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Ââåäåíèå

Ýêñòðåííàÿ ýâàêóàöèÿ ëþäåé èç îáùåñòâåííûõ çäà-

íèé è ñîîðóæåíèé — ýòî ýôôåêòèâíûé ñïîñîá ñî-

õðàíåíèÿ èõ æèçíè è çäîðîâüÿ ïðè àâàðèÿõ, êàòàñò-

ðîôàõ è òåððîðèñòè÷åñêèõ ïðîÿâëåíèÿõ. Îñîáóþ çíà-

÷èìîñòü èìååò ýêñòðåííàÿ ýâàêóàöèÿ ïðè ïîæàðå.

Â ýòîì ñëó÷àå ïðîöåññ ýâàêóàöèè óïðàâëÿåòñÿ ñèñ-

òåìîé îïîâåùåíèÿ è óïðàâëåíèÿ ýâàêóàöèåé ëþäåé

ïðè ïîæàðå (ÑÎÓÝ), â ñîñòàâ êîòîðîé, â ÷àñòíîñòè,

âõîäÿò ýâàêóàöèîííûå çíàêè ïîæàðíîé áåçîïàñíî-

ñòè, ñâåòîâûå îïîâåùàòåëè, ïîêàçûâàþùèå íàïðàâ-

ëåíèå äâèæåíèÿ (óêàçàòåëè). Îäíàêî ñòàòè÷íûå óêà-

çàòåëè ýâàêóàöèîííûõ ïóòåé, ïðèñóòñòâóþùèå â êàæ-

äîì çäàíèè, âî ìíîãèõ ñëó÷àÿõ ïîêàçûâàþò ëþäÿì

íå ñàìûå îïòèìàëüíûå, à ïîðîé äàæå íåêîððåêòíûå

íàïðàâëåíèÿ äâèæåíèÿ, íå ó÷èòûâàþùèå óñëîâèÿ

ðàçâèâàþùåãîñÿ ïîæàðà. Ïðè÷èíîé ýòîãî ÿâëÿåòñÿ

áëîêèðîâàíèå ïóòåé ýâàêóàöèè â ñèëó ðàçâèòèÿ

îïàñíûõ ôàêòîðîâ ïîæàðà (ÎÔÏ) èëè áîëüøîãî ñêîï-

ëåíèÿ ëþäåé. Äåéñòâèòåëüíî, ñòàòè÷íûå óêàçàòåëè

îáû÷íî îòðàæàþò òðàåêòîðèè äâèæåíèÿ ëþäåé,

ïðåäâàðèòåëüíî ñïðîåêòèðîâàííûå äëÿ íàèáîëåå îïàñ-

íûõ ñöåíàðèåâ ðàçâèòèÿ ïîæàðà. Îäíàêî ýòè òðàåê-

òîðèè â ãîðÿùåì çäàíèè ìîãóò ìåíÿòüñÿ â çàâèñè-

ìîñòè îò ñöåíàðèÿ è äèíàìèêè ðàçâèòèÿ ïîæàðà.

Èíà÷å ãîâîðÿ, èñïîëüçîâàíèå ñòàòè÷íûõ óêàçàòåëåé

òðàåêòîðèé äâèæåíèÿ â óñëîâèÿõ ïîæàðà â çäàíèÿõ

è ñîîðóæåíèÿõ ìîæåò ïðèâåñòè ê óêàçàíèþ íåòî÷íûõ

ïóòåé ýâàêóàöèè, ÷òî â êîíå÷íîì ñ÷åòå íåãàòèâíî

ñêàæåòñÿ íà óðîâíå ïîæàðíîé áåçîïàñíîñòè. Êîíå÷-

íî, ñîâðåìåííîå ðàçâèòèå íàóêè, òåõíèêè è òåõíî-

ëîãèé ïîçâîëÿåò îáåñïå÷èòü î÷åíü âûñîêèé óðîâåíü

ïîæàðíîé áåçîïàñíîñòè, íî, êàê ïîêàçàíî â ðàáî-

òå [1], ïðîöåññ ýâàêóàöèè íå âñåãäà ïðîèñõîäèò òàê,

êàê åãî ïëàíèðóþò. Ïðè÷åì èçáåæàòü ïðîöåññà âû-

íóæäåííîé ýâàêóàöèè íå âñåãäà óäàåòñÿ, äàæå åñëè

çäàíèå îòâå÷àåò òðåáîâàíèÿì ïîæàðíîé áåçîïàñ-

íîñòè.

Äëÿ öåëåé íàñòîÿùåé ðàáîòû áóäåì õàðàêòåðè-

çîâàòü ýôôåêòèâíîñòü ýâàêóàöèè ëþäåé èç ãîðÿùåãî

çäàíèÿ èíòåðâàëîì âðåìåíè �te, â òå÷åíèå êîòîðîãî

ëþäè â ñëó÷àå íåîáõîäèìîñòè ìîãóò ïîêèíóòü çäà-

íèå. Ýôôåêòèâíîñòü ýâàêóàöèè ëþäåé òåì âûøå,

÷åì ìåíüøå çíà÷åíèå �te. Ìîæíî ïîëàãàòü, ÷òî ýô-

ôåêòèâíîñòü ýâàêóàöèè áóäåò âîçðàñòàòü, åñëè èí-

ôîðìàöèÿ î áåçîïàñíûõ ïóòÿõ ýâàêóàöèè áóäåò äî-
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âîäèòüñÿ äî ëþäåé, îêàçàâøèõñÿ â ãîðÿùåì çäàíèè,

â ðåæèìå ðåàëüíîãî âðåìåíè. Äëÿ ýòîãî äîëæíû èñ-

ïîëüçîâàòüñÿ îïîâåùàòåëè, ïîêàçûâàþùèå íàïðàâ-

ëåíèå äâèæåíèÿ ëþäåé, ñ èçìåíÿþùèìñÿ ñìûñëîâûì

çíà÷åíèåì (äèíàìè÷åñêèé ðåæèì), êîòîðûå îòíîñÿò-

ñÿ ê ýëåìåíòàì ÑÎÓÝ 5-ãî òèïà. Â îáùåì ñëó÷àå èñ-

ïîëüçîâàíèå àóäèîâèçóàëüíûõ îïîâåùàòåëåé â äè-

íàìè÷åñêîì ðåæèìå îñîáåííî çíà÷èìî äëÿ çäàíèé ñî

ñëîæíûìè îáúåìíî-ïëàíèðîâî÷íûìè ðåøåíèÿìè,

â êîòîðûõ ëþäè íåäîñòàòî÷íî õîðîøî îðèåíòèðó-

þòñÿ. Êðîìå òîãî, âåñüìà æåëàòåëüíî, ÷òîáû ïîä-

äåðæêà ôóíêöèîíèðîâàíèÿ îïîâåùàòåëåé â äèíà-

ìè÷åñêîì ðåæèìå íå ïðèâåëà ê çíà÷èòåëüíîìó óäî-

ðîæàíèþ ÑÎÓÝ. Äèíàìè÷åñêèé ðåæèì óêàçàíèÿ

ïóòåé ýâàêóàöèè ëþäÿì â ãîðÿùåì çäàíèè â ðåæèìå

ðåàëüíîãî âðåìåíè ïîääåðæèâàåòñÿ ñïåöèàëèçèðî-

âàííûìïðîãðàììíî-àïïàðàòíûì êîìïëåêñîì (ÏÀÊ).

Â êîíôèãóðàöèè 2015 ã. ïðîãðàììíî-àïïàðàòíûé

êîìïëåêñ â ðåæèìå ðåàëüíîãî âðåìåíè îáåñïå÷èâà-

åò êîíòðîëü ñîñòîÿíèÿ è äèíàìèêè èçìåíåíèÿ ñî-

ñòîÿíèÿ ñðåäû (ìîíèòîðèíã ñîñòîÿíèÿ ñðåäû) â ïî-

ìåùåíèÿõ çäàíèÿ èëè â ÷àñòÿõ ïîìåùåíèé (çîíàõ)

çäàíèÿ ïðè ïîæàðå, âûäåëÿÿ ïðè ýòîì òå îáëàñòè,

ãäå ïðåáûâàíèå ÷åëîâåêà íåäîïóñòèìî ñ òî÷êè çðå-

íèÿ åãî áåçîïàñíîñòè. Äëÿ óïðàâëåíèÿ ïðîöåññîì

ýâàêóàöèè, êðîìå ðåçóëüòàòîâ ìîíèòîðèíãà ñðåäû â

ãîðÿùåì çäàíèè, íåîáõîäèìà èíôîðìàöèÿ î ðàñïðå-

äåëåíèè ëþäåé ïî çäàíèþ â äàííûé ìîìåíò âðåìåíè

è ïî äèíàìèêå åãî èçìåíåíèÿ. Îäíàêî ïî ñîñòîÿíèþ

íà 2015 ã. áåç çíà÷èòåëüíîãî óâåëè÷åíèÿ ñòîèìîñòè

ÏÀÊ íå ñïîñîáåí îáåñïå÷èòü äîñòàòî÷íóþ ñòåïåíü

òî÷íîñòè îïðåäåëåíèÿ äèíàìèêè èçìåíåíèÿ ïëîò-

íîñòè ëþäñêèõ ïîòîêîâ â ïîìåùåíèÿõ çäàíèÿ èëè â

èõ ÷àñòÿõ. Ïîñëåäíåå âûíóæäàåò ïàðàëëåëüíî ñ ìî-

íèòîðèíãîì ñîñòîÿíèÿ ñðåäû â ãîðÿùåì çäàíèè

ïîääåðæèâàòü ïðîöåññ ìîäåëèðîâàíèÿ âûíóæäåí-

íîãî äâèæåíèÿ ëþäñêèõ ïîòîêîâ, ïîääåðæèâàÿ è

îáåñïå÷èâàÿ ïåðåäà÷ó èíôîðìàöèè ëþäÿì, îêàçàâ-

øèìñÿ â ãîðÿùåì çäàíèè, â ðåæèìå îïåðåæåíèÿ ðå-

àëüíîãî âðåìåíè.

Ìîäåëü âûíóæäåííîé ýâàêóàöèè ëþäåé èç ãî-

ðÿùåãî çäàíèÿ, êîòîðàÿ èñïîëüçóåòñÿ â ÏÀÊ, äîëæ-

íà îòâå÷àòü òðåáîâàíèÿì ïî òî÷íîñòè ïðîåêòèðîâà-

íèÿ ïóòåé ýâàêóàöèè, ïî ñêîðîñòè ìîäåëèðîâàíèÿ,

ïî îãðàíè÷åíèÿì ïî ñòîèìîñòè ÏÀÊ. Ìîäåëü äëÿ

ïðîåêòèðîâàíèÿ ïóòåé ýâàêóàöèè â ðåæèìå ðåàëü-

íîãî âðåìåíè èñïîëüçóåò:

� äàííûå ìîíèòîðèíãà ñîñòîÿíèÿ ñðåäû â ãîðÿùåì

çäàíèè;

� ýêñïåðèìåíòàëüíî ïîäòâåðæäåííóþ çàâèñèìîñòü

ìåæäó õàðàêòåðèñòèêàìè ñêîðîñòè ëþäñêîãî

ïîòîêà â çäàíèè è ïëîòíîñòüþ ïîòîêà ïðè ðàç-

ëè÷íûõ ñîñòàâàõ è ýìîöèîíàëüíîì ñîñòîÿíèè

ëþäåé.

Èç ìíîæåñòâà âèðòóàëüíûõ òðàåêòîðèé äâèæå-

íèÿ ëþäåé äëÿ ýâàêóàöèè âûáèðàþòñÿ òå, ïåðåìå-

ùåíèå ïî êîòîðûì îáåñïå÷èâàåò ìèíèìàëüíîå âðå-

ìÿ ýâàêóàöèè ëþäåé èç çäàíèÿ, ò. å. min(�te).

Äëÿ ïîñòðîåíèÿ ïðîãðàììíûõ àëãîðèòìîâ, ðå-

àëèçóþùèõ ìîäåëü âûíóæäåííîé ýâàêóàöèè ëþäåé

ïðè ïîæàðå, èñïîëüçóåòñÿ ïðåäñòàâëåíèå çäàíèÿ â

âèäå ñîâîêóïíîñòè ðàçíîñòíûõ ñåòîê è â âèäå ãðà-

ôà. Ïðè ýòîì êàæäîå ïîìåùåíèå (çîíà âíóòðè ïî-

ìåùåíèÿ) â çäàíèè çàìåíÿåòñÿ ëèáî ñîâîêóïíîñòüþ

îòäåëüíûõ ýëåìåíòîâ, â ïðåäåëàõ êîòîðûõ âñå õà-

ðàêòåðèñòèêè ñðåäû è ïëîòíîñòè ëþäcêèõ ïîòîêîâ

óñðåäíÿþòñÿ, ëèáî îäíèì óçëîì ãðàôà. Âî âòîðîì

ñëó÷àå âñå õàðàêòåðèñòèêè ñðåäû è ïëîòíîñòü ëþä-

ñêèõ ïîòîêîâ óñðåäíÿþòñÿ ïî âñåìó ïîìåùåíèþ

(çîíå). Î÷åâèäíî, ÷òî ñ óâåëè÷åíèåì ÷èñëà ÿ÷ååê,

íà êîòîðîå ðàçáèâàåòñÿ ïðîñòðàíñòâî, òî÷íîñòü ìî-

äåëèðîâàíèÿ äâèæåíèÿ ëþäñêèõ ïîòîêîâ ïîâûøà-

åòñÿ (â ýòîì ñëó÷àå óñðåäíåíèå âñåõ õàðàêòåðèñòèê

ñðåäû è ïëîòíîñòè ëþäñêèõ ïîòîêîâ ïðîèñõîäèò ïî

ìåíüøåìó îáúåìó). Îäíàêî ïðè ýòîì âîçðàñòàåò è

âðåìÿ ìîäåëèðîâàíèÿ, ïðè÷åì íà ïîðÿäêè. Â ñâÿçè

ñ ýòèì ïðè ðàçðàáîòêå ïðîãðàììíûõ àëãîðèòìîâ âû-

íóæäåííîãî äâèæåíèÿ ëþäñêèõ ïîòîêîâ öåëåñîîá-

ðàçíî èñïîëüçîâàòü ïðåäñòàâëåíèå çäàíèÿ â âèäå ñî-

âîêóïíîñòè ðàçíîñòíûõ ñåòîê (â ýòîì ñëó÷àå óìåíü-

øàåòñÿ ýôôåêò óñðåäíåíèÿ õàðàêòåðèñòèê ñðåäû è

ïëîòíîñòè ëþäñêèõ ïîòîêîâ), à çàòåì îòðàáîòàííûå

ïðîãðàììíûå àëãîðèòìû àäàïòèðîâàòü ïðèìåíè-

òåëüíî ê ïðåäñòàâëåíèþ çäàíèÿ â âèäå ãðàôà.

Òàêèì îáðàçîì, â öåëÿõ ñîêðàùåíèÿ êîëè÷åñòâà

æåðòâ ïðè ïîæàðàõ â îáùåñòâåííûõ çäàíèÿõ íåîá-

õîäèìî ðàçðàáîòàòü ïðîãðàììíî-àïïàðàòíûé êîìï-

ëåêñ óêàçàíèÿ ïóòåé ýâàêóàöèè ëþäÿì, îêàçàâøèìñÿ

â ãîðÿùåì çäàíèè. ÏÀÊ áóäåò ýôôåêòèâåí, åñëè îí

ïîääåðæèâàåò ïðîåêòèðîâàíèå ïóòåé ýâàêóàöèè â

ðåæèìå ðåàëüíîãî âðåìåíè.

Çàäà÷à óïðàâëåíèÿ ýâàêóàöèåé

Â îñíîâå ÏÀÊ äëÿ óêàçàíèÿ ïóòåé ýâàêóàöèè èç

ãîðÿùåãî çäàíèÿ ëåæèò èäåÿ óïðàâëåíèÿ ïðîöåññîì

ýâàêóàöèè ëþäåé ÷åðåç ïîñòîÿííûé ìîíèòîðèíã ñî-

ñòîÿíèÿ ñðåäû â çäàíèè è íàïðàâëåíèå ïîòîêîâ ëþ-

äåé ïî áåçîïàñíûì ìàðøðóòàì, îáåñïå÷èâàþùèì

ìèíèìàëüíûå çàòðàòû âðåìåíè [2]. Ìîíèòîðèíã ñî-

ñòîÿíèÿ ñðåäû â çäàíèè îñóùåñòâëÿåòñÿ ÷åðåç ðàñ-

ïðåäåëåííóþ áåñïðîâîäíóþ ñåòü äàò÷èêîâ, êîòîðûå

÷åðåç çàäàííûå èíòåðâàëû âðåìåíè èçìåðÿþò õàðàê-

òåðèñòèêè îêðóæàþùåé ñðåäû â ïîìåùåíèÿõ (èëè

â çîíàõ ïîìåùåíèé) çäàíèÿ. Ïî ðåçóëüòàòàì ìîíè-

òîðèíãà â àâòîìàòè÷åñêîì ðåæèìå èäåíòèôèöèðóåò-

ñÿ ñîñòîÿíèå âîçíèêíîâåíèÿ ÷ðåçâû÷àéíîé ñèòóà-

öèè (×Ñ), îïðåäåëÿþòñÿ çîíû, â êîòîðûõ íàðóøàþò-

ñÿ óñëîâèÿ áåçîïàñíîñòè ëþäåé âñëåäñòâèå ðàçâè-

òèÿ ÎÔÏ. Â ðåæèìå ðåàëüíîãî âðåìåíè íà îñíîâå

ÄÈÑÊÓÑÑÈÈ
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ìàòåìàòè÷åñêîé ìîäåëè ïðîåêòèðóþòñÿ ïóòè ýâà-

êóàöèè èç âñåõ ïîìåùåíèé çäàíèÿ. Ñîâîêóïíîñòü

òðàåêòîðèé ýâàêóàöèè îòâå÷àåò óñëîâèþ min(�te).

Ñïðîåêòèðîâàííûå òðàåêòîðèè äâèæåíèÿ ïîêàçû-

âàþòñÿ ëþäÿì ñ ïîìîùüþ ñâåòîäèîäíûõ èíôîðìà-

öèîííûõ è çâóêîâûõ îïîâåùàòåëåé. Èçìåíåíèå ñî-

ñòîÿíèÿ îïîâåùàòåëåé íàïðàâëåíèÿ äâèæåíèÿ ïðî-

èñõîäèò, åñëè óñëîâèþ min(�te) áóäåò îòâå÷àòü èíàÿ

ñîâîêóïíîñòü òðàåêòîðèé. Ìîæåò ñëó÷èòüñÿ òàê, ÷òî

áëîêèðîâàíèå ïóòåé ýâàêóàöèè îïàñíûìè ôàêòîðà-

ìè ïîæàðà ïðèâåäåò ê óâåëè÷åíèþ âðåìåííîãî èí-

òåðâàëà ýâàêóàöèè. Òåì íå ìåíåå, åñëè ñóùåñòâóþò

áåçîïàñíûå äëÿ ÷åëîâåêà òðàåêòîðèè âûõîäà èç ãî-

ðÿùåãî çäàíèÿ, òî ÏÀÊ äîëæåí èõ îáíàðóæèòü è

îáåñïå÷èòü óêàçàíèå áåçîïàñíûõ ïóòåé.

Ðàñïðåäåëåííàÿ áåñïðîâîäíàÿ ñåòü îðãàíèçîâà-

íà íà ìíîæåñòâå óçëîâ, â ñîñòàâ êàæäîãî èç êîòîðûõ

âõîäèò ìèêðîêîíòðîëëåð [3]. Ïðîöåññû ìîäåëèðî-

âàíèÿ ýâàêóàöèè è ôîðìèðîâàíèÿ êîìàíä óïðàâëå-

íèÿ îðãàíèçîâàíû íà ñåðâåðàõ ñèñòåìû, â êà÷åñòâå

êîòîðûõ îáû÷íî âûñòóïàþò äåøåâûå îäíîïëàòíûå

êîìïüþòåðû.

Ìàòåìàòè÷åñêàÿ ìîäåëü
äëÿ ïðîåêòèðîâàíèÿ ïóòåé ýâàêóàöèè

èç ãîðÿùåãî çäàíèÿ

Ïðîãðàììíûå àëãîðèòìû ïðîåêòèðîâàíèÿ ïóòåé

ýâàêóàöèè ëþäåé èç ãîðÿùåãî çäàíèÿ, ïðåäíàçíà-

÷åííûå äëÿ ôóíêöèîíèðîâàíèÿ â ðàìêàõ ÏÀÊ, ïðè-

çâàíû îáåñïå÷èòü ïðîåêòèðîâàíèå è îòîáðàæåíèå

êîìàíä óïðàâëåíèÿ ýâàêóàöèåé ñ ó÷åòîì äèíàìèêè

ðàçâèòèÿ ïîæàðà â ðåæèìå ðåàëüíîãî âðåìåíè. Ó÷è-

òûâàÿ îòñóòñòâèå äîñòîâåðíûõ ýêñïåðèìåíòàëüíûõ

äàííûõ ïî äèíàìèêå ëþäñêèõ ïîòîêîâ â óñëîâèÿõ

ïîæàðà, ìîæíî ãîâîðèòü î âîçìîæíîñòè ïîñòðîåíèÿ

äâóõ òèïîâ ìîäåëåé. Ïåðâûé òèï — ìóëüòèàãåíò-

íûå ìîäåëè äâèæåíèÿ ëþäåé â óñëîâèÿõ ïîæàðà

(íàïðèìåð, ìîäåëü ñîöèàëüíûõ ñèë [4] è åå ðàçíî-

âèäíîñòè; ðàçíîîáðàçíûå ìîäåëè íà îñíîâå êëåòî÷-

íûõ àâòîìàòîâ [5]). Âîçìîæíî, ìîäåëè ýòîãî òèïà

íàèáîëåå ïåðñïåêòèâíû, íî ïðè èõ ðåàëèçàöèè âîç-

íèêàþò ïðîáëåìû ñ íàñòðîéêîé íà ìîäåëè ïîâåäå-

íèÿ àãåíòîâ, ñ îáåñïå÷åíèåì èõ ðàáîòû â ðåæèìå

ðåàëüíîãî âðåìåíè. Âòîðîé òèï — ïîòîêîâûå ìîäå-

ëè. Ïðèìåíèòåëüíî ê çàäà÷å ïðîåêòèðîâàíèÿ ïóòåé

ýâàêóàöèè èç ãîðÿùåãî çäàíèÿ ãëàâíûì äîïóùåíèåì

ÿâëÿåòñÿ ðàñïðîñòðàíåíèå ýêñïåðèìåíòàëüíûõ äàí-

íûõ, îòâå÷àþùèõ ïîòîêàì ëþäåé â çäàíèÿõ, íå îõâà-

÷åííûõ ïîæàðîì, íà ýâàêóàöèþ èç çäàíèé â óñëîâè-

ÿõ ïîæàðà. Ñ ó÷åòîì ïðîöåäóðû ïîñëåäóþùåé âàëè-

äàöèè ìîäåëè áûë ñäåëàí âûáîð â ïîëüçó ìîäåëåé

âòîðîãî òèïà.

Ìîäåëü, èñïîëüçóåìàÿ ïðè ïðîåêòèðîâàíèè,

íå äîëæíà ïðîòèâîðå÷èòü èìåþùèìñÿ ýêñïåðèìåí-

òàëüíûì äàííûì, êîòîðûå îïèñûâàþò:

� äâèæåíèå ëþäñêèõ ïîòîêîâ íà ó÷àñòêå ýâàêóàöèè

â çäàíèè;
� îãðàíè÷åíèÿ ïî áåçîïàñíîñòè ÷åëîâåêà, ñâÿçàí-

íûå ñ ðàçâèòèåì ÎÔÏ.

Â ñâÿçè ñ ýòèì ìîäåëü èñïîëüçóåò ýêñïåðèìåí-

òàëüíî óñòàíîâëåííóþ çàâèñèìîñòü õàðàêòåðèñòèê

ñêîðîñòè ëþäñêîãî ïîòîêà VDj
(ì�ìèí) îò ïëîòíî-

ñòè ïîòîêà [6, 7], ïðèìåíÿåìóþ â íîðìàòèâíûõ äî-

êóìåíòàõ ([8], ÃÎÑÒ 12.1.004–91):

V V a
D

D
D j

i

j j

j

� �
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�
�

�
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�
�0

0

1
ln

, (1)

ãäåV
j0 — ñëó÷àéíàÿ âåëè÷èíà ñêîðîñòè ñâîáîäíîãî

äâèæåíèÿ (ïðè îòñóòñòâèè âëèÿíèÿ îêðóæàþùèõ

ëþäåé), çàâèñÿùàÿ îò âèäà ïóòè j è óðîâíÿ ýìî-

öèîíàëüíîãî ñîñòîÿíèÿ ëþäåé, ì�ìèí;

aj — êîýôôèöèåíò, îïðåäåëÿþùèé ñòåïåíü âëè-

ÿíèÿ ïëîòíîñòè ëþäñêîãî ïîòîêà íà ñêîðîñòü åãî

äâèæåíèÿ ïî j-ìó âèäó ïóòè;

Di —òåêóùåå çíà÷åíèå ïëîòíîñòè ïîòîêà,÷åë.�ì2;

D
j0 — ïîðîãîâîå çíà÷åíèå ïëîòíîñòè ïîòîêà,

ïî äîñòèæåíèè êîòîðîãî ïëîòíîñòü ñòàíîâèòñÿ

ôàêòîðîì, âëèÿþùèì íà ñêîðîñòü äâèæåíèÿ,

÷åë.�ì2.

Çíà÷åíèÿ ïàðàìåòðîâ, âõîäÿùèõ â (1), ïðåäñòàâ-

ëåíû â òàáë. 1 ([8], ÃÎÑÒ 12. 1. 004–91).

Ìàêñèìàëüíàÿ ïëîòíîñòü ëþäñêèõ ïîòîêîâ â íà-

øèõ ðàñ÷åòàõ ïðèíèìàåòñÿ Dmax = 5 ÷åë.�ì2, òàê êàê

ïðè ýòîì çíà÷åíèè íå ïðîèñõîäèò êîìïðåññèîííîãî

ñäàâëèâàíèÿ ëþäåé.

Ýêñïåðèìåíòàëüíûå äàííûå, îòâå÷àþùèå îãðà-

íè÷åíèÿì ïî áåçîïàñíîñòè ÷åëîâåêà, âûðàæàþòñÿ â

êðèòè÷åñêèõ çíà÷åíèÿõ îïàñíûõ ôàêòîðîâ ïîæàðà.

Ââåäåì ôóíêöèþ ïðîõîäèìîñòè ýëåìåíòà çäàíèÿ:

�( ) max ( ) ,*� � �� �1
i

i i

ãäå �i — çíà÷åíèå i-ãî ÎÔÏ;

�
i
* — êðèòè÷åñêîå çíà÷åíèå i-ãî ÎÔÏ.

Â ïåðâîì ïðèáëèæåíèè àïïðîêñèìèðóåì ôóíê-

öèþ ïðîõîäèìîñòè�(�) ñòóïåí÷àòîé ôóíêöèåé �(�),
èçìåíÿþùåéñÿ îò åäèíèöû äî íóëÿ â òî÷êå� �i i� * .

Òîãäà ìàòåìàòè÷åñêîå îæèäàíèå ñêîðîñòè â òî÷êå

êîððåêòèðóåòñÿ ñ ó÷åòîì àïïðîêñèìàöèè �(�). Åñëè

îïàñíûå ôàêòîðû ïîæàðà â òî÷êå íå äîñòèãëè êðè-

Âèä ïóòè
V

j0 ,

ì�ìèí
aj

D
j0 ,

÷åë. �ì2

Ãîðèçîíòàëüíûé ïóòü 100 0,295 0,51

Ïðîåì 100 0,295 0,65

Ëåñòíèöà âíèç 80 0,400 0,89

Ëåñòíèöà ââåðõ 50 0,305 0,67

Òàáëèöà 1. Çíà÷åíèÿ V
j0 , aj è D

j0 â çàâèñèìîñòè îò âèäà
ïóòè â çäàíèè
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òè÷åñêèõ çíà÷åíèé, òî ìàòåìàòè÷åñêîå îæèäàíèå

ìîäóëÿ ñêîðîñòè ëþäñêîãî ïîòîêà îòâå÷àåò âûðàæå-

íèþ (1). Â ïðîòèâíîì ñëó÷àå ìàòåìàòè÷åñêîå îæè-

äàíèå ìîäóëÿ ñêîðîñòè â ýòîé òî÷êå ïðèíèìàåòñÿ

ðàâíûì íóëþ. Àïïðîêñèìàöèÿ ñòóïåí÷àòîé ôóíê-

öèåé ôóíêöèè ïðîõîäèìîñòè â ýëåìåíòå çäàíèÿ�(�)

îáóñëîâëåíà îòñóòñòâèåì äîñòîâåðíûõ ýêñïåðè-

ìåíòàëüíûõ äàííûõ ïî âîçäåéñòâèþ ÎÔÏ è èõ ñî-

âìåñòíîìó âîçäåéñòâèþ íà õàðàêòåðèñòèêè äâèæå-

íèÿ ëþäñêîãî ïîòîêà.

Íàïðàâëåíèå ëþäñêîãî ïîòîêà â êàæäîé òî÷êå

îïðåäåëÿåòñÿ óñëîâèåì ìèíèìóìà âðåìåíè, íåîáõî-

äèìîãî äëÿ âûíóæäåííîé ýâàêóàöèè èõ èç çäàíèÿ,

ò. å. èç ìíîæåñòâà âèðòóàëüíûõ òðàåêòîðèé äâèæå-

íèÿ ëþäñêèõ ïîòîêîâ ïðè âûíóæäåííîé ýâàêóàöèè

âûáèðàþòñÿ òå, êîòîðûå îáåñïå÷èâàþò ìèíèìóì

âðåìåííîãî èíòåðâàëà ýâàêóàöèè — min (�te). Èí-

ôîðìàöèÿ îá ýòèõ òðàåêòîðèÿõ ñîîáùàåòñÿ ëþäÿì.

Åñëè îáîçíà÷èòü îòíîñèòåëüíóþ äîëþ ëþäåé, îñòà-

þùèõñÿ â çäàíèè ê ìîìåíòó âðåìåíè t (ñ íà÷àëà ïðî-

öåññà ýâàêóàöèè), �(t), òî âðåìåííîé èíòåðâàë ýâà-

êóàöèè �te áóäåò îïðåäåëÿòüñÿ óñëîâèåì �(�te) = 0.

Òåîðåòè÷åñêè âîçìîæíî, ÷òî �(t) � 0 äëÿ ëþáîãî çíà-

÷åíèÿ t. Â ýòîì ñëó÷àå âðåìåííîé èíòåðâàë ýâàêóà-

öèè �te áóäåò îïðåäåëÿòüñÿ óñëîâèåì ��(�te)��t = 0.

Óñëîâèå �(t) � 0 ïðè t �  ôàêòè÷åñêè îçíà÷àåò,

÷òî â ñëîæèâøèõñÿ ïðè ïîæàðå óñëîâèÿõ íå ñóùå-

ñòâóåò òðàåêòîðèé äâèæåíèÿ, êîòîðûå áû îáåñïå÷è-

âàëè áåçîïàñíóþ ýâàêóàöèþ âñåõ ëþäåé.

Ïðåäïîëàãàåòñÿ, ÷òî ëþäè ïðè ýâàêóàöèè áóäóò

äâèãàòüñÿ â ñîîòâåòñòâèè ñ óêàçàíèÿìè äèíàìè÷å-

ñêèõ îïîâåùàòåëåé, ôóíêöèîíèðóþùèõ â ðåæèìå

ðåàëüíîãî âðåìåíè. Îïðåäåëåíèå òðàåêòîðèé äâè-

æåíèÿ ëþäåé ÿâëÿåòñÿ ðåçóëüòàòîì ðàáîòû ìîäåëè.

Â äðóãèõ ðàáîòàõ [9, 10] àâòîðû ïðåäëàãàþò

èíîé ïîäõîä, êîòîðûé èñïîëüçóåò ðåçóëüòàòû ïðåä-

âàðèòåëüíîãî ìîäåëèðîâàíèÿ ëþäñêèõ ïîòîêîâ ïî

âûáðàííûì ó÷àñòêàì ýâàêóàöèîííûõ ïóòåé, à òàê-

æå ðåçóëüòàòû ïðåäâàðèòåëüíîãî ìîäåëèðîâàíèÿ ðàç-

âèòèÿ îïàñíûõ ôàêòîðîâ ïîæàðà. Òðàåêòîðèè äâè-

æåíèÿ ëþäñêèõ ïîòîêîâ âûáèðàþòñÿ íà îñíîâàíèè

àíàëèçà èíôîðìàöèè (ìèíèìèçàöèè ôóíêöèîíàëà)

î äèíàìèêå ðàçâèòèÿ îïàñíûõ ôàêòîðîâ ïîæàðà,

î ðàñïðåäåëåíèè ëþäåé ïî çäàíèþ. Îáû÷íî ýòà èí-

ôîðìàöèÿ îáðàáàòûâàåòñÿ ñèñòåìîé ïîääåðæêè

ïðèíÿòèÿ ðåøåíèé, ïîñëå ÷åãî èíôîðìàöèÿ î ïóòÿõ

ýâàêóàöèè äîâîäèòñÿ äî ëþäåé [9–11].

Îòìåòèì, ÷òî øèðîêî èçâåñòíûå çàêîíîìåðíî-

ñòè ([7, 8], ÃÎÑÒ 12.1.004–91), ñâÿçûâàþùèå ïëîò-

íîñòü ëþäñêîãî ïîòîêà ñ õàðàêòåðèñòèêàìè ñêîðîñòè

åãî äâèæåíèÿ, íå ïðåäíàçíà÷åíû äëÿ ïðîåêòèðîâà-

íèÿ ïóòåé ýâàêóàöèè, íî ïîçâîëÿþò ïðîãíîçèðîâàòü

îáðàçîâàíèå ñêîïëåíèé ëþäåé íà ïóòÿõ ýâàêóàöèè.

Èìåííî ïîýòîìó ìîäåëèðîâàíèå äâèæåíèÿ ëþäñêèõ

ïîòîêîâ, îñíîâàííîå íà ýêñïåðèìåíòàëüíî óñòàíîâ-

ëåííîé çàâèñèìîñòè (1), èñïîëüçóåòñÿ äëÿ íîðìè-

ðîâàíèÿ ýâàêóàöèîííûõ ïóòåé [12].

Â ïðîãðàììíûõ ðåàëèçàöèÿõ ïðîåêòèðîâàíèå

ïóòåé ýâàêóàöèè îñíîâàíî ëèáî íà ìèíèìèçàöèè

ôóíêöèîíàëà âðåìåíè ýâàêóàöèè, ëèáî íà ìèíèìè-

çàöèè ðàññòîÿíèé äî ýâàêóàöèîííûõ âûõîäîâ [13].

Íàïðèìåð, â ïðîãðàììíîì êîìïëåêñå “Ýâàòåê” [14],

êîòîðûé èñïîëüçóåò ñîîòíîøåíèå (1) â ðàìêàõ ìîäå-

ëè èíäèâèäóàëüíî-ïîòî÷íîãî äâèæåíèÿ ëþäåé, ïóòè

ýâàêóàöèè îïðåäåëÿþòñÿ ñ èñïîëüçîâàíèåì ìîäè-

ôèöèðîâàííîãî àëãîðèòìà Äåéêñòðû [15]. Ïðè ýòîì

ïóòè ýâàêóàöèè îòâå÷àþò ìèíèìóìó ðàññòîÿíèé äî

âûõîäîâ. Â ïðîãðàììíîì êîìïëåêñå “Ôëîóòåê ÂÄ”

[16] ðàñïîëîæåíèå è õàðàêòåðèñòèêè ó÷àñòêîâ ýâà-

êóàöèè ÿâëÿþòñÿ âõîäíûì ïàðàìåòðîì ìîäåëè, ò. å.

ïóòü ýâàêóàöèè îïðåäåëÿåòñÿ ýêñïåðòîì íà îñíîâå

èìåþùåãîñÿ ó íåãî îïûòà. Âñå ïðîãðàììíûå ðåàëè-

çàöèè ïðåäïîëàãàþò ïðåäâàðèòåëüíîå çàäàíèå ñöå-

íàðèåâ ïîæàðà è ïðåäâàðèòåëüíîå ìîäåëèðîâàíèå

äèíàìèêè ðàñïðîñòðàíåíèÿ îïàñíûõ ôàêòîðîâ ïî-

æàðà. Îòìåòèì, ÷òî â íàñòîÿùåå âðåìÿ â Ðîññèè

íå ïðåäñòàâëåíû ÑÎÓÝ, âîçìîæíîñòè êîòîðûõ äî-

ïóñêàþò óïðàâëåíèå ýâàêóàöèåé ïîñðåäñòâîì èñ-

ïîëüçîâàíèÿ äèíàìè÷åñêèõ îïîâåùàòåëåé â ãîðÿ-

ùåì çäàíèè â ðåæèìå ðåàëüíîãî âðåìåíè.

Àëãîðèòìû,
ðåàëèçóþùèå ìîäåëü ýâàêóàöèè

Â ðàìêàõ äàííîé ðàáîòû ðàññìàòðèâàþòñÿ äâå

ïðîãðàììíûå ðåàëèçàöèè îïèñàííîé âûøå ìàòåìà-

òè÷åñêîé ìîäåëè. Íåñìîòðÿ íà òî ÷òî ìîäåëü îäíà è

òà æå, åå ïðîãðàììíûå ðåàëèçàöèè ðàçëè÷àþòñÿ íà-

ñòîëüêî, ÷òî íå ïðåäñòàâëÿåòñÿ âîçìîæíûì èõ ñî-

âìåñòíîå îïèñàíèå. Ïðîöåäóðó âàëèäàöèè ïðîõîäèò

òîëüêî âòîðàÿ ïðîãðàììíàÿ ðåàëèçàöèÿ, à ïåðâàÿ

ïðåäíàçíà÷åíà äëÿ ïðîõîæäåíèÿ ïðîöåäóðû âåðè-

ôèêàöèè. Îáà ðåøåíèÿ ïðåäïîëàãàþò íàëè÷èå ïðî-

ñòðàíñòâåííî-èíôîðìàöèîííîé ìîäåëè (ÏÈÌ) çäà-

íèÿ, èìåþùåé îïðåäåëåííóþ ñòðóêòóðó [17].

ÏÈÌ çäàíèÿ ïðåäñòàâëÿåòñÿ â âèäå ñîâîêóïíî-

ñòè ýëåìåíòîâ ïðîñòðàíñòâà çäàíèÿ (ïîìåùåíèé

èëè ÷àñòåé ïîìåùåíèé — çîí), ïðîåêöèè êîòîðûõ

íà ãîðèçîíòàëüíóþ ïëîñêîñòü îãðàíè÷åíû ïîëè-

ãîíàìè, è ñâÿçåé ìåæäó ýëåìåíòàìè ïðîñòðàíñòâà.

Çäåñü ïîä ïîìåùåíèåì (çîíîé) ïîíèìàåòñÿ ëþáàÿ

îäíîðîäíàÿ âûäåëåííàÿ ÷àñòü ïðîñòðàíñòâà (íà-

ïðèìåð, ÷àñòü êîìíàòû, äâåðíîé ïðîåì, ëåñòíè÷íàÿ

êëåòêà è ò. ä.). Êàæäûé ïîëèãîí èìååò íàáîð õàðàê-

òåðèñòèê, êîòîðûé ôîðìèðóåòñÿ ïðè ñîçäàíèè ìî-

äåëè çäàíèÿ. Èç õàðàêòåðèñòèê êàæäîãî ïîìåùåíèÿ

(çîíû) ìîæíî âûäåëèòü íà÷àëüíîå êîëè÷åñòâî ëþ-

äåé â ýëåìåíòå ïðîñòðàíñòâà, ïîæàðíóþ íàãðóçêó,

øèðèíó ïðîåìîâ è ò. ä. Äëÿ ñîçäàíèÿ ÏÈÌ çäàíèÿ

èñïîëüçóåòñÿ ïðîãðàììíûé êîìïëåêñ QGIS [18] ñî

ñïåöèàëèçèðîâàííûì ìîäóëåì (PlanCreator) [17].
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Èíôîðìàöèîííàÿ ñòðóêòóðà çäàíèÿ õðàíèòñÿ â ôîð-

ìàòå JSON [19], êîòîðûé âûáðàí èç òåõ ñîîáðàæå-

íèé, ÷òî ïîçâîëÿåò ëåãêî ïðîàíàëèçèðîâàòü âñþ èí-

ôîðìàöèþ ïî ìîäåëè çäàíèÿ, èáî èíôîðìàöèÿ ñòðóê-

òóðèðîâàíà.

Ðåàëèçàöèÿ ìîäåëè ñ èñïîëüçîâàíèåì
ðåãóëÿðíîé ðàçíîñòíîé ñåòêè

Ïðîãðàììíàÿ ðåàëèçàöèÿ ìîäåëè ýâàêóàöèè,

èñïîëüçóþùàÿ ïðåäñòàâëåíèå çäàíèÿ â âèäå ðåãó-

ëÿðíîé ðàçíîñòíîé ñåòêè (RINTD-Evac), ïðåäíà-

çíà÷åíà äëÿ âåðèôèêàöèè ìîäåëè ýâàêóàöèè ëþäåé

èç ãîðÿùåãî çäàíèÿ. Â ýòîì ñëó÷àå çíà÷åíèÿ è äèíà-

ìèêà èçìåíåíèÿ ÎÔÏ ñëåäóþò èç ðåçóëüòàòîâ ìî-

äåëèðîâàíèÿ ïîæàðà â ðàìêàõ ïîëåâîé ìîäåëè ñ èñ-

ïîëüçîâàíèåì ïðîãðàììíîãî êîìïëåêñà FDS (Fire

Dynamics Simulator) [20]. Ïðèíèìàåòñÿ ïðèáëèæå-

íèå, ÷òî ïðîöåññ ýâàêóàöèè íå âëèÿåò íà ïðîöåññ

ïîæàðà â çäàíèè. Çíà÷åíèÿ îïàñíûõ ôàêòîðîâ ïîæà-

ðà â òî÷êàõ ïðåäïîëàãàåìîãî ðàçìåùåíèÿ äàò÷èêîâ

êîíòðîëÿ ñðåäû â ãîðÿùåì çäàíèè, ïîëó÷àåìûå èç

ïðîãðàììíîãî êîìïëåêñà FDS, ïðåîáðàçóþòñÿ â

ôîðìàò JSON äëÿ ïîñëåäóþùåãî èñïîëüçîâàíèÿ â

ïðîãðàììàõ ìîäåëèðîâàíèÿ ïðîöåññà ýâàêóàöèè.

Äëÿ êîìïüþòåðíîãî ìîäåëèðîâàíèÿ äâèæåíèÿ

ëþäñêèõ ïîòîêîâ ÏÈÌ çäàíèÿ ïðåîáðàçóåòñÿ â ñî-

âîêóïíîñòü ðàçíîñòíûõ ñåòîê ýòàæåé è ïåðåõîäîâ

ìåæäó ýòàæàìè. Ðàçíîñòíûå ñåòêè ìîæíî ïðåäñòà-

âèòü â âèäå ñîâîêóïíîñòè íåîðèåíòèðîâàííûõ ãðà-

ôîâ ñ âûäåëåííûìè âåðøèíàìè (êîðíåâîé ãðàô):

Gm = (V, E), m ! N (ãäå V — íåïóñòîå ìíîæåñòâî

âåðøèí; E — ìíîæåñòâî ðåáåð; m — íîìåð ãðàôà;

N — êîëè÷åñòâî ýëåìåíòîâ ðàçíîñòíîé ñåòêè, ïðè-

íàäëåæàùèõ ýâàêóàöèîííûì âûõîäàì).

Ïîèñê ïóòåé ïî êàæäîìó ãðàôó G îò ïðîèçâîëü-

íîé âåðøèíû äî êîðíÿ (äî ýëåìåíòà ýâàêóàöèîííî-

ãî âûõîäà) îñóùåñòâëÿåòñÿ ïî ìîäèôèöèðîâàííîìó

àëãîðèòìó Äåéêñòðû [15]. Íàéäåííûé ïóòü îòâå÷à-

åò óñëîâèþ min (�te). Âåñ ðåáðà ðàññ÷èòûâàåòñÿ ïî

ñëåäóþùèì ïðàâèëàì:
� âåñ ïåðâîãî ðåáðà, ñîåäèíÿþùåãî ýëåìåíò ýâàêó-

àöèîííîãî âûõîäà ñ ïðîñòðàíñòâîì âíå çäàíèÿ,

— ïî ôîðìóëå

t
s

V
ijk m

p

m
p,

;�
�

(2)

� âåñ îñòàëüíûõ ðåáåð — ïî ðåêóððåíòíîé ôîð-

ìóëå

t t
s

V
ijk m

p

ijk m

p

m
p, ,

,� 
�1

�
(3)

ãäå j, i, k — êîîðäèíàòû ýëåìåíòà íà ðàçíîñòíîé

ñåòêå;

p — íîìåð ðåáðà;

s — äëèíà ïóòè ýâàêóàöèè â ïðåäåëàõ ÿ÷åéêè

ðàçíîñòíîé ñåòêè (s = h, åñëè ëþäñêîé ïîòîê íà-

ïðàâëåí âäîëü êîîðäèíàòíîé ñåòêè; s h� 2 ,åñëè

ëþäñêîé ïîòîê íàïðàâëåí ïî äèàãîíàëè ñåòêè);

h — øàã ðàçíîñòíîé ñåòêè;

Vm
p — ìàòåìàòè÷åñêîå îæèäàíèå ìîäóëÿ ñêîðî-

ñòè ëþäñêîãî ïîòîêà, ðàññ÷èòàííîå ïî ñîîòíî-

øåíèþ (1).

Îáíîâëåíèå çíà÷åíèé âåñîâ ðåáåð ïî ôîðìóëàì

(2) è (3) â ïðåäåëàõ ãðàôà ïðîèñõîäèò íà êàæäîì

ðàñ÷åòíîì øàãå.

Èíòåðôåéñ ïðîãðàììíîé ðåàëèçàöèè äàííîãî

àëãîðèòìà (RINTD-Evac) [21] ïîçâîëÿåò íàáëþäàòü

ïðîöåññ äâèæåíèÿ ëþäñêèõ ïîòîêîâ â çäàíèè, êîòî-

ðûé îòîáðàæàåòñÿ â âèäå èçìåíåíèÿ ïëîòíîñòè

ëþäñêîãî ïîòîêà â êàæäîì ñåòî÷íîì ýëåìåíòå çäà-

íèÿ (ðèñ. 1).

Ðåçóëüòàòîì ðàáîòû ìîäóëÿ RINTD-Evac ÿâëÿ-

åòñÿ òàáëèöà ðàñïðåäåëåíèÿ ëþäåé ïî ïîìåùåíèÿì

çäàíèÿ â ðàçëè÷íûå ìîìåíòû âðåìåíè. Âðåìÿ ýâà-

êóàöèè ôèêñèðóåòñÿ ïî ìîìåíòó âûõîäà èç çäàíèÿ

ïîñëåäíåãî ÷åëîâåêà.

Äëÿ òåñòèðîâàíèÿ ìîäåëè äâèæåíèÿ ëþäñêèõ ïî-

òîêîâ ïðè ýâàêóàöèè ëþäåé èç çäàíèÿ áûëè èñïîëü-

çîâàíû äàííûå, ïðåäñòàâëåííûå â ðàáîòå [22]. Â íåé

ñðàâíèâàëèñü ðåçóëüòàòû ìîäåëèðîâàíèÿ ïðîöåññà

ýâàêóàöèè ëþäåé èç çäàíèÿ, ïîëó÷åííûå íà îñíîâå

äâóõ ðàçëè÷íûõ ïî èäåîëîãèè ïîñòðîåíèÿ, íî øè-

ðîêî èñïîëüçóåìûõ ïðîãðàììíûõ êîìïëåêñîâ —

FDS+Evac [23] è Pathfinder [24]. Â ïðîãðàììíîì

êîìïëåêñå FDS+Evac (ñîâìåñòíàÿ ðàçðàáîòêà ÑØÀ

è Ôèíëÿíäèè) èñïîëüçóåòñÿ ìîäåëü ñîöèàëüíûõ ñèë,

â ïðîãðàììíîì êîìïëåêñå Pathfinder (ðàçðàáîòêà

ÑØÀ) — ìîäåëü ìíîãîàãåíòíîãî èìèòàöèîííîãî ìî-

äåëèðîâàíèÿ.

Äëÿ òåñòèðîâàíèÿ ïðîãðàììíîãî ìîäóëÿ èñïîëü-

çîâàíû ñîïîñòàâèìûå ïðîñòðàíñòâåííî-èíôîðìàöè-

îííûå ìîäåëè òåñòîâîãî çäàíèÿ è ñîâïàäàþùåå ðàñ-

ïðåäåëåíèå ëþäåé ïî ïîìåùåíèÿì çäàíèÿ (ðèñ. 2).

Ðèñ. 1. Âèçóàëèçàöèÿ äâèæåíèÿ ëþäñêèõ ïîòîêîâ íà ïðèìå-

ðå òåñòîâîãî çäàíèÿ â ñåòî÷íîé ðåàëèçàöèè ìîäåëè
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Ïî÷åìó äëÿ òåñòèðîâàíèÿ ìîäåëè äâèæåíèÿ ëþä-

ñêèõ ïîòîêîâ ïðåäïî÷òåíèå îòäàíî ðåçóëüòàòàì ðà-

áîòû [22]? Äëÿ öåëåé âåðèôèêàöèè âàæíî, ÷òî ìîäå-

ëè ðàçëè÷íûå. Ìîäåëè ïîâåäåíèÿ àãåíòîâ äîïóñêà-

þò ó÷åò âîçäåéñòâèÿ íà ïîñëåäíèõ îïàñíûõ ôàêòîðîâ

ïîæàðà, íî â îòëè÷èå îò ïðîãðàììíîé ðåàëèçàöèè

RINTD-Evac â íèõ íå ïðåäóñìàòðèâàåòñÿ çàäàíèå

óêàçàíèé íàïðàâëåíèé äâèæåíèÿ àãåíòîâ.

Íà ðèñ. 3 ïðåäñòàâëåíû ãðàôèêè çàâèñèìîñòè êî-

ëè÷åñòâà ëþäåé â çäàíèè îò âðåìåíè ïðèìåíèòåëü-

íî ê èñïîëüçîâàíèþ ìîäåëåé FDS+Evac, Pathfinder

è RINTD-Evac.

Ñîïîñòàâëåíèå ÷èñëåííûõ çíà÷åíèé ïàðàìåòðîâ

ýâàêóàöèîííûõ ïðîöåññîâ, ïîëó÷åííûõ â ðàìêàõ ðàç-

ëè÷íûõ ìîäåëåé, ïîêàçûâàåò, ÷òî õàðàêòåðèñòèêè

ðàçëè÷àþòñÿ íåçíà÷èòåëüíî, ïî êðàéíåé ìåðå äëÿ

îòíîñèòåëüíî ïðîñòîãî çäàíèÿ, íà êîòîðîì ñðàâíè-

âàëèñü ìîäåëè FDS+Evac è Pathfinder. Âìåñòå ñ òåì,

êàê è ñëåäîâàëî îæèäàòü, ñïåöèàëèçèðîâàííàÿ ìî-

äåëü RINTD-Evac äàåò ìèíèìàëüíûå çíà÷åíèÿ âðå-

ìåíè ýâàêóàöèè ëþäåé èç çäàíèÿ, òàê êàê òðàåêòî-

ðèè ýâàêóàöèè îòâå÷àþò óñëîâèþ min (�te).

Ìàòåìàòè÷åñêàÿ ìîäåëü äâèæåíèÿ ëþäñêèõ ïî-

òîêîâ ïðè ýâàêóàöèè ëþäåé èç çäàíèÿ è ïîñòðîåííûé

íà áàçå ìîäåëè ïðîãðàììíûé êîìïëåêñ RINTD-Evac

ïîçâîëÿþò äèíàìè÷åñêè ïåðåñòðàèâàòü òðàåêòîðèè

ëþäñêèõ ïîòîêîâ â ìîìåíòû èçìåíåíèÿ ñîñòîÿíèÿ

ñðåäû â çäàíèè ïðè ðàçâèòèè àâàðèéíîé ñèòóàöèè.

Ýòî äàåò âîçìîæíîñòü èñïîëüçîâàòü èõ â ïðàêòè÷å-

ñêè çíà÷èìûõ çàäà÷àõ.

Ðåàëèçàöèÿ ìîäåëè, îñíîâàííîé
íà ïðåäñòàâëåíèè çäàíèÿ â âèäå ãðàôà

Ðåàëèçàöèÿ ìîäåëè, îñíîâàííîé íà ðàçíîñòíîé

ñåòêå, ïðè ìîäåëèðîâàíèè ýâàêóàöèè ëþäåé ïðåäú-

ÿâëÿåò âûñîêèå òðåáîâàíèÿ ê âû÷èñëèòåëüíîé óñòà-

íîâêå, ÷òî çàòðóäíÿåò åå ïðèìåíåíèå â ñèñòåìå óïðàâ-

ëåíèÿ ýâàêóàöèåé ëþäåé ïðè ïîæàðå â çäàíèè â ðå-

àëüíîì ìàñøòàáå âðåìåíè. Â ñâÿçè ñ ýòèì â ñèñòåìå

óïðàâëåíèÿ ýâàêóàöèåé èñïîëüçóåòñÿ ìîäåëü ïðåä-

ñòàâëåíèÿ çäàíèÿ â âèäå âçâåøåííîãî äâóäîëüíîãî

ãðàôà [25]. Óçëàìè ãðàôà ÿâëÿþòñÿ îáúåêòû äâóõ

òèïîâ — ïîìåùåíèÿ è ïðîåìû, ðåáðàìè — ñîîòâåò-

ñòâóþùèå ñâÿçè ìåæäó íèìè (ðèñ. 4). Íà âåñ óçëîâ

áóäóò âëèÿòü ïëîùàäè ïîìåùåíèé (çîí), ÷èñëåííîñòü

ëþäåé, ðàçìåðû äâåðíûõ ïðîåìîâ è ò. ä. Òàêàÿ ôîðìà

ïðåäñòàâëåíèÿ çäàíèÿ ñëåäóåò èç ñòðóêòóðû ÏÈÌ,

èñïîëüçîâàííîé äëÿ ïðîãðàììíûõ ðàñ÷åòîâ íà îñíî-

Ðèñ. 2. Ïëàí òåñòîâîãî çäàíèÿ, èñïîëüçîâàííîãî â ðàáîòå [18]

Ðèñ. 3. Çàâèñèìîñòè êîëè÷åñòâà ëþäåé â çäàíèè îò âðåìåíè,

ïîëó÷åííûå íà òåñòîâîì çäàíèè ñ ïîìîùüþ ïðîãðàììíûõ êîì-

ïëåêñîâ: 1 — FDS+Evac; 2 — Pathfinder; 3 — RINTD-Evac Ðèñ. 4. ÏÈÌ òåñòîâîãî çäàíèÿ è ñîîòâåòñòâóþùèé åìó ãðàô
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âå ðåãóëÿðíîé ðàçíîñòíîé ñåòêè â ïðîãðàììíîì êîì-

ïëåêñå RINTD-Evac [17, 21].

Äàííàÿ ðåàëèçàöèÿ ìîäåëè ýâàêóàöèè ó÷èòûâà-

åò èçìåíåíèå âî âðåìåíè âåñîâ ãðàôà, îçíà÷àþùåå

èçìåíåíèå ñîñòîÿíèÿ çäàíèÿ. Ðåçóëüòàòîì ÿâëÿåòñÿ

äèíàìè÷åñêèé ïåðåðàñ÷åò òðàåêòîðèé äâèæåíèÿ ëþä-

ñêèõ ïîòîêîâ ïðè ýâàêóàöèè.

Â õîäå ðàáîò áûëî ïðîâåäåíî òåñòèðîâàíèå àëãî-

ðèòìîâ ðàñ÷åòîâ, èñïîëüçóþùèõ ìîäåëü, îñíîâàí-

íóþ íà ïðåäñòàâëåíèè çäàíèÿ â âèäå ãðàôà, è ñðàâ-

íåíèå ñ ðåçóëüòàòàìè, ïîëó÷åííûìè ïðè ðàñ÷åòàõ ñ

ïðèìåíåíèåì ìîäåëè íà ðàçíîñòíûõ ñåòêàõ. Òåñòèðî-

âàíèå íà ðàçëè÷íûõ çäàíèÿõ ïîêàçàëî àäåêâàòíîñòü

ðåàëèçàöèè ìîäåëè íà ãðàôå. Ñðàâíåíèå ðåçóëüòàòîâ

ïðîãíîçèðîâàíèÿ âûÿâèëî îïðåäåëåííîå çàâûøåíèå

ðàñ÷åòíûõ çíà÷åíèé âðåìåíè ýâàêóàöèè ïðè ïðåä-

ñòàâëåíèè îáúåìíî-ïëàíèðîâî÷íûõ ðåøåíèé çäàíèÿ

â âèäå ãðàôà ïðèìåðíî â äâà ðàçà. Ïðè÷åì, êàê ñëå-

äóåò èç ðåçóëüòàòîâ ðàñ÷åòîâ (ðèñ. 5), âðåìåííîé èí-

òåðâàë äâèæåíèÿ ëþäñêèõ ïîòîêîâ óâåëè÷èâàåòñÿ

ïðè óìåíüøåíèè êîëè÷åñòâà ëþäåé â ïîìåùåíèÿõ

çäàíèÿ. Èñïîëüçîâàíèå ìîäåëè çäàíèÿ â âèäå ãðàôà

ïðèâîäèò ê ñîêðàùåíèþ âðåìåíè ðàñ÷åòà íà îäèí-

äâà ïîðÿäêà, ÷òî îáåñïå÷èâàåò ðåæèì ðåàëüíîãî âðå-

ìåíè ïðè ìîäåëèðîâàíèè ïðîöåññà ýâàêóàöèè.

“Çàâûøåíèå” ðàñ÷åòíîãî âðåìåíè ýâàêóàöèè

îçíà÷àåò, ÷òî ðàçðàáîòàííûé ïðîãðàììíûé àëãîðèòì

ïðè ïðåäñòàâëåíèè îáúåìíî-ïëàíèðîâî÷íûõ ðåøå-

íèé çäàíèÿ â âèäå ãðàôà, èñïîëüçîâàííûé â ñèñòåìå

óêàçàíèÿ ïóòåé ýâàêóàöèè, ïðèâåäåò ê óâåëè÷åíèþ

âðåìåíè èíäèêàöèè íàïðàâëåíèé äâèæåíèÿ ëþä-

ñêèõ ïîòîêîâ (ôàêòè÷åñêè ëþäåé â çäàíèè íå îñòà-

ëîñü, à óêàçàòåëè âñå åùå ïîêàçûâàþò íàïðàâëåíèÿ

äâèæåíèÿ ëþäñêèõ ïîòîêîâ ïðè ýâàêóàöèè). Â îá-

ùåì ñëó÷àå, ýòî ïîâûøàåò íàäåæíîñòü èíôîðìèðî-

âàíèÿ ëþäåé.

Íåîáõîäèìî îòìåòèòü, ÷òî “çàâûøåíèå” ðàñ÷åò-

íîãî âðåìåíè ýâàêóàöèè îáóñëîâëåíî ñîîòâåòñòâó-

þùåé íàñòðîéêîé ïðåäñòàâëåíèÿ ìîäåëè çäàíèÿ â

âèäå ãðàôà. Î÷åâèäíî, ÷òî ïðè ïðîñòðàíñòâåííîé

äèñêðåòèçàöèè òî÷íîñòü ìîäåëèðîâàíèÿ ñíèæàåòñÿ

ñ óâåëè÷åíèåì øàãà ïî ïðîñòðàíñòâåííîé ïåðåìåí-

íîé (ìîäåëü íà ãðàôå ñîîòâåòñòâóåò ìàêñèìàëüíîìó

øàãó ïî ïðîñòðàíñòâó). Ïðè èñïîëüçîâàíèè ìîäåëè

çäàíèÿ â âèäå ãðàôà âñå õàðàêòåðèñòèêè ìîäåëè

óñðåäíÿþòñÿ ïî âñåìó ïîìåùåíèþ (çîíå). Âìåñòå ñ

òåì ñíèæåíèå òî÷íîñòè íå ãàðàíòèðóåò “íåóìåíü-

øåíèÿ” ðàñ÷åòíîãî âðåìåíè ýâàêóàöèè, ÷òî ÿâëÿ-

åòñÿ íåîáõîäèìûì óñëîâèåì ïðèìåíåíèÿ ìîäåëè â

ñèñòåìå óêàçàíèÿ ïóòåé ïðè ýêñòðåííîé ýâàêóàöèè.

Ê ïðèåìëåìîìó “çàâûøåíèþ” ðàñ÷åòíîãî âðåìåíè

ýâàêóàöèè ïðèâîäèò îöåíêà õàðàêòåðíîãî ðàçìåðà

ýëåìåíòà çäàíèÿ (äëèíû ïóòè ýâàêóàöèè) â âèäå "
(ãäå " — ïëîùàäü ïîìåùåíèÿ (çîíû)). Â ýòîì ñëó-

÷àå âðåìÿ ïðîõîæäåíèÿ ëþäñêèì ïîòîêîì ýëåìåíòà

çäàíèÿ t V# " (ãäå V — îöåíêà ìàòåìàòè÷åñêîãî

îæèäàíèÿ ñêîðîñòè ëþäñêîãî ïîòîêà â ýëåìåíòå çäà-

íèÿ). Î÷åâèäíî, ÷òî " — çàâûøåííàÿ îöåíêà äëè-

íû ïóòè ýâàêóàöèè äëÿ ýëåìåíòà çäàíèÿ, êîòîðàÿ ïðè-

âîäèò ê çàâûøåííîìó âðåìåíè ýâàêóàöèè. Îäíàêî

ñíèæåíèå îöåíêè ìîæåò ïðèâåñòè äëÿ íåêîòîðûõ

çäàíèé ê óìåíüøåíèþ ðàñ÷åòíîãî âðåìåíè ýâàêóàöèè

ïî îòíîøåíèþ ê ðåàëüíîìó ïðîöåññó ýâàêóàöèè, ÷òî

ñîâåðøåííî íåïðèåìëåìî.

Â êà÷åñòâå ñåðâåðíîé ïëàòôîðìû ÏÀÊ, ïðåäíà-

çíà÷åííîé äëÿ óïðàâëåíèÿ îáëàêîì áåñïðîâîäíûõ

óçëîâ, ïðåäïîëàãàåòñÿ èñïîëüçîâàòü ýêîíîìè÷íûå îä-

íîïëàòíûå êîìïüþòåðû, íàïðèìåð Raspberry Pi [26].

Ýòî îáóñëîâëåíî, â ïåðâóþ î÷åðåäü, òðåáîâàíèåì

îáåñïå÷åíèÿ íàäåæíîñòè ðàáîòû ñèñòåìû, â òîì ÷èñ-

ëå â óñëîâèÿõ îòñóòñòâèÿ ýëåêòðîýíåðãèè â çäàíèè.

Íåäîñòàòêîì òàêîãî âûáîðà ÿâëÿåòñÿ ñðàâíèòåëüíî

íèçêàÿ ïðîèçâîäèòåëüíîñòü êîìïüþòåðîâ äàííîãî

òèïà.

Êðèòè÷íîé çàäà÷åé (ïðèìåíèòåëüíî ê âû÷èñëè-

òåëüíîé ìîùíîñòè èñïîëüçóåìûõ ìèêðîêîìïüþòå-

ðîâ) ÿâëÿåòñÿ ìîäåëèðîâàíèå ïðîöåññà ýâàêóàöèè.

Îöåíêà âðåìåíè ðàñ÷åòîâ, ïðîèçâåäåííûõ íà êîìïü-

þòåðå Raspberry Pi, ñ ïðèìåíåíèåì àëãîðèòìîâ, îñíî-

âàííûõ íà ðàçíîñòíîé ñåòêå, ïîêàçàëà íåïðèìåíè-

ìîñòü ïîñëåäíèõ â çàäà÷àõ ðåàëüíîãî âðåìåíè (êàêî-

âîé ÿâëÿåòñÿ óïðàâëåíèå ýâàêóàöèåé). Ðåàëèçàöèÿ

æå ìîäåëè, îñíîâàííîé íà ãðàôå çäàíèÿ, íàïðîòèâ,

íå òðåáóåò çíà÷èòåëüíûõ âû÷èñëèòåëüíûõ ðåñóðñîâ

è ðàáîòàåò çíà÷èòåëüíî áûñòðåå. Ñðàâíåíèå ñêîðî-

ñòè ðàñ÷åòîâ äâóõ îïèñûâàåìûõ ðåàëèçàöèé ïîêà-

çàëî ðàñõîæäåíèå ïðèìåðíî â 50 ðàç.

Íàïðàâëåíèå ëþäñêèõ ïîòîêîâ, ñïðîãíîçèðîâàí-

íîå ìîäåëüþ, åñòåñòâåííûì îáðàçîì ìîæíî îòðàçèòü

íà ñâåòîäèîäíûõ îïîâåùàòåëÿõ (óêàçàòåëÿõ) ÑÎÓÝ,

Ðèñ. 5. Çàâèñèìîñòè êîëè÷åñòâà îñòàâøèõñÿ â çäàíèè ëþäåé

îò âðåìåíè íà ïðèìåðå òåñòîâîãî çäàíèÿ, ïîëó÷åííûå ñ èñ-

ïîëüçîâàíèåì ìîäåëè, îñíîâàííîé íà ðåãóëÿðíîé ðàçíîñòíîé

ñåòêå (1) è íà ãðàôå (2)
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ïðèâÿçàâ èõ ê ñîîòâåòñòâóþùèì âûõîäàì èç ïîìå-

ùåíèé.

Òàêèì îáðàçîì, åñëè îòêàçàòüñÿ îò òðåáîâàíèÿ

ðàçóìíîé ñòîèìîñòè ÏÀÊ, òî ñåòî÷íîå ïðåäñòàâëå-

íèå çäàíèÿ ïðåäïî÷òèòåëüíåå. Â ïðîòèâíîì ñëó÷àå,

ðåæèì ðåàëüíîãî âðåìåíè ñ ïðèåìëåìûì óðîâíåì

òî÷íîñòè ìîæíî ïîääåðæàòü ñ èñïîëüçîâàíèåì ìî-

äåëè çäàíèÿ â âèäå ãðàôà.

Çàêëþ÷åíèå

Ëþäñêèå ïîòåðè â Ðîññèè ïðè ïîæàðàõ íà ïîðÿ-

äîê ïðåâûøàþò ïîòåðè â ñòðàíàõ Çàïàäíîé Åâðîïû

è Àìåðèêè ïðè ñîèçìåðèìûõ ÷àñòîòàõ âîçíèêíî-

âåíèÿ ïîæàðîâ. Òàêèì îáðàçîì, àêòóàëüíîñòü íàñòî-

ÿùåé ðàáîòû è ïðîåêòà ïî ñîçäàíèþ ñèñòåìû óïðàâ-

ëåíèÿ ýâàêóàöèåé â öåëîì îáóñëîâëåíû òåì óùåðáîì,

êîòîðûé íàíîñÿò ïîæàðû â îáùåñòâåííûõ çäàíèÿõ.

Îïèñàííûå â ðàáîòå ìàòåìàòè÷åñêàÿ ìîäåëü ïðî-

öåññîâ ýâàêóàöèè ëþäåé, îñíîâàííàÿ íà ãðàôå çäà-

íèÿ, è àëãîðèòì, ðåàëèçóþùèé äàííóþ ìîäåëü, ïî-

êàçàëè ñâîþ ïðèìåíèìîñòü ïðè ïîñòðîåíèè ÑÎÓÝ,

ðàáîòàþùèõ â ðåàëüíîì âðåìåíè è íàêëàäûâàþùèõ

íåêîòîðûå îãðàíè÷åíèÿ íà ìîäåëü â ñèëó ñâîèõ òåõ-

íè÷åñêèõ òðåáîâàíèé.

***

Ðàáîòà ïîääåðæàíà ãðàíòîì Ìèíîáðíàóêè

¹ RFMEFI57414X0038 “Ðàçðàáîòêà è ñîçäàíèå ïðî-

ìûøëåííîãî îáðàçöà áåñïðîâîäíîé ñèñòåìû äèíà-

ìè÷åñêîãî óïðàâëåíèÿ ýâàêóàöèåé ëþäåé èç çäàíèé”

â ðàìêàõ ðåàëèçàöèè ÔÖÏ “Èññëåäîâàíèÿ è ðàçðà-

áîòêè ïî ïðèîðèòåòíûì íàïðàâëåíèÿì ðàçâèòèÿ

íàó÷íî-òåõíîëîãè÷åñêîãî êîìïëåêñà Ðîññèè íà

2014–2020 ãîäû”.
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ABSTRACT

Emergency alert and evacuation management systems (EAEMS), if present in buildings, significantly

reduce people evacuation times in emergencies (in comparison with static routes pointers), and they
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can thus reduce the number of victims. The paper describes an approach to the EAEMS creation that

meets the requirements of a reasonable cost.

State-of-the-art of microelectronics and computing machinery, as well as the accumulated global

theoretical evidence make it possible to create the most effective EAEMS. Unfortunately, the cost of

such systems is not affordable to be introduced everywhere in operation. An important and very

expensive part of such systems are sensors of people gathering density in the building. Their absence

causes the use of appropriate computer models to predict the dynamics of the human flow density.

In turn, the use of very accurate models also make system more expensive due to the required

computing resources. Therefore, the main objective of this work is the search for applicable

mathematical model, as well as implementing its program algorithm, which would allow to construct

EAEMS using cheap microelectronic elements.

The choice is made on the flow model of the foot traffic in the building, using experimentally

determined flow rate depending on the density of the people. It is shown that the program implementa-

tion of the selected model which represents the building in the form of a computational grid produces

results, which consistent with the results presented in the works of other groups who used other, more

accurate models. Unfortunately, as shown in the paper, this software implementation of model does not

allow to produce real-time calculations on the basis of the cheap single-board computers (for example,

Raspberry Pi). Replacing the spatial representation of the building from a grid to a weighted bipartite

graph reduces the computational time dozens of times, and thus makes it possible to use the single-

board computers. Testing of the graph based implementation of the model shows adequate results that

are comparable with the results of more accurate models and algorithms consuming more computing

resources.

Thus, it is concluded that affordable EAEMS can be constructed on the basis of inexpensive

microelectronics with the application of appropriate computer model of the people movement in

the building.

Keywords: evacuation management; mathematical simulation; foot traffic; graph theory; building

information model; microcontrollers; wireless electronic systems.

REFERENCES

1. Merkushkina T. G., Samoshin D. A., Khasueva Z. S., Zykova M. Yu. Features evacuation of people

from modern office buildings in case of fire. Tekhnologii tekhnosfernoy bezopasnosti (Technology of

Technosphere Safety), 2015, no. 5(63), pp. 73–81 (in Russian).

2. Kolodkin V. M., Morozov O. A., Varlamov D. V., Chirkov B. V., Vashtiev V. K., Galiullin M. E. The buil-

ding evacuation management system in case of fire. Bezopasnost v tekhnosfere. Sbornik statey (Safety

in Technosphere. Collected Scientific Papers), 2015, issue 9, pp. 6–9 (in Russian).

3. Microcontroller ATmega 128RFA1 (in Russian). Available at: http:��www.atmel.com�devices�
atmega128rfa1.aspx (Accessed 7 July 2015).

4. Helbing D., Molnár P. Social force model for pedestrian dynamics. Physical Review E, 1995, vol. 51,

no. 5, pp. 4282–4286. DOI: 10.1103� PhysRevE.51.4282.

5. Yang Y., Deng J., Xie C., Jiang Y. Design and implementation of Fire Safety Evacuation Simulation

Software based on Cellular Automata Model. Procedia Engineering, 2014, vol. 71, pp. 364–371. DOI:

10.1016�j.proeng.2014.04.052.

6. Kholshchevnikov V. V. Human flows in buildings, structures and on adjoining territories. Dr. tech. sci.

diss. Moscow, 1983. 486 p. (in Russian).

7. Kholshchevnikov V. V. Relationship between parameters of human flow. Diploma No. 24-S on the dis-

covery in the field of social psychology. Moscow, Russian Academy of Natural Sciences, International

Academy of Authors of Scientific Discoveries and Inventions, International Association of Authors of

Scientific Discoveries Publ., 2005 (in Russian).

8. Methods of determination of settlement sizes of fire risk in buildings, constructions and structures of va-

rious classes of functional fire danger. Order of Emercom of Russia on 30.06.2009 No. 382. Rossiy-

skaya gazeta (Russian Newspaper), 2009, no. 161 (in Russian).

9. Shikhalev D. V., Khabibulin R. Sh. Mathematical model of definition of safe evacuation directions in case

of fire. Pozharovzryvobezopasnost — Fire and Explosion Safety, 2014, vol. 23, no. 4, pp. 51–60 (in Rus-

sian).



85ISSN 0869-7493 ÏÎÆÀÐÎÂÇÐÛÂÎÁÅÇÎÏÀÑÍÎÑÒÜ 2016 ÒÎÌ 25 ¹ 10

ÄÈÑÊÓÑÑÈÈ

10. Shikhalev D. V., Khabibulin R. Sh., Armel Ulrich Kemloh Wagoum. Development of a safest routing algo-

rithm for evacuation simulation in case of fire. In: Proceedings of the 6th International Conference on Agents

and Artificial Intelligence. Loire Valley, France, 2014, pp. 685–690. DOI: 10.5220�0004919706850690.

11. Chu Y., Zhang H., Shen S., Yang R., Qiao L. Development of a model to generate a risk map in a buil-

ding fire. Science China. Technological Sciences, 2010, vol. 53, no. 10, pp. 2739–2747. DOI:

10.1007�s11431-010-4063-8.

12. Kholshchevnikov V. V., Parfenenko A. P. About modeling of evacuation of people and dynamics of fire

hazards in purpose of normalization evacuation routes. Tekhnologii tekhnosfernoy bezopasnosti (Tech-

nology of Technosphere Safety), 2014, no. 1(53). 8 p. (in Russian). Available at: ðttp:��elibrary.ru�down-

load�37807443.pdf ((Accessed 10 June 2016).

13. Kemloh U., Chraibi M., Mehlich J., Seyfried A., Schadschneider A. Efficient and validated simulation

of crowds for an evacuation assistant. Computer Animation and Virtual Worlds, 2012, vol. 23, no. 1,

pp. 3–15. DOI: 10.1002�cav.1420.

14. Karkin I. N., Skochilov A. L., Zverev V. V., Kontar N. A. Validation and verification of evacuation

model SITIS: Evatech. No. 4152-ÒÒ2.5. Yekaterinburg, SITIS Publ., 2008. 29 p. (in Russian).

15. Aho A., Hopcroft J., Ulman J. Data Structures and Algorithms. Moscow, St. Petersburg, Kiev, Williams

Publ., 2003 (in Russian).

16. SITIS: FlowTech 3.11. Calculation of evacuation. User’s Guide (in Russian). Available at: http:��sitis.ru�
soft�flowtech3 (Accessed 7 July 2016).

17. Galiullin M. E. Creating and using Building Information Model (BIM) to calculate the amount of risk in

the preparation of the fire safety declaration. Bezopasnost v tekhnosfere. Sbornik statey (Safety in Tech-

nosphere. Collected Scientific Papers), 2015, issue 9, pp. 59–80 (in Russian).

18. QGIS Project. Available at: http:��qgis.org (Accessed 7 July 2016).

19. JavaScript Object Notation. Introducing JSON. Available at: http: ��json. org (Accessed 7 July 2016).

20. Fire Dynamic Simulator (FDS). User’s Guide. Available at: http:��www.thunderheadeng.com�
wp-content�uploads�2013�08� FDS User Guide.pdf (Accessed 12 December 2015).

21. Kolodkin V. M., Chirkov B. V., Vashtiev V. K., Varlamov D. V., Stepanov A. O. A mathematical

model, which provides the minimum evacuation time. Bezopasnost v tekhnosfere. Sbornik statey (Safety

in Technosphere. Collected Scientific Papers), 2015, issue 9, pp. 55–58 (in Russian).

22. Grigoraº Z. C. Analysing the human behavior in a fire drill. Comparison between two evacuation soft-

ware: FDS+Evac and Pathfinder. In: Bulletin of the Transilvania University of Braºov CIBv, 2014,

vol. 7(56), special issue no. 1, pp. 103–110.

23. FDS+Evac Software. Available at: https:��code.google.com�p�fds-smv� (Accessed 7 July 2015).

24. Pathfinder. Agent Based Evacuation Simulation. Available at: http:��www.thunderheadeng.com�path-

finder� (Accessed 07 July 2015).

25. Diestel Reinhard. Graph Theory. New York, Springer-Verlag, 2000. 322 p. (Russ. ed.: Distel R. Teo-

riya grafov. Novosibirsk, Izdatelstvo instituta matematiki Publ., 2002).

26. Raspberry Pi. Available at: https:��www.raspberrypi.org� (Accessed 7 July 2015).

For citation: Kolodkin V. M., Galiullin M. E. Software algorithms that implement the foot traffic

model in the building evacuation management system. Pozharovzryvobezopasnost — Fire and Ex-

plosion Safety, 2016, vol. 25, no. 10, pp. 75–85. DOI: 10.18322/PVB.2016.25.10.75-85.




