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íåéðîííûõ ñåòåé. Ïîêàçàíî, ÷òî îïèñàíèå ðàçâèòèÿ ïîæàðà íà îñíîâå ïåðêîëÿöèîííîãî ïðîöåññà
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Ïðîãíîçèðîâàíèå âîçíèêíîâåíèÿ è ðàçâèòèÿ ãîðå-
íèÿ ÿâëÿåòñÿ àêòóàëüíûì âîïðîñîì ñ òî÷êè çðåíèÿ
îáåñïå÷åíèÿ áåçîïàñíîñòè ëþäåé è ñîõðàíåíèÿ ìà-
òåðèàëüíûõ öåííîñòåé ïðè ïîæàðàõ íà ðàçëè÷íûõ
îáúåêòàõ. Ñïåöèôèêà ïðîãíîçèðîâàíèÿ ïîæàðîâ òà-
êîâà, ÷òî ïðè îöåíêå ïîæàðíîé îïàñíîñòè, îñîáåííî
äëÿ êðóïíûõ è ñëîæíûõ îáúåêòîâ, òðåáóåòñÿ áîëü-
øîé îáúåì ñïðàâî÷íîé èíôîðìàöèè è ðàñ÷åòíûõ
ìåòîäîâ ìîäåëèðîâàíèÿ îáñòàíîâêè íà ïîæàðå.

Ëþáîé ïîäõîä â ìîäåëèðîâàíèè ïðåäñòàâëÿåò
ñîáîé êîìïëåêñíóþ è ñëîæíóþ çàäà÷ó. Ïîíÿòèå ìî-
äåëèðîâàíèÿ ïîæàðîâ îõâàòûâàåò ôèçèêî-ìàòåìàòè-
÷åñêîå ïðåäñòàâëåíèå âñåõ ïðîöåññîâ, òàê èëè èíà÷å
ñâÿçàííûõ ñ âîçíèêíîâåíèåì è ðàçâèòèåì ïîæàðà
(âîçäåéñòâèå îïàñíûõ ôàêòîðîâ ïîæàðà (ÎÔÏ) íà
÷åëîâåêà, ïîâåäåíèå ëþäåé â ýêñòðåìàëüíûõ ñèòóà-
öèÿõ, ñòðàòåãèÿ è òàêòèêà ïîæàðîòóøåíèÿ, îöåíêà
ïîòåíöèàëüíîãî è ôàêòè÷åñêîãî óùåðáà îò ïîæàðà).

Âî ìíîãîì âûáîð ìàòåìàòè÷åñêèõ ïðîãðàìì
(áóäü òî èíòåãðàëüíûå, çîííûå èëè ïîëåâûå) çàâèñèò

îò îáëàñòè ïðèìåíåíèÿ ðàñ÷åòà ðàçâèòèÿ ïîæàðîâ
êàê äëÿ çàìêíóòûõ ïðîñòðàíñòâ (ïîìåùåíèé), òàê è
íà îòêðûòîì âîçäóõå (â îñíîâíîì ëåñíûå ïîæàðû),
è âîçäåéñòâèÿ íà èõ ðàçâèòèå ðàçëè÷íûõ ôàêòîðîâ
[1–3]. Îäíàêî ðàçâèòèå ïîæàðîâ íà îòêðûòûõ òåð-
ðèòîðèÿõ, îñîáåííî â ñåëüñêèõ íàñåëåííûõ ïóíê-
òàõ, îáóñëîâëåíî êîíñòðóêòèâíûìè îñîáåííîñòÿ-
ìè çäàíèé è ñîîðóæåíèé, óäàëåííîñòüþ ïîæàðíûõ
÷àñòåé, íàëè÷èåì è ðàñïîëîæåíèåì âîäîèñòî÷íè-
êîâ, ïîãîäíûìè óñëîâèÿìè (ìàêñèìàëüíàÿ è ìèíè-
ìàëüíàÿ òåìïåðàòóðà âîçäóõà, àòìîñôåðíûå îñàä-
êè, íàïðàâëåíèå âåòðà) è ò. ä. [4–12], ÷òî íå äàåò
âîçìîæíîñòè òî÷íî äåòåðìèíèðîâàòü (îïðåäåëèòü
èëè îöåíèòü) ïðîèñõîäÿùèå ñîáûòèÿ âî âðåìåíè.

Ïðåäóïðåæäåíèå ïîæàðîâ â ñåëüñêèõ íàñåëåííûõ
ïóíêòàõ, ãðàíè÷àùèõ ñ ëåñíûìè ìàññèâàìè, ñòàíî-
âèòñÿ âñå áîëåå è áîëåå àêòóàëüíîé çàäà÷åé. Ñîáû-
òèÿ æàðêîãî ëåòà íàãëÿäíî ïîêàçàëè, ÷òî ïîæàðíûå
ïîäðàçäåëåíèÿ íå âñåãäà ñïîñîáíû ïðåäîòâðàòèòü
ñòèõèéíîå áåäñòâèå â ñåëüñêèõ íàñåëåííûõ ïóíêòàõ,
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îñîáåííî â óñëîâèÿõ îãðàíè÷åííîñòè ñèë è ñðåäñòâ.
Ïðè÷èíà ýòîãî ÷àùå âñåãî çàêëþ÷àåòñÿ â îòñóòñò-
âèè èññëåäîâàíèÿ ñèñòåìíûõ ñâÿçåé ïðîòèâîïîæàð-
íîãî ñîñòîÿíèÿ îáúåêòîâ, ðàñïîëîæåííûõ íà îòêðû-
òûõ òåððèòîðèÿõ. Ïðè ïîâûøåíèè ýôôåêòèâíîñòè
òàêèõ îáúåêòîâ íåîáõîäèìî ñèñòåìíî ïðîðàáàòû-
âàòü èõ ïðîòèâîïîæàðíóþ çàùèòó, íå äîïóñêàÿ îò-
ñòóïëåíèé îò íîðìàòèâíûõ òðåáîâàíèé, íàðóøåíèå
èëè íåñîáëþäåíèå êîòîðûõ, êàê ïðàâèëî, ïðèâîäèò
ê îãðîìíîìó ìàòåðèàëüíîìó óùåðáó, ÷åëîâå÷åñêèì
æåðòâàì, íåãàòèâíûì ñîöèàëüíî-ïñèõîëîãè÷åñêèì
è ýêîëîãè÷åñêèì ïîñëåäñòâèÿì.

Àíàëèç äîñòóïíîé çàðóáåæíîé è îòå÷åñòâåííîé
íàó÷íîé è íîðìàòèâíî-òåõíè÷åñêîé ëèòåðàòóðû â
îáëàñòè ïîæàðíîé áåçîïàñíîñòè ïîêàçàë, ÷òî âîïðîñ
ïðîãíîçèðîâàíèÿ ðàçâèòèÿ ïîæàðîâ â ñåëüñêèõ íà-
ñåëåííûõ ïóíêòàõ ÿâëÿåòñÿ, áåçóñëîâíî, àêòóàëüíûì
(îñîáåííî â íàøåé ñòðàíå). Ïîæàðû â äåðåâíÿõ, ñà-
äîâîäñòâàõ è ò. ï. ñòàëè äëÿ íàøåé ñòðàíû òðàäèöè-
îííûìè (òàáë. 1). Åäèíàÿ íàó÷íàÿ êîíöåïöèÿ ñîçäà-
íèÿ ìàòåìàòè÷åñêîé ìîäåëè äëÿ ïðîãíîçèðîâàíèÿ
ðàçâèòèÿ ïîæàðà â ñåëüñêèõ íàñåëåííûõ ïóíêòàõ íà
äàííûé ìîìåíò îòñóòñòâóåò, ïîýòîìó âîçíèêàåò íå-
îáõîäèìîñòü â ñîâåðøåíñòâîâàíèè ìåòîäîâ ïðîãíî-
çèðîâàíèÿ ïîæàðîâ ïðè ïðîåêòèðîâàíèè ñòðîèòåëü-
íûõ îáúåêòîâ â ñåëüñêèõ ïîñåëåíèÿõ.

Îñíîâíîé öåëüþ ìîäåëèðîâàíèÿ ÿâëÿåòñÿ èñ-
ñëåäîâàíèå ðàçëè÷íûõ îáúåêòîâ è ïðåäñêàçàíèå ðå-
çóëüòàòîâ áóäóùèõ íàáëþäåíèé. Ìàòåìàòè÷åñêîå
ìîäåëèðîâàíèå è ñâÿçàííûé ñ íèì êîìïüþòåðíûé
ýêñïåðèìåíò íåçàìåíèìû â òåõ ñëó÷àÿõ, êîãäà íà-
òóðíûé ýêñïåðèìåíò íåâîçìîæåí èëè çàòðóäíåí ïî
òåì èëè èíûì ïðè÷èíàì. Êðîìå òîãî, âñå ýòî âïîëíå

ìîæíî ñäåëàòü íà êîìïüþòåðå, ïîñòðîèâ ïðåäâàðè-
òåëüíî ìàòåìàòè÷åñêèå ìîäåëè èçó÷àåìîãî ÿâëåíèÿ.

Â íàñòîÿùåé ðàáîòå ñîçäàí àëãîðèòì (ðèñ. 1) è
ðàçðàáîòàíà ïðîãðàììà, ïî êîòîðîé ïðîâîäèëîñü ìî-
äåëèðîâàíèå è ñâÿçàííàÿ ñ íèì ñåðèÿ êîìïüþòåð-
íûõ ýêñïåðèìåíòîâ.

Äëÿ ïîëó÷åíèÿ ìîäåëè ïðîöåññà ãîðåíèÿ áûëà
èñïîëüçîâàíà òåîðèÿ ïåðêîëÿöèè [13–16], ïî êîòî-
ðîé âû÷èñëÿëàñü ðàçìåðíîñòü è ïëîòíîñòü çàïîëíå-
íèÿ ïðîñòðàíñòâà êîíêðåòíîãî ñåëüñêîãî íàñåëåí-
íîãî ïóíêòà. Äëÿ ýòîãî ïðèìåíÿëñÿ àëãîðèòì, îñíî-
âàííûé íà âû÷èñëåíèè ïðîñòðàíñòâåííîé ìåðû P.
Èññëåäóåìûå îáúåêòû ïîêðûâàëèñü ìíîæåñòâîì òî-
÷åê N, îáðàçóþùèõ êëàñòåðû.

Òîãäà

P y y N� �& ( ) ( ) ,% %ï ï (1)

ãäå y(%ï) — ãåîìåòðè÷åñêèé êîýôôèöèåíò, çàâèñÿ-
ùèé îò âûáîðà ïîêðûâàþùåãî îáúåêòà;
%ï — ðàçìåðíîñòü Õàóñäîðôà – Áåçèêîâè÷à.
Òåîðèÿ ïåðêîëÿöèè (ïðîòåêàíèÿ) èìååò äåëî ñ

îáðàçîâàíèåì ñâÿçàííûõ îáúåêòîâ â íåóïîðÿäî÷åí-
íûõ (ñëó÷àéíûõ) ñðåäàõ. Áîëüøèíñòâî ðåçóëüòàòîâ
èññëåäîâàíèé ñ èñïîëüçîâàíèåì òåîðèè ïåðêîëÿ-
öèè ïîëó÷åíî â ðåçóëüòàòå êîìïüþòåðíîãî ìîäåëè-
ðîâàíèÿ. Ïðè ýòîì ïðèõîäèòñÿ ïðîâîäèòü ìíîæå-
ñòâî êîìïüþòåðíûõ èñïûòàíèé íà áîëüøèõ îáú-
åêòàõ, ÷òî ïîòðåáîâàëî ðàçðàáîòêè ýôôåêòèâíûõ
àëãîðèòìîâ.

Ïðè êëàññè÷åñêîì ïîäõîäå ïåðêîëÿöèîííûé ïðî-
öåññ îáû÷íî ðàññìàòðèâàþò íà ðàçëè÷íûõ òèïàõ
ðåøåòîê â ðàçëè÷íûõ ïðîñòðàíñòâàõ, óçëû êîòîðûõ
“çàíÿòû” íåçàâèñèìî äðóã îò äðóãà íåêîòîðûìè îáú-
åêòàìè ñ âåðîÿòíîñòüþ p < 1 (ðèñ. 2). Â ðîëè òàêèõ

¹
ï/ï

Õàðàêòåðèñòèêà
Äàòà ïîæàðà

27.03.11 02.04.11 24.04.11 04.05.11 02.06.11 08.07.11

1 Íàïðàâëåíèå è ñêîðîñòü âåòðà, ì/ñ,
îáëà÷íîñòü

�3
ßñíî

�5
Ïàñìóðíî

�2
ßñíî

�6
Îáëà÷íî

�6
Îáëà÷íî

�2
Îáëà÷íî

2 Òåìïåðàòóðà âîçäóõà, °Ñ �12 +6 +6 +4 +20 +22

3 Ðàññòîÿíèå îò Ï× äî ïîæàðà, êì 8 40 17 15 10 16

4 Âðåìÿ ñëåäîâàíèÿ tïðèá – tñîîáù, ìèí 14 37 19 15 18 20

5 Âðåìÿ ïîäà÷è ïåðâûõ ñòâîëîâ
tïîä – tñîîáù, ìèí

15 38 20 16 19 21

6 Âðåìÿ ëîêàëèçàöèè tëîê – tïðèá, ìèí 26 36 20 77 102 16

7 Êîëè÷åñòâî ëè÷íîãî ñîñòàâà NÏÀ� 3 6 6 6 12 6 6

8 Îáùèé ðàñõîä âîäû Q, ë/ñ 14,8 14,8 14,8 26 14,8 14,8

9 Âèä âîäîèñòî÷íèêà ÏÃ ÏÂ ÏÂ ÏÃ ÏÂ ÏÃ

10 Ðàññòîÿíèå äî âîäîèñòî÷íèêà, ì 1000 400 150 700 1000 800

11 Ñòåïåíü îãíåñòîéêîñòè V V III V IV V

Ï ð è ì å ÷ à í è å . ÏÃ — ïîæàðíûé ãèäðàíò; ÏÂ — ïîæàðíûé âîäîåì; NÏÀ — êîëè÷åñòâî ïîæàðíûõ àâòîìîáèëåé.

Òàáëèöà 1. Õàðàêòåðèñòèêà îáñòàíîâêè íà ïîæàðàõ â ñåëüñêèõ ïîñåëåíèÿõ Ëåíèíãðàäñêîé îáëàñòè (ïðèìåð èç àíàëèçà)
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îáúåêòîâ ìîãóò âûñòóïàòü ñòðîåíèÿ, äåðåâüÿ è ò. ï.
Äîëÿ íåçàíÿòûõ (“ïóñòûõ”) óçëîâ ðåøåòêè ðàâíà
1 – p. Ïðè ýòîì òðåáóåòñÿ îïðåäåëèòü, îáðàçóþò ëè
çàíÿòûå óçëû íåïðåðûâíûé ïóòü îò íèæíåãî êðàÿ
ðåøåòêè äî âåðõíåãî. Ïîä íåïðåðûâíûì ïîíèìàåò-
ñÿ ïóòü, ñîåäèíÿþùèé îäèí çàíÿòûé óçåë ðåøåòêè ñ
ñîñåäíèì çàíÿòûì óçëîì. Åñëè òàêîé ïóòü ñóùåñò-
âóåò, òî ãîâîðÿò, ÷òî ïðîöåññ “ïðîòåêàåò” (â ïåðåâîäå
ñ àíãë. percolation process). Íàèìåíüøàÿ ïëîòíîñòü x

çàíÿòûõ óçëîâ, ïî êîòîðîìó “ïðîòåêàåò” ïðîöåññ, ÿâ-
ëÿåòñÿ êðèòè÷åñêîé ïëîòíîñòüþ, èëè ïîðîãîì ïåð-
êîëÿöèè xc [13].

Òàêèì îáðàçîì, åñëè ðàññìàòðèâàòü ÷åðíûå óçëû
â êà÷åñòâå ãîðÿùèõ îáúåêòîâ, òî îáðàçîâàíèå öå-
ïî÷êè ãîðÿùèõ îáúåêòîâ (âåðîÿòíîñòü ðàñïðîñòðà-
íåíèÿ ïëàìåíè îò ãîðÿùåãî îáúåêòà ê ñîñåäíåìó),
ïðîõîäÿùåé ÷åðåç âñþ ñèñòåìó, ñîîòâåòñòâóåò îá-
ðàçîâàíèþ ïîæàðà â ñåëüñêîì íàñåëåííîì ïóíêòå.

Ïóòü, ïðåäñòàâëåííûé ñèíåé ëèíèåé íà ðèñ. 2,
óêàçûâàåò íà òî, ÷òî ñèñòåìà âûøå ïîðîãà ïåðêîëÿ-
öèè. Ñàìàÿ âàæíàÿ ÷åðòà ôèçèêè âñåõ êðèòè÷åñêèõ
ÿâëåíèé ñîñòîèò â òîì, ÷òî âáëèçè êðèòè÷åñêîãî ñî-
ñòîÿíèÿ ñèñòåìà ðàñïàäàåòñÿ íà áëîêè ñ îòëè÷àþùè-
ìèñÿ ñâîéñòâàìè, ïðè÷åì ðàçìåð îòäåëüíûõ áëîêîâ
íåîãðàíè÷åííî ðàñòåò ïðè ïðèáëèæåíèè ê êðèòè÷å-
ñêîé (ïîðîãîâîé) òî÷êå. Êîíôèãóðàöèÿ áëîêîâ ïðè
ýòîì ñëó÷àéíà. Â íåêîòîðûõ ôèçè÷åñêèõ ÿâëåíèÿõ
âñÿ êîíôèãóðàöèÿ ìåíÿåòñÿ õàîòè÷åñêè, â äðóãèõ
— ïðè ïåðåõîäå îò îáðàçöà ê îáðàçöó. Áëîêè ðàñïî-
ëîæåíû áåñïîðÿäî÷íî, ïîýòîìó â ïðîöåññå èõ ôîð-
ìèðîâàíèÿ òðóäíî óâèäåòü êàêèå-ëèáî ãåîìåòðè÷å-
ñêèå çàêîíîìåðíîñòè. Îäíàêî ýòè çàêîíîìåðíîñòè
åñòü è îáëàäàþò âïîëíå îïðåäåëåííûìè ñâîéñòâàìè.
Ôèçè÷åñêèå è õèìè÷åñêèå ñâîéñòâà â ñèñòåìå íå-
ðàçðûâíî ñâÿçàíû ñ èõ ãåîìåòðèåé.

Ïðè èññëåäîâàíèè ïåðêîëÿöèè ââîäèòñÿ ïîíÿòèå
êëàñòåðà, ïîä êîòîðûì ïîíèìàåòñÿ ñîâîêóïíîñòü
ñâÿçàííûõ óçëîâ. Èìè ìîãóò áûòü êàê óäàëåííûå
(áëîêèðîâàííûå) óçëû, òàê è óçëû, ó÷àñòâóþùèå â
ïåðåäà÷å îãíÿ. Åñëè x < xc, òî â ñèñòåìå åñòü òîëüêî
êëàñòåðû èç êîíå÷íîãî ÷èñëà óçëîâ, ïîýòîìó ðàçâè-
òèå ïîæàðà áóäåò ëîêàëèçîâàíî è ãîðåíèå ïðåêðà-
òèòñÿ. Åñëè x > xc, òî îáÿçàòåëüíî ïîÿâÿòñÿ óçëû,
ïðèíàäëåæàùèå áåñêîíå÷íîìó êëàñòåðó [13].

Ïîðÿäîê ìîäåëèðîâàíèÿ ðàçâèòèÿ ïîæàðà çàêëþ-
÷àëñÿ â ñëåäóþùåì:

Ðèñ. 1. Áëîê-ñõåìà àëãîðèòìà ðàçâèòèÿ è ðàñïðîñòðàíåíèÿ
ïîæàðîâ â ñåëüñêèõ íàñåëåííûõ ïóíêòàõ

Ðèñ. 2. Ïåðêîëÿöèîííûé ïðîöåññ íà äâóìåðíîé ðåøåòêå



ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2017 ÒÎÌ 26 ¹ 2 47

ÌÎÄÅËÈÐÎÂÀÍÈÅ ÏÎÆÀÐÎÂ

� ñòðîèòåëüíûå îáúåêòû ðàñïîëàãàëè íà êâàäðàò-
íîé ðåøåòêå, êîòîðàÿ ñîîòâåòñòâóåò ñåëüñêîìó
íàñåëåííîìó ïóíêòó, ñ ó÷åòîì êëàññà ãîðþ÷åñòè:
äåðåâÿííûå (IV è V ñòåïåíè îãíåñòîéêîñòè), êèð-
ïè÷íûå ïîñòðîéêè è êîíñòðóêöèè (I è II ñòåïåíè
îãíåñòîéêîñòè) è êèðïè÷íûå êîíñòðóêöèè ñ äå-
ðåâÿííîé îòäåëêîé (III ñòåïåíü îãíåñòîéêîñòè);

� îïðåäåëÿëè ðàçìåðíîñòü ïðîñòðàíñòâà Õàóñäîð-
ôà – Áåçèêîâè÷à ïóòåì ãåíåðèðîâàíèÿ ñëó÷àéíûõ
òî÷åê ìåòîäîì Ìîíòå-Êàðëî (ðèñ. 3);

� åñëè îòíîøåíèå ïîæàðíîé íàãðóçêè (îáùåé ïëî-
ùàäè ïðîñòðàíñòâà) ê îáùåé ïëîùàäè ñòðîèòåëü-
íûõ îáúåêòîâ íà òåððèòîðèè ýòîãî ïðîñòðàíñòâà
áîëüøå èëè ðàâíî ïðåäåëó ïåðêîëÿöèè (îòíîøå-
íèå êîëè÷åñòâà òî÷åê ê îáùåìó êîëè÷åñòâó ïîïà-
äàíèé òî÷åê íà ñòðîèòåëüíûå îáúåêòû), òî îïðå-
äåëÿëè ïëîùàäü S ðàñïðîñòðàíåíèÿ ïëàìåíè ñ ïî-
ìîùüþ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ (ðèñ. 4);

� åñëè ýòî îòíîøåíèå ìåíüøå ïðåäåëà ïåðêîëÿ-
öèè, òî âû÷èñëÿëè ìàêñèìàëüíûå êëàñòåðû.

Ïðè ìîäåëèðîâàíèè ïðèìåíèòåëüíî ê ñåëüñêèì
íàñåëåííûì ïóíêòàì ó÷èòûâàëè âíåøíèå âîçäåé-
ñòâèÿ íà ïðîöåññ ãîðåíèÿ (íàïðàâëåíèå è ñêîðîñòü
âåòðà), ðàññ÷èòûâàëè ëèíåéíóþ ñêîðîñòü ðàñïðî-
ñòðàíåíèÿ ôðîíòà ïîæàðà r(') (ì/ìèí) (ðàñïðîñòðà-
íåíèå ôðîíòà ïîæàðà ïðîèñõîäèëî â âèäå ýëëèïñà
ñ òî÷êîé âîñïëàìåíåíèÿ, íàõîäÿùåéñÿ â îäíîì èç
ôîêóñîâ):

r

r B

B

h

( cos ( ,'( '(�
� ��

 
! "

#
$

� ��
 
! "

#
$

1 1 1

1 1 1

2

2
(2)

ãäå ' — óãîë îòêëîíåíèÿ ðàñïðîñòðàíåíèÿ ôðîíòà
îò íàïðàâëåíèÿ âåòðà, ãðàä;
rh — ñêîðîñòü ðàñïðîñòðàíåíèÿ ôðîíòà â íàïðàâ-
ëåíèè âåòðà, ì/ìèí;
B — îòíîøåíèå äëèíû ñòðîèòåëüíîãî îáúåêòà ê
øèðèíå.
Ïðîãðàììà òàêæå ó÷èòûâàëà õàðàêòåð ðàçâèòèÿ

ïîæàðà (ïî ïðèíöèïó ëåñíîãî ïîæàðà): ïî ïîâåðõ-

Ðèñ. 3. Îïðåäåëåíèå ðàçìåðíîñòè
ïðîñòðàíñòâà Õàóñäîðôà – Áåçè-
êîâè÷à ìåòîäîì Ìîíòå-Êàðëî

Ðèñ. 4. Ïðèìåð ðàçâèòèÿ ïîæàðà íà èññëåäóåìîì ó÷àñòêå
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íîñòè çåìëè (“íèçîâîé” ïîæàð), ïðè êîòîðîì ãîðÿò
òðàâà, êóñòàðíèêè è ñòâîëû äåðåâüåâ, íàõîäÿùèåñÿ
â íåïîñðåäñòâåííîé áëèçîñòè îò ñòðîåíèÿ); ãîðåíèå
âåðõíåé ÷àñòè äîìîâ è áëèçñòîÿùèõ äåðåâüåâ (“âåð-
õîâîé” ïîæàð); âîçíèêíîâåíèå íîâûõ î÷àãîâ ïîæà-
ðà â ðåçóëüòàòå âûáðîñà è ïåðåíîñà âåòðîì ãîðÿùèõ
ãîëîâíåé (êîëè÷åñòâî èñêð çàâèñèò îò ìíîæåñòâà
ñëó÷àéíûõ ïàðàìåòðîâ, òàêèõ êàê òåððèòîðèàëüíîå
ðàñïîëîæåíèå ãîðþ÷èõ îáúåêòîâ, ðåëüåô ìåñòíîñ-
òè, ïðèðîäíûå è ïîãîäíûå óñëîâèÿ, âðåìÿ ãîäà).

Êàê ïðàâèëî, îñíîâíûì ñëåäñòâèåì ðàñïðîñòðà-
íåíèÿ ïîæàðà ÿâëÿåòñÿ ïåðåäà÷à òåïëà â ïåðèîä àê-
òèâíîãî ãîðåíèÿ. Êîëè÷åñòâî òåïëà, âûäåëèâøåãîñÿ
â åäèíèöó âðåìåíè, çàâèñèò îò ìîùíîñòè èñòî÷íè-
êà çàæèãàíèÿ. Â ïåðêîëÿöèîííîé ìîäåëè òåððèòî-
ðèÿ, íà êîòîðîé ðàñïîëîæåíû ñåëüñêèå ïîñåëåíèÿ,
ïðåäñòàâëåíà êàê ñèñòåìà ãîðþ÷èõ (âîñïëàìåíÿ-
þùèõñÿ ïðè âíåøíåì òåðìè÷åñêîì âîçäåéñòâèè)
ó÷àñòêîâ (óçëîâ), ðàñïðåäåëåííûõ â ïðîñòðàíñòâå.
Âîçìîæíûå ñîñòîÿíèÿ ðàçëè÷íûõ (îòäåëüíûõ) ó÷àñò-
êîâ (óçëîâ) è ïåðåõîäû ìåæäó ýòèìè ñîñòîÿíèÿìè
ìîæíî ïðèâåñòè ê ìàòðèöå ñîãëàñíî ìàðêîâñêîìó
ïðîöåññó [14]. Ïëàí ñåëüñêîé ìåñòíîñòè ìîäåëèðó-
åòñÿ â âèäå ðåøåòêè. Óçëû íà ðåøåòêå — ýòî ïîæàð-
íàÿ íàãðóçêà, êîòîðàÿ ñîîòâåòñòâóåò èññëåäóåìûì
îáúåêòàì. Óçëû ñîåäèíåíû ìåæäó ñîáîé ñâÿçÿìè,
êîòîðûå ìîãóò áûòü äâóõ êëàññîâ: îäíè ñîåäèíÿþò
ó÷àñòêè, äëÿ êîòîðûõ ñóùåñòâóåò âåðîÿòíîñòü òîãî,
÷òî îãîíü ìåæäó íèìè áóäåò ïåðåíîñèòüñÿ â ðåçóëü-
òàòå ïåðåäà÷è òåïëà; äðóãèå — ïàðó ó÷àñòêîâ, ìåæ-
äó êîòîðûìè îãîíü áóäåò ðàñïðîñòðàíÿòüñÿ ïîñðåä-
ñòâîì èñêð.

Âåñü ïðîìåæóòîê âðåìåíè ñ ìîìåíòà âîçíèêíî-
âåíèÿ ïîæàðà äî íà÷àëà åãî òóøåíèÿ íàçûâàþò âðå-
ìåíåì ñâîáîäíîãî ðàçâèòèÿ ïîæàðà �ñâ:

�ñâ = �âîçí + �îáí + �äèñï + �âûåçä + �ïðèá + �í.ò , (3)

ãäå �âîçí, �îáí, �äèñï, �âûåçä, �ïðèá, �í.ò — âðåìÿ âîçíèê-
íîâåíèÿ, îáíàðóæåíèÿ ïîæàðà, ñîîáùåíèÿ î íåì,

âûåçäà ïîæàðíûõ ïîäðàçäåëåíèé, ïðèáûòèÿ èõ
ê ìåñòó è íà÷àëà òóøåíèÿ ïîæàðà.
Èìåííî ñ ýòîãî ìîìåíòà ïðîèñõîäèò àêòèâíîå

ãîðåíèå íåñóùèõ êîíñòðóêöèé, ïåðåêðûòèé, ýëåìåí-
òîâ ÷åðäà÷íîãî ïîêðûòèÿ ñòðîèòåëüíûõ îáúåêòîâ.
Â êà÷åñòâå ïðèìåðà áûëè ðàññìîòðåíû ðåàëüíûå
ïîæàðû, ïðîèñøåäøèå â ñåëüñêèõ ïîñåëåíèÿõ Ëå-
íèíãðàäñêîé îáëàñòè (ðèñ. 5).

Â õîäå àíàëèçà èç ñòàòèñòè÷åñêèõ äàííûõ áîëåå
÷åì ïî 50 ïîæàðàì áûëè âûáðàíû ôàêòè÷åñêèå ïëî-
ùàäè ïîæàðîâ Sôàêò íà ìîìåíò èõ ëîêàëèçàöèè è
íà îñíîâàíèè ðåçóëüòàòîâ ìîäåëèðîâàíèÿ îïðåäå-
ëåíû ðàñ÷åòíûå ïëîùàäè ïîæàðîâ Sðàñ÷, êîòîðûå
áûëè ñâåäåíû â òàáë. 2. Â ðåçóëüòàòå àíàëèçà áûë
ïîëó÷åí êîýôôèöèåíò ïðèìåíèìîñòè ìîäåëè Fà

(Fa = Sðàñ÷ /Sôàêò).
Ïðè îöåíêå ïîæàðíîé îïàñíîñòè îáúåêòîâ, ðàñ-

ïîëîæåííûõ íà îòêðûòûõ òåððèòîðèÿõ, âîçíèêëî
äâà âîïðîñà. Ïåðâûé âîïðîñ ñâÿçàí ñ ôàêòîðàìè
îêðóæàþùåé ñðåäû, âëèÿþùèìè íà ðàçâèòèå è ðàñ-
ïðîñòðàíåíèå ïîæàðîâ, âòîðîé — ñ òî÷íîñòüþ îá-
ðàáîòêè äàííûõ. Ðåøåíèå ýòèõ âîïðîñîâ áûëî äî-
ñòèãíóòî ïóòåì èñïîëüçîâàíèÿ íåéðîííûõ ñåòåé

[17, 18].
Îáó÷àþùèåñÿ íåéðîííûå ñåòè ïîçâîëÿþò ìîäå-

ëèðîâàòü ÿâëåíèÿ ïðè çàòðóäíåíèè èëè íåâîçìîæ-
íîñòè ïîëó÷åíèÿ çàêîíîìåðíîñòåé ïðîèñõîäÿùèõ
ïðîöåññîâ. Íàðàùèâàÿ ñëîæíîñòü òàêîé íåéðîííîé
ñåòè, ìîæíî ïîëó÷èòü áîëåå òî÷íûå è ïîëíûå ïðî-
ãíîçû. Â îñíîâå äàííîãî ïîäõîäà ëåæèò íàõîæäåíèå
óäà÷íîé ôîðìàëèçàöèè èçó÷àåìîãî ÿâëåíèÿ â òåðìè-
íàõ âõîäíûõ è âûõîäíûõ ñèãíàëîâ, ïîäáîð ñâîéñòâ
íåéðîííîé ñåòè è âûáîð íàáîðà äàííûõ äëÿ îáó÷å-
íèÿ. Â ðàáîòå ïðîâåäåí àíàëèç ïðèìåíèìîñòè íåé-
ðîííûõ ñåòåé ê ìîäåëèðîâàíèþ ðàçâèòèÿ ïîæàðà ñ
ó÷åòîì ïîãîäíîé îáñòàíîâêè è ó÷àñòèÿ ïîæàðíûõ
ïîäðàçäåëåíèé (âðåìÿ ïðèáûòèÿ, òóøåíèå).

Ýëåìåíòàðíîé ÿ÷åéêîé íåéðîííîé ñåòè ÿâëÿåòñÿ
íåéðîí. Íåéðîí ñ îäíèì âåêòîðîì âõîäà p ñ R ýëå-

Ðèñ. 5. Ïîæàð â ñåëüñêîì íàñåëåííîì ïóíêòå Ãàò÷èíñêîãî ðàéîíà Ëåíèíãðàäñêîé îáëàñòè (ïðèìåð èç àíàëèçà): à — âðåìÿ ñâî-
áîäíîãî ðàçâèòèÿ ïîæàðà 20 ìèí; á — òî æå, 40 ìèí (ëîêàëèçàöèÿ ïîæàðà)



49ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2017 ÒÎÌ 26 ¹ 2

ÌÎÄÅËÈÐÎÂÀÍÈÅ ÏÎÆÀÐÎÂ

ìåíòàìè p1, p2, …, pR ïîêàçàí íà ðèñ. 6. Çäåñü âñå
ýëåìåíòû âõîäíûõ ñèãíàëîâ óìíîæàþòñÿ íà âåñîâûå

êîýôôèöèåíòû w11, w12, …, w1R, è âçâåøåííûå çíà-
÷åíèÿ ïåðåäàþòñÿ íà ñóììàòîð. Èõ ñóììà ðàâíà ñêà-
ëÿðíîìó ïðîèçâåäåíèþ âåêòîðà-ñòðîêè w íà âåêòîð
âõîäà p. Íåéðîí äîïîëíÿåòñÿ ñêàëÿðíûì ñìåùåíè-

åì b, êîòîðîå ñóììèðóåòñÿ ñî âçâåøåííîé ñóììîé
âõîäîâ. Ïîëó÷àåì ðåçóëüòèðóþùóþ ñóììó n:

n = w11 p1 + w12 p2 + w1R pR + b, (4)

êîòîðàÿ ñëóæèò àðãóìåíòîì ôóíêöèè àêòèâàöèè f.
Ôóíêöèåé àêòèâàöèè f, êàê ïðàâèëî, ÿâëÿåòñÿ ëîãè-
÷åñêàÿ ôóíêöèÿ àêòèâàöèè logsig (n) = 1/(1) + exp(–n).
Ñåòè îáû÷íî èìåþò íåñêîëüêî ñëîåâ, êàæäûé èç êî-
òîðûõ õàðàêòåðèçóåòñÿ ñâîåé ìàòðèöåé âåñîâ W, ñìå-
ùåíèåì b, îïåðàöèÿìè óìíîæåíèÿ w·p, ñóììèðî-
âàíèÿ, ôóíêöèåé àêòèâàöèè f è âåêòîðîì âûõîäà a.
Â ñåòè êàæäûé ýëåìåíò âåêòîðà âõîäà ñîåäèíåí ñî

âñåìè âõîäàìè íåéðîíà, è ýòî ñîåäèíåíèå çàäàåòñÿ
ìàòðèöåé âåñîâ W. Ïðè ýòîì êàæäûé íåéðîí âêëþ-
÷àåò ñóììèðóþùèé ýëåìåíò, êîòîðûé ôîðìèðóåò
ñêàëÿðíûé âûõîä n. Ñîâîêóïíîñòü ñêàëÿðíûõ ôóíê-
öèé n îáúåäèíÿåòñÿ â âåêòîð âõîäà n ôóíêöèè àêòè-
âàöèè ñëîÿ. Âûõîäû ñëîÿ íåéðîíà ôîðìèðóþò âåêòîð-
ñòîëáåö a. Òàêèì îáðàçîì, îïèñàíèå ñëîÿ íåéðîíîâ
èìååò âèä:

a = f (W·p + b ). (5)

Êîëè÷åñòâî âõîäîâ R â ñëîå ìîæåò íå ñîâïàäàòü
ñ êîëè÷åñòâîì íåéðîíîâ S. Â êàæäîì ñëîå, êàê ïðà-
âèëî, èñïîëüçóåòñÿ îäíà è òà æå ôóíêöèÿ àêòèâà-
öèè. Êàæäûé íåéðîí ãåíåðèðóåò îïðåäåëåííóþ ÷àñòü
âûõîäîâ. Ýëåìåíòû âåêòîðà âõîäà ïåðåäàþòñÿ â ñåòü
÷åðåç ìàòðèöó âåñîâ W, èìåþùóþ âèä:

W

w w w

w w w

w w w

R

R

S S SR

�
11 12 1

21 22 2

1 2

. . .

. . .
. . . . . . . . . . . .

. . .

�




�
�
�

�

�

�
�
�

. (6)

Çàìåòèì, ÷òî èíäåêñû ñòðîê ìàòðèöû W óêàçû-
âàþò àäðåñàòû (ïóíêòû íàçíà÷åíèÿ) âåñîâ íåéðî-
íîâ, à èíäåêñû ñòîëáöîâ — èñòî÷íèê, ÿâëÿþùèéñÿ
âõîäîì äëÿ ýòîãî âåñà. Òàêèì îáðàçîì, ýëåìåíòû ìàò-
ðèöû âåñîâ w = W îïðåäåëÿþò êîýôôèöèåíò, íà êî-
òîðûé óìíîæàåòñÿ âòîðîé ýëåìåíò âõîäà ïðè ïåðå-
äà÷å åãî íà ïåðâûé íåéðîí.

Ïðîöåññ îáó÷åíèÿ òðåáóåò íàáîðà ïðèìåðîâ ïî-
âåäåíèÿ æåëàåìûõ âõîäîâ p è æåëàåìûõ (öåëåâûõ)
âûõîäîâ t. Âî âðåìÿ ýòîãî ïðîöåññà âåñà è ñìåùå-

¹
ï/ï

Ñåëüñêîå ïîñåëåíèå

Ïëîùàäü ïîæàðà, ì2
Êîýôôèöèåíò ïðèìåíèìîñòè ìîäåëè
Fa ïðè âðåìåíè ñâîáîäíîãî ðàçâèòèÿ

ïîæàðà, ìèí
ôàêòè-
÷åñêàÿ

íà ìîìåíò
ëîêàëèçà-
öèè Sôàêò

ðàñ÷åòíàÿ Sðàñ÷ ïðè âðåìåíè ñâîáîäíîãî
ðàçâèòèÿ ïîæàðà, ìèí

0–20 20–40 40–60 60–90 90–120 0–20 20–40 40–60 60–90 90–120

1 Á. Êîëïàíñêîå (ä. Ì. Êîë-
ïàíû, óë. Çàïàäíàÿ, 6)

108 – *!
168

216 270 – – 1,55 – – –

2 Ýëèçàâåòèíñêîå (ä. Ðàáî-
ëîâî, 8)

170 – – *!
260

357 477 – – 1,52 – –

3 Òàèöêîå (ï. Òàéöû, ñàäî-
âîäñòâî “Òàéãà”)

102 *! 226 388 – – – – – –

4 Âîéñêîâèöêîå (ï. Âîéñêî-
âèöû)

250 * *
116

*
460

!
600

751 – – – 2,4 –

5 Á. Êîëïàíñêîå (ä. Ì. Êîë-
ïàíû, óë. Öåíòðàëüíàÿ)

314 – *
64

*
236

!
520

– – – – 1,65 –

6 Âîéñêîâèöêîå (ä. Òÿãëèíî,
ó÷. 29)

100 * !
170

268 268
(îãîíü

ïåðåêè-
íóëñÿ

íà ëåñ)

– – 1,7 – – –

Ï ð è ì å ÷ à í è å . Ñèìâîë * îçíà÷àåò ïðèåçä è/èëè áîåâûå äåéñòâèÿ ÏÎ, ! — ëîêàëèçàöèþ ïîæàðà.

Òàáëèöà 2. Ïðèìåð èç àíàëèçà ïîæàðîâ â ñåëüñêèõ ïîñåëåíèÿõ Ëåíèíãðàäñêîé îáëàñòè

Ðèñ. 6. Ñòðóêòóðíàÿ ñõåìà íåéðîííîé ñåòè
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íèÿ íàñòðàèâàþò òàê, ÷òîáû ìèíèìèçèðîâàòü íåêî-
òîðûé ôóíêöèîíàë îøèáêè. Ïî óìîë÷àíèþ â êà÷å-
ñòâå òàêîãî ôóíêöèîíàëà äëÿ ñåòåé ïðèíèìàåòñÿ
ñðåäíåêâàäðàòè÷íàÿ îøèáêà ìåæäó âåêòîðàìè âû-
õîäà a è t.

Ïðè îáó÷åíèè ñåòè ðàññ÷èòûâàåòñÿ íåêîòîðûé
ôóíêöèîíàë, õàðàêòåðèçóþùèé êà÷åñòâî îáó÷åíèÿ:

J t a
i

q

i

qS

i

S

q

Q
M

M

� � "

#
$

�

 
!

��
&&1

2 1

2

1

, (7)

ãäå J — ôóíêöèîíàë;
Q — îáúåì âûáîðêè;
q — íîìåð âûáîðêè;
SM — ÷èñëî íåéðîíîâ âûõîäíîãî ñëîÿ;
M — ÷èñëî ñëîåâ ñåòè;
aq — âåêòîð ñèãíàëà íà âûõîäå ñåòè; a aq

i

q S M

� �

�

�
��
;

t q — âåêòîð æåëàåìûõ (öåëåâûõ) çíà÷åíèé ñèã-
íàëà íà âûõîäå ñåòè äëÿ âûáîðêè ñ íîìåðîì q;
t tq

i

q� [ ].
Äëÿ òîãî ÷òîáû îáó÷èòü íåéðîííóþ ñåòü, ïðèìå-

íÿåìóþ â èññëåäîâàíèè ïðîöåññà ðàñïðîñòðàíåíèÿ
ïîæàðîâ íà îòêðûòûõ òåððèòîðèÿõ, èñïîëüçîâàëñÿ ìà-
òåìàòè÷åñêèé ïàêåò MATLAB® (ëèöåíçèÿ ¹ 576818).
Â êà÷åñòâå âõîäíûõ õàðàêòåðèñòèê áûëè âçÿòû ñòà-
òèñòè÷åñêèå äàííûå ïî ïîæàðàì â ñåëüñêèõ íàñåëåí-

íûõ ïóíêòàõ, ïðîèñøåäøèì â Ëåíèíãðàäñêîé îáëà-
ñòè (ñì. òàáë. 1).

Â êà÷åñòâå âõîäíûõ äàííûõ ìîäåëè èñïîëüçîâà-
ëè: ñêîðîñòü âåòðà, òåìïåðàòóðó, ðàññòîÿíèå îò Ï×
äî ïîæàðà, âðåìÿ ñëåäîâàíèÿ, âðåìÿ ïîäà÷è ïåðâûõ
ñòâîëîâ, âðåìÿ ëîêàëèçàöèè, ðàññòîÿíèå äî âîäîèñ-
òî÷íèêà (ðèñ. 7).

Â õîäå èññëåäîâàíèÿ áûëà ïîñòðîåíà ìíîãîñëîé-
íàÿ íåéðîííàÿ ñåòü:
� 1-é ñëîé — 10 íåéðîíîâ;
� 2-é ñëîé — 8 íåéðîíîâ;
� 3-é ñëîé — 6 íåéðîíîâ;
� 4-é ñëîé — 1 íåéðîí.

Ñëîè âûáèðàëèñü ïóòåì ýêñïåðòíîé îöåíêè. Ìàê-
ñèìàëüíîå îòêëîíåíèå â îáó÷åííîé íåéðîííîé ñåòè
ñîñòàâèëî 5,2�10–5, ìàêñèìàëüíîå êîëè÷åñòâî öèê-
ëîâ îáó÷åíèÿ — 1200.

Òàêèì îáðàçîì, èññëåäîâàíèÿ ïîêàçàëè, ÷òî
ïðîãíîçèðîâàíèå ðàçâèòèÿ ïîæàðîâ â ñåëüñêèõ íà-
ñåëåííûõ ïóíêòàõ íà îñíîâå ïåðêîëÿöèîííîãî ïðî-
öåññà ñ ïðèìåíåíèåì ôóíêöèè íåéðîííîé ñåòè è ñ
ó÷åòîì îïðåäåëåííûõ äàííûõ ïîçâîëèò âûïîëíèòü
îöåíêó ïîæàðíîé îïàñíîñòè ñåëüñêèõ íàñåëåííûõ
ïóíêòîâ. Äàííûå ðåêîìåíäàöèè ìîæíî èñïîëüçî-
âàòü äëÿ ïëàíèðîâàíèÿ ïðîòèâîïîæàðíûõ ìåðîïðè-
ÿòèé è òàêòèêè ïîæàðîòóøåíèÿ.
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ABSTRACT

Introduction. Prevention of fires in rural settlements bordering forests, is becoming more and more
urgent task. There is a problem of their prevention, containment and suppression. Fires in open terri-
tories are large in scale, the need to consider the weather conditions, design features of buildings and
structures, the distance of fire stations, availability and location of water sources, etc.

Purpose. Development of models describing the development of the fires to assess the fire danger
of objects located in open areas.

Tasks:

1. The development of the percolation model describing fire development.
2. The creation of a model fire hazard analysis facilities located in open areas, with the use of

neural networks, based on expert data.
Methods. Stochastic analysis, mathematical modeling, percolation theory, neural networks.
Theory. To obtain a model of the combustion process, was used the theory of percolation, which is

used to calculate the dimension and density of a space-filling (specific) rural settlement.
In the percolation model, the territory on which the rural settlement is represented as a system of

combustible (flammable at external heat exposure) stations (nodes) distributed in space. Plan rural
area modeled in the form of a lattice. The nodes on the grid is a fire load that corresponds to the test
object. Nodes are interconnected by links. These relationships can be of two classes. Some of them
connect the stations between which there is a probability that the fire will be transferred by the transfer
of heat. When the other class connect a couple of sections, between which the fire will spread by
means of sparks.

Calculations. The procedure of calculations was the following:
� construction facilities were located on a square lattice, which corresponds to rural settlements.

Construction of objects, flammability class was divided into wood (IV and V degree of fire
resistance), brick buildings and structures (I and II degree of fire resistance) and brick
construction with wood trim (III degree of fire resistance);

� defining the dimension of the space of Hausdorff – Besicovitch, by generating random points
Monte;

� if the ratio of the fire load (the total space) total area of construction facilities in the territory of
that space is greater than or equal to the percolation limit (the ratio of the number of points to
the total number of hit points to construction sites), determine the area S of flame propagation
using a computer simulation;

� if not, calculated the maximum cluster.
Results. As a result, was modeled with the real fires that occurred in rural settlements of the Le-

ningrad region.
Discussion. For the determination of fire hazard properties are located in open areas, two

questions arose. The first question was associated with external environmental factors influencing
the development and spread of fires. The second was associated with the accuracy of data processing.
The solution to these questions obtained by the use of neural networks.

As the input characteristics there were taken statistics of fires in rural areas that occurred in
Leningrad region: wind speed, temperature, distance from the inverter to the fire, journey time, time
of following of the first barrels, while localized, the distance to the water source.

Conclusions. Thus, the study showed that the prediction of the development of fires in rural
settlements on the basis of percolation process with the use of neural networks, will allow to assess
the fire danger of objects located in open areas. These guidelines can be used for planning of fire-
prevention actions and tactics of fire suppression.

Keywords: forecasting methods fires; percolation process; development of fire; neural network; rural
settlements.
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