*

________________________________ *

1.

________________________________ 1

A

halted. and volatile storage

k t failures, t + k

R A

FTA: action A recovery R end FTA R A is

A FTA

of FTA

FTA A or R

when FTA FTA′ follows FTA then

FTA′ A

FTA: action , recovery A end 2.

assertion

{P } S {Q}, where P and Q S triple.

{P } S {Q} theorem

________________________________ 2

"real" {P } S {Q} S P Q

S precondition pre (S postcondition post(S).

S {pre (S)} S {post(S)}

{P } and {Q} Q P . Let FTA A R {P } FTA {Q}

F1: {P ′}A {Q′} and {P ′′}R {Q′′} A Q F2: ′and Q′Q. R Q

F3: Q′′Q. R R

P ′′^3.

P ′′

A that:

{P } S {Q} (a) S (b) S .

FTA_1 and FTA_2 FTA_1 FTA_2 will S P or Q

________________________________ 3If P ′′ wp(R,Q′′) P ′′

{P } and {Q}

{P } FTA_1 {P_1} FTA_2 {P_2}_n {P_n }

{P } FTA_1; FTA_2;_n {P_n }

machines—then {x = 3} x := 6 {x = 6}

x :=

{val = 3} x := val {x = 3 val = 3} val = x x := val.

A R satisfying a_1, a_2, ..., a_n {P ′}A {Q′} r_1, r_2, ..., r_m {P ′′}R {Q′′} ∀ i ≤i ≤n: a_i P ′′) ∀ i ≤i ≤m: r_i P ′′)

P ′′ A and R P ′′ failure.

FTA FTA tion a in FTA FSP .^4 FSP fail, a

________________________________ 4 "phase"

S t(s s S T_{max} = max t(s).

S length T_{max}

S completes. S

T_{max}

x and y G update {P : x = = Y} update {Q: x = G(X) y = G(Y)}. X and Y x and y

S1: {P : x = = Y}

S1a: x := G(x); {P1a: x = G(X) y = Y} S1b: y := G(y); {P1b: x = G(X) y = G(Y)} {Q: x = G(X) y = G(Y)}

operation: S1a and

S1b.

ular, S1

ing G and

G(X G(Y)—but

x and y S1

U1: action , recovery

{P : x = = Y} U1a: xnew := G(x); {x = = G(X) y = Y} U1b: ynew := G(y); {x = = G(X) y = = G(Y)} end {Q′: x = = G(X) y = = G(Y)}

x and y

computing G Q′ Q:

S2: {Q′′: xnew = G(X) ynew = G(Y)} S2a: x := xnew; {x = xnew = G(X) ynew = G(Y)} S2b: y := ynew; {x = xnew = G(X) y = ynew = G(Y)} {Q: x = G(X) y = G(Y)}

xnew and ynew

U2: action , recovery

{Q′′: xnew = G(X) ynew = G(Y)} U2a: x := xnew; {x = xnew = G(X) ynew = G(Y)} U2b: y := ynew; {x = xnew = G(X) y = ynew = G(Y)} end {Q: x = G(X) y = G(Y)} Q′Q′′ update : U1; U2

sensors actuators

that:

5

p_i act_i .

state_i that

p_i

________________________________ 5 " "

p_i

act_i state_i

6 state_j [i,t state_j p_i during the tth sensors [i,t p_i tth act_i [t act_i by p_i dur- tth p_1, p_2 p_n .

state_i p_i E t+1st p_i :^7

Istate (i,t): t = 0 cor state_i = E(sensors [i,t],state_1[i,t]..., state_n [i,t]).

p_i A ________________________________ 6

7 "A cor B" "if A then true else B".

p_i updates act_i tth time,

Iact (i,t): t = 0 cor act_i [t] = A(E(sensors [i,t],state_1[i,t]..., state_n [i,t])).

Let T_i^8 T_i −

T_i

I(i): Istate (i,T_i − 1) Iact (i,T_i − 1)

p_i .

newstate

state_i

Vnewstate(i,t): newstate = E(sensors [i,t],state_1[i,t]_n [i,t]).

p_i I(i

p_i : process do true I(i)} calc : newstate := E(sensors ,state_i , ..., state_n );

{Vnewstate(i,T_i ) Istate (i,T_i − 1) Iact (i,T_i − 1)} up_act : act_i := A(newstate);

{Vnewstate(i,T_i ) Istate (i,T_i − 1) Iact (i,T_i )} up_st: state_i := newstate;

{Vnewstate(i,T_i ) Istate (i,T_i ) Iact (i,T_i )} od end

________________________________ 8An

p_i CC_i , for state_i . CC_i state_i p_i up_st A and E

state_i must state_i state_i state_i

E in calc and up_st. A and E

PC′

I(i I(i ′

I(i up_act

up_st up_st and

up_act up_st and up_act

new-

state :

{Vnewstate(i,T_i )} upall {Vnewstate(i,T_i ) Istate (i,T_i ) Iact (i,T_i )}

newstate

upall : action , recovery {Vnewstate(i,T_i )} up_act : act_i := A(newstate) {Vnewstate(i,T_i ) Iact (i,T_i )} up_st: state_i := newstate; {Vnewstate(i,T_i ) Istate (i,T_i ) Iact (i,T_i )} end p_i is:

p_i : process action , recovery do true I(i)} calc : newstate := E(sensors ,state_i , ...state_n ); {Vnewstate(i,T_i ) Istate (i,T_i − 1) Iact (i,T_i − 1)} upall : action , recovery

up_act : act_i := A(newstate); up_st: state_i := newstate; end od end

up_st

state_i

p_i

k+ for k k k

A k FSP

• k +1 p-processes (p p(FSP ) p_1, p_2, ...p_{k+1}} k +1 s-processes (s s(FSP ) s_1, s_2, ...s_{2k+1}}

FSP k+ p(FSP FSP s(FSP p(FSP FSP

than k + FSP

FSP in s(FSP k + k m m.time m.rectime m.type "read" or "write" m.var m.type = m.type = m.val m.type =

orig (m m k+

than k +

s(FSP_i k FSP_i - FSP_1, FSP_2, ..., FSP_N m,M M into m

Stable[ p_j FSP_i

owner := FSP_i ; failed := ; do true →

for s := 1 to N T := D := m orig (m)∈ p(FSP_s m.type=readORm.type= do D

minT := m.time in D; minRecT := m.rectime m ∈ = minT if minRecT<T

M := m m ∈ =minT; D := D − M; if (∀ m: m ∈ M: m.type= →

do M m,M); M := M−{ m}; send Stable[m.var] to orig (m) od ∀ m,m′ m,m M: m=m′ m.type=write orig (m)≠orig (m′)) M k+1 FSP_s =owner ¬ failed) → m,M);

Stable[m.var = m.val otherwise → if FSP_s =owner ¬ failed → failed := true ; forall d ∈ p(owner) send "halt" to d otherwise → skip fi fi otherwise → skip fi od od FSP_i p_j s_u in s(FSP_i within δ s_u s_u and s_v k p_j .

time δ

k FSP p(FSP p(FSP T p(FSP T or Byzan-

δ

f + f k most k k + achieved.

f + f k k+

k

FSP FSP

s_u time T_r T_r T T_r D after T_r T D T_r T D to M before T_r M M.

k+ least k+

FSP_i all k+ p(FSP_i s = owner k+1

k+

FSP_i should p(FSP_i ). k+ k+ k+ k+

k+ FSP k+ k k+ p(FSP "halt" failed "halt" message k+ failed "¬ failed"

failed failed FSP FSP_i failed from FSP_i k

N k failures, N+k independent k

k N p_j in FSP_i FSP_i : s(FSP_i ).

p_j in FSP_i FSP : s(FSP ). k+ p_j in FSP_i FSP failed FSP .

k+ k+ k+ k N+k)× (3k+

k sor. S (N+k)⁄S (2k+ N×(k+

N+ k+ S = N+k k+ N+ k+ N+ -

sors.

k+

active, unavailable and available primary block k-fail-

k k + 9

N k N×(2k+ "k " k+ S N+k)×(k+1) (N+k)⁄S×(2k+ additional k k+1) + (2k+1)⁄S

________________________________ 9 3k+1

straints.

k+ k k k+

"timeouts"

Acknowledgements

References

[Halpern 83]

558-565.

[Lamport 82] 401.

[Lynch 82]

[Pease 79] 1979).

[Randell 78] 10

141-147.