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Ñèðîòêèí À.Â. Ïðîâåðêà è ïîääåðæàíèå íåïðîòèâîðå÷èâîñòè àëãåá-

ðàè÷åñêèõ áàéåñîâñêèõ ñåòåé: âû÷èñëèòåëüíàÿ ñëîæíîñòü àëãîðèò-

ìîâ.

Àííîòàöèÿ. Ðàññìàòðèâàþòñÿ âîïðîñû ïðîâåðêè è ïîääåðæàíèÿ íåïðîòèâî-
ðå÷èâîñòè àëãåáðàè÷åñêèõ áàéåñîâñêèõ ñåòåé. Äàþòñÿ ôîðìàëüíûå îïèñàíèÿ
àëãîðèòìîâ, äîêàçûâàåòñÿ èõ êîððåêòíîñòü è ïðèâîäÿòñÿ îöåíêè âû÷èñëèòåëü-
íîé ñëîæíîñòè.
Êëþ÷åâûå ñëîâà: àëãîðèòì, àëãåáðàè÷åñêàÿ áàéåñîâñêàÿ ñåòü, íåïðîòèâîðå-
÷èâîñòü, âåðîÿòíîñòíàÿ ëîãèêà, áàçà ôðàãìåíòîâ çíàíèé.

Sirotkin A.V. Algebraic bayesian networks reconciliation: computational

complexity.

Abstract. The paper describes an algorithms lgebraic bayesian networks
reconciliation. We prove correctnes of this algorithms and provide computational
comlexeti estimates.
Keywords: algorithm, algebraic Bayesian network, consistency, probabilistic logic,
knowledge patterns base.

1. Ââåäåíèå.Àëãåáðàè÷åñêèå áàéåñîâñêèå ñåòè � îäíà èç ïàðà-
äèãì ïðåäñòàâëåíèÿ çíàíèé ñ íåîïðåäåëåííîñòüþ. Ïðåäëîæåííàÿ â
[1], îíà ïîëó÷èëà ñóùåñòâåííîå ðàçâèòèå â [7�9,11,13,15�17,21�24].
Â îñíîâå ÀÁÑ ëåæèò èñïîëüçîâàíèå âåðîÿòíîñòíîé ëîãèêè [32] è
ìîäåëåé ñëîæíûõ ñèñòåì îñíîâàííûõ íà ãðàôàõ. Íî â îòëè÷èå îò
áàéåñîâñêèõ ñåòåé äîâåðèÿ [31,35,36], ÀÁÑ ïðåäîñòàâëÿþò âîçìîæ-
íîñòü ðàáîòàòü íå òîëüêî ñ òî÷å÷íûìè îöåíêàìè âåðîÿòíîñòåé, íî
è ñ èíòåðâàëüíûìè. Áîëåå òîãî, áàéåñîâñêèå ñåòè ìîãóò ìîäåëèðî-
âàòüñÿ àëãåáðàè÷åñêèìè áàéåñîâñêèìè ñåòÿìè [6,12]. Îäíàêî, áîëü-
øàÿ âûðàçèòåëüíàÿ ñèëà àëãåáðàè÷åñêèõ áàéåñîâñêèõ ñåòåé ïðè-
âîäèò ê òîìó, ÷òî ïðîèçâîëüíàÿ çàäàííàÿ ñåòü ìîæåò îêàçàòüñÿ
ïðîòèâîðå÷èâîé. Â äàííîé ñòàòüå ìû îïèøåì àëãîðèòìû ïðîâåð-
êè íåïðîòèâîðå÷èâîñòè, à òàê æå àëãîðèòìû ïîääåðæàíèÿ íåïðî-
òèâîðå÷èâîñòè ÀÁÑ. Ïîä ïîääåðæàíèåì íåïðîòèâîðå÷èâîñòè ïîä-
ðàçóìåâàåòñÿ ïîèñê ìàêñèìàëüíîé íåïðîòèâîðå÷èâîé ñåòè òàêîé
æå ñòðóêòóðû êàê èñõîäíàÿ, ÷üè îöåíêè âêëàäûâàþòñÿ â îöåíêè
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èñõîäíîé. Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ àíàëèç ñëîæíîñòè àë-
ãîðèòìîâ ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè â ÀÁÑ. Âî âòîðîì è
òðåòüåì ðàçäåëå ìû äàäèì îïèñàíèå íåîáõîäèìîãî íàì ìàòåìàòè-
÷åñêîãî àïïàðàòà. Áîëåå ïîäðîáíî, ñ ýòèìè ìàòåðèàëàìè ìîæíî
îçíàêîìèòüñÿ â ìîíîãðàôèÿõ [21] è [24]. Äàëåå, ìû îïèøåì ñòðóê-
òóðû äàííûõ äëÿ ïðåäñòàâëåíèÿ ÔÇ â ïðîãðàììàõ è ïðîâåäåì ôî-
ìàëèçàöèþ ëîêàëüíîãî àëãîðèòìà ïîääåðæàíèÿ íåïðîòèâîðå÷èâî-
ñòè, îïèðàÿñü íà îïèñàííóþ ñòðóêòóðó äàííûõ. Çàòåì ìû ïåðåé-
äåì îò ëîêàëüíîãî óðîâíÿ ê ãëîáàëüíîìó, òî åñòü, îò ðàññìîòðåíèÿ
îòäåëüíîãî ÔÇ ìû ïåðåéäåì ê ðàññìîòðåíèþ ñîâîêóïíîñòè ÔÇ.

2. Áàçîâûå îáúåêòû è ïåðåíóìåðàöèÿ. Îòìåòèì, ÷òî â ñòà-
òüå èñïîëüçóåòñÿ è êðàòêî èçëàãàåòñÿ ìàòðè÷íî-âåêòîðíûé ïîäõîä
ê ïðåäñòàâëåíèþ îáúåêòîâ è îïèñàíèþ îïåðàöèé èç òåîðèè àëãåá-
ðàè÷åñêèõ áàéåñîâñêèõ ñåòåé [10, 15�17, 19�21, 23, 24]. Êðîìå òîãî,
àêòèâíî èñïîëüçóåòñÿ ïðåäñòàâëåíèå ÀÁÑ â âèäå ãðàôîâ ñìåæíî-
ñòè [14,15,18].

Â ïåðâóþ î÷åðåäü çàôèêñèðóåì êîíå÷íîå ìíîæåñòâî àòîìàðíûõ
ïðîïîçèöèîíàëüíûõ ôîðìóë (àòîìîâ) � àëôàâèò A = {xi}

n−1
i=0 . Îò-

ìåòèì, ÷òî äëÿ óäîáñòâà ìû áóäåì âåñòè íóìåðàöèþ ïåðåìåííûõ ñ
íóëÿ. Îïðåäåëèì íàä óêàçàííûìè àòîìàìè äâà íàáîðà ¾áàçîâûõ¿
ïðîïîçèöèîíàëüíûõ ôîðìóë.

Îïðåäåëåíèå 1. Êîíúþíêò (öåïî÷êà êîíúþíêöèé) � ýòî êîíú-
þíêöèÿ íåêîòîðîãî ÷èñëà àòîìàðíûõ ïåðåìåííûõ âèäà

xi1
∧ xi2

∧ . . .∧ xik
.

Îïðåäåëåíèå 2. Èäåàë êîíúþíêòîâ (èäåàë öåïî÷åê êîíúþíê-
öèé) � ýòî ìíîæåñòâî âèäà

{xi1
∧ xi2

∧ . . .∧ xik
|0 ≤ i1 < i2 < . . . < ik ≤ n− 1, 0 ≤ k ≤ n} .

Èäåàë êîíúþíêòîâ íàä àëôàâèòîì A, ìû áóäåì îáîçíà÷àòü CA.

Çàìå÷àíèå 1. Â äàëüíåéøåì, ìû áóäåì äëÿ óäîáñòâà çàïèñè
îïóñêàòü çíàê êîíúþíêöèè, åñëè ýòî íå ñîçäà¼ò íåîäíîçíà÷íîñòü.
Ñîîòâåòñòâåííî, îáîáù¼ííàÿ ôîðìà êîíúþíêòà èç îïðåäåëåíèÿ 1
ïðè ýòîì áóäåò çàïèñûâàòüñÿ êàê

xi1
xi2

. . . xik
.
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Êàæäîìó èç êîíúþíêòîâ âèäà xi1
xi2

. . . xik
ñîïîñòàâèì ÷èñëî

2i1 + 2i2 + . . .+ 2ik −

èíäåêñ (íîìåð) êîíúþíêòà. Áîëåå òîãî, åñëè ïðåäñòàâèòü ïîëó÷åí-
íîå ÷èñëî â äâîè÷íîé çàïèñè, òî ïåðåìåííàÿ xi áóäåò âõîäèòü â
êîíúþíêò òîãäà è òîëüêî òîãäà, êîãäà i-òûé áèò íîìåðà áóäåò ðà-
âåí åäèíèöå (íóìåðîâàòü áèòû ïðåäëàãàåòñÿ íà÷èíàÿ ñ ìëàäøåãî
ðàçðÿäà, ñ÷èòàÿ åãî íóëåâûì áèòîì).

Ï ð è ì å ð 1. Ïðèìåð èíäåêñàöèè êîíúþíêòîâ.

Ïóñòü çàäàí àëôàâèò A = x0, x1, x2, x3, òîãäà êîíþíêòàì áóäóò
ñîïîñòàâëÿòüñÿ ñëåäóþùèå èíäåêñû:
x0 � 20 = 1 = 12,
x3 � 23 = 8 = 10002,
x3x2x0 � 23 + 22 + 20 = 13 = 11012 è òàê äàëåå.

Çàìå÷àíèå 2. Ïî ñóòè, áèíàðíîå ïðåäñòàâëåíèå ÷èñëà ìîæ-
íî ðàññìîòðåòü êàê âåêòîð, ñîñòîÿùèé èç íóëåé è åäèíèö. Â
ýòîì ñëó÷àå èíäåêñ êîíúþíêòà áóäåò ñîîòâåòñòâîâàòü õàðàê-
òåðèñòè÷åñêîìó âåêòîðó. Òî åñòü, xi âõîäèò â êîíúþíêò òîãäà
è òîëüêî òîãäà, êîãäà â õàðàêòåðèñòè÷åñêîì âåêòîðå íà i-òîé
ïîçèöèè íàõîäèòñÿ åäèíèöà.

Îïðåäåëåíèå 3. Ëèòåðàë (àðãóìåíòíîå ìåñòî) x̃i îáîçíà÷àåò,
÷òî íà åãî ìåñòå â ôîðìóëå ìîæåò ñòîÿòü ëèáî xi, ëèáî åãî
îòðèöàíèå x̄i.

Îïðåäåëåíèå 4. Êâàíò íàä àëôàâèòîì A = {xi}
n−1
i=0 � ýòî êîíú-

þíêöèÿ, êîòîðàÿ äëÿ ëþáîãî àòîìà àëôàâèòà ñîäåðæèò ëèáî
ýòîò àòîì, ëèáî åãî îòðèöàíèå.

Îïðåäåëåíèå 5. Ìíîæåñòâî êâàíòîâ íàä àëôàâèòîì A �

Q = {x̃0x̃1 . . . x̃n−1} .

Äëÿ íóìåðàöèè êâàíòîâ ìû âîñïîëüçóåìñÿ ñïîñîáîì, àíàëîãè÷-
íûì íóìåðàöèè êîíúþíêòîâ. Âûäåëèì ¾ïîëîæèòåëüíóþ¿ ÷àñòü
êâàíòà (ìíîæåñòâî ïîëîæèòåëüíî îçíà÷åííûõ ïåðåìåííûõ) è ðàñ-
ñìîòðèì åå êàê êîíúþíêò. Íîìåð ýòîãî êîíúþíêòà è áóäåò íîìåðîì
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ðàññìàòðèâàåìîãî êâàíòà. Òàêèì îáðàçîì, åäèíèöå â äâîè÷íîé çà-
ïèñè íîìåðà ñîîòâåòñòâóåò ïîëîæèòåëüíîå âõîæäåíèå ïåðåìåííîé,
à íóëþ � îòðèöàòåëüíîå, ïðè ýòîì ðàññìàòðèâàþòñÿ âñå n áèò (òî
åñòü ñ ó÷¼òîì ëèäèðóþùèõ íóëåé).

Ï ð è ì å ð 2. Ïðèìåð èíäåêñàöèè êâàíòîâ.

Ïóñòü çàäàí àëôàâèò A = x0, x1, x2, x3, òîãäà êâàíòàì áóäóò
ñîïîñòàâëÿòüñÿ ñëåäóþùèå èíäåêñû:
x̄3x̄2x̄1x0 � 20 = 1 = 12,
x3x̄2x̄1x̄0 � 23 = 8 = 10002,
x3x2x̄1x0 � 23 + 22 + 20 = 13 = 11012 è òàê äàëåå.

Ïîñëå ââåäåíèÿ íóìåðàöèè (èíäåêñàöèè) êâàíòîâ è êîíúþíêòîâ
ìîæíî îïðåäåëèòü âåêòîðû âåðîÿòíîñòåé êâàíòîâ è êîíúþíêòîâ:

Pc =


1

p(c1)
...

p(c2n−1)

 è Pq =


p(q0)
p(q1)
...

p(q2n−1)

 ñîîòâåòñòâåííî,

ãäå ci � êîíúþíêò íîìåð i, à qi � i-òûé êâàíò. Ïîÿâëåíèå åäèíèöû
â ïåðâîì ñëó÷àå âïîëíå îïðàâäàíî, òàê êàê ñîãëàñíî îïðåäåëåíèþ
c0 � ïóñòîé êîíúþíêò, ñîîòâåòñòâóþùèé òîæäåñòâåííîé èñòèíå.
Ïîñëå ââåäåíèÿ ïåðåíóìåðàöèè è îïðåäåëåíèÿ áàçîâûõ îáúåêòîâ
(êîíúþíêòîâ è êâàíòîâ) ïåðåéä¼ì ê îïðåäåëåíèþ âåðîÿòíîñòè íàä
ïðîïîçèöèîíàëüíûìè ôîðìóëàìè.

3. Îöåíêè âåðîÿòíîñòåé íàä ïðîïîçèöèîíàëüíûìè ôîð-
ìóëàìè. Â îñíîâå ñïîñîáà ââåäåíèÿ âåðîÿòíîñòè íàä ïðîïîçè-
öèîíàëüíûìè ôîðìóëàìè, ëåæàò ðàáîòû ïðîôåññîðà Í. Íèëüñî-
íà [32�34], ñóùåñòâåííî ðàçâèòûå Õàëüïåðíîì, Ôåéãèíîì è Ìå-
ãèääî [26�30].

Îïðåäåëåíèå 6. Ïóñòü F0(A) � ìíîæåñòâî âñåõ äîïóñòè-
ìûõ ïðîïîçèöèîíàëüíûõ ôîðìóë íàä çàäàííûì àëôàâèòîì
A = {xi}

n−1
i=0 . Îïðåäåëèì ìíîæåñòâî ðàçëè÷àþùèõñÿ ïðîïîçèöèî-

íàëüíûõ ôîðìóë êàê ôàêòîð-ìíîæåñòâî âñåõ ôîðìóë ïî óñëîâèþ
ýêâèâàëåíòíîñòè:

F(A) = F0(A)/ ≡ .
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Äàëåå ìû áóäåì íàçûâàòü ìíîæåñòâî F ìíîæåñòâîì ïðîïîçè-
öèîíàëüíûõ ôîðìóë. Íàä n àòîìàðíûìè ïåðåìåííûìè ïîäîáíûõ
ôîðìóë ñóùåñòâóåò ðîâíî 22n

.
Ðàññìîòðèì ìíîæåñòâî êâàíòîâ Q. Ïðè ëþáîì çàôèêñèðîâàí-

íîì îçíà÷èâàíèè âñåõ ïåðåìåííûõ x0, x1, . . . , xn−1 íèêàêèå äâà
ðàçíûõ êâàíòà íå ìîãóò áûòü îäíîâðåìåííî èñòèííû, à, ñ äðóãîé
ñòîðîíû, îäèí èç íèõ çàâåäîìî èñòèíåí, ñëåäîâàòåëüíî ìîæíî ðàñ-
ñìîòðåòü ìíîæåñòâî Q êàê ìíîæåñòâî ýëåìåíòàðíûõ ñîáûòèé. Ïî
òåîðåìå î ñîâåðøåííîé íîðìàëüíîé äèçúþíêòèâíîé ôîðìå ëþáàÿ
ôîðìóëà èç F(A) ìîæåò áûòü ïðåäñòàâëåíà â âèäå êîíúþíêöèè
êâàíòîâ, ïðè÷¼ì åäèíñòâåííûì, ñ òî÷íîñòüþ äî ïåðåñòàíîâêè, îá-
ðàçîì. Ïóñòü S(f) � ýòî ìíîæåñòâî êâàíòîâ, âõîäÿùèõ â ÑÄÍÔ
ïðåäñòàâëåíèå ôîðìóëû f, à íà ýëåìåíòàõ ìíîæåñòâà ýëåìåíòàð-
íûõ ñîáûòèé Q çàäàíà âåðîÿòíîñòü p0, òîãäà âåðîÿòíîñòü ïðîèç-
âîëüíîé ïðîïîçèöèîíàëüíîé ôîðìóëû ìîæåò áûòü îïðåäåëåíà ñëå-
äóþùèì îáðàçîì:

p(f) =
∑

q∈S(f)

p0(q).

Â ÷àñòíîñòè (∀q ∈ Q) p(q) = p0(q), òî åñòü åñëè ìû çàäàëè âåðî-
ÿòíîñòü íà ýëåìåíòàõ ìíîæåñòâà Q, òî îíà àâòîìàòè÷åñêè ðàñïðî-
ñòðàíÿåòñÿ íà âñå ìíîæåñòâî F ïî ôîðìóëå

p(f) =
∑

q∈S(f)

p(q). (1)

Îïðåäåëåíèå âåðîÿòíîñòè íà ýëåìåíòàõ ìíîæåñòâà Q ïîòðåáóåò
ñëåäóþùèõ îãðàíè÷åíèé:

(∀q ∈ Q) p(q) > 0, (2)∑
q∈Q

p(q) = 1. (3)

Ïîëüçóÿñü ââåäåííûìè âûøå âåêòîðàìè, ìîæíî ïåðåïèñàòü ýòè
óñëîâèÿ ñëåäóþùèì îáðàçîì:

Pq > 0; (4)

(1,Pq) = 1. (5)
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Çàìå÷àíèå 3. Â ýòèõ è ïîñëåäóþùèõ ôîðìóëàõ ïîëóæèðíûå
ñèìâîëû 0 è 1 ñëåäóåò òðàêòîâàòü, êàê âåêòîðû ïîäõîäÿùåé ðàç-
ìåðíîñòè, ñîñòîÿùèå èç 0 è 1 ñîîòâåòñòâåííî. Â áîëüøèíñòâå
ñëó÷àåâ, êàê è â ïðèâåäåííîì âûøå, ðàçìåðíîñòü âåêòîðîâ 2n.

Â àëãåáðàè÷åñêèõ áàéåñîâñêèõ ñåòÿõ ìû, â îñíîâíîì, ðàáîòàåì
íå ñ êâàíòàìè, à ñ êîíúþíêòàìè. Â ìîíîãðàôèè [21] ïîêàçàíî, ÷òî
÷åðåç âåðîÿòíîñòè êîíúþíêòîâ, êàê è ÷åðåç âåðîÿòíîñòè êâàíòîâ
ìîæíî âûðàçèòü âåðîÿòíîñòü ëþáîé ïðîïîçèöèîíàëüíîé ôîðìóëû.
Ïåðåõîä ìåæäó ýòèìè äâóìÿ ¾áàçèñàìè¿ ìîæíî âûðàçèòü ñëåäó-
þùåé ôîðìóëîé:

Pq = In ×Pc. (6)

Ïðè ýòîì îãðàíè÷åíèÿ (2)�(3) ïðèíèìàþò âèä:

In ×Pc > 0. (7)

Â ôîðìóëàõ (6) è (7) n � ÷èñëî àòîìîâ, à ìàòðèöà In � ìàòðè-
öà ïåðåõîäà îò âåðîÿòíîñòåé êâàíòîâ ê âåðîÿòíîñòÿì êîíúþíêòîâ.
Çàìåòèì, ÷òî åñëè âû÷èñëèòü âåðîÿòíîñòè êâàíòîâ íà îñíîâå âåðî-
ÿòíîñòåé êîíúþíêòîâ, óäîâëåòâîðÿþùèõ óñëîâèþ (7), òî óñëîâèÿ
(2) è (3) áóäóò âûïîëíåíû àâòîìàòè÷åñêè [21].

Îïðåäåëåíèå 7. Îãðàíè÷åíèÿ, íàêëàäûâàåìûå óñëîâèåì (7) íà
âåêòîð Pc, ìû áóäåì íàçûâàòü îãðàíè÷åíèÿìè, âûòåêàþùèìè èç
àêñèîìàòèêè òåîðèè âåðîÿòíîñòåé, è îáîçíà÷àòü E.

Ìàòðèöà In èìååò î÷åíü ÷åòêóþ ñòðóêòóðó [16, 21], êîòîðóþ
óäîáíåå âñåãî îïèñàòü ðåêóððåíòíî.

I1 =

(
1 −1
0 1

)
, . . . , In = I1 ⊗ In−1 = I1 ⊗ I[n−1]

1 = I[n]
1 ;

íàïðèìåð,

I2 = I1 ⊗ I1 =


1 −1 −1 1

0 1 0 −1
0 0 1 −1
0 0 0 1

 .
Çäåñü ⊗ îçíà÷àåò êðîíåêåðîâî (òåíçîðíîå) ïðîèçâåäåíèå ìàòðèö.
Òàêèì îáðàçîì, In ÿâëÿåòñÿ êðîíåêåðîâîé ñòåïåíüþ ìàòðèöû I1,
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òî åñòü In = I[n]
1 . Êðîìå ðàññìîòðåííîé ìàòðèöû In, áóäåò èñïîëü-

çîâàòüñÿ è îáðàòíàÿ åé � Jn, óäîâëåòâîðÿþùàÿ óñëîâèþ:

Pc = Jn ×Pq. (8)

J1 =

(
1 1

0 1

)
, Jn = J1 ⊗ Jn−1 = J1 ⊗ J[n−1]

1 = J[n]
1 ;

J2 = J1 ⊗ J1 =


1 1 1 1

0 1 0 1

0 0 1 1

0 0 0 1

 .
Îïðåäåëåíèå 8. Ïóñòü çàäàí ôðàãìåíò çíàíèé ñî ñêàëÿðíûìè
îöåíêàìè (C,Pc). Ìû ãîâîðèì, ÷òî îí íåïðîòèâîðå÷èâ òîãäà è
òîëüêî òîãäà, êîãäà

In ×Pc > 0.

Îïðåäåëåíèå 9. Ïóñòü çàäàí ôðàãìåíò çíàíèé ñ èíòåðâàëüíû-
ìè îöåíêàìè (C,P−

c ,P
+
c ). Ìû ãîâîðèì, ÷òî îí íåïðîòèâîðå÷èâ

òîãäà è òîëüêî òîãäà, êîãäà

∀i : 1 ≤ i ≤ 2n − 1 ∀ε : P−
c [i] ≤ ε ≤ P+

c [i] ∃Pc :(
P− ≤ Pc ≤ P+

c

)
& (Pc[i] = ε) & (In ×Pc > 0) .

4. Ôîðìàëèçàöèÿ àëãîðèòìîâ ëîêàëüíîãî ïîääåðæàíèÿ
íåïðîòèâîðå÷èâîñòè è èõ ñëîæíîñòü.Ôðàãìåíò çíàíèé ñî ñêà-
ëÿðíûìè îöåíêàìè ìîæåò áûòü ïðåäñòàâëåí â âèäå ïàðû (C,Pc).
Äëÿ ïðîãðàìíîé ðåàëèçàöèè âåêòîð îöåíîê óäîáíî ïðåäñòàâèòü
êàê ìàññèâ, à â ñëó÷àå ôðàãìåíòà çíàíèé ñ èíòåðâàëüíûìè îöåí-
êàìè ìû áóäåì èñïîëüçîâàòü äâà ìàññèâà � äëÿ íèæíèõ è âåðõíèõ
îöåíîê âåðîÿòíîñòè èñòèííîñòè ñîîòâåòñòâåííî. Â ñõåìàõ àëãîðèò-
ìîâ ìû áóäåì ïîëüçîâàòüñÿ îáîçíà÷åíèÿìè Pc, P−

c è P+
c äëÿ ñîîò-

âåòñòâóþùèõ ìàññèâîâ. Âûïèøåì ôîðìàëüíî àëãîðèòì ïðîâåðêè
íåïðîòèâîðå÷èâîñòè äëÿ ÔÇ ñî ñêàëÿðíûìè îöåíêàìè èñòèííîñòè.

Óòâåðæäåíèå 1. Àëãîðèòì 1 çàêàí÷èâàåò ñâîþ ðàáîòó è ñîîá-
ùàåò, ÷òî ÔÇ íåïðîòèâîðå÷èâ, åñëè îí íåïðîòèâîðå÷èâ, è ñîîá-
ùàåò, ÷òî ïðîòèâîðå÷èâ â ïðîòèâíîì ñëó÷àå.
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Algorithm 1 Àëãîðèòì ïðîâåðêè íåïðîòèâîðå÷âîñòè ÔÇ ñî ñêà-
ëÿðíûìè îöåíêàìè

Require: Pc, n

1: i = 0

2: while (i < 2n − 1) do
3: Q[i] = (IPc)[i]
4: if (Q[i] < 0) then
5: return "ÔÇ ïðîòèâîðå÷èâ"
6: end if
7: i = i+ 1
8: end while
9: return "ÔÇ íåïðîòèâîðå÷èâ"

Äîêàçàòåëüñòâî. Åñëè ôðàãìåíò çíàíèé íåïðîòèâîðå÷èâ, òî ñî-
ãëàñíî îïèñàííîìó â ðàçäåëàõ 2 è 3 äîñòàòî÷íî ïðîâåðèòü, ÷òî
IPc ≥ 0. Àëãîðèòì ïðîâåðÿåò ýòî íåðàâåíñòâî ïîñòðî÷íî è ïðè
ïåðâîì ïðîòèâîðå÷èè ñîîáùàåò î íåì. Òàêèì îáðàçîì, äëÿ íåïðî-
òèâîðå÷èâîãî ÔÇ âñå íåðàâåíñòâà âûïîëíÿòñÿ è àëãîðèòì ñîîáùèò,
÷òî ÔÇ íåïðîòèâîðå÷èâ. À äëÿ ïðîòèâîðå÷èâîãî íàéäåòñÿ øàã, íà
êîòîðîì àëãîðèòì ñîîáùèò î ïðîòèâîðå÷èâîñòè.

Óòâåðæäåíèå 2. Àëãîðèòì 2 çàêàí÷èâàåò ñâîþ ðàáîòó. Â ðå-
çóëüòàòå ðàáîòû àëãîðèòìà ëèáî îöåíêè óòî÷íÿþòñÿ äî íåïðî-
òèâîðå÷èâûõ, ëèáî âûäàåòñÿ ñîîáùåíèå î ïðîòèâîðå÷èâîñòè èñ-
õîäíîãî ÔÇ.

Äîêàçàòåëüñòâî. Àëãîðèòì â ïðîöåññå ðàáîòû ðåøèò íå áîëåå
2(2n − 1) çàäà÷ ëèíåéåíîãî ïðîãðàììèðîâàíèÿ, ñëåäîâàòåëüíî çà-
êîí÷èò ñâîþ ðàáîòó. Åñëè èñõîäíûé ÔÇ ñîãëàñóåì, òî ñîãëàñíî [24]
ïîëó÷àåìûé â ðåçóëüòàòå ðàáîòû àëãîðèòìà ÔÇ � ìàêñèìàëüíûé
íåïðîòèâîðå÷èâûé. Åñëè èñõîäíûé ÔÇ ïðîòèâîðå÷èâ, òî îãðàíè-
÷åíèÿ ÇËÏ, èñïîëüçóåìûå â àëãîðèòìå, çàäàþò ïóñòîå ìíîæåñòâî
âåêòîðîâ Pc, à ñëåäîâàòåëüíî ÇËÏ íå áóäóò èìåòü ðåøåíèé, è àë-
ãîðèòì ñîîáùèò î ïðîòèâîðå÷èâîñòè ÔÇ.

Äëÿ ïðèâåäåííûõ àëãîðèòìîâ ìîæíî îöåíèòü âû÷èñëèòåëüíóþ
ñëîæíîñòü. Äëÿ àëãîðèòìà 1 ìîæíî â ÿâíîì âèäå âûïèñàòü ÷èñëî
íåîáõîäèìûõ àðèôìåòè÷åñêèõ îïåðàöèé. Àëãîðèòì 2 èñïîëüçóåò
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Algorithm 2 Àëãîðèòì ïîääåðæàíèÿ íåïðîòèâîðå÷âîñòè ÔÇ ñ èí-
òåðâàëüíûìè îöåíêàìè

Require: P0,−
c ,P0,+

c , n

1: i = 0

2: E = ∅
3: D = ∅
4: for i = 1 to 2n − 1 do
5: D = D ∪ {Pc[i] ≥ P0,−

c Pc[i] ≤ P0,+
c }

6: end for
7: for i = 0 to 2n − 1 do
8: E = E ∪ {(InPc)[i] ≥ 0}
9: end for
10: P+

c [0] = 1

11: P−
c [0] = 1

12: for i = 1 to 2n − 1 do
13: if Solve(max

E∪D
{Pc[i]}) then

14: P+
c [i] = max

E∪D
{Pc[i]}

15: else {ÇËÏ íåðàçðåøèìà}
16: return "ÔÇ ïðîòèâîðå÷èâ"
17: end if
18: if Solve(min

E∪D
{Pc[i]}) then

19: P−
c [i] = min

E∪D
{Pc[i]}

20: else {ÇËÏ íåðàçðåøèìà}
21: return "ÔÇ ïðîòèâîðå÷èâ"
22: end if
23: end for
24: return P−

c ,P
+
c
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â ñâîåé ðàáîòå ñòîðîííèå ñèñòåìû ðåøåíèÿ ÇËÏ, êîòîðûå ìîãóò
îòëè÷àòüñÿ êàê ñàìèìè àëãîðèòìàìè, òàê è ðåàëèçàöèÿìè. Â òà-
êîé ñèòóàöèè íàèáîëåå òî÷íàÿ òåîðåòè÷åñêàÿ îöåíêà ìîæåò áûòü
äàíà â âèäå êîëè÷åñòâà ÇËÏ, êîòîðûå ïîòðåáóåòñÿ ðåøèòü è îöåí-
êè ñëîæíîñòè ýòèõ ÇËÏ ïóòåì óêàçàíèÿ êîëè÷åñòâà ïåðåìåííûõ è
êîëè÷åñòâà îãðàíè÷åíèé.

Óòâåðæäåíèå 3. Äëÿ âûïîëíåíèÿ àëãîðèòìà 1 ïîòðåáóåòñÿ ñäå-
ëàòü íå áîëåå ÷åì 3n − 2n ñëîæåíèé è âû÷èòàíèé è íå áîëåå ÷åì
2n ñðàâíåíèé ñ íóëåì.

Äîêàçàòåëüñòâî. Íàèáîëüøåå ÷èñëî îïåðàöèé ïîòðåáóåòñÿ ñäå-
ëàòü äëÿ íåïðîòèâîðå÷èâîãî ÔÇ. Â ýòîì ñëó÷àå, ïîòðåáóåòñÿ ïîë-
íîñòüþ âû÷èñëèòü ïðîèçâåäåíèå IPc. Ìàòðèöà I ñîäåðæèò 3n íå
íóëåâûõ ýëåìåíòîâ. Ïðè óìíîæåíèè ñòðîêè ìàòðèöû íà âåêòîð â
îáùåì ñëó÷àå òðåáóåòñÿ ñëîæåíèé íå áîëåå ÷åì êîëè÷åñòâî íåíó-
ëåâûõ ýëåìåíòîâ ìàòðèöû ìèíóñ îäèí. Òàê êàê â êàæäîé èç 2n

ñòðîê ìàòðèöû I åñòü íåíóëåâûå ýëåìåíòû, òî îáùåå êîëè÷åñòâî
ñëîæåíèé êîòîðîå ïîòðåáóåòñÿ ñîâåðøèòü 3n − 2n. Íåíóëåâûå ýëå-
ìåíòû ìàòðèöû I ÿâëÿþòñÿ èëè åäèíèöàìè, èëè ìèíóñ åäèíèöàìè,
ñëåäîâàòåëüíî, óìíîæåíèÿ íàì íå ïîòðåáóþòñÿ, íóæíî áóäåò òîëü-
êî çàìåíèòü ÷àñòü ñëîæåíèé íà âû÷èòàíèÿ, òî åñòü ñîâåðøèòü íå
áîëåå 3n − 2n ñëîæåíèé è âû÷èòàíèé. Êðîìå òîãî, êàæäûé èç 2n

ýëåìåíòîâ ïîëó÷åííîãî ïðîèçâåäåíèÿ äîëæåí áûòü íåîòðèöàòåëü-
íûì, ñëåäîâàòåëüíî ïîòðåáóåòñÿ 2n ñðàâíåíèé ñ íóëåì.

Óòâåðæäåíèå 4. Äëÿ âûïîëíåíèÿ àëãîðèòìà 2 ïîòðåáóåòñÿ ðå-
øèòü íå áîëåå 2(2n − 1) ÇËÏ ñ 2n − 1 ïåðåìåííîé, ñîäåðæàùèõ
2(2n − 1) îãðàíè÷åíèé íà ïåðåìåííûå èç ïðåäìåòíîé îáëàñòè, è
2n îãðàíè÷åíèé èç àêñèîìàòèêè òåîðèè âåðîÿòíîñòåé.

Äîêàçàòåëüñòâî. Ðàññìîòðèì àëãîðèòì 2. Êîëè÷åñòâî ÇËÏ êîòî-
ðûå ïîòðåáóåòñÿ ðåøèòü, íå ïðåâîñõîäèò 2(2n − 1). Ýòî ñîîòâåò-
ñòâóåò øàãàì 12�23 äëÿ çíà÷åíèé i, ïðîáåãàþùèõ äèàïàçîí îò 1
äî 2n − 1, âêëþ÷àÿ ãðàíèöû. Â ñëó÷àå ïðîòèâîðå÷èâîãî ÔÇ, ïåð-
âàÿ æå ÇËÏ íå áóäåò èìåòü ðåøåíèÿ, è â ýòîì ñëó÷àå ïîòðåáóåò-
ñÿ ðåøèòü âñåãî îäíó ÇËÏ. Êîëè÷åñòâî ïåðåìåííûõ è êîëè÷åñòâî
îãðàíè÷åíèé èç ïðåäìåòíîé îáëàñòè ÿâíî óêàçàíû â àëãîðèòìå 2,
à êîëè÷åñòâî îãðàíè÷åíèé, ñëåäóþùèõ èç àêñèîìàòèêè òåîðèè âå-
ðîÿòíîñòåé, ñîîòâåòñòâóåò êîëè÷åñòâó ñòðîê ìàòðèöû I.
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5. Àëãåáðàè÷åñêèå áàéåñîâñêèå ñåòè è âòîðè÷íàÿ ñòðóê-
òóðà.

Îïðåäåëåíèå 10. Îïðåäåëèì àëãåáðàè÷åñêóþ áàéåñîâñêóþ
ñåòü N êàê íàáîð N◦ ôðàãìåíòîâ çíàíèé:

N◦ = {Ci}
i=n
i=1 =

{
(Ci,Pi,−

c ,Pi,+
c )
}i=n

i=1
,

èëè, â ñêàëÿðíîì ñëó÷àå, �

N◦ = {Ci}
i=n
i=1 =

{
(Ci,Pi

c )
}i=n

i=1
.

Îïðåäåëåíèå 11. Íîñèòåëåì N = supp (N) àëãåáðàè÷åñêîé áàéå-
ñîâñêîé ñåòè N áóäåò îáúåäèíåíèå èäåàëîâ êîíúþíêòîâ, ëåæàùèõ

â îñíîâå ôðàãìåíòîâ çíàíèé, âîøåäøèõ â ñåòü: N =
i=n⋃
i=1

Ci.

Íàä êîíúþíêòàìè èç N = supp (N) çàäàíû ñîâîêóïíîñòè îöå-
íîê âåðîÿòíîñòåé; ýòî ñîâîêóïíîñòè îáðàçóþòñÿ ïðè ñîâìåñòíîì
ðàññìîòðåíèè îöåíîê âåðîÿòíîñòåé âî âñåõ ôðàãìåíòàõ çíàíèé, êî-
òîðûå ôîðìèðóþò àëãåáðàè÷åñêóþ áàéåñîâñêóþ ñåòü N. Â ñëó÷àå
ñêàëÿðíûõ îöåíîê ìû èìååì íàáîð {pi}

i=n
i=1 , à â ñëó÷àå èíòåðâàëü-

íûõ îöåíîê � {pi}
i=n
i=1 . Êîãäà îöåíêè íà âñåõ îäèíàêîâûõ êîíúþíê-

òàõ, êîòîðûå âõîäÿò â äâà ôðàãìåíòà çíàíèé èëè áîëåå, ñîâïàäàþò,
òîãäà ìîæíî ãîâîðèòü î òîì, ÷òî îöåíêè îïðåäåëåíû êàê ôóíêöèÿ
íà íîñèòåëå N. Â ñêàëÿðíîì ñëó÷àå ýòà ôóíêöèÿ áóäåò èìåòü âèä
p : N −→ [0; 1], à â èíòåðâàëüíîì �

p : N −→ {[p−;p+] : p− ≤ p+; p−, p+ ∈ [0; 1]
}
.

Çàìå÷àíèå 4. Îïðåäåëåíèå 10 ÿâëÿåòñÿ íàèáîëåå îáùèì èç âîç-
ìîæíûõ. Îäíàêî ïðè ðàáîòå ðàçëè÷íûõ àëãîðèòìîâ òðåáóåòñÿ
íåêîòîðîå óïîðÿäî÷èâàíèå ÔÇ. Íàïðèìåð, âûäåëåíèå ïåðåñåêàþ-
ùèõñÿ ìåæäó ñîáîé ÔÇ. Ïîäîáíûå âåùè äîñòèãàþòñÿ çà ñ÷åò çà-
äàíèÿ âòîðè÷íîé ñòðóêóðû. Ìû áóäåì ñ÷èòàòü, ÷òî äëÿ ÀÁÑ, ñ
êîòîðûìè ìû ðàáîòàåì, âòîðè÷íàÿ ñòðóêòóðà óæå çàäàíà. Âî-
ïðîñû ïîñòðîåíèÿ âòîðè÷íîé ñòðóêòóðû, ïî ñïèñêó ÔÇ, ñîñòàâ-
ëÿþùèõ ÀÁÑ, ðàññìàòðèâàþòñÿ â ðàáîòàõ [3,4,25].

Äàäèì íåñêîëüêî âñïîìîãàòåëüíûõ îïðåäåëåíèé è îïèøåì âòî-
ðè÷íóþ ñòðóêòóðó íà ÀÁÑ.
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Îïðåäåëåíèå 12. Ãðàôîì ñìåæíîñòè íàçûâàåòñÿ íåíàïðàâëåí-
íûé ãðàô, â êîòîðîì:

1. Ìåæäó êàæäîé ïàðîé óçëîâ, âåñà êîòîðûõ ñîäåðæàò îáùèå
ýëåìåíòû, ñóùåñòâóåò ïóòü, òàêîé, ÷òî â âåñà êàæäîãî èç
óçëîâ ýòîãî ïóòè âõîäÿò âñå ýëåìåíòû, îáùèå äëÿ íà÷àëü-
íîãî è êîíå÷íîãî óçëîâ;

2. Âåñ îäíîãî óçëà íå âõîäèò ïîëíîñòüþ â âåñ íèêàêîãî äðóãîãî
óçëà.

Îïðåäåëåíèå 13. Íàçîâåì íåîðèåíòèðîâàííûé ãðàô G = 〈V, E〉
ãðàôîì ñìåæíîñòè, åñëè îí óäîâëåòâîðÿåò ñëåäóþùåìó óñëîâèþ:

∀u, v ∈ V òàêèõ, ÷òî Wu ∩Wv 6= ∅, ñóùåñòâóåò íåêîòîðûé
ïóòü P â ãðàôå G òàêîé, ÷òî äëÿ êàæäîé âåðøèíû s ∈ P
ñïðàâåäëèâî óòâåðæäåíèå Wu ∩Wv ⊆Ws.

Îïðåäåëåíèå 14. Äåðåâî ñìåæíîñòè � ýòî ãðàô ñìåæíîñòè,
â êîòîðîì êàæäàÿ ïàðà óçëîâ ñîåäèíåíà ïóòåì, è òàêîé ïóòü
åäèíñòâåííûé.

Îïðåäåëåíèå 15. Àëãåáðàè÷åñêàÿ áàéåñîâñêàÿ ñåòü ñî âòîðè÷-
íîé ñòðóêòóðîé � ýòî ãðàô ñìåæíîñòè ñ ôðàãìåíòàìè çíàíèé
â óçëàõ.

6. Ñòåïåíè íåïðîòèâîðå÷èâîñòè ÀÁÑ. Âîïðîñû, ñâÿçàí-
íûå ñ îïðåäåëåíèåì è ïîääåðæàíèåì ðàçëè÷íûõ ñòåïåíåé íåïðî-
òèâîðå÷èâîñòè ÀÁÑ, ðàâíî êàê è ïîäõîäû ê îïðåäåëåíèþ íåïðîòè-
âîðå÷èâîñòè ôðàãìåíòà çíàíèé ñî ñêàëÿðíûìè è èíòåðâàëüíûìè
îöåíêàìè èñòèííîñòè, ñòàâèëèñü è èçó÷àëèñü â ðÿäå ïóáëèêàöèé
(â ÷àñòíîñòè, â [1,2,11,13,21]); â íàñòîÿùåé ðàáîòå ìû â îñíîâíîì
ðàññìàòðèâàåì âîïðîñû, êàñàþùèåñÿ ÀÁÑ ñî ñòðóêòóðîé äåðåâà
ñìåæíîñòè.

Âûäåëÿþòñÿ ÷åòûðå ñòåïåíè íåïðîòèâîðå÷èâîñòè:

1. Ãëîáàëüíàÿ íåïðîòèâîðå÷èâîñòü.

2. Èíòåðíàëüíàÿ íåïðîòèâîðå÷èâîñòü.

3. Ýêñòåðíàëüíàÿ íåïðîòèâîðå÷èâîñòü.

4. Ëîêàëüíàÿ íåïðîòèâîðå÷èâîñòü.
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Ìû ðàñïîëîæèëè äàííûå ñòåïåíè íåïðîòèâîðå÷èâîñòè â ïîðÿä-
êå èõ ¾çíà÷èìîñòè¿. Íî, ê ñîæàëåíèþ, áîëåå çíà÷èìàÿ ñòåïåíü
íåïðîòèâîðå÷èâîñòè, îêàçûâàåòñÿ áîëåå âû÷èñëèòåëüíî ñëîæíîé.
×åì âûøå ñòåïåíü íåïðîòèâîðå÷èâîñòè â íàøåì ñïèñêå, òåì ñëîæ-
íåå åå ïðîâåðèòü. Ïåðåéäåì ê ôîðìàëüíûì îïðåäåëåíèÿì [21].

Îïðåäåëåíèå 16. ÀÁÑ N = (N,pN) ñ÷èòàåòñÿ ãëîáàëüíî íåïðî-
òèâîðå÷èâîé, åñëè åå ñ èìåþùèìèñÿ îöåíêàìè ìîæíî ïîãðóçèòü
â íåïðîòèâîðå÷èâûé îáúåìëþùèé ôðàãìåíò çíàíèé è ïðè ýòîì
îöåíêè íà ôîðìóëàõ èç ÀÁÑ íå èçìåíÿòñÿ.

∃C = (C,p) : (N ⊂ C)&(Consistent [C])&(∀c ∈ NpN(c) = p(c))

Îïðåäåëåíèå 17. ÀÁÑ N = {(Ci,pi)}
i=n
i=1 ñ÷èòàåòñÿ èíòåðíàëü-

íî íåïðîòèâîðå÷èâîé, åñëè äëÿ êàæäîãî êîíúþíêòà èç ÀÁÑ äëÿ
ëþáîãî ñêàëÿðíîãî çíà÷åíèÿ èç èíòåðâàëà îöåíêè åå èñòèííîñòè
ìîæíî âûáðàòü ñîãëàñîâàííûå (ò.å. ñîâïàäàþùèå íà îäèíàêîâûõ
ôîðìóëàõ) ñêàëÿðíûå çíà÷åíèÿ âî âñåõ ôðàãìåíòàõ çíàíèé, òàê,
÷òî âñå ïîëó÷èâøèåñÿ ÔÇ ñî ñêàëÿðíûìè îöåíêàìè áóäóò íåïðî-
òèâîðå÷èâû.

∀i∀c ∈ Ci∀ε ∈ pi(c)∃pi,c,ε : supp (N)→ [0; 1] :

∀j(∀d ∈ Cjp(d) ∈ pj(d))&(Consistent
[
(Cj, p|Cj

)
]
)

Îïðåäåëåíèå 18. ÀÁÑ N = {(Ci,pi)}
i=n
i=1 ñ÷èòàåòñÿ ýêñòåð-

íàëüíî íåïðîòèâîðå÷èâîé, åñëè êàæäûé ôðàãìåíò çíàíèé â ñåòè
íåïðîòèâîðå÷èâ, à òàêæå îöåíêè èñòèííîñòè êàæäîé ôîðìóëû,
âõîäÿùåé îäíîâðåìåííî â äâà ôðàãìåíòà çíàíèé èëè áîëåå, ñîâïà-
äàþò.

∀i∀j(c ∈ Ci, c ∈ Cj ⇒ pi(c) = pj(c))

Îïðåäåëåíèå 19. ÀÁÑ N = {(Ci,pi)}
i=n
i=1 ñ÷èòàåòñÿ ëîêàëüíî

íåïðîòèâîðå÷èâîé, åñëè êàæäûé ôðàãìåíò çíàíèé â ñåòè íåïðî-
òèâîðå÷èâ.

∀i Consistent [(Ci,pi)]

Çàìå÷àíèå 5. Ëîêàëüíàÿ íåïðîòèâîðå÷èâîñòü íå ïðåäúÿâëÿåò
òðåáîâàíèé ê ñîãëàñîâàííîñòè îöåíîê íà ýëåìåíòàõ, îáùèõ äëÿ
äâóõ èëè íåñêîëüêèõ ôðàãìåíòîâ çíàíèé, íî ïî ñëîæèâøèéñÿ
òðàäèöèè ìû âñå òàêè ñ÷èòàåì åå îäíîé èç ñòåïåíåé íåïðîòè-
âîðå÷èâîñòè ñåòè.
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Îïðåäåëåíèÿ 16�19 äàíû â ïîðÿäêå óáûâàíèÿ ñèëû íåïðîòè-
âîðå÷èâîñòè. Â ìîíîãðàôèè [21] äîêàçàíî, ÷òî èç áîëåå ñèëüíîé
íåïðîòèâîðå÷èâîñòè âñåãäà ñëåäóåò áîëåå ñëàáàÿ. Â îáðàòíóþ æå
ñòîðîíó óòâåðæäåíèå íå âåðíî. Â îáùåì ñëó÷àå äëÿ ëþáîé ïàðû
ñóùåñòâóåò ïðèìåð àëãåáðàè÷åñêîé áàéåñîâñêîé ñåòè, íà êîòîðîì
áîëåå ñëàáàÿ ñòåïåíü íåïðîòèâîðå÷èâîñòè åñòü, à áîëåå ñèëüíîé
íåò.

Òåîðåìà 1. Êîíòðïðèìåð, ðàçäåëÿþùèé ýêñòåðíàëüíóþ è èí-
òåðíàëüíóþ ñòåïåíè íåïðîòèâîðå÷èâîñòè. Ýêñòåðíàëüíàÿ è èí-
òåðíàëüíàÿ ñòåïåíè íåïðîòèâîðå÷èâîñòè íå ñîâïàäàþò.

Äîêàçàòåëüñòâî. Äëÿ äîêàçàòåëüñòâà äàííîãî óòâåðæäåíèÿ äî-
ñòàòî÷íî ïîñòðîèòü àëãåáðàè÷åñêóþ áàéåñîâñêóþ ñåòü, ÿâëÿþùóþ-
ñÿ ýêñòåðíàëüíî íåïðîòèâîðå÷èâîé, íî èíòåðíàëüíî ïðîòèâîðå÷è-
âîé. Âïåðâûå ïðèìåðû ïîäîáíûõ ñåòåé ïîÿâëÿþòñÿ â ðàáîòàõ [5,9].
Ðàññìîòðèì ñëåäóþùóþ ÀÁÑ, ñîñòîÿùóþ èç ïÿòè ÔÇ ñ íîñèòåëÿ-
ìè C{q,r,s}, C{r,s,t}, C{t,u,v,w}, C{w,x,y} è C{x,y,z}, ñî ñëåäóþùèìè
îöåíêàìè:

p(q) = 0.52, 0.6 ≤ p(t) ≤ 0.74, 0.7 ≤ p(w) ≤ 0.82,

0.84 ≤ p(r) ≤ 1.0, 0.7 ≤ p(u) ≤ 0.9, 0.7 ≤ p(u) ≤ 0.92,

p(qr) = 0.52, 0.5 ≤ p(tu) ≤ 0.64, p(wx) = 0.7,

p(s) = 0.68, 0.7 ≤ p(v) ≤ 0.9, p(y) = 0.76,

p(qs) = 0.2, 0.5 ≤ p(tv) ≤ 0.64, p(wy) = 0.64,

0.52 ≤ p(rs) ≤ 0.68, p(uv) = 0.6, 0.64 ≤ p(xy) ≤ 0.74,

p(qrs) = 0.2, 0.5 ≤ p(tuv) ≤ 0.6, p(wxy) = 0.64,

0.6 ≤ p(t) ≤ 0.74, 0.7 ≤ p(w) ≤ 0.82, p(z) = 0.64,

p(rt) = 0.6, p(tw) = p(uw) = 0.6, p(xz) = 0.64,

p(st) = 0.52, p(tuw) = 0.5; p(vw) = 0.6, p(yz) = 0.4,

p(rst) = 0.52, p(tvw) = p(uvw) = 0.5, p(xyz) = 0.4,

0.4 ≤ p(tuvw) ≤ 0.5.

Ïðåäñòàâëåííàÿ ñåòü ÿâëÿåòñÿ ýêñòåðíàëüíî íåïðîòèâîðå÷èâîé,
íî íå ÿâëÿåòñÿ èíòåðíàëüíî íåïðîòèâîðå÷èâîé. Ðàññìîòðèì ÔÇ çà-
äàííûå íàä C{q,r,s} è C{r,s,t} ñ ñîòâåòñòâóþùèìè îöåíêàìè. Êàæ-
äûé èç ïðèâåäåííûõ ÔÇ íåïðîòèâîðå÷èâ è îöåíêè îäèíàêîâûõ
êîíúþíêòîâ èç ðàçíûõ ÔÇ ñîâïàäàþò, ñëåäîâàòåëüíî ñåòü èç ýòèõ
äâóõ ÔÇ ýêñòåðíàëüíî íåïðîòèâîðå÷èâà.

Ðàññìîòðèì èõ îäíîâðåìåííî. Íà îñíîâå ÔÇ C{q,r,s} âûïèøåì
îäíî èç îãðàíè÷åíèé, íàêëàäûâàåìîå àêñèîìàòèêîé òåîðèè âåðî-
ÿòíîñòåé:

p(r) − p(qr) − p(rs) + p(qrs) ≥ 0.
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Îòñþäà ñëåäóåò, ÷òî p(r)−p(rs) ≥ p(qr)−p(qrs). Ïîäñòàâèì p(qr),
p(qrs) èçâåñòíûå èç îöåíîê ÔÇ.

p(r) − p(rs) ≥ 0.32. (9)

Òåïåðü ïåðåéäåì ê ÔÇ C{r,s,t} è âûïèøåì îäíî èç îãðàíè÷åíèé:

1− p(r) − p(s) + p(rs) − p(t) + p(rt) + p(st) − p(rst) ≥ 0.

Âûðàçèì p(t) è ïîäñòàâèì îöåíêè çàäàííûå òî÷íî:

p(t) ≤ 0.92− p(r) + p(rs).

Òåïåðü ïîäñòàâèì äàííûå èç (9) è ïîëó÷èì

p(t) ≤ 0.6. (10)

Òàêèì îáðàçîì, îäíîâðåìåííîå ïðèìåíåíèå îãðàíè÷åíèé èç ÔÇ
C{q,r,s} è C{r,s,t} ïðèâîäèò ê òîìó, ÷òî îöåíêà äëÿ p(t) ñóæàåòñÿ
ñ

0.6 ≤ p(t) ≤ 0.74
äî p(t) = 0.6.

Àíàëîãè÷íî, â ïàðå ÔÇ C{w,x,y} è C{x,y,z} îöåíêà

0.7 ≤ p(w) ≤ 0.82

óòî÷íèòñÿ äî p(w) = 0.7.
Îñòàâøèéñÿ ÔÇ C{t,u,v,w} ïîñòðîåí òàêèì îáðàçîì, ÷òî íå ñó-

ùåñòâóåò âåðîÿòíîñòíîãî ðàñïðåäåëåíèÿ óäîâëåòâîðÿþùåãî çàäàí-
íûì îöåíêàì è óñëîâèÿì p(t) = 0.6 è p(w) = 0.7 îäíîâðåìåííî.

Çàìå÷àíèå 6. Ïðèìåð ñåòè, ïðèâåäåííîé â òåîðåìå 1, ýêñòåð-
íàëüíî ñîãëàñóåì (ìîæåò áûòü ñóæåí äî ýêñòåðíàëüíî íåïðî-
òèâîðå÷èâîé ÀÁÑ), à èíòåðíàëüíî íå ñîãëàñóåì. À ýòî � áîëåå
æåñòêîå ðàçäåëåíèå äâóõ êëàññîâ íåïðîòèâîðå÷èâîñòè. Â êà÷å-
ñòâå ïðèìåðà, ðàçäåëÿþùåãî èìåííî ïîíÿòèÿ íåïðîòèâîðå÷èâî-
ñòè, äîñòàòî÷íî ðàññìîòðåòü ÷àñòü ñåòè, ñîäåðæàùóþ òîëüêî
äâà ÔÇ ñ íîñèòåëÿìè C{q,r,s}, C{r,s,t}, ñîîòâåòñòâåííî. Ñëåäóåò
çàìåòèòü, ÷òî ïðèìåð ÿâëÿåòñÿ àöèêëè÷åñêîé ÀÁÑ. Òàêèì îáðà-
çîì, õîòÿ îòñóòñòâèå öèêëîâ â ÀÁÑ ãàðàíòèðóåò ýêâèâàëåíò-
íîñòü ãëîáàëüíîé è èíòåðíàëüíîé íåïðîòèâîðå÷èâîñòåé, îíî íå
îáåñïå÷èâàåò ýêâèâàëåíòíîñòè èíòåðíàëüíîé è ýêñòåðíàëüíîé
íåïðîòèâîðå÷èâîñòåé.
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7. Àëãîðèòìû ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè è èõ
ñëîæíîñòü. Íà÷íåì ñ ñàìîé ñèëüíîé íåïðîòèâîðå÷èâîñòè � ãëî-
áàëüíîé. Êàê ñëåäóåò èç åå îïðåäåëåíèÿ, íàì ñëåäóåò ïîãðóçèòü
âñþ ñåòü â îäèí ôðàãìåíò çíàíèé è ïðîâåðèòü åãî íåïðîòèâîðå÷è-
âîñòü. Ýòîìó ñëó÷àþ ñîîòâåòñòâóåò àëãîðèòì 2 ñ íåáîëüøèìè ïî-
ïðàâêàìè. À èìåííî ÇËÏ òðåáóåòñÿ ðåøàòü, òîëüêî äëÿ êîíúþíê-
òîâ ïðèñóòñòâóþùèõ â ÀÁÑ è íå òðåáóåòñÿ çàäàâàòü îãðàíè÷åíèÿ
èç ïðåäìåòíîé îáëàñòè äëÿ íå âõîäùèõ â ÀÁÑ êîíúþíêòîâ.

Óòâåðæäåíèå 5. Äëÿ ïîääåðæàíèÿ ãëîáàëüíîé íåïðîòèâîðå÷è-
âîñòè òåðáóåòñÿ ðåøèòü 2k çàäà÷ ëèíåéíîãî ïðîãðàììèðîâàíèÿ
ñ 2n − 1 ïåðåìåííîé, 2k îãðàíè÷åíèÿìè èç ïðåäìåòíîé îáëàñòè
è 2n îãðàíè÷åíèÿìè èç àêñèîìàòèêè òåîðèè âåðîÿòíîñòåé, ãäå
n � ÷èñëî àòîìàðíûõ ïðîïîçèöèé, à k � ÷èñëî ðàçëè÷àþùèõñÿ
êîíúþíêòîâ âõîäÿùèõ â ÀÁÑ.

Äîêàçàòåëüñòâî. Ýòî ñëåäóåò èç óòâåðæäåíèÿ 4 è ïîïðàâîê ê àë-
ãîðèòìó, óêàçàííûõ âûøå.

Çàìå÷àíèå 7. Çàìåòèì, ÷òî ýòî ñàìûé îáùèé è ñàìûé ñëîæ-
íûé ñëó÷àé. Åñëè èçâåñòíî, ÷òî ÀÁÑ � àöèêëè÷åñêàÿ, òî ïðîöåññ
ïîääåðæàíèÿ èíòåðíàëüíîé íåïðîòèâîðå÷èâîñòè, äàñò òîò æå
ðåçóëüòàò ÷òî è ïðîöåññ ïîääåðæàíèÿ ãëîáàëüíîé íåïðîòèâîðå-
÷èâîñòè [21]. Åñëè æå â ñåòè ïðèñóòñòâóþò öèêëû, òî ãëîáàëü-
íî ïðîòèâîðå÷èâàÿ ñåòü, îáÿçàòåëüíî áóäåò èíòåðíàëüíî ïðîòè-
âîðå÷èâà, îáðàòíîå â îáùåì ñëó÷àå íå âåðíî [21].

Îïèøåì àëãîðèòì ïðîöåññà ïîääåðæàíèÿ èíòåðíàëüíîé íåïðî-
òèâîðå÷èâîñòè.

Äëÿ ïîääåðæàíèÿ èíòåðíàëüíîé íåïðîòèâîðå÷èâîñòè íåîáõîäè-
ìî ðåøèòü ñåðèþ çàäà÷ ëèíåéíîãî ïðîãðàììèðîâàíèÿ, íî, â îòëè-
÷èå îò ïðåäûäóùåãî ñëó÷àÿ, òî÷íûå îöåíêè âû÷èñëèòåëüíîé ñëîæ-
íîñòè áóäóò çàâèñåòü îò êîíêðåòíîé êîíôèãóðàöèè ñåòè.

• îáùåå ÷èñëî àòîìàðíûõ ïðîïîçèöèé � n;

• íàä íèìè çàäàíî m ôðàãìåíòîâ çíàíèé;

• i-òûé ÔÇ çàäàí íàä ni ïåðåìåííûìè;

• îáùåå ÷èñëî ðàçëè÷íûõ êîíúþíêòîâ â ñåòè �k.
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Algorithm 3 Àëãîðèòì ïîääåðæàíèÿ èíòåðíàëüíîé íåïðîòèâîðå-
÷èâîñòè
Require: N

Ensure: N = (N,p−, p+); N = {(Ci, P
+
i , P

−
i )}mi=0

1: E = ∅
2: D = ∅
3: for all (Ci, P

+
i , P

−
i ) ∈ N do

4: for all c ∈ Ci do
5: D = D ∪ {p(c) ≥ P−

i ;p(c) ≤ P+
i }

6: end for
7: E = E ∪ E(Ci)
8: end for
9: for all c ∈ supp (()N) do
10: if Solve(max

E∪D
{p(c)}) then

11: p+(c) = max
E∪D

{p(c)}

12: else {ÇËÏ íåðàçðåøèìà}
13: return "ÀÁÑ ïðîòèâîðå÷èâà"
14: end if
15: if Solve(max

E∪D
{p(c)}) then

16: p−(c) = min
E∪D

{p(c)}

17: else {ÇËÏ íåðàçðåøèìà}
18: return "ÀÁÑ ïðîòèâîðå÷èâà"
19: end if
20: end for
21: return (N,p−, p+)
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Óòâåðæäåíèå 6. Ïóñòü äàíà ÀÁÑ, çàäàííàÿ íàä n àòîìàðíû-
ìè ïðîïîçèöèÿìè, ñîñòîÿùàÿ èç m ôðàãìåíòîâ çíàíèé. Ïðåä-
ïîëîæèì, ÷òî êàæäûé ÔÇ çàäàí íàä ni àòîìàìè, à âñåãî ðàç-
ëè÷íûõ êîíúþíêòîâ â ñåòè � k. Òîãäà äëÿ ïîääåðæàíèÿ èí-
òåðíàëüíîé íåïðîòèâîðå÷èâîñòè ïîòðåáóåòñÿ ðåøèòü 2k çàäà÷
ëèíåéíîãî ïðîãðàììèðîâàíèÿ, êàæäàÿ èç êîòîðûõ áóäåò ñîäåð-
æàòü k ïåðåìåííûõ, 2k îöåíîê èç ïðåäìåòíîé îáëàñòè è íå áîëåå
m · 2nmax îãðàíè÷åíèé èç àêñèîìàòèêè òåîðèè âåðîÿòíîñòåé, ãäå
nmax = max(ni).

Äîêàçàòåëüñòâî. Îöåíêà íà êîëè÷åñòâî ÇËÏ, êîëè÷åñòâî ïåðå-
ìåííûõ è êîëè÷åñòâî îöåíîê èç ïðåäìåòíîé îáëàñòè ñëåäóåò íåïî-
ñðåäñòâåííî èç îïèñàíèÿ àëãîðèòìà 3. Òî÷íîå ÷èñëî îãðàíè÷åíèé
àêñèîìàòèêè òåîðèè âåðîÿòíîñòåé

i=m∑
i=1

2ni ≤ m · 2nmax .

Çàìå÷àíèå 8. Îáû÷íî ïðè ðàññìîòðåíèè äåêîìïîçèðóåìîñòè
çíàíèé óêàçûâàåòñÿ, ÷òî ìû áóäåì ðàáîòàòü ñ ÔÇ, ðàçìåðû
êîòîðûõ îãðàíè÷åíû ñâåðõó. Ñëåäîâàòåëüíî, îöåíêà m · 2nmax îêà-
çûâàåòñÿ íå ýêñïîíåíöèàëüíîé, à ëèíåéíîé. ×èñëî ïåðåìåííûõ,
ìîæíî îöåíèòü ñëåäóþùèì îáðàçîì m ≤ k ≤ m · 2nmax . Òàêèì
îáðàçîì, ïðèâåäåííàÿ âûøå òî÷íàÿ îöåíêà ìîæåò áûòü îïèñàíà
êàê: òðåáóåòñÿ ðåøèòü ëèíåéíîå ÷èñëî ÇËÏ ñ ëèíåéíûì ÷èñëîì
îãðàíè÷åíèé è ïåðåìåííûõ îòíîñèòåëüíî êîëè÷åñòâà ÔÇ.

Ïåðåéäåì òåïåðü ê ýêñòåðíàëüíîé ñòåïåíè íåïðîòèâîðå÷èâîñòè.
Ê ñîæàëåíèþ, êàê äîêàçàíî â òåîðåìå 1, íàëè÷èå ýêñòåðíàëüíîé
íåïðîòèâîðå÷èâîñòè íå ãàðàíòèðóåò íàì íàëè÷èÿ èíòåðíàëüíîé
íåïðîòèâîðå÷èâîñòè. Íî îòñóòñòâèå ýêñòåðíàëüíîé íåïðîòèâîðå÷è-
âîñòè âåäåò ê ãàðàíòèðîâàííîìó îòñóòñòâèþ èíòåðíàëüíîé è, òåì
áîëåå, ãëîáàëüíîé íåïðîòèâîðå÷èâîñòè. Òàêèì îáðàçîì, ìû ñìî-
æåì çàìåòíî ¾äåøåâëå¿ âûÿâèòü ïðîòèâîðå÷èâîñòü ñåòè. Â ñëó÷àå
åñëè ñåòü îêàæåòñÿ ýêñòåðíàëüíî íåïðîòèâîðå÷èâîé, ïðèäåòñÿ âñå
òàêè ïðîâåðÿòü è èíòåðíàëüíóþ íåïðîòèâîðå÷èâîñòü.

Ëåãêî âèäåòü, ÷òî ïðîöåññ ïðîâåðêè ýêñòåðíàëüíîé íåïðîòè-
âîðå÷èâîñòè ýëåìåíòàðåí, äîñòàòî÷íî ïðîâåðèòü, ÷òî êàæäûé ÔÇ
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íåïðîòèâîðå÷èâ (ýòî ìû óìååì), è óáåäèòüñÿ, ÷òî ãðàíèöû îöåíîê
îáùèõ ýëåìåíòîâ ñîâïàäàþò äëÿ âñåõ ÔÇ.

Ê ñîæàëåíèþ, íà äàííûé ìîìåíò íå óäàëîñü ïðåäëîæèòü àë-
ãîðèòì ïîääåðæàíèÿ ýêñòåðíàëüíîé íåïðîòèâîðå÷èâîñòè, êîððåêò-
íîñòü êîòîðîãî ìîæåò áûòü äîêàçàíà äëÿ îáùåãî ñëó÷àÿ ÀÁÑ. Ñëå-
äóþùèé ïðèìåð äåìîíñòðèðóåò îäíó èç ïðîáëåì.

Ï ð è ì å ð 3. Ïðèìåð ñëîæíîé äëÿ ýêñòåðíàëüíîé íåïðîòèâîðå÷è-

âîñòè ñåòè.

Ðàññìîòðèì ÀÁÑ ñîñòîÿùóþ èç äâóõ ôðàãìåíòîâ çíàíèé, çà-
äàííûõ íàä àëôàâèòàìè {t, x, y} è {x, y, z} (C{t,x,y} è C{x,y,z} ñîîò-
âåòñòâåííî), ñî ñëåäóþùèìè îöåíêàìè:

p(t) = 0.4 0.5 ≤ p(z) ≤ 0.7
p(tx) = 0.4 0.8 ≤ p(x) ≤ 1.0 p(xz) = 0.5

p(ty) = 0.0 p(y) = 0.6 p(yz) = 0.4

p(txy) = 0.0 0.4 ≤ p(xy) ≤ 0.6 p(xyz) = 0.4

Êàæäûé èç ÔÇ íåïðîòèâîðå÷èâ. Íåñëîæíî çàìåòèòü, ÷òî îöåí-
êè âåðîÿòíîñòè èñòèííîñòè îáùèõ ýëåìåíòîâ ó íèõ ñîâïàäàþò, ñëå-
äîâàòåëüíî óêçàííàÿ ÀÁÑ ýêñòåðíàëüíî íåïðîòèâîðå÷èâà. Åñëè æå
ìû ïîääåðæèì èíòåðíàëüíóþ íåïðîòèâîðå÷èâîñòü, òî îöåíêà

0.5 ≤ p(z) ≤ 0.7

óòî÷íèòñÿ äî
p(z) = 0.5.

Òåïåðü çàìåíèì îöåíêó

0.5 ≤ p(z) ≤ 0.7

íà îöåíêó
0.5+ α ≤ p(z) ≤ 0.7,

ãäå α > 0. Î÷åâèäíî, ÷òî ïîëó÷åííàÿ ÀÁÑ ñòàíåò èíòåðíàëüíî ïðî-
òèâîðå÷èâîé. Áîëåå òîãî, ñåé÷àñ ìû ïîêàæåì, ÷òî îíà ñòàíåò ýêñ-
òåðíàëüíî ïðîòèâðå÷èâîé.

Ïîïðîáóåì ïîääåðæàòü íåïðîòèâîðå÷èâîñòü â C{x,y,z}. Íîâàÿ
îöåíêà äëÿ z ïðèâåäåò ê óòî÷íåíèþ îöåíîê äëÿ x è xy, äî

0.8 ≤ p(x) ≤ 1.0− α,
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0.4+ α ≤ p(xy) ≤ 0.6.

Òàê êàê ýòè êîíþúíêòû âõîäÿò â C{t,x,y}, òî íîâûå îöåíêè ìîãóò
ïðèâåñòè ê òîìó, ÷òî C{t,x,y} ïåðåñòàíåò áûòü íåïðîòèâîðå÷èâûì.
Ïîääåðæèì íåïðîòèâîðå÷èâîñòü C{t,x,y} ñ íîâûìè îöåíêàìè äëÿ x
è xy. Ïîäîáíîå ïîääåðæàíèå íåïðîòèâîðå÷èâîñòè ñíîâà ïðèâåäåò
ê óòî÷íåíèþ îöåíîê äëÿ x è xy. Íà ýòîò ðàç äî:

0.8+ α ≤ p(x) ≤ 1.0− α,

0.4+ α ≤ p(xy) ≤ 0.6− α.

Òåïåðü íåïðîòèâîðå÷èâûì ïåðåñòà¼ò áûòü C{x,y,z}. Î÷åðåäíîå
ïîääåðæàíèå íåïðîòèâîðå÷èâîñòè â

C{x,y,z}

ïðèâåä¼ò ê îöåíêàì

0.8+ α ≤ p(x) ≤ 1.0− 2α,

0.4+ 2α ≤ p(xy) ≤ 0.6− α,

0.5+ α ≤ p(z) ≤ 0.7− 2α

è ò. ä. Ýòîò ïðîöåññ áóäåò ïðîäîëæàòüñÿ äî òåõ ïîð, ïîêà íà î÷å-
ðåäíîì øàãå ìû íå ïîëó÷èì ïðîòèâîðå÷èâûé ÔÇ. Åñëè øàãîì ñ÷è-
òàòü ïîñëåäîâàòåëüíîå ïîääåðæàíèå íåïðîòèâîðå÷èâîñòè â äâóõ
ÔÇ, òî çà îäèí øàã äèàïàçîí äîïóñòèìîé îöåíêè äëÿ p(x) ñóçèòñÿ
íà 2α. Èçíà÷àëüíî ýòîò äèàïàçîí ðàâåí 0.2. Òàêèì îáðàçîì, åñëè
ìû ñäåëàåì ìåíüøå ÷åì 0.1/αøàãîâ, òî ó íàñ ïî-ïðåæíåìó íå áóäåò
íåïðîòèâîðå÷èâîãî ÔÇ. Òàê êàê α âûáðàíî ïðîèçâîëüíî, òî ìîæíî
ñäåëàòü òàê, ÷òî çà ëþáîå çàäàííîå ÷èñëî øàãîâ òàêèå ¾êà÷åëè¿ íå
îñòàíîâÿòñÿ.

Îïèøåì îäèí àëãîðèòì. Îí çàâåäîìî ðåøàåò çàäà÷ó ïðîöåñ-
ñà ïîääåðæàíèÿ ýêñòåðíàëüíîé íåïðîòèâîðå÷èâîñòè â ñëó÷àå, åñëè
ÀÁÑ ïðåäñòàâëåíà äåðåâîì ñìåæíîñòè è ëþáûå äâà ÔÇ ïåðåñåêà-
þòñÿ íå áîëüøå ÷åì ïî îäíîìó ýëåìåíòó.

Âñå ðåáðà äåðåâà ñìåæíîñòè íåíàïðàâëåííûå, ïîýòîìó íåò ñòðî-
ãîãî ïîíÿòèÿ îòíîøåíèÿ ðîäèòåëü�ñûí, íî åñëè âûáðàòü îäíó èç
âåðøèí è çàôèêñèðîâàòü åå êàê êîðåíü äåðåâà, òî â ñèëó òîãî, ÷òî
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ðîäèòåëü äëÿ êàæäîé âåðøèíû â äåðåâå åäèíñòâåííûé, à êîðåíü �
ðîäèòåëü äëÿ âñåõ ñâîèõ ñîñåäåé, òî îòíîøåíèå ðîäèòåëü�ñûí ðàñ-
ïðîñòðàíèòñÿ íà âñå äåðåâî åäèíñòâåííûì îáðàçîì. Ïðåäïîëîæèì,
÷òî êîðåíü çàôèêñèðîâàí, è îïèøåì àëãîðèòì ïîääåðæàíèÿ ýêñ-
òåðíàëüíîé íåïðîòèâîðå÷èâîñòè.

Algorithm 4 Àëãîðèòì ïîääåðæàíèÿ ýêñòåðíàëüíîé íåïðîòèâîðå-
÷èâîñòè
Require: N

Ensure: N = {Ci}
m
i=1, N � äåðåâî, C1 � êîðåíü

1: MARK = ∅
2: while MARK 6= N do
3: get Ci: Ci 6∈ MARK and ch(Ci) ⊂ MARK
4: if not(Ci → Consistent [Ci]) then
5: return "ÀÁÑ ýêñòåðíàëüíî ïðîòèâîðå÷èâà"
6: end if
7: MARK = MARK ∪ {Ci}

8: end while
9: MARK = {C1}

10: while MARK 6= N do
11: get Ci: Ci 6∈ MARK and pa(Ci) ∈ MARK
12: if not Ci → Consistent [Ci] then
13: return "ÀÁÑ ýêñòåðíàëüíî ïðîòèâîðå÷èâà"
14: else
15: if Îöåíêè pa(Ci) óòî÷íèëèñü then
16: return "Îñîáûé ñëó÷àé"
17: end if
18: end if
19: MARK = MARK ∪ {Ci}

20: end while
21: return {Ci}

m
i=1 "Îöåíêè óòî÷íåíû äî íåïðîòèâîðå÷èâûõ"

Ïîÿñíèì, ÷òî äåëàåò íàø ôîðìàëüíûé àëãîðèòì.

1. Âûáåðåì ïðîèçâîëüíûé íåïîìå÷åííûé óçåë äåðåâà ñìåæíî-
ñòè, ó êîòîðîãî íåò íåïîìå÷åííûõ äåòåé. Åñëè òàêèõ íåò, òî
ïåðåõîäèì ê øàãó 5.

2. Äëÿ êàæäîãî êîíúþíêòà âûáðàííîãî ÔÇ, óòî÷íèì îöåíêè, ñ
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ó÷åòîì îöåíîê ñîîòâåòñòâóþùåãî êîíúþíêòà âî ôðàãìåíòàõ
çíàíèé, ñîîòâåòñòâóþùèõ óçëàì-äåòÿì.

3. Ïîääåðæèì íåïðîòèâîðå÷èâîñòü ÔÇ ñîîòâåòñòâóþùåãî âû-
áðàííîìó óçëó.

4. Åñëè ïðîöåññ ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè óñïåøåí, òî
çàìåíÿåì èñõîäíûé ÔÇ, íà ÔÇ ñ îöåíêàìè, ïîëó÷åííûìè â
ïðîöåññå ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè, ïîìåòèì äàííûé
óçåë è ïåðåéäåì ê øàãó 1. Â ïðîòèâíîì ñëó÷àå ñîîáùàåì, ÷òî
ñåòü ýêñòåðíàëüíî ïðîòèâîðå÷èâà è âûõîäèì.

5. Ñíèìàåì âñå ïîìåòêè è ïîìå÷àåì êîðåíü äåðåâà.

6. Âûáåðåì ïðîèçâîëüíûé íåïîìå÷åííûé óçåë äåðåâà ñìåæíî-
ñòè, ó êîòîðîãî ïîìå÷åí ðîäèòåëü. Åñëè òàêèõ íåò, òî ïåðåõî-
äèì ê øàãó 10.

7. Ïîääåðæèì íåïðîòèâîðå÷èâîñòü â ÔÇ, ñîîòâåòñòâóþùåì âû-
áðàííîìó óçëó, ñ ó÷åòîì îöåíîê óçëà-ðîäèòåëÿ.

8. Åñëè ïðîöåññ ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè íåóñïåøåí,
ñîîáùàåì, ÷òî ñåòü ýêñòåðíàëüíî ïðîòèâîðå÷èâà è âûõîäèì.

9. Åñëè â ïðîöåññå ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè îöåíêà
õîòÿ áû îäíîãî êîíúþíêòà, âõîäÿùåãî â ðîäèòåëüñêèé ÔÇ,
óòî÷íèëàñü, òî ñîîáùàåì îá îñîáîì ñëó÷àå è âûõîäèì. Â ïðî-
òèâíîì ñëó÷àå ïîìåòèì äàííûé óçåë è ïåðåéäåì ê øàãó 6.

10. Ñîîáùàåì, ÷òî ñåòü óòî÷íåíà äî ýêñòåðíàëüíî íåïðîòèâîðå-
÷èâîé è âûõîäèì.

Óòâåðæäåíèå 7. Åñëè àëãîðèòì ñîîáùèë, ÷òî ñåòü óòî÷íå-
íà äî ýêñòåðíàëüíî íåïðîòèâîðå÷èâîé, òî ñåòü ñ óòî÷íåííûìè
îöåíêàìè ýêñòåðíàëüíî íåïðîòèâîðå÷èâà.

Äîêàçàòåëüñòâî. Àëãîðèòì ñîñòîèò èç äâóõ ýòàïîâ. Ïåðâûé ýòàï,
íàçîâåì åãî ¾ñáîð èíôîðìàöèè¿, � ýòî ñòðîêè 1�8 (øàãè 1�4 â ïî-
ÿñíåíèè). Ïî îêîí÷àíèè ïåðâîãî ýòàïà, ìû ïîëó÷àåì, ÷òî âñå ÔÇ
íåïðîòèâîðå÷èâû, íî âîçìîæíî íå âñå ñîãëàñîâàííû. Íà÷í¼ì ¾ðàñ-
ïðîñòðàíåíèå èíôîðìàöèè¿ � ¾ñïóñê¿ îò êîðíÿ ê ëèñòüÿì. Ðàñ-
ñìîòðèì òåêóùèé ÔÇ è óòî÷íåíèå, ïðèøåäøåå îò åãî ðîäèòåëåé.
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Çàìåòèì, ÷òî îöåíêè, ïðèøåäøèå îò ðîäèòåëåé, íå ìîãóò áûòü øè-
ðå, ÷åì îöåíêè â òåêóùåì ÔÇ, ýòî ñâÿçàíî ñ òåì, ÷òî íà ïåðâîì ýòà-
ïå ¾ðîäèòåëÿì¿ ïåðåäàâàëèñü îöåíêè íàøåãî ÔÇ â êà÷åñòâå îäíîãî
èç îãðàíè÷åíèé è, ñëåäîâàòåëüíî, êàê ìèíèìóì òàêèå îãðàíè÷å-
íèÿ âûïîëíåíû. Òàêèì îáðàçîì, îöåíêè, ïðèøåäøèå îò ðîäèòåëÿ,
ìîãóò áûòü òîëüêî óæå. Ïîñëå ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè
îöåíêè ðîäèòåëÿ íå èçìåíèëèñü, òàê êàê èíà÷å àëãîðèòì ñîîáùèë
áû îá îñîáîì ñëó÷àå. Ñëåäîâàòåëüíî, òåêóùèé ÔÇ íåïðîòèâîðå÷èâ,
è åãî îöåíêè ñîâïàäàþò ñ îöåíêàìè ðîäèòåëÿ. Ðàññìîòðåâ â êà÷å-
ñòâå ¾òåêóùåãî¿ êàæäûé ÔÇ, ïîëó÷àåì, ÷òî âñå ÔÇ íåïðîòèâîðå-
÷èâû è ñîãëàñîâàííû ñî ñâîèì ðîäèòåëåì, à ñëåäîâàòåëüíî ëþáîé
îáùèé ýëåìåíò äëÿ äâóõ ÔÇ áóäåò èìåòü îäèíàêîâûå îöåíêè â ýòèõ
ÔÇ.

Óòâåðæäåíèå 8. Åñëè â àöèêëè÷åñêîé ÀÁÑ âñå ÔÇ ïåðåñåêàþòñÿ
íå áîëåå ÷åì ïî îäíîìó ýëåìåíòó, òî àëãîðèòì íå ñîîáùèò îá
îñîáîì ñëó÷àå.

Äîêàçàòåëüñòâî. Ïîñëå ýòàïà ¾ñáîðà èíôîðìàöèè¿ âñå ÔÇ ÿâëÿ-
þòñÿ íåïðîòèâîðå÷èâûìè. Åñëè ÔÇ íåïðîòèâîðå÷èâ, òî ïðè ñóæå-
íèè îöåíêè îäíîãî ýëåìåíòà ìîæíî áóäåò óòî÷íèòü âñå îñòàëü-
íûå îöåíêè äî íåïðîòèâîðå÷èâûõ. Îöåíêà, êîòîðóþ ìû èçíà÷àëü-
íî ñóæàåì, íå èçìåíèòñÿ. Òàê êàê ëþáàÿ îöåíêà èç óòî÷í¼ííîãî
èíòåðâàëà èìåëà ðåàëèçàöèþ, òî âåñü óòî÷í¼ííûé èíòåðâàë áóäåò
âõîäèòü â íåïðîòèâîðå÷èâûé ÔÇ. Òàêèì îáðàçîì, ñèòóàöèÿ, êîãäà
íà âòîðîì ýòàïå àëãîðèòìà óòî÷íèòñÿ îöåíêà â ðîäèòåëüñêîì ÔÇ,
íåâîçìîæíà.

Îöåíèì ñëîæíîñòü äàííîãî àëãîðèòìà. Íàì ïîòðåáóåòñÿ ïðî-
âåñòè ïðîöåññ ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè ÔÇ 2m − 1 ðàç.
Áóäåì ñ÷èòàòü, ÷òî êîëè÷åñòâî àòîìîâ â i-òîì ÔÇ � ni, à ÔÇ,
ñîîòâåòñòâóþùèé óçëó, ÿâëÿþùåìóñÿ êîðíåì äåðåâà, èìååò íîìåð
îäèí, òîãäà íàäî ðåøèòü:

• Äëÿ êîðíÿ: 2(2n1 − 1) ÇËÏ ñ 2n1 − 1 ïåðåìåííûìè, 2(2n1 − 1)
ãðàíè÷íûìè óñëîâèÿìè è 2n1 îãðàíè÷åíèÿìè;

• Äëÿ îñòàëüíûõ âåðøèí: 4(2ni −1) ÇËÏ ñ 2ni −1 ïåðåìåííûìè,
2(2ni − 1) ãðàíè÷íûìè óñëîâèÿìè è 2ni îãðàíè÷åíèÿìè.
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Êàê ìû óæå îòìå÷àëè ðàíüøå, ni ñèëüíî îãðàíè÷åíû (íà ïðàêòè-
êå íå áîëüøå ïÿòè), òàêèì îáðàçîì, ìû ïîëó÷àåì çàäà÷è ëèíåéíî-
ãî ïðîãðàììèðîâàíèÿ, âû÷èñëèòåëüíàÿ ñëîæíîñòü êîòîðûõ ìîæåò
áûòü îöåíåíà êîíñòàíòîé. Ïî ñðàâíåíèþ ñ ïðîöåññîì ïîääåðæàíèÿ
ýêñòåðíàëüíîé íåïðîòèâîðå÷èâîñòè, ïîòðåáóåòñÿ ðåøèòü ïðèìåðíî
â äâà ðàçà áîëüøå çàäà÷ ëèíåéíîãî ïðîãðàììèðîâàíèÿ, íî êàæäàÿ
èç çàäà÷ èíòåðíàëüíîé íåïðîòèâîðå÷èâîñòè � ëèíåéíîãî ðàçìå-
ðà, à êàæäàÿ èç çàäà÷ ýêñòåðíàëüíîé íåïðîòèâîðå÷èâîñòè � êîí-
ñòàíòíîãî ðàçìåðà. À ñëåäîâàòåëüíî ïîääåðæàíèå ýêñòåðíàëüíîé
íåïðîòèâîðå÷èâîñòè áóäåò âû÷èñëèòåëüíî ïðîùå. Òàêèì îáðàçîì,
âû÷èñëèòåëüíàÿ ñëîæíîñòü ïîääåðæàíèÿ ýêñòåðíàëüíîé íåïðîòè-
âîðå÷èâîñòè ìåíüøå, ÷åì ñëîæíîñòü ïîääåðæàíèÿ èíòåðíàëüíîé
íåïðîòèâîðå÷èâîñòè.

Äëÿ ïîëíîòû êàðòèíû îñòàëîñü ðàññìîòðåòü òîëüêî ëîêàëü-
íóþ ñòåïåíü íåïðîòèâîðå÷èâîñòè. Äëÿ åå âû÷èñëåíèÿ íåîáõîäè-
ìî ïîääåðæàòü íåïðîòèâîðå÷èâîñòü êàæäîãî ÔÇ. Òî åñòü ðåøèòü
4(2ni −1) ÇËÏ ñ 2ni −1 ïåðåìåííûìè, 2(2ni −1) ãðàíè÷íûìè óñëî-
âèÿìè è 2ni îãðàíè÷åíèÿìè.

Çàìå÷àíèå 9. Âàæíî òî, ÷òî åñëè ñåòü ïðîòèâîðå÷èâà, òî
äëÿ ñëó÷àÿ èíòåðíàëüíîé è ãëîáàëüíîé íåïðîòèâîðå÷èâîñòè ýòî
âûÿâèòñÿ ïðè ðåøåíèè ïåðâîé æå ÇËÏ, è, â òàêîì ñëó÷àå, âñå
îñòàëüíûå ÇËÏ ðåøàòü óæå íå ïîòðåáóåòñÿ.
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ÐÅÔÅÐÀÒ

Ñèðîòêèí À.Â. Ïðîâåðêà è ïîääåðæàíèå íåïðîòèâîðå÷èâîñòè àëãåá-

ðàè÷åñêèõ áàéåñîâñêèõ ñåòåé: âû÷èñëèòåëüíàÿ ñëîæíîñòü àëãîðèò-

ìîâ.

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ àíàëèç ñëîæíîñòè àëãîðèòìîâ ïîä-

äåðæàíèÿ íåïðîòèâîðå÷èâîñòè â ÀÁÑ. Äëÿ äîñòèæåíèÿ ýòîé öåëè ìû

ïðèâîäèì ôîðìàëüíûå îïèñàíèÿ àëãîðèòìîâ ñ èñïîëüçîâàíèåì ïñåâ-

äîêîäà, à çàòåì äîêàçûâàåì êîððåêòíîñòü îïèñûâàåìûõ àëãîðèòìîâ è

ïðåäëàãàåì îöåíêè âû÷èñëèòåëüíîé ñëîæíîñòè.

Áàçèðóÿñü íà ïîäõîäå Í. Íèëüññîíà, ìû îïèñûâàåì ñïîñîá çàäàíèÿ

îöåíîê âåðîÿòíîñòè èñòèííîñòè ïðîïîçèöèîíàëüíûõ ôîðìóë. Ýòî ïîç-

âîëÿåò íàì îïèñàòü ñòðóêòóðó ôðàãìåíòà çíàíèé àëãåáðàè÷åñêîé áàéå-

ñîâñêîé ñåòè. Ôðàãìåíò çíàíèé ïðåäñòàâëÿåò ñîáîé èäåàë êîíúþíêòîâ,

äëÿ êîòîðûõ, êàê äëÿ ïðîïîçèöèîíàëüíûõ ôîðìóë, çàäàíû îöåíêè âåðî-

ÿòíîñòè èñòèííîñòè. Óêàçàííûå îöåíêè ìîãóò áûòü êàê ñêàëÿðíûå (òî-

÷å÷íûå), òàê è èíòåðâàëüíûå. Äëÿ ñêàëÿðíûõ è èíòåðâàëüíûõ îöåíîê

èñòèííîñòè ïðåäëàãàþòñÿ àëãîðèòìû ïîääåðæàíèÿ íåïðîòèâîðå÷èâîñòè

è äîêàçûâàþòñÿ îöåíêè ñëîæíîñòè.

Îïðåäåëèâ ïîíÿòèå ôðàãìåíòîâ çíàíèé ìû ïåðåõîäèì ê ïîíÿòèþ àë-

ãåáðàè÷åñêîé áàéåñîâñêîé ñåòè. Àëãåáðàè÷åñêàÿ áàéåñîâñêàÿ ñåòü � ýòî

íàáîð ôðàãìåíòîâ çíàíèé. Ìû ïðåäïîëàãàåì, ÷òî êðîìå íàáîðà ôðàã-

ìåíòîâ çíàíèé äëÿ àëãåáðàè÷åñêîé áàéåñîâñêîé ñåòè çàäàíà åå âòîðè÷-

íàÿ ñòðóêòóðà � ãðàô ñìåæíîñòè.

Äëÿ àëãåáðàè÷åñêîé áàéåñîâñêîé ñåòè ìû ðàññìàòðèâàåì ÷åòûðå ñòå-

ïåíè íåïðîòèâîðå÷èâîñòè: ãëîáàëüíóþ, èíòåðíàëüíóþ, ýêñòåðíàëüíóþ è

ëîêàëüíóþ. Ãëîáàëüíàÿ è ëîêàëüíàÿ íåïîñðåäñòâåííî ñâîäÿòñÿ ê ïîíÿ-

òèþ íåïðîòèâîðå÷èâîñòè äëÿ ôðàãìåíòà çíàíèé, ïîýòîìó ìû íå ðàñ-

ñìàòðèâàåì èõ ïîäðîáíî.
Äëÿ èíòåðíàëüíîé è ýêñòåðíàëüíîé ñòåïåíåé íåïðîòèâîðå÷èâîñòè

ìû äîêàçûâàåì, ÷òî ýòî ðàçíûå ïîíÿòèÿ. Äëÿ èíòåðíàëüíîé ñòåïåíè
íåïðîòèâîðå÷èâîñòè ìû ïðèâîäèì àëãîðèòì, äîêàçûâàåì åãî êîððåêò-
íîñòü è ïðåäëàãàåì îöåíêè ñëîæíîñòè. Äëÿ ýêñòåðíàëüíîé íåïðîòèâî-
ðå÷èâîñòè ìû ïðèâîäèì ïðèìåð ñëîæíîé ñåòè ñ îäíèì ïàðàìåòðîì, äëÿ
êîòîðîé ñóùåñòâóþùèé àëãîðèòì áóäåò ñõîäèòüñÿ ñêîëü-óãîäíî äîëãî.
Ìû ïðèâîäèì àëãîðèòì ýêñòåðíàëüíîé íåïðîòèâîðå÷èâîñòè, è äîêàçû-
âàåì åãî êîððåêòíîñòü äëÿ îïðåäåëåííîãî êëàññà ñåòåé.
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SUMMARY

Sirotkin A.V. Algebraic bayesian networks reconciliation: computational

complexity.

The paper's aim is to analyze the complexity of the algebraic Bayesian

network consistency reconcile algorithms. To achieve this goal, we give

formal descriptions of algorithms using pseudocode. Prove the correctness

of the described algorithms and provide evaluation of computational

complexity.

Based on the approach of N. Nilsson, we describe how to set estimates

for the truth probability of propositional formulae. This allows us to describe

the structure of a algebraic Bayesian network knowledge pattern. Knowledge

patterrn is an ideal of conjuncts, for which, as for propositional formulas,

given estimates of truth probability. These estimates can be either scalar

(point-valued) and the interval. For scalar and interval estimates of truth

proposed algorithms to maintain consistency and prove bounds on the

complexity.

After de�nition of the knowledge pattern we brie�y describe the concept

of algebraic Bayesian network. Algebraic Bayesian network is a set of

knowledge patterns. We assume that in addition to a set of knowledge

patternss in algebraic Bayesian network there is a secondary structure

called join graph.

For an algebraic Bayesian network, we consider four levels of consistency:

a global, internal, external, and local. Global and local directly reduced to

the notion of consistency for a knowledge pattern, so we do not consider

them in detail. For internal and external degrees of consistency, we prove

that a di�erent concept.

For internal degree of consistency, we present an algorithm, prove its

correctness and provide complexity estimates of the proposed assessment.

For external consistency degree, we present an example of a complex

network with one parameter and demonstrate that existing algorithms will

work beyond the limit of time. We describe external degree reconciliation

algorithm and prove its correctnes for a certain algebraic Bayesian networks

class.
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