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Abstract Location Dependent Information Services (LDISs), through which mobile
clients can access location sensitive data such as weather information, traffic reports,
and local news, are gaining increasing popularity in recent years. Due to limited client
power and intermittent connectivity, caching is an important approach to improve the
performance of LDISs. In this paper, we propose a cache replacement policy called
Location Dependent Cooperative Caching (LDCC). Unlike existing location depen-
dent cache replacement policies, the LDCC strategy applies a prediction model to ap-
proximate client movement behavior and a probabilistic transition model to analyze
the communication cost. These models are used in the design of a cache replacement
policy to improve system overall performance. Simulation results demonstrate that
the proposed strategy significantly outperforms existing caching policies in provid-
ing LDIS in mobile ad hoc networks.

Keywords Location dependent information service · Cooperative caching ·
Mobility prediction

1 Introduction

Location Dependent Information Services (LDISs), by producing the answer to a
query according to the geographical location from where the query originates, are
becoming increasingly popular. Traditional location dependent applications, such as
weather report and directory services, have brought many benefits in our daily lives.
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Fig. 1 Cache replacement in a
mobile environment

With the increasing popularity of mobile and pervasive computing, plenty of new
applications, just like traffic reports and vehicle navigation, show great potential in
mobile environments where users can enjoy unrestricted mobility and ubiquitous in-
formation access.

However, inherent constraints in the realm of mobile computing such as low band-
width and limited battery life must be addressed before LDIS can be deployed on a
large scale. Effective cache management has the potential to deal with many of these
issues. Caching allows users to fetch data from a nearby cache rather than from a
distant server, and can bring the following benefits: (1) saving the energy of mobile
equipments (2) reducing the access latency; (3) reducing the bandwidth consumption
and the workload of the server; (4) enhancing the robustness of the server.

One of the main design issues in cache management, particularly in mobile ad hoc
networks (MANET), is how to formulate a suitable cache replacement strategy to
handle mobility and resource constraints. An efficient cache replacement scheme for
LDISs needs to consider a lot of impact factors, including access probability, update
frequency, object sizes, and location correlated factors. In order to use location infor-
mation for cache replacement decision, most existing policies [1–6] consider three
location properties: the direction of mobile clients, the data distance, and the data
valid scope. However, their concern involved only a few simple aspects of move-
ment. Other movement characteristics like the probability that a mobile node moves
into/out a valid scope also produces a great influence on the efficiency of cache strate-
gies, which has not been paid enough attention in the literature.

We use the following example to motivate our work. As illustrated in Fig. 1, a set
of mobile clients communicate with each other and spontaneously form a dynamic
ad hoc network. C1 and C2 are two mobile clients. Assume i and j are location-
dependent data items and they are both cached by C1 and C2. The valid scope of i is
S1 and the valid scope of j is S2. Assume the aggregate access frequency to object i

and j are 0.3 and 0.5, accordingly. Other properties like object size and data distance
are exactly the same for both items. As item j has higher access frequency and larger
valid scope, existing cache replacement strategy will evict item i before j . However,
if client movement is considered, the situation may be different, for example, if C1
is frequently moving between S1 and S2, but most of time it is in S1. Although item
j is more frequently used, it is valid only when C1 enters S2. In this case, C1 may
consider evict item j before i, since item i is more likely an effective cache hit in
the future. However, existing cache strategies barely use client movement informa-
tion. In our opinion, a better system performance could be achieved by using a cache
replacement policy based on movement detection and prediction.
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In this paper, we propose a new replacement policy called Location Dependent
Cooperative Caching (LDCC). The basic idea of LDCC is to use movement predic-
tion to improve cache replacement efficiency for location dependent service. Firstly,
we introduce a movement prediction model which is usually used in mobile net-
works [7]. Based on the prediction, we present an analytical model to calculate the
probability that a cache item will be still valid within a short period of time. Then we
propose a comprehensive cost function in cache replacement, integrating factors like
cache size, access frequency, energy consumption, and the validity probability ob-
tained. The minimum-cost cooperative cache replacement problem is posed as a 0-1
knapsack problem and an approximate algorithm is presented to solve it. Although
there have been some cooperative caching policies proposed in MANET [8–12], to
the best of our knowledge this is the first paper that involves the idea of cooperative
caching in the location dependent cache replacement policy. By adding both move-
ment prediction and cooperative caching, we achieve considerable improvement in
key caching performance metrics.

The rest of the paper is organized as follows. We first introduce related work in
Sect. 2. In Sect. 3, we propose a prediction model to approximate client movement
behaviors in LDISs, and in Sect. 4, we discuss the cost function of the cache re-
placement. Then a replacement policy, called LDCC, is proposed in Sect. 5, and the
performance of the algorithm is evaluated in Sect. 6. Finally, we conclude this paper
in Sect. 7.

2 Related works

Cooperative caching is based on the idea of sharing cache content and coordination in
cache management among a number of users [13–16], which is shown to be effective
to improve system performance. Cooperative caching in mobile ad hoc networks is
studied in [17], where a set of mobile terminals connected through multihop com-
munications to form an ad hoc network and coordinately cache and forward data
for each other. Cache replacement strategies in wireless networks have been studied
extensively in the past few years [18–24] to save energy, alleviate bandwidth con-
sumption, and decrease access latency.

Cache replacement strategy for location dependent service is first studied in [1],
where a Location Dependent Data (LDD) query model and a semantic cache replace-
ment policy FAR (Furthest Away Replacement) were provided. Replacement victims
are chosen according to the current status of the mobile client: the data which are not
in the moving direction and are furthest from the client will be discarded first, since
it is assumed they will not be visited in the near future. In FAR, data are divided into
two sets: In-Direction and Out-Direction. The victim is always chosen from the Out-
Direction set until the set becomes empty. Then the furthest data in the In-Direction
set will be replaced.

In [2], the authors use a Voronoi diagram to define the valid scope of each data ob-
ject, and develop a semantic caching scheme that stores both the data item value and
its valid range. Three different cache replacement schemes are devised: Area (replac-
ing the item with the smallest valid area), Dist (replacing the item with the shortest
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distance from the newly added one) and ComA (replacing the biggest common area
with the newly added one). The experiments conducted show that the semantic cache
method performs much better than the normal data cache method.

In [3], three factors are considered in the cache replacement polices PA (Proba-
bility Area) and PAID (Probability Area Inverse Distance): access probability, data
distance, and valid scope area. The main idea of the policies is that a promising cache
replacement policy should choose as its victim data with low access probability, a
small valid scope area, and a large distance.

In [4], the cost function of the cache replacement policy MARS (Mobility-Aware
Replacement Scheme) comprises temporal scores, spatial scores, and the cost of re-
trieving the data item from the server. The temporal score is based on the most recent
update time and query time as well as the query and update rate; the spatial score
takes into consideration both scope area and direction of movement. This approach
has been extended in MARS+ [5], which takes into account the movement history
of mobile clients or repeated patterns in their paths to improve cache replacement
accuracy.

WPRRP (Weighted Predicted Region based Cache Replacement Policy) [6] calcu-
lates the data item cost on the basis of access probability, valid scope area, data size
in cache, and weighted data distance based on the predicted region. The policy makes
use of four subregions according to whether the item is inside or outside the predicted
region and whether it is along or opposite to the direction of client movement, and
different regions are assigned different weights.

Most movement prediction research in wireless networks focus on routing man-
agement. [25] gave a survey of mobile models used in Ad hoc networks research,
such as random walk model, random waypoint model, Gauss–Markov model, and
so on. In [7], authors gave a theoretical analysis for the related movement between
two nodes, and used a Markov chain model to derive the link residual time and path
residual time under a random mobility environment. [26] proposed a method to learn
the movement patterns of mobile nodes. The mobile node records the access routers
it has past by to build a transition probability matrix, and use a hidden Markov model
to do the prediction. [27] proposed using robust extended Kalman filter as a location
heading altitude estimator of mobile user for next mobile-base station. And there are
some works considered for group mobility prediction [28] and cluster change predic-
tion [29].

3 The movement prediction model

In this section, we present the approximate movement prediction model used in
LDCC. Using this model, the probability that the mobile client will be in a specific
valid scope can be derived for any given time and valid scope. Then we can calculate
the time that the client will stay in the given valid scope in the future, which can be
used to develop more effective cache replacement policies. The mobility model used
in our model is based on the work of Xu et al. [7].

For each mobile client in our model, its communication range is approximated by
a circle. Two clients are neighbors if the distance between them is less than the radius
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Fig. 2 The separation distance
between M and Ni

of the clients’ communication range, which means that they can communicate with
each other directly. For simplicity, we use circles to approximate the valid scopes.
The whole network is divided into different valid scopes V S1,V S2, . . . , V Sn; each
scope has its center Mi and radius rMi

. In this paper, we will use Mi to indicate both
the valid scope and its center.

In discussing the distance between a given client and its valid scope, we assume
that each mobile client moves with a speed uniformly distributed in both velocity and
direction, which are independent of each other. Time is divided into epochs, each of
duration te. Both the speed and direction are constant for the duration of an epoch but
may change in different epochs. The mean speed is v, and the variance is δ2/3, such
that the velocity V ∈ [v − δ, v + δ].

Let the random variable Lm be the distance between the client and the center of
the valid scope at epoch m. Let Θ be the direction of the client, and it is uniformly
distributed in the interval [0,2π). lm, θ denote instances of Lm and Θ . As shown
in Fig. 2, M is the center of a valid scope with radius rM . Ni is a mobile client
with velocity vi and direction θ . x is the displacement of Ni during epoch m, and

x = vi · te. Then x = lm cos θ ±
√

l2
m+1 − l2

m sin2 θ . Because the magnitude and phase
are independent, the conditional probability density function (conditional PDF) is

fLm+1|Lm(lm+1|lm) = 2

π

π∫

0

fX(x)
lm+1√

l2
m+1 − l2

m sin2 θ

dθ (1)

It has been shown that the evolution of the distance can be represented by a se-
quence of random variables, {. . . ,Lm−1,Lm,Lm+1, . . .} [7]. So, the distance in a
sequence of epochs allows a Markov chain to be constructed.

We now examine the clients’ movement in the next fw epochs, where fw is called
a forecast window. Let Vmax be the maximum velocity (or relative velocity) of the
mobile clients, then the forecast radius, denoted by Dfw, is the upper bound of the
distance between the client and the center of the valid scope during the forecast win-
dow, and Dfw = fw · Vmax · te.
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The interval [0,Dfw] is divided into n bins with width ε. If one client is in the
forecast radius of a valid scope, then lm falls into one of these bins. The ith bin
corresponds to the ith state, denoted by ei . The (n + 1)th state, corresponding to
lm > Dfw, is defined as the absorbing state, which indicates the influence between
these two clients can be ignored during the forecast window. The transition matrix is
A = (ai,j )n+1, where aij is the probability of transition from ei to ej in a given epoch.
If ε is sufficiently small and ei is known, and the PDF of the conditioned distance
from any point in ei to any point in ej is approximated by using the midpoints of the
two states, then we have [7]

ai,j ≈ εfLm+1|Lm((j − 1/2)ε|(i − 1/2)ε)

= 2ε

π

π∫

0

fX(x)
(j − 1/2)ε√

((j − 1/2)ε)2 − ((i − 1/2)ε)2 sin2 θ

dθ

= 2ε

π

π∫

0

fX(x)
(j − 1/2)√

(j − 1/2)2 − (i − 1/2)2 sin2 θ

dθ (2)

Now we discuss the function of fX(x) in Fig. 2, since Vi and Θ are independent,
we have

fX(x) = fV,Θ(v, θ) = 2 · 1

π
· 1

2δ
= 1

πδ
(3)

So,

ai,j = 2ε

δπ2

π∫

0

(j − 1/2)√
(j − 1/2)2 − (i − 1/2)2 sin2 θ

dθ

= 4ε

δπ2

π/2∫

0

1√
1 − (

i−1/2
j−1/2 )2 sin2 θ

dθ (4)

Function (4) is an elliptic integral of the first kind, and we use Simpson’s Formula
[30] to get the approximate value:

ai,j = 4ε

δπ2

π/2∫

0

1√
1 − (

i−1/2
j−1/2 )2 sin2 θ

dθ

≈
∑

i

h

6

(
f (xi) + 4f

(
xi + xi+1

2

)
+ f (xi+1)

)

where f (x) = 1√
1 − (

i−1/2
j−1/2 )2 sin2 x

,

and xi+1 = xi + h,x0 = 0, h = π

2n
, n → ∞ (5)
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For Markov chains, the probability of the separation distance being in state ei after
k epochs can be determined by the vector P(k):

P(k) = [pe1(k)pe2(k) · · ·pen+1(k)] = P(0)Ak (6)

At time 0, the separation l0 can be measured directly. The velocity and direction
of clients can be obtained by systems such as the Global Positioning System (GPS),
hence the exact value of l1 can also be calculated. Then l2, l3, . . . could be predicted
using function (6).

Let [T in
k , T out

k ] (k = 1, . . . , p and [T in
k , T out

k ] ⊆ [0, fw]) be the intervals that the
mobile client stays in the valid scope, and the goal of the prediction model discussed
above is to get the time sequence {0, . . . , T out

k−1, T
in
k , T out

k , T in
k+1, . . . , fw}. However, in

most cases, it is impossible to calculate the exact values of each T in
k and T out

k , so we
provide an alternative method to estimate the sequence.

By function (6), we could compute the probability that after k epochs client Ni is
in a valid scope of M with the average valid radius rM as follows:

pi,rM (k) =
rM
ε∑

j=1

pej
(k) (7)

We use pr to be the threshold, i.e., if pi,rM (k) ≥ pr, then client Ni is as-
sumed be in the valid scope M during the kth epoch; otherwise, Ni is out of the
valid scope of M . If pi,rM (k) ≥ pr ∧ pi,rM (k + 1) < pr, then we use AT out(=
k · te) to be the approximate time when the mobile client leave out of the valid
scope M . Similarly, we can calculate AT in. We use the approximate time se-
quence {0, . . . ,AT out

k−1,AT in
k ,AT out

k ,AT in
k+1, . . . , fw} to replace the time sequence

{0, . . . , T out
k−1, T

in
k , T out

k , T in
k+1, . . . , fw}. Now we are able to get an approximate track

of clients’ movement.
We can now adapt our approximate time sequence to valid scopes with the polyg-

onal endpoints scheme [3]. Using this scheme, Function (7) is changed to be

pi,polygonM
(k) =

Dfw∑
j=1

pej
(k) · (drj − drj−1) (8)

where drj is the ratio of the valid area of the cycle with radius rj to the polygon valid
scope, and rj+1 = rj + ε.

4 Analytical model for location dependent caching

In this section, we will discuss the impact of clients’ movement on the cache data
item values, and analyze the energy cost of searching a data item in the forecast
windows. In this paper, one data item may have different valid values in different
valid scopes, they may have the same size but are independent, i.e., even a client
has a value from other valid scope cached, it has to fetch the valid value in current
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scope again from the data source. The server will send Invalidation Reports (IRs) of
each valid scope to invalidate the corresponding values. Each IR message is attached
with the information of its valid scope, and is sent to the clients in the valid scope.
Each mobile client receiving the IR will check its valid scope first, if the client is in
the scope, it will use the IR to refresh its cache, otherwise it just resends the IR to
other clients which are closer to the corresponding scope. We assume all the mobile
clients in this scope can receive the corresponding IRs and mark these values as
Invalidated (I), but clients that are not in this valid scope will not use them. So,
when a mobile client moves out of a valid scope, it may not know whether data
item values it previously fetched in this scope are still valid when it returns to this
scope again. We call these values Potentially Valid (PV). The client has to send a
message to the server to check whether a PV value is still Valid (V). Notice that the
mobile client should treat PV values carefully because they may be useful in the
future. We first tabulate the notations used in this section before the formal analysis
itself:

Mj : valid scopes in the network;
di,j : a valid value of data item di in the valid scope Mj ;
λu

i : update rate of data item di ;
λa

i : access request arrival rate of di ;
λa : user request arrival rate of mobile devices;
pi = λa

i /λ
a : average access probability of di ;

si : size of data item di ;
sup: size of a request (a constant);
sdw: size of a confirmation message (a constant);
ε(sup): energy cost for sending a request (a constant);
ε(sdw): energy cost for receiving a confirmation message (a constant);
ε(si): energy cost for receiving a data item of size si from the server;
Sn: set of data item values in cache after nth request;
EV i : event i occurs in mobile device.
Pi : the probability of event EV i .

Figure 3 and Fig. 4 show the state transitions of each cached data item di in the
system between the nth and (n + 1)th data requests. In the case shown in Fig. 3, the
current position of the mobile client is in the valid scope Mj . Let T out

j be the time
that the mobile client leaves Mj . During interval [0, T out

j ], three events may happen.
Event EV1 occurs if the mobile client does not receive any IR for di,j , and it does
not leave the valid scope of di,j . EV2 occurs if up till the mobile client leaves Mj ,
it has not received any IR for di,j and has not requested di,j again. EV3 stands for

Fig. 3 The state transitions (a)
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Fig. 4 The state transitions (b)

the event that di,j changes to the invalidated state from the valid state. EV3 happens
if the mobile client has received at least one IR for di,j . We assume that the arrival
of data request and data update can be modeled as Poisson processes, so the cor-
responding probability Pi of each event EV i (for 1 ≤ i ≤ 3) is given by (9), (10),
and (11).

P1 =
∫ T out

j

0
e−λu

i tλa
i e

−λa
i t dt = λa

i (1 − e
−(λa

i +λu
i )T out

j )

λa
i + λu

i

, (9)

P2 = e
−λu

i T out
j e

−λa
i T out

j = e
−(λa

i +λu
i )T out

j , (10)

P3 = 1 − P1 − P2 = λu
i (1 − e

−(λa
i +λu

i )T out
j )

λa
i + λu

i

(11)

In the case shown in Fig. 4, the current position of the mobile client is out of
valid scope Mj . Let T in

j be the time that the mobile client enters Mj . During interval

[0, T in
j ], another three events may happen. Event EV4 occurs when the mobile client

does not receive any IR for di,j and it has not arrived in Mj , therefore, di,j remains
in the potentially valid state. EV5 is the event that changes di,j from the potentially
valid state to the valid state, if the mobile client has not received any IR for di,j before
it enters Mj at time point T in

j . EV6 happens if the mobile client receives at least one
IR for di,j when it is out of Mj . The corresponding probability Pi of each event EV i

(for 4 ≤ i ≤ 6) is given by (12), (13), and (14).

P4 =
∫ T in

j

0
e−λu

i t dt = 1 − e
−λu

i T in
j

λu
i

, (12)

P5 = e
−λu

i T in
j , (13)

P6 = 1 − P5 = 1 − e
−λu

i T in
j (14)

During the forecast window [0, fw], the state of a data item value di,j may change

between valid and potentially valid several times. Let [T inj

k , T
outj
k ] (k = 1, . . . , p and

[T inj

k , T
outj
k ] ⊆ [0, fw]) be the intervals that the mobile client stays in the valid scope
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Mj , then the probability that the requested data item value is valid is

P V
i,j =

p∑
k=1

Pr(EVk
1|EVk

5)

=
p∑

k=1

(P k
1 · P k

5 )

=
p∑

k=1

e−λu
i T

inj
k

∫ T
outj
k

T
inj
k

e−λu
i tλa

i e
−λa

i t dt

=
p∑

k=1

λa
i e

−λu
i T

inj
k (e−(λa

i +λu
i )T

inj
k − e−(λa

i +λu
i )T

outj
k )

λa
i + λu

i

(15)

So, the probability that the requested data item value is invalidated is

P I
i,j = 1 − P V

i,j (16)

Furthermore, during the intervals that the mobile client is not in Mj , it cannot receive
IRs of Mj sent by the server. So, the probability of the mobile client missing the IR
of Mj is

P PV
i,j =

∑p

k=1(T
outj
k − T

inj

k )

f w
P V

i,j (17)

According to (16) and (17), the energy cost Ei,j of a mobile client’s request for a
certain data item di,j is given by

Ei,j = pi

(
(ε(sup) + ε(sdw))P PV

i,j + (ε(sup) + ε(si))P
I
i,j

)
(18)

At the (n + 1)th request, the cache replacement scheme has to choose the victim
data set in the cache to make room for an incoming data item dx . Therefore,

Sn+1 = Sn ∪ dx − Vn (19)

Then

En+1 = En + (Ex − px(ε(sup) + ε(sx)))

+
∑
i∈Vn

(pi(ε(sup) + ε(si)) − Ei) (20)

Only the last term could be minimized,
∑
i∈Vn

(pi(ε(sup) + ε(si)) − Ei)

=
∑
i∈Vn

pi

(
(ε(sup) + ε(si))P

V
i,j − (ε(sup) + ε(sdw))P PV

i,j

)
(21)
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So, we define the cost function to evaluate data item values in the cache as

costi,j = pi

(
(ε(sup) + ε(si))P

V
i,j − (ε(sup) + ε(sdw))P PV

i,j

)
(22)

5 The proposed cooperative cache replacement policies

In this section, we first describe our cooperative caching model and then formulate
our location dependent caching scheme.

In our cooperative caching model, when a mobile client generates a request, it first
checks its local cache. If a valid data item value has been cached, the client will get
the value from the local cache, called a local hit and stop the search. Otherwise, the
client will broadcast a request to all the mobile clients in its communication range. If
one of these neighbors has a valid value, it will send the answer back; this is called a
range hit or remote cache hit. If none of the neighbors has the answer, the client will
send the request to the server to retrieve the valid value (a server hit). In this paper, we
assume that each answer is attached with complete/partial invalidation information.
The advantage of this attached information has been discussed in [3].

We now describe our proposed policy, called LDCC (Location Dependent Co-
operative Caching). In our policy, each client performs its cache replacement us-
ing its local information. We use (7) to get the approximate time sequence {0, . . . ,

AT
outj
k−1 ,AT

inj

k , AT
outj
k ,AT

inj

k+1, . . . , fw}. So, the cost function of data item di,j is as
follows:

costi,j = pi((ε(sup) + ε(si))P
V
i,j − (ε(sup) + ε(sdw))P PV

i,j )

= λa
i pi

λa
i + λu

i

(
ε(sup) + ε(si)

− (ε(sup) + ε(sdw))
∑

k(AT
outj
k − AT

inj

k )

fw

)

×
∑

k

e−λu
i AT

inj
k

(
e−(λa

i +λu
i )AT

inj
k − e−(λa

i +λu
i )AT

outj
k

)
(23)

Now the cache replacement problem becomes an optimization problem: how to
choose a set of objects V to be replaced by the new object dk to maximize the retrieve
cost saving, or in other words, to minimize the value of

∑
i∈V costi . [4] has shown

that such problem can be mapped to a 0-1 knapsack problem, which is known to be
NP-hard.

The problem can be formulated as follows.
Notations:
di is the data item value cached in Client N0, i = 1, . . . ,M ;
costi is the cost value of di , i = 1, . . . ,M ;
si is the size of di , i = 1, . . . ,M ;
C is the capacity of Client N0;
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The problem is to

maximize
∑

costiδi

subject to
∑

siδi ≤ C and δi ∈ {0,1}

where the objects have been ordered by nonincreasing cost densities (i.e., costi/si ≥
costi+1/si+1). We will use the approximate algorithm proposed in [31] to solve this
problem.

Let COST = {cost1, cost2, . . . , costM}, S = {s1, s2, . . . , sM }. Define L(I,COST,

S,C) to be the lower bound solution obtained by filling in order of nonincreasing
cost densities that part of C which is left vacant after the data item values represented
in I have been put into the cache.

It has been proven in [31] that |(COST∗ − COSTMAX)/COST∗| < 1/(k + 1)

(COST∗ is the true optimal value), and that the computing time for this algorithm
is O(kMk+1) and the storage requirement is O(M).

In this paper, M is the number of the data items, and we investigate three polices
with different value of k: LDCC-1 (k = 1), LDCC-half (k = M/2) and LDCC-full
(k = M).

Algorithm 1 Approximate Algorithm LMAX(COST, S,C,M,k)

1: The size of a combination is the number of objects in it;
2: The weight of a combination is the sum of the size of the objects m that combination;
3: k is a nonnegative integer which defines the order of the algorithm
4: COSTMAX = 0; LMAX = ∅ /*Initialize */
5: for all combinations I of size ≤ k and weight ≤ C do
6: COSTI = ∑

i∈I costi ;
7: if COSTMAX < COSTI + L(I,COST, S,C) then /* Test if next object fits */
8: COSTMAX = COSTI + L(I,COST, S,C);
9: LMAX = I ∪ L(I,COST, S,C)

10: end if
11: end for
12: Return LMAX; /*End*/

Algorithm 2 Algorithm L(I,COST, S,C)

1: L = 0; i = 1;W = C − ∑
i∈I si /*Initialize */

2: if i /∈ I and si ≤ W then /* Test if next object fits */
3: L = L + costi ;
4: W = W − si ;
5: end if
6: i = i + 1;
7: if i < M then /* Try next object */
8: goto 2;
9: end if

10: Return L; /*End*/
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6 Performance evaluation

6.1 Simulation model

6.1.1 System execution model

In our simulation, we assume the communication channel is perfect, and the packet
loss rate is 0. The simulation area is a rectangle with the fixed length and width,
and it is “wrapped-around” [3], which means that when a client leaves one border
of the area, it enters the service from the opposite border at the same velocity and
direction. We randomly select ScopNum points in the area, and divide the area into
different valid scopes based on Voronoi Diagrams [32] as shown in Fig. 5. The valid
scopes are recorded using the polygonal endpoints scheme [3]. There are ItemNum
data items in the simulation and each items may display ScopNum different values
in different valid scopes. The size of each data item follows an uniform distribution
ranging from DSizemin to DSizemax. The simulator is implemented by Java.

The energy cost of sending, receiving or discarding a message is given by the
linear equation [33]: ε = m · size + b, where size is the message size, m and b denote
the incremental and fixed energy cost associated with the message. The parameters
m and b are different for sending and receiving. The parameters are assumed to be
measurable and known to each mobile client.

6.1.2 Mobile client model

Initially, ClientNum mobile clients are randomly deployed in the simulation area.
The random walk movement model [25] is used in our simulation: the total simu-
lation time is divided into constant movement intervals, the mobile client maintains
constant velocity and direction during the interval, and it will choose a new velocity
and direction randomly at the beginning of the next interval.

Each mobile client generates a number of queries every query interval. The num-
ber of queries generated follows a Poisson process with a mean arrival rate of λa .

Fig. 5 The simulation area with
valid scopes
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The access rates of the data items is based on Zipf-like distribution [33], where the
access probability pi of the date item di is given by pi = i−α/(

∑
k k−α) (0 ≤ α ≤ 1)

and the parameter αa is the skewness parameter of the Zipf-like distribution. In our
experiment, all the mobile clients share the same access rate distribution.

6.1.3 Server model

The server (base station) is placed at the upper left corner of the area, and it contains
all the available data items that would be requested by mobile clients. The server up-
dates a number of data items for each valid scope every update interval. The number
of data items updated follows a Poisson process with a mean arrival rate of λu. The
update rates of data items follows the Zipf-like distribution with the skewness αu.

Important parameters and default system settings are summarized in Table 1.

6.2 Performance of the prediction model

In Sect. 3, we provide a movement prediction model, and in this section we will use
two metrics, prediction accuracy rate and prediction violation degree, to evaluate the
performance of the model.

We can get the value of pi,polygonM
(k) by function (8), which presents the proba-

bility that after k epochs client Ni is in a given valid scope. We record the traces of

Table 1 Simulation parameters
Parameter description Value

Length of the area (length) 1000 m

Width of the area (width) 1000 m

Number of valid scopes (ScopNum) 100

Number of data items (ItemNum) 1000

Number of mobile clients (ClientNum) 100

Skewness of the update rate (αa ) 0.5

Skewness of the access rate (αu) 0.9

Mean arrival rate of access (λa) 1

Mean arrival rate of update (λu) 1

Size of data items ([DSizemin,DSizemax]) [1 K, 50 K]

Cache size (percent of the total size) 10%

Speed of clients [0, 10 m/s]

Size of a request or a confirmation message 1

movement interval 1 s

query interval 1 s

update interval 50 s

Forecast window (default value) 10 s

Unit distance ε 10 m

Communication radius of mobile clients 200 m

Approximate threshold pr 0.1
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all the mobile clients in the experiment, and compare them with the predicted values.
Suppose the client is in the valid scope M in the next kth epoch. For a given threshold
pr, if pi,polygonM

(k) > pr, we consider the model has made a correct prediction. The
Prediction Accuracy Rate (PAR) is the ratio of the number of the correct predictions
to the total number of the predictions the model has made. Figure 6 and Fig. 7 show
PAR with different fw and pr. We see that PAR decreases when the forecast window
or pr increases. In Fig. 6, when fw > 10, the curves drop sharply and the accuracy is
lower than 50% for prediction over the next four or more epochs. When pr > 0.1, a
similar result could be seen in Fig. 7.

Suppose the client is in the valid scope M . Let tr be the time that this client stays
in this valid scope during the next forecast window, and tf is the time calculated by
the prediction model. The Prediction Violation Degree (PVD) is defined as follows:

PVD = |tr − tf |
tr

(24)

Fig. 6 Prediction Accuracy
Rate for different fw (pr = 0.1)

Fig. 7 Prediction Accuracy
Rate for different pr (fw = 10)
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Fig. 8 Prediction Violation
Degree for different pr and fw

We vary the forecast window from 5 s to 15 s for different pr as shown in Fig. 8. We
see that the efficiency of the prediction decreases when the forecast window increases.
Comparing all the conditions in Fig. 6, Fig. 7, and Fig. 8, we select (fw = 10, pr =
0.1) as the default parameters for the prediction model, where the forecast window is
long enough and the prediction accuracy is at a high level (over 70%).

6.3 Performance analysis of LDCC

6.3.1 Evaluation metrics

In this simulation, the cache hit ratio and the energy cost per query are two primary
metrics for evaluating the performance of cache replacement strategies. Cache hit ra-
tio is defined by the ratio of the number of requests that hit in the cooperative caching
to the total number of user requests, which is the sum of local hit ratio and range hit
ratio. Cache hit ratio is a widely used metric to evaluate the performance of caching
system [1, 3, 10, 20, 21]. A very important issue of providing information service in
wireless network is energy consumption, which is also widely used as a performance
metric in the literature [8, 24, 33]. We present energy cost per query to evaluate en-
ergy consumption, which is defined as the ratio of the total energy consumed by data
access to the number of requests. A smaller energy cost per query value indicates that
a cache replacement strategy is more energy efficient, and also implies a lower com-
munication overhead since the major part of energy consumption in wireless devices
is due to communication. We compare our policies LDCCs (LDCC-1, LDCC-half,
and LDCC-full) with FAR [1], MARS [4], WPRRP3 [6], and PAID [3].

6.3.2 Impact of movement interval

In this set of experiments, we vary the movement interval from 1 s to 5 s. Figure 9 and
Fig. 10 show the comparisons of the cache hit ratio and the energy cost of different
policies. As shown in these two figures, the effect of cooperative caching is obvious.
And with longer movement interval, the differences of both the hit ratios and the en-
ergy costs between LDCCs and other policies become larger. We see that the caching
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Fig. 9 Comparison of cache hit
ratio with various movement
interval

Fig. 10 Comparison of energy
cost with various movement
interval

performance decrease along with the increasing of the movement interval. The main
reason is that: For a longer movement interval, the client has longer time to keep a
constant speed, so it may pass through more different valid scopes during the interval
and the data items queried previously in one valid scope have lower probability to be
requested again in the same valid scope before they are replaced.

6.3.3 Impact of query interval

In this set of experiments, we vary the query interval from 1 s to 5 s to investigate
the impact of the query interval. As shown in Fig. 11 and Fig. 12, when the query
interval is increased, the performance of the cache policies becomes worse. There
are two reasons for this phenomenon: The first one is that when the query interval
becomes longer, the probability that items cached are invalidated before they are re-
quested again increases. Another reason is that for a longer query interval, the mobile
client has a lower probability to stay in the valid scopes where it has queried data
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Fig. 11 Comparison of cache
hit ratio with various query
interval

Fig. 12 Comparison of energy
cost with various query interval

items when it issues the same items again. We find that cooperative caching poli-
cies achieve gain higher performance than others, and as the query interval increases,
the curves of all the policies become closer. This means that when the query rate is
lower than a certain threshold, the difference between cache replacement policies is
limited.

6.3.4 Impact of update interval

In this set of experiments, we change the update interval from 5 s to 100 s. As shown
in Fig. 13 and Fig. 14, as the update interval increases, the cache hit ratios and en-
ergy costs of all the policies only change slightly. Most policies are insensitive to
the variation of the update interval. This demonstrates that update interval may not
be a critical factor in location dependent caching. We also find that the hit ratio of
LDCC-half is a little better than LDCC-1 and LDCC-full, while the energy cost of
these three policies are almost the same.
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Fig. 13 Comparison of cache
hit ratio with update interval

Fig. 14 Comparison of energy
cost with update interval

6.3.5 Impact of forecast windows

In this set of experiments, we change the forecast windows from 2 s to 50 s. We
find that the forecast window should not be too large. This is because with a large
forecast windows, there are too many states in the transition matrix and the pre-
cision of the transition probability (ai,j ) will decrease. As a result, the accuracy
of prediction is worse than the case with small forecast windows, which lends to
worse caching performance. As shown in Fig. 15 and Fig. 16, when the forecast
windows are 5, 10, or 20 seconds, both the cache hit ratios and the energy costs of
LDCCs are not obviously worse (and in some cases are even better) than the case
of 50 seconds. Thus, we conclude that due to the transition matrix, the prediction
model proposed in this paper can already perform well with a small forecast win-
dows.
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Fig. 15 Comparison of cache
hit ratio with forecast windows

Fig. 16 Comparison of energy
cost with forecast windows

6.3.6 Impact of cache size

In this set of experiments, we vary the cache size of the mobile clients from 1% to
50% of total size of the data items in the network. By the experiment results shown
above, we can see that the performance of LDCC-1, LDCC-half, and LDCC-full
are almost the same in most cases. Since both LDCC-half and LDCC-full are very
time-consuming especially with the large cache space, we only compare LDCC-1
with existing policies. Notice that the same data item may have different values in
different valid scopes, and each value should be regarded as a independent item, so
in fact the real size of all the data items is much larger. As shown in Fig. 17, when
the cache size increases from 1% to 5%, the cache hit ratios increase drastically, but
then from 25% to 50%, the hit ratios increase very slowly. This means that when the
cache size is large enough, it will no longer be a crucial factor of the hit ratio, and
the hit ratio is determined by other factors such as client movement and the update
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Fig. 17 Comparison of cache
hit ratio with cache size

Fig. 18 Comparison of energy
cost with cache size

frequency. Also, Fig. 18 shows that LDCC-1 can reduce the energy cost by more than
6% compared to PAID and other policies.

6.3.7 Comparisons of LDCC-1, LDCC-half, and LDCC-full

We also compare the performance of LDCC-1, LDCC-half, and LDCC-full with
various movement, query, update intervals and forecast windows as shown in
Figs. 19, 20, 21, 22, 23, 24, 25, 26. In general, the differences among these three
policies are very small, but we still find that the hit ratios of LDCC-half are always a
little better than others. The energy costs of LDCCs are almost the same, and LDCC-
full is not always the most energy efficient policy. Since the neighbors of the client
are changing all the time, the best answer at the current time may not be the best one
in the next time slot, so LDCC-1 or LDCC-half may be more applicable and much
easier to implement for real applications.
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Fig. 19 Comparison of cache hit ratio with movement interval (only LDCCs)

Fig. 20 Comparison of cache hit ratio with query interval (only LDCCs)

Fig. 21 Comparison of cache hit ratio with update interval (only LDCCs)
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Fig. 22 Comparison of cache hit ratio with forecast windows (only LDCCs)

Fig. 23 Comparison of energy cost with movement interval (only LDCCs)

Fig. 24 Comparison of energy cost with query interval (only LDCCs)
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Fig. 25 Comparison of energy
cost with update interval (only
LDCCs)

Fig. 26 Comparison of energy
cost with forecast windows
(only LDCCs)

7 Conclusion

In this paper, we propose a model to predict the relative movement of mobile clients
to valid scopes, and we also provide a state transition model to analyze the commu-
nication cost in the location dependent information services. A series of location de-
pendent cooperative caching policies LDCCs are proposed, and the simulation results
show that they are effective for mobile clients that move frequently among different
valid scopes. In our future work, we will study the detailed influence of model pa-
rameters, such as approximate threshold pr, on the performance of LDCC, as well
as issues that are important in real applications, such as the stability of the wireless
link.
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