*

+

ABSTRACT

v̂ v̂ ⁄

⁄ ⁄

v̂

____________________________________ * 07974 +

Award.

⁄ ⁄ ⁄ ⁄

mated.

N processors p, q, etc.,

1 Correct faulty G F p v_p v̂ v_p is correct if v_p − v̂ faulty G_{val} F_{val}

____________________________________

G = G_{val} ∪ F_{val} . p v_p ′

Precision:_{p,q ∈ G}max v_p v_q and

Accuracy:_{p ∈ G}maxv_p v̂ .

v̂ G_{val}

Initial-Precision:_{p,q ∈ Gval}max v_p − v_q

Initial-Accuracy:_{p ∈ Gval}max v_p − v̂ . 2κ

parameters, κ and δ

than δ

p p

p q cause p q q p q

validity that v_p ′ §5.

V ∪ W V and W use intvl(V V V

width(V V) − min(V #(V, I V I. N F F_{val} m v V is acceptable if

( , f : s ≤v ≤ − s : #(V s, f ]) ≥ N− m).

δ of N − m δ δ multiset V V of V is intvl(A).

Fast e processor p is:

v_{rp} from r . Let V_p A_p from V_p .

e(A_p ).

v_{rp} in V_p A_p by e(A_p ).

v_p ′ V_p .

e(A A estimator intvl(A e_{avg} (A median e_{med}(A e_{mid}(A^2

p and q

If N ≥ 3m+ F F_{val} m then width(intvl(A_p ∪ A_q )) ≤ 2δ.

Proof: m

____________________________________ 2Using e_{avg}

A_p .

intvl(A_p ∪ A_q v_s , v_f v_f − v_s > 2δ N ≤ 3m N ≥ 3m+1.

If v_f − v_s > 2δ δ intvl(A_p ∪ A_q ): L = [v_s , v_s ] and R = [v_f , v_f v_s A_p least N − m A_p L t_L ≤ m A_p ∩ L N− m− t_L A_p A_q A_p ∪ A_q 2(N− m − t_L )+t_L = 2(N− m)− t_L L A_p ∪ A_q N− m − t_R)+t_R = 2(N− m)− t_R R t_R ≤ m A_p ∩ R

Since L and R A_p ∪ A_q 4(N − m)− t_L − t_R A_p and A_q each N N − m)− t_L − t_R ≤ 2N, N ≤ 4m +t_L +t_R t_L ≤ m and t_R ≤ m, N ≤ 4m+t_L +t_R ≤ 6m implies N ≤ 3m

If N ≥ 3m+ t F F F_{val} m N 2t δ. Proof: p v_{rp} value p r v_{rp}

v_{rp} = vrp otherwise.

e(A_p v_{rp} A_p

Define v_{rq} q similarly.

v_{rp} − v_{rq} 2δ v_{rp} = e(A_p v_{rp} intvl(A_p v_{rp} = v_{rp} intvl(A_p v_{rq} intvl(A_q v_{rp} − v_{rq} 2δ.

v_p ′ p in

v_p v_q N 1 r ∈ F ∪ GΣ

v_{rp} − N 1 r ∈ F ∪ GΣ

v_{rq} ,

= N 1 r_{∈ F ∪ G}Σ (v_{rp} − v_{rq} ),

= N 1 r_{∈ F}Σ (v_{rp} − v_{rq} )

r ∈ G, v_{rp} − v_{rq} 0, ≤ N 1 r ∈ FΣ v_{rp} − v_{rq} ,

≤ N 1 2tδ since F t v_{rp} − v_{rq} 2δ

If N≥3m+ t F F_{val} m N t δ. Proof: v_{rp} p processor r v̂ − v_{rp} values v_{rp} δ

satisfy v̂ − v_{rp} intvl(A_p v̂ − ( ), v̂ +( )] e(A_p intvl(A_p ), v̂ − e(A_p ) .

v̂ and v_p ′ p v̂ − v_p v̂ − N 1 r ∈ G_{val} ∪ F_{val} ∪ FΣ

v_{rp} ,

≤ N 1 r ∈ G_{val} ∪ F_{val} ∪ FΣ

v̂ − v_{rp} ,

= N 1 ( r ∈ G_{val}Σ

v̂ − v_{rp}

+_{r ∈ F}

val ∪ FΣ

v̂ − v_{rp} ),

= N 1 (_{r ∈ G} val Σ_{r ∈ Fval ∪ F}Σ^) ≤ N 1 ((N− t) t( )),

N t δ

t = m 3m+1

2m δ < 3 2 δ and

3m +1 m δ < 3 δ

Proof:

p or q m value to p to q acceptable.

value: = v̂ δ⁄2 δ V_p : m 0 N − m V_q N − m 0 m

= v̂ V_p N −

§

κ to m

m F F_{val} t m < t < N− m m

When t ≥ N− m

t ≤ m m m+ than m faults.

m < t < N − m

N =5 processors, m = t = ∗.

δ⁄2 v̂ 3 δ V_p * 1* 1* 0 V_q * 1* 1* 2

p δ⁄ δ δ⁄2 q m < t < N − m

δ both p and q no p and q N =7, m = t =

δ 3 2 = v̂ 2δ 3δ V_p * 1* 1* 0 V_q * 1* 1* 4

δ p; q δ δ p and q 3δ⁄

v_r is shared by p and q if r processor, v_r A_p ∪ A_q δ of v_r

width(intvl(A_p ∪ A_q )) ≤ 3δ width(intvl(A_p ∪ A_q )) ≤ 2δ.

N, m t

when e_{mid}

t F ∪ F_{val} t);

F ∪ F_{val} bad;

N = 3m +k where k = m

And, t satisfies m < t < N− m .

Suppose N, m t p and q s ≥

N N− s 2δ.

Proof: Define v_{rp} and v_{rq} A_p ∪ A_q δ v_{rp} − v_{rq} 2δ whether r p and q r v_{rp} v_{rq} (or ).

Let S R

v_p v_q N 1 r ∈ S∪ RΣ v_{rp} − N 1 r ∈ S∪ RΣ v_{rq} ,

≤ N 1 r ∈ RΣ v_{rp} − v_{rq}

≤ N 1 (N− s)2δ

since S s

Suppose N, m t p and q

N N + 2t + 2mδ.

Proof: v_{rp} − v_{rq} r is r v_{rp} , v_{rq} r F , RA and RR δ N− m F ∪ F_{val} δ r , v_{rp} − v_{rq} 3δ r is r r v_{rp} p but v_{rq} q then v_{rp} − v_{rq} 2δ

Recall t F ∪ F_{val} p N− m− t correct RA q interval, RA N− m− t more RA 2(N− m− t).

RR N− t− 2(N− m− t).

v_p v_q N 1 r ∈ F ∪ RA∪ RRΣ

v_{rp} − N 1 r ∈ F ∪ RA∪ RRΣ

v_{rq} ,

≤ N 1 ( r ∈ F ∪ RRΣ

v_{rp} − v_{rq}

+_{r ∈ RA}Σ v_{rp} − v_{rq} ),

≤ N 1 N− t− 2(N− m− t))+t δ

+ [2(N− m− t δ )

F ∪ RR, = N (N+2t+2m) δ.

N, m t

Suppose N, m t p and q f = t − m N ≤ 3m+f s s If N = 3m+ t = m+ s = 1; If N = 3m+ t = m+ s = 2; If N = 3m+ t = m+ s = 1.

Proof: p and q t p are within δ l = N− m− t t q least l p t+2l

iff iff iff N N t+2N− 2m− 2t t+2l

≤ 3m+f ≤ 2m+t ≤ N ≤ N .

N ≤ 3m +f t+2l ≤ N u = N − (t +2l

δ 3 2 = v̂ 2δ 3δ V_p : − m− − m− t* 0 V_q N− m− − m−

m p accepts q ]:

value: = v̂ δ⁄2 δ V_p : 1 m 0 V_q m 1

t+m+1+m = t+2m+1 = (m+1)+2m+1 = 3m+2 = N.

Let N, m t

p and q

N N− s 2δ < 2δ s N (N+2t+2m) δ < 3δ

Proof:

N N− s 2 N (N+2t+2m) δ.

Since s ≥ t ≥ m+

FCA.

Let N, m t p N m +t δ < Proof: v̂ − v_{rp} v_{rp} , v̂ − v_{rp} δ r v̂ − v_{rp} if v_{rp} v̂ − v_{rp} .

Let CA, F CR

t pro- F N− m− t in CA CA N− m− t F ∪ CR m+t

v̂ − v_p v̂ − N 1 r ∈ CA ∪ F ∪ CRΣ

v_{rp} ,

≤ N 1 r ∈ CA ∪ F ∪ CRΣ

v̂ − v_{rp} ,

= N 1 ( r ∈ CAΣ

v̂ − v_{rp r ∈ F ∪ CR}Σ v̂ − v_{rp} ),

≤ N 1 ([N− m− t] [m+t]( )) CA N m +t δ < since m +t < N

e_{mid}

Let N, m t p and q e_{mid} v_p v_q N δ (N+2t+m).

If N = 3m+ t = m+1, N δ (N+t− 1).

If N = 3m+ t = m+1, N δ (N+t− 2).

If N = 3m+ t = m+2, N δ (N+t− 1).

2N 2t +m δ < 6 5 δ.

t < N− m t ≤ m faults, i^{th} (2⁄3)^i δ i^{th} ⁄3)^i δ δ p VI_p v̂ N− m VI_p p m < t < N− m

"two-faced"

3

____________________________________ 3

sors. A transmitter

"know"

and "know"

N ≥ 3m+

m

The

p. v_p .

v_{rp} r . Let V_p A_p from V_p .

e(A_p ). V_p A_p by e(A_p ).

transmitter r v_{rp} is e(A_p ).)

v_p ′ V_p .

r p v_{rp} then q r r ’s

v_{rp} − e(A_q )

e_{med}

e_{med}.

If N ≥ 3m+ p and q A_p and A_q v_{rp} in A_p satisfies v_{rp} − e_{med}(A_q ) .

Proof: A_p )− min(A_p ) ≤ 2δ v_{rp} ∈ A_p A_p A_p ) [max(A_p ) A_p

(11.1) e_{med}(A_q )∈ [min(A_p A_p )

(11.2) e_{med}(A_q )∈ [max(A_p ) A_p )],

v_{rp} e_{med}(A_q δ proved.

order:

A_p ∩ A_q g_1, g_2, }

A_p x_1, x_2, }

A_q y_1, y_2, }

Let m_p p q m_p A_p − A_q k, 1 ≤ k A_p ∩ A_q :

(11.3) g_k ≤ x_{k+mp} ,

(11.4) x_k ≤ g_k,

since A_p contains A_p ∩ A_q m_p than A_p ∩ A_q A_q .

A_p ) ≤ e_{med}(A_q ) e_{med}(A_q ) ≤ min(A_p ) min(A_p ) ≤ e_{med}(A_q N− m+m_q A_q

iff iff m_q +2

2(m_q +1) m_q +1 ≤ N− m ≤ N− m+m_q

(N− m+m_q )⁄2

min(A_p ) = x_1 x_1,

≤ g_1

≤ y_{mq +1}

≤ y_{Aq 2}

m_q A_q 2 the y_i ≤ e_{med}(A_q )

e_{med}(A_q ) ≤ min(A_p ) A_q N − m_p m_p values v_{rp} in A_p − A_q that r A_q have

(11.5)

A_q 2 (N− m_p )⁄2

m+1 ≤ N and m_p ≤ m m +m_p < N N − m_p < 2N − 2m − 2m_p

(11.6)

(N− m_p )⁄2 N− m− m_p

e_{med}(A_q ) ≤ x_{Aq 2} ≤ x_{(N− mp )⁄2} ≤ g_{(N− mp )⁄2} ≤ g_{N− m− mp}

g_i ≤ x_{N− m}

≤ x_1 since x_1 N− m δ of x_1. = min(A_p )

If N ≥ 3m+ t ≤m faulty

N t δ.

Proof: p v_{rp} value p r v_{rp}

v_{rp} = vrp otherwise.

e(A_p v_{rp} ∈ A_p

Define v_{rq} similarly. v_p ′, v_q ′ p and q

v_p v_q N 1 r ∈ F ∪ GΣ

v_{rp} − N 1 r ∈ F ∪ GΣ

v_{rq} ,

≤ N 1 r ∈ F ∪ GΣ

v_{rp} − v_{rq} ,

= N 1 r ∈ FΣ v_{rp} − v_{rq}

r , v_{rp} − v_{rq} 0, = N 1 (_{r ∈ A}

p − A_qΣ

v_{rp} − e_{med}(A_q )

+_{r ∈ A}

q − A_pΣ

e_{med}(A_p )− v_{rq} ),

≤ N 1 ( A_p − A_q A_q − A_p )

≤ N 1 tδ since A_p − A_q A_q − A_p t If N ≥ 3m+ t ≤ m faulty

N t δ.

Proof: N ≥ 3m+ is δ⁄

by

CCA. Proof:

value: = v̂ 2 δ V_p − 2 0 V_q − 3

F F_{val} < N − m F < N − m,

CRU′

F ∪ F_{val} < N − m m + q, p m+ q’s p q N− m− p q q t < N − m

N− m− most N− m− N− m− m

N− m− 1

δ of N− m− within δ

N = 3m +k for k = t F ∪ F_{val} satisfies m < t < N− m p and q

Proof: δ

vergence^4 ____________________________________ 4

5

§

precision.

p c_p

: dt dc_p (t) − 1 < 2 ρ ρ

CONV(δ) < δ δ p R p R δ p be R p R them. R p (2 )

2R real p − 2 ρ p

ρ R ____________________________________ 5

(2 ) 2Rρ

CONV(δ R CONV(δ) + 2 2Rρ

R ≤ 2ρ ( CONV(δ))(2 )

p CONV(δ R

λ Thus, ε

sor p q

send "time?" to q; receive c_{qp} from q 2( ) ; if timed-out then c_{qp} : ; Δ_{qp} := c_p (now) c_{qp}

where γ p’s q "time?"

p c_p (now)_{qp} c_q (now q p reads now p q Δ_{qp} .

c_p (now)_{rp} , r now p c_q (now)_{rq} , r now q

L 2 2Lρ ε L E in "reading"

E 2 2Lρ . Typically, L

E

D D of N − m

If N ≥ 3m+ t ≤ m D width(intvl(A_p ∪ A_q ) ≤ 2( D).

Proof: D δ

If N≥3m+ t ≤ m D N (N+t)D +2t( D) . Proof: p and q v_{rp} , v_{rp} , v_{rq} v_{rq}

v_{rp} − v_{rq} 2( D v_{rp} = e(A_p v_{rp} intvl(A_p v_{rp} = v_{rp} intvl(A_p v_{rq} intvl(A_q v_{rp} − v_{rq} 2( D).

v_p ′ p in

v_p v_q N 1 r ∈ F ∪ GΣ

v_{rp} − N 1 r ∈ F ∪ GΣ

v_{rq} ,

= N 1 (_{r ∈ F ∪ G}Σ v_{rp} −_{r ∈ F ∪ G}Σ v_{rq} ),

≤ N 1 (G D_{r ∈ F}Σ v_{rp} −_{r ∈ F}Σ v_{rq} )

r , v_{rp} − v_{rq} D, ≤ N 1 (G D r ∈ FΣ v_{rp} − v_{rq} ),

≤ N 1 (G D +_{r ∈ F}Σ v_{rp} − v_{rq} ),

≤ N 1 (N− t)D + 2t( D)

v_{rp} − v_{rq} 2( D F t and G N− t

D = E

CONV(δ) ≤ N (N− m)E +2m( E) , δ⁄ E

R

i^{th} CONV(δ i− 1^{st} the i − 1^{st} δ R the i− 1^{st} i^{th} R R i^{th} i− 1^{st} q p p and q

2 2R − 2 2R

= 4^2 4Rρ R p q p and q CONV(δ p CONV(δ p and q R i− 1^{st}

i^{th} clock: R ≥ 2−ρ 2(R +CONV(δ)) ______________ − 2 2R .

p q sor r Δ_{qp} Δ_{qp} to r . r c_r (now)_{qp pr} q r q c_r (now)_{qr} q

q r Δ_{qr} c_{qr} q r Δ_{qr}^p q Δ_{pr} from r :

Δ_{qr}^p_{pr qp} r q E transmitter q

(3′ r

s Δ_{qr}^s Δ_{qr} E m Δ_{qr} as

faulty.

§

cessor p v_q q {v_q : v_q − v_p v_p ′ t (N− 1)⁄3 N 3t N N− 1 δ ⁄

m (N− 1)⁄3 m m remaining N − 2m δ⁄ κ N⁄ N⁄

m (N− 1)⁄3 t ≤ m κ N− 2m t δ < t ≤ m ⁄ m etc

m of N

N− m δ

N ≥ 3m+ δ p will δ m faults, N ≥ 3m+ N− m m

N ≥ 3m+1.

N⁄

⁄

Acknowledgments

References

puting

puting

401.

ACM 145-154.

p and q r e(A_p ) − e(A_q ) p q r when p r q finds r v_{rp} − e(A_q )

and

average

midpoint

e(A_p ) − e(A_q ) v_{rp} − e(A_q )

e_{avg} N 2mδ N N+2mδ e_{med} δ 2δ

e_{mid} δ 2 3 δ