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Abstract 

 

Wireless Sensor Networks (WSNs) are key for various applications that involve longstanding and low-cost monitoring and 

actuating. In these applications, sensor nodes use batteries as the exclusive source of energy. Therefore, energy proficiency 

becomes critical. In this paper, we present a novel sleep-scheduling technique called Virtual Backbone Scheduling (VBS). VBS 

forms multiple overlapped backbones which work alternatively to elongate the network lifetime. In VBS, traffic is only 

forwarded by backbone sensor nodes, and the rest of the sensor nodes turn off their radios to save energy. The rotation of 

multiple backbones makes sure that the energy consumption of all sensor nodes is well-adjusted. Approximation algorithms are 

proposed based on the Schedule Transition Graph (STG), Virtual Scheduling Graph (VSG) and Iterative Local Replacement 

(ILR).  Ad-hoc On Demand Vector (AODV) protocol is used here to find an efficient routing path. Theoretical analyses and 

simulation studies verify that VBS is superior to the existing techniques. 

Keywords: Wireless sensor networks (WSNs), backbone scheduling, sleep scheduling, virtual backbone, connected 

dominating set 

_______________________________________________________________________________________________________ 

I. INTRODUCTION 

The past two decades have perceived the success of Wireless Sensor Networks (WSNs), an enabling technology for various 

applications that involve long-term and low-cost monitoring, such as battlefield reconnaissance, building inspection, security 

surveillance, etc. Sensor nodes are expected to work on batteries for several months to a few years without replacing. Thus, 

energy efficiency becomes a precarious issue in WSNs. Among the functional components of a sensor node, the radio consumes 

a major portion of the energy [1]. Various techniques are proposed to minimize its power consumption. This paper focuses 

Backbone Scheduling (BS), which dynamically turns off the radio of the sensor nodes to save energy. BS lets a fraction of the 

sensor nodes in a WSN turn on their radio to forward messages, which forms a backbone. Connected Dominating Set (CDS) 

algorithms are used to construct such back-bones. However, a single backbone does not prolong the net-work lifetime. An innate 

idea is to construct multiple disjointed CDSs and let them work alternatively. 

II. CHALLENGES OF WIRELESS SENSOR NETWORKS 

 Network Lifetime: A.

As sensor nodes are battery-operated, protocols must be energy-efficient to maximize system life time. System life time can be 

measured such as the time until half of the nodes die or by application-directed metrics, such as when the network stops 

providing the application with the desired information about the phenomena [2].   

 Fault Tolerance: B.

Some sensor nodes may fail or be blocked due to lack of power, have physical damage or environmental interference. The failure 

of sensor nodes should not affect the overall task of the sensor network. This is the reliability or fault tolerance issue.  Fault 

tolerance is the ability to sustain sensor network functionalities without any interruption due to sensor node failures.   

 Power Consumption: C.

The wireless sensor node, being a microelectronic device, can only be equipped with a limited power source. In some application 

scenarios, replenishment of power resources might be impossible. Sensor node lifetime, therefore, shows a strong dependence on 

battery lifetime.  The malfunctioning of few nodes can cause significant topological changes and might require rerouting of 

packets and re- organization of the network. Hence, power conservation and power management take on additional importance 

[3]. It is for these reasons that researchers are currently focusing on the design of power aware protocols and algorithms for 

sensor networks. In sensor networks, power efficiency is an important performance metric, directly influencing the network 

lifetime. Application specific protocols can be designed by appropriately trading off other performance metrics such as delay and 
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throughput with power efficiency. The main task of a sensor node in a sensor field is to detect events, perform quick local data 

processing, and then transmit the data. Power consumption can hence be divided into three domains: sensing, communication, 

and data processing. 

III. NETWORK MODEL AND PROBLEM DEFINITION 

We have the following assumptions about the WSNs that we consider in this paper. Sensor nodes are arbitrarily placed in the 

field and are immobile thereafter. A battery is the sole energy source of the sensor nodes. There is only one sink in the network, 

which is always active and has an unlimited power supply. All sensor nodes have an identical communication range (links are 

bidirectional). The power consumption of a sensor node is comprised of three parts: sensing, computing, and radio. For a typical 

sensor node, the radio is the most power-consuming part and may even dominate the energy consumption. Therefore, we only 

consider the scheduling of the radio. 

 Sensor nodes are duty-cycled and have the same working cycle. We define T continuous cycles as a round, where T>1. T is a 

tunable parameter. At the beginning of each round, a backbone is selected to work in duty-cycling. Nodes that are not in the 

backbone will turn off their radios. 

 The lifetime of a sensor node is the period from when it starts working to when its energy is depleted. The lifetime of a 

network is the minimum lifetime of all of the sensors in the network. Because backbones rotate after each round, the lifetime is 

counted in rounds. We also assume that the traffic load in the network is light. This assumption implies that the contention and 

the interference of the wireless channel is light too. Additionally, because we assume that sensor nodes are static, route failure is 

rare too. Actually, recent work [4], [5] show that the delivery ratio of a WSN in a real-world in-door environment can be as high 

as 99.98% in a continuous operation of four weeks. Based on these arguments, we will not consider the loss of the control 

packets in the design. 

IV. AD-HOC ON DEMAND DISTANCE VECTOR ROUTING PROTOCOL 

There is a lot of difference between DSR routing protocol and AODV routing protocol in maintaining routing information. 

AODV uses conventional routing tables for one entry per destination while DSR uses multiple route cache entries for each 

destination. At each target node AODV retains sequence number to prevent routing loop and to get newly routing information. 

[6]  

 Neighbors:  A.

Two nodes are called neighbor nodes if they communicate directly with each other. By message each node can have a track of 

their neighbor node. In AODV routing, if a node want to communicate with a not neighbor node, it apply a route request 

message (RREQ), it consists several key information like the source, the destination, sequence number (Unique ID) etc. [7] 

 Sequence number:  B.

The number which serves as a unique id is the sequence number. It allows nodes to match up updates in information by other 

nodes. When a node wants to send its own message, it gives a sequence number. Updates of information are hold by each node 

regarding all other nodes and higher sequence number defines which one has more updated route and more accurate information. 

 Error Message:  C.

The significant characteristic of AODV is that it maintains time base category for individual routing tables of each node. When a 

route error message (RERR) is received by node, all the routes are checked by it that contains dreadful nodes and routing table of 

node. AODV maintain routes by the route error message and warns to each node when error message arise. [7] 

Features of AODV: (1) It finds routes when it required. (2)To check accuracy of update information of route it uses sequence 

number. (3) Only next hop for a route is defined by it instead of whole route. (4) It propels HELLO message to track neighbor. 

[8] 

V. APPROXIMATION ALGORITHMS 

 State Transition Graph (STG): A.

Our first centralized approximation algorithm is based on a new concept called Schedule Transition Graph (STG). A STG is used 

to model a schedule in a WSN.  As shown in the figure, the horizontal axis represents the time scale, counted in rounds. In each 

round, possible states are listed vertically, which are represented by ellipses. The number of possible states for each round is 

equal to the number of backbones. Each state contains a backbone and the corresponding energy levels (defined later). The state 

and the backbone have a one-to-one mapping. An initial state is placed at round 0 and is connected with all states in the first 

round to represent a starting point. 
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FIG. 1: STATE TRANSITION GRAPH 

 Undirected transition edges connect states in one round to those in the next round. No backwards edges are allowed. Each 

edge represents the time elapse of 1 round. Since energy is used in each round, each edge also rep-resents the consumption of 

energy. We assume that the sensor nodes in the backbone consume a fixed amount of energy in each round; all edges represent 

the same amount of energy consumption. The residual energy of all nodes is obtained by subtracting this value from the starting 

state of each transition edge. No transition is allowed if the energy of any sensor node of a state is depleted. It is clear that a 

directed path from the initial state corresponds to a schedule. Thus, the MLBS problem is thus to find the longest path in the 

STG. 

 Time Span of an STG: 1)

The length of the horizontal direction of an STG is the maximum number of rounds that the network can run without depleting 

the energy of any sensor node, which is denoted as C. Given a network with a fixed topology and a finite amount of initial 

energy in each sensor node, the maximum round number is derived by dividing the sum of the initial energy of all nodes by the 

minimum amount of energy consumed in each round. 

 Firstly, we assume that each backbone node consumes a fixed amount of energy ² in each round. Because the MCDS is the 

lower-bound of the number of sensor nodes in a CDS of the WSN, the number of sensor nodes in any backbone is larger than 

that of the MCDS. Suppose that the size of the MCDS is n, then the minimum energy consumption in each round is at least n * ԑ 

". Denote È as the initial energy of the sensor node in the network. Then, the total amount of energy that can be used is ǀVǀE, 

where ǀVǀ is the number of sensor nodes in the network. The maximum round number C is given by Eq. 1: 

C = ǀVǀÈ (1) 

n *ԑ  

 Because n is in O(ǀVǀ) and ԑ is a constant, C is in O(E). Usually, the capacity of the batteries is limited, so we can treat E as a 

constant; C then becomes a constant too. 

 The STG-Based Algorithm: 2)

The approximation algorithm is based on dynamic programming. Its pseudo code is listed in Algorithm. 1. The search starts from 

the initial state. After a backbone transition, the state’s energy levels are computed from those of the starting state of the 

transition. Each state keeps the larger energy levels. A path terminates when its associated energy level is zero. When all paths 

terminate, the longest path is found. The analysis of its complexity is given in Section 4.1 of the supplementary file 

 STG is shown in the above figure, it is a centralize approximation algorithm. The time scale is shown in horizontal which is 

counted in rounds. The possible states of the backbone nodes are vertically listed in each round. The number of backbone is 

equal to the number of possible states in each round. There is an one to one mapping between state and backbone. Energy issued 

in 1 round which represents the time laps during each round when consumes energy. Transition of node is not allowed when 

there is state depletion in node. Initial state is placed at round 0 and is connected with all states in the first round to represent a 

starting point 

 Algorithm.1. STG-Based Algorithm: 3)

1) int CUR ROUND 0; 

2) repeat 

3) for each state S do 

4) Get the associated energy levels of S; 

5) Prune the resultant energy levels using the min() function; 
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6) Select the energy level with the maximal minimum energy value. 

7) Set S’s energy level to the energy level with the maximum summation among the resultant energy levels; 

8) end for 

9) CUR ROUND CUR ROUND+1; 

10) until all the energy levels of the states in CUR ROUND is zero; 

11) Return the schedule represented by the path ending in CUR ROUND 

 Virtual Scheduling Graph: B.

We transform the MLBS problem in a WSN into a MCDS problem in its VSG. The algorithm is shown in Algorithm 2. The 

algorithm uses the marking process (MP) for constructing the CDS. More details of the MP are in the supplementary file of this 

paper.  Algorithm 2 iteratively constructs PMCDSs of the VSG. Backbone nodes are removed from the VSG in each iteration   

When all of the virtual nodes of any ancestor are removed, i.e., the energy of its ancestor is depleted, the algorithm ends. Like the 

STG-based scheduling, the sink is added into each backbone. A nice property of VSG is that nodes with more energy tend to 

have isolated virtual nodes and thus are forced to be selected in the MCDS algorithm.  

 Pseudo minimum connected dominating set (PMCDS): We first define the Pseudo Minimum Connected Dominating Set 

(PMCDS) of the VSG. Virtual nodes of the same ancestor cannot be in the same PMCDS. If so, a node has to “borrow” energy 

from the “future”. We show in lemma 1 that we are able to find a PMCDS in polynomial time using any MCDS approximation 

algorithm. 

 Algorithm.2. VSG-based algorithm 1)

1: 𝑆 {}; 

2: Construct the VSG 𝐺(𝑉′,𝐸′) of 𝐺(𝑉,𝐸); 

3: repeat 

4: Apply the marking process on 𝐺(𝑉′,𝐸′); 

5: Apply Rules 1&2 or Rule K on the induced graph; 

6: Construct the PMCDS 𝐶′ from the resultant CDS 𝐶; 

7: Remove the highest indexed virtual nodes of the ancestors whose virtual nodes is in 𝐶′ from 𝐺(𝑉′,𝐸′); 

8: Find the corresponding CDS 𝐶𝑖 of 𝐶′ in 𝐺; 

9: 𝑆 𝑆∪{⟨𝐶𝑖,𝑇𝑖⟩}; 

10: until Any ancestor’s virtual nodes are all eliminated from 𝐺(𝑉′,𝐸′); 

11: return 

 Iterative Local Replacement: C.

ILR lets each backbone sensor node find replacement nodes to form a new CDS that preserves the connectivity of the network. 

Each sensor node of the backbone sensor only needs local information to do this. We summarize two issues that need to be 

considered in the design: ∙ 

Execution time: In each round, a backbone node that decides to switch its status collects or updates the information of its ℎ-hop 

neighbors to find replacement nodes. The time used to perform these operations should be minimized.  

 Algorithm.3 ILR-based algorithm 1)

1: loop 

2: At the beginning of each round; 

3: Sensor node 𝑁 computes the switching probability; 

4: if Decide to switch then 

5: Collect or update the ℎ-hop information of 𝑁; 

6: Apply the marking process on the sub graph; 

7: Apply Rules 1&2 or Rule K on the induced graph using the residual energy as the priority; 

8: 𝑅 The IDs of sensor nodes have more residual energy and can form a new CDS by replacing 𝑁; 

9: Notify each sensor node 𝑁′ ∈𝑅; 

10: end if 

11: end loop 

VI. PERFORMANCE EVALUATION 

We use simulations to evaluate the performance of VBS. The proposed algorithms are implemented in a customized simulator 

[7]. The simulator implemented the CDS construction algorithms that are used in this paper and has been used in previous work 

[8]. We present the results of the network lifetime and the energy balance. 
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 Energy Balance:  A.

By record the residual energy of all sensor nodes at the end of the lifetime. Fig  shows the means and 90 percent confidential 

intervals of the residual energy running the STG-based algorithm. The narrow confidential intervals indicate that the energy 

consumption is balanced. 

 
Fig. 2: Energy Balance 

 Network Lifetime: B.

Our proposed technique is evaluated by using the simulator NS2. The simulation results show that the life time of the network 

increases at the same time it provides highest system throughput. 

 
Fig. 2: Energy Balance 

VII. CONCLUSION 

WSNs require energy-efficient communication to be able to work for a long period of time without human intervention. In this 

paper, we present a combined backbone-scheduling and duty-cycling method called VBS. VBS improves upon state-of-the-art 

techniques by taking ad-vantage of the redundancy in WSNs. Energy efficiency is of paramount importance in wireless sensor 

networks, as sensors have usually limited energy supply that should be spared so as to maximize the lifetime of the network. 
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