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Ââåäåíèå

Âèçóàëüíîå äåøèôðèðîâàíèå ðàññìàòðèâàåòñÿ
ñåãîäíÿ íåêîòîðûìè ñïåöèàëèñòàìè â êà÷åñòâå îñ-
íîâíîãî èëè äàæå åäèíñòâåííî âîçìîæíîãî ìåòîäà
äåøèôðèðîâàíèÿ. Îäíàêî ïðîòèâ òàêîé òî÷êè
çðåíèÿ ìîæíî ïðèâåñòè ðÿä ñåðüåçíûõ âîçðàæåíèé.
Âî-ïåðâûõ, âèçóàëüíîå äåøèôðèðîâàíèå ÿâëÿåòñÿ
ïðèíöèïèàëüíî ñóáúåêòèâíûì. Âî-âòîðûõ, ó÷àñòèå
÷åëîâåêà â äåøèôðèðîâàíèè ìîæåò îêàçàòüñÿ íåâîç-
ìîæíûì, íàïðèìåð, èç-çà îòñóòñòâèÿ ðÿäîì ñ îïòè-
êî-ýëåêòðîííîé ñèñòåìîé ñðåäñòâ æèçíåîáåñïå÷å-
íèÿ è êàíàëà ñâÿçè. Â-òðåòüèõ, ïðè ñêîðîñòè ñúåì-
êè, ïðåâûøàþùåé ïñèõîôèçè÷åñêèå âîçìîæíîñòè
âîñïðèÿòèÿ çðèòåëüíîãî àíàëèçàòîðà, âñå ïðåèìó-
ùåñòâà âèçóàëüíîãî äåøèôðèðîâàíèÿ ñòàíîâÿòñÿ
áåñïîëåçíûìè. Íàêîíåö, íåîáõîäèìî îòìåòèòü, ÷òî
ýêñïåðèìåíòû ïî âèçóàëüíîìó äåøèôðèðîâàíèþ
íåñêîëüêèõ îäíîâðåìåííî ôîðìèðóåìûõ èçîáðàæå-
íèé, èçëîæåííûå â ðàáîòå [1], ïîçâîëÿþò óòâåðæ-
äàòü, ÷òî çðèòåëüíûé àíàëèçàòîð ÷åëîâåêà ïëîõî
ïðèñïîñîáëåí ê èíòåãðèðîâàíèþ ïîäîáíîé âèäåî-
èíôîðìàöèè. Ïîýòîìó, íåñìîòðÿ íà íåêîòîðîå óâå-
ëè÷åíèå âåðîÿòíîñòåé ïðàâèëüíîãî ðàñïîçíàâàíèÿ,
îòìå÷åííîå â ðÿäå ýêñïåðèìåíòîâ ñ äâóìÿ èçîáðà-
æåíèÿìè, ïðèíöèïèàëüíûì ðåøåíèåì çàäà÷è äå-
øèôðèðîâàíèÿ ÿâëÿåòñÿ åãî àâòîìàòèçàöèÿ, âíà÷à-
ëå ÷àñòè÷íàÿ, à çàòåì è ïîëíàÿ.

Ê ñîæàëåíèþ, îáùåïðèíÿòîé ìàòåìàòè÷åñêîé
òåîðèè äåøèôðèðîâàíèÿ èçîáðàæåíèé, êîòîðàÿ
ìîãëà áû ñëóæèòü îñíîâîé åãî àâòîìàòèçàöèè, ïîêà
íå ñóùåñòâóåò. Â íàñòîÿùåé ðàáîòå îïèñûâàåòñÿ ìà-
òåìàòè÷åñêàÿ ìîäåëü ñöåíû, èñïîëüçóåìàÿ â çàäà÷å
ñîâìåñòíîãî äåøèôðèðîâàíèÿ íåñêîëüêèõ åå èçîá-
ðàæåíèé. Îíè ôîðìèðóþòñÿ îïòèêî-ýëåêòðîííîé
ñèñòåìîé îäíîâðåìåííî â íåñêîëüêèõ ñïåêòðàëüíûõ
äèàïàçîíàõ. Ïðåäïîëàãàåòñÿ, ÷òî íà êàæäîì èçîá-
ðàæåíèè èìååòñÿ ñâîÿ ñèñòåìà êîîðäèíàò è ÷òî èçîá-
ðàæåíèÿ êàæäîãî ïèêñåëà ñöåíû â ýòèõ ñèñòå-

ìàõ èìåþò îäíè è òå æå êîîðäèíàòû. Öåëüþ äåøèô-
ðèðîâàíèÿ ÿâëÿåòñÿ âûÿâëåíèå íà ñöåíå çàäàííûõ
îáúåêòîâ. Ïîñêîëüêó â îáùåì ñëó÷àå êàæäûé ïèê-
ñåë ñöåíû îïèñûâàåòñÿ âåêòîðíîé ñëó÷àéíîé âåëè-
÷èíîé, òî äëÿ îïèñàíèÿ ñâîéñòâ îáúåêòîâ è ïîñòðî-
åíèÿ ìåòîäîâ ïðèìåíÿåòñÿ òàê íàçûâàåìîå ñëó÷àé-
íîå ðàññòîÿíèå, ââåäåííîå â ðàáîòå [2].

Íåîáõîäèìî îòìåòèòü, ÷òî èññëåäîâàíèÿ â ýòîì
íàïðàâëåíèè áûëè íà÷àòû â ÍÏÎ “Ãîñóäàðñòâåí-
íûé èíñòèòóò ïðèêëàäíîé îïòèêè” [3, 4] è ïðî-
äîëæåíû â ÇÀÎ “Íàó÷íî-ïðîèçâîäñòâåííàÿ ôèðìà
Îïòîîéë”.

Ñêàëÿðíûå è âåêòîðíûå ñöåíû

Âíà÷àëå áóäåì ðàññìàòðèâàòü ðåàëüíóþ ñöåíó
êàê ñîâîêóïíîñòü íåäåëèìûõ ýëåìåíòîâ, íàçûâàå-
ìûõ äàëåå ïèêñåëàìè. Êàæäûé ïèêñåë õàðàêòåðè-
çóåòñÿ èíäèâèäóàëüíûìè öåëî÷èñëåííûìè êîîð-
äèíàòàìè z = (z1, z2) íà äâóìåðíîé öåëî÷èñëåííîé
ðåøåòêå Z2 = {z = (z1, z2): z1 ∈ Z, z2 ∈ Z} è ñêàëÿð-
íîé ñëó÷àéíîé âåëè÷èíîé ξz ñî çíà÷åíèÿìè èç
êîíå÷íîãî ìíîæåñòâà Y = {0, 1, …, |Y | – 1}, |Y | > 1.
Îíà îïèñûâàåò çàäàííîå ñâîéñòâî ïèêñåëà. Âñå
ñëó÷àéíûå âåëè÷èíû îïðåäåëåíû íà íåêîòîðîì
âåðîÿòíîñòíîì ïðîñòðàíñòâå (Ω, A, P). Ñ÷åòíîå
ñåìåéñòâî ξ = (ξz)z ∈ Z2 áóäåò íàçûâàòüñÿ äàëåå ñêà-
ëÿðíîé ñöåíîé.

Äëÿ êàæäîãî z ∈ Z2 è êàæäîãî ýëåìåíòàðíîãî
ñîáûòèÿ ω ∈ Ω ìîæíî âû÷èñëèòü âûáîðî÷íîå çíà-
÷åíèå xz = ξz(ω) ñëó÷àéíîé âåëè÷èíû ξz. Ñêàëÿðíûì
èçîáðàæåíèåì ñöåíû áóäåò íàçûâàòüñÿ îòîáðàæåíèå
x: Z2 → Y, îïðåäåëÿåìîå ðàâåíñòâîì x = (xz)z ∈ Z2.

Êàê ïðàâèëî, èíòåðåñ ïðåäñòàâëÿþò êîíå÷íûå
ñîâîêóïíîñòè ïèêñåëîâ. Îíè áóäóò íàçûâàòüñÿ
îáúåêòàìè. Êàæäûé îáúåêò îïðåäåëÿåòñÿ ïîäìíî-
æåñòâîì A òî÷åê èç Z2, ÿâëÿþùèõñÿ êîîðäèíàòàìè
åãî ïèêñåëîâ, è ñåìåéñòâîì ξA = (ξa)a ∈ A èç |A| ñëó-
÷àéíûõ âåëè÷èí. Ïîäìíîæåñòâî A áóäåò íàçûâàòü-
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ñÿ äàëåå ïðîåêöèåé îáúåêòà. Ïðåäïîëàãàåòñÿ, ÷òî
ïðîåêöèè A è B ðàçíûõ îáúåêòîâ íå ïåðåñåêàþòñÿ.

Åñëè â ïèêñåëå ñ êîîðäèíàòàìè z ∈ Z2 èçìåðÿåò-
ñÿ îäíîâðåìåííî ν > 1 ïðèçíàêîâ, òî äëÿ åãî îïèñà-
íèÿ åñòåñòâåííî èñïîëüçîâàòü âåêòîðíóþ ñëó÷àé-
íóþ âåëè÷èíó ξz = (ξz

j)1 ≤ j ≤ ν. Åå êîìïîíåíòû ξz
j,

1 ≤ j ≤ ν, ÿâëÿþòñÿ ñêàëÿðíûìè ñëó÷àéíûìè âåëè-
÷èíàìè ñî çíà÷åíèÿìè èç Y, îïðåäåëåííûìè íà òîì
æå ñàìîì âåðîÿòíîñòíîì ïðîñòðàíñòâå (Ω, A, P).
Ñ÷åòíîå ñåìåéñòâî (ξz)z ∈ Z2 âåêòîðíûõ ñëó÷àéíûõ
âåëè÷èí áóäåò íàçûâàòüñÿ äàëåå âåêòîðíîé ñöåíîé.

Ïóñòü ω ∈ Ω, äëÿ ïèêñåëà ñ êîîðäèíàòàìè  z ∈ Z2

è êàæäîãî j, 1 ≤ j ≤ ν, ìîæíî âû÷èñëèòü âûáîðî÷íîå
çíà÷åíèå xz

j = ξz
j(ω) ñêàëÿðíîé ñëó÷àéíîé âåëè÷èíû

ξz
j. Ñêàëÿðíûì èçîáðàæåíèåì ñ íîìåðîì j ( j-é êîì-

ïîíåíòîé) âåêòîðíîé ñöåíû áóäåò íàçûâàòüñÿ îòîáðà-
æåíèå x j:Z2 → Y, 1 ≤ j ≤ ν, âèäà x j = (xz

j)z ∈ Z2. Òàêèì
îáðàçîì, ïðè ν > 1 ðåçóëüòàòîì ñúåìêè ÿâëÿåòñÿ íà-
áîð x = (x j)1≤ j≤ ν èç ν ñêàëÿðíûõ èçîáðàæåíèé. Åñëè
äëÿ êàæäîãî z ∈ Z2 îïðåäåëèòü âåêòîð xz = (xz

j)1≤ j≤ ν,
òî x ñòàíîâèòñÿ âåêòîðíûì îòîáðàæåíèåì Z2 → Yν

âèäà x = (xz)z ∈ Z2. Îíî áóäåò íàçûâàòüñÿ äàëåå âåêòîð-
íûì èçîáðàæåíèåì ñöåíû. Îñíîâíîå âíèìàíèå â
íàñòîÿùåé ðàáîòå óäåëÿåòñÿ ïîëó÷åíèþ ðåçóëüòàòîâ,
êîòîðûå èìåþò ìåñòî îäíîâðåìåííî äëÿ ñêàëÿðíûõ
(ν = 1) è âåêòîðíûõ (ν > 1) ñöåí.

Î÷åâèäíî, ÷òî îáúåêòîì ñ ïðîåêöèåé À âåêòîð-
íîé ñöåíû ÿâëÿåòñÿ ñåìåéñòâî ξA = (ξa)a ∈ A èç |A| âåê-
òîðíûõ ñëó÷àéíûõ âåëè÷èí.

Â íàñòîÿùåé ðàáîòå áóäåì ñ÷èòàòü, ÷òî ñëó÷àé-
íûå âåëè÷èíû, îáðàçóþùèå ñöåíó, ïîïàðíî íåçàâè-
ñèìû, à ñëó÷àéíûå âåëè÷èíû, îáðàçóþùèå îáúåêò,
ξA = (ξa)a ∈ A èìåþò, êðîìå òîãî, îäíî è òî æå ðàñ-
ïðåäåëåíèå âåðîÿòíîñòåé. Äëÿ ñêàëÿðíûõ ñöåí åãî
ñðåäíåå çíà÷åíèå mA è äèñïåðñèÿ σ2

A ÿâëÿþòñÿ
ñêàëÿðàìè. Äëÿ âåêòîðíîé ñöåíû áóäóò èñïîëüçî-
âàòüñÿ âåêòîð ñðåäíèõ çíà÷åíèé mA = (mA

j)1 ≤ j ≤ ν è
êîâàðèàöèîííàÿ ìàòðèöà CA = (c A

ij) ñ ýëåìåíòàìè
c A

ij = E(ξa
i – mA

i)(ξa
j – mA

j), a ∈ A.
Ïîñêîëüêó ðåãèñòðèðóåìûå ïðèçíàêè (ýíåðãåòè-

÷åñêèå ÿðêîñòè) î÷åíü èçìåí÷èâû, òî íèêàêèõ ñâå-
äåíèé î íèõ çàðàíåå íå ïðåäïîëàãàåòñÿ. Âñå ìåòî-
äû, èñïîëüçóåìûå â õîäå äåøèôðèðîâàíèÿ, ñòðîÿò-
ñÿ íà îñíîâå ïðåäïîëîæåíèÿ î òîì, ÷òî ñîñåäíèå
îáúåêòû ñ ïðîåêöèÿìè A è B äîëæíû èìåòü ðàçíûå
âåêòîðû ñðåäíèõ çíà÷åíèé: mA ≠ mB èëè, ÷òî òî æå
ñàìîå, d(mA, mB) > 0. Ñ ñîäåðæàòåëüíîé òî÷êè çðå-
íèÿ ýòî îçíà÷àåò, ÷òî ñðåäè ν ñïåêòðàëüíûõ äèàïà-
çîíîâ îïòèêî-ýëåêòðîííîé ñèñòåìû âñåãäà íàéäåò-
ñÿ äèàïàçîí (õîòÿ áû îäèí) ñ íîìåðîì j, 1 ≤ j ≤ ν, â
êîòîðîì m j

A ≠ m j
B.

Ïðåäïîëîæåíèå î íåçàâèñèìîñòè ñëó÷àéíûõ âå-
ëè÷èí ïîçâîëÿåò ðàññìàòðèâàòü èçîáðàæåíèå ñöå-
íû â êà÷åñòâå ñëó÷àéíîé âûáîðêè è èñïîëüçîâàòü
åãî äëÿ îöåíêè èõ ñðåäíèõ çíà÷åíèé è êîâàðèàöèé.

Íà ïåðâûé âçãëÿä îíî ìîæåò ïîêàçàòüñÿ ñëèøêîì
îïòèìèñòè÷íûì. Îäíàêî õîðîøî èçâåñòíî [5], ÷òî
îöåíèâàòü ñðåäíèå çíà÷åíèÿ ìîæíî è ïî âûáîðî÷-
íûì ïîâåðõíîñòÿì (ðåàëèçàöèÿì) îäíîðîäíûõ, â
øèðîêîì ñìûñëå ñëó÷àéíûõ, ïîëåé, ñîñòîÿùèõ èç
çàâèñèìûõ ñëó÷àéíûõ âåëè÷èí.

Îáúåêòû è èõ ïðèçíàêè

Íàïîìíèì, ÷òî öåëüþ äåøèôðèðîâàíèÿ èçîáðà-
æåíèé ñöåíû â íàñòîÿùåé ðàáîòå ÿâëÿåòñÿ âûÿâëå-
íèå íà íåé çàäàííûõ îáúåêòîâ, îïèñûâàåìûõ ãåîìåò-
ðè÷åñêèìè ïðèçíàêàìè. Ïðåæäå âñåãî, ýòî ïëîùàäü,
ãàáàðèòíûå ðàçìåðû, ôîðìà è íåêîòîðûå äðóãèå ñâîé-
ñòâà, îïðåäåëÿåìûå ïî ïðîåêöèè îáúåêòà.

Ïëîùàäüþ îáúåêòà ñ ïðîåêöèåé A áóäåò íàçû-
âàòüñÿ êîëè÷åñòâî |A| îáðàçóþùèõ åå ïèêñåëîâ. Äëÿ
âû÷èñëåíèÿ ðàçìåðîâ áóäåò ïðèìåíÿòüñÿ, êàê ïðà-
âèëî, åâêëèäîâî ðàññòîÿíèå d íà Z2. Ãàáàðèòíûìè
ðàçìåðàìè îáúåêòà áóäóò íàçûâàòüñÿ äëèíû ñòîðîí
ïðÿìîóãîëüíèêà íàèìåíüøåé ïëîùàäè, îïèñàííî-
ãî âîêðóã åãî ïðîåêöèè.

Äèàìåòðîì îáúåêòà ñ ïðîåêöèåé A áóäåò íàçû-
âàòüñÿ äèàìåòð d(A) åãî ïðîåêöèè, îïðåäåëÿåìûé

îáû÷íûì îáðàçîì,
,

( ) max ( , ).
a A b A

d A d a b
∈ ∈

= Î÷åâèäíî,

÷òî äëÿ ëþáîãî t ∈ Z2
2 \{ }

inf ( , ) 1.
z Z t

d t z
∈

= Ïîýòîìó

ïèêñåëû ñ êîîðäèíàòàìè z è t, äëÿ êîòîðûõ d(z, t) = 1,
áóäóò íàçûâàòüñÿ ñîñåäÿìè. Ó êàæäîãî ïèêñåëà èõ
ðîâíî ÷åòûðå.

Ïîäìíîæåñòâî A íà Z2 áóäåò íàçûâàòüñÿ ñâÿçíûì,
åñëè äëÿ ëþáûõ äâóõ ïèêñåëîâ ñ êîîðäèíàòàìè z è t
èç A, z ≠ t, ñóùåñòâóåò ïîñëåäîâàòåëüíîñòü èç n ≥ 2
ïèêñåëåé (wj)1 ≤ j ≤ n ïðèíàäëåæàùèõ A è òàêèõ, ÷òî
z = w1, t = wn è d(wj, wj + 1) = 1, 1 ≤ j ≤ n. Ïðîåêöèè
âñåõ ðàññìàòðèâàåìûõ â ðàáîòå îáúåêòîâ ïðåäïî-
ëàãàþòñÿ ñâÿçíûìè.

Îáúåêòû ξA è ξB áóäóò íàçûâàòüñÿ ñîñåäÿìè, åñëè
ðàññòîÿíèå d(A, B) ìåæäó èõ ïðîåêöèÿìè, îïðåäå-

ëÿåìîå îáû÷íûì îáðàçîì
,

( , ) inf ( , ),
a A b B

d A B d a b
∈ ∈

=

ðàâíî åäèíèöå.
Çíà÷åíèÿ ãåîìåòðè÷åñêèõ ïðèçíàêîâ çàäàííûõ

îáúåêòîâ èëè èõ ðàñïðåäåëåíèÿ âåðîÿòíîñòåé äîëæ-
íû áûòü èçâåñòíû äî íà÷àëà äåøèôðèðîâàíèÿ.

Ñëó÷àéíûå ðàññòîÿíèÿ

Ïðè ïåðåõîäå ê îïèñàíèþ ïèêñåëîâ ñöåíû ν-ìåð-
íûìè ñëó÷àéíûìè âåëè÷èíàìè òîò÷àñ âîçíèêàåò ðÿä
íîâûõ ïðîáëåì. Âî-ïåðâûõ, â õîäå ñúåìêè êàæäî-
ìó ïèêñåëó ñîïîñòàâëÿåòñÿ íå ñêàëÿð, a ν-ìåðíûé
âåêòîð ïðèçíàêîâ. Ê ñîæàëåíèþ, â ν-ìåðíîì âåê-
òîðíîì ïðîñòðàíñòâå Rν îòñóòñòâóåò îòíîøåíèå ïî-
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ðÿäêà, ñîïîñòàâèìîå ïî íàãëÿäíîñòè ñ òàêîâûì èç
R1. Âî-âòîðûõ, îáúåì âûáîðêè, íåîáõîäèìîé äëÿ
îöåíêè íåèçâåñòíûõ âåðîÿòíîñòåé, îïèñûâàþùèõ
èçìåí÷èâîñòü ïðèçíàêîâ, çàâèñèò ýêñïîíåíöèàëüíî
îò ν. Äëÿ ðåøåíèÿ ýòèõ ïðîáëåì ìîæíî âîñïîëü-
çîâàòüñÿ ââåäåííûì â ðàáîòå [2] ñëó÷àéíûì ðàññòî-
ÿíèåì. Äëÿ óäîáñòâà ÷èòàòåëÿ ïðèâåäåì îïðåäå-
ëåíèå è èñïîëüçóåìûå äàëåå ñâîéñòâà ñëó÷àéíîãî
ðàññòîÿíèÿ.

Ðàññòîÿíèå d íà Rν áóäåò íàçûâàòüñÿ áîðåëåâñ-
êèì, åñëè áîðåëåâñêèì ÿâëÿåòñÿ îòîáðàæåíèå
d : Rν × Rν → R. Èç ñâîéñòâ èçìåðèìûõ ôóíêöèé ñëå-
äóåò, ÷òî ðàññòîÿíèå Åâêëèäà è ìíîãèå äðóãèå èçâå-
ñòíûå ðàññòîÿíèÿ ÿâëÿþòñÿ Áîðåëåâñêèìè.

Ïóñòü d – áîðåëåâñêîå ðàññòîÿíèå íà Rν, à
ξ = (ξ j)1 ≤ j ≤ ν è η = (ηj)1 ≤ j ≤ ν – âåêòîðíûå ñëó÷àéíûå
âåëè÷èíû, îïðåäåëåííûå íà íåêîòîðîì âåðîÿòíîñò-
íîì ïðîñòðàíñòâå (Ω, A, P). Èçâåñòíî, ÷òî â ýòîì
ñëó÷àå îòîáðàæåíèå d(ξ, η):Ω → R, îïðåäåëÿåìîå
ðàâåíñòâîì d(ξ, η)(ω) = d(ξ(ω), η(ω)), òàêæå áóäåò
ñëó÷àéíîé âåëè÷èíîé íà (Ω, A, P). Èç îïðåäåëåíèÿ
ðàññòîÿíèÿ ñëåäóåò, ÷òî ïðè êàæäîì ω ∈ Ω áóäóò âû-
ïîëíÿòüñÿ àêñèîìû ðàññòîÿíèÿ. Ýòî ïîçâîëÿåò íà-
çâàòü îòîáðàæåíèå d ñëó÷àéíûì ðàññòîÿíèåì íà
ìíîæåñòâå ν-ìåðíûõ ñëó÷àéíûõ âåëè÷èí, à ñëó÷àé-
íóþ âåëè÷èíó d(ξ, η) – ñëó÷àéíûì ðàññòîÿíèåì
ìåæäó ξ è η.

Ñëó÷àéíîå ðàññòîÿíèå ïîçâîëÿåò ëåãêî îáîáùèòü
íà âåêòîðíûå ñëó÷àéíûå âåëè÷èíû ïîíÿòèå äèñïåð-
ñèè. Ïóñòü ξ = (ξ j)1 ≤ j ≤ ν – âåêòîðíàÿ ñëó÷àéíàÿ
âåëè÷èíà, mξ

j = Eξj, 1 ≤ j ≤ ν, è mξ = (mξ
j)1≤ j≤ ν. Òîãäà

äèñïåðñèåé ξ åñòåñòâåííî íàçâàòü íåîòðèöàòåëüíîå
÷èñëî Dξ, îïðåäåëÿåìîå ðàâåíñòâîì Dξ = Ed2(ξ, mξ).
Ýòî îïðåäåëåíèå ïîçâîëÿåò óñòàíîâèòü öåëûé ðÿä
ïîëåçíûõ ñâîéñòâ âåêòîðíûõ ñëó÷àéíûõ âåëè÷èí,
âêëþ÷àÿ çíàìåíèòîå íåðàâåíñòâî ×åáûøåâà.

1. Åñëè ξ = (ξ j)1≤ j≤ ν – âåêòîðíàÿ ñëó÷àéíàÿ âåëè-
÷èíà ñ êîíå÷íîé äèñïåðñèåé σξ

2 = Dξ, òî ïðè ëþáîì
âåùåñòâåííîì k > 0 âûïîëíÿåòñÿ íåðàâåíñòâî
P(d(ξ, mξ) ≥ kσξ) ≤ 1/k2.

Ñëåäóþùåå óòâåðæäåíèå ïîçâîëÿåò îöåíèòü âå-
ðîÿòíîñòü îòêëîíåíèÿ ñëó÷àéíîãî ðàññòîÿíèÿ d(ξ, η)
ìåæäó ñëó÷àéíûìè âåëè÷èíàìè îò ðàññòîÿíèÿ
d(mξ, mη) ìåæäó èõ ñðåäíèìè çíà÷åíèÿìè.

2. Ïóñòü ξ è η – âåêòîðíûå ñëó÷àéíûå âåëè÷èíû,
mξ è mη – èõ âåêòîðû ñðåäíèõ çíà÷åíèé, à σξ

2 è ση
2 – èõ

êîíå÷íûå äèñïåðñèè. Òîãäà äëÿ ëþáîãî âåùåñòâåííî-
ãî k > 0 âûïîëíÿåòñÿ íåðàâåíñòâî P(|d(ξ, η) –
– d(mξ, mη)| ≥ k(σξ + ση)) ≤ 1/k2.

Äàëåå â êà÷åñòâå d áóäåò èñïîëüçîâàòüñÿ åâêëè-
äîâî ðàññòîÿíèå. Èç åãî îïðåäåëåíèÿ òîò÷àñ ñëåäó-
åò, ÷òî Dξ = Dξ1 + … + Dξν.

3. Åñëè ξ è η – ïîïàðíî íåçàâèñèìûå âåêòîðíûå
ñëó÷àéíûå âåëè÷èíû, a ∈ R è b ∈ R, òî D(aξ + bη) =
= a2Dξ +b2Dη.

Ïóñòü σξ
2 = Dξ. Ëåãêî ïðîâåðèòü íåïîñðåäñòâåí-

íî, ÷òî äëÿ ëþáîãî âåêòîðà m = (mj)1≤ j≤ ν èç Rν èìååò
ìåñòî ðàâåíñòâî Ed2(ξ, m) = σξ

2 + d 2(mξ, m). Èç íåãî
òîò÷àñ ñëåäóåò íåðàâåíñòâî Ed2(ξ, m) ≥ σξ

2, îáîáùàþ-
ùåå íà âåêòîðíûå ñëó÷àéíûå âåëè÷èíû âàæíîå
ñâîéñòâî äèñïåðñèè ñêàëÿðíûõ ñëó÷àéíûõ âåëè÷èí.

Åñëè ξ è η íåçàâèñèìû, òî ëåãêî óáåäèòüñÿ â ñïðà-
âåäëèâîñòè ðàâåíñòâà Ed2(ξ, η) = σξ

2 + d2(mξ, mη) + ση
2.

Áóäåì ãîâîðèòü, ÷òî ïîñëåäîâàòåëüíîñòü ξn =
= (ξn, j)1 ≤ j ≤ ν, n ≥ 1, âåêòîðíûõ ñëó÷àéíûõ âåëè÷èí
ñõîäèòñÿ ïî âåðîÿòíîñòè ê âåêòîðíîé ñëó÷àéíîé
âåëè÷èíå ξ = (ξj)1 ≤ j ≤ ν, è îáîçíà÷àòü ýòî ñèìâîëîì
ξn → ξ, åñëè ïîñëåäîâàòåëüíîñòü (d(ξn, ξ))n≥ 1 ñêàëÿð-
íûõ ñëó÷àéíûõ âåëè÷èí ñõîäèòñÿ ïî âåðîÿòíîñòè ê
íóëþ. Äðóãèìè ñëîâàìè, åñëè P(d(ξn, ξ)) > ε) → 0
ïðè n → +∞ äëÿ ëþáîãî ε > 0, èìååò ìåñòî ñëåäóþ-
ùåå ñâîéñòâî.

4. Ïóñòü (ξn)n≥ 1 – ïîñëåäîâàòåëüíîñòü íåçàâèñè-
ìûõ âåêòîðíûõ ñëó÷àéíûõ âåëè÷èí òàêèõ, ÷òî
Eξn = m è Dξn = σ2 äëÿ ëþáîãî n ≥ 1. Òîãäà ïîñëå-
äîâàòåëüíîñòü (ηn)n≥ 1 âèäà ηn = (ξ1 + … + ξν)/n ñõî-
äèòñÿ ïî âåðîÿòíîñòè ê m ïðè n → +∞.

Çîíû èíòåðåñà

Äëÿ ðàñïîçíàâàíèÿ îáúåêòîâ ïî ãåîìåòðè÷åñêèì
ïðèçíàêàì íåîáõîäèìî çíàòü èõ ïðîåêöèè. Ðàçáèå-
íèå Z2 íà ïðîåêöèè îáðàçóþùèõ ñöåíó îáúåêòîâ íà-
çûâàåòñÿ, êàê èçâåñòíî, ñåãìåíòàöèåé. Â îáùåì ñëó-
÷àå äëÿ ðåøåíèÿ ýòîé çàäà÷è íåîáõîäèìî ðàñïîëà-
ãàòü äîâîëüíî ïîäðîáíûìè ñâåäåíèÿìè î ñöåíå,
êîòîðûå íà ýòàïå äåøèôðèðîâàíèÿ, êàê ïðàâèëî,
îòñóòñòâóþò. Â ÷àñòíîì ñëó÷àå, êîãäà äåøèôðèðî-
âàíèå ïðîâîäèòñÿ ñ öåëüþ âûÿâëåíèÿ çàäàííûõ
îáúåêòîâ, âìåñòî ñåãìåíòàöèè âñåé ñöåíû ìîæíî
îãðàíè÷èòüñÿ ñåãìåíòàöèåé òîëüêî òàêèõ åå ó÷àñò-
êîâ, êîòîðûå ñîäåðæàò çàäàííûé îáúåêò è îêðóæà-
þùèå åãî ïèêñåëû (îêðåñòíîñòü). Òàêèå ó÷àñòêè
áûëè íàçâàíû çîíàìè èíòåðåñà. Äëÿ ñêàëÿðíûõ
ñöåí, êîãäà ν = 1, èõ îïðåäåëåíèå äàíî â ðàáîòå [6].
Îáùèé ñëó÷àé ðàññìàòðèâàåòñÿ íèæå.

Ïóñòü ξA = (ξa)a ∈ A – çàäàííûé îáúåêò ñ âåêòîðîì
ñðåäíèõ çíà÷åíèé mA = (mA

j)1 ≤ j ≤ ν è äèàìåòðîì d(A).
Î÷åâèäíî, ÷òî äëÿ ëþáîãî l ≥ d(A) + 2 ñóùåñòâó-
åò êâàäðàò C íà Z 2 ñî ñòîðîíîé l òàêîé, ÷òî
A ⊂ (C\Fr(C)). Ñèìâîë Fr(C) îáîçíà÷àåò ãðàíèöó
êâàäðàòà C, ò. å. ïîäìíîæåñòâî åãî òî÷åê, èìåþùèõ
ñîñåäåé â Z 2\C. Áóäåì íàçûâàòü ñåìåéñòâî ν-ìåð-
íûõ ñëó÷àéíûõ âåëè÷èí âèäà ξC = (ξc)c ∈ C çîíîé èí-
òåðåñà äëÿ ýëåìåíòà ñöåíû ξA = (ξa)a ∈ A, åñëè âñå ξc,
c ∈ C\A, èìåþò îäíî è òî æå ðàñïðåäåëåíèå âåðîÿò-
íîñòåé ñ âåêòîðîì mC\A = (m j

C\A)1 ≤ j ≤ ν ñðåäíèõ çíà÷å-
íèé è åñëè d(mA, m j

C\A) > 0.
Èç îïðåäåëåíèÿ çîíû èíòåðåñà ñëåäóåò, ÷òî êàæ-

äûé åå ïèêñåë ìîæåò ïðèíàäëåæàòü òîëüêî ê îáúåêòó
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ξA èëè åãî îêðåñòíîñòè ξC\A (ôîíó). Â ÷àñòíîì ñëó-
÷àå, êîãäà ν = 1, íåðàâåíñòâî d(mA, mC\A) > 0 ïðèíè-
ìàåò âèä |mA, mC\A| > 0, à ïðè èçâåñòíîì çíàêå êîí-
òðàñòà – mA > mC\A (îáúåêò ñâåòëåå ôîíà) èëè
mA < mC\A (îáúåêò òåìíåå ôîíà).

Òàê êàê ñâîéñòâà çîí èíòåðåñà îòëè÷àþòñÿ îò
ñâîéñòâ ïóñòûõ êâàäðàòîâ òàêèõ æå ðàçìåðîâ, òî
çîíû èíòåðåñà ìîæíî ðàññìàòðèâàòü â êà÷åñòâå
âñïîìîãàòåëüíûõ ýëåìåíòîâ ñöåíû. Â ñâÿçè ñ ýòèì
öåëåñîîáðàçíî íà÷àòü äåøèôðèðîâàíèå ñ ïîèñêà çîí
èíòåðåñà, à ñåãìåíòàöèþ è âñå îñòàëüíûå îïåðàöèè
âûïîëíÿòü òîëüêî â íèõ. Ïðè óñïåøíîì ðåøåíèè
çàäà÷è ïîèñêà çîí èíòåðåñà òàêîé ïîäõîä ìîæåò
çàìåòíî ñíèçèòü ïîòðåáíîñòü â âû÷èñëèòåëüíûõ
ðåñóðñàõ.

Îòìåòèì, ÷òî ïîèñê çîí èíòåðåñà ñêàëÿðíûõ ñöåí
(ν = 1) ïîäðîáíî ðàññìîòðåí â ðàáîòå [6]. Ïîêàçà-
íî, ÷òî äîïîëíèòåëüíàÿ èíôîðìàöèÿ î çíàêå êîí-
òðàñòà ïîçâîëÿåò çíà÷èòåëüíî ñíèçèòü âåðîÿòíîñòü
ëîæíîãî îáíàðóæåíèÿ çîíû.

Çàêëþ÷åíèå

Â ðàáîòå ïðåäëîæåíà ìîäåëü ñöåíû, ïðåäíàç-
íà÷åííàÿ äëÿ àâòîìàòèçàöèè ñîâìåñòíîãî äåøèô-
ðèðîâàíèÿ åå èçîáðàæåíèé, öåëü êîòîðîãî ñîñòîèò
â âûÿâëåíèè çàäàííûõ îáúåêòîâ. Âñå ïèêñåëû ñöå-
íû îïèñûâàþòñÿ âåêòîðíûìè ñëó÷àéíûìè âåëè÷è-
íàìè. Êàæäûé îáúåêò ÿâëÿåòñÿ ñåìåéñòâîì íåçàâè-
ñèìûõ è îäèíàêîâî ðàñïðåäåëåííûõ âåêòîðíûõ
ñëó÷àéíûõ âåëè÷èí, îïðåäåëåííûõ íà êîíå÷íîì
ïîäìíîæåñòâå öåëî÷èñëåííîé ðåøåòêè Z2. Îíî íà-
çûâàåòñÿ ïðîåêöèåé îáúåêòà. Îáúåêòû, ïîäëåæàùèå
âûÿâëåíèþ, îïèñûâàþòñÿ ãåîìåòðè÷åñêèìè ïðèçíà-

êàìè èëè èõ ðàñïðåäåëåíèÿìè âåðîÿòíîñòåé. Íèêà-
êèõ äàííûõ î ðàñïîëîæåíèè îáúåêòîâ, èõ îðèåíòà-
öèè èëè ñïåêòðàëüíûõ ïðèçíàêàõ íå ïðåäïîëàãà-
åòñÿ. Èñõîäíîé èíôîðìàöèåé î ñöåíå ñëóæèò íàáîð
åå èçîáðàæåíèé.

Ðàññìîòðåííàÿ ìîäåëü ñöåíû áóäåò èñïîëüçî-
âàòüñÿ äàëåå äëÿ ðåøåíèÿ çàäà÷ ïîèñêà çîí èíòåðå-
ñà, ñåãìåíòàöèè çîí èíòåðåñà è âû÷èñëåíèÿ ãåîìåò-
ðè÷åñêèõ ïðèçíàêîâ îáúåêòîâ.

ËÈÒÅÐÀÒÓÐÀ

11. Ñìèðíîâ Â.Ï., Àëåêñååâ Þ.Â., Àëëèê Þ.À. è äð. Ýô-
ôåêòèâíîñòü êîìïëåêñèðîâàíèÿ ðàçíîêàíàëüíûõ èçîá-
ðàæåíèé ïðè îïîçíàâàíèè îáúåêòîâ // Îïòè÷åñêèé
æóðíàë. 1992. Ò. 59. ¹ 2. Ñ. 20–24.

12. Ôîôàíîâ Â.Á., ×åìîäàíîâ Ê.Þ. Î âûáîðå ïðèçíàêîâ
äëÿ êëàññèôèêàöèè ïèêñåëåé öâåòíûõ èçîáðàæåíèé //
Àêòóàëüíûå ïðîáëåìû ìàòåìàòè÷åñêîãî ìîäåëèðîâà-
íèÿ è èíôîðìàòèêè. Ìàòåðèàëû íàó÷íîé êîíôåðåí-
öèè. Êàçàíü: Èçä-âî Êàçàíñêîãî ìàòåìàòè÷åñêîãî îá-
ùåñòâà, 2002. Ñ. 102–105.

13. Êðàñíîâà Ô.Ñ., Ôîôàíîâ Â.Á. Îá àâòîìàòè÷åñêîì äå-
øèôðèðîâàíèè àýðîêîñìè÷åñêèõ èçîáðàæåíèé. ×. I //
Àâòîìåòðèÿ. 1993. ¹ 6. C. 79–83.

14. Êðàñíîâà Ô.Ñ., Ôîôàíîâ Â.Á. Îá àâòîìàòè÷åñêîì äå-
øèôðèðîâàíèè àýðîêîñìè÷åñêèõ èçîáðàæåíèé. ×. II //
Àâòîìåòðèÿ. 1994. ¹ 1. C. 56–59.

15. Êðàìåð Ã., Ëèäáåòòåð Ì. Ñòàöèîíàðíûå ñëó÷àéíûå
ïðîöåññû. Ñâîéñòâà âûáîðî÷íûõ ôóíêöèé è èõ ïðè-
ëîæåíèÿ / Ïåð. ñ àíãë. Ì.: Ìèð, 1969. 400 ñ.

16. Bourylin S.A., Fofanov V.B. Generalized Spot Criterion
as Applied for Image Deciphering // Pattern Recognition
and Image Analysis. 2004. V. 14. ¹ 2. Ð. 243–248.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


