàçìåð ÀÏ ìîæíî îïðåäåëèòü èç ñëåäóþùèõ àíàëèòè-

÷åñêèõ ñîîòíîøåíèé [7, 15]:
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— êîýôôèöèåíòû îòðàæåíèÿ ýëåêòðîíîâ îò àíîäà ÂÒÐ ñîîò-
âåòñòâåííî ïî òîêó è ïî ýíåðãèè; � ê — êîýôôèöèåíò âòîðè÷íîé ýëåêò-
ðîííî-èîííîé êîìèññèè êàòîäà ÂÒÐ; ke — êîýôôèöèåíò óäëèíåíèÿ òðàåê-
òîðèé ýëåêòðîíîâ; �e0 — ïîäâèæíîñòü ýëåêòðîíîâ â àíîäíîé ïëàçìå äëÿ
èñïîëüçóåìîãî ðàáî÷åãî ãàçà; f — êîýôôèöèåíò ïðîçðà÷íîñòè àíîäà ÂÒÐ;
Qep0 — ñå÷åíèå ðàññåÿíèÿ ýëåêòðîíîâ íà èîíàõ îñòàòî÷íîãî ãàçà; Te —
òåìïåðàòóðà ýëåêòðîíîâ â ïëàçìå ñ ó÷åòîì åå íàãðåâà ýëåêòðîííûì ïó÷-
êîì; � e — äëèíà ñâîáîäíîãî ïðîáåãà ýëåêòðîíîâ; ne — êîíöåíòðàöèÿ
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ýëåêòðîíîâ â ïëàçìå; U i — ïîòåíöèàë èîíèçàöèè ãàçà; N 0 — ïîñòîÿííàÿ
Ëîøìèäòà; � i — ïîëóýìïèðè÷åñêàÿ ïîñòîÿííàÿ, ÿâëÿþùàÿñÿ êîíñòàíòîé
äëÿ äàííîãî ãàçà; Ai , ai — ïîëóýìïèðè÷åñêèå êîýôôèöèåíòû; Có, Dó —
êîýôôèöèåíòû ðåøàåìîãî óðàâíåíèÿ; D — äèñêðèìèíàíò óðàâíåíèÿ; p, q,
u, v, y — âñïîìîãàòåëüíûå ïåðåìåííûå.

Îäíàêî äëÿ ñèñòåì ÂÒÐ ñ êîíè÷åñêèì àíîäîì (ñì. ðèñ. 1) ñîîòíîøåíèÿ

(1) äàþò çàíèæåííîå çíà÷åíèå ïðîäîëüíîãî ðàçìåðà ÀÏ dÀÏ, ïîñêîëüêó

òðåáóåìûé îáúåì ïëàçìû â öèëèíäðè÷åñêîé ïîëîñòè äîñòèãàåòñÿ ïðè

ìåíüøåì åå ïðîäîëüíîì ðàçìåðå, ÷åì â êîíè÷åñêîé. Ñîîòâåòñòâóþùåå

àíàëèòè÷åñêîå ñîîòíîøåíèå äëÿ ïåðåñ÷åòà ïðîäîëüíîãî ðàçìåðà ÀÏ â ÝÑ

ñ êîíè÷åñêèì àíîäîì èìååò ñëåäóþùèé âèä [22]:

d
R d l

h sw

l R

h s w

R d
ÀÏ

a
2

ê. ï a
4

a
4

a
12

a
6

a
15

a
4

ê. ï
2

2 27
� � �

3 9
2 3 2

l

h s w

l R

h s w

R l d

h

a
8

a
8

a
24

a
12

a
30

a
8

a
16

ê. ï

a
194 729 92 2 6 6

3 2
� �

s w4 4
3 , (2)
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dê.ï — ðàññòîÿíèå ìåæäó êàòîäîì è ãðàíèöåé ÀÏ â ýêâèâàëåíòíîé òðèîä-
íîé ÝÑ ÂÒÐ ñ öèëèíäðè÷åñêèì àíîäîì (ñì. ðèñ. 2), îïðåäåëÿåìîå èç
ñîîòíîøåíèé (1).

Íåäîñòàòîê àíàëèòè÷åñêèõ ìîäåëåé ÝÑ ÂÒÐ, îñíîâàííûõ íà ñîîò-
íîøåíèÿõ (1), ñîñòîèò â òîì, ÷òî èõ ìîæíî èñïîëüçîâàòü òîëüêî â òåõ
ñëó÷àÿõ, êîãäà èçâåñòíû òåðìîäèíàìè÷åñêèå ïàðàìåòðû ÀÏ Te è �e0 [7,
13—15]. Îäíàêî â ðåàëüíûõ ýëåêòðîííûõ ïóøêàõ ÂÒÐ, ðàçðàáàòûâàåìûõ
äëÿ ïðîìûøëåííîñòè, ôèçè÷åñêèå óñëîâèÿ ãîðåíèÿ ðàçðÿäà íå âñåãäà
ñîîòâåòñòâóþò ïàðàìåòðàì, îïèñàííûì â ñïðàâî÷íîé ëèòåðàòóðå. Ïîýòî-
ìó òðåáóþòñÿ äîïîëíèòåëüíûå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ, ñâÿçàí-
íûå ñ èçìåðåíèåì ïàðàìåòðîâ ÀÏ ÂÒÐ, ÷òî çíà÷èòåëüíî ñíèæàåò ýôôåê-
òèâíîñòü ïðîåêòèðîâàíèÿ è óâåëè÷èâàåò âðåìÿ ïðîâåäåíèÿ ïðîåêòíûõ
ðàáîò [7, 22].

Â ñâÿçè ñ ýòèì, íåñìîòðÿ íà ïðîñòîòó àíàëèòè÷åñêèõ ñîîòíîøåíèé (1),
áîëåå ýôôåêòèâíûìè äëÿ ïðîìûøëåííîãî ïðèìåíåíèÿ ïðè ðàçðàáîòêå
ýëåêòðîííûõ ïóøåê ÂÒÐ ÿâëÿþòñÿ èòåðàöèîííûå àëãîðèòìû ðàñ÷åòà ïàðà-
ìåòðîâ ÀÏ. Â îáùåì ñëó÷àå òàêèå àëãîðèòìû îñíîâàíû íà ðåøåíèè äèô-
ôåðåíöèàëüíîãî óðàâíåíèÿ äëÿ ÝÑ ñ ïëàâàþùåé ãðàíèöåé, â êîòîðîì
ðàâíîâåñíîå ïîëîæåíèå ÀÏ îïðåäåëÿåòñÿ èç óñëîâèÿ ðàâåíñòâà êèíåòè-
÷åñêîãî äàâëåíèÿ ýëåêòðîíîâ â ÀÏ è äàâëåíèÿ ñèëû ýëåêòðè÷åñêîãî ïîëÿ
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ñî ñòîðîíû êàòîäíîãî ïîòåíöèàëà [16, 23]. Â îáùåì âèäå ýòî óðàâíåíèå
èìååò âèä [23]
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ãäå n — íîðìàëü ê ïîâåðõíîñòè ïëàçìåííîé ãðàíèöû; q — çàðÿä èîíîâ
ïëàçìû; * — ïðèýëåêòðîäíûé ïîòåíöèàë, çàâèñÿùèé îò ñîñòàâà ðàáî÷åãî
ãàçà, çíà÷åíèå êîòîðîãî äëÿ óñëîâèé ãîðåíèÿ ÂÒÐ îáû÷íî ëåæèò â ïðå-
äåëàõ íåñêîëüêèõ âîëüò [23]. Èòåðàöèîííûå àëãîðèòìû ðàñ÷åòà ïîëî-
æåíèÿ ïëàçìåííîé ãðàíèöû, îñíîâàííûå íà èñïîëüçîâàíèè ñîîòíîøåíèÿ
(4), ÿâëÿþòñÿ áîëåå ðåñóðñîåìêèìè ïðè ïðîâåäåíèè êîìïüþòåðíûõ âû-
÷èñëåíèé, íî, â òî æå âðåìÿ, îíè îáåñïå÷èâàþò áîëüøóþ òî÷íîñòü è
ïîçâîëÿþò èçáåæàòü íåîáõîäèìîñòè ïðîâåäåíèÿ äîïîëíèòåëüíûõ ýêñïå-
ðèìåíòîâ.

Äëÿ ôèçè÷åñêèõ óñëîâèé ãîðåíèÿ ÂÒÐ òåìïåðàòóðà ýëåêòðîíîâ â ÀÏ
ìîæåò áûòü îöåíåíà èç ñîîòíîøåíèÿ [20, 21]
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ãäå mi — ìàcñà èîíîâ ãàçà;
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Äëÿ áîëüøèíñòâà òåõíîëîãè÷åñêèõ ãàçîâ, íàïðèìåð äëÿ âîäîðîäà, ãå-
ëèÿ, àçîòà è âîçäóõà, èíòåãðàë ñòîëêíîâåíèé ýëåêòðîíîâ ñ àòîìàìè îñòà-
òî÷íîãî ãàçà çàïèñûâàåòñÿ â âèäå [20, 21]
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v — ïåðåìåííàÿ èíòåãðèðîâàíèÿ. Ïðè âûïîëíåíèè óñëîâèÿ (7) ïîäâèæ-
íîñòü ýëåêòðîíîâ ìîæíî îöåíèòü ñ òî÷íîñòüþ äî íåñêîëüêèõ ïðîöåíòîâ èç
ïðîñòîãî àíàëèòè÷åñêîãî âûðàæåíèÿ [20, 21]
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, (8)

ãäå a, b — ïîëóýìïèðè÷åñêèå êîýôôèöèåíòû.
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Ñ ó÷åòîì ñîîòíîøåíèé (1), (5), (6), (8) ðàçðàáîòàí èòåðàöèîííûé àëãî-

ðèòì ðàñ÷åòà ïîëîæåíèÿ ãðàíèöû ÀÏ (ðèñ. 3), ñîãëàñíî êîòîðîìó ñíà÷àëà

òåðìîäèíàìè÷åñêèå ïàðàìåòðû ÀÏ çàäàþòñÿ ïî ñïðàâî÷íûì äàííûì, à

çàòåì äâàæäû ïðîâîäèòñÿ ðàñ÷åò åå ïðîäîëüíîãî ðàçìåðà. Ñ èñïîëüçî-

âàíèåì ñîîòíîøåíèé (1), õàðàêòåðèçóþùèõ ôèçè÷åñêèå ïðîöåññû â îáëàñ-

òè êàòîäíîãî ïàäåíèÿ ïîòåíöèàëà, ðàññ÷èòûâàåì çíà÷åíèå �d ê. ï , à ñ èñïîëü-

çîâàíèåì ñîîòíîøåíèÿ (6), îïèñûâàþùåãî ïðîöåññû â ÀÏ — äðóãîå çíà-

÷åíèå ��d ê. ï . Çàòåì, ñ ó÷åòîì ñîîòíîøåíèé (2) è (3), ïîëó÷åííûå çíà÷åíèÿ
�d ê. ï è ��d ê. ï ïåðåñ÷èòûâàåì äëÿ êîíè÷åñêîé ãåîìåòðèè àíîäà è, ñ èñïîëü-

çîâàíèåì ìåòîäà çîëîòîãî ñå÷åíèÿ [24], îïðåäåëÿåì ñðåäíåå çíà÷åíèå
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Èòåðàöèîííûå âû÷èñëåíèÿ ïðåêðàùàþòñÿ ïðè âûïîëíåíèè óñëîâèÿ

| |d dr r
ê. ï ê. ï
1 2
� � �, (10)

ãäå �— çàðàíåå çàäàííàÿ ìàëàÿ âåëè÷èíà.

Òåñòèðîâàíèå ïðèâåäåííîãî àëãîðèòìà ïðîâîäèëîñü äëÿ ñëåäóþùèõ

ïàðàìåòðîâ ÝÑ ÂÒÐ: l = 100 ìì, dï = 90 ìì, Sóï = 0,06 ì2, rê = 70 ñì,

U i �18B, ai �0343, , � � 46, , Qep0
1953 10� �
�, ì2, � i �1452, , �i �0 7, , �U �095, ,

f �099, , Ai � �
�38 10 6, , a � �25 104, ì/c, b = 25,4 ì2/B � c. Â êà÷åñòâå ðàáî÷åãî

ãàçà èñïîëüçîâàí àçîò, â êà÷åñòâå ìàòåðèàëà êàòîäà — àëþìèíèé, à â

êà÷åñòâå ìàòåðèàëà àíîäà — íåðæàâåþùàÿ ñòàëü ÑÒ3. Ýòè ìàòåðèàëû

ñ÷èòàþòñÿ îñíîâíûìè êîíñòðóêòèâíûìè ìàòåðèàëàìè äëÿ ïðîìûøëåí-

íûõ èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ [16, 17].

Îïðåäåëåíèå òîêîâ îñíîâíîãî è âñïîìîãàòåëüíîãî ðàçðÿäà è ýíåð-

ãåòè÷åñêîé ýôôåêòèâíîñòè òðèîäíûõ èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ ñ

ïëàñòèí÷àòûì óïðàâëÿþùèì ýëåêòðîäîì. Â ðàáîòàõ [7, 13—15] ïîêà-

çàíî, ÷òî ïðè èçâåñòíîì ïðîäîëüíîì ðàçìåðå ÀÏ dÀÏ êîíöåíòðàöèþ

èîíîâ â íåé ìîæíî îöåíèòü èç ñîîòíîøåíèÿ
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Òîãäà ñîîòíîøåíèå äëÿ òîêà âñïîìîãàòåëüíîãî ðàçðÿäà ìîæíî çàïèñàòü â

âèäå

I en S
eU

m
i

i

óï óï óï
óï

� �( )1
2

� ,
(12)

ãäå � óï — êîýôôèöèåíò âòîðè÷íîé ýëåêòðîííîé ýìèññèè äëÿ ìàòåðèàëà

óïðàâëÿþùåãî ýëåêòðîäà. Ñîîòâåòñòâåííî äëÿ òîêà îñíîâíîãî ðàçðÿäà:
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ãäå roò — äèàìåòð âûõîäíîãî îòâåðñòèÿ àíîäà (ñì. ðèñ. 2). Òîãäà ýíåð-

ãåòè÷åñêóþ ýôôåêòèâíîñòü òðèîäíîãî èñòî÷íèêà ýëåêòðîíîâ ìîæíî ðàñ-

ñ÷èòàòü èç ñëåäóþùèõ ñîîòíîøåíèé [7, 13—15]:

�

��

� �

ä � �
� �

�

1
2 1 2

2 1

0k k

k k

e e e

e e

( )

(
, k lp Qe a i�

0 0, �
�

�
ò

ä

ä óï óï

óc p

�

�1
U I

U I

. (14)

Ñîîòíîøåíèÿ (1)—(14) èñïîëüçîâàíû äëÿ ðàñ÷åòà ýíåðãåòè÷åñêîé ýô-

ôåêòèâíîñòè òðèîäíûõ èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ ñ ïëàñòèí÷àòûì

óïðàâëÿþùèì ýëåêòðîäîì. Ñîîòâåòñòâóþùèå çàâèñèìîñòè ðàññòîÿíèÿ îò

ãðàíèöû ÀÏ äî ïîâåðõíîñòè êàòîäà ïðèâåäåíû íà ðèñ. 4, à äëÿ ýíåðãå-

òè÷åñêîé ýôôåêòèâíîñòè èñòî÷íèêîâ ýëåêòðîíîâ — íà ðèñ. 5.

Àíàëèç ðåçóëüòàòîâ ìîäåëèðîâàíèÿ. Èç ïðèâåäåííûõ íà ðèñ. 4 ðàñ-

÷åòíûõ çàâèñèìîñòåé ïîëîæåíèÿ ãðàíèöû ÀÏ îòíîñèòåëüíî ïîâåðõíîñòè

êàòîäà âèäíî, ÷òî ðàññòîÿíèå îò êàòîäà äî ÀÏ óìåíüøàåòñÿ ñ óâåëè÷åíèåì

ïðèâåäåííîãî äàâëåíèÿ ãàçà â ðàçðÿäíîì ïðîìåæóòêå pa0 è óâåëè÷åíèåì

íàïðÿæåíèÿ ãîðåíèÿ âñïîìîãàòåëüíîãî ðàçðÿäà Uóï, ïîñêîëüêó ýòè ôèçè-

÷åñêèå ïðîöåññû ñîîòâåòñòâóþò óâåëè÷åíèþ îáúåìà ÀÏ. Ïðè ýòîì ñîã-

ëàñíî (11) óâåëè÷èâàåòñÿ è êîíöåíòðàöèÿ èîíîâ â ÀÏ. Îäíàêî ðåçóëüòàòû

ìîäåëèðîâàíèÿ ïîêàçàëè, ÷òî îáúåì ÀÏ óâåëè÷èâàåòñÿ ñ âîçðàñòàíèåì

äàâëåíèÿ â ðàçðÿäíîì ïðîìåæóòêå è íàïðÿæåíèÿ ãîðåíèÿ âñïîìîãàòåëü-

íîãî ðàçðÿäà òîëüêî äî ñîîòâåòñòâóþùåé êîíå÷íîé âåëè÷èíû.

Äåéñòâèòåëüíî, çàâèñèìîñòè dê.ï (pa0) è dê.ï (Uóï), ïðèâåäåííûå íà ðèñ. 4,

íîñÿò àñèìïòîòè÷åñêèé õàðàêòåð. Â ñîîòâåòñòâèè ñ ïîëó÷åííûìè ðåçóëü-

òàòàìè ìîäåëèðîâàíèÿ ìèíèìàëüíàÿ âåëè÷èíà ïîïåðå÷íîãî ðàçìåðà îá-

ëàñòè êàòîäíîãî ïàäåíèÿ ïîòåíöèàëà ìîæåò áûòü îöåíåíà èç ñîîòíîøåíèÿ

d rê. ï ï
min /� 2. Äàëüíåéøåå âîçðàñòàíèå êîíöåíòðàöèè èîíîâ â ÀÏ ÂÒÐ ìî-
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æåò áûòü îáóñëîâëåíî òîëüêî óâåëè÷åíèåì ñòåïåíè èîíèçàöèè ãàçà.

Àíàëîãè÷íûå ðåçóëüòàòû ïîëó÷åíû äëÿ ÝÑ ÂÒÐ ñ öèëèíäðè÷åñêèì àíî-

äîì è êîëüöåâûì ýëåêòðîäîì [7, 15].

Èç ðèñ. 5 âèäíî, ÷òî ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü òðèîäíûõ èñòî÷-

íèêîâ ýëåêòðîíîâ ÂÒÐ ñ ïëàñòèí÷àòûì óïðàâëÿþùèì ýëåêòðîäîì óâåëè-

÷èâàåòñÿ ïðè óâåëè÷åíèè óñêîðÿþùåãî è óïðàâëÿþùåãî íàïðÿæåíèÿ è

È.Â. Ìåëüíèê
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ïðè óìåíüøåíèè äàâëåíèÿ ãàçà â ðàçðÿäíîì ïðîìåæóòêå. Ìàêñèìàëüíàÿ

ýíåðãåòè÷åñêàÿ ýôôåêòèâíîñòü ðàññìàòðèâàåìûõ èñòî÷íèêîâ ýëåêòðîíîâ

ÂÒÐ ñîñòàâëÿëà ïðèáëèçèòåëüíî 80%, ò.å. áûëà íåìíîãî ìåíüøå, ÷åì äëÿ

èñòî÷íèêîâ ýëåêòðîäîâ ñ êîëüöåâûì ýëåêòðîäîì, äëÿ êîòîðûõ ýòîò ïàðàìåòð

ìîæåò äîñòèãàòü 90% [7, 15]. Ýòî îáóñëîâëåíî òåì, ÷òî ïðè óâåëè÷åíèè

ïëîùàäè óïðàâëÿþùåãî ýëåêòðîäà óâåëè÷èâàåòñÿ òîê âñïîìîãàòåëüíîãî

ðàçðÿäà (12).

Îäíàêî íåñîìíåííûì ïðåèìóùåñòâîì èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ ñ

ïëàñòèí÷àòûì óïðàâëÿþùèì ýëåêòðîäîì ÿâëÿåòñÿ èõ áîëåå âûñîêàÿ ìîù-

íîñòü è áîëüøàÿ ýôôåêòèâíîñòü óïðàâëåíèÿ òîêîì ðàçðÿäà, à òàêæå îòíî-

ñèòåëüíàÿ ïðîñòîòà êîíñòðóêöèè èñòî÷íèêà. Êàê âèäíî èç ðèñ. 5, ðàñ-

õîæäåíèå ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ äàííûõ íå ïðåâûøàåò 10 %,

÷òî ñâèäåòåëüñòâóåò î âûñîêîé òî÷íîñòè è àäåêâàòíîñòè ïðåäëîæåííîãî

ìåòîäà ìîäåëèðîâàíèÿ è ðàçðàáîòàííîãî àëãîðèòìà.

Âûâîäû

Ïîëó÷åííûå ðåçóëüòàòû ìîäåëèðîâàíèÿ ïîêàçàëè, ÷òî ýíåðãåòè÷åñêàÿ ýô-

ôåêòèâíîñòü èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ â ñòàöèîíàðíîì ðåæèìå ðàáîòû

ìîæåò äîñòèãàòü 80%. Äëÿ ïîâûøåíèÿ ýíåðãåòè÷åñêîé ýôôåêòèâíîñòè èñ-

òî÷íèêà ýëåêòðîíîâ ÂÒÐ ïðè ïîñòîÿííîì óñêîðÿþùåì íàïðÿæåíèè ìîæíî

óâåëè÷èâàòü íàïðÿæåíèå ãîðåíèÿ âñïîìîãàòåëüíîãî ðàçðÿäà èëè óìåíüøàòü

äàâëåíèå â ðàçðÿäíîì ïðîìåæóòêå. Ýôôåêòèâíîñòü è òî÷íîñòü ïðåäëîæåí-

íîãî èòåðàöèîííîãî àëãîðèòìà, ïðåäíàçíà÷åííîãî äëÿ ðàñ÷åòà ïîëîæåíèÿ

ãðàíèöû ÀÏ îòíîñèòåëüíî êàòîäà, ïîäòâåðæäàåòñÿ ñëåäóþùèì:

ðàñõîæäåíèå ìåæäó ðàñ÷åòíûìè è ýêñïåðèìåíòàëüíûìè äàííûìè íå

ïðåâûøàåò 10 %,

âðåìÿ ðàñ÷åòà çàäà÷è íà ñîâðåìåííûõ ïåðñîíàëüíûõ êîìïüþòåðàõ íå

ïðåâûøàåò îäíîé ìèíóòû.

Â ïðåäëîæåííîì àëãîðèòìå íå èñïîëüçóþòñÿ ñïðàâî÷íûå èëè ýêñïå-

ðèìåíòàëüíûå äàííûå î òåðìîäèíàìè÷åñêèõ ïàðàìåòðàõ ÀÏ äëÿ çàäàííûõ

ðåæèìîâ ãîðåíèÿ ÂÒÐ, ÷òî òàêæå ÿâëÿåòñÿ åãî äîñòîèíñòâîì.

Ïîëó÷åííûå ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðåäñòàâëÿþò ïðàêòè÷åñêèé

èíòåðåñ äëÿ ïðîåêòèðîâùèêîâ ýëåêòðîííîëó÷åâîãî òåõíîëîãè÷åñêîãî îáî-

ðóäîâàíèÿ. Ìîùíîñòü ðàññìîòðåííûõ èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ ñ ïëàñ-

òèí÷àòûì óïðàâëÿþùèì ýëåêòðîäîì ïðè ðàáîòå â ñòàöèîíàðíîì ðåæèìå

ìîæåò ñîñòàâëÿòü îò äåñÿòêîâ äî ñîòåí êèëîâàòò. Òàêèå èñòî÷íèêè ýëåêò-

ðîíîâ ìîãóò áûòü óñïåøíî èñïîëüçîâàíû â ñîâðåìåííûõ òåõíîëîãèÿõ

íàíåñåíèÿ òîíêèõ ïëåíîê èëè âàêóóìíîé ïåðåïëàâêè òóãîïëàâêèõ ìåòàë-

ëîâ. Âîïðîñ î âîçìîæíîñòè ðàáîòû èñòî÷íèêîâ ýëåêòðîíîâ ÂÒÐ ñ ïëàñòèí-

Ìîäåëèðîâàíèå òðèîäíûõ èñòî÷íèêîâ ýëåêòðîíîâ âûñîêîâîëüòíîãî
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÷àòûì óïðàâëÿþùèì ýëåêòðîäîì â èìïóëüñíîì ðåæèìå ïîêà îñòàåòñÿ

îòêðûòûì è òðåáóåò ïðîâåäåíèÿ äîïîëíèòåëüíûõ òåîðåòè÷åñêèõ è ýêñïå-

ðèìåíòàëüíûõ èññëåäîâàíèé.
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I.V. Melnyk

MODELING OF TRIODE SOURCES OF ELECTRONS OF A HIGH-VOLTAGE GLOW

DISCHARGE (HGD) WITH PLATE CONTROL ELECTRODE AND CONICAL ANODE

The methods of modeling of triode sources of electrons of a high-voltage glow discharge (HGD) with
plate control electrode and conical anode have been stated. The proposed methods are based on itera-
tion algorithm which permits determining thermodynamic parameters of free electrons in anode plas-
ma with allowance for electrical parameters of the model and electro-physical parameters of materials
used for electrodes and working gas. Modeling resulted in obtaining dependences of energy effi-
ciency of the electron sources on accelerating voltage, burning voltage of a control bit and reduced
pressure in the discharge gap. It has been established that the energy efficiency of electron sources of
HGD with plate control electrode and conical anode is from 70 to 85%.

K e y w o r d s: triode sources of electrons, high-voltage glow discharge, electrical control of dis-
charge current, anode plasma, energy efficiency.

ÌÅËÜÍÈÊ Èãîðü Âèòàëüåâè÷, ä-ð òåõí. íàóê, ïðîôåññîð êàôåäðû ýëåêòðîííûõ ïðèáîðîâ è

óñòðîéñòâ Íàöèîíàëüíîãî òåõíè÷åñêîãî óíèâåðñèòåòà Óêðàèíû «Êèåâñêèé ïîëèòåõíè÷åñêèé

èí-ò». Â 1989 ã. îêîí÷èë Êèåâñêèé ïîëèòåõíè÷åñêèé èí-ò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé —

ìîäåëèðîâàíèå ýëåêòðîííîëó÷åâûõ òåõíîëîãè÷åñêèõ óñòðîéñòâ, òåîðèÿ ãàçîâîãî ðàçðÿäà,

ïðîãðàììèðîâàíèå è òåîðèÿ àëãîðèòìîâ.
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Ìîäåëèðîâàíèå îáúåêòîâ ñ ðàñïðåäåëåííûìè
ïàðàìåòðàìè ÷åòâåðòîãî ïîðÿäêà

Íà îñíîâàíèè òåîðèè êîíå÷íûõ èíòåãðàëüíûõ ïðåîáðàçîâàíèé ðàññìîòðåí êëàññ ìîäåëåé —
ïåðåäàòî÷íûå ôóíêöèè îáúåêòîâ, äëÿ îïèñàíèÿ êîòîðûõ íåîáõîäèìû äèôôåðåíöèàëüíûå
óðàâíåíèÿ â ÷àñòíûõ ïðîèçâîäíûõ. Ïðèâåäåíû ïðàâèëà, óñòàíàâëèâàþùèå ñîîòâåòñòâèå
ìåæäó îïåðàöèÿìè â ïðîñòðàíñòâåííî-âðåìåííîé è ñïåêòðàëüíîé îáëàñòÿõ. Ðàññìîòðåíû
ïðèìåðû ìîäåëèðîâàíèÿ îáúåêòîâ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè.

Ê ë þ ÷ å â û å ñ ë î â à: êîíå÷íûå èíòåãðàëüíûå ïðåîáðàçîâàíèÿ, îáúåêòû ñ ðàñïðåäåëåí-
íûìè ïàðàìåòðàìè, ïåðåäàòî÷íàÿ ôóíêöèÿ.

Íà îñíîâ³ òåîð³¿ ê³íöåâèõ ³íòåãðàëüíèõ ïåðåòâîðåíü ðîçãëÿíóòî êëàñ ìîäåëåé — ïåðåäà-
âàëüí³ ôóíêö³¿ îá’ºêò³â, äëÿ îïèñó ÿêèõ íåîáõ³äí³ äèôåðåíö³àëüí³ ð³âíÿííÿ ó ÷àñòèííèõ
ïîõ³äíèõ. Íàâåäåíî ïðàâèëà, ÿê³ âñòàíîâëþþòü â³äïîâ³äí³ñòü ì³æ îïåðàö³ÿìè â ïðîñòî-
ðîâî-÷àñîâ³é òà ñïåêòðàëüí³é îáëàñòÿõ. Ðîçãëÿíóòî ïðèêëàäè ìîäåëþâàííÿ îá’ºêò³â ç ðîç-
ïîä³ëåíèìè ïàðàìåòðàìè.

Ê ë þ ÷ î â ³ ñ ë î â à: ñê³í÷åíí³ ³íòåãðàëüí³ ïåðåòâîðåííÿ, îá’ºêòè ç ðîçïîä³ëåíèìè ïàðà-
ìåòðàìè, ïåðåäàòî÷íà ôóíêö³ÿ.

Ñïåêòðàëüíàÿ òåîðèÿ íåñòàöèîíàðíûõ ñèñòåì óïðàâëåíèÿ [1] ïðèìåíÿåòñÿ

äëÿ ðåøåíèÿ çàäà÷ óïðàâëåíèÿ îáúåêòàìè ñ ñîñðåäîòî÷åííûìè è ðàñïðå-

äåëåííûìè ïàðàìåòðàìè [2—6]. Èñïîëüçóÿ êîíå÷íûå èíòåãðàëüíûå ïðå-

îáðàçîâàíèÿ, ìîæíî îò ðåøåíèÿ äèôôåðåíöèàëüíûõ óðàâíåíèé ïåðåéòè ê

ðåøåíèþ ñèñòåì ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé, ÷òî óïðîùàåò ðå-

øåíèå çàäà÷è ìîäåëèðîâàíèÿ.

Îäíàêî ñïåêòðàëüíàÿ òåîðèÿ íåñòàöèîíàðíûõ ñèñòåì óïðàâëåíèÿ ïðè-

ìåíÿëàñü äëÿ ðåøåíèÿ çàäà÷ ìîäåëèðîâàíèÿ è èäåíòèôèêàöèè ðàñïðåäåëåí-

íûõ îáúåêòîâ, îïèñûâàåìûõ äèôôåðåíöèàëüíûìè óðàâíåíèÿìè â ÷àñòíûõ

ïðîèçâîäíûõ íå âûøå âòîðîãî ïîðÿäêà. Ïîýòîìó áóäåì ðàññìàòðèâàòü âîç-

ìîæíîñòü èñïîëüçîâàíèÿ ïîëó÷åííûõ ðàíåå ðåçóëüòàòîâ äëÿ ìîäåëèðîâàíèÿ

îáúåêòîâ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè (ÎÐÏ) áîëåå âûñîêîãî ïîðÿäêà,

à èìåííî ÷åòâåðòîãî, à òàêæå âîçìîæíîñòü ìîäåëèðîâàíèÿ ðàçëè÷íûõ ãðà-
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íè÷íûõ óñëîâèé (íå òîëüêî ïåðâîãî, âòîðîãî è òðåòüåãî ðîäà), âîçíè-

êàþùèõ ïðè èññëåäîâàíèè îáúåêòîâ âûñîêîãî ïîðÿäêà. Òàêèå îáúåêòû

âñòðå÷àþòñÿ â ìåõàíèêå, íàïðèìåð ìîäåëèðîâàíèå ïîïåðå÷íîãî êîëåáà-

íèÿ áàëêè, êîíñîëè, ïëàñòèíû. Íà ïðîñòûõ ïðèìåðàõ ìîäåëèðîâàíèÿ îä-

íîìåðíûõ è äâóìåðíûõ ÎÐÏ ïîêàæåì ìåòîäèêó ìîäåëèðîâàíèÿ ÎÐÏ ÷åò-

âåðòîãî ïîðÿäêà.

Ïîñòàíîâêà çàäà÷è. Äîïóñòèì, ìîäåëü íåêîòîðîãî àáñòðàêòíîãî îáúåê-

òà ìîæíî ïðåäñòàâèòü â âèäå
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�� ( , , , ), (1)

ãäå u u x y z t� ( , , , ), t  0; t — âðåìÿ; x y z, , — ïðîñòðàíñòâåííûå àðãóìåíòû,

0� �x lx , 0� �y l y , 0� �z l z , a � 0. Âñå ôóíêöèè óäîâëåòâîðÿþò íåîáõîäè-

ìûì óñëîâèÿì ãëàäêîñòè, ôóíêöèÿ u x y z t( , , , ) ÷åòûðåæäû äèôôåðåíöè-

ðóåìà ïî ïðîñòðàíñòâåííûì àðãóìåíòàì è äâàæäû ïî âðåìåííîìó. Óðàâ-

íåíèå (1) äîëæíî óäîâëåòâîðÿòü íà÷àëüíûì,

u x y z f x y z( , , , ) ( , , )0 � ,
�

�

u x y z

t
g x y z

( , , , )
( , , )

0
� , (2)

è íåêîòîðûì ãðàíè÷íûì óñëîâèÿì, íàïðèìåð,

u y z t u l y z t u x z tx( , , , ) ( , , , ) ( , , , )0 0 0� � � ,

u x l z t u x y t u x y l ty z( , , , ) ( , , , ) ( , , , )� � �0 0,
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u y z t
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u x z t

y
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Òðåáóåòñÿ íàéòè ôóíêöèþ u x y z t( , , , ), óäîâëåòâîðÿþùóþ (1) ñ ñîîòâåòñò-

âóþùèìè íà÷àëüíûìè è ãðàíè÷íûìè óñëîâèÿìè.

Ìåòîä ðåøåíèÿ. Ðåøåíèå çàäà÷è áóäåì èñêàòü íà îñíîâàíèè ñïåêò-

ðàëüíîé òåîðèè íåñòàöèîíàðíûõ ñèñòåì óïðàâëåíèÿ [2—6], êîòîðàÿ îïå-

ðèðóåò ñî ñïåêòðàëüíûìè õàðàêòåðèñòèêàìè (ÑÕ) ôóíêöèé. Ïîñêîëüêó

ôóíêöèÿ u x y z t( , , , ), îïèñûâàþùàÿ ïîâåäåíèå òðåõìåðíîãî îáúåêòà (1),

åñòü ôóíêöèÿ ÷åòûðåõ àðãóìåíòîâ, ðàññìîòðèì ÷åòûðåõìåðíóþ ÑÕ U ijkm.

Åñëè ôóíêöèÿ u x y z t( , , , )èíòåãðèðóåìà ñ êâàäðàòîì ïî âñåì àðãóìåíòàì,

0 0 0 0

2
T l l lx y z

u x y z t dxdydzdt
� � � �

� �( , , , ) ,
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òî

U x y z t u x y z t dxdyijkm

T l l

ijkm

lx y z

�
� � � �

0 0 0 0

�
* ( , , , ) ( , , , ) dzdt , (4)

ãäå {�
ijkm

x y z t( , , , )} — ñèñòåìà îðòîíîðìèðîâàííûõ áàçèñíûõ ôóíêöèé

(ÎÁÔ) íà ðàññìàòðèâàåìûõ îòðåçêàõ â ïðîñòðàíñòâå L2. Ýòó ñèñòåìó ÎÁÔ

ìîæíî ïðåäñòàâèòü â âèäå ïðîèçâåäåíèÿ îäíîìåðíûõ ÎÁÔ ïî îäíîé ïåðå-

ìåííîé â ïðîñòðàíñòâå L2:

�
ijkm i j k mx y z t x y z t( , , , ) ( ) ( ) ( ) ( )�� � � � ,

ãäå { ( )},{ ( )},{ ( )},{ ( )}� � � �i j k mx y z t — ñèñòåìû ÎÁÔ ïî îäíîé ïåðåìåí-

íîé. Îáðàòíîå ïðåîáðàçîâàíèå îñóùåñòâëÿåòñÿ ïî ôîðìóëå

u x y z t U x y z t
ijkm

ijkm ijkm
( , , , ) ( , , , )�� � . (5)

Îïåðàòîð îïðåäåëåíèÿ ÑÕ (4) îáîçíà÷èì U S u x y z tijkm �
4[ ( , , , )], ãäå ñòåïåíü

ïðè S óêàçûâàåò, îòíîñèòåëüíî ñêîëüêèõ àðãóìåíòîâ îïðåäåëÿåòñÿ ÑÕ.

Äëÿ òîãî ÷òîáû óðàâíåíèå (1) ñ ñîîòâåòñòâóþùèìè íà÷àëüíûìè è

ãðàíè÷íûìè óñëîâèÿìè çàïèñàòü â ñïåêòðàëüíîé îáëàñòè, ðàññìîòðèì

ïðàâèëà, óñòàíàâëèâàþùèå ñîîòâåòñòâèå ìåæäó îïåðàöèÿìè â ïðîñòðàíñò-

âåííî-âðåìåííîé è ñïåêòðàëüíîé îáëàñòÿõ.

Ï ð à â è ë î 1. Âòîðàÿ ïðîèçâîäíàÿ ôóíêöèè u x y z t( , , , )ïî âðåìåííîìó

àðãóìåíòó ñ ó÷åòîì íà÷àëüíûõ óñëîâèé (2) â ñïåêòðàëüíîé îáëàñòè èìååò

âèä

�

�

2

2

2u x y z t

t
E E E P U

( , , , )
( )� � � � �

� �S f x y z P S g x y zt t
3 3[ ( , , )] [ ( , , )]� � , (6)

ãäå E — åäèíè÷íàÿ ìàòðèöà; � — ñèìâîë ïðÿìîãî ïðîèçâåäåíèÿ ìàòðèö;

P — ñïåêòðàëüíàÿ (äâóìåðíàÿ) õàðàêòåðèñòèêà îïåðàòîðà äèôôåðåíöèðî-

âàíèÿ, ó÷èòûâàþùàÿ íà÷àëüíûå óñëîâèÿ [1],

P t
d t

dt
dtij

T

i
j

i j
� �
�

0

0 0�

�

� �
* *( )

( )
( ) ( );

S 3 — îïåðàòîð îïðåäåëåíèÿ ñïåêòðàëüíîé õàðàêòåðèñòèêè ôóíêöèè òðåõ

àðãóìåíòîâ; � t — îäíîìåðíàÿ ñïåêòðàëüíàÿ õàðàêòåðèñòèêà äåëüòà ôóíê-

öèè, � t S t� [ ( )]� .
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Ðàññìîòðèì ïðàâèëà äèôôåðåíöèðîâàíèÿ ïî ïðîñòðàíñòâåííûì àðãó-

ìåíòàì. Îíè çàâèñÿò îò âèäà ãðàíè÷íûõ óñëîâèé. Äëÿ óïðîùåíèÿ çàïèñè

ïðèìåì ñëåäóþùåå: l l l lx y z� � � .

Ï ð à â è ë î 2. ×åòâåðòàÿ ïðîèçâîäíàÿ ôóíêöèè u x y z t( , , , )ïî àðãóìåí-

òó x ïðè ãðàíè÷íûõ óñëîâèÿõ

u y z t
u y z t

x
( , , , )

( , , , )
0

0
0� �

�

�

, u l y z t
u l y z t

x
( , , , )

( , , , )
� �

�

�

0, (7)

â ñïåêòðàëüíîé îáëàñòè âûïîëíÿåòñÿ ïî ïðàâèëó

�

�

4

4 2

u x y z t

x
D E E E U

( , , , )
( )� � � � , (8)

ãäå D RR2 �PP ; P — ÑÕ îïåðàòîðà äèôôåðåíöèðîâàíèÿ, íå ó÷èòûâàþùàÿ

ãðàíè÷íûõ óñëîâèé [1],

Pij

t

i
j

x
d x

dx
dx�

�

0

�

�
* ( )

( )
;

R — ÑÕ îïåðàòîðà äèôôåðåíöèðîâàíèÿ, ó÷èòûâàþùàÿ ãðàíè÷íûå óñ-

ëîâèÿ [3],

R x
d x

dx
dx l lij

l

i
j

i j i j
� � �
�

0

0 0�

�

� � � �
* * *( )

( )
( ) ( ) ( ) ( ).

Ïðàâèëî äèôôåðåíöèðîâàíèÿ (7) ïî àðãóìåíòó x îáîáùèì íà ïðàâèëà

äèôôåðåíöèðîâàíèÿ ïî àðãóìåíòàì y, z. Ñïåêòðàëüíàÿ õàðàêòåðèñòèêà

÷åòâåðòîé ïðîèçâîäíîé ôóíêöèè u x y z t( , , , ) ïî àðãóìåíòó y âû÷èñëÿåòñÿ

ïî ôîðìóëå

�

�

4

4 2

u x y z t

y
E D E E U

( , , , )
( )� � � � , (9)

åñëè çàäàíû ãðàíè÷íûå óñëîâèÿ

u x z t
u x z t

y
( , , , )

( , , , )
0

0
0� �

�

�

, u x l z t
u x l z t

y
( , , , )

( , , , )
� �

�

�

0 .

Ñïåêòðàëüíàÿ õàðàêòåðèñòèêà ÷åòâåðòîé ïðîèçâîäíîé ôóíêöèè u x y z t( , , , )

ïî àðãóìåíòó z âû÷èñëÿåòñÿ ïî ôîðìóëå

�

�

4

4 2

u x y z t

z
E E D E U

( , , , )
( )� � � � ,

(10)
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åñëè çàäàíû ãðàíè÷íûå óñëîâèÿ

u x y t
u x y t

z
( , , , )

( , , , )
0

0
0� �

�

�

, u x y l t
u x y l t

z
( , , , )

( , , , )
� �

�

�

0.

Åñëè ÎÐÏ îäíîìåðíûé è ãðàíè÷íûå óñëîâèÿ àíàëîãè÷íû (7), òî

�

�

4

4 2

u x t

x
D E U

( , )
( )� � . (11)

Ï ð à â è ë î 3. Ïóñòü çàäàíû ãðàíè÷íûå óñëîâèÿ âèäà

u y z t
u y z t

x
( , , , )

( , , , )
0

0
0

2

2
� �

�

�

, u l y z t
u l y z t

x
( , , , )

( , , , )
� �

�

�

2

2
0. (12)

Â ýòîì ñëó÷àå ÷åòâåðòàÿ ïðîèçâîäíàÿ ôóíêöèè u x y z t( , , , ) ïî x â ñïåêò-

ðàëüíîé îáëàñòè âû÷èñëÿåòñÿ ïî ôîðìóëå

�

�

4

4 3

u x y z t

x
D E E E U

( , , , )
( )� � � � ,

ãäå D R R3 �P P .

Ðàññìîòðåííîå ïðàâèëî äèôôåðåíöèðîâàíèÿ ôóíêöèè u x y z t( , , , ) ïî

àðãóìåíòó x îáîáùèì íà ïðàâèëà äèôôåðåíöèðîâàíèÿ ïî àðãóìåíòàì y è z.

Ñïåêòðàëüíàÿ õàðàêòåðèñòèêà ôóíêöèè ïî àðãóìåíòó y âû÷èñëÿåòñÿ ïî

ôîðìóëå

�

�

4

4 3

u x y z t

y
E D E E U

( , , , )
( )� � � � ,

åñëè çàäàíû ãðàíè÷íûå óñëîâèÿ

u x z t
u x z t

y
( , , , )

( , , , )
0

0
0

2

2
� �

�

�

, u x l z t
u x l z t

y
( , , , )

( , , , )
� �

�

�

2

2
0 .

Ñïåêòðàëüíàÿ õàðàêòåðèñòèêà ÷åòâåðòîé ïðîèçâîäíîé ôóíêöèè u x y z t( , , , )

ïî àðãóìåíòó z âû÷èñëÿåòñÿ ïî ôîðìóëå

�

�

4

4 3

u x y z t

z
E E D E U

( , , , )
( )� � � � ,

åñëè çàäàíû ãðàíè÷íûå óñëîâèÿ

u x y t
u x y t

z
( , , , )

( , , , )
0

0
0

2

2
� �

�

�

, u x y l t
u x y l t

z
( , , , )

( , , , )
� �

�

�

2

2
0.
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Åñëè ôóíêöèîíèðîâàíèå ÎÐÏ çàâèñèò òîëüêî îò x è y, òî

�

�

4

4 3

u x y

x
D E U

( , )
( )� � ,

�

�

4

4 3

u x y

y
E D U

( , )
( )� � . (13)

Åñëè ÎÐÏ îäíîìåðíûé è ãðàíè÷íûå óñëîâèÿ àíàëîãè÷íû (12), òî

�

�

4

4 3

u x t

x
D E U

( , )
( )� � . (14)

Ï ð à â è ë î 4 ïîçâîëÿåò ó÷èòûâàòü ñìåøàííûå ïðîèçâîäíûå. ×åòâåð-

òàÿ ïðîèçâîäíàÿ ôóíêöèè u x y t( , , ) ïî àðãóìåíòàì x è y â ñïåêòðàëüíîé

îáëàñòè âû÷èñëÿåòñÿ ïî ôîðìóëå

�

� �

4

2 2 4 4

u x y t

x y
D D E Ux y

( , , )
( )� � � , (15)

ïðè ãðàíè÷íûõ óñëîâèÿõ u y t u l y t u x t u x l t( , , ) ( , , ) ( , , ) ( , , )0 0 0� � � � , ãäå

D D Rx y4 4� � P .

Ï ð à â è ë î 5. Ñïåêòðàëüíàÿ õàðàêòåðèñòèêà ÷åòâåðòîé ïðîèçâîäíîé

ôóíêöèè u x t( , ) ïî àðãóìåíòó x ñ ó÷åòîì óñëîâèé

u t
u t

x

u l t

x

u l t

x
( , )

( , ) ( , ) ( , )
0

0
0

2

2

3

3
� � � �

�

�

�

�

�

�

âû÷èñëÿåòñÿ ïî ôîðìóëå

�

�

4

4 5

u x t

x
D E U

( , )
( )� � . (16)

Çäåñü D PP5 �RR , ãäå

R ij i
j

i j
x

d x

dx
dx l l� �

�

0

1

�

�

� �
* *( )

( )
( ) ( ).

Ýòà ÑÕ ó÷èòûâàåò ãðàíè÷íûå óñëîâèÿ íà ïðàâîé ãðàíèöå

P x
d x

dx
dxij i

j

i j
� �
�

0

1

0 0�

�

� �
* ( )

( )
( ) ( ).

Ñïåêòðàëüíàÿ õàðàêòåðèñòèêà P ó÷èòûâàåò óñëîâèÿ íà ëåâîé ãðàíèöå.

Ï ð à â è ë î 6. Åñëè êîýôôèöèåíò a â óðàâíåíèè (1) ÿâëÿåòñÿ ôóíêöèåé

ïðîñòðàíñòâåííûõ è âðåìåííîãî àðãóìåíòîâ, òî íåîáõîäèìî ïðèìåíèòü

ïðàâèëî, ïîçâîëÿþùåå âû÷èñëÿòü ïðîèçâåäåíèå ôóíêöèé íåñêîëüêèõ àð-
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ãóìåíòîâ â ñïåêòðàëüíîé îáëàñòè. Ïóñòü òðåáóåòñÿ íàéòè ÑÕ ïðîèçâå-

äåíèÿ ôóíêöèé f x y z t( , , , ), u x y z t( , , , ). Åñëè ôóíêöèþ f ìîæíî ïðåäñòà-

âèòü â âèäå ïðîèçâåäåíèÿ f x y z t a x b y c z v t( , , , ) ( ) ( ) ( ) ( )� , òî ïðàâèëî

ïðîèçâåäåíèÿ ôóíêöèé áóäåò èìåòü âèä

[ ( ) ( ) ( ) ( )] ( , , , ) ( )a x b y c z v t u x y z t A B C V U� � � � ,

ãäå A, B, C, V — ìàòðèöû ÑÕ ìíîæèòåëåé ñîîòâåòñòâåííî a x b y( ), ( ), c z( ),

v t( ). Ýòè ÑÕ âû÷èñëÿþòñÿ ïî ôîðìóëå [1]

A x x a x dxij

l

i j
�
�

0

� �
* ( ) ( ) ( ) .

Ïî àíàëîãè÷íûì ôîðìóëàì âû÷èñëÿþòñÿ ÑÕ ìàòðèö B, C, V. Åñëè a �const,

òî ïðàâèëî 6 óïðîùàåòñÿ:

a u x y z t aU( , , , )� . (17)

Òàêèì îáðàçîì, îïåðàöèÿì äèôôåðåíöèðîâàíèÿ ôóíêöèè ÷åòûðåõ àð-

ãóìåíòîâ â ñïåêòðàëüíîé îáëàñòè ñîîòâåòñòâóþò àëãåáðàè÷åñêèå îïåðà-

öèè íàä ìàòðèöàìè ÑÕ. Èñïîëüçóåì ðàññìîòðåííûå ïðàâèëà äëÿ ðåøåíèÿ

çàäà÷è ìîäåëèðîâàíèÿ.

Àëãîðèòì ìîäåëèðîâàíèÿ ïðèìåíÿåì ê àáñòðàêòíîìó îáúåêòó (1) ñ

íà÷àëüíûìè (2) è ãðàíè÷íûìè (3) óñëîâèÿìè. Äëÿ òîãî ÷òîáû òðàíñôîð-

ìèðîâàòü ýòî óðàâíåíèå â ñïåêòðàëüíóþ îáëàñòü, èñïîëüçóåì ïðàâèëà 1, 2,

6 è ôîðìóëû (6)—(10), (17). Â ðåçóëüòàòå ïîëó÷àåì

( ) [( ) ]E E E P U a D E E E U� � � � � � � �
2

2

� � � � � � � � � �( ) ( )E D E E U E E D E U F H2 2 , (18)

ãäå F S x y z t�
4[ ( , , , )]� — ÑÕ âîçìóùàþùåé ôóíêöèè; H S f x y z� �

3[ ( , , )]

� �P S g x y zt t� �( ) [ ( , , )] ( )0 03 — ÑÕ íà÷àëüíûõ óñëîâèé. Âûïîëíèâ àëãåá-

ðàè÷åñêèå ïðåîáðàçîâàíèÿ óðàâíåíèÿ (18), ïîëó÷èì

[ (E E E P a D E E E� � � � � � � �
2

2

� � � � � � � � � �E D E E E E D E F H2 2 )] ,

îòêóäàU W F H� �( ) , ãäå

W E E E P a D E E E� � � � � � � � �[ (2
2

� � � � � � � �
�E D E E E E D E2 2

1)] . (19)

Ñèñòåìà àëãåáðàè÷åñêèõ óðàâíåíèé (19) ðàçðåøèìà, åñëè ñóùåñòâóåò

îáðàòíàÿ ìàòðèöà W, êðèòåðèåì ñóùåñòâîâàíèÿ êîòîðîé ìîæåò ñëóæèòü
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òåîðåìà 8.5.1 èç ðàáîòû [7], îáîáùåííàÿ íà ìíîãîìåðíûé ñëó÷àé. Åñëè

� � � �m i j ka� � � �( ) 0, òî ìàòðèöà W ñóùåñòâóåò, ãäå � � � �m i j k, , , —

ñîáñòâåííûå çíà÷åíèÿ ìàòðèö P 2, D2.
Ïîñêîëüêó ìàòðèöà W ñâÿçûâàåò ÑÕ âõîäíîé ôóíêöèè � ( , , , )x y z t è

âûõîäíîé ôóíêöèè u x y z t( , , , ), òî ýòà ìàòðèöà ÿâëÿåòñÿ ïåðåäàòî÷íîé
ôóíêöèåé îáúåêòà ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè (1) ñ êðàåâûìè óñëî-
âèÿìè (3). Åñëè â êà÷åñòâå âõîäíîãî âîçäåéñòâèÿ èñïîëüçîâàòü ïðîèçâå-
äåíèå äåëüòà-ôóíêöèé � � �  � ! � "( ) ( ) ( ) ( )x y z t� � � � , òî ìîæíî ïîêàçàòü,
÷òî W åñòü ÑÕ ôóíêöèè Ãðèíà G x y z t( , , )� � � ��#  ! " îáúåêòà.

×èñëåííûå ïðèìåðû. Ïðèìåíåíèå àíàëèòè÷åñêîãî àïïàðàòà ïðÿìîãî
èëè êðîíåêåðîâîãî ïðîèçâåäåíèÿ ìàòðèö ÿâëÿåòñÿ óäîáíûì ñïîñîáîì çà-
ïèñè îïåðàöèé íàä ÑÕ. Ìàòðèöû ÑÕ U ijkm è Fijkm ïðåäñòàâëÿþòñÿ â âèäå
ìàòðèö ñòîëáöîâ. Òàêîå ïðåîáðàçîâàíèå îñóùåñòâëÿåòñÿ ïîñðåäñòâîì îá-
õîäà ñíà÷àëà ïî èíäåêñó i, çàòåì ïî èíäåêñó j è òàê äàëåå. Ìàòðèöû, âû-
ïîëíÿþùèå îïåðàöèè äèôôåðåíöèðîâàíèÿ, íàïðèìåð E E E P� � �

2,
âñëåäñòâèå ïðÿìîãî ïðîèçâåäåíèÿ ïðåäñòàâëÿþòñÿ â îáùåì ñëó÷àå â âèäå
êâàäðàòíûõ ìàòðèö. Ïðèìåíåíèå òàêîãî àïïàðàòà ïîçâîëÿåò èñïîëüçîâàòü äëÿ
÷èñëåííûõ ðàñ÷åòîâ ñòàíäàðòíûå ïðîãðàììû îïåðàöèé íàä ìàòðèöàìè.

Äëÿ ïðîâåðêè ðàáîòîñïîñîáíîñòè ïðèâåäåííîãî àëãîðèòìà ðàññìîò-
ðèì íåñêîëüêî ïðèìåðîâ, òðè èç êîòîðûõ — îäíîìåðíûå ñëó÷àè, ïîçâî-
ëÿþùèå óïðîñòèòü ïîíèìàíèå ìåòîäà.

Ïðèìåð 1. Ïóñòü íåêîòîðûé îáúåêò îïèñûâàåòñÿ óðàâíåíèåì [8]

�

�

�

�

2

2

4

4
0

u x t

t

u x t

x

( , ) ( , )
� � , 0 1� �x , t  0, (20)

ñ íà÷àëüíûìè,

u x x x f x
u x

t
( , ) sin ( ) , sin ( ) ( ),

( , )
0 05 3

0
0� � � �$ $

�

�

,

è ãðàíè÷íûìè,

u t u t( , ) ( , )0 1 0� � ,
�

�

�

�

2

2

2

2

0 1
0

u t

x

u t

x

( , ) ( , )
� � ,

óñëîâèÿìè. Äàííàÿ çàäà÷à îïèñûâàåò äèíàìèêó òîíêîé êîëåáëþùåéñÿ

áàëêè, êîíöû êîòîðîé ñâîáîäíî îïèðàþòñÿ íà äâå îïîðû (îáà êîíöà íà

øàðíèðàõ). Èñïîëüçóÿ ôîðìóëû (6), (14) è ó÷èòûâàÿ îòñóòñòâèå àðãóìåí-

òîâ y è z, óðàâíåíèå (20) ñ ñîîòâåòñòâóþùèìè íà÷àëüíûìè è ãðàíè÷-

íûìè óñëîâèÿìè â ñïåêòðàëüíîé îáëàñòè ïðåäñòàâèì â âèäå ( )E P U� �
2

� � �( )D E U H3 , ãäå H S x x P t� �[sin ( ) , sin ( )] ( )$ $05 3 0� , îòêóäà

U E P D E H� � � �
�( )2

3
1 . (21)
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Äëÿ ÷èñëåííûõ ðàñ÷åòîâ âî âñåõ ïðèìåðàõ â êà÷åñòâå áàçèñíûõ ôóíê-

öèé ïî âðåìåííîìó è ïðîñòðàíñòâåííûì àðãóìåíòàì áóäåì èñïîëüçîâàòü

îðòîíîðìèðîâàííûå íà [0, 1] ïîëèíîìû Ëåæàíäðà. Ïîðÿäîê ìàòðèö â

ïðèìåðå 1 ðàâåí 55. ×èñëåííûå çíà÷åíèÿ ìàòðèö � t ( )0 , P, P, R ïðèâåäåíû â

[4, 9], S f x T[ ( )] [ , , , , , ...]� � �0 742 0 0102 0 0242 0 0067 0 0008 . Ïîäñòàâëÿÿ

÷èñëåííûå çíà÷åíèÿ ÑÕ â (21), ïîëó÷àåì ñèñòåìó ëèíåéíûõ àëãåáðàè-

÷åñêèõ óðàâíåíèé, ðåøàÿ êîòîðóþ ñ èñïîëüçîâàíèåì îáðàùåíèÿ (5), íàõî-

äèì ôóíêöèþ u x t( , ). Ðåçóëüòàòû ìîäåëèðîâàíèÿ ñïåêòðàëüíûì ìåòîäîì

ñðàâíèâàëèñü ñ òî÷íûì ðåøåíèåì [8]

u x t t x t x01
2 20 5 9 3( , ) cos ( ) sin ( ) , cos ( ) sin ( )� �$ $ $ $ .

Àáñîëþòíàÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü íå ïðåâûñèëà 1%.

Ïðèìåð 2. Ìîäåëèðóåì äèíàìèêó òîíêîé áàëêè, êîíöû êîòîðîé æåñò-

êî çàæàòû. Ïóñòü óðàâíåíèå, îïèñûâàþùåå äèíàìèêó òàêîé áàëêè, èìååò

âèä

�

�

�

�

2

2

4

4

u x t

t

u x t

x
x t

( , ) ( , )
( , )� �� . (22)

Çàäàíû íà÷àëüíûå,

u x
u x

t
( , ) ,

( , )
0 0

0
0� �

�

�

, (23)

è ãðàíè÷íûå,

u t u t( , ) ( , )0 1 0� � ,
�

�

�

�

u t

x

u t

x

( , ) ( , )0 1
0� � , (24)

óñëîâèÿ, à òàêæå âîçìóùàþùàÿ ôóíêöèÿ � ( , ) sin ( ) ( )x t x t� � �2 1 42 4 2
$ $

�8 4 2 2
$ $t xcos ( ). Èñïîëüçóÿ ôîðìóëû (6), (11) è ó÷èòûâàÿ îòñóòñòâèå ïðîñò-

ðàíñòâåííûõ àðãóìåíòîâ y è z, óðàâíåíèå (22) ñ íà÷àëüíûìè (23) è ãðàíè÷-

íûìè (24) óñëîâèÿìè â ñïåêòðàëüíîé îáëàñòè çàïèøåì â âèäå ( )E P U� �
2

� � �( ) [ ( , )]D E U S x t2
2
� , îòêóäà ïîëó÷èì

U E P D E S x t� � � �
�( ) [ ( , )]2

2
1 2

� . (25)

Äëÿ ìîäåëèðîâàíèÿ ýòîãî ïðèìåðà òàêæå èñïîëüçîâàëèñü îðòîíîð-

ìèðîâàííûå íà [0, 1] ïîëèíîìû Ëåæàíäðà. Ïîðÿäîê ìàòðèö ðàâåí 11.

Ðåøàÿ (25) è èñïîëüçóÿ ôîðìóëó îáðàùåíèÿ (5), íàõîäèì ôóíêöèþ u x t( , ).

Ðåçóëüòàòû ìîäåëèðîâàíèÿ ñðàâíèâàëèñü ñ àíàëèòè÷åñêèì ðåøåíèåì

u x t t x02
2 2( , ) sin ( )� $ . Àáñîëþòíàÿ îòíîñèòåëüíàÿ ïîãðåøíîñòü íå ïðåâû-

ñèëà 0,5 %.

Ìîäåëèðîâàíèå îáúåêòîâ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè ÷åòâåðòîãî ïîðÿäêà
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Ïðèìåð 3. Ìîäåëèðóåì ïîïåðå÷íûå êîëåáàíèÿ òîíêîé áàëêè (êîí-
ñîëü). Îäèí êîíåö êîíñîëè çàêðåïëåí, äðóãîé — ñâîáîäåí. Ïîïåðå÷íûå
êîëåáàíèÿ òàêîé áàëêè îïèñûâàþòñÿ óðàâíåíèåì

�

�

�

�

2

2

4

4

u x t

t

u x t

x
x t

( , ) ( , )
( , )� �� , 0 1� �x , t  0, (26)

ñ íà÷àëüíûìè,

u x f x
u x

t
g x( , ) ( ),

( , )
( )0

0
� �

�

�

,

è ãðàíè÷íûìè,

u t
u t

x
( , )

( , )
0

0
0� �

�

�

,
�

�

�

�

2

2

3

3

1 1
0

u t

x

u t

x

( , ) ( , )
� � ,

óñëîâèÿìè. Çàäàíà âîçìóùàþùàÿ ôóíêöèÿ� ( , ) sin ( )x t e x�
�10 1

$ è íà÷àëü-

íûå óñëîâèÿ f x x( ) � 2, g x x( ) �2 . Èñïîëüçóÿ ôîðìóëû (6) è (16) è ó÷èòû-

âàÿ, ÷òî îòñóòñòâóþò àðãóìåíòû y è z, óðàâíåíèå (26) ñ ñîîòâåòñòâóþùèìè

íà÷àëüíûìè è ãðàíè÷íûìè óñëîâèÿìè â ñïåêòðàëüíîé îáëàñòè çàïèøåì â

ñëåäóþùåì âèäå: ( ) ( )E P U D E U F� � � �
2

5 , ãäå F S f x P t� �[ ( )] ( )� 0

� �S g x S x tt[ ( )] ( ) [ ( , )]� �0 2 . Îòñþäà U E P D E F� � � �
�( )2

5
1 . Èñïîëüçóÿ

ôîðìóëó îáðàùåíèÿ (5), íàõîäèì ôóíêöèþ u x t( , ). Ðåçóëüòàòû ìîäåëèðî-

âàíèÿ ïðèâåäåíû íà ðèñóíêå (ðàçìåð ÑÕ ðàâåí 20).

Ýòàëîííîå ðåøåíèå âû÷èñëåíî ñ èñïîëüçîâàíèåì ôóíêöèè Ãðèíà:

u x t
t

f G x t d03

0

1

( , ) ( ) ( , , )�
�

�

�

� � � �

� �
� � �

0

1

0 0

1

g G x t d G x t d d

t

( ) ( , , ) ( ) ( , , )� � � � �# " � " � "� ,

ãäå G x t( , , )� — ôóíêöèÿ Ãðèíà,

G x t
x

t
n

n n

n n

n( , , )
( ) ( )

( )
sin ( )�

� � �

� �

��

�

�

�4
11

2 2

2 2 ;

� � � � �n n n n nx x x( ) [sinh ( ) sin ( )][cosh ( ) cos ( )]� � � �

� � �[cosh ( ) cos ( )][sinh ( ) sin ( )]� � � �n n n nx x ;

� n — ïîëîæèòåëüíûå êîðíè óðàâíåíèÿ cosh ( ) cos ( )� �n n � �1 0.

Èç ðèñóíêà âèäíî, ÷òî àáñîëþòíàÿ ïîãðåøíîñòü ñîñòàâëÿåò ìåíåå 1%.

Ïîãðåøíîñòü íîñèò ñèíóñîèäàëüíûé õàðàêòåð è óâåëè÷èâàåòñÿ ïðè x �1.
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Ïðèìåð 4. Ìîäåëèðóåì ïîïåðå÷íûå êîëåáàíèÿ æåñòêîé ïðÿìîóãîëü-
íîé ïëàñòèíêè íà óïðóãîì îñíîâàíèè ñ øàðíèðíîé îïîðîé ïî âñåìó êîí-
òóðó. Ïîïåðå÷íûå êîëåáàíèÿ ïëàñòèíêè îïèñûâàþòñÿ óðàâíåíèåì [10]

�

�

�

� �

�

�

2

4

4

2 2

4

4
2

u x y

x

u x y

x y

u x y

y
u x y x

( , ) ( , ) ( , )
( , ) (� � � �� , )y , 0 1� �x , 0 1� �y ,

ñ ãðàíè÷íûìè óñëîâèÿìè

u y u y
u y

x

u y

x
( , ) ( , )

( , ) ( , )
0 1

0 1
0

2

2

2

2
� � � �

�

�

�

�

,

u x u x
u x

y

u x

y
( , ) ( , )

( , ) ( , )
0 1

0 1
0

2

2

2

2
� � � �

�

�

�

�

.

Ïóñòü � ( , ) ( )sin ( ) sin ( )x y x y� �4 14
$ $ $ . Èñïîëüçóÿ ïðàâèëà 3, 4 è ôîð-

ìóëû (13), (15) è ó÷èòûâàÿ îòñóòñòâèå àðãóìåíòà t, äàííîå óðàâíåíèå ñ
ãðàíè÷íûìè óñëîâèÿìè òðàíñôîðìèðóåì â ñïåêòðàëüíóþ îáëàñòü:

( ) ( ) ( ) ( ) [ ( , )]D E U D D U E D U E E U S x tx y3 4 4 3
22� � � � � � � � � .

Îòñþäà ïîëó÷àåì

U D E D D E D E E S x tx y� � � � � � � �
�( ) [ ( , )]3 4 4 3

1 22 � .

Èñïîëüçóÿ ôîðìóëó îáðàùåíèÿ (5), íàõîäèì ôóíêöèþ u x y( , ).

Ìîäåëèðîâàíèå îáúåêòîâ ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè ÷åòâåðòîãî ïîðÿäêà
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�0 2,

0

0 2,

0 4,

0 6,

0 8,

1,0

1,2

1 4,

u x t( , )

0,5

0,75

x = 1,0

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 t

Ðåçóëüòàòû ìîäåëèðîâàíèÿ (øòðèõîâàÿ êðèâàÿ) ïîïåðå÷íûõ êîëåáàíèé êîíñîëè è ýòàëîí-
íîå ðåøåíèå u x t03 ( , ) (ñïëîøíàÿ êðèâàÿ) äëÿ òðàåêòîðèé òî÷åê êîíñîëè x



Ïðèìåð 5. Ïóñòü íåêîòîðûé àáñòðàêòíûé òðåõìåðíûé ÎÐÏ îïèñûâàåò-

ñÿ óðàâíåíèåì (1),� ( , , , ) ( sin ( ) sin ( ) sin ( )x y z t a e x y zt
� �

�1 3 4
$ $ $ $ , a �5. Çà-

äàíû íà÷àëüíûå,

u x y z x y z f x y z( , , , ) sin ( ) sin ( ) sin ( ) ( , , )0 � �$ $ $ ,

�

�

$ $ $

u x y z

t
x y z g x y z

( , , , )
sin ( ) sin ( ) sin ( ) ( , , )

0
� � � ,

è ãðàíè÷íûå óñëîâèÿ (3). Èñïîëüçóÿ ôîðìóëû (6), (8)—(10), ñ ó÷åòîì (3)

çàïèøåì óðàâíåíèå (1) â ñïåêòðàëüíîé ôîðìå:

( ) [( ) ]E E E P U D E E E U� � � � � � � �
2

25

� � � � � � � � � �( ) ( ) ]E D E E U E E D E U F H2 2 .

Çäåñü F S x y z t�
4[ ( , , , )]� ; H S f x y z P S g x y zt t� �

3 30 0[ ( , , )] ( ) [ ( , , )] ( )� � ,

îòêóäà U W F H� �( ), ãäå W E E E P D E E E E D� � � � � � � � � � �[ (2
2 25

� � � � � �
�E E E E D E2

1] .

Äëÿ ìîäåëèðîâàíèÿ èñïîëüçîâàíà òà æå ñèñòåìà îðòîíîðìèðîâàííûõ

íà [0,1] áàçèñíûõ ôóíêöèé — ïîëèíîìû Ëåæàíäðà. Èñïîëüçóÿ ôîðìóëó

îáðàùåíèÿ (5), íàõîäèì ôóíêöèþ u x y z t( , , , ). Ðåçóëüòàòû ìîäåëèðîâàíèÿ

ñïåêòðàëüíûì ìåòîäîì ïðè ðàçëè÷íûõ çíà÷åíèÿõ n ñðàâíèâàëèñü ñ òî÷-

íûì ðåøåíèåì u x y z t e x y zt
0( , , , ) sin ( ) sin ( ) sin ( )�

�

$ $ $ .

Äëÿ ñðàâíåíèÿ ðåçóëüòàòà ìîäåëèðîâàíèÿ u è ýòàëîííîãî ðåøåíèÿ u0

èñïîëüçîâàíà âåëè÷èíà ñðåäíåé îòíîñèòåëüíîé ïîãðåøíîñòè

� �

�

�

�

1

1

1 0

0m

u u

ui

m
i

i

.

Çàâèñèìîñòü � îò ðàçìåðà ÑÕ n ïðèâåäåíà â òàáëèöå äëÿ ïðèìåðîâ 4 è 5.

Êàê âèäíî èç òàáëèöû, ñ óâåëè÷åíèåì ðàçìåðà ÑÕ ïîâûøàåòñÿ òî÷íîñòü

âû÷èñëåíèé. Îäíàêî äàëüíåéøåå óâåëè÷åíèå ðàçìåðà ÑÕ íå ïðèâîäèò ê ïî-

âûøåíèþ òî÷íîñòè.
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Ïðèìåð
Çíà÷åíèå � ïðè n

3 4 5 6 7 8 9 10

4 669 0,12 1,98 0,003 0,007 0,0017 0,0016 0,0016

5 296 0,03 0,11 0,0015 0,001 0,001 0,001 0,001



Ïðèâåäåííûå ôîðìóëû ñïðàâåäëèâû äëÿ áåñêîíå÷íîìåðíûõ ìàòðèö.

×èñëåííûå ðàñ÷åòû âûïîëíåíû ñ óñå÷åííûìè ìàòðèöàìè. Ñïåêòðàëüíûå

õàðàêòåðèñòèêè óñåêàþòñÿ, êîãäà äèñêðåòíûå àðãóìåíòû i, j, k, l èçìå-

íÿþòñÿ îò åäèíèöû äî ðàçìåðà ÑÕ n. Óñå÷åíèå ïðèâîäèò ê ïîãðåøíîñòè

ðåçóëüòàòà.

Âûâîäû

Ñðàâíèâàÿ ðåçóëüòàòû ïÿòè ïðèìåðîâ ìîäåëèðîâàíèÿ ñ ýòàëîííûìè çíà-

÷åíèÿìè ìîæíî ñäåëàòü âûâîä î òîì, ÷òî ñïåêòðàëüíàÿ òåîðèÿ íåñòà-

öèîíàðíûõ ñèñòåì óïðàâëåíèÿ ìîæåò áûòü èñïîëüçîâàíà äëÿ îïèñàíèÿ

ÎÐÏ ÷åòâåðòîãî ïîðÿäêà. Ïðîñòûå ïðèìåðû èìåþò àíàëèòè÷åñêîå ðåøå-

íèå. Ñîâïàäåíèå àíàëèòè÷åñêîãî ðåøåíèÿ è ðåøåíèÿ ñïåêòðàëüíûì ìåòî-

äîì ïîäòâåðæäàåò ïðàâèëüíîñòü ðàçðàáîòàííûõ àëãîðèòìîâ.

Êîìáèíèðóÿ ìàòðèöû ÑÕ îïåðàòîðîâ äèôôåðåíöèðîâàíèÿ, ìîæíî

ó÷åñòü ðàçëè÷íûå ãðàíè÷íûå óñëîâèÿ.

Ïåðåäàòî÷íàÿ ôóíêöèÿ ÎÐÏ çàâèñèò îò âèäà ãðàíè÷íûõ óñëîâèé. Èñ-

ïîëüçóÿ ïðÿìîå ïðîèçâåäåíèå ìàòðèö (êðîíåêåðîâî ïðîèçâåäåíèå), óäîáíî

ðàññìàòðèâàòü òðåõìåðíûå, äâóìåðíûå, îäíîìåðíûå ìîäåëè ÎÐÏ. Ïîñêîëü-

êó âûïîëíÿþòñÿ ñòàíäàðòíûå îïåðàöèè íàä ìàòðèöàìè ñïåêòðàëüíûõ õà-

ðàêòåðèñòèê (ñëîæåíèå, ïåðåìíîæåíèå, îáðàùåíèå), ìåòîä óäîáåí â ïðî-

ãðàììèðîâàíèè.

Ïðåäëîæåííûé àëãîðèòì íå çàâèñèò îò ñèñòåì áàçèñíûõ ôóíêöèé, ÷òî

ïðèäàåò ìåòîäó óíèâåðñàëüíîñòü. Îäíàêî ïðèìåíåíèå ðàññìîòðåííîãî

àëãîðèòìà îãðàíè÷åíî îáúåêòàìè, çàäàííûìè íà ïàðàëëåëåïèïåäå. Òåì íå

ìåíåå, ñïåêòðàëüíûé ìåòîä ïîçâîëÿåò ðàáîòàòü ñ îáúåêòàìè, èìåþùèìè

áîëåå ñëîæíûå ãðàíèöû [11]. Äëÿ ýòîãî íåîáõîäèìî ïðåîáðàçîâàòü ïðî-

ñòðàíñòâåííûå ïåðåìåííûå òàê, ÷òîáû íåïðÿìîóãîëüíàÿ îáëàñòü ïðåîáðà-

çîâàëàñü â ïðÿìîóãîëüíóþ. Ïðè ýòîì èñõîäíîå óðàâíåíèå ñ íîâûìè ïåðå-

ìåííûìè ïîëó÷àåòñÿ áîëåå ñëîæíîãî âèäà. Â äàëüíåéøåì ïëàíèðóåòñÿ

ðàçâèâàòü ñïåêòðàëüíóþ òåîðèþ íåñòàöèîíàðíûõ ñèñòåì óïðàâëåíèÿ äëÿ

çàäà÷è ìîäåëèðîâàíèÿ ñòîõàñòè÷åñêèõ è äèñêðåòíûõ ÎÐÏ.
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Yu.A. Klevtsov

MODELING OF OBJECTS WITH DISTRIBUTED

PARAMETERS OF THE FOURTH ORDER

Based on the theory of finite integral transformations the author has considered a class of models —
transfer functions of the objects, which description requires partial differential equations. The
rules establishing the correspondence between operations in the space-time and spectral domain
are presented. The examples of modeling the objects with distributed parameters are considered.

K e y w o r d s: finite integral transformations, systems with distributed parameters, transfer func-
tion, mathematical modeling.

ÊËÅÂÖÎÂ Þðèé Àëåêñååâè÷, êàíä. òåõí. íàóê. Â 1973 ã. îêîí÷èë Êèåâñêèé ïîëèòåõíè÷åñêèé

èí-ò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé — îáúåêòû ñ ðàñïðåäåëåííûìè ïàðàìåòðàìè, ñïåêò-

ðàëüíàÿ òåîðèÿ íåñòàöèîíàðíûõ ñèñòåì óïðàâëåíèÿ, çàäà÷è ìîäåëèðîâàíèÿ è èäåíòèôèêàöèè.
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Êîäû ñ ñóììèðîâàíèåì ñ ïîñëåäîâàòåëüíîñòüþ
âåñîâûõ êîýôôèöèåíòîâ, îáðàçóþùåé íàòóðàëüíûé
ðÿä ÷èñåë, â ñèñòåìàõ ôóíêöèîíàëüíîãî êîíòðîëÿ

Îïèñàíû îñîáåííîñòè êëàññà ìîäèôèöèðîâàííûõ âçâåøåííûõ êîäîâ ñ ñóììèðîâàíèåì ñ
ïîñëåäîâàòåëüíîñòüþ âåñîâûõ êîýôôèöèåíòîâ, îáðàçóþùåé íàòóðàëüíûé ðÿä ÷èñåë.
Óñòàíîâëåíî, ÷òî íà ñâîéñòâà îáíàðóæåíèÿ îøèáîê ìîäèôèöèðîâàííûìè êîäàìè ñó-
ùåñòâåííî âëèÿåò ñïîñîá âû÷èñëåíèÿ ïîïðàâî÷íîãî êîýôôèöèåíòà ïðè ôîðìèðîâàíèè
ñóììàðíîãî çíà÷åíèÿ âåñà åäèíè÷íûõ ðàçðÿäîâ èíôîðìàöèîííîãî âåêòîðà. Òåîðåòè÷åñêèå
ðåçóëüòàòû ïîäòâåðæäåíû ðåçóëüòàòàìè ýêñïåðèìåíòîâ ñ íàáîðîì êîíòðîëüíûõ êîìáèíà-
öèîííûõ ñõåì LGSynth`89. Óñòàíîâëåíî, ÷òî èçìåíÿÿ ïðàâèëà âû÷èñëåíèÿ ïîïðàâî÷íîãî
êîýôôèöèåíòà ïðè ìîäèôèêàöèè êîäà, ìîæíî âëèÿòü íà ñòðóêòóðíóþ èçáûòî÷íîñòü ñèñòåìû
ôóíêöèîíàëüíîãî êîíòðîëÿ. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü ýôôåêòèâíû ïðè îðãàíè-
çàöèè êîíòðîëÿ êîìáèíàöèîííûõ ëîãè÷åñêèõ ñõåì è ïîçâîëÿþò ñòðîèòü ñàìîïðîâåðÿåìûå
ñòðóêòóðû ñ ìåíüøèìè àïïàðàòóðíûìè çàòðàòàìè, ÷åì ïðè äóáëèðîâàíèè.

Ê ë þ ÷ å â û å ñ ë î â à: êîìáèíàöèîííàÿ ñõåìà, ñèñòåìà ôóíêöèîíàëüíîãî êîíòðîëÿ, êîä
Áåðãåðà, ìîäèôèöèðîâàííûé âçâåøåííûé êîä Áåðãåðà, îáíàðóæåíèå îøèáîê, ñòðóêòóð-
íàÿ èçáûòî÷íîñòü.

Îïèñàíî îñîáëèâîñò³ êëàñó ìîäèô³êîâàíèõ çâàæåíèõ êîä³â ç ï³äñóìîâóâàííÿì, ïîñë³-
äîâí³ñòü âàãîâèõ êîåô³ö³ºíò³â ÿêèõ óòâîðþº íàòóðàëüíèé ðÿä ÷èñåë. Ïîêàçàíî, ùî íà
âëàñòèâîñò³ âèÿâëåííÿ ïîìèëîê ìîäèô³êîâàíèìè êîäàìè ñóòòºâî âïëèâàº ñïîñ³á îá÷èñ-
ëåííÿ ïîïðàâêîâîãî êîåô³ö³ºíòà ïðè ôîðìóâàíí³ ñóìàðíîãî çíà÷åííÿ âàãè îäèíè÷íèõ
ðîçðÿä³â ³íôîðìàö³éíîãî âåêòîðà. Òåîðåòè÷í³ ðåçóëüòàòè ï³äòâåðäæåíî ðåçóëüòàòàìè åêñ-
ïåðèìåíò³â ³ç íàáîðîì êîíòðîëüíèõ êîìá³íàö³éíèõ ñõåì LGSynth`89. Âñòàíîâëåíî, ùî
çì³íþâàííÿì ïðàâèë îá÷èñëåííÿ ïîïðàâêîâîãî êîåô³ö³ºíòà ìîæíà âïëèâàòè íà ñòðóê-
òóðíó íàäëèøêîâ³ñòü ñèñòåìè ôóíêö³îíàëüíîãî êîíòðîëþ. Îòðèìàí³ ðåçóëüòàòè åôåêòèâ-
í³ çà îðãàí³çàö³¿ êîíòðîëþ êîìá³íàö³éíèõ ëîã³÷íèõ ñõåì ³ äîçâîëÿþòü áóäóâàòè ñàìîêîíò-
ðîëüîâàí³ ñòðóêòóðè ç ìåíøèìè àïàðàòóðíèìè âèòðàòàìè, í³æ ïðè äóáëþâàíí³.

Ê ë þ ÷ î â ³ ñ ë î â à: êîìá³íàö³éíà ñõåìà, ñèñòåìà ôóíêö³îíàëüíîãî êîíòðîëþ, êîä Áåðãåðà,
ìîäèô³êîâàíèé çâàæåíèé êîä Áåðãåðà, âèÿâëåííÿ ïîìèëîê, ñòðóêòóðíà íàäëèøêîâ³ñòü.
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Ïîìåõîóñòîé÷èâûå êîäû, îðèåíòèðîâàííûå íà îáíàðóæåíèå îøèáîê,
÷àñòî èñïîëüçóþò ïðè ðàçðàáîòêå ñàìîïðîâåðÿåìûõ ñõåì âñòðîåííîãî
êîíòðîëÿ — ñèñòåì ôóíêöèîíàëüíîãî êîíòðîëÿ (ÑÔÊ) [1—3]. Â òàêèõ
ñèñòåìàõ êîíòðîëèðóåìîå ëîãè÷åñêîå óñòðîéñòâî F (x) ñíàáæåíî ñïåöèà-
ëèçèðîâàííûì êîíòðîëüíûì îáîðóäîâàíèåì, êîòîðîå ïðåäíàçíà÷åíî äëÿ
ôèêñàöèè ïðàâèëüíîñòè âû÷èñëåíèÿ áëîêîì F (x) çíà÷åíèé ñâîèõ ðàáî÷èõ
ôóíêöèé f1, f2, …, fm (ðèñ. 1). Ýòî, â ñâîþ î÷åðåäü, ïîçâîëÿåò êîñâåííî
ñóäèòü îá îòñóòñòâèè (èëè íàëè÷èè) íåèñïðàâíîñòåé â ñòðóêòóðå
êîíòðîëèðóåìîãî óñòðîéñòâà [4—6].

Ïðè îðãàíèçàöèè ÑÔÊ íà îñíîâå ïîìåõîóñòîé÷èâîãî êîäà, íàïðèìåð
êîäà ñ ñóììèðîâàíèåì, âûõîäû áëîêà F (x) îòîæäåñòâëÿþòñÿ ñ èíôîðìà-
öèîííûì âåêòîðîì äëèíû m — âåêòîðîì � �

�
f f f fm m 1 2 1... . Àðõèòåêòóðà

êîíòðîëüíîãî îáîðóäîâàíèÿ îïðåäåëÿåòñÿ ìåòîäàìè ðåàëèçàöèè êîíòðîëü-
íûõ ôóíêöèé äëÿ âûáðàííîãî êîäà, à òàêæå íàáîðîì ôóíêöèîíàëüíûõ ýëå-
ìåíòîâ, èç êîòîðûõ ñèíòåçèðóåòñÿ óñòðîéñòâî.

Â ñîñòàâ êîíòðîëüíîãî îáîðóäîâàíèÿ âõîäÿò áëîê êîíòðîëüíîé ëîãèêè
G x( ) è òåñòåð, îáðàçîâàííûé ñ ïîìîùüþ êàñêàäíîãî ïîäêëþ÷åíèÿ áëîêà
ãåíåðàòîðà âûáðàííîãî êîäà G f( ) è êîìïàðàòîðà TRC. Íà âûõîäàõ áëîêà
G x( ) ôîðìèðóþòñÿ çíà÷åíèÿ êîíòðîëüíûõ ôóíêöèé g1, g2, …, gk, îáúå-
äèíÿþùèåñÿ â êîíòðîëüíûé âåêòîð � �

�
g g g gk k 1 2 1... äëèíîé k. Ìåæäó

âåêòîðàìè� �
�

f f f fm m 1 2 1... è� �
�

g g g gk k 1 2 1... íà ýòàïå ïðîåêòèðîâàíèÿ
ÑÔÊ óñòàíàâëèâàåòñÿ îäíîçíà÷íîå ñîîòâåòñòâèå ïîñðåäñòâîì ïîëó÷åíèÿ
çíà÷åíèé ïîñëåäíèõ ïî ïðàâèëàì âûáðàííîãî êîäà ñ ñóììèðîâàíèåì, ò.å.
( , )m k -êîäà [7—11]. Ýòî ñîîòâåòñòâèå â ïðîöåññå ýêñïëóàòàöèè ñèñòåìû
êîíòðîëèðóåòñÿ íà âõîäàõ òåñòåðà. ÁëîêG f( )ïî çíà÷åíèÿì ðàáî÷èõ ôóíê-
öèé ôîðìèðóåò àëüòåðíàòèâíûé êîíòðîëüíûé âåêòîð � � � � � �

�
g g g gk k 1 2 1... , à

êîìïàðàòîð TRC ñðàâíèâàåò ïîðàçðÿäíî çíà÷åíèÿ îäíîèìåííûõ ðàçðÿäîâ
êîíòðîëüíûõ âåêòîðîâ. Êîìïàðàòîð ñèíòåçèðîâàí â âèäå ñõåìû ñæàòèÿ
ïàðàôàçíûõ ñèãíàëîâ íà îñíîâå ñòàíäàðòíûõ ìîäóëåé TRC, ñòðóêòóðû êî-
òîðûõ îïèñàíû â [12]. Ïî ýòîé ïðè÷èíå ðàçðÿäû êîíòðîëüíîãî âåêòîðà,
âû÷èñëÿåìûå áëîêîì G x( ), ïðåäâàðèòåëüíî èíâåðòèðóþòñÿ, ÷òî ïîçâîëÿåò
ðåàëèçîâàòü êîìïàðàòîð íà îñíîâå k �1ìîäóëÿ TRC. Êîíòðîëü åäèíñòâåííîãî
ïàðàôàçíîãî ñèãíàëà íà âûõîäå êîìïàðàòîðà ïîçâîëÿåò îñóùåñòâëÿòü è êîñ-
âåííûé êîíòðîëü íåèñïðàâíîñòåé â ëþáîì èç ýëåìåíòîâ ñèñòåìû [13].

Âàæíåéøèìè õàðàêòåðèñòèêàìè ÑÔÊ ÿâëÿþòñÿ ïîêàçàòåëè îáíàðóæå-
íèÿ îøèáîê â êîíòðîëèðóåìîì óñòðîéñòâå è ïîêàçàòåëè ñòðóêòóðíîé èç-
áûòî÷íîñòè ñèñòåìû, îïðåäåëÿåìûå ( , )m k -êîäîì, ëåæàùèì â îñíîâå ÑÔÊ
[15, 16]. ×àñòî ïðè îðãàíèçàöèè ÑÔÊ èñïîëüçóþò êîäû Áåðãåðà (S ( , )m k -
êîäû) [17], ýôôåêòèâíî îáíàðóæèâàþùèå ëþáûå ìîíîòîííûå è àñèì-
ìåòðè÷íûå èñêàæåíèÿ íà âûõîäàõ áëîêà F (x). Òåì íå ìåíåå, êàê ïîêàçàíî â
[18], S ( , )m k -êîäû íå îáíàðóæèâàþò áîëüøîå ÷èñëî îøèáîê â èíôîðìà-
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öèîííûõ âåêòîðàõ, îñîáåííî â îáëàñòè ìàëîé êðàòíîñòè. Ýòî îáóñëîâëè-
âàåò íåîáõîäèìîñòü âíåñåíèÿ íåêîòîðîé èçáûòî÷íîñòè ïðè îðãàíèçàöèè
êîíòðîëåïðèãîäíîé ñèñòåìû äèàãíîñòèðîâàíèÿ [19]. Ê íåäîñòàòêàì S ( , )m k -
êîäîâ ìîæíî òàêæå îòíåñòè òðóäíîñòü îáåñïå÷åíèÿ ïîëíîé ñàìîïðîâå-
ðÿåìîñòè êîíòðîëüíîãî îáîðóäîâàíèÿ, îáúÿñíÿåìîé òåì, ÷òî âñå âîçìîæ-
íûå êîíòðîëüíûå âåêòîðû â êîäå Áåðãåðà ôîðìèðóþòñÿ òîëüêî â ÷àñòíîì
ñëó÷àå ïðè m p

� �2 1, p �2 3, , ... [2].
Âîçíèêàåò çàäà÷à ïîñòðîåíèÿ òàêîãî êîäà ñ ñóììèðîâàíèåì, êîòîðûé

áóäåò îáíàðóæèâàòü áîëüøåå ÷èñëî îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ
(â îñîáåííîñòè â îáëàñòè ìàëîé êðàòíîñòè îøèáîê), ÷åì øèðîêî ïðèìå-
íÿåìûå â çàäà÷àõ òåõíè÷åñêîé äèàãíîñòèêè êîäû Áåðãåðà, ïðè óñëîâèè ôîð-
ìèðîâàíèÿ âñåõ êîíòðîëüíûõ âåêòîðîâ äëÿ ëþáîãî çíà÷åíèÿ m. Ðàññìîòðèì
ìîäèôèêàöèþ êëàññè÷åñêèõ êîäîâ Áåðãåðà â êîäû, óäîâëåòâîðÿþùèå ïîñòàâ-
ëåííîìó óñëîâèþ, è ïðèâåäåì íåêîòîðûå ðåçóëüòàòû ïðèìåíåíèÿ ìîäèôèöè-
ðîâàííûõ âçâåøåííûõ êîäîâ Áåðãåðà ïðè îðãàíèçàöèè ÑÔÊ.

Ìîäèôèöèðîâàííûå âçâåøåííûå êîäû ñ ñóììèðîâàíèåì. Â [20]
ïðåäëîæåí ñïîñîá ïîñòðîåíèÿ êîäîâ ñ ñóììèðîâàíèåì ñ óëó÷øåííûìè ïî
ñðàâíåíèþ ñ êëàññè÷åñêèìè êîäàìè Áåðãåðà õàðàêòåðèñòèêàìè îáíàðóæåíèÿ
îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ. Ýòîò ñïîñîá îñíîâàí íà âû÷èñëåíèè
çíà÷åíèÿ ìîäèôèöèðîâàííîãî âåñà èíôîðìàöèîííîãî âåêòîðà ïî ôîðìóëå

W r M M� �(mod ) 	 , (1)
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Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà ÑÔÊ [14]



ãäå r M(mod ) — çíà÷åíèå íàèìåíüøåãî íåîòðèöàòåëüíîãî âû÷åòà âåñà

èíôîðìàöèîííîãî âåêòîðà êîäà ïî ìîäóëþ 
 �M
m

�
� �

2 2 1 1log ( )
; 	 — ñïå-

öèàëüíûé ïîïðàâî÷íûé êîýôôèöèåíò, âû÷èñëÿåìûé êàê ñóììà ïî ìîäóëþ

äâà çàðàíåå óñòàíîâëåííûõ ðàçðÿäîâ â èíôîðìàöèîííîì âåêòîðå. Â [21]

ïðåäëîæåíî â êà÷åñòâå ïîïðàâî÷íîãî êîýôôèöèåíòà èñïîëüçîâàòü ñóììó

çíà÷åíèé ïî ìîäóëþ äâà m k� , ãäå

 �

k m� �log ( )2 1 , ñòàðøèõ ðàçðÿäîâ

èíôîðìàöèîííîãî âåêòîðà:

a f f f fm m m k m k� � � � �
� � � �1 1... .

Îäíàêî ýòî ëèøü îäèí èç ñïîñîáîâ âû÷èñëåíèÿ ïîïðàâî÷íîãî êîýôôè-

öèåíòà, êîòîðûé ìîæåò áûòü ïîäñ÷èòàí ÷èñëîì âàðèàíòîâ
i

i m

m
i mC

�

� �

 � �

1

1

2 2,

÷òî äàåò âîçìîæíîñòü ïîñòðîåíèÿ ìîäèôèöèðîâàííûõ êîäîâ ñ ðàçëè÷íû-

ìè ñâîéñòâàìè [22]. Â [23] ïîêàçàíî, ÷òî ïðè èñïîëüçîâàíèè ïðåäñòàâëåí-

íîãî ïîäõîäà ïîñòðîåíèå ìîäèôèöèðîâàííûõ êîäîâ ñ ñóììèðîâàíèåì èìååò

äâà ñóùåñòâåííûõ íåäîñòàòêà, ïðîÿâëÿþùèõñÿ ïðè ñèíòåçå ÑÔÊ:

1) íå óäàåòñÿ ñòðîèòü êîäû ñ ìèíèìàëüíûì îáùèì ÷èñëîì íåîáíàðó-

æèâàåìûõ îøèáîê ïðè óñòàíîâëåííûõ çíà÷åíèÿõ m è k;
2) ÷èñëî äâóêðàòíûõ íåîáíàðóæèâàåìûõ îøèáîê óìåíüøàåòñÿ ïðè-

áëèçèòåëüíî â äâà ðàçà ïî ñðàâíåíèþ ñ êîäàìè Áåðãåðà, íî îñòàåòñÿ çíà÷è-
òåëüíûì ïî ñðàâíåíèþ ñ îáùèì ÷èñëîì äâóêðàòíûõ îøèáîê.

Óëó÷øåíèå õàðàêòåðèñòèê îáíàðóæåíèÿ îøèáîê êîäàìè ñ ñóììèðîâà-

íèåì äîñòèãàåòñÿ ïîñðåäñòâîì óñòàíîâëåíèÿ íåðàâíîïðàâèÿ ìåæäó ðàçðÿ-

äàìè èíôîðìàöèîííîãî âåêòîðà ïðè âçâåøèâàíèè ðàçðÿäîâ [17] è ïîä-

ñ÷åòå çíà÷åíèÿ ìîäèôèöèðîâàííîãî âåñà ïî ôîðìóëå (1). Ïðè ýòîì â

êà÷åñòâå r M(mod )èñïîëüçóåòñÿ çíà÷åíèå íàèìåíüøåãî íåîòðèöàòåëüíîãî

âû÷åòà ñóììàðíîãî çíà÷åíèÿ âåñîâûõ êîýôôèöèåíòîâ åäèíè÷íûõ ðàç-

ðÿäîâ [24, 25].

À ë ã î ð è ò ì âû÷èñëåíèÿ çíà÷åíèé ðàçðÿäîâ êîíòðîëüíûõ âåêòîðîâ

ìîäèôèöèðîâàííûõ âçâåøåííûõ êîäîâ ñ ñóììèðîâàíèåì.

1. Óñòàíàâëèâàåì ïîñëåäîâàòåëüíîñòü âåñîâûõ êîýôôèöèåíòîâ ðàçðÿäîâ

èíôîðìàöèîííîãî âåêòîðà, ïðåäñòàâëÿþùóþ ñîáîé íàòóðàëüíûé ðÿä ÷èñåë,

íà÷èíàÿ ñ ìëàäøåãî ðàçðÿäà: [wm; wm–1; ...; w2; w1] = [m; m–1; ... ; 2; 1].

2. Îïðåäåëÿåì ìîäóëü 
 �M
m

�
� �

2 2 1 1log ( )
.

3. Ïîäñ÷èòûâàåì ñóììó âåñîâûõ êîýôôèöèåíòîâ åäèíè÷íûõ èíôîð-

ìàöèîííûõ ðàçðÿäîâ: W w f
i

m

i i�

�



1

.

4. Îïðåäåëÿåì íàèìåíüøèé íåîòðèöàòåëüíûé âû÷åò ÷èñëà W ïî âûá-

ðàííîìó ìîäóëþ M:W W MM � (mod ).
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5. Ïîäñ÷èòûâàåì ïîïðàâî÷íûé êîýôôèöèåíò 	, ðàâíûé ñóììå ïî ìî-
äóëþ äâà ïðîèçâîëüíîãî (íî çàðàíåå óñòàíîâëåííîãî) ÷èñëà èíôîðìà-
öèîííûõ ðàçðÿäîâ.

6. Ôîðìèðóåì ÷èñëî

V W MM� �	 . (2)

7. Ïîëó÷åííîå ÷èñëî V ïðåäñòàâëÿåì â äâîè÷íîì âèäå è çàïèñûâàåì â

êîíòðîëüíûé âåêòîð.

Ìîäèôèöèðîâàííûé âçâåøåííûé êîä ñ ñóììèðîâàíèåì ñ ïîñëåäîâà-

òåëüíîñòüþ âåñîâûõ êîýôôèöèåíòîâ, îáðàçóþùåé íàòóðàëüíûé ðÿä ÷èñåë,

îáîçíà÷èì êàê RWS ( , )m k -êîä. Â òàáë. 1 ïðåäñòàâëåí ïðîöåññ ïîëó÷åíèÿ

êîíòðîëüíûõ âåêòîðîâ RWS (4,3)-êîäà, äëÿ êîòîðîãî ïîïðàâî÷íûé êîýô-

ôèöèåíò 	 âû÷èñëÿåòñÿ êàê ñóììà ïî ìîäóëþ äâà çíà÷åíèé äâóõ ñòàðøèõ

èíôîðìàöèîííûõ ðàçðÿäîâ: 	 � �f f3 4. Ìîäóëü îïðåäåëåíèÿ âû÷åòà —


 �M � � �
� �

2 2 42 4 1 1 2log ( )
.
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Äåñÿòè÷íèé
ýêâèâàëåíò

èíôîðìàöèîí-
íîãî âåêòîðà

f4 f3 f2 f1

W WM 	 V g3 g2 g1

w4 = 4 w3 = 3 w2 = 2 w1 = 1

0 0 0 0 0 0 0 0 0 0 0 0

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

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

3 0 0 1 1 3 3 0 3 0 1 1

4 0 1 0 0 3 3 1 7 1 1 1

5 0 1 0 1 4 0 1 4 1 0 0

6 0 1 1 0 5 1 1 5 1 0 1

7 0 1 1 1 6 2 1 6 1 1 0

8 1 0 0 0 4 0 1 4 1 0 0

9 1 0 0 1 5 1 1 5 1 0 1

10 1 0 1 0 6 2 1 6 1 1 0

11 1 0 1 1 7 3 1 7 1 1 1

12 1 1 0 0 7 3 0 3 0 1 1

13 1 1 0 1 8 0 0 0 0 0 0

14 1 1 1 0 9 1 0 1 0 0 1

15 1 1 1 1 10 2 0 2 0 1 0

Òàáëèöà 1. Êîäîâûå âåêòîðû RWS (4,3)-êîäà ïðè 	 � �f f3 4



RWS ( , )m k -êîäû èìåþò íàèìåíüøåå îáùåå ÷èñëî íåîáíàðóæèâàåìûõ
îøèáîê ïðè ñâîèõ äëèíàõ èíôîðìàöèîííûõ è êîíòðîëüíûõ âåêòîðîâ, ÷òî
îáúÿñíÿåòñÿ âûáîðîì ïîñëåäîâàòåëüíîñòè âåñîâûõ êîýôôèöèåíòîâ è çíà-
÷åíèåì ìîäóëÿ, ïî êîòîðîìó îïðåäåëÿåòñÿ âû÷åò íà øàãå 4 àëãîðèòìà.
Ïðèçíàêîì ìèíèìàëüíîñòè îáùåãî ÷èñëà íåîáíàðóæèâàåìûõ êîäîì îøè-
áîê ÿâëÿåòñÿ ðàâíîìåðíîñòü ðàñïðåäåëåíèÿ âñåõ èíôîðìàöèîííûõ âåêòî-
ðîâ ìåæäó âñåìè êîíòðîëüíûìè âåêòîðàìè [20].

Â òàáë. 2 ïîêàçàíî òàêîå ðàñïðåäåëåíèå äëÿ ðàññìàòðèâàåìîãî RWS (4,3)-
êîäà. Èì íå áóäåò îáíàðóæèâàòüñÿ 16 îøèáîê â èíôîðìàöèîííûõ âåêòî-
ðàõ (âîñåìü ÷åòûðåõêðàòíûõ è âîñåìü òðåõêðàòíûõ). Ýòî â 3,375 ðàçà ìåíüøå,
÷åì êëàññè÷åñêèì S ( , )m k -êîäîì è â 1,5 ðàçà ìåíüøå, ÷åì íàèëó÷øèì ìîäè-
ôèöèðîâàííûì êîäîì ñ ñóììèðîâàíèåì åäèíè÷íûõ ðàçðÿäîâ [20].

Â ðåçóëüòàòå èññëåäîâàíèé óñòàíîâëåíî, ÷òî îò òîãî, êàêèå ðàçðÿäû
èíôîðìàöèîííîãî âåêòîðà âêëþ÷åíû â ëèíåéíóþ ñóììó ïîïðàâî÷íîãî
êîýôôèöèåíòà 	� çàâèñÿò õàðàêòåðèñòèêè ïîëó÷àåìîãî ìîäèôèöèðîâàí-
íîãî âçâåøåííîãî êîäà ñ ñóììèðîâàíèåì.

Òåîðåìà 1. RWS ( , )m k -êîä áóäåò ïîìåõîóñòîé÷èâûì â òîì, è òîëüêî â
òîì ñëó÷àå, åñëè ïðè âû÷èñëåíèè ïîïðàâî÷íîãî êîýôôèöèåíòà 	 áóäåò çà-
äåéñòâîâàí ðàçðÿä èíôîðìàöèîííîãî âåêòîðà âåñîì 
 �M

m
�

� �

2 2 1 1log ( )
.

Ä î ê à ç à ò å ë ü ñ ò â î. Êîä ñ ñóììèðîâàíèåì áóäåò ïîìåõîóñòîé÷èâûì
(îáíàðóæèâàòü ëþáûå îäíîêðàòíûå îøèáêè â èíôîðìàöèîííûõ âåêòîðàõ)
â òîì ñëó÷àå, åñëè âñå åãî ðàçðÿäû áóäóò ïðîâåðÿòüñÿ ðàçðÿäàìè êîíòðîëü-
íûõ âåêòîðîâ. Íà øàãå 4 àëãîðèòìà îïðåäåëÿåòñÿ íàèìåíüøèé íåîòðèöà-
òåëüíûé âû÷åò ñóììû çíà÷åíèé âåñîâûõ êîýôôèöèåíòîâ åäèíè÷íûõ èí-
ôîðìàöèîííûõ ðàçðÿäîâ:

W W M f w f w f w MM m m� � � � � �(mod ) ( ... ) (mod )1 1 2 2

� � � �f w M f w M f w Mm m1 1 2 2(mod ) (mod ) ... (mod ) . (3)

Åñëè äëÿ êàêîãî-ëèáî ñëàãàåìîãî â êîíå÷íîé ñóììå (3) íåçàâèñèìî îò

çíà÷åíèÿ fi ( fi = 0 ëèáî fi = 1) â ñóììó äîáàâëÿåòñÿ âñåãäà îäíî è òî æå

÷èñëî, òî ðàçðÿä fi íå áóäåò êîíòðîëèðîâàòüñÿ. Ïîñêîëüêó 
 �M
m

�
� �

2 2 1 1log ( )
,

à ïîñëåäîâàòåëüíîñòü âåñîâûõ êîýôôèöèåíòîâ ðàçðÿäîâ îáðàçóåò íàòó-
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Êîíòðîëüíûé âåêòîð ïðè V

0 1 2 3 4 5 6 7

000 001 010 011 100 101 110 111

0000 0001 0010 0011 0101 0110 0111 0100

1101 1110 1111 1100 1000 1001 1010 1011

Òàáëèöà 2. Êîíòðîëüíûå ãðóïïû RWS (4,3)-êîäà ïðè 	 � f f3 4�



ðàëüíûé ðÿä ÷èñåë [1; 2; …; 
 �2 2 1 1log ( )m� �

; …; m], çíà÷åíèå ðàçðÿäà ñ èí-

äåêñîì j = 
 �2 2 1 1log ( )m� �

íå áóäåò ó÷èòûâàòüñÿ â êîíå÷íîé ñóììå WM. Ïî ýòîé

ïðè÷èíå ïðè ìîäèôèêàöèè êîäà íåîáõîäèìî ó÷åñòü çíà÷åíèå ðàçðÿäà j =

 �

�
� �

2 2 1 1log ( )m
è âêëþ÷èòü åãî â ñóììó ïîïðàâî÷íîãî êîýôôèöèåíòà. Òåî-

ðåìà 1 äîêàçàíà.

Èç òåîðåìû 1 âûòåêàåò ñëåäóþùàÿ òåîðåìà.

Òåîðåìà 2. Ïðè äàííîé äëèíå èíôîðìàöèîííîãî âåêòîðà âîçìîæíî

ïîñòðîåíèå N RWS m k
m

( , ) �
�2 1 ïîìåõîóñòîé÷èâûõ RWS ( , )m k -êîäîâ.

Ä î ê à ç à ò å ë ü ñ ò â î. Äëÿ ëþáîãî RWS ( , )m k -êîäà íà ìîìåíò âûïîë-

íåíèÿ øàãà 4 àëãîðèòìà ôîðìèðîâàíèÿ çíà÷åíèé ðàçðÿäîâ êîíòðîëüíîãî

âåêòîðà íå ó÷èòûâàåòñÿ çíà÷åíèå òîëüêî îäíîãî ðàçðÿäà â èíôîðìàöèîí-

íîì âåêòîðå. Íà ïîëîâèíå âñåõ âîçìîæíûõ íàáîðîâ åãî çíà÷åíèå ðàâíî

íóëþ, à íà âòîðîé ïîëîâèíå — åäèíèöå. Âêëþ÷àÿ âñÿêèé ðàç â ñóììó

ïîïðàâî÷íîãî êîýôôèöèåíòà 	 çíà÷åíèå ðàçðÿäà ñ èíäåêñîì 
 �j
m

�
� �

2 2 1 1log ( )
,

ïîëó÷àåì ïîìåõîóñòîé÷èâûé êîä. Îñòàëüíûå m – 1 ðàçðÿäîâ èíôîðìàöèîí-

íîãî âåêòîðà ìîãóò áûòü âêëþ÷åíû â ñóììó ïîïðàâî÷íîãî êîýôôèöèåíòà

	 ÷èñëîì ñïîñîáîâ
i

m

m
i mC

�

�

�

�

 �

0

1

1
12 . Òåîðåìà 2 äîêàçàíà.

Â òàáë. 3 ïðåäñòàâëåíî ðàñïðåäåëåíèå íåîáíàðóæèâàåìûõ îøèáîê ïî
âèäàì [26] è êðàòíîñòÿì ñåìåéñòâîì RWS (4,3)-êîäîâ. Êàê âèäíî èç òàáë. 3,
õàðàêòåðèñòèêè RWS (4,3)-êîäîâ ñ ðàçëè÷íûìè ñïîñîáàìè ïîäñ÷åòà ïî-
ïðàâî÷íîãî êîýôôèöèåíòà ìîãóò ïîâòîðÿòüñÿ. Íàïðèìåð, ðàñïðåäåëåíèÿ
íåîáíàðóæèâàåìûõ îøèáîê ïî âèäàì è êðàòíîñòÿì àáñîëþòíî èäåí-
òè÷íû äëÿ ñëåäóþùèõ âàðèàíòîâ ïîäñ÷åòà ïîïðàâî÷íîãî êîýôôèöèåíòà:
	 � f 4 è 	 � � �f f f1 3 4, 	 � �f f1 4 è 	 � �f f3 4, 	 � �f f2 4 è 	 �

� � � �f f f f1 2 3 4, 	 � � �f f f1 2 4 è 	 � � �f f f2 3 4. Ïîäîáíàÿ îñîáåí-
íîñòü RWS (4,3)-êîäîâ, ïî âñåé âèäèìîñòè, ñâÿçàíà ñî çíà÷åíèÿìè âåñîâûõ
êîýôôèöèåíòîâ, à èìåííî ñ ÷åòíîñòüþ (èëè íå÷åòíîñòüþ) èõ çíà÷åíèé.
Äëÿ áîëüøèõ çíà÷åíèé äëèí èíôîðìàöèîííûõ âåêòîðîâ çàâèñèìîñòü áî-
ëåå ñëîæíàÿ.

Íà ðèñ. 2 â ãðàôè÷åñêîé ôîðìå ïðåäñòàâëåíû ðàñïðåäåëåíèÿ íåîáíà-
ðóæèâàåìûõ îøèáîê ïî âèäàì äëÿ ñåìåéñòâà RWS (7,3)-êîäîâ. Ïî îñè
àáñöèññ îòëîæåí äåñÿòè÷íûé ýêâèâàëåíò, ñîîòâåòñòâóþùèé ñïîñîáó âû-
÷èñëåíèÿ ïîïðàâî÷íîãî êîýôôèöèåíòà 	. Íàïðèìåð, ÷èñëî 57 ïðåäñòàâ-
ëÿåòñÿ â äâîè÷íîì âèäå êàê <f7 f6 f5 f4 f3 f2 f1> = <0111001>, ÷òî îçíà÷àåò
èñïîëüçîâàíèå ïðè âû÷èñëåíèè ïîïðàâî÷íîãî êîýôôèöèåíòà ôîðìóëû

	 � � � �f f f f1 4 5 6. Èç ðèñ. 2 âèäíî, ÷òî òîëüêî ïîëîâèíà ñïîñîáîâ âû-
÷èñëåíèÿ ïîïðàâî÷íîãî êîýôôèöèåíòà 	 îáåñïå÷èâàåò ïîñòðîåíèå ïîìå-
õîóñòîé÷èâûõ RWS ( , )m k -êîäîâ, îáëàäàþùèõ ðàçëè÷íûìè õàðàêòåðèñ-
òèêàìè îáíàðóæåíèÿ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ.

Êîäû ñ ñóììèðîâàíèåì ñ ïîñëåäîâàòåëüíîñòüþ âåñîâûõ êîýôôèöèåíòîâ
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Áîëåå äåòàëüíûé àíàëèç õàðàêòåðèñòèê RWS ( , )m k -êîäîâ ïîçâîëÿåò

ñóçèòü ìíîæåñòâî êîäîâ ñ ðàçëè÷íûìè õàðàêòåðèñòèêàìè îáíàðóæåíèÿ

îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ. Â òàáë. 4 ïðèâåäåíû õàðàêòåðèñòèêè

âñåõ ïîìåõîóñòîé÷èâûõ RWS ( , )m k -êîäîâ ñ äëèíàìè èíôîðìàöèîííûõ

âåêòîðîâ m = 4�7. Äëÿ êàæäîãî ñåìåéñòâà êîäîâ ñ îäèíàêîâîé äëèíîé

èíôîðìàöèîííîãî âåêòîðà óêàçàíû äåñÿòè÷íûå ýêâèâàëåíòû (èíäåêñû)

êîýôôèöèåíòîâ 	, à òàêæå ïðèâåäåíû ïîäðîáíûå äàííûå î âèäå è êðàò-

íîñòè íåîáíàðóæèâàåìûõ îøèáîê.

Òàêèì îáðàçîì, íåñìîòðÿ íà òî, ÷òî êîýôôèöèåíò 	 ìîæåò áûòü ïî-

ëó÷åí 2 1m� ñïîñîáàìè, îáùåå ÷èñëî ìîäèôèöèðîâàííûõ âçâåøåííûõ êî-

äîâ ñ ñóììèðîâàíèåì ñ ðàçëè÷íûìè õàðàêòåðèñòèêàìè îáíàðóæåíèÿ îøè-

áîê áóäåò ãîðàçäî ìåíüøèì (òàáë. 5). Ñðåäè êîäîâ ñ îäèíàêîâîé äëèíîé

èíôîðìàöèîííîãî âåêòîðà ïîäáîðîì ïðàâèëà âû÷èñëåíèÿ ïîïðàâî÷íîãî

êîýôôèöèåíòà 	 ìîæíî îïðåäåëèòü íàèëó÷øèé êîä ïî õàðàêòåðèñòèêàì

îáíàðóæåíèÿ îøèáîê ðàçëè÷íûõ âèäîâ èëè êðàòíîñòåé. Íàïðèìåð, â ÑÔÊ

êîìáèíàöèîííûõ ëîãè÷åñêèõ ñõåì íàèáîëåå ÷àñòî âîçíèêàþò îøèáêè ìà-

ëûõ êðàòíîñòåé: d = 1 è d = 2. Ñëåäîâàòåëüíî, ïðè îðãàíèçàöèè ñèñòåìû

äèàãíîñòèðîâàíèÿ ýôôåêòèâíûì ìîæåò îêàçàòüñÿ èñïîëüçîâàíèå RWS ( , )m k -

êîäà ñ ìàêñèìàëüíûì ñìåùåíèåì êðàòíîñòè íåîáíàðóæèâàåìîé îøèáêè â

áîëüøóþ ñòîðîíó.
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Â òàáë. 5 ïðèâåäåíî îáùåå ÷èñëî RWS ( , )m k -êîäîâ ñ ðàçëè÷íûìè õà-

ðàêòåðèñòèêàìè äëÿ çíà÷åíèé äëèí èíôîðìàöèîííûõ âåêòîðîâ m = 4�10 è

óêàçàíî íàèìåíüøåå ÷èñëî äâóêðàòíûõ íåîáíàðóæèâàåìûõ îøèáîê äëÿ

êàæäîãî ñåìåéñòâà êîäîâ. Ñëåäóåò çàìåòèòü, ÷òî ïðè m p
� �2 1, p �2 3, ,...,

ìîãóò áûòü ïîñòðîåíû RWS ( , )m k -êîäû ñî 100 %-íûì îáíàðóæåíèåì äâó-

êðàòíûõ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ. Íà ðèñ. 3 äëÿ ñðàâíåíèÿ ïî

ïîêàçàòåëþ îáíàðóæåíèÿ äâóêðàòíûõ îøèáîê ïðåäñòàâëåíû îïèñûâàå-

ìûå ìîäèôèöèðîâàííûå âçâåøåííûå êîäû ñ ñóììèðîâàíèåì è èçâåñòíûå

ìîäèôèöèðîâàííûå êîäû ñ ñóììèðîâàíèåì åäèíè÷íûõ èíôîðìàöèîííûõ

ðàçðÿäîâ (RS ( , )m k -êîäû) [20]. Êàê âèäèì, RWS ( , )m k -êîäàìè íå îáíàðó-

æèâàåòñÿ ìåíåå 5 % äâóêðàòíûõ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ,

òîãäà êàê RS ( , )m k -êîäàìè — â ñðåäíåì 20—25 % (êëàññè÷åñêèìè êîäàìè

Áåðãåðà íå îáíàðóæèâàåòñÿ 50 % äâóêðàòíûõ îøèáîê â èíôîðìàöèîííûõ

âåêòîðàõ [18]). Ó êîäîâ Áåðãåðà è ó RS ( , )m k -êîäîâ âñå äâóêðàòíûå íåîáíà-

ðóæèâàåìûå îøèáêè ÿâëÿþòñÿ ñèììåòðè÷íûìè, òîãäà êàê RWS ( , )m k -êîä

ñ ïîäîáíûì ñâîéñòâîì ìîæåò áûòü ïîñòðîåí òîëüêî ïðè çíà÷åíèÿõ m < 8

(ñ óâåëè÷åíèåì äëèíû èíôîðìàöèîííîãî âåêòîðà âî ìíîæåñòâî íåîáíàðó-

æèâàåìûõ äâóêðàòíûõ îøèáîê äîáàâëÿåòñÿ íåêîòîðàÿ äîëÿ ìîíîòîí-

íûõ îøèáîê).

Âîïðîñû ñèíòåçà êîíòðîëüíîãî îáîðóäîâàíèÿ äëÿ RWS ( , )m k -êîäîâ

ðàññìîòðåíû â ðàáîòå [27]. Ãåíåðàòîðû RWS ( , )m k -êîäîâ ñèíòåçèðóþòñÿ

òàê. Ïîäñòàâèâ (3) â ôîðìóëó (2), çàïèøåì

V W M w f M MM

i

m

i i� � �

�

�

�

�

�

� � �

�

	 	

1

(mod )

� � � � � �( ... ) (mod )w f w f w f M Mm m1 1 2 2 	

� � � � �w f M w f M w f M Mm m1 1 2 2(mod ) (mod ) ... (mod ) 	 . (4)

Â.Â. Ñàïîæíèêîâ, Âë.Â. Ñàïîæíèêîâ, Ä.Â. Åôàíîâ

48 ISSN 0204–3572. Electronic Modeling. 2017. V. 39. ¹ 5

m
Îáùåå ÷èñëî êîäîâ ñ ðàçëè÷íûìè

õàðàêòåðèñòèêàìè îáíàðóæåíèÿ îøèáîê
Ìèíèìàëüíîå ÷èñëî äâóêðàòíûõ

íåîáíàðóæèâàåìûõ îøèáîê

4 4 0

5 6 16

6 9 32

7 11 128

8 33 0

9 85 256

10 144 1024

Òàáëèöà 5. RWS ( , )m k -êîäû ñ ðàçëè÷íûìè õàðàêòåðèñòèêàìè
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Ðèñ. 3. RWS ( , )m k - è RS ( , )m k -êîäû îáíàðóæåíèÿ äâóêðàòíûõ îøèáîê â èíôîðìàöèîííûõ
âåêòîðàõ



Êîíå÷íîå âûðàæåíèå â (4) ïîçâîëÿåò íàïðÿìóþ ðåàëèçîâàòü ãåíåðàòîð

RWS ( , )m k -êîäà êàê ñóììàòîð íàèìåíüøèõ íåîòðèöàòåëüíûõ âû÷åòîâ âå-

ñîâûõ êîýôôèöèåíòîâ ðàçðÿäîâ èíôîðìàöèîííîãî âåêòîðà è óñòðîéñòâî

âû÷èñëåíèÿ ïîïðàâî÷íîãî êîýôôèöèåíòà 	 (ðèñ. 4). Áëîêè B1—B3 ìîãóò

áûòü ïîñòðîåíû ïîñðåäñòâîì êàñêàäíîãî ñîåäèíåíèÿ òèïîâûõ ñõåì ñëî-

æåíèÿ äâîè÷íûõ ÷èñåë ïî çàäàííîìó ìîäóëþ M [28].

Ðåçóëüòàòû ýêñïåðèìåíòîâ ñ êîíòðîëüíûìè êîìáèíàöèîííûìè

ñõåìàìè. Â õîäå ýêñïåðèìåíòîâ áûëà ïîñòàâëåíà ñëåäóþùàÿ çàäà÷à: îïðå-

äåëèòü, êàê èçìåíÿþòñÿ õàðàêòåðèñòèêè îáíàðóæåíèÿ îøèáîê íà âûõîäàõ

êîíòðîëüíûõ êîìáèíàöèîííûõ ñõåì ïðè èçìåíåíèè ïðàâèë âû÷èñëåíèÿ

ïîïðàâî÷íîãî êîýôôèöèåíòà 	, è îöåíèòü âëèÿíèå äàííîé ïðîöåäóðû íà

èçìåíåíèå ñòðóêòóðíîé èçáûòî÷íîñòè ÑÔÊ. Ðåøåíèå ýòîé çàäà÷è áûëî

ñâÿçàíî ñ ðàçðàáîòêîé ñïåöèàëèçèðîâàííîãî ïðîãðàììíîãî ìîäóëÿ, ïîçâî-

ëÿþùåãî ñèìóëèðîâàòü îäèíî÷íûå êîíñòàíòíûå íåèñïðàâíîñòè (stuck-at

fault) íà âûõîäàõ ëîãè÷åñêèõ ýëåìåíòîâ è ôèêñèðîâàòü èõ ïðîÿâëåíèÿ íà

âûõîäàõ ñõåìû ñ ïîñëåäóþùåé êëàññèôèêàöèåé îøèáîê íà îáíàðóæèâàå-

ìûå è íåîáíàðóæèâàåìûå ðàçëè÷íûõ âèäîâ (îäèíî÷íûõ, ìîíîòîííûõ,

ñèììåòðè÷íûõ è àñèììåòðè÷íûõ) è ðàçëè÷íîé êðàòíîñòüþ. Äàííûé ïðî-

ãðàììíûé ìîäóëü ïîçâîëÿåò òàêæå ïîëó÷àòü âñå áëîêè ÑÔÊ (ñì. ðèñ. 1)

äëÿ âûáðàííîé êîíòðîëüíîé ñõåìû â ôîðìàòå *.pla. Ýòî, â ñâîþ î÷åðåäü,

ïîçâîëÿåò ñ èñïîëüçîâàíèåì èíòåðïðåòàòîðà SIS [29] ðàññ÷èòàòü óñëîâíûé

ïîêàçàòåëü ïëîùàäè, çàíèìàåìîé íà êðèñòàëëå ëîãè÷åñêèìè óñòðîéñòâà-

ìè, ÷òî ÿâëÿåòñÿ êîñâåííûì ïîêàçàòåëåì ñëîæíîñòè èõ òåõíè÷åñêîé ðåà-

ëèçàöèè, à çàòåì îöåíèòü ñòðóêòóðíóþ èçáûòî÷íîñòü ÑÔÊ.

Áûëè ïðîâåäåíû ýêñïåðèìåíòû ïî îöåíêå âëèÿíèÿ âûáîðà ïðàâèë

ïîñòðîåíèÿ RWS ( , )m k -êîäîâ íà õàðàêòåðèñòèêè ÑÔÊ äëÿ íàáîðà êîíò-

ðîëüíûõ êîìáèíàöèîííûõ ñõåì LGSynth’89 ñ íåáîëüøèì ÷èñëîì âûõîäîâ

(m � 15) [30]. Â òàáë. 6 ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ íåèñïðàâ-

íîñòåé â êîíòðîëüíîé ñõåìå «cm162a», èìåþùåé ïÿòü âûõîäîâ. Ïåðåáðà-

íû âñå âàðèàíòû îáðàçîâàíèÿ êîýôôèöèåíòà 	 è çàôèêñèðîâàíû õàðàêòå-

ðèñòèêè ÑÔÊ, ïîëó÷àåìûõ ïðè èñïîëüçîâàíèè RWS ( , )m k -êîäîâ. Èç òàáë. 6

ñëåäóåò, ÷òî âûáîð ïðàâèë âû÷èñëåíèÿ ïîïðàâî÷íîãî êîýôôèöèåíòà íîñèò

ôóíäàìåíòàëüíûé õàðàêòåð. Òàê, ðîâíî ïîëîâèíà ïîëó÷àåìûõ êîäîâ íå

ÿâëÿþòñÿ ïîìåõîóñòîé÷èâûìè: èìè íå îáíàðóæèâàåòñÿ áîëüøîå ÷èñëî

îäèíî÷íûõ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ. Ýòî îáúÿñíÿåòñÿ òåì,

÷òî ïðè âû÷èñëåíèè ïîïðàâî÷íîãî êîýôôèöèåíòà äëÿ íåïîìåõîóñòîé-

÷èâûõ êîäîâ íå ó÷òåíî çíà÷åíèå ðàçðÿäà f4 (åãî âåñ ðàâåí çíà÷åíèþ ìî-

äóëÿ, ÷òî ïðè âû÷èñëåíèè íàèìåíüøåãî íåîòðèöàòåëüíîãî âû÷åòà ñóììàð-

íîãî âåñà ïðèâîäèò ê îòñóòñòâèþ êîíòðîëÿ çíà÷åíèÿ äàííîãî ðàçðÿäà).
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Ïðàâèëî âû÷èñëåíèÿ

êîýôôèöèåíòà 	

×èñëî íåîáíàðóæèâàåìûõ îøèáîê

Âñåãî

ïî âèäàì ïî êðàòíîñòÿì d

Îäè-
íî÷íûå

Ìîíî-
òîííûå

Ñèììåò-
ðè÷íûå

Àñèììåò-
ðè÷íûå

1 2 3 4 5

f1 67 851 56 655 11 196 0 0 56 655 5 829 5 367 0 0

f2 68 299 56 655 11 644 0 0 56 655 6 053 5 591 0 0

f f1 2� 68 299 56 655 11 644 0 0 56 655 5 829 5 591 224 0

f3 57 103 56 655 448 0 0 56 655 0 224 224 0

f f1 3� 57 103 56 655 448 0 0 56 655 224 224 0 0

f f2 3� 56 655 56 655 0 0 0 56 655 0 0 0 0

f f f1 2 3� � 57 551 56 655 896 0 0 56 655 224 448 224 0

f4 6 277 0 6 277 0 0 0 6 053 224 0 0

f f1 4� 6 277 0 6 277 0 0 0 5 829 224 224 0

f f2 4� 6 277 0 6 277 0 0 0 6 053 0 224 0

f f f1 2 4� � 6 277 0 6 277 0 0 0 5 829 448 0 0

f f3 4� 5 815 0 5 815 0 0 0 0 5 815 0 0

f f f1 3 4� � 5 815 0 5 815 0 0 0 224 5 367 224 0

f f f2 3 4� � 5 815 0 5 815 0 0 0 0 5 591 224 0

f f f f1 2 3 4� � � 5 815 0 5 815 0 0 0 224 5 591 0 0

f5 57 103 56 655 448 0 0 56 655 224 224 0 0

f f1 5� 57 103 56 655 448 0 0 56 655 0 224 224 0

f f2 5� 57 551 56 655 896 0 0 56 655 224 448 224 0

f f f1 2 5� � 56 655 56 655 0 0 0 56 655 0 0 0 0

f f3 5� 67 851 56 655 11 196 0 0 56 655 5 829 5 367 0 0

f f f1 3 5� � 68 523 56 655 11 868 0 0 56 655 6 053 5 591 224 0

f f f2 3 5� � 68 523 56 655 11 868 0 0 56 655 6 053 5 591 224 0

f f f f1 2 3 5� � � 68 299 56 655 11 644 0 0 56 655 6 053 5 591 0 0

f f4 5� 5 815 0 5 815 0 0 0 224 5 367 224 0

f f f1 4 5� � 5 815 0 5 815 0 0 0 0 5 815 0 0

f f f2 4 5� � 5 815 0 5 815 0 0 0 224 5 591 0 0

f f f f1 2 4 5� � � 5 815 0 5 815 0 0 0 0 5 591 224 0

f f f3 4 5� � 6 277 0 6 277 0 0 0 5 829 224 224 0

f f f f1 3 4 5� � � 6 277 0 6 277 0 0 0 6 053 224 0 0

f f f f2 3 4 5� � � 6 277 0 6 277 0 0 0 5 829 448 0 0

f f1 5� �... 6 277 0 6 277 0 0 0 6 053 0 224 0

Âñåãî íà âûõîäàõ 320 595 248 348 68 983 1 920 1 344 248 348 37 886 23 996 6 877 224

Òàáëèöà 6. Ðàñïðåäåëåíèå íåîáíàðóæèâàåìûõ îøèáîê íà âûõîäàõ ñõåìû «cm162a»



Äðóãàÿ ïîëîâèíà RWS ( , )m k -êîäîâ ÿâëÿåòñÿ ïîìåõîóñòîé÷èâîé è â çàâè-

ñèìîñòè îò ïðàâèë âû÷èñëåíèÿ ïîïðàâî÷íîãî êîýôôèöèåíòà èìååò ðàç-

ëè÷íûå ðàñïðåäåëåíèÿ íåîáíàðóæèâàåìûõ îøèáîê ïî âèäàì è êðàòíîñ-

òÿì. Òàêàÿ çàêîíîìåðíîñòü õàðàêòåðíà äëÿ âñåõ ðàññìîòðåííûõ êîíòðîëüíûõ

êîìáèíàöèîííûõ ñõåì.

Ñëåäóåò çàìåòèòü, ÷òî âñå ïîìåõîóñòîé÷èâûå RWS ( , )m k -êîäû çíà÷è-

òåëüíî ýôôåêòèâíåå îáíàðóæèâàþò ñèììåòðè÷íûå îøèáêè íà âûõîäàõ

êîíòðîëüíûõ êîìáèíàöèîííûõ ñõåì, ÷åì S ( , )m k -êîäû, íî ãîðàçäî õóæå

îáíàðóæèâàþò ìîíîòîííûå îøèáêè. Ýòî è ÿâëÿåòñÿ ãëàâíûì íåäîñòàòêîì.

Ïðèìåíåíèå RWS ( , )m k -êîäîâ ïðè ñèíòåçå ÑÔÊ íàèáîëåå ýôôåêòèâíî â

ñëó÷àå, åñëè íà âûõîäàõ êîíòðîëèðóåìîé êîìáèíàöèîííîé ñõåìû ïðåîá-

ëàäàþò ñèììåòðè÷íûå îøèáêè èëè ìîíîòîííûå îøèáêè ñ áîëüøîé êðàò-

íîñòüþ. Òåì íå ìåíåå, â íåêîòîðûõ ñëó÷àÿõ îíè ÿâëÿþòñÿ áîëåå ýôôåê-

òèâíûìè, ÷åì S ( , )m k -êîäû.

Â òàáë. 7 ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòîâ ñ êîíòðîëüíîé êîìáè-

íàöèîííîé ñõåìîé «cmb», èìåþùåé ÷åòûðå âûõîäà, íà êîòîðûõ âîçìîæíî

âîçíèêíîâåíèå îøèáîê ñ êðàòíîñòÿìè d � 2. Ïðèìåíåíèå ëþáîãî ïîìåõî-
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Ïðàâèëî
âû÷èñëåíèÿ

êîýôôèöèåíòà

	 äëÿ
RWS (4,3)-êîäà

Ïëîùàäü áëîêîâ
ÑÔÊ, ó.å.

Ïëîùàäü ÑÔÊ,
ó.å.

Ñòðóêòóðíàÿ
èçáûòî÷íîñòü

ÑÔÊ, %

Îáùåå ÷èñëî
íåîáíàðóæèâàåìûõ

îøèáîê
êðàòíîñòüþ d

F (x) G (x) G ( f ) LD LCED � � 1 2

f1 912 400 112 2464 1856 75,325 89,575 17530 / 248756 0 / 39456

f2 912 392 112 2464 1848 75 89,189 17531 / 248756 0 / 39456

f f1 2� 912 384 184 2464 1912 77,597 92,278 17532 / 248756 0 / 39456

f3 912 408 112 2464 1864 75,649 89,961 17533 / 248756 0 / 39456

f f1 3� 912 368 112 2464 1824 74,026 88,031 17534 / 248756 0 / 39456

f f2 3� 912 368 176 2464 1888 76,623 91,12 17535 / 248756 0 / 39456

f f f1 2 3� � 912 400 184 2464 1928 78,247 93,05 17536 / 248756 0 / 39456

f4 912 536 112 2464 1992 80,844 96,139 0 / 248756 0 / 39456

f f1 4� 912 584 152 2464 2080 84,416 100,386 0 / 248756 0 / 39456

f f2 4� 912 608 152 2464 2104 85,39 101,544 0 / 248756 0 / 39456

f f f1 2 4� � 912 640 256 2464 2240 90,909 108,108 0 / 248756 0 / 39456

f f3 4� 912 576 184 2464 2104 85,39 101,544 0 / 248756 0 / 39456

f f f1 3 4� � 912 544 184 2464 2072 84,091 100 0 / 248756 0 / 39456

f f f2 3 4� � 912 680 280 2464 2304 93,506 111,197 0 / 248756 0 / 39456

f f f f1 2 3 4� � � 912 608 280 2464 2232 90,584 107,722 0 / 248756 0 / 39456

S m k( , )-êîä 912 360 368 2464 2072 84,091 100 0 / 248756 6 / 39456

Ïðèìå÷àíèå: â ïîñëåäíèõ äâóõ ñòîëáöàõ ïåðåä êîñîé ÷åðòîé óêàçàíî ÷èñëî íåîáíàðóæè-
âàåìûõ îøèáîê äàííîé êðàòíîñòüþ, ïîñëå êîñîé ÷åðòû — îáùåå ÷èñëî îøèáîê äàííîé
êðàòíîñòüþ

Òàáëèöà 7. Ðåçóëüòàòû ýêñïåðèìåíòîâ ñ êîíòðîëüíîé
êîìáèíàöèîííîé ñõåìîé «cmb»



óñòîé÷èâîãî RWS ( , )m k -êîäà ïîçâîëÿåò îáíàðóæèòü â íåé âñå âîçíèêàþ-

ùèå íà âûõîäàõ îøèáêè, ÷òî íå âîçìîæíî ïðè èñïîëüçîâàíèè êîäà Áåð-

ãåðà. Èçìåíåíèå ïðàâèë âû÷èñëåíèÿ êîýôôèöèåíòà 	 âëèÿåò íå òîëüêî íà

õàðàêòåðèñòèêè îáíàðóæåíèÿ êîäîì îøèáîê, íî è íà ïîêàçàòåëü ïëîùàäè

ñõåìû. Ñ ó÷åòîì ýòîãî ìîæíî «ïîäîáðàòü» ïðèåìëåìûé âàðèàíò êîäè-

ðîâàíèÿ äëÿ îðãàíèçàöèè êîíòðîëÿ êîìáèíàöèîííîé ñõåìû. Â òàáë. 7

ïðèâåäåíû çíà÷åíèÿ ïëîùàäåé ÑÔÊ, ïîñòðîåííûõ ïî RWS ( , )m k -êîäàì,

êîäàì Áåðãåðà è ïî òðàäèöèîííîé ñòðóêòóðå äóáëèðîâàíèÿ. Âñå äàííûå

ïîëó÷åíû ñ èñïîëüçîâàíèåì ñòàíäàðòíîé áèáëèîòåêè ôóíêöèîíàëüíûõ

ýëåìåíòîâ stdcell2_2.genlib. Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ ðàñ-

ñ÷èòàíû ñïåöèàëüíûå êîýôôèöèåíòû:

� �

L

L

CED

D

100 %, � �

L

L

CED

s

100 %,

ãäå LCED — ïëîùàäü ÑÔÊ ïî ñîîòâåòñòâóþùåìó RWS ( , )m k - èëè S ( , )m k -
êîäó; LD — ïëîùàäü ñèñòåìû äóáëèðîâàíèÿ; LS — ïëîùàäü ñèñòåìû
êîíòðîëÿ íà îñíîâå êîäà Áåðãåðà.

Êàê ñëåäóåò èç òàáë. 7, äëÿ âñåõ ðàññìîòðåííûõ ( , )m k -êîäîâ çíà÷åíèå

êîýôôèöèåíòà � íå ïðåâûøàåò 100 %, ÷òî ñâèäåòåëüñòâóåò îá ýôôåêòèâ-

íîñòè ïðèëîæåíèÿ êîäà ïî ñðàâíåíèþ ñ äóáëèðîâàíèåì áåç ó÷åòà ñâîéñòâ

îáíàðóæåíèÿ îøèáîê íà âûõîäàõ êîíòðîëèðóåìîé ñõåìû. Ïðè ýòîì ïëî-

ùàäè ñòðóêòóð êîíòðîëÿ íà îñíîâå RWS ( , )m k - è S ( , )m k - êîäîâ ñîïîñòà-

âèìû, î ÷åì ñâèäåòåëüñòâóåò çíà÷åíèå êîýôôèöèåíòà �. Òåì íå ìåíåå,

ïîäáîðîì ïðàâèë âû÷èñëåíèÿ êîýôôèöèåíòà 	 óäàåòñÿ ïîñòðîèòü òàêóþ

ÑÔÊ íà îñíîâå RWS ( , )m k -êîäà, â êîòîðîé îáíàðóæèâàþòñÿ ëþáûå èñêà-

æåíèÿ íà âûõîäàõ êîíòðîëèðóåìîé ñõåìû è êîòîðàÿ èìååò ìåíüøóþ ïëî-

ùàäü, ÷åì ñòðóêòóðà êîíòðîëÿ ïî êîäó Áåðãåðà (â ðàññìàòðèâàåìîì ñëó÷àå

òàêèì ÿâëÿåòñÿ RWS ( , )4 3 -êîä, äëÿ êîòîðîãî 	 � f 4).

Âûâîäû

Èñïîëüçóÿ ïðåäëîæåííûé ñïîñîá ïîñòðîåíèÿ ñåìåéñòâà ïîìåõîóñòîé÷èâûõ

ìîäèôèöèðîâàííûõ êîäîâ ñ ñóììèðîâàíèåì, èìåþùèõ òàêîå æå ÷èñëî êîíò-

ðîëüíûõ ðàçðÿäîâ, êàê è êîä Áåðãåðà, ìîæíî ïîñðåäñòâîì âû÷èñëåíèÿ ðàç-

ëè÷íûìè ñïîñîáàìè ïîïðàâî÷íîãî êîýôôèöèåíòà 	 ñòðîèòü ïîìåõîóñòîé-

÷èâûå RWS ( , )m k -êîäû, îáëàäàþùèå ðàçëè÷íûìè õàðàêòåðèñòèêàìè îáíàðó-

æåíèÿ îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ. Èçìåíåíèÿ ïðàâèë âû÷èñëåíèÿ

ïîïðàâî÷íîãî êîýôôèöèåíòà âëèÿþò êàê íà õàðàêòåðèñòèêè îáíàðóæåíèÿ

îøèáîê êîäîì, òàê è íà ïîêàçàòåëè ñòðóêòóðíîé èçáûòî÷íîñòè ÑÔÊ.

Âîçìîæíî ïîñòðîåíèå ìîäóëüíî-âçâåøåííûõ êîäîâ ñ ñóììèðîâàíèåì

ñ ïîñëåäîâàòåëüíîñòüþ âåñîâûõ êîýôôèöèåíòîâ, îáðàçóþùåé íàòóðàëü-

Êîäû ñ ñóììèðîâàíèåì ñ ïîñëåäîâàòåëüíîñòüþ âåñîâûõ êîýôôèöèåíòîâ
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íûé ðÿä ÷èñåë, äëÿ êîòîðûõ ìîäóëü âûáèðàåòñÿ èç ìíîæåñòâà M � {2; 4; ...

…; 
 �2 2 1 2log ( )m� �

} (ñåìåéñòâà RWSM ( , )m k -êîäîâ). Ïîìåõîóñòîé÷èâûõ

RWSM ( , )m k -êîäîâ ìåíüøå, ÷åì ïîìåõîóñòîé÷èâûõ RWS ( , )m k -êîäîâ ïðè

äàííîé äëèíå èíôîðìàöèîííîãî âåêòîðà, è îíè îáíàðóæèâàþò ìåíü-

øåå ÷èñëî îøèáîê â èíôîðìàöèîííûõ âåêòîðàõ. Îäíàêî èñïîëüçîâàíèå

RWSM ( , )m k -êîäîâ íà ïðàêòèêå ìîæåò îêàçàòüñÿ ýôôåêòèâíûì, äàâàÿ âîç-

ìîæíîñòü óìåíüøèòü ñëîæíîñòü òåõíè÷åñêîé ðåàëèçàöèè ÑÔÊ.
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CODES WITH SUMMATION WITH A SEQUENCE OF WEIGHT

COEFFICIENTS, FORMING A NATURAL SERIES OF NUMBERS,

IN CONCURRENT ERROR DETECTION SYSTEMS

Features of the class of modified weighted codes with summation with a sequence of weight coef-
ficients forming a natural series of numbers are described. It is established that the properties of
error detection by modified codes are significantly influenced by the method of calculating the
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correction factor for the formation of the total value of the weight of single bits of the information
vector. Theoretical results are confirmed by the results of experiments with a set of test combina-
tional circuits LGSynth`89. It is established that by changing the rules for calculating the correc-
tion factor for code modification, it is possible to have influence on the structural redundancy of
the concurrent error detection systems. The obtained results can be effective in organization of
the check of combinational logic circuits and allow building self-checked structures with less
hardware costs in comparison with duplication.

K e y w o r d s: combinational circuit, concurrent error detection system, Berger code, modified
weighted Berger code, error detection, structural redundancy.
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Âû÷èñëåíèÿ íà êëàññèôèêàöèÿõ.
Êîððåêòíîñòü êëàññèôèêàöèè

Ïðè èñïîëüçîâàíèè ìåòîäîâ èñêóññòâåííîãî èíòåëëåêòà äëÿ êàòàëîãèçèðîâàíèÿ èíôîð-
ìàöèè íåîáõîäèìî íàëè÷èå êëàññèôèêàöèé, â ñîîòâåòñòâèè ñ êîòîðûìè îïðåäåëÿåòñÿ êëàñ-
ñîâàÿ ïðèíàäëåæíîñòü îáúåêòîâ, ÿâëåíèé, äåéñòâèé è äð. Îäíàêî äëÿ êîððåêòíîãî ðåøåíèÿ
çàäà÷è êëàññîâîé ïðèíàäëåæíîñòè íåîáõîäèìî, ÷òîáû èñïîëüçóåìûå êëàññèôèêàöèè áûëè
êîððåêòíûìè. Ðàññìîòðåíî ïîíÿòèå «êîððåêòíîñòü êëàññèôèêàöèè» è âîçìîæíîñòü âûÿâ-
ëåíèÿ îøèáîê äåëåíèÿ ñ èñïîëüçîâàíèåì òåîðèè âû÷èñëåíèé íà êëàññèôèêàöèÿõ. Ïðåäëî-
æåí âèçóàëüíûé è ýâðèñòè÷åñêèé ïîäõîäû ê âûÿâëåíèþ îøèáîê: äåëåíèå ñ ëèøíèìè ÷ëå-
íàìè, ñáèâ÷èâîå äåëåíèå è ñêà÷îê â äåëåíèè.

Ê ë þ ÷ å â û å ñ ë î â à: êëàññèôèêàöèÿ, êîððåêòíîñòü, îøèáêè äåëåíèÿ, ìåðà îòëè÷èÿ, íå-
ïîäâèæíûé êëàññ, íîðìèðîâàííàÿ ìåðà.

Ïðè âèêîðèñòàíí³ ìåòîä³â øòó÷íîãî ³íòåëåêòó äëÿ ñòâîðåííÿ êàòàëîã³â ³íôîðìàö³¿ íåîá-
õ³äía íàÿâí³ñòü êëàñèô³êàö³é, ó â³äïîâ³äíîñò³ äî ÿêèõ âèçíà÷àºòüñÿ êëàñîâà íàëåæí³ñòü
îá’ºêò³â, ÿâèù, ä³é òà ³íø. Îäíàê äëÿ êîðåêòíîãî âèð³øåííÿ çàäà÷³ êëàñîâî¿ íàëåæíîñò³
íåîáõ³äíî, ùîá êëàñèô³êàö³¿, ÿê³ âèêîðèñòîâóþòüñÿ, áóëè êîðåêòíèìè. Ðîçãëÿíóòî ïîíÿò-
òÿ «êîðåêòí³ñòü êëàñèô³êàö³¿» òà ìîæëèâ³ñòü âèÿâëåííÿ ïîìèëîê ä³ëåííÿ ç âèêîðèñòàííÿì
òåîð³¿ îá÷èñëåíü íà êëàñèô³êàö³ÿõ. Çàïðîïîíîâàíî â³çóàëüíèé òà åâðèñòè÷íèé ï³äõîäè äî
âèÿâëåííÿ ïîìèëîê: ä³ëåííÿ ç çàéâèìè ÷ëåíàìè, íåêîðåêòíå ä³ëåííÿ òà ñòðèáîê ó ä³ëåíí³.

Ê ë þ ÷ î â ³ ñ ë î â à: êëàñèô³êàö³ÿ, êîðåêòí³ñòü, ïîìèëêè ä³ëåííÿ, ì³ðà â³äì³ííîñò³, íåðó-
õîìèé êëàñ, íîðìîâàíà ì³ðà.

Åñëè ïî îòíîøåíèþ ê äâóì ïðîèçâîëüíûì îáúåêòàì âûïîëíåíà çàäà÷à

îïðåäåëåíèÿ êëàññîâîé ïðèíàäëåæíîñòè [1] (ò.å. äëÿ êàæäîãî îáúåêòà

îïðåäåëåí êëàññ), òî ìîäåëü âû÷èñëåíèé íà êëàññèôèêàöèÿõ [2] ïîçâîëÿåò

îïðåäåëèòü ìåðó îòëè÷èÿ ýòèõ îáúåêòîâ â îäíîé ïðîñòðàíñòâåííîé êëàñ-

ñèôèêàöèè. Îäíàêî èçëîæåííûå â óêàçàííûõ ðàáîòàõ ïîëîæåíèÿ ñïðàâåä-

ëèâû ïðè óñëîâèè êîððåêòíîñòè êëàññèôèêàöèè. Íàïîìíèì, ÷òî êëàññè-

ôèêàöèÿ — ýòî îðèåíòèðîâàííîå äåðåâî [3], â óçëàõ êîòîðîãî íàõîäÿòñÿ

ìàòåìàòè÷åñêèå êëàññû, ñåìàíòè÷åñêè îïðåäåëÿþùèå ñèñòåìó ìåðåîëîãè-
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÷åñêèõ èëè òàêñîíîìè÷åñêèõ äåëåíèé (ÌÒÄ). Äàííîå óòâåðæäåíèå îñíîâàíî

íà îïèñàíèè ìàòåìàòè÷åñêîãî êëàññà è íà ïîíÿòèè êîíãëîìåðàòà êëàññîâ [4].

Â ðàáîòå [2] âûäåëåíû ïëîñêèå è ïðîñòðàíñòâåííûå êëàññèôèêàöèè.

Ñëåäóåò çàìåòèòü, ÷òî ïëîñêàÿ êëàññèôèêàöèÿ åñòü ïëàíàðíîå îðèåíòè-

ðîâàííîå äåðåâî ñ ñåìàíòèêîé äåëåíèÿ. Ñîãëàñíî [2] AI
i îçíà÷àåò íåêîòî-

ðûé êëàññ â ïëîñêîñòè äåëåíèÿ êëàññèôèêàöèè i, èìåþùåé ïóòü óòî÷íåíèÿ

I, êîòîðûé îäíîçíà÷íî îïðåäåëÿåò ïóòü â ãðàôå îò ñàìîãî îáùåãî êëàññà

êëàññèôèêàöèè äî íåêîòîðîãî óòî÷íåíèÿ AI
i .

Ïîä êîððåêòíî ïîñòðîåííîé ïëîñêîé êëàññèôèêàöèåé â [1] ïðåäëîæå-

íî ïîíèìàòü òàêóþ ñèñòåìó ÌÒÄ, ïðè êîòîðîé äëÿ äâóõ êëàññîâ êëàññèôè-

êàöèè, AI
i è AY

i , òàêèõ, ÷òî äëÿ îòíîñèòåëüíûõ ðàññòîÿíèé R A A AI
i

I
i

Y
i( , )� è

R A A AY
i

I
i

Y
i( , )� , îçíà÷àþùèõ ÷èñëî ïåðåõîäîâ ìåæäó êëàññàìè êëàññèôèêà-

öèè [2], òàêèõ, ÷òî

R A A AI
i

I
i

Y
i( , )� = R A A AY

i
I
i

Y
i( , )� = 1, (1)

ãäå A AI
i

Y
i

� — àññîöèàòèâíàÿ áèíàðíàÿ îïåðàöèÿ îáîáùåíèÿ êëàññîâ êëàñ-

ñèôèêàöèè [2], à Q A AI
i

Y
i( , ) /�2 3— òåîðåòè÷åñêîå çíà÷åíèå ìåðû îòëè÷èÿ

äâóõ êëàññîâ, óòî÷íÿþùèõ îäèí è òîò æå êëàññ,

Q A A
R A A A

R A A A R A A
I
i

Y
i I

i
Y
i

I
i

Y
i

I
i

I
i

( , )
( , )

( , ) ( ,
� �

� �

� � �

1
1

A R A A AY
i

Y
i

I
i

Y
i) ( , )� � �1

, (2)

âûïîëíÿåòñÿ ñëåäóþùàÿ ñèñòåìà ðàâåíñòâ:

Q A A A Q A A AI
i

I
i

Y
i

Y
i

I
i

Y
i( , ) ( , )� � � , (3)

Q A AI
i

Y
i( , ) /�2 3. (4)

Ñèñòåìà óðàâíåíèé (3) è òðåáîâàíèå (1), ãäå êëàññû AI
i è AY

i îäíîãî è

òîãî æå ðàíãà K �1, ñëåäóåò ïîíèìàòü òàê: åñëè ó ïðîèçâîëüíîãî êëàññà

AI
i
� AY

i ðàíãà K ñóùåñòâóåò íå ìåíåå äâóõ óòî÷íÿþùèõ êëàññîâ, AI
i è AY

i ,

ðàíãà K �1, òî ìåðà îòëè÷èÿ ìåæäó êëàññàìè îäíîé êëàññèôèêàöèè [2] íà

ïëîñêîñòè äåëåíèÿ (èçìåðåíèè) Q A AI
i

Y
i( , ) åñòü âåëè÷èíà ïîñòîÿííàÿ, ðàâ-

íàÿ 2/3, íåçàâèñèìî îò âûáîðà AI
i è AY

i , åñëè I Y� . Îòñþäà âûòåêàåò

ñëåäóþùåå òðåáîâàíèå: ó ëþáîãî êëàññà, ÿâëÿþùåãîñÿ âåðøèíîé îðèåí-

òèðîâàííîãî äåðåâà, ò.å. êëàññèôèêàöèè, äîëæíî áûòü íå ìåíåå äâóõ óòî÷-

íÿþùèõ êëàññîâ, ðàíã êîòîðûõ íà åäèíèöó áîëüøå ðàíãà ïðîèçâîëüíî

âûáðàííîãî êëàññà, èëè íå äîëæíî áûòü íè îäíîãî. Èìåííî ïîýòîìó íå

êàæäîå ïðîèçâîëüíîå îðèåíòèðîâàííîå äåðåâî ÿâëÿåòñÿ êëàññèôèêàöèåé.
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Èíòóèòèâíî ïîíÿòíî, ÷òî ïðè äåëåíèè êëàññà íà óòî÷íÿþùèå êëàññû

ìîæíî äîïóñòèòü îøèáêó:

E A A Q A AI
i

Y
i

Y
i

I
i( , ) / ( , )� �2 3 o , (5)

ãäå Q A AY
i

I
i

o ( , ) — íàáëþäàåìàÿ ìåðà îòëè÷èÿ ìåæäó êëàññàìè îäíîé êëàñ-

ñèôèêàöèè íà ïëîñêîñòè äåëåíèÿ (èçìåðåíèè), à I Y� . Ñëó÷àé, êîãäà I Y� ,

ÿâëÿåòñÿ èñêëþ÷åíèåì, òàê êàê îøèáêà (5) åñòü ëèíåéíàÿ ôóíêöèÿ îò îòíî-

ñèòåëüíîãî ðàññòîÿíèÿ R A AI
i

Y
i( , ), êîòîðîå ïðè I Y� ðàâíî íóëþ [2]. Ïîýòî-

ìó ìîæíî ðàññìàòðèâàòü òîëüêî îøèáêó ïðè íàáëþäåíèè ìåðû ìåæäó

äâóìÿ ðàçíûìè êëàññàìè.

Â ýòîì ñëó÷àå îïðåäåëèì îøèáêó ïðè íàáëþäåíèè ìåðû îòëè÷èÿ

ìåæäó äâóìÿ ðàçíûìè êëàññàìè êàê ðàçíîñòü ìåæäó òåîðåòè÷åñêîé ìåðîé

îòëè÷èÿ, ðàâíîé 2/3, è íàáëþäàåìîé ìåðîé, â âèäå

Q A A A Q A A AI
i

I
i

Y
i

Y
i

I
i

Y
i( , ) ( , )� � � �1,

E A A Q A AI
i

Y
i

Y
i

I
i( , ) / ( , )� �2 3 î ,

ãäå Q A AY
i

I
i

î ( , ) — íàáëþäàåìîå çíà÷åíèå ìåðû îòëè÷èÿ ìåæäó äâóìÿ

êëàññàìè, AI
i è AY

i ; E A AY
i

I
i( , ) — îøèáêà íàáëþäåíèÿ ìåðû îòëè÷èÿ, òàêàÿ

÷òî � � �2 3 2 3/ ( , ) /E A AY
i

I
i , åñëè I Y� , è E A AY

i
I
i( , ) �0, åñëè I Y� .

Ðàññìîòðèì, ïî÷åìó âûðàæåíèå (4) ÿâëÿåòñÿ òåîðåòè÷åñêèì çíà÷å-

íèåì ìåðû îòëè÷èÿ äâóõ êëàññîâ, ÿâëÿþùèõñÿ ïîäêëàññàìè îäíîãî êëàññà

(ðèñ. 1). Âîñïîëüçóåìñÿ ôîðìóëîé âû÷èñëåíèÿ ìåðû îòëè÷èÿ (2) äëÿ

êëàññîâ Ai
[ ]1 è Ai

[ ]2 êëàññèôèêàöèè, ïðåäñòàâëåííîé íà ðèñ.1. Ñîãëàñíî [2]

âû÷èñëèì A A Ai i i
[ ] [ ]1 2� � , R A Ai i( , ) �0, R A Ai i( , )[ ]1 1� è R A Ai i( , )[ ]2 1� . Çàìå-

íèâ A íà Ai , AY
i íà Ai

[ ]1 è AI
i íà Ai

[ ]2 , ïîëó÷èì

Q A A
R A A A

R A A A

i i

i i i

i i
( , )

( , )

( ,
[ ] [ ]

[ ] [ ]

[ ] [

1 2

1 2

1 2

1
1

� �

� �

� ] [ ] [ ] [ ] [ ] [ ] [ ]) ( , ) ( , )i i i i i i iR A A A R A A A� � � � �1 1 2 2 1 2 1
,

èëè

Q A A
R A A

R A A R A A R

i i

i i

i i i i
( , )

( , )

( , ) ( , ) (
[ ] [ ]

[ ]

1 2

1

1
1

� �

�

� � A Ai i
[ ], )

/

2 1
1

0 1

0 1 1 1
2 3

�

� �

�

� � �

� .

Àíàëîãè÷íî ìîæíî ïîêàçàòü, ÷òî

Q A A Q A Ai i i i( , ) ( , ) /[ ] [ ] [ ] [ ]1 2 2 1 2 3� � ,

Q A A Q A A Q A A Q A Ai i i i i i i i( , ) ( , ) ( , ) ( , ) /[ ] [ ] [ ] [ ]1 1 2 2 1� � � � 2 , (6)

Q A A Q A A Q A Ai i i i i i( , ) ( , ) ( , )[ ] [ ] [ ] [ ]� � �1 1 2 2 0.

Âû÷èñëåíèÿ íà êëàññèôèêàöèÿõ. Êîððåêòíîñòü êëàññèôèêàöèè
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Ñîâîêóïíîñòü ðàâåíñòâ (6) ïîçâîëÿåò ñôîðìóëèðîâàòü ñëåäóþùóþ

òåîðåìó.

Òåîðåìà î ìåðàõ îòëè÷èÿ. Òåîðåòè÷åñêàÿ ìåðà îòëè÷èÿ Q A At I
i

Y
i( , )

ìåæäó äâóìÿ îòëè÷íûìè ïîäêëàññàìè (óòî÷íÿþùèìè êëàññàìè) ïðîèç-

âîëüíîãî êëàññà â êëàññèôèêàöèè ðàâíà 2/3, à òåîðåòè÷åñêàÿ ìåðà îòëè÷èÿ

ìåæäó ïðîèçâîëüíûì êëàññîì êëàññèôèêàöèè è åãî ïîäêëàññîì (óòî÷-

íÿþùèì êëàññîì) ðàâíà 1/2.

Ä î ê à ç à ò å ë ü ñ ò â î òåîðåìû âûòåêàåò èç èçëîæåííûõ âûøå

ðàññóæäåíèé.

Ñëåäñòâèå. Åñëè ó ïðîèçâîëüíîãî êëàññà êëàññèôèêàöèè áîëåå äâóõ

óòî÷íÿþùèõ êëàññîâ, òî îòíîøåíèå òåîðåòè÷åñêèõ ìåð îòëè÷èÿ äâóõ

ïðîèçâîëüíî âûáðàííûõ ïàð îòëè÷íûõ óòî÷íÿþùèõ êëàññîâ (ïîäêëàññîâ)

ðàâíî åäèíèöå.

Ä î ê à ç à ò å ë ü ñ ò â î. Ñîãëàñíî òåîðåìå î ìåðàõ îòëè÷èÿ ìåæäó

äâóìÿ óòî÷íÿþùèìè êëàññàìè ïðîèçâîëüíîãî êëàññà òåîðåòè÷åñêàÿ ìåðà

îòëè÷èÿ ðàâíà 2/3. Åñëè ó ïðîèçâîëüíî âûáðàííîãî êëàññà N óòî÷íÿþùèõ

êëàññîâ (ïîäêëàññîâ), òî ÷èñëî óíèêàëüíûõ ïàð îòëè÷íûõ ïîäêëàññîâ èç N

áóäåò ðàâíî
N N( )�1

2
è òåîðåòè÷åñêàÿ ìåðà îòëè÷èÿ äëÿ êàæäîé ïàðû áóäåò

ðàâíà 2/3:

Q A A Q A At I
i

Y
i

t K
i

M
i( , ) ( , ) /� �2 3, (7)

ãäå I N�1, , Y N�1, , K N�1, , M N�1, è ñîâîêóïíîñòü èíäåêñîâ I, Y, K, M

òàêîâà, ÷òî êàê ìèíèìóì òðè èç ÷åòûðåõ èíäåêñîâ îòëè÷íû. Òîãäà

Q A A

Q A A

t I
i

Y
i

t K
i

M
i

( , )

( , )
�1, (8)

÷òî è òðåáîâàëîñü äîêàçàòü.

Íà ðèñ. 2 ïðåäñòàâëåíà àáñòðàêòíàÿ êëàññèôèêàöèÿ, â êîòîðîé ñîã-

ëàñíî ãèïîòåçå î êîððåêòíîñòè êëàññèôèêàöèè ëþáûå ñîîòíîøåíèÿ ìåð

îòëè÷èÿ ðàâíû åäèíèöå (8), òàê êàê òåîðåòè÷åñêàÿ ìåðà îòëè÷èÿ ñî-

ñòàâëÿåò

Q A At I
i

Y
i( , ) /�2 3. (9)

Ââåäåì ïîíÿòèå íîðìèðîâàííîé òåîðåòè÷åñêîé ìåðû îòëè÷èÿ

Q A A
Q A A

n I
i

Y
i t I

i
Y
i

( , )
( , )

�

3

2
,
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êîòîðîå ðàâíî åäèíèöå ñîãëàñíî (9). Ïîëó÷àåì

Q A A

Q A A

Q A A

Q A A

t I
i

Y
i

t K
i

M
i

n I
i

Y
i

n K
i

M
i

( , )

( , )

( , )

( , )
� �1.

Ââåäåíèå íîðìèðîâàííîé òåîðåòè÷åñêîé ìåðû îòëè÷èÿ íà êëàññèôèêà-

öèè Q A An I
i

Y
i( , ) ïîçâîëÿåò ïîñòðîèòü êîððåêòíóþ êëàññèôèêàöèþ íà ïðè-

ìåðå òðåõ óòî÷íÿþùèõ êëàññîâ. Íà ðèñ. 3, à, ïðåäñòàâëåí ðàâíîñòîðîííèé

åäèíè÷íûé òðåóãîëüíèê íîðìèðîâàííûõ òåîðåòè÷åñêèõ ìåð îòëè÷èÿ â êîð-

ðåêòíîé êëàññèôèêàöèè, èëè òðåóãîëüíèê âçàèìîóäàëåííîñòè.

Òåîðåìà î íåïîäâèæíîì êëàññå. Ëþáîé óòî÷íÿþùèé ïîäêëàññ AY
i

ðàíãà K� 1 êëàññà ðàíãà K â êëàññèôèêàöèè Ai ìîæåò áûòü âûáðàí â êà-

÷åñòâå íåïîäâèæíîãî äëÿ ïîñëåäóþùåãî èçó÷åíèÿ êîððåêòíîñòè êëàññè-

ôèêàöèè.

Ä î ê à ç à ò å ë ü ñ ò â î òåîðåìû âûòåêàåò èç ðèñ. 3, â êîòîðîì

íîðìèðîâàííûå òåîðåòè÷åñêèå ìåðû îòëè÷èÿ ìåæäó ëþáûìè äâóìÿ èç

òðåõ ïðîèçâîëüíî âûáðàííûõ ïîäêëàññîâ îäíîãî êëàññà ðàâíû åäèíèöå, à

ñëåäîâàòåëüíî, íå çàâèñÿò îò âûáîðà ïîäêëàññà, ïî îòíîøåíèþ ê êîòîðîìó

áóäóò âû÷èñëÿòüñÿ íîðìèðîâàííûå ìåðû îòëè÷èÿ. Òàêèì îáðàçîì, åñëè

ñóùåñòâóþò òðè óòî÷íÿþùèõ êëàññà, òî ïðè îöåíêå êîððåêòíîñòè ïîñò-

ðîåíèÿ êëàññèôèêàöèè ó ýêñïåðòà îáîñíîâàííî âîçíèêàåò âîïðîñ î ðàâíî-

óäàëåííîñòè äâóõ ïîäêëàññîâ îò òðåòüåãî, âûáðàííîãî ñîãëàñíî òåîðåìå â

êà÷åñòâå íåïîäâèæíîãî. Åñëè óòî÷íÿþùèå êëàññû íå ðàâíîóäàëåíû îäèí

îò äðóãîãî, òî òðåóãîëüíèê âçàèìîóäàëåííîñòè èìååò âèä, ïðåäñòàâëåí-

íûé íà ðèñ. 3, á, èç êîòîðîãî ñëåäóåò, ÷òî ìåæäó ëþáûìè äâóìÿ êëàññàìè

íå ñóùåñòâóåò îäèíàêîâîé ìåðû îòëè÷èÿ.

Âû÷èñëåíèÿ íà êëàññèôèêàöèÿõ. Êîððåêòíîñòü êëàññèôèêàöèè

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2017. Ò. 39. ¹ 5 63

A
i

A
[1]

i
A [2]

i

Ðèñ. 1. Êëàññ ñ äâóìÿ óòî÷íÿþ-
ùèìè ïîäêëàññàìè

Ai

A
[1]

i
A

[2]

i A
[3]

i

Qt (A
[1]

i , A
[2]

i ) Q
t
(A

[2]

i , A
[3]

i
)

Qt (A
[1]
i , A

[3]

i
)

_ _

_

Ðèñ. 2. Ñîîòíîøåíèå ìåð îòëè÷èÿ íà ïðèìåðå
êëàññèôèêàöèè ñ òðåìÿ óòî÷íÿþùèìè êëàññàìè



Åñëè ó ïðîèçâîëüíî âûáðàííîãî êëàññà A j
i
[ ] êëàññèôèêàöèè Ai îïðå-

äåëåíû I óòî÷íÿþùèõ êëàññîâ, òî ÷èñëî ïðîâåðîê, êîòîðûå äîëæåí âûïîë-

íèòü ýêñïåðò, îïðåäåëÿåòñÿ êàê êîìáèíàòîðíîå ñî÷åòàíèå èç I ïî 3: C I
3

�

�

�

I

I

!

!( )!3 3
. Î÷åâèäíî, ÷òî ïðè I 	 3 íåò íåîáõîäèìîñòè äëÿ ïðîâåðêè

êîððåêòíîñòè.

Äëÿ òîãî ÷òîáû ïîíÿòü, êàê ñîîòíîñÿòñÿ k è m, íåîáõîäèìî îáðàòèòüñÿ

ê ïðèíöèïàì êîððåêòíîãî è ýôôåêòèâíîãî êëàññèôèöèðîâàíèÿ [5], íåñîá-

ëþäåíèå êîòîðûõ ïðèâîäèò ê ðÿäó îøèáîê ïðè ïîñòðîåíèè êëàññèôè-

êàöèé, à èìåííî: íåïîëíîå äåëåíèå, äåëåíèå ñ èçëèøíèìè ÷ëåíàìè, ñáèâ-

÷èâîå äåëåíèå, ñêà÷îê â äåëåíèè. Íàïîìíèì, ÷òî ïðèíöèïàìè êîððåêò-

íîãî è ýôôåêòèâíîãî êëàññèôèöèðîâàíèÿ ÿâëÿþòñÿ [5]:

1) åäèíñòâî êðèòåðèÿ äëÿ âûäåëåíèÿ ãðóïï îäíîãî ïîðÿäêà;

2) ñîðàçìåðíîñòü äåëåíèÿ ÿâëåíèé è ïîíÿòèé;

3) àëüòåðíàòèâíîñòü èëè âçàèìîèñêëþ÷åíèå âûäåëÿåìûõ ãðóïï;

4) ìíîãîñòóïåí÷àòîñòü êëàññèôèêàöèè.

Ñîãëàñíî ïðèíöèïó 1 íåëüçÿ ïðîâîäèòü êëàññèôèêàöèþ, ìåíÿÿ êðèòåðèé

â ðàìêàõ îäíîé êëàññèôèêàöèîííîé ïðîöåäóðû. Íàïðèìåð, íåëüçÿ óòâåðæ-

äàòü, ÷òî ñóùåñòâóþò ìàòåìàòè÷åñêèå è ýêîíîìè÷åñêèå ìåòîäû óïðàâëåíèÿ,

òàê êàê ïåðâûå îïðåäåëÿþòñÿ ïî ñïîñîáó ìîäåëèðîâàíèÿ, à âòîðûå — ïî

îáúåêòèâíûì èíòåðåñàì ÷åëîâåêà. Ýêîíîìè÷åñêèå èíòåðåñû èìååò êàæäûé
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[ ]1 îò êëàññà Ai
[ ]2 ; Q A A mn
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íîðìèðîâàííàÿ ìåðà, ñâèäåòåëüñòâóþùàÿ î òîì, ÷òî êëàññ Ai
[ ]3 â m ðàç óäàëåííåå (â

ïîíèìàíèè ýêñïåðòà) îò êëàññà Ai
[ ]1 , ÷åì êëàññ Ai

[ ]1 îò êëàññà Ai
[ ]2



Ïðàâèëî äåëåíèÿ Îøèáêà äåëåíèÿ

Ñîðàçìåðíîñòü
Îáúåì äåëèìîãî ïîíÿòèÿ ðàâåí ñóììå
îáúåìîâ ÷ëåíîâ äåëåíèÿ, ò.å. ñðåäè
÷ëåíîâ äåëåíèÿ íå äîëæíî áûòü
ïðåäìåòîâ, êîòîðûå íå âõîäÿò â
îáúåì äåëèìîãî ïîíÿòèÿ, îäíàêî âñå
ýëåìåíòû îáúåìà äåëèìîãî ïîíÿòèÿ
äîëæíû áûòü ðàñïðåäåëåíû

Íåïîëíîå äåëåíèå
Íå âñå ÷ëåíû äåëåíèÿ íàçâàíû. Èç îáúåìà äåëè-
ìîãî ïîíÿòèÿ îñòàþòñÿ íå ðàñïðåäåëåííûå ïðåä-
ìåòû

Ï ð è ì å ð: íàóêè áûâàþò ãóìàíèòàðíûå è åñòåñò-
âåííûå

Íàçâàíû íå âñå âèäû íàóê: òåõíè÷åñêèå, ìàòåìà-
òè÷åñêèå, ñîöèàëüíûå

Äåëåíèå ñ ëèøíèìè ÷ëåíàìè
Íàçâàíû ÷ëåíû äåëåíèÿ, íå âõîäÿùèå â ðîäîâîå
ïîíÿòèå

Ï ð è ì å ð: êíèãè áûâàþò õóäîæåñòâåííûå, ó÷åá-
íûå, íàó÷íûå è ðóêîïèñíûå ñâèòêè

Ðóêîïèñíûå ñâèòêè êíèãàìè íå ÿâëÿþòñÿ

Åäèíîå îñíîâàíèå
Äåëåíèå âûïîëíÿåòñÿ ïî îäíîìó
îñíîâàíèþ. Äëÿ êëàññèôèêàöèè íå
ìîæåò áûòü èñïîëüçîâàíî íåñêîëüêî
îñíîâíûõ ïðèçíàêîâ. Êëàññèôèêàöèÿ
â òàêîì ñëó÷àå ñòàíîâèòñÿ çàïóòàí-
íîé. Ñïîñîá ïðàâèëüíîãî ïðåäñòàâ-
ëåíèÿ êëàññèôèêàöèè ñ íåñêîëüêèìè
ïëîñêîñòÿìè äåëåíèÿ (îñíîâíûìè
ïðèçíàêàìè) ïðèâåäåí â [2]

Ñáèâ÷èâîå äåëåíèå
Â îñíîâó ïîëîæåíî íåñêîëüêî îñíîâíûõ ïðèçíà-
êîâ: ÷àñòü ÷ëåíîâ äåëåíèÿ îáðàçóåòñÿ ïî îäíîìó
ïðèçíàêó, à äðóãàÿ ÷àñòü — ïî äðóãîìó

Ï ð è ì å ð: ïðåñòóïëåíèÿ áûâàþò óìûøëåííûå,
íåóìûøëåííûå è çàêàçíûå

Ïåðâûå äâà ïðåñòóïëåíèÿ âûäåëåíû ïî ïðèçíàêó
ìîòèâàöèè, à çàêàçíûå — ïî ïðèíöèïó îðãàíèç-
àöèè

Ï ð è ì å ð: íàóêè áûâàþò ãóìàíèòàðíûå, åñòåñò-
âåííûå, òåõíè÷åñêèå, ñîöèàëüíûå, ìàòåìàòè÷åñ-
êèå, ïðèêëàäíûå è ôóíäàìåíòàëüíûå

Ôóíäàìåíòàëüíûå è ïðèêëàäíûå íàóêè îïðåäå-
ëåíû ïî îäíîìó ïðèçíàêó — îòíîøåíèþ ê ïðàê-
òèêå, à îñòàëüíûå âèäû íàóê — ïî äðóãîìó, à
èìåííî, ïî ïðåäìåòó

Çàïðåò ïåðåñå÷åíèÿ ÷ëåíîâ äåëåíèÿ
Ïåðåñå÷åíèå ÷ëåíîâ äåëåíèÿ îçíà-
÷àåò, ÷òî îäèí è òîò æå ïðåäìåò ÿâ-
ëÿåòñÿ ýëåìåíòîì íåñêîëüêèõ ÷ëåíîâ
äåëåíèÿ. Êëàññèôèêàöèÿ ïîëó÷àåòñÿ
çàïóòàííîé

Ïåðåñå÷åíèå ÷ëåíîâ äåëåíèÿ
Îäèí è òîò æå ýëåìåíò âõîäèò â îáúåì äâóõ èëè
íåñêîëüêèõ ÷ëåíîâ äåëåíèÿ

Ï ð è ì å ð: ïðåñòóïëåíèÿ áûâàþò óìûøëåííûå,
íåóìûøëåííûå è íåîñòîðîæíûå

Îáúåì ïîíÿòèé «íåîñòîðîæíûå» è «íåóìûøëåí-
íûå» ïðåñòóïëåíèÿ ñîâïàäàþò

Ï ð è ì å ð: íàóêè áûâàþò ãóìàíèòàðíûå, åñòåñò-
âåííûå, îáùåñòâåííûå, ñîöèàëüíûå, òåõíè÷åñêèå,
ìàòåìàòè÷åñêèå

Îáùåñòâåííûå è ñîöèàëüíûå íàóêè — ýòî îäíî è
òî æå

Íåïðåðûâíîñòü

Äåëåíèå äîëæíî áûòü íåïðåðûâ-
íûì, ò.å. â ïðîöåññå äåëåíèÿ äîëæåí
ïðîèñõîäèòü ïîñòåïåííûé ïåðåõîä
îò ðîäîâûõ ïîíÿòèé ê áëèæàéøèì
âèäîâûì ïîíÿòèÿì

Ñêà÷îê â äåëåíèè
Âîçíèêàåò â ïðîöåññå äåëåíèÿ ïðè ñìåøåíèè ðî-
äîâ è âèäîâ

Ï ð è ì å ð: íàóêè áûâàþò åñòåñòâåííûìè, ôèçè÷åñ-
êèìè, õèìè÷åñêèìè, áèîëîãè÷åñêèìè, ãóìàíèòàð-
íûìè, ôèëîñîôñêèìè, ìàòåìàòè÷åñêèìè, òåõíè-
÷åñêèìè, ìåäèöèíñêèìè

Ôèçè÷åñêèå, õèìè÷åñêèå, áèîëîãè÷åñêèå íàóêè ÿâ-
ëÿþòñÿ âèäàìè åñòåñòâåííûõ íàóê è âûäåëåíû
ïðåæäåâðåìåííî. Îíè äîëæíû áûòü âûäåëåíû ïðè
ñëåäóþùåì øàãå êëàññèôèêàöèè. Ïðîèçîøëî ñìå-
øåíèå íà îäíîé ñòóïåíè äåëåíèÿ ðîäîâ è âèäîâ
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÷åëîâåê, íî âðÿä ëè ìîæíî óòâåðæäàòü, ÷òî êàæäûé ÷åëîâåê èìååò ìàòåìà-

òè÷åñêèå èíòåðåñû, îïðåäåëÿþùèå åãî òðóäîâóþ àêòèâíîñòü.

Ïðèíöèï 2 îïðåäåëÿåò ñóììó îáúåìîâ ïîíÿòèé èëè êîëè÷åñòâà ÿâëå-

íèé, ðàâíóþ îáúåìó äåëèìîãî ïîíÿòèÿ èëè ñîäåðæàíèþ èññëåäóåìîãî

ÿâëåíèÿ. Íàïðèìåð, íàðóøåíèå ýòîãî ïðèíöèïà íàáëþäàåòñÿ â óòâåðæ-

äåíèè î òîì, ÷òî ìåíåäæåðû ïî îáðàçîâàíèþ äåëÿòñÿ íà äâå ãðóïïû:

èìåþùèå òåõíè÷åñêîå îáðàçîâàíèå è ýêîíîìè÷åñêîå. Ýòî — íåèñ÷åðïû-

âàþùåå äåëåíèå. Åñòü ìåíåäæåðû, èìåþùèå è äðóãèå âèäû îáðàçîâàíèÿ —

ãóìàíèòàðíîå, åñòåñòâåííî-íàó÷íîå. Àíàëèç îáðàçîâàííîñòè ìåíåäæåðà

íå ìîæåò áûòü óñïåøíûì, åñëè îí ïîñòðîåí íà íåèñ÷åðïûâàþùåé êëàñ-

ñèôèêàöèè.

Ñîãëàñíî ïðèíöèïó 3 êàæäàÿ ãðóïïà ïîíÿòèé èëè ÿâëåíèé äîëæíà

íàõîäèòüñÿ â îáúåìå îäíîãî âèäîâîãî ïîíÿòèÿ. Âûäåëåííûå ÿâëåíèÿ èëè
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Îøèáêà äåëåíèÿ Âîçìîæíîñòü âûÿâëåíèÿ îøèáêè ñîñòàâèòåëåì êëàññèôèêàöèè

Íåïîëíîå äåëåíèå Åñëè ýêñïåðò íå çíàåò î ñóùåñòâîâàíèè äðóãèõ óòî÷íÿþùèõ êëàñ-
ñîâ íåêîòîðîãî ïðîèçâîëüíî âûáðàííîãî êëàññà, äëÿ êîòîðîãî
óæå îïðåäåëåíû íåêîòîðûå óòî÷íÿþùèå êëàññû, òî äàííàÿ îøèá-
êà íåâûÿâëÿåìà

Äåëåíèå ñ ëèøíèìè
÷ëåíàìè

Ëèøíèå ÷ëåíû íå âõîäÿò â ðîäîâîå ïîíÿòèå, ò.å. íå ÿâëÿþòñÿ
óòî÷íÿþùèìè êëàññà-ðîäèòåëÿ. Ñëåäîâàòåëüíî, ñðåäè êîìáèíà-
òîðíûõ ñî÷åòàíèé ïî òðè âñòðåòèòñÿ êîìáèíàöèÿ, äëÿ êîòîðîé
òðåóãîëüíèê âçàèìîóäàëåííîñòè íå áóäåò ðàâíîñòîðîííèì (ñì.
ðèñ. 3, á). Ñëåäîâàòåëüíî, äàííàÿ îøèáêà âûÿâëÿåìà

Ñáèâ÷èâîå äåëåíèå Ïîñêîëüêó ÷àñòü ÷ëåíîâ äåëåíèÿ îáðàçóåòñÿ ïî îäíîìó ïðèçíàêó,
à äðóãàÿ ÷àñòü — ïî äðóãîìó, ñðåäè êîìáèíàòîðíûõ ñî÷åòàíèé ïî
òðè âñòðåòèòñÿ êîìáèíàöèÿ, äëÿ êîòîðîé òðåóãîëüíèê âçàèìîóäà-
ëåííîñòè íå áóäåò ðàâíîñòîðîííèì (ñì. ðèñ. 3, á). Äàííàÿ îøèáêà
âûÿâëÿåìà. Âûÿâëåíèå ñáèâ÷èâîãî äåëåíèÿ òðåáóåò îáÿçàòåëüíîé
ïðîâåðêè âñåõ âîçìîæíûõ êîìáèíàòîðíûõ ñî÷åòàíèé ïî òðè
ñðåäè óòî÷íÿþùèõ êëàññîâ îäíîãî êëàññà-ðîäèòåëÿ

Ïåðåñå÷åíèå ÷ëåíîâ
äåëåíèÿ

Ïîñêîëüêó îäèí è òîò æå ýëåìåíò âõîäèò â îáúåì äâóõ èëè íåñ-
êîëüêèõ ÷ëåíîâ äåëåíèÿ, ïðîâåðêîé âñåõ êîìáèíàòîðíûõ ñî÷åòà-
íèé èç òðåõ ñðåäè óòî÷íÿþùèõ êëàññîâ îäíîãî è òîãî æå ðî-
äèòåëüñêîãî êëàññà âûÿâèòü äàííóþ îøèáêó íå ïðåäñòàâëÿåòñÿ
âîçìîæíûì. Îøèáêà íà òåêóùèé ìîìåíò íåâûÿâëÿåìà. Îäíàêî
îíà ìîæåò áûòü âûÿâëÿåìà, åñëè ðàññìîòðåòü ãèïîòåçó î òîì, ÷òî
âîçìîæíî ïîñòðîåíèå òðåóãîëüíèêà, â êîòîðîì íåïîäâèæíûì
êëàññîì ÿâëÿåòñÿ ðîäèòåëüñêèé êëàññ

Ñêà÷îê â äåëåíèè Ïîñêîëüêó îøèáêà âîçíèêàåò â ïðîöåññå äåëåíèÿ, êîãäà ñìåøèâà-
þò ðîäû è âèäû, ñðåäè âñåõ êîìáèíàòîðíûõ ñî÷åòàíèé ïî òðè
âñòðåòèòñÿ êîìáèíàöèÿ, äëÿ êîòîðîé òðåóãîëüíèê âçàèìîóäàëåí-
íîñòè íå áóäåò ðàâíîñòîðîííèì (ñì. ðèñ. 3, á). Äàííàÿ îøèáêà
âûÿâëÿåìà

Òàáëèöà 2



ïîíÿòèÿ íå äîëæíû îòíîñèòüñÿ îäíîâðåìåííî è ê îäíîé, è ê äðóãîé

êëàññèôèêàöèîííîé ãðóïïå. Åñëè âûäåëÿþòñÿ ãðóïïû ñîöèàëüíî-ïñèõî-

ëîãè÷åñêèõ è ýêîíîìè÷åñêèõ ìåòîäîâ óïðàâëåíèÿ, òî â ïîñëåäóþùåì èõ

äåëåíèè íå ìîæåò áûòü îäíîâðåìåííî è ñîöèàëüíî-ïñèõîëîãè÷åñêèõ, è

ýêîíîìè÷åñêèõ ìåòîäîâ. Ïðè ýòîì íå èñêëþ÷àåòñÿ èõ âçàèìîçàâèñèìîñòü

è ñîâìåñòíîå èñïîëüçîâàíèå â ïðàêòèêå óïðàâëåíèÿ.

Ïðèíöèï 4 îïðåäåëÿåò âîçìîæíîñòü äåëàòü ïîñëåäîâàòåëüíî ñòóïåí-

÷àòóþ êëàññèôèêàöèþ. Îíà ïîìîãàåò êîíêðåòèçèðîâàòü ñâîéñòâà ÿâëåíèé,

äåòàëèçèðîâàòü èõ îñíîâíûå ÷åðòû è îñîáåííîñòè. Â ýòîì ñëó÷àå âîç-

íèêàåò ðàçâåòâëåííàÿ êëàññèôèêàöèîííàÿ ñõåìà, äåðåâî öåëåé, ïðîáëåì,

ñèòóàöèé, ñâîéñòâ è äð.

Ñëåäóåò çàìåòèòü, ÷òî ïðè ýòîì âñåãäà ñóùåñòâóåò ïðåäåë êëàññèôè-

êàöèîííîãî äåëåíèÿ. Îíî ìîæåò îñóùåñòâëÿòüñÿ òîëüêî â ðàìêàõ åäèíîãî

ÿâëåíèÿ. Äàëüíåéøåå äåëåíèå ìîæåò ïðèâåñòè ê èçìåíåíèþ ñóòè ÿâëåíèÿ.

Òàêèì ïðåäåëîì â èññëåäîâàíèè ñîöèàëüíî-ýêîíîìè÷åñêèõ ñèñòåì ÿâ-

ëÿåòñÿ ÷åëîâåê êàê ñîöèàëüíûé îáúåêò, â îáëàñòè áèîëîãèè — êëåòêà, â

îáëàñòè ôèçèîëîãèè — îðãàí, â îáëàñòè òåõíèêè — äåòàëü, â îáëàñòè

êëàññè÷åñêîé ôèçèêè — òåëî è òàê äàëåå.

Ïðèíöèï ïîëíîòû êëàññèôèêàöèè äëÿ êàæäîé åå ñòóïåíè ñîñòîèò â

òîì, ÷òî íåëüçÿ äåëèòü òîëüêî ÷àñòü îáúåêòà íà âèäû, à äðóãóþ ÷àñòü — íà

ïîäâèäû èëè ãðóïïû ñëåäóþùåé ñòóïåíè êëàññèôèêàöèè. Íàïðèìåð, áû-

ëî áû îøèáêîé ðàçäåëèòü ïåðñîíàë óïðàâëåíèÿ íà æåíùèí, ìóæ÷èí ñðåä-

íåãî è ìóæ÷èí ïîæèëîãî âîçðàñòà. Íåñîáëþäåíèå îïèñàííûõ ïðèíöèïîâ,

íàçûâàåìûõ ïðàâèëàìè äåëåíèÿ [6], ïðèâîäèò ê îøèáêàì, êîòîðûå ìîãóò

áûòü ñèñòåìàòèçèðîâàíû êàê ïîêàçàíî â òàáë. 1 [7]. Îøèáêè äåëåíèÿ è

âîçìîæíîñòü èõ ñàìîñòîÿòåëüíîãî âûÿâëåíèÿ ñîñòàâèòåëåì êëàññèôèêà-

öèè ïîêàçàíû â òàáë. 2.

Âûâîäû

Ïðåäëîæåííîå ðàçâèòèå òåîðèè âû÷èñëåíèé íà êëàññèôèêàöèÿõ è âàëè-

äàöèÿ êîððåêòíîñòè êëàññèôèêàöèé ïîçâîëÿåò âûÿâèòü òðè èç ïÿòè îøè-

áîê äåëåíèÿ, à èìåííî: äåëåíèå ñ ëèøíèìè ÷ëåíàìè, ñáèâ÷èâîå äåëåíèå è

ñêà÷åê â äåëåíèè. Âûäâèíóòà ãèïîòåçà î òîì, ÷òî îøèáêà äåëåíèÿ, ñîñòîÿ-

ùàÿ â ïåðåñå÷åíèè ÷ëåíîâ äåëåíèÿ, ìîæåò áûòü âûÿâëåíà, åñëè â êà÷åñòâå

íåïîäâèæíîãî êëàññà èñïîëüçîâàòü ðîäèòåëüñêèé êëàññ. Ïðåäëîæåííûé ïîä-

õîä ê âèçóàëèçàöèè êîððåêòíîñòè ïîñòðîåíèÿ êëàññèôèêàöèè íà îñíîâàíèè

êîìáèíàòîðíûõ ñî÷åòàíèé ïî òðè îòêðûâàåò âîçìîæíîñòè äëÿ ãðóïïîâîé

ðàáîòû ýêñïåðòîâ íàä âàëèäàöèåé êîððåêòíîñòè êëàññèôèêàöèé.

Âû÷èñëåíèÿ íà êëàññèôèêàöèÿõ. Êîððåêòíîñòü êëàññèôèêàöèè
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CLASSIFICATION CALCULUS. THE CLASSIFICATION CORRECTNESS

The methods of artificial intelligence used to cataloguize information require the existence of
classifications or taxonomies for determining class affiliation of subjects, phenomena, actions
etc. However, for correct solving of classification problems it is necessary that all the used classi-
fications/taxonomies were correct. The authors consider the notion «classification correctness”
and investigate the possibility to identify some errors of dividing by using the theory of classifica-
tions calculus. The authors also propose visual and heuristic approaches for detecting the follow-
ing errors: dividing with remainder terms, controversial dividing and dividing jump.

K e y w o r d s: classification, correctness, division errors, measure of difference, fixed class, nor-
malized measure.

Ã.À. Êðàâöîâ, Â.È. Êîøåëü

68 ISSN 0204–3572. Electronic Modeling. 2017. V. 39. ¹ 5



ÊÐÀÂÖÎÂ Ãðèãîðèé Àëåêñååâè÷, êàíä. òåõí. íàóê, äîêòîðàíò Èí-òà ïðîáëåì ìîäåëèðîâàíèÿ â

ýíåðãåòèêå èì. Ã.Å. Ïóõîâà ÍÀÍ Óêðàèíû. Â 2000 ã. îêîí÷èë Ñåâàñòîïîëüñêèé âîåííî-ìîðñêîé

èí-ò èì. Ï.Ñ. Íàõèìîâà. Îáëàñòü íàó÷íûõ èññëåäîâàíèé — êèáåðáåçîïàñíîñòü ñìàðò-ãðèä,

êðèïòîãðàôèÿ, ïðîãðàììèðîâàíèå, ðàçðàáîòêà ðàñïðåäåëåííûõ ãåòåðîãåííûõ âû÷èñëèòåëü-

íûõ ñèñòåì.

ÊÎØÅËÜ Âëàäèìèð Èâàíîâè÷, àñïèðàíò Èí-òà ïðîáëåì ìîäåëèðîâàíèÿ â ýíåðãåòèêå

èì. Ã.Å. Ïóõîâà ÍÀÍ Óêðàèíû. Â 2002 ã. îêîí÷èë Õàðüêîâñêèé íàöèîíàëüíûé óíèâåðñèòåò

èì. Â.Í. Êàðàçèíà. Îáëàñòü íàó÷íûõ èññëåäîâàíèé — èñêóññòâåííûé èíòåëëåêò, èíòåëëåê-

òóàëüíûé àíàëèç äàííûõ, èñêóññòâåííûå íåéðîííûå ñåòè, îáðàáîòêà åñòåñòâåííîãî ÿçûêà.

Âû÷èñëåíèÿ íà êëàññèôèêàöèÿõ. Êîððåêòíîñòü êëàññèôèêàöèè

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2017. Ò. 39. ¹ 5 69





ÓÄÊ 621.316

Þ.Ã. Êóöàí
1, ä-ð òåõí. íàóê, ².Â. Áë³íîâ

2, êàíä. òåõí. íàóê, Ã.À. ²âàíîâ
3

1 ²í-ò ïðîáëåì ìîäåëþâàííÿ â åíåðãåòèö³ ³ì. Ã.ª. Ïóõîâà ÍÀÍ Óêðà¿íè
(Óêðà¿íà, 03164, Êè¿â, âóë. Ãåíåðàëà Íàóìîâà, 15,
òåë. 4241063, e-mail: Kutsan.ug@ukr.net),

2 ²í-ò åëåêòðîäèíàì³êè ÍÀÍ Óêðà¿íè
(Óêðà¿íà, 03680, Êè¿â, ïð-ò Ïåðåìîãè, 56,
òåë. (050) 4733895, å-mail: igorblinov@ukr.net),

3 ÄÏ «Åíåðãîðèíîê»
(Óêðà¿íà, 01032, Êè¿â, âóë. Ñèìîíà Ïåòëþðè, 27,
òåë. (067) 7788804, e-mail: igena@ex.ua)

Ìîäåëþâàííÿ òàðèôî- òà ö³íîóòâîðåííÿ
íà ðîçäð³áíîìó ðèíêó åëåêòðè÷íî¿ åíåðã³¿ Óêðà¿íè
â íîâèõ óìîâàõ ôóíêö³îíóâàííÿ

Ðîçãëÿíóòî ïðîáëåìí³ ïèòàííÿ, ÿê³ âèíèêàþòü â ïðîöåñ³ ìîäåëþâàííÿ òàðèôî- òà ö³íîóò-
âîðåííÿ íà ðîçäð³áíîìó ðèíêó åëåêòðè÷íî¿ åíåðã³¿ Óêðà¿íè â íîâèõ óìîâàõ ôóíêö³îíó-
âàííÿ. Âèêîíàíî ïîð³âíÿííÿ ñòðóêòóðè ö³íè äëÿ ñïîæèâà÷à â ³ñíóþ÷³é òà íîâ³é ìîäåëÿõ
ðèíêó åëåêòðè÷íî¿ åíåðã³¿ Óêðà¿íè. Íàâåäåíî ðåêîìåíäàö³¿ ùîäî ðîçðàõóíêó òàðèô³â äëÿ
ñïîæèâà÷³â, îïåðàòîðà ñèñòåìè ïåðåäà÷³ òà îïåðàòîðà ñèñòåìè ðîçïîä³ëó â íîâ³é ìîäåë³
ðèíêó åëåêòðè÷íî¿ åíåðã³¿. Çàïðîïîíîâàíî ï³äõîäè òà ïðèïóùåííÿ ùîäî âèçíà÷åííÿ âõ³ä-
íèõ äàíèõ, íåîáõ³äíèõ äëÿ ìîäåëþâàííÿ ö³í íà ðîçäð³áíîìó ðèíêó äî çàïðîâàäæåííÿ
ïîâíîìàñøòàáíîãî ðèíêó åëåêòðè÷íî¿ åíåðã³¿.

Ê ë þ ÷ î â ³ ñ ë î â à: òàðèôîóòâîðåííÿ íà ðîçäð³áíîìó ðèíêó, ìîäåëþâàííÿ, âèçíà÷åííÿ
âõ³äíèõ äàíèõ, ñòðóêòóðà íîâèõ òàðèô³â, îïåðàòîð ñèñòåìè ðîçïîä³ëó, îïåðàòîð ñèñòå-
ìè ïåðåäà÷³, ñïîæèâà÷ åëåêòðîåíåðã³¿.

Ðàññìîòðåíû ïðîáëåìíûå âîïðîñû, âîçíèêàþùèå â ïðîöåññå ìîäåëèðîâàíèÿ òàðèôî- è
öåíîîáðàçîâàíèÿ íà ðîçíè÷íîì ðûíêå ýëåêòðè÷åñêîé ýíåðãèè Óêðàèíû â íîâûõ óñëîâèÿõ
ôóíêöèîíèðîâàíèÿ. Âûïîëíåíî ñðàâíåíèå ñòðóêòóðû öåíû äëÿ ïîòðåáèòåëÿ â ñóùåñò-
âóþùåé è íîâîé ìîäåëÿõ ðûíêà ýëåêòðè÷åñêîé ýíåðãèè Óêðàèíû. Ïðèâåäåíû ðåêîìåí-
äàöèè îòíîñèòåëüíî ðàñ÷åòà òàðèôîâ äëÿ ïîòðåáèòåëåé, îïåðàòîðà ñèñòåìû ïåðåäà÷è è
îïåðàòîðà ðàñïðåäåëèòåëüíîé ñèñòåìû â íîâîé ìîäåëè ðûíêà ýëåêòðè÷åñêîé ýíåðãèè.
Ïðåäëîæåíû ïîäõîäû è ïðåäïîëîæåíèÿ îòíîñèòåëüíî îïðåäåëåíèÿ èñõîäíûõ äàííûõ,
íåîáõîäèìûõ äëÿ ìîäåëèðîâàíèÿ öåí íà ðîçíè÷íîì ðûíêå äî âíåäðåíèÿ ïîëíîìàñøòàá-
íîãî ðûíêà ýëåêòðè÷åñêîé ýíåðãèè.
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Ó ÷åðâí³ 2017 ðîêó â Óêðà¿í³ âñòóïèâ â ñèëó Çàêîí «Ïðî ðèíîê åëåêòðè÷íî¿

åíåðã³¿» [1], ÿêèé âñòàíîâëþº ïðèíöèïè ôóíêö³îíóâàííÿ êîæíîãî ñåãìåí-

òó ðèíêó åëåêòðè÷íî¿ åíåðã³¿ êð³ì ðîçäð³áíîãî ðèíêó. Ôàêòè÷íî ïðàâèëà

ðîáîòè ó÷àñíèê³â íà ðîçäð³áíîìó ðèíêó âèçíà÷àòèìå Ðåãóëÿòîð â çàòâåðä-

æåíèõ íèì ïðàâèëàõ ðîçäð³áíîãî ðèíêó. Òàêèì ÷èíîì, â Óêðà¿í³ â³äáó-

âàºòüñÿ ïðîöåñ ³ìïëåìåíòàö³¿ ºâðîïåéñüêîãî çàêîíîäàâñòâà, çîêðåìà ³ âè-

ìîã «òðåòüîãî åíåðãåòè÷íîãî ïàêåòó». Ïðè öüîìó Çàêîí çîð³ºíòîâàíî ïåðø

çà âñå íà âñòàíîâëåííÿ ïðàâèë òà ôóíêö³¿ ó÷àñíèê³â â ÷àñòèí³ îïòîâîãî

ðèíêó åëåêòðè÷íî¿ åíåðã³¿ [2]. Ñë³ä çàçíà÷èòè, ùî ïîìèëêè â ðåãóëþâàíí³

ðîçäð³áíîãî ðèíêó ìîæóòü ïðèçâåñòè äî äèñêðèì³íàö³¿ âñüîãî ïðîöåñó

ë³áåðàë³çàö³¿ â³äíîñèí ì³æ ó÷àñíèêàìè ðèíêó åëåêòðè÷íî¿ åíåðã³¿ â Óêðà¿-

í³ [3]. Òîìó äëÿ çàáåçïå÷åííÿ çàïðîâàäæåííÿ åôåêòèâíèõ ðåãóëÿòîðíèõ

ð³øåíü â íîâ³é ìîäåë³ ðèíêó º íåîáõ³äíèì ïîáóäîâà òà âèêîðèñòàííÿ ìî-

äåëåé, ÿê³ äîçâîëÿþòü âèêîíàòè îö³íêó íàñë³äê³â âïðîâàäæåííÿ òàêèõ ð³-

øåíü. Âàæëèâèì àñïåêòîì âèêîðèñòàííÿ òàêèõ ìîäåëåé º âèçíà÷åííÿ âõ³ä-

íî¿ ³íôîðìàö³¿ òà ïðèéíÿòèõ ïðèïóùåíü, ùî âïëèâàº íà òî÷í³ñòü ìîäåëþ-

âàííÿ ïðîöåñ³â ö³íîóòâîðåííÿ.

Ðîçãëÿíåìî ðåçóëüòàòè ïîð³âíÿííÿ îñíîâíèõ ñêëàäîâèõ ö³íè äëÿ ñïî-

æèâà÷³â â ä³þ÷³é íà äàíèé ÷àñ ìîäåë³ îïòîâîãî ðèíêó åëåêòðè÷íî¿ åíåðã³¿

(ðèñ. à) òà â íîâ³é ìîäåë³ ðèíêó (ðèñ. á), ÿê³ áóëè âèçíà÷åí³ îö³íî÷íî òà ç

óðàõóâàííÿì ºâðîïåéñüêîãî äîñâ³äó. Â ä³þ÷èé ìîäåë³ îïòîâîãî ðèíêó ö³íà

íà åëåêòðè÷íó åíåðã³þ äëÿ ñïîæèâà÷à ñêëàäàºòüñÿ ç ÷îòèðüîõ îñíîâíèõ

ñêëàäîâèõ: îïòîâà ðèíêîâà ö³íà (ÎÐÖ) çà åëåêòðè÷íó åíåðã³þ (ïðèáëèçíî

84 %), òàðèô íà ïåðåäà÷ó ì³ñöåâèìè ðîçïîä³ëü÷èìè ìåðåæàìè (8 %), ö³íà

åëåêòðè÷íî¿ åíåðã³¿ íà âòðàòè â öèõ ìåðåæàõ (7 %), à òàêîæ ïîñòà÷àííÿ çà

ðåãóëüîâàíèì òàðèôîì (ÏÐÒ). Çàçíà÷èìî, ùî íàðàç³ â ö³íó åëåêòðè÷íî¿

åíåðã³¿, ÿêà º ºäèíîþ äëÿ âñ³õ ïîñòà÷àëüíèê³â, âõîäÿòü ³ ñêëàäîâ³ ïîñëóã.

Çîêðåìà, êð³ì ñåðåäíüîçâàæåíî¿ ö³íè íà çàêóïëåíó ó âèðîáíèê³â åëåêòðè÷-

íó åíåðã³þ, ÎÐÖ ì³ñòèòü: ñêëàäîâó äæåðåëà òàðèôó íà ïåðåäà÷ó ìàã³ñòðàëü-

íèìè ì³æäåðæàâíèìè ìåðåæàìè, ùî çä³éñíþºòüñÿ ÄÏ ÍÅÊ «Óêðåíåðãî»

(ÍÅÊ); äîòàö³¿ äëÿ ïîêðèòòÿ âòðàò ÏÐÒ â³ä çä³éñíåííÿ ïîñòà÷àííÿ åëåêò-

ðè÷íî¿ åíåðã³¿ íàñåëåííþ; àêöèçíèé ïîäàòîê.

ßê âèäíî ç ðèñ. á, â íîâ³é ìîäåë³ ðèíêó åëåêòðè÷íî¿ åíåðã³¿ çíèêàº ÎÐÖ, à

ö³íà åëåêòðè÷íî¿ åíåðã³¿ ôîðìóºòüñÿ, ÿê ñåðåäíüîçâàæåíà ö³í êóï³âë³: íà

ðèíêó çà äâîñòîðîíí³ìè äîãîâîðàìè (ÐÄÄ), ðèíêó «íà äîáó íàïåðåä» (ÐÄÍ),

âíóòð³øíüîäîáîâîãî ðèíêó (ÂÄÐ), áàëàíñóþ÷îìó ðèíêó (ÁÐ). Îïåðàòîð ñèñ-

òåìè ïåðåäà÷³ (ÎÑÏ) çä³éñíþº ïåðåäà÷ó åëåêòðè÷íî¿ åíåðã³¿ ìàã³ñòðàëüíèìè

òà ì³æäåðæàâíèìè ìåðåæàìè òà âêëþ÷àº äî ñâîãî òàðèôó êð³ì âèòðàò íà

ï³äòðèìàííÿ ìåðåæ (ïðèáëèçíî 40% òàðèôó) âèòðàòè íà çàêóï³âëþ åëåêòðè÷-
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Ñòðóêòóðà ö³íè íà åëåêòðè÷íó åíåðã³þ äëÿ ñïîæèâà÷à â ä³þ÷³é (à) òà íîâ³é (á) ìîäåëÿõ
îïòîâîãî ðèíêó åëåêòðè÷íî¿ åíåðã³¿



íî¿ åíåðã³¿ íà ïîêðèòòÿ òåõíîëîã³÷íèõ âèòðàò åëåêòðîåíåðã³¿ (ÒÂÅ) â éîãî

ìåðåæàõ òà âèòðàòè çà íåáàëàíñè ö³º¿ åëåêòðè÷íî¿ åíåðã³¿ íà ÁÐ.

Êð³ì òîãî, äî 2030 ðîêó â òàðèô íà ïåðåäà÷ó âêëþ÷àòèìåòüñÿ äæåðåëî

íà ïîêðèòòÿ âèòðàò ãàðàíòîâàíîãî ïîêóïöÿ (ÃÏ) â³ä çä³éñíåííÿ êóï³âë³

åëåêòðè÷íî¿ åíåðã³¿ çà «çåëåíèì» òàðèôîì. Îïåðàòîð ñèñòåìè ïåðåäà÷³

ìàòèìå ùå îäèí òàðèô, ÿêèé ïîêðèâàòèìå éîìó çáèòêè â³ä íàäàííÿ ïîñ-

ëóãè ç äèñïåò÷åðñüêîãî (îïåðàòèâíî-òåõíîëîã³÷íîãî) óïðàâë³ííÿ (ÄÓ).

Öåé òàðèô òàêîæ ñòàíå äæåðåëîì ïîêðèòòÿ âèòðàò ÎÑÏ â³ä çä³éñíåííÿ

ôóíêö³é: àäì³í³ñòðàòîðà ðîçðàõóíê³â (ÀÐ), àäì³í³ñòðàòîðà êîìåðö³éíîãî

îáë³êó (ÀÊÎ). Âèòðàòè ÎÑÏ ïðè âðåãóëþâàíí³ ñèñòåìíèõ îáìåæåíü (ÑÎ)

òà ïðè çàêóï³âë³ äîïîì³æíèõ ïîñëóã (ÄÏ) òàêîæ âêëþ÷àòèìóòüñÿ äî òàðè-

ôó ç íàäàííÿ ïîñëóãè ÄÓ.

Îäí³ºþ ç îñíîâíèõ ñêëàäîâèõ ê³íöåâî¿ ö³íè íà åëåêòðè÷íó åíåðã³þ ó

ñïîæèâà÷à áóäå òàðèô îïåðàòîðà ñèñòåìè ðîçïîä³ëó (ÎÑÐ), ÿêèé ïîêðè-

âàòèìå âèòðàòè: íà óòðèìàííÿ ðîçïîä³ëü÷î¿ ìåðåæ³ (Ìåðåæà), â³ä êóï³âë³

åëåêòðè÷íî¿ åíåðã³¿ íà òåõíîëîã³÷í³ âèòðàòè â ìåðåæàõ, âèòðàòè íà ÁÐ â³ä

êóï³âë³-ïðîäàæó íåáàëàíñ³â. Êð³ì òîãî, âèòðàòè åëåêòðîïîñòà÷àëüíèêà òà-

êîæ ñòàíóòü ñêëàäîâîþ ö³íè äëÿ ñïîæèâà÷à.

Íà îñíîâ³ ïðîâåäåíèõ äîñë³äæåíü âèçíà÷åíî, ùî äîö³ëüíî çä³éñíþ-

âàòè ìîäåëþâàííÿ âèòðàò ïîñòà÷àëüíèê³â óí³âåðñàëüíèõ ïîñëóã (ÏÓÏ) òà

ïîñòà÷àëüíèê³â «îñòàííüî¿ íàä³¿» (ÏÎÍ) àíàëîã³÷íî ðîçðàõóíêó âèòðàò íà

ïîñòà÷àííÿ ó ä³þ÷èõ ñüîãîäí³ íà îïòîâîìó ðèíêó åëåêòðîåíåðã³¿ ïîñòà-

÷àëüíèê³â çà ðåãóëüîâàíèì òàðèôîì. Àëå ó åëåêòðîïîñòà÷àëüíèê³â ç’ÿâ-

ëÿþòüñÿ äîäàòêîâ³ âèòðàòè íà ÁÐ â³ä êóï³âë³ ïðîäàæó íåáàëàíñ³â, ÿê³ â³í

òàêîæ âêëþ÷àòèìå äî ñâî¿õ âèòðàò ïðè ôîðìóâàíí³ ê³íöåâî¿ ö³íè äëÿ

ñïîæèâà÷à.

Òàêèì ÷èíîì, â ðåçóëüòàò³ àíàë³çó äîâåäåíî íàÿâí³ñòü çíà÷íèõ çì³í â

ñòðóêòóðàõ òàðèô³â ó÷àñíèê³â íîâîãî ðîçäð³áíîãî ðèíêó åëåêòðè÷íî¿ åíåðã³¿.

Ìîäåëþâàííÿ ñêëàäîâèõ ö³íè íà åëåêòðè÷íó åíåðã³þ ó ê³íöåâîãî ñïîæèâà÷à

â íîâîìó ðèíêó ïîòðåáóâàòèìå ðîçðàõóíêó çíà÷íî á³ëüøèõ ñêëàäîâèõ òà

â³äïîâ³äíî áóäå íåîáõ³äíèé çíà÷íî á³ëüøèé îáñÿã âõ³äíî¿ ³íôîðìàö³¿ äëÿ

âèêîíàííÿ òàêèõ ðîçðàõóíê³â.

Íàâåäåìî ïåðåë³ê îñíîâíèõ ïîãîäèííèõ ôàêòè÷íèõ òà ïðîãíîçíèõ

âõ³äíèõ äàíèõ, ÿê³ íåîáõ³äí³ äëÿ ìîäåëþâàííÿ ö³í òà òàðèô³â íà ðîçäð³á-

íîìó ðèíêó:

êîðèñíèé â³äïóñê åëåêòðè÷íî¿ åíåðã³¿ âñ³ì ñïîæèâà÷àì;

êîðèñíèé â³äïóñê ç ðîçáèâêîþ ïî ïåðø³é òà äðóã³é ãðóïàì ñïîæèâà÷³â;

îáñÿã ïåðåäà÷³ åëåêòðè÷íî¿ åíåðã³¿ ìåðåæàìè ïåðøîãî òà äðóãîãî êëà-

ñ³â íàïðóãè;

îáñÿã åêñïîðòó åëåêòðè÷íî¿ åíåðã³¿;
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îáñÿã ³ìïîðòó åëåêòðè÷íî¿ åíåðã³¿;

âòðàòè â ðîçïîä³ëü÷èõ ìåðåæàõ ïî êîæíîìó ÎÑÐ;

âòðàòè â ïåðåäàâàëüí³é ìåðåæ³;

òàðèôè íà ïåðåäà÷ó ì³ñöåâèìè (ëîêàëüíèìè) ðîçïîä³ëü÷èìè ìåðå-

æàìè ïî êîæíîìó ë³öåíç³àòó;

òàðèôè íà ïîñòà÷àííÿ çà ðåãóëüîâàíèì òàðèôîì ïî êîæíîìó ë³öåíç³àòó;

òàðèôè íà ïåðåäà÷ó åëåêòðè÷íî¿ åíåðã³¿ ìàã³ñòðàëüíèìè òà ì³æäåð-

æàâíèìè ìåðåæàìè.

Á³ëüø³ñòü íàâåäåíèõ â ïåðåë³êó âõ³äíèõ äàíèõ ñüîãîäí³ â³äñóòíÿ, ùî

âèìàãàº ïðèéíÿòòÿ â³äïîâ³äíèõ ïðèïóùåíü òà îòðèìàííÿ ïîõ³äíî¿ ³íôîð-

ìàö³¿, ÿêà ìîæå áóòè âèêîðèñòàíà äëÿ ðîçðàõóíê³â.
Ðîçãëÿíåìî îñîáëèâîñò³ ìîäåëþâàííÿ ðîçäð³áíîãî ðèíêó, ÿêå ïåðåä-

áà÷àº âèêîðèñòàííÿ àäèòèâíî¿ ³ì³òàö³éíî¿ ìîäåë³ òà ïîòðåáóº îêðåìîãî
âèçíà÷åííÿ êîæíî¿ ñêëàäîâî¿ ö³íè íà åëåêòðè÷íó åíåðã³þ ó ê³íöåâîãî ñïî-
æèâà÷à. Ïðèïóñòèìî, ùî â Óêðà¿í³ çáåðåæåòüñÿ ñèñòåìà êëàñ³â íàïðóãè òà
ãðóï ñïîæèâà÷³â. Òîä³ ö³íà äëÿ â³äïîâ³äíî¿ ãðóïè ñïîæèâà÷³â ç óðàõóâàí-
íÿì êëàñó íàïðóãè ìåðåæ, äî ÿêèõ ï³äêëþ÷åíèé ñïîæèâà÷, ìîæå áóòè
âèçíà÷åíà çà ôîðìóëîþ (êîï./êÂò · ãîä)

C C T T T T Cg
k

e TSO
D

TSO
T

DSO
k

PSO

g
CA� � � � � � , (1)

äå k — êëàñ íàïðóãè ìåðåæ, äî ÿêèõ ï³äêëþ÷åíî åëåêòðîóñòàíîâêó ñïîæè-
âà÷à (ïåðøèé àáî äðóãèé); g — ãðóïà ñïîæèâà÷³â (ïåðøà àáî äðóãà); C e —
ñåðåäíüîçâàæåíà ö³íà åëåêòðè÷íî¿ åíåðã³¿, êóïëåíî¿ ïîñòà÷àëüíèêîì çà
äâîñòîðîíí³ìè äîãîâîðàìè òà íà â³äïîâ³äíèõ ñåãìåíòàõ ðèíêó åëåêòðè÷-
íî¿ åíåðã³¿; TTSO

D — òàðèô ÎÑÏ íà ïîñëóãè ÄÓ; TTSO
T — òàðèô ÎÑÏ íà

ïåðåäà÷ó åëåêòðè÷íî¿ åíåðã³¿ ìàã³ñòðàëüíèìè òà ì³æäåðæàâíèìè ìåðå-
æàìè; TDSO

k — òàðèô ÎÑÐ íà ïîñëóãè ç ðîçïîä³ëó åëåêòðè÷íî¿ åíåðã³¿;
T

PSO

g — òàðèô åëåêòðîïîñòà÷àëüíèêà, ÿêèé âèêîíóº ôóíêö³þ ÏÓÏ àáî
ÏÎÍ;CCA — ö³íà ïîñëóã ïîñòà÷àëüíèêà êîìåðö³éíîãî îáë³êó. Âñ³ ñêëàäîâ³
ôîðìóëè (1), êð³ì ö³íè íà åëåêòðè÷íó åíåðã³þ íà ðèíêó, ö³í íåáàëàíñ³â
åëåêòðè÷íî¿ åíåðã³¿ òà ö³íè ïîñëóã ÀÊÎ, âèçíà÷àþòüñÿ àäèòèâíî.

Ðîçãëÿíåìî ñêëàäîâ³ òàðèô³â ó÷àñíèê³â ðèíêó. Òàðèô ÎÑÏ íà ïîñëóãè
ÄÓ ôîðìóºòüñÿ çà íàñòóïíîþ ôîðìóëîþ (êîï./êÂò · ãîä):

T C C C C CTSO
D

CM AS ACA AC SL� � � � � , (2)

äå CCM — ñêëàäîâà òàðèôó ÎÑÏ íà ïîêðèòòÿ âèòðàò íà âèêîíàííÿ ïîñëóã
ÄÓ; C AS — ñåðåäíüîçâàæåíà ö³íà íà ïîñëóãè ïîñòà÷àëüíèê³â äîïîì³æíèõ
ïîñëóã íà ðèíêó äîïîì³æíèõ ïîñëóã; C ACA — ñêëàäîâà òàðèôó ÎÑÏ íà
ïîêðèòòÿ âèòðàò âíàñë³äîê âèêîíàííÿ ôóíêö³é ÀÊÎ; C AC — ñêëàäîâà
òàðèôó ÎÑÏ íà ïîêðèòòÿ âèòðàò âíàñë³äîê âèêîíàííÿ ôóíêö³é ÀÐ; C SL —
ñêëàäîâà òàðèôó ÎÑÏ íà ïîêðèòòÿ âèòðàò íà âðåãóëþâàííÿ ÑÎ íà ÁÐ.

Ìîäåëþâàííÿ òàðèôî- òà ö³íîóòâîðåííÿ íà ðîçäð³áíîìó ðèíêó åëåêòðè÷íî¿ åíåðã³¿
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Òàðèô ÎÑÏ íà ïåðåäà÷ó åëåêòðè÷íî¿ åíåðã³¿ ìàã³ñòðàëüíèìè òà ì³æ-
äåðæàâíèìè ìåðåæàìè ðîçðàõîâóºòüñÿ çà ôîðìóëîþ (êîï./êÂò · ãîä)

T C C C C CTSO
T

TS
T

TS TLE
T

TS TLE
BM

GB PSO
AE

� � � � � , (3)

äå CTS
T — ñêëàäîâà òàðèôó ÎÑÏ íà ïîêðèòòÿ âèòðàò äëÿ óòðèìàííÿ íàä³é-

íîãî òà ñòàëîãî ôóíêö³îíóâàííÿ ìàã³ñòðàëüíèõ òà ì³æäåðæàâíèõ ìåðåæ;
CTS TLE

T — ñêëàäîâà òàðèôó ÎÑÏ íà êóï³âëþ åëåêòðè÷íî¿ åíåðã³¿ çà äâî-
ñòîðîíí³ìè äîãîâîðàìè òà íà â³äïîâ³äíèõ ñåãìåíòàõ ðèíêó åëåêòðè÷íî¿
åíåðã³¿ ç ìåòîþ êîìïåíñàö³¿ òåõíîëîã³÷íèõ âèòðàò åëåêòðè÷íî¿ åíåðã³¿ íà ¿¿
ïåðåäà÷ó åëåêòðè÷íèìè ìåðåæàìè; CTS TLE

BM — ñêëàäîâà òàðèôó ÎÑÏ íà
êóï³âëþ òà ïðîäàæ íåáàëàíñ³â åëåêòðè÷íî¿ åíåðã³¿ ó ðàç³ íåâèêîíàííÿ
ïîãîäèííèõ ãðàô³ê³â åëåêòðè÷íî¿ åíåðã³¿ ç ìåòîþ êîìïåíñàö³¿ òåõíîëîã³÷-
íèõ âèòðàò åëåêòðè÷íî¿ åíåðã³¿ íà ¿¿ ïåðåäà÷ó åëåêòðè÷íèìè ìåðåæàìè;
C

GB
— ñêëàäîâà òàðèôó ÎÑÏ íà ïîêðèòòÿ âèòðàò ùîäî êóï³âë³ ó ÃÏ ³

çàáåçïå÷åííÿ çá³ëüøåííÿ ÷àñòêè âèðîáíèöòâà åëåêòðè÷íî¿ åíåðã³¿ ç àëü-
òåðíàòèâíèõ äæåðåë; C PSO

AE — ñêëàäîâà òàðèôó ÎÑÏ íà ïîêðèòòÿ âèòðàò
ùîäî êóï³âë³ ó ÏÓÏ ³ çàáåçïå÷åííÿ çá³ëüøåííÿ ÷àñòêè âèðîáíèöòâà åëåêò-
ðè÷íî¿ åíåðã³¿ ç àëüòåðíàòèâíèõ äæåðåë.

Òàðèô ÎÑÐ ðîçðàõîâóºòüñÿ çà íàñòóïíîþ ôîðìóëîþ (êîï./êÂò · ãîä):

T C C CDSO
k

DS
k

DS TLE
k

DS TLE
BM

� � � , (4)

äå C DS
k — ñêëàäîâà òàðèôó ÎÑÐ íà ïîêðèòòÿ âèòðàò äëÿ óòðèìàííÿ íàä³é-

íîãî òà ñòàëîãî ôóíêö³îíóâàííÿ ðîçïîä³ëü÷èõ ìåðåæ; C DS TLE
k — ñêëàäîâà

òàðèôó ÎÑÐ íà êóï³âëþ åëåêòðè÷íî¿ åíåðã³¿ çà äâîñòîðîíí³ìè äîãîâîðàìè
òà íà â³äïîâ³äíèõ ñåãìåíòàõ ðèíêó åëåêòðè÷íî¿ åíåðã³¿ ç ìåòîþ êîìïåí-
ñàö³¿ òåõíîëîã³÷íèõ âèòðàò åëåêòðè÷íî¿ åíåðã³¿ íà ¿¿ ðîçïîä³ë åëåêòðè÷-
íèìè ìåðåæàìè; C DS TLE

BM — ñêëàäîâà òàðèôó ÎÑÐ íà êóï³âëþ òà ïðîäàæ
íåáàëàíñ³â åëåêòðè÷íî¿ åíåðã³¿ ó ðàç³ íåâèêîíàííÿ ïîãîäèííèõ ãðàô³ê³â
åëåêòðè÷íî¿ åíåðã³¿ ç ìåòîþ êîìïåíñàö³¿ òåõíîëîã³÷íèõ âèòðàò åëåêòðè÷-
íî¿ åíåðã³¿ íà ¿¿ ðîçïîä³ë åëåêòðè÷íèìè ìåðåæàìè. Òàðèô åíåðãîïîñòà÷àëü-
íèêà íà ïîñëóãó ç ïîñòà÷àííÿ ðîçðàõîâóºòüñÿ çà ôîðìóëîþ (êîï./êÂò ·ãîä)

T C C
PSO

g

S

g

BN

g
� � , (5)

äå C
S

g — ñåðåäíüîçâàæåíà ö³íà ïîñëóã åëåêòðîïîñòà÷àëüíèêà; C
BN

g —

ñåðåäíüîçâàæåíà ö³íà íåáàëàíñ³â, ÿê³ êóïóþòüñÿ àáî ïðîäàþòüñÿ ó ÎÑÏ íà

ÁÐ â íàñë³äîê â³äõèëåííÿ ôàêòè÷íèõ îáñÿã³â ñïîæèâàííÿ â³ä ïëàíîâèõ

ñïîæèâà÷³â ãðóïè g.
Ñêëàäîâ³ òàðèô³â (1)—(5) ðîçðàõîâóþòüñÿ âèõîäÿ÷è ç ïîãîäèííèõ âè-

òðàò íà â³äïîâ³äíèõ ñåãìåíòàõ ðèíêó åëåêòðè÷íî¿ åíåðã³¿. Â ä³þ÷³é ìîäåë³
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ðèíêó ö³ âèòðàòè â³äñóòí³ ³ òîìó âèçíà÷åííÿ òàðèô³â ïîòðåáóº â³äïîâ³äíèõ
ïðèïóùåíü [4]. Çîêðåìà, äëÿ âèçíà÷åííÿ áóäü-ÿêîãî òàðèôó ïîòð³áåí êî-
ðèñíèé â³äïóñê ïî ãðóïàõ ñïîæèâà÷³â, îäíàê íà äàíèé ÷àñ íà ðîçäð³áíîìó
ðèíêó åëåêòðè÷íî¿ åíåðã³¿ îïåðóþòü ò³ëüêè ì³ñÿ÷íèìè îáñÿãàìè êîðèñ-
íîãî â³äïóñêó. Êð³ì òîãî, ñë³ä çàçíà÷èòè, ùî àâòîìàòèçîâàí³ ñèñòåìè
êîìåðö³éíîãî îáë³êó âñòàíîâëåíî ò³ëüêè ó äâàäöÿòè â³äñîòê³â ïðîìèñëî-
âèõ ñïîæèâà÷³â â ðåã³îíàõ, à ó íàñåëåííÿ òàêèõ ñèñòåì íåìàº. Âòðàòè â
åëåêòðè÷íèõ ìåðåæàõ òàêîæ íå ðîçðàõîâóþòüñÿ ïîãîäèííî, à êóïóþòüñÿ
íà îïòîâîìó ðèíêó ðàçîì ç ãðàô³êîì íàäõîäæåííÿ åëåêòðè÷íî¿ åíåðã³¿ ïî
ïåðèìåòðó àâòîìàòèçîâàíî¿ ñèñòåìè êîìåðö³éíîãî îáë³êó åëåêòðè÷íî¿ åíåð-
ã³¿ ïîñòà÷àëüíèêà çà ðåãóëüîâàíèì òàðèôîì.

Ïðè ðîçðàõóíêàõ êîíòðàêòíèõ îáñÿã³â âòðàò â³ä êóï³âë³-ïðîäàæó
íåîáõ³äíî âðàõîâóâàòè êâàäðàòè÷íó çàëåæí³ñòü çì³íè îáñÿã³â âòðàò â³ä
çì³í îáñÿã³â ïåðåäà÷³ åëåêòðè÷íî¿ åíåðã³¿ ìåðåæàìè ÎÑÐ. Ïðîïîíóºòüñÿ
íàñòóïíå äîïóùåííÿ: ïðè ìîäåëþâàíí³ òàðèô³â ÎÑÐ ç óðàõóâàííÿì òåí-
äåíö³¿ äî âïðîâàäæåííÿ ñòèìóëþþ÷îãî òàðèôîóòâîðåííÿ âèêîðèñòîâó-
âàòè ï³äõ³ä ùîäî âðàõóâàííÿ â òàðèô³ ò³ëüêè íîðìàòèâíèõ âòðàò, à ñàìå
ð³âåíü âòðàò âèçíà÷àòè íà ð³âí³ êîåô³ö³ºíòó åêîíîì³÷íèõ âèòðàò åëåêòðè÷-
íî¿ åíåðã³¿, ÿêèé íàðàç³ âèêîðèñòîâóºòüñÿ â îïòîâîìó ðèíêó åëåêòðè÷íî¿
åíåðã³¿. Äëÿ ìîäåëþâàííÿ âèòðàò åëåêòðîïîñòà÷àëüíèêà íà ÁÐ ÿê ñòîðîíè,
â³äïîâ³äàëüíî¿ çà áàëàíñ ñïðè÷èíåíèõ éîãî ñïîæèâà÷àìè íåáàëàíñ³â, ïðî-
ïîíóºòüñÿ ïðîô³ëü ïëàíîâèõ ïîãîäèííèõ îáñÿã³â ç ðîçáèâêîþ ïî ãðóïàõ
ñïîæèâà÷³â ïðèâ’ÿçàòè ïðîïîðö³éíî â³äõèëåííþ â³ä ïîãîäèííèõ îáñÿã³â â
ä³þ÷³é ìîäåë³ îïòîâîãî ðèíêó êóï³âë³-ïðîäàæó åëåêòðè÷íî¿ åíåðã³¿ ïîñòà-
÷àëüíèê³â çà ðåãóëüîâàíèì òàðèôîì ó ÄÏ «Åíåðãîðèíîê» [5].

Âèñíîâêè

Ðîçðîáëåíà ³ì³òàö³éíà ìîäåëü ðîçäð³áíîãî ðèíêó åëåêòðè÷íî¿ åíåðã³¿ äîç-
âîëèëà ïðîâåñòè àíàë³ç ñòðóêòóðè ö³í òà òàðèô³â â íîâîìó ðèíêó åëåêò-
ðè÷íî¿ åíåðã³¿ Óêðà¿íè, ðåçóëüòàòè ÿêîãî ïîêàçàëè çíà÷íå ¿õ óñêëàäíåííÿ
â³äíîñíî ñòðóêòóðè ä³þ÷î¿ ìîäåë³ ðèíêó. Çîêðåìà âèçíà÷åíî, ùî â íîâèõ
òàðèôàõ òà ö³íàõ ç’ÿâëÿþòüñÿ ñêëàäîâ³, ÿê³ íåñóòü ðèíêîâ³ ðèçèêè äëÿ
ó÷àñíèê³â ðèíêó åëåêòðè÷íî¿ åíåðã³¿, çîêðåìà êîëèâàííÿ ö³í òà íåäîñêî-
íàë³ñòü ïðîãíîçóâàííÿ íàâàíòàæåíü ³ ïëàíóâàííÿ ãðàô³ê³â ðîáîòè áóäå
ïðèçâîäèòè äî çáèòê³â òàêèõ ïðèðîäíèõ ìîíîïîë³é ÿê ÎÑÏ òà ÎÑÐ. Òàêèì
÷èíîì, íåîáõ³äíèì º ïîáóäîâà òà âïðîâàäæåííÿ â Óêðà¿í³ ñèñòåì ìîäåëþ-
âàííÿ ö³í òà òàðèô³â ðîçäð³áíîãî ðèíêó åëåêòðè÷íî¿ åíåðã³¿, çîêðåìà ³ íà
îñíîâ³ çàïðîïîíîâàíèõ ï³äõîä³â ç ìåòîþ çàáåçïå÷åííÿ àíàë³çó ìîæëèâèõ
ðèçèê³â ïðè ôîðìóâàíí³ òà ïðèéíÿòò³ ðåãóëÿòîðíèõ òà óïðàâë³íñüêèõ ð³øåíü
â ë³áåðàë³çîâàí³é ìîäåë³ îïòîâîãî ðèêíó åëåêòðè÷íî¿ åíåðã³¿ Óêðà¿íè.

Ìîäåëþâàííÿ òàðèôî- òà ö³íîóòâîðåííÿ íà ðîçäð³áíîìó ðèíêó åëåêòðè÷íî¿ åíåðã³¿
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Yu.H. Kutsan, I.V. Blinov, H.A. Ivanov

MODELLING OF TARIFF AND PRICE FORMATION

ON RETAIN MARKET OF ELECTRICAL ENERGY OF UKRAINE

IN NEW CONDITIONS OF ITS FUNCTIONING

The problems have been considered arising in the process of modeling tariff and price formation
on the retain market of electrical energy of Ukraine in new conditions of functioning. The struc-
ture of customer’s price in the current model of the market of electrical energy in Ukraine was
compared with the structure in the new model. Recommendations were presented in respect of
rating for consumers, transfer system operator and operator of distribution system in the new
model of the market of electrical energy. Approaches and suppositions were offered in respect of
determining initial data required for modeling the process on the retain market prior to introduc-

tion of the full-scale market of electrical energy.

K e y w o r d s: tariff formation on the retain market, modeling, determination of initial data,
structure of new tariffs, operator of distribution system, operator of transfer system, consumer of
electrical energy.
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Ïðîãðàììíûé êîìïëåêñ

äëÿ ãèïåðêîìïëåêñíûõ âû÷èñëåíèé

Èçëîæåíû îñíîâíûå ïðèíöèïû, ïîëîæåííûå â îñíîâó ïðîãðàììíîãî êîìïëåêñà ãèïåð-
êîìïëåêñíûõ âû÷èñëåíèé. Îïèñàíû ñòðóêòóðà êîìïëåêñà è ñîñòàâ ôóíêöèîíàëüíûõ ïîä-
ñèñòåì. Ðàññìîòðåíû íàèáîëåå âàæíûå ïðîöåäóðû, âûïîëíÿåìûå ïîäñèñòåìàìè, ïðèâå-
äåíû ëèñòèíãè ïðîãðàìì è ïðèìåðû èõ ïðèìåíåíèÿ.

Ê ë þ ÷ å â û å ñ ë î â à: ãèïåðêîìïëåêñíàÿ ÷èñëîâàÿ ñèñòåìà, ïðîöåäóðà, êîìïüþòåðíàÿ
àëãåáðà, îïåðàöèÿ, Maple.

Âèêëàäåíî îñíîâí³ ïðèíöèïè, ïîêëàäåí³ â îñíîâó ïðîãðàìíîãî êîìïëåêñó ã³ïåðêîìï-
ëåêñíèõ îá÷èñëåíü. Îïèñàíî ñòðóêòóðà êîìïëåêñó ³ ñêëàä ôóíêö³îíàëüíèõ ï³äñèñòåì.
Ðîçãëÿíóòî íàéâàæëèâ³ø³ ïðîöåäóðè, ÿê³ âèêîíóþòüñÿ ï³äñèñòåìàìè. Íàâåäåíî ë³ñòèíãè
ïðîãðàì òà ïðèêëàäè ¿õ çàñòîñóâàííÿ.

Ê ë þ ÷ î â ³ ñ ë î â à: ã³ïåðêîìïëåêñíà ÷èñëîâà ñèñòåìà, ïðîöåäóðà, êîìï’þòåðíà àëãåáðà,
îïåðàö³ÿ, Maple.

Ãèïåðêîìïëåêñíûå ÷èñëîâûå ñèñòåìû (Ã×Ñ) øèðîêî ïðèìåíÿþòñÿ â ðàç-

ëè÷íûõ îáëàñòÿõ íàóêè è òåõíèêè [1, 2]. Òåîðåòè÷åñêàÿ è ïðèêëàäíàÿ ìåõà-

íèêà, íàâèãàöèÿ, êðèïòîãðàôèÿ, öèôðîâàÿ îáðàáîòêà ñèãíàëîâ — äàëåêî

íå ïîëíûé ïåðå÷åíü îáëàñòåé íàóêè è òåõíèêè, ãäå èñïîëüçîâàíèå ìåòîäîâ

Ã×Ñ ÿâëÿåòñÿ âûñîêîýôôåêòèâíûì.

Îïåðèðîâàíèå ñ ãèïåðêîìïëåêñíûìè ÷èñëàìè, îñîáåííî â ñèìâîëü-

íîé ôîðìå, âûçûâàåò çíà÷èòåëüíûå òðóäíîñòè [3, 4], ñâÿçàííûå ñ èõ ìíî-

ãîìåðíîñòüþ. Òàê, íàïðèìåð, äëÿ ïåðåìíîæåíèÿ äâóõ êâàòåðíèîíîâ ñ

÷èñëåííûìè êîýôôèöèåíòàìè, ÿâëÿþùèõñÿ ÷åòûðåõìåðíûìè ãèïåðêîìï-

ëåêñíûìè ÷èñëàìè, íåîáõîäèìî âûïîëíèòü 16 âåùåñòâåííûõ óìíîæåíèé

è 12 ñëîæåíèé. Íî êîýôôèöèåíòû â ãèïåðêîìïëåêñíûõ ÷èñëàõ ìîãóò áûòü
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íå òîëüêî ÷èñëàìè, íî è ðàçëè÷íûìè àëãåáðàè÷åñêèìè âûðàæåíèÿìè (íà-

ïðèìåð, ïîëèíîìàìè), ðàçëè÷íûìè ôóíêöèÿìè è ãèïåðêîìïëåêñíûìè

÷èñëàìè, â òîì ÷èñëå è ñ ñèìâîëüíûìè ïåðåìåííûìè è êîýôôèöèåíòàìè.

Ïîýòîìó äëÿ óñïåøíîãî îïåðèðîâàíèÿ ñ òàêèìè îáúåêòàìè òðåáóþòñÿ

ñïåöèàëèçèðîâàííûå ïðîãðàììíûå êîìïëåêñû.

Äëÿ ðåàëèçàöèè ïîäîáíûõ êîìïëåêñîâ øèðîêî ðàñïðîñòðàíåííûå

ÿçûêè ïðîãðàììèðîâàíèÿ, òàêèå êàê Ñè, Ïàñêàëü, Ôîðòðàí, Java, Basic, —

íåýôôåêòèâíû. Íàèáîëåå ïîäõîäÿùèìè äëÿ ñîçäàíèÿ òàêîãî òèïà êîìï-

ëåêñîâ ÿâëÿþòñÿ ñèñòåìû êîìïüþòåðíîé àëãåáðû, èëè ñèñòåìû ñèìâîëü-

íûõ âû÷èñëåíèé [5], òàê êàê ìíîãèå èç íèõ èìåþò âîçìîæíîñòü îïåðèðî-

âàíèÿ ñ íåêîòîðûìè Ã×Ñ, íàïðèìåð ñ êîìïëåêñíûìè ÷èñëàìè, êâàòåð-

íèîíàìè, êëèôôîðäîâûìè àëãåáðàìè è äð.

Èç ñóùåñòâóþùèõ ìíîãî÷èñëåííûõ ñèñòåì êîìïüþòåðíîé àëãåáðû

íàèáîëåå ðàñïðîñòðàíåííûìè ÿâëÿþòñÿ MatLab, Mathkad, Mathematica è

Maple. Áóäåì èñïîëüçîâàòü ñèñòåìó êîìïüþòåðíîé àëãåáðû Maple, êàê

îäíó èç íàèáîëåå ðàçâèòûõ è äîñòóïíûõ äëÿ ñîçäàíèÿ èíôîðìàöèîííîé

òåõíîëîãèè, êîòîðàÿ ïîâûøàåò ýôôåêòèâíîñòü ìàòåìàòè÷åñêîãî ìîäåëè-

ðîâàíèÿ ðàçëè÷íûõ íàó÷íî-òåõíè÷åñêèõ çàäà÷ ñ èñïîëüçîâàíèåì Ã×Ñ ðàç-

ëè÷íîé ðàçìåðíîñòè è íàó÷íûõ èññëåäîâàíèé â îáëàñòè òåîðèè Ã×Ñ.

Îñíîâíûå ïðèíöèïû ïîñòðîåíèÿ ïðîãðàììíîãî êîìïëåêñà (ÏÊ)

ãèïåðêîìïëåêñíûõ âû÷èñëåíèé. Ïîñêîëüêó ñèñòåìà êîìïüþòåðíîé àëãåá-

ðû Maple ïîçâîëÿåò ñîçäàâàòü ÷àñòíûå ïàêåòû ðàçëè÷íûõ âû÷èñëèòåëü-

íûõ ïðîöåäóð, ÏÊ ãèïåðêîìïëåêñíûõ âû÷èñëåíèé ïðåäñòàâëÿåò ñîáîé

ïàêåò, èìåþùèé ñâîé èäåíòèôèêàòîð. Òàêîé ÏÊ ìîæíî âûçûâàòü, ïðèñîå-

äèíÿòü ê ïðîãðàììå è òðàíñïîðòèðîâàòü íà äðóãèå êîìïüþòåðû. Èç ïðîöå-

äóð ÏÊ ìîæíî ôîðìèðîâàòü ïðîãðàììû âû÷èñëåíèé, èñïîëüçóÿ ñðåäñòâà

àëãîðèòìè÷åñêîãî ÿçûêà Maple.

Ïðîãðàììíûé êîìïëåêñ ìîæåò áûòü èíñòàëëèðîâàí íà ëþáîì êîìïüþ-

òåðå ñ îïåðàöèîííîé ñèñòåìîé Windows è ñèñòåìîé êîìïüþòåðíûõ âû-

÷èñëåíèé Maple íå íèæå ïÿòîé âåðñèè. Îí îòêðûò äëÿ ïîïîëíåíèÿ íîâûìè

ïðîöåäóðàìè è ðåäàêòèðîâàíèÿ ñóùåñòâóþùèõ ïðîöåäóð ëþáûì ïîëü-

çîâàòåëåì, âëàäåþùèì Maple.

Âûçîâ è ïðèñîåäèíåíèå ÏÊ èìååò ñëåäóþùèé âèä:

read («èìÿ óñòðîéñòâà: \\ïóòü\\èìÿ ÏÊ»)

with ( èìÿ ÏÊ)

Ïîñëå ýòîãî áóäåò âûâåäåí ñïèñîê ïðîöåäóð ÏÊ, íàïðèìåð:

[Add, AddHNS, Conjug, ConvertA, DirSum2, DirSumN, Divis, GenIso,

HNSnumber, LibHNS, ListHNS, MultiDim, Norma, Rad2, Refill, RefillHNS,

SearchHNS, SqrtEq, Subtr, Trans, Unit, VizHNS, VizInA, VizLibHNS, InAdd,

InConvertHNS, InMulti, NameBas, NatMulti, RenamA].
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Ïîñêîëüêó ÏÊ ïðåäíàçíà÷åí äëÿ îïåðèðîâàíèÿ ñ äàííûìè â ãèïåð-

êîìïëåêñíîì âèäå, ïðè åãî ðàçðàáîòêå îñîáîå âíèìàíèå áûëî óäåëåíî

ñïîñîáàì è ñòðóêòóðàì ïðåäñòàâëåíèÿ äàííûõ.

Êàê èçâåñòíî, îáùèé âèä ãèïåðêîìïëåêñíîãî ÷èñëà A òàêîâ:

A a e a e a en n� � � �1 1 2 2 ... , (1)

ãäå n — ðàçìåðíîñòü Ã×Ñ; ai — àëãåáðàè÷åñêèå âûðàæåíèÿ; ei — ýëåìåí-
òû áàçèñà Ã×Ñ («ìíèìûå åäèíèöû»). Òàêóþ ôîðìó ãèïåðêîìïëåêñíîãî
÷èñëà áóäåì íàçûâàòü íàòóðàëüíîé. Êàê ïîêàçûâàåò îïûò, îïåðèðîâàíèå ñ
ãèïåðêîìïëåêñíûìè ÷èñëàìè â íàòóðàëüíîé ôîðìå — íåóäîáíî. Ýòî ñâÿ-
çàíî ñ òåì, ÷òî ðàçëè÷íûå îïåðàöèè âûïîëíÿþòñÿ ñ êîýôôèöèåíòàìè ïðè áà-
çèñíûõ ýëåìåíòàõ, êîòîðûå íåîáõîäèìî âûäåëÿòü è èäåíòèôèöèðîâàòü.

Â êà÷åñòâå ïðèìåðà ðàññìîòðèì òàêóþ ïðîñòóþ îïåðàöèþ, êàê ñëîæå-

íèå ãèïåðêîìïëåêñíûõ ÷èñåë. Ïóñòü íàðÿäó ñ (1) åñòü ÷èñëî B b e� �1 1

� � �b e b en n2 2 ... . Åñëè â ðàìêàõ Maple èñïîëüçîâàòü îïåðàöèþ ñëîæåíèÿ,

òî ïîëó÷èì ñëåäóþùåå:

C A B a e a e a e b e b e b en n n n� � � � � � � � � �1 1 2 2 1 1 2 2... ... . (2)

Âûðàæåíèå (2) íå ÿâëÿåòñÿ íàòóðàëüíîé ôîðìîé ãèïåðêîìïëåêñíîãî
÷èñëà. Â íåì ñëåäóåò âûïîëíèòü êîìàíäó ïðèâåäåíèÿ ïîäîáíûõ. Â ñèñ-
òåìå Maple åñòü òàêàÿ êîìàíäà — collect, íî ïðè åå ïðèìåíåíèè íåîáõî-
äèìî óêàçûâàòü ïåðåìåííóþ, ïî êîòîðîé ïðîâîäèòñÿ ïðèâåäåíèå ïîäîá-
íûõ. Ïîýòîìó â äàííîì ñëó÷àå ïðèäåòñÿ n ðàç ïðèìåíèòü êîìàíäó collect,
êàæäûé ðàç óêàçûâàÿ, ïî êàêîé ïåðåìåííîé âûïîëíÿåòñÿ ïðèâåäåíèå ïî-
äîáíûõ:

C A B e en� �collect collect (collect (...((( ), ),...),1 ) �

� � � � �( ) ... ( )a b e a b en n n1 1 1 . (3)

Êàê âèäèì, (3) — äîñòàòî÷íî ãðîìîçäêàÿ êîíñòðóêöèÿ, îñîáåííî ïðè
áîëüøèõ ðàçìåðíîñòÿõ Ã×Ñ. Òàêèõ íåóäîáñòâ, ñâÿçàííûõ ñ èñïîëüçîâà-
íèåì íàòóðàëüíîé ôîðìû ïðåäñòàâëåíèÿ ãèïåðêîìïëåêñíîãî ÷èñëà, î÷åíü
ìíîãî. Â òî æå âðåìÿ, â ñèñòåìå Maple èìåþòñÿ ñðåäñòâà, ïîçâîëÿþùèå
èçáàâèòüñÿ îò ýòèõ è ìíîãèõ äðóãèõ íåóäîáñòâ, ñâÿçàííûõ ñ èñïîëüçî-
âàíèåì íàòóðàëüíîé ôîðìû ïðåäñòàâëåíèÿ ãèïåðêîìïëåêñíîãî ÷èñëà. Â
íàòóðàëüíîé ôîðìå ïðåäñòàâëåíèÿ ãèïåðêîìïëåêñíîãî ÷èñëà âàæíû òîëü-
êî êîýôôèöèåíòû ïðè ýëåìåíòàõ áàçèñà è èõ ïîðÿäêîâûå íîìåðà â èçîáðà-
æåíèè ãèïåðêîìïëåêñíîãî ÷èñëà, ò.å. ãèïåðêîìïëåêñíîå ÷èñëî ìîæíî
ïðåäñòàâèòü âèäå âåêòîðà. Îäíàêî âåêòîðíî-ìàòðè÷íàÿ ôîðìà â äàííîì
ñëó÷àå íå ïîäõîäèò, òàê êàê êîìïîíåíòû ìàòðèöû è âåêòîðà äîëæíû áûòü
îäíîòèïíèìè. Â ñèñòåìå Maple åñòü òàêàÿ ôîðìà ïðåäñòàâëåíèÿ äàííûõ,
êàê ñïèñîê — list, ò.å. óïîðÿäî÷åííûé íàáîð ðàçíîòèïíûõ äàííûõ.
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Äëÿ îïåðèðîâàíèÿ ñ äàííûìè â ôîðìàòå ñïèñêîâ â Maple ñóùåñòâóþò

ìíîãî÷èñëåííûå êîìàíäû, ïîçâîëÿþùèå çàäàâàòü ñïèñîê, îïðåäåëÿòü åãî

äëèíó, ñêëàäûâàòü äâà ñïèñêà îäèíàêîâîé äëèíû, îïðåäåëÿòü ÷ëåí ñïèñêà

ïî åãî ïîðÿäêîâîìó íîìåðó, óìíîæàòü âñå ÷ëåíû ñïèñêà íà ëþáîå âûðà-

æåíèå è äð. Ïðåäñòàâëåíèå ãèïåðêîìïëåêñíîãî ÷èñëà â âèäå ñïèñêà íàçû-

âàåòñÿ ñïèñî÷íûì èëè âíóòðåííèì ïðåäñòàâëåíèåì ãèïåðêîìïëåêñíîãî

÷èñëà. Òàêèì îáðàçîì, âìåñòî (1) èñïîëüçóåì ïðåäñòàâëåíèå

A a a an� [ , ,..., ]1 2 . (4)

Òîãäà ñóììà äâóõ ÷èñåë îïðåäåëÿåòñÿ î÷åíü ïðîñòî:

C A B a a b b a b a bn n n n� � � � � � �[ , ..., ] [ , ..., ] [ , ..., ]1 1 1 1 ,

ò.å. ïðèâåäåíèå ïîäîáíûõ ñèìâîëüíûõ êîýôôèöèåíòîâ â ñîîòâåòñòâèè ñ

èõ ïîðÿäêîâûìè íîìåðàìè â ÷èñëàõ âûïîëíÿåòñÿ àâòîìàòè÷åñêèìè âíóò-

ðåííèìè ñðåäñòâàìè Maple. Îäíîé êîìàíäîé âûïîëíÿåòñÿ è óìíîæåíèå

âñåõ ÷ëåíîâ ñïèñêà íà îäíî è òî æå âûðàæåíèå: � � � �A a a an� [ , , ..., ]1 2 .

Òàêèì îáðàçîì, ïðåäñòàâëåíèå ãèïåðêîìïëåêñíûõ ÷èñåë â ôîðìàòå

ñïèñêîâ çíà÷èòåëüíî óïðîùàåò ðàçðàáîòêó ïðîãðàììíûõ ñðåäñòâ. Îäíàêî

òàêîå ðåøåíèå òðåáóåò íàëè÷èÿ â ÏÊ ïðîöåäóð äëÿ âçàèìíî-îáðàòíîãî

ïðåîáðàçîâàíèÿ íàòóðàëüíîé è âíóòðåííåé ôîðì ïðåäñòàâëåíèÿ ãèïåð-

êîìïëåêñíûõ ÷èñåë. Òåì áîëåå, ÷òî íåêîòîðûå äåéñòâèÿ öåëåñîîáðàçíî

âûïîëíÿòü íàä ÷èñëàìè â íàòóðàëüíîé ôîðìå. Â ñâÿçè ñ ýòèì âî ìíîãèõ

ïðîöåäóðàõ ÏÊ ïðåäóñìàòðèâàåòñÿ âûõîä â ôîðìå ñïèñêà èç äâóõ ýëå-

ìåíòîâ: ïåðâûé ýëåìåíò — ðåçóëüòàò â ñïèñî÷íîé ôîðìå, âòîðîé — â

íàòóðàëüíîé. Íàïðèìåð, ðàáîòà ïðîöåäóðû ãåíåðàöèè ãèïåðêîìïëåêñíîãî

÷èñëà âîñüìîé ðàçìåðíîñòè âûãëÿäèò òàê:

> A = HNSnumber(8, a, e):

> A [1]

[ , , , , , , , ]a a a a a a a a1 2 3 4 5 6 7 8

> A [2]

a e a e a e a e a e a e a e a e1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8� � � � � � � .

Öåëåñîîáðàçíî ïðèäàòü ñïèñî÷íûé ôîðìàò è áîëåå ñëîæíûì ãèïåð-

êîìïëåêñíûì ñòðóêòóðàì. Òàê, òàáëèöà Êýëè óìíîæåíèÿ áàçèñíûõ ýëå-

ìåíòîâ ïðåäñòàâëÿåòñÿ òðåõóðîâíåâîé ñïèñî÷íîé ñòðóêòóðîé: âåðõíèé

óðîâåíü ñîñòîèò èç ñïèñêà ñòðîê òàáëèöû, âòîðîé, âëîæåííûé, óðîâåíü —

ñïèñîê ÿ÷ååê òàáëèöû, òðåòèé, ñàìûé íèæíèé óðîâåíü, — ñïèñîê ñòðóê-

òóðíûõ êîíñòàíò îäíîé ÿ÷åéêè. Òàáëèöà Êýëè äëÿ îáîáùåííûõ êâàòåðíèî-

ß.À. Êàëèíîâñêèé, Þ.Å. Áîÿðèíîâà, À.Ñ. Ñóêàëî, ß.Â. Õèöêî

84 ISSN 0204–3572. Electronic Modeling. 2017. V. 39. ¹ 5



íîâ â íàòóðàëüíîé ôîðìå èìååò âèä

H
��

e1 e2 e3 e4

e1 e1 e2 e3 e4

e2 e2 �� e1 e4 �� e3

e3 e3 �e4 �� e1 � e2

e4 e4 � e3 �� e2 �� � e1

à â ñïèñî÷íîé ôîðìå — ñëåäóþùèé âèä

[[[ , , , ],[ , , , ],[ , , , ],[ , , , ]],1000 0100 0010 0001 [[ , , , ],[ , , , ],[ , , , ],[ , , , ]]0100 000 0001 00 0� �� � ,

[[ , , , ],[ , , , ],[ , , , ],[ , , , ]],0010 000 1 000 0 00� �� � [[ , , , ],[ , , , ],[ , , , ],[ , , , ]]]0001 00 0 0 00 000� � ��� � .

Ñòðóêòóðà ïàêåòà ãèïåðêîìïëåêñíûõ âû÷èñëåíèé âêëþ÷àåò ñëåäóþ-

ùèå ïîäñèñòåìû:

âûïîëíåíèÿ àëãåáðàè÷åñêèõ îïåðàöèé â Ã×Ñ;

ìàíèïóëÿöèè ñ Ã×Ñ è òàáëèöàìè Êýëè;

îïðåäåëåíèÿ àëãåáðàè÷åñêèõ õàðàêòåðèñòèê ãèïåðêîìïëåêñíûõ âûðà-

æåíèé;

õðàíåíèÿ ÷àñòî óïîòðåáëÿåìûõ âûðàæåíèé;
âûïîëíåíèÿ ìîäóëüíûõ îïåðàöèé ñ ãèïåðêîìïëåêñíûìè âûðàæåíèÿìè;
âèçóàëèçàöèè è ñåðâèñà.
Ï î ä ñ è ñ ò å ì à â û ï î ë í å í è ÿ à ë ã å á ð à è ÷ å ñ ê è õ î ï å ð à ö è é

â Ã × Ñ ñîñòîèò èç ñëåäóþùèõ ïðîöåäóð:
HNSnumber(n,Name,NameBas) — ãåíåðàöèÿ ãèïåðêîìïëåêñíîãî ÷èñëà

n-é ðàçìåðíîñòè;
inAdd(A,B) — ñëîæåíèå äâóõ ãèïåðêîìïëåêñíûõ ÷èñåë, A è B, â ñïè-

ñî÷íîì âèäå;
Add(A,B,dimHNS) — ñëîæåíèå äâóõ ãèïåðêîìïëåêñíûõ ÷èñåë, À è Â,

ðàçìåðíîñòè dimHNS â íàòóðàëüíîì âèäå;
Subtr(A,B,dimHNS) — âû÷èòàíèå äâóõ ãèïåðêîìïëåêñíûõ ÷èñåë, À è

Â, ðàçìåðíîñòè dimHNS â íàòóðàëüíîé ôîðìå;
inMulti(A,B,HNS) — óìíîæåíèå äâóõ ÷èñåë â âèäå ñïèñêà;
natMulti(A,B,HNS,nBas) — óìíîæåíèå äâóõ ãèïåðêîìïëåêñíûõ ÷èñåë

â íàòóðàëüíîé ôîðìå;
Divis(A,B,nameHNS) — äåëåíèå ÷èñåë â ñïèñî÷íîì âèäå;
Rad2(A,Name, nameBas) — èçâëå÷åíèå êâàäðàòíîãî êîðíÿ èç ãèïåð-

êîìïëåêñíîãî ÷èñëà â ëþáîé ôîðìå;
SqrtEq(A,B,C,NameHNS) — ðåøåíèå ãèïåðêîìïëåêñíîãî êâàäðàòíîãî

óðàâíåíèÿ.
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Ï î ä ñ è ñ ò å ì à ì à í è ï ó ë ÿ ö è è ñ Ã × Ñ è ò à á ë è ö à ì è Ê ý ë è

ñîñòîèò èç ñëåäóþùèõ ïðîöåäóð:

inConvertHNS (M,Name) — ïðåîáðàçîâàíèå òàáëèöû Êýëè èç åñòåñò-

âåííîãî âèäà â ñïèñêîâûé (ñïèñîê ñòðóêòóðíûõ êîíñòàíò);

VizHNS(Spis, nam) — âèçóàëèçàöèÿ ñïèñêà Ã×Ñ â òàáëèöó Êýëè c

äàííûì áàçèñîì;

nameBas(A) — îïðåäåëåíèå èäåíòèôèêàòîðà áàçèñà Ã×Ñ ïî ãèïåð-

êîìïëåêñíîìó ÷èñëó â åñòåñòâåííîì âèäå;

renamA(A,nam,dimHNS) — ïåðåèìåíîâàíèå èäåíòèôèêàòîðà áàçèñà â

ãèïåðêîìïëåêñíîì ÷èñëå â åñòåñòâåííîì âèäå;

VizHNS(Spis, nam) — âèçóàëèçàöèÿ ñïèñêà Ã×Ñ â òàáëèöó Êýëè c

äàííûì áàçèñîì;

LibHNS() — õðàíèëèùå òàáëèö Êýëè Ã×Ñ;

SearchHNS(nameHNS, nameRepos) — ïðîöåäóðà ïîèñêà Ã×Ñ â õðàíè-

ëèùå ïî åå èìåíè;

VizInA(inA,E) — âèçóàëèçàöèÿ ãèïåðêîìïëåêñíîãî ÷èñëà èç ñïèñêîâîé

ôîðìû â åñòåñòâåííóþ;

ConvertA(A,DimHNS) — ïðåîáðàçîâàíèå ãèïåðêîìïëåêñíîãî ÷èñëà èç

åñòåñòâåííîé ôîðìû â ñïèñêîâóþ;

Refill(Spisok, Element) — ïîïîëíåíèå ñïèñêà íà îäèí ýëåìåíò;

ListHNS(DimHNS) — ãåíåðàöèÿ ñïèñêà-øàáëîíà äëÿ âíóòðåííåãî

ïðåäñòàâëåíèÿ Ã×Ñ;

nameBas(A) — îïðåäåëåíèå èäåíòèôèêàòîðà áàçèñà Ã×Ñ ïî ãèïåð-

êîìïëåêñíîìó ÷èñëó â åñòåñòâåííîì âèäå;

renamA(A,nam,dimHNS) — ïåðåèìåíîâàíèå èäåíòèôèêàòîðà áàçèñà â

ãèïåðêîìïëåêñíîì ÷èñëå â åñòåñòâåííîì âèäå;

RefillHNS(nameLib, nameHNS) — óäàëåíèå Ã×Ñ èç õðàíèëèùà;

VizLibHNS(LibHNS) — ïðîñìîòð âñåõ Ã×Ñ â åñòåñòâåííîì âèäå;

Trans(M,s,t) — òðàíñïîçèöèÿ ñòðîê è ñòîëáöîâ òàáëèöû Êýëè Ã×Ñ;

AddHNS(Name, Table, Comment, Type) — ïîïîëíåíèå õðàíèëèùà Ã×Ñ;

GenIzo (L,nameHNS, newBas) — ãåíåðàöèÿ èçîìîðôíîé Ã×Ñ ïóòåì

ëèíåéíîãî ïðåîáðàçîâàíèÿ áàçèñà;

DirSum2(Name1,Name2) — ïîñòðîåíèå ïðÿìîé ñóììû äâóõ Ã×Ñ;

DirSumN (Spisok, nameBas) — ïîñòðîåíèå ïðÿìîé ñóììû íåñêîëüêèõ

Ã×Ñ;

MultiDim(nameHNS1,nameHNS2,nameBas,markKom,nameHNS) — óìíî-

æåíèå ðàçìåðíîñòè Ã×Ñ;

SysIzo(HNS1, HNS2) — ãåíåðàöèÿ ñèñòåìû óðàâíåíèé èçîìîðôèçìà

äâóõ Ã×Ñ;

SolIzo(SysEq) — ðåøåíèå ñèñòåìû óðàâíåíèé èçîìîðôèçìà äâóõ Ã×Ñ.
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Ï î ä ñ è ñ ò å ì à î ï ð å ä å ë å í è ÿ à ë ã å á ð à è ÷ å ñ ê è õ õ à ð à ê ò å ð
è ñ ò è ê ã è ï å ð ê î ì ï ë å ê ñ í û õ â û ð à æ å í è é ñîñòîèò èç ñëåäóþùèõ
ïðîöåäóð:

Norma(A,nameHNS) — îïðåäåëåíèå ïñåâäîíîðìû ãèïåðêîìïëåêñíîãî
÷èñëà â ñïèñî÷íîì âèäå;

Unit(nameHNS,name) — îïðåäåëåíèå åäèíè÷íîãî ýëåìåíòà Ã×Ñ;
Conjug(A,nameHNS,nam) — ïîñòðîåíèå ñîïðÿæåííîãî ÷èñëà;
Divis(A,B,nameHNS) — ïðîöåäóðà äåëåíèÿ;
HNSnumber(n,Name,NameBas) — ïðîöåäóðà ãåíåðàöèè ãèïåðêîìïëåêñ-

íîãî ÷èñëà.
Ï î ä ñ è ñ ò å ì à õ ð à í å í è ÿ ÷ à ñ ò î ó ï î ò ð å á ë ÿ å ì û õ â û ð à -

æ å í è é ñîäåðæèò ãîòîâûå ôîðìóëû âûïîëíåíèÿ ðàçëè÷íûõ îïåðàöèé è
âû÷èñëåíèé äëÿ ôèêñèðîâàííûõ Ã×Ñ. Ýòà ïîäñèñòåìà ìîæåò ïîïîëíÿòüñÿ
è ñîõðàíÿòüñÿ ïîëüçîâàòåëåì.

Ï î ä ñ è ñ ò å ì à â û ï î ë í å í è ÿ ì î ä ó ë ü í û õ î ï å ð à ö è é ñ ã è-
ï å ð ê î ì ï ë å ê ñ í û ì è â û ð à æ å í è ÿ ì è ñîñòîèò èç ïðîöåäóð
ïîñòðîåíèÿ ñèñòåìû îñòàòî÷íûõ êëàññîâ ïî ãèïåðêîìïëåêñíûì ìîäóëÿì,
îïðåäåëåíèÿ ïðåäñòàâèìîñòè ãèïåðêîìïëåêñíîãî ÷èñëà, àëãîðèòìà Åâê-
ëèäà äëÿ ãèïåðêîìïëåêñíûõ ÷èñåë è äð.

Ï î ä ñ è ñ ò å ì à â è ç ó à ë è ç à ö è è è ñ å ð â è ñ à ñîñòîèò èç ñëåäóþ-
ùèõ ïðîöåäóð:

VizInA(inA,E) — âèçóàëèçàöèÿ ãèïåðêîìïëåêñíîãî ÷èñëà èç ñïèñêîâîé
ôîðìû â åñòåñòâåííóþ;

ConvertA(A,DimHNS) — ïðåîáðàçîâàíèå ãèïåðêîìïëåêñíîãî ÷èñëà èç
åñòåñòâåííîé ôîðìû â ñïèñêîâóþ;

Refill(Spisok, Element) — ïîïîëíåíèå ñïèñêà íà îäèí ýëåìåíò;
ListHNS(DimHNS) — ãåíåðàöèÿ ñïèñêà-øàáëîíà äëÿ âíóòðåííåãî

ïðåäñòàâëåíèÿ Ã×Ñ;
inConvertHNS (M,Name) — ïðåîáðàçîâàíèå òàáëèöû Êýëè èç åñòåñò-

âåííîãî âèäà â ñïèñêîâûé (ñïèñîê ñòðóêòóðíûõ êîíñòàíò);
RefillHNS(nameLib, nameHNS) — ïðîöåäóðà óäàëåíèÿ Ã×Ñ èç õðà-

íèëèùà.
Òàêàÿ ñòðóêòóðà è ñîñòàâ êîìïëåêñà ãèïåðêîìïëåêñíûõ ñèìâîëüíûõ

âû÷èñëåíèé â ñðåäå Maple ïîçâîëÿåò çíà÷èòåëüíî óïðîñòèòü ïðîöåññû
ñîçäàíèÿ ïðîãðàììíîãî îáåñïå÷åíèÿ äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ
ðàçëè÷íûõ íàó÷íî-òåõíè÷åñêèõ çàäà÷.

Ïðèíöèïû ïîñòðîåíèÿ íåêîòîðûõ ïðîöåäóð ÏÊ. Ðàññìîòðèì ñëå-
äóþùèå ïðîöåäóðû ïðåîáðàçîâàíèÿ ãèïåðêîìïëåêñíîãî ÷èñëà èç åñòåñò-
âåííîé ôîðìû â ñïèñî÷íóþ.

Ï ð î ö å ä ó ð à ï ð å î á ð à ç î â à í è ÿ ã è ï å ð ê î ì ï ë å ê ñ í î ã î ÷ è ñ-

ë à è ç å ñ ò å ñ ò â å í í î é ô î ð ì û â ñ ï è ñ î ÷ í ó þ. Çàäà÷à: ÷èñëî À â
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ôîðìå (1) ïåðåâåñòè â ôîðìó (4). Íà ïåðâûé âçãëÿä, ñäåëàòü ýòî î÷åíü

ïðîñòî: âûïîëíèòü ïîäñòàíîâêè ei �1, i n�1,..., , ñ ïîìîùüþ êîìàíäû subs,

ïîñëå ÷åãî ïîëó÷åííîå âûðàæåíèå A a a an� � � �1 2 ... ñ ïîìîùüþ êîìàíäû

convert(A,list) ïðåâðàòèòü â (4). Îäíàêî, åñëè â ÷èñëå À îäèí èëè áîëåå

êîýôôèöèåíòîâ ai ðàâíû íóëþ, ò.å. ãèïåðêîìïëåêñíîå ÷èñëî À — íåïîë-

íîå, òî ïîëó÷èòñÿ ñïèñîê, äëèíà êîòîðîãî ìåíüøå n, ÷òî ïðèâåäåò â äàëü-

íåéøåì ê íåïðàâèëüíûì ðåçóëüòàòàì.

Èäåÿ àëãîðèòìà, ðàáîòàþùåãî ïðàâèëüíî êàê ñ ïîëíûìè ãèïåðêîìï-

ëåêñíûìè ÷èñëàìè, òàê è íåïîëíûìè, çàêëþ÷àåòñÿ â ñëåäóþùåì. Ñíà÷àëà

ãåíåðèðóåòñÿ ñïèñîê äëèíîé n — çàãîòîâêà ðåçóëüòàòà:

in A � [ , ,..., ]0 0 0 . (5)

Çàòåì ãåíåðèðóåòñÿ ñïèñîê òîé æå äëèíû, ñîñòîÿùèé èç ðàâåíñòâ ei �0:

sp � � � �[ ,..., , ..., ]e e ei n1 0 0 0 .

Äëÿ êàæäîãî çíà÷åíèÿ èíäåêñîâ ñòðîèòñÿ ñïèñîê ðàâåíñòâ

sp1� � � �[ ,..., , ..., ]e e ei n1 0 1 0 (6)

è âûïîëíÿåòñÿ ïîäñòàíîâêà â èñõîäíîå ÷èñëî ñïèñêà (6). Åñëè â ÷èñëå A

êîìïîíåíò ai �0, òî îí òàêèì âîéäåò â ñïèñîê (5). Òàêèì îáðàçîì, ýòà

ïîäñòàíîâêà âûäåëÿåò êîýôôèöèåíò ai , êîòîðûé ïðèñâàèâàåòñÿ i-ìó ýëå-

ìåíòó ñïèñêà (5).

Ïîëíûé òåêñò ïðîãðàììû, ãäå ôîðìàëüíûìè ïàðàìåòðàìè ïðîöåäóðû

ÿâëÿþòñÿ A — ãèïåðêîìïëåêñíîå ÷èñëî â åñòåñòâåííîé ôîðìå, DimHNS —

ðàçìåðíîñòü Ã×Ñ, â êîòîðîé çàäàíî ÷èñëî A, èìååò ñëåäóþùèé âèä:

Convert A := proc (A, DimHNS)

local inA, sp, i, sp1, e, A1;

inA := [seq (0, i = 1.. DimHNS)];

if A < > 0 then

A1 := subs (nameBas (A) = e, A);

sp := [seg (e[i] = 0, i = 1.. DimHNS)];

for i to DimHNS do

sp1 := sp; sp1[i]:= e[i] = 1; inA[i] := subs (sp1, A1)

end do

end if;

RETURN (inA)

end proc

Ï ð î ö å ä ó ð à ó ì í î æ å í è ÿ ã è ï å ð ê î ì ï ë å ê ñ í û õ ÷ è ñ å ë â

ñ ï è ñ î ÷ í î é ô î ð ì å âûïîëíÿåò óìíîæåíèå äâóõ ãèïåðêîìïëåêñíûõ

÷èñåë, A è B, êîòîðûå çàäàíû â âèäå ñïèñêîâ. Óìíîæåíèå ïðîâîäèòñÿ â
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ñîîòâåòñòâèè ñ çàêîíàìè êîìïîçèöèè ñèñòåìû HNS. Òàêèì îáðàçîì, ïðî-

öåäóðà ðåàëèçóåò îáîáùåííóþ ôîðìóëó óìíîæåíèÿ ãèïåðêîìïëåêñíûõ

÷èñåë [1, 6]

A B a b
i

n

j

n

k

n

i j ij
k

�

� � �

	 	 	

1 1 1


 , (7)

ãäå n — ðàçìåðíîñòü Ã×Ñ HNS; 
 ij
n — ñòðóêòóðíûå êîíñòàíòû çàêîíîâ

êîìïîçèöèè Ã×Ñ HNS.

Ïðîöåäóðà âûïîëíÿåò âûçîâ õðàíèëèùà òàáëèöû Êýëè Ã×Ñ (ïðî-

öåäóðà LibHNS()), â êîòîðîé îñóùåñòâëÿåòñÿ ïîèñê èíôîðìàöèè î çàäàí-

íîé Ã×Ñ HNS (SearchHNS(HNS, LibHNS())). Â íåé ñîäåðæèòñÿ òðåõóðîâ-

íåâûé ñïèñîê ñòðóêòóðíûõ êîíñòàíò Ã×Ñ HNS. Äàëåå âûïîëíÿåòñÿ ôîð-

ìóëà (7). Ïîëíûé òåêñò ïðîãðàììû èìååò ñëåäóþùèé âèä:

inMulti := proc (A, B, HNS)

local X, k, i, j, Lib, HNSI;

Lib := Lib HNS ( );

HNSI := SearchHNS (HNS, Lib);

X :=[seq ( 0, i = 1.. nops (HNSI[1]))];

for k to nops (HNSI[1]) do

X[k] := 0;

for i to nops (HNSI[1]) do

for j to nops (HNSI[1]) do

X[k] := X[k] +A[i]*B[j]*HNSI [i, j, k]

end do

end do

end do;

RETURN (X)

end proc

Ðàññìîòðèì ïðèìåð âûçîâà è ðàáîòû ýòîé ïðîöåäóðû. Ñãåíåðèðóåì

äâà ãèïåðêîìïëåêñíûõ ÷èñëà ÷åòâåðòîé ðàçìåðíîñòè:

A a e: ( , , ) [ ]�HNSnumber 4 1 , B a e: ( , , ) [ ]�HNSnumber 4 1 ;

A a a a a: [ , , , ]� 1 2 3 4 , B b b b b: [ , , , ]� 1 2 3 4 .

Ïîñòðîèì èõ ïðîèçâåäåíèå â Ã×Ñ Q4N — íåêîììóòàòèâíîì àâòîóäâîåíèè

îáîáùåííîé ñèñòåìû êîìïëåêñíûõ ÷èñåë [1, 6 — 8], òàáëèöà Êýëè êîòîðîé

èìååò âèä
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Q N4 E1 E2 E3 E4

E1 E1 E2 E3 E4

E2 E2 pE qE1 2� E4 pE qE3 4�

E3 E3 �E4 pE qE1 3� � �pE qE2 4

E4 E4 � �pE qE3 4 pE qE2 4� � � � �p E pqE pqE q E2
1 2 3

2
4

Âûçûâàåì ïðîöåäóðó: C A B Q N: ( , , )� inMulti 4 . Ïîëó÷àåì ñïèñîê èç ÷åòû-

ðåõ êîìïîíåíòîâ ðåçóëüòàòà:

[ ,a b a b p a b p a b p a b a b a b q1 1 2 2 3 3 4 4
2

1 2 2 1 2 2� � � � � �

� � � � � �a b p a b p a b p q a b a b p a b3 4 4 3 4 4 1 3 2 4 3 1,

� � � � � �a b q a b p a b p q a b a b a b q3 3 4 2 4 4 1 4 2 3 2 4,

� � � � � �a b a b q a b a b q a b q a b q3 2 3 4 4 1 4 2 4 3 4 4
2 ] .

Ï ð î ö å ä ó ð à ó ì í î æ å í è ÿ ä â ó õ ã è ï å ð ê î ì ï ë å ê ñ í û õ ÷ è -

ñ å ë â å ñ ò å ñ ò â å í í î é ô î ð ì å èñïîëüçóåò ïðîöåäóðó óìíîæåíèÿ â

ñïèñî÷íîì âèäå. Ñíà÷àëà ÷èñëî ïðåîáðàçóåòñÿ èç åñòåñòâåííîé ôîðìû â

ñïèñî÷íóþ, çàòåì âûïîëíÿåòñÿ óìíîæåíèå â ñïèñî÷íîé ôîðìå, ïîñëå ÷åãî

ïîëó÷åííîå ïðîèçâåäåíèå ïðåîáðàçóåòñÿ èç ñïèñî÷íîé ôîðìû â íàòó-

ðàëüíóþ è âèçóàëèçèðóåòñÿ ñ çàäàííûì èìåíåì áàçèñà. Òåêñò ïðîöåäóðû:

natMulti := proc (A, B, HNS, nBas )

VizInA (inMulti (ConvertA(A, nops (SearchHNS (HNS,

LibHNS ( )))), ConvertA(B, nops (SearchHNS (HNS,

LibHNS ( )))), HNS), nBas)

end proc

Ïóñòü ÷èñëà òðåòüåé ðàçìåðíîñòè èìåþò åñòåñòâåííóþ ôîðìó:

A a e a e a e:� � �1 2 2 2 3 3 , B b e b e b e:� � �1 2 2 2 3 3 .

Íàéäåì èõ ïðîèçâåäåíèå â ñèñòåìå òðèïëåêñíûõ ÷èñåë T [1] c òàáëèöåé

óìíîæåíèÿ âèäà

T e1 e2 e3

e1 e1 e2 e3

e2 e2 ( ) /e e3 1 2� �e2

e3 e3 �e2 e1
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Òîãäà èõ ïðîèçâåäåíèå èìååò âèä

C A B T f: ( , , , )� natMulti ,

C a b a b a b f a b a b a b a b f: ( )� � �
�

�



�

�

� � � � �1 1 2 2 3 3 1 1 2 2 1 2 3 3 2

1

2
2 �

� � �
�

�



�

�

�a b a b a b f1 3 2 2 3 1 3

1

2
,

ãäå èìÿ áàçèñà e èçìåíåíî íà f. Âûçîâ ýòîé ïðîöåäóðû â Ã×Ñ R C� [1] c

òàáëèöåé óìíîæåíèÿ

R C� e1 e2 e3

e1 e1 0 0

e2 0 e2 e3

e3 0 e3 �e2

èìååò âèä

C A B R C f: ( , , , )� �natMulti ,

C a b f a b a b f a b a b f: ( ) ( )� � � � �1 1 1 2 2 3 3 2 2 3 3 2 3.

Ïðèìåð ðåøåíèÿ ïðàêòè÷åñêîé çàäà÷è ñ ïîìîùüþ ÏÊ. Ñðàâíèì

ðåøåíèå çàäà÷è ïîâîðîòà âåêòîðà ñ ïîìîùüþ êâàòåðíèîíà òðàäèöèîí-

íûìè ñðåäñòâàìè è ñ èñïîëüçîâàíèåì ïðîöåäóð ÏÊ. Ýòà çàäà÷à ÷àñòî

âîçíèêàåò â ñèñòåìàõ îðèåíòàöèè â ïðîñòðàíñòâå, íàâèãàöèè, êîìïüþòåð-

íîé àíèìàöèè è äð. [2]. Ôîðìóëà ïîâîðîòà âåêòîðà r â ïðîñòðàíñòâå ñ

ïîìîùüþ êâàòåðíèîíà q èìååò âèä [9]

� �
�r qrq 1, (8)

ãäå r è �r — íà÷àëüíûå è êîíå÷íûå êîîðäèíàòû ïîâîðà÷èâàåìîé òî÷êè â

êâàòåðíèîííîì âèäå, ò.å. ýòîò êâàòåðíèîí — âåêòîðíûé; q è q�1 — ïðÿìîé

è îáðàòíûé êâàòåðíèîíû, îïðåäåëÿþùèå îñü âðàùåíèÿ; âñå óìíîæåíèÿ —

êâàòåðíèîííûå. Â âûðàæåíèè (8) êâàòåðíèîí q äîëæåí áûòü íîðìèðîâàí,

ò.å. åãî íîðìà äîëæíà áûòü ðàâíà åäèíèöå. Åñëè êâàòåðíèîí ïîâîðîòà

èìååò âèä Q a e a e a e a e� � � �1 1 2 2 3 3 4 4, òî íîðìèðîâàííûé êâàòåðíèîí èìååò

ñëåäóþùèé âèä:

q
a

a a a a
e

a e a e a e

a a a a
�

� � �

�

� �

� � �

1

1
2

2
2

3
2

4
2

1
2 2 3 3 4 4

1
2

2
2

3
2

4
2
. (9)
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Ãåîìåòðè÷åñêèé ñìûñë ýëåìåíòîâ âûðàæåíèÿ (9) òàêîâ: óãîë ïîâîðîòà

âîêðóã îñè (cì. ðèñóíîê)

� �

� � �

2 1

1
2

2
2

3
2

4
2

arccos
a

a a a a
,

åå íàïðàâëÿþùèå êîñèíóñû —

cos� i
ia

a a a
�

� �2
2

3
2

4
2

, i �2 3 4, , .

Ðàññìîòðèì çàäà÷ó îïðåäåëåíèÿ êîîðäèíàò òî÷êè, ïîëó÷åííîé ïîñëå-

äîâàòåëüíûìè ïîâîðîòàìè âåêòîðà âîêðóã äâóõ îñåé: ñíà÷àëà âîêðóã îñè,

îïðåäåëÿåìîé êâàòåðíèîíîì q, à çàòåì — âîêðóã îñè, îïðåäåëÿåìîé êâà-

òåðíèîíîì p, êàê ïîêàçàíî íà ðèñóíêå. Òàêîé ñëîæíûé ïîâîðîò îïðå-

äåëÿåòñÿ ôîðìóëîé

� �
� �r pqrq p1 1, (10)

ãäå âñå óìíîæåíèÿ — êâàòåðíèîííûå [1, 3]; q è q�1 — ïðÿìîé è îáðàòíûé
êâàòåðíèîíû, îïðåäåëÿþùèå ïåðâóþ îñü âðàùåíèÿ; p è p�1 — òî æå äëÿ
âòîðîé îñè âðàùåíèÿ.

Òàêèì îáðàçîì, ïðîãðàììà äîëæíà ïðåäóñìàòðèâàòü íîðìèðîâàíèå
êâàòåðíèîíîâ, îïðåäåëåíèå îáðàòíûõ êâàòåðíèîíîâ, êâàòåðíèîííûå ïåðå-
ìíîæåíèÿ ïî (10) è óïðîùåíèå ïîëó÷åííîãî ðåçóëüòàòà. Åñëè äàíû èñõîä-
íûå íîðìèðîâàííûå ïî (9) êâàòåðíèîíû q, p è r â ñïèñî÷íîì âèäå, à òàêæå
îáðàòíûå êâàòåðíèîíû q Cq�

�
1 , p Cp�

�
1 , òî îäèí èç âîçìîæíûõ âàðèàí-

òîâ ïðîãðàììû â âèäå ïðîöåäóðû áåç ïðèìåíåíèÿ ñðåäñòâ ÏÊ èìååò
ñëåäóþùèé âèä:
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Pov := proc(r, q, p, Cq, Cp)

local AB, M1, M2, M3, M4, i, M, r1;

AB := [a[1]*b[1] – a[2]*b[2] – a[3]*b[3] – a[4]*b[4],

a[1]*b[2] + a[2]*b[1] + a[3]*b[4] – a[4]*b[3],

a[1]*b[3] – a[2]*b[4] + a[3]*b[1] + a[4]*b[2],

a[1]*b[4] + a[2]*b[3] – a[3]*b[2] + a[4]*b[1]];

M1 := subs (a[1] = p[1], a[2] = p[2], a[3] = p[3], a[4] = p[4],

b[1] = q[1], b[2] = q[2], b[3] = q[3], b[4] = q[4], AB);

M2 := subs (a[1] = M1[1], a[2] = M1[2], a[3] = M1[3], a[4] = M1[4],

b[1] = r[1], b[2] = r[2], b[3] = r[3], b[4] = r[4], AB);

M3 := subs (a[1] = M2[1], a[2] = M2[2], a[3] = M2[3], a[4] = M2[4],

b[1] = Cq[1], b[2] = Cq[2], b[3] = Cq[3], b[4] = Cq[4], AB);

M4 := subs (a[1] = M3[1], a[2] = M3[2], a[3] = M3[3], a[4] = M3[4],

b[1] = Cp[1], b[2] = Cp[2], b[3] = Cp[3], b[4] = Cp[4], AB);

for i to 4 do M[i] := factor (M4[i]) end do;

r1 := [M[1], M[2], M[3], M4[4]];

RETURN (r1)

end proc

Êàê âèäèì, îñíîâíîé îáúåì ýòîé ïðîãðàììû çàíèìàþò âû÷èñëåíèÿ
ïðîèçâåäåíèé êâàòåðíèîíîâ, êîòîðûå âûïîëíåíû â âèäå èõ ïîäñòàíîâîê â
îáùóþ ôîðìóëó. Ïîñêîëüêó â ÏÊ åñòü ïðîöåäóðû óìíîæåíèÿ ãèïåðêîìï-
ëåêñíûõ ÷èñåë, ýòà ïðîãðàììà ñóùåñòâåííî óïðîùàåòñÿ. Ïðîãðàììà ñ
èñïîëüçîâàíèåì ñðåäñòâ ÏÊ âûãëÿäèò òàê:

Pov1:= proc(r, q, p, Cq, Cp) for i from 1 to 4 do r1[i]

:= factor (inMulti(inMulti(inMulti(inMulti(p, q, H), r, H),

Cq[1], H), Cp[1], H) [i]): end do;

RETURN (r1)

end proc

Åñòåñòâåííî, ðåçóëüòàòû âû÷èñëåíèé ïî îáåèì ïðîãðàììàì — îäè-
íàêîâû. Òàê, åñëè ðåøàåòñÿ çàäà÷à ïîâîðîòà òî÷êè ñ êîîðäèíàòàìè [1, 2, 3]
ñíà÷àëà íà óãîë � �1 3� / âîêðóã îñè, îïðåäåëÿåìîé îðòîì [0, 0, 1], ò.å. îñè
Oz, çàòåì — íà óãîë � �2 2� / âîêðóã îñè, îïðåäåëÿåìîé îðòîì [0, 1, 0], ò.å.
îñè Oy, òî êîíå÷íîå ïîëîæåíèå òî÷êè îïðåäåëÿåòñÿ âåêòîðíûì êâàòåð-
íèîíîì � � � � � �r e e e3 3 05 3 052 3 4( , ) ( , ) .

Âûâîäû

Ðàçðàáîòàííûå ïðîãðàììíî-àëãîðèòìè÷åñêèå ñðåäñòâà îáåñïå÷èâàþò áîëü-

øóþ îáëàñòü âû÷èñëåíèé, ñâÿçàííûõ ñ ìîäåëèðîâàíèåì ïðîöåññîâ, îïè-

ñûâàåìûõ ãèïåðêîìïëåêñíûìè ÷èñëàìè. Èõ èñïîëüçîâàíèå çíà÷èòåëüíî
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óïðîùàåò ïðîöåññ ðàçðàáîòêè ïðîãðàììíîãî îáåñïå÷åíèÿ è ïîâûøàåò åãî

íàäåæíîñòü, òàê êàê ïðèìåíÿþòñÿ ìíîãîêðàòíî ïðîâåðåííûå àëãîðèòìû è

ïðîãðàììû. Â òî æå âðåìÿ, ÏÊ íóæäàåòñÿ â äàëüíåéøåì ïîïîëíåíèè è

ðàñøèðåíèè, ÷òî ÿâëÿåòñÿ íàïðàâëåíèåì äàëüíåéøåé íàó÷íî-èññëåäîâà-

òåëüñêîé ðàáîòû â ýòîé îáëàñòè.
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Ya.A. Kalinovsky, Yu.E. Boyarinova, A.S. Sukalo, Ya.V. Khitsko

SOFTWARE COMPLEX FOR HYPERCOMPLEX COMPUTATIONS

The principles assumed as a basis of the algorithmic-software complex of hypercomplex compu-
tations are stated. The complex structure and the composition of the functional subsystems are de-
scribed. The most important procedures performed by the subsystems are considered, program
listings and examples of their application are given.

K e y w o r d s: hypercomplex numerical system, procedure, computer algebra, operation, Maple.
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Ñóììû ìàêñèìóìîâ ïðèðàùåíèé
â ìíîãîêàíàëüíîé ñèñòåìå îáñëóæèâàíèÿ
ïðè ìîäåëèðîâàíèè àóêöèîííûõ òîðãîâ

Äëÿ âõîäÿùåãî ïîòîêà ñ ïåðåìåííûì ïàðàìåòðîì, ïîñòóïàþùåãî â ñèñòåìó ñ íåîãðà-
íè÷åííûì îáñëóæèâàíèåì, â òåðìèíàõ õàðàêòåðèñòè÷åñêèõ ôóíêöèé íàéäåíû âåðîÿò-
íîñòíûå ðàñïðåäåëåíèÿ è ÷èñëîâûå õàðàêòåðèñòèêè ñóìì ìàêñèìóìîâ ïðèðàùåíèé òðå-
áîâàíèé, ïîñòóïèâøèõ è îáñëóæåííûõ íà êîíå÷íîì ïðîìåæóòêå âðåìåíè.

Ê ë þ ÷ å â û å ñ ë î â à: ðàñïðåäåëåíèÿ ñóìì ìàêñèìóìîâ.

Äëÿ ïîòîêó ³ç çì³ííèì ïàðàìåòðîì, ùî ïîñòóïàº ó ñèñòåìó ç íåîáìåæåíèì îáñëóãîâó-
âàííÿì, ó òåðì³íàõ õàðàêòåðèñòè÷íèõ ôóíêö³é çíàéäåíî éìîâ³ðí³ñí³ ðîçïîä³ëåííÿ òà ÷èñ-
ëîâ³ õàðàêòåðèñòèêè ñóì ìàêñèìóì³â ïðèðîñòàíü âèìîã, ÿê³ íàä³éøëè ³ áóëè îáñëóãîâàí³
íà ê³íöåâîìó ïðîì³æêó ÷àñó.

Ê ë þ ÷ î â ³ ñ ë î â à: ðîçïîä³ëåííÿ ñóì ìàêñèìóì³â.

Â ñèñòåìó ìàññîâîãî îáñëóæèâàíèÿ èíòåðíåò ñîîáùåíèé ïîñòóïàåò âõîäÿ-

ùèé ïóàññîíîâñêèé ïîòîê ñ ïåðåìåííûì ïàðàìåòðîì [1] � ( )t , t � 0, îáúÿâ-

ëåíèé î ïðîäàæå. Îáúÿâëåíèÿ íåìåäëåííî (áåç îæèäàíèÿ [2]) ðàçìåùàþò-

ñÿ íà ñàéòå îáúÿâëåíèé è íàõîäÿòñÿ íà íåì â òå÷åíèå, âîîáùå ãîâîðÿ,

ñëó÷àéíîãî âðåìåíè îáñëóæèâàíèÿ. Âðåìåíà îáñëóæèâàíèÿ çàÿâîê (ïðå-

áûâàíèÿ íà ñàéòå îáúÿâëåíèé î ïðîäàæå) ÿâëÿþòñÿ ïîëîæèòåëüíûìè, íå-

çàâèñèìûìè â ñîâîêóïíîñòè è îäèíàêîâî ðàñïðåäåëåííûìè ñëó÷àéíûìè

âåëè÷èíàìè.

Ïóñòü G u( ) — ôóíêöèÿ ðàñïðåäåëåíèÿ âðåìåíè îáñëóæèâàíèÿ. Âî

âðåìÿ îáñëóæèâàíèÿ çàÿâîê (âîçìîæíîãî òîðãà) ñ èíòåíñèâíîñòüþ � âîç-

íèêàåò ñëó÷àéíîå ÷èñëî n íåçàâèñèìûõ ïðåäëîæåíèé. Êàæäîå òàêîå ïðåä-

ëîæåíèå ñâÿçàíî ñ ïîâûøåíèåì (ïîíèæåíèåì) îáúÿâëåííîé öåíû íà âåëè-
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÷èíó åå ïðèðàùåíèÿ. Ìîäóëè ýòèõ ïðèðàùåíèé ÿâëÿþòñÿ íåçàâèñèìûìè

ïîëîæèòåëüíûìè ñëó÷àéíûìè âåëè÷èíàìè ñ ôóíêöèåé ðàñïðåäåëåíèÿ

H x( ). Èç ýòèõ ïðèðàùåíèé íàõîäèòñÿ èõ ìàêñèìóì S max .
Ïóñòü F x P S xmax max( ) ( )� � — ôóíêöèÿ ðàñïðåäåëåíèÿ ìàêñèìóìà èç

ïðèðàùåíèé îáúÿâëåííîé öåíû çà âðåìÿ îáñëóæèâàíèÿ (òîðãîâ) çàÿâêè î
ïðîäàæå. Ïîäîáíûå ìîäåëè âîçíèêàþò â ïðîöåññàõ àóêöèîííîé ïðîäàæè
(íà ïîíèæåíèå èëè íà ïîâûøåíèå). Ïðåäñòàâëÿþò çíà÷èòåëüíûé èíòåðåñ
÷èñëîâûå õàðàêòåðèñòèêè ñóìì ìàêñèìóìîâ ñëó÷àéíûõ ïðèðàùåíèé öåí
ïî çàÿâêàì çà âðåìÿ èõ îáñëóæèâàíèÿ (òîðãîâ ïî ïðîäàæå) â òå÷åíèå
çàäàííîãî ïðîìåæóòêà âðåìåíè äëèíû T. Èññëåäîâàíèÿ ýòèõ ñóìì ìîãóò
áûòü ïðîâåäåíû îòäåëüíî äëÿ ïîëîæèòåëüíûõ ïðèðàùåíèé è äëÿ ìîäóëåé
îòðèöàòåëüíûõ ïðèðàùåíèé. Ðàññìîòðèì âîçìîæíîñòü ñîçäàíèÿ âåðîÿò-
íîñòíûõ èíñòðóìåíòîâ ïîçíàíèÿ äëÿ èññëåäîâàíèÿ ýòèõ ñóìì.

Òåîðåìà 1. Ôóíêöèÿ ðàñïðåäåëåíèÿ ìàêñèìóìà èç ïðèðàùåíèé, âîçíèê-
øèõ çà âðåìÿ îáñëóæèâàíèÿ òðåáîâàíèÿ (çàÿâêè î ïðîäàæå), èìååò âèä

F x
u H x dG u x

x

umax ( )
exp{ [ ( )]} ( ), ,

, .

�

� � �

	




�

�



�

�

�

0

1 0

0 0

�

Ä î ê à ç à ò å ë ü ñ ò â î. Ïðè óñëîâèè, ÷òî ÷èñëî ýòèõ ïðèðàùåíèé
X X X n1 2, , ..., ðîâíî n çà âðåìÿ îáñëóæèâàíèÿ u, âåðîÿòíîñòü Ð òîãî, ÷òî èõ
ìàêñèìóì S n umax [ , ] max� {X X X n1 2, ,..., } ìåíüøå x (ââèäó èõ íåçàâèñè-
ìîñòè è îäèíàêîâîãî ðàñïðåäåëåíèÿ), èìååò âèä

P S n u x P X x X x X xn{ [ , ] } { , ,..., }max � � � � � �1 2

� � � � �P X x P X x P X x H xn
n{ } { }... { } [ ( )]1 2 .

Ýòîò óñëîâíûé ìàêñèìóì èìååò ôóíêöèþ ðàñïðåäåëåíèÿ[ ( )]H x n . Ïî ôîð-
ìóëå ïîëíîé âåðîÿòíîñòè ïîëó÷åííóþ óñëîâíóþ âåðîÿòíîñòü óìíîæàåì
íà âåðîÿòíîñòü (( ) / !) exp( )� �n n un

� òîãî, ÷òî çà âðåìÿ îáñëóæèâàíèÿ òðå-
áîâàíèÿ âîçíèêëî ðîâíî n ïðèðàùåíèé. Ïîëó÷åííûå ïðîèçâåäåíèÿ ñêëà-
äûâàåì ïî âñåì öåëûì ÷èñëàì n � 0, à çàòåì èíòåãðèðóåì ïî âñåì äåéñòâè-
òåëüíûì ÷èñëàì u �0ñ ðàñïðåäåëåíèåì dG u( ). Â èòîãå ïîëó÷àåì ôóíêöèþ
ðàñïðåäåëåíèÿ

F x
u

n
H x u dG u

u n

n
n

max ( )
( )

!
( ) exp( ) ( )� � �

�
�

�

� �

0 0

�

�

� � �

�

�

u

u H x dG u

0

1exp{ [ ( )]} ( )�
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ìàêñèìóìà S max èç ïðèðàùåíèé çà âðåìÿ îáñëóæèâàíèÿ òðåáîâàíèÿ. Èòàê,

F x
u H x dG u x

x

umax ( )
exp{ [ ( )]} ( ), ,

, .

�

� � �

	




�

�



�

�

�

0

1 0

0 0

�

Òåîðåìà 1 äîêàçàíà.

Ñëåäñòâèå 1. Ìîìåíòû ìàêñèìóìà ïðèðàùåíèé, âîçíèêøèå çà âðåìÿ

îáñëóæèâàíèÿ òðåáîâàíèé (çàÿâîê î ïðîäàæå), îïðåäåëÿþòñÿ ïî ôîðìóëàì

MS dx u H x dG u

x u

max { exp[ [ ( )]]} ( )� � � �

� �

� �

0 0

1 1� ,

M S xdx u H x dG u

x u

( ) { exp[ [ ( )]]} ( )max
2

0 0

2 1 1� � � �

� �

� �
� .

Ä î ê à ç à ò å ë ü ñ ò â î ýòèõ ôîðìóë îñóùåñòâëÿåòñÿ ñ ïîìîùüþ èí-
òåãðèðîâàíèÿ ïî ÷àñòÿì. Îáîçíà÷èì f t( ) õàðàêòåðèñòè÷åñêóþ ôóíêöèþ
äëÿ ìàêñèìóìà èç ïðèðàùåíèé, âîçíèêøèõ çà âðåìÿ îáñëóæèâàíèÿ òðå-
áîâàíèÿ, f t M itS( ) ( )max� . Ïðåäïîëîæèì, ÷òî â íà÷àëüíûé ìîìåíò âðåìå-
íè t �0â ñèñòåìå ìàññîâîãî îáñëóæèâàíèÿ òðåáîâàíèÿ îòñóòñòâóþò. Îáîç-
íà÷èì n T( ) ÷èñëî òðåáîâàíèé, ïîñòóïèâøèõ â ñèñòåìó îáñëóæèâàíèÿ íà
îòðåçêå âðåìåíè [ , ]0 T , � ( )T — ÷èñëî îáñëóæåííûõ òðåáîâàíèé â ñèñòåìå
ìàññîâîãî îáñëóæèâàíèÿ íà îòðåçêå âðåìåíè [ , ]0 T , è �( )T — ÷èñëî òðå-
áîâàíèé, íàõîäÿùèõñÿ íà îáñëóæèâàíèè â ñèñòåìå â ìîìåíò âðåìåíè T.
Î÷åâèäíî, n T( ) = � ( )T + �( )T .

Ðàñïðåäåëåíèå ÷èñëà ïðèøåäøèõ òðåáîâàíèé â ñèñòåìó íà îòðåçêå
âðåìåíè [ , ]0 T îïðåäåëÿåòñÿ ïî ôîðìóëå [1]

P n T n
T

n
T

n

{ ( ) }
[ ( )]

!
exp[ ( )]� � �

�

� ,

ãäå �( ) ( )T t dt

T

�
�

0

� . Îáîçíà÷èì � o
o( ) exp( )t M itST� õàðàêòåðèñòè÷åñêóþ

ôóíêöèþ ñóììû

S S S S TT
o

� � � �( ) ( ) ... ( ( ))1 2 � (1)

âñåõ ìàêñèìóìîâ ïðèðàùåíèé äëÿ òðåáîâàíèé, îáñëóæåííûõ íà îòðåçêå

[ , ]0 T . Îáîçíà÷èì [3]

�G

T

T y G T y dyo ( ) ( ) ( )� �
�

0

�
(2)

Ñóììû ìàêñèìóìîâ ïðèðàùåíèé â ìíîãîêàíàëüíîé ñèñòåìå îáñëóæèâàíèÿ
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èíòåãðàë îò èíòåíñèâíîñòè ïóàññîíîâñêîãî ïîòîêà ñ ïåðåìåííûì ïàðà-

ìåòðîì

� ( ) ( )y G T y� , y T�[ , ]0 , (3)

äëÿ ÷èñëà ïîñòóïèâøèõ íà îòðåçêå [ , ]0 T òðåáîâàíèé è îáñëóæåííûõ íà

íåì.

Òåîðåìà 2. Õàðàêòåðèñòè÷åñêàÿ ôóíêöèÿ äëÿ ñóììû âñåõ ìàêñèìóìîâ

ïðèðàùåíèé ñóìì îáñëóæåííûõ íà îòðåçêå [ , ]0 T çàÿâîê îïðåäåëÿåòñÿ ïî

ôîðìóëå

� �o
o( ) exp{ ( )[ ( ) ]}t T f tG� �1 ,

ãäå

f t M itS( ) ( )max� ; �G

T

T y G T y dyo ( ) ( ) ( )� �
�

0

� .

Ä î ê à ç à ò å ë ü ñ ò â î. Ñîãëàñíî ïðåäïîëîæåíèþ, âñå ñëàãàåìûå ñóì-

ìû (1) ÿâëÿþòñÿ íåçàâèñèìûìè â ñîâîêóïíîñòè è ðàñïðåäåëåíû òàê æå, êàê

è ñëó÷àéíàÿ âåëè÷èíà S max . Ñîãëàñíî ïðèíÿòûì îáîçíà÷åíèÿì (2) è (3)

õàðàêòåðèñòè÷åñêàÿ ôóíêöèÿ ñóììû (1) âñåõ ìàêñèìóìîâ ïðèðàùåíèé

öåí äëÿ òðåáîâàíèé (çàÿâîê î ïðîäàæå), îáñëóæåííûõ íà îòðåçêå [ , ]0 T ,

èìååò âèä

� o
o( ) exp( ) [ ( )] ( )t M itS M f tT

T
� � �

�

� � � �

�

�

n

G
G

n
G

T

n
T f t T f t

0

1
�

� �

o
o o( )

!
exp[ ( )][ ( )] exp{ ( ) [ ( ) ]}.

Òåîðåìà 2 äîêàçàíà.

Ñëåäñòâèå 2. Ìàòåìàòè÷åñêîå îæèäàíèå ñóììû ìàêñèìóìîâ ïðèðà-

ùåíèé çà âðåìÿ îáñëóæèâàíèÿ òðåáîâàíèÿ (çàÿâêè î ïðîäàæå) îïðåäå-

ëÿåòñÿ ïî ôîðìóëå MS T MST G
o o

� � ( ) max , à äèñïåðñèÿ ýòîé ñëó÷àéíîé âå-

ëè÷èíû — ïî ôîðìóëå DS T M ST G
o o

� � ( ) ( )max
2, ãäå ìîìåíòû MS max è

M S( )max
2 îïðåäåëÿþòñÿ èç ñëåäñòâèÿ 1.

Ä î ê à ç à ò å ë ü ñ ò â î. Â ñàìîì äåëå, ñ ïîìîùüþ äèôôåðåíöèðîâàíèÿ

â íóëå õàðàêòåðèñòè÷åñêîé ôóíêöèè � o( )t íàõîäèì ìàòåìàòè÷åñêîå îæè-

äàíèå ñóììû (1) [4] âñåõ ïðèðàùåíèé ñóìì äëÿ òðåáîâàíèé (çàÿâîê î

ïðîäàæå), îáñëóæåííûõ íà îòðåçêå [ , ]0 T ,

MS
t

i
T

to o
�

�

�
�

[ ( )] |� 0
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� �

�

�

�

� � �G G
t

GT T f t
f t

i
T MSo o o( ) exp{ ( ) [ ( ) ]}

( )
( ) max1

0

,

âòîðîé ìîìåíò ýòîé ñëó÷àéíîé âåëè÷èíû,

M S
t

T
t[ ]

[ ( )] |o o2 0

1
�

��

�

�
�

�

� � � � �
�

{exp{ ( ) [ ( ) ]} ( )}| ( )� �G t GT f t f t To o1 0

� � � � �
�

[ ( )] {[ ( )] exp{ ( ) [ ( ) ]}}|� �G G tT f t T f to o2 2
01

� � �� �
�

� �G G tT T f t f to o( ) exp{ ( ) [ ( ) ]}[ ( )]|1 0

� �[ ( )] ( ) ( ) ( )max max� �G GT MS T M So o2 2 2,

è åå äèñïåðñèþ: DS T M ST G
o o

� � ( ) ( )max
2.

Îáîçíà÷èì � í.î
í.î( ) exp ( )t M it ST� õàðàêòåðèñòè÷åñêóþ ôóíêöèþ

ñóììû

S S S S TT
í.î

� � � �( ) ( ) ... ( ( ))1 2 � (4)

âñåõ ìàêñèìóìîâ ïðèðàùåíèé öåí äëÿ òðåáîâàíèé (çàÿâîê î ïðîäàæå),

íàõîäÿùèõñÿ íà îáñëóæèâàíèè â ìîìåíò âðåìåíè T, ò.å. íå îêîí÷èâøèõ

îáñëóæèâàíèå ê ýòîìó ìîìåíòó âðåìåíè. Îáîçíà÷èì [5] G t G t( ) ( )� �1

�G

T

T y G T y dyí.î( ) ( ) ( )� �
�

0

� (5)

èíòåãðàë îò èíòåíñèâíîñòè ïóàññîíîâñêîãî ïîòîêà ñ ïåðåìåííûì ïàðà-

ìåòðîì

� �( ) [ ( )] ( ) ( )y G T y y G T y1� � � � , y T�[ , ]0 , (6)

äëÿ ïîñòóïèâøèõ íà îòðåçêå [ , ]0 T òðåáîâàíèé è ïðîäîëæàþùèõ ñâîå îáñëó-

æèâàíèå â ìîìåíò âðåìåíè T, ò.å. íå çàêîí÷èâøèì îáñëóæèâàíèå íà íåì.

Òåîðåìà 3. Õàðàêòåðèñòè÷åñêàÿ ôóíêöèÿ ñóììû âñåõ ìàêñèìóìîâ

ïðèðàùåíèé äëÿ òðåáîâàíèé (çàÿâîê î ïðîäàæå), ïîñòóïèâøèõ, íî íå îá-

ñëóæåííûõ íà îòðåçêå [ , ]0 T , èìååò âèä

� �í.î
í.î( ) exp{( ( ) [ ( ) ]}t T f tG� �1 ,

ãäå

f t M itS( ) ( )max� ;

�G

T

T y G T y dyí.î( ) ( ) ( )� �
�

0

� .
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Ä î ê à ç à ò å ë ü ñ ò â î. Ñîãëàñíî ïðåäïîëîæåíèþ âñå ñëàãàåìûå â

ñóììå (4) ÿâëÿþòñÿ íåçàâèñèìûìè â ñîâîêóïíîñòè è ðàñïðåäåëåíû òàê æå,

êàê è ñëó÷àéíàÿ âåëè÷èíà S max . Ñîãëàñíî ïðèíÿòûì îáîçíà÷åíèÿì (5) è (6)

õàðàêòåðèñòè÷åñêàÿ ôóíêöèÿ ñóììû (4) [6] âñåõ ìàêñèìóìîâ ïðèðàùåíèé

äëÿ òðåáîâàíèé, ïîñòóïèâøèõ, íî íå îáñëóæåííûõ íà îòðåçêå [ , ]0 T , èìååò

âèä

� í.î
í.î( ) exp( ) [ ( )] ( )t M itS M f tT

T
� � �

�

� � �

�

�

n

G
G

n
G

T

n
T f t T

0

�

� �

í.î
í.î í.î( )

!
exp[ ( )][ ( )] exp{ ( )[ f t( ) ]}�1 .

Òåîðåìà 3 äîêàçàíà.

Ñëåäñòâèå 3. Ìàòåìàòè÷åñêîå îæèäàíèå ñóììû âñåõ ìàêñèìóìîâ ïðè-

ðàùåíèé äëÿ òðåáîâàíèé (çàÿâîê î ïðîäàæå), íå îáñëóæåííûõ íà îòðåçêå

[ , ]0 T , îïðåäåëÿåòñÿ ïî ôîðìóëå MS T MST G
í.î í.î

� � ( ) max , à äèñïåðñèÿ — ïî

ôîðìóëå DS T M ST G
í.î í.î
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Âûâîäû

Ïîëó÷åííûå ðàñïðåäåëåíèÿ Ëàïëàñà äëÿ ñóìì ìàêñèìóìîâ ñâèäåòåëüñò-
âóþò î òîì, ÷òî â ðÿäå ñëó÷àåâ ýòè ðàñïðåäåëåíèÿ, ïî-ñóùåñòâó, ÿâëÿþòñÿ
áåçãðàíè÷íî äåëèìûìè âåðîÿòíîñòíûìè ðàñïðåäåëåíèÿìè.
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SUM OF INCREMENT MAXIMA IN A MULTICHANNEL

SERVICE SYSTEM WHEN MODELING AUCTION

For the input stream with a variable parameter put in the system with unlimited service the probability
distributions and numerical characteristics for the sums of maxima of the requirement increments re-
ceived and served in a finite period of time were found in terms of characteristic functions.

K e y w o r d s: distribution of sums of maxima.

Ñóììû ìàêñèìóìîâ ïðèðàùåíèé â ìíîãîêàíàëüíîé ñèñòåìå îáñëóæèâàíèÿ
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ÌÀÊÀÐÈ×ÅÂ Àëåêñàíäð Âëàäèìèðîâè÷, ä-ð ôèç.-ìàò. íàóê, ïðîôåññîð êàôåäðû òðàíñïîðò-

íûõ ñèñòåì è ëîãèñòèêè Õàðüêîâñêîãî íàöèîíàëüíîãî àâòîìîáèëüíî-äîðîæíîãî óíèâåðñè-

òåòà. Â 1981 ã. îêîí÷èë Ìîñêîâñêèé ãîñóíèâåðñèòåò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé — ïîòî-

êè ñëó÷àéíûõ ñîáûòèé ñ ïåðåìåííîé èíòåíñèâíîñòüþ, îöåíêè õàðàêòåðèñòèê íàäåæíîñòè

êîìïëåêñîâ ñëîæíûõ âîññòàíàâëèâàåìûõ ñèñòåì, ðàñïðåäåëåíèÿ ñóìì ýêñòðåìóìîâ â ñëó÷àé-

íûõ ïðîöåññàõ îáñëóæèâàíèÿ.

ÊÓÄÜ Àëåêñàíäð Àëåêñàíäðîâè÷, ãåíåðàëüíûé äèðåêòîð ÎÎÎ «Ñèìêîðä». Â 2002 ã. îêîí÷èë

Õàðüêîâñêèé íàöèîíàëüíûé àâòîìîáèëüíî-äîðîæíûé óíèâåðñèòåò. Îáëàñòü íàó÷íûõ èññëå-

äîâàíèé — ïîñòðîåíèå àëãîðèòìîâ ñóììèðîâàíèÿ äëÿ îïðåäåëåíèÿ ñëó÷àéíûõ ýëåìåíòîâ

äâîè÷íûõ ìàòðèö.

ÙÓÊÈÍ Àëåêñàíäð Áîðèñîâè÷, ãëàâà Äåïàðòàìåíòà àíàëèçà è ìîäåëèðîâàíèÿ òîðãîâî-ýêîíî-

ìè÷åñêèõ ñèñòåì ÎÎÎ «Ñèìêîðä». Â 1988 ã. îêîí÷èë Õàðüêîâñêèé àâèàöèîííûé èí-ò. Îáëàñòü

íàó÷íûõ èññëåäîâàíèé — ïðåîáðàçîâàíèå àääèòèâíûõ ôóíêöèîíàëîâ îò ñëó÷àéíûõ ïðîöåññîâ,

ñëó÷àéíûå ïîòîêè ñ èçìåíÿþùåéñÿ èíòåíñèâíîñòüþ.
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Contact Surface Resistivity
as a Favorable Condition of Commutation Process

It is shown on the basis of analysis for electrotechnical model of commutation process in the con-
tact zone of rail accelerator of macrobodies that surface resistivity of electrodes of a contact pair
is a necessary condition for favorable commutation of current in electromechanical transducers
with a sliding contact. In the model of accelerator which has the increasing resistivity of the rail
surface layer along with the rise of armature motion velocity it is shown that the volume Joule’s
losses in the skin layer per unit of rail length can be constant in spite of its resistivity growth, so
causing no additional superheating of the conductor. A discussion is performed concerning simi-
lar situation in the rotating commutator machines.

K e y w o r d s: sliding contact of machines, problems of commutation, resistivity of contact sur-
face, application in rail accelerator, similarity with rotational machines.

Íà îñíîâå àíàëèçà ýëåêòðîòåõíè÷åñêîé ìîäåëè êîììóòàöèîííîãî ïðîöåññà â êîíòàêòíîé
çîíå ðåëüñîâîãî óñêîðèòåëÿ ìàêðîòåë ïîêàçàíî, ÷òî ðåçèñòèâíûé õàðàêòåð ïîâåðõíîñòè
ýëåêòðîäîâ êîíòàêòíîé ïàðû ÿâëÿåòñÿ íåîáõîäèìûì óñëîâèåì, ñïîñîáñòâóþùèì êîì-
ìóòàöèîííîìó ïðîöåññó â ýëåêòðîìåõàíè÷åñêèõ ïðåîáðàçîâàòåëÿõ ñî ñêîëüçÿùèì êîí-
òàêòîì. Äëÿ ìîäåëè óñêîðèòåëÿ, èìåþùåé âîçðàñòàþùåå óäåëüíîå ñîïðîòèâëåíèå ïî-
âåðõíîñòíîãî ñëîÿ ðåëüñîâ ïî ìåðå âîçðàñòàíèÿ ñêîðîñòè äâèæåíèÿ ÿêîðÿ, ïîêàçàíî, ÷òî
îáúåìíûå äæîóëåâû ïîòåðè íà åäèíèöó äëèíû ñêèí-ñëîÿ ðåëüñîâ ìîãóò îñòàâàòüñÿ íå-
èçìåííûìè, íå âûçûâàÿ äîïîëíèòåëüíîãî ïåðåãðåâà ïðîâîäíèêà â ñêèí-ñëîå â ñâÿçè ñ
óâåëè÷åíèåì åãî óäåëüíîãî ñîïðîòèâëåíèÿ. Ïîäîáíàÿ ñèòóàöèÿ ðàññìîòðåíà äëÿ ýëåêò-
ðè÷åñêèõ ìàøèí âðàùàòåëüíîãî äâèæåíèÿ.

Ê ë þ ÷ å â û å ñ ë î â à: ýëåêòðîìåõàíè÷åñêèå ïðåîáðàçîâàòåëè, ñêîëüçÿùèé êîíòàêò, êîì-
ìóòàöèÿ, ðåçèñòèâíûé ïîâåðõíîñòíûé ñëîé, ðåëüñîâûé óñêîðèòåëü, ìàøèíû âðàùàòåëü-
íîãî äâèæåíèÿ.

Introduction. Electrical machines with a sliding contact continue to have the

popular application both in the field of micro-machines and in the field of the gi-

ant energy, when it is necessary to create a powerful catapult or rail accelerator at

mega-ampere current. The nature of commutation process is common for all

types of electromechanical energy converters with sliding electric contact. A

displacement of a moving electrode and a tendency to breaking of current in the
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circuit gives birth to a necessity to provide a fast dissipation of some electromag-

netic energy stored in the elements of commutated circuit.

The analytical and numerical investigation of commutation process in the

rail accelerator with variable resistivity of surface layers of contact gave a possi-

bility to propose a generalized view on the commutation process and on the

needed condition for the favorable operation of contact. Taking into account the

required resistive properties of contact surfaces it is possible to propose the spe-

cial design of rails to exclude the rail destruction by electric arc in the process of

armature motion in the rail accelerators. The paper proposes the commutation

analysis of armature motion.

A general scheme of commutation process in the machine. For any kind

of machine with sliding contact the main goal of commutation process is to keep

constant a direction and value of current in some elements of the moving part of

machine. This process is illustrated in Fig. 1, à, for the machine of rotational mo-

tion and in Fig. 1, b, for the machine of linear motion. The common property of

both schemes is the exchange of one current-carrying element of a moving part

by the next element, and time of the presence of the former one in the circuit of

V.T. Chemerys
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Fig. 1. The principal scheme of commutation in the rotating commutator machine (a) and of rail
accelerator of macrobody with linear motion of armature as continuous commutation process (b)



current is limited. Taking part in the current passage the current-carrying ele-

ment can store some value of magnetic energy due to the existence of its induc-

tance. Following the known laws of commutation this energy cannot disappear

with the exit of the element under consideration out of the current circuit.

That is why the element exit out of contact zone with a tendency to fast

breaking of current gives birth to appearance of extra-voltage as a result of the

fast drop of magnetic flux linked with this element of moving secondary part of

machine. In case of small length of the contact zone at rotating machine this ext-

ra-voltage leads to creation of electric arc through the air gap to support the exis-

tence of current, while the stored magnetic energy needs time for dissipation.

Probably, that is rational to increase the contact zone length to provide a possi-

bility for a decrease of extra-voltage due to dissipation of magnetic energy in the

massive unmovable electrode of pair.

Electrotechnical analysis of commutation process. The analytical conside-

ration of commutation process from the position of electrical engineering can be

performed simple enough in the model of linear motion of armature (Fig. 1, b). This

model corresponds to the of contact zone configuration in the rail accelerator of

macrobodies [1]. For the analysis of extra-voltage appearance it is possible to

consider the equivalent scheme of circuit shown in Fig. 2. As a result of the ele-

mentary displacement of armature at the distance �x into the existing circuit an

element of resistance �R and element of inductance �L/2 (per one side of the

contact zone) must be added. If the power supply is able to support the current

value in spite of the variation of circuit parameters it is natural that new added ele-

ments of the circuit will be under the action of extra-voltage jump �U = � (LI)/�t �

� I (�L/2)/�t, where �t is the time of armature displacement at the distance �x.

The model will be more adequate, if we shall take into account the real law of

current variation in time stipulated by power supply: I (t) = Imax [1 – exp (– t / T)],

Contact Surface Resistivity as a Favorable Condition of Commutation Process

ISSN 0204–3572. Ýëåêòðîí. ìîäåëèðîâàíèå. 2017. Ò. 39. ¹ 5 107

Fig. 2. Sketch of electrical model for commutation analysis of rail accelerator: 1 — armature re-
sistance Ra before displacement; 2 — armature resistance Ra after displacement at the distance
�x; 3 — pulsed current supply



where T � 0.5 ms is a typical time of current increase in the rail accelerator, the

amplitude meaning Imax can be accepted at the level of 1 MA. Thus for the ex-

tra-voltage Uex the equation should be written as follows:

Uex =I (t) [ �R + (�L/2)/�t ] + (�L/2) �I (t)/�t. (1)

The parameter (�L/2) can be calculated at known inductance of rails system

per unit of length L' = �L /�x [H/m] as (�L/2) = L'�x. The parameter �R can be

calculated using information about formation of skin layer depth in time � (t) =

= (D � �t)1/2 , where D = (��)–1 is a coefficient of the field diffusion into the rail

material. Finally the resistance of the rails part under switching on will be �R =

	 �x /(��b) = v /(�bvD ), where the next values have been used: velocity of arma-

ture displacement v = �x /�t; speed of the field diffusion into material of rail

vD = D / � = � /�t; a width of current layer in rail b (see Fig. 2). The full time of ar-

mature motion from the start position tk can be expressed via discrete meaning in

function of elementary step of displacement number k in assumption that the ar-

mature motion has the constant acceleration a � 5 � 105 m/s2, so the time is con-

nected with the length of the path passed by armature Sk = k�x is tk = (2 k � �x)1/2.

Then for current we have a time dependence

I (tk ) = Imax [1 – exp (– tk /T )],

and for motion velocity v (k) = (2a k�x)1/2. After substitution of all values into

equation (1) it is possible to derive the needed dependence of electrical conduc-

tivity on the path passed by armature using the condition that extra voltage Uex

must be less than ultimate value Ubr that can be a guarantee of the absence of

electrical breakdown through the air along the surface of new switched on ele-

ments of the rail. From the equality Uex = Ubr the next expression follows:

� (k) = (��t /b2) [Ubr /(I (k) v (k)) – (L'/2)]–1/2 .

Finally

� ( ) [( ) ]
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The expression (2) has been illustrated by graphs in Fig. 3 with the next

fixed parameters: T = 0.5 ms, L' = 10 –6 H/m, a = 5 �105 m/s2, Imax = 106 A, b =

= 0.04 m, � = �0 = 1.26 �10 –6 H/m, Ubr = (30, …, 400) V, �x = 0.01 m.
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The velocity of armature which corresponds to accepted data of acceleration

is shown in the graph in Fig. 4. It is clear from consideration of Fig. 2 that for re-

duction of extra-voltage up to 60 V it is necessary to decrease the electrical con-

ductivity of rails below 5 � 104 Sm/m beginning from k � 80, i.e. after the path

passed by armature less than 0.8 m. To avoid the extra-voltage at this level

under the increase of armature velocity up to 2…2.5 km/s it is necessary to de-

crease the rails conductivity up to (1…2) � 104 Sm/m.

Estimation of Joulse’s losses in the rail elements. To derive the final deci-
sion about acceptability of reduction of extra-voltage stipulated by continuous
commutation process it is necessary to make an estimation of Joule’s heat genera-
ted in the skin-layer of rail by pulsed current. For estimation we shall neglect the

change of current and velocity during time interval �t = �x /v. Thus Joule’s heat

generated in the volume of skin-layer of rail for a length �x at the k-step of arma-
ture motion will be

QJoule = I 2(k) �R (k) ���tk = (I 2
�x/b) [����� x /(��� v)]1/2. (3)

When deriving the formula (3), the expressions for �R and �tk introduced above
have been used. The main sense of (3) consists in the principal possibility to
keep Joule’s heat constant along all the elements of rails at � � v = const, because
the length of element �x is fixed here. And what about the local heat losses per
unit of volume in the skin-layer of rail? Due to the decrease of the skin-layer
depth and due to the shortening of current passage along the element �x along
with its number k the local heat losses per unit of volume in the framework of our

Contact Surface Resistivity as a Favorable Condition of Commutation Process
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Fig. 3. Electrical conductivity of rails calculated by (2): The horizontal axis gives the running co-
ordinate of rail along with armature motion: 1 — Ubr = 30 V; 2 — Ubr = 60 V; 3 — Ubr = 100 V;
4 — Ubr = 200 V; 5 — Ubr = 400 V



consideration will depend neither on the armature velocity nor on the local elect-
rical conductivity of skin-layer and will only depend on the current variation. To
be sure it is enough to calculate the local losses q = QJoule/Vsk, where QJoule is
given by (2) and Vsk is the volume of rail conductor in the skin-layer of one ele-
ment of length: Vskin = b��x. Calculation yields to result:

q = (I2
�x /b) [�����x / (��� v)]1/2

� (b �������x)–1 = � (I /b)2.

Thus, the proposed method of extra-voltage damping in the rail accelerator
due to the decrease of rail electrical conductivity along with the growth of arma-
ture motion does not bring a threat of super-heating of skin-layer in rail. It is pos-
sible due to general stability of local heat losses per unit of conductor volume. At
the same time the reduction of electrical conductivity according to (2) creates a
favourable condition for the dissipation of magnetic energy in the resistive
skin-layer of rails during armature transportation.

Discussion of results and their application to rotating machines. The
comparison of expressions (2) and (3) displays that the condition for essential re-
duction of extra-voltage (2) is more strong than the condition for provision of
stable distribution of heat losses along the rail length �v = const in (3). More-
over, in (3) the heat losses per one element of the rail length �x do not depend on
the accepted value of ultimate extra-voltage Ubr. The increase of velocity (see
Fig. 4) is given by expression v (k) = (2a k �x)1/2, so for a constant meaning Q Joule

in (3) it would be enough to save � (k) = const � (2a k � �x)–1/2 that is not necessary
to satisfy the condition (2) for limitation of extra-voltage. Thus at the choice of
the law of conductivity distribution in (2) for low meaning of extra-voltage
(Ubr = 30 ... 60 V) the value of heat losses Q Joule per element of rail length �x =
= const can be growing as a result of �v decrease in (3) in comparison with �v =

V.T. Chemerys
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Fig. 4. An armature velocity as a function of non-dimensional coordinate measured along the rail



= const. The final law of conductivity distribution along the rail must be taken
with allowance for the full set of factors as the ultimate extra-voltage, allowable
heating of skin-layer, except for the condition for arc creation. In any case the
conclusion about a positive role of the rail contact surface resistivity retains its
significance.

Concerning rotational machines we see some analogy of commutation pro-
cess jointly with some differences. Results of analysis made for rail accelerator
can be directly applied only to homopolar machine with a solid cylindrical rotor.
Respectively, in Fig. 1, a, the excitation field direction should be changed by the
axial one, and the currents of rotor should be implied as those directed along the
radius (or diameter for 2-pole system) of the cylinder. The surface of homoge-
neous massive of the rotor will behave like the rail contact surface in Fig. 1, b,
with corresponding peculiarity of commutation process due to the brushes dis-
posed in the zone of the excitation field.

In application to traditional commutator motor we must imply in Fig. 1, a,
that the winding of rotor is manufactured as a set of frames of wire, which active
sides are directed along the machine axis. Specificity of traditional machines
consists of disposition of commutator system out of the zone of excitation field.
A discrete character of lamella contact with a brush gives birth to division of
commutation process into separate parts. The first one is current excitation
through an inductive circuit of the rotor winding section with the increase of flux
linkage of this section. The next one is the useful work of current-carrying sec-
tion with creation of electrodynamics force and torque. The last part is leaving of
contact with a brush with reducing the section flux linkage. That proceeds gradu-
ally due to the contact surface shortening in time, and at this stage of the process
we meet the same necessity of stored magnetic energy dissipation at switching
off the current of the winding section. Namely in this part of commutation pro-
cess a conclusion about the useful role of the brushes resistivity can be applied.
That is why the brushes are mainly manufactured not from perfect conductor but
from graphite not only due to its anti-friction properties but also due to its low (in
comparison with copper) electrical conductivity that is useful for the quenching
of electrical arcing. In the motor design the important role belongs to the angle
between the excitation field direction and direction of radial line of brush sym-
metry. Tuning of this angle gives a possibility to regulate a time duration of the
last part of commutation process (leaving of contact) to avoid too high drop of
flux linkage of commutated section of winding.

Conclusion. The work presented in this paper can be evaluated as the fur-
ther development of the idea of isotropic layers at the rails described in the paper
[2] by Yu.A. Dreisin. The result of our analysis shows that the surface layer re-
sistance must be variable along the rail depending on the armature velocity. In
Princeton’s small railgun [3] a model with graphite rails was tested successfully.
In the NAVY Res. Lab. research [4] as well as in the previous investigations [5]

Contact Surface Resistivity as a Favorable Condition of Commutation Process
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great attention was devoted to metallurgical aspects of the rail wear to provide
their stability. Later the multi-layer cover of rails by layers of low variable con-
ductivity has been investigated in [6]. Besides the possibility to reach a reduction
of extra-voltage at commutation process the multi-layer cover of rail allows
improving the current distribution along the contact zone and avoiding the cur-
rent concentration at the trailing edge of armature caused by “velocity skin
effect”. It was demonstrated in [6] by the method of mathematic simulation
in COMSOL.

Íà îñíîâ³ àíàë³çó åëåêòðîòåõí³÷íî¿ ìîäåë³ êîìóòàö³éíîãî ïðîöåñó â êîíòàêòí³é çîí³
ðåéêîâîãî ïðèñêîðþâà÷à ìàêðîò³ë ïîêàçàíî, ùî ðåçèñòèâíèé õàðàêòåð ïîâåðõí³ åëåêòðî-
ä³â êîíòàêòíî¿ ïàðè º íåîáõ³äíîþ óìîâîþ ñïðèÿííÿ êîìóòàö³éíîìó ïðîöåñó â åëåêòðî-
ìåõàí³÷íèõ ïåðåòâîðþâà÷àõ ç êîâçàþ÷èì êîíòàêòîì. Äëÿ ìîäåë³ ïðèñêîðþâà÷à, ùî ìàº
çðîñòàþ÷èé ïèòîìèé îï³ð ïîâåðõíåâîãî øàðó ðåéîê â ì³ðó çá³ëüøåííÿ øâèäêîñò³ ðóõó
ÿêîðÿ, ç’ÿñîâàíî, ùî îá’ºìí³ âòðàòè åíåðã³¿ íà äæîóëåâå òåïëî â ðîçðàõóíêó íà îäèíèöþ
äîâæèíè ñê³íîâîãî øàðó ðåéîê ìîæóòü çàëèøàòèñÿ íåçì³ííèìè, íå âèêëèêàþ÷è äîäàò-
êîâîãî ïåðåãð³âàííÿ ïðîâ³äíèêà ó ñê³íîâîìó øàð³ ÷åðåç çðîñòàííÿ éîãî ïèòîìîãî îïîðó.
Ðîçãëÿíóòî ðîëü ðåçèñòèâíîãî õàðàêòåðó ìàòåð³àëó åëåêòðîä³â êîíòàêòíî¿ ïàðè â åëåêò-
ðè÷íèõ ìàøèíàõ îáåðòàëüíîãî ðóõó.

Ê ë þ ÷ î â ³ ñ ë î â à : åëåêòðîìåõàí³÷íèé ïåðåòâîðþâà÷, êîâçàþ÷èé êîíòàêò, êîìóòàö³ÿ,
ðåçèñòèâíèé ïîâåðõíåâèé øàð, ðåéêîâèé ïðèñêîðþâà÷, ìàøèíè îáåðòàëüíîãî ðóõó.
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The Georgy Pukhov Institute for Energy Modelling of the National Academy of Science

of Ukraine (hereinafter referred to as the Publisher, GPI EM), on the one hand, offers

an indefinite number of persons (hereinafter referred to as Author), on the other hand

(collectively referred to as the Parties) have entered into this agreement (hereinafter -

Agreement) on the publication of scientific papers (hereinafter - Article) in the Inter-

national Scientific-Theoretical Journal “Electronic Modeling” (hereinafter - the Journal),

under the Publisher’s control.

1. General provisions

1.1. In accordance with Article 641 of the Civil Code of Ukraine this Agreement is

considered as the proposal for concluding the contract (Public Offer). When Author

sends his Articles on e-mail em@ipme.kiev.ua, it means that he completely and uncon-

ditionally accepted this Agreement in accordance with the Article 642 of the Civil Code

of Ukraine.

1.2. The Journal is registered in the State Register of Print Media and News Agen-

cies as subject of informational activity of Ukraine. The Certificate of registration of the

Ministry of Justice of Ukraine: HF No 13147-2031PR of 27.08.2007.

2. Terms

Author - a physical person(s), who created an Article by his (their) creative activity.

Acceptance of the Offer - full and unconditional acceptance of the Offer.

Journal - International Scientific-Theoretical Journal “Electronic Modeling”.

Application - e-mail from an Author to the Publisher with request on Publication

of an Article in the Journal.

Publisher - The Georgy Pukhov Institute for Energy Modelling of the National

Academy of Science of Ukraine.

Offer - this document on the Publication of Articles.

Publication - placement of an Article in the Journal.

Editorial Board - creative team of the Journal.

Article - scientific, educational, methodical material (text), submitted by the

Author for Publication in the Journal.

Processing of personal data - actions (operations) with personal data, including

collection, systematization, accumulation, storage, clarification (update, change), use,

distribution.
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3. Subject of the Agreement (the Offer)

3.1. Under this Agreement, Author sends an Article to the Editorial Board for

Publication in the Journal according to non-exclusive license to use the Article in con-

formity with the Article 15, 31 and 32 of the Law of Ukraine “On Copyright and Related

Rights”. When sending Article, Author agrees with the concept of the Journal, rules of

review and publishing ethics.

3.2. The Editorial Board provides the Author services related to the Publication of

his Article: takes the Article on a preliminary analysis, provides review (express-re-

view, anonymous review), decides on the acceptance of the Article for Publication, pre-

pares the Article for Publication, publishes the Article in the Journal and on the Jour-

nal’s information resource (web-site).

3.3. Licence Rights on Article under this Agreement, do not suppose any payment

of remuneration for Author and in accordance with Paragraph 2 of Article 15 of the Law

of Ukraine “On Copyright and Related Rights” includes the following:

3.3.1. Article reproduction.

3.3.2. Public announcement of the Article.

3.3.3. Any re-publication of the Article.

3.3.4. Translations to other languages.

3.3.5. Re-writing, adaptation and other changes of the Article.

3.3.6. Distribution of the Article via the first sale, alienation by other means or

other rights transfer prior to the first sale.

3.3.7. Copies import of the Article.

3.4. Territory of the licence is not limited.

3.5. This Agreement comes into effect from the date of e-mail that was sent to the

Editorial Board according to the Paragraph 1.1 of this Agreement, which is an uncondi-

tional and full acceptance of the Offer to conclude an Agreement in accordance with Ar-

ticle 642 of the Civil Code of Ukraine.

3.6. Proprietary copyrights stipulated in this Agreement, are transferred from the

Author to the Publisher for free for the entire term of the exclusive licence according the

legislation of Ukraine.

3.7. In case the Publisher decides to decline Publication of the Article or in case the

Author withdraws the Article before Publication this Agreement shall lose its effect.

Author is informed via e-mail in case of decision to decline Publication. The Author

must withdraw by his handwritten signed request sent to Editorial Board office of the

Electronic Modeling Journal or in the form of a scanned document.

4. The rights and obligations of the Parties

4.1. The Author claims that:

4.1.1. He has all exclusive rights to the Article.

4.1.2.The Article is original, created by the Author(s) alone and is not published.

4.1.3. By creating the Article he has not violated someone’s rights.
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4.1.4. This Article contains all relevant and proper copyright links to cited authors

and / or publications (materials).

4.1.5. The Article is not a subject of a pledge, was not transferred to a third party

under the contract of alienation of the exclusive right or an exclusive license agreement

and is not burdened with any rights and claims of third parties.

4.2. The Author is obliged to:

4.2.1. Prepare the Article in accordance with the requirements of the Editorial

Board, published on the website of the Journal on the Internet and / or in the publication.

4.2.2. Specify in the Application an address where Editorial Board will send the

printed copy of the Journal with the Article.

4.2.3. Pay for mentioned postal services of the Editorial Board.

4.3. The Author has the right:

4.3.1. Receive free of charge a printed copy of the Journal with the Article.

4.3.2. Use materials of published Article in his own theses or books.

4.3.3. To donate Editorial Board to improve services quality.

4.4. Publisher is obliged to:

4.4.1. Within thirty (30) calendar days from the date of the adoption of the Article

fulfill its mandatory internal anonymous review.

4.4.2. Publish the Article in the Journal in case of making a decision according to

results of review. Publication date depends on the date when the Article was received

and initial quality of the Article.

4.4.3. In case of negative review, send decline to the Author via e-mail.

4.5. The Publisher has a right to:

4.5.1. Make editing and proofreading changes in the Article, including the reduc-

tion, if these changes do not alter the meaning, correctness, presentation and do not vio-

late the integrity of the perception of the material. These steps may be also made by third

parties, that have sub-license agreement with the Publisher.

4.5.2. Establish rules (conditions)of receipt and Publication of Articles in the Journal.

4.5.3. Set priority rules in Publication of Articles.

4.5.4. Accept donations addressed to the Editorial Board to improve the quality of

services.

4.6. In all cases not mentioned and not covered by this Agreement, the Parties are

obliged to be guided by the current legislation of Ukraine.

4.7. The Parties have the right to enter into other agreements, one way or another

related to the subject of this Agreement, on terms that do not contradict the conditions of

this Agreement.

5. Acceptance of the Offer and conclusion of the Agreement

5.1. This Agreement shall enter into force upon its conclusion, when the Author

performs the Acceptance of the Offer by sending his Article to the e-mail address of the

Journal. The Agreement is concluded for the complete duration of the exclusive right

term under current legislation.
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6. The procedure for amendment and termination of the Agreement

6.1. Offer that was accepted by the Author, operates as an Agreement between the

Parties and cannot be changed without the consent of the Parties. The Publisher has the

right to change the terms and conditions of the Offer, that does not affect the terms and

conditions of existing agreements with Authors. The current revision of the Offer, as

well as its previous editions are published on the Publisher’s website.

6.2. In case of disagreement with the changes of this Agreement, the Author may

send a written notice of cancellation of this Agreement before the entry into force of the

amendments. If Author does not deny changes, they are considered accepted, and the

Agreement remains in force as amended.

6.3. This Agreement may be terminated earlier by mutual agreement of the Parties.

6.4. The Author has the right to withdraw the Article and is obliged in this case to

reimburse the Publisher its losses caused by such decision. If the Article is already dis-

closed, the Author also has to notify the withdeawal publicly. The Author has the right

to withdraw from circulation previously released copies of the Article, compensating

for the losses.

6.5. If one of the Parties shall decide to stop the execution of the Agreement, it shall

notify the other Party in writing form. In this case, the obligations arising from the

Agreement shall be deemed terminated from the date of receipt of the other Party notifi-

cation to terminate the Agreement.

7. Responsibility

7.1. For non-performance or improper performance of their obligations under the

Agreement, the Parties shall be liable in accordance with the current legislation of

Ukraine.

7.2. All information provided by the Author, should be reliable. The Author is respon-

sible for the accuracy and openness (article contains no information prohibited for publica-

tion in the press) and the completeness of the information transmitted to the Publisher.

7.3. The Author is solely responsible for unauthorized use of the results of intellec-

tual work of third parties, and materials used in it, as well as all matters relating to the

rights to it.

7.4. The Publisher is not liable for actions of the Author.

7.5. Parties are not responsible for violation of the terms of the Agreement, if such

failure is caused by force majeure, including: actions of public authorities (including

adoption of legal acts), fire, flood, earthquake and other natural disasters, lack of elec-

tricity and / or operation failures of computer network, strike, civil commotion, riot, or

any other force majeure.

8. Settlement of Disputes

8.1. Disputes and disagreements are resolved by means of negotiations, and in case

the agreement is not reached - in accordance with the current legislation of Ukraine.

8.2. Unresolved disputes between the Parties are settled in court at the location of

the Publisher in accordance with the current legislation of Ukraine.
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9. Other conditions

9.1. The Author expresses his consent to the processing by the Publisher of the fol-

lowing personal information:

• surname, name, patronymic;

• date of birth;

• information on education;

• information on the place of work and position;

• information on contact details for correspondence;

• information on availability publications;

• information about the directions of scientific research of the Author;

• the address of the Author to which the copy of the Journal with published Article

will be delivered in accordance with paragraph 4.2.3.

9.2. The Publisher has the right to process personal data of the Author for the execution

of this Agreement, including the performance of informational services for the Author.
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