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Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

Âû÷èñëåíèå ðàñïðåäåëåííîãî àëãîðèòìà çàâåðøàåòñÿ, êîãäà
ýòîò àëãîðèòì äîñòèãàåò íåêîòîðîé çàêëþ÷èòåëüíîé
êîíôèãóðàöèè, èç êîòîðîé íåëüçÿ ñäåëàòü íè îäíîãî øàãà.

Âû÷èñëåíèå çàâåðøàåòñÿ ÿâíî , åñëè âñå ïðîöåññû ïðåáûâàþò â
çàêëþ÷èòåëüíîì ñîñòîÿíèè . Òîãäà ãîâîðÿò, ÷òî ïðîèçîøëî
çàâåðøåíèå ðàáîòû àëãîðèòìà .

Âû÷èñëåíèå çàâåðøàåòñÿ íåÿâíî , åñëè âñå êàíàëû ïóñòû, íî
ïðè ýòîì íå âñå ïðîöåññû ïðåáûâàþò â çàêëþ÷èòåëüíîì
ñîñòîÿíèè, ò.å. íåêîòîðûå ïðîöåññû îæèäàþò ïîñòóïëåíèÿ
ñîîáùåíèé. Òîãäà ãîâîðÿò, ÷òî ïðîèçîøëî çàâåðøåíèå îáìåíà
ñîîáùåíèÿìè .

Íóæíî óìåòü ïðåîáðàçîâûâàòü àëãîðèòìû, â êîòîðûõ
âû÷èñëåíèÿ îêàí÷èâàþòñÿ ïî çàâåðøåíèè îáìåíà
ñîîáùåíèÿìè, â àëãîðèòìû, â êîòîðûõ âû÷èñëåíèÿ
îêàí÷èâàþòñÿ çàâåðøåíèåì ðàáîòû ïðîöåññîâ.



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

Äëÿ ýòîãî ïîòðåáóþòñÿ äâà äîïîëíèòåëüíûõ àëãîðèòìà,
êîòîðûå âçàèìîäåéñòâóþò äðóã ñ äðóãîì, à òàêæå ñ çàäàííûì
àëãîðèòìîì, èìåþùèì íåÿâíîå çàâåðøåíèå âû÷èñëåíèé.

Îäèí èç ýòèõ àëãîðèòìîâ àíàëèçèðóåò òåêóùåå âû÷èñëåíèå
èñõîäíîãî àëãîðèòìà è îáíàðóæèâàåò, ÷òî ýòî âû÷èñëåíèå
äîñòèãëî çàêëþ÷èòåëüíîé êîíôèãóðàöèè. Ïîñëå ýòîãî
âûçûâàåòñÿ âòîðîé àëãîðèòì, êîòîðûé ðàññûëàåò ñîîáùåíèå î
çàâåðøåíèè âû÷èñëåíèÿ âñåì ïðîöåññàì, ïðèçûâàÿ èõ ïåðåéòè
â çàêëþ÷èòåëüíîå ñîñòîÿíèå.

Ñàìûì ñëîæíûì îêàçûâàåòñÿ àëãîðèòì, îáíàðóæèâàþùèé
çàâåðøåíèå âû÷èñëåíèÿ. Ïðîöåäóðà ðàññûëêè âåñüìà ïðîñòà.

Ïîêàæåì, ÷òî îáíàðóæåíèå çàâåðøåíèÿ âîçìîæíî äëÿ âñåõ
êëàññîâ ñåòåé, äëÿ êîòîðûõ ìîæíî ðàçðàáîòàòü âîëíîâîé
àëãîðèòì..



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

Ìíîæåñòâî âñåõ ñîñòîÿíèé Zp ïðîöåññà p ðàçáèâàåòñÿ íà äâà
ïîäìíîæåñòâà àêòèâíûõ è ïàññèâíûõ ñîñòîÿíèé.

Ñîñòîÿíèå cp ïðîöåññà p àêòèâíî, åñëè ïðîöåññ p â ñîñòîÿíèè
cp ìîæåò âûïîëíèòü âíóòðåííåå äåéñòâèå èëè îòïðàâèòü
ñîîáùåíèå; èíà÷å ýòî ñîñòîÿíèå ñ÷èòàåòñÿ ïàññèâíûì.

Â ïàññèâíîì ñîñòîÿíèè cp âîçìîæåí òîëüêî ïðèåì ñîîáùåíèé,
èëè â íåì âîîáùå íå âûïîëíÿåòñÿ íèêàêèõ äåéñòâèé, è òîãäà cp
� îäíî èç çàêëþ÷èòåëüíûõ ñîñòîÿíèé ïðîöåññà p .

Ãîâîðÿò, ÷òî ïðîöåññ p àêòèâåí, åñëè îí ïðåáûâàåò â îäíîì èç
àêòèâíûõ ñîñòîÿíèé; èíà÷å ïðîöåññ p íàçûâàþò ïàññèâíûì.

Îòïðàâëÿòü ñîîáùåíèÿ ìîæåò òîëüêî àêòèâíûé ïðîöåññ, à
ïàññèâíûé ïðîöåññ ìîæåò ñòàòü àêòèâíûì òîëüêî ïîñëå
ïîëó÷åíèÿ ñîîáùåíèÿ. Àêòèâíûé ïðîöåññ ìîæåò ñòàòü
ïàññèâíûì, åñëè îí ïåðåéäåò â ïàññèâíîå ñîñòîÿíèå.



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

Ñäåëàåì ðÿä óïðîùåíèé.

1. Àêòèâíûé ïðîöåññ ñòàíîâèòñÿ ïàññèâíûì òîëüêî

ïîñëå îñóùåñòâëåíèÿ âíóòðåííåãî ñîáûòèÿ.

2. Ïðîöåññ âñåãäà ñòàíîâèòñÿ àêòèâíûì ïîñëå

ïîëó÷åíèÿ ñîîáùåíèÿ.

3. Âíóòðåííèå ñîáûòèÿ, ïðèâîäÿùèå ê òîìó, ÷òî

ïðîöåññ p ñòàíîâèòñÿ ïàññèâíûì, � ýòî åäèíñòâåííî

âîçìîæíûå âíóòðåííèå ñîáûòèÿ â ïðîöåññå p .

Âíóòðåííèå ñîáûòèÿ, ïåðåâîäÿùèå ïðîöåññ p èç îäíîãî
àêòèâíîãî ñîñòîÿíèÿ â äðóãîå àêòèâíîå ñîñòîÿíèå,
èãíîðèðóþòñÿ: àëãîðèòì îáíàðóæåíèÿ çàâåðøåíèÿ íå
çàíèìàåòñÿ âûâåäûâàíèåì èíôîðìàöèè î ëîêàëüíûõ
âû÷èñëåíèÿõ ïðîöåññîâ.



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

Áàçîâûé àëãîðèòì.

var statep : (active, passive) ;

Sp: { statep = active }
begin send 〈mes〉 end

Rp: { Ñîîáùåíèå 〈mes〉 äîñòàâëåíî ïðîöåññó p }
begin receive 〈mes〉 ; statep := active end

Ip: { statep = active }
begin statep := passive end

Âîò òàê âûãëÿäèò âñÿêèé ïðîöåññ äëÿ àëãîðèòìà îáíàðóæåíèÿ
çàâåðøåíèÿ.



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé
Áóäåì ïîëàãàòü, ÷òî ïðåäèêàò term(γ ) îáðàùàåòñÿ â èñòèíó íà
âñÿêîé êîíôèãóðàöèè γ , íà êîòîðîé íå ìîæåò ïðîèçîéòè íè
îäíîãî ñîáûòèÿ â áàçîâîì âû÷èñëåíèè.

Òåîðåìà 1.

term(γ) ⇐⇒ (∀p ∈ P : statep = passive)

∧ (∀pq ∈ E : Mpq íå ñîäåðæèò ñîîáùåíèÿ 〈mes〉).

Äîêàçàòåëüñòâî. Åñëè âñå ïðîöåññû ïàññèâíû, òî íè
âíóòðåííåå ñîáûòèå, íè ñîáûòèå îòïðàâëåíèÿ ñîîáùåíèÿ
íåâîçìîæíî. À åñëè êàíàëû ïóñòû, òî ñîáûòèÿ ïðèåìà
ñîîáùåíèÿ òàêæå íåâîçìîæíû.

Åñëè êàêîé-íèáóäü ïðîöåññ àêòèâåí, òî â íåì ìîæåò ïðîèçîéòè
âíóòðåííåå ñîáûòèå èëè ñîáûòèå îòïðàâëåíèÿ ñîîáùåíèÿ, à
åñëè â îäíîì èç êàíàëîâ åñòü ñîîáùåíèå, òî ìîæåò
îñóùåñòâèòüñÿ ïðèåì ýòîãî ñîîáùåíèÿ.



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

Çàäà÷à ñîñòîèò â òîì, ÷òîáû ïðèñîåäèíèòü ê ñèñòåìå
êîíòðîëüíûé àëãîðèòì , êîòîðûé ïðèâåäåò âñå ïðîöåññû â
çàêëþ÷èòåëüíûå ñîñòîÿíèÿ, ïîñëå òîãî êàê áàçîâîå âû÷èñëåíèå
äîñòèãíåò çàêëþ÷èòåëüíîé êîíôèãóðàöèè.

Â êîíòðîëüíîì àëãîðèòìå ïðîèñõîäèò îáìåí (êîíòðîëüíûìè)
ñîîáùåíèÿìè. Ýòè ñîîáùåíèÿ ìîãóò áûòü îòïðàâëåíû
ïàññèâíûìè ïðîöåññàìè, è ïîëó÷åíèå êîíòðîëüíîãî ñîîáùåíèÿ
íå áóäåò ïåðåâîäèòü ïàññèâíûé ïðîöåññ â ðàçðÿä àêòèâíûõ.

Êîíòðîëüíûé àëãîðèòì ñîñòîèò èç àëãîðèòìà îáíàðóæåíèÿ
çàâåðøåíèÿ âû÷èñëåíèÿ è àëãîðèòìà îïîâåùåíèÿ î çàâåðøåíèè
âû÷èñëåíèÿ , êîòîðûé ïåðåâîäèò âñå ïðîöåññû â
çàêëþ÷èòåëüíûå ñîñòîÿíèÿ.



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

Àëãîðèòì îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèÿ äîëæåí
óäîâëåòâîðÿòü ñëåäóþùèì òðåì òðåáîâàíèÿì.

1. Íåâìåøàòåëüñòâî. Àëãîðèòì îáíàðóæåíèÿ çàâåðøåíèÿ
âû÷èñëåíèÿ íå äîëæåí îêàçûâàòü âëèÿíèÿ íà âû÷èñëåíèÿ
áàçîâîãî àëãîðèòìà.

2. Æèâîñòü. Åñëè âûïîëíÿåòñÿ óñëîâèå term, òî àëãîðèòì
îïîâåùåíèÿ Announce äîëæåí áûòü âûçâàí ñïóñòÿ
êîíå÷íîå ÷èñëî øàãîâ.

3. Áåçîïàñíîñòü. Åñëè âûçâàí àëãîðèòì Announce, òî
êîíôèãóðàöèÿ äîëæíà óäîâëåòâîðÿòü óñëîâèþ term.



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

var SentStopp : bool init false ;
RecStopp : integer init 0 ;

Procedure Announce:
begin if not SentStopp then

begin SentStopp := true ;
forall q ∈ Outp do send 〈stop〉 to q

end

end

{Ñîîáùåíèå 〈stop〉 ïîñòóïèëî ïðîöåññó p}
begin receive 〈stop〉 ; RecStopp := RecStopp + 1 ;

Announce ;
if RecStopp = #Inp then halt

end



Çàäà÷à îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé

Òåîðåìà 2.

Äëÿ âñÿêîãî àëãîðèòìà îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèÿ
ñóùåñòâóåò òàêîå áàçîâîå âû÷èñëåíèå, îñóùåñòâëÿþùåå M
îáìåíîâ áàçîâûìè ñîîáùåíèÿìè, äëÿ îáíàðóæåíèÿ çàâåðøåíèÿ
êîòîðîãî ðàññìàòðèâàåìûé àëãîðèòì ñîâåðøàåò íå ìåíåå M
îáìåíîâ êîíòðîëüíûìè ñîîáùåíèÿìè.

Òåîðåìà 3.

Äëÿ îáíàðóæåíèÿ çàâåðøåíèÿ äåöåíòðàëèçîâàííîãî áàçîâîãî
âû÷èñëåíèÿ â õóäøåì ñëó÷àå òðåáóåòñÿ ñîâåðøèòü îáìåí íå
ìåíåå ÷åì W êîíòðîëüíûìè ñîîáùåíèÿìè, ãäå W �
êîììóíèêàöèîííàÿ ñëîæíîñòü âîëíîâîãî àëãîðèòìà.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Óñëîâèÿ ïðèìåíåíèÿ:

I áàçîâûé àëãîðèòì öåíòðàëèçîâàííûé;

I òîïîëîãèÿ ñåòè ïðîèçâîëüíàÿ;

I ñåòü íåîðèåíòèðîâàííàÿ;

I êîíòðîëüíûé àëãîðèòì öåíòðàëèçîâàííûé è èíöèèðóåòñÿ â
òîì æå ïðîöåññå, ÷òî è áàçîâûé àëãîðèòì.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Àëãîðèòì îáíàðóæåíèÿ çàâåðøåíèÿ ñòðîèò è ïîñòîÿííî
îáíîâëÿåò äåðåâî âû÷èñëåíèÿ T = (VT , ET ) , êîòîðîå îáëàäàåò
ñëåäóþùèìè äâóìÿ ñâîéñòâàìè.

1. Ãðàô T ëèáî ÿâëÿåòñÿ ïóñòûì, ëèáî ïðåäñòàâëÿåò ñîáîé
îðèåíòèðîâàííîå äåðåâî, êîðíåì êîòîðîãî ÿâëÿåòñÿ
âåðøèíà p0 .

2. Ìíîæåñòâî VT âêëþ÷àåò âñå àêòèâíûå ïðîöåññû è âñå
áàçîâûå ñîîáùåíèÿ, íàõîäÿùèåñÿ íà ýòàïå ïåðåñûëêè.

Èíèöèàòîð p0 âûçûâàåò ïðîöåäóðó Announce, åñëè p0 6∈ VT ;
ñîãëàñíî ïåðâîìó ñâîéñòâó ãðàô T â òàêîì ñëó÷àå ÿâëÿåòñÿ
ïóñòûì, à ñîãëàñíî âòîðîìó ñâîéñòâó ýòî îçíà÷àåò, ÷òî
âû÷èñëåíèå çàâåðøèëîñü.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Êîãäà ïðîöåññ p îòïðàâëÿåò áàçîâîå ñîîáùåíèå 〈mes〉, ýòî
ñîîáùåíèå äîáàâëÿåòñÿ ê äåðåâó â êà÷åñòâå âåðøèíû 〈mes〉,
ïðè÷åì ðîäèòåëüñêîé âåðøèíîé äëÿ íåå ñòàíîâèòñÿ ïðîöåññ p .

Êîãäà ïðîöåññ p , íå âõîäÿùèé â ñîñòàâ äåðåâà, ñòàíîâèòñÿ
àêòèâíûì ïîñëå ïîëó÷åíèÿ ñîîáùåíèÿ îò ïðîöåññà q , âåðøèíà
q ñòàíîâèòñÿ ðîäèòåëüñêîé âåðøèíîé äëÿ ïðîöåññà p .

×òîáû îáîçíà÷èòü ÿâíî îòïðàâèòåëÿ ñîîáùåíèÿ, âñÿêîå áàçîâîå
ñîîáùåíèå 〈mes〉, îòïðàâëåííîå ïðîöåññîì q , áóäåò
îáîçíà÷àòüñÿ çàïèñüþ cmesq.



Àëãîðèòì Äåéêñòðû-Øîëòåíà
Âåðøèíû èç äåðåâà T óäàëÿþòñÿ ïî äâóì ïðè÷èíàì.

1) Áàçîâîå ñîîáùåíèå óäàëÿåòñÿ ïîñëå åãî ïîëó÷åíèÿ.

2) ×òîáû êîíòðîëüíûé àëãîðèòì ñðàáîòàë, äåðåâî äîëæíî
èñ÷åçíóòü ïîñëå çàâåðøåíèÿ áàçîâîãî àëãîðèòìà. Ñîîáùåíèÿ �
ëèñòüÿ äåðåâà T ; â êàæäîì ïðîöåññå åñòü ïåðåìåííàÿ äëÿ
ïîäñ÷åòà ÷èñëà âåðøèí-ïîñëåäîâàòåëåé ýòîãî ïðîöåññà â
äåðåâå T . Óäàëåíèå èç äåðåâà âåðøèíû-ïîñëåäîâàòåëÿ
ïðîöåññà p îñóùåñòâëÿåòñÿ â äðóãîì ïðîöåññå q â ðåçóëüòàòå
òîãî, ÷òî âåðøèíà-ïîñëåäîâàòåëü

a) ëèáî ñîîòâåòñòâóåò ñîîáùåíèþ, äîñòèãøåìó ïðîöåññà q ,
b) ëèáî ñîîòâåòñòâóåò ñàìîìó ïðîöåññó q .

×òîáû â ïðîöåññå p íå íàðóøàëñÿ ó÷åò âåðøèí-ïîñëåäîâàòåëåé,
åìó îòïðàâëåòñÿ ñèãíàëüíîå ñîîáùåíèå sigp ïðè óäàëåíèè
âåðøèíû-ïîñëåäîâàòåëÿ ïðîöåññà p . Ýòî ñîîáùåíèå çàìåùàåò
óäàëåííóþ âåðøèíó-ïîñëåäîâàòåëÿ ïðîöåññà p , à óäàëåíèå ýòîé
âåðøèíû èç äåðåâà îñóùåñòâëÿåòñÿ ñàìèì ïðîöåññîì p ïîñëå
ïîëó÷åíèÿ óêàçàííîãî ñèãíàëà; ïðè ýòîì p óìåíüøàåò çíà÷åíèå
ñ÷åò÷èêà ïîñëåäîâàòåëåé íà 1.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

var statep : (active, passive) init if p = p0 then active else passive ;
scp : integer init 0 ;
fatherp : P init if p = p0 then p else udef ;

Sp: { statep = active }
begin send 〈mes, p〉 ; scp := scp + 1 end

Rp: {Ñîîáùåíèå 〈mes, q〉 äîñòèãëî ïðîöåññà p }
begin receive 〈mes, q〉 ; statep := active ;

if fatherp = udef then fatherp := q else send 〈sig, q〉 to q
end

Ip: { statep = active }
begin statep := passive ;

if scp = 0 then(* Óäàëèòü p èç T *)
begin if fatherp = p

then Announce

else send 〈sig, fatherp〉 to fatherp ;
fatherp := udef

end

end



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Ap: { Ñèãíàë 〈sig, p〉 äîñòèãàåò p }
begin receive 〈sig, p〉 ; scp := scp − 1 ;

if scp = 0 and statep = passive then
begin if fatherp = p

then Announce

else send 〈sig, fatherp〉 to fatherp ;
fatherp := udef

end

end



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Äëÿ îáîñíîâàíèÿ êîððåêòíîñòè àëãîðèòìà íóæíî ïîêàçàòü, ÷òî
ãðàô T ÿâëÿåòñÿ äåðåâîì è ïðè ýòîì ñòàíîâèòñÿ ïóñòûì
òîëüêî â òîì ñëó÷àå, êîãäà áàçîâîå âû÷èñëåíèå çàâåðøèëîñü.

Äëÿ âñÿêîé êîíôèãóðàöèè γ îïðåäåëèì äâà ìíîæåñòâà

VT = {p : fatherp 6= udef } ∪ {〈mes, p〉 íà ýòàïå ïåðåñûëêè}
∪ {〈sig, p〉 íà ýòàïå ïåðåñûëêè}

è

ET = {(p, fatherp) : fatherp 6= udef ∧ fatherp 6= p}
∪ {(〈mes, p〉, p) : 〈mes, p〉 íà ýòàïå ïåðåñûëêè}
∪ {(〈sig, p〉, p) : 〈sig, p〉 íà ýòàïå ïåðåñûëêè}.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Ñâîéñòâî áåçîïàñíîñòè àëãîðèòìà îáåñïå÷èâàåòñÿ
èíâàðèàíòîì P , êîòîðûé îïðåäåëÿåòñÿ
ñëåäóþùèì îáðàçîì:

P ≡ statep = active =⇒ p ∈ VT (1)
∧ (u, v) ∈ ET =⇒ u ∈ VT ∧ v ∈ VT ∩ P (2)
∧ scp = #{v : (v , p) ∈ ET} (3)
∧ VT 6= ∅ =⇒ T � äåðåâî ñ êîðíåì p0 (4)
∧ (statep = passive ∧ scp = 0) =⇒ p 6∈ VT . (5)



Àëãîðèòì Äåéêñòðû-Øîëòåíà

P ≡ statep = active =⇒ p ∈ VT (1)
∧ (u, v) ∈ ET =⇒ u ∈ VT ∧ v ∈ VT ∩ P (2)
∧ scp = #{v : (v , p) ∈ ET} (3)
∧ VT 6= ∅ =⇒ T � äåðåâî ñ êîðíåì p0 (4)
∧ (statep = passive ∧ scp = 0) =⇒ p 6∈ VT . (5)

Cîãëàñíî îïðåäåëåíèþ ìíîæåñòâî âåðøèí ãðàôà T âêëþ÷àåò
âñå ñîîáùåíèÿ (êàê áàçîâûå, òàê è êîíòðîëüíûå), à òàêæå,
ñîãëàñíî ñîîòíîøåíèþ (1), âñå àêòèâíûå ïðîöåññû.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

P ≡ statep = active =⇒ p ∈ VT (1)
∧ (u, v) ∈ ET =⇒ u ∈ VT ∧ v ∈ VT ∩ P (2)
∧ scp = #{v : (v , p) ∈ ET} (3)
∧ VT 6= ∅ =⇒ T � äåðåâî ñ êîðíåì p0 (4)
∧ (statep = passive ∧ scp = 0) =⇒ p 6∈ VT . (5)

Ñîîòíîøåíèå (2) èãðàåò âñïîìîãàòåëüíóþ ðîëü; â íåì
óòâåðæäàåòñÿ, ÷òî T äåéñòâèòåëüíî ÿâëÿåòñÿ ãðàôîì è âñå
äóãè íàïðàâëåíû ê ïðîöåññàì.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

P ≡ statep = active =⇒ p ∈ VT (1)
∧ (u, v) ∈ ET =⇒ u ∈ VT ∧ v ∈ VT ∩ P (2)
∧ scp = #{v : (v , p) ∈ ET} (3)
∧ VT 6= ∅ =⇒ T � äåðåâî ñ êîðíåì p0 (4)
∧ (statep = passive ∧ scp = 0) =⇒ p 6∈ VT . (5)

Ñîîòíîøåíèå (3) ãëàñèò î òîì, ÷òî ïîäñ÷åò
âåðøèí-ïîñëåäîâàòåëåé ïðîâîäèòñÿ êàæäûì ïðîöåññîì
êîððåêòíî



Àëãîðèòì Äåéêñòðû-Øîëòåíà

P ≡ statep = active =⇒ p ∈ VT (1)
∧ (u, v) ∈ ET =⇒ u ∈ VT ∧ v ∈ VT ∩ P (2)
∧ scp = #{v : (v , p) ∈ ET} (3)
∧ VT 6= ∅ =⇒ T � äåðåâî ñ êîðíåì p0 (4)
∧ (statep = passive ∧ scp = 0) =⇒ p 6∈ VT . (5)

â ñîîòíîøåíèè (4) óòâåðæäàåòñÿ, ÷òî T ÿâëÿåòñÿ äåðåâîì è
ïðîöåññ p0 � ýòî åãî êîðåíü.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

P ≡ statep = active =⇒ p ∈ VT (1)
∧ (u, v) ∈ ET =⇒ u ∈ VT ∧ v ∈ VT ∩ P (2)
∧ scp = #{v : (v , p) ∈ ET} (3)
∧ VT 6= ∅ =⇒ T � äåðåâî ñ êîðíåì p0 (4)
∧ (statep = passive ∧ scp = 0) =⇒ p 6∈ VT . (5)

Ñîîòíîøåíèå (5) ñëóæèò äëÿ òîãî, ÷òîáû ïîêàçàòü, ÷òî ýòî
äåðåâî äåéñòâèòåëüíî èñ÷åçàåò, åñëè áàçîâîå âû÷èñëåíèå
çàâåðøèòñÿ.



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Ëåììà 1.
Ïðåäèêàò P ÿâëÿåòñÿ èíâàðèàíòîì àëãîðèòìà
Äåéêñòðû�Øîëòåíà.

Äîêàçàòåëüñòâî.

Ñàìîñòîÿòåëüíî.

Ãîâîðêîâ



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Òåîðåìà 1.

Àëãîðèòì Äåéêñòðû�Øîëòåíà ÿâëÿåòñÿ êîððåêòíûì
àëãîðèòìîì îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèÿ ñ M
îáìåíàìè áàçîâûìè ñîîáùåíèÿìè.

Ïðè ýòîì â àëãîðèòìå Äåéêñòðû�Øîëòåíà ïðîèñõîäèò M
îáìåíîâ êîíòðîëüíûìè ñîîáùåíèÿìè.

Äîêàçàòåëüñòâî.

Ñàìîñòîÿòåëüíî.

Òóòåëüÿí



Àëãîðèòì Äåéêñòðû-Øîëòåíà

Â àëãîðèòìå Äåéêñòðû�Øîëòåíà äîñòèãíóò çàìå÷àòåëüíûé
áàëàíñ ìåæäó êîíòðîëüíûìè è áàçîâûìè ñîîáùåíèÿìè; äëÿ
êàæäîãî áàçîâîãî ñîîáùåíèÿ, îòïðàâëåííîãî ïðîöåññîì p
ïðîöåññó q , ðàññìîòðåííûé àëãîðèòì îòïðàâëÿåò â òî÷íîñòè
îäíî ñîîáùåíèå îò ïðîöåññà q ê ïðîöåññó p .

Ñëîæíîñòü ïî ÷èñëó êîíòðîëüíûõ ñîîáùåíèé äîñòèãàåò íèæíåé
îöåíêè, è ïîýòîìó äàííûé àëãîðèòì ÿâëÿåòñÿ îïòèìàëüíûì ïî
ñëîæíîñòè â íàèõóäøåì ñëó÷àå àëãîðèòìîì îáíàðóæåíèÿ
çàâåðøåíèÿ öåíòðàëèçîâàííûõ âû÷èñëåíèé.



Àëãîðèòì Øàâè�Ôðàí÷åçà

Ýòîò ìåòîä îáíàðóæåíèÿ çàâåðøåíèÿ îáîáùàåò àëãîðèòì
Äåéêñòðû�Øîëòåíà è ìîæåò ïðèìåíÿòüñÿ äëÿ
äåöåíòðàëèçîâàííûõ áàçîâûõ âû÷èñëåíèé.

Â àëãîðèòìå Øàâè�Ôðàí÷åçà ãðàô âû÷èñëåíèé ÿâëÿåòñÿ
ëåñîì , êàæäîå äåðåâî êîòîðîãî èìååò â êà÷åñòâå êîðíÿ îäèí èç
èíèöèàòîðîâ áàçîâîãî âû÷èñëåíèÿ.

Äëÿ îáîçíà÷åíèÿ äåðåâà, êîðíåì êîòîðîãî ñëóæèò ïðîöåññ p ,
áóäåì èñïîëüçîâàòü çàïèñü Tp .



Àëãîðèòì Øàâè�Ôðàí÷åçà

Â àëãîðèòìå Øàâè�Ôðàí÷åçà ñòðîèòñÿ òàêîé ãðàô
F = (VF , EF ) , ÷òî

(1) ëèáî F ïóñò, ëèáî F ïðåäñòàâëÿåò ñîáîé ëåñ, êàæäîå
äåðåâî êîòîðîãî èìååò îäèí èç èíèöèàòîðîâ â êà÷åñòâå
êîðíÿ,

(2) ìíîæåñòâî VF ñîäåðæèò âñå àêòèâíûå ïðîöåññû è âñå
áàçîâûå ñîîáùåíèÿ, ïðåáûâàþùèå íà ýòàïå ïåðåñûëêè.

Çàâåðøåíèå áàçîâîãî âû÷èñëåíèÿ áóäåò îáíàðóæåíî, êîãäà
óêàçàííûé ãðàô ñòàíîâèòñÿ ïóñòûì.

Îäíàêî íå ïðîñòî óáåäèòüñÿ â òîì, ÷òî ýòîò ãðàô ñòàë ïóñòûì.
Ïîñêîëüêó êîðíåì äåðåâà âû÷èñëåíèé ñëóæèò ïðîöåññ p0 ,
èìåííî ïðîöåññ p0 ìîæåò îöåíèòü, ÿâëÿåòñÿ ëè äåðåâî ïóñòûì,
è âûçâàòü â ýòîì ñëó÷àå ïðîöåäóðó Announce.
Êîãäà ìû èìååì äåëî ñ ëåñîì, êàæäûé èíèöèàòîð ìîæåò
óñòàíîâèòü ïóñòîòó ñâîåãî ñîáñòâåííîãî äåðåâà, íî ýòî åùå íå
áóäåò îçíà÷àòü, ÷òî âåñü ëåñ ñòàë ïóñòûì ãðàôîì.



Àëãîðèòì Øàâè�Ôðàí÷åçà

Ïðîâåðêà òîãî, ÷òî âñå äåðåâüÿ èñ÷åçëè, ïðîâîäèòñÿ ïðè
ïîìîùè îäíîé-åäèíñòâåííîé âîëíû.

Ëåñ F ñòðîèòñÿ òàê, ÷òîáû âñÿêîå äåðåâî Tp , ñòàâøåå ïóñòûì,
îñòàâàëîñü ïóñòûì è â äàëüíåéøåì. Ýòî íå ïðåïÿòñòâóåò
ïðîöåññó p âíîâü ñòàíîâèòüñÿ àêòèâíûì, íî åñëè p ñòàíîâèòñÿ
àêòèâíûì ïîñëå èñ÷åçíîâåíèÿ åãî ñîáñòâåííîãî äåðåâà, òî îí
çàíîñèòñÿ â äåðåâî äðóãîãî èíèöèàòîðà.

Êàæäûé ïðîöåññ ïðèíèìàåò ó÷àñòèå â ðàñïðîñòðàíåíèè âîëíû
òîëüêî òîãäà, êîãäà åãî äåðåâî èñ÷åçàåò; è åñëè âîëíà ïðèâîäèò
ê òîìó, ÷òî ïðèíèìàåòñÿ ðåøåíèå, òî âûçûâàåòñÿ ïðîöåäóðà
îïîâåùåíèÿ Announce.



Àëãîðèòì Øàâè�Ôðàí÷åçà

Êàæäûé ïðîöåññ p ðàñïîëàãàåò ïåðåìåííîé fatherp .

Çíà÷åíèå ýòîé ïåðåìåííîé ðàâíî udef, åñëè p 6∈ VT .

Åñëè æå p ÿâëÿåòñÿ êîðíåì äåðåâà, òî çíà÷åíèåì ïåðåìåííîé
fatherp ÿâëÿåòñÿ èìÿ ïðîöåññà p .

È íàêîíåö, åñëè p ÿâëÿåòñÿ íåêîðíåâîé âåðøèíîé äåðåâà T , òî
çíà÷åíèåì ïåðåìåííîé fatherp ñëóæèò èìÿ ðîäèòåëüñêîé
âåðøèíû äàííîãî ïðîöåññà.

Ïåðåìåííàÿ scp èñïîëüçóåòñÿ äëÿ ïîäñ÷åòà ÷èñëà
ïîñëåäîâàòåëåé âåðøèíû p â äåðåâå T .

Áóëåâà ïåðåìåííàÿ emptyp ïðèíèìàåò çíà÷åíèå true òîãäà è
òîëüêî òîãäà, êîãäà äåðåâî, â êîòîðîì ñîäåðæèòñÿ âåðøèíà p ,
ñòàíîâèòñÿ ïóñòûì.



Àëãîðèòì Øàâè�Ôðàí÷åçà

var statep : (active, passive ) init if p is initiator then active else passive ;
scp : integer init 0 ;
fatherp : P init if p is initiator then p else udef ;
emptyp : bool init if p is initiator then false else true ;

Sp: { statep = active }
begin send 〈mes, p〉 ; scp := scp + 1 end

Rp: {Ñîîáùåíèå 〈mes, q〉 ïîñòóïèëî ïðîöåññó p }
begin receive 〈mes, q〉 ; statep := active ;

if fatherp = udef then fatherp := q else send 〈sig, q〉 to q
end

Ip: { statep = active }
begin statep := passive ;

if scp = 0 then (* Óäàëèòü p èç F *)
begin

if fatherp = p then emptyp := true else send 〈sig, fatherp〉 to fatherp ;
fatherp := udef

end

end



Àëãîðèòì Øàâè�Ôðàí÷åçà

Ap: { Ñèãíàë 〈sig, p〉 äîñòèãàåò p }
begin receive 〈sig, p〉 ; scp := scp − 1 ;

if scp = 0 and statep = passive then
begin

if fatherp = p then emptyp := true else send 〈sig, fatherp〉 to fatherp ;
fatherp := udef

end

end



Àëãîðèòì Øàâè�Ôðàí÷åçà

Ïðèìå÷àíèÿ.

1. Â ïðèâåäåííîì îïèñàíèè âîëíîâîé àëãîðèòì â ÿâíîì âèäå
íå âûäåëåí.

2. Âîëíîâîé àëãîðèòì çàïóñêàþò òîëüêî èíèöèàòîðû áàçîâûõ
âû÷èñëåíèé

3. Âñå ïðîöåññû ïðîâîäÿò ïàðàëëåëüíîå âûïîëíåíèå
âîëíîâîãî àëãîðèòìà, ïðè÷åì îòïðàâëåíèå ñîîáùåíèé èëè
ïðèíÿòèå ðåøåíèÿ ðàçðåøàåòñÿ òîëüêî òåì ïðîöåññàì p , ó
êîòîðûõ ïåðåìåííàÿ emptyp èìååò çíà÷åíèå true .

4. Ïðè îñóùåñòâëåíèè ñîáûòèÿ decide âûçûâàåòñÿ ïðîöåäóðà
Announce.



Àëãîðèòì Øàâè�Ôðàí÷åçà

Äëÿ âñÿêîé êîíôèãóðàöèè γ îïðåäåëèì ñëåäóþùåå ìíîæåñòâî
âåðøèí:

VT = {p : fatherp 6= udef } ∪ {〈mes, p〉 íà ýòàïå ïåðåñûëêè}
∪ {〈sig, p〉 íà ýòàïå ïåðåñûëêè}

è äóã

EF = {(p, fatherp) : fatherp 6= udef ∧ fatherp 6= p}
∪ {(〈mes, p〉, p) : 〈mes, p〉 íà ýòàïå ïåðåñûëêè}
∪ {(〈sig, p〉, p) : 〈sig, p〉 íà ýòàïå ïåðåñûëêè}.



Àëãîðèòì Øàâè�Ôðàí÷åçà

Äîñòàòî÷íûå óñëîâèÿ êîððåêòíîñòè (òàê
íàçûâàåìîå ñâîéñòâî áåçîïàñíîñòè àëãîðèòìà)
îáåñïå÷èâàþòñÿ èíâàðèàíòîì Q :

Q ⇐⇒ statep = active =⇒ p ∈ VF (1)
∧ (u, v) ∈ EF =⇒ u ∈ VF ∧ v ∈ VF ∩ P (2)
∧ scp = #{v : (v , p) ∈ EF} (3)
∧ VF 6= ∅ =⇒ F ÿâëÿåòñÿ ëåñîì (4)
∧ (statep = passive ∧ scp = 0) =⇒ p 6∈ VF (5)
∧ emptyp ⇐⇒ Tp ïóñòî (6)



Àëãîðèòì Øàâè�Ôðàí÷åçà

Ëåììà 2.
Ïðåäèêàò Q ÿâëÿåòñÿ èíâàðèàíòîì àëãîðèòìà
Øàâè�Ôðàí÷åçà.

Äîêàçàòåëüñòâî.

Ñàìîñòîÿòåëüíî.

Ðîìàíîâ



Àëãîðèòì Øàâè�Ôðàí÷åçà

Òåîðåìà 2.

Àëãîðèòì Øàâè�Ôðàí÷åçà ÿâëÿåòñÿ êîððåêòíûì àëãîðèòìîì
îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèÿ; â íåì èñïîëüçóåòñÿ
M +W îáìåíîâ êîíòðîëüíûìè ñîîáùåíèÿìè (çäåñü W �
êîììóíèêàöèîííàÿ ñëîæíîñòü âîëíîâîãî àëãîðèòìà).

Äîêàçàòåëüñòâî.

Ñàìîñòîÿòåëüíî.

Êîëîñîâ



Àëãîðèòì Ñàôðû

Óñëîâèÿ ïðèìåíåíèÿ:

I Áàçîâûé àëãîðèòì äåöåíòðàëèçîâàííûé.

I Êàíàëû ñâÿçè îäíîíàïðàâëåííûå.

I Â ñåòè ñóùåñòâóåò ãàìèëüòîíîâ êîíòóð, ïî êîòîðîìó
ðàñïðîñòðàíÿþòñÿ êîíòðîëüíûå ñîîáùåíèÿ; áàçîâûå
ñîîáùåíèÿ ìîãóò ïåðåäàâàòüñÿ ïî ëþáûì êàíàëàì.

I Êîíòðîëüíûé àëãîðèòì � öåíòðàëèçîâàííûé âîëíîâîé
àëãîðèòì â îäíîíàïðàâëåííîì êîëüöå.



Àëãîðèòì Ñàôðû
Ïðèíöèïû ðàáîòû.

I Êàæäûé ïðîöåññ ìîæåò èìåòü íåêîòîðûé öâåò, êîòîðûé
çàäàåòñÿ ïåðåìåííîé color ; ýòà ïåðåìåííàÿ ìîæåò èìåòü
îäíî èç äâóõ çíà÷åíèé white èëè black .

I Êîíòðîëüíûå ñîîáùåíèÿ (ìàðêåðû ) òàêæå îêðàøèâàþòñÿ
â îäèí èç äâóõ öâåòîâ white èëè black .

I Ìàðêåð ïåðåäàåòñÿ òîëüêî ïàññèâíûìè ïðîöåññàìè.

I Èíèöèàëèçàòîð êîíòðîëüíîãî àëãîðèòèìà çàïóñêàåò ìàðêåð
öâåòà white .

I Ïîñëå ïðèåìà áàçîâîãî ñîîáùåíèÿ ïðîöåññ îêðàøèâàåòñÿ â
öâåò black .

I Ïðîöåññ öâåòà black îêðàøèâàåò ìàðêåð â öâåò black .

I Ïîñëå ïåðåäà÷è ìàðêåðà ïðîöåññ îêðàøèâàåòñÿ â öâåò
white .

I Åñëè èíèöèàëèçàòîð ïðèíèìàåò ìàðêåð öâåòà white , òî îí
îáúÿâëÿåò î çàâåðøåíèè áàçîâîãî àëãîðèòìà.



Àëãîðèòì Ñàôðû

Ïåðå÷èñëåííûõ ïðèíöèïîâ íåäîñòàòî÷íî äëÿ ïðàâèëüíîé
ðàáîòû àëãîðèòìà.
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Àëãîðèòì Ñàôðû

Ïåðå÷èñëåííûõ ïðèíöèïîâ íåäîñòàòî÷íî äëÿ ïðàâèëüíîé
ðàáîòû àëãîðèòìà.
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Àëãîðèòì Ñàôðû

Ïåðå÷èñëåííûõ ïðèíöèïîâ íåäîñòàòî÷íî äëÿ ïðàâèëüíîé
ðàáîòû àëãîðèòìà.

����passive

����passive

����
passive

����
passive����

6

6

?

?

�
�
���

@
@
@@R
-

〈msg〉g



Àëãîðèòì Ñàôðû

Ïåðå÷èñëåííûõ ïðèíöèïîâ íåäîñòàòî÷íî äëÿ ïðàâèëüíîé
ðàáîòû àëãîðèòìà.
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Àëãîðèòì Ñàôðû

Ïåðå÷èñëåííûõ ïðèíöèïîâ íåäîñòàòî÷íî äëÿ ïðàâèëüíîé
ðàáîòû àëãîðèòìà.
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Àëãîðèòì Ñàôðû

Ïåðå÷èñëåííûõ ïðèíöèïîâ íåäîñòàòî÷íî äëÿ ïðàâèëüíîé
ðàáîòû àëãîðèòìà.
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Àëãîðèòì Ñàôðû

Ïåðå÷èñëåííûõ ïðèíöèïîâ íåäîñòàòî÷íî äëÿ ïðàâèëüíîé
ðàáîòû àëãîðèòìà.
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Àëãîðèòì Ñàôðû

Ïåðå÷èñëåííûõ ïðèíöèïîâ íåäîñòàòî÷íî äëÿ ïðàâèëüíîé
ðàáîòû àëãîðèòìà.
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Àëãîðèòì Ñàôðû

Åùå òðè ïðèíöèïà ðàáîòû.

I Êàæäûé ïðîöåññ p ñíàáæåí ñ÷åò÷èêîì áàçîâûõ ñîîáùåíèé
mcp , êîòîðûé óâåëè÷èâàåòñÿ íà 1 ïðè îòïðàâëåíèè
ïðîöåññîì áàçîâîãî ñîîáùåíèÿ è óìåíüøàåòñÿ íà 1 ïðè
ïðèåìå áàçîâîãî ñîîáùåíèÿ.

I Ìàðêåð ïðè ïðîõîæäåíèè ÷åðåç ïðîöåññû ñóììèðóåò
ïîêàçàíèÿ èõ ñ÷åò÷èêîâ.

I Çàâåðøåíèå ðàáîòû áàçîâîãî àëãîðèòìà ðåãèñòðèðóåòñÿ,
åñëè ñóììà ñîáðàííûõ ìàðêåðîì ïîêàçàíèé ñ÷åò÷èêîâ
ðàâíà 0.



Àëãîðèòì Ñàôðû
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Àëãîðèòì Ñàôðû
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Àëãîðèòì Ñàôðû
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Àëãîðèòì Ñàôðû
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Àëãîðèòì Ñàôðû
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Àëãîðèòì Ñàôðû
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Àëãîðèòì Ñàôðû
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Àëãîðèòì Ñàôðû
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Àëãîðèòì Ñàôðû
Èòàê, ïðàâèëà àëãîðèòìà.

Ïðàâèëî Ì: Êîãäà ïðîöåññ p îòïðàâëÿåò ñîîáùåíèå, îí
óâåëè÷èâàåò çíà÷åíèå ñâîåãî ñ÷åò÷èêà; êîãäà
ïðîöåññ p ïîëó÷àåò ñîîáùåíèå, îí óìåíüøàåò
çíà÷åíèå ñâîåãî ñ÷åò÷èêà.

Ïðàâèëî 1: Ïðîöåññ-ïîëó÷àòåëü îêðàøèâàåòñÿ â öâåò black .

Ïðàâèëî 2: Òîëüêî ïàññèâíûé ïðîöåññ ìîæåò ðàáîòàòü ñ
ìàðêåðîì, è åñëè ïðîöåññ ïåðåäàåò ìàðêåð, òî îí
äîáàâëÿåò ê ïîìåòêå ìàðêåðà q çíà÷åíèå ñâîåãî
ñ÷åò÷èêà ñîîáùåíèé.

Ïðàâèëî 3: Êîãäà ïðîöåññ öâåòà black ïåðåäàåò ìàðêåð,
ìàðêåð ïðèîáðåòàåò îêðàñêó black .

Ïðàâèëî 4: Êîãäà ïðîõîæäåíèå âîëíû çàêàí÷èâàåòñÿ
íåóäà÷íî, ïðîöåññ p0 çàïóñêàåò íîâóþ âîëíó.

Ïðàâèëî 5: Ñðàçó ïîñëå ïåðåäà÷è ìàðêåðà âñÿêèé ïðîöåññ
îêðàøèâàåòñÿ â öâåò white .



Àëãîðèòì Ñàôðû

var statep : (active, passive) ;
colorp : (white, black) ;
mcp : integer init 0 ;

Sp: { statep = active }
begin send 〈mes〉 ;

mcp := mcp + 1 (* Ïðàâèëî M *)
end

Rp: { Ñîîáùåíèå 〈mes〉 äîñòàâëåíî ïðîöåññó p }
begin receive 〈mes〉 ; statep := active ;

mcp := mcp − 1 ; (* Ïðàâèëî M *)
colorp := black (* Ïðàâèëî 1 *)

end



Àëãîðèòì Ñàôðû

Ip: { statep = active }
begin statep := passive end

Ïðèñòóïèòü ê îáíàðóæåíèþ çàâåðøåíèÿ âû÷èñëåíèÿ,
âûïîëíÿåòñÿ îäèí ðàç ïðîöåññîì p0:

begin send 〈tok,white, 0〉 to pN−1 end

Tp: (* Ïðîöåññ p îáðàáàòûâàåò ìàðêåð 〈tok, c , q〉*)
{ statep = passive } (* Ïðàâèëî 2 *)
begin if p = p0

then if (c = white) ∧ (colorp = white) ∧ (mcp + q = 0)
then Announce

else send 〈tok,white, 0〉 to pN−1 (* Ïðàâèëî 4 *)
else if (colorp = white) (* Ïðàâèëà 2 è 3 *)

then send 〈tok, c , q +mcp〉 to Nextp
else send 〈tok, black, q +mcp〉 to Nextp;

colorp := white (* Ïðàâèëî 5 *)
end



Àëãîðèòì Ñàôðû

Äëÿ äîêàçàòåëüñòâà êîððåêòíîñòè ââåäåì ñëåäóþùèå òåðìû è
ïðåäèêàòû:

I B(γ) � ÷èñëî ñîîáùåíèé, íàõîäÿùèõñÿ íà ýòàïå ïåðåñûëêè
â êîíôèãóðàöèè γ .

I t(γ) � íîìåð ïðîöåññà, êîòîðîìó íàïðàâëåí ìàðêåð èëè
êîòîðûé âëàäååò ìàðêåðîì â êîíôèãóðàöèè γ .
(Çàìå÷àíèå: ìàðêåð ïåðåïðàâëÿåòñÿ ïðîöåññàì â ïîðÿäêå
óáûâàíèÿ íîìåðîâ p0, pN−1, pN−2, . . . , p1, p0, . . . ).

I q(γ) � ÷èñëî, êîòîðîå õðàíèò ìàðêåð â êîíôèãóðàöèè γ .



Àëãîðèòì Ñàôðû

Äëÿ äîêàçàòåëüñòâà êîððåêòíîñòè ââåäåì ñëåäóþùèå òåðìû è
ïðåäèêàòû:

I PM(γ) ≡ (B(γ) =
∑

p∈procs
mcp) .

I P0(γ) ≡ (∀i (N > i > t(γ)) : statepi = passive) ∧(
q(γ) =

∑
N>i>t

mcpi

)
.

I P1(γ) ≡

( ∑
i≤t(γ)

mcpi + q(γ)

)
> 0 .

I P2(γ) ≡ ∃j (t(γ) ≥ j ≥ 0) : colorpj = black .

I P3(γ) ≡ ìàðêåð ÷åðíûé .

I P(γ) ≡ PM(γ) ∧ (P0(γ) ∨ P1(γ) ∨ P2(γ) ∨ P3(γ)) .



Àëãîðèòì Ñàôðû

Ëåììà 3.

Ïðåäèêàò P(γ) ÿâëÿåòñÿ èíâàðèàíòîì àëãîðèòìà Ñàôðû.

Äîêàçàòåëüñòâî.

Ñàìîñòîÿòåëüíî.

Ìàêàðîâà, Øåéäàåâ



Àëãîðèòì Ñàôðû

Çàäà÷è.

Êàêîâà ñëîæíîñòü àëãîðèòìà Ñàôðû ïî ÷èñëó îáìåíîâ
ñîîáùåíèÿìè?

À ìîæíî ëè àäàïòèðîâàòü àëãîðèòì Ñàôðû äëÿ ïðîâåðêè
çàâåðøåíèÿ ðàáîòû áàçîâîãî àëãîðèòìà â ïðîèçâîëüíîé ñèëüíî
ñâÿçíîé ñåòè?



Àëãîðèòì Ñàôðû

Òåîðåìà 3.

Àëãîðèòì Ñàôðû ÿâëÿåòñÿ êîððåêòíûì àëãîðèòìîì
îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèÿ.

Äîêàçàòåëüñòâî.

Ñàìîñòîÿòåëüíî ñ èñïîëüçîâàíèåì èíâàðèàíòà P(γ) .

Øïèëåâîé



Àëãîðèòì âîçâðàùåíèÿ êðåäèòà

Ìàòòåðí ïðåäëîæèë àëãîðèòì, ïîçâîëÿþùèé îáíàðóæèâàòü
çàâåðøåíèå âû÷èñëåíèÿ ñïóñòÿ íå áîëåå îäíîé åäèíèöû
âðåìåíè, ïîñëå òîãî êàê ýòî ñëó÷èëîñü.

Àëãîðèòì îáíàðóæèâàåò çàâåðøåíèå öåíòðàëèçîâàííîãî
âû÷èñëåíèÿ ïðè óñëîâèè, ÷òî êàæäûé ïðîöåññ ñïîñîáåí
îòïðàâèòü ñîîáùåíèå íåïîñðåäñòâåííî ñàìîìó èíèöèàòîðó
âû÷èñëåíèÿ (ò. å., ñåòü ñîäåðæèò ïîäãðàô, èìåþùèé ôîðìó
çâåçäû, â öåíòðå êîòîðîé ðàñïîëîæåí èíèöèàòîð).



Àëãîðèòì âîçâðàùåíèÿ êðåäèòà
Â ýòîì àëãîðèòìå êàæäîìó ñîîáùåíèþ è êàæäîìó ïðîöåññó
âðó÷àåòñÿ íåêîòîðûé êðåäèò ; åãî çíà÷åíèåì ñëóæèò
âåùåñòâåííîå ÷èñëî, ðàñïîëîæåííîå ìåæäó 0 è 1
(âêëþ÷èòåëüíî). Àëãîðèòì ñòðåìèòñÿ ñîõðàíèòü
èíâàðèàíòíîñòü ñëåäóþùèõ óòâåðæäåíèé.

S1. Ñóììàðíûé êðåäèò, âûäàííûé ñîîáùåíèÿì è ïðîöåññàì,
ðàâåí 1.

S2. Âñÿêîìó áàçîâîìó ñîîáùåíèþ âðó÷àåòñÿ ïîëîæèòåëüíûé
êðåäèò.

S3. Âñÿêîìó àêòèâíîìó ïðîöåññó âðó÷àåòñÿ ïîëîæèòåëüíûé
êðåäèò.

Ïðîöåññû, èìåþùèå ïîëîæèòåëüíûé êðåäèò è íå ïîäïàäàþùèå
ïîä ïåðå÷èñëåííûå çàêîíû (ò. å. ïàññèâíûå ïðîöåññû),
âîçâðàùàþò êðåäèò èíèöèàòîðó. Èíèöèàòîð ïîñòóïàåò ïîäîáíî
áàíêó è ñîáèðàåò âñå êðåäèòû, êîòîðûå åìó îòïðàâëÿþò, â
ïåðåìåííîé ret (âîçâðàùåííûå êðåäèòû).

Êîãäà èíèöèàòîð âëàäååò âñåìè êðåäèòàìè, òî îí ñîîáùàåò î
çàâåðøåíèè áàçîâîãî àëãîðèòìà.



Àëãîðèòì âîçâðàùåíèÿ êðåäèòà

Ïðàâèëî 1. Åñëè ret = 1 , òî èíèöèàòîð âûçûâàåò ïðîöåäóðó
Announce.

Ïðàâèëî 2. Êàê òîëüêî ïðîöåññ ñòàíîâèòñÿ ïàññèâíûì, îí
îòïðàâëÿåò ñâîé êðåäèò èíèöèàòîðó.

Ïðàâèëî 3. Êîãäà àêòèâíûé ïðîöåññ p îòïðàâëÿåò ñîîáùåíèå,
èìåþùèéñÿ â åãî ðàñïîðÿæåíèè êðåäèò
ðàçäåëÿåòñÿ ìåæäó ñàìèì ïðîöåññîì p è ýòèì
ñîîáùåíèåì.

Ïðàâèëî 4. Êîãäà ïðîöåññ àêòèâèçèðóåòñÿ, åìó âðó÷àåòñÿ
êðåäèò, êîòîðûì îáëàäàëî àêòèâèçèðîâàâøåå åãî
ñîîáùåíèå.

Ïðàâèëî 5. Êàê òîëüêî àêòèâíûé ïðîöåññ ïîëó÷àåò áàçîâîå
ñîîáùåíèå, êðåäèò, êîòîðûì îáëàäàëî ýòî
ñîîáùåíèå, äîáàâëÿåòñÿ ê òîìó êðåäèòó, êîòîðûì
ðàñïîëàãàë ñàì ïðîöåññ.



Àëãîðèòì âîçâðàùåíèÿ êðåäèòà

var statep : (active, passive) init if p = p0 then active else passive ;
credp : fraction init if p = p0 then 1 else 0 ;
ret : fraction init 0 ; for p0 only

Sp: { statep = active } (* Ïðàâèëî 3 *)
begin send 〈mes, credp/2〉 ; credp := credp/2 end

Rp: { ñîîáùåíèå 〈mes, c〉 ïîñòóïèëî ïðîöåññó p }
begin receive 〈mes, c〉 ; statep := active ;

credp := credp + c (* Ïðàâèëà 4 è 5 *)
end

Ip: { statep = active }
begin statep := passive ;

send 〈ret, credp〉 to p0 ; credp := 0 (* Ïðàâèëî 2 *)
end

Ap0 : { Ñîîáùåíèå 〈ret, c〉 ïîñòóïèëî ïðîöåññó p0 }
begin receive 〈ret, c〉 ; ret := ret + c ;

if ret = 1 then Announce (* Ïðàâèëî 1 *)
end



Àëãîðèòì âîçâðàùåíèÿ êðåäèòà

Òåîðåìà 4.

Àëãîðèòì âîçâðàùåíèÿ êðåäèòà ÿâëÿåòñÿ êîððåêòíûì
àëãîðèòìîì îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèé.

Äîêàçàòåëüñòâî.

Ñàìîñòîÿòåëüíî ñôîðìèðóéòå íóæíûé èíâàðèàíò è ïðîâåäèòå
äîêàçàòåëüñòâî.

×óïàõèí



Àëãîðèòì Ðàíû

Äëÿ ðåøåíèÿ çàäà÷è îáíàðóæåíèÿ çàâåðøåíèÿ âû÷èñëåíèÿ
ìîæíî èñïîëüçîâàòü øòåìïåëè âðåìåíè. Ïðåäïîëàãàåòñÿ, ÷òî
âñå ïðîöåññû ñíàáæåíû ÷àñàìè; äëÿ ýòîé öåëè ïðèãîäíû êàê
àïïàðàòíûå òàéìåðû, òàê è ëîãè÷åñêèå ÷àñû Ëàìïîðòà.
Â îñíîâó àëãîðèòìà ïîëîæåí ëîêàëüíûé ïðåäèêàò quiet(p) ,
îïðåäåëåííûé äëÿ êàæäîãî ïðîöåññà p òàê, ÷òî

quiet(p) =⇒ statep = passive ∧
∧ íèêàêîå áàçîâîå ñîîáùåíèå, îòïðàâëåííîå p

íå ïðåáûâàåò íà ýòàïå ïåðåñûëêè,

îòêóäà ñëåäóåò èìïëèêàöèÿ (∀p quiet(p)) =⇒ term .
Óñëîâèå quiet îïðåäåëÿåòñÿ ñëåäóþùèì ñîîòíîøåíèåì

quiet(p) ≡ (statep = passive ∧ unackp = 0).



Àëãîðèòì Ðàíû

Öåëü àëãîðèòìà � ïðîâåðèòü, âåðíî ëè, ÷òî â îïðåäåëåííûé
ìîìåíò âðåìåíè t âñå ïðîöåññû óäîâëåòâîðÿþò óñëîâèþ quiet .

Ýòî îñóùåñòâëÿåòñÿ ïðè ïîìîùè âîëíû, ïî õîäó êîòîðîé
êàæäîìó ïðîöåññó çàäàåòñÿ âîïðîñ î òîì, äîñòèã ëè ýòîò
ïðîöåññ â äàííûé ìîìåíò ñîñòîÿíèÿ quiet è áóäåò ëè îí
îñòàâàòüñÿ â ýòîì ñîñòîÿíèè â äàëüíåéøåì. Âñÿêèé ïðîöåññ, íå
ïðåáûâàþùèé â ñîñòîÿíèè quiet , íå ðåàãèðóåò íà ñîîáùåíèÿ
âîëíû, òåì ñàìûì ýôôåêòèâíî ãàñÿ ñàìó âîëíó. Â êà÷åñòâå
âîëíîâîãî àëãîðèòìà ìîæíî èñïîëüçîâàòü êîëüöåâîé àëãîðèòì.

Âçàèìîäåéñòâèå âîëíû ñ ïðîöåññîì p íå îêàçûâàåò âëèÿíèÿ íà
ïåðåìåííûå ïðîöåññà p , èñïîëüçóåìûå äëÿ îáíàðóæåíèÿ
çàâåðøåíèÿ âû÷èñëåíèÿ. Âñëåäñòâèå ýòîãî ïðàâèëüíîñòü
ðàáîòû àëãîðèòìà íå íàðóøàåòñÿ ïðè ïàðàëëåëüíîì
ðàñïðîñòðàíåíèè íåñêîëüêèõ âîëí.



Àëãîðèòì Ðàíû

Ïðîöåññ p , ïåðåéäÿ â ñîñòîÿíèå quiet , ñîõðàíÿåò â ïàìÿòè òîò
ìîìåíò âðåìåíè qtp , êîãäà ïðîèçîøëî ýòî ñîáûòèå, è
çàïóñêàåò âîëíó, ÷òîáû ïðîâåðèòü, âñå ëè ïðîöåññû óæå
ïåðåøëè â ñîñòîÿíèå quiet ê ìîìåíòó âðåìåíè qtp .

Åñëè ýòî òàê, òî çàâåðøåíèå âû÷èñëåíèÿ ñ÷èòàåòñÿ
îáíàðóæåííûì. Â ïðîòèâíîì ñëó÷àå ñóùåñòâóåò ïðîöåññ,
êîòîðûé ïåðåéäåò â ñîñòîÿíèå quiet ïîçæå, è îí çàïóñòèò íîâóþ
âîëíó.



Àëãîðèòì Ðàíû

var statep : (active, passive) ;
θp : integer init 0 ; (* Ëîãè÷åñêèå ÷àñû *)
unackp : integer init 0 ; (* ×èñëî íåïîäòâåðæäåííûõ ñîîáùåíèé *)
qtp : integer init 0 ; (* Âðåìÿ íåäàâíî ñëó÷èâøåãîñÿ ïåðåõîäà â quiet *)

Sp: { statep = active }
begin θp := θp + 1 ; send 〈mes, θp〉 ; unackp := unackp + 1 end

Rp: { Ñîîáùåíèå 〈mes, θ〉 èç q äîñòèãëî p }
begin receive 〈mes, θ〉; θp := max(θp, θ) + 1 ;

send 〈ack, θp〉 to q ; statep := active
end

Ip: { statep = active }
begin θp := θp + 1 ; statep := passive ;

if unackp = 0 then (* p ïåðåõîäèò â ñîñòîÿíèå quite *)
begin qtp := θp ; send 〈tok, θp, qtp, p〉 to Nextp end

end



Àëãîðèòì Ðàíû (ïðîäîëæåíèå)

Ap: { Ïîäòâåðæäåíèå 〈ack, θ〉 äîñòèãëî p }
begin receive 〈ack, θ〉 ; θp := max(θp, θ) + 1 ;

unackp := unackp − 1 ;
if unackp = 0 and statep = passive then (* p ïåðåõîäèò â quiet *)
begin qtp := θp ; send 〈tok, θp, qtp, p〉 to Nextp end

end

Tp: { Ìàðêåð 〈tok, θ, qt, q〉 äîñòèã p }
begin receive 〈tok, θ, qt, q〉 ; θp := max(θp, θ) + 1 ;

if quiet(p) then
if p = q then Announce

else if qt ≥ qtp then send 〈tok, θp, qt, q〉 to Nextp
end



Àëãîðèòì Ðàíû

Òåîðåìà 5.

Àëãîðèòì Ðàíû ÿâëÿåòñÿ êîððåêòíûì àëãîðèòìîì îáíàðóæåíèÿ
çàâåðøåíèÿ âû÷èñëåíèé.

Äîêàçàòåëüñòâî.

Ñàìîñòîÿòåëüíî ñôîðìèðóéòå íóæíûé èíâàðèàíò è ïðîâåäèòå
äîêàçàòåëüñòâî.

Ìèõååâ, Øåð
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