by † ∗ ‡

________________________________ † ∗ ‡

University.

ing

ABSTRACT

mem_ mem_ op evaluation.

cessors.

constructs.

machines.

, where X f

function RMW

begin temp ← X; X ← ; return (temp) end X X f. load X X,id id = x store v X I_v I_v value v (i.e. = v Y ← I_Y ) Y X swap operation: X and Y

test-and-set

test-and-set(X) ≡ RMW( I_{true}

fetch-and-add

fetch-and-add( ) ≡ RMW( +_a

where +_a +_a = x+a

function fetch-and-add(X,a)

begin temp ← X; X ← X+a; return (temp) end

• • • • •

itself: • • •

1 ________________________________ 1

case:

← 1 ← 1

interdependencies fence

reply;

•

• m_1 m_2

•

< > id addr 2 and f tion addr addr < > original addr <id_2 > message <id_1 > combining • id_1, id_2 f <id_1 οg> f οg 3 of f and g.

• <id_1 > <id_1 > <id_1 > <id_2 > <id_2 >. <id_1 οg> <id_1 > <id_1 > <id_2 > is

________________________________ 2

3 ο

represents A B with C B b_1 ,_i and C c_1 ,_j A represents requests b_1 ,_{i 1} ,_j.

message < > < > a_1 and a_2 a_1 a_2 a_1 paths. A > a_1 id_{1 1} >, , a_n id_{n n} > a′_i a_i <id_i > a_i (1) f = f_1 ο οf_n; a′_i a_1 ,_n A addr A addr a_1 ,_n.

Proof:

n A B and C B represents r C represents n− r 1 ≤ r < n B id^B > and C id^C > A id^B οh> A <id^B > B C <id^C > A val = .

Let b_1 id_1^b_1 >, , b_r id_r^b_r > B c_1 id_1^c_1 >, , c_{n− r} id_{n− r}^c_{n− r} > C represents.

Let b′_i and c′_i g = g_1 ο οg_r and h = h_1 ο οh_{n− r} b′_i val, g_1 g_{r− 1} (_1 ) c′_i , h_1 h_{n− r− 1} (_1 ) A b_1 ,_{r 1} ,_{n− r}

Proof: M_1 ,_m

R_1 ,_n R and

R′_M k R

R′^{R R}′^{R1 , n R} and^R′are

M_k R

R′^{M R} R R′^{M R} occurs

before R′ R_1 ,_n. R_1 ,_n R_i A_i R_i and A_i id A_i R_i after requests R_1 ,_{i− 1}

Φ 4 Φ^5 Φ Φ Φ f οg f g (3) f and a.

Φ is tractable

w Φ 2^w w Φ Φ ϕ :Φ →^* (1) ϕ = ϕ ο from ϕ and ϕ from ϕ and a are

size w log w.

________________________________ 4 5 Φ Φ Φ

X X,id id variable Y X Y ← I_Y ) I_Y Y {I_v } ∪ {id}

• • • •

3×3

3×3 *

* swap

* swap

← ← ← B+1 ← ← b

Φ Φ ∪^{{I} v^} ∪^{{id}}

f ο id = id ο f =

f ο I_v = I_v

I_v ο f = I .

Φ Φ ∪^{{I} v^} ∪^{{id}}

Let θ fetch-and-θ X,θ_a θ_a = x θ a fetch-and-θ function fetch-and- θ begin temp ← X; X ← Xθa; return (temp) end θ θ θ θb θ_{a b b} (θ_a = θ θ b = x θ θ θ aθb {θ_a } θ θ

θ fetch-and-OR OR fetch-and-min

Let Φ 0, 1, x x _ test-and-clear, test-and-set, load test-and-complement Φ 4×4 table.

Φ θ θ

a=1 a=0.

n

Let Ψ Ψ a and b is b− a a and b is fetchand-ψ ψ_a), where ψ_a = Xψ a {ψ_a : }

x → cx+d ax+b ,

where a, b, c d c≠0 or d≠0.

x → cx+d ax+b

A = c a d b . If f_A A

f_B ο f_A = f_{AB} .

x← xθc θ c

x → ax+ full-empty

X

load: → . load-and-clear : → . store-and-set: → . store-if-clear-and-set: → = 1 = 0

→ store-and-clear load-and-clear.

→ = 1 = 0

store-if-clear-and-clear

determined

busy-waiting queue a

i j i− j+1

Φ S

A δ S X s δ RMW X δ f ′by f ′ = δ otherwise if δ

A ′).

then • load( δ X s V δ . • store( δ v into X s V δ . Ω δ Ω <X v_{1 1} ,δ_1 v_{k k} ,δ_k)> the V_i s∈ V_i and s S_1 ,_{i− 1} then store v_i v_i δ_i s V_i k k S S A store-if-state=s s of A

m 2^m 2^m

1 n X, f_1 f_{n− 1} (_1 ) f_n (_1 ) X, f_1 f_n (_1 ) or, I_X, I_X ο f_1 I_X ο f_1 ο ο f_n x_1 x_n x_1, x_{1 2} x_1 *_n

n n superoot

] left_ right_

left_ right_ ]

id ] Let val_i i i val_1 *_{i− 1} val_1 *_n.

lgn − 2− lgn 2lgn− 2

architectures.

REFERENCES

Expressions, 1976.

Ultracomputer,

pp.

pp.

SIGARCH,

Programs,

CACM, pp.

Processing,

Systems,

1979.

Systems,