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We pinpoint a new sensor self-deployment problem, achieving focused coverage around a Point of Interest (POI), and introduce an evaluation metric, coverage radius. We propose two purely localized solution protocols Greedy Advance (GA) and Greedy-Rotation-Greedy (GRG), both of which are resilient to node failures and work regardless of network partition. The two algorithms drive sensors to move along a locally-computed triangle tessellation (TT) to surround the POI. In GA, nodes greedily proceed as close to the POI as they can; in GRG, when their greedy advance is blocked, nodes rotate around the POI to a TT vertex where greedy advance can resume. They both yield a connected network of TT layout with hole-free coverage. Further, GRG ensures a hexagon coverage shape centered at the POI.



I.



Introduction



There exist a class of applications, where sensors are designated to monitor concerned events or environmental changes happening around a strategic site, called Point of Interest (POI). For instance, sensors are scattered around a chemical plant to monitor the distance-dependent pollutional impact from the plant on the soil/air in its vicinity. These applications uniquely require that an area close to the POI have higher priority to be covered than a relatively distant area. We refer to the coverage of such a surrounding network as focused coverage. The radius of a focused-coverage is defined as the radius of the maximized hole-free disc centered at the POI and contained in the coverage region, i.e., the region enclosed by the border of the network. From Quality of Service (QoS) point of view, a focused coverage should have maximized radius. In this paper, we will address how to achieve quality focused coverage through localized sensor self-deployment approaches. Sensor self-deployment is an important research issue that deals with autonomous coverage formation in mobile sensor networks. Together with sensor relocation [1, 2], it constitutes the core of the fundamental coverage improvement problem [3]. Existing sensor self-deployment algorithms emphasize only on coverage maximization over a Region of Interest (ROI). If used for focused-coverage formation, they may lead to a coverage with radius as bad as 0. Besides, they have various weaknesses such as unrealistic assumptions (e.g., initial connectivity out of randomized placement), global computation and vulnerability to node 50



failure. The unsuitability and incompleteness of previous work motivate our research presented here.



II.



Problem statement



We consider an asynchronous mobile sensor network that is randomly dropped in two-dimensional free plane and may possibly be disconnected at initiation. Sensors have the same communication radius rc and the same sensing radius rs . They know about the location of a Point of Interest (POI), denoted by P. The goal is to develop a purely localized sensor self-deployment algorithm that yields a network surrounding P with an equilateral triangle tessellation (TT) layout. The reason for requiring the TT layout is that it maximizes the coverage area of any given number of nodes without coverage gap when nodal sepa√ ration equals 3rs [4]. We also require that the final coverage has maximized radius with respect to P. We consider this sensor self-deployment problem under √ the following commonly-used assumptions: (1) rc ≥ 3rs ; (2) sensors are aware of their own location by a localization system like GPS; (3) through lower-layer protocols (minor modification may apply), sensors have the information about their 1-hop neighbors, i.e., location, status (STILL/MOVING) and destination if moving.



III. Equilateral triangle tessellation An equilateral triangle tessellation (TT) is a planar graph composed of congruent equilateral triangles. Using a common orientation, say north, each sensor is able to locally compute a unique TT of edge length le
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Figure 1: Equilateral triangle tessellation (TT) with P as vertex. Denote this TT by T (V, E), where V and E represent the set of vertices and the set of edges, respectively. In our work, since we finally √ want to relocate sensors on the TT grid, le is set to 3rs for connectivity maintenance and hole elimination [4]. In V , there are 6j vertices with equal TT distance j to P, and these vertices together constitute a distancej hexagon, denoted by Hj . Here, the TT distance between two vertices is defined as the number of edges in the shortest path between them. H hexagons are concentric and centered at P. The vertices at hexagon corners are called corner vertices; the others are referred to as edge vertices. An example of the TT is shown in Fig. 1, where concentric hexagons are labeled and highlighted by thick lines.



IV.



Localized sensor self-deployment



In this section, we present two fully localized sensor self-deployment algorithms, Greedy Advance (GA) and Greedy-Rotation-Greedy (GRG). The two algorithms are both based on a TT graph T (V, E), which, as introduced in Sec. III, is locally computable. In the two algorithms, nodes make their deployment decisions using their latest 1-hop neighborhood information only and move asynchronously towards the reference point P step by step. For easy description, we assume for the time being that all the sensors are aligned along T (V, E). This temporary assumption will be relaxed immediately after, in Sec. IV.C.



IV.A. Greedy Advance (GA) In GA, a node moves greedily along TT edges as close to P in terms of TT distance as it can. A node may have one or two options for every step of its greedy movement. But it chooses one that will not cause node collision according to its best local knowledge. An arbitrary vertex w on Hk forms a triangle with two neighboring vertices x and y on Hk+1 . If two nodes are greedily moving to w respectively from x



and y at the same time, they will collide. However, since the two nodes are neighboring each other, they know about the potential collision and thus can prevent it from actual happening. Rule IV.A.1 If two neighboring nodes are both trying to greedily move to the same vertex, the one in clockwise direction about the vertex has higher priority than the other. Special attention should be made if w is a corner vertex of Hk . In this case, it actually constitutes two triangles with three consecutive vertices x, y and z on Hk+1 , as shown in Fig. 1. The collision at w caused by two nodes respectively from x and z is not locally avoidable because the two nodes are not aware of each other. In order to eliminate this undesired situation, we define an additional rule as follows: Rule IV.A.2 A node neighboring a corner vertex in counterclockwise direction does not take the corner vertex as next hop of its greedy advance. The Point of Interest (POI) P forms 6 triangles in total with the 6 vertices on H1 . Consider the scenario where six nodes are occupying H1 vertices, and P is not occupied. In this particular case, a deadlock occurs due to Rule IV.A.1, and none of the six nodes will attempt to move to P, resulting a sensing hole at P. To avoid this problematic deadlock, we define Rule IV.A.3 A node located at vertex on H1 moves to P if P is empty and no node is moving towards P. This rule may cause node collision. However, such a collision takes place at most once, because a node will stay at P after it reaches P, and because no node will try to move to P once P is occupied.



IV.B. Greedy-Rotation-Greedy (GRG) GRG is a combination of GA and a new type of node movement - rotation. An arbitrary node, when its greedy movement is blocked, tries counterclockwise rotation around P along its residing hexagon. A node stops rotating when it reaches a vertex where greedy movement can resume, or when it finds that the rotation next hop is occupied, or when it returns to the vertex where it starts rotating. Nodal rotation forms the final network in a hexagon shape. Rule IV.B.1 In the case that a greedily moving node and a rotating node are targeting at the same vertex, the former can proceed as usual, while the latter changes its deployment decision accordingly. A vertex u on Hk forms a triangle with two neighboring vertices s and t on Hk−1 . If u is a corner vertex, then s and t merge to a single vertex. When a node n rotates from s to t, and another node m meanwhile greedily moves to t from either u or a vertex v
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counterclockwise neighboring u on Hk (see Fig. 1), collision occurs. If m is from u, the collision can be precluded by Rule IV.B.1, since n and m are neighbors; otherwise, it is not locally avoidable as n and m are not aware of each other. Depending on the way of handling the latter case, GRG has two variants: Collision alloWance (CW) and Collision aVoidance (CV).



IV.B.1. GRG-CW In GRG-CW, greedy-rotation collision is allowed. After a greedy-rotation collision occurs, the rotating node is required to make its deployment decision first, which then immediately restricts the other’s motion plan. By this means, collision may appear as a transient phenomenon. However, there is no assurance that collision does not remain permanently (this drawback will be resolved later, in Sec. IV.C). Figure 1 shows the node distribution obtained by GRG-CW in a simple simultaneous scenario containing 7 nodes. In this figure, node trajectories are marked by arrowed lines, pointing from initial position to final position. And note that the the initial position of node 4 is the final position of 6. To have a clear view of node movement, we will focus only on three nodes 2, 4 and 6. Observe that, node 4 moves to its final position, P, by a single greedy advance step according to Rule IV.A.3; whereas nodes 2 and 6 travel a curly long path. Node 2, after reaching a by greedy advance, finds that d is occupied by node 7, and that its further greedy advance to b is forbidden by Rule IV.A.2. So it rotates around P along its residing hexagon. When node 2 rotates to c, node 6 arrives at b. At that moment, d becomes empty due to node 7’s leaving, and P has been taken by node 4. Then node 2 decides to greedily proceed to d, and node 6 decides to rotate to d, resulting in a collision at d. Since a rotating node is given priority to take the next deployment step in this case, node 6 continues its rotation, while node 2 has to wait. Finally, node 6 rotates to its final position f , passing by e; node 2 rotates to e after node 6 leaves e for f .



Rule IV.B.3 An H1 node located at Gate(P) conducts greedy advance only (no rotation movement).



IV.C. Relaxing temporary assumption Previously, we assumed that nodes are located at distinct TT vertices at initiation. This temporary assumption can be relaxed by an alignment rule as follows: Rule IV.C.1 A node located inside or on the border of a TT triangle ∆t1 t2 t3 moves to the triangle vertex ti that is occupied by the least number of nodes. If more than one such triangle vertex exists, the closest is selected. If more than one such closest triangle vertex exists, a random choice is made. However, this alignment rule is very likely to cause various node collisions. So we introduce a new type of movement - retreat for collision resolution. Retreat movement is the opposite of greedy advance. It happens from a vertex of hexagon Hi (i ≥ 0) to a vertex of hexagon Hi+1 . With retreat movement, permanent collision no long remains, and GA and GRG gain the ability to spread out compactly-placed networks. After some nodes collide at a vertex, they enter a local ranking process. The only rotating node (if any) is given the highest rank; the others are ranked based on a random selection or certain criterion (if available) such as residual energy or node ID or their combination. These nodes are able to do the ranking locally and independently because they are neighboring each other. Then, the node with the highest rank makes its next deployment decision first, and the others follow in accordance with the decreasing order of their ranks. If the t-th node decides to stay, every node with rank lower than t retreats outwards by the following rule: Rule IV.C.2 A node located at a vertex of Hi , when necessary, retreats to one of its neighboring vertices of Hi+1 that is occupied by the least number of nodes. If multiple such vertices exist, a random choice is made.
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