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Energy Efficiency and Contact Opportunities
Tradeoff in Opportunistic Mobile Networks

Huan Zhou, Jiming Chen, Senior Member, IEEE, Huanyang Zheng, and Jie Wu, Fellow, IEEE

Abstract—To discover neighbor nodes, nodes in opportunistic
mobile networks (OppNets) have to probe their environment con-
tinuously. This can be an extremely energy-consuming process. If
nodes probe very frequently, a lot of energy will be consumed in
the contact probing process and might be inefficient. On the other
hand, infrequent contact probing might cause nodes to miss many
of their contacts. Therefore, there exists a tradeoff between energy
efficiency and contact opportunities in OppNets. To investigate
this tradeoff, we first propose a model to investigate the contact
probing process based on the random-waypoint model and obtain
the expressions of the single detecting probability and the double
detecting probability. Moreover, we also demonstrate that among
all contact probing strategies with the same average probing
interval, which do not have preknowledge of the contact process,
the strategy that probes at a constant interval performs better than
any arbitrary probing strategy in expectation in the single contact
probing process. Then, extensive simulations are conducted to val-
idate the correctness of our proposed model. Finally, based on the
proposed model, we analyze the tradeoff between energy efficiency
and the total number of effective contacts in the single and double
contact probing processes. Our results show that the total number
of effective contacts in the single and double contact probing pro-
cesses has a lower bound and an upper bound, and the good trade-
off points are obviously different when the speed of nodes is
different.

Index Terms—Contact probing, energy efficiency, opportunistic
mobile networks (OppNets), random waypoint (RWP) model.
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I. INTRODUCTION

R ECENTLY, with the rapid proliferation of wireless porta-
ble devices (e.g., iPad, Personal Digital Assistants, and
smartphones), a new peer-to-peer (P2P) application scenario—
opportunistic mobile networks (OppNets)—has begun to
emerge [1]-[4]. In OppNets, it is hard to guarantee an end-to-
end path due to the time-varying network topology, and thus,
nodes with data to be transmitted have to exchange data with
relay nodes within their communication range. This data ex-
change process is referred to as the store—carry—forward mech-
anism, which works as a basic strategy of data transmission in
OppNets [S]-[7].

To enable such data exchange, nodes in the network have
to continuously probe the environment to discover other nodes
in the vicinity. Not surprisingly, this contact probing is an ex-
tremely energy-consuming process [8]-[11]. Wang e? al. in [9]
made measurements on a Nokia 6600 mobile phone to test the
energy consumption in the contact probing process, and their
results show that the contact probing process is as energy inten-
sive as making a phone call! Moreover, in OppNets, the inter-
contact time is generally much larger than the contact duration,
due to node sparsity in OppNets [12]; this indicates that nodes
in the network will waste a lot of energy in the contact probing
process if they probe the environment too frequently. Therefore,
it is pressing to investigate saving energy during the contact
probing process in OppNets.

One strategy for saving energy is to increase the time be-
tween subsequent contact probing. The consequence of this is
that nodes in the network may miss many chances to contact
others in the contact probing process, and thus, opportunities
to exchange data are lost. Moreover, if nodes probe the envi-
ronment too frequently, a lot of energy will be consumed in the
contact probing process and might be inefficient. This points to
a tradeoff between energy efficiency and contact opportunities
in the contact probing process.! For strategies that use a con-
stant contact probing interval, the larger the contact probing
interval, the greater the number of missed contact opportunities,
and vice versa. To investigate the tradeoff between energy effi-
ciency and the contact opportunities in OppNets, we first pro-
pose a model to investigate the contact probing process based
on the random waypoint (RWP) model and analyze the perfor-
mance of the constant probing strategy in the single contact
probing process. Then, based on the proposed model, we ana-
lyze the tradeoff between energy efficiency and the total number

I'Since only the effective contacts can be used for data exchange in OppNets,
we define contact opportunities as the total number of effective contacts.
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of effective contacts under different scenarios. Specifically, our
contributions in this paper are threefold.

1) We propose a model to investigate the contact probing pro-
cess in OppNets, which is based on the RWP model. Given
the distribution of the contact duration in the RWP model,
we analytically obtain the expressions of the single de-
tecting probability and the double detecting probability.
Moreover, we also demonstrate that the constant prob-
ing strategy performs better than any arbitrary probing
strategy with the same average contact probing interval
in expectation in the single contact probing process.

We conduct several simulations to validate the correct-
ness of our proposed model, and our results show that the
simulation results are quite close to the theoretical results
under different scenarios, which validate the correctness
of our proposed model. Furthermore, our results also
show that our proposed model can be applied to a more
general scenario.

Based on the proposed model, we obtain the number of
effective contacts detected by a certain node over a certain
period, which is denoted as the total number of effective
contacts, and then, the tradeoff between energy efficiency
and the total number of effective contacts in OppNets is
analyzed under different scenarios.

2)

3)

The remainder of this paper is organized as follows. We pre-
sent the related work in Section II and introduce the network
model in Section III. Section IV proposes a model to investigate
the contact probing process based on the RWP model and
derives the expressions of the single detecting probability and
the double detecting probability. Furthermore, Section IV also
analyzes the performance of the constant probing strategy in
the single contact probing process. Extensive simulations are
conducted to validate the correctness of the proposed model in
Section V. Then, based on the proposed model, tradeoffs be-
tween energy efficiency and the total number of effective
contacts under different scenarios are analyzed in Section VI.
Furthermore, some discussions are given in Section VII. Fi-
nally, we conclude this paper in Section VIII.

II. RELATED WORK

The stochastic event capturing process in wireless mobile
sensor networks is similar to the contact probing process in
OppNets. Since sensors with limited energy consume a lot of
energy in the stochastic event capturing process, some recent
studies have designed energy-efficient schemes for stochastic
event capturing in wireless sensor networks [13]-[16]. The
tradeoff between energy efficiency and quality of monitoring in
the wireless mobile sensor networks was investigated in [13].
He et al. proposed a utility function: expected information cap-
tured per unit of energy consumption (IPE) to evaluate the
overall event capturing performance of a mobile sensor and
systematically analyze the optimal event capturing scheduling
under different scenarios. In [14], energy-aware optimization of
the periodic schedule for static sensors to capture events was
investigated. Moreover, four design points were considered:
1) synchronous periodic coverage without coordinated sleep;
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2) synchronous periodic coverage with coordinated sleep;
3) asynchronous periodic coverage without coordinated sleep;
and 4) asynchronous periodic coverage with coordinated sleep.
In our study, we focus on investigating the contact probing pro-
cess in OppNets, which is similar to the stochastic event captur-
ing process but is more complicated than the memoryless event
arrival and departure process of stochastic event capturing in
wireless mobile sensor networks.

Note that nodes consume a lot of energy in the contact prob-
ing process, and a high probing frequency means a large amount
of energy consumption. Therefore, some studies have investi-
gated the contact probing process to save energy in OppNets
[9], [17]-[19]. In [9] and [17], the impact of contact probing on
the probability of missing a contact and the tradeoff between
the missing probability and energy consumption in Bluetooth
devices were investigated. Furthermore, though characterizing
real-world contact patterns in real mobility trace, an adaptive
contact probing mechanism, i.e., STAR, was proposed. Via real-
trace-driven simulations, Wang et al. show that their proposed
mechanism, i.e., STAR, consumed three times less energy when
compared with a constant contact probing interval scheme. In
[18], two novel adaptive schemes for dynamically selecting the
parameters of the contact probing process were introduced and
evaluated. The proposed schemes enable nodes to adaptively
switch between low-power slow-discovery modes and high-
power fast-discovery modes, depending on the mobility con-
text. In [19], the impact of contact probing on link duration and
the tradeoff between energy consumption and throughput were
investigated. In addition, this paper also provides a framework
for computing the optimal contact probing frequency under
energy limitations.

Different from all the aforementioned existing studies, our
paper focuses on investigating the contact probing process in
OppNets, which is based on the RWP model, and proposes a
model to analyze the tradeoff between energy efficiency and the
contact opportunities under different scenarios.

III. NETWORK MODEL

This section introduces the network model related to the con-
tact probing process in OppNets. There have been many mobil-
ity models available for evaluating the contact probing process
in OppNets, including the RWP model [20], [21], random walk
[22], and realistic mobility trace [23]. In this paper, we focus
on investigating the contact probing process in OppNets based
on the RWP model. In the RWP model, we consider 2-D sys-
tem space S of size S as a square area of width s. With this
mobility model, each node selects a target location to move at
speed V selected from a uniformly distributed interval [Viyin,
Vinax). Once the target location is reached, the node pauses for
a random time and then selects another target location with an-
other speed to move again. This process repeats in this manner.
For simplicity, we assume that there are N nodes in the net-
work, which move at the same speed V', and with the same
pausing time equal to 0.

In OppNets, nodes are in contact with each other only if they
are within the communication range of each other, and the time
when nodes are in contact with each other continuously is called
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Fig. 1. Contacts between two nodes at a constant probing interval 7T'. The
upper arrow denotes the probing action of the node.

the contact duration, whereas the time between subsequent
contacts is defined as the intercontact time. We assume that the
contact duration 7} is independent and identically distributed
(i.i.d.) and stationary random variables with a cumulative distri-
bution function (cdf) of Fr,(t). Fig. 1 gives an example of the
contact duration 7y and the intercontact time 7, between two
nodes at a constant probing interval T'. We further assume that
each probe consumes equal energy, so that the energy consump-
tion rate of the node can be converted into the average contact
probing frequency.

To enable data exchanges, nodes in the network have to conti-
nuously probe the environment to discover others in the vicin-
ity. We assume that there are N nodes (e.g., portable devices
with Bluetooth) in the network, and they have the same com-
munication range of r. Since the normal communication range
of portable devices with Bluetooth is less than 10 m [24], we as-
sume that » < 10 m. We define two nodes to be in contact if
they are within the communication range of each other. How-
ever, if neither node probes its vicinity during their contact with
each other, then we have a missed contact. Therefore, we divide
the contact in the contact probing process into two kinds: the
effective contact and the missed contact. An effective contact
happens when either node probes its environment while in con-
tact with another. Since this kind of contact between two nodes
can be discovered by one of the two nodes, or both of them, we
regard this kind of contact as the effective contact, which can be
used for different applications in OppNets. The missed contact
happens when neither of the two nodes probes its environment
during their contact with each other. Since this kind of contact
between two nodes cannot be discovered by the other, we refer
to this kind of contact as the missed contact. Note that the con-
tact in OppNets is infrequent, and the contact probing process
has a significant effect on the performance of different applica-
tions in OppNets. Therefore, in the following section, we will
propose a model to investigate the contact probing process in
OppNets.

IV. MODELING THE CONTACT PROBING PROCESS

In OppNets, unlike traditional connected networks (e.g., P2P
networks and Internet-accessible networks), nodes are intermit-
tently connected [25], [26]. Nodes in the network can communi-
cate with each other only when they move into the transmission
range of each other. Due to frequent link disconnections and
dynamic topology in OppNets, contact schedules among nodes
are not known in advance. Therefore, nodes in the network have
to probe the environment continuously to find the contact that
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can be used for different applications in OppNets. Here, we will
propose a model to investigate the contact probing process in
OppNets based on the RWP model.

A. Single Detecting Probability

Here, we investigate the contact probing process in which a
contact between two nodes is detected by a certain node only if
it is detected by its own probes, i.e., the single contact probing
process. Let us define P,q (single detecting probability) as the
probability that a contact between two nodes can be detected
by a certain node in OppNets. For the following analysis, we
assume that for node A, a contact with node B is detected (an
effective contact), only if the contact with B is detected by A’s
probes, or this contact is a missed contact. As shown in Fig. 1,
we suppose that node A probes at a constant probing interval
T, then for node A, Contact 2 and Contact 3 are effective con-
tacts, whereas Contact 1 is a missed contact. We will relax this
later, to compute the double detecting probability when either
A or B’s probes detect the contact with each other. Let us con-
sider the contact probing strategy, where each node probes for
contacts at a constant probing interval of T" (see Fig. 1), and we
will discuss all contact probing strategies with the same average
contact probing interval later.

There will be a set of different possibilities for calculating the
single detecting probability, i.e., Psq, depending on the lengths
of the probing interval 7" and the contact duration 7. Note that
if T; > T, the contact will always be detected. Therefore, we
have the following theorem.

Theorem 1: For a certain node A, with a constant probing in-
terval of T, the single detecting probability can be expressed as

T T
Psd(T)z%/Pr{Td b > T)di=1— %/FTd(t) dt. (1)
0 0

Proof:  Assume that node A probes its vicinity at time {7,
2T, ...}; here, we consider the interval [0, 7] to calculate the
single detecting probability. Let ¢ be a random variable indicat-
ing the time when a contact with A would begin in the interval
[0, T]. As shown in Fig. 1, ¢ can be expressed as the beginning
of Ty. Since nodes are randomly moving, we can obtain that
t is uniformly distributed over the interval [0, T]. Note that a
contact will be detected by node A if a) it happens when A
probes its vicinity at time 7' and b) it happens during period
[0, T), but the contact duration T} is long enough to be detected
by the contact probing time 7'. Therefore, the single detecting
probability Ps4(T) is the sum of these two parts and can be ex-
pressed as (1). |

It is worth noting that if the contact duration 7y is distributed
according to a given distribution, we can analytically obtain
the relationship between energy consumption and the single
detecting probability Ps4(T"). As shown in [27] and [28], the
contact duration T; in the RWP model is i.i.d. and stationary
random variables with a cdf of F',(t), which can be expressed as
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Fig. 2. Comparisons between the approximate value and the precise value of
Fr,(t) under different scenarios.

where 7 is the transmission range of nodes, and V' is the moving
speed of nodes.

Note that the given equation is hard to integrate. Therefore,
to facilitate the modeling, we simplify the given expression of
Fr,(t) as follows:

V22

FTd(t) = {W7 2

T
1 T oV

t<

. 3

<= <Is

The Appendix describes how to obtain the given expression.

Fig. 2 shows the comparison between the approximate value
of Frr,(t) and the precise value of Fr, (t) under different sce-
narios. It can be found that, as the contact duration 7}; increases,
the approximate value of F'r, () and the precise value of Frr, (%)
are very close to each other, particularly whenr = 6 mand V =
6 m/s. Therefore, in the following, we will simply use the ap-
proximate value of Frr, (t) instead of the precise value of Fr, (t)
to calculate the detect probability Py4(T) directly.

Substituting (3) into (1), we obtain the expression of the
single detecting probability Ps,(T) as follows:

1— T2V?2
6r2

ar :

3TV

T <

T “

Psd(T) = {

<ls <I=

T
272V 2>

Fig. 3 shows the relationship between the single detecting
probability Ps4(T) and the contact probing interval 7' under
different scenarios. Fig. 3(a) shows the relationship between the
single detecting probability Ps4(7") and the contact probing in-
terval 7" when the speed V' changes; meanwhile, Fig. 3(b)
shows the relationship between the single detecting probability
P.4(T) and the contact probing interval 7' when the communi-
cation range 7 changes. It can be found that the single detecting
probability Ps4(7T') increases as the contact probing interval T
decreases under different scenarios. This is reasonable because
if T is smaller, nodes in the network will probe their environ-
ments more frequently, resulting in the increase of the single
detecting probability P, (7). It is worth noticing that the upper
bound of P,4(T) is 1 when T =0, and the lower bound of
Pyy(T) is 0 when T is close to co. It can also be found that
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the single detecting probability Psq(T") decreases as speed V'
increases and increases as communication range r increases.
The main reason is that contact duration 7; increases as com-
munication range 7 increases or speed V' decreases, whereas
larger contact duration results in the increase of the single
detecting probability Psq(T).

B. Double Detecting Probability

In the above, we have given the expression of the single de-
tecting probability, which represents the probability that a con-
tact between two nodes A and B is detected by node A’s probes.
Here, we investigate the double contact probing process, which
means a contact between nodes A and B is detected (an effec-
tive contact) if either node probes the environment during their
contact with each other. For example, as shown in Fig. 4, each
node probes for contacts at a constant probing interval of T'; we
suppose that node A probes at times of 7,27, . .., nT, and node
B probes at times of y, y+T,...,y+ (n—1)T. It can be
found that Contact 2 and Contact 3 are detected by node A’s
probes, whereas Contact 1 is missed by node A’s probes, but
Contact 1 is detected by node B’s probes. Therefore, Contact 1
is still an effective contact. Consider the case when nodes A and
B are independently and periodically probing the environment
with a constant probing interval 7. Then, the probability that,
during a contact with each other, either node discovers the other
is given by

-y -
Pu(T,y) = = /Pr{Td—i-tZy}dt—l—/Pr{Td—i-tZT}dt
LO Y
! i Yy T—y
=7 T—/FTd(t)dt— / Fr,(t)dt| . 5)
L 0 0

Since the two nodes are probing independently, y is uni-
formly distributed in [0, T']. Then, we obtain the double detect-
ing probability P;4(T") as

T Y T
Py (T) :TLQ/ /Pr{Td—l-tZy} dt—l—/Pr{Td—i-tZT} dt| dy
o Lo y
| TT y T—y
:ﬁ/ T—/FTd(t)dt— /FTd(t)dt dy
oL 0 0

(6)
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Fig. 3. Single detecting probability Psg(7") under different scenarios. (a) When speed V' changes. (b) When communication range r changes.
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Contact 2 T,(3)
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Ty(1)
' 11T 11 11 t
T y+#T 2T 2y+T 3T 3y+T 4T 4y+T

Fig. 4. Double contact probing process between two nodes at a constant
probing interval 7'. The upper arrow denotes the probing action of the two
nodes.

Substituting (3) into (6), we obtain the expression of the
double detecting probability P;q(T) as

Pyq(T)

2 7
- / Fr, (t)dt| dy
0 0

2,3
1_%|:0TV67"'yz dy:|’

|
<l=

T 32,3 T 2
l— 7 [fov o dy—l—f% y+ 262y_?i1_\7;dy , T>y
e ix T<¢ .
) 8 TV 2
VT (7+4ln7) w1 >+

Fig. 5 shows the comparison between the single detecting
probability Ps,(T") and the double detecting probability Pyq(T")
under different scenarios. Fig. 5(a) shows the comparison be-
tween Psq(T) and P;4(T) when speed V changes, and Fig. 5(b)
shows the comparison between Psq(T") and Pyq(T") when com-
munication range r changes. It can be found that, similar to the
results in Fig. 3, the double detecting probability Pyq(T)
also decreases as contact probing interval 7" or speed V in-
creases and increases as communication range r increases.
It can also be found that the double detecting probabil-
ity Pyq(T) is much larger than the single detecting prob-
ability Psq(T"), not only when speed V' changes but when

communication range 7 changes as well. This is reason-
able because in the double contact probing process, if either
node probes the environment while in contact with another,
then this contact can be discovered, or an effective contact.
However, in the single contact probing process, if one node
misses a contact with another node, then this contact will be
missed. Therefore, the double detecting probability Pyq(T) is
much larger than the single detecting probability Ps4(7") under
different scenarios.

C. Performance Analysis of the Constant Contact
Probing Strategy

In the previous discussion, we have given the expressions
of the single detecting probability and the double detecting
probability when the contact probing interval is a constant using
the RWP model. Here, we will analyze the performance of the
constant probing strategy in the single contact probing process.

Theorem 2: Consider an environment with N nodes in the
network. Note that the distribution of contact duration in the
RWP model is i.i.d., and node pairs in the RWP model have
identical intercontact time distributions, with an expected inter-
contact time of 1/\ [27], [29], [30]. Then, among all contact
probing strategies with the same average contact probing inter-
val, which do not have preknowledge of the contact process,
the strategy that probes at a constant interval performs better
than any arbitrary probing strategy in expectation in the single
contact probing process.

Proof: Without loss of generality, we consider that nodes
in the networks probe the environment in a large interval of L,
and nodes in all strategies probe the environment n times in this
interval L. As shown previously, for the strategy that probes at a
constant contact probing interval ' = L /n, the single detecting
probability over interval L is Psq(T)=1— (1/T) fOT Fr,(t)dt.
Assume that an arbitrary strategy probes n times at ¢y, ta, ...,
tn, Wheret) < to < --- < tn,andt, —t; < L.Denotety = 0,
then we have n contact probing intervals of C; =t — t,
Cy =ty —ty,...,C, =t, —t,_1.Since nodes select the con-
tact probing time t; randomly and node pairs in the network
have identical intercontact time distributions, with an expected
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Fig. 5. Comparison between Ps4(T') and Pyq(T) under different scenarios. (a) When speed V' changes. (b) When communication range r changes.

intercontact time of 1/A, the number of expected effec-
tive contacts detected by a certain node in the kth inter-
val Cp =t —tr_1 is )\(N— 1)Ck(1 — (1/Ck) Ock FTd (t)dt) =
AN =1)(Cy— OC’“ Fr,(t)dt). Here, N is the total number
of nodes in the network. Then, the expected single detecting
probability over the interval L can be expressed as

n Cr
- 1
Psd = m kz:;/\(N_ 1) Ck _/FTd(t)dt
1| ¢ O
=z Z Cj — / Fr,(t)dt (®)
k=1 2
For C,, > T, we have
Ck T C
- / Fr, (t)dt = — [ Fr, (£)dt + / Fr, (t)dt
0 0 T
T Chk
< - / Fr,(t)dt — / Fr,(T)dt
0 T
T
_ / Fr,(t)dt — (Cx — TYFr,(T).  (9)
0

For Cy, < T, we have

ChrL T T
- 0/ Fr,(t)dt = — 79/ Fr,(t)dt — g{ Fr,(t)dt
<_ / Fr, (£)dt + / Fr, (T)dt]
0 ChrL

T
_ —/FTd (t)dt + (T — Cy) Fr, (T).  (10)
0

Substituting (9) and (10) into (11), we have

Ch
_ 1<
P = f; C, — / Fr, (t)dt
= 0

0.8
42‘
= 07
8
S 0.6
o
g 0.5 e
£ 04
a B .
203 :
£ : ;
0.1 :
% 5 10 15 20 25 30 35 40
T(s)
(b)
l & f
< > |o- / Pr,(t)dt + (T = C) Pr, (T)
k=1 0
1 [ r S
=7 ch_ n/FTd(t)ch- <nT—Z C’k> Fr,(T)
_k=1 0 k=1
1 [ f -
<7 Ck—n/FTd(t)dt+nT—ZCk
_k=1 0 k=1
l T
=— |nT—n [ Fr,(t)dt| = Pa(T 11
LIy R / (1) o(T) (1)
0
|

Therefore, according to Theorem 2, we obtain that, among all
contact probing strategies with the same average contact prob-
ing interval, which do not have preknowledge of the contact
process, the strategy that probes at a constant interval performs
better than any arbitrary probing strategy in expectation in the
single contact probing process.

V. MODEL VALIDATION

Here, we conduct several simulations to validate the correct-
ness of our proposed model using MATLAB. In our simulation,
we use the network scenario with ten nodes distributed over
500 x 500 m2. Nodes in the scenario move according to the
RWP model, and they all communicate using a normal commu-
nication range r. According to the previous assumptions, we
consider that all nodes in the network have the same moving
speed V, and we set the pausing time to O s.

Furthermore, since it is not practical to assume that all nodes
in the network have the same moving speed V', we also conduct
some simulations to test whether our proposed model can be ex-
tended to a more general scenario. In this scenario, we consider
that the speed of nodes in the network is uniformly distributed
in the range of [V — C,V + (], where C is a constant value.
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Fig. 6. Comparison between simulation results and theoretical results of
Fr, (t) under different scenarios.

Therefore, the average speed of nodes in the network is V, and
we can obtain the theoretical results from our proposed model
when the average speed of nodes is V. Varying the value of
C, we can test whether the simulation results are close to the
theoretical results obtained from our proposed model in this
scenario.

Fig. 6 shows the comparison between simulation results and
theoretical results of Fr,(t) under different scenarios. It can
be found that with the increase of ¢, the simulation results of
Fr,(t) are very close to the approximate value of Fr,(¢) and
the precise value of Fp, (t) whenr = 6 m, V = 2, 3, and 6 m/s.
It can also be found that with the increase of ¢, the simulation
results of Fp, (t) are much closer to the approximate value of
Fr,(t) than the precise value of Fr,(t) whenr = 6m, V =2,
3, and 6 m/s, except for r=6 m and V' =2 m/s when t<r/V.
Therefore, in this paper, we simply use (3) instead of (2) to cal-
culate the single detecting probability and the double detecting
probability directly.

Fig. 7 shows the comparison between simulation results
and theoretical results of Ps4(T) under different scenarios.
Fig. 7(a) shows the comparison between the simulation results
of Psq(T) and the theoretical results of P,4(7") when speed V'
changes, and Fig. 7(b) shows the comparison between the sim-
ulation results of P,4(7T) and the theoretical results of Psq(T)
when communication range r changes. It can be found that with
the increase of T, the simulation results of P,q(T") are very
close to the theoretical results of Ps;(T"), not only when speed
V' changes but when communication range r changes as well.

Fig. 8 shows the comparison between simulation results and
theoretical results of P4(7T) under different scenarios. Fig. 8(a)
shows the comparison between the simulation results of P;q(7T)
and the theoretical results of Pyq(T") when speed V' changes,
and Fig. 8(b) shows the comparison between the simulation
results of P4(T") and the theoretical results of Pyq(T) when
communication range r changes. It can be found that with the
increase of T, the simulation results of Py4(7") are also very
close to the theoretical results of P;4(7T), not only when speed
V' changes but when communication range r changes as well.
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Fig. 9 shows the comparison between the simulation re-
sults and theoretical results of Ps4(T') and P;4(T) when pa-
rameter C' changes. Here, C' is a constant value. Varying the
value of C, we can test whether the simulation results are
close to the theoretical results obtained from our proposed
model in this scenario. Fig. 9(a) shows the comparison between
the simulation results and the theoretical results of Pyq(T)
when parameter C' changes. It can be found that with the
increase of T', the simulation results of P,4(7") when parameter
C' changes are very close to the theoretical results of Pyq(T),
particularly when C' is small and T is short or long. Fig. 9(b)
shows the comparison between the simulation results and the
theoretical results of Py4(7") when parameter C' changes. It can
be found that with the increase of 7T, the simulation results
of Pyq(T) when parameter C' changes are also very close to
the theoretical results of Pyq(T"), particularly when C is small
and T is short or long. Therefore, our proposed model is also
suitable for the more general scenario, in which the speed of
nodes in the network is uniformly distributed in the range of
V-CV+C.

Fig. 10 shows the comparison between the simulation results
and theoretical results of P,4(7T) and Py4(T") when parameter T’
changes. Similar to the results in Fig. 9, it can be found that with
the increase of C, the simulation results of Psq(T) and Pyq(T)
are very close to the theoretical results of Pyq(7'), particularly
when C'is small. Furthermore, the simulation results of Ps4(T")
and P;4(T') are very close to the theoretical results of Psq(T)
and P;4(T) when T is short (0.4 s) or long (10 s), which is in
accordance with the results in Fig. 9.

To summarize, we have conducted several simulations to
validate the correctness of our proposed model in this section.
Via simulations under different scenarios, we show that the
simulation results of Frr, () are much closer to the approximate
value of Fr, (t) than the precise value of Frr, (¢) under different
scenarios, except for r = 6 m and V' =2 m/s when t < r/V;
the simulation results of P,4(T") and P;4(T) are also very close
to the theoretical results of Psq(T') and Pyq(T'), respectively,
which validate the correctness of our proposed model. Further-
more, we also show that our proposed model can be applied to
a more general scenario, in which the speed of nodes in the net-
work is uniformly distributed in the range of [V — C,V + C].

VI. TRADEOFFS BETWEEN ENERGY EFFICIENCY AND
THE TOTAL NUMBER OF EFFECTIVE CONTACTS

Here, we introduce the tradeoff between energy efficiency
and the total number of effective contacts in the single contact
probing process and the double contact probing process, while
the total number of effective contacts denotes the number of
effective contacts detected by a certain node over a certain pe-
riod. Here, we consider that a certain node, e.g., node A, probes
its environment over a certain period L (e.g., node A should
probe the environment over a period of 5 h), then we consider
how to decide the probing interval T to make the contact
probing process more energy efficient.

According to [29] and [30], under the simplifying condition
that the pausing time is 0, node pairs in the RWP model
have identical intercontact time distributions, with an expected
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contact rate A\ = 2rV,.,,V/S, where Vi, ~ 1.754 is the
normalized relative speed for the RWP model, V' is the moving
speed of nodes, r is the transmission range of nodes, and S is
the size of the scenario. Then, the number of effective contacts
detected by a certain node, e.g., node A, with a certain node,
e.g., node B, over period L in the single and double contact
probing processes can be expressed as

Negr = ALPyy(T)
!t = ALPyq(T)

12)
13)

where A = (2rV,.,,V')/S is the contact rate between nodes A
and B, P,4(T) is the single detecting probability, and Pyq(T")
is the double detecting probability.

Note that there are N nodes in the network and that node
pairs in the RWP model have identical intercontact time distri-
butions. Therefore, the number of effective contacts detected by

node A over period L in the single and double contact probing
processes can be expressed as

Negr = AN —
ef:/\(N_

1)LPsa(T)
1)LP44(T).

(14)
15)

Substituting (4) into (14) and (7) into (15), we obtain the
expressions of the total number of effective contacts in the
single and double contact probing processes as

(1 _ T62T‘g2> QT(N_lk)S“/TprL7 T < %
Neypp = (16)
r2 2r(N=1)Vyup L r
2T2v S , T> A7
v272\ 2r(N-1)Vywp VL v
, (1 12r2 ) I ExT
eff = 2 2r(N=1)Vyp L
[ (THaIntY) | 2Ot B <)

a7)
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Fig. 10. Comparison between the simulation results and theoretical results of (a) Psq(T") and (b) Pyq(T') under different scenarios when parameter 7" changes.

where 7 is the transmission range of nodes, V' is the moving
speed of nodes, and T is the contact probing interval.

In this paper, since we only investigate the energy consumed
in the contact probing process, we do not take into account the
energy consumed in the data transmission process. We define
energy consumption £ = 1/T, which indicates the probing rate
of nodes in the network. If the probing rate is larger, nodes in
the network will consume more energy in the contact probing
process. Then, (16) and (17) will be changed to

Negr = (18)
ArE 2E2\ 2r(N-1)VywpL v
(TT v ) 5 , E<T

V2 2r(N=1)Vyp VL %

, (1 - 12r2E2) S ) B>

eff — [M_ (7+4I7’LL) 7,2E2:| QT(Nfl)VTU,pL E< \4

3 rE 4V S ’ rt

(19)

According to (18) and (19), when the energy consumption £
is close to oo, we can obtain the total number of effective con-
tacts in the single contact probing process and the double con-
tact probing process as: Nepr =N/ ;p=(2r(N —1)V,.p)VL) /S,
which is the upper bound of Nfs and N ;. When E is equal
to 0, we can obtain that N.¢r = Néff = 0, which is the lower
bound of Ncyr and N, é - Here, for simplicity, we set N = 2,
L =25000 s, and S = 500 x 500 m?. Therefore, the upper
bound of N,y and Néff will be changed to 21V, V.

Fig. 11 shows the tradeoff between energy efficiency and the
total number of effective contacts in the single and double con-
tact probing processes. Fig. 11(a) shows the tradeoff between
energy efficiency and the total number of effective contacts in
the single and double contact probing processes when speed V'
changes, and Fig. 11(b) shows the tradeoff between energy effi-
ciency and the total number of effective contacts in the single
and double contact probing processes when communication
range r changes. It can be found that the total number of effec-
tive contacts in the single and double contact probing processes
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Fig. 11. Tradeoffs between energy efficiency and the total number of effective contacts in the single and double contact probing processes. (a) When speed V'

changes. (b) When communication range 7 changes.

increases as the energy consumption increases. This is reason-
able because more energy consumption means more frequent
contact probing, resulting in the increase in the total number of
effective contacts. Furthermore, when the energy consumption
increases to a certain value, the increase rate of Neyr and IV, é f
will be very small. Therefore, we define that with the increase
of the energy consumption, if Nz and N reach 90% of the
upper bound, then this point will be the good tradeoff point be-
tween energy efficiency and the total number of effective con-
tacts in the single and double contact probing processes. For
example, when r=6m, V =2 m/s, N,y reaches 90% of the up-
per bound when the energy consumption is 0.45, and the corre-
sponding value is 1.3 when »=6 m, V' =6 m/s, which are good
tradeoff points between energy efficiency and the total number
of effective contacts in the single contact probing process. N, f
reaches the upper bound faster than N, not only when speed
V' changes but when communication range r changes as well.
Whenr=6m, V =2m/s, chff reaches 90% of the upper bound
when the energy consumption is 0.3, and the corresponding va-
lIue is 0.9 when =6 m, V' =6 m/s, which are good tradeoff
points between energy efficiency and the total number of effec-
tive contacts in the double contact probing process. It is worth
noticing that good tradeoff points in the single and double con-
tact probing processes change as speed I changes; however, good
tradeoff points in the single and double contact probing pro-
cesses are almost the same as communication range r changes.
As shown in Fig. 11(a), when speed V' is smaller, N, sy and ch f
reach the upper bound more quickly, and the good tradeoff points
in the single and double contact probing processes are obviously
different when V' =2, 3, and 6 m/s. Therefore, good tradeoff
points in the single and double contact probing processes are
obviously different as speed V' changes. When communication
range r changes, the good tradeoff points are nearly the same,
because N, s nearly reaches the upper bound at the same point
whenr = 4, 6, and 8 m, and IV, é f also nearly reaches the upper
bound at the same point when r = 4, 6, and 8 m.

Similar to the results in Fig. 3(b), the total number of effec-
tive contacts in the single and double contact probing processes

also increases as communication range r increases. The main
reason is that Psq(T) and P44(T) increase as r increases, re-
sulting in the increase of the total number of effective contacts.
It is worth noticing that different from the results in Fig. 3(a),
the total number of effective contacts in the single and double
contact probing processes increases as speed V' increases. The
main reason is that although Ps4(T') and Pyq(T) decrease as
speed V increases, the contact rate A increases as V' increases,
and the contact rate A increases more quickly, resulting in the
increase in the total number of effective contacts.

To summarize, we have obtained the expressions of the total
number of effective contacts in the single and double contact
probing processes, respectively, and analyzed the tradeoff be-
tween energy efficiency and the total number of effective con-
tacts under different scenarios. Our results show that the total
number of effective contacts in the single and double contact
probing processes has a lower bound and an upper bound, and
the good tradeoff points are obviously different when the speed
of nodes is different. Our results also show that the single de-
tecting probability and the double detecting probability increase
as the speed of nodes decreases, whereas the total number
of effective contacts in the single and double contact probing
processes increases as the speed of nodes increases. Further-
more, the total number of effective contacts in the double
contact probing process reaches the upper bound much faster
than the total number of effective contacts in the single contact
probing process, not only when the speed of nodes changes but
when the communication range changes as well.

VII. DISCUSSIONS

For simplicity, we assumed that nodes move at the same
speed and with the same pausing time equal to 0. In fact, our
proposed model can be also extended to the case without this as-
sumption. The probability density function (pdf) of contact du-
ration with pausing time and different speed has been given in
[28]. If we substitute the expression in [28] into (1) and (7), then
we can obtain the expressions of the single detecting probability
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and the double detecting probability, respectively. Furthermore,
the expected intercontact time with pausing time and different
speed is given as the expected meeting time in [30]. If we substi-
tute the expression in [30] into (14) and (15), then we can obtain
the total number of effective contacts in the single and double
contact probing processes, respectively. The only problem is
that the pdf of contact duration with pausing time and different
speed is very complex. It is hard to obtain the exact expressions
of the single detecting probability and the double detecting pro-
bability. In the future work, we will try to solve this problem.

VIII. CONCLUSION

In this paper, we have proposed a model to investigate the con-
tact probing process in OppNets, which is based on the RWP
model. Given the contact duration distribution in the RWP model,
we analytically obtain the expression of the single detecting
probability and the double detecting probability, respectively,
and demonstrate that, among all contact probing strategies with
the same average contact probing interval, the strategy that probes
at a constant interval performs better than any arbitrary probing
strategy in expectation in the single contact probing proces.
Then, we conduct several simulations to validate the correctness
of our proposed model. Our results show that the simulation re-
sults are quite close to the theoretical results under different sce-
narios, which validate the correctness of our proposed model.
Furthermore, our results also show that our proposed model can
be applied to a more general scenario. Finally, based on the pro-
posed model, we analyze the tradeoff between energy efficiency
and the total number of effective contacts under different sce-
narios. Our results show that the good tradeoff points are obvi-
ously different when the speed of nodes is different. Moreover,
the single detecting probability and the double detecting proba-
bility increase as the speed of nodes decreases, whereas the total
number of effective contacts in the single and double contact
probing processes increases as the speed of nodes increases,
and the total number of effective contacts in the double contact
probing process reaches the upper bound much faster than the
total number of effective contacts in the single contact probing
process. In the future work, we plan to extend our proposed
model to a more general heterogeneous RWP model.

APPENDIX

According to (2), we have

1 r2 22
Fry(t) =3 - — 57

(20)

If t < r/V, we have

FTd (t) =
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2 2rVt  r 2r2
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Therefore, we obtain the approximation of (2) as
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