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1. Introduction 
The recent advances in sensing and wireless communication technologies facilitate automated environment 
monitoring by wireless sensor networks (WSNs) [1]. Typical WSN setups, such as underground pipelines, tunnels and 
bridges, are not easily accessible, and hence it is necessary to minimize the required human intervention. Since sensor 
nodes are battery-powered devices, and battery replacement or recharging is difficult, maximizing WSN lifetime is of 
utmost importance [2]. Towards an automated WSN monitoring system, we devise a sensor scheduling protocol that 
is both energy-efficient and robust to failures. 
Sensors are deployed in an area of interest to monitor a physical process and then transmit the collected data to a sink 
node for further analysis and to drive decision making.  Data transmission is typically the most energy consuming 
function of a sensor node, much higher than sensing and computing [3]. Short-range multi-hop data relaying is a 
traditional method to reduce energy consumption in wireless networks [3,4]. A sensor node, acting as a relay, collects 
the data from its children nodes in the routing tree, combines its measurements and sends them to its next-hop node. 
Thus, sensors closer to the sink node have higher loads to transmit and their battery will deplete much earlier causing 
the disconnection of the whole network.  The lifetime of such nodes closer to the sink becomes the bottleneck. 
The idea of compressed sensing (CS) has been proposed to improve energy efficiency of the data gathering process in 
WSNs [5]. In the compressed data gathering (CDG) approach [6], all sensor nodes transmit a vector of the same size, 
which is based on their local measurement and the received data from their children nodes in the routing tree. Their 
measurements are recovered at the sink nodes. Thus, all the sensor nodes consume approximately the same energy, 
and the energy consumption of the WSN is more balanced. Furthermore, CS exploits the correlation of measurements 
to reduce the number of required measurements and consequently transmissions (much smaller than the number of 
nodes in the network). In dense sensor network, strong spatial correlations [6] on measurements enable us to turn off 
some sensor nodes for further energy saving [7], i.e. reducing the nodes that transmit data.  The data of the turned-off 
sensor nodes can be accurately estimated later [8]. 
 
In this paper, we focus on tandem multi-hop WSNs (Fig.1), monitoring an area with a long strip shape, such as 
pipelines, tunnels, towers, and bridges. We present a protocol for CS-based data gathering and scheduling of the 
sleep/awake of sensor nodes to prolong network lifetime. The proposed protocol ensures that the residual energy of 
the sensor nodes is balanced and the overall consumption of the network per timeslot is minimized by CS. 
 
2. Sensor scheduling protocol 
In this section, we first present the CS data gathering scheme for energy efficiency. Then we describe the protocol to 
coordinate transmission scheduling in a line network. 
 
Compressive sensing for data gathering 
Since the monitored area has a long strip shape, it could be modeled as a 1-dimensional line. Given a WSN of 
sensor nodes: , where  is the furthest sensor node from the sink node , and a virtual node  
is placed on the other end of the line. The CDG approach is shown in Figure 1 (a). Every sensor node  makes a 
measurement  in a timeslot, then it multiplies it with a random vector of size , . The first node  
transmits the result  to its next hop node . Every node   receives the packet  from its previous 
node. Then, it sums the received vector with  i.e., , and sends it to its next hop node. In so doing, 
the sink node receives , and it recovers  based on  and  by solving a l0-norm 
minimization problem [6]. In so doing, the payloads of the sensor nodes are the same. 
Inspired by this approach, we propose the scheduling scheme depicted in Figure 1 (b), where only a subset of the 
sensor nodes are activated for sensing. Due to strong spatial correlation of the sensor nodes, the measurements of the 
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inactivated sensor nodes could be accurately estimated based on the measurement of the active sensor nodes. To 
handle the sleep/awake activation of the sensor nodes, a protocol is described in the next subsection. 
 
A protocol to coordinate transmission scheduling. 
The sink node coordinates the activation of the sensor nodes in each timeslot. As sensor nodes may fail, the sink node 
has to modify the activation schedule. Thus, 

 
Figure 4 Data gathering based on compressive sensing. In grey we depict the active sensor nodes, and the white star 
is the sink node. (a) Compressed data gathering approach; (b) Our approach where the white nodes are turned off for 

energy saving. 
 
once the sink detects a failure, it calculates the new schedule and updates the sensor nodes with the new activation 
schedules. The exact steps of the protocol are shown in Figure 2. Initially, the sink node estimates the residual energy 
of the sensor nodes. It determines the activation schedules for the upcoming  timeslots, and broadcasts the schedules 
to the sensor nodes. In each timeslot, the corresponding sensor nodes are activated to measure and relay data along 
with their id according to the CDG approach. On receiving the data, the sink node checks whether the ids of activated 
nodes coincide with the announced schedule, e.g. by checking the sum of the ids of the active sensor nodes. If they 
are different, some of the sensor nodes have failed, and re-scheduling is needed. In this case, the sink node identifies 
and removes the failed sensor nodes from the network. It re-collects the residual energy of the sensor nodes, then 
determines the new schedules and broadcasts them to the sensor nodes. Otherwise, the sensor nodes follow the 
schedule to activate in the next timeslot. Every  timeslots, the sink node re-calculates the schedule for the next 
period of  timeslots, until the network becomes disconnected. 
In short, the sink node updates the activation schedule every  timeslots or whenever it detects failure. In the next 
section, we describe an efficient algorithm to determine which sensor nodes should be activated. 
 
3. Sensor node activation based on energy balancing. 
As mentioned before, in each timeslot, part of the sensor nodes are selected to be active, to sense and transmit their 
measurements within the timeslot to the sink node in a CDG manner. Notice that the power consumptions of a node 

can be considered as proportional to , where  is the transmission distance and  is the system parameter 
depends on the wireless channel, the power consumption grows rapidly with the distance. To save energy, it is 
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Figure 5 Flow chart of the WSN protocol, where the boxes in white represent the operations on sink node, the box in 

grey represent the operation on sensor nodes 
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desired to set  the transmission power of the sensor nodes to be minimum Recall that the payloads of the active sensor 
nodes are the same; hence, we may normalize their energy consumptions to 1. Let  represent that sensor node 

 is activated in timeslot . Otherwise, . Thus, by denoting  the battery of a node , the residual energy 
of  at timeslot  is . Then, the normalized residual energy of  is defined by 

. 
In a timeslot, the activated sensor nodes should be connected to the sink node, such that the data can reach the sink 
node. Furthermore, the activated nodes should span the line to monitor the whole area.  Thus, it is desired that the 
active nodes are also connected with a virtual node . Thus, a connectivity constraint has to be introduced:  
has to be connected, where  is the sub-graph of the activated nodes in timeslot , together with  and . 
Besides, for a good monitoring accuracy, the number of activated sensor nodes should always exceed a threshold . 
This gives us the cardinality constraint: . 
To prolong the network lifetime, we need to determine the activations of the sensor nodes: , so that 
both the connectivity constraint and the cardinality constraint are satisfied for as long as possible. Denote  the 
minimum number of sensor nodes to be activated such that there exists a route from  to . Then, the node 
activation problem for timeslot  is formulated as follows 

 (1)where the first constraint represents the connectivity 

constraint, the second constraint represents the cardinality constraint. After the activation, the residual energy of the 
sensor nodes are updated as . The idea of the optimization problem is that, in each timeslot, 
the number of the activated sensor nodes should be as small as possible, whereas among the subsets of sensor nodes 
of the same size, the one of highest total residual energy is preferred. 
The energy balancing problem can be considered as finding the maximum weighted connected subset of nodes, which 
rooted at  and , with exact  nodes, which is generally NP-Hard. Our solution approach 
consists of two steps: (1) Determine ; (2) Finding the maximum weighted connected subset with exact  nodes. 
In the first step, recall that , where  is determined by the cardinality constraint and is known, 
the major task here is to calculate , the minimum number of sensor nodes to be activated such that there exists a 
route from  to . Thus, a shortest path searching could be used to find  by setting the length of all the edges 
in the network to be 1. Notice that if the route does not exist,  which indicates that the network is 
disconnected. 
In the second step, we need to find the maximum weighted connected sub-graph that connects both  and  
including at least  additional nodes. Suppose that one wants to find the maximum weighted connected sub-graph 
that connects a node  and  with additionally  nodes. The connectivity requirement gives us that the sub-graph 
must contain the maximum weighted sub-graph that connects a neighbor node of , say , and  with 
additionally  nodes. This observation provides us a dynamic programming based algorithm. Denote  the 
maximum weight of the connected sub-graph that connects  and  with additional  nodes, then a recursive 
function can be derived as 

(2)where   are set to 0 for all , if  is the neighbor of , 

otherwise they are . The corresponding nodes that lead to  are the nodes to be activated in the timeslot. 
More details can be found in [9]. 
 
4. Performance evaluation 
In this section, we first show the monitoring performance on estimation error of the CDG data gathering. Then, we 
will show the network performance in terms of lifetime. 
First, we show the achievable recovery error for different numbers of activated sensor nodes. WE consider a scenario 
in which  sensor nodes deployed in the monitored area. In each timeslot, only  of the sensor nodes are 
activated. We simulate scenarios where the activation ratio  ranges from 0.1 to 0.4, i.e., 10%-40% of the sensor 
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nodes are activated. The recovery error against the activation ratio is shown in Figure 3, where the blue, green, and 
red lines represent different monitoring scenarios, where the measurements of the sensor nodes have a Gaussian white 
nose with covariance 0, 0.01, and 0.05 multiplied with the maximum measurement, respectively. The result shows 
that when the activation ratio is above 0.25, the estimation accuracy does not improve a lot with the increment of 
activation nodes. Therefore, by activating about one-fourth of the sensor nodes in every timeslot, we can achieve a 
good monitoring performance. 
Then, we show the approximation ratio of the proposed algorithm, i.e. the ratio of the lifetime achieved by the 
algorithm and the lifetime upper bound of the network, with different activation ratio and nodal transmission ranges 
in Figure 4. In the simulation,  out of 100 sensor nodes need to be activated in a timeslot by the cardinality constraint. 
The normalized transmission range is the ratio of the nodal transmission range to the length of the monitored area. It 
shows that, the approximation ratio increases with the increment of the transmission range. Besides, the approximation 
ratio is close to 1 when the transmission range of the sensor nodes is large enough, which means that the energy 
balancing is a good approach to prolong network lifetime. 

 
Figure 6 Recover error of the sensor nodes with different activation ratio 

 
4. Conclusion 
In this paper, we proposed a sensor scheduling protocol that exploits compressive sensing to prolong network lifetime. 
In order to ensure robustness to sensor failures, the proposed protocol pursues to balance sensor’s residual energy.  
The simulation results reveal that by scheduling only a small subset of the sensors to sense and transmit, we can 
effectively increase network lifetime, without minimal loss in monitoring accuracy. 
 

 
Figure 7 Ratio of lifetime achieved by the proposed algorithm to the lifetime upper bound with different activation 

ratios and transmission ranges 
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