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Abstract—Run-time approaches have been recently proposed to allow a NoC (Network-on-Chip) to continuously adapt its structure and its behavior. For example, because resources are shared, congestion or bottlenecks may be created in some switches, and therefore leading to poor performance. In this paper, an adaptive approach for congestion avoidance is introduced to allow network elements to dynamically adjust their inflow by using a feedback control-based mechanism. Simulations are conducted and preliminary results are reported to show the viability of this approach for designing congestion-aware NoCs.



switches sj (i.e., the outputs of sj ), 1 ≤ j ≤ n, j 6= i. The output flows of si are eik to ` local cores ck , 1 ≤ k ≤ κ where k 6= i, and αij output flows to neighboring switches sj , 1 ≤ j ≤ m where j 6= i. The compartmental fluid-flow model can be then expressed as follows:
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I. I NTRODUCTION Recently, several run-time approaches have been proposed to allow a NoC to continuously adapt its structure and its behavior.These approaches have been proposed with main objective to satisfy quality of service requirements and to optimize resources’ usage during the operation of the system (e.g., [4]). Because of pages limitation, we refer readers to [1] for a state of the art review about these approaches. This paper introduces a hop-by-hop control flow mechanism in NoCs based on a compartmental fluid-flow based method. By analyzing and capturing the characteristics of on-chip communication traffic, the designer can select and design the on-chip interconnect routers that are optimized for a target application. The congestion avoidance in NoC was mainly tackled from different angle, by using for example, dynamic routing algorithms. The rest of this paper is organized as follows. Section 2 describes the congestion-aware approach based on fluidflow modeling theory. Section 3 presents a case study considering the 2D mesh on-chip interconnect together with the preliminary performance evaluation results by showing the effectiveness of this approach in preventing congestion. Conclusions and future work are given in section 4. II. C ONGESTION - AWARE A PPROACH The NoC infrastructure is the combination of various elements (e.g., switches, links, cores) and protocols (e.g., routing, switching) that determine the communication architecture and modes. The communication between two cores can be characterized as flows that are represented by sequences of hops (see Fig. 1). A switch si has input flows λki from ` local cores ck , 1 ≤ k ≤ ` and k 6= i, and input flows αji from neighboring



where x1 (t), x2 (t), ..., xns (t), called the state vector of the system, represent the total number of packets waiting or under processing at switches s1 , s2 , ..., sns (ns is the total number of switches). This simply means that the accumulated packets in the input buffers of a switch si is the difference between the total input flows (the first and second terms of eq.1) and the output flows (the third and fourth terms of eq.1). To express the output flows, the concept of processing rate function and control mechanism, proposed in [3], is used and the eq.1 can be rewritten as follows:
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(2) where ri (x) are processing rate functions, which can be µi xi as an explicit factorization of xi . These expressed by a+x i functions should be bounded, continuous and differentiable, with ri (0) = 0 and 0 ≤ ri (x) ≤ µi , ∀xi > 0, the parameter µi is the service rate of the ith switch, and a is a positive integer. The parameters aik , aij , and aji are positive values that represent the fraction of packets that are submitted Pmi → k, i → j, and j → i respectively, Pκon the link where k6=i aik + j6=i aij = 1. µij is a congestion control parameter used to slow down the transmission of the traffic. The main objective is to prevent buffer overflows by keeping the buffer utilization lower than a given threshold. A feedback control mechanism, proposed in [2], is used to control the σj −xj . This means the buffers’ load xi as follows: µij = i +σ j −xj size of each switch remains bounded and then no flits will be dropped.



Fig. 2. The buffers size variation over time when the injection rate is 100flits/s and without using the feedback control mechanism Fig. 1. 4x4 2D mesh on-chip interconnect and data flows exchanged between selected cores



III. E VALUATION STUDY In this section, we show the practical use of the proposed congestion-aware approach. We analyze particularly the buffer size needed to store packets waiting or under processing. For this evaluation, 4x4 2D mesh on-chip interconnect with an application traffic as depicted in Fig. 1. Cores selected to be traffic sources are c1 , c2 , c3 , c4 , c5 , c9 , and c13 . Cores selected to be sinks are c4 , c8 , c12 , c13 , c14 , c15 , and c16 . To show the efficiency of this approach, we compared the analytical results with a detailed simulation using 4x4 2D mesh on-chip interconnect with an application traffic, i.e., a specified target application. A discrete event driven simulator, presented in [2], is used in this evaluation study. The links bandwidth is configured to be 200 flits/s. Each core is linked with a traffic generator that injects flits with rates 100, 80, 60, 40, and 20flits/s. For injection rates 80, 60, 40, and 20flits/s, the average buffer size increases to reach a fixed value, but we are not presenting them because no congestion have noticed. We show only here the results when the injection rate is fixed to 100 flits/s that cause congestion (see Fig. 2). Because the injection rate is increased, more space is needed to avoid flits from being dropped. Furthermore, the buffers size increases during the simulation time, which means as cores inject more traffic, more buffer space is needed. If the buffers size is fixed at design time, more flits will be dropped when no space is available to absorb traffic injected. To avoid buffers’ overflow (as illustrated in Fig. 2), the approach introduced in the last section is used to analyze and avoid congestion by including control mechanisms to guarantee the boundedness of the buffer queue lengths defined at design-time stages. In the simulator used, the control mechanism was developed using the token bucket model [2]. Several simulation instances were conducted by varying the buffers’ size and injection rates, because of their similar behavior, we show only results when buffers’ size are fixed to 10 flits and the injection rate to 100 flit/s. Fig. 3 shows that the control mechanism prevents the queues from growing above the fixed limit, i.e., the buffers’ size are maintained above the value 10.



Fig. 3. The buffers size variation over time when using the feedback control mechanism with buffers’ size at each switch is fixed to 10 flits and injection rate is 100flits/s



IV. C ONCLUSIONS AND FUTURE WORK In this paper, the compartmental fluid-flow modeling framework is used to analyze and avoid congestion by including control mechanisms to guarantee the boundedness of the buffer queue lengths defined at design-time stages. The analytical and simulations are conducted and results reported show the efficiency of this approach in avoiding congestion. Heavier traffic with more bursty cases should be also investigated to demonstrate the effect of the congestion mechanism. Furthermore, latency, area, and energy consumption will be measured to show the impact of this end-to-end feedback control in larger NoCs. R EFERENCES [1] M. Bakhouya. A bio-inspired architecture for autonomic network-onchip. Autonomic Networking-on-Chip: Bio-inspired Specification, Development, and Verification. Part of the Embedded Multi-core Systems (EMS) Book Series Edited by:Phan Cong-Vinh. Taylor and Francis/CRC Press, to appear:30 pages, 2011. [2] V. Guffens. Compartmental fluid-flow modelling in packet switched networks with hop-by-hop control. PhD thesis, 2005. [3] V. Guffens, G. Bastin, and H. Mounier. Fluid flow network modeling for hop-by-hop feedback control design and analysis. Proceedings Internetworking, 2003. [4] M. B. Stensgaard and J. Sparso. Renoc: A network-on-chip architecture with reconfigurable topology. Second ACM/IEEE International Symposium on Networks-on-Chip, pages 55–64, 2008.
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