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LAD: A Routing Algorithm to Prolong the Lifetime of Wireless Sensor Networks Mohsen Mollanoori*, Nasrollah M. Charkari† Dep. of Electrical and Computer Engineering, Tarbiat Modares University



Abstract— As nodes in wireless sensor networks are usually supplied by a simple non rechargeable battery, the energy available in these nodes is very limited. Moreover, this limited energy is mostly consumed in transmission and reception of data. As transmission and reception is highly affected by routing algorithms, designing a proper routing algorithm will prolong the network lifetime. In this paper we proposed a novel routing algorithm, called Locality-Aware Diffusion (LAD) that leverages spatial locality of sensed data in sensor networks to reduce energy consumption and prolong the network lifetime. The proposed algorithm is an extension to Shortest Path Tree which is a common approach in routing algorithms. Simulation results show the validity and effectiveness of the proposed algorithm.



routing tree is built while the query is disseminated across the network; this routing tree is rooted at the sink node. A commonly built routing tree is Shortest Path Tree (SPT) or near shortest path trees; In SPT every node sends data along the shortest path to the sink node. To build a SPT every node selects the neighbor as the return path that minimizes the routing cost to the sink. More formally, for each node vi



vi and Ci be the cost of routing a packet from vi to the sink, then vi selects v j as let N i be the set of neighbors of return path where:



Ci = min (C j + Lij ) I. INTRODUCTION Since sensor nodes are usually supplied by non rechargeable batteries, the energy available in these nodes is very limited. As a result reducing energy consumption and prolonging the network lifetime is the most challenging issue in sensor networks. This limited energy is mostly consumed in transmission and reception of data. As transmission and reception is highly affected by routing algorithms, designing a proper routing algorithm will prolong the network lifetime. To prolong the lifetime of a sensor network, two different factors should be considered while designing a routing algorithm: 1) The routing algorithm must reduce the average energy consumption in sensor nodes and 2) The energy consumed should be evenly distributed among all nodes, in other words the standard deviation of energy consumed in nodes should be lowered. A. Data Centric Routing Data Centric Routing is a well known routing approach in sensor networks. In this approach, the data generated by sensors is focused rather than the addresses or identifiers of nodes. Data is named by attributes and user requests data matching certain attribute values[1]. When a user poses a query at the sink to the sensor network, the query is broadcasted across the network (assume that the query must be answered by all nodes). A This research was funded in part by Iran Telecommunication Research Center (ITRC). * †
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v j ∈Ni



(1)



Lij is the cost of sending a packet from vi to v j [2]. B. Queries There are two types of data gathering queries in sensor networks, In the first type the result of the query is updated periodically in specified time intervals, In this type usually user specifies the interval that results should be updated, This type of query is called continuous or long-running query. In the second type, the query could be answered once. The point here is that, consuming more energy to set up a better routing tree is acceptable in continues queries, as the overhead of route set up will be amortized during answering the long running query [3]. C. Spatial Locality Sensed data in Wireless Sensor Networks reflect the spatial correlation of physical attributes existing intrinsically in the environment. So these data usually have strong spatial correlation. In a sensor network, nodes near each other usually sense similar values and those nodes far from each other sense dissimilar values. This property is called spatial locality. Spatial Locality is a great property to be investigated to reduce energy consumption and extend the lifetime of sensor networks. Our proposed algorithm leverages spatial locality of sensed data to prolong the network lifetime [4], [5]. D. In-Network Data Aggregation As data is routed along the routing tree, relay nodes in the tree might apply some aggregation operators. Aggregation



operator could be seen as a general function which might compress gathered data, omit redundancies in data, or create synopsis of data. We refer to this kind of query processing in sensor networks as in-network data aggregation or for short in-network aggregation. In-network aggregation is a common technique used in data centric routing algorithms to prolong the lifetime of sensor networks. Since generated data in a sensor network have significant similarities and redundancies (because of spatial locality mentioned earlier), in-network aggregation could greatly reduce the amount of data transmitted by nodes, hence reducing energy consumption [1]. The aggregation process is done using an aggregation function; generally an aggregation function is a function that accepts some data as input and generates aggregation of those data as output. More formally, we could define aggregation function as follows: For each node v in the routing tree T let p(v) be the parent of v and gv be the generated packet which contains sensed data in v. Also let P be the set of all packets transmitted in the network. if v receive packets r1, r2, …, rk from its children, a function f:Pm→Pn with arguments (gv , r1, r2, …, rk) is an aggregation function if m=k+1≥n. Although the aggregation function could be defined on the sensed data in the network, but for simplicity and generality we have defined the aggregation function on the set of transmitted packets and assumed all packets are of the same size. Defining the aggregation function on sensed data instead of packets will not affect the generality of discussion in this paper. Based on this definition and the amount of m and n, aggregation functions could be classified as follows: 1) Aggregation functions that generate a constant size output, independent from the input size‡. Many simple aggregation functions including min, max, average, sum, and count are among this type, for example the sum of any number of 16 bits integers is always a single 16 or 32 bits integer, so the output of a sum aggregation function is always of a constant size. 2) Aggregation functions that their output size depends on the input size and entropy of input data. This type of aggregation functions are usually more complex than the first type. Some examples of this type of aggregation functions are select distinct, histogram (generally group by queries) and many lossy or lossless compression algorithms. We believe that different energy-efficient solutions are needed for these two types of aggregation functions. In this paper we propose a solution to the second type of aggregation functions. E. Data-sensitive Routing The pattern of the sensed data could be employed to design more energy-efficient routing algorithms for sensor ‡



By size we mean the number of bits needed to represent the data.



networks. Fig. 1 shows two different routing trees for a same network; A SELECT DISTINCT query is run on both trees. Numbers on nodes specify the sensed value in that node and the labels on arrows specify the transmitted packets. The first routing tree is a shortest path tree and transmits 6 packets to answer the query. The second routing tree is built with respect to the pattern of sensed data in which, just 5 packet transmissions is needed to answer the query in this routing tree. We define the term data-sensitive routing as a routing algorithm that employs the pattern of the sensed data to set up the routes, in other words a routing algorithm is datasensitive if it creates two different routing trees (routing structures) for a same network, but different data sets. To the best of our knowledge, there are a few data-sensitive routing algorithm for sensor networks available, among them are GaNC [6] and CAG [4].



Fig. 1- Running a SELECT DISTINCT query on two different routing trees, the first one transmits 6 packets but the second one transmits 5 packets



II. RELATED WORKS Energy-efficient data dissemination is among the first set of research issues being addressed in sensor networks. Directed Diffusion [7] and TAG [8] are among the first works done in this area. These algorithms are categorized among flat routing algorithms and use in-network data aggregation to save energy and extend the network lifetime. Many hierarchical routing algorithms are proposed for sensor networks. In hierarchical routing algorithms some nodes are selected as cluster heads, other nodes become a member of a cluster; all member nodes send their data to cluster heads, where data is aggregated and sent to the sink. LEACH [9] and HEED [10] are mentionable hierarchical routing algorithm. In [11] the impact of spatial correlation of data on the optimal cluster size of a hierarchical routing algorithm is



investigated, and two different approaches to routing algorithms in sensor networks is also discussed. In routingdriven compression (RDC) approach data is routed through shortest paths to the sink, with compression taking place opportunistically wherever these routes happen to overlap. In compression-driven routing (CDR) approach the route is dictated in such a way as to compress the data from all nodes sequentially, not necessarily along a shortest path to the sink. Our proposed algorithm uses the idea of CDR. Clustered AGgregation (CAG) is a routing algorithm that leverages spatial and temporal locality of data generated by nodes to reduce the number of transmitted packets. This algorithm forms clusters of nodes sensing similar values within a given threshold (spatial correlation), and these clusters remain unchanged as long as the sensor values stay within a threshold over time (temporal correlation). With CAG, only one sensor reading per cluster is transmitted. Thus, CAG provides energy-efficient and approximate aggregation results with small and often negligible and bounded error [4]. An approach called GaNC (Group-Aware Network Configuration) is proposed in [6]. GaNC optimizes group-by queries by clustering along the same path sensor nodes that belong to the same group. Our approach differs with GaNC in some aspects, firstly, it is more general than GaNC; it supports a general aggregation function, not just group-by queries. Secondly, a theoretic lower bound for the network lifetime could be proofed for our algorithm.



routed inside clusters; they transmit data from cluster members to cluster heads. Global packets are the packets that transmit aggregated packets from cluster heads to the sink. Global packets are directly routed to the sink along shortest path; the content of these packets are not aggregated at all; this method will decrease energy consumption, as the chance of aggregation of packets from different clusters is very low.
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III. THE ALGORITHM LAD consists of two different steps, route setup and data gathering. LAD leverages spatial locality of data sensed in sensor networks to reduce energy consumption and prolong the lifetime of the network. As shown in Fig. 2-A SPT routes packets along the shortest path to the sink; it also aggregates data wherever possible. Instead LAD routes data in such a way that in-network aggregation is maximized. It creates clusters of nodes sensing similar values; data is routed to a cluster head, after aggregation of data, packets are routed from cluster heads to the sink along the shortest path. In LAD the node that has the shortest path to the sink is selected as a cluster head. Clusters in LAD are created using a simple thresholding method. Two neighbors are in a same cluster if the difference of the sensed values in these neighbors is less than the threshold; otherwise they are in different clusters. Although this method may create some low quality clusters, but this is acceptable since precision of results is not affected by quality of clusters; the main advantage of this method is its low overhead, due to broadcast nature of wireless communication, all nodes could receive sensed values of their neighbors without extra packet transmission. Clusters are formed implicitly during route set up phase; there is no separate step to form the clusters. There are two different types of packets in LAD, local packets and global packets. Local packets are the packets



C2



B Fig. 2 – A) SPT chooses the shortest path to route packets to the sink. B) LAD tries to aggregate similar data as much as possible by creating clusters of nodes sensing similar values



Corresponding to global and local packets, there are global and local routing trees. As global packets are routed along the shortest path, the global routing tree is a shortest path g



tree. Let Ci be the cost of routing a global packet and



Cil be the cost of routing a local packet in node vi , then: Cig = min(Cig + Lij ) v j ∈N i



(2)



⎧⎪ C lj + Lij if i and j are in the same cluster (3) C il = min ⎨ v j ∈ N i ⎪ M ( C g + L ) if i and j are in different clusters j ij ⎩ Here M is a real number and M ≥ 1 . The interesting point here is that if we set M = 1 we get l g g . This means that the local tree will Ci = Ci = min(Ci + Lij ) v j ∈Ni



be the same tree as the global one. So routing in LAD with M = 1 is the same as SPT; i.e. SPT is a special case of



As both of simulated algorithms are hop by hop and the distance between transmitter and receiver in our simulations is short, we set α = 2 in all cases (free space model).
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in



[14]



K = 10 pJ / bit .



we



used



C = 50nJ / bit



and



The aggregation function used in simulations is histogram. To answer the query we used constant sized packets each containing two integers, a sensed value in nodes and frequency of the sensed value. The aggregation function simply sums up frequencies of similar sensed values and generates a single packet for each sensed value. We use the timing model of TAG [8] in our simulations. The timing model tries to maximize aggregation in relay nodes; this is accomplished by having parents subdivide the epoch such that all children are required to deliver their packets during a time interval. This interval is selected so that there is enough time for the parent to combine received packets and send the aggregated packet to its parent. Table1 summarizes the configurations and results of simulations. We used two different metrics to evaluate LAD: 1) Maximum energy consumption in nodes which specifies the amount of energy used in the node with maximum energy consumption. 2) Routing depth which is the maximum number of hops needed to route a packet from any node in the network to



Routing Depth



Maximum Energy Consumption in Nodes(pJ) 571040 343200 421750 421750 696280 617100 764550 530500 820800 631200 664020 359000 708400 418640 1432500 777980 1260600 1086600 796950 796950 1109010 936000



Data Set



(4)



6 7 6 12 13 13 15 15 15 17 5 6 6 7 12 13 8 8 8 8 11 11



Number of Nodes



Ed = C + Kd α



SPT LAD SPT LAD SPT LAD SPT LAD SPT LAD SPT LAD SPT LAD SPT LAD SPT LAD SPT LAD SPT LAD



Transmission Radius



We have done many simulations to analyze the effectiveness of LAD. The simulations are done using Java programming language atop JiST simulation environment [12]. We set up 10 different configurations; the configurations differ in data sets, number of nodes, transmission radius, and size of the field. Two different data sets are used, the first data set is a part of whether map in [13], intensity of pixels is used as sensed values in nodes. The second data set is a generated normal data set. We used these data sets as they provide enough spatial locality to be investigated by proposed algorithm. The energy model used here is the same as the one used in [14]. In this model, the energy consumed to transmit a packet to a distance d is



Table1 - Summary of configurations and results of simulations Configuration Results Field Size



IV. SIMULATION RESULTS



the sink, routing delay is directly related to this metric. As SPT uses the shortest path to route a packet, it has the least routing depth (and consequently least routing delay) among all routing algorithm.



Algorithm



LAD. Furthermore, we can say, theoretically, with proper selection of M, the lifetime of the network using SPT is the lower bound of the lifetime of the network using LAD. This is necessary to mention that improper selection of M may shorten the lifetime even less than the lifetime of SPT. When the sensed data are not spatially correlated we propose to set M = 1, as in these cases SPT works better. In cases where there is a high spatial correlation among sensed values, we propose to choose M > 1.
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Fig. 3 shows the comparison of maximum energy consumption in nodes for different configurations. LAD reduced maximum energy consumption in 9 out of 11 cases, in 2 other cases LAD performs the same as SPT, as we set M=1 in (1). In other cases we set M=20. This metric is improved (reduced) by up to 46 percent.



Fig. 3 - Maximum energy consumption in nodes



Fig. 4 shows the comparison of routing depth for LAD and SPT, in many cases, the routing depth is the same for two algorithms. In other cases SPT performed better than



LAD.
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Fig. 4- Routing depth of simulated algorithms



V. CONCLUSION In this paper we have proposed a novel routing algorithm for sensor networks. Our proposed algorithm called LAD leverages spatial locality of data generated in sensor networks to prolong the lifetime of the network. By our definition LAD is a data-sensitive routing algorithm, i.e. LAD explicitly leverages the pattern of sensed data to set up routes. LAD is an extension to SPT which is a common approach to routing in sensor networks. Theoretically we can say that the lifetime of network when using LAD is not less than the lifetime when using SPT. Based on simulation results, the maximum power consumption in nodes is reduced by up to 46 percent in compare with SPT.
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