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Polynomial-complexity, Low-delay Scheduling for SCFDMA-based Wireless Uplink Networks Shreeshankar Bodas, Bilal Sadiq Qualcomm, Inc., Bridgewater, NJ 08807 Abstract—Uplink scheduling/resource allocation under the single-carrier FDMA constraint is investigated, taking into account the queuing dynamics at the transmitters. Under the singlecarrier constraint, the problem of MaxWeight scheduling, as well as that of determining if a given number of packets can be served from all the users, are shown to be NP-complete. Finally, a matching-based scheduling algorithm is presented that requires only a polynomial number of computations per timeslot, and in the case of a system with large bandwidth and user population, provably provides a good delay (small-queue) performance, even under the single-carrier constraint. In summary, the results in first part of the paper support the recent push to remove SCFDMA from the Standards, whereas those in the second part present a way of working around the single-carrier constraint if it remains in the Standards. Index Terms—Uplink scheduling, single-carrier FDMA, Batchand-allocate



I. I NTRODUCTION In the recent years, we have witnessed an explosion in the numbers and capabilities of hand-held wireless communication devices, and consequently their data consumption. Real-time, i.e., delay-constrained data traffic (voice/video/gaming/. . . ) constitutes a significant fraction of the overall over-the-air data demand. The demand for high-quality data, and in large quantities, is ever-growing, but the wireless resources are not growing nearly as fast. It is therefore important to design efficient methods of sharing the resources across multiple users in order to guarantee a good quality of service. In this paper, we focus on the problem of resource allocation on the uplink (user to base-station) of wireless networks. The 3GPP LTE (Long-Term Evolution) standard has chosen the single-carrier frequency division multiple access (SCFDMA) technology as the uplink multiple access technology [1]. The SCFDMA can be thought of as a special case of the orthogonal frequency division multiple access (OFDMA) technology used for the downlink of 3GPP LTE. In OFDMA, the available bandwidth at the base-station is partitioned into a number of orthogonal frequency sub-bands, and a given user can be allocated any subset of the frequency sub-bands for his/her downlink traffic under the condition that a given frequency band can be allocated at most one user. In SCFDMA, there is an additional constraint that a given user can be allocated only consecutive frequency subbands. For example, consider a system with 2 users x, y and 3 frequency sub-bands f1 , f2 , f3 . Then (x, f1 ), (x, f2 ), (y, f3 ) is a valid SCFDMA allocation, while (x, f1 ), (x, f3 ), (y, f2 ) is not. We refer to this additional constraint as the single-carrier



constraint. The main reason for the choice of SCFDMA for the uplink is that it results in a lower PAPR (peak-to-average power ratio) than OFDMA. In this paper, we show that the single-carrier constraint alone is enough to make certain scheduling problems hard (formally, NP-complete). The classic MaxWeight scheduler [2] is throughput-optimal for the uplink network under very mild assumptions on the arrival and channel processes (see [3]), but selecting a weight-maximizing schedule is NP-complete (Theorem 2). Another natural, myopic, “greedy” scheduler for the scheduling problem described in Section III operates as follows: given a queue-length vector and a matrix of the rates at which the frequency sub-bands can serve the individual queues, does there exist an allocation that drains xi packets from Qi ? This scheduler is interesting because by choosing appropriate values of xi s in every scheduling period, the per-user queues can be kept small. For example, the values of xi can be chosen to equalize the queue-lengths after service. For the downlink scheduling problem, in absence of the single-carrier constraint, this scheduler is shown to have good delay properties [4]; but under the single-carrier constraint, implementing it requires solving an NP-complete problem (Theorem 1). In the light of these negative results, we focus on a simple, i.i.d. arrival and channel model, and design an algorithm called Batch-and-allocate (BA) scheduler as the main contribution of this paper. This scheduler results in a good delay (smallqueue) performance for the system, and can be implemented in polynomial number of computations per timeslot, even under the single-carrier constraint. The qualitative messages from the paper are: (i) The singlecarrier constraint, while attractive from a power amplifier point of view, severely restricts the class of possible scheduling policies. There has been a recent push to remove it from the standards (e.g., clustered SCFDMA [5], [6]) and this paper can be seen as an argument in its favor. (ii) Although the uplink scheduling problem is intractable under the single carrier constraint, we can guarantee a good quality of service for “regular” arrival and channel processes, if the system has a large number of users and proportionally large bandwidth. II. R ELATED W ORK Scheduling and resource allocation for the wireless uplink network is a well-investigated problem. Researchers have studied this problem from the point of view of maximizing
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a system-wide utility function [7], [8], [9], orderwise delayoptimal scheduling [10], successive interference cancellation to allow for simultaneous transmissions from users [11], and so on. A majority of the previous work on the problem either does not consider the single-carrier constraint, or allows for fractional server (i.e., frequency-band) allocation, thus circumventing the inherently discrete nature of the allocation problem. In wireless uplink systems where frequency subbands are grouped together, the fractional server allocation is a reasonable assumption. A recurring theme in the prior work is to initially ignore the single-carrier constraint, come up with an allocation of the frequency sub-bands to the users that optimizes a certain objective, and then use heuristics to modify that allocation to incorporate the single-carrier constraint. This approach usually leads to a loss of performance. In contrast, in this paper, we strictly adhere to the single-carrier constraint even in the algorithm design part, and do not perform any fractional server allocations. We present an algorithm that is designed with the single-carrier constraint in mind, and which yields a good small-buffer performance under a variety of changes to the basic system model. To the best of our knowledge, this is the first characterization of the small-queue performance of the uplink network in the large-system limit. III. S YSTEM M ODEL We consider a discrete-time queuing system with n queues and n servers, as shown in Figure 1. Here the n queues X11 (t) represent the packet A1(t) S1 queues at the n uplink Q1 transmitters, and the n A (t) 2 S2 servers represent the Q n orthogonal uplink 2 X2n(t) frequency sub-bands. The queues can store Xnn (t) any number of packets An(t) Sn until they are served, Qn so that there are Fig. 1. System Model no dropped packets. Table I summarizes the notation used throughout this paper. Q S Qi (t) ˆ Q(t) Xij (t) Ai (t) [n] a+ |A| R+ ∆k



The set of n queues {Q1 , . . . , Qn } The set of n servers {S1 , . . . , Sn } The length of Qi at the end of timeslot t max{Qi (t) : 1 ≤ i ≤ n} The number of packets that the server Sj can potentially serve from Qi in timeslot t The number of arrivals to Qi at the beginning of timeslot t The set {i : 1 ≤ i ≤ n} max(a, 0) The cardinality of set A The set [0, ∞) of nonnegative real numbers The probability simplex in Rk TABLE I N OTATION



Arrival and channel processes: We assume that the arrivals



to the queues and the channel realizations are i.i.d across queues, servers, and timeslots. More precisely, 1) The number of arrivals to Qi at the beginning of timeslot t are i.i.d. across timeslots and queues, and obey P(AP i (t) = m) = pm for 0 ≤ m ≤ M, pi > 0 for all i, M and i=0 pi = 1. 2) The number of packets that the server Sj can serve from Qi in timeslot t are i.i.d across queues, servers and timeslots, and obey P(Xij (t) = k) = qk for 0 ≤ k ≤ K, PK qi ≥ 0 for all i, and i=0 qi = 1.   M P i = 1 − α. pi 3) There exists α ∈ (0, 1) such that K i=0 We assume pi > 0 for all 0 ≤ i ≤ M only to avoid trivialities. We also assume that M > K since otherwise, allocating just one server (with highest supported rate K) is enough to serve all the new arrivals to a queue in a given timeslot, and the single-carrier constraint in the problem can be easily circumvented by the matching-based algorithms for the downlink, such as those in [12]. Our objective is to define a service policy, quantified by the random variables Yij (t) ∈ {0, 1} for i, j ∈ [n] and for all t, where Yij (t) = 1 if the server Sj serves the queue Qi in timeslot t, and 0 otherwise. The random variables Yij (t) are allowed to depend upon the entire past of the system and the arrivals and channel realizations in the (current) timeslot t, but are required to satisfy the following conditions: Pn 1) i=1 Yij (t) ≤ 1 for all i, j, t. 2) If Yir (t) = Yis (t) = 1 for some 1 ≤ r < s ≤ n, then Yij (t) = 1 for all r < j < s, all i ∈ [n]. The first condition implies that a given server can serve at most one queue in any timeslot. The second condition models the single-carrier constraint. The queues evolve according to n +  X Xij (t)Yij (t) . (1) Qi (t) = Qi (t − 1) + Ai (t) − j=1



Our objective is to define a scheduling policy that, for every integer b ≥ 0, results in a strictly positive value of   −1 log P max Qi (t) > b , I(b) := lim inf n→∞ n 1≤i≤n where P(·) refers to the stationary distribution of the queuelength process. The function I(·) is called the rate-function in large deviations theory [13]. Our true objective is to minimize the “overflow” probability, i.e., the probability of the event {max1≤i≤n Qi (t) > b}, which is often intractable. In real systems with a large number of users and proportionally large bandwidth, the rate-function maximization is a reasonable surrogate for this objective. If I(b) > 0, then the probability of the overflow event rapidly diminishes to 0 with the systemsize. Hence in this paper, we focus on policies that result in a strictly positive value of the rate-function. The assumption 3 is necessary for the rate function to be nonzero, even without the single-carrier constraint [14]. Our main contribution is an algorithm that yields a positive value of the rate-function under this assumption.
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IV. C OMPUTATIONAL H ARDNESS In this section, we establish that in the presence of the single-carrier constraint, certain (otherwise simple and interesting) scheduling policies are NP-complete. We use a construction almost identical to the one from [15]. In the multi-queue multi-server setup described here, a natural, myopic way to minimize the probability that the longest queue exceeds a given constant b is to select, in every timeslot, that allocation of the servers to the queues that minimizes the maximum queue-length. This requires answering the question: can a queue Qi be allocated at least wi units of service, i ∈ [n]? A simpler question as defined in Definition 1 is: can a total of W packets be drained from the queues? Our objective is to show that even this simpler problem is NPcomplete under the single-carrier constraint. Definition 1 (Packet-draining problem (PD)): Consider a queue-length vector [Q1 , . . . , Qk ] and a set of servers {S1 , . . . , Sm }, where the server Sj can serve Xij packets from the queue Qi . A finite integer W ≥ 0 is given. Determine if, under the single-carrier allocation constraint, there exists an allocation of the servers to the queues that serves a total of at least W packets. ⋄ Theorem 1: The packet-draining problem (PD) is NPcomplete. Proof: Please see [16]. We now focus on the problem of MaxWeight scheduling under the single-carrier constraint. This classic scheduling algorithm was introduced in [2] and is known to be throughputoptimal (i.e., makes the queue-length Markov chain positive recurrent if there is any other algorithm that can do so) in a variety of situations, including under the single-carrier constraint, even under more general (e.g., correlated) arrival and channel processes [3]. But as is established next, implementing it is computationally intractable unless P=NP. Definition 2 (MaxWeight problem (PM)): Consider a set of queues [Q1 , . . . , Qk ] with lengths [L1 , . . . , Lk ], and a set of servers {S1 , . . . , Sm }, where the server Sj can serve Xij packets from the queue Qi . A finite integer W ≥ 0 is given. Let Yij = 1 if the server Sj is allocated to Qi , and 0 otherwise. Determine if, under the single-carrier allocation constraint, there Pk exists Pm an allocation of the servers to the queues with ⋄. i=1 j=1 Li Xij Yij ≥ W. In the (PM) problem, we refer to the quantity Pk Pm i=1 j=1 Li Xij Yij as the weight of the allocation. Theorem 2: The MaxWeight problem (PM) is NPcomplete. Proof: Please see [16]. V. T HE BATCH - AND - ALLOCATE A LGORITHM The computational hardness results in Section IV imply that unless P=NP, there does not exist a computationally efficient scheduling algorithm that guarantees throughput optimality under general arrival and channel conditions. On the other hand, the user-experienced quality of service is crucially dependent upon a good delay performance. Hence we focus on designing a computationally tractable algorithm that gives a



good delay performance under a restricted class of arrival and channel processes, namely, i.i.d. arrivals and channels with a bounded support, as specified in Section III. We call this algorithm the Batch-and-allocate (BA) algorithm. Due to space restrictions, we present only an outline of the algorithm here, and refer the reader to [16] for a more detailed description. We first define the Selective-allocate (SA) algorithm that is used as a “black-box” in the BA algorithm. Selective-allocate (SA) algorithm: Input: 1) An integer k ≥ 1. 2) A bipartite graph G(U ∪ V, E) with |V| ≥ k|U|. Let U = {u1 , . . . , ux } and V = {v1 , . . . , vy }. Steps: 1) Partition the nodes in the set {v1 , . . . , vkx } into disjoint subsets V1 , . . . , Vx such that Vi = {v(i−1)k+1 , . . . , vik }. Let V ′ := {V1 , . . . , Vx }. 2) Construct a new graph H(U ∪ V ′ , E ′ ) where an edge (ui , Vj ) is present in E ′ if the node ui is connected to every node in the set Vj in the original graph G. 3) Find a largest cardinality matching M in the graph H, breaking ties arbitrarily. Output: The matching M. ⋄ The SA algorithm groups the nodes in the set V into sets of size k each, and matches each such group Vi to that node uj ∈ U that is connected to each node in the group Vi . One can think of each node in the set U as a queue, each node in the set V as a server, and the presence of an edge signifies that the server can serve the given queue. We write M = SA(k, G) for the output of the SA algorithm. The intuition behind the SA algorithm is as follows: Lemma 1 shows that for large U, the probability that the matching M matches every node u ∈ U approaches 1 exponentially fast (i.e., the probability of the complement P   event is exponentially small). Note also that since i pi Ki < 1, if pi fraction of queues see i arrivals, and each server can serve K or 0 packets from a queue, the system can serve all the “new” packet-arrivals in a timeslot, provided:(i) there is a matching that allocates to a queue with i arrivals, Ki servers, and (ii) the arrival pattern does not “deviate” too much from the mean behavior. Both these requirements are satisfied as long as n, the number of servers (and queues) is large. This observation allows us to allocate the servers to the queues in a way that keeps all the queues small in a large deviations sense. In the actual algorithm, we focus on the queue-lengths themselves and not the number of arrivals in the last timeslot, to naturally account for the effect of scheduling decisions in the earlier timeslots. Informally, the BA algorithm tries to reduce the queuelength of each of the queues after arrivals, to the maximum queue-length before arrivals. In order to limit the number of search possibilities, the algorithm only considers channels that have the maximum rate = K. The algorithm groups the queues into disjoint sets such that the queues in each group require the same number of servers to attain a queue-length less that
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or equal to the maximum queue-length at the end of the previous timeslot. It then determines the number of servers to allocate to the queues in each group, which is somewhat more than the bare-minimum required number of servers to reduce each queue-length to the desired value. It assigns subsets of consecutively-numbered servers to each group of queues. The SA algorithm is used to make assignment decisions within each set of queues and the respective group of servers. Some features of the algorithm are: (i) This is a real-time algorithm; it does not need to know the statistical system parameters (e.g., the probabilities) in order to be implemented. (ii) This algorithm results in a strictly positive value of the rate function (Theorem 3). (iii) This algorithm can be implemented in polynomial time (Theorem 4). In order to limit complexity, the algorithm treats the smaller channel-rates as 0. In spite of this “wastage,” the algorithm gives a good small-queue performance (Theorem 3). So the message is: for good delay performance, even under the singlecarrier constraint, it is enough to focus on the highest-rate channels alone. We first establish an important property of the SA algorithm. Lemma 1: Consider a graph G(U ∪ V, E) with |V| = r ≥ k|U|. Suppose that for any pair of nodes u ∈ U, v ∈ V, the edge (u, v) is present in E with probability q, independently of all other random variables. Let M = SA(k, G). Then for r large enough, P(|M| < |U|) ≤ 3⌊r/k⌋(1 − q k )⌊r/k⌋ . Proof: Please see [16]. Note that the RHS of the above expression tends to 0 as r → ∞ for a fixed k. Now our objective is to show that under the BA algorithm, in every timeslot, the probability that the maximum queue-length in the system increases is “small” for n large. Define m0 := ⌈M/K⌉. Lemma 2: Fix any ǫ ∈ (0, α/(2M m0 )). Define the set Bǫ of probability measures “near” the distribution of the arrival process, as Bǫ := {[x0 , . . . , xM ] ∈ ∆M+1 : |xi − pi | < ǫ ∀ 0 ≤ i ≤ M }. For ǫ ∈ R+ , define τ (ǫ) :=



inf



y∈∆M +1 \Bǫ



M X i=0



yi log



yi . pi



Here τ : R+ → R+ ∪ {∞}. Fix any ρ ∈ (0, 1). Then under the BA algorithm, for n large enough, for any timeslot t,   ˆ + 1) > Q(t) ˆ P Q(t ≤



e−nρτ (ǫ) + 3m0







 k j nα nα m0 (1 − qK ) 4m0 (m0 +1) . 4m0 (m0 + 1)



Proof: Please see [16]. We now show that for n large, the probability that in a constant number of timeslots, the maximum queue-length in the system decreases is at least 1/2. Lemma 3: Under the BA algorithm, for n large, there exists a constant integer k0 such that   ˆ + k0 ) < Q(t) ˆ − 1 Q(t) ˆ > 0 ≥ 1. P Q(t 2



  Further, k0 = α4 is a valid choice. Proof: Please see [16]. We now establish the main result of this section. Theorem 3: Under the BA algorithm, the stationary distribution of the maximum queue-length in the system obeys   −1 log P max Qi (t) > b lim inf n→∞ n 1≤i≤n   α 1 b+1 > 0. min τ (ǫ), log ≥ m0 M 4m0 (m0 + 1) 1 − qK Proof: Please see [16]. Thus the proposed BA algorithm results in a strictly positive value of the rate function. Next we analyze its complexity. Theorem 4: The BA algorithm can be implemented in O(n2.5 ) computations per timeslot. Proof: Please see [16]. We conclude this section by showing that there is a finite upper bound on the rate-function under any algorithm. The purpose is to establish that in the multi-queue multi-server setup considered in this paper, the probability of the overflow 2 event decays like e−n at best; not like e−n or e−n log n , etc. Theorem 5: Fix θ ∈ (0, M/K − 1). Define Cθ = {x ∈ PM ∆M+1 : i=0 ixi ≥ K(1 + θ)} and ξ(θ) =



inf



y∈∆M +1 \Cθ



M X i=0



yi log



yi . pi



Then under any algorithm for allocating servers to the queues,     −1 b+1 lim inf ξ(θ). log P max Qi (t) > b ≤ n→∞ n 1≤i≤n θ Proof: Please see [16]. Thus there is at most a constant-factor gap from optimality for the rate function under the BA algorithm. VI. E XTENSIONS The BA algorithm presented in Section V can be easily extended to a variety of cases of interest. (i) Unequal number of queues and servers: Suppose we have a system with n users and rn frequency sub-bands (servers) for some r ≥ 1. We refer to r as the over-provision factor. In the BA algorithm, we give r times as many servers to each group of queues compared to the case of n queues and n servers. As a result, the rate-function lower bound of Theorem 3 scales up by a factor of r. Formally, under the BA algorithm, the stationary distribution of the maximum queuelength in the system obeys   −1 log P max Qi (t) > b n→∞ 1≤i≤n n   α 1 r(b + 1) min τ (ǫ), log > 0. ≥ m0 M 4m0 (m0 + 1) 1 − qK



lim inf



We omit the proof details. (ii) Different priorities to queues: We are interested in minimizing the probability of the event {maxi∈[n] ai Qi (t) > b} where 0 < amin ≤ ai ≤ 1 are given numbers. Now the BA algorithm instead operates on the “effective” queuelengths, namely, ai Qi (t), to yield rate-function results similar to Theorem 3.
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VII. S IMULATION R ESULTS



VIII. C ONCLUSIONS



Since this paper is mainly a theoretical contribution, we report limited simulation results. The goals are threefold: (i) The rate-function results for the BA algorithm are asymptotic, i.e., as the number of users (n) and the number of sub-bands tend to infinity. We want to understand how large n needs to be, to get a good small-buffer performance. (ii) We want to understand the (good) impact of having more frequency subbands than the number of users, which is typically the case in today’s wireless uplink systems. (iii) We want to compare the BA algorithm’s performance to an OFDMA-based greedy algorithm in [17] that operates in the absence of the singlecarrier constraint, in order to quantify the performance loss due to the single-carrier constraint. In the simulations, we run the OFDMA-based algorithm with as many servers as the users (i.e., over-provision factor, r = 1). For simulation purpose, we arbitrarily assume an arrival process distribution of the form (x + 1)e−x on a bounded support {0, 1, . . . , 5}, normalized. We assume that the channel-rates are either 0 or 2 packets per timeslot. Thus M = P 5 and K= 2 i in the paper’s notation. We refer to the quantity M i=1 pi K as the effective load. In our case, the effective load is about 62%. We vary the channel ON probability, q, from 0.7 to 0.9, and plot the empirical probability of buffer overflow v/s buffer-size, averaged over 106 timeslots. The results are presented in Figure 2. As we can see, the presence of the single-carrier constraint significantly degrades the small-buffer performance: the buffer overflow probabilities in the absence of the single carrier constraint are substantially lower than otherwise. We see that the buffer overflow probability decreases with increasing system-size, as expected: the overflow probability is exponentially small in the system-size. We also see that changing the over-provisioning factor from 1.5 to 2 provides some performance boost. This confirms that the BA algorithm can seamlessly utilize more frequency subbands. Most interestingly, the asymptotic rate-function results for the BA algorithm already manifest themselves to give a good small-buffer performance at n = 50. Thus, the proposed BA algorithm yields a good small-queue performance at realistic system-sizes.



We considered the problem of user-scheduling in the wireless uplink networks. The distinguishing feature that makes this problem harder than the OFDM downlink scheduling problem is the presence of the single-carrier constraint. We showed that under the single-carrier constraint, the MaxWeight problem and the packet-draining problem are NP-complete. We presented the Batch-and-allocate algorithm that has polynomial complexity per timeslot, and a good small-queue performance for a class of bounded arrival and channel processes. The algorithm is robust to changes in the system-model. The results were validated through analysis and simulations.



50 users, effective load = 0.62



0



10



−1



10



Pr(Qmax ≥ b)



−2



10



−3



10



−4



10



−5



10



−6



10



BA, q = 0.7, r = 1.5 BA, q = 0.8, r = 1.5 BA, q = 0.9, r = 1.5 BA, q = 0.7, r = 2 BA, q = 0.8, r = 2 BA, q = 0.9, r = 2 Without SC constraint



0



5



10



Maximum queue-length (b)



Fig. 2.



Performance of the BA algorithm



ACKNOWLEDGMENTS The authors would like to thank Nilesh Khude and Saurabh Tavildar for helpful discussions. R EFERENCES [1] [Online]. Available: http://www.3gpp.org/lte [2] L. Tassiulas and A. Ephremides, “Stability properties of constrained queueing systems and scheduling policies for maximum throughput in multihop radio networks,” IEEE Trans. Automat. Contr., vol. 4, pp. 1936–1948, December 1992. [3] A. Eryilmaz, R. Srikant, and J. Perkins, “Stable scheduling policies for fading wireless channels,” IEEE/ACM Trans. Network., vol. 13, pp. 411– 424, April 2005. [4] S. R. Bodas, “High-performance Scheduling Algorithms for Wireless Networks,” Ph.D. dissertation, The University of Texas at Austin, Dec. 2010. [5] [Online]. Available: http://www.3gpp.org/ftp/Specs/archive/36 series/ 36.912/ [6] Renesas Mobile Europe Ltd, “LTE Rel-12 and Beyond,” 2012. [Online]. Available: http://www.3gpp.org/ftp/workshop/2012-06-11 12 RAN REL12/Docs/RWS-120022.zip [7] J. Huang, V. G. Subramanian, R. Agrawal, and R. Berry, “Joint Scheduling and Resource Allocation in Uplink OFDM Systems for Broadband Wireless Access Networks,” IEEE J. Sel. Areas Commun., vol. 27, no. 2, pp. 226–234, Feb. 2009. [8] B. Rengarajan, A. Stolyar, and H. Viswanathan, “Self-organizing Dynamic Fractional Frequency Reuse on the Uplink of OFDMA Systems,” in Proc. Conf. on Information Sciences and Systems (CISS), Mar. 2010. [9] R. Madan and S. Ray, “Uplink Resource Allocation for Frequency Selective Channels and Fractional Power Control in LTE,” in International Conference on Communications (ICC), Jun. 2011. [10] M. Neely, “Order Optimal Delay for Opportunistic Scheduling in Multi-User Wireless Uplinks and Downlinks,” IEEE Transactions on Networking, vol. 16, no. 5, pp. 1188–1199, Oct. 2009. [11] M. Mollanoori and M. Ghaderi, “On the Complexity of Wireless Uplink Scheduling with Successive Interference Cancellation,” in Proc. Ann. Allerton Conf. Communication, Control and Computing, Sep. 2011. [12] S. Bodas, S. Shakkottai, L. Ying, and R. Srikant, “Scheduling in MultiChannel Wireless Networks: Rate Function Optimality in the SmallBuffer Regime,” in Proc. SIGMETRICS/Performance Conf., Jun. 2009. [13] A. Dembo and O. Zeitouni, Large Deviations Techniques and Applications, 2nd ed. Springer-Verlag New York, Inc., 1998. [14] S. Bodas, S. Shakkottai, L. Ying, and R. Srikant, “Scheduling for Small Delay in Multi-rate Multi-channel Wireless Networks,” in Proc. IEEE Infocom, Apr. 2011. [15] S.-B. Lee, I. Pefkianakis, A. Meyerson, S. Xu, and S. Lu, “Proportional Fair Frequency-Domain Packet Scheduling for 3GPP LTE Uplink,” in Proc. IEEE Infocom, Apr. 2009. [Online]. Available: http://www.cs.ucla.edu/wing/publication/papers/Lee.TR-090001.pdf [16] S. Bodas and B. Sadiq, “Polynomial-complexity, Low-delay Scheduling 15 for SCFDMA-based Wireless Uplink Networks (Technical Report),” 2013. [Online]. Available: http://arxiv.org/pdf/1301.1279v1.pdf [17] S. Bodas, S. Shakkottai, L. Ying, and R. Srikant, “Low-complexity Scheduling Algorithms for Multi-channel Downlink Wireless Networks,” in Proc. IEEE Infocom, Mar. 2010.



























[image: Bicriteria Scheduling for Parallel Jobs]
Bicriteria Scheduling for Parallel Jobs












[image: Scheduling for Human- Multirobot Supervisory Control]
Scheduling for Human- Multirobot Supervisory Control












[image: Scheduling for Middle School Parents.pdf]
Scheduling for Middle School Parents.pdf












[image: Adaptive Scheduling Parameters Manager for ... - GitHub]
Adaptive Scheduling Parameters Manager for ... - GitHub












[image: Insertion Scheduling: An Alternative to List Scheduling ...]
Insertion Scheduling: An Alternative to List Scheduling ...












[image: Scheduling Fairness of Real-Time Scheduling ...]
Scheduling Fairness of Real-Time Scheduling ...












[image: FCFS Scheduling]
FCFS Scheduling












[image: Fast Modulo Scheduling Under the Simplex Scheduling ...]
Fast Modulo Scheduling Under the Simplex Scheduling ...












[image: Priority Scheduling]
Priority Scheduling












[image: Jitter Compensation Scheduling Schemes For The ...]
Jitter Compensation Scheduling Schemes For The ...












[image: Multi-criteria and satisfaction oriented scheduling for hybrid ...]
Multi-criteria and satisfaction oriented scheduling for hybrid ...












[image: Adaptive Scheduling for Multicasting Hard Deadline ...]
Adaptive Scheduling for Multicasting Hard Deadline ...












[image: Joint Scheduling and Power Control for Wireless ... - Semantic Scholar]
Joint Scheduling and Power Control for Wireless ... - Semantic Scholar












[image: Joint Cross-Layer Scheduling and Spectrum Sensing for ... - IEEE Xplore]
Joint Cross-Layer Scheduling and Spectrum Sensing for ... - IEEE Xplore












[image: Power Allocation and Scheduling for Ultra-Wideband ...]
Power Allocation and Scheduling for Ultra-Wideband ...












[image: LNCS 6942 - On the Configuration-LP for Scheduling ... - Springer Link]
LNCS 6942 - On the Configuration-LP for Scheduling ... - Springer Link












[image: Backlog Aware Scheduling for Large Buffered Crossbar ...]
Backlog Aware Scheduling for Large Buffered Crossbar ...












[image: An Optimal Lower Bound for Anonymous Scheduling Mechanisms]
An Optimal Lower Bound for Anonymous Scheduling Mechanisms












[image: Jitter Compensation Scheduling Schemes For The ...]
Jitter Compensation Scheduling Schemes For The ...












[image: Case Study of QoS Based Task Scheduling for Campus Grid]
Case Study of QoS Based Task Scheduling for Campus Grid












[image: Case Study of QoS Based Task Scheduling for Campus Grid]
Case Study of QoS Based Task Scheduling for Campus Grid












[image: Dynamic Fine-Grained Scheduling for Energy ... - Danica Porobic]
Dynamic Fine-Grained Scheduling for Energy ... - Danica Porobic












[image: Using job-shop scheduling tasks for evaluating collocated]
Using job-shop scheduling tasks for evaluating collocated















Polynomial-complexity, Low-delay Scheduling for ...






(SCFDMA) technology as the uplink multiple access tech- nology [1]. ... II. RELATED WORK. Scheduling and resource allocation for the wireless uplink network ... 






 Download PDF 



















 152KB Sizes
 1 Downloads
 266 Views








 Report























Recommend Documents







[image: alt]





Bicriteria Scheduling for Parallel Jobs 

Bicriteria Scheduling for Parallel Jobs. Dror G. Feitelson and Ahuva Mu'alem. School of Computer Science and Engineering. The Hebrew University, Jerusalem ...














[image: alt]





Scheduling for Human- Multirobot Supervisory Control 

April 30, 2007. In partial fulfilment of Masters degree requirements ..... each NT period over time is a good gauge of whether a human supervisor is ... the Human Computer Interaction International Human Systems. Integration ... on information Techno














[image: alt]





Scheduling for Middle School Parents.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. Scheduling for ...














[image: alt]





Adaptive Scheduling Parameters Manager for ... - GitHub 

Jun 27, 2014 - Solution: a set of tools that manage SCHED DEADLINE parameters adaptively ..... Adaptive Quality of Service Architecture. Wiley. InterScience ...














[image: alt]





Insertion Scheduling: An Alternative to List Scheduling ... 

constraints between the tasks, build a schedule which satisfies the precedence and the ... reservation vector, for the conditional stores of the DEC Alpha 21064.














[image: alt]





Scheduling Fairness of Real-Time Scheduling ... 

MExp, outage capacity, quality of service (QoS), scheduling fairness, ... Wireless industry has been making its way to the field of real-time multimedia applications. ... data applications over both wire-line and wireless channels, multiplexing ...














[image: alt]





FCFS Scheduling 

To schedule snapshot of processes queued according to FCFS (First Come First Serve) scheduling. Algorithm. 1. Define an array of structure process with members pid, btime, wtime & ttime. 2. Get length of the ready queue, i.e., number of process (say 














[image: alt]





Fast Modulo Scheduling Under the Simplex Scheduling ... 

framework, where all the computations are performed symbolically with T the .... Indeed the renewable resources in an instruction scheduling problem are the ...














[image: alt]





Priority Scheduling 

To schedule snapshot of processes queued according to Priority scheduling. Algorithm. 1. Define an array of structure process with members pid, btime, pri, wtime & ttime. 2. Get length of the ready queue, i.e., number of process (say n). 3. Obtain bt














[image: alt]





Jitter Compensation Scheduling Schemes For The ... 

When the server becomes available, the scheduler selects for service the packet with the .... Each Virtual Circuit (an identified stream of cells or a flow of packets) i has an .... to the destination node using a dedicated link. The time-slot size .














[image: alt]





Multi-criteria and satisfaction oriented scheduling for hybrid ... 

Multi-criteria and satisfaction oriented scheduling for hybrid distributed computing infrastructures.pdf. Multi-criteria and satisfaction oriented scheduling for hybrid ...














[image: alt]





Adaptive Scheduling for Multicasting Hard Deadline ... 

tructure support, scalable compression techniques are used to allow the .... that the transmitter is an oracle which knows the channel ..... global optimal solution.














[image: alt]





Joint Scheduling and Power Control for Wireless ... - Semantic Scholar 

This is further aggravated in ad-hoc networks since all nodes are mobile ..... Go to next slot i = i + 1 .... We compare the structure of the power control problem.














[image: alt]





Joint Cross-Layer Scheduling and Spectrum Sensing for ... - IEEE Xplore 

secondary system sharing the spectrum with primary users using cognitive radio technology. We shall rely on the joint design framework to optimize a system ...














[image: alt]





Power Allocation and Scheduling for Ultra-Wideband ... 

(MUI); 3) the diverse quality of service (QoS) requirements of multimedia ...... RIM/CITO Chair on Pico-Cellular Wireless Internet Access Networks and is.














[image: alt]





LNCS 6942 - On the Configuration-LP for Scheduling ... - Springer Link 

insights on two key weaknesses of the configuration-LP. For the objective of maximizing the minimum machine load in the unrelated graph balancing setting ...... length. European Journal of Operational Research 156, 261â€“266 (2004). 19. Scheithauer, 














[image: alt]





Backlog Aware Scheduling for Large Buffered Crossbar ... 

the past (e.g. Clos networks), which realize a large switch by interconnecting ..... context of integrated services networks and focused on issues like per-flow ...














[image: alt]





An Optimal Lower Bound for Anonymous Scheduling Mechanisms 

An easy observation made by [13] is that the well-known VCG mechanism ... of at most m times the optimal makespan, while making it the dominant strategy ..... Figure 1: An illustration of an instance that is a ({1, ..., j},i)-projection of t, as in D














[image: alt]





Jitter Compensation Scheduling Schemes For The ... 

Asynchronous Transfer Mode (ATM) or Internet Protocol (IP) network. ... This work was supported by Pacific Bell and IJniversity of California MICRO grants Nos. 95-128 ... Concluding remarks and plans for future work are included in section 4.














[image: alt]





Case Study of QoS Based Task Scheduling for Campus Grid 

Also Grid computing is a system, which provides distributed services that integrates wide variety of resources with ... communication based jobs are like transfer a file from one system to another system and which require high ... Section 4 is relate














[image: alt]





Case Study of QoS Based Task Scheduling for Campus Grid 

Such Grids give support to the computational infrastructure. (access to computational and data ... Examples of Enterprise Grids are Sun Grid Engine, IBM. Grid, Oracle Grid' and HP Grid ... can be used. Here m represents the communicational types of t














[image: alt]





Dynamic Fine-Grained Scheduling for Energy ... - Danica Porobic 

Jun 22, 2014 - As the era of Dark Silicon [8] looms, we will not be able to power the whole chip. Having specialized circuits to use on demand can be very ...














[image: alt]





Using job-shop scheduling tasks for evaluating collocated 

mental tasks to evaluate the effectiveness of these tools for information coordination in ... demonstrates the benefits of shared visual information on large displays. ... data, researchers obtain a rich picture of how technologies are adopted in the


























×
Report Polynomial-complexity, Low-delay Scheduling for ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















