ABSTRACT:

since

____________________________________

c from p_1 to p_2 (simulp_1 ,c p_2 ,c p_2 c c, switch

add_ leaf c p,c p remove_ p,c c c p’ p

c p’ p

c

The switch(p,p′,c

switch

switch switch switch add_ remove_

switch switch′(p,p′,c switch c.

switch (p,p′,c switch p p′ switch operation restricted. switch switch

switch switch

switchoperations.

lock_ , lock_child, unlock, switch, add_ remove_

T, has had. T = (E,N) E N Has Had has(a) ⊆ had(a has and had a,n a n n ∈ has(a a, n) ∈ has ancestors(n,T n T.

has

lock_ and lock_child r s

T_s s lock__a (n lock_ a n

lock__a (n lock_child_a (p,n): b ∀ n has_r (b) transformation: T_s = T_r has_s = has_r ∪ (a,n) had_s = had_r ∪ (a,n).

unlock_a (n):

transformation: T_s = T_r has_s = has_r − (a,n) had_s = had_r. switch_a (p,p′,c):

transformation: E_s = E_r − (p,c ∪ (p′,c N_s = N_r has_s = has_r had_s = had_r. add__a (p,c):

transformation: N_s = N_r ∪_s = E_r ∪ (p,c) has_s = has_r ∪ (a,c) had_s = had_r ∪ (a,c).

remove__a (p,c):

transformation: N_s = N_r −_s = E_r − (p,c) has_s = has_r − (a,c) had_s = had_r.

lock_child_a (p,c), p c, a p a c

lock__a (n)

had_r (a) n ∈ N_r lock_child_a (p,n):

(p,c) ∈ E_r p ∈ has_r (a) c had_r (a) unlock_a (n):

n ∈ has_r (a) switch_a (p,p′,c):

(p,c) ∈ E_r {p,p′} ⊆ has_r (a) c ≠ p′ c ancestors(p′,T_r ) switch′_a (p,p′,c): switch c had_r (a) switch_a (p,p′,c): switch p,p′) ∈ T_r (p′,p) ∈ T_r.

add__a (p,c):

p ∈ has_r (a) c N_{r b}∀ c had_r (b)

remove__a (p,c):

(p,c) ∈ E_{r n}∀ (c,n) E_r {p,c} ⊆ has_r (a)

init T_{init} has_{init} = had_{init} s, T_s has_s (a) ∩ has_s (b) a and b.

Let a_s→ b a and b s r s has_r (b) ∩ had_r (a) a_s→ b if a and b n s a

b_s→ + s→_s→^*

Thus,_s→ s

→^+

Let a_s b q n m in T_s n ∈ has_s (b), m ∈ had_s (a), n on q had_s (b The lock_child a b, b q n locks m, a → b a a a

action b a b a

s s→ and_s

+ → and .

n ∈ has(b) m’ had(b) m ∈ had(a)

a b n to m. If a ≠ b, m′and m n ∈ has_r (d) f ∈ has_s (a) m’ ∈ had_r (b)

T_s lock__a ( f). If b_s a_s d then b_r d n to m′. (If a_s→ d m′is f).

lock__a ( f r s a, b and d 1) a_s a

b ≠ ≠_s d b_r d. b_s a_s d b_r d. Proof:

1) a_s→ a a_s a T_s

had_s (a). 2) s and r had(a has(a_s a. s, a a_s→ d d a_s d q from n to m had_s (a) = {f}, m f b_s→ a then f ∈ had_r (b b_r d via q b_s a q′from n′to m′ n f b_r d via q q′.

lock__a ( f r s a, b and d b_s + d

b_r + d

b = a d = a

b = d e_r + e e.

Proof:

b ≠ ≠ a b′and d′ b_r* b′_s a_s d′_r* d.

b′_r d′ b_r + d

b = d b = d = a a_s + a a_s + e_s + a

e ≠ a e_s + a_s + e e′ and e

e_r* e′_s a_s e_r* e e′_r e e_r + e.

lock_ +

switch + . switchoperation, b and d

however, b d switch_a (p,g,c′

d b.

switch a d

c b → d a performed switch_a (p,g,c′), b c′

d → b b and d

p

c

g c’

g’ T_{init}

lock_ (p) lock_child(p,c) lock_child(c,g) lock_child(p,c′) lock_child(c′,g′) unlock(c) unlock(c′) lock_ (c) lock_ (c′) switch(p,g′,c)

switchmakes b d.

switch switch′

and switch lock_ switch

expand + . o lock_ switch o

r s_s + ⊆_r + .

• unlock_a (n remove__a (p,c has_s ⊆ has_r and had_s = had_{r s}→ =_r→

E_s ⊆ E_r,_{s r} .

• add__a (p,c had_s = had_r ∪ (a,c c_s→ =_r→ assume b_s d b_r d q n to m b_s d E_s = E_r ∪ (p,c c c = = b.

p c in q p ∈ has_r (b p ≠ n (otherwise b = a = d a_s a n = p to m = c b_r d n to p. • lock_child_a (p,c b_s→ d b_r→ d c a = d c ∈ had_r (b p ∈ has_r (d), b_r d p to c. b_s d b_r d q n to m b_s d T_s = T_r c c = = d c = = b since c had_r (a), b_r d p to c to m

add_ . • switch′_a (p,p′,c switch_a (p,p′,c s_s→ =_r→ b_s d b_r d b and d T_s p′,c q n to m b_s d p′,c

If n = p′ c had_r (d n ∈ has_r (d p has_r (a), a d.

b_r d p to c to m n ≠ p′ a_r d n to p′ n had_r (d n to m b_s d p′).

For switch′ c had_r (a), b_r a p to c to m b_r a_r d. For switch p′,p) ∈ E_r b_r d n to p′ to p to c to m (p,p′) ∈ E_r p p′on q b_r d n to p to c to m.

n ∈ has_r (d) . . p’ ∈ has_r (a) p ∈ has_r (a)

c had_r (a) . . m ∈ had_r (b)

switch′: c had_r (a) n ∈ has_r (d) . . p

p’ c . . m ∈ had_r (b)

switch p,p′) ∈ E_r n ∈ has_r (d) . . p’

p

c . . m ∈ had_r (b)

switch p′,p) ∈ E_r

T_r switch_a (p,p′,c b_s d.

b_r + d.

p′ q since p n.)

b + d b + d b and d lock_

r s where b_s + d

b_r + d b and d o o lock__a a a b or d +

lca(v,v′,T vand v′ T v} ∪ ancestors(v,T ∩ v′} ∪ ancestors(v′,T T Λ(v,v′,T) Tfrom lca(v,v′,T vand v′(including v, v′ lca(v,v′,T)).

s v and v′ had_s (b b u in Λ(v,v′,T_s b′ u ∈ had_s (b′ b_s→* b′.

r a and a′ a_r→ a′ a_s→ a′ nodes v v ∈ had_r (a v ∈ had_s (a). • unlock_a (n remove__a (p,c s r. • lock__a ( f f b ≠ a s in r v = = a, had_s (a) = {f Λ( f,f,T_s ) = {f f ∈ had_s (a). • lock_child_b (p,c add__b (p,c c s r v = c b ≠ a s r add_ case, c had_r (b) ∪ had_s (b b ≠ a v = = a v′ had_s (a that Λ(c,v′,T_s ) (p,v′,T_r ) ∪ {c p and v′ had_r (a

Λ(p,v′,T_r c ∈ had_s (a). • switch_a (p,p′,c v,v′} ⊆ had_s (b b Λ(v,v′,T_s p′

. . . . . .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ... .. .. .. .. .. . .. .. .. .. .. .

c

v

: Λ(v,v′,T_s )

: Λ(p,p′,T_r ) (p,p′,T_s )

: Λ(v,v′,T_r )

Λ(v,v′,T_s ) (v,v′,T_r ) (p,p′,T_r )

and c s r lca(v,v′,T_s v p′,c

lca, v′ c T_r

lca(v,v′,T_r v p,c).

p (v,v′,T_r b′ p ∈ had_r (b′

b_r→* b′ p ∈ has_r (a), b_r→* b′_r→* a.

Λ(v,v′,T_s ) (v,v′,T_r ) (p,p′,T_r v,v′} ⊆ had_r (b

s r Λ(v,v′,T_r u in Λ(p,p′,T_r

{p,p′} ⊆ had_r (a a′ u ∈ had_r (a′ a_r→* a′ b_r→* a_r→* a′.

s v and v′ had_s (a

action a u has_s (b b u (v,v′,T_s a_s→ + b.

switch_a (p,p′,c r s

remove_ b and d b_s d b_r + d S_c c S_c T_s and T_r

1) b_s d p′,c

2) had_s (b) ⊆ S_c

3) b ≠ d

b′_s b b′ b′_s d.

s→ =_r→ , b_s d n m p′,c

n ∈ has_r (d) . . p’ ∈ has_r (a) p ∈ has_r (a)

c . . m ∈ had_r (b)

S_c ⊇ had_r (b)

T_r switch_a (p,p′,c b_s d.

had_s (b) ⊆ N_s, had_s (b) ⊆ S_c.

If n = p′ c had_r (d n ∈ has_r (d p has_r (a), a d.

b_r d p to c to m n ≠ p′ a_r d n to p′. m′in had_s (b) − S_c remove_ operations, had_s (b) ⊆ N_s p (m,m′,T_r b_r→* a since a_r d had_s (b) ⊆ S_c n ∈ had_s (d n S_c, b ≠ d b′_s→ b m′ m had_s (b) ⊆ S_c b′_s d from n to c to m′ b′_s b n′ m′ n had_s (b) ⊆ S_c then b′_s d n to c to n′to m′

C, + C′ C remove__a (p,c unlock_a (c remove_ ing a c c C′ s in C s′in C′, had_{s′} = had_s, has_{s′} = has_s E_{s′} ⊇ E_{s s′}→ =_s→_{s′ s} . + in C C′ s Since had_{init} , s ≠ init o s r o, with_r + o lock_ switch o is lock_ o switch. Let b_{0 s} b_{1 s s} b_{k− 1 s} b_{0 s r} + b_{j r} b_{( j+ k} does j. k > b_{( j− k s} b_j b_{( j− k s} b_{( j+ k}.

→^+

R W

b ∀ n has_r (b lock__a (n lock_child_a (p,n

b ∀ n has_r (b a,b} ⊆ R switch_a, add__a remove__a must a ∈ W_s→ and_s a_s→ b a and b a_s b a_s a must a

+ b_s a_s d b_r d b and d

w → r → w′where r w ≠ w′ w → w′

hold. segregated

C where a_0 → a_1 → → a_{n − 1} → a_0

→ a_i ∈ R implies

{a_{i − 1} ,a_{i +1} } ⊆ W n > i − 1 ≠ i + n ≤ i ≤ n − a_{(i − n} ≠ a_{(i + n} a_i a_{(i − n} → a_{(i + n} a_i C′be C C′ a_0 → → a_{n − 1} → a_0 in C′,

n ≤ a → a n = a_0 and a_1 a_0 C′be C a_0 a_0 a_0 C′ a_0 → a_1 → a_0 in C′

lock_child operations).

a_0 , ,a_{n − 1} a_i a_{(i + n} lock_ and lock_child lock_

r deadlock-prone a_0 , ,a_{n − 1} p_0 , ,p_{n − 1} c_0 , ,c_{n − 1} ≤ i ≤ n − 1, (p_i ,c_i ) ∈ E_r, p_i ∈ has_r (a_i ), c_i had_r (a_i ), c_i ∈ has_r (a_{(i + n} a_i ∈ R implies a_{(i + n} ∈ W. > a_i issued lock_child(p_i ,c_i lock_child

C s. a_{i s} a_{(i + n}

from p_i to c_i a_{0 s} + a_0

s w_s r_s w′where r w ≠ w′ w_s w′ + stays p

c

g c’

g’ T_{init} r1 ∈ 2 ∈ 1 ∈ 2 ∈ W lock_ (p) lock_child(p,c) lock_child(c,g) unlock(c) lock_ (p) lock_child(p,c′) lock_child(c′,g′) unlock(c′) lock_ (c) lock_ (c′)

r w c, w r g, r w c′, w r g′.

p

c

g T_{init}

lock_ (p) lock_child(p,c) unlock(p) lock_ (p) unlock(p) lock_ (g) unlock(g) lock_child(c,g)

b d, d → a → b.

action b if a b

order-preserving a → + b, b a

b d if d either b b b.

b and d

C b d n ∈ (had (b) ∩ had (d d → + b

C′ C b and d. switch, add_ remove_ operations, C′

b and d C′ b and d C′ C d →^+ b C

in C′. b and d C C′ b → d in C′(at n).

d →^+ b C′.

C b d C s n ∈ has_s (d m ∈ had_s (b d → + b

C′ from C s C′ where

n ∈ has_s (d), m ∈ had_s (b n m o s r

o r o lock__d (n

switch_a (p,p′,c a p′,c n to m.

If o lock_ n n to m had_s (d) = {n

thus b_s d n to m n

o = switch_a (p,p′,c b_s + d

Since p m ∈ had_r (b r r,

n ∈ has_r (d p p p ∈ has_r (a), a d

p has_r (a n ∈ has_r (d), p′ n p′,c n to m

in s, n p′ n (p,p′,T_s ) − {p,p′ a_s→ + d.

n ∈ has_r (d) . . p’ ∈ has_r (a) p ∈ has_r (a) lca(p,p′,T_s ) . . . . . . . . . . . . . .

.. .. .. .. .. .. .. .. .. .. .. .. .. .

c . . m ∈ had_r (b)

T_r switch n ∈ ancestors(m,T_s ).

switch , Λ(p,p′,T_s ) = {p,p′ o switch C o is switch′ c had_s (a b_s a p′to c to m b_s a_s→ + d,

and b_s + d whether o lock_ switch.

For d → + b C C′ C′

d_s + b

C

p c r p′ c s p ∈ had_r (a a action a′ p had_s (a′ a_s→* a′.

p = p′ p ≠ p′ r and s w_i = switch_{ei} (p_{i − 1} ,p_i ,c ≤ i ≤ k p_0 = p and p_k = p′ e_1 p w_1, and e_1 a = e_1 a_s→ e_1 e_i ≠ e_{i +1}, e_i p_i before

e_{i +1} e_{i s}→ e_{i +1} a_s→* e_k p had_s (e_k a e_k.

d_s a n to m b ≠ a

m b_s + a.

p m in s b′ b_s→* b′ and p ∈ had_s (b′ b a b a n ≠ p b′_s a

n to p n = p, b′_s→ a at n b_s→* b′_s a.

v1

n

v2

m

v3

v4 T_{init}

lock_ (v lock_child(v n) lock_child(n,v lock_child(v m) lock_child(m,v lock_child(v v unlock(n) unlock(m) unlock(v lock_ (m) lock_child(m,v unlock(m) lock_ (m) unlock(m) lock_ (n) unlock(n) switch(v v m) switch(v v n) unlock(v lock_child(v v lock_child(v n)

d → a → b

b d d’s lock_ , b d.

n ∈ has_s (a) . . p ∈ had_s (b′)

m ∈ had_s (d)

C b d q of C p ∈ had_q (b c had_q (d c ∈ had (d d → + b

C′from C C′ remove__e (p,c unlock_e (c C′is

d →^+ b C C′ C′. Since c ∈ had (d), d lock__d (c lock_child_d (p′,c p′ add__d (p′,c c d lock_child s lock_child p had_s (b′ b′ b_s→* b′ p has_s (d), b′_s→* d b ≠ d,

b_s→ + d b →^+ d d →^+ b

lock__d (c d → + b s

C′ d_s + b q s o s

3, o lock__e switch_e e.

o lock__e e = d o is lock__d (c d_s b

has_s (b) d_s→ a a since d

d_s a_s + b a had_s (d) = {c}, d_s a n to c.

b_s + a

o switch_e (p_e ,p′_e ,c_e r o d a_0, b

as a_k a_{0 s} a_{1 s s} a_k d to b in_s d_s b is

has_s (b) d_s→ b b d k > 1.

a_{i r} + a_{i +1} i k−

a_{i − 1 s} a_{i +1} a_{1 r} + b

since d_r + b d_r a_1.

d_s a_1 n to m p′_e ,c_e

c c_e d_s a_1 n to c_e to c.

b_s + a_1

switch, add_ remove_

switch

switchoperation.

REFERENCES

+

107-112