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ABSTRACT 

In this paper we study in-network query processing in 
disconnected mobile environments, where both ad-hoc 
communication and infrastructure communication are available. 
Depending on how the infrastructure is utilized, various query-
processing schemes are classified. Analytical models are 
developed to compute the average delay and the average energy 
consumption for each of these schemes. Based on the analytical 
models, the query processing schemes are compared under various 
environment conditions. It is found that none of the studied 
schemes is optimal in all the conditions. Therefore the paper 
provides a method that allows the optimal scheme to be chosen 
for a given set of environmental conditions.   

Categories and Subject Descriptors 

H.2.4 [Database Management]: Systems – Distributed databases; 

C.2.4 [Computer-Communication Networks]: Distributed 
Systems – Distributed databases; distributed applications 

General Terms 

Algorithms, Performance 

Keywords 

Mobile ad hoc networks, sensor networks, spatial queries, mobile 
data management, mobile peer-to-peer networks 

1. INTRODUCTION 
Mobile ad hoc and sensor networks are usually referred to as 
wireless ad hoc networks. Wireless ad hoc networks arise in 
applications where data sources are geographically spread (e.g., 
Intelligent Transportation Systems (ITS) [15], battlefield 
surveillance systems [16], and wildlife tracking [17]). Due to 
unattended and untethered node deployments, many applications 
in wireless ad hoc networks specify their interests using 
geographical predicates (i.e., spatial queries). Consider two 
common types of spatial queries in a wireless ad hoc network. The 
first type, the nearest neighbor (NN) query, finds the node that is 
the nearest to a certain geospatial query-point among all the nodes 
in the network. The second type, the range query, finds all the 
nodes that are inside a certain geospatial region. In a static sensor 

network, the answer of such a query is fixed and does not change 
over time. In a mobile sensor network, the answer to a NN or 
range query changes over time, as the nodes move. For example, 
the answer to a NN query at time 2 may be different from the 
answer at time 1, since the node that was closest to the query 
point at time 1 may have moved away.   

Consider now the in-network processing of these queries. In this 
style, the query is processed collaboratively by the nodes 
themselves, rather than by a central site [1, 2, 3]. Existing in-
network processing algorithms assume that the network is 
connected at any point in time. In a static network these 
algorithms compute the fixed answer. Furthermore, it is assumed 
that the query and answers are transmitted between neighboring 
nodes instantaneously, thus  in a mobile and connected network, 
in-network NN and range query-processing algorithms compute 
the answer at the time the query is issued.  

Now consider the case where a static network is disconnected, i.e. 
the communication graph (the graph which has the nodes as 
vertices, and where two nodes are connected by an edge if they 
are within transmission range) is disconnected. In this case, the in-
network query processing may not be able to compute the answer 
due to disconnection of the nodes participating in the 
computation. For example, if the node issuing a NN query is 
disconnected from the node that is closest to the query point, in-
network query processing is not possible.  

A mobile disconnected network is a network in which some pair 
of nodes is sometime disconnected. In other words, a 
disconnected network may not be always disconnected, only 
sometimes; or it may be highly disconnected in the sense that 
most of the time an average node has no neighbors. In a mobile 
disconnected network, in-network query processing seems 
possible, but it may not be instantaneous. To continue the above 
example, there may not be a contemporaneous path between the 
querying node and the nearest-neighbor node, but as the nodes 
move the query may be carried to the query point, answered, and 
the answer carried back to the querying node. However, one 
would like to obtain an answer as of some time instance, either 
now or in the future. None of the existing in-network query-
processing methods is able to do this. The reason is that the 
moving nodes need to guarantee a global spatial property that 
changes over time. While verifying that the property holds, it may 
change. For example, nodes a and b may send their id to the 
querying node, indicating that they are in the query-region, 
although it is possible that they were never in the query region at 
the same time.* 
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Therefore in this paper we propose replacing the NN and range 
query in mobile disconnected networks by a different type of 
query, which we call spatial-existence query. A spatial-existence 
query simply selects a node that is inside a geospatial region as of 
some time instance, either now or in the future. The difference 
from a range query is that a spatial-existence query is not 
requesting all the nodes in the query region. It is only requesting 
one of them. It does not matter which one, thus the query is 
nondeterministic. In contrast to a NN query, a spatial-existence 
query does not necessarily request the node that it closest to the 
query point, but one that is “close enough” (e.g. within 5 meters 
of the query point). We believe that spatial-existence queries are 
more appropriate for mobile disconnected environments because 
they can be in-network processed, whereas, as argued above, NN 
and range queries cannot. Observe that spatial-existence queries 
are useful in applications domains such as the digital battlefield 
and urban air pollution monitoring. For example, in a digital 
battlefield, assume that each soldier continuously takes pictures of 
his/her surrounding area using a helmet mounted camera. A 
spatial-existence query would ask for a picture taken by some 
soldier within 10 meters of the target. In a city, assume that 
sensors are mounted on buses which detect the air pollution level. 
A spatial-existence query would ask for the air pollution level 
detected by a bus inside a certain geospatial region. Furthermore, 
spatial-existence queries can be in-network processed in a mobile 
disconnected network. This is because, unlike the processing of 
NN or range queries, the processing of spatial-existence queries 
does not require visiting all the nodes in the queried region; the 
query is satisfied when one node is found. 

Figure 1 depicts in the shaded boxes the environments for which 
the proposed query type (in the shaded ellipse) is most 
appropriate.  

 

Figure 1. In-network query processing environments 

In this paper we provide the analysis for spatial-existence queries. 
Particularly, we analyze a store-and-forward query processing 
scheme. Store-and-forward (also called epidemic routing), has 
been proposed as an approach for data dissemination or routing in 
disconnected mobile networks (see e.g., [4, 8, 9, 10]). In the store-
and-forward scheme, a node receiving a data item (a query or an 
answer in our context) carries the data item as it moves, and 
forwards the data item to new nodes that it encounters. The 
analysis is based on ordinary differential equations (ODE’s) to 
study the delay and energy consumption of the scheme under 
various environmental parameters such as the mobility, the 
network density, and the query selectivity.  

In many environments, e.g. in an urban area or a digital 
battlefield, in addition to short-range P2P communication, mobile 
nodes can also communicate over long distances using an 
infrastructure such as a cellular or satellite network. If an 

infrastructure is available, then the query can be propagated either 
via P2P or via the infrastructure, and so can the answer. This 
gives rise to four query processing schemes. In this paper we 
study three schemes that utilize the infrastructure in query 
processing, and compare them along with the fourth, the pure P2P 
scheme. The performance metrics include the delay, the energy 
consumption, and the combination of the two. It turns out that 
none of the studied schemes is optimal in any individual 
performance metric for all the environmental conditions. 
Therefore the paper provides a method that allows the optimal 
scheme to be chosen for a given performance metric and a given 
set of environmental conditions.  

In summary, the contributions of the paper are as follows: 

1. We propose the spatial-existence query as a more appropriate 
spatial query type than the NN and range query in the 
disconnected mobile networks. 

2. We develop analytical models to compute the average delay 
and the average energy consumption for various spatial-
existence query processing schemes, some of which exploit 
the infrastructure communication.  

3. We provide a method that enables users to choose the 
optimal scheme for a given environmental condition and a 
given performance metric (delay, energy consumption, or 
their combination). 

The rest of this paper is organized as follows. In section 2 we 
introduce the model and the assumptions. In section 3 we analyze 
the query processing scheme which relies purely on P2P 
communication. In section 4 we analyze the schemes that combine 
P2P and infrastructure communication, and compare them 
together with the pure P2P scheme. In section 5 we discuss 
relevant work and in section 6 we conclude the paper.  

2. MODEL AND ASSUMPTIONS 
In this section we describe the system model and the assumptions 
made in our analytical model.  

2.1 Mobility and Communication 
• The system consists of a fixed set of N+1 point (i.e., without an 

extent) mobile nodes that move in a closed area. For example, 
the mobile nodes may be soldiers in a digital battlefield. Every 
mobile node is capable of short-range wireless communication 
(such as Bluetooth or 802.11), with the transmission range 
denoted by r. In other words, two mobile nodes can directly 
communicate if the distance between them is at most r.  

• The system is sparse. Specifically, at any point in time, for each 
mobile node, there is at most one other node within its 
transmission range. 

• An encounter is an event in which the distance between two 
mobile nodes A and B becomes smaller than r. As long as A 
and B stay within transmission range they will not encounter 
each other again, but they may do so after they disconnect (i.e., 
the distance between them becomes bigger than r). Upon an 
encounter between A and B, A and B exchange the 
answers/queries they carry. During the exchange, one of the 
two nodes, say A, transmits to another node (B) the id’s of the 
answers/queries that A is carrying. B replies with the id’s of the 
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answers/queries that are new to B (i.e., have not been received 
by B). Then A transmits to B the requested answers/queries. 
Finally B transmits to A the answers/queries that B is carrying 
and are new to A. The exchange is finished while A and B stays 
within the transmission range. As long as A and B stay within 
transmission range there is no reason for them to communicate 
beyond this initial exchange. This is so because neither A nor B 
has a third neighbor to interact with during the contact interval 
of A and B (according to the previous assumption), and 
therefore none of them can communicate to the other new 
answers or queries.   

• For any pair of mobile nodes, they encounter each other by a 

Poisson process with intensity λ . The encounter processes for 

all pairs of mobile nodes are mutually independent. This 
assumption is supported by the results of [4], which showed 
that the encounters between a pair of mobile nodes follow a 
Poisson distribution, if the nodes move in a limited region (of 
size S) according to common mobility models (such as the 
random waypoint or the random direction model [5]), their 
transmission range (r) is small compared to A, and their speeds 
are sufficiently high. The authors further derived the following 

estimation of the pairwise encounter intensity λ : 

S

VrE ][2 *ω
λ ≈ . ω is a constant specific to the mobility model. 

E[V*] is the average relative speed between two mobile nodes.   

2.2 Queries and Answers 
• We focus on the processing of a single spatial-existence query. 

Specifically,   a query Q is issued by a node Z at time 0. Z is 
referred to as the query node and all the other N nodes are the 
non-query nodes.  

• Starting from time 0, each non-query node produces answers to 

the query Q by a Poisson process with intensity µ. Before time 
0, no non-query node produces any answer to the query Q. In 
other words, we assume that each non-query node enters into 
the region queried by Q by a Poisson process. If a node has 
ever produced an answer, i.e. entered the query region, then it 
keeps the latest produced answer which includes the time 
interval during which the node is/was in the query-region.  

• All the answers have an equal size Lr in bytes. The size of the 
query Q is Lq in bytes. 

• Denote by EPr the amount of energy consumed to communicate 
an answer between two encountering nodes. EPr includes the 
energy for transmission and that for receiving. Similarly, denote 
by EPq the amount of energy consumed for communicating a 
query between two encountering nodes. A constant amount of 
energy Eh is consumed at each encounter for the handshake. 
The handshake is used to determine which answers/queries are 
new to the encountered node and therefore should be 
transmitted (see subsection 2.1).  

The notations are summarized below: 

N—Number of non-query nodes in the system.  

r—Transmission range of P2P communication.  

λ—Encounter intensity between an arbitrary pair of nodes.  

ω—Constant specific to the mobility model. 

E[V*]—Average relative speed between two mobile nodes. 

S —Size of the area within which nodes move. 

Z—Single node that issues the query. 

Q—Query issued by Z. 

µ—Selectivity ratio. 

bt —Backchannel transmission time. 

PqE —Energy consumed for communicating a query between two 

encountering nodes in the P2P mode. 

prE — Energy consumed for communicating an answer between 

two encountering nodes in the P2P mode. 

Eh— Energy consumed for the handshake to determine whether 

an answer is new to the receiver. 

qL —Length of query in bytes. 

rL —Length of answer in bytes. 

3. PROCESSING OF SPATIAL-

EXISTENCE QUERIES IN P2P MODE 
In subsection 3.1 we describe the in-network processing of 
spatial-existence queries in pure P2P mode. In subsection 3.2 we 
introduce the performance metrics used in our analysis. In 
subsection 3.3 we develop the analytical model. In subsection 3.4 
we present the analysis results. 

3.1 Pure P2P Query Processing Scheme 
The pure P2P query processing scheme consists of two stages. At 
the first stage, called the query-dissemination stage, the query Q 
is disseminated via the P2P transmissions (see subsection 2.1), 
until either one of the following two events occurs: (i) a non-
query node that has produced at least one answer is reached by Q; 
(ii) a non-query node that has been reached by Q produces an 
answer. Such a non-query node is referred to as the return node. 
At the time when the return node turns out, the second stage, 
called the answer-return stage, is initiated. In the answer-return 
stage, the answer is returned from the return node to the querying 
node Z, again via the P2P transmissions. We refer to this query 
processing scheme as QpAp where Qp indicates that the query is 
disseminated via P2P and Ap indicates that the answer is also 
disseminated via P2P. 

3.2 Performance Metrics 
The performance metrics we are interested in are: 

1. Average delay: Average time it takes for the query node Z to 
receive an answer. 

2. Average energy: Average amount of energy consumed totally 
in the system until Z receives an answer. The average energy 
consists of two components. The first component is the 
energy consumed for the dissemination of the query in the 
query-dissemination stage. The second component is the 
energy consumed for the dissemination of the answer in the 
answer-return stage.  We do not consider the energy 
consumed for the dissemination of the query in the answer-
return stage, even though the query may continue to be 
disseminated after the query-dissemination stage.  



3. Energy efficiency: 
energyaveragedelayaverage ×

1 . 

Intuitively, if multiple queries are generated at node Z, one 

after another is answered, then 

delayaverage

1  represents the 

average number of queries that can be processed for Z per 
time unit (i.e., throughput). In this case, 

energyaveragedelayaverage ×

1 represents the throughput 

enabled by each unit of energy consumption.  

3.3 Analytical Model for the QpAp Scheme 

3.3.1 Average Delay of QpAp 
First, we introduce a theorem that will serve as a basis for much of 
the analysis conducted in the rest of the paper.  

Theorem 1: Let the variable P(t) denote the probability that an 

arbitrary non-query node has the query Q at time t (t≥0). Then 

Nt
eN

N
tP

λ+−
−=

1
1)( � 

Proof: Consider P(t+∆t) which is the probability that at time t+∆t 

an arbitrary non-query node O has Q. Let ∆t be sufficiently small 

such that O encounters at most one node between t and t+∆t. 

P(t+∆t) is the probability that one of the following mutually 
exclusive events happens: 

1. O already has Q at time t. The probability of this event is 

)(tP . 

2. O does not have Q at time t, and it encounters the query node Z 

between t and t+∆t. The probability of this event is λ∆t. 

3. O does not have Q at time t, it encounters a non-query node 

between t and t+∆t and this non-query node has Q at time t. The 

probability of this event is λ∆t(N−1)P(t). 

Thus, 

))()1())((1()()( tPNtttPtPttP −∆+∆−+=∆+ λλ  

After simplification of the above difference equation, we get the 
following differential equation: 

))()1(1)((1( tPNtP
dt

dp
−+−= λ  (1) 

Since at time 0, none of the non-query nodes has Q, 0)0( =P . 

Solving Eq. 1 with P(0)=0 yields 
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N
tP
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−=

1
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Now we compute the average delay of the QpAp scheme. The 
average delay of the QpAp scheme is the sum of the average delay 
of the query-dissemination stage and that of the answer-return 
stage. In the following we compute the average delays of these 
two stages respectively.  

The average delay of the query-dissemination stage. 

Denote by T1 the delay of the query-dissemination stage. For any 

t≥ 0, denote by Prob(T1≤t) the probability that T1 is smaller than 
or equal to t. According to the definition of the query-

dissemination stage, Prob(T1≤t) is the probability that the return 
node turns out by time t. This is the probability that at least one 
non-query node has Q at time t and has produced at least one 
answer by t. The probability that a non-query node has Q at time t 
is P(t). According to the Poisson process of answer production, 
the probability that a non-query node has produced at least one 

answer by time t is 
t

e
µ−−1 . Therefore,  
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Replacing P(t) by Theorem 1 yields 
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Since T1 is a non-negative random variable, the expected value of 
T1, denoted E[T1], can be computed as 
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The average delay of the answer-return stage. 

Define T2 to be the delay of the answer-return stage. Denote by t0 
the time at which the answer-return stage starts. Based on 
Theorem 1 and the symmetry between the query-dissemination 
stage and the answer-return stage, 
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Since T2 is a non-negative random variable, the expected value of 
T2, denoted E[T2], can be computed as 
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Thus, the average delay of the QpAp scheme, denoted 
delay(QpAp), is  
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3.3.2 Average Energy Consumption of QpAp 
The energy consumption of the QpAp scheme consists of two 
components. The first component is the data communication 
energy, namely energy consumed for P2P communicating the 
answer and the query. The second component is the energy 
consumed for handshakes which determine whether the answer or 
the query is new to the receiver. In the following we compute the 
two energy components respectively. 

The average energy for data communication. 

First let us consider the average energy for data communication in 
the query-dissemination stage, denoted EDQ. Observe that during 
a P2P encounter, the query Q is transmitted only if it is new to the 
receiver. Thus, the number of times Q is communicated during the 
query-dissemination stage equals to the number of non-query 
nodes that have Q when the query-dissemination stage ends. Since 
the average delay of the query-dissemination stage is E[T1] (see 
Eq. (4)), and the probability that an arbitrary non-query node has 
Q at time E[T1] is P(E[T1]), the average number of non-query 
nodes that have Q when the query-dissemination stage ends is 

N⋅P(E[T1]). Thus the average number of times Q is communicated 

during the query-dissemination stage is N⋅P(E[T1]). Since the 

energy consumed for each communication of Q is PqE , we have 

PqETEPNEDQ ⋅⋅= ])[( 1
 (8) 

The average energy for data communication in the answer-return 
stage, denoted EDA, can be computed in the same way. We have 

PrETEPNEDA ⋅⋅= ])[( 2
 (9) 

Thus, the average energy for data communication, denoted ED, is 

))
1

1()
1

1((
][Pr][ 21 TENTENPq

eN

N
E

eN

N
EN

EDAEDQED

⋅⋅⋅⋅ +−
−⋅+

+−
−⋅⋅=

+=

λλ

 (10) 

The average energy for handshakes. 

Since there is a handshake upon each encounter, the number of 
handshakes executed during the query processing equals to the 
number of encounters during the query processing. The average 
number of encounters during the query processing is easily 

computed to be )(
2

)1(
pp AQdelay

NN
⋅⋅

−
λ . Thus the average 

energy for handshakes, denoted EH, is  

hpp EAQdelay
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−

= )(
2

)1(
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Thus, the average energy consumption of the QpAp scheme, 
denoted energy(QpAp), is 
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3.4 An Instantiation of the Analytical Model 

3.4.1 Parameters Setting 
We consider N+1 nodes moving within a 400m×400m terrain 
according to the random direction mobility model [5]. Each node 
chooses an initial direction, speed and travel time, and then travels 
in that direction with given speed for the chosen travel time. 
When the travel time expires, the node chooses a new direction, 
speed and travel time at random, independently of all previous 
directions, speeds and travel times. If a node hits the boundary of 
the terrain, it wraps around at the other side of the terrain. The 
node speed is chosen uniformly within the range 
Vmin=0.8km/hour and Vmax =2.4km/hour, a typical range of 
pedestrian speeds. The average relative speed is E[V*]=2.1 
according to the formula in [6]. The transmission range r is 30 
meters. The pair-wise encounter intensity for this setting is 

computed to be 7875.0=λ  using the formula in [2]. This setting 

simulates, for example, soldiers in a digital battlefield. 

For the energy consumption we use the model introduced in [7].          
[7] describes a series of experiments which obtained detailed 
measurements of the energy consumption of an IEEE 802.11 
wireless network interface operating in an ad hoc networking 
environment. According to [7], the energy overhead of P2P 

transmitting each byte of data is 1.9×10-6 Joule; the energy 

overhead of P2P receiving each byte of data is 0.5 ×10-6 Joule.  

The system parameters and their values are listed in Table 1. 

Table 1: System parameters and their values 

Parameter Description Value 

N Number of nodes 10∼100 

r Transmission range 30 m 

S Area within which nodes move 400m×400m 

Vmin Minimal velocity 0.8 km/h 

Vmax Maximal velocity 2.4 km/h 

λ Encounter intensity between an 
arbitrary pair of nodes 

0.7875/h 

tb Backchannel transmission time 1 minute 

µ answer production intensity 0.1∼1 per hour 

Lq query size 100 bytes 

Lr answer size  100K bytes 

3.4.2 Analysis Results 
Figures 2 and 3 show the analysis results. Here are some 
interesting observations to make from the figures. 

1. The delay decreases as the network density increases (see 
Figure 1(a)). Clearly, a higher network density results in 
more frequent interactions and thus fast propagation of the 
query. Observe that the decrease of the delay is not uniform. 
The delay decreases faster when the network density is low. 
Particularly, the delay is reduced by half when the network 
density increases from 10 to 20, whereas it is reduced by half 
again when the network density increases from 20 to 100.  

2. The energy consumption increases as the number of nodes 
increases (see Figure 2(b)). Intuitively, when the number of 
nodes increases, two opposite effects are generated on the 
energy consumption. On the one hand, the query processing 
ends earlier (see Figure 2(a)), which would reduce the energy 
consumption. On the other hand, there are more encounters 



and therefore more transmissions of reports and the query, 
which would increase the energy consumption. Figure 2(b) 
shows that the latter effect dominates. 

3. The energy efficiency decreases as the number of nodes 
increases (Figure 2(c)).  

4. When the answer production intensity increases, e.g. when 
the query region increases in size, all the three performance 
metrics improve (Figures 3(a), (b), and (c)).  
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(a) Delay versus N  (b) Energy versus N  (c) Energy efficiency versus N  

Figure 2. The performance of QpAp as a function of the network density (µµµµ=0.5) 

 

   

(a) Delay versus µ  (b) Energy versus µ  (c) Energy efficiency versus µ  

Figure 3. The performance of QpAp as a function of the answer production intensity (N=100). 

 

4. EXPLOITING BACKCHANNEL 

COMMUNICATION  
In many environments, e.g. in an urban area or a digital 
battlefield, in addition to short-range P2P communication, 
mobile nodes can also communicate over long distances using 
an infrastructure such as a cellular or satellite network. We refer 
to such an infrastructure as a backchannel. In this section we 
analyze the in-network query processing schemes that exploit 
backchannel communication. In subsection 4.1 we describe the 
backchannel augmented query processing schemes. In 
subsection 4.2 we build analytical models for them. In 
subsection 4.3 we analyze them and compare with QpAp.  

4.1 Backchannel Augmented Schemes  
From now on, in addition to the P2P mode, each mobile node is 
assumed to be able to communicate with every other node via 

the backchannel, regardless of their distance to each other. A 
backchannel transmission from one node to another takes a 
constant time tb. Each node O can be receiving and transmitting 
simultaneously. When doing so, the node from which O is 
receiving can be the same as or different than the node to which 
O is transmitting. In other words, the node can be receiving from 
one node while transmitting to another. However, O cannot be 
receiving from or transmitting to more than one node 
simultaneously. Now we describe the backchannel augmented 
schemes.  

Query via P2P Answer via Backchannel (QpAb) 

In the QpAb scheme, the query Q is disseminated in the P2P 
mode, until a return node turns out. Upon receiving Q, the 
return node returns the answer to the querying node Z via the 
backchannel.  

Query via Backchannel Answer via Backchannel (QbAb) 
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In the QbAb scheme, the query Q is sequentially transmitted by 
the querying node Z to every other node via the backchannel. A 
node that receives Q does not respond to Z if it does not have an 
answer. And Z does not wait for the response of the current 
receiver before it transmits Q to the next receiver. When the 
return node turns out, the return node returns the answer to Z via 
the backchannel.  

Query via Backchannel Answer via P2P (QbAp) 

In the QbAp scheme, the query Q is sequentially transmitted by 
the query node Z to every other node via the backchannel. A 
node that receives Q does not respond to Z if it does not have an 
answer. And Z does not wait for the response of the current 
receiver before it transmits Q to the next receiver. When the 
return node generates, the return node returns the answer to Z 
via the P2P dissemination.  

4.2 Analytical Models for QpAb, QbAb, and 

QbAp 
The following notations are used in the analytical models. 

BqE —Energy consumed for communicating a query via the 

backchannel.  

BrE —Energy consumed for communicating an answer via the 

backchannel.  

tb—Delay of a backchannel transmission. 

 

Analytical Model for QpAb 
The average delay of the query-dissemination stage of QpAb 

equals to E[T1] (see Eq. 4). The delay of the answer-return stage 
of QpAb is tb. Thus the average delay of QpAb is  

bbp tTEAQdelay += ][)( 1
 (13) 

The average energy consumption of QpAb is 

Brhbp EETE
NN

EDQAQe +⋅⋅⋅
−

+= ][
2

)1(
)nergy( 1λ  

 (14) 

where EDQ is computed by Eq. 8.  

Analytical Model for QbAb 

First let us compute the average delay of the query-
dissemination stage of QbAb, denoted by T3. Consider the 

probability distribution function Prob(T3≤t). When 0≤t<tb, 

Prob(T3≤t)=0. In other words, since it takes tb for the query Q to 
reach the first non-query node, it is impossible that the delay of 
the query-dissemination stage is smaller than tb. When 

tb≤t<2tb， Prob(T3≤t) equals to the probability that the first 

receiver of Q produces at least one answer by time t. Thus, 

Prob(T3≤t)= t
e

µ−−1 . When 2tb≤t<3tb，Prob(T3≤t) equals to the 

probability that either the first or the second receiver of Q 
produces at least one answer by time t. Thus, 

Prob(T3≤t)= t
e

µ21 −− . Following this reasoning yields 
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Prob(T3≤t) is a mixed-type probability distribution (i.e., it is 
neither a discrete distribution nor a continuous distribution). 
The expectation of this distribution can be computed as follows. 
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Prob(T3≤t) is decomposed into a discrete distribution XD and a 
continuous distribution XC, respectively defined as follows: 
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Therefore the delay of QbAb is  

bbb tTEAQdelay += )()( 3
  (17) 

The average energy consumption of QbAb is 
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where 
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TE ][ 3  represents the minimum integer that is greater 

than or equal to 
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  is the average 

number of backchannel query transmissions before the return 
node turns out. 

Analytical Model for QbAp 

The average delay of QbAp is  

][][)( 23 TETEAQdelay pb +=  (19) 

where  ][ 3TE  and ][ 2TE  are computed by Eq. 16 and Eq. 6 

respectively. 

The average energy consumption of the answer-return stage of 

QbAp is 
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by Eq. 9. Thus, the average energy consumption of QbAp 
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4.3 Comparison of QpAb, QbAb, QbAp, and 

QpAp 
We compare the schemes by numerical computation. In the 
following analysis, the energy overhead of backchannel 

transmitting each byte of data is set to be 32×10-6 Joule; the 
energy overhead of backchannel transmitting each byte of data is 

44×10-6 Joule. The delay a backchannel transmission (i.e., tb) is 
1 minute. The answer size (Lr) is either 100 bytes or 100K 
bytes. 

Figures 4-7 show the comparison results. Figure 4 and Figure 5 
show the performance as a function of the network density. They 
differ in the answer size. Figure 6 and Figure 7 show the 

performance as a function of the answer production intensity µ. 

They differ in the answer size. The following observations can 
be made: 

1. Out of the four compared schemes, there does not exist one 
that outperforms all the other three in either delay or energy 
consumption for all the cases. The optimal scheme depends 
on the system parameters and on the performance metric. 
For example, in Figure 4, when N=10, in terms of delay, 
QbAp is optimal (see Figure 4(a)). In terms of energy, QpAp 
is optimal (see Figure 4(b)). When N=30, QpAb becomes 
optimal in delay.  

The analytical models developed in this paper enables users 
to determine the optimal scheme for a given parameter 
configuration and a given performance metric. And this is 
the significance of our results. 

2. QpAp, QpAb, QbAb are feasible schemes, in the sense that 
for each of these three scheme, there exists a parameter 
configuration such that the scheme is optimal for at least 
one performance metric, either the delay, or the energy 
consumption, or the energy efficiency. For example, QpAp 
is optimal for energy consumption when N=10 in Figure 
4(b). QpAb is optimal for delay when N>30 in Figure 4(a). 

QbAb is optimal for energy efficiency when µ>10 in Figure 
7(c).     

3. QbAp is not a feasible scheme in this parameter 
configuration, because it is not optimal for any of the three 
performance metrics. 

4. The backchannel, if appropriately utilized, helps reducing 
the delay. In fact, in all the cases, it is a backchannel 
augmented scheme (either QpAb or QbAb) that has the 
lowest delay (see Figures 4(a), 5(a), 6(a), 7(a)). However, 
when the network density increases, the advantage of the 
backchannel on delay decreases (see Figures 4(a) and 5(a)).   

5. The backchannel schemes do not necessarily incur higher 
energy consumption, even though the energy consumed by 
the backchannel to transmit one byte of data is 32 times 
higher than that consumed by the P2P (see Figures 4(b), 
5(b), 6(b), and 7(b)). 
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(a) Delay versus N  (b) Energy versus N  (c) Energy efficiency versus N  

Figure 4. The performance of the compared schemes as a function of the network density (µµµµ=0.5, Lr=100K bytes) 
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(a) Delay versus N  (b) Energy versus N (c) Energy efficiency versus N 

Figure 5. The performance of the compared schemes as a function of the network density (µµµµ=0.5, Lr=100 bytes) 

 

   

(a) Delay versus µ  (b) Energy versus µ (c) Energy efficiency versus µ 

Figure 6. The performance of the compared schemes as a function of the answer production intensity (N=100, Lr=100K bytes) 

 

   

(a) Delay versus µ  (b) Energy versus µ  (c) Energy efficiency versus µ  

Figure 7. The performance of the compared schemes as a function of the answer production intensity (N=100, Lr=100 bytes) 

 

5. RELEVANT WORK 
Static-sensor databases. A database approach has been applied 
to static sensor networks (see e.g., [11]). Most of these methods 
require that a certain routing structure, e.g. a tree, be established 
in the network. It has been shown in [12] that such a method is 
unsuitable for a dynamic network topology because the routing 
structure is hard to maintain.  

Resource discovery (e.g. [13]) and publish/subscribe (e.g. [14]) 

in MANET’s. These papers often build a routing structure for 
resource information dissemination. Consequently they can be 
inefficient, particularly in networks that are prone to frequent 
topology changes and disconnections due to mobility and turn-
over. In such an environment, either a lot of communication has 
to be expended to keep the routing structure up to date, or the 
routing structure rapidly becomes obsolete and misses many 
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matches. Furthermore, these methods depend on network 
connectivity, and do not work in sparse networks. 

Epidemic routing. [8] develops an analytical model to compute 
the expected delay of delivering a message from a source to a 
destination via epidemic routing. Using a Markov model, [8] 
obtained the same result for the probability that we computed in 
Eq. 2 (see subsection 3.3.1). We note that the development is 
much simpler using our ODE model.  

[9] develops an epidemic model for information diffusion in 
MANET’s. Our Eq.2 is consistent with the result of [9]. 
However, we use a probabilistic approach whereas [9] uses a 
deterministic approach.  

In addition, we deal with the combination of P2P and 
infrastructure, whereas neither [8] nor [9] does so. 

6. CONCLUSION 
In this paper we proposed replacing the NN and range query in 
mobile disconnected networks by a different type of query, 
namely spatial-existence query. We developed analytical models 
to compute the average delay and the average energy 
consumption for four spatial-existence query processing 
schemes, three of which exploit the communication 
infrastructure. Using these analytical models we compared the 
four schemes in terms of delay, energy consumption, and the 
combination of the two, under various environmental 
conditions. It is found that none of the four schemes is optimal 
in any individual performance metric for all the conditions. 
Therefore the analytical models enable users to choose the 
optimal scheme for a given environmental configuration.  
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