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Abstract

In a realistic sensor network, in particular with a non-
uniform deployment, sensor nodes inevitably have varying
workloads. This causes a natural problem that some sensor
nodes are subject to excessive power consumption and thus
become hot. These hot nodes deplete much earlier resulting
in system performance degradation. This paper proposes a
systematic approach to design a hotness-aware sensor net-
work where each node is able to obtain its own hotness in-
formation. Based on these vital information, the system is
able to provide various technologies to protect the critical
set of hot nodes. More specifically, we design a central-
ized optimal algorithm to derive the precise hotness of each
node. In addition, we develop a completely distributed algo-
rithm to estimate hotness with high accuracy. An effective
hotness-aware MAC is developed to offer medium access
priority to the nodes with higher hotness to protect and pro-
long their lifetimes. It is demonstrated, through both the-
oretical analysis and comprehensive simulations, that our
approach is valuable to improving system performance of
practical sensor networks.

1. Introduction

Realistic deployment of of wireless sensor networks
(WSNs) usually results in non-uniform distribution of sen-
sor nodes due to physical constraints such as terrain varia-
tion. Some nodes are likely to have excessive workloads,
e.g., forwarding data, and to consume more power. An ex-
ample is shown in Fig. 1. A node is defined hotter if its
power consumption rate is higher. Hot nodes have signif-
icant impact on the overall system performance since they
will deplete much earlier, which may lead to the emergence
of blind areas and disconnection of the network. Thus, it is
of paramount importance to build a sensor network where
each node awares its hotness. With these hotness informa-
tion, the system can adopt effective mechanisms to protect
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Figure 1. The distribution of hot nodes, where
the red triangles represent the top 20 with the
heaviest traffic load. Node 0 is the sink.

hot nodes and hence maintain high performance.
In large-scale WSNs, the existence of hot nodes is in-

evitable. Several key facts account for this. Firstly, the
many-to-one traffic pattern in many applications usually re-
sults in unbalanced load distributions. Secondly, the ran-
dom deployment may lead to non-uniform network topol-
ogy. It is unavoidable that some critical nodes in such
network (e.g., node 36 in Fig.1) become hot even if load-
balancing protocols are applied.

Regarding the issue of hot nodes, intensive research ef-
forts have been made in power-aware routing [2, 8], clus-
tering structures [12, 18], congestion control algorithms [6]
and hybrid MAC protocols [11]. However, most of the prior
approaches did not consider the problem rooted at the non-
uniform distribution of sensor nodes, and hence failed to
address this issue completely [1]. The researchers [1] have
studied the hot nodes problem near the sink and proposed
Funneling-MAC based on a sink-centered control mecha-
nism. However, the problem still exist at places where the
node density is relatively low in a non-uniform topology.
For example, nodes 36 and 92 in Fig. 1 are more than 5
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hops away from the sink and the sink-centered MAC con-
trol is insufficient for them. In contrast to most existing
studies, we consider it is inappropriate to treat all sensor
nodes equally. Hot nodes should be protected better so that
their limited resources can be utilized for the best purpose.
For example, to consume less power, hot nodes may be of-
fered higher priority to access the channel.

In this paper, we propose a systematic approach to design
a hotness-aware sensor network. We adopt a unified frame-
work to estimate the hotness of all nodes, which takes into
account both the intrinsic topology and the fact that various
routing algorithms can be employed for data communica-
tion. We design an effective MAC protocol that exploits
hotness information and protect hot nodes from consuming
excess power on competing to access the channel to prolong
their lifetimes. To the best of our knowledge, this is the first
paper concerning itself with this crucial problem in realistic
sensor networks.

There are several technical challenges. Firstly, it is dif-
ficult to estimate the hotness of a sensor node since it de-
pends on many factors, such as different routing schemes
adopted, the distribution of source nodes and the data gen-
eration rates. Secondly, it is infeasible for a node to com-
pute extensively due to its resource limitation, therefore the
efficiency of the distributed algorithms must be considered.
The original contributions of this work are summarized as
follows.

• We investigate the hotness issue thoroughly and study
the implication of network topology on node hotness.
A novel framework with a new hotness metric, hot
potential, is proposed for the hotness estimation.

• We design a centralized algorithm HPA to com-
pute node hotness precisely. A distributed algorithm
DHPA is also devised for the resource-constrained
nodes particularly. We analyze the convergence step
and communication complexity of DHPA and show
the high accuracy of DHPA by numerical simulation.

• We develop a novel MAC protocol, HP-MAC, which
guarantees hotter nodes higher priority to access the
channel to achieve significant energy saving.

The rest of the paper is organized as follows. Section
2 describes system model and analysis framework. The
centralized algorithm and the distributed algorithm are pre-
sented in Section 3 and 4, respectively. Section 5 elabo-
rates on the design and implementation of HP-MAC. Sec-
tion 6 presents simulation results. Section 7 discusses re-
lated work. We conclude our work in Section 8.

2. System Model and Problem Formulation

In this section we describe the system model and formu-
late the problem of hotness estimation in a given deploy-
ment of sensor network.

2.1. Network Model

Sensor nodes are considered static with the same amount
of initial energy. There is one sink node collecting data.
The deployment of sensor networks is non-uniform, which
reflects real-world applications.

A sensor network is defined as a directed graph G =

(V, E), where V is the set of sensor nodes and E is the set of
directed links (u, v), where u, v ∈ V . Each link (u, v) ∈ E has
a nonnegative routing metric c(u, v) ≥ 0. If (u, v) � E, we
assume that c(u, v) = ∞. The sink node is denoted as t. For
every node s ∈ {V − t}, there is at least one path from s to
t, denoted as s → v∗ → t. The source nodes generate data
periodically. We define the set of source nodes as source
group, denoted as S .

Routing scheme has high impact on node hotness. To
be energy-efficient, single-path routing has been widely uti-
lized for data collection. Here we assume single-path rout-
ing algorithms are employed. A simple path is denoted as:

p = 〈v0, v1, ..., vi, ..., vk〉, vi ∈ V, v0 = s, vk = t (1)

The cost of the path is defined as c(p) =
k∑

i=1
c(vi−1, vi).

The set of all paths from s to t is denoted as Es,t. We sort
these paths in the order of increasing cost. The rank of a
path p is denoted as rp. Then the routing model can be de-
fined by the general routing abstraction function as follows.

Definition 1. (General Routing Abstract Function): The
general routing abstract function f (rp) defines the proba-
bility of path p being chosen as a route from all candidates
in Es,t, where

∑
p∈Es,t

f (rp) = 1.

Based on the routing model, we can see that for the short-
est path routing algorithm f (1) = 1, f (rp) = 0 if rp > 1.

2.2. Analytical Model

We propose an analytical model to facilitate the com-
putation and analysis of node hotness. The basic idea of
our analysis is that given a network G, a source group S
and the routing abstract function f (rp), node hotness can
be computed. For a hot node, we believe that it is more
likely included in routes from source nodes to the sink. For
a specific sensor node, we list all paths traversing this node
from the source group to the sink. According to the rout-
ing model, we can infer the probability of this node to be
selected to forward data for a source node. Then we aggre-
gate the probabilities of all the paths through this node. It is
apparent that the aggregated probability is a good indicator
of the node hotness.

Formally, we have basic concepts defined as follows:

Definition 2. (Hot Degree): The hot degree of node v, v ∈
V, is the traffic per unit time at node v, denoted as dv.
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Definition 3. (Potential Route Set): The potential route set
Rv of node v contains the simple paths traversing node v
from the source group to this sink, formally Rv = {p : p ∈
Es,t,∀s ∈ S , v ∈ p}.
Definition 4. (Hot Potential): The hot potential of node v,
hv, is denoted as:

hv =
∑

p∈Rv

f (rp), v ∈ V. (2)

It is extremely difficult to compute the exact hot potential
of a node, as shown by the following theorem.

Theorem 1. Computing the hot potential of node v by find-
ing the potential route set of this node is computationally
infeasible, given network G, source group S and general
routing abstract function f (rp) .

Proof. Unlike an NP problem stated in a decision form,
computing hot potential is a counting problem associated
with the decision problem. This kind of problem is known
as #P problem in [13]. The proof has two parts. Firstly,
given Es,t, s ∈ S , to find Rv is polynomial in |Es,t ||S |. The
sum operation of f (rp) is also polynomial in |Rv|. Secondly,
we need to enumerate all possible paths between s and t.
A simpler version of this subproblem, counting the num-
ber of simple paths between s and t in a directed graph, has
been proved to be #P-Complete [13]. Therefore, comput-
ing the hot potential contains a subproblem no easier than a
#P-Complete problem. It is computationally infeasible. �

3. Centralized Optimal Algorithm

In this section, we devise a centralized algorithm to esti-
mate node hot potentials. We first relax the general routing
abstract model to the zero-tailed routing abstract function
to avoid the intractable complexity of enumerating all possi-
ble routes. Then we present the centralized algorithm HPA
and analyze its complexity.

3.1. Relaxed Routing Model
Typically, an effective routing algorithm intends to select

the paths with minimal cost, therefore we can only consider
the best paths. For this purpose, we relax the general rout-
ing abstract function as follows:

Definition 5. (Zero-tailed Routing Abstract Function):
The zero-tailed routing abstract function fK(rp) defines the
probability of path p being selected as a route:

fK(rp) =



1
K
, rp ≤ K

0, rp > K,
(3)

where K is the number of candidate routes that the routing
alogrithm considers.

In this paper, we do not fix the routing metric, as it de-
pends on the design of routing algorithm.

3.2. Centralized Hot Potential Algorithm

The centralized hot potential algorithm (HPA) reflects
the definition of hot potential. The algorithm essentially
has two key steps.

Step 1: For each source node s ∈ S , we employ Yen’s
algorithm [17] to find top K shortest-paths from s to t. We
utilize the ranking of paths found in Yen’s algorithm to set
rp. All the possible routes from the source nodes to the sink
are stored in ES ,t.

Step 2: For each node v ∈ V − t, we search for Rv from
the paths in set ES ,t. After that, we compute hv as the sum
of values of fK(rp) of these paths.

Our technical report [7] gives the pseudo code of HPA.

3.3. Algorithm Analysis

The complexity of HPA is mainly determined by the net-
work size and the routing scheme. We divide routing algo-
rithms into two classes. One class employs rational routing
metric and selects the best routing path that satisfies the pre-
defined threshold, such as MintRout [15]. This class adopts
a constant K (e.g., 1) in the zero-tailed routing abstract func-
tion. With these algorithms, HPA can achieve the optimal
solution in polynomial time as indicated by theorem 2.

Theorem 2. Given network G and function fK(rp), in the
worst case, the time complexity of HPA is O(Kn2(m +
n log n + 1)), where n = |V | and m = |E|.

The other class chooses routes randomly from all pos-
sible routes every time the node needs to transmit packets,
e.g., Gossip routing [4]. With this class of routing schemes,
the computability of HPA depends upon how K is decided.
When K is not a constant, we have the following theorem:

Theorem 3. Given a sensor network G = (V, E) and func-
tion fK(rp), if K is linear to the number of s − t paths (e.g.,
K = α|Es,t |), the time complexity of HPA is O(αnn+2(m +
n log n + 1)), where n = |V | and m = |E|.

The proof of these two theorems can be found in [7].
It is apparent that HPA is computationally inefficient for

large-scale sensor networks.

4. Distributed Algorithm

To deal with the high computational cost of HPA, a dis-
tributed algorithm, called DHPA, is proposed which allows
each node to estimate its hotness in terms of hot potential
locally and interact with neighbors.

4.1. Distributed Hot Potential Algorithm

The distributed hot potential algorithm (DHPA) should
estimate hot potentials as accurately as possible. Mean-
while, we should minimize the computation and commu-
nication costs. The key to compute the hot potential is to
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Figure 2. A probing process in DHPA

identify the top K shortest paths from each source node to
the sink. Before delving into the details, we first illustrate
the basic idea. DHPA will be executed in the initialization
phase since the hot nodes should be protected as early as
possible. At the beginning, each source node initiates a
probing process, in which expedition packets are sent out to
discover the top K shortest paths. The nodes along the dis-
covered paths are therefore informed, and are able to grad-
ually update their hot potentials. Each node obtains its final
hotness estimate when all the probing processes terminate.

A probing process is illustrated in Fig. 2. It starts from
source node A and B. Suppose that A has 10 paths to find.
A dispatches the tasks of finding 3 paths and finding 7 paths
to C and D, respectively. Upon receiving the expedition
packet, D knows that 7 paths pass it from A to the sink and
A has 10 paths to find. Thus, relative to source node A,
the hotness of D is set to 0.7. D again dispatches the task
received from A to its neighbors F and G. The dispatch-
ing operation repeats until an expedition packet reaches the
sink. A node may receive expedition packets containing
tasks originated from different source nodes. For example,
node D receives expedition packets from both A and B. At
each node, a table is maintained to keep the records of dif-
ferent source nodes. Each record has three fields: the source
node ID (SN), the number of paths the source node needs to
find (K), the number of paths the node should find for this
source node (DT). The record < S N,K,DT > is also used
in expedition packets.

When deciding to dispatch tasks among its neighbors,
a node faces several problems. The first is which neigh-
bors to choose to continue the probing process. The sec-
ond is how many paths to dispatch to a neighboring node.
The third problem is that the number of paths should al-
ways be an integer, but not a fraction. We propose a greedy
policy to make decisions. A node only chooses the neigh-
bors with minimum routing cost to continue the probing
process (we use downstream neighbors for short to denote
these neighbors. In addition, the upstream neighbors of a
node are those neighbors whose routing cost is larger than
its own cost). The path-finding task will be first dispatched
to the node with the smallest routing cost and the number

Algorithm 1 Distributed Hot Potential Algorithm (DHPA)
1: DHPA(v, Dv, Nv)
2: sort Dv in the descend order of routing metric
3: initialize Ev and Tv

4: while having new expedition packets in queue do
5: get(pkt) from neighbor j in queue
6: if j is a upstream neighbor then
7: Ev[pkt.S N].DT = Ev[pkt.S N].DT + pkt.DT
8: sum = E[pkt.S N].DT
9: while sum > 0 do

10: for i = 0 to i = |Dv| do
11: id = Dv[i]
12: sum = sum − Nv[id]
13: if sum > 0 then
14: Tv[id] = Tv[id] + Nv[id]
15: else
16: Tv[id] = Tv[id] + sum + Nv[id]
17: break
18: end if
19: end for
20: end while
21: for ∀id ∈ Dv do
22: create packet < pkt.S N, pkt.K, Tv[id] >
23: sending the new packet to neighbor id
24: end for
25: hv =

∑
s∈S

Ev[s].DT
Ev[s].K

26: end if
27: end while
28: return hv

of paths of this subtask is decided by the number of down-
stream neighbors this node has. Then, the path-finding task
is dispatched to the node with the second smallest routing
metric. This process repeats until all the paths needed to
be found are dispatched out. Formally, we give the pseudo
code in Algorithm 1 where node v maintains: a hashtable Ev

to keep the records for source nodes; Dv is an array contain-
ing IDs of the downstream neighbors of node v; Hashtable
Tv stores the number of paths node v plans to dispatch to
each downstream neighbor; Hashtable Nv stores the num-
ber of downstream neighbors of the downstream neighbors
of node v. All the hashtables take the node ID as the key to
the corresponding value.

4.2. Algorithm Properties

The convergence and communication cost properties of
this algorithm can be shown in the following two theorems.

Theorem 4. DHPA converges in |S |(|V | − |S | − 2) steps, in
the worst case.

Proof. DHPA running on node v converges when all its up-
stream neighbors have no new expedition packet to send.
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Considering the worst case of topology that every upstream
neighbor of node v is used as relay node by all the source
nodes, DHPA needs to update local hashtable Ev for |S ||Uv|
times where Uv is the set of upstream neighbors of node
v. Then we consider the maximum value of |S ||Uv|. Since
|S | > 0 and |S | is a constant, we can derive that the maxi-
mum |Uv| brings the maximum value of update times. Node
v and the sink is excluded from Uv. The upstream neighbor
of node v can not be a source node in the worst case be-
cause a source node will not send expedition packets to the
other upstream neighbors of node v if it connects with node
v, therefore the maximum value of |Uv| is |V |− |S |−2. In the
worst case, DHPA converges in |S |(|V | − |S | − 2) steps. �

Theorem 5. The communication cost of DHPA is
O(|S |Kmax(Dmax − 1)) in the worst case, where Kmax is the
maximum value of K used by the source nodes. Dmax is the
hops of the longest shortest path in the network.

Proof. The probing process of DHPA starts from each
source node independently. We first consider the worst case
of single source nodes, in which the source node has the
longest shortest path to the sink. Suppose this path has Dmax

hops. The source node needs to find at most Kmax paths
of Dmax hops. In this process, the number of expedition
packets is Kmax(Dmax−1) because the sink is excluded from
the probing process. Extending this conclusion to the case
of multiple source nodes, the worst case is that the source
nodes are all Dmax hops away from the sink and they all
have Kmax shortest paths to find. The total communication
complexity is O(|S |Kmax(Dmax − 1)). �

4.3. Numerical Results

For a non-uniform topology, DHPA can achieve high ac-
curacy in hotness estimation, which is validated by simula-
tions. For the topology in Fig.1 where 100 nodes are de-
ployed in a 1000m × 1000m rectangular area, we simulate
that all the nodes report data to the sink at the data rate of
1pps. The real hot degree is measured when the shortest
path routing is employed. The hot potential is estimated
by HPA and DHPA. As shown in Fig. 3(a), the cumulative
distributions of the hotness are very close. To compare the
accuracy of node hotness information, we define the hotness
ranking error as follows.

Av =
rhv − rdv

|V | (4)

where rhv is the rank of hv among all the sensor nodes in
terms of hot potential, and rdv is the rank of dv among all
the sensor nodes in terms of hot degree. In Fig. 3(b), most
of the hotness ranking errors estimated by HPA and DHPA
are distributed between [-0.3, 0.3].
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Figure 3. Accuracy comparison

5. Hotness-aware MAC

Hot nodes are usually critical and therefore need to be
well protected in the sensor network. In this section, we
propose a hotness-aware MAC protocol, called HP-MAC,
to protect hot nodes through giving them higher priority in
channel accessing. The importance of hotness information
is meanwhile demonstrated by the usefulness of this novel
MAC protocol. HP-MAC employs hot potential informa-
tion to predict node hotness. Its unique feature is that hot
nodes can be protected at the early stage after the network
deployment and prevent congestions around them. HP-
MAC enables hotter nodes to temporarily control the for-
warding operations of its neighbors and thus to work more
energy efficiently.

HP-MAC is implemented based on B-MAC and adopts
the invitation mechanism by giving privileges to the hotter
node to manage the schedule of the channel access around
it. A hot node use an invitation beacon to invite its upstream
neighbors to transmit sequentially, and to inform its down-
stream neighbors to receive packets in a given period of
time. According to the node hot potentials, HP-MAC in-
tegrates the multiple random medium accesses around the
hot node into an ordered schedule. By this means, the cost
of competing for the channel at the hot node is saved and
the loss rate around it can also be reduced.
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Figure 4. A forwarding process of HP-MAC

A full sequence of packet transmission of HP-MAC is
illustrated in Fig. 4. The sequence is driven by the node
with higher hot potential, such as node B. Node B decides
the transmissions of its upstream neighbors with lower hot
potentials, such as C and D. Node B broadcasts a RTRS
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(Ready to Receive and Send) beacon indicating that it is
ready to receive packets from upstream neighbors and will
transmit these packets immediately to node A who is a
downstream neighbor of B with lower hot potential. We call
the whole process as a forwarding process. A RTRS beacon
contains two kinds of information. One is the transmission
sequence of the transmitters. The other is the number of
packets that can be sent by each transmitter. The RTRS
beacon can be viewed as a temporal TDMA schedule for
a single forwarding process. When A receives a RTRS, it
sends out a CTS (Clear to Send) and then go to sleep. The
length of sleep time is decided by the total number of trans-
mission packets in the RTRS.

HP-MAC exploits the hot potential information com-
puted by the DHPA algorithm. The action of a node is de-
termined by the following rule: A node can only schedule
the sending or receiving operations of its one-hop neighbors
with lower hot potential. With the local hot potential infor-
mation within one hop, a node knows whether it has the
right to control the receiving of its downstream neighbors.
A node keeps the packets received in queue and waits for
RTRS beacon if all its downstream neighbors have larger
hot potential. A node will ignore the RTRS from its neigh-
bors with lower hot potential.

We discuss several implementation issues of HP-MAC
on control overhead reduction, configuration of RTRS
packet and dealing with dynamic traffic. Due to space limi-
tation, we do not present algorithm analysis here. Our tech-
nical report [7] provides more detailed information.

6. Performance Evaluation

The goal of our evaluation is to validate our design and
study the performance of HP-MAC. We compare our ap-
proach with two state-of-the-art schemes, Funneling-MAC
[1] and B-MAC [10]. In simulation experiments, we use
the fundamental power-consumption datasheet of MICA2
node [3]. We focus on four metrics: (1) node lifetime is the
time duration until the node is depleted. If the node is still
alive when the sink receives the last data packet, its lifetime
is the time until the last data packet is received; (2) loss rate
is the ratio of the number of packets received at the sink to
the number of packets generated by all source nodes; (3)
throughput is the amount of bits of received data packets
by the sink in unit time and (4) packet delivery delay is the
time duration from the time when the packet is generated to
the time when it reaches the sink.

The important simulation parameters are listed in Table
1. The settings of Funneling-MAC and B-MAC are config-
ured to default values as specified in [1, 10].

6.1. Node Lifetime Distribution

To illustrate HP-MAC’s ability to alleviate the hot nodes
problem, we perform the simulations using the topology

Table 1. Simulation Parameters
Simulation Parameter Value
field area 1000m × 1000m
communication range 200m
bandwidth 19.2kbps
number of nodes 100
packet length 36bytes
initial energy 4J

shown in Fig. 1. All nodes report to the sink at the data
rate of 1pps. We first compare the cumulative distributions
of the average node lifetime, as shown in Fig. 5. HP-MAC
achieves increased longevity of node lifetimes. The curve
of HP-MAC has fewer points falling in interval [0, 0.1] on
axis Y. The lifetimes of all the red nodes in Fig. 1 are
extended, which prolongs the lifetimes of their upstream
neighbors. We use a histogram view to show the number
of nodes falling into different lifetime intervals. Fig. 6 in-
dicates that HP-MAC achieves more balanced power con-
sumption among the nodes due to the fair channel allocation
based on node hotness. B-MAC and Funneling-MAC show
a big gap between the last three adjacent lifetime intervals,
while HP-MAC has a smaller difference gap.

6.2. Loss Rate

In the experiments on loss rate, we vary the data rate
and the source group size, separately. The topology and
the source nodes are randomly generated. Figure. 7 shows
that the loss rate of HP-MAC is consistently lower at vari-
ous data rates when the source group size is 16. The chan-
nel contention around hot nodes is alleviated by invitation
of more packets to transmit in one RTRS. This mechanism
keeps the curve of loss rate rising slowly with increasing
data rates. The loss rate of HP-MAC is also much lower
at various source group sizes at the fixed data rate of 1pps.
The results shown in Fig. 8 indicate that HP-MAC works
efficiently at a medium load. HP-MAC assumes that every
node with a non-zero hot potential relays traffic, which leads
to redundant RTRS beacons with a small source group size.
When the source group size increases, more RTRS beacons
trigger real packet forwarding. Therefore, the loss rate ex-
hibits a stable state with different traffic loads.

6.3. Throughput

We first evaluate the throughput of HP-MAC with dif-
ferent data rates. We randomly choose 16 source nodes out
of all nodes. The throughput results are shown in Fig. 9.
HP-MAC consistently achieves higher throughput than B-
MAC and Funneling-MAC for data rates from 0.2 to 4pps.
The throughput curve of HP-MAC exhibits a descending
trend when the data rate is higher than 4pps because HP-
MAC is forced to invite more packets in a single RTRS in
heavy traffic scenarios. This increases the waiting time of

794



0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

x 10
5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Lifetime (ms)

C
um

ul
at

iv
e 

D
is

tr
ib

ut
io

n

 

 

B−MAC
Funneling−MAC
HP−MAC

Figure 5. Lifetime cumulative
distribution of nodes using
the topology in Fig.1.

0.9−1 1−1.1 1.1−1.2 1.2−1.3 1.3−1.4 1.4−1.5 1.5−1.6
0

10

20

30

40

50

60

70

80

Lifetime Interval (ms*105)

N
um

be
r 

of
 n

od
es

 

 

B−MAC
Funneling−MAC
HP−MAC

Figure 6. The number of
nodes which fall in continu-
ous lifetime intervals.

0 0.2 0.5 1 2 3 4 5
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Data Rate (pps)

Lo
ss

 R
at

e

 

 

B−MAC
Funneling−MAC
HP−MAC

Figure 7. Loss rate with vary-
ing data rates in random
topologies.
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Figure 8. Loss rate with vary-
ing source group sizes in ran-
dom topologies.
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Figure 9. Throughput with
varying data rates in random
topologies.
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Figure 10. Throughput with
varying source group sizes in
random topologies.

a packet in queue as the relay node waits more time for its
next sending slot. The results of throughput with various
source group sizes at data rate of 1pps are shown in Fig. 10.
When the source group size is small, B-MAC achieves a lit-
tle higher throughput because B-MAC has no control over-
head. HP-MAC achieves better performance than B-MAC
and Funneling-MAC when there are more source nodes.
The invitation mechanism of HP-MAC works more effi-
ciently than the TDMA mechanism of funneling-MAC at
a medium load level, since the traffic monitoring method
takes more time to measure node traffic.

6.4. Packet Delivery Delay

HP-MAC shows a negative impact on packet delivery de-
lay. Hotter nodes control the channel access around them,
which inevitably slows down the relay action of neighbors.
To investigate the impact of this mechanism itself (duty cy-
cle configuration, overload traffic and large network diame-
ter also affect the delay heavily), we run the simulations at
a medium traffic load (e.g., 1pps) and a medium-sized net-
work (e.g., 30nodes) with the full duty cycle. The topology
is randomly generated with 10 source nodes. Through the
simulations for the network of 6-hop diameter, the average
packet delay is 274.24ms. HP-MAC experiences longer de-
livery delay compared with B-MAC and Funneling-MAC.

HP-MAC prolongs the lifetime of hot nodes remarkably,
achieves consistently lower loss rate and provides better
throughput. The modest cost of longer packet delivery de-
lay is acceptable for most applications, such as environment
monitoring and target surveillance.

7. Related Work

There have been significant interests in power-aware de-
signs [2, 8, 9, 16]. The residual battery status and commu-
nication energy consumption are major concerns in these
works. Optimization techniques are usually used to study
energy conservation in routing and topology management.
Energy-efficient clustering algorithms [12, 18] provide an
alternative way to avoid hot nodes problem. These algo-
rithms utilize two techniques: cluster head rotating and
balancing traffic load among various clusters. These tech-
niques suffer excessive control overhead. Furthermore, they
cannot prevent critical nodes from extensive data forward-
ing in non-uniform networks. The removal of these nodes
will significantly decrease the vertex connectivity of the
topology graph.

More recently, hybrid scheduling methods [1,5,11] have
been proposed in the MAC layer to mitigate the hot nodes
problem. Normal hybrid MAC [5, 11] protocols maintain
the absolute fairness in contention among the nodes. Actu-
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ally, hot nodes need higher priority to achieve higher power
efficiency. Funneling-MAC [1] is designed for the funnel-
ing effect which can be regarded as a kind of hot nodes prob-
lem occurring around the sink. The sink node manage the
TDMA schedule in Funneling-MAC. As a result, there is
a maximum depth in hops from the sink to the boundary
of TDMA region due to the maximum radio transmission
range. This depth limits the scale of the network Funneling-
MAC can serve. For areas with relatively low sensor density
in a large-scale network, Funneling-MAC is of little help.
Our approach works for non-uniform networks and achieves
efficient hotness estimation with high scalability.

One may argue that measuring-based “hot” metrics, e.g.,
load traffic [1], transmit queue occupancy [14], residual
battery capability [8] and average number of noise back-
off [11], are also good indicators of hotness. However, we
have identified the serious limitation: those metrics are time
lagged. Nodes is already in “hot” state when the problem is
detected. Usually, it comes at the cost of high loss rate and
longer packet delay for a node to recover from the hot state.
In contrast, hot potential is prediction-based. A node can be
protected from the very beginning of a network.

8. Conclusions and Future Work

In this paper, we have presented a systematic approach to
designing a hotness-aware sensor network. The framework
of hot potential is valuable in predicting node hotness in-
formation. The decentralized algorithm is practical even for
large-scale sensor networks. It can estimate node hotness
accurately, which is demonstrated via comparison against
the optimal centralized algorithm. The hotness informa-
tion is very useful as it provides construction guidance for
many technologies to protect critical hot nodes. To demon-
strate the use of hotness information, we have designed the
HP-MAC, in which hotter nodes are given higher priority
in accessing the wireless media. As a result, the precious
energy of hot nodes are effectively conserved. In addi-
tion, the natural congestion around hot nodes are well man-
aged. Simulation experiments show that HP-MAC consis-
tently achieves better performance than the state-of-the-art
schemes in terms of power balance, loss rate and through-
put. HP-MAC achieves these performance gains at a slight
cost of packet delivery delay. This is acceptable, however,
for most realistic applications of sensor networks.

In the future, we will further study the distributed algo-
rithm for multiple sinks. Moreover, more practical use of
the hot potential information will be explored. Finally, a
prototype will be constructed to implement our approach
and to study its performance in a real network setting.
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