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Motivation Introduction Problem description



Investigate scheduling in OFDM1 downlink



Preliminaries Optimal service rules Simulation results Conclusions



Figure: Downlink model
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Orthogonal Frequency Division Multiplexing
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Figure: System model - first glance
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Motivation Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



Typical parameters for WiMax-like systems:



• 20 MHz downlink bandwidth • 50 sub-bands (channels) • Each channel can support 400 kbps • Timeslot duration: 5 ms
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Motivation Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• Traditional approach • Throughput optimality • Backpressure-type algorithms: Maximize channel rate × queue-length
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Motivation Introduction Problem description Preliminaries Optimal service rules Simulation results



• Traditional approach • Throughput optimality • Backpressure-type algorithms: Maximize channel rate × queue-length



Conclusions



• Delay: important performance metric • Real-time traffic (voice / video / online gaming) • Intimately related to queue-lengths • Classically, less investigated • Average queue-lengths • Tail probabilities of queues • “Large queues” regime primarily studied
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Our contribution Introduction Problem description Preliminaries Optimal service rules Simulation results



• Propose a new framework to analyze small-queues regime • New intuition: iterative scheduling in every timeslot



Conclusions



• Do not scale time or buffer-lengths. Per-user queues are small. • Large number of users, large bandwidth (anticipated for next generation for wireless downlink)
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Talk outline Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions
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Problem description
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Upper bound on the rate function (to be defined)
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Achievability of the bound
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Simulation results
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Conclusions
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Problem description Introduction Problem description Preliminaries Optimal service rules



• Multiuser, multichannel system A1 (t )
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Figure: System model



• 4G-systems [WiMax], [LTE] • Several tens of users per base station • OFDM-based slotted-time air-interface at base station
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Problem description Introduction Problem description Preliminaries



• Arrivals, channels: i.i.d., Bernoulli



Optimal service rules



• One server can serve at most one user



Simulation results



• Aim: short longest queue



Conclusions



• Mathematically, want to maximize



α(b) := lim inf n→∞



−1 n



log P











max Qi (0) > b ,



1≤i ≤n



for fixed integer b ≥ 0. α(b) is called the rate function.



• P(Qmax (0) > b) ≈ exp(−nα(b)), for n large.
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Intuition Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• MaxWeight algorithm: throughput optimal [TasEph’92]
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Intuition Introduction Problem description Preliminaries Optimal service rules



• MaxWeight algorithm: throughput optimal [TasEph’92] • MaxWeight in action Before allocation



After allocation
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Edge used for allocation Edge available for allocation



Figure: An execution of MaxWeight
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A different allocation Introduction



Before allocation



Problem description Preliminaries Optimal service rules Simulation results



After allocation
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Edge used for allocation Edge available for allocation



• Queue-lengths closer to each other • Smaller longest queue
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Related work Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• Backpressure algorithm [TasEph’92]: throughput optimal in many network topologies • Heavy-traffic limits [Sto’04], [ShaSriSto’04] • Tail probability of queue-lengths using the large-deviations analysis [Sha’08], [YinSriEry’06], [Sto’08], [VenLin’07] • Order-optimality in the number of flows under the MaxWeight algorithm [Nee’08] • Balanced allocations, minimum average delay in multi-server, multi-queue systems [GanModTsi’07], [KitJav’08]
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Summary of main results Introduction Problem description Preliminaries Optimal service rules



1



Algorithm-independent upper bound on rate function - No scheduling rule can give better performance



Simulation results Conclusions



2



Achievability: iLQF-class algorithms - iLQF: iterated Longest Queues First - Very different from classic MaxWeight-type algorithms



3



iLQF with PullUp: optimal algorithm for the problem - PullUp: tie-breaking rule to ensure that a “good” subset of queues is served



14/25



Upper bound on rate function under any policy



Introduction Problem description Preliminaries Optimal service rules



• ON-OFF channels, arrivals • Notation:



Simulation results Conclusions



p q



P (Packet arrival to queue Qi ) P (Channel Qi → Sj is ON)



= =



• Theorem: Under any rule for allocating servers to queues, lim sup n→∞



Thus,



−1 n







log P



P



max Qi (0) > b



1≤i ≤n







max Qi (0) > b



1≤i ≤n











≤ (b + 1) log



2



1−q



& (1 − q )n(b+1) .



• Remarks: 1



1



We show that this upper bound is tight The bound is independent of p, the average load



.
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Upper bound holds because . . . Introduction Problem description Preliminaries Optimal service rules



Buffer level = b ALL channels to Q1 = OFF consecutive b + 1 arrivals



S1 Q1



Simulation results Conclusions



S2 Q2



Sn Qn



Figure: Overflow of Q1



b + 1 consecutive arrivals For b + 1 consecutive slots, all channels OFF



p b +1 (1 − q )n(b+1)
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Achievability: iLQF Introduction Problem description Preliminaries Optimal service rules



• iLQF: iterated Longest Queues First Second round of service



First round of service



Final queue-lengths



S1 Q1



Simulation results



Q1 S2
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Q1 S2
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Conclusions



S3 Q3



S3 Q3
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Q4 S5
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• Find largest matching M between longest queues and unallocated servers • Allocate M , update queues and servers, repeat



Q5
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Achievability: iLQF Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• Under any iLQF algorithm, in any timeslot, Qmax (t ) increases with very small probability, provided n large • Intuition: For n large, the system has tremendous scheduling flexibility; nearly all longest queues served
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Achievability: iLQF Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• Under any iLQF algorithm, in any timeslot, Qmax (t ) increases with very small probability, provided n large • Intuition: For n large, the system has tremendous scheduling flexibility; nearly all longest queues served • Suppose the following were true: in every timeslot, the maximum queue-lengths decreases with a constant probability • “Almost” have a birth-death MC for maximum queue-length γ0(n) 0



γ1(n) 1



δ0(n)



γ2(n) 2



δ1(n)
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Achievability: iLQF Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• Birth-death MC easy to solve!
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Achievability: iLQF Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• Birth-death MC easy to solve! • Technicalities that need to be addressed: 1 Only have bounds on P(birth), P(death) - Make the bounds exact by “carefully” adding dummy packets - In effect, make queues longer
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Achievability: iLQF Introduction Problem description Preliminaries Optimal service rules Simulation results



• Birth-death MC easy to solve! • Technicalities that need to be addressed: 1 Only have bounds on P(birth), P(death)



Conclusions



- Make the bounds exact by “carefully” adding dummy packets - In effect, make queues longer 2



Maximum queue-length, Qmax (t ), does not decrease with constant probability in every timeslot - Qmax (t ) decreases in a constant number of timeslots
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Achievability: iLQF Introduction Problem description Preliminaries Optimal service rules Simulation results



• Birth-death MC easy to solve! • Technicalities that need to be addressed: 1 Only have bounds on P(birth), P(death)



Conclusions



- Make the bounds exact by “carefully” adding dummy packets - In effect, make queues longer 2



Maximum queue-length, Qmax (t ), does not decrease with constant probability in every timeslot - Qmax (t ) decreases in a constant number of timeslots



3



Qmax (t ) is not Markovian - Analyze state-space of Markov chain Q (t )
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So far . . . Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• We considered the wireless downlink scheduling problem • Aim: short longest queue • iLQF: iterated Longest Queues First - The proposed class of scheduling rules - Repeatedly find matchings with longest queues and unallocated servers - Base-station needs not know (or learn) the arrival or channel process statistics - Optimal for the problem, under certain technical conditions
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iLQF with PullUp Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• PullUp: A tie-breaking rule • Determines the matching to use, if multiple largest matchings exist
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iLQF with PullUp Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• PullUp: A tie-breaking rule • Determines the matching to use, if multiple largest matchings exist • Result: The iLQF with PullUp algorithm takes care of the



technicalities, and is rate-function optimal for the problem.
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Simulation setup Introduction Problem description Preliminaries Optimal service rules



• n = 20 queues, 20 servers



Simulation results



• P(channel ON) = 0.4



Conclusions



• 500, 000 timeslots • Calculate overflow probabilities for iLQF, MaxWeight • Arrival models: • I.i.d., Bernoulli • I.i.d., bursty, ON-OFF • Bernoulli, time-correlated
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I.i.d., Bernoulli arrivals Introduction Problem description



Performance of the MaxWeight and iLQF Algorithms for n = 20, q = 0.4 1



p = 0.1, MW p = 0.3, MW p = 0.5, MW p = 0.7, MW p = 0.8, MW p = 0.8, iLQF



Preliminaries 0.9



Optimal service rules



Conclusions
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Figure: Arrivals as per the system model
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I.i.d., bursty, ON-OFF arrivals Introduction Problem description



Performance of the MaxWeight and iLQF Algorithms for n = 20, q = 0.4, Bursty arrivals 1



p = 0.1, MW p = 0.15, MW p = 0.2, MW p = 0.1, iLQF p = 0.15, iLQF p = 0.2, iLQF



Preliminaries 0.9



Optimal service rules



Conclusions



0.8 0.7 P(maxi Qi(t) > b)



Simulation results
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Figure: Bursty, {0, 4} arrivals
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Bernoulli, time-correlated arrivals Introduction Problem description



Performance of the MaxWeight and iLQF Algorithms for n = 20, q = 0.4, Correlated arrivals 1



p0 = 0.3, MW



Preliminaries



p = 0.4, MW
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Conclusions
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Simulation results
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p = 0.5, MW



Optimal service rules



p0 = 0.5, iLQF
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Figure: Correlated arrivals: P(1 | 0) = p0 , P(1 | 1) = 0.8
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Conclusions Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• Presented a new framework to analyze small-queues regime • New intuition: iterative resource allocation for queue overflow optimality • Scale the number of users and bandwidth, not buffer-length or time • Present a robust rate-function optimal algorithm (iLQF with PullUp)
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Conclusions Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• Presented a new framework to analyze small-queues regime • New intuition: iterative resource allocation for queue overflow optimality • Scale the number of users and bandwidth, not buffer-length or time • Present a robust rate-function optimal algorithm (iLQF with PullUp) • Can show positivity of rate function for non-Bernoulli arrivals and channels, under appropriate stability conditions •



Questions / comments ?



26/25



Large bipartite graphs Introduction Problem description Preliminaries Optimal service rules Simulation results



• Consider balanced bipartite graphs • Matching: set of disjoint edges • Each edge present with probability q, i.i.d. u1



v1



u2



v2



u3



v3



Conclusions



These graphs have perfect matchings with very high probability, for n large. Lemma: For n large,



(1 − q )n ≤ P(No PM) ≤ 3n(1 − q )n . un



vn



Figure: Perfect matching



Take-away: no perfect matching, “because” isolated node.
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Relating transition probabilities Introduction Problem description Preliminaries



• Main idea: flow-balance in Markov chains



Optimal service rules



• State-space expansion



Simulation results



Z (t ) := [Q (t ), Q (t − 1), . . . , Q (t − k0 + 1)]



Conclusions



• Sampling B (t ) := Z (k0 t )



• B ⋆ (t ) := max(First column of B (t )) = max(Q (k0 t )) • Bounds on transition probabilities of B ⋆ (t ) • “Carefully” add packets (at random), make transition probabilities exact
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Relating transition probabilities Introduction Problem description Preliminaries



• We want P(B ⋆ (t ) = m)



Optimal service rules



B ⋆(t ) = 3



• Flow out of super-state = Flow into super-state



Simulation results Conclusions



• Transitions of B ⋆ (t ), together with flow balance equations, yield P(B ⋆ (t ) = m) 0



1



2



3



4



Figure: State-space for B (t )



• Geometric form, up to polynomial factors 1 • Rate function ≥ (b + 1) log 1− q
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Design of a rate-function optimal service rule



Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• If we can add dummy packets, then get a solvable MC • In effect, change MC transition probabilities • In general, the two MCs have no relation between their stationary distributions • We design a tie-breaking rule that ensures the following sample-path dominance property: For two queuing systems Q and R: 1 2



Identical channels and arrivals Qi (t − 1) ≤ Ri (t − 1) for all i



Then, Qi (t ) ≤ Ri (t ).



• Adding dummy packets justified
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iLQF with PullUp Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• PullUp: A tie-breaking rule • Determines the matching to use, if multiple largest matchings exist • Intuition: • 2 players, with queues Qi and Ri , identical channels • Qi (t − 1) ≤ Ri (t − 1) for all i • Without communicating, must maintain this property at time t (Sample-path dominance) • Must agree on a protocol for tie-breaking • PullUp picks a matching “closest to top”
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iLQF with PullUp Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions
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Edge that is a member of the matching Unmatched edge, available for allocation



• Under iLQF with PullUp, we get the sample-path dominance property • Can add dummy packets at will!
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iLQF with PullUp Introduction Problem description



Queue-length



Preliminaries



Round 1



Optimal service rules



Round 2 Round 3



System R Simulation results



Round 4



Conclusions
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Figure: PullUp ⇒ sample-path dominance



• Under iLQF with PullUp, player 1 selects from servers already “used” by player 2
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iLQF with Pullup: drain property Introduction Problem description Preliminaries Optimal service rules Simulation results Conclusions



• ∃ constant k0 independent of n such that the maximum queue-length decreases in a block of k0 timeslots, w.p. 1/2 • Reason: • In a timeslot, roughly np packets arrive • Roughly n(1 − ε) served, because perfect matchings exist w.v.h.p. • Net drain • Need an event with probability 1/2 . . .



• Hence, iLQF with PullUp has both drain and dominance



properties, and is rate function optimal for the given problem
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