1 2 3

Abstract— 10^{− 9}

effective bandwidths

support

conservative

approximation. Keywords—

inversion

1 2 3

− 9

[11]. or

rates.

,

n

− 9

not?

Thus, not

i =1Σ n G_i

n

transient performance

behavior.

Markov

sources.

E_2

underestimates

epoch. W P(W > x i.e., P(W > x) e^x as x where η α and f(x) ∼ g(x x f(x) (x) → x

α P(W > x) ≤ e^x (1.2)

P(W > x) ∼ e^x (1.3) η η α. (1.3) .

x^{− 1} log P(W > x) as x . (1.4)

α

α η α η

approximation

P(W > x) ∼ α_1 e^{1 x}_2 e^{2 x}_3 e^{3 x} where α_1 and η_1 α_2 , α_3 η_2 and η_3 P(W > EW, E(W^2 E(W^3 η_2 and η_3 η_1 ≤ η_2 ,η_3

P(W > x

x^{th} th

processes.

x The α why α of n n η n n α_n in n α_n e^{− nγ} as n where γ

P(W > x) ∼ βe^{− nγ} e^x . (1.7)

n and x

W^n n n^{− 1} logP(W^n > nx) = I(x n I(x P(W^n > x) ∼ e^{− nI( )} . (1.9)

β I(x

β and γ n

− 9 if α 10^{− 4}

10^{− 9} if α 10^{− 8} α in − 8 10^{− 4}

α^{− 4}

− 9 if 10^4 ( 10^8 ).

n n

α

E_{16}

c_s^2 = 1/ D D E_{1024}

E_{16} and E_{1024}, D E_{16}.

ω, ζ p. p = pω/( ) = p

H_2, / is c_a^2 = m_1 = 1, m_2 = m_3 = × 10^4 and m_4 = × 10^6

n^{th} n!)

N(t

I_c (∞ ) ≡_tlim EN(t)

Var N(t) = c_{a2} =

I_c (∞ ) =

10^{− 9}

P(W > ∼ 10^{− 9} . (2.2)

n = 24

P(W > x

M/E_{16} probability P(W > x x ________________________

________________________

× 10^{− 5}

P(W > = EW = E(W^2 ) = E(W^3 ) =

x =_5

to represent

y constant α

η_n be η n η_{24} = η n (and ρ η_n n (without

e^{− 600η n} ≤ 10^{− 9} n ≤

n ≥ 13; η_{12} = η_{13} =

The ________________________

________________________

________________________

________________________

rate, p =

n = α_{24} = × 10^{− 5} α e^x α α how α_n n α_n declines from α_1 = α_{11} = 6 × 10^{− 8}

α_n → ρ_n → 1. α_n^{− 9} n

α ________________________

________________________ σ

5.

η_{n i =1}Σ^n G_i n n N(t t ≥ n N( t ≥ N(t λ N( λ n λ n

since η_n n

n η_n n x and n

n α_n

α_n n α_n n α_n n α_n n in n = ρ n η_n n n

________________________

________________________

E_{16}

not

I_c (∞ ) = I_c (∞ ) = 28. γ ρ ρ ρ ρ 10^{− 2}.

approximation α e^x approximation e^x α ∼ 10^{− 5} both good both bad. n = η n = n =

Since η n

n = 2, n = n = α_2 = α_{24} = × 10^{− 5} and α_{60} = × 10^{− 12} n = 1, α_1 = n =

________________________

________________________

Since α_{60} ∼ 10^{− 12} < 10^{− 9} when n = − 9 α_n is P(W > x

α large n α_n n

− 9 n = n =

− 4 − 9

− 9

n increases.

− 2 10^2 10^{− 8} 10^8

n =_{− 9} . ________________________

________________________ n =

/300=

________________________

________________________

E_2

E_{16} E_{16} and D

D E_{1024} distribution.

− 9 underestimated

________________________

________________________

α_n n E_2 α_n is n α_n n.

α_n n E_2 case, α_n n and

α_n n α_n n

α_n with n

________________________

________________________

n = that P(W > =10^{− 9}

________________________

________________________

L k_i i i has m_i P

P =_{i =1}Π^L m^i − 1 k_i +m_i − 1 . (7.1)

m_i = m^i − 1 k_i +m_i − 1 = P P L = m_i = K_1 = L = (with m_i K_i = K_i = 3

η

α in k k k = L = m_i = k_i = i

β and γ α α

α

by n n. n η n β α β and γ n = α n = L = 4, m_i = i, k_1 = 1, k_2 = 2, k_3 = k_4 = n n = 2

m n_1 ,n_2 n_m form

α_{n1 nm} ∼ βe^{− (γ1 n1 + mnm)} . (7.2)

γ_i

N(t J(t i,j i ≥ ≤ j ≤ m

Q = . . 0 0 D_0

. . 0 D_0

D_1

. . D_0

D_1 0

. . D_1 0 0 (8.1)

D_0 and D_1 m×m matrices; D_0

D ≡ D_0 + D_1 D ≠ D_0 variable N(t t], while J(t t.

D_{0i} and D_{1i} for i = K K

D_0 = D_{01} ⊕ D_{02} ⊕ ⊕ D_{0K} (8.2) D_1 = D_{11} ⊕ D_{12} ⊕ ⊕ D_{1K} (8.3) where ⊕ D_0 and D_1.

Ŵ(s) = (πd)^{− 1} s )g[sI +D(ĥ(s^{− 1} e where e ĥ(s ρ d = D_1 e, π D (i.e., π satisfies πD = πe = 1), g equations gG = g and ge = G

G =_0∫ ∞ e^{(D0 +D1 G)x}dH(x

where H(x D(ĥ(s = D_0 + D_1 ĥ(s) . (8.6)

of Ŵ(s Ŵ(s

10^{− 9}. Ŵ(s K K

K + 2^K D_0 and D_1 D_{01} and D_{11}

(D_1 )_{i,i} = (i − D_{11} ) + (K− i + D_{11} ) for i = K+1 (D_1 )_{i,i +1} = (K− i + D_{11} ) for i = K (D_1 )_{i,i − 1} = (i − D_{11} ) for i = K+ D_1 )_{i,j} = i,j), (D_0 )_{i,i +1} = (K− i + D_{01} ) for i = K (D_0 )_{i,i − 1} = (i − D_{01} ) for i = K+

D_0 )_{i,j} = i,j i ≠ j (D_0 )_{i,i} D_0 )_{i,i − 1} + (D_0 )_{i,i +1} + (D_1 )_{i,i} + (D_1 )_{i,i − 1} + (D_1 )_{i,i +1} ] . (8.9)

k (E_k G

E_k

G = [I − k^{− 1} (D_0 +D_1 G^{− k} . (8.10)

G_{n +1} = [I − k^{− 1} (D_0 +D_1 G_n^{− k} where G_0 choose k = 2^{m 4 10} m α and η

conservative.

8

8

α and η

n α_n n α_n α_n n α_n n

α_n arbitrary n n. α is α

α_n

Acknowledgments.

comments.

REFERENCES

models.

times.

Queueing Systems

Commun.

(1994) 1123-1128. Proc.

513-521.

analysis.

ITC14,

, Applications,

IEEE

networks,

work.

Studies J.

981.

IEEE

sources,

process. 7 Models

145-182. Adv.

Commission

,

1994.

transforms.

P(W > x x η_n n of α_n number n α_n n α_n n P(W > x x n =

P(W > x x n = x n = probability) n = probability) n = x E_2 n = α_n n E_2 x E_2 n = 100.

x = n =

effective-bandwidth

Average-Rate

peak-rate

x = n =

− 9

as

not

new approximations approximation.

asynchronous

− 9

[11]. average rates.

rates. it

C, n superposed

should.

− 9

smoothing.

refinements.

not

i =1Σ n G_i

n

A

transient

behavior.

E_2

underestimates that

W P(W > x asymptotically exponential, i.e.,

P(W > x) e^x as x

where η α and f(x) ∼ g(x x f(x) (x) → x

α P(W > x) ≤ e^x (1.2)

P(W > x) ∼ e^x (1.3) η η α (1.3) .

x^{− 1} log P(W > x) as x . (1.4)

α

α than η

α η

of

P(W > x) ∼ α_1e^{1 x}_2 e^{2 x}_3e^{3 x}

where α_1 and η_1 α_2, α_3 η_2 and η_3 P(W > EW, E(W^2 E(W^3 η_2 and η_3 η_1 ≤ η_2 ,η_3

P(W > x

x^{th}_{th} percentile

x α in

why α n n η n n α_n in n

α_n e^{− nγ} as n

where γ

P(W > x) ∼ βe^{− nγ} e^x . (1.7)

n and x

W^n with n

n^{− 1}logP(W^n > nx) = I(x n I(x P(W^n > x) ∼ e^{− nI( )} . (1.9)

β in I(x

β and γ by n

− 9 if α 10^{− 4}

− 9 if α 10^{− 8} α^{− 8} 10^{− 4}

α^{− 4}

− 9 if 10^4 ( 10^8 ).

n n,

α

bursty.

conclusions.

E_{16} variation c_s^2 = 1/ D D E_{1024} distribution

E_{16} and E_{1024} D is E_{16}.

ω ζ p p = pω/( ) = p

H_2

/ c_a^2 = m_1 = 1, m_2 = m_3 = × 10^4 and m_4 = × 10^6

n^{th} n!) for N(t I_c(∞ ) ≡_tlim EN(t)

Var N(t)

= c_a^2 =

I_c(∞ ) =

− 9.

P(W > ∼ 10^{− 9} . (2.2) n = P(W > x

16/1

P(W > x x

___________________________

___________________________

× 10^{− 5} P(W > = moments EW = E(W^2) = E(W^3) =

x =_5 model y α η_n be η in n η_{24} = η n (and ρ η_n n

e^{− 600η n} ≤ 10^{− 9} n ≤

n ≥ 13; η_{12} = η_{13} =

___________________________

___________________________

___________________________

___________________________

p =

n = α_{24} = × 10^{− 5}.

approximation α e^x α

α is α_n n α_n α_1 = α_{11} = 6 × 10^{− 8} α_n → 1 as ρ_n → α_n^{− 9} n α ___________________________

___________________________

σ in

5.

η_n i =1Σ n G_i n n N(t t ≥ n sources N( t ≥ N(t λ N( λ n λ n

η_n is n

n η_n with n x and n

n the α_n

precisely, α_n n .

α_n n α_n n α_n n n = ρ n η_n is n n

___________________________

___________________________

E_{16}

not

I_c(∞ ) = I_c(∞ ) = 28. γ ρ ρ ρ ρ 10^{− 2}.

α e^x e^x α ∼ 10^{− 5} both good and, second, both bad. n = η n = n =

Since η n cases n = 2, n = n = α_2 = α_{24} = × 10^{− 5} and α_{60} = × 10^{− 12} n = 1, α_1 = n =

___________________________

___________________________ Since α_{60} ∼ 10^{− 12} < 10^{− 9} when n = − 9 α_n P(W > x α n α_n n

− 9 n = n =

− 4 − 9 10^{− 9} as n increases.

− 2 10^2 10^{− 8} 10^8

n =_{− 9} . ___________________________

___________________________

n =

/300=

___________________________

___________________________

are E_2

E_{16} E_{16} and D D E_{1024} − 9 underestimated

___________________________

___________________________

sources.

α_n n E_2

α_n n α_n n. α_n n E_2 case, α_n n

α_n n α_n n α_n with n in

___________________________

___________________________

n = P(W > =10^{− 9}

___________________________

___________________________

L k_i i i has m_i phases, P P = i =1Π L m^i − 1 k_i +m_i − 1 . (7.1)

m_i = m^i − 1 k_i +m_i − 1 =

P P L = m_i = K_1 = L = m_i K_i = K_i =

η

system. α k k k = L = m_i = k_i = i is

β and γ α α

α

n n. n η is n β α β and γ n = α n = 100. L = 4, m_i = i, k_1 = 1, k_2 = 2, k_3 = k_4 = n and hence n =

m n_1 ,n_2 n_m

α_{n1 nm} ∼ βe^{− (γ1 n1 + mnm)} . (7.2)

γ_i

Markovian

{N(t J(t i,j i ≥ ≤ j ≤ m

Q = . . 0 0 D_0

. . 0 D_0

D_1

. . D_0

D_1 0

. . D_1 0 0 (8.1)

D_0 and D_1 m×m matrices; D_0 D ≡ D_0 + D_1

D ≠ D_0 N(t t J(t t.

D_{0i} and D_{1i} for i = K K

D_0 = D_{01} ⊕ D_{02} ⊕ ⊕ D_{0K} (8.2)

D_1 = D_{11} ⊕ D_{12} ⊕ ⊕ D_{1K} (8.3)

where ⊕ D_0 and D_1.

Ŵ(s) = (πd)^{− 1} s )g[sI +D(ĥ(s^{− 1} e

where e ĥ(s ρ d = D_1e, π D (i.e., π satisfies πD = πe = 1), g gG = g and ge = 1, and G G = 0 ∫ ∞ e^{(D0 +D1 G)x}dH(x

where H(x

D(ĥ(s = D_0 + D_1ĥ(s) . (8.6)

Ŵ(s) Ŵ(s

− 9. Ŵ(s K K

K +^K D_0 and D_1

D_{01} and D_{11}

(D_1 )_{i,i} = (i − D_{11} ) + (K− i + D_{11} ) for i = K+1

(D_1)_{i,i +1} = (K− i + D_{11} ) for i = K (8.7)

(D_1)_{i,i − 1} = (i − D_{11} ) for i = K+1

D_1)_{i,j} = i,j),

(D_0 )_{i,i +1} = (K− i + D_{01} ) for i = K

(D_0 )_{i,i − 1} = (i − D_{01} ) for i = K+

D_0)_{i,j} = i,j i ≠ j

(D_0)_{i,i} D_0 )_{i,i − 1} + (D_0)_{i,i +1} + (D_1)_{i,i} + (D_1)_{i,i − 1} + (D_1 )_{i,i +1}] .(8.9)

k (E_k G

E_k

G = [I − k^{− 1}(D_0 +D_1G^{− k} . (8.10)

G_{n +1} = [I − k^{− 1}(D_0 +D_1G_n^{− k}

where G_0 k = 2^{m 4 10} m matrix multiplications.

α and η

8 10^8

α and η

n α_n n α_n α_n n α_n n α_n n n constant α α

α_n

Acknowledgments.

References

Stochastic Models

Opns. Res.,

5-88.

1871-1894.

913-931.

1992.

functions.

to appear.

The

10

, Stochastic

Commun.,

156.

performance.

Queueing Systems

Networking

Prob.

Commun.

P(W > x x η_n n α_n n α_n n of α_n n of

P(W > x x n =

P(W > x x n = x n = n = n = x E_2- n = α_n n of E_2 x E_2- n = x = n =

effective-bandwidth

Average-Rate peak-rate

x = support n =