Rate Control for Random Access Networks

Joint work with Clement Yuen

Outline

• Rate Control

– Wide Area (Point-to-Point) Networks – Local Area (Random Access) Networks • Random Access: Slotted Aloha • Rate Control and Slotted Aloha • Extensions and ”Implementation Issues”

Rate Control

• Point-to-Point Wide Area Networks – TCP – Price-Based Control • Contention-Based Local Area Networks – Ethernet – 802.11

Point-to-Point Networks: Price-Based Rate Control

Problem Formulation max_{xr ≥0} ∑ r U_r(x_r)

subject to Ax ≤ C Rate Control

• Lagrange Multipliers • “Link Price”

– Fixed Link Capacity – Input Rate – Backlog • Rate: x_r = D_r(u_r), u_r = ∑ l∈r μ_l

Contention-Based Local Area Networks

• Collisions - Backlog - Stability • Retransmission Strategies for Backlogged Packets • Rate Control

– Link Capacity? – Input Rate? – Backlog?

• Channel Feedback

– Idle/Transmission/Collision

Contention-Based Local Area Networks

• Rate Control – Collision: Reduce Rate – Idle: Increase Rate • Questions – Stable?

– Operating Point?

Approach

• Channel Model: Slotted Aloha

– CSMA, CSMA/CD • Use Channel Feedback to Modulate Rate – Idle, Successful, Collision Slot • Markov Chain Formulation • Stability • Operating Point

Slotted Aloha

• Unit Time = Packet Transmission Delay • Poisson Arrivals with (Aggregated) Rate of λ Packets/Unit-Time • Collision or Perfect Reception • Immediate Feedback: 0, 1, e • Retransmission Probability: q • Infinite Set of Hosts

Slotted Aloha

• λ: Aggregated Arrival Rate • n: Number of Backlogged Packets n_{t+1} = n_t + Y_t − I[Z_t = 1] • Offered Load: G(n) = λ + nq • Throughput: G(n)e^{−G(n)}

Rate Control

• Price Signal u • Aggregated Transmission Rate λ(u) • Collision: Increase Price • Idle Slot: Decrease Price • Price Adaptation: α < 0, γ > 0 u_{t+1} = [ u_t + αI[Z_t = 0] + βI[Z_t = 1] + γI[Z_t ≥ 2]

]_+

Stability - Markov Chain (n_t, u_t)

Assumption 1 There exist positive constants λ_{max} and u_{max} such that λ : R_+ →[0,λ_{max}] is strictly decreasing, with λ(u) = 0 when u ≥ u_{max}.

Stability: Is the Markov chain positive recurrent?

Operating Point

• Mean Drift of Backlog n d_n(n, u) ≜ E ( n_{t+1} − n_t | n_t = n, u_t = u ) • Mean Drift of Price u d_u(n, u) ≜ E ( u_{t+1} − u_t | | n_t = n, u_t = u) • Operating Point (n^∗, u^∗) d_n(n^∗, u^∗) = d_u(n^∗, u^∗) = 0

• Questions

– Does operating point exist? – Is there a unique operating point?

Results

• System is stable.

• (Under suitable conditions) There exists a unique operating point (n^∗, u^∗) • G^∗ = λ^∗ + n^∗q • We can set G^∗ by choosing α,β,γ.

– Throughput λ^∗ = G^∗e^{−G∗} – Backlog n^∗ – Average Delay D^∗ = n^∗/λ^∗ – β =^γ_{G∗} ( G^∗ + 1 − e^{G∗} ) −^α_{G∗}

Numerical Results

• G^∗ = 1 and S^∗ = e^{−1} = 0.368, D^∗ = 171.82 • α = −1, γ = 1, and β = 0.2817 • λ(u) = [ 4(1 − u/150)^3

]_+

• q = 0.01

• S = 0.367 and D = 170.28

Extensions: Delay Differentiation and Dynamic Retransmission Probabilities

• Delay Differentiation: q_c, c = 1, ..., C • Dynamic Retransmission Probabilities: q(u) – lim_{u→∞} λ(u) = 0 – q(u) = e^{−bu}, b > 0 – q(u) = (1 + bu)^{−r}, r > 1 and b > 0.

• Delay Differentiation and Dynamic Retransmission Probabilities

Dynamic Retransmission Probabilities

Aggregated Arrival Rate λ(u) λ(u) = 40 (1 + u)^{1.5} Retransmission Probability q(u) q(u) = 1 (1 + u)^{1.1}

Throughput S = 0.368

Extensions: Finite Number of Nodes

• Finite Number of Nodes λ(u) = M∑ m=1 λ_m(u).

• Nodes can have several backlogged packets • Backlog-Dependant Retransmission Probabilities q_m(n_m) = n_mq_m, n_mq_m ≤ 1 − ϵ, 1 − ϵ, otherwise, • Backlog-Independent Retransmission Probabilities, q_m.

Backlog-Dependant Retransmission Probabilities

Assumption: “Price tends to increase when all nodes are saturated and retransmit with probability 1 − ϵ.”

Case Study Node Bandwidth Delay 1 tolerant tolerant 2 tolerant intolerant 3 intolerant tolerant 4 intolerant intolerant

Node m S_m D_m 1 0.021 186.7 2 0.021 19.9 3 0.206 116.5 4 0.210 11.8

Backlog-Independent Retransmission Probabilities

Assumption: “Price tends to increase when each nodes has at least one backlogged packet”

Node m Sm Dm 1 0.006 93.0 2 0.006 85.4 3 0.069 417.6 4 0.068 46.0

Extensions: End-to-End Rate Control

• Integration with Price-Based Rate Control for Point-to-Point Networks – Marking Scheme by by Athuraliya and Low.

Overview

• Point-to-Point vs. Random Access Networks • Markov Chain Model • Operating Point • Delay and Throughput Differentiation • End-to-End Rate Control

Related Work

• Price-Based Rate Control

– Frank Kelly, Steven Low,..... • Rate Control and Slotted Aloha

– Kleinrock and Lam – Mittal and Venetsanopoulos • TCP over 802.11

– Cali et al.

• Price-Based Rate Control for Random Access Networks – Jin and Kesidis – Battiti et al.