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�åàêòèâíûå ñèñòåìû (reative systems)Âçàèìîäåéñòâóþò ñ îêðóæåíèåì íå çàâåðøàÿ ñâîåé ðàáîòûÏðîòîêîëû, îïåðàöèîííûå ñèñòåìû, äðàéâåðû, ñåíñîðû. . .Ïàðàëëåëüíîå èñïîëíåíèå�àçíèöà ñ ñèñòåìàìè, çàâåðøàþùèìè ñâîþ ðàáîòó, íåñòîëü óæ âåëèêà: âñåãäà ìîæíî ââåñòè íîâîå ñîñòîÿíèåñèñòåìû �Finish�, âîéäÿ â êîòîðîå, ñèñòåìà ïåðåñòàåòïðèíèìàòü è ïîñûëàòü ñîîáùåíèÿÂîçìîæíî, òåðìèí ðåàãèðóþùèå ñèñòåìû ëó÷øå áû îòðàæàëñóòü äåëà



Âàæíûå Âîïðîñû ïðè ìîäåëèðîâàíèè×òî åñòü ñîñòîÿíèå ñèñòåìû?
Ìîäåëèðîâàíèå ïàðàëëåëèçìàÊðóïíîñòü ðàçáèåíèÿ



Âàæíûå Âîïðîñû ïðè ìîäåëèðîâàíèè×òî åñòü ñîñòîÿíèå ñèñòåìû?Ïðåäñòàâëÿåò èí�îðìàöèþ î ïðîãðàììå/ñõåìå âîïðåäåëåííûé ìîìåíò.Çíà÷åíèå ïåðåìåííûõ, ðåãèñòðîâ, ñîñòîÿíèå �àéëîâ,ñîîáùåíèé. . .Ìîäåëèðîâàíèå ïàðàëëåëèçìàÑèíõðîííîå èñïîëíåíèå?Àñèíõðîííîå èñïîëíåíèå?Êàê ñèíõðîíèçèðóþòñÿ êîìïîíåíòû?Êðóïíîñòü ðàçáèåíèÿÑòðî÷êà íà Ñ?Ñòðî÷êà íà àññåìáëåðå?Èçìåíåíèå íàïðÿæåíèÿ?



Çà�èêñèðóåì
Àïïàðàòíàÿ/ïðîãðàììíàÿ ñèñòåìà ìîæåò áûòü â îäíîì èçêîíå÷íîãî ìíîæåñòâà ñîñòîÿíèé.Êàæäîå ñîñòîÿíèå ñèñòåìû èìååò êîíå÷íîå îïèñàíèå.Èìååòñÿ âûäåëåííîå íà÷àëüíîå ñîñòîÿíèå ñèñòåìû.Ñèñòåìà ïåðåõîäèò èç ñîñòîÿíèÿ â ñîñòîÿíèå.Â êàæäûé ìîìåíò âðåìåíè ñðàáàòûâàåò ëèøü îäèíïåðåõîä.



Çà�èêñèðóåì
Àïïàðàòíàÿ/ïðîãðàììíàÿ ñèñòåìà ìîæåò áûòü â îäíîì èçêîíå÷íîãî ìíîæåñòâà ñîñòîÿíèé.Êàæäîå ñîñòîÿíèå ñèñòåìû èìååò êîíå÷íîå îïèñàíèå.Èìååòñÿ âûäåëåííîå íà÷àëüíîå ñîñòîÿíèå ñèñòåìû.Ñèñòåìà ïåðåõîäèò èç ñîñòîÿíèÿ â ñîñòîÿíèå.Â êàæäûé ìîìåíò âðåìåíè ñðàáàòûâàåò ëèøü îäèíïåðåõîä.�ðà�, ïðåäñòàâëÿþùèé ïîâåäåíèå ñèñòåìû



Ñèñòåìà ïåðåõîäîâ (transition system)
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Ñèñòåìà ïåðåõîäîâ (Q,E ,T , q0,L)

Q � êîíå÷íîå ìíîæåñòâî ñîñòîÿíèé
E � êîíå÷íîå ìíîæåñòâî ìåòîêïåðåõîäîâ
T ⊆ Q×E ×Q � ìíîæåñòâîïåðåõîäîâ
q0 � íà÷àëüíîå ñîñòîÿíèå
L : Q → Prop � ïîìåòêàïðîïîçèöèîíàëüíûìè ïåðåìåííûìè
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ÏðèìåðÌîäåëü âûêëþ÷àòåëÿ
Prop = {On,Fault}
Q = {1, 2, 3}
q0 = 1
T = {(1, press, 2),

(2, press, 1),
(2, press, 3),
(1, repair , 1)}

L = {1 7→ {}
2 7→ {On}
3 7→ {Fault}}
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press
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~On
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press
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Ïàðàëëåëüíàÿ èñïîëíåíèå×àñòî ðåàëüíûå ñèñòåìû èìåþò íåñêîëüêî êîìïîíåíòîâ,ðàáîòàþùèõ îäíîâðåìåííîÂ êàæäûé ìîìåíò âðåìåíè ñðàáàòûâàåò ëèøüîäèí ïåðåõîäÍåçàâèñèìûå êîìïîíåíòû�åàëèçàöèÿ �èêñèðóåò (çàðàíåå íåèçâåñòíûé) ïîðÿäîêÑèñòåìà ïåðåõîäîâ êîìïîçèöèè = äåêàðòîâî ïðîèçâåäåíèåñèñòåì ïåðåõîäîâ êîìïîíåíòîâ (ñ òî÷íîñòüþ äîñèíõðîíèçàöèè)



Ïðîèçâåäåíèå ñèñòåì ïåðåõîäîâÏóñòü S1 = (Q1,E1,T1, q0,1,L1) S2 = (Q2,E2,T2, q0,2,L2) �ñèñòåìû ïåðåõîäîâÄåêàðòîâî ïðîèçâåäåíèå S1 × S2 = (Q,E ,T , q0,L)

Q = Q1 × Q2;
E = (E1 ∪ {−})× (E2 ∪ {−});
T =
{

((q1, q2), (e1, e2), (q
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) ∈ Ti

};
q0 = (q0,1, q0,2);
L((q1, q2)) = L1(q2) ∪ L2(q2)

′−′ îçíà÷àåò �ïðîïóñê õîäà�



Ñèíõðîíèçèðîâàííîå ïðîèçâåäåíèå ñèñòåì ïåðåõîäîâÏóñòü S1 = (Q1,E1,T1, q0,1,L1) S2 = (Q2,E2,T2, q0,2,L2) �ñèñòåìû ïåðåõîäîâÏóñòü X ⊆ (E1 ∪ {−})× (E2 ∪ {−}) � ñèíõðîíèçèðóþùååìíîæåñòâîÑèíõðîíèçèðîâàííîå ïðîèçâåäåíèå
S1 × S2 = (Q,E ,T , q0,L):

Q = Q1 × Q2;
E = (E1 ∪ {−})× (E2 ∪ {−});
T =
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};
q0 = (q0,1, q0,2);
L((q1, q2)) = L1(q2) ∪ L2(q2)



Ïðèìåð
Âûêëþ÷àòåëü + ñ÷åò÷èê Zero

repair

One Two

repair

A B C

X = {(press,−), (repair , repair)}:Ñèíõðîíèçèðîâàííîå ïðîèçâåäåíèå:
(1,A)

(press,-)

(press,-)

(2,A)

(3,A)
(press,-) (repair,repair)

(1,B)

(press,-)

(press,-)

…



�îñò ÷èñëà ñîñòîÿíèé
Âûêëþ÷àòåëü: 3 ñîñòîÿíèÿ, 4 ìåòêè ïåðåõîäà (âêëþ÷àÿ'−')Ñ÷åò÷èê 3 ñîñòîÿíèÿ, 2 ìåòêè ïåðåõîäà (âêëþ÷àÿ '−')Ïðîèçâåäåíèå: 3× 3 = 9 ñîñòîÿíèé, 4× 2 = 8 ìåòîêïåðåõîäàÝêñïîíåíöèàëüíûé ðîñò!



Ñèñòåìû ïåðåõîäîâ êàê ìîäåëè ïðîãðàìì�àññìîòðèì �ðàãìåíò
v := 0
v := v + 1Ñîñòîÿíèÿ: çíà÷åíèÿ ïåðåìåííûõ, ñ÷åò÷èê êîìàíäÒèï ïåðåìåííûõ int, �oat,. . .

… … … … … … .

(PC=1,v=0)

(PC=2, v=0)

(PC=3, v=1)

(PC=2, v=1)

… ..

v:=0 v:=0 v:=0

v:=v+1

(PC=1,v=1) (PC=1,v=143)



Ïðèìåð: âçàèìíîå èñêëþ÷åíèåÏðîñòåéøàÿ ðåàëèçàöèÿ âçàèìíîãî èñêëþ÷åíèÿÄâà ïðîöåññàèñïîëíÿþòñÿàñèíõðîííîÄëÿ ñèíõðîíèçàöèèèñïîëüçóåòñÿðàçäåëÿåìàÿïåðåìåííàÿ turnÍå íàõîäÿòñÿîäíîâðåìåííî âêðèòè÷åñêîé ñåêöèè
10: while True do11: wait (turn = 0)12: turn :=113: end while;
||20: while True do21: wait (turn = 1)22: turn :=023: end while;



Ñèñòåìà ïåðåõîäîâ äëÿ âçàèìíîãî èñêëþ÷åíèÿ
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Êðóïíîñòü ðàçáèåíèÿ (1)�àññìîòðèì äâà ïðîöåññà, èñïîëíÿåìûõ ïàðàëëåëüíî íàîáû÷íîì êîìïüþòåðå (îäíî ÿäðî)Proess A
x := x + y ;

Proess B
y := y + x ;Íà÷àëüíîå ñîñòîÿíèå x = 2, y = 3Çíà÷åíèÿ x è y õðàíÿòñÿ â ðåãèñòðàõProess Aadd r1, r2 Proess Badd r2, r1Âîçìîæíûé ðåçóëüòàò:x = r1 = 5, y = r2 = 8x = r1 = 7, y = r2 = 5



Êðóïíîñòü ðàçáèåíèÿ (2)Proess A
x := x + y ;

Proess B
y := y + x ;Íà÷àëüíîå ñîñòîÿíèå x = 2, y = 3Çíà÷åíèÿ x è y õðàíÿòñÿ â ïàìÿòèProess Aload r1, m1add r1, m2store r1, m1 Proess Bload r2, m2add r2, m1store r2, m2Âîçìîæíûé ðåçóëüòàò:x = m1 = 5, y = m2 = 8, r1 = 5, r2 = 8x = m1 = 7, y = m2 = 5, r1 = 7, r2 = 5x = m1 = 5, y = m2 = 5, r1 = 5, r2 = 5



Ïðîìåæóòî÷íûå èòîãè�åàêòèâíûå ñèñòåìû âçàèìîäåéñòâóþò ñ îêðóæåíèåì íåçàâåðøàÿ ñâîåé ðàáîòûÄëÿ ìîäåëèðîâàíèÿ èñïîëüçóåì ñèñòåìû ïåðåõîäîâÑîñòîÿíèÿÏåðåõîäûÊîìïîçèöèÿ ÷àñòåéÀïïàðàòíûå ñèñòåìû(Òåîðåòè÷åñêàÿ) âîçìîæíîñòü àíàëèçèðîâàòü ïðîãðàììûÒàê êàê æå èõ âåðè�èöèðîâàòü?Àíàëèç äîñòèæèìîñòè



Èäåÿ Ñèñòåìà ïåðåõîäîâ îïèñûâàåò âñå ñîñòîÿíèÿ è ïåðåõîäûÑ�îðìóëèðóåì óñëîâèå êîððåêòíîñòè êàê äîñòèæèìîñòü�õîðîøåãî� ñîñòîÿíèÿÍåäîñòèæèìîñòü �ïëîõîãî�
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11,22Ñîñòîÿíèå, â êîòîðîì PC1=12 è PC2=22 íå äîñòèæèìî



Äîñòèæèìûé ïîäãðà�
(Q,E ,T , q0,L) � ñèñòåìà ïåðåõîäîâÑîñòîÿíèå q äîñòèæèìî, åñëèñóùåñòâóåò ïóòü â íåãî èç q0Reah(S) = {q|q äîñòèæèìî â S}Äîñòèæèìûé ïîäãðà�

A

B C

D F

E

G



Àíàëèç äîñòèæèìîñòè
(Q,E ,T , q0,L) � ñèñòåìà ïåðåõîäîâ
P ⊆ Q � ìíîæåñòâî ñîñòîÿíèéÎïðåäåëèì îïåðàöèèPre(P) = {q ∈ Q | ∃p ∈ P , ∃e ∈ E : (q, e, p) ∈ T}Post(P) = {q ∈ Q | ∃p ∈ P , ∃e ∈ E : (p, e, q) ∈ T}Íàïðèìåð,Pre({1, 2}) = {1, 2, 3}Post({2}) = {1, 3}

~On
~Fault

press

press

On
~Fault

~On
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Àëãîðèòì ïîèñêàÅñëè new � ñòåê,ïîèñê â ãëóáèíóÅñëè new � î÷åðåäü,ïîèñê â øèðèíóÑëîæíîñòü:
n � ÷èñëîñîñòîÿíèé
m � ÷èñëîïåðåõîäîâ
O(n + m)Ïðîèçâåäåíèåñèñòåì ïåðåõîäîâìîæåò áûòüïîñòðîåíî �íà ëåòó�

Âõîä: ñèñòåìà ïåðåõîäîâ SÂûõîä: Reah(S)
new ← {q0}
R ← {}while new 6= {} doâûáðàòü q èç new , óäàëèòü qèç newif q /∈ R thenäîáàâèòü q ê Räîáàâèòü Post(q) ê newend ifend whilereturn R



Èòîãè Ñèñòåìû ïåðåõîäîâ êàê ìîäåëè ðåàêòèâíûõ ñèñòåìÀíàëèç äîñòèæèìîñòè äëÿ âåðè�èêàöèè ïðîñòûõ óñëîâèéÀíàëîãè÷íî, ìîæíî ïîñòðîèòü àëãîðèòì îáðàòíîãî ïîèñêà,êîòîðûé ïðîâåðÿåò äîñòèæèìîñòü �ïëîõîãî� ñîñòîÿíèÿ,èñïîëüçóÿ Pre(P).Ñëîæíîñòü: ïîðÿäêà ðàçìåðà ñèñòåìû ïåðåõîäîâÊîìïîçèöèþ ÷àñòåé ìîæíî ñòðîèòü �íà ëåòó�Ýêñïîíåíöèàëüíûé ðîñò ðàçìåðà!Êàê âåðè�èöèðîâàòü áîëåå ñëîæíûå óñëîâèÿ?�Êàæäûé ïðîöåññ, êîòîðûé õî÷åò âîéòè â êðèòè÷åñêóþñåêöèÿ, ðàíî èëè ïîçäíî âîéäåò â íå¼��êàæäîå ïîñëàííîå ñîîáùåíèå áóäåò ïîëó÷åíî��óñòðîéñòâî ãîòîâî ê ðàáîòå áåñêîíå÷íî ÷àñòî�Òðåáóåòñÿ áîëåå áîãàòûé �îðìàëèçì



×òî äàëüøå?
Âðåìåííàÿ ëîãèêà LTLÏðîâåðêà ìîäåëåé íà îñíîâå òàáëè÷íûõ äîêàçàòåëüñòâNuSMV


