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Abstract

In this paper, we present a new ”spatiotemporal multicast”, called a ”mobicast”, protocol
for supporting applications which require spatiotemporal coordination in sensornets. The spa-
tiotemporal character of a mobicast is to forward a mobicast message to all sensor nodes that
will be present at time t in some geographic zone (called the forwarding zone) Z, where both the
location and shape of the forwarding zone are a function of time over some interval (tstart , tend).
The mobicast is constructed of a series of forwarding zones over different intervals (tstart , tend),
and only sensor nodes located in the forwarding zone in the time interval (tstart , tend) should be
awake in order to save power and extend the network lifetime. Existing protocols for a spa-
tiotemporal variant of a multicast system were designed to support a forwarding zone that moves
at a constant velocity, −→v , in sensornets. To consider the path of a mobile entity which includes
turns, this work mainly develops a new mobicast routing protocol, called the variant-egg-based
mobicast (VE-mobicast) routing protocol, by utilizing the adaptive variant-egg shape of the for-
warding zone to achieve high predictive accuracy. To illustrate the performance achievement, a
mathematical analysis is conducted and simulation results are examined.

Keywords: Sensornet, wireless communication, mobile computing, mobicast, routing,

distribution.

1 Introduction

Sensornets [1] are large-scale distributed embedded systems composed of a large number of small-

sized, low-cost, low-power devices that integrate sensors, actuators, wireless communication tech-

nologies, and microprocessors. In sensornets, sensor nodes can be set up in hazardous or faraway en-

vironments due to their disposable capability. Energy is a scarce resource in sensornets, and so it has
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to be wisely managed to extend the sensornet lifetime. Many techniques have been investigated for

their power-saving properties for sensornets, such as energy-efficient MAC protocols [17][22][24],

self-organization schemes [16][25][26], a distributed clustering approach [31], a directed-diffusion

protocol [13], energy-efficient routing protocols [9][20][21][23][32], and new sensornet applica-

tions, such as object tracking [8][27][30], human body and environmental monitoring [2][6], etc. In

these sensornet applications, a sink node collects aggregated data from many sensor nodes. Data ag-

gregation is often driven by the locality of environmental events and entails coordination of activities

subject to spatial constraints. Information about the environmental event is more relevant to users

close to where the event is taking place than to those farther away. Many important sensor network

applications (e.g., habitat monitoring [2][6], intruder detection [19], and object tracking [8][27][30]),

involve monitoring mobile physical entities that move in sensornets. To save power, only sensors

close to the physical entity of interest should participate in data aggregation. To continuously mon-

itor a mobile entity, a sensor network must maintain an active sensor group that moves at the same

velocity and along the same path as the physical entity. Achieving energy efficiency requires two

operations [10][11][12]. The first operation is to activate and deactivate sensors as required. Only

a small number of sensors need to be active in order to provide continuous coverage so that energy

is not wasted. The second operation is to actively move information about a known physical en-

tity to other sensors before that entity arrives in their vicinity, by waking up sleeping sensors at the

appropriate time for better monitoring and action.

A new multicast communication paradigm called a ”spatiotemporal multicast” or ”mobicast”

was recently investigated in [10][11][12] which supports spatiotemporal coordination in applications

over wireless sensor networks. The distinctive feature of this new form of multicast is the delivery of

information to all nodes that happen to be in a prescribed region of space at a particular point in time.

This prescribed region is a geographic zone and is denoted the forwarding zone in this study. The

set of multicast message recipients is specified by a forwarding zone which continuously moves and

evolves over time. When continuously monitoring a mobile entity, forwarding zones at different time

intervals greatly differ. This provides a mechanism for application developers to express their needs
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for spatial and temporal information dissemination directly to the multicast communication layer.

This study was motivated by the need to predict and determine the right shape, size, and location of

the forwarding zone at the right time in order to wake up the least number of sleeping sensor nodes.

This offers a new just-in-time multicast delivery paradigm. In this paper, the predictive accuracy

of the forwarding zone is the key performance metric for designing an energy-efficient mobicast

routing protocol. The predictive accuracy is used to reflect the status of determining the right shape,

size, and location of the forwarding zone at the appropriate time. The more accurate the predictive

accuracy is, the more power that will be saved. Efforts are made in this paper to develop a new

mobicast routing protocol with a high predictive accuracy.

Existing protocols for a spatiotemporal variant of a multicast system called a ”mobicast” were

designed to support a forwarding zone that moves at a constant velocity, −→v , in the sensornet. To

consider the path of a mobile entity which makes a turn, we have developed a new adaptive mobi-

cast routing protocol called the variant-egg-based mobicast (VE-mobicast) routing protocol, which

utilizes the adaptive variant-egg shape of the forwarding zone to achieve mobicast forwarding with a

high predictive accuracy. The main features of our VE-mobicast routing protocol are summarized as

follows: (1) the VE-mobicast protocol creates a new adaptive and dynamic shape of the forwarding

zone, called the variant-egg, to adaptively determine its size, shape, and location of the forwarding

zone such that the least number of sensor nodes are woken up; (2) the VE-mobicast protocol is a

fully distributed algorithm to effectively reduce the communication overhead of constructing the for-

warding zone and the that of mobicast message forwarding; (3) the VE-mobicast routing protocol

offers high predictive accuracy of the forwarding zones.

The rest of this paper is organized as follows. Section 2 discusses related work. Section 3

describes the basic ideas and design challenges. Our proposed VE-mobicast protocol is presented

in section 4. To illustrate the performance achievement, a mathematical analysis is conducted and

simulation results are examined in Section 5. Finally, section 6 concludes this paper.
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2 Related work

This paper focuses on developing power-aware routing protocols to support many various sensor-

net applications. The main existing power-aware routing schemes are introduced as follows. Gao

et al. [9] proposed an adaptive network/routing algorithm for energy-efficient cooperative signal

processing in sensornets. This algorithm offers a distributed selection procedure to produce a fewer

number of winners, and only winners need to provide raw data; therefore energy is saved. Youssef

et al. [32] proposed an energy-aware routing protocol to minimize energy consumption, and their

work also maintained better end-to-end delay, throughput, and system performance. In addition,

multicast routing is an important communication pattern in mobile ad hoc networks (MANETs) and

sensornets to send the same message to a set of destination nodes and receive aggregated data from

a set of nodes. Many multicast routing protocols [20][21][23] have been developed for MANETs.

For example, Maleki et al. [20] presented a lifetime-aware multicast routing algorithm to maximize

MANET lifetimes. It is important in geocast routing, a special case of multicast routing, in which

all destination nodes are within a fixed geographical region. Many novel geocast routing protocols

[3][14][15][18] have been investigated for MANETs.

A new ”spatiotemporal multicast” was presented for supporting sensornet applications which

require spatiotemporal coordination. The spatiotemporal character of the mobicast is to forward

a mobicast message to all nodes that will be present at time t in some geographic zone (called a

forwarding zone), F , where both the location and shape of the forwarding zone are a function of

time over some interval (tstart, tend). The mobicast is constructed by a series of forwarding zones

over different intervals (tstart, tend), and only sensor nodes located in the forwarding zone in the time

interval (tstart, tend) are woken up in order to save power. Huang et al. recently developed three

mobicast routing protocols [10][11][12].

Huang et al. [11] initially designed a spatiotemporal multicast protocol for sensornets. They used

the compactness of the sensornet to determine the size of the forwarding zone. The minimum value

of compactness was calculated under the assumption that the global network topology is known

[11]; however, the communication overhead of the mobicast protocol is very high. To reduce the
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Figure 1: Spatiotemporal multicast and VE-mobicast.

communication overhead, Huang et al. [10] then presented a new energy-efficient spatiotemporal

multicast for sensornets. In this investigation, the value of compactness was estimated within a

distributed environment. More recently, Huang et al. [12] developed a quite-new mobicast routing

protocol, called face-aware routing (FAR). The FAR protocol is a geometric routing protocol which

provides reliable routing results. To achieve the reliability, the FAR protocol must periodically

maintain a spatiotemporal neighbor list [12] and thus has a heavy communication overhead. Observe

that the face-aware approach originated with Bose et al. [5]. They considered the routing problems

in ad hoc wireless networks modeled as unit graphs (faces) in which nodes are points in the plane,

and two nodes can communicate if the distance between them is less than some fixed unit. Bose and

Morin [4] described an algorithm for enumerating all the faces, edges, and vertices of a connected

embedded planar graph, G, without using marked bits or a stack. Efforts are made in this paper

to develop a fully distributed algorithm to increase the reliability and decrease the communication

overhead. A high predictive accuracy of the forwarding zone is developed in this investigation to

additionally consider a mobile entity’s path which includes turns.

5



3 Preliminaries

3.1 System model

The node capabilities of all sensor nodes, including the mobile physical entities (or mobile sink

node), in our work are assumed to know their location information by using GPS (Global Position-

ing System) or other location information-aided devices [26]. Our approach adaptively determines

the forwarding zone based on the location information. Without the location information, the exact

forwarding zone cannot be accurately determined. This paper is assumed that all nodes are synchro-

nized. When nodes are not synchronized, the predictive mechanism of our VE-mobicast protocol

cannot be correctly performed. This leads to predict the incorrect size and shape of the forwarding

zone, and it causes power to be needlessly consumed. In addition, all sensor nodes are homoge-

neously and randomly deployed in a monitoring area by a random network. This paper is only

concerned with a static and irregular topology, i.e., all sensor node locations are fixed and irregular.

Finally, the main operation of VE-Mobicast is depended on the control packets to determine the right

forwarding zone in a distributed fashion. Therefore, this paper is not investigated the robust problem

when VE-Mobicast operation losses of control packets.

3.2 The mobicast framework

A new special case of a ”spatiotemporal multicast” protocol is introduced for supporting applica-

tions which require spatiotemporal coordination in sensornets. This spatiotemporal multicast pro-

tocol provides sensing applications that need to disseminate the multicast message to the ”right”

place (or prescribed zone) at the ”right” time. A spatiotemporal multicast session is specified by

<m,Z[t],Ts,T>, which is defined in [11], where m is the multicast message, Z[t] describes the ex-

pected area of message delivery at time t, and Ts and T are the sending time and duration of the

multicast session, respectively. As the delivery zone, Z[t], evolves over time, the set of recipients for

m changes as well.

A special case of a spatiotemporal multicast, called a mobicast, was considered in [10][11][12].

The delivery zone is some fixed convex polygon, P, that translates through 2-D space at some con-
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Figure 2: The ”hole” problem in a spatiotemporal mobicast.

stant velocity, −→v [11],̇ i.e., Z[t] =P[−→r0 +−→v (t −Ts)], with P[−→r0 ] being the polygon centered at −→r0 .

Huang et al. [10][11][12] called this special class of spatiotemporal multicasts a ”constant velocity

mobicast” or ”mobicast”. The polygonal shape of the delivery zone was circular in those papers

[10][11][12]. Figure 1(a) shows an example of the delivery zones Z[t] and Z[t +1] for a mobicast.

The mobicast routing protocol is composed of a delivery zone and a forwarding zone. The

forwarding zone [11] is comprised of every sensor node in forwarding zone F[t + 1] which is re-

sponsible for forwarding the mobicast messages in order to guarantee that delivery zone Z[t +1] at

time t + 1 can successfully receive the mobicast message. The size of forwarding zone F[t + 1] is

always larger than the size of delivery zone Z[t + 1]. The difference in the forwarding zone using

existing mobicast and VE-mobicast routing protocols is compared in figure 1. The shape of a for-

warding zone of the existing mobicast routing protocols [10][11][12] is a circle as shown in figure

1(a). The shape of a forwarding zone of our VE-mobicast routing protocol is an oval as illustrated in

figure 1(b). The key problem of the mobicast protocol is how to accurately predict the correct size

and shape of forwarding zone F[t +1] at time t.

Potential holes in the network show that two nodes which are close in physical space can be

relatively far away in terms of network hops [10][11][12]. Many sensor nodes are randomly dis-

tributed in a sensornet, so that a sensornet with an irregular topology is constructed. This produces
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the ”hole” problem, where a ”hole” is a sensing area with no sensor nodes. This condition always

occurs if a ”hole” problem [10][11][12] exists in a sensornet. Figure 2 shows an example of a ”hole”

in a spatiotemporal mobicast. Maintaining a large forwarding zone can reduce the ”hole” problem,

but it causes power to be consumed needlessly.

Existing mobicast routing protocols are considered ”constant-velocity mobicast”. That is to say,

the path of the delivery zones from Z[t] to Z[t +1] is fixed under a constant velocity, −→v . The zone

in front of forwarding zone F[t +1] is a ”hold-and-forward” zone where sensor nodes retransmit the

mobicast message only after becoming members of the forwarding zone. This behavior results in a

”hold-and-forward zone” in front of the forwarding zone, as shown in figure 2. A different path is

considered in this work if delivery zone Z[t] moves to Z[t +1] from time t to t +1 along a different

path and angle. Any forwarding zone, F[t +1], in any existing mobicast routing protocol is unable to

guarantee that delivery zone Z[t +1] at time t +1 can successfully receive the mobicast message, due

to differences in the path which occur from time t to t +1. To guarantee reliable delivery, all sensor

nodes in forwarding zone F [t +1] must be woken up before delivery zone Z[t +1] reaches the area of

F[t +1] at time t +1 under a constant velocity, −→v . It is interesting to investigate the condition when

all sensor nodes in F[t +1] are already notified to enter the active mode (i.e., to wake up) from sensor

nodes in the hold-and-forward zone before time t +1. However, if the delivery zone unexpectedly

changes its path after time t and before time t +1, then it is possible that it will be unable to inform

all sensor nodes of F[t +1] in time to enter the power-saving mode before time t +1 such that not

all sensor nodes of Z[t +1] are in F[t +1]. Figure 3(a) shows that some nodes in Z[t +1] are not in

F[t +1] when using the mobicast routing protocols in [10][11][12].

The predictive accuracy is defined as the percentage of sensor nodes which are located in both

Z[t +1] and F[t +1]. If all sensor nodes in Z[t +1] are also in F[t +1], then the predictive accuracy

is 100%, while it is 0% if no sensor node of Z[t +1] is in F [t +1]. The better the predictive accuracy

is, the more power that will be saved. Existing mobicast routing protocols have low predictive

accuracies, especially when different paths are considered within the same period of time. Efforts are

made in the present study to improve the predictive accuracy by developing a new mobicast routing
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Figure 3: Advantage of a VE-mobicast.

protocol, called the variant-egg-based mobicast (VE-mobicast) routing protocol, which has high

predictive accuracy. Consider the same example in figure 3(a), the VE-mobicast routing protocol

offers the result of a predictive accuracy of 100% as shown in figure 3(b). This is because our

VE-mobicast routing protocol offers the adaptive size and shape of the variant-egg.

3.3 Application examples

There are many interesting and useful applications, such as object tracking [2][27][30] and environ-

mental monitoring [6][8], for sensornets. The mobicast routing protocol can be effectively used for

such sensornet applications as intruder tracking and information scouting [10][11][12] as illustrated

in figure 4. Figure 4(a) depicts an example of intruder tracking. A set of sensors discovers a tank,

and an alert message is sent to all sensor nodes along the intruder’s expected path. All sleeping sen-

sor nodes along the intruder’s expected path must be woken up to alert and pre-arm them for better

tracking and more-sensitive reactions. This alert message can be sent by a mobicast service, using

a delivery zone of a desired size that moves at a certain distance ahead of the intruder, with a speed

approximating that of the intruder’s, thus creating an evolving alert ”cloud” immediately in front of

it. If the intruder unexpectedly changes its path, then all alert messages along the intruder’s former

expected path are useless and are wasting power. Extra power is consumed to inform sensor nodes
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Figure 4: Application examples of the VE-mobicast.

along the intruder’s expected path to re-enter the power-saving (PS) mode. This scenario is shown in

figure 4(a) if a tank unexpectedly changes its path. This results in some sleeping sensor nodes along

the tank’s expected path still being woken up in anticipation of the approaching tank.

Figure 4(b) gives another example of information scouting. A soldier is moving toward a fixed

area. For safety and action efficiency, the soldier would like to know the field information ahead on

his/her path, so he/she can properly adjust to the situation. The area of interest changes in front of

him/her as he/she runs forward. Only the sensors that enter the delivery zone will pool their cur-

rently sensed information and send aggregated data back to him/her. As illustrated in figure 4(b), if

the solider unexpectedly changes direction, then the problem of unnecessarily wasting power of the

sensornets occurs. To consider a path with a turn, we have developed a new mobicast routing pro-

tocol with a more-accurate predictive accuracy to reduce power consumption and extend sensornet

lifetime.

3.4 VE-mobicast in sensornets

The main idea of the VE-mobicast is to develop a distributed and adaptive scheme to provide a

dynamic shape of forwarding zone F [t + 1] which depends on the actual network topology. From

time t to t +1, all sensor nodes in F [t +1] should be woken up to guarantee that Z[t +1] is completely

in F[t + 1] when delivery zone Z[t] moves to Z[t + 1]. The size and shape of forwarding zone F[t]
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Figure 5: Different forwarding zones of FVE [t +1].

at time t affect the system performance and energy-saving factors for developing a new mobicast

routing protocol. In this work, we mainly discuss the effects of the new dynamic shape of the

forwarding zone. Maintaining the same number of awake sensor nodes in the dynamic shape of

forwarding zone F[t] is the main goal of this work as well as promoting the predictive accuracy

when a variable direction of movement is considered. In this paper, delivery zone Z[t] is some fixed

polygon, P, that translates through a 2-D space at some constant velocity, −→v , and moving angle, θ,

i.e.,

Z[t] = P[
−→
X0 +−→v (t −Ts)∗ cosθ,

−→
Y0 +−→v (t −Ts)∗ sinθ], (1)

with the polygon center at P[
−→
X0 ,

−→
Y0 ]. In this investigation, a polygonal shape is adopted for

the delivery zone instead of a circular shape [10]. In our variant-egg-based scheme, the shape of

forwarding zone F[i] at time i is a variant egg, which is denoted by FVE or FVE [i] in this work, where

0 ≤ i. Given a fixed speed of −→v , the size and shape of FVE are determined by the factors of sensornet

density and topology. A mobile entity cannot know the sensornet density and topology before it

reaches a new location. Therefore, the ”hole” problem must effectively be solved for the mobicast.

The adaptive and dynamic shape and size of FVE is very useful for overcoming the ”hole” problem

in sensornets. Figure 5(a) shows a normal size of FVE [t +1] under a normal sensornet density. But if

the sensornet density is low and has a ”hole” problem, the size of FVE [t +1] is enlarged as shown in
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figure 5(b). Developing a new distributed mobicast routing protocol to effectively solve the ”hole”

problem is the main objective of this work.

4 VE-mobicast: a variant-egg-based mobicast routing protocol

We first give an overview of our variant-egg-based mobicast (VE-mobicast) routing protocol. The

main function of the VE-mobicast routing protocol is to dynamically construct a variant-egg during

mobicast operation. The VE-mobicast is divided into two phases. Sensor nodes in a forwarding

zone retransmit the mobicast message as soon as they receive it, and the sensor nodes in front of

the forwarding zone enter a ”hold-and-forward” state whenever they receive a mobicast message

[10][11][12]. They then retransmit the mobicast message only after becoming members of the for-

warding zone. This area is denoted the hold-and-forward zone, H[t], at time t. In our VE-mobicast

approach, hold-and-forward zone H[t] = FVE [t]∩FVE [t +1]. An example of hold-and-forward zone

H[t] is given in figure 6(b).

(1) Egg estimation phase: The size of the variant-egg forwarding zone, FVE [t + 1], at time t is

estimated by sensor nodes in H[t]. The forwarding zone [10][11][12] limits retransmission to a

bounded space while ensuring that all sensor nodes that need to receive the mobicast message

do so.

(2) Distributed variant-egg-based mobicast phase: With the estimated FVE [t +1], a distributed

algorithm of VE-mobicast operation is presented for all sensor nodes in H[t]. This operation

dynamically adjusts the shape of the variant-egg forwarding zone, FVE [t + 1], from time t to

t +1.

The detailed operations of the variant-egg estimation and distributed VE-mobicast phases are

described as follows.

4.1 Phase I: Egg estimation

All sensor nodes in H[t] estimate the size and shape of variant-egg FVE [t + 1] at time t for the

upcoming forwarding zone, Z[t +1]. The shape of the variant-egg is calculated from the Cassini oval
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Figure 6: Equations of (a) the VE-mobicast and (b) the Cassini oval.

equation [29]. Based on the Cassini oval equation [29], the equation of our variant-egg forwarding

zone is,

[(px)2 +(qy)2]2 −2e2[(px)2 − (qy)2] = 0, where tanθ = q/p and p×q = 1.

Observe that the forwarding zone can dynamically change shape by changing the ratio of p and

q if the egg area is fixed, and px is p multiples of x and qy is q multiples of y, where p×q = 1. For

instance with a fixed egg area, p = q = 1, or p = 3 and q = 1
3 . In our study, the area of our variant-egg

forwarding zone FVE [t +1] is e2, where θ = 45◦, p = q = 1, and e = π
1
2 Rd. The equation becomes

(x2 + y2)2 −2e2(x2 − y2) = 0.

Figure 6(a) shows an example of FVE [t + 1] where O1 and O2 denote two fixed points, O2 is

the center of the variant-egg forwarding zone, and 2e is the distance between the fixed points, O1

and O2. In the following, our VE-mobicast routing protocol adopts half of the lemniscate as our

variant-egg forwarding zone FVE [t + 1]. An example is shown in figure 6(b). The size and area

of the forwarding zone are mainly decided by the value of e and are relative of Rd , which is the

radius of delivery zone Z[t]. The distance, d, between FVE [t +1] and Z[t] is v ∗∆t. Figure 7 shows

an example of the variation in p and q. Figure 7(a) is a normal size and shape. Figure 7(b) shows

the variant-egg forwarding zone if p is large and q is small. Figure 7(c) illustrates the variant-egg

forwarding zone if p is small and q is large. In this paper, we only consider the case of p = q = 1. To
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Figure 7: Dynamic sizes and shapes of FVE [t +1].

determine the ”right” Cassini oval parameter, we discuss the initial estimated shape of the variable-

egg in the simulation by choosing various values of p and q, where p×q = 1. One important aspect

is deciding whether or not sensor node (a,b) is located in variant-egg forwarding zone FVE [t + 1].

If (x2 + y2)2 − 2e2(x2 − y2) = (a2 + b2)2 − 2e2(a2 − b2) ≤ 0, then (a,b) is located in variant-egg

forwarding zone FVE [t +1]. If (x2 +y2)2−2e2(x2 −y2) = (a2 +b2)2−2e2(a2−b2) > 0, then (a,b)

is out of variant-egg forwarding zone FVE [t +1]. The egg estimation algorithm is given here.

S1: The first task is to decide whether or not sensor node P1 at (a1,b1) is located in hold-and-

forward zone H[t]= FVE [t]∩FVE [t +1]. Sensor node P1 is within H[t] if P1 is within FVE [t] and

P1 is also within FVE [t +1]; that is, if FVE [t] is (x2
t + y2

t )
2 −2e2

t (x
2
t − y2

t ) = 0 and FVE [t +1] is

(x2
t+1 +y2

t+1)
2−2e2

t+1(x
2
t+1−y2

t+1) = 0, then (x2
t +y2

t )
2−2e2

t (x
2
t −y2

t ) = (a2
1 +b2

1)
2−2e2

t (a
2
1−

b2
1)≤ 0 and (x2

t+1 +y2
t+1)

2−2e2
t+1(x

2
t+1−y2

t+1) = (a2
1 +b2

1)
2−2e2

t+1(a
2
1−b2

1)≤ 0. Figure 8(a)

shows an example of P1 located in H[t] = FVE [t]∩FVE [t +1].
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Figure 8: Estimation phase of a VE-mobicast.

S2: Let sensor node P1 at (a1,b1) be within hold-and-forward zone H[t], sensor node P2 at (a2,b2)

be within FVE [t + 1], and P1 and P2 be a pair of neighboring nodes. A hop count is needed

to estimate the hop-distance from P1 through P2 to the boundary of FVE [t + 1]. This hop

count is very useful in phase II to provide a distributed algorithm of the variant-egg-based

mobicast. Let the line equation of P1 and P2 be ax+by+ c = 0 and the equation of FVE [t +1]

be (x2 + y2)2 − 2e2(x2 − y2). Let P3 be the intersection point of the line and FVE [t + 1]; that

is, ax + by + c = (x2 + y2)2 − 2e2(x2 − y2). Then,
∣∣P2P3

∣∣is the distance between P2 and P3.

Sensor node P1, in anticipation, forwards a mobicast message through P2 within
|P2P3|

r + 1

hops, where r is the communication radius of the sensor node. An example is illustrated in

figure 8(b), where the estimated hop counts from P1 through P2 and P′
2 are two and three,

respectively.

4.2 Phase II: Distributed variant-egg-based mobicast

Phase I roughly estimates the initial size and shape of variant-egg-based forwarding zone, FVE [t +1]

as illustrated in figure 7(a). In phase II, a distributed algorithm is developed to dynamically adjust the

size and shape of variant-egg-based forwarding zone FVE [t +1] depending on the sensornet density,

as illustrated in figure 7(b) and figure 7(c). Based on the estimated FVE [t +1] in phase I, a distributed

algorithm of the VE-mobicast operation is presented for all sensor nodes in H[t]. This distributed
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Z t[ +1]

F tVE[ +1]
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Figure 9: Three different regions.

operation dynamically adjusts the size and shape of FVE [t +1] from time t to time t +1.

A simple control packet, denoted PVE(p,q, h
H ,N11N12...N1i)tx , is adopted in this paper for devel-

oping the distributed algorithm, where p and q are used to denote the initial shape of the forwarding

zone, h
H is used to limit the number of packets forwarded, N11N12...N1i maintain the path history,

and packet PVE is forwarded at time tx. Assume that all sensor nodes are uniformly distributed in an

area, and this area is divided into three kinds of region. Without loss of generality, we only consider

the case of a pair of adjacent delivery zones, Z[t] and Z[t +1], and a pair of forwarding zones, FVE [t]

and FVE [t +1], to explain these three regions as follows.

• Region 1: A path moves from Z[t] to Z[t +1], as illustrated in figure 9(a).

• Region 2: FVE [t]∪FVE [t +1]− Region 1, as illustrated in figure 9(b).

• Region 3: ∼ (FVE [t]∪FVE [t +1]), as illustrated in figure 9(c).

The distributed algorithm of the VE-mobicast operation is given here.

S1: A sensor node, Pi, is in H[t] and Pj is in FVE [t +1], where Pi and Pj are neighboring nodes.

Sensor node Pi initiates and floods a PVE(p,q, 1
H ,Pi)tx packet to neighboring sensor node Pj at

time tx = t1, where H is the estimated hop count calculated from phase I.

S2: Sensor node Pα receives the first packet, PVE(p,q, h1
H1

,N1,1N1,2...N1,i−1)t ′x1
, from N1i−1, at time

t ′x1
. Sensor node Pα waits for a period of time in order to receive at most d − 1 different

PVE packets from d−1 neighboring nodes. Assuming that PVE(p,q, h1
H1

, N1,1N1,2 ...N1,i−1)t ′x1
,

16



A

B

C D

A

B

C D

(a) Region 1 (b) Region 2 (c) Region 3

A

B

C D

P (1,1,3/5, X,Y,A)tVE 1

P ( 2/4, Z,B)tVE 21,1,

(d) Region 1 (e) Region 2 (f) Region 3

A

B

C D

A

B

C D

A

B

C D

PVE( 2/5, [ ])t41,1,
X, Y, A, C

Z, B, C

P ( 3/5, X,Y,A)tVE 11,1,

P ( 2/4, Z,B)tVE 21,1,

P ( 3/5, X,Y,A)tVE 11,1,

P ( 2/4, Z,B)tVE 21,1,

PVE( 2/4, [ ])t41,1,
X, Y, A, C

Z, B, C
PVE( 3/4, [ ])t41,1,

X, Y, A, C

Z, B, C

P ( 3/5, X,Y,A)tVE 11,1,

P ( 2/4, X,B)tVE 21,1,

PVE( 2/4, [ ])t41,1,
X, Y, A, C

X, B, C

P ( 3/5, X,Y,A)tVE 11,1,

P ( 2/4, X,B)tVE 21,1,

PVE( 2/3, [ ])t41,1,
X, Y, A, C

X, B, C

P ( 3/5, X,Y,A)tVE 11,1,

P ( 2/4, X,B)tVE 21,1,

PVE( 3/3, [ ])t41,1,
X, Y, A, C

X, B, C

Figure 10: Examples of merging operations.

PVE(p,q, h2
H2

,N2,1N2,2...N2,i−1)t ′x2
, · · · , and PVE(p,q, hm

Hm
,Nm,1Nm,2 ... Nm,i−1 )t ′xm

packets are

received at node Pα before time t ′y, then m PVE packets are merged into one PVE packet, denoted

PVE(p,q,
hmerge
Hmerge

,

⎡
⎢⎣

N1,1N1,2...N1,i−1,Pα
...
Nm,1Nm,2...Nm,i−1,Pα

⎤
⎥⎦)t ′y , where m≤ d−1 and t ′y = t ′x1

+d + backoff time

and d is the degree of Pα. The merging operation, which is dependent on the position of sensor

node Pα, is given here.

1. Let hmerge
Hmerge

=
Min

1≤i≤m
hi

Max
1≤i≤m

Hi
if Pα is in region 1.

2. Let hmerge
Hmerge

=
Min

1≤i≤m
hi

Min
1≤i≤m

Hi
if Pα is in region 2.

3. Let hmerge
Hmerge

=
Max

1≤i≤m
hi

Min
1≤i≤m

Hi
if Pα is in region 3.

S3: If there are the same n predecessor nodes for all path-histories of

⎡
⎢⎣

N1,1N1,2...N1,i−1,Pα
...
Nm,1Nm,2...Nm,i−1,Pα

⎤
⎥⎦ ,

then let Hmerge = Hmerge−n. After that, the PVE(p,q,
hmerge
Hmerge

,

⎡
⎢⎣

N1,1N1,2...N1,i−1,Pα
...
Nm,1Nm,2...Nm,i−1,Pα

⎤
⎥⎦)t ′y packet

is sent out and forwarded at time t ′y only if hmerge
Hmerge

< 1, where t ′y = t ′x1
+d + backoff time and d

is the degree of Pα.
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Figure 11: Scenario of the no ”hole” problem.

Examples of merging operations in step S2 are given in figure 10(a), where p = q = 1. If sen-

sor node C is in region 1, sensor node C receives PVE(1,1, 3
5 ,X ,Y,A)t1 and PVE(1,1, 2

4 ,Z,B)t2, and

the merged packet is PVE(1,1, 2
5 ,

[
X ,Y,A,C
Z,B,C

]
)t4 since the same predecessor sensor node does not

exist. Figure 10(d) gives an explanation if sensor node C is in region 1, sensor node C receives

PVE(1,1, 3
5 ,X ,Y,A)t1 and PVE(1,1, 2

4 ,X ,B)t2, and the merged packet is PVE(1,1, 2
4 ,

[
X ,Y,A,C
X ,B,C

]
)t4

because X is the same predecessor sensor node. As illustrated in figure 10(b), if sensor node C is in

region 2 and sensor node C receives PVE(1,1, 3
5 ,X ,Y,A)t1 and PVE(1,1, 2

4 ,Z,B)t2, then the merged

packet is PVE(1,1, 2
4 ,

[
X ,Y,A,C
Z,B,C

]
)t4, since the same predecessor sensor node does not exist. Fig-

ure 10(e) shows that if sensor node C is in region 2 and sensor node C receives PVE(1,1, 3
5 ,X ,Y,A)t1

and PVE(1,1, 2
4 ,X ,B)t2, then the merged packet is PVE(1,1, 2

3 ,

[
X ,Y,A,C
X ,B,C

]
)t4, since X is the same

predecessor sensor node. Finally, as shown in figure 10(c), if sensor node C is in region 3 and sensor

node C receives PVE(1,1, 3
5 ,X ,Y,A)t1 and PVE(1,1, 2

4 ,Z,B)t2, then the merged packet is PVE(1,1, 3
4 ,[

X ,Y,A,C
Z,B,C

]
)t4, since the same predecessor sensor node does not exist. Figure 10(f) shows that if

sensor node C is in region 3, sensor node C receives PVE(1,1, 3
5 ,X ,Y,A)t1 and PVE(1,1, 2

4 ,X ,B)t2,

then the merged packet is PVE(1,1, 3
3 ,

[
X ,Y,A,C
X ,B,C

]
)t4, since X is the same predecessor sensor node.

In step S3, it was observed that hmerge
Hmerge

is used to determine whether or not the PVE packet should

be forwarded, where hmerge denotes the hop number which the current PVE packet traverses and

Hmerge is the estimated hop count toward the boundary of FVE [t + 1]. If the ratio of hmerge
Hmerge

< 1, the
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Figure 12: Scenario of the ”hole” problem.

PVE packet is forwarded since hmerge < Hmerge. If the ratio of hmerge
Hmerge

≥ 1, the PVE packet is not

forwarded since hmerge ≥ Hmerge.

Finally, two scenarios are given in figures 11 and 12 to discuss the effect of the ’hole’ problem.

Let N(α,β) denote a sensor node, N, which receives its first PVE message at time tα and forwards

the merged PVE message at time tβ. Observe that the initial estimated shapes of the variable-egg in

phase I (egg estimation phase) for the two cases are the same. It is shown in figures 11 and 12 that

node B(1,3) has the same estimated H = 2, but the PVE message is stopped at node G(5,8) in figure

11 and is stopped at node K(10,13) in figure 12. This is because figure 11 has no ’hole’ in FVE [t +1],

but figure 12 has a ’hole’ in FVE [t +1]. In these two cases, the final shapes of these two forwarding

zones FVE [t +1], greatly differ, due to the dynamic adjustment capability of the VE-mobicast routing

protocol.

5 Performance analysis

We provide theoretically proven bounds for the predictive accuracy and energy efficiency of our

algorithm, and perform an analysis of our algorithm in terms of the number of messages used and

running time. The simulation results are then analyzed.
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Figure 13: Example for the mathematical analysis.

5.1 Mathematical analysis

All sensor nodes are assumed in the analysis to be randomly and uniformly deployed in the network.

We also assume that the numbers of sensor nodes in a Z[t + 1] and FVE [t + 1] are approximately

represented by the coverage area of Z[t + 1] and FVE [t + 1] divided by the transmission area of a

sensor node, respectively. The predictive accuracy is defined as the percentage of sensor nodes

located in both Z[t +1] and FVE [t +1] divided by the total number of sensor nodes in Z[t +1]. We

have the following results.

Lemma 1 The low bound of the predictive accuracy, denoted as RAlow bound, is
2

∫ Rd
Rd−|PP′|

√
Rd

2−x2dx

πRd
2 ,

for 0 <
∣∣PP′∣∣ = Rd − (

∣∣Ft+1Zt+1
∣∣− ∣∣Ft+1P

∣∣) < 2Rd, where P is the intersection point of line b1x−
a1y+ c2 = 0 and FVE [t +1], P′ is the intersection point of line b1x−a1y+ c2 = 0 with Z[t +1], Rd

is the radius of the delivery zone Z[t], Ft+1 is the focus of FVE [t +1], and Zt+1 is the point closest to

Ft+1.
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Proof. In our analysis, RAlow bound is estimated by the overlapping ratio of Z[t + 1] with FVE [t +

1]. Assume that Zt is the center of Z[t], Zt+1 is the center of Z[t + 1], and Ft+1 is the focus of

FVE [t + 1]. Let Zt+1 be the point closest to Ft+1, such that Zt+1Ft+1 is minimal. A line equation

a1x+b1y+c1 = 0 is determined by going through Zt and Zt+1. The path along line a1x+b1y+c1 = 0

is the moving path from Z[t] to Z[t +1] with rotation angle θ. Observe that Z[t +1] has a maximal

overlapping area with FVE [t +1], since Zt+1 is closest to Ft+1. As illustrated in figure 13, Z1[t +1]

and Z2[t +1] are not adopted, because Z[t +1] along line a1x+b1y+ c1 = 0 is closest to Ft+1. The

RAlow bound is calculated as follows. A vertical line, which passes through both Ft+1 and Zt+1, is

b1x− a1y + c2 = 0, where the slope of the vertical line is b1
a1

. Observe that Zt+1 is the intersection

point of a1x + b1y + c1 = 0 and b1x− a1y + c2 = 0; i.e., a1x + b1y + c1 = b1x− a1y + c2 = 0. In

addition, P is the intersection point of b1x− a1y + c2 = 0 and FVE [t + 1]; i.e., b1x− a1y + c2 =

(x2 + y2)2 − 2e2(x2 − y2) = 0. Denote
∣∣Ft+1Zt+1

∣∣ as the distance from Ft+1 to Zt+1 and
∣∣Ft+1P

∣∣ as

the distance from Ft+1 to P. Let P′ be the intersection point of line b1x−a1y+ c2 = 0 with Z[t +1]

as shown in figure 13, and
∣∣PP′∣∣ = Rd − (

∣∣Ft+1Zt+1
∣∣− ∣∣Ft+1P

∣∣). The low bound of the predictive

accuracy is calculated as follows.

RAlow bound =

⎧⎪⎪⎨
⎪⎪⎩

0, for
∣∣PP′∣∣ < 0,

area of Z[t+1]∩area of FVE [t+1]
area of ZVE [t+1] =

2
∫ Rd

Rd−|PP′|
√

Rd
2−x2dx

πRd
2 , for 0 ≤ ∣∣PP′∣∣ ≤ 2Rd,

1, for 2Rd <
∣∣PP′∣∣ .

An example is given in figure 13: RAlow bound of Z′[t+1] is 100%, where 2Rd <
∣∣PP′∣∣; RAlow bound

of Z′′[t + 1] is 0%, where
∣∣PP′∣∣ < 0; and RAlow bound of Z[t + 1] is

2
∫ Rd

Rd−|PP′|
√

Rd
2−x2dx

πRd
2 , where

0 ≤ ∣∣PP′∣∣ ≤ 2Rd . The low bound of energy consumption of the VE-mobicast protocol can thus

be investigated.

Lemma 2 The low bound of energy consumption of the VE-mobicast protocol from time t to t +1 is

Ntotal × (Pt +(d−1)Pr +Pswitch), where Ntotal is the total number of sensor nodes in FVE [t +1], d is

the average degree of all sensor nodes, Pt is the power consumption cost of one data transmission

operation, Pr is the power consumption cost of one data reception operation, and Pswitch is the power

consumption cost of a switching operation to switch a sensor node from the sleep mode to the active
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mode.

Proof. The low bound of energy consumption is calculated by performing the mobicast message

forwarding operation to wake up all sensor nodes in FVE [t +1]. Each mobicast message forwarding

operation for each sensor node consumes at least as much power as Pt + (d − 1) × Pr + Pswitch,

where d is the average degree of sensor nodes of FVE [t + 1]. All sensor nodes are assumed to be

uniformly deployed, and the total number of sensor nodes in FVE [t +1] can be decided as follows. As

illustrated in figure 13, denote S as the intersection point of the linear equation y = 0 and FVE [t +1];

i.e., x4 −2e2x2 = 0. Then the coordinate of S is (
√

2e, 0), where
∣∣OS

∣∣ is
√

2e. Let FArea denote the

area of FVE [t + 1], where FArea =
∫ √

2e
0 (x2 + y2)2 − 2e2(x2 − y2)dxdy. The total number of sensor

nodes in FVE [t + 1] is approximately equal to Ntotal = FArea
Rt2 =

∫ √
2e

0 (x2+y2)2−2e2(x2−y2)dxdy
Rt2 , where Rt

is the transmission radius of each sensor node. Let dPα denote the degree of sensor node Pα in

FVE [t +1], and the low bound of energy consumption is

Ntotal

∑
α=1

(Pt +(dPα −1)Pr +Pswitch) ≈ Ntotal × (Pt +(d−1)Pr +Pswitch).

In addition, we perform an analysis of our algorithm in terms of the number of messages used

and the running time.

Lemma 3 The total number of mobicast messages of the VE-mobicast protocol from time t to t +1

is Ntotal ×(d−1), where Ntotal is the total number of sensor nodes in FVE [t +1] and d is the average

degree of all sensor nodes.

Proof. The approximate total number of mobicast messages is obtained by calculating the total num-

ber of mobicast messages in FVE [t +1]. On average, every sensor node receives at least d−1 mobi-

cast messages from d−1 neighboring nodes, where d is the average degree of all sensor nodes. Given

that dPα is the degree of sensor node Pα in FVE [t +1] and Ntotal = FArea
Rt2 =

∫ √
2e

0 (x2+y2)2−2e2(x2−y2)dxdy
Rt2 ,

the total number of mobicast messages in the FVE [t +1] is

Ntotal

∑
α=1

(dPα −1) ≈ Ntotal × (d−1).
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Lemma 4 The running time of the VE-mobicast protocol from time t to t + 1 is (
√

2e
Rt

− 1)× ((d−
1)Tr +Tb), where

√
2e

Rt
is the diameter of the FVE [t +1], d is the average degree of all sensor nodes,

Tr is the time cost of data transmission, and Tb is the random backoff time.

Proof. The approximate running time is calculated by the longest path from a node in H[t] to a

border node in FVE [t + 1]. First, the hop number of the longest path is estimated as follows. As

shown in figure 13, the distance of the longest path is
∣∣OS

∣∣ =
√

2e, and its hop number is
√

2e
Rt

. If dPα

is the degree of sensor node Pα in the FVE [t +1], then the running time of the VE-mobicast protocol

is
√

2e
Rt

−1

∑
α=1

(dPα −1)Tr +Tb ≈ (
√

2e
Rt

−1)× ((d−1)Tr +Tb).

5.2 Simulation result

Our paper presents a variant-egg-based mobicast protocol. To evaluate our VE-mobicast protocol

(VE-mobicast), Huang et al.’s mobicast protocol (mobicast) [10], and the FAR protocol (FAR) [12],

all these protocols are mainly implemented using the NCTUns 2.0 simulator and emulator [28]. The

system parameters are given below. To discuss the effect of the network density (ND) of a sensornet,

our simulator considers nine different sensornet areas: 1000 × 400, 1000 × 500, 1000 × 600, 1000

× 700, 1000 × 800, 1000 × 900, 1000 × 1000, 1000 × 1100, and 1000 × 1200 m2 with 800

randomly distributed sensor nodes. With the same number of sensor nodes, the ND is changed due

to the different sensornet sizes. The communication radius of each sensor node is 35 m. Each sensor

node knows its own location information. The velocity of the delivery zone is 40 m/s and its radius is

45 m. Assume that the consumption of power is denoted as n mW (milliWatts). With the same power

assumption model in [7], the power consumption of the sleeping mode for a sensor node is 130 mW.

The power consumption of the active mode of a sensor node is 830 mW. The power consumption of

the transmission/reception mode of a sensor node is 1400 mW.

Before describing the performance metrics, the rotation frequency (RF) and rotation angle (RA)

are defined. The RA is the angle between the two zones, Z[t] and Z[t +1], if rotation (or turn) occurs
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at times t and t + 1. The RA ranges from 5◦ to 50◦ in the simulation. The RF is the frequency of

changing the rotation angle for a spatiotemporal application. The RF ranges from 10% to 100% in

our simulation. The performance metrics to be observed are:

• The predictive accuracy (PA) is the percentage of sensor nodes located in both Z[t + 1] and

FVE [t +1] (or F [t +1]) divided by the total number of sensor nodes in Z[t +1], i.e., PA = 100%

if all nodes in Z[t +1] are located in FVE [t +1] (or F[t +1]).

• The packet overhead ratio (POR) is the total number of packets that all sensor nodes transmit,

including the control and mobicast messages, divided by the minimum number of packets used

in our VE-mobicast protocol.

• The throughput (TP) is the total number of data packets the mobile entity receives from sensor

nodes in Z[t +1] per second.

• The power consumption ratio (PCR) is the total power consumption of all sensor nodes divided

by the minimum power consumption of our VE-mobicast protocol.

An efficient mobicast routing protocol in a sensornet is achieved with a high PA, low POR, high

TP, and low PCR. Before discussing the simulation results, we initially discuss the initial shape of

the variable-egg from various perspectives.

5.2.1 The initial estimated shape of the variable-egg

The initial estimated shape of the variable-egg in phase I (the egg-estimation phase) of the VE-

mobicast routing protocol is mainly determined by the values of p and q, where p× q = 1. With

the same convergent area, figure 7(a)∼(c) shows three different shapes of the variant-egg forwarding

zone, where p = q = 1, p = 3 and q = 1
3 , and p = 1

3 and q = 3, respectively. In our approach, the

initial estimated shape of the variable-egg is not its final shape. Based on the initial estimated shape

of the variable-egg, our approach offers a dynamic adjustment mechanism to provide a final shape

variable-egg dependent on the actual network topology. The optimal shape of the forwarding zone

can be accurately calculated if the global network topology is known in advance. Without the aid
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of the global network topology information, our approach provides a nearly optimal shape for the

forwarding zone. In this subsection, we investigate the effects on the predictive accuracy of choosing

different values of p and q to determine the ”right” Cassini oval parameter in the initial estimated

variable-egg. A predictive accuracy gap is defined so that we can investigate the effects of PA for

different values of p and q. The predictive accuracy gap is defined as GPA(p,q) = PAoptimal −PAp,q,

where PAp,q denotes the predictive accuracy (PA) under given values of p and q, where p×q = 1. In

our simulation, we use (p,q) to denote one pair of possible values of p and q, where p×q = 1. An

optimal predictive accuracy (PAoptimal) = 100% indicates that all sensor nodes in Z[t +1] are located

in FVE [t +1]. It is observed that the PAp,q is very close to the PAoptimal , while the GPA(p,q) is nearly

zero. Given a (p,q), the shape of the initial estimated variable-egg is near the optimal forwarding

zone if the GPA(p,q) is nearly zero.

To illustrate the influence of the GPA(p,q), various combinations of (p,q) were considered in

order to observe the influences on the GPA(p,q) as follows. Figure 14(a) shows the initial simulation

results of the average GPA(p,q) on the impact of various RAs (ranging from 5◦ to 50◦). The average

GPA(p,q) was calculated by setting 10% ≤ RF ≤ 100% and ND = 10 nodes/m2. Figure 14(a) shows

that the average GPA(p,q) ranges from 10 to 19.5, when 5◦ ≤ RA ≤ 50◦. This illustrates that the

smaller the rotation angle is, the lower the GPA(p,q) will be. For each curve, it can be observed

that the GPA(1,1) < GPA(p′,q) and GPA(1,1) < GPA(p′′,q), where p′ < 1 and p′′ > 1. This justifies

(1,1) being the best choice for (p,q) as the initial estimated variable-egg. Figure 14(b) shows the

simulation results of the average GPA(p,q) on the impact of various RFs, where 10% ≤ RF ≤ 100%.

The average GPA(p,q) was calculated using the average value of the PA for all possible NDs (ranging

from 6 to 20 nodes/m2), with the RA fixed at 15◦. Figure 14(b) shows that all average GPA(p,q)

values ranged from 4 to 24, and the smaller the RF is, the lower the GPA(p,q) will be. For each

curve, we observed the same result that the GPA(1,1) < GPA(p′,q) and GPA(1,1) < GPA(p′′,q),

where p′ < 1 and p′′ > 1. We observed the same result that (1,1) was the best selection of (p,q)

as the initial estimated variable-egg. In addition, figure 14(c) illustrates the simulation results of

the average GPA(p,q) on the impact of various NDs, where 6 ≤ ND ≤ 20 nodes/m2. The average
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Figure 14: Performance of the average predictive accuracy gap GPA(p,q) vs. (a) the rotation angle
(10% ≤ RF ≤ 100%), (b) the rotation frequency (6 ≤ ND ≤ 20 nodes/m2), (c) the network density
(10% ≤ RF ≤ 100%).
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Figure 15: Performance of the predicitive accuracy vs. the rotation angle, where (a) the rotation
frequency = 10%, (b) the rotation frequency = 50%, (c) the rotation frequency = 100%, and (d) 10%
≤ the rotation frequency ≤ 100%.

GPA(p,q) was calculated using the average value of the PAs for all possible RFs (ranging from 10%

to 100%) with the RA fixed at 15◦. Figure 14(c) shows that the smaller the ND is, the lower the

GPA(p,q) will be, and all average GPA(p,q) values ranged from 10 to 20. We observed that (1,1)

was the best selection of (p,q) as illustrated in figure 14(c). Consequently, it is reasonable to choose

(1, 1) as the ”right” Cassini oval parameter in phase I (the egg-estimation phase) of the VE-mobicast

routing protocol. In the following, we discuss the simulation results from various perspectives,

where (p,q) = (1,1).
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5.2.2 Predictive accuracy (PA)

The simulation results of the PA under various RAs, RFs, and NDs are shown in figures 15, 16,

and 17. Figure 15 shows the observed PA under various RFs and RAs, where the ND is fixed at 10

nodes/m2. A mobicast routing protocol with the high predictive accuracy implies that the value of

its PA was high. Figure 15(a)∼(c) shows the performances of the mobicast, FAR, and VE-mobicast

routing protocols in terms of the PA, under RFs of 10%, 50%, and 100%. The PA was low where

the RF was high for various RAs. For each case, the curve of the PA of the mobicast was lower than

that of the FAR, and the curve of the PA of the FAR was lower than that of the VE-mobicast. In

addition, the lower the RA is, the higher the PA will be. Figure 15(d) shows the average PA results

for the mobicast, FAR, and VE-mobicast. The average PA was calculated using the average value

of the PA for all possible RFs (ranging from 10% to 100%). The average PA of the mobicast was <

that of the FAR which was < that of the VE-mobicast from the perspective of RA. This is because

the mobicast offers local compactness for deciding the forwarding zone. The mobicast and FAR do

not offer a tolerance mechanism if a rotation (or a turn) occurs. In addition, the FAR had a better PA

since the FAR is a reliable protocol. It was observed that when the RA was high, then the PA of the

FAR slightly decreased. Our VE-mobicast provides an adaptive shape of the variant-egg to improve

the PA for various RAs.

Figure 16 illustrates the performance of the PA under various RFs and NDs, with the RA fixed

at 15◦. Figure 16(a)∼(c) shows the performances of the PA of the mobicast, FAR, and VE-mobicast

routing protocols, under the NDs of 6, 12, and 20 nodes/m2. In general, the PA drops as the ND

decreases. For each case, the lower the RF is, the higher the PA will be. Figure 16(d) illustrates the

average PA results for the mobicast, FAR, and VE-mobicast, where the average PA was calculated

using the average value of the PA for all possible NDs (ranging from 6 to 20 nodes/m2). We observed

that the average PA of the mobicast < that of the FAR < that of the VE-mobicast from the perspective

of RF. Figure 17 illustrates the performance of the PA under various NDs and RAs, with the RF

fixed at 50%. Figure 17(a)∼(c) shows the performances of the PA of the mobicast, FAR, and VE-

mobicast routing protocols, under RAs of 5◦, 30◦, and 50◦. We observed that the PA drops as the RA
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Figure 16: Performance of the predicitive accuracy vs. the rotation frequency, where (a) the network
density = 6 nodes/m2, (b) the network density = 12 nodes/m2, (c) the network density = 20 nodes/m2,
and (d) 6 nodes/m2 ≤ the network density ≤ 20 nodes/m2.

increases. For each case, the higher the ND is, the higher the PA of the VE-mobicast will be. Figure

17(d) shows the average PA results for the mobicast, FAR, and VE-mobicast, where the average PA

was calculated using the average value of the PA for all possible rotation angles (ranging from 5◦ to

50◦). In conclusion, the average PA of the mobicast < that of the FAR < that of the VE-mobicast

from the perspective of RA, RF, and ND.
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Figure 17: Performance of the predictive accuracy vs. the network density, when (a) the rotation
angle = 5◦, (b) the rotation angle = 30◦, (c) the rotation angle = 50◦, and (d) 5◦ ≤ the rotation angle
≤ 50◦.

5.2.3 Packet overhead ratio (POR)

Figure 18 shows the simulation results of the packet overhead ratio (POR) for the VE-mobicast,

mobicast, and FAR. The higher the value of POR is, the larger the number of packets will be. Figure

18(a) shows the performance of the average POR vs. various RAs (ranging from 5◦ to 50◦), where

10% ≤ RF ≤ 100%, with the ND fixed at 10 nodes/m2. Figure 18(b) shows the performance of the

average POR vs. various RFs (ranging from 0% to 100%), where 6 ≤ ND ≤ 20 nodes/m2, with the

RA fixed at 15◦. Figure 18(c) shows the performance of the average POR vs. various NDs (ranging

from 6 to 20 nodes/m2), where 5◦ ≤ RA ≤ 50◦, with the RF fixed at 50%. For each case, we observed
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Figure 18: Performance of average packet overhead ratio (POR) vs. (a) rotation angle (RA), (b)
rotation frequency (RF), and (c) network density (ND).

that the curve of the POR of the mobicast was higher than that of the FAR, and the curve of the POR

of the FAR was also higher than that of the VE-mobicast. That is, the average POR of the mobicast

> that of the FAR > that of the VE-mobicast. The mobicast protocol [11] always offered many

packets to maintain the topological information by periodically broadcasting and exchanging the

local compactness to decide the forwarding zone. When the local compactness was low, the mobicast

routing protocol woke up additional sensor nodes to forward the mobicast message. The POR of the

FAR was lower than that of the mobicast routing protocol. This is because the main cost of the

POR of the FAR consists of the control packets during the neighborhood discovery protocol. After

constructing the spatial neighborhood, the FAR requires fewer sensor nodes to transmit mobicast

messages. Our distributed VE-mobicast used fewer control packets than the FAR.

5.2.4 Throughput (TP)

Figure 19 gives the simulation results of TP for the VE-mobicast, mobicast, and FAR. The higher

the value of TP is, the higher the performance of the mobicast routing protocol will be. Figure 19(a)

shows the performance of the average TP vs. various RAs (ranging from 5◦ to 50◦), where 10% ≤
the RF ≤ 100%, with the ND fixed at 10 nodes/m2. Figure 19(b) shows the performance of the

average TP vs. various RFs (ranging from 0% to 100%), where 6 ≤ the ND ≤ 20 nodes/m2, with the
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Figure 19: Performance of the average throughput (TP) vs. (a) rotation angle (RA), (b) rotation
frequency (RF), and (c) network density (ND).

RA fixed at 15◦. Figure 19(c) shows the performance of the average TP vs. various NDs (ranging

from 6 to 20 nodes/m2), where 5◦ ≤ the RA ≤ 50◦and the RF is fixed to 50%. This is a case of

the overhead being reduced at the expense of reducing the throughput. This case only occurred in

figure 19(b) when the RF = 0%. If there was no turn, the throughput of the VE-mobicast was lower

than that of the FAR and mobicast. However, we observed that the average TP of the VE-mobicast

> that of the FAR > that of the mobicast, as illustrated in figure 19(a)∼(c). If turns occurred, the

throughput of the VE-mobicast was better than that of the FAR and mobicast.

5.2.5 Power consumption ratio (PCR)

Figure 19 shows the simulation results of PCR for the VE-mobicast, mobicast, and FAR. The lower

the value of the PCR is, the greater the power savings and longer the network lifetime will be. Figure

20(a) shows the performance of the average PCR vs. various RAs (ranging from 5◦ to 50◦), where

10% ≤ the RF ≤ 100%, with the ND fixed at 10 nodes/m2. Figure 20(b) shows the performance

of the average PCR vs. various RFs (ranging from 0% to 100%), where 6 ≤ ND ≤ 20 nodes/m2,

with the RA fixed at 15◦. Figure 20(c) shows the performance of the average PCR vs. various NDs

(ranging from 6 to 20 nodes/m2), where 5◦ ≤ RA ≤ 50◦, with the RF fixed at 50%. The curve of the

PCR of the mobicast was higher than that of the FAR, and the curve of the PCR of the FAR was also
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Figure 20: Performance of the average power consumption ratio (PCR) vs. (a) rotation angle (RA),
(b) rotation frequency (RF), and (c) network density (ND).

higher than that of the VE-mobicast. The main cost of the PCR for any sensor node is transmitting

packets. From figure 20(a)∼(c), the average PCR of the mobicast > that of the FAR > that of the

VE-mobicast, because that the total number of transmitted packets of the mobicast > that of the FAR

> that of the VE-mobicast.

In summary, our VE-mobicast protocol is a truly efficient routing protocol which achieves high

predictive accuracy, a low packet overhead ratio, and a low power consumption ratio.

6 Conclusions

In this paper, we present a new ”spatiotemporal multicast” protocol for supporting applications

which require spatiotemporal coordination in a sensornet. To consider the path of a mobile entity

which includes turns, in this paper, we develop a new mobicast routing protocol, called the variant-

egg-based mobicast (VE-mobicast) routing protocol, by utilizing an adaptive variant-egg shape for

the forwarding zone to achieve high predictive accuracy. The main results of the VE-mobicast rout-

ing protocol are summarized as follows: (1) the VE-mobicast protocol builds a new adaptive and

dynamic shape for the forwarding zone, called the variant-egg, to adaptively determine the size,

shape, and location of the forwarding zone in order to maintain the least number of awake sensor
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nodes; (2) the VE-mobicast protocol is a fully distributed algorithm which effectively reduces the

communication overhead of constructing the forwarding zone and the mobicast message forwarding

overhead; (3) the VE-mobicast routing protocol offers high predictive accuracy of forwarding zones.

Finally, a mathematical analysis was given, and the simulation results illustrated the performance

achievements compared to existing mobicast routing protocols. Future work involves developing a

multi-VE-mobicast routing protocol which supports applications of multiple mobile sink nodes in a

sensornet.
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