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Ïèêñåëíàÿ òåõíîëîãèÿ äèñêðåòèçàöèèàêâàòîðèè Ìèðîâîãî îêåàíà∗È.Â. Êèðååâ, Ñ.Ô. ÏÿòàåâÓ÷ðåæäåíèå �îññèéñêîé àêàäåìèè íàóêÈíñòèòóò âû÷èñëèòåëüíîãî ìîäåëèðîâàíèÿ ÑÎ �ÀÍ, Êðàñíîÿðñê, �îññèÿ,e-mail: kiv�i
m.krasn.ru, psf�i
m.krasn.ruÂ ðàáîòå ïðåäëàãàåòñÿ îñíîâàííûé íà ìåòîäàõ êîìïüþòåðíîé ãðà�èêè àëãî-ðèòì äèñêðåòèçàöèè àêâàòîðèè Ìèðîâîãî îêåàíà ñî ñãóùåíèåì ñåòêè îêîëî áåðå-ãîâîé ëèíèè. Ýëåìåíòàìè ñåòêè ìîãóò áûòü êàê êâàäðàòû, òàê è ðàâíîáåäðåííûåïðÿìîóãîëüíûå òðåóãîëüíèêè.Êëþ÷åâûå ñëîâà: òðèàíãóëÿöèÿ, ñåòêà, êîìïüþòåðíàÿ ãðà�èêà, áàòèìåòðèÿ.ÂâåäåíèåÌíîãèå êðóïíîìàñøòàáíûå ïðîöåññû, ïðîèñõîäÿùèå â Ìèðîâîì îêåàíå, îïèñûâàþòñÿñèñòåìàìè íåñòàöèîíàðíûõ äâóìåðíûõ óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ. Ê òàêèìïðîöåññàì ìîæíî îòíåñòè öèðêóëÿöèþ âîä, ÿâëÿþùóþñÿ îäíèì èç âàæíåéøèõ êëèìà-òîîáðàçóþùèõ �àêòîðîâ, äèíàìèêó ïîâåðõíîñòíûõ âîëí, âûçâàííûõ çåìëåòðÿñåíèÿìè,ðàçëè÷íîãî âèäà îïîëçíÿìè è ò. ï. Äëÿ ÷èñëåííîãî ðåøåíèÿ âîçíèêàþùèõ ñèñòåì ïå-ðåõîä ê èõ êîíå÷íîìåðíîìó ïðåäñòàâëåíèþ îñóùåñòâëÿåòñÿ, êàê ïðàâèëî, íà îñíîâåìåòîäîâ êîíå÷íûõ ðàçíîñòåé èëè êîíå÷íûõ ýëåìåíòîâ, íåîáõîäèìîé ÷àñòüþ êîòîðûõÿâëÿåòñÿ äèñêðåòèçàöèÿ ðàñ÷åòíîé îáëàñòè, ò. å. ñîçäàíèå ñåòêè.Ìåòîäàì ïîñòðîåíèÿ ñåòîê ïîñâÿùåíî áîëüøîå êîëè÷åñòâî ðàáîò, îáçîð êîòîðûõìîæíî íàéòè â [1 � 5℄, òåì íå ìåíåå äèñêðåòèçàöèÿ íåêîòîðûõ äâóìåðíûõ ìíîãîñâÿç-íûõ îáëàñòåé äî ñèõ ïîð âûçûâàåò îïðåäåëåííûå òðóäíîñòè. Ýòî îòíîñèòñÿ è ê çàäà÷åñåòî÷íîãî ðàçáèåíèÿ àêâàòîðèè Ìèðîâîãî îêåàíà Ω, êîòîðàÿ äî ñèõ ïîð äàëåêà îò ñâî-åãî ïîëíîãî ðåøåíèÿ. Äîñòàòî÷íî ñêàçàòü, ÷òî ýòîé ïðîáëåìå ïîñâÿùåíû ïîëíîñòüþäâà íîìåðà òîìà 58 æóðíàëà O
ean Dynami
s çà äåêàáðü 2008 ãîäà (Springer Berlin /Heidelberg).Ñëîæíîñòü ðåøàåìîé ïðîáëåìû â ïåðâóþ î÷åðåäü ñâÿçàíà ñ çàäà÷åé îïèñàíèÿ îáëà-ñòè, êîòîðàÿ â îáùåì ñëó÷àå ðàññìàòðèâàëàñü åùå Äåêàðòîì è èçâåñòíà â ëèòåðàòóðå [6℄êàê îáðàòíàÿ çàäà÷à àíàëèòè÷åñêîé ãåîìåòðèè. Î÷åâèäíî, ÷òî îïèñàòü îáëàñòü Ω, ò. å.çàäàòü ðåëüå� äíà è êîíòóðû ãðàíèö íåïîñðåäñòâåííî ïî íàâèãàöèîííûì êàðòàì, ñëîæ-íî èç-çà îáøèðíîñòè Ω. Äëÿ ýòîé öåëè åñòåñòâåííî èñïîëüçîâàòü áàòèìåòðè÷åñêèå áàçûäàííûõ ñåðèè ETOPO, êîòîðûå ìîæíî ñâîáîäíî ïîëó÷èòü íà èíòåðíåò-ñàéòå Íàöèî-íàëüíîãî öåíòðà ãåî�èçè÷åñêèõ äàííûõ ÑØÀ (http://www.ngd
.noaa.gov/mgg/global/global.html).

∗�àáîòà âûïîëíåíà ïðè �èíàíñîâîé ïîääåðæêå �îññèéñêîãî �îíäà �óíäàìåíòàëüíûõ èññëåäîâàíèé(ãðàíò � 08-01-00621-à �Âû÷èñëèòåëüíûå òåõíîëîãèè äëÿ ðàñ÷åòà òå÷åíèé íåñæèìàåìîé æèäêîñòè�).
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Ïèêñåëíàÿ òåõíîëîãèÿ äèñêðåòèçàöèè àêâàòîðèè... 311. Ïîñòàíîâêà çàäà÷èÖåëü äàííîé ðàáîòû � ñîçäàíèå àëãîðèòìà äèñêðåòèçàöèè ìàêñèìàëüíî âîçìîæíîéñâÿçíîé ÷àñòè Ωh àêâàòîðèè Ω ïî çàäàííîé ìèíèìàëüíîé ãëóáèíå h ≥ 0 è çàäàííûìíàèìåíüøåìó è íàèáîëüøåìó øàãàì ñåòêè ñî ñãóùåíèåì ñåòêè îêîëî áåðåãîâîé ëèíèè.Ýëåìåíòàìè äèñêðåòèçàöèè äîëæíû áûòü êâàäðàòû èëè ðàâíîáåäðåííûå ïðÿìîóãîëü-íûå òðåóãîëüíèêè. Íåîáõîäèìàÿ áàòèìåòðè÷åñêàÿ èí�îðìàöèÿ äîëæíà áûòü ïîëó÷åíàòîëüêî èç àíàëèçà äàííûõ áàçû ETOPO.2. Äèñêðåòèçàöèÿ àêâàòîðèè Ìèðîâîãî îêåàíàETOPO ïðåäñòàâëÿþò ñîáîé öåëî÷èñëåííûå áàçû äàííûõ ïðåâûøåíèé çåìíîé ïîâåðõ-íîñòè îòíîñèòåëüíî óðîâíÿ ìîðÿ ñ îïðåäåëåííûì, â çàâèñèìîñòè îò âåðñèè, øàãîì ïîäîëãîòå λ ∈ [0◦, 360◦) è øèðîòå ϕ ∈ [0◦, 180◦]; çíà÷åíèå λ = 180◦ ñîîòâåòñòâóåò �ðèíâè÷-ñêîìó ìåðèäèàíó, ϕ = 0◦ � Ñåâåðíîìó, à ϕ = 180◦ � Þæíîìó ïîëþñàì Çåìëè. Åñëè
(λ, ϕ) íå ÿâëÿþòñÿ êîîðäèíàòàìè òî÷êè áàçû ETOPO, òî ñîîòâåòñòâóþùåå çíà÷åíèåïðåâûøåíèÿ ìîæíî àïïðîêñèìèðîâàòü, íàïðèìåð, ñ ïîìîùüþ ëèíåéíîé ëàãðàíæåâîéèíòåðïîëÿöèè íà íàèìåíüøåì êâàäðàòå, êîòîðûé ñîäåðæèò ðàññìàòðèâàåìóþ òî÷êó èâåðøèíû êîòîðîãî ÿâëÿþòñÿ ýëåìåíòàìè áàçû. Òàêèì îáðàçîì, â êàæäîé òî÷êå M ïî-âåðõíîñòè Çåìëè îïðåäåëåíà âåëè÷èíà d(M) êàê �óíêöèÿ λ è ϕ, çàäàþùàÿ ïðåâûøåíèå(â ìåòðàõ), îòðèöàòåëüíîå äëÿ òî÷êè, ðàñïîëîæåííîé íèæå óðîâíÿ ìîðÿ, è íåîòðèöà-òåëüíîå â ïðîòèâíîì ñëó÷àå.Íåðàâåíñòâî d(M) ≤ −h çàäàåò íåñâÿçíóþ îáëàñòü Ωh

d , ñîäåðæàùóþ íå òîëüêî àê-âàòîðèþ Ωh (Ω0 = Ω), íî è âîäíûå áàññåéíû, ñ íåé íå ñâÿçàííûå, òàêèå êàê îç. Áàéêàë,Êàñïèéñêîå ìîðå è ò. ï. Êðîìå òîãî, â Ωh
d ìîãóò âõîäèòü îòäåëüíûå ó÷àñòêè êîíòèíåíòîâ,ðàñïîëîæåííûå íèæå óðîâíÿ ìîðÿ íà h ìåòðîâ, íàïðèìåð, ÷àñòü òåððèòîðèè �îëëàí-äèè. Â èòîãå çàäà÷à îïèñàíèÿ àêâàòîðèè Ωh ñâîäèòñÿ ê âûäåëåíèþ Ωh èç Ωh

d . Äëÿ ååðåøåíèÿ âîñïîëüçóåìñÿ ìåòîäàìè âû÷èñëèòåëüíîé ãåîìåòðèè [7℄.Ïðåäñòàâèì âñþ ïîâåðõíîñòü Çåìëè, ðàçâåðíóòóþ â ïðÿìîóãîëüíèê
P = [0◦, 360◦] × [0◦, 180◦],â âèäå îáúåäèíåíèÿ 2N0 × N0 êâàäðàòîâ Q0

i0j0
, i0 = 0, . . . , 2N0 − 1, j0 = 0, . . . , N0 − 1,ñî ñòîðîíîé ∆0 = 180◦/N0. Ïðè äèñêðåòèçàöèè ýòè êâàäðàòû áóäóò ñîîòâåòñòâîâàòüìàêñèìàëüíûì ïî ðàçìåðó ýëåìåíòàì ñåòêè.Ââåäåì ïîíÿòèå óðîâíÿ âëîæåííîñòè êâàäðàòîâ: óðîâåíü âëîæåííîñòè ìàêñèìàëü-íûõ ïî ðàçìåðó êâàäðàòîâ Q0

i0j0
ïîëàãàåì ðàâíûì 0. Äàëåå êàæäûé èç íèõ ðàçáèâàåìíà ÷åòûðå êâàäðàòà Q1

I1J1
ñî ñòîðîíîé ∆1 = 2−1∆0 è ïðèïèñûâàåì èì óðîâåíü âëîæåí-íîñòè 1; çäåñü I1 = (i0, i1), J1 = (j0, j1), i1, j1 = 0, 1. Çàäàâàÿ íåêîòîðîå íàòóðàëüíîå÷èñëî L, íàçûâàåìîå äàëåå ìàêñèìàëüíûì óðîâíåì âëîæåííîñòè ñåòêè, ìîæíî ðåêóð-ñèâíî ïîñòðîèòü ïîñëåäîâàòåëüíîñòü ïîêðûòèé ïðÿìîóãîëüíèêà P êâàäðàòàìè Ql

IlJl
,

l = 1, . . . , L, ñî ñòîðîíîé ∆l = 2−l∆0. Óðîâåíü âëîæåííîñòè ýòèõ êâàäðàòîâ ïîëàãà-åì ðàâíûì l, è åñëè Ql
IlJl

⊂ Ql−1
Il−1Jl−1

, òî ìóëüòèèíäåêñû Il, Jl îïðåäåëÿþòñÿ ÷åðåç�ïðåäûäóùèå� Il−1,Jl−1 ñëåäóþùèì îáðàçîì: Il = (Il−1, il), Jl = (Jl−1, jl), il, jl = 0, 1;
I0 = (i0), J0 = (j0). Îáëàñòè çíà÷åíèé ìóëüòèèíäåêñîâ Il, Jl åñòü ñîîòâåòñòâåííî
Dl

I
= {0, 1, . . . , 2N0 − 1} × {0, 1}l, Dl

J
= {0, 1, . . . , N0 − 1} × {0, 1}l, à öåëî÷èñëåííûåêîîðäèíàòû il, jl çàäàþò ñìåùåíèå ëåâîé íèæíåé âåðøèíû êâàäðàòà Ql

IlJl
îòíîñèòåëüíîàíàëîãè÷íîé âåðøèíû êâàäðàòà Ql−1

Il−1Jl−1
.



32 È.Â. Êèðååâ, Ñ.Ô. ÏÿòàåâÂ êà÷åñòâå ïðèìåðà íà ðèñ. 1, à èçîáðàæåí êâàäðàò Q0
I0J0

, â êîòîðîì êâàäðàòû ñíîìåðàìè 1�4 èìåþò ñëåäóþùèå óðîâíè âëîæåííîñòè è ìóëüòèèíäåêñû:
1 : l = 1, I1 = (i0, 1), J1 = (j0, 0);

2 : l = 2, I2 = (i0, 1, 0), J2 = (j0, 1, 1);

3 : l = 3, I3 = (i0, 1, 0, 0), J3 = (j0, 1, 0, 0);

4 : l = 4, I4 = (i0, 1, 0, 0, 1), J4 = (j0, 1, 0, 1, 1).Ââåäåííàÿ ìóëüòèèíäåêñíàÿ àäðåñàöèÿ êâàäðàòîâ ïîçâîëÿåò î÷åíü áûñòðî îïðåäåëÿòüèõ âçàèìíîå ðàñïîëîæåíèå è ïîëîæåíèå îòíîñèòåëüíî ãðàíèöû îáëàñòè.Â êîíå÷íîì èòîãå âîçíèêàåò ìàêñèìàëüíîå (ïî êîëè÷åñòâó êâàäðàòîâ) ïîêðûòèå ïðÿ-ìîóãîëüíèêà P êâàäðàòàìè QL
ILJL

, êîòîðûå áóäåì èíòåðïðåòèðîâàòü íèæå êàê ïèêñåëû.Íàïîìíèì [8℄, ÷òî ïèêñåë (pixel) � íàèìåíüøèé íåäåëèìûé ýëåìåíò ðàñòðîâîãî èçîá-ðàæåíèÿ, õàðàêòåðèçóåìûé ïðÿìîóãîëüíîé �îðìîé ñ ðàçìåðàìè, îïðåäåëÿþùèìè ðàç-ðåøåíèå ãðà�è÷åñêîãî îáúåêòà. Ïðè äèñêðåòèçàöèè ÷àñòü ýòèõ ïèêñåë-êâàäðàòîâ áóäóòñîîòâåòñòâîâàòü ìèíèìàëüíûì ýëåìåíòàì ñåòêè, ðàñïîëîæåííûì âáëèçè áåðåãîâîé ëè-íèè.Òî÷êó M ∈ P íàçîâåì �ìîêðîé�, åñëè ãëóáèíà â íåé íå ìåíüøå h ìåòðîâ, ò. å. âûïîë-íÿåòñÿ íåðàâåíñòâî d(M) ≤ −h, è íàçîâåì �ñóõîé� â ïðîòèâíîì ñëó÷àå. Ïèêñåë íàçîâåì�ìîêðûì�, åñëè âñå åãî âåðøèíû � �ìîêðûå�, è íàçîâåì �ñóõèì�, åñëè âñå åãî âåðøè-íû � �ñóõèå�. Âñå îñòàâøèåñÿ ïèêñåëû, ÷åðåç êîòîðûå ïðîõîäèò ãðàíèöà àêâàòîðèè,áóäåì íàçûâàòü �ïðèáðåæíûìè�. Íà ðèñ. 2, à ïðèâåäåí ñõåìàòè÷íûé ïðèìåð àêâàòîðèè,

à 1
234

á�èñ. 1. Ïîñòðîåíèå âëîæåííûõ êâàäðàòîâ â êâàäðàòå Q0
I0J0

ñ äðîáëåíèåì â 5 ðàç (L = 5)

à
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

á
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

â�èñ. 2. Ïðÿìîóãîëüíèê Pa äî çàëèâêè (à), ïîñëå 1-çàëèâêè (á), ïîñëå 2-çàëèâêè (â).



Ïèêñåëíàÿ òåõíîëîãèÿ äèñêðåòèçàöèè àêâàòîðèè... 33ðàñïîëîæåííîé â íåêîòîðîì ïðÿìîóãîëüíèêå. Çäåñü � �ñóõîé� ïèêñåë, � �ìîêðûé�,à ïèêñåëû èíîãî âèäà � �ïðèáðåæíûå�.Äëÿ ïîñòðîåíèÿ äèñêðåòíîãî àíàëîãà àêâàòîðèè Ìèðîâîãî îêåàíà íåîáõîäèìî âû-äåëèòü èç ìíîæåñòâà âñåõ ïèêñåëîâ ïðÿìîóãîëüíèêà P ñâÿçíîå îáúåäèíåíèå �ìîêðûõ�ïèêñåë èç Ωh. Àíàëîãè÷íûå çàäà÷è ñóùåñòâóþò â êîìïüþòåðíîé ãðà�èêå è ñâÿçàíû ñçàêðàøèâàíèåì èëè çàïîëíåíèåì îáëàñòåé ýêðàíà ìîíèòîðà [8, 9℄. �åøåíèå ýòèõ çàäà÷îñóùåñòâëÿåòñÿ òàê íàçûâàåìûìè àëãîðèòìàìè çàëèâêè.Èç âñåãî ìíîãîîáðàçèÿ àëãîðèòìîâ çàïîëíåíèÿ äâóìåðíûõ îáëàñòåé îñòàíîâèìñÿ íàèòåðàòèâíîé ðåàëèçàöèè ïðîñòîãî àëãîðèòìà çàëèâêè ãðàíè÷íî-îïðåäåëåííîé 4-ñâÿçíîéîáëàñòè [9℄, â êîòîðîì äîñòóï ê ñîñåäíèì ïèêñåëàì îñóùåñòâëÿåòñÿ ïî ÷åòûðåì íàïðàâ-ëåíèÿì � ãîðèçîíòàëüíî âëåâî è âïðàâî è âåðòèêàëüíî ââåðõ è âíèç. Èëëþñòðàöèÿðàáîòû ýòîãî àëãîðèòìà ïðèìåíèòåëüíî ê àêâàòîðèè, èçîáðàæåííîé íà ðèñ. 2, à, ïðè-âåäåíà íà ðèñ. 2, á, ãäå � �çàëèòûé ìîêðûé� ïèêñåë. Ýòîò àëãîðèòì çàëèâêè ìîæåòïîðîæäàòü ñâÿçíûå öåïî÷êè øèðèíîé â 1 ïèêñåë, êàê íà ðèñ. 2, á. Ïîñêîëüêó ëèíåéíûéðàçìåð ïèêñåëà ñîâïàäàåò ñ ìèíèìàëüíûì øàãîì ñòðîÿùåéñÿ ñåòêè, âñå ïèêñåëû òàêèõöåïî÷åê ÿâëÿþòñÿ ãðàíè÷íûìè. Ïîýòîìó èìååò ñìûñë íåñêîëüêî èçìåíèòü óïîìÿíóòûéâûøå àëãîðèòì çàëèâêè.Çàäàäèìñÿ íåêîòîðûì íàòóðàëüíûì ÷èñëîì K. Êâàäðàò, ñîñòîÿùèé èç K2 ïèêñåëîâ,áóäåì íàçûâàòü K-êóðñîðîì. Âûäåëÿÿ ëþáîé êóðñîð èç ðàñ÷åòíîé îáëàñòè, ðàññìîòðèìíîâûé, ïåðåäâèãàÿ âûäåëåííûé êóðñîð íà 1 ïèêñåë âäîëü îäíîé èç êîîðäèíàòíûõ îñåé÷åðåç ãðàíèöó ðàíåå çàëèòîé ÷àñòè äâóìåðíîé îáëàñòè àíàëîãè÷íî òîìó, êàê ïðîèñõîäèòîáû÷íàÿ çàëèâêà 4-ñâÿçíîé îáëàñòè. Åñëè íîâûé êóðñîð ñîñòîèò òîëüêî èç �ìîêðûõ�ïèêñåëîâ, òî ïîïîëíÿåì çàëèòóþ îáëàñòü íîâûìè ïèêñåëàìè èç ýòîãî K-êóðñîðà. Áóäåìíàçâàòü ýòó ïðîöåäóðó K-çàëèâêîé. �åçóëüòàò ðàáîòû 1-çàëèâêè îáëàñòè íà ðèñ. 2, àñîâïàäàåò ñ îáû÷íîé çàëèâêîé è èçîáðàæåí íà ðèñ. 2, á, à ðåçóëüòàò 2-çàëèâêè òîé æåîáëàñòè èçîáðàæåí íà ðèñ. 2, â, ãäå � �2-çàëèòûé ìîêðûé� ïèêñåë.Ïîñëå òîãî, êàê ïðîâåäåíà K-çàëèâêà àêâàòîðèè Ìèðîâîãî îêåàíà è òåì ñàìûì âû-äåëåíî ñâÿçíîå ìíîæåñòâî �ìîêðûõ� ïèêñåëîâ Ωh
L ⊆ Ωh, ïåðåéäåì ê ïîñòðîåíèþ äèñ-êðåòíîãî àíàëîãà Dh àêâàòîðèè Ωh. Â ïðîñòåéøåì âàðèàíòå â êà÷åñòâå ýëåìåíòîâ ñåòêèìîæíî ðàññìàòðèâàòü ïèêñåë-êâàäðàòû, ñîäåðæàùèåñÿ â Ωh

L. Îäíàêî ýòî ïðèâîäèò êñóùåñòâåííîìó óâåëè÷åíèþ ÷èñëà óçëîâ ñåòêè, ïîñêîëüêó â ïîäîáëàñòÿõ, êîòîðûå äî-ñòàòî÷íî óäàëåíû îò ãðàíèö ðàñ÷åòíîé îáëàñòè è â êîòîðûõ, êàê ïðàâèëî, ãðàäèåíòûèñêîìûõ �óíêöèé ìàëû, öåëåñîîáðàçíåå èñïîëüçîâàòü áîëåå êðóïíûå êîíå÷íûå ýëå-ìåíòû. Òàêèì îáðàçîì, íåîáõîäèìî ïîñòðîèòü ïîêðûòèå Ωh íàáîðîì êâàäðàòîâ òàê,÷òîáû ëèíåéíûå ðàçìåðû äâóõ ñîñåäíèõ êâàäðàòîâ áûëè áû ðàâíû ìåæäó ñîáîé èëèðàçëè÷àëèñü â 2 ðàçà. Ýòî óñëîâèå ïîçâîëÿåò ñãóùàòü â íóæíûõ ïîäîáëàñòÿõ ñåòêó èãàðàíòèðóåò ïëàâíîñòü ïåðåõîäà îò ðàçðåæåííûõ ó÷àñòêîâ ê ó÷àñòêàì ñãóùåíèÿ.Îïðåäåëèì ìíîæåñòâà Ωh
l , l = 0, . . . , L − 1, êàê îáúåäèíåíèå êâàäðàòîâ óðîâíÿ l,öåëèêîì ñîäåðæàùèõñÿ â Ωh

L:
Ωh

l =

{

⋃

Il,Jl

Ql
IlJl

: Ql
IlJl

⊆ Ωh
L ∀Il ∈ Dl

I
, ∀Jl ∈ Dl

J

}

, l = 0, 1, . . . , L − 1.Çäåñü óñëîâèå Ql
IlJl

⊆ Ωh
L îçíà÷àåò, ÷òî âñå ñîäåðæàùèåñÿ â Ql

IlJl
ïèêñåë-êâàäðàòû ñî-äåðæàòñÿ â Ωh

L. Î÷åâèäíî, ÷òî èìåþò ìåñòî âêëþ÷åíèÿ
Ωh

0 ⊆ Ωh
1 ⊆ . . . ⊆ Ωh

l−1 ⊆ Ωh
l ⊆ Ωh

l+1 ⊆ . . . ⊆ Ωh
L ⊂ Ωh.



34 È.Â. Êèðååâ, Ñ.Ô. ÏÿòàåâÒîãäà äèñêðåòíûé Dh àíàëîã àêâàòîðèè Ωh
L îïèñûâàåòñÿ íàáîðîì ìóëüòèèíäåêñîâ

Dh =
⋃L

l=0 Dh
l , ãäå Dh

0 =
{

(I0,J0) : Q0
I0J0

⊆ Ωh
L

}

; Dh
l =

{

(Il,Jl) : Ql
IlJl

⊆ Ωh
l \Ωh

l−1

}, à
l = 1, . . . , L.Ïîñòðîåííîå òàêèì îáðàçîì ðàçáèåíèå îáëàñòè Ωh

L ìîæåò ñîäåðæàòü ñîñåäíèå êâàä-ðàòû, óðîâíè âëîæåííîñòè êîòîðûõ ðàçëè÷àþòñÿ áîëüøå ÷åì íà 1 (íà ðèñ. 1, à, íà-ïðèìåð, êâàäðàòû 1 è 3, 2 è 4). Âî èçáåæàíèå òàêîãî ðåçêîãî ïåðåõîäà ïðîâîäèòñÿèòåðàöèîííîå ñãëàæèâàíèå ñåòêè ñ êîíòðîëåì ìàêñèìàëüíîñòè óðîâíåé âëîæåííîñòèãðàíè÷íûõ êâàäðàòîâ. Ñõåìàòè÷íî ðåçóëüòàò ðàáîòû ïðîöåäóðû ñãëàæèâàíèÿ ñåòêè íàðèñ. 1, à ïðåäñòàâëåí íà ðèñ. 1, á. Îáû÷íî äëÿ âûïîëíåíèÿ ýòèõ òðåáîâàíèé äîñòàòî÷-íî äî 10 èòåðàöèé ñãëàæèâàíèÿ. Ïîñëå çàâåðøåíèÿ ïðîöåññà ñãëàæèâàíèÿ óçëû ñåòêèíóìåðóþòñÿ. Îäíîâðåìåííî óñòàíàâëèâàåòñÿ ïðèíàäëåæíîñòü óçëîâ è ðåáåð ãðàíèöå èâûäåëÿþòñÿ íîìåðà óçëîâ, ëåæàùèõ íà ñåðåäèíàõ ñòîðîí êâàäðàòîâ. Âîçìîæíî òàêæåíàðóøåíèå óñëîâèÿ ïåðèîäè÷íîñòè ïî λ, êàê, íàïðèìåð, ïîêàçàíî íà ðèñ. 3, à, ãäå êâàä-ðàò I, èìåþùèé ñîñåäÿìè êâàäðàòû II è III, íå èìååò óçëà íà ïðàâîì ðåáðå λ = 360◦.Â ýòîì ñëó÷àå íà ñåðåäèíå ïðàâîé ñòîðîíû êâàäðàòà I (ðèñ. 3, á) íàíîñèòñÿ óçåë 2 è îíîòîæäåñòâëÿåòñÿ ñ óçëîì 1, èìåþùèì êîîðäèíàòó λ = 0◦.�åîãðà�è÷åñêèå êîîðäèíàòû (λ, ϕ) óçëîâ ñåòêè óäîáíî âû÷èñëÿòü ÷åðåç êîîðäèíàòû
(λ(Il,Jl), ϕ(Il,Jl)) ëåâîé íèæíåé âåðøèíû êâàäðàòà Ql

IlJl
óðîâíÿ l, ñâÿçàííûå ñ åãî öåëî-÷èñëåííûìè êîîðäèíàòàìè Il = (i0, i1, . . . il), Jl = (j0, j1, . . . jl) ñîîòíîøåíèÿìè

λ(Il,Jl) = ∆0

l
∑

k=0

ik/2k, ϕ(Il,Jl) = ∆0

l
∑

k=0

jk/2k.Ïðè ýòîì ãåîãðà�è÷åñêèå êîîðäèíàòû ïðàâîé âåðõíåé âåðøèíû êâàäðàòà Ql
IlJl

áóäóòðàâíû (λ(Il,Jl)+∆l, ϕ(Il,Jl)+∆l), ãäå ∆l = ∆0/2l. Âû÷èñëåíèå ïî íàéäåííûì êîîðäèíàòàì
(λ, ϕ) ãëóáèíû â êàæäîì óçëå çàâåðøàåò ïîñòðîåíèå ñåòêè ñ êâàäðàòíûìè ýëåìåíòàìè.

360◦I 1

0◦ IIIIIà
360◦I 1

0◦

2 IIIIIá�èñ. 3. Ââåäåíèå äîïîëíèòåëüíûõ óçëîâ íà �ðèíâè÷ñêîì ìåðèäèàíå ïðè íàðóøåíèè óñëîâèÿïåðèîäè÷íîñòè
à á â ã�èñ. 4. Øàáëîíû ðàçáèåíèÿ êâàäðàòà íà òðåóãîëüíèêè: à � óçëàìè ÿâëÿþòñÿ òîëüêî âåðøèíûêâàäðàòà; á � ñåðåäèíà îäíîé ñòîðîíû êâàäðàòà ÿâëÿåòñÿ óçëîì ñåòêè; â � ñåðåäèíû äâóõñòîðîí êâàäðàòà ÿâëÿþòñÿ óçëàìè ñåòêè; ã � ñåðåäèíû òðåõ ñòîðîí êâàäðàòà ÿâëÿþòñÿ óçëàìèñåòêè



Ïèêñåëíàÿ òåõíîëîãèÿ äèñêðåòèçàöèè àêâàòîðèè... 35Îòïðàâëÿÿñü îò ñåòêè ñ êâàäðàòíûìè ýëåìåíòàìè, ìîæíî òðèàíãóëèðîâàòü îáëàñòü
Ωh

L íåñêîëüêèìè ñïîñîáàìè [10℄. Îäíàêî â ðàáîòå ïðèìåíåíû ñïåöèàëüíûå øàáëîíû òðè-àíãóëÿöèè êâàäðàòà ïðÿìîóãîëüíûìè ðàâíîáåäðåííûìè òðåóãîëüíèêàìè, èçîáðàæåí-íûå íà ðèñ. 4, îðèåíòèðîâàííûå äëÿ ðåøåíèÿ ñèñòåì äè��åðåíöèàëüíûõ óðàâíåíèé âïåðåìåííûõ (λ, ϕ) ìåòîäîì êîíå÷íûõ ýëåìåíòîâ.Äëÿ ïîñòðîåíèÿ òàêîé òðèàíãóëÿöèè â êâàäðàòàõ áîëåå íèçêîãî óðîâíÿ âëîæåííîñòè,ñîñåäñòâóþùèõ ñ êâàäðàòàìè áîëåå âûñîêîãî óðîâíÿ, äîïîëíèòåëüíî ââîäèì óçëû â öåí-òðàõ êâàäðàòîâ è òðèàíãóëèðóåì èõ òàê, ÷òî óçëû íà ñåðåäèíàõ ñòîðîí ñòàíîâÿòñÿ âåð-øèíàìè ïðÿìûõ óãëîâ òðåóãîëüíèêîâ. Äëÿ íîâûõ òî÷åê âû÷èñëÿþòñÿ ãåîãðà�è÷åñêèåêîîðäèíàòû è ãëóáèíû. Ýòà òðèàíãóëÿöèÿ ïðåäñòàâëÿåò ñîáîé ñåòêó, á�îëüøàÿ ÷àñòüýëåìåíòîâ êîòîðîé � ðàâíûå ðàâíîáåäðåííûå ïðÿìîóãîëüíûå òðåóãîëüíèêè. Âáëèçèãðàíèöû ∂Ωh ðàñ÷åòíîé îáëàñòè ïðîèñõîäèò ñãóùåíèå ñåòêè ïîäîáíûìè òðåóãîëüíûìèýëåìåíòàìè ñ êîý��èöèåíòàìè ïîäîáèÿ (
√

2)−k, k = 1, . . . , 2L, ïî îòíîøåíèþ ê òðå-óãîëüíèêó ñ êàòåòîì ∆0.Ïðîãðàììíûé êîìïëåêñ, ðåàëèçóþùèé îïèñàííûé àëãîðèòì, âûïîëíåí íà ÿçûêåïðîãðàììèðîâàíèÿ Ôîðòðàí-95 áåç èñïîëüçîâàíèÿ îïåðàòîðîâ, ñïåöè�è÷íûõ äëÿ êà-êèõ-ëèáî îïåðàöèîííûõ ñèñòåì èëè ñðåä ðàçðàáîòêè, è ìîæåò ïðèìåíÿòüñÿ êàê íà ÏÊ ñîïåðàöèîííîé ñèñòåìîé DOS èëè MSWindows-95 è âûøå, òàê è íà âû÷èñëèòåëüíûõ êîì-ïëåêñàõ ïîä óïðàâëåíèåì ÞÍÈÊÑ-ñèñòåìû. Êîìïëåêñ ïðèìåíÿëñÿ äëÿ äèñêðåòèçàöèèàêâàòîðèè Ìèðîâîãî îêåàíà Ω ñ èñïîëüçîâàíèåì áàòèìåòðè÷åñêîé áàçû ETOPO2 âåðñèè2001 ãîäà (http://www.ngd
.noaa.gov/mgg/global/relief/ETOPO2/ETOPO2-2001/), ïðî-öåäóðû 2-çàëèâêè ïðè ìàêñèìàëüíîì óðîâíå âëîæåííîñòè L = 3, îñíîâíîì øàãå ñåòêè
∆0 = 4◦ è ïðè íåñêîëüêèõ çíà÷åíèÿõ ìèíèìàëüíîé ãëóáèíû h.Íà ðèñ. 5 èçîáðàæåíà äèñêðåòèçàöèÿ àêâàòîðèè Ìèðîâîãî îêåàíà êâàäðàòíûìè êî-íå÷íûìè ýëåìåíòàìè ïðè h = 0 ì. Íà ðèñ. 6 è 7 ïîêàçàíû òðèàíãóëÿöèè îáëàñòè Ωh

Lïðè ìèíèìàëüíûõ ãëóáèíàõ h = 0 è 30 ì ñîîòâåòñòâåííî.Ïîñêîëüêó íåêîòîðûå ãèäðîäèíàìè÷åñêèå ìîäåëè ìåëêîé âîäû [11℄ ñâîäÿòñÿ ê ñè-ñòåìå íåñòàöèîíàðíûõ äâóìåðíûõ óðàâíåíèé íà ñ�åðå, êàê ïðàâèëî, ðÿä ïàðàìåòðîâ

�èñ. 5. Äèñêðåòèçàöèÿ àêâàòîðèè Ìèðîâîãî îêåàíà êâàäðàòíûìè êîíå÷íûìè ýëåìåíòàìè:
h = 0 ì, ∆0 = 4◦, L = 3; ÷èñëî ýëåìåíòîâ 26063, ÷èñëî óçëîâ 14716
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�èñ. 6. Òðèàíãóëÿöèÿ îáëàñòè Ωh
L: h = 0 ì, ∆0 = 4◦, L = 3; ÷èñëî ýëåìåíòîâ 65777, ÷èñëî óçëîâ36834

�èñ. 7. Òðèàíãóëÿöèÿ îáëàñòè Ωh
L: h = 30 ì, ∆0 = 4◦, L = 3; ÷èñëî ýëåìåíòîâ 70365, ÷èñëîóçëîâ 39046ýòèõ ñèñòåì ìîæåò ñîäåðæàòü â ðàñ÷åòíîé îáëàñòè îñîáûå òî÷êè, îáóñëîâëåííûå ñïå-öè�èêîé ãåîãðà�è÷åñêîé ñèñòåìû êîîðäèíàò. Äëÿ èñêëþ÷åíèÿ ñèíãóëÿðíîñòè â òàêèõñèñòåìàõ äîñòàòî÷íî ïåðåéòè â íîâóþ ñ�åðè÷åñêóþ ñèñòåìó êîîðäèíàò, ïîëþñíûå îñî-áåííîñòè êîòîðîé ðàñïîëàãàþòñÿ íà ñóøå. Íàïðèìåð, Ñåâåðíûé ïîëþñ N (ðèñ. 8) ìîæíîïåðåíåñòè íà òåððèòîðèþ �ðåíëàíäèè òàê, ÷òî Þæíûé ïîëþñ ïî-ïðåæíåìó áóäåò ðàñ-ïîëîæåí íà òåððèòîðèè Àíòàðêòèäû. Äëÿ ýòîãî äîñòàòî÷íî ïîìåñòèòü �íîâûé Ñåâåð-íûé ïîëþñ� â òî÷êó N ′ ñî ñòàðûìè ãåîãðà�è÷åñêèìè êîîðäèíàòàìè λp = 44◦51′30′′ ç.ä.,

ϕp = 78◦8′30′′ ñ.ø. Åñëè îáîçíà÷èòü ÷åðåç λ′ ∈ [0◦, 360◦] è ϕ′ ∈ [−90◦, 90◦] êîîðäè-íàòû òî÷êè â íîâîé ñ�åðè÷åñêîé ñèñòåìå êîîðäèíàò, ñòàðûå ñ�åðè÷åñêèå êîîðäèíàòûêîòîðîé ðàâíû λ è ϕ, òî â êà÷åñòâå �îðìóë ïåðåõîäà ìîæíî ïðèíÿòü ñîîòíîøåíèÿ,ïðèâåäåííûå íà ðèñ. 8.



Ïèêñåëíàÿ òåõíîëîãèÿ äèñêðåòèçàöèè àêâàòîðèè... 37
O

N

N ′

λp

ϕp Ýêâàòîð�ðèíâè÷
sinϕ′ = cos(λ + λp) cos ϕ cos ϕp + sin ϕ sin ϕp;

cos ϕ′ =

√

1 − sin2 ϕ′ ;

sin λ′ = sin(λ + λp) cos ϕ/ cos ϕ′;

cos λ′ =
[

cos(λ + λp) cos ϕ sin ϕp − cos ϕp sin ϕ
]

/ cos ϕ′;

λ′(−λp, ϕp) = −λp; ϕ′(−λp, ϕp) = 90◦�èñ. 8. Ïåðåìåùåíèå ïîëþñíîé îñîáåííîñòè íà òåððèòîðèþ �ðåíëàíäèè

�èñ. 9. Òðèàíãóëÿöèÿ àêâàòîðèè Ìèðîâîãî îêåàíà: h = 0 ì, ∆0 = 4◦, L = 3; ÷èñëî ýëåìåíòîâ66714, ÷èñëî óçëîâ 37284

�èñ. 10. Òðèàíãóëÿöèÿ àêâàòîðèè Ìèðîâîãî îêåàíà: h = 200 ì, ∆0 = 4◦, L = 3; ÷èñëî ýëåìåíòîâ69480, ÷èñëî óçëîâ 38650



38 È.Â. Êèðååâ, Ñ.Ô. ÏÿòàåâÍà ðèñ. 9 è 10 ïðåäñòàâëåíû òðèàíãóëÿöèè àêâàòîðèè Ìèðîâîãî îêåàíà â íîâîéñèñòåìå êîîðäèíàò λ′, ϕ′ ñ ãëóáèíàìè îò 0 è 200 ì ñîîòâåòñòâåííî.Äåòàëèçàöèÿ ñåòêè àêâàòîðèè Ìèðîâîãî îêåàíà îïðåäåëÿåòñÿ ìèíèìàëüíûì øàãîì
∆L è çàâèñèò îò êîíêðåòíîé çàäà÷è. Â ñëó÷àå áîëüøèõ çíà÷åíèé ∆L ÷àñòü îñòðîâîâè çàëèâîâ, ðàçìåðû êîòîðûõ ñîèçìåðèìû ñ ∆L, íà ñåòêå ìîãóò íå îòðàçèòüñÿ. Òàê,íà ïðèâåäåííûõ ðèñóíêàõ îñòðîâà Êóðèëüñêîé ãðÿäû íå ïðîÿâèëèñü (çà èñêëþ÷åíèåìäâóõ) èç-çà äîñòàòî÷íî áîëüøîãî ∆L = 0.5◦, îáóñëîâëåííîãî âèçóàëèçàöèåé ñåòêè. Ïðèíåîáõîäèìîñòè ñòåïåíü äåòàëèçàöèè ìîæíî ïîâûñèòü, óìåíüøàÿ ∆0 è(èëè) óâåëè÷èâàÿçíà÷åíèÿ ïàðàìåòðà óðîâíÿ âëîæåííîñòè L.Çàêëþ÷åíèåÂ çàäà÷àõ ÷èñëåííîãî ìîäåëèðîâàíèÿ äèíàìèêè Ìèðîâîãî îêåàíà ãðàíèöó ∂Ωh òðóä-íî óñòàíîâèòü òî÷íî èç-çà ñóòî÷íûõ è ñåçîííûõ êîëåáàíèé óðîâíÿ Ìèðîâîãî îêåàíà èøàãà áàçû ETOPO. Âìåñòå ñ òåì, êàê ïîêàçàíî â ðàáîòå [12℄, àïïðîêñèìàöèÿ ãðàíèöûáåðåãîâîé ëèíèè ïî âîçìîæíîñòè áåç ðåçêèõ óãëîâûõ èçëîìîâ, âàæíàÿ ïðè ìîäåëèðî-âàíèè ïðèáðåæíûõ ïðîöåññîâ, íåçíà÷èòåëüíî âëèÿåò ïðè ðàñ÷åòàõ êðóïíîìàñøòàáíûõïðîöåññîâ â Ìèðîâîì îêåàíå. Ïîýòîìó ïðåäëîæåííàÿ äèñêðåòèçàöèÿ îáëàñòè Ωh îêàçû-âàåòñÿ óäîâëåòâîðèòåëüíîé äëÿ áîëüøîãî êëàññà çàäà÷, à ïðèìåíåíèå îïèñàííîé âûøåïèêñåëíîé òåõíîëîãèè çíà÷èòåëüíî óñêîðÿåò ïðîöåññ �îðìèðîâàíèÿ ñåòêè. Òàê, ñ ïðè-âåäåííûìè â ðàáîòå çíà÷åíèÿìè ïàðàìåòðîâ ∆0, L è h ïðè èñïîëüçîâàíèè áàçû ETOPO2âðåìÿ äèñêðåòèçàöèè àêâàòîðèè Ìèðîâîãî îêåàíà íà ÏÊ êëàññà Pentium IV ñ òàêòîâîé÷àñòîòîé ïðèìåðíî 1.5 GHz ñîñòàâëÿëî íå áîëåå 10 ñ, âêëþ÷àÿ ñ÷èòûâàíèå áàòèìåòðè-÷åñêèõ äàííûõ è çàïèñü âû÷èñëåííûõ ïàðàìåòðîâ ñåòêè. Â ñëó÷àå íåîáõîäèìîñòè áîëååòî÷íîãî îïèñàíèÿ ãðàíèöû ðàñ÷åòíîé îáëàñòè ìîæíî ïðîâåñòè ãðàíè÷íóþ êîððåêöèþ[3℄ ïîñòðîåííîé ñåòêè. Â çàêëþ÷åíèå îòìåòèì, ÷òî òðèàíãóëÿöèÿ àêâàòîðèè Ìèðîâîãîîêåàíà ïî ïðåäëîæåííîìó àëãîðèòìó áûëà èñïîëüçîâàíà â ðàáîòàõ [13 � 15℄ äëÿ ìîäå-ëèðîâàíèÿ ãðàâèòàöèîííûõ è ïîâåðõíîñòíûõ âîëí â Ìèðîâîì îêåàíå.Ñïèñîê ëèòåðàòóðû[1℄ Frey P.J., Geotge P.L. Mesh Generation Appli
ation to Finite Elements. HERMESS
ien
e, 2000. 817 p.[2℄ �àëàíèí Ì.Ï., Ùåãëîâ È.À. �àçðàáîòêà è ðåàëèçàöèÿ àëãîðèòìîâ òðåõìåðíîé òðèàí-ãóëÿöèè ñëîæíûõ ïðîñòðàíñòâåííûõ îáëàñòåé: èòåðàöèîííûå ìåòîäû. Ì., 2006. (Ïðåïð.ÈÏÌ èì. Ì.Â. Êåëäûøà. �ÀÍ. � 9.)[3℄ �àëàíèí Ì.Ï., Ùåãëîâ È.À. �àçðàáîòêà è ðåàëèçàöèÿ àëãîðèòìîâ òðåõìåðíîé òðèàí-ãóëÿöèè ñëîæíûõ ïðîñòðàíñòâåííûõ îáëàñòåé: ïðÿìûå ìåòîäû. Ì., 2006. (Ïðåïð. ÈÏÌèì. Ì.Â. Êåëäûøà �ÀÍ. � 10.)[4℄ Íåìèðîâñêèé Þ.Â., Ïÿòàåâ Ñ.Ô. Àâòîìàòèçèðîâàííàÿ òðèàíãóëÿöèÿ ìíîãîñâÿçíûõîáëàñòåé ñî ñãóùåíèåì è ðàçðåæåíèåì óçëîâ // Âû÷èñë. òåõíîëîãèè. 2000. Ò. 5, � 2.Ñ. 82�91.[5℄ Ìåòîäû ðèìàíîâîé ãåîìåòðèè â çàäà÷àõ ïîñòðîåíèÿ ðàçíîñòíûõ ñåòîê / Þ.È. Øîêèí,Â.Ä. Ëèñåéêèí, À.Ñ. Ëåáåäåâ, Í.Ò. Äàíàåâ, È.À. Êèòàåâà. Íîâîñèáèðñê: Íàóêà,2005. 255 ñ.



Ïèêñåëíàÿ òåõíîëîãèÿ äèñêðåòèçàöèè àêâàòîðèè... 39[6℄ �âà÷åâ Â.Ë. Òåîðèÿ R-�óíêöèé è íåêîòîðûå åå ïðèëîæåíèÿ. Êèåâ: Íàóêîâà äóìêà, 1982.552 ñ.[7℄ Ïðåïàðàòà Ô., Øåéìîñ Ì. Âû÷èñëèòåëüíàÿ ãåîìåòðèÿ: Ïåð. ñ àíãë. Ì.: Ìèð, 1989.478 ñ.[8℄ �îäæåðñ Ä. Àëãîðèòìè÷åñêèå îñíîâû ìàøèííîé ãðà�èêè: Ïåð. ñ àíãë. Ì.: Ìèð, 1989.[9℄ Âåëüòìàíäåð Ï.Â.Ìàøèííàÿ ãðà�èêà: Ó÷åá. ïîñîáèå â 3 êí. Êí. 2. Îñíîâíûå àëãîðèò-ìû. Íîâîñèáèðñê: Èçä-âî Í�Ó, 1997.[10℄ Owen S.J. A Survey of Unstru
tured Mesh Generation Te
hnology // Pro
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