and

keshav@tenet.Berkeley.EDU

Abstract

described.

rapidly.

i s_i ρ_i = 1_i

versation.

s_i

λ s_0 = 1/λ

s_b =_i s_i 0 ≤ i ≤ n)

bottleneck b μ s_b 1 .

t k S(k k.

μ Actually, μ N_{ac} N_{ac} N_{ac} μ μ(k+ μ(k μ value μ_0 μ(k+ μ(k value μ_0 μ

μ(k+ (k) (k

where ω(k μ ω μ

k k+

tions μ μ G(μ

μ μ age.

RTT s

d e

i j

l m bottleneck rate

de. s /μ μ.

μ

de

s_b

ij + lm μ.

μ

μ x̂ state x

considerations.

n_b

below.

Let B B B n_b N(x) = Pr(n_b = x N(x N(x B

n_b = N n_b = B B, N(B

0∫ B N(x)dx s_b 0∫ B xN(x)dx,

s_b

N(x of epochs R

R

epoch k RTT(k k+

k RTT(k k S(k predict μ̂(k+ k+ μ μ

k k n_b (k beginning k

distance ab

k+1)th k ab = cd k RTT(k). kth

NOW a

b nb(k)

nb(k+1)

SOURCE BOTTLENECK

RTT(k)

RTT(k+1)

nb(k+2) c

d

k− k packets S(k λ (k)RTT(k S(k) (k)RTT(k (k+ k kth n_b = Since λ (k μ(k)RTT(k

n_b (k+ = n_b (k) (k)RTT(k) (k)RTT(k

n_b (k+ = n_b (k) + S(k) (k)RTT(k Now, n_b (k+ kth trol n_b (k+

n_b (k+ = n_b (k+ + (λ (k+ (k+ RTT(k+

n_b (k+ = n_b (k) + S(k) (k)RTT(k) + 5 λ (k+ RTT(k+ (k+ RTT(k+ λ (k+ n_b (k+ = 2 = n_b (k) + S(k) (k)RTT(k + (λ (k+ (k+ RTT(k+ λ (k+ λ (k+ = RTT(k+ 1 7 [ 2 − n_b (k) − S(k) (k)RTT(k) (k+ RTT(k+

λ (k+ = RTT̂(k+ 1 8 [ 2 − n̂_b (k) − S(k) ^(k)RTT(k) ^(k+ RTT̂(k+ μ̂(k μ̂(k+ that μ̂(k) ^(k+ set RTT̂(k+ RTT(k λ (k+ = RTT(k) 1 [ 2 − n̂_b (k) − S(k) + 2μ̂(k)RTT(k

to mators: μ̂(k n̂_b (k

n_b (k+ = n_b (k) (k)RTT(k) (k)RTT(k λ (k λ (k+

n_b (k+ = n_b (k+ + (λ (k+ (k+ RTT(k+

system. n_b (k+ = n_b (k+ (k+ RTT(k+ + RTT(k)

RTT(k+

[ 2 − n̂_b (k) − S(k) + 2μ̂(k)RTT(k RTT(k RTT(k+ canceling RTT(k RTT(k+ time,

n_b (k) = n_b (k− (k− RTT(k− + 2 − n̂_b (k− − S(k− + 2μ̂(k− RTT(k−

n_b (k− = n̂_b (k−

n_b (z) = z^{− 1} n_b (z) − z^{− 2} μ(z) (z) + 2 − z^{− 2} n_b (z) − z^{− 2} S(z) + 2z^{− 4} μ̂(z) (z) Considering n_b

z^{− 2} − z^{− 1} + 1 = 0

z^{− 1} get z^{− 1} = 2 1 1 − 4 = 2 1 3 i

2 1^2 + 2 3^2 = 1

is not

λ (k+ = RTT(k) α [ 2 − n̂_b (k) − S(k) + 2μ̂(k)RTT(k

[ 2 − n̂_b (k) − S(k) + 2μ̂(k)RTT(k

α z^{− 2} − z^{− 1} + 1 = 0

z^{− 1} = 2α 1 4 1 i

z^{− 1} 1 ( 2α 1 )^2 + ( 2α 4 1 )_2 > 1 1 > 1 1

α

α

α

n_b (k+ B. B then:

n_b (k+ =

b (k) + S(k) − RTT(k)μ(k) if n_b (k) + S(k) − RTT(k)μ(k) > if n_b (k) + S(k) − RTT(k)μ(k) < 0 then 0 n_b

n_b B

λ (k+ n_b (k+

n̂_b (k+

x Gx Hu ν_1(k)

y Cx ν_2(k)

x, u and y n, m and r G nxn H nxm C rxn matrix. ν_1 ν_2 (k

Clearly, u u u(k) (k k k k k k μ(k− y(k y(k) (k−_2 x μ(k− n_b n_b, μ(k μ(k− μ(k μ(k− x = μ^{− 1} μ n_b

where μ_{− 1} μ. G, H, ν_1, ν_2 and C

n_b (k+ = n_b (k) (k)RTT(k) (k)RTT(k) μ(k+ (k) (k) μ_{− 1} (k+ (k) Since RTT(k k Rtt G = 1 − Rtt 0

H = 0 0 Rtt

ν_1 = 0 ω 0

C ν_2 tem.

x E x̂(t) − x(t^T[x̂(t) − x(t

x. matrices, and R

E ν^2 (k) ν_1 (k) [ν_1^T(θ)ν_2 (θ = S^T R δ (t )

where δ δ(k) =

Q 0 ω^2 0

R ν_2^2 )

S 0 2 0

S = 0 ω^2 ν_2^2 ).

μ(k+ (k) (k) Also, μ_{observed}(k+ (k+_2 (k+ Combining,

μ_{observed}(k+ (k) (k)_2 (k+ μ

ω^2 ν_2^2 )

and S

x̂ x̂(k+ = ^(k) + K(k y(k) − ^(k + Hu(k) x̂ = 0 where K

K(k) = [GΣ(k)C^T + S CΣ(k)C^T + R]^{− 1} Σ(k Σ(k+ = GΣ(k)G^T + Q − K(k CΣ(k)C^T + R]K(k)^T Σ_0 where Σ_0 x be 0. K

θ {θ_k} θ_2 , , θ_k where θ_{k k− 1 k− 1} and ω_k

θ̃ θ̃ . θ̃_{k− 1}

θ_k ξ θ̃_k θ_k

θ̃_{k k k}

where ξ_k tion.

θ_k θ̂_k θ_k

θ_k θ_k

θ̃_k } θ_k} ξ

ω and ξ

practice.

θ̂_{k+1} ^_k + )θ̃_k α α

α θ̂_k =_{i =0}Σ

k− 1

)θ̃_i α^{k− i − 1 k}θ̂_0

of α

α

θ_k θ̃_k α in θ̃ θ_k θ̃ θ_k α θ_k α α that α θ_k α

Since α ω ξ α

α α

α α.

α α α α and

α

θ̃^ = θ̃_k θ̃_k ^_k

θ̃_k α β β. β β β

α

1.0

0.0 0.5 1.0

LOW MEDIUM HIGH

α

1.0

LOW MEDIUM HIGH

0.7

β z^{− 1}

z^{− 1}

z^{− 3} α Observation

Proportional error

Estimate θ̃ θ̂ that n̂_b (k+

n̂_b (k n̂_b (k n_b. n̂_b (k

causes: • • •

R. R k+1, n_b (k+

S(k n̂_b (k+ = S(k) − Rμ̂(k) Since S, R and μ̂(k determining n̂_b (k+ n̂_b (k+

n̂_b (k+ n̂_b (k+ n_b

in μ

S(k λ (k μ, λ and n_b

trol. R below.

λ J. Then,

n_b (t +J) = n_b (t) (t)J (t)J 11

where μ n_b that

n_b (t) = S(t) − Rμ(t

n_b (t +J 2. Hence,

n_b (t +J) = n_b (t) (t)J (t)J = So, λ (t) = J 2 − S(t) + Rμ̂(t) + Jμ̂(t) 14

n ._b (t n ._b (t) =_0limit δ n_b (t ) − n_b (t) (t) (t

n ._b = J 2 − n_b (t) 16

x = n_b (t) −

x =

x . = J − x 19 J J J α J is J J R + S(k)μ(t R and S(k μ(t μ̂, k, n̂_b (k n̂_b (k− μ̂(k n̂_b (k n_b (k

λ (k n_b n̂_b

n̂_b

of n̂_b

N(x

of N(x n_b = B

bandwidth

tiplexing.

not

advantage.

μ G(n_b G

μ

bang-bang

•

• •

•

• μ

Proc.

,

II

12..

,

Proc.

Methods Proc.

1991.

, 1987.

,

419.

tions, trol,

Proc.

Proto-

IEEE

Perfor-

IEEE 860.

181.

07974.