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Abstract: Constructing connected dominating sets (CDS) plays an important role in improving broadcast 
efficiency, simplifying routing and avoiding collision for wireless ad hoc networks. In this paper, a distributed 
algorithm called DCDS for constructing CDS based on maximum independent sets (MIS) was put forward. In 
this algorithm, each node only needs to know its 2-hop neighbors rather than all nodes in network. DCDS 
algorithm consists of three steps including neighbor discovery, MIS construction and MIS interconnection. The 
theoretical analysis showed that the message complexity of DCDS was O(n), the time complexity was O(Δ) at 
most, and the approximation factor was 8. Simulation result confirmed the validity of DCDS algorithm. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

Wireless ad hoc networks have no physical 
backbone infrastructure [1].Yet virtual backbone can 
improve the broadcast efficiency, simplify routing 
and avoid collision for wireless ad hoc networks [2]. 
Constructing virtual backbone problem could be 
abstracted as calculating connected dominating set 
(CDS) in graph theory. To construct a CDS as small 
as possible has been one of targets that most 
algorithms pursued. However, calculating a minimum 
connected dominating set (MCDS) in graphs is NP-
hard, which made many algorithms apply 
approximate method to construct MCDS  
in engineering. 

Algorithms for constructing CDS can be divided 
into two categories: centralized algorithms and 

decentralized algorithm. The decentralized algorithm 
can be further divided into two categories: distributed 
algorithms and localized algorithms. Though 
centralized algorithms can generate smaller size CDS 
than that of decentralized algorithm, yet each node 
needs the global topology information, which takes 
these algorithms too much overhead and decreases 
scalability. In decentralized algorithms, each node 
only needs the local topology information, and thus 
reduces overhead and enhances scalability. 
Therefore, decentralized algorithms have been widely 
studied by many researchers.  

Wu proposed a simple localized algorithm [4-8]. 
Which can construct a CDS quickly, yet the CDS 
constructed has a lot of redundant nodes that have to 
be cut off to simplify the CDS. Wan proposed a 
distributed algorithm based on maximum 
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independent sets (MIS) [9]. Although the size of CDS 
constructed by his algorithm is small, yet it is 
necessary to construct a spanning tree, which 
increases the overhead. 

We propose DCDS algorithm for the construction 
of CDS based on the earlier studies of researchers. In 
this algorithm, each node only needs the information 
within its 2-hop neighborhood. The theoretical 
analysis showed that the message complexity of 
DCDS was O(n), the time complexity was O(Δ) at 
most, and the approximation factor was 8. Simulation 
result confirmed the validity of DCDS algorithm. 
 
 
2. DCDS Algorithm 
 
2.1. Mathematical Model 
 

Unit-disk graphs (UDG) are usually used to 
describe the topology information of wireless ad hoc 
networks. Assume that all the nodes in a wireless ad 
hoc network are placed in a two-dimensional plan 
and have the same maximum transmission range. If 
the maximum transmission range is 1, the topology of 
such a wireless ad hoc network can be modeled as a 
unit-disk graph, in which there is an edge between 
two nodes if and only if their distance is at most one 
(see Fig. 1) [9]. 
 
 

 
 

Fig. 1. Model the topology of wireless ad hoc networks  
by unit-disk graphs. 

 
 
2.2. Algorithm Description 
 

The flow of DCDS algorithm is shown in Fig. 2. 
DCDS algorithm will base on the theorem in graph 
theory- any maximum independent set in a graph is a 
minimum dominating set [10]. 

DCDS algorithm for constructing CDS consists of 
three steps: In neighbor discovery step, each node 
gets the information within its 2-hop neighborhood 
by transmitting and receiving HELLO messages. In 
step 2, a distributed idea is employed to construct a 
MIS, and a minimum dominating set (MDS) is 
constructed according to the theorem related above. 

Finally, some optimal nodes will be selected to 
interconnect MIS, and thus form a CDS. 
 
 

 
 

Fig. 2. The flow of DCDS algorithm. 
 
 

In DCDS algorithm, each node has a unique label 
ID. The weight of a node is defined as W(u)=(d(u), 
ID(u)), where d(u) is the degree of node u and ID(u) 
is the ID of node u. Such weight represents priority 
level of the nodes. Assume node u and node v are any 
pair of nodes in a graph. If W(u)>W(v), then one of 
the two conditions must be satisfied: 

Condition 1: d(u)>d(v).  
Condition 2: d(u)=d(v) and ID(u)>ID(v) 
Besides, each node also maintains a variable L 

initialized to 0. L=1 means the node has at least one 
leaf neighbor whose node degree equals to 1; and L = 
0 means the node does not have leaf neighbor. 
 
 

2.2.1. Neighbor Discovery 
 

At the beginning of our algorithm, each node 
explores local topology around. The exploring 
process includes two phases. First, each node 
broadcasts a HELLO message with its ID, and 
receives HELLO messages transmitted by all its 
neighbors. When any HELLO message was received, 
it can get its neighbor set. Second, each node 
broadcasts its neighbor set information to all its 
neighbors. When all neighbors set information from 
neighbors were received, it can calculate the weight 
of all its neighbors. 
 
 

2.2.2. MIS Construction 
 

Each node maintains a variable S representing its 
state, where S = 0 represents the state of the node is 
unidentified, S = 1 represents the state of the node is 
dominated, and S = 2 represents the state of the node 
is dominator. S is initialized to 0. The construction of 
the MIS is finished when all the S are set to either 1 
or 2, and all the nodes with S = 2 form the maximum 
independent set. 

The construction of the maximum independent set 
includes two steps: 

Step1: Each node compares its L with all its 
neighbors, and identifies its state according to the 
following rules:  

Rule 1): If a node’s L is 0 and all its neighbors’ L 
are 0, the node transfers into step 2. 
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Rule 2): If a node’s L is 0 and there is at least one 
of its neighbors with L = 1, the node keeps still. 

Rule 3): If a node’s L is 1 and all its neighbors’ L 
are 0, the node sets its S to 2 and broadcasts a 
DOMINATOR message. 

Rule 4): If a node with L = 1 and there is at least 
one of its neighbors with L = 1, besides, the node has 
the maximum weight among all the neighbors with L 
= 0, the node sets its S to 2 and broadcasts a 
DOMINATOR message. If there are some neighbors 
that maintain higher weight than its own, it  
keeps still. 

Rule 5): Upon receiving a DOMINATOR 
message, the unidentified state nodes set its S to 1, 

Step 2: Each unidentified node compares its 
weight with its neighbors, and identifies its state 
according to the following rules. 

Rule 1): If a node with S = 0 has the highest 
weight among all its neighbors with S = 0, the node 
sets S to 2 and then broadcasts a  
DOMINATOR message. 

Rule 2): If a node with S = 0 has at least one 
neighbor with S = 0, who has higher weight than 
itself, the node keeps still. 

Rule 3): When a node has set its S to 2, it 
broadcasts a DOMINATOR message immediately 

Rule (4): Upon receiving a DOMINATOR 
message, the unidentified nodes set its S to 1. 

In this phase, all the nodes with S = 2 form a MIS. 
Theorem 1: All the nodes with S = 2 form a 

maximum independent set of the network topology.  
Proof: Assume that all the nodes with S = 2 form 

a set I. Then we prove the theorem by contradiction. 
We first prove that I is an independent set. 

According to the definition of independent sets, any 
two nodes in an independent set are not adjacent to 
each other. Assume that node u and node v belong to 
I, and they are adjacent to each other. According to 
the rules in step 2, if W(u)>W(v), node v’s S could 
not be 2, since its neighbor node u’s S is 2. That 
implies node v’s S is 1, thus it could not belong to I, 
which conflicts with the assumption, and we can get 
the conclusion that any two nodes in I are  
not adjacent to each other. Namely, I is an 
independent set. 

Then we prove that I is a maximum independent 
set. Assume that I is an independent set but not a 
maximum independent set. According to the rules in 
step 2, each node with S = 1 is adjacent to at least one 
of the nodes S=2. In addition, all the nodes S = 2 
belong to I. This implies I will not be an independent 
set when some node outside I is added to I, which 
satisfies the definition of MIS. Therefore, the 
assumption is false, and we can get the conclusion 
that I is a maximum independent set. 

 
 

2.2.3. MIS Interconnection 
 

After the accomplishment of constructing the 
maximum independent set, each node sets a symbol Z 

initialized to 0. Z=1 represents the node does not join 
the CDS and Z=1 represents the node has already 
joined the CDS. The construction of CDS is fulfilled 
by transmitting/receiving REQUEST messages and 
JOIN messages. The transmitting/receiving process 
follows the rules shown below: 

Rule 1): Each REQUEST message includes a 
field named counter representing the times it had 
been transmitted or retransmitted. The counter was 
initialized to 3. As long as the message is transmitted 
or retransmitted, the counter is decremented by 1. If 
counter equals to 0, the REQUEST message will be 
abandoned. 

Rule 2): If a dominatee node receives a 
REQUEST message, it adds its own ID to the 
message and transmit the message. 

Rule 3): If a dominatee node receives several 
REQUEST messages at the same time, it only 
retransmits the one whose sender has the highest 
weight among all the senders. 

Rule 4): When a dominator node receives a 
REQUEST message the first time, it sets Z to 1 and 
transmits a JOIN message. The propagation path of 
JOIN message is opposite to the propagation path of 
REQUEST message. All the nodes who received the 
JOIN message set their Z to 1. 

Rule 5): Each node transmits a JOIN message 
only once when it receives a REQUEST message the 
first time. If a REQUEST message is received, then 
all the subsequent REQUEST messages will be 
abandoned. 

In this phase, all the nodes with Z=1 form a CDS. 
Fig. 3 is an example result of our algorithm. Here, all 
the nodes were randomly distributed in a 
400 m×400 m 2-dimension plane and had the same 
maximum communication range that equaled to 
80 m. Fig. 3(a) illustrated the result of MIS 
construction. The black nodes 5, 7, 9, 15, 18 formed a 
MIS. Fig.  3(b) illustrated the result of MIS 
interconnection. Node 2 and node 20 were selected to 
interconnect the MIS. Finally, the black nodes 2, 5, 7, 
9, 15, 18, 20 formed a CDS. 
 
 
2.3. Performance Analysis 
 

Assume that the number of the nodes in the 
network was n, and the maximum node degree was 
Δ. In the first phase of our algorithm, each node 
needed broadcasting two HELLO messages to get the 
information within its 2-hop neighborhood. Thus all 
the nodes needed broadcasting messages for 2n 
times.  

In the second phase, each node needed to 
broadcast a HELLO messages respectively to get the 
L and S of neighbors respectively. After the 
construction of the MIS, each dominator node needed 
to transmit a DOMINATOR message. Assume that 
the number of the dominator nodes was N. Thus, all 
the nodes needed broadcasting messages for 2n+ N 
times totally. 
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(a) MIS of network 
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(b) CDS of network 
 

Fig. 3. An example result of our algorithm. 
 
 

At last, each dominator node transmitted a 
REQUEST message, and it needed transmitting a 
JOIN message upon receiving a REQUEST message 
transmitted by another dominator node the first time. 
Besides, all the intermediate nodes between the two 
dominator nodes needed to relay these two messages 
once respectively. Thus, all the nodes needed 
transmitting messages for 4N times at least. 

Therefore, it took 4n + 5N times at least to 
transmitting all the messages, and the message 
complexity of DCDS algorithm was O(n). 

Each node compared its own L/S with its 
neighbors at most Δ times respectively, and thus the 
calculating times of the node could not exceed 2Δ 
times. Besides, our algorithm ran in parallel, which 
meant all the nodes can calculate their own state at 
the same time. Therefore, the time complexity of our 
algorithm was O(Δ) at most.  

Before the introduction of the lemma 2, assume 
that OPT is any minimum dominating set in a graph 
and opt is the size of the OPT. 

Lemma 1: The size of any independent set in a 
unit-disk graph is at most 4opt+1. 

From theorem 1, the nodes with S=2 were 
independent nodes. Assume that a node in CDS was 
adjacent to k nodes within MIS. According to WAN 
[9], k was less than or equal to 5 and the number of 

independent nodes in CDS was at most k+4(opt-1). 
Based on the rules in MIS interconnection phase, the 
number of the nodes that were selected to 
interconnect the MIS was less than that of nodes with 
S=2. Therefore, the size of CDS was at most 
2(k+4(opt-1)). In other words, the upper bound of the 
number of the nodes in CDS constructed by our 
algorithm was 8opt-2. Therefore, the approximate 
factor of DCDS algorithm was 8. 

Conclusion: The approximate factor of DCDS 
algorithm was 8, the message complexity was O(n) 
and time complexity was O(Δ) at most. 

The results are shown below.  
 
 

Table 1. Performance comparison of these three 
algorithms. 

 
Algorithm 

Name 
Time 

Complexity
Message 

Complexity 
Approximate 

Factor 
Wu  O(Δ3) Θ(X) n/2
Wan  O(n) O(nlogn) 8

DCDS  O(Δ) O(n) 8
 
Note: X represented the number of the edges in the unit-disk 
graph. Δ represented the maximum node degree. 

 
 
3. Simulation 
 

Simulation Experiment 1: The nodes number 
was set to 90 and 120 respectively. In each 
simulation scenario, all nodes were randomly located 
in a 100 km×100 km 2-dimension square area, and 
had same maximum communication range. Fig. 4 
described the relationship between the mean size of 
the CDS and maximum communication range 
through averaging results of 100 simulations  
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Fig. 4. Performance Simulation 1. 
 
 

Fig. 4 showed that the size of CDS became 
smaller with the growth of the maximum 
communication range. It was obvious that the longer 
node communication range, the fewer nodes were 
needed to cover the whole network, and therefore, the 
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smaller size of the CDS. However, when the 
maximum communication rang reached to 0.75 or 
higher times of the diameter of the area, there was at 
least one node who can communicate with any other 
nodes, and thus the size of CDS became constant. 

Simulation Experiment 2: The maximum 
communication ranges of all the nodes were set to 
12.5 km. In each simulation scenario, all nodes were 
randomly located in a 100 km×100 km 2-dimension 
square area. Fig. 5 described the relationship between 
the normalized size of CDS and the nodes number of 
the network through averaging results of 100 
simulations. Here the normalized size of CDS was 
defined as the ratio of the CDS nodes number to the 
nodes number of network. 
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Fig. 5. Performance Simulation 2. 
 
 

Fig. 5 showed that the normalized size of the CDS 
generated by all these three algorithms decreased 
with the growth of the size of the network. The 
reason was that with the growth of nodes number in a 
given area, any node had more neighbor nodes to 
communicate with. When nodes number was 180 or 
more, a certain number of nodes were enough to 
cover the whole network. So curve tendency 
approximately inversed to nodes number. Simulation 
result showed that when nodes number was less than 
180, the normalized size of CDS generated by DCDS 
algorithm decreased faster than that of the other  
two algorithms. 
 
 

4. Conclusions 
 
In this paper, a distributed algorithm called DCDS 

algorithm for CDS based on maximum independent 
sets was presented. In DCDS algorithm, each node 

only needed the information within its 2-hop 
neighborhood rather than the global information. The 
theoretical analysis and performance simulation 
showed that the message complexity of DCDS 
algorithm was O(n), the time complexity was O(n) at 
most, the approximation factor was 8, and DCDS 
algorithm could generate a CDS of small size. 
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