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Abstract 

As mobile devices flourish, users can conveniently use the network services through the mobility 

of mobile devices. The most popular environment is the Mobile Ad Hoc Networks (MANETs), which 

consists of wireless hosts that communicate with each other in the absence of a fixed infrastructure. Data 

transmission for MANET is mainly achieved through peer-to-peer communication and forwarding 

technology without restrictions on the direction or extent of movement. This type of flexible architecture 

is suitable for emergency relief and military applications. As a result, a set of network nodes, called 

connected dominating set (CDS), is thus proposed as the virtual backbone of MANET. It mainly forms 

a CDS through a group of gateway nodes, and through this CDS for message delivery and routing 

management to reduce overall power consumption. Therefore, in the past, many scholars have proposed 

improved CDS construction algorithms to achieve a minimum number of CDS.  

In this paper, the Improved Relative Complement Sufferage CDS (IRCS-CDS) algorithm is 

proposed to effectively find out the stable and minimum CDS. Besides, the IRCS-CDS can adapt to the 

changeability of MANET even in a more loosely distributed network environment. The complexity of 

the proposed IRCS -CDS algorithm is O(2𝑛2 + 3𝑛), which is lower than other algorithms. Therefore, 

the proposed IRCS-CDS algorithm is more stable and efficient even in a network environments with 

loose nodes or small node coverage radius. 

Keywords: Connected Dominating Set, Ad-Hoc Network, Routing Algorithm, MANET. 

 

1 Introduction 

With the continuous development and vigorous development of mobile network technology, users 

can now easily obtain services through the mobility of mobile devices and the convenience of the Internet. 
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In general, the wireless network architecture can be divided into client/server wireless network 

(Infrastructure) and Ad-Hoc wireless network (Non-Infrastructure) [1][2]. The client/server wireless 

network requires a base station infrastructure to assist in transmission of data, such as Access Point (AP). 

However, when the base station fails, the network range in which it covers will be paralyzed. In contrast, 

the Ad-Hoc wireless network is a peer-to-peer network [3][4], and the data transmission method under 

such an architecture is by applying the forwarding technique between nodes. Besides, under the Ad-Hoc 

wireless networktopology, the movement direction and the transmission range of nodes can be changed 

at any time. Thus, this network structure is more suitable to be deployed for disaster relief or military 

systems. However, there still has some problems in this network environment, such as limited network 

bandwidth, memory capacity, power consumption, packet collisions, redundant message delivery, 

changeability of network topology and so on [5]. Therefore, how to solve these problems to improve the 

overall performance and stability becomes a very important issue. 

Since the nodes in Ad Hoc Network have the characteristics of mobility, the network topology 

status and routing information will be changed accordingly. Besides, the transmission capacities of the 

nodes can also affect the routing path. For example, when the transmission range of nodes is getting 

larger in the network, the network topology will also be denser. In such a circumstance, the candidate of 

the routing path for transmitting data will become more flexible. Also, the bandwidth resources of the 

network and battery capacity of mobile devices are limited. Hence, when the bandwidth or the power is 

exhausted, the node will no longer be able to transmit data, and the entire network topology is destroyed.  

To solve the above problems, some hierarchical [6][7][8][9][10][11] routing protocols have been 

proposed under the Ad-Hoc wireless network environment. The primary concept is that some specific 

nodes play the role of gateways to create a virtual backbone for message communication and routing 

[12][13]. The Dominating-Set-based (DS) routing protocol proposed by Wu et al [14] is a hierarchical 

routing protocol that can effectively broadcast the message through the transmission paths which are 

based on the DS structure and can ensure that all nodes in the network can send or receive packets 

correctly. Besides, when the number of gateways in the DS is reducing, the number of nodes that are 

required to store the routing path table will also be reduced. This scheme can help not only to avoid 

redundant transmitted messages but also avoid the situations of packet collisions, broadcast storms, 

electricity consumption, or other problems. 

Therefore, the goal of the traditional DS (Dominating Set) [5][15][16][17] algorithms are to find 
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the minimum number of gateways to construct a smaller CDS (Connected Dominating Set) backbone. 

The main concept of the algorithm is using the status of branching degrees, node id, power, or the number 

of the node that are not covered by the CDS to decide which nodes will play the role of the gateway. 

Unfortunately, the system still cannot get better performance due to different factors, such as the 

deployment of node, node id or energy ability. These circumstances cause the overall performance of the 

network to decrease.  

To solve the mentioned problem, the new Improved Relative Complement Selection Connected 

Dominating Set (IRCS-CDS) algorithm has been proposed in this article. By the experiment results, we 

can prove that the IRCS-CDS algorithm can effectively reduce the number of gateways to get better 

performance and utilization for the overall network. 

The rest of this paper is organized as follows: Section 2 gives the related works of the basic wireless 

network architecture and the CDS algorithms proposed by other scholars. Section 3 describes the details 

of the proposed IRCS-CDS algorithm. To help to understand the proposed IRCS-CDS algorithm, an 

example is proposed in Section 4. Section 5 presents the results of the simulation of the algorithm. Finally, 

Section 6 gives the conclusions.

2 Related Works 

In this section, the basic architecture of wireless Ad-Hoc networks is described first. The related 

route-related algorithms will be discussed in section 2.2. Finally, the various methods of the Connected 

Dominating Set (CDS) will be introduced and discussed in depth in section 2.3. 

2.1 Introduction of Wireless Ad-Hoc Network 

Compared to the architecture which applies the concepts of link state [18] or distance vector [19] 

to maintain and update the network status of traditional wired networks, Wireless Ad-Hoc Network 

(WANET) architecture is more flexible. Basically, the WANET architecture [20][21] is a peer-to-peer 

autonomous network architecture that does not require to plan and distribute the point in advance and 

can be automatically organized and constructed by passing information about themselves between nodes. 

Besides, each node in the Ad-Hoc network plays the role of host and router. When nodes request for data 

transfer, the source nodes will take the multi-hop transport mode to transmit the data from the adjacent 

nodes to the destination node. The overall transmission will be completed through several relay nodes. 

Base on the mentioned concepts, the Mobile Ad-Hoc Network (MANET) architecture has been proposed. 
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In this MANET architecture shown in Figure 1, and the system can maintain a certain level of service 

even when all nodes are moving in the network arbitrarily [5][16][22] under the multi-hop mode. So far, 

some routing protocols which transmit data by applying the concept of multi-hop have been proposed, 

and the flooding [5][23][24] method is one of the basic transmission protocols. Unfortunately, this 

method can easily generate the problems of redundant packet transmission, broadcast storms. It will not 

only reduce the overall operation efficiency and the life cycle but also increase the power consumption 

of the nodes for the network. To sum up, using the flooding method wastes resources and is not efficient 

for the network. To solve these problems, the hierarchical routing method have been widely used, and 

the main character is to construct the network with a Virtual Backbone [25] architecture. Here, all data 

will be sent through this virtual backbone, hence, it can avoid extra data be sent and reduce the problem 

of power consumption. More details of the routing protocols for wireless networks will soon be described 

in the next section.  

Figure1 Here 

2.2 Routing Protocols for MANET 

The routing protocols in MANET environments can be classified into three modes: proactive mode 

[23], responsive mode [23], and hierarchical mode [14]. For the proactive routing mode, it will create a 

path in advance, and each node must send the routing information at regular intervals to update the 

routing table. The Wireless Routing Protocol [26] and Destination Sequenced Distance Vector (DSDV) 

protocol [27] are these kinds of proactive routing protocols. Besides, the main advantage of this routing 

protocol is that once the packet has been sent out, the system can get the information of the routing path 

from the sender to the destination immediately. However, the method of sending the routing information 

at regular intervals to update the routing table is a waste of the bandwidth and power for the nodes in the 

network. To overcome this problem, the system must extend the interval to broadcast the routing 

information. Unfortunately, this solution will cause the routing table not to be updated on time and 

generate the problem of package loss. Hence, it leaves many problems to be overcome. 

For the responsive routing modes, the system will launch the route discovery procedure to create 

the routing information for the routing table when the system cannot find out the route to the destination 

for transmitting the package. The popular responsive routing modes including Dynamic Source Routing 

(DSR) [28] and Ad-Hoc On-Demand Distance Vector Routing (AODV) [29]. Although the responsive 

routing mode can efficiently save the use of network bandwidth, it still has the longest average latency 
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problem in transferring packages. 

In the last mode, the main idea for the hierarchical routing mode [39] is to divide the entire network 

into several hierarchical network architectures, and each new architecture has its routing scheme. This 

mode can help to solve the routing problem under large-scale networks. Besides, in the Internet 

architecture, wireless networks can typically be divided into three tiers: the backbone, the middle tier 

and the subnet. Here, the backbone network is responsible for packet routing for the middle tier network, 

and the middle tier network is responsible for packet routing for the subnet. The internal network routing 

scheme for the subnet will be proceeded by itself, and this is the basic cooperating method for the overall 

hierarchical Internet architecture. Since the hierarchical routing mode can respond to the changes in the 

network variabilities efficiently, it becomes a widely used network architecture so far [30]. Dominating-

Set-Based Routing is one of the most representative algorithms based on the hierarchical routing mode. 

The basic concept of the dominating set applies the graph theory in which the network can be seen 

as a graph which is defined as 𝐺(𝑉, 𝐸) (𝑉 represents the nodes in the wireless network, 𝐸 represents 

a collection of all edges in the wireless network). The dominating set is a subset dominating set (DS) of 

V such that every vertex not in DS is adjacent to at least one member of DS. Furthermore, the nodes 

which are in the DS are called gateway nodes which will construct a backbone network to transmit 

information. On the contrary, the remaining nodes, which are not in the DS, are called non-gateway. 

Basically, the package sent from these non-gateway nodes will be transmitted rely on the nodes in the 

DS. The main advantage of using this dominating set to build MANET is that the routing information 

will only be stored by the gateway nodes, and this can help to reduce the resource consumption of nodes 

and to manage the network more easily. 

So far, many scholars have proposed some related dominating set based routing algorithms [14] 

[15][5][16][22][31] to improve the performance of the system. For example, an efficient dominating set 

based routing algorithm [14] is proposed by Wu. et al., the main idea of the proposed routing method can 

be divided into the following three steps: 

1). When the source node (Source) who is not the gateway node sends the packet out, the packet will 

be sent to the adjacent gateway node. At this time, the node that receives this packet will become 

the source gateway. 

2). The source gateway will be seen as a new source and it will then find out the routing path for 

transmitting the packet through the constructed CDS members. The package will be sent to the 
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next gateway node based on the routing information continuously. 

3). The packet will finally be sent to the destination gateway. If the destination gateway is not the final 

receiver, its adjacent node will be. Since the package will be sent to the receiver by the destination 

gateway, and the overall transmission procedure is completed. 

Here is an example to help to understand the idea, and the Ad-Hoc network topology is shown in 

Figure 2. Here, each gateway (CDS Member) retains its non-gateway members (Covered node) and the 

routing table. Furthermore, in this topology, nodes 2, 3, 4, 5, 7 and 15 are the gateway nodes that will 

construct a CDS topology. Take node 2 for example, its dominant member includes nodes 19 and 20, and 

the related routing table for node 2 is shown in Error! Reference source not found.. In the routing table, 

it contains information about the gateways (nodes 3, 4, 5, 7, and 15), each gateway’s covered nodes and 

the distances to reach the destination (hops) number. Assuming node 19 wants to send packets to node 

16, the package will be passed to node 2 (become a source gateway) first, and then to node 4. 

Continuously, Node 4 will send the package to node 15. At this time, node 15 will become a destination 

gateway since node 16 is it’s an adjunct node and is the destination. Finally, the packet is sent to 

destination node 16 through node 15. 

Figure 2 Here 

Table 1 Here 

2.3 Related Algorithms of Constructing Connected Dominating Set 

So far, some algorithms for constructing CDS have been proposed, and the first related algorithm 

called Wu's CDS algorithm was proposed by Wu and Li [14]. The main idea of the proposed algorithm 

is to create CDS nodes as the virtual backbone to reduce the consumption of messaging across the 

network. However, this algorithm will also generate a larger number of CDS members. Therefore, the 

ID-based CDS (ID-CDS) [22] algorithm has been proposed to improve this problem. This algorithm will 

select the proper CDS nodes based on each node’s ID. However, its algorithm cannot significantly reduce 

the number of CDS when the nodes are not distributed well in the network. Following, the MaxD-CDS 

algorithms [5][15][16][22][31] have been proposed to solve the problem mentioned. The main idea of 

the MaxD-CDS algorithm is to consider whether the nodes are effectively covered by the CDS members. 

Unfortunately, the performance is not significant under the loose network environment. Hence, the 

Reducing Connected Dominating Set (RCDS) algorithm [32] which will reassign the ID and execute two 

remark procedures to reduce the number of CDS has been proposed. However, the complexity of this 
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RCDS algorithm will be greatly increased and resulting in a decrease in overall performance. Besides, 

the MaxS-CDS algorithm [33] is proposed to use the Sufferage Value (SV) to reduce more CDS members. 

Its main idea is to calculate the node's SV by using the degree of the node, the coverage status of the 

CDS and id value. This calculated SV is the key judgment for selecting the CDS members and can help 

to reduce the number of CDS. Still, this algorithm cannot get a smaller CDS backbone when the nodes 

are unevenly distributed in the network. To help to understand the key concepts of the CDS algorithm, 

some details will then be described as follow. 

The purpose of Wu’s CDS algorithm [14] is to construct the CDS structure as the virtual backbone 

network for transmitting packages. It is to treat the entire MANET as a graph 𝐺 = (𝑉, 𝐸), where 𝑉 

represents a collection of all nodes and 𝐸 represents the collection of all edges. Besides, there are two 

processes in Wu's CDS algorithm: the marking process and the re-marking process. Meanwhile, each 

node 𝑣(𝑣 ∈ 𝑉) is marked with 𝑚(𝑣) action, and then classified as T (gateway) or F (non-gateway). 

The details of these two processes are described below: 

 The marking process 

1). Mark each node in the connected MANET as 𝐹. 

2). Each node exchanges the messages about its neighbors with all 1-hop nearest neighbor nodes 

(N(v)). 

3). Each node will determine whether its neighbor nodes are covered by its neighboring nodes or 

not with 1-hop nearest neighbor nodes. If the result is none, mark itself as T. After finished the 

marking process is completed, all nodes which are mark if T will be in the set 𝑉′ where 𝑉′ =
{𝑣|𝑣 ∈ 𝑉, 𝑚(𝑣) = 𝑇}. The nodes in V’ will then construct a new subgraph 𝐺′, where 𝐺[𝑉′]. 

At this time, the number of CDS members that are marked through the marking process is still 

quite large. To effectively reduce the number of CDS members, the system will perform a re-marking 

process. In the re-marking process, the system can remove redundant gateway nodes by considering the 

cover status of the message of the neighbors, and the rules for the re-marking process are shown as 

follows: 

  The re-marking process 

There are two rules in the re-marking process: 

Rule1. Consider two nodes 𝑣  and 𝑢  in 𝐺′ , and if 𝑁[𝑣] ⊆ 𝑁[𝑢]  and 𝑖𝑑(𝑣) < 𝑖𝑑(𝑢) , the 

mark for 𝑣 is changed to 𝐹  if node 𝑣 is marked, and 𝐺′ will also be changed to 
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𝐺′ − {𝑣}. 

Rule2. Suppose 𝑢  and 𝑤  are two adjacent marked nodes of marked 𝑣  in 𝐺′ . If 𝑁(𝑣) ⊆𝑁(𝑢) ∪ 𝑁(𝑤) is presented in 𝐺 and 𝑖𝑑(𝑣) = min {𝑖𝑑(𝑣), 𝑖𝑑(𝑢), 𝑖𝑑(𝑤)}, the mark for 𝑣 is changed to 𝐹. 

To sum up, Wu's CDS algorithm is first to find out the CDS member for MANET through a marking 

process, and then reduce the number of CDS by using id, degree, and coverage status between nodes in 

the re-marking process. The purpose of the re-marking process is to improve the problem that the number 

of CDS nodes is too large at the initial marking process. 

Later, some algorithms which are based on Wu's CDS algorithm have been proposed to construct 

a smaller CDS [14][33][34][35][36][37]. One of them is the ID-CDS [22] algorithm proposed by 

Velummylum et al. In ID-CDS algorithms, nodes are classified into two groups: CDS-Node-List and 

Covered-Node-List, where CDS-Node-List represents all CDS node members in the network and 

Covered-Node-List represents all nodes that are adjacent to the CDS node. The main concept of the ID-

CDS algorithm is to select the node as the CDS member when the node has the largest id in MANET, 

and the detailed steps are listed as follows: 

1). Find the node with the largest id in the overall network as a starting point to select the CDS node. 

2). The nodes selected as CDS members are added to the CDS-Node-List and Covered-Node-List, 

and their neighbor nodes are added to the Covered-Node-List. 

3). Select the node with the largest id from the Covered-Node-List. For the node, if there has one 

more neighbor that is not in the Covered-Node-List group, this node will then become the next 

node to join the CDS. 

Here, steps 2 and 3 of the algorithm will then be executed repeatedly until all nodes in the network 

are added to the Covered-Node-List. Basically, the key point of the ID-CDS algorithms is to determine 

the CDS by the id values of the nodes while executing. Furthermore, the id values of the nodes are not 

repeatable, hence the system will not pick up two nodes as the CDS at the same time. ID-CDS algorithms 

may reduce the number of CDS, however, the system may sacrifice the nodes whose coverage abilities 

are better.  

Similar to the ID-CDS algorithm, Meghanathan and other scholars have proposed the MaxD-CDS 

[5][15][16][22][31] algorithms to find the CDS nodes. The main idea of the MaxD-CDS algorithm is to 

calculate the number of uncovered neighbors for each node based on the node's neighbor message and 
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the coverage relationship, and then select the nodes with the largest number of uncovered neighbors to 

be the CDS members. This algorithm can help to construct a smaller number of CDS network more 

quickly, and the executing steps are listed as follows: 

1). Find out the node that has the largest number of uncovered neighbors in the network as the 

starting point for the algorithm. 

2). The nodes selected as CDS members are added to the CDS-Node-List and Covered-Node-List, 

and their neighbor nodes are added to the Covered-Node-List. 

3). Select the nodes with the largest number of uncovered neighbors from Covered-Node-List as 

the next to join the CDS. 

Also, steps 2 and 3 of the MaxD-CDS algorithm will then be executed repeatedly until all nodes 

in the network are added to the Covered-Node-List, and this means that all nodes are covered by the CDS 

nodes. Here, the MaxD-CDS algorithm mainly considers the number of uncovered neighbors of each 

node while selecting CDS nodes. Hence, the node with greater coverage ability can be effectively 

selected as the next CDS node. In a practical situation, once there are more than one nodes that have the 

same number of uncovered neighbors, the system may select a non-proper node to be the CDS node. 

Another CDS algorithm called the RCDS algorithm [32] has been proposed by Jea et al. In the 

RCDS algorithm, there are two processes: the reassignment process and the advance process to find the 

smallest CDS nodes. The reassignment process calculates the new id for the node by using the parameters 

includes the maximum id value of 2-hop of the neighbor node, degree and id value, and new id will be 

marked as id’. With the id’ value, the greater the chances of becoming a CDS member. After that, the 

advance process which concept is similar to the k-rules algorithm proposed by Wu Scholar [40] will be 

executed to reduce the number of CDS. The key difference from k-rules is that when creating the 

subgraph, the advance process will exclude the criteria for comparing the id value of nodes. It’s simply 

considered the coverage relationship of the nodes to obtain a smaller CDS. Basically, the number of CDS 

is smaller than the algorithm proposed by Wu and Li. Furthermore, there are three main steps in the 

RCDS algorithm, and the details are listed below: 

1). Execute the marking process proposed by Wu et al. 

2). Execute the reassignment process to reduce the number of gateways for CDS. 

3). Execute the advance process to obtain a smaller CDS. 

The RCDS algorithm uses local (2-hop) information to reduce the number of CDS. When the node 
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has a relatively larger transmission radius, the reduction is more significant. Therefore, the RCDS 

algorithms can reduce not only the number of CDS but also the amount of information about routing and 

bandwidth consumption. The only fly in the ointment is that the RCDS algorithm requires two remark 

processes to reduce the number of CDS, and that will increase the complexity of the algorithm. 

Another CDS algorithm called the MaxS-CDS algorithm [33] was proposed to improve the power 

consumption problem while the number of CDS is getting larger. Here, the MaxS-CDS algorithm 

contains two main processes: the sufferage CDS selection process and the remark process. In the 

sufferage CDS selection process, the Sufferage Value (SV) value [38] is calculated by using the 

parameters such as id, degree, and the number of uncovered neighbors of the node in MANET. With the 

SV value of a node, the greater the chances of becoming a CDS member. Then, the remark process is 

executed to reduce the number of CDS again. Besides, the concept of the remark process in the MaxS-

CDS algorithm is similar to the concept in the advance process [32] proposed by Chen. The key 

difference from the advance process is that when creating the subgraph, the remark process will exclude 

the criteria for comparing the id value of nodes. It’s also simply considered the coverage relationship of 

the nodes to obtain a smaller CDS. The detailed concepts of MaxS-CDS algorithm are shown as follow:  

In the sufferage CDS selection process of the MaxS-CDS algorithm, nodes will be divided into 

three primary groups: 

 CDS Gateway List (CGL): The collection of CDS members in MANET. 

 Covered-Node-List (CNL): The node which is already a CDS node or is covered by at least 

one CDS node. 

 Priority List (PL): The node which will be in the CNL and has at least one uncovered 

neighbor node. 

Subsequently, the main steps of the sufferage CDS selection process are shown as follows: 

1). Find out the nodes that have the largest number of degrees in the MANET as the initially selected 

CDS, and then add these nodes to CGL and CNL. 

2). The neighbor node of the CGL is then added to the CNL. In the CNL, the nodes that do not 

include in the CGL and have an uncovered node will be included in the PL based on their degrees. 

After that, the node which is in the PL and has the largest degree will be preferred to be added 

into the CGL. Noticeably, if the node is already in the CGL, its degree information will not be 

stored in the PL. 
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3). While selecting the next node to be added into the PL, the system will calculate the SV value 

once there has one more node that has the same degree. In the algorithm, the node which has 

the larger SV value will be selected. 

In the sufferage CDS selection process, steps 2 and 3 will then be executed repeatedly until all 

nodes in the network are added to the CNL. Basically, the MaxS-CDS algorithm can generate fewer CDS 

members in a loose network environment than other algorithms and can form a minimal CDS virtual 

backbone topology efficiently. However, the MaxS-CDS algorithm may still not select the optimal nodes 

as the CDS member when the nodes are unevenly distributed in the network, and the details are described 

below. 

In general, when there have some nodes with the same degree in the network, the MaxS-CDS 

algorithm will calculate the SV value of each node based on the formula (1) to determine whether they 

will become the CDS member or not, and the example of the process is shown in Figure 3. In the example, 

there are three numbers above each node, and the meanings of these three numbers are the degree, the 

number of the uncovered node and the SV value sequentially.  𝑆𝑉 = 𝑛𝑜𝑑𝑒 𝑑𝑒𝑔𝑟𝑒𝑒∗𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑢𝑛𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑛𝑜𝑑𝑒𝑛𝑜𝑑𝑒 𝑖𝑑     (1) 
Figure 3 Here 

In this topology, the SV value requires to be calculated since node 1 and node 2 have the same 

maximum degree. Once the SV values calculated are the same, the system will randomly select one node 

among node 1 and node 2, and then adds it to the CDS group. Now, if node 1 has been selected as the 

CDS member, the network will generate more CDS members than the result of selecting node 2. Hence, 

the MaxS-CDS algorithm is unstable and the smallest CDS still cannot be found.  

To solve the mentioned problems, an Improved Relative Complement Sufferage CDS (IRCS-CDS) 

algorithm is proposed to find the minimum number of CDS members and help the network stay stable. 

The details will be described as following. 

3 Methods 

To reduce the number of CDS nodes effectively, the Improved Relative Complement Sufferage 

CDS (IRCS-CDS) algorithm has been proposed in this paper. The followings are the detailed descriptions 

of the IRCS-CDS algorithm. 
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3.1 Definitions of Noations 

The definitions of the noations in this paper are listed below: 

1). 𝐺 = (𝑉, 𝐸): The network will be seen as a simple graphic 𝐺 = (𝑉, 𝐸), where 𝑉 represents 

a collection of all nodes and 𝐸 represents the collection of all edges. 

2). (𝑢, 𝑣): There are two nodes (𝑢 and v) connected in the network, and both of them are within 

the transmission radius of each other. 

3). 𝑉′: The set of the nodes that are marked as CDS nodes, where 𝑉′ = {𝑣|𝑣 ∈ 𝑉, 𝑚(𝑣) = 𝑇}. 

4). 𝐺′: The subgraph form with 𝑉′ based on 𝐺. 

5). 𝑁(𝑢) = 𝑁1(𝑢) = {𝑣|(𝑢, 𝑣) ∈ 𝐸}: The collection of the neighbor nodes of node 𝑢 within 1-

hop, and 𝑁(𝑢) is known as the open neighbor set of node 𝑢. Besides, 𝑁2(𝑢) represents 

the collection of the neighbor nodes of node 𝑢 within 2-hop.  

6). 𝑁[𝑢] = 𝑁1[𝑢] = 𝑁(𝑢) ∪ {𝑢}: The collection of the neighbor nodes of node 𝑢 within 1-hop 

and node 𝑢 itself , and 𝑁[𝑢] is  known as the close neighbor set of node 𝑢 . Besides, 𝑁2[𝑢] represents the collection of the neighbor nodes of node 𝑢 within 2-hop and node 𝑢 

itself. 

7). 𝑅𝐶𝑢: The Relative Complement (RC) value that is calculated by node u. 

8). 𝑆𝑉′𝑢: The sufferage value of node u. It represents the weight value calculated by node u. 

9). Message Exchange: The information, including the id, degree, power of the node and the id 

information of the neighbors, that are required to be exchanged among the nodes. 

10). CML (CDS Member List): A list of all CDS members in the network. 

11). CNL (Covered Node List): A list of all nodes which are covered by at least one CDS member 

or the nodes which are the CDS member themselves in the network. 

12). uncovered_node: The nodes that are not yet covered by CDS members in the network. 

13). PML (Priority Member List): A list of the node that is the CNL member and has at least one 

neighbor node which is the uncovered_node. Besides, The list is sorted according to the 

degrees of the nodes in descending order. 

3.2 The procedure of IRCS-CDS Algorithm 

Here, the IRCS-CDS algorithm will pick out the nodes which have higher weight values, and then 

add them to become the CDS member. After that, the system will utilize the cross-coverage relationships 
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between nodes to reduce the number of CDS members. This procedure can help to decrease the impact 

caused by the poor locations of the nodes. Besides, the proposed IRCS-CDS algorithm is divided into 

two main procedures, namely the Relative Complement CDS Selection procedure and the Gateway 

Remark procedure, the following will be described in detail. 

For the Relative Complement CDS Selection program, all nodes will periodically connect to their 

1-hop neighbors and exchange message with them in the MANET environment. Meanwhile, the system 

will execute the Relative Complement CDS Selection procedure, and the detailed steps are shown as 

follows: 

1). Calculate the degree of each node, and then select the node which has the largest degree 

to join the CNL and the CML. These selected nodes will be treated as the initial CDS 

members in the MANET network. 

2). Add the neighbors of the CML member into the CNL. In the CNL, the nodes which 

are not in the CML and have 1-hop uncovered neighbors that are not added to the CNL 

are picked out to PML. Here, the PML will be updated when the CML or the CNL is 

updated. 

3). Select the node which has the largest degree in the PML as the next CDS member. If 

several nodes have the same degree value, the system will calculate the 𝑅𝐶𝑢value of 

each node u as a parameter to calculate the SV′ value. This calculated SV’ value will 

become the weight to decide which node will become the CDS member. Here, the node 

which has the higher SV′ value will become the CDS member. The related formulas 

are shown in formula (2) and formula (3). The Relative Complement CDS Selection 

process will be executed until all nodes in the MANET environment are added to the 

CNL. 

4). The nodes in the CML will be the CDS members, and these CDS members will form 

a new subgraph denoted as 𝐺′. 𝑅𝐶𝑣 =  𝑢𝑁[𝑣] − 𝑠𝑎𝑚𝑒_𝑢𝑁[𝑣]……………………. (2) 𝑢𝑁[𝑣]: The number of uncovered neighbor nodes of node v. 𝑠𝑎𝑚𝑒𝑢𝑁[𝑣]: The 𝑢𝑁[𝑣] nodes which are also covered by the neighbors of node v. 

𝑆𝑉 ′ = 𝑛𝑜𝑑𝑒 𝑑𝑒𝑔𝑟𝑒𝑒 ∗ 𝑅𝐶𝑛𝑜𝑑𝑒 𝑖𝑑 …… (3) 
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Here, the higher the RC value means that this node has more uncovered neighbors than other nodes, 

so it will be selected as CDS members to reduce the number of CDS members. Subsequently, the 𝑆𝑉 ′ 

value is calculated by above two formulas to find out the most suitable CDS members. Figure 4 shows 

the algorithm for the Relative Complement CDS Selection procedure. 

Figure 4 Here 

Subsequently, in the Gateway Remarking procedure, the proposed protocol does not remark the 

redundant gateway node by using the node id. On contrary, the algorithm applies the strong connection 

pass method [33] to ensure the connectivity of CDS, and the concept of strong connectivity is defined as 

follows: 

Assume that the entire network is treated as a graph 𝐺 = (𝑉, 𝐸). Here, 𝑉 ′ represents a collection of the 

gateway (T) marked with 𝑚(𝑣)  in 𝑉  where 𝑉 ′ = {𝑣|𝑣 ∈ 𝑉, 𝑚(𝑣) = 𝑇}  and 𝑉+′   represents a 

strongly connected component in 𝑉′. 𝑉+′ = {𝑤|𝑤 ∈ 𝑉 ′ ∩ 𝑁(𝑣)}. The Gateway Remarking procedure is 

shown as follows: 

1). For each node 𝑣 ∈ 𝑉′, create the sub-graph 𝐺[𝑉+′] where 𝑉+′ = {𝑤|𝑤 ∈ 𝑉′ ∩ 𝑁(𝑣)}. 

2). If there is a set of strongly connected nodes 𝑉𝑐𝑖′  (1 ≤ 𝑖 ≤ 𝑙)   and 𝑁(𝑣) ⊆ 𝑁 (𝑉𝑐𝑖′ ), the 

node v will be marked (𝑚(𝑣)) as the non-gateway (F). 

3). Output the remark result and update the CDS member as a new 𝐺′. 
After the Remark procedure, the new G’ will also be the connected set. Subsequently, the IRCS-

CDS algorithm can obtain a smaller number of CDS members. To help to understand the proposed IRCS-

CDS algorithm, an example will be given in the next section. 

4 Example of the IRCS-CDS Algorithm 

In this example, we assume that there are 20 nodes with the same transport radius in the network. 

When the distance between two nodes is less than the transport radius, these two nodes can be connected 

directly. The overall procedure is described below. 

4.1 The IRCS-CDS Selection procedure  

In the IRCS-CDS algorithm, the system will execute the Relative Complement CDS Selection 

procedure to select the CDS members. As shown in Figure 5, the number in each circle represents the 
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node id of each node. There are four numbers (denoted as A, B, C, D for description) defined in the 

parentheses around the node where A represents the degree of the node, B is the number of uncovered 

neighbors of the node, C is the calculated RC value of the node (The initial value is 0) and D is the 𝑆𝑉′ 
value of the node (The initial value is 0).  

Figure 5 Here 

At first, the Relative Complement CDS Selection procedure will select the node with the largest 

degree as the initial node. In this example, node 4 is selected as the starting CDS node and will be added 

to the CML list since it has the largest degree in the network. At the same time, nodes 1, 2, 3, 6, 13, 15 

and 17 will be added into the PML and nodes 1, 2, 3, 4, 6, 13, 14, 15, 17 and 18 will be added into CNL 

according to the second step of the Relative Complement CDS Selection procedure. The detailed results 

are shown in Figure 6. 

Figure 6 Here 

In the second round of the selection procedure, the system will select the node that has the largest 

degree in the priority list to join the CDS member. Therefore, node 3 will be added to the CML. So far, 

the CDS member includes nodes 3 and 4, and nodes 1, 2, 5, 7, 13, 15 and 17 are in the PML. For the 

CNL, it includes nodes 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, 15, 17 and 18. The results are shown in Figure 

7.  

Figure 7 Here 

Figure 8 shows the results of the third round of the selection procedure. Here, node 13 has the 

largest degree, and it will be added to the CML. At the end of this round, the CML includes nodes 3, 4 

and 13. Nodes in the PML includes node 1, 2, 5, 7, 15 and 17. Node 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, 

15, 17, 18 and 21 are in the CNL. 

Figure 8 Here 

In the fourth round of the selection procedure, since node 5 and node 7 have the same degree, the 

system must calculate the 𝑅𝐶 and 𝑆𝑉′ values for these two nodes. In this example, the 𝑅𝐶 value is 2 

(2-0=2) and 𝑆𝑉′ value is 2(5∗25 = 2) for node 5. Meanwhile, the RC value is 2 (2-0=2) and 𝑆𝑉′ value 

is 0.7(5∗27 = 0.7) for node 7. The calculated results are shown in Figure 9. Based on the results, the system 

will select node 5 as the CDS member since it has a larger SV’ value. At the end of this round, the CML 

includes nodes 3, 4, 5 and 13. Nodes in the PML are nodes 1, 2, 7, 15 and 17. The CNL includes node 1, 
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2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 17, 18 and 21. The related result is shown in Figure 10. 

Figure 9 Here 

Figure 10 Here 

The selection will be executed until all nodes in the MANET environment are added to the CNL. 

Here, the results of each round of selection procedure are shown in Table 2, and the remaining results for 

the following rounds are shown in Figure 11 to Figure 14. 

Table 2 Here 

Figure 11 ~Figure 14 Here 

After finishing the Relative Complement CDS Selection procedure, the CDS member can be 

effectively calculated and a smaller number of CDS members are selected. Following this, the system 

will execute the Gateway Remarking procedure. 

4.2 The Gateway Remarking Procedure 

As shown in Figure 15, we can find out that nodes 3, 4, 7, 8, 9 and 21 are neighbors of node 13, 

and these neighbor nodes can be covered by the CDS members including nodes 3 and 4 and 7. This 

situation meets the  𝑁(𝑣) ⊆ 𝑁(𝑉𝑐𝑖′ ) condition, and the related result is shown in Figure 15. In this case, 

node 13 will be remarked as a non-gateway node. Finally, CDS members will be updated, and the new 

members include nodes 2, 3, 4, 5, 7 and 15. The PML is empty, and the nodes in the CNL are 1, 2, 3, 4, 

5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22 and 23. The result is shown in Figure 16. 

Based on the two procedures in the IRCS-CDS algorithm, the system can get the smallest number of 

CDS members. 

Figure 15 ~ Figure 16 Here 

5 Results and Discussion 

In this section, the related simulation results will be given. Also, the comparisons among the 

proposed IRCS-CDS algorithm and other famous algorithms including MaxD-CDS, RCDS and MaxS-

CDS will be described and analyzed. The results are shown as follows. 

5.1 Simulation Environment 

In this research, we use the javascript programming language under the windows environment to 

compose the simulation environment. The related results and graphs will be recorded by Excel. Besides, 
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there are two main scenarios for simulation. First, the nodes of the simulation environment will be 

randomly scattered within 100*100 square meters, and the initial number of nodes is set to 50, with 50 

nodes as the base is increased until there are 250 analog nodes in the region. All nodes have the same 

transmission range (radius R meters) (R∈{20,40,60}), and if the distance between the two nodes is less 

than R, the two nodes are connected directly. However, since the nodes are scattered randomly, this 

experiment will need to check whether all nodes in the network are connected. If the nodes in this graph 

cannot be connected, the system must reconfigure the node distribution until a connected graph is formed, 

and thenthe CDS algorithm can be executed. The simulation will be executed 50 times on the same 

number of nodes and transmission range, and then take their average as the result of the experiment. 

Second, this research uses the degree g of nodes designed by previous scholars [31] to construct a 

loose and dense network environment. The range is set to (1~6) meters and the degree range is(7~16) 

and (17~30) meters in dense environments. This scenario will simulate the effect of node density in the 

current environment on the algorithm and identify algorithms that are more suitable for the specific 

environment. 

Also, because the IRCS-CDS, RCDS and MaxS-CDS algorithms have Marking and Remark 

programs, we have documented these three algorithms separately. The number of CDS nodes generated 

after the Marking process is compared. This is mainly because if you can find a smaller number of CDS 

nodes during the Marking process, you can effectively reduce the burden of doing Remark later. 

5.2 Simulation Results and Analysis 

The first is the result of a simulated comparison of the number of CDS members resulting from 

variations in the number of nodes between 50 and 250 in transmission radius 20, 40, and 60. As shown 

in Figures 17, 18 and 19, IRCS-CDS and MaxS-CDS algorithms perform the smallest number of CDS. 

Since the program conditions for executing remark procedures are the same, the results among the 

proposed IRCS-CDS algorithm and the MaxS-CDS algorithm are equally the same. 

Figure 17 ~ Figure 19 Here 

In Figure 20, Figures 21 and 22, we compare the IRCS-CDS, MaxS-CDS and RCDS algorithms 

that executing the marking procedure in the same simulated environment. The number of CDS members 

is compared after the procedure. It can be found that the IRCS-CDS algorithm produces the smallest 

number of CDS when the marking procedures are completed. This can also mean that the proposed IRCS-
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CDS algorithm is efficient and stable. 

The next experiment will then simulate the number of CDS members in a fixed number of nodes 

among 50, 150, and 250 environments with a transmission range of 20 to 60. As shown in Figures 23, 24 

and 25, the proposed IRCS-CDS algorithm also performs the smallest number of CDS across different 

transmission ranges. 

Figure 20 ~ Figure 25 Here 

The last experiment mainly simulates the impact of the network's tightness on each algorithm. First, 

in a looser network environment, we fixed the branch scale of each node (1~6), and the number of nodes 

varies from 50 to 250 to compare the number of CDS members. As shown in Figure 26, the MaxS-CDS 

algorithm and the proposed IRCS-CDS algorithm can build fewer CDS in a looser network environment. 

In the dense network environments, degree ranges are set to (7~16) and (17~30) as shown in Figures 27 

and 28, we can find that the MaxD-CDS algorithm builds more numbers of CDS, because the concept of 

the MaxD-CDS algorithm is to select the number of nodes that are not covered. This factor promotes the 

nodes selected by the MaxD-CDS algorithm in a dense network environment to have a higher coverage 

rate, so that a smaller number of CDS members can be obtained. 

However, CDS members that cover more non-gateway members will easily generate uneven 

workloads to reduce the lifetime of network. It is also not suitable for mobile arbitrary network 

architecture. 

Also, under this network environment conditions, the number of CDS members after performing 

the Marking process will be compared among the IRCS-CDS, MaxS-CDS and RCDS algorithms. As 

shown in Figures 29, 30, and 31, those can be found that the IRCS-CDS and MaxS-CDS algorithms 

produce the minimum number of CDS when the Marking procedure is completed. 

Figure 26~Figure 31 Here 

5.3 The Conclusion of the Experiment 

Based on the above simulation results, we can know that the proposed IRCS-CDS algorithm can 

construct a smaller number of CDS members after performing the marking procedure. The nodes in the 

remark procedure are then used to remove redundant CDS members to find the smaller set of CDS. At 

the same time, the proposed IRCS-CDS algorithm can achieve better results than other algorithms when 

the number of nodes is set to 50~250 and the transmission distance is set to 20~60. In the dense network 
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environments (degree 7~ 16), the MaxD-CDS algorithm can obtain a lower number of CDS members, 

that is because the MaxD-CDS algorithm only determines CDS members by the number of uncovered 

nodes. Here, the higher the coverage of the node, the lower the CDS members that can be found, causing 

the MaxD algorithm not suitable for looser network structures or low node degree topologies. In addition, 

for the highly mobile MANET, the gateway of MaxS-CDS will easy to form a bottleneck which will 

reduce the lifetime of network.. Besides, the results of the MaxS-CDS algorithm are similar to the 

proposed IRCS-CDS algorithm, but the distribution of nodes will affect the execution of the MaxS-CDS 

algorithm. This results will cause the MaxS-CDS often have different numbers of CDS members, which 

will be an unstable CDS algorithm with a high complexity of O(3𝑛2 + 2𝑛). It is much higher than the O(2𝑛2 + 3𝑛) of the proposed IRCS-CDS algorithm. Therefore, the proposed IRCS-CDS algorithm is 

more stable and more efficient in network environments, even in a network environments with loose 

nodes or small node coverage radius. 

6 Conclusions and Future Works 

Building a simple virtual backbone with limited bandwidth, communication capabilities and 

battery capacity is an important issue. In the past, the virtual backbone network that uses CDS under the 

MANET environment was considered the most suitable solution. However, the previous algorithms apply 

the marking procedure to form the CDS topologies with a larger number of CDS members because of 

the uneven distribution of nodes in the network. Therefore, this research proposes a more efficient and 

stable IRCS-CDS algorithm by applying the concept of relative complement theory and remark 

procedure to improve the problems encountered in previous studies. Then, through the experimental 

results, it can be found that the proposed IRCS-CDS algorithm can obtain better results when the number 

of nodes is set from 50 to 250 and the transmission distance is set from 20 to 60. Besides, the IRCS-CDS 

algorithm can reduce the complexity of the algorithm to O(2𝑛2 + 3𝑛) . Therefore, the IRCS-CDS 

algorithm proposed in this research can efficiently and stably find a smaller CDS members  for any 

environment with different node distribution, number of nodes and different transmission ranges.  
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Figure 1. The Network architecture of MANETs 
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Figure 2. Example of the Ad-Hoc Network Topology 
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Figure 3. An Example MANET structure 

 

 

  



 

Symbol Definition: 𝑵𝒗: The neighbors of node 𝑣 𝑫𝒗: Degree of node 𝑣 𝑺𝑽′𝒗: The Sufferage value of node 𝑣 𝑹𝑪𝒗: The Relative Complement value of node 𝑣 

Input: Graph 𝐺 = (𝑉, 𝐸); 𝑉 represents a set of nodes;  𝐸 represents a set of edges. 
Output: 𝐶𝑀𝐿 

Initialization: 𝐶𝑀𝐿 = ∅ 

             𝐶𝑁𝐿 = ∅ 

             𝑃𝑀𝐿 = ∅ 

Begin: Calculation of CDS 

Start vertex, 𝑠 represents vertex with the largest of the degree in 𝑉 

  𝐶𝑀𝐿 =  𝐶𝑀𝐿 ∪ {𝑠} 

  𝐶𝑁𝐿 =  𝐶𝑁𝐿 ∪ {𝑠} 

  𝑃𝑀𝐿 =  𝑃𝑀𝐿 ∪ 𝑁𝑠 

    While (|𝐶𝑁𝐿 | < |𝑉| && 𝑃𝑀𝐿 ≠ ∅) do 

        Select a node 𝑣 ∈ 𝑃𝑀𝐿 and 𝑣 has the largest node degree and has at 
        least one neighbor that is not in 𝐶𝑁𝐿 

        If (degree of node 𝑣 = degree of node 𝑢) 
             Calculate RC of node 𝑣 and 𝑢 

             If(𝑅𝐶𝑣 = 0  &&  𝑅𝐶𝑢 = 0 ) 
               Select node 𝑣 with the least id for next CDS 

             end if 
             Calculate SV′of node 𝑣 and 𝑢 

             If(𝑆𝑉′𝑣 =  𝑆𝑉′𝑢 ) 
               Select node 𝑣 and 𝑢 for next CDS  

             end if 
               Select node 𝑣 with the largest SV′ for next CDS 

        End if 
        𝐶𝑀𝐿 = 𝐶𝑀𝐿 ∪ {𝑣} 

        For all 𝑥 ∈ 𝑁𝑣 and 𝑥 ∉ 𝐶𝑁𝐿 

           𝐶𝑁𝐿 = 𝐶𝑁𝐿 ∪ {𝑥} 

        end for          

        𝑃𝑀𝐿 =  𝐶𝑁𝐿 − 𝐶𝑀𝐿 

        return 𝐶𝑀𝐿 

end Calculation of CDS 

Figure 4. The Pseudo-code of the Relative Complement CDS Selection Procedure 
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Figure 5. The Initial Status of the MANET Architecture 
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Figure 6. The First Round of Relative Complement CDS Selection procedure 
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Figure 7. The Second Round of Relative Complement CDS Selection procedure 
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Figure 8. The Third Round of Relative Complement CDS Selection Procedure 
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Figure 9. The 𝑆𝑉 ′ Values of Node 5 and Node 7 
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Figure 10. The Fourth Round of Relative Complement CDS Selection Procedure 
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Figure 11. The Fifth Round of Relative Complement CDS Selection Procedure 
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Figure 12. The 𝐒𝐕′ Values of Node 1 and Node 2 
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Figure 13. The Sixth Round of Relative Complement CDS Selection Procedure 
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Figure 14. The Final Result of Relative Complement CDS Selection Procedure 
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Figure 15. Remove Node 13 by Gateway Remark Procedure 
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Figure 16. The Execution Result of IRCS-CDS in MANET 

 

Figure 17. Numbers of CDS for Various Algorithms (R=20) 



 

Figure 18. Numbers of CDS for Various Algorithms (R=40) 

 

Figure 19. Numbers of CDS for Various Algorithms (R=60) 
 



 

Figure 20. The Initial Number of CDS Members after the Marking Procedure with Various Algorithms 

(R=20) 

 

Figure 21. The Initial Number of CDS Members after the Marking Procedure with Various Algorithms 

(R=40) 



 

Figure 22. The Initial Number of CDS Members after the Marking Procedure with Various Algorithms 

(R=60) 

 

Figure 23. Number of CDS for Various Algorithms (Node size=50) 



 

Figure 24. Number of CDS for Various Algorithms (Node size=150) 

 

Figure 25. Number of CDS for Various Algorithms (Node size=250) 



 

Figure 26. Number of CDS for various algorithms (Degree∈[1,6]) 

 

Figure 27. Number of CDS for various algorithms (Degree∈[7,16]) 



 

Figure 28. Number of CDS for various algorithms (Degree∈[17,30]) 

 

Figure 29. The number of CDS rendering graph Marking program for various algorithms 

(Degree∈[1,6]) 



 

Figure 30. The number of CDS rendering graph Marking program for various algorithms 

(Degree∈[7,16]) 

 

Figure 31. The number of CDS rendering graph Marking program for various algorithms 

(Degree∈[17,30]) 

 



Table 1. Routing Table of Node 2  

CDS Member Covered node Through the node Distance 

4 {6,13,14,17,18} 2→4 1 

15 {14,16} 2→4→15 2 

3 {8,9,10,13} 2→3 1 

5 {1,6,11,12} 2→3→5 2 

7 {13,21,22,23} 2→3→7 2 

 

Table 2. The Results of Each Round in Relative Complement CDS Selection Procedure  
Round CML PML CNL 

1 4 1, 2, 3, 6, 13, 15, 17 1, 2, 3, 4, 6, 13, 14, 15, 17, 18 

2 3, 4 1, 2, 5, 7, 13, 15, 17 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, 15, 17, 18 

3 3, 4, 13 1, 2, 5, 7, 15, 17 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, 15, 17, 18, 
21 

4 3, 4, 5, 13 1, 2, 7, 15, 17 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
17, 18, 21 

5 3, 4, 5, 7, 13 1, 2, 15, 17 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15, 17, 
18, 21, 22, 23 

6 2, 3, 4, 5, 7, 13 15, 17 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 15, 17, 
18, 19, 20, 21, 22, 23 

7 2, 3, 4, 5, 7, 13, 15  1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19, 20, 21, 22, 23 

 


