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Abstract: In directed diffusion routing, the diffusion of exploratory message can lead to 
heavy traffic load periodically. The performance of data transmission may severely deteriorate 
at that moment. This paper proposes a gradient-based constrained diffusion algorithm. By 
analyzing the gradients of node’s neighbors, the breadth and depth for diffusion can be 
conducted firstly. Then diffusion is performed in the optimal set of chosen forwarding nodes. 
The simulation results indicate that this algorithm can decrease both duration of diffusion and 
data transmission delay significantly. In addition, it achieves greatly energy savings compared 
to prior method. Finally, it is compatible with original algorithm without additional control 
overhead. 
Keywords: Wireless Sensor Networks; Directed Diffusion; Distributed Computing; Energy- 
efficiency 
 
1. INTRODUCTION 

 
Data-centric computing is one of the main characteristics of Wireless Sensor Networks 

(WSN). From the application perspective, people usually prefer the data they desire, rather 
than a single sensor node. And from the network layer perspective, in addition to relaying, the 
intermediate nodes are also responsible for analyzing and processing received message 
according to proper rule. In traditional networks such as Internet, The routing only need to 
analyze message header and it is neither necessary nor desirable to have access to the message 
body. So the data-centric feature brings new challenge to routing protocols in WSN. 

Data-centric routing combines route-computing with data-computing together, and 
provides an opportunity for Data aggregation in WSN. The uncertainty of environmental 
events and the similarity of sensing reading on neighboring nodes would produce large of 
redundant information in the network unavoidably. In addition, the dominant traffic pattern is 
many-to-one; so it is necessary and feasible for intermediate nodes to processing received 
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data. [4,5] proposes to enable in-network data aggregation, which transmit the final result 
after processing lots of spatial or temporal correlated data from different nodes. Data 
aggregation would reduce redundancy and conserve energy significantly. 

For the above ideas, [6,7,12] present a new data dissemination protocol named directed 
diffusion (abbr. as DD), which integrates the requirement of application, routing and data 
aggregation together. Directed Diffusion has three key characteristics: localized algorithms, 
named data, and support for in-network processing[13]. But in DD routing, flooding the 
exploratory messge periodically would cause negative effect on normal data transmission, 
even lead to the burst decrease in network performance. This paper proposes a novel 
constrained diffusion algorithm based on gradients. By computing the breadth and depth for 
diffusion, the process of dissemination is performed in the optimal set of selected forwarding 
nodes. The simulation results indicate that this algorithm can decrease both duration of 
diffusion and propagation delay greatly. 

The organization of this paper is as follows. We provide a simplified introduction to DD 
algorithm in the next section. Section 3 presents our gradient-based constrained diffusion 
algorithm. Section 4 evaluates the algorithm with respect to delay, jitter and energy 
consumption. In section 5, we characterize the performance of our algorithms through 
simulations, and section 6 summarizes the main results. 
 
2. DIRECTED DIFFUSION 
 

Four types of fundamental elements are defined in DD algorithm: interests, data messages, 
gradients and reinforcements. The naming scheme of messages is also important and has large 
effect on the efficiency of data aggregation[8]. Interest messages indicate a user query and are 
composed of a structural description of the query. Table 1 illustrates an interest message that 
describes a specific task by a list of some attributes such as Type, Rect, Duration and Interval. 
This task requires sensor network to monitor any vehicle appeared in the Rect and reports the 
results per 20ms. Data messages represent valuable data derived from environmental events, 
and they are composed of multiple attribute-value pairs. An instance is shown in Table 2, 
which is a description that a truck was detected in the Location with signal Intensity of 0.5 
and the time is shown by Timestamp. 
     
    

 
Instance Truck 

Intensity 0.5 

Location 34，56 

Timestamp 01：34：32 

Type Vehicle 

Interval 20ms 

Duration 50s 

Rect 【4，34，456，22】 

 
 
 
 

 

Table 2 Data message structure Table 1 Interest message structure

 
Gradients are important concepts in DD algorithm. In general, any neighboring nodes can 

disseminate messages, so each neighboring node points to a diverse path to the destination. 
Since each path has different network attributes such as delay, minimum residual energy etc, 
gradients are adopted herein to represent and store such attributes. 

When a query begins, the interests corresponding to the task would be disseminated to 
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every node hop by hop within the network as shown in Fig.1 (a). Once a node received a new 
interest from one of its neighboring nodes, it would set up a new gradient to that node. After 
interest dissemination, several paths from source to sink, which are composed of series of 
gradients, are set up as shown in Fig.1 (b). The exploratory message is used to setup and 
maintain routing. Disseminating exploratory message periodically over all of the paths is 
shown in Fig.1(c). In Fig.1(d), the sink node selects one optimal path according to received 
duplications of one exploratory message, then it sends reinforcement message over selected 
path to source node. Following Data delivery along reinforced path is shown in Fig. 1(e). 
Intermediate nodes can cache or aggregate multiple messages so as to reduce the network 
overload. 

 
3. GRADIENT-BASED BREADTH-DEPTH CONSTRAINED DIFFUSION ALGO 

RITHM 
 

We know that there is much redundant data in WSN, and some data may include error 
unavoidably. Disseminating the exploratory message periodically is necessary to get and 
update the optimized path, but it would lead to heavily decrease in throughput of the sink 
node. Firstly, the sink node can’t introduce a more realistic result due to the lack of enough 
original materials, which is unacceptable for high QOS guarantees. Secondly, the end-to-end 
delay of message increases Dramatically. The delay is below 10-1s in the common case, but it 
would increase up to 100s or 101s during dissemination. The data with a large of delay would 
lose its value especially for those delay-sensitive applications. 
 This paper presents a gradients-based breath and depth constrained diffusion algorithm 
(abbr. as CDA), which optimizes the DD algorithm in some ways. We observed that: in DD 
algorithm, once receiving an exploratory message firstly, the node would forward it to its 
neighbors. This process reiterates in each intermedial node (hop) until current node is also the 
sink node. With the incremental hops, the numbers of exploratory packets in the network 
would increase exponentially, which would deteriorate the performance of network as stated 
earlier. Thus it is beneficial to limit the number of hops, namely, constrained depth. What’s 
more, the dominant traffic pattern is many-to-one and there are not so many sinks in WSN. 
Disseminating message throughout the network would lead to extra overhead. Thus it is also 
necessary to constrain the breadth of dissemination, namely, constrain the number of 
forwarding nodes at each hop. In the following we present the main ideas of CDA: 

（a） 

Sink

Source 

Sink

Source 

（b） 

Sink

Source

（c）

Sink 

Source

（d）

Sink

source 

（e） 

Fig.1：A simplified schematic for directed diffusion. 

(a) Interest propagation （ b）Initial gradients set up（ c） exploratory message 

dissemination（d）reinforcement message（e）Data delivery along reinforced path 
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 (1). Each gradient contains the attribute of end-to-end delay, and we use the number of 
hops as a metric for the delay herein.  
 (2). The Breadth of dissemination of the exploratory message is constrained by a 
threshold of gradient. A node associated with a gradient below the threshold would be chosen 
into the set of forwarding nodes.  
 (3). An empirical parameter is defined. Consider a sector with transmission distance of 
node as radius, current node as vertex and line between current node and sink as symmetry 
axis, empirical parameter is equal to the angle of the sector, as shown in Fig.2. Specially, the 

value of 2π corresponds to all the neighbors of a node. Moreover, the area of sector is close to 

sink compared to other area in the circle of 2π. For random uniformly distributed sensor 

network, the less the value of node’s gradient, the larger the probability that this node located 
in the sector. The empirical parameter can be dynamically adopted to achieve better 

performance. In this paper it is equal to 2π . Breadth threshold is decided by empirical 

parameter, which is set to the maximum of gradients in the sector. Fig.2 is a diagrammatic 
view of dissemination over one path and the notations would be explained in section 4. 
 (4). Depth threshold is also a value of gradient. Each packet doesn’t stop disseminating 
until the current number of hops reach the depth threshold. The larger the depth threshold, the 
more different paths can be found. But the longer lifetime of exploratory message means more 
duplication produced. 
 CDA is compatible with DD completely and doesn’t need additional control overhead. 
Interests originated from source nodes can contain hop field, which is added by one per hop to 
achieve the total hops associated with each path. In geographical routing[9], neighboring nodes 
can be accessed directly through their position information so that it is not required to get 
breadth threshold from gradient information. 
 When an exploratory message received, the node operates in the following steps:  
 (1). If it is a repeated message, only dropping it and turning to step 5.  
 (2). If the value of hops in the message is larger than depth threshold, or current node is a 
sink, turning to step 5. 
 (3). Adding the value of hop field in the message by one. 
 (4). Filtering each node according to CDA, and then forwarding message to chosen nodes 
in turn. 

(5). CDA ends. 
 
4. ANALYTIC EVALUATION 
 

Before evaluating CDA algorithm, we introduce the following definitions that enable 
formal description of the algorithm. 
 Definition 1. Let G = (V, E) be a graph in which each element in set V stands for a node, a 

edge (u, v) is in E if node u and v can communicate each other directly. S：  represents 

the set of source nodes, so |S| is the number of sources. In this paper we assume there is only 
one sink. 

VS ⊂
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Definition 2. For any v ∈V, Kv is the set of neighbors of the node v. | Kv | is the degree of 

Kv, and the average degree of neighbors of all the nodes is set to K, namely, ∑
∈

=
Vv

vK
V

K 1 . 

Definition 3. Cs and Cr indicate the unit cost for message transmission and reception 
respectively. In general, the cost for transmission is larger than that for reception. In this 
analytic evaluation, our metrics of performance is the total cost of transmission and reception 

In DD algorithm, each node excep

of one exploratory message. 

t sink forwards received message to all of its neighbors. 
By 

 
Fig.2 A simplified schematic for CDA over one path.

this method, the overall transmission cost of DD fs = ∑ iKCS s . Due to each node 
≠∈ kiVi sin,

would receive message from all its  fneighbors, the overall reception cost r = ∑
∈Vi

iKCS r , so 

the overall cost of disseminating an exploratory message in the network is: 

f =
⎟
⎟
⎞

⎜
⎛

⎠
⎜
⎝

∑
∈

+∑
≠∈ Vi

iKCS
kiVi

iKCS rs
sin,

.                       (1) 

The mean cost per node is obtained as following: 

f =
N

Vi
iKCS

kiVi
iKCS⎜

⎛
∑ rs ⎟

⎟

⎠

⎞

⎜
⎝

∑
∈

+
≠∈ sin, .                     (2) 

When sets Kv=K for all v∈V and the costs for transmission and reception are assumed to 

be equal, then we have that: 

f ≈ KCS
Vi

iKCS
N ss 221

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
∑
∈

.                     (3) 

 From above expressions about DD algorithm, we see that, the overall cost growth is in 

ission 

proportion to the size of network and is also decided by the number of neighbors K and the 
number of source nodes |S|. The mean cost per node is in proportion to K and |S|. 
 Before analyzing the performance of CDA, we firstly assume that the node’s transm
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radius is d, and l0  is the initial distance between the source and the sink node. Experiential 
parameter is set to π /2 and the depth threshold is set to 4. After receiving a new exploratory 
message, the node chooses its neighbor nodes whose gradients are lower than the breadth 
threshold, and then forward received message to them in turn. Most of the neighbor nodes are 
located within the sector as shown in Fig.2. Such procedure is repeated by the successors. 
Fig.2 illustrates the process of dissemination over one path from the source to the sink node. 
Only the maximum left border is shown thanks to the symmetric property. The notation θ is 
the angle of convergence from intermediate nodes (including source) to sink and li  represents 
the distance between the ith intermediate node and sink. We obtain following iterative 
equation: 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

−
=+

dil

d
arctgi

2
2

2
2

1θ                                 (4) 

2

2
2

2

2
2
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⎟
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⎜
⎝

⎛
−+⎟

⎟
⎠

⎞
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⎜
⎝

⎛
=+ dildil

                              (5) 

 Through above iterative procedure, we obtain the size of the area, where those nodes that 

participate in dissemination are located in, is ( )dld +22  approximately. Compared with DD, 

the area of dissemination in CDA is constra atically. The size only depends on 
transmission radius d as well as initial distance l

0

ined dram

. SIMULATIONS 

ulations are performed using version 2.27 of the ns-2 simulator[10]. We compare the 
perf

0 , and is no directly relation with N. The cost 
of network in CDA decreases significantly due to the fewer coverage area of dissemination 
and the fewer chosen neighbors. If α stands for the ratio of the coverage area to all the 

network area, the cost of CDA would be 4/)(af  approximately. The larger the size of network 

or the less the value of α, the better CDA performs than DD. 
 
5

 
Sim
ormance benefits of CDA with DD in various scenarios in terms of end-to-end delay, 

throughput of the sink node and energy consumption. The formula of average end-to-end 
delay is shown below. 

( )∑
∈

−
Mm

m
s

m
r tt

M
1

                                 (6) 

Where M is the set of data packets originating from source nodes, and for each m M , and 

denote the sending time of a packet at source node and arrived time of the packet at sink 

nod

∈ m
st

m
rt  

e respectively. In simulations, all experiments run for 350 seconds. Sensor nodes are 

uniformly distributed over a rectangle of 670m×670m, and one sink node and five source 

nodes are assigned at varying locations. The channel’s capacity and frequency are set to 1 
Mbps and 2.4 GHz, respectively. The Distributed Coordination Function (DCF) of IEEE 
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802.11 is used as MAC layer in our experiences. The length of each data packet is 62 bytes 
and the interval between two continuous disseminations is 60s. Other settings are referred to 
DD in ns-2. Fig.3 and Fig.4 show the difference of the average end-to-end packet delay and 
the throughput of the sink node using DCA and DD. 

In Fig.3, the delay jitter still exists due to the periodical dissemination of exploratory 
packets, but the duration of the jitter reduces dramatically and the peak value of the jitter 
decreases significantly. The similar improvement is also seen in Fig.4 in terms of throughput 
of the sink node. The horizontal bold line in fig.4 represents the constant generation rate of 
data packets, and it is obvious that the fluctuating duration of throughput is narrower achieved 
by CDA than that obtained by DD. 

    
 

  

simulation, all the nodes are deployed in a rectangle and the scope of the rectangle is 
fixed

  
In 
, thus the larger the number of nodes N, the larger the number of neighbors of each node. 

Network load is defined as the quantity of packets created at all the source nodes per unit time. 
In Fig.5, each source node produces one packet per second. When N is equal to 40,60,80,100, 
the average delays are all lower than 0.2s achieved by CDA, but using DD the delay increases 
from 0.2s up to 1.5s. The effect is more remarkable with the increase of N. Fig.6 shows the 
varieties of packet delay under different network load. Under heavy load, there will be one 
order of magnitude improvement using CDA, and the range of fluctuation is still planar 
compared to DD. 

       

Fig.3 Comparison of avg. end-to-e acket delays between CDA and DD Fig.4 Comparison of throughputs of he sink node b t end p

745



 
   
 
 
Fig.7 analyzes the effects of various transmission radiuses on CDA. N is set to 80 and 

three curves represent three intervals of sending packet 5s, 1s and 0.2s respectively. From the 
figure we can see obviously that the average delay reduces with the decrease of radiuses. The 
shorten radius would lead to the increase of forwarding hops and then the lifetime of packet, 
but the negative effect is compensated automatically by the less number of neighbors per node. 
It is important especially for 802.11 DCF to reduce the chance of contentions and collisions 
and improve the efficiency of wireless ch

ig.8 is a comparison of residual energy between CDA and DD. In the experiment, each of 
the n
higher than that using DD with the difference 28.23384J. In addition, more nodes participate 
in the diffusion due to the larger probability that nodes act as relaying nodes within less range 
of a

Fig.5 Comparison of avg. delays at different number of nodes. Fig.6 Comparison of avg. delays at different network 

annel. 
F

odes starts with 1000 Joules of energy. The residual energy of each node using CDA is 

rea. Therefore, the balance of energy is achieved by means of traffic balance, and the 
overall lifetime of network is prolonged significantly. 

        
 
 
  

6. CONCLUSIONS 
 
The gradients-based breath and depth constrained diffusion algorithm (CDA) is 

compatible with existing directed diffusion (DD) and not needed for additional signal cost. 
Furthermore, the degree of breadth and depth is optimized according to gradients, and so the 
dissemination of exploratory message can perform in a limited range of area with less density 
of nodes than DD. CDA can reduce the average end-to-end delay and improve the quality of 
reception at sink. Through simulations w ee that, during dissemination, the average 
end ased at least 1/2. If 
considering the overall time of simulation, aver
lower than that of DD. In general CDA outperforms DD and the effect is much remarkable 

 traffic load. Meanwhile, the lifetime of network is prolonged due to 
the balance of energy consumption at each node. 
 

e can s

Fig.7 Comparison of avg. delays in various transmission radiuses
Fig.8 Comparison of residual energy (only forwardin

-to-end delay and the duration of dissemination are both decre
age delay is nearly one order of magnitude 

especially under heavy
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