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Abstract: Monitoring extreme values (maximum or minimum) is important to many applications in wireless 
sensor networks. A previous work, called Hierarchy Adaptive Threshold (HAT), proposed a tree-based structure 
to distribute queries efficiently and filter out the unnecessary data updates that are not extreme values. In this 
paper, a data reduction algorithm is presented to reduce energy consumption of the HAT due to network 
transmission. The proposed method utilizes historical information of extreme values and their corresponding node 
ID to adjust the reporting rate of sensors properly and eases the burden of the parent of extreme nodes by 
balancing the packets from extreme nodes to all their possible parents. We evaluate the performance of the 
proposed algorithm by NS-2 network simulator and real-world data traces. The results indicate that the overall 
network packets are reduced to 80% with 1% data error in comparison with HAT. Copyright © 2013 IFSA. 
 
Keywords: Sensor networks, Extreme values, Data reduction, Power saving. 
 

 
 
1. Introduction 
 

Wireless sensor networks (WSNs) have been 
widely applied to many current and envisioned 
applications, including vehicle tracking and habit 
monitoring [1], [2], nuclear reactors, test areas, 
disaster management, combat field surveillance, 
factory temperature monitoring, border control and so 
on. A maximum (or minimum) query is a query, which 
continuously requests the sensor node with the 
maximum (minimum) sensor reading. That is, a 
maximum query continuously maintains the (node id, 
value) pair in the network. 

Monitoring maximum (or minimum) value is 
important for detecting abnormal or extreme behavior 
in many sensor network applications. For example, 
monitoring maximum temperature in a factory is 
essential to improve production yield, or finding out 
the node and its corresponding areas with the highest 
pollution index for the purpose of pollution control. A 
minimum query, on the other hand, can be requested 
to continuously monitor the sensor node with the least 
residual energy so that it can be instructed to adapt its 
sampling rate (or transmission rate) for extending 
network lifetime. Since the discussions of maximum 
and minimum queries are similar, in the following we 
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will only focus on answering the continuous 
maximum monitoring problem. 

The difficulty of answering a maximum query is 
unable to know the sensors that constitute high values 
in priori. Hierarchy Adaptive Thresholds (HAT) was 
proposed to monitor the maximum query efficiently 
[3]. HAT prevents the nodes which will not be 
maximum nodes from transmitting by giving 
constraints on nodes such as filter threshold. 

However, there is a penalty where additional 
queries are required to be issued when the sink cannot 
definitely decide the current maximum value. 
Moreover, the performance of HAT highly depends 
on the update strategy of filter thresholds at nodes. On 
the basis of HAT, a novel filter-based monitoring 
algorithm is proposed in this paper. According to the 
observations on real data, the locations and values of 
the maximum nodes are usually stable. That is, 

1) Parts of nodes inside the network become the 
maximum node more often than the others. This 
suggests that some nodes are always likely to 
become the maximum node, and in contrast, 
some are unlikely to be the maximum one. 

2) The maximum node often remains unchanged for 
some consecutive time intervals (i.e., temporal 
correlation between sensor readings). 

3) When a new maximum node emerges, it is often 
nearby the previous maximum node (i.e., spatial 
correlation among nearby nodes). 

In light of the phenomenon above, the proposed 
algorithm utilizes historical information of the past 
maximum values and the nodes that generate them. 
Specifically, the algorithm measures the probability of 
a node being the maximum node by using historical 
information. The quantitative relationship between 
reporting rate and filtering interval is also measured. 

According to the probability, nodes are 
dynamically instructed to re-adjust their filtering 
threshold so as to meet the required reporting rate (e.g., 
decrease the reporting rates of nodes with lower 
probability and increase the reporting rates of those 
with higher probability). The typical goal is to prolong 
the network lifetime by reducing unnecessary data 
updates. This article is an extended version of our 
previous study [32]. 

The rest of this paper is organized as follows. The 
related work is given in Section 2. Section 3 presents 
the proposed algorithm. Simulation results are 
described in Section 4. Finally, the conclusion is 
drawn in Section 5. 

 
 

2. Related Work 
 
Monitoring aggregation functions (such as 

average, maximum, and minimum) in sensor networks 
have received extensive attention in the past few 
years. However, the main focus has been on how to 
establish the communication structure and how to 
apply aggregation techniques to reduce network 
traffic [5, 6]. Work has also been done on compressing 
historical sensor readings for transmission [7, 8]. 

These methods are applicable to archival data 
collection where the application wants to log historical 
sensor readings and analyzes them later. In contrast, 
we consider monitoring applications that continuously 
request up-to-date sensor readings. Approximate 
monitoring schemes have been proposed for average 
and sum aggregates in [9, 10]. Yoon and Shahabi [11] 
proposed a clustered aggregation (CAG) algorithm for 
approximate query processing. CAG reduces network 
traffic by forming clusters of nodes where the cluster 
heads are responsible for aggregating the readings of 
their children. Another work for approximate query 
processing is range caching. There is a value range 
installed at each node and the base station caches all 
the values of ranges at nodes. A node updates its new 
reading with the sink only if the difference between 
the new value and the previously reported value 
beyond the range. The nodes are sorted by range upper 
bounds, and on receiving a maximum query, the sink 
searches each node in order one by one. This approach 
is costly and inefficient because it does not take 
aggregation into consideration. A maximum query can 
be a special case of top-k query, and studies on 
evaluating snapshot top-k queries in distributed 
networks are included in [12–15]. 

In this paper, we are interested in monitoring a 
continuous maximum query. Although continuous 
monitoring could be simulated by repeatedly 
executing a snapshot query, many snapshot queries 
would be costly and inefficient if the answers remain 
unchanged. Recent work on monitoring continuous 
top-k queries in distributed networks are described in 
[3, 16–19]. In [18], a filter-based approach called 
FILA was proposed to exploit the semantics of top-k 
query. The basic idea of FILA is to install a filter at 
each sensor node to suppress unnecessary sensor 
updates. Silberstein et al. [3] explored techniques for 
continuously monitoring a maximum query, with the 
objective of minimizing network traffic. They 
proposed a HAT approach, which use suitable 
constraint settings to prevent nodes unlikely to have 
the maximum value from transmitting. However, 
HAT does not take historical information of the 
maximum values into account. 

 
 

3. The Proposed Algorithm 
 
As mentioned above, the purpose of the proposed 

algorithm is to reduce network packets when running 
HAT. The proposed monitoring algorithm of extreme 
values is on the basis of HAT algorithm. The 
significant improvement of the proposed method over 
the HAT is that it utilizes historical information of the 
maximum values (and the maximum nodes) to 
measure the probability of a node being the maximum 
node. The quantitative relationship between reporting 
rate and filtering threshold is also measured. 
According to the probability, nodes are dynamically 
instructed to re-adjust their filtering thresholds so as to 
meet the required reporting rate. 
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Consider a wireless sensor network that includes n 
fixed location sensors. The network is rooted at the 
sink with a continuous power supply, and the sensor 
nodes are powered by battery. It is assumed that there 
is a tree-based communication infrastructure installed 
on the network by which nodes beyond the 
transmission range of the sink can send their data to 
the sink [31]. Each sensor is assumed to periodically 
sample the local phenomenon, such as temperature, 
humidity and pollution index, at a fixed rate. Without 
loss of generality, the period between two successive 
samplings is assumed to be one time unit (round). That 
is, we assume the query is processed repeatedly over a 
series of rounds, where each node generates a value in 
each round. Each round is long enough for all 
necessary messaging to occur in order to complete the 
query. 

In this paper, we consider a maximum query that 
continuously queries the sensor node with the 
maximum sensor reading at each round. The 
maximum query is to continuously maintain the (node 
id, value) pair for the node with the maximum value in 
the network. The monitoring result is logged at the 
sink and provided to external users. The monitoring 
algorithm of extreme values is to control when and 
how sensor readings should be sent to the sink to 
continuously generate maximum query results. 

 
 

3.1. Procedure of the Proposed Algorithm 
 
1) Initialization: Let Ci denote the set of the 

immediate children of a sensor node si and pi denote 
the parent node of si in the network communication 
infrastructure, respectively. Denote the reading of 
sensor i and the maximum value at the t-th round as vt

i 
and vt

max respectively. Initially, each sensor node 
sends its reading to its parent node. When an internal 
node si receives all readings of its child nodes, it 
obtains the maximum value in the sub-tree rooted at si 
by sorting the sensor readings, including its own 
reading. That is, node si aggregates the messages of its 
child nodes and itself by only passing the packet with 
the highest value since it is impossible for those values 
to be the maximum. Then the node si computes a filter 
threshold for itself and each of its child nodes. The 
thresholds are sent to all of its child nodes. Similarly, 
we denote ht

j as the filter threshold of node sj at the t-th 
round. Note that the filter threshold of a node is by 
known to both itself and its parent node. This message 
aggregation is bottom-up, beginning at leaf nodes 
until the sink is reached. Accordingly, the sink obtains 
the initial query result, i.e., v0

max, by collecting the 
readings from all sensor nodes. Once a maximum 
node is obtained, the sink will also send a message to 
designate the node reporting the maximum value as 
the current maximum node, denoted by s0

max. 
2) Sequential Rounds: Each subsequent round 

proceeds in three stages: node-initiated report, 
root-initiated query and reporting rate adjustment. 

Node-initiated report: If a node sk is the 
designated maximum at the last round (t-th round), i.e., 

sk = st
max, it transmits an update containing the (node id, 

new value) pair to the sink only if vk
t+1  vt

max. (i.e., the 
new gathered value vk

t+1 differs from the maximum 
value in the last round.) For a node sj, sj   st

max, if the 
new reading at the (t + 1)-th round is smaller than its 
filter threshold ht

j, then no update is sent to its parent 
node. Otherwise, an update is sent to its parent node. 
When an internal node si receives any update from its 
child nodes, it computes the new maximum value vi

* 
in the sub-tree rooted at si. If vi

* > ht
i, an update with 

the new value vi
* is sent to its parent; otherwise, all 

packets in the sub-tree rooted at si will be filtered out 
to reduce network traffic. Namely, node si aggregates 
the messages of it child nodes by only passing the 
packet if the highest value breaks its filter threshold. 
Then si will also update its threshold hi

t+1 and the filter 
thresholds hj

t+1 for its child nodes that send an update 
by sending a threshold update packet to them. 
Obviously, the threshold hj

t+1 is known to both sensor 
sj and its parent node si. 

Root-initiated query: If the designated maximum 
node smax in the last round does not report, it can be 
known in the sink that the reading of smax remains 
unchanged in the current round. Then the stored value 
of vmax in the last round can be used to evaluate the 
new maximum value. Once all of the update packets 
are received at the sink, it determines v*

sink from the set 
of all returned values. It can be verified easily that if 
the reading of smax stays the same or rises, then v*

sink is 
the maximum value since all values higher than v*

sink 
will definitely overtake their filter threshold. On the 
other hand, a node can become the new maximum 
node without breaking its filter threshold only if the 
old maximum value falls. In the case, it is possible that 
the new maximum value can only be discovered 
through root-initiated querying process. More 
specifically, the root sends query messages containing 
the temporary maximum value v*

sink to those of its 
child nodes with filter threshold greater than v*

sink. In 
turn, each node receiving a query packet only 
forwards it to its child nodes with thresholds greater 
than v*

sink. On receiving the query packet, only those 
nodes with values greater than v*

sink send their new 
readings to the sink. Similarly, all reply messages are 
aggregated at internal nodes along the transmission 
path and only the maximum of them is forwarded 
upward. Moreover, the filter thresholds of nodes along 
the transmission are also updated accordingly. 

Reporting rate adjustment: Here we assume that 
the sink maintains a probability value t

i for each node 
si at the t-th round. (We postpone the detailed 
discussion of t

i in the next subsection.) After deciding 
the maximum value in the current round, the sink will 
re-evaluate t

i and check whether t
i <  or not for all 

nodes in the network, where  is a given system 
parameter. If t

i <, then si is classified as an 
unimportant node that has very low probability to 
become the maximum node in the next round. 
Therefore, the sink sends a reporting rate adjustment 
packet containing t

i to the nodes with t
i <. On 
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receiving a reporting rate adjustment request, node si 
raises its filter threshold by 

 
i
t

i
tt

i
t

i
t hvh   max

1 )1(  (1) 

 
 
3.2. Node Classification 

 
In this subsection, a strategy will be presented to 

classify the nodes as important and unimportant nodes. 
In real world, most scenarios, the locations where the 
maximum values occurred are quite stable (i.e. the 
distribution of monitored value would not change 
rapidly). For example, the maximum temperature of a 
factory usually stays in the same region and the 
maximum humidity of a rainforest may stay in the 
same region as well. With this observation, we can 
take advantage of this phenomenon. We endow the 
sink node with the ability to learn the importance of all 
nodes. In short, we deem that a node is important if it 
becomes maximum node frequently. Similarly, a node 
is classified as an important node if it has very low 
chance to become maximum node. Hence, the sink 
node will keep a maximum times table used to store 
the times of each node being the maximum node. 

According to this maximum times table, the sink 
node could differentiate important nodes from all 
nodes. However, in most cases, recent observations 
are much more important than older observations. 
Therefore, an additional table is also utilized to store 
recent observations in the sink node. The older 
observations are in global maximum times table, and 
the recent observations are stored in temporal 
maximum times table. Table 1 and Table 2 show an 
example of global maximum times table and temporal 
maximum times table. By using the maximum times 
tables, a node could be classified by computing the 
important factor as follows. 

 
]1,0[w),T(P)w1()G(Pw iii   (2) 

 
 

Table 1. Global maximum times table for 70 rounds. 
 

Node 1 2 3 4 5 6 7 8 
Max times 5 0 5 0 0 0 40 20 

 
 

Table 2. Temporal maximum times table for 20 rounds. 
 

Node 1 2 3 4 5 6 7 8 
Max times 0 0 0 0 0 0 15 5 

 
 
i represents the importance of a node (the probability 
of this node to become maximum node). P(Gi) and 
P(Ti) denote the probabilities of node si being the 
maximum node in Global Maximum Times Table and 
Temporal Maximum Times Table, respectively. And 
w is the weight of Global Maximum Times Table. In 
practice, we would set a threshold to i. A node si 

would be classified as an important node, if i break 
this threshold. Otherwise, it would be classified as an 
unimportant node. 

 
 

3.3. Adjustment Strategy of Reporting Rate 
 

Three strategies will be adopted in the proposed 
method to dynamically adjust the reporting frequency 
of sensors according to their classification [21]–[30].  

 
1) Round basis: 

The round basis strategy is to transmit the 
regulation packets periodically. Although this strategy 
could respond the burst traffic in time, it also incurs a 
lot of control overheads. Furthermore, this strategy 
may transmit redundant control messages when the 
maximum value decreases. 
 
2) Moving average and linear regression: 

As mentioned previously, the HAT would 
generate a lot of update messages when the maximum 
value suddenly increases since many nodes break their 
local filters. In other words, the sink node could send 
control messages only if the maximum value increases 
aggressively. Base on this observation, linear 
regression approach could be utilized to compute the 
trend of maximum values. From Linear Regression, 
we could obtain a line to fit the maximum values. 
Before applying Linear Regression, Exponential 
Weighted Moving Average (EWMA) could be used to 
remove fluctuations of maximum values. 
 

]1,0[,S)1(YS 1ttt     (3) 

 
In Eq. (3), the smoothed statistic St is a weighted 
average of latest observation Yt and previous 
smoothed statistic St-1. The parameter  is the smooth 
factor and is set to 0.2 in the following experiments. 
After performing EWMA on the historical maximum 
values, the trend of the smoothed data points could be 
estimated by using Linear Regression. Let the fitting 
line be y = x + . 
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where m represents the number of data points, i.e., 
sliding window size, used in Linear Regression. The 
trend of the maximum values can be divided into two 
states, as depicted in Fig. 1. 

Steady State: The maximum values are steady or 
decreasing. In this state, there are only small 
network traffics. 
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Crisis State: The maximum values are increasing 
aggressively. In this state, there are huge network 
traffics. 

 
 

Steady Crisis Steady

Time

Monitored Value

 
 

Fig. 1. Changing states of maximum values. 
 
 
In the steady state, the reporting rate needs not be 
adjusted; however, in crisis state, regulation packets 
are sent to adjust the reporting frequency of sensors. 
More specifically, if the estimated slope  is negative, 
it means that the maximum values are decreasing. In 
such case, no regulation packet is needed because 
there are only small traffics in the steady state. The 
sink starts to send regulation messages when the 
slopes are detected to be positive for several rounds, 
i.e., in the crisis state. The sink node will send 
regulation packets to the unimportant nodes at the first 
round after entering crisis state. At the subsequent 
rounds of crisis state, the sink node will transmit 
regulation packets when the classification of nodes 
has been changed. In other words, during the crisis 
state, the sink node will continuously check the node 
classification and transmit regulation packets when 
the classification has changed. If the sink node detects 
continuous decreasing of several slopes, it switches 
the networks condition into steady state and stops 
transmitting regulation packets. The state transition 
diagram is shown in Fig.2. 

Although this method could capture the trend of 
maximum value and determine the network states, 
there are still two disadvantages. One is that this 
strategy could not capture the degree of maximum 
value increased simply through Linear Regression. 
Another is that the decision of networks states would 
be affected by small fluctuations of maximum values 
even if the samples are smoothed by EWMA. For 
these reasons, this paper proposes a CUSUM-based 
detection algorithm below to detect the outbreak of 
maximum value more accurately.  

 
3) CUSUM-based detection algorithm:  

A two-stage CUSUM-based detection algorithm, 
outbreak detection and cool-down detection, will be 
presented to detect the outbreak of monitored values. 
Outbreak means that the monitored values grow up 
aggressively. In the two-stage algorithm, the trend of 
monitored values is divided into three stages, as 
depicted in Fig. 3. 

Crisis State

Steady State

Slopes keep 
increasing

Slopes change 
from increasing to 
decreasing for m
consecutive segments

Slopes change 
from decreasing to 
increasing for m
consecutive segments

Slopes keep 
decreasing

 
 

Fig. 2. State Transition Diagram. 
 
 

Outbreak

Slow start 
state

Outbreak 
detection

Cool-down 
detection

Cool-down

Outbreak 
Verification

Cool-down 
Verification

Time

Monitored Value
Slow end 

state

Fast growing state

 
 

Fig. 3. Stage changes in the two-stage algorithm. 
 
 

The states are slow-start state, fast-growing state, 
and slow-end state. In the slow-start state, the curve of 
monitored values remains a trend with gently 
fluctuation, either increasing or decreasing. After the 
outbreak point, the monitored values grow up 
aggressively and enter the fast-growing state. When 
the growth of the curve tends gently, it gets into 
slow-end state. The transition point between the 
fast-growing state and slow-end state is called 
cool-down point. The outbreak detection is to detect a 
possible outbreak point by Cumulative Sum 
(CUSUM).  

To avoid error detection due to small fluctuations, 
simple outbreak confirmation is performed to confirm 
whether it is a real outbreak.  
The cool-down detection stage utilizes a regressively 
forecasting method to model the trend of the 
monitored values. The forecasting process adjusts 
itself automatically to fit the real data. Accordingly, a 
cool-down point is detected if the difference between 
the predicted value and the real values exceeds a 
threshold.   
Outbreak Detection: 

Outbreak detection can be divided into  
2 sub-stages: the discovering of outbreak point stage 
and the confirmation of outbreak point stage. The 
CUSUM scheme can be formulated as below. 
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(6) 

where St denotes the smoothed monitored values, p 
denotes the expected increment of St for a coming 
outbreak. When Ct exceeds a given threshold, a 
warning signal is issued to enter the second sub-stage, 
which performs a confirmation process to determine 
whether it is a true outbreak point or just a short-term 
fluctuation. For instance, if Ct > 0, this implies that Ct 
keeps growing up accumulatively. Therefore, Ct 
would break a given threshold at some time and 
identify a change. 

The setting of threshold is a trade-off between 
sensitivity and false positive rate. A smaller threshold 
can improve the sensitivity; however, it also brings 
more false alarms. Hence, the confirmation process is 
used to reduce false alarm rate dramatically. When the 
CUSUM signal is raised, this means, the monitored 
values might shift from one distribution to another. 
Thus we could compare these two distributions to 
determine whether it is a true outbreak. If the 
distribution has been changed since the CUSUM 
signal has been raised, we confirmed that it is a true 
outbreak. After the confirmation of the outbreak, the 
sink node starts to transmit the regulation packets 
according the classification results.  
 
Cool-down Detection: 
Here we present a forecasting model to detect the 
cool-down point as follows. 
 

ttt Q)1(PL    (7) 
  

1ttt b)1(Rb    (8) 
  

sttt S)1(TS   , (9) 
 
where L, S and b denote the level, the seasonality and 
the trend of training data, respectively. The 
seasonality is the characteristic of a time series in 
which the data experiences regular and predictable 
changes. The parameters P, Q, R and T vary according 
to the attribute of the interested data. To apply the 
forecasting, the time series of interest could be divided 
into “initialization set” and “test set”. The parameters 
are initialized with “initialization set” and trained by 
the “test set”.  After obtaining the forecasting model, 
we can forecast m periods ahead Ft+m as follows. 
  

smtttmt ForecastForecastForecastForecast
SmbLF    (10) 

 
Let Ft denote the predicted value yt of monitored 
values at time t. Let Et be the prediction error between 
Ft and yt. The CUSUM could be used again to detect a 
rapid increment of the absolute value of the prediction 
error Et. If the prediction error Et exceeds a predefined 
threshold, then a confirmation process is performed 
again to verify whether it is a true cool-down point or 
not. The confirmation process is exactly the same as 

the outbreak detection. When the cool-down point is 
confirmed, the sink node stops transmitting the 
regulation packets. Fig. 4 shows the state transition of 
the CUSUM-based detection algorithm, where Ct and 
P_Ct represent the CUSUM of the monitored values 
and prediction error respectively. future and past 
denote the averages of future data and past data. 
 
 

Outbreak point detection

Outbreak point Confirmation
Predict the trend of 

future values

Cool-Down point Confirmation

Ct < h

Ct > h

P_Ct < h
future past qh  

future past qh   future past qh  

future past qh  

P_Ct > h

Outbreak Detection Cool-Down Detection

 
 

Fig. 4. State transition of the CUSUM-based detection 
algorithm. 

 
 
4. Performance Evaluation 
 

In this section, several simulation results will be 
presented to demonstrate the performance of proposed 
algorithm. The NS-2 network simulator [20] was used 
to simulate a wireless network environment. The 
temperature-data traces provided by the Intel Berkeley 
Lab Dataset [4] were used as the test data on which to 
run the proposed algorithm. The data traces consist of 
temperature readings, which were regularly collected 
from 54 nodes spread around the lab, as depicted in 
Fig. 5. However, there are some missing values for a 
few of nodes in the original data traces. Therefore, the 
missing values were replaced with the average value 
from the previous and subsequent readings. The 
simulated network topology was depicted in Fig. 6, 
which consists of the sink node and 16 sensor nodes. 
The 802.11 and UDP network protocols were used as 
the simulated MAC protocol and communication 
protocol, respectively. The sensor nodes were 
assumed to have a maximum transmission range of  
25 m. 

In the simulations, every four seconds are called a 
round, and the maximum query is executed 
round-by-round, i.e., the maximum query is executed 
every four seconds. The sampling rate and reporting 
rate are set to two packets per second. Two data 
segments of Intel Berkeley Lab Data [4] were selected 
randomly as the input data in each simulation, and the 
simulator was executed 20 times to obtain the average 
results. Each data trace contains nearly 5500 
temperature values (i.e., simulation time is about  
2700 seconds). The length of Temporal Times Table is 
set to 10 to store ten historical values. 
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Fig. 5. Sensor deployment in Intel lab dataset. 
 
 

 
 

Fig. 6. Network topology. 
 
 
The Global Times Table was set to contain all 
historical data except the data recorded in Temporal 
Times Table. The weight of the past data of the 
weighted exponential moving average is set to 0.2. If 
the importance of a node i is smaller than 0.2, the 
reporting rate of the node will be set to 2/5 packets per 
second as compared to the original reporting rate. If 
the importance of a node i is between 0.2 and 0.35, the 
reporting rate of the node will be set to 2/3 packets per 
second. Otherwise, the reporting rate keeps 
unchanged, i.e., two packets per second. The 
regulation packets will be sent once the classification 
of nodes has been changed since last transmission. 
The first 50 rounds are training stage that the initial 
regulation packets will be sent after the training phase. 
When the maximum node consistently replies their 
readings to the sink node, it will result in heavy loads 
on its parent node. We adopt a simple balance traffic 
mechanism which can share these traffics among all 
possible parent nodes of the maximum node.  

Firstly, we demonstrate the basic function of HAT 
in Fig. 7. Hence, we set slow sampling rate and 
regulation rate (0.33 packet/second) with an attempt to 
illustrate the results clearly. In Fig. 7, we observed that 
at the first time unit there are only five packets 
received by the sink node instead of 16 packets. As 
mentioned previously, HAT is a double sided filter 

which can remove the values having no chance to 
compete for maximum. Thus, there are only five 
packets can break the thresholds along the path to the 
root. After the decision of maximum, the sink node 
sends a maximum designated packet to the node 
having maximum value. After receiving the maximum 
designated packet, the maximum node reports its 
readings if it has changed since last transmission. 
Thus, we can notice that the readings of maximum 
node are transmitted to the sink node continuously. 
Besides, after the first time unit, there are no other 
packets received by the sink node except the packets 
generated by the maximum node. The reason of this 
phenomenon is that the temperatures sensed by these 
nodes are decreasing. Hence, they cannot break their 
thresholds resulting in no other packets arrived at the 
sink node. 

In the following, the proposed method with these 
three adjustment strategies of reporting rate is 
evaluated. In Fig. 8, it can be seen that the reduction 
on network traffic is nearly equal using the three 
adjustment strategies. This is because that these nodes 
become maximum node frequently, as shown in  
Table 3. Hence, their reporting rates will be kept as 
normal reporting rate in order to reduce error rate. In 
Fig. 9, the three strategies obviously reduce the 
network traffic as compared with no regulation. This 
is because the sensed data of the nodes have little 
chance to become the maximum one. Accordingly, the 
reporting rate of the nodes will be reduced with an 
attempt to save energy. 

In Fig. 10, the three adjustment strategies incur 
additional network traffic at node 12 as compared with 
no adjustment. The reason why our methods generated 
more packets at node 12 is that we adopt a traffic 
balance method which can share the traffic loads 
generated by the maximum node to all of its possible 
parents. For instance, when node 4 becomes the 
maximum node, it will transmit its data values 
continuously to all of its possible parents (i.e., nodes 
10, 11, 12) instead of putting all loads on its direct 
parent (node 11). Thus, a lot of network packets could 
be avoided on the direct parent of the maximum node. 
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The same phenomenon can be observed in Fig. 11. 
Fig. 12 shows the total number of reduced network 
packets. Fig. 13 suggests that the proposed strategies 
could obtain nearly 15 % packet reduction. Among the 
three adjustment strategies, Round Basis has the 
highest percent of reduction. However, it also incurs 
the most overhead as well in Fig. 14.  

Table 3. The occurrence histogram of maximum values. 
 

Node 1 2 3 4 5 6 7 8 9 
Frequency 185 0 0 433 0 0 20 0 0 
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Fig. 7. Performance of HAT. 
 
 

 

 
 

Fig. 8. Number of packets transmitted by nodes 1-4. 
 
 

 
 

Fig. 9. Number of packets transmitted by nodes 5-9. 

 
 

Fig. 10. Number of packets transmitted by nodes 10-14. 
 
 

 
 

Fig. 11. Number of packets transmitted  
by node 15 and 16. 
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Fig. 12. Total number of network packets. 
 
 

 
 

Fig. 13. Network packet reduction. 
 
 

 
 

Fig. 14. Control overhead. 
 

 
The control overhead of Linear Regression method 

and CUSUM detection method is 41 % and 36 % as 
compared to Round Basis. After the illustration of 
packet reduction, we illustrate error rate, maximum 
error and average error due to packets reduction in 
Table 4. From Table 4, we can notice that the highest 
error rate is Round Basis. This is because that Round 
Basis reduces the most packets among the three 
regulation policies. Thus, it incurs the highest error 
rate. In addition to the error rate comparison, we 
further compare the method with traffic balance and 
without balance in Fig. 15 and Fig. 16. 

In Fig. 15, node 15 and node 16 are two nodes 
one-hop away from the sink. In Fig. 16, nodes 10-14 
are the nodes two-hop away from the sink. As can be 
seen, the reporting rate regulation combined with 
traffic balance scheme could achieve better balance 
than only reporting rate regulation methods. 
Furthermore, if we purely implement reporting rate 
regulation but not combined with traffic balance 
scheme, the extended life time of this network is 

limited. This is because that the nodes regulated to 
slow reporting rate are always the nodes with low 
probability to become maximum node. Hence, if we 
do not combine our method with a traffic balance 
scheme, the improvement of life time is limited. 

 
 

 
 

Fig. 15. Packet reduction on node 15 and 16. 
 
 

 
 

Fig. 16. Packet reduction on node 10-14. 
 
 

Table 4. Error rate Comparison. 
 

Method 
Round 
basis 

Linear 
regression 

CU 
SUM 

Maximum 
error 

0.102 0.102 0.06 

Average 
error 

0.04 0.05 0.04 

Error rate 1.34 % 0.89 % 0.45 % 
 
 

5. Conclusions 
 

The performance of the proposed algorithm was 
evaluated using NS-2 network simulator [20] and 
real-world data traces. The results indicate that the 
overall network packets are reduced to 80 % with 1 % 
data error in comparison with HAT. Besides, this 
paper also further keeps the error caused by reduced 
packets transmission below 1 %. According to our 
observation, a node will likely become the maximum 
node in the subsequent rounds once it is designed as 
the maximum node in the current round. This suggests 
that the maximum node would put heavy loading on 
its immediate parent due to continuous monitoring 
(reporting) of the maximum node. As a result, some 



Sensors & Transducers Journal, Vol. 18, Special Issue, January 2013, pp. 166-176 

 175

nodes in the network would exhaust their power more 
quickly than the others. In this case, the balancing of 
communication tree should be taken into 
consideration in the proposed method in the future. 
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