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We present procedures that exploit mobility prediction and prefetching to enhance offload-
ing of traffic from mobile networks to WiFi hotspots, for both delay tolerant and delay
sensitive traffic. We evaluate the procedures in terms of the percentage of offloaded traffic,
the data transfer delay, and the cache size used for prefetching. The evaluation considers
empirical measurements and shows how various parameters influence the performance of
the procedures, and their robustness to time and throughput estimation errors.

I. Introduction

Over the last few years, a major trend in mobile
networks is the exponential increase of powerful yet
affordable personal mobile devices, such as smart-
phones and tablets, with multiple heterogeneous wire-
less interfaces that include 3G/4G/LTE and WiFi. The
proliferation of such devices has resulted in a skyrock-
eting growth of mobile traffic, which in 2011 grew
2.3-fold, more than doubling for the fourth year in a
row, and is expected to grow 18 times from 2011 until
2016'. On the flipside, despite its increase, the mobile
data revenue significantly lags behind the exponential
growth of data traffic.

One solution to address the strain from the expo-
nential growth of mobile data traffic is network expan-
sion and deployment of 4G/LTE technology. How-
ever, such a solution is both costly and time consum-
ing. A second solution is to expand the mobile ac-
cess network using femtocells, which exploit the ex-
isting backhaul infrastructure (cable, xDSL). Two is-
sues with femtocells are the interference between fem-
tocells and an operator’s metro cells and the cost of the
customer premises devices.

Another alternative is to move a portion of the mo-
bile data traffic to WiFi networks, exploiting the sig-
nificantly lower cost of WiFi technology and existing
backhaul infrastructure. WiFi offloading can reduce
pressure on the most costly component of the mobile
network, the RAN (Radio Access Network) which ac-
counts for 70-80% of the total cost for a mobile net-
work, with the rest of the costs going to the mobile
backhaul/core. The industry has already verified the
significance of WiFi offloading by initiatives of large
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mobile operators: Since May 2010, AT&T has been
deploying WiFi access points in areas with consis-
tently high mobile data traffic. Other major operators
including Verizon and T-Mobile are also increasing
WiFi usage to offload mobile data traffic.

The goal of this paper is to propose and evaluate
procedures that exploit mobility prediction combined
with WiFi and mobile throughput prediction, along
with data prefetching to enhance offloading of mobile
data to WiFi hotspots. Mobility prediction can pro-
vide information on a vehicle’s route and when the
vehicle will reach different locations along its route.
Such mobility information can be combined with geo-
location information regarding WiFi hotspot access
and WiFi/mobile throughput, to predict the number
of WiFi hotspots that the vehicle will encounter, the
duration of access and estimated throughput for each
hotspot, and the estimated mobile throughput in route
segments where it will have only mobile access. In
summary, our contributions are the following:

e We develop procedures that exploit mobility pre-
diction for delay tolerant traffic to minimize the
data transfer throughput over the mobile net-
work, hence increase the amount of offloaded
data traffic.

e We develop procedures for both delay tolerant
and delay sensitive traffic that exploit data pre-
fetching, i.e., proactive caching of data in WiFi
hotspots that the vehicle will encounter along its
route, in order to increase the amount of mobile
traffic offloaded to WiFi and to reduce the data
transfer delay.

e We evaluate the procedures considering empir-
ical measurements and a wide range of parame-
ter values, and show their robustness against time
and throughput estimation errors.
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Prior work has shown the predictability of bandwidth
for cellular networks [12] and for WiFi [9, 10]. The
work of [13] investigates how bandwidth prediction
can improve scheduling in vehicular multi-homed net-
works and [14] investigates improvements for mo-
bile video rate adaptation. Bandwidth prediction, to-
gether with transparent roaming and handover, for im-
proving video streaming is investigated in [3]. Band-
width prediction for client-side pre-buffering to im-
prove video streaming is investigated in [11]. The
works [14, 3, 11] focus on mobile networks, whereas
our work investigates mobile data offloading to WiFi.
Moreover, unlike [11] which considers pre-buffering
at the client device, we investigate prefetching data to
local caches in WiFi hotspots.

Exploiting delay tolerance to increase mobile data
offloading to WiFi is investigated in [1]. The work
of [7] showed that delay tolerance of up to 100 sec-
onds provides minimal offloading gains; however, this
applies to human daily mobility, rather than vehicles.
The work in [5] applies a user utility model to re-
duce the mobile throughput by offloading traffic to
WiFi, focusing on a transport layer protocol design
to integrate cellular and WiFi networks, and utilizing
throughput prediction over a 1-second interval. Our
work differs in that we consider both delay tolerant
and delay sensitive traffic, and exploit data prefetch-
ing and prediction involving multiple WiFi hotpots
along a vehicle’s route.

The feasibility of using prediction together with
prefetching is investigated in [2], which develops a
prefetching protocol (based on HTTP range requests),
but does not propose or evaluate specific prefetching
algorithms. In this paper we propose algorithms for
delay tolerant and delay sensitive traffic, and evalu-
ate their performance and robustness against time and
throughput estimation errors. Prefetching to improve
the performance of video delivery is investigated in
[4], which proposes a centralized model to prefetch
data in cellular femtocell networks. Prefetching algo-
rithms to reduce the peak load of mobile networks by
offloading traffic to WiFi hotspots are investigated in
[8]. Our work differs in that we consider prefetching
for multiple WiFi hotpspots along a vehicle’s route,
and investigate client-side algorithms for prefetching
in the case of both delay tolerant and delay sensitive
traffic.

The rest of this paper is structured as follows: Sec-
tion II discusses mobility and bandwidth prediction.
Section III proposes procedures to exploit prediction
and prefetching for delay tolerant and delay sensitive
traffic. Section IV evaluates the procedures consider-

ing empirical measurements and investigates their ro-
bustness to time and throughput errors. Finally, Sec-
tion V concludes the paper identifying future research
directions.

II. Mobility and bandwidth predic-
tion

Route selection in vehicles is nowadays common-
place. The proliferation of smartphones equipped
with GPS sensors can enhance route selection by pe-
riodically sending timestamped geo-location updates
to a server (crowd-sourcing). Such timed geo-location
data can produce real-time travel information for route
segments, which can be used for route selection based
on the actual travel time that considers road traffic
conditions. We have implemented and demonstrated
such an application, called “OptiPath”, on Android
smartphones [6]. With the OptiPath application, a
smartphone records the route that it covers together
with real-time traffic information, such as speed and
duration, and periodically sends this information to a
server. The server can use this information to estimate
the travel time for different alternate routes between
two endpoints. Interestingly, the architecture of such
an application is very similar to systems that construct
bandwidth or connectivity maps for mobile and WiFi
access [9, 13, 10].

The goal of this paper is not to develop a new sys-
tem for mobility and bandwidth prediction, but to pro-
pose and evaluate procedures that exploit prediction
information that is available by systems such as the
ones mentioned above, in order to utilize prefetching
and enhance mobile data offloading to WiFi.

III. Exploiting mobility prediction
and prefetching

In this section we present procedures that exploit mo-
bility prediction and prefetching to enhance data of-
floading from the mobile network to WiFi hotspots.
Mobility prediction provides knowledge of how many
WiFi hotspots a node (vehicle) will encounter, when
they will be encountered, and for how long the node
will be in each hotspot’s range. In addition to the
aforementioned mobility information, we assume that
there is information on the estimated throughput that
is available in the WiFi hotspots and the mobile net-
work, at different positions along the vehicle’s route;
for the former, the information includes both the
throughput for transferring data from a remote loca-
tion, e.g., through an ADSL backhaul link, and the
throughput for transferring data from a local cache
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(note that this throughput estimate is used only in the
case of prefetching).

We present procedures for both delay tolerant and
delay sensitive traffic. For delay tolerant traffic, the
procedures try to minimize the mobile throughput in
order to maximize the amount of data offloaded to
WiFi, while ensuring that the data is transferred within
a given delay constraint. For delay sensitive traffic the
goal is to minimize the transfer delay.

For prefetching, mobility and throughput informa-
tion is used to estimate the data to be cached in the
next WiFi hotspot that will be encountered. Prefetch-
ing can be advantageous when the throughput of trans-
ferring data from a local cache in the WiFi hotspot is
higher than the throughput for transferring data from
its original remote server location. This occurs when
the backhaul link connecting the hotspot to the Inter-
net has low capacity (e.g., for an ADSL link) or when
it is congested; this is likely to become more common
as the use of the IEEE 802.11n standard increases.

III.A. Delay tolerant traffic

For delay tolerant traffic our objective is to maximize
the amount of data offloaded to WiFi, while ensuring
that the whole data object is transferred within a given
delay threshold.

The pseudocode for the procedure to exploit mo-
bility prediction and prefetching is shown in Algo-
rithm 1. The procedure defines the computations and
actions that a mobile node takes when it exits a WiFi
hotspot, hence has only mobile access (Line 15), and
when it enters a WiFi hotspot (Line 24). Initially,
the procedure estimates the amount of data that can
be transferred over WiFi (Line 16), and from this the
amount of data that needs to be transferred over the
mobile network (Line 18). Additionally, the proce-
dure estimates the total time the node has WiFi access
(Line 17) and, from this value and the delay threshold,
it estimates the duration the node has only mobile ac-
cess (Line 18). From the amount of data that needs to
be transferred over the mobile network and the dura-
tion of mobile-only access, the minimum throughput
for transferring data over the mobile network can be
estimated (Line 19). To perform prefetching, when-
ever the node exits a WiFi hotspot the procedure esti-
mates the amount of data to be prefetched (cached) in
the next WiFi hotspot (Line 20) and the corresponding
offset (Line 21); this offset depends on the amount of
data that will be transferred over the mobile network
until the node reaches the next WiFi hotspot.

Note that when the node enters a WiFi hotspot, it
might be missing some portion of the data object up

to the offset from which data has been cached in the
hotspot; this can occur if, due to a time estimation er-
ror, the node reaches the WiFi hotspot earlier than the
time it had initially estimated. In this case, the miss-
ing data needs to be transferred from the data object’s
original remote location (Line 25). Also, again due to
a time estimation error, the amount of data cached in
the WiFi hotspot can be smaller than the amount the
node could have transferred within the time it is in the
hotspot’s range. In this case, the node uses its remain-
ing time in the WiFi hotspot to transfer data from the
data object’s original location (Line 27).

Algorithm 1 Procedure to exploit mobility prediction
and prefetching for delay tolerant traffic

1: Variables:

2: D: size of data object to be transferred

3: Tihres: maximum delay threshold for transferring data object

4: Nyig: remaining WiFi hotspots to be encountered until Tipyes

5: Dy estimated minimum amount of data to be transferred in all
WiFi hotspots that will be encountered

6: Diobile: amount of data to be transferred over mobile network

7: TWiki i» TWigs ;» min, max duration node is connected to WiFi

8. Tmobile: total duration that node is not in range of WiFi

9: Tnc,_(t wiFi: average time until node enters range of next WiFi

10: R\“,},‘i‘]}i i R{,"v‘i‘l’_ii i min, max throughput of WiFi ¢

11: Rpobile: throughput to download data over the mobile network

12: Dg@flﬁ‘ﬁ”m: amount of data cached in next WiFi hotspot

13: Offset: estimated position in data object of data transferred until
node enters next WiFi hotspot

14: Algorithm:

15: if node exits WiFi hotspot then

16 DR« Tic g (b - TR )

170 THR < Yieng TWils,i

18: Dmobile «~D— D\nx“/llrllﬂl & Tmobile <~ Tlhres - T&,‘E,

19: Rmobile — Dmobile/Tmobile

20: D %%ie,nexr - R{)nxlziil)éi,next ) T\r’»’nial;(i,ne,\‘t

21: Oﬁsa < Ruobile * Thext WiFi

22: Cache DS@e data in next WiFi starting from Offset

‘WiFi,next

23: Transfer data over mobile network with throughput Ryobie

24: else if node enters WiFi hotspot then

25: Transfer data that has not been received up to Offset from origi-
nal object location

26: Transfer data from local cache

27: Use remaining time in WiFi hotspot to transfer data from original
object location

28: end if

The pseudocode to exploit mobility prediction
without prefetching is shown in Algorithm 2. The pro-
cedure only estimates the throughput for transferring
traffic over the mobile network. When prefetching is
not used, the amount of data transferred over WiFi can
be smaller, if the throughput for transferring data from
a remote location is smaller than the throughput for
transferring data from a local cache. We assume that
this is the case, hence Line 13 of Algorithm 2 con-
siders the backhaul throughput R™ . rather than the

ckhl, 7

WiFi throughput as in Line 16 of Algorithm 1.
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Algorithm 2 Procedure to exploit mobility prediction
for delay tolerant traffic

1: Variables:

2: D: size of data object to be transferred

3: Tihres: maximum delay threshold for transferring data object

4: Nyigi: remaining WiFi hotspots to be encountered until Tipyes

5: D\";,iirl‘:i: estimated minimum amount of data to be transferred in all
WiFi hotspots that will be encountered

6: Dmmepile: amount of data to be transferred over mobile network

7: T&ihl;i, ;+ min duration node is connected to WiFi i

8: Tmobile: total duration that node is not in range of WiFi

9: R‘glil:‘hh ;+ min throughput of backhaul at hotspot

10: Ruobile: throughput to download data over the mobile network

11: Algorithm:

12: if node exits WiFi hotspot then

. min min min
13: D < ZiENwﬂ:i (Rbckhl,i 'TWiFi,i)

14: THE « D i€ Nyyipy TWikh,i

15: Dmobile «~ D — D\II)\I/I,[}I:, & Tmobile <~ Tthres - T&:}g,

16: Rmobite <= Drmobile/ Timobile

17: Transfer data over mobile network with throughput Ryobie
18: else if node enters WiFi hotspot then

19: Transfer data from original object location

20: endif

III.B. Delay sensitive traffic

The pseudocode for the procedure to exploit mobility
prediction and prefetching in the case of delay sen-
sitive traffic is shown in Algorithm 3. Unlike delay
tolerant traffic, in order to minimize the transfer de-
lay for delay sensitive traffic, we always use the max-
imum throughput that is available in the mobile net-
work (Line 11). As in the case of delay tolerant traf-
fic, when the mobile node exits a WiFi hotspot it esti-
mates the offset and the amount of data that needs to
be prefetched in the next WiFi hotspot that the node
will encounter.

Algorithm 3 Procedure to exploit mobility prediction
and prefetching for delay sensitive traffic

1: Variables:

2 w&%‘i’nm: maximum duration node is connected to next WiFi
3 RyiEi next maximum throughput of next Wiki hotspot
4: Thex wiri: time until node enters range of next WiFi
5: R™X. : maximum throughput of mobile network
6.
7
8
9

cache .
WiFi,next"

. Offset: estimated position in data object of data transferred until
node enters next WiFi hotspot

‘mobile”
amount of data cached in next WiFi hotspot

: Algorithm:
. if node exits WiFi hotspot then
10: D%\eiclbie,next A R%Zill)éi,next ) T\T’\r}?l;(i,next
11: Offset < ern?))l()ile - Thext WiFi
12: Cache Dfﬁfgﬁnm data in next WiFi starting from Offser
13: Transfer data over mobile network with throughput RE.
14: else if node enters WiFi hotspot then
15: Transfer data that has not been received up to Offser from origi-
nal object location
16: Transfer data from local cache
17: Use remaining time in WiFi hotspot to transfer data from original
object location
18: endif
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Figure 1: Route considered in the evaluation. The time
and location information was obtained empirically. Three
WiFi APs where enbedded along the route to conduct the
evaluation. The total travel time for the route is 269 sec-
onds.

Note that there is no procedure for exploiting only
mobility prediction (without prefetching) for delay
sensitive traffic. This is because for delay sensitive
traffic the goal is to minimize the transfer delay, hence
the maximum available mobile throughput is always
used.

IV. Evaluation

The evaluation of the proposed procedures for mobile
data offloading considers empirical measurements ob-
tained by the OptiPath application mentioned in Sec-
tion II. Specifically, we consider a journey between
two locations in the center of Athens, Greece, for
which the application provides a selected route and
mobility information that involves the travel time for
different route segments. Along the route, we em-
bed three WiFi access points, each with range 60 me-
ters. The route considered in our evaluation, with the
three embedded WiFi networks, is shown in Figure 1
which contains a screenshot of the OptiPath applica-
tion. Based on the aforementioned data, we can sep-
arate the full route into segments where the moving
node has either mobile or WiFi connectivity, Table 1.

Our goal is to investigate the performance of the
proposed algorithms for a wide range of parameter
values, including errors in estimating the duration and
the available throughput in each route segment, which
can be caused by varying road traffic and wireless link
conditions. The parameters considered are shown in
Table 2. The time error determines how much the
times at which the node changes access technology
can differ from the empirical values in Table 1; for ex-
ample, a 10% time error means that the time at which
the first segment (where the node has mobile access)
ends and the second segment (where it has WiFi ac-
cess) begins is in the interval [0.9 - 12,1.1 - 12] =
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[10.8, 13.2] seconds. Note that our empirical measure-
ments show that under typical road traffic conditions,
the timing for the various route segments can differ
10-20%.

The throughput error determines the throughput’s
deviation from its average in Table 2; for exam-
ple, a 40% throughput error means that the mobile
throughput is in the interval [0.6, 1.4] Mbps. Note that
our empirical measurements of the mobile through-
put for the route in Figure 1 give values in the range
[1.2,1.4] Mbps. In this paper we only consider the
downlink direction, hence the backhaul throughput in
Table 2 refers to the downstream. The improvements
achieved in the uplink direction, by uploading data to
a local cache, could be even higher, e.g., in the case of
an ADSL backhaul.

The evaluation results presented in the remainder of
this section are based on numerically computing the
data transferred over the mobile and WiFi networks,
for the parameters in Tables 1 and 2.

The behavior of the procedures of Section III is il-
lustrated in Figure 2, which shows the cumulative data
transferred as a function of time. Figure 2 was pro-
duced from numerical calculations using the parame-
ters in Tables 1 and 2, assuming that the throughput
in each route segment is constant; as a result, the data
transferred in each segment is depicted as a straight
line.

For delay tolerant traffic, the procedures seek to
maximize the amount of traffic offloaded to WiFi,
hence to minimize the amount of traffic transferred
over the mobile network, while completing the data
transfer until the moving node reaches the end of
its journey. Hence, Figure 2(a) shows that for de-
lay tolerant traffic all three WiFi hotspots are utilized.
The procedure that exploits prediction and prefetch-
ing, Algorithm 1, differs from the procedure that ex-
ploits only prediction, Algorithm 2, in that more data

Table 1: Connectivity along route. The third column
shows the time the node enters the corresponding seg-
ment. The times were obtained from empirical mea-
surements and after embedding three WiFi APs along

the route of Figure 1.
l Segment [ Access [ Time (sec) ‘

1 mobile 0
2 WiFi 12
3 mobile 32
4 WiFi 149
5 mobile 157
6 WiFi 227
7 mobile 233

Table 2: Parameter values.

l Parameter Values ‘
10, 20 (default for delay sensitive),
Data object size 30 (default for delay tolerant),
40, 50 MB
Mobile throughput 1 Mbps (average)
WiFi throughput 10 Mbps (average)
Backhaul throughput 2.5, 5 (default), 7.5 Mbps
Time error 10% (default), 20%, 30%, 40%
Throughput error 20% (default), 40%, 60%

is transferred over the WiFi network, which is possi-
ble since the transfer throughput from a local cache is
higher than the throughput over the hotspot’s backhaul
link. Similarly, the slopes for the mobile segments are
smaller for the procedure that exploits prediction and
prefetching, since the amount of data transferred over
the mobile network is smaller.

For delay sensitive traffic, Figure 2(b), the max-
imum available mobile throughput is always used,
hence the slope of the mobile segments when predic-
tion and prefetching is used (Algorithm 3) is the same
as when prediction and prefetching is not used. As in
the case of delay tolerant traffic, prefetching helps of-
fload a larger amount of mobile traffic to WiFi, hence
results in a smaller transfer delay compared to the case
where no prefetching is used.

In the following subsections we discuss the evalua-
tion results for delay tolerant and delay sensitive traf-
fic. The graphs show averages and 95% confidence
intervals from 20 runs of each scenario. In each run,
the time instances the access technology changes and
the throughput of WiFi, the hotspot backhaul, and the
mobile network is randomly selected based on the av-
erage values and error percentages in Tables 1 and 2.

IV.A. Delay tolerant traffic

In this subsection we discuss results for delay toler-
ant traffic, where a data object needs to be transferred
until the end of the vehicle’s route in Figure 1. We
compare the following three cases: the procedure in
Algorithm 1 that exploits mobility prediction and pre-
fetching, the procedure in Algorithm 2 that exploits
only mobility prediction without prefetching, and the
case when prediction is not utilized and the maximum
available mobile throughput is always used. The met-
rics we consider are the percentage of traffic that is
offloaded to the mobile network and the cache size
when prefetching is used.

Data object size: Figure 3(a) shows the percentage
of offloaded traffic for different data object sizes. For
all data sizes the performance of the prediction + pre-
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Figure 2: Cumulative data as a function of time for de-
lay tolerant and delay sensitive traffic. Data object size:
40 MB.

fetching scheme is more than 50% higher compared
to the case where prediction and prefetching is not
used. For small data object sizes, the performance of
both the prediction + prefetching and the prediction
schemes is close. The occurs because when the object
size is small, then the hotspot backhaul throughput is
enough to offload a high percentage of the mobile traf-
fic, hence the improvement achieved by prefetching
and downloading data from a local cache is not sig-
nificant. On the other hand, for large data sizes, the
performance of the prediction scheme is close to the
performance when prediction is not used; this occurs
because for large object sizes the mobile network is
used close to its maximum throughput, hence predic-
tion is not beneficial.

Backhaul throughput: Figure 3(b) shows the percent-
age of offloaded traffic for different hotspot backhaul
throughputs. Observe that prefetching can offload ap-
proximately 50% (for 7.5 Mbps) and 180% (for 2.5
Mbps) more mobile traffic compared to when predic-
tion and prefetching is not used, i.e., when the maxi-
mum available mobile throughput is used. Moreover,
when the backhaul throughput is low, the performance
when only prediction is used is close to the perfor-
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+prefetching

8 Mobile&WiFi

+prediction

60%

40%

Offloaded traffic

20% Mobile&WiFi

without prediction

0%
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(a) Data object size

Mobile&WiFi
+prediction
+prefetching

B Mobile& WiFi
+prediction

Offloaded traffic

Mobile&WiFi
without prediction

,5 5 7,5
Backhaul throughput (Mbps)

(b) Backhaul throughput

Figure 3: Percentage of offloaded traffic as a function of
data object size and backhaul throughput. Delay tolerant
traffic.

mance when prediction is not used; this happens be-
cause when the backhaul throughput is low, then the
mobile network needs to be used more, hence the mo-
bile throughput is close to its maximum. On the other
hand, when the backhaul throughput is high, then the
performance of prediction and prefetching is close to
the performance when only prediction is used; this oc-
curs because when the backhaul throughput is high
and close to the WiFi throughput, there are smaller
gains from downloading data from a local cache.

Time error: Figure 4(a) shows how the percentage of
offloaded traffic is affected by the time error. Observe
that the performance when prediction and prefetching
are used decreases as the time error increases; this oc-
curs because the time error reduces the effectiveness
of prefetching. Also observe that the performance
when only prediction is used is affected only for 40%
time error. Nevertheless, the performance when pre-
diction and prefetching are used is more than 70%
higher than when prediction and prefetching are not
used, and more than 30% higher than when only pre-
diction is used.

Throughput error: Figure 4(b) shows that the through-
put error affects the performance of the prediction
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Figure 4: Percentage of offloaded traffic as a function of
time and throughput error. Delay tolerant traffic.

and prefetching scheme most. Nevertheless, its per-
formance remains more than 20% higher than the
prediction-only scheme and more than 65% higher
than the case where prediction and prefetching are not
used.

Cache requirements for prefetching: Figure 5 shows
that, as expected, the cache requirements for delay tol-
erant traffic are higher than for delay sensitive traffic,
since the former’s goal is to maximize the amount of
mobile data offloaded to WiFi. Moreover, the cache
requirements increase with the data size for delay tol-
erant traffic. On the other hand, for delay sensitive
traffic the cache requirements for 20 and 30 MB data
objects remains the same, since for both these sizes
only the first WiFi hotspot is used, and prefetching is
utilized to transfer the same amount of traffic in both
cases.

IV.B. Delay sensitive traffic

In this subsection we discuss the results for delay sen-
sitive traffic. A key difference compared to delay
tolerant traffic is that now the maximum throughput
available in the mobile network is always used. We
compare three cases: the procedure that exploits both
mobility prediction and prefetching, Algorithm 3, the

N W
v O

N
o
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=
o

& Delay tolerant

Cache size (MB)
=
(9,]

o wu

Data object size (MB)

Figure 5: Cache requirements for prefetching

case where prediction and prefetching are not used,
and the case where only the mobile network is used.
The performance metric is the delay for transferring a
data object.

Data object size: Figure 6(a) shows the transfer de-
lay as a function of data object size. Prediction and
prefetching achieve a transfer delay that is lower by
more than 40% compared to the case where only the
mobile network is used. The procedure that exploits
prediction and prefetching achieves transfer delay that
is 10% to more than 40% lower than the transfer delay
when prediction and prefetching are not used; this im-
provement depends on the number of WiFi hotspots
that are utilized, which in turn depends both on the lo-
cation of the WiFi hotspots and the data object size.
Specifically, only the first WiFi hotspot is utilized for
data objects with size 20 and 30 MB, and a smaller
percentage of the traffic is offloaded for a 30 MB data
object; due to this, for a 30 MB object size, the per-
formance when prediction and prefetching is used is
closer to the performance when prediction and pre-
fetching are not used.

Time error: Figure 6(b) shows the influence of the
time error on the transfer delay. Observe that as the
time error increases, the variability of the transfer de-
lay increases (the 95% confidence interval is larger),
but the average transfer delay for all schemes remains
the same. (We only present present performance re-
sults for delay sensitive traffic in the case of time er-
rors; results for throughput estimation errors will be
presented in an extended version of this paper.)

V. Conclusions and Future Work

We have presented and evaluated procedures that ex-
ploit mobility prediction and prefetching to enhance
mobile data offloading, for both delay tolerant and
delay sensitive traffic. Our evaluation shows how
the performance depends on various parameter val-
ues, and the robustness of the proposed procedures
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Figure 6: Transfer delay for different data object sizes and
time errors. Delay sensitive traffic.

to time and throughput errors. Future work includes
evaluating the energy gains and extending the proce-
dures to allow different tradeoffs between the delay,
the amount of offloaded traffic, and the energy effi-
ciency. We are also planning to develop a prototype
to demonstrate the gains of the proposed offloading
procedures.
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